
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter is in part based on: 

Pol CJ, Muller A, Simonides WS, Heart failure reviews. 2010;15(2):133-42 

 

 

 

 

 

 

 

 

Introduction 

 

 

 

 

 

 



Chapter 1 
___________________________________________________________________________ 

 12 

 

 



Introduction 
___________________________________________________________________________ 

13 

A role for impaired cardiac thyroid hormone (TH) signaling in the development of heart 

failure has long been suggested because of similarities in cardiac gene expression in 

hypothyroidism and pathological left ventricular (LV) remodeling in cardiac disease.1 The 

present view is that local regulation of TH activity by regulated expression of deiodinases is 

critical in various physiological and pathological processes,2-5 and increased ventricular activity 

of the TH-inactivating enzyme type III deiodinase (DIO3) is recognized as a potential cause of 

cardiac specific hypothyroidism.6-9 The aim of this thesis was to study the regulation and 

consequences of cardiac DIO3 expression in chronic heart failure following myocardial 

infarction (MI).  

In this chapter TH signaling is introduced in SECTION I, heart failure in SECTION II, the 

connection between TH and heart failure in SECTION III, and the aim and outline of this thesis 

in SECTION IV. 

 

 

SECTION I 

 

Thyroid hormone 

The thyroid primarily secretes the pro-hormone thyroxine (T4, 3,5,3’,5’-tetraiodothyronine) 

which contains four iodine atoms, but the thyroid also produces the active form 

triiodothyronine (T3, 3,5,3’-triiodothyronine), which contains three iodine atoms (Fig. 1). In the 

following text TH indicates both T4 and T3. T3 is the more active form of TH due to a much 

higher binding affinity for TH receptors (TR). TH mainly acts via regulation of gene expression 

through nuclear TRs. Circulating levels of T3 are determined mainly by peripheral conversion 

of T4 by deiodination as described in the next subsection.10;11 TH is one of the many hormones 

that regulate body function. It is important in metabolic regulation,12 homeostasis, cardiac 

function,13 and in development.14;15 The latter aspect is illustrated by the concerted effect of 

TH on the transition of fetal to adult genes in several tissues.16 The importance of TH is 

furthermore illustrated by the marked effects of diminished thyroid function, due to severe 

iodine deficiency, on growth, reproduction, and intellectual and physical development in 

humans.17  

The plasma TH levels are regulated by the hypothalamus-pituitary-thyroid-axis with a 

negative feedback system. The hypothalamus secretes TSH-releasing hormone, which 

stimulates the anterior pituitary to secrete thyroid-stimulating-hormone (TSH). Subsequently, 

TSH stimulates TH production by the thyroid gland, consisting of two connected lobes located 

on the ventral surface of the trachea. TH negatively regulates the expression of both 

TSH-releasing hormone and TSH.18 In addition, the intracellular TH levels are regulated by the 

rate of cellular uptake and deiodination.  
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Thyroid hormone deiodination 

Removal of an iodine residue from the outer, phenolic ring of T4 yields the active hormone 

T3. This reaction is catalyzed by both type I and type II deiodinase (DIO1 and DIO2), with 

DIO2 having an approximately 1000-fold higher affinity for T4 than DIO1. DIO1 is primarily 

expressed in liver and kidney, whereas DIO2 is present in a number of tissues, including 

brown adipose tissue, brain, pituitary, and, at low levels, also in human heart and skeletal 

muscle. DIO1 activity provides the major part of total plasma T3, but DIO2 activity also appears 

to be a substantial source of extra-thyroidal T3 in humans.
11 Primarily, however, DIO2 provides 

a source of T3 for those tissues where it is expressed. In brain, DIO2 activity in tanycytes is 

also thought to act in a paracrine fashion, providing T3 for surrounding neurons.19;20  

 

 

Figure 1. Structure of T4 (3,5,3’,5’-tetraiodothyronine) and T3 (3,5,3’-triiodothyronine) and the action of the type I, II and III 

deiodinases (DIO1, DIO2, and DIO3). Removal of iodine (purple spheres) from the outer ring of T4 by DIO1 and DIO2 

converts T4 to the active hormone T3. Inner ring deiodination of T4 and T3 by DIO3 generates the biologically inactive 

metabolites reverse T3 (rT3) and T2, respectively. The size of the deiodinase symbols indicates their substrate preference 

and relative activities.  

 

Deiodination of the inner, tyrosyl ring of T4 and T3 generates the inactive iodothyronines 

reverse T3 (rT3, 3,3’,5’-triiodothyronine) and diiodothyronine (T2, 3,3’-diiodothyronine), 

respectively (Fig. 1). This reaction is also catalyzed by DIO1, albeit at low rates. However, 

sulfation of the phenolic hydroxyl group of T4 and T3 greatly increases these rates, while 

blocking outer-ring deiodination.21 Iodothyronine sulfation is at least present in liver and DIO1 

activity is considered important in the clearance of T4 and T3.
21 The third deiodinase, DIO3, 

has a high affinity for both T4 and T3, but it has exclusively inner-ring deiodinative activity, 

producing rT3 and T2. This TH-inactivating activity is virtually absent in adult tissues, with the 

exception of skin and different areas and cell types in the brain. It is also high in placenta and 

in most fetal tissues, including the heart. The DIO3 protein is primarily located in the plasma 

membrane and although extracellular catalytic activity of DIO3 has been proposed,22 
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intracellular TH appears to be the principal substrate for DIO3 and this is in line with the 

reducing environment required for activity.23  

 

 

Thyroid hormone action 

T3 acts primarily through regulation of gene transcription, which is mediated by TRs, and 

involves multiple cofactors. T3 action is furthermore determined by the rate of transport of TH 

into the cell,24 and the subsequent metabolism of T4 and T3 by deiodinases.25 There are two 

genes encoding for TR, TR� and TR�, each producing three isoforms. TR�2 is not able to 

bind TH and antagonizes TH action, whereas the other isoforms can stimulate or inhibit gene 

expression after TH binding. All TR isoforms have different tissue specific expression 

patterns.12;26-28  

T3-responsive genes contain specific DNA sequences, called TH response elements 

(TREs), to allow binding of TRs. TRs form homodimers or heterodimers with the 

retinoidXreceptor on these TREs. TREs consist of several receptor-binding half site 

sequences arranged as palindromes, direct repeats, or inverted repeats. In unliganded state, 

corepressors like histone deacetylases bind to the TR and gene expression is inhibited. After 

binding of T3 a change in conformation occurs, which enables the release of the corepressor 

complex and subsequent binding of a coactivator complex, containing histone 

acetyltransferases, leading to chromatin unfolding and induction of transcription. There are 

also genes that are repressed by liganded TRs, but the underlying mechanisms are until now 

largely unknown.12;26-28  

TH also has nongenomic effects, such as inducing the conversion of actin to a fibrous form, 

stimulation of angiogenesis, trafficking of intracellular proteins, and regulation of plasma 

membrane ion pump activity. These nongenomic actions of TH are mediated by the integrin 

receptor on the plasma membrane or by TRs in the cytoplasm and signal transduction 

proceeds mainly via mitogen-activated protein kinases (MAPK) like extracellular 

signal-regulated kinases (ERK1/2) or phosphoinositide 3-kinase (PI3K).26;29 

 

 

Tissue-specific regulation of TH 

The identification of T3 in human plasma in 195230 and the subsequent finding that T3 is 

more active than T4,
31 while the thyroid content of T3 is much lower than that of T4,

32 raised the 

question whether there is peripheral conversion of T4 to T3. It was not until 1970 that this 

question was resolved by a study of Braverman et al. demonstrating extrathyroidal conversion 

of T4 to T3 in athyreotic patients.33 Later, it was discovered that the enzymes DIO1, DIO2, and 

DIO3 are responsible for the conversions of TH in its different forms.34;35  
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It is now becoming clear that the different deiodinase activities are not static, but that they 

are highly regulated, both during development and in adult life.2;5 A well-studied example of 

this is the induction of DIO2 activity in rodent brown adipose tissue during cold exposure, 

which results in a local increase in T3 levels that enables the thermogenic response of this 

tissue.36 In several cell types, hypoxia results in increased DIO3 activity that is adaptive 

because it results in decreased energy consumption.7 Tight regulation of tissue T3 levels is 

particularly critical during development. Adult plasma levels of T3 are not compatible with 

normal fetal development and in mammals high DIO3 activity in the pregnant uterus and 

placenta protects the fetus from too much maternal TH. In addition, most fetal tissues express 

DIO3. Spatial and temporal patterns of expression of DIO2 and DIO3 appear to precisely 

regulate the T3-dependent aspects of cell proliferation and, particularly, cell differentiation. For 

example, development and maturation of the cochlea in mice is dependent on induction of 

DIO2 activity,37 whereas repression of DIO2 activity plays a role during bone development.38 

Additionally, cell-specific expression of DIO3 in the retina during the T3-driven metamorphic 

climax in tadpoles orchestrates the development of the adult frog eye.39 DIO3 expression is 

also essential for the development of the thyroid axis in mice40 and regulated regional 

expression of DIO2 and DIO3 in the developing human brain is associated with concomitant 

up or down regulation of local T3 levels.41  

Currently, an increasing number of studies report tissue-specific regulation of TH by 

deiodinases in disease.42-48 Taken together, this has led to the present view that local 

regulation of TH activity by regulated expression of deiodinases is critical in development and 

physiological adaptation as well as in pathophysiology.2-5 An example of the latter is the 

cardiac induction of DIO3 during cardiac remodeling and heart failure, which has been found 

in several animal models.6-9  

 

 

SECTION II 

 

Heart failure 

With an estimated 23 million people affected by heart failure worldwide, it is a major 

problem in health care that causes a high disease burden and reduces the quality of life of 

patients.49 Heart failure is often the final stage of cardiovascular diseases (CVD). Despite a 

decrease in overall rate of death attributable to CVD during the last two decades, CVD still 

accounts for about 1 in 3 deaths in, e.g., the United States50 and The Netherlands.51 Besides, 

the prevalence of risk factors for CVD, like obesity, diabetes, physical inactivity and 

hypertension, is increasing.50  
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Figure 2. Major signaling pathways regulating pathological and physiological cardiac hypertrophy. Adapted from (Bernardo 

et al., 2010, Pharmacology & Therapeutics
58

) 

 

Persistent pressure- and/or volume overload of the heart triggers a hypertrophic response 

that is aimed at normalizing the increase in ventricular wall stress and the accompanying rise 

in energy turnover, and at maintaining stroke volume. Depending on the level of hemodynamic 

load, ventricular remodeling may be successfully compensatory or it may result in progressive 

contractile dysfunction and ultimately heart failure. Heart failure is a condition in which cardiac 

dysfunction results in inadequate peripheral oxygen delivery,52 with typical symptoms like 

shortness of breath, tachycardia, fatigue, and edema.53 This pathological ventricular 

remodeling is characterized by hypertrophy and changes in cardiomyocyte gene expression 

that affect contractile function and energy metabolism.  

There are two types of hypertrophy: concentric hypertrophy, characterized by increased 

cardiomyocyte thickness induced by pressure overload, and eccentric hypertrophy, 

characterized by cardiomyocyte lengthening induced by volume overload.54 In most cases of 

pathological remodeling a combination of pressure and volume overload causes a mixed form 

of hypertrophy. The complex hypertrophic response is now known to be driven by numerous 

interacting signal-transduction pathways that may be triggered by mechanical stress of the 

cardiomyocyte as well as by various neurohumoral factors (Fig. 2).55-57 For the most part these 

pathways converge on the promoters of specific genes, changing the expression levels of the 

encoded proteins.  
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Current treatment aims to prevent progression of the disease and to improve or maintain 

quality of life and is based on the clinical manifestation.53 The main aspects of treatment are 

ACE inhibitors to inhibit the renin-angiotensin-aldosterone system (RAAS) and lower blood 

pressure, �-blockers to attenuate the adrenergic system and reduce heart rate, and diuretics. 

Treatment is partly non-pharmacological, like adjusted diet, no smoking, low alcohol intake, 

weight reduction in obese patients, and exercise training. In spite of the treatments that are 

currently available, the mortality remains high, making the development of new therapeutic 

strategies necessary. 

 

 

MI and cardiac remodeling 

The largest proportion (27%) of all deaths within the group CVD is caused by ischemic 

heart disease, often resulting from MI.59 Occlusion of a coronary artery results in ischemia of 

the downstream myocardium. After MI, the LV starts remodeling which takes place both within 

the infarcted and noninfarcted myocardium, and which is the result of a complex of regulatory 

mechanisms (Fig. 3).60-62 These responses are adaptive mechanisms to maintain cardiac 

function, but long term implications are detrimental leading to progressive LV dysfunction.  

 

Figure 3. Schematic representation of LV remodeling after MI. Adapted from (Sutton & Sharpe, 2000, Circulation
63

) 
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Infarct expansion 

Wound healing in the infarcted area starts with necrosis of myocytes within minutes and 

initiates an inflammatory reaction with infiltration of inflammatory cells and release of cytokines 

and proteolytic enzymes.60-62;64 The latter is important for the subsequent collagen degradation 

resulting in loss of structural support that allows rearrangement of the myocytes.65;66 This 

cellular movement termed slippage results in infarct expansion, wall thinning and LV dilation. 

Stretching of the myocytes also contributes to the infarct expansion.66 The infarct expansion is 

followed by a phase of scar formation through fibroblast infiltration and collagen deposition.60-

62;64  

 

Neurohumoral activation 

An important role in the regulation of LV remodeling is played by the neurohumoral 

activation that occurs early after MI and comprises the release of factors as angiotensin II, 

endothelins, noradrenaline, atrial natriuretic factor (ANP), and brain natriuretic peptide 

(BNP).58 The actions of these factors are initially adaptive by maintaining cardiac output and 

blood pressure, but become detrimental in the longterm.62;67 There is a chronic activation of 

the adrenergic system during remodeling that increases heart rate and cardiac contraction and 

thereby cardiac output. However, this leads to increased myocardial energy expenditure and 

to increased calcium entry that can impair relaxation and induce arrhythmias. The activation of 

the RAAS leads to vasoconstriction and fluid retention to maintain blood pressure. However, 

vasoconstriction increases afterload which further increases myocardial energy expenditure 

leading to cell death, whereas salt and water retention results in pulmonary edema in the long 

term.68 The effects of increased levels of the vasoconstrictive endothelins after MI are similar 

to those of RAAS activation. ANP and BNP are released as a response to increased wall 

stress and reduce afterload through a combination of peripheral vasodilation and 

natiuresis.62;67  

 

Hypertrophy 

After MI, in the noninfarcted area mostly eccentric hypertrophy takes place. This further 

contributes to the LV dilation which is initially beneficial because it maintains stroke volume 

after loss of contractile myocardial tissue, but ultimately leads to increased dysfunction. The 

accompanying collagen deposition results in myocardial stiffness and impaired diastolic 

function.60;61;64;69;70 Furthermore, due to concentric hypertrophy the capillary density 

decreases, which impairs the diffusion of oxygen into cardiomyocytes.71 The hypertrophy is 

associated with decreased fatty acid oxidation and increased glucose metabolism72 and 

re-expression of the fetal gene program.55;73-75  

The hypertrophy is induced through a complex network of signaling pathways with 

abundant cross-talk, as illustrated by the scheme in Fig. 2.58 The best known signal 
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transduction routes stimulated by neurohumoral factors are initiated by binding to G 

protein-coupled receptors. Downstream signaling involves mainly all three branches of the 

MAPK pathway (c-Jun N-terminal kinases (JNK), ERK, p38 MAPK)76-78 and the 

calcineurin/calmodulin signaling pathway.79-82 The MAPK pathway plays a central role in the 

regulation of hypertrophy; it is also one of the main pathways of hypertrophy induced by 

mechanical stress, sensed by integrins and sarcolemmal proteins.83 Cytokines act via the 

Janus kinase/signal transducer and activator of transcription (JAK/STAT) pathway as well as 

the MAPK pathway.84 Most pathways converge on regulation of certain transcription factors, of 

which HDACs, MEF2, GATA, and NFAT are particularly important.85  

 

 

SECTION III 

 

TH and the heart 

Under normal conditions, the cardiac phenotype is determined to a considerable extent by 

the level of circulating TH. This is illustrated by the marked differences in cardiac contractility, 

electrophysiology and energy metabolism in the absence of TH (hypothyroidism) and 

presence of excess TH levels (hyperthyroidism).74 Furthermore, TH is involved in normal 

postnatal heart growth86;87 and is an independent trigger of physiological cardiac hypertrophy 

(Fig. 2).88-95  

Some of the effects of TH on the heart are secondary to the effect of the thyroid status on 

heart rate and systemic blood pressure, but they are mainly due to T3-regulated gene 

expression.74 Involvement of impaired TH signaling in pathological hypertrophy is suggested 

by similar changes in expression of a number of key cardiac genes in hypothyroidism and in 

heart failure.74 Typical examples are the reduced expression of the sarcoplasmic reticulum 

Ca2+-ATPase (SERCA2a) and the myosin heavy chain (MHC) α isoform, and the increased 

expression of the MHCβ isoform. Reduced TH signaling in the hemodynamically overloaded 

heart could result from changes in the expression of TRs or their cofactors, by diminished 

active TH uptake through its transporters, by the reduction of plasma T3 levels that is seen in 

severe illness, including advanced heart failure, or by changes in cellular metabolism of TH 

involving deiodinases.  

Indeed, changes in TR expression levels, including differential effects on the α1, α2 and β1 

isoforms, have been reported in models of LV remodeling induced by MI96 and pressure 

overload.88 The role of TRs is still a matter of debate with both increased and decreased 

expression of TR being suggested to suppress T3-dependent transcription. Nevertheless, in a 

recent study in a mouse model of LV pressure overload, cardiac function improved by 

increasing TR expression through viral transfection of the myocardium.97  
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Cardiac deiodinase expression in pathological ventricular remodeling 

One of the possible causes of impaired TH signaling during ventricular remodeling is 

altered metabolism of TH by deiodinases. Current studies suggest that activation of TH in the 

healthy heart is only marginal. DIO1 and DIO2 activity are low in the rodent myocardium and 

conversion of T4 accounts for less than 7% of cardiac T3.
6;98 Equally low levels of DIO1 and 

DIO2 activity have been reported for human cardiac tissue,99 although DIO2 mRNA levels are 

considerably higher than in rat heart.100 Overexpression of DIO2 in mouse myocardium results 

in only a mild increase in cardiac T3 levels,8;101 suggesting that active uptake of T4 by 

cardiomyocytes through the recently identified TH transporters102 may be limited. T3 levels in 

the healthy heart are therefore primarily determined by the level of plasma T3. Nevertheless, 

the heart does appear to have some capacity for regulating its T3 levels. Normal cardiac T3 

levels were observed in rats subjected to severe iodine deficiency, which reduces plasma T3 

and T4 levels by 50% and 90%, respectively.103 These low levels of plasma T4 make increased 

local conversion an unlikely source for the extra tissue T3, even though cardiac DIO2 activity 

increases under conditions of reduced circulating TH.104 Alternative options include increased 

active uptake of T3 or reduced clearance, but these aspects have not yet been studied. 

Myocardial activity of the three deiodinases in cardiac pathology was determined for the 

first time in a rat model of right-ventricular (RV) hypertrophy and failure.6 In this model chronic 

pulmonary arterial hypertension (PAH) is induced by a single dose of the pyrrolizidine alkaloid 

monocrotaline. The bioactive metabolite of monocrotaline selectively injures the vascular 

endothelium of the lung vessels and progressive pulmonary vasculitis leads to increasing 

vascular resistance and a gradual rise in arterial pressure, which in turn induces ventricular 

hypertrophy. This hypertrophy progresses to a stable compensated state, designated HYP, or 

to congestive heart failure (CHF) and death within four to five weeks, depending on the level of 

PAH.6;105 A greater degree of RV hypertrophy in the CHF group compared to the HYP group 

was associated with more pronounced changes in gene expression that characterize 

pathological remodeling, such as the reduction of mRNA levels of SERCA2a and the shift from 

the MHCα to the MHCβ isoform.6;105 The partial shift in MHC isoform expression seen in the 

RV of the HYP group was strictly related to hypertrophy of this ventricle since no change 

occurred in the LV of the same heart. However, the virtually complete shift in the RV of the 

CHF group was in part caused by the reduction of plasma T3 levels in these critically ill 

animals, because a partial shift was seen in the LV. Analysis of deiodinase enzyme activities 

in the myocardium showed a low level of DIO1 activity in both ventricles of control animals, 

which was reduced in the HYP and CHF groups.6 However, the maximal DIO1 activity was 

less than 0.1% of that found in the livers of these animals and is consequently thought to be 

irrelevant for cardiac TH metabolism.6 DIO2 activity could not be detected in any of the groups, 

but a low level of DIO3 activity was found in LV and RV of control animals. Unexpectedly, this 

activity increased in the chronically overloaded RV, with no change in activity in the LVs of the 
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same hearts. The 5-fold increase in DIO3 activity in the RV of the CHF group was furthermore 

significantly higher than that in the RV of the HYP group (3-fold).6 In a more recent analysis of 

this model an average 10-fold stimulation of RV DIO3 activity in the CHF group was reported, 

amounting to approximately 20% of the level of DIO3 activity found in brains of these rats.7 

Induction of DIO3 activity was also found in a mouse model of chronic pressure overload of 

the LV due to aortic constriction8 and in a rat model of combined pressure and volume 

overload of the LV due to MI.9 However, there are no data available yet on cardiac DIO3 

expression during ventricular remodeling in humans. 

 

 

Consequences of cardiac DIO3 expression in pathological ventricular remodeling 

The stimulation of TH-degrading activity in hypertrophic myocardium was suggested to lead 

to a reduction of T3 levels in cardiomyocytes.6 Tissue TH content has so far only been 

determined in the PAH model of RV failure.7 The high DIO3 activity in the RV in CHF 

correlated with a 35% lower total T3 content compared to the LV of the same heart. 

Furthermore, T3-dependent transcription in the cardiomyocyte was determined to assess 

whether T3 signaling was indeed reduced in the hypertrophic RV. An in vivo T3-transcription 

probe was used consisting of a reporter plasmid in which the Firefly luciferase gene is placed 

under control of a T3-responsive minimal promoter that has no cardiac-specific regulatory 

sequences. Direct injection of the plasmid, together with a normalisation plasmid expressing 

Renilla luciferase, into the free wall of the RV and LV leads to transfection of only 

cardiomyocytes. Measurement of tissue luciferase activities after several days gives a 

measure of T3-dependent transcriptional activity. Analysis of CHF animals showed that 

normalized Firefly luciferase activity remained at control levels in the LV, but that it was 

reduced by 45% in the hypertrophic RV. By comparison, normalized Firefly luciferase activity 

showed a 50% reduction in hearts of animals that were severely hypothyroid (plasma T3: 0.03 

nM) compared to euthyroid controls (plasma T3: 0.94 nM). This RV-restricted reduction of T3-

dependent transcriptional activity, together with the results mentioned above, suggests that 

DIO3 expression in the remodeling cardiomyocyte reduces cellular T3 content to a level equal 

or close to that seen in severe systemic hypothyroidism.  

 

 

Regulation of cardiac DIO3 expression in pathological ventricular remodeling 

As mentioned in SECTION II, a large number of signal-transduction pathways are known to 

be involved in ventricular remodeling, with the outcome of the process depending on the 

particular mix of pathways that is triggered by the type and level of stimulation of the 

cardiomyocyte.55-57 Surprisingly, stimulation of DIO3 expression may be accounted for by at 
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least three of these pathways and the synergistic interactions between them suggests that 

expression is potentially regulated over a wide range. 

 

Hypoxia-inducible factor-1� (HIF-1�)  

The DIO3 gene has recently been shown to be a direct target of HIF-1.106 A reduction of 

oxygen availability triggers HIF-1 signaling and its downstream effects are aimed at reducing 

cellular oxygen consumption and stimulating oxygen delivery.106 HIF-1 is a heterodimer and its 

activity is determined by the oxygen-dependent level of the HIF-1α subunit. Under normoxic 

conditions HIF-1α is ubiquinated and rapidly degraded, but as cellular oxygen tension drops it 

accumulates and associates with the stably expressed HIF-1β to form HIF-1. HIF-1 then 

translocates to the nucleus and activates a number of genes, many of them involved in 

glucose metabolism and angiogenesis. In vitro analysis of the effect of hypoxia on DIO3 

activity showed strong induction in human neurons (SK-N-AS cells) and choriocarcinoma cells 

(JEG-3), rhesus monkey hepatocytes (NCLP6E cells), as well as in rat neonatal 

cardiomyocytes, while human endometrial cells and fibroblasts were unresponsive.7 Induction 

of DIO3 activity was dynamic with transient exposure to hypoxia resulting in a transient 

increase in DIO3 mRNA and protein expression. Furthermore, this induction correlated with 

increased HIF-1α levels and ChiP analysis confirmed the direct interaction of HIF-1 with the 

DIO3 promoter. The latter most likely involves a conserved HIF-1-binding site present in this 

region. The induction of DIO3 activity in the hypoxic cells fits the adaptive response 

orchestrated by HIF-1, as it markedly reduces T3-dependent metabolic rate in these cells.7  

Involvement of HIF-1 signaling in cardiac DIO3 expression in vivo is suggested by data 

from the model of PAH-induced RV hypertrophy and failure. RV-specific stimulation of DIO3 

mRNA expression and enzyme activity was associated with a similarly specific stimulation of 

HIF-1� levels.7 This is in line with the earlier reported increased nuclear HIF-1� content in RV 

cardiomyocytes107 and increased expression of HIF-1 regulated genes.105 Similarly, in the 

mouse model of LV pressure-overload in which DIO3 was induced,8 Sano et al. reported 

increased HIF-1 activity to be required for adaptive LV hypertrophy and angiogenesis.108 

Cardiomyocyte hypoxia can occur in hypertrophy as a result of a mismatch between oxygen 

supply and consumption. Capillary density and oxygen diffusion distances may become 

limiting factors for the enlarged cardiomyocytes,107 particularly given the higher energy 

turnover as a result of the increase in wall tension. However, rapid HIF-1α accumulation was 

also observed under normoxic conditions, following an increase in ventricular wall tension.109 

The HIF-1 response to this hypertrophy stimulus appeared to be triggered by stretch-activated 

channels signaling through the phosphatidylinositol-3-kinase pathway. Consequently, HIF-1 

may also be a factor in early hypertrophic signaling irrespective of changes in oxygen tension. 

HIF-1 signaling may also account for the induction of DIO3 expression seen in cardiac 

ischemia, as this is a principal cause of cellular hypoxia. HIF-1α levels are increased following 
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ischemia or MI in rat,110-112 hamster,110 mouse113 and human myocardium.114-116 Studies using 

transgenics,113 gene transfer117 or pharmacological intervention118 to increase HIF-1α have 

clearly shown the adaptive nature of the HIF-1 response in cardiac ischemia. HIF-1 activation 

in rodent cardiomyocytes occurred in multiple areas of the ventricle and expression persisted 

particularly in the peri-infarct area but also in the remote area.110 Progressively increasing 

expression of HIF-2α was also found in remote areas of the infarcted rat ventricle for at least 4 

weeks following MI.112 HIF-2α is structurally related to HIF-1α and similarly regulated, but its 

expression has so far been considered to be mainly involved in the endothelial response to 

hypoxia.  

 

Transforming growth factor (TGF�) and MAPK 

Cellular signaling induced by TGFβ leads to transcriptional activation of the DIO3 gene. 

This effect was analyzed in detail by Huang et al. using various non-transformed human cell 

types.119 TGFβ-activated cell surface receptor kinases phosphorylate receptor-associated 

members of the SMAD family of trans-activating factors (R-SMAD), which then migrate to the 

nucleus to activate target genes in conjunction with other transcription factors (reviewed in 

Euler-Taimor & Heger, 2006120). Combinations of the common SMAD4 isoform with either the 

R-SMAD2 or -3 isoform strongly activated the promoter of the DIO3 gene in cell types that 

expressed DIO3 endogenously, such as hepatocarcinoma cells, fibroblasts and skeletal 

muscle myocytes.119 TGF�1, -2 and -3 were equally potent and this signaling pathway is a 

potential candidate for cardiac DIO3 regulation, since TGFβ is known to play a role in the 

development of ventricular hypertrophy and adverse remodeling (reviewed in Rosenkranz, 

2004121 and Lim & Zhu, 2006122). TGFβ1 mRNA levels increase rapidly in LV pressure 

overload (aortic constriction) in the rat, and either remain elevated at 28 days123 or return to 

basal values after 14 days.124 Similarly, in volume overload (aortacaval fistula), TGFβ1 mRNA 

levels increased and returned to basal levels after 21 days.125 Following MI in rat and mouse, 

TGFβ expression increases throughout the ventricle, particularly in infarct and border zones, 

persisting up to 82 days.126-128  

TGF� signaling in hypertrophy and heart failure is best known for its role in activating 

fibrosis, but more recent data have shown that it is also involved in cardiomyocyte 

hypertrophy. For instance, cardiac hypertrophy induced by Angiotensin II (Ang II) is in part 

dependent on the upregulation of cardiomyocyte TGFβ expression, which then acts in an 

autocrine loop to stimulate cell growth (reviewed in Rosenkranz, 2004121). Ang II stimulation of 

TGFβ expression involved the stress-activated branch of the MAPK system, i.e., p38 MAPK. 

This factor itself is a downstream target of TGF� through the action of TGF�-activated kinase 

1 (TAK1), this TGF�-TAK1-p38 MAPK pathway was shown to be upregulated in 

cardiomyocytes in noninfarcted myocardium following MI.129 TAK1 signaling is a second mode 

of TGF� action next to the SMAD route. Involvement of this route in TGFβ signaling in 
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cardiomyocytes is nevertheless also likely, since SMADs were shown to be critical in myocyte 

proliferation and growth during development.130 Additionally, SMADs play a role in 

hypertrophic remodeling (reviewed in Lim & Zhu, 2006122), including Ang II-induced 

apoptosis.131  

Involvement of the MAPK system is particularly relevant for a possible mechanism of 

stimulation of DIO3 expression. Many stimuli driving hypertrophy converge on this system, 

which also includes ERK and JNK.55-57 Activation of p38 as well as ERK stimulated DIO3 

expression in a range of human cell types that express DIO3.119;132 More importantly, DIO3 

induction was greatly enhanced in these cells when MAPK activation was combined with 

TGFβ stimulation. Further analysis indicated synergistic action of SMADs and MAPK signaling 

driving DIO3 transcription, possibly involving Sp1.119 The relevance of this for the in vivo 

situation is suggested by the observation of RV-specific activation of p38 MAPK105 as well as 

increased RV Ang II signaling and TGFβ mRNA expression133 that was found in the rat model 

of PAH-induced RV hypertrophy with high DIO3 expression.7  

 

Sonic hedgehog (Shh) 

Shh is a secreted signaling protein acting through the Gli-family of transcription factors with 

numerous effects in vertebrate development. It determines patterns of cell proliferation and 

differentiation, including cardiomyogenesis and development of the heart38;47;134 (and 

references therein). The proliferation-promoting aspect of Shh/Gli signaling has recently been 

shown to be linked to induction of DIO3 activity.47 Using malignant keratinocytes, this study 

indicated that cell proliferation depended on the reduction of cellular T3 levels due to DIO3 

activity, which effectively blocks both T3-stimulated differentiation and inhibition of progression 

of the cell cycle. High DIO3 activity was also found in vascular tumors in humans, as well as in 

a solitary fibrous tumor.45;46;135 In these cases DIO3 activity reached such high levels that a 

systemic hypothyroid condition ensued. Taken together, these data suggest that DIO3 is 

induced as part of the re-induction of the program of cell proliferation that is responsible for 

DIO3 expression in fetal tissues. This mechanism is not restricted to tumor growth, as a strong 

induction of hepatic DIO3 expression was recently shown in a rat model of liver regeneration 

following partial hepatectomy.48  

Several studies indicate that Shh also plays a role in the adult heart. Shh signaling in 

cardiomyocytes and perivascular smooth muscle cells is critical for maintaining normal cardiac 

function in mice136 and stimulation of Shh signaling by gene transfer in cardiomyocytes and 

fibroblasts preserved LV function in acute and chronic ischemia.137 Endogenous Shh signaling 

in the LV was also markedly upregulated following MI.137 Thus far, cardiac Shh signaling has 

not been analyzed for the models of LV or RV pressure overload in which DIO3 expression 

was upregulated. However, increased proliferation signaling is indicated for RV hypertrophy, 
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where expression of several factors involved in cell cycle progression was increased,105 

including cyclin D1, a target of Shh.138  

 

Cross talk 

Results from a number of different research lines suggest that the three signaling pathways 

discussed above are interconnected. HIF-1α and TGFβ signaling are potentiated by the strong 

synergistic action on responsive promoters of HIF-1 and complexes of R-SMAD2/3 and SMAD 

4 (reviewed in Euler-Taimor & Heger, 2006120). Furthermore, HIF-1α is stabilized by 

TGFβ-induced inhibition of 1α-associated prolyl hydroxylase, the enzyme responsible for 

degradation of HIF-1α.139 Cross talk between hypoxia- and Shh signaling has recently also 

been described. Normobaric hypoxia in mice was found to induce Shh signaling in a number 

of tissues and detailed analysis using the cardiomyocyte cell line H9C2 showed direct 

activation of the Shh pathway by HIF-1α.140 These data corroborate the earlier reported 

HIF-1α-induced re-entry of the cell cycle in rat cardiomyocytes following MI, as well as in 

cultured adult cardiomycytes.111 HIF-1 signaling, therefore, appears to play a central role in the 

induction of DIO3 expression in adult tissues, as it likely does during fetal development where 

tissue-oxygen tension is low. Irrespective of the pathway stimulating DIO3 expression, its fetal 

characteristic fits the partial re-expression of the fetal gene profile that characterizes 

pathological cardiac hypertrophy.73 

 

 

TH and physiological hypertrophy 

TH is needed for normal postnatal growth of the heart, as evidenced by impaired growth in 

the absence of a thyroid87 and in postnatal hypothyroidism.86 Furthermore, TH is an 

independent trigger of physiological cardiac hypertrophy (Fig. 2).88-95 The TH-induced 

physiological hypertrophy is thought to be regulated by nongenomic TH signaling mediated by 

TRs in the cytoplasma. The PI3K-Akt pathway is associated with TH-induced hypertrophy,90 

and inhibition of this pathway prevents cardiac hypertrophy.89 TH binds to cytoplasmic TR�1 

which interacts with the p85� subunit of PI3K resulting in phosphorylation of Akt and 

mammalian target of rapamycin (mTOR) successively. Downstream targets of mTOR are 

involved in protein translation leading to hypertrophy. Kenessey et al.93 showed that that TH 

induces the PI3K-Akt pathway through cytosol-localized TR�1. However, there are also 

indications that TR�1 is involved in TH-induced hypertrophy.88;92  

The involvement of the PI3K-Akt pathway is particularly interesting given the beneficial 

effect of exercise training on heart failure141-143 and the involvement of the PI3K-Akt pathway in 

exercise induced physiological hypertrophy.144-147 There are now multiple studies that show a 

beneficial effects of exercise training on cardiac disease.141-143 These beneficial effects include 
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both improved cardiac function and quality of life. Several mechanisms were shown to be 

involved, but how the beneficial effects of exercise training are regulated is not entirely known. 

Considering that the PI3K-Akt pathway is involved in physiological hypertrophy due to both 

exercise training144-147 and TH89;90 (Fig. 2), improvement of TH signaling might be one of the 

aspect of the beneficial effects of exercise training on cardiac disease. This is also suggested 

by the observation that the gene expression profile during exercise induced physiological 

hypertrophy is comparable with a hyperthyroid gene expression profile.88  

 

 

SECTION IV 

 

Aim and outline of the study 

The aim of this thesis was to study TH signaling, and in particular the regulation and 

consequences of DIO3 expression, in the pathogenesis and exercise-induced treatment of 

heart failure following MI. In this study, we used a mouse model to be able to continue this line 

of research using transgenic mice. In addition, we wished to establish if cardiac DIO3 is 

expressed in human end-stage heart failure. The following study objectives were assessed: 

 

• Is DIO3 also induced in a mouse model of MI?  

Analysis of DIO3 expression in a mouse model of MI is described in Chapter 3 and 5. 

 

• What is the origin of DIO3 expression?  

Localization of DIO3 expression using immunohistochemistry is presented in Chapter 3. 

 

• How does DIO3 expression affect TH metabolism and T3-dependent transcription 

activity?  

First, tissue levels of T3 were analyzed in the LV after MI, and are presented in Chapter 3. 

Next, T3 action in vivo was assessed in these mice using a T3-transcription assay (Chapter 

3). Refinement and validation of this T3-dependent transcription activity assay, entailing the 

construction and validation of various luciferase reporter vectors is described in Chapter 2.  

 

• What is the time course of DIO3 expression relative to LV remodeling?  

To establish the time course of LV remodeling and DIO3 expression after MI, mice were 

studied at 1, 4, and 8 weeks after MI or sham surgery (Chapter 3) and at 3, 5, and 7 days 

after MI or sham surgery (Chapter 5). 
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• How is the DIO3 induction regulated?  

Investigation of signal-transduction routes that drive DIO3 expression is described in 

Chapter 5. The technique of in vivo transcription analysis described in Chapter 2 was also 

used to analyze Dio3-promoter activity as well as the activity of the DIO3-stimulating 

transcription factor HIF-1 after MI, as presented in Chapter 6. 

 

• Is DIO3 involved in the exercise-induced improvement of cardiac function following 

MI?  

It was hypothesized that exercise training reduces the induction of DIO3 that is associated 

with the pathological phenotype in post-MI LV remodeling. To test this hypothesis, the 

effects of exercise training on LV function and DIO3 expression during LV remodeling after 

MI were studied, as described in Chapter 4. 

 

• Is DIO3 also induced in human end-stage heart failure? 

To investigate whether the mouse MI model reflects ventricular remodeling in heart failure 

patients, DIO3 expression was studied in LV tissue of explanted hearts of end-stage heart 

failure patients and of unused donor heart, as described in Chapter 7.  

 

 



Introduction 
___________________________________________________________________________ 

29 

References 

1.  Danzi S, Klein I. Thyroid hormone-regulated cardiac gene expression and cardiovascular disease. Thyroid. 
2002;12:467-472. 

2.  Gereben B, Zeold A, Dentice M, Salvatore D, Bianco AC. Activation and inactivation of thyroid hormone by 
deiodinases: Local action with general consequences. Cellular and Molecular Life Sciences. 2008;65:570-590. 

3.  Dentice M, Salvatore D. Deiodinases: the balance of thyroid hormone: local impact of thyroid hormone inactivation. J 
Endocrinol. 2011;209:273-282. 

4.  Huang SA, Bianco AC. Reawakened interest in type III iodothyronine deiodinase in critical illness and injury. Nature 
Clinical Practice Endocrinology & Metabolism. 2008;4:148-155. 

5.  Bianco AC, Kim BW. Deiodinases: implications of the local control of thyroid hormone action. Journal of Clinical 
Investigation. 2006;116:2571-2579. 

6.  Wassen FWJS, Schiel AE, Kuiper GGJM, Kaptein E, Bakker O, Visser TJ, Simonides WS. Induction of thyroid 
hormone-degrading deiodinase in cardiac hypertrophy and failure. Endocrinology. 2002;143:2812-2815. 

7.  Simonides WS, Mulcahey MA, Redout EM, Muller A, Zuidwijk MJ, Visser TJ, Wassen FWJS, Crescenzi A, Da Silva 
WS, Harney J, Engel FB, Obregon MJ, Larsen PR, Bianco AC, Huang SA. Hypoxia-inducible factor induces local 
thyroid hormone inactivation during hypoxic-ischemic disease in rats. Journal of Clinical Investigation. 2008;118:975-
983. 

8.  Trivieri MG, Oudit GY, Sah R, Kerfant BG, Sun H, Gramolini AO, Pan Y, Wickenden AD, Croteau W, de Escobar 
GM, Pekhletski R, St Germain D, MacLennan DH, Backx PH. Cardiac-specific elevations in thyroid hormone 
enhance contractility and prevent pressure overload-induced cardiac dysfunction. Proceedings of the National 
Academy of Sciences of the United States of America. 2006;103:6043-6048. 

9.  Olivares EL, Marassi MP, Fortunato RS, da Silva ACM, Costa-e-Sousa R, Araujo IG, Mattos EC, Masuda MO, 
Mulcahey MA, Huang SA, Bianco AC, Carvalho DP. Thyroid function disturbance and type 3 iodothyronine 
deiodinase induction after myocardial infarction in rats - A time course study. Endocrinology. 2007;148:4786-4792. 

10.  Brown J, Hersham J, Cornell JS, Cornell J, Pierce J, Chopra IJ, Vanherle A, Uller R, Solomon DH. Thyroid 
Physiology in Health and Disease. Annals of Internal Medicine. 1974;81:68-81. 

11.  Maia AL, Kim BW, Huang SA, Harney JW, Larsen PR. Type 2 iodothyronine deiodinase is the major source of 
plasma T-3 in euthyroid humans. Journal of Clinical Investigation. 2005;115:2524-2533. 

12.  Song Y, Yao X, Ying H. Thyroid hormone action in metabolic regulation. Protein Cell. 2011;2:358-368. 

13.  Dillmann WH. Cellular action of thyroid hormone on the heart. Thyroid. 2002;12:447-452. 

14.  Bassett JHD, Williams GR. Critical role of the hypothalamic-pituitary-thyroid axis in bone. Bone. 2008;43:418-426. 

15.  Patel J, Landers K, Li H, Mortimer RH, Richard K. Thyroid hormones and fetal neurological development. Journal of 
Endocrinology. 2011;209:1-8. 

16.  Robbins J. Regulation of cardiac gene expression during development. Cardiovasc Res. 1996;31 Spec No:E2-16. 

17.  Delange F. The Disorders Induced by Iodine Deficiency. Thyroid. 1994;4:107-128. 

18.  Chiamolera MI, Wondisford FE. Minireview: Thyrotropin-Releasing Hormone and the Thyroid Hormone Feedback 
Mechanism. Endocrinology. 2009;150:1091-1096. 

19.  Lechan RM, Fekete C. Role of thyroid hormone deiodination in the hypothalamus. Thyroid. 2005;15:883-897. 

20.  Bernal J, Guadano-Ferraz A, Morte B. Perspectives in the study of thyroid hormone action on brain development 
and function. Thyroid. 2003;13:1005-1012. 

21.  Visser TJ, Kaptein E, Glatt H, Bartsch I, Hagen M, Coughtrie MWH. Characterization of thyroid hormone 
sulfotransferases. Chemico-Biological Interactions. 1998;109:279-291. 

22.  Baqui M, Botero D, Gereben B, Curcio C, Harney JW, Salvatore D, Sorimachi K, Larsen PR, Bianco AC. Human 
type 3 iodothyronine selenodeiodinase is located in the plasma membrane and undergoes rapid internalization to 
endosomes. Journal of Biological Chemistry. 2003;278:1206-1211. 

23.  Friesema ECH, Kuiper GGJM, Jansen J, Visser TJ, Kester MHA. Thyroid hormone transport by the human 
monocarboxylate transporter 8 and its rate-limiting role in intracellular metabolism. Molecular Endocrinology. 
2006;20:2761-2772. 

24.  Visser WE, Friesema EC, Visser TJ. Minireview: thyroid hormone transporters: the knowns and the unknowns. Mol 
Endocrinol. 2011;25:1-14. 

25.  Galton VA. The roles of the iodothyronine deiodinases in mammalian development. Thyroid. 2005;15:823-834. 

26.  Cheng SY, Leonard JL, Davis PJ. Molecular Aspects of Thyroid Hormone Actions. Endocrine Reviews. 
2010;31:139-170. 

27.  Wu YM, Peng J, Campbell KB, Labeit S, Granzier H. Hypothyroidism leads to increased collagen-based stiffness 
and re-expression of large cardiac titin isoforms with high compliance. Journal of Molecular and Cellular Cardiology. 
2007;42:186-195. 

28.  Harvey CB, Williams GR. Mechanism of thyroid hormone action. Thyroid. 2002;12:441-446. 

29.  Davis PJ, Leonard JL, Davis FB. Mechanisms of nongenomic actions of thyroid hormone. Frontiers in 
Neuroendocrinology. 2008;29:211-218. 

30.  Gross J, Pitt-Rivers R. The identification of 3:5:3'-L-triiodothyronine in human plasma. Lancet. 1952;1:439-441. 

31.  Gross J, Pitt-Rivers R. 3:5:3'-triiodothyronine. 2. Physiological activity. Biochem J. 1953;53:652-657. 



Chapter 1 
___________________________________________________________________________ 

 30 

32.  Gross J, Pitt-Rivers R. 3:5:3' -triiodothyronine. 1. Isolation from thyroid gland and synthesis. Biochem J. 
1953;53:645-650. 

33.  Braverman LE, Ingbar SH, Sterling K. Conversion of thyroxine (T4) to triiodothyronine (T3) in athyreotic human 
subjects. J Clin Invest. 1970;49:855-864. 

34.  Visser TJ, Leonard JL, Kaplan MM, Larsen PR. Kinetic evidence suggesting two mechanisms for iodothyronine 5'-
deiodination in rat cerebral cortex. Proc Natl Acad Sci U S A. 1982;79:5080-5084. 

35.  Sorimachi K, Robbins J. Metabolism of thyroid hormones by cultured monkey hepatocarcinoma cells. Nonphenolic 
ring dieodination and sulfation. J Biol Chem. 1977;252:4458-4463. 

36.  de Jesus LA, Carvalho SD, Ribeiro MO, Schneider M, Kim SW, Harney JW, Larsen PR, Bianco AC. The type 2 
iodothyronine deiodinase is essential for adaptive thermogenesis in brown adipose tissue. Journal of Clinical 
Investigation. 2001;108:1379-1385. 

37.  Ng L, Goodyear RJ, Woods CA, Schneider MJ, Diamond E, Richardson GP, Kelley MW, St Germain DL, Galton VA, 
Forrest D. Hearing loss and retarded cochlear development in mice lacking type 2 iodothyronine deiodinase. 
Proceedings of the National Academy of Sciences of the United States of America. 2004;101:3474-3479. 

38.  Dentice M, Bandyopadhyay A, Gereben B, Callebaut I, Christoffolete MA, Kim BW, Nissim S, Mornon JP, Zavacki 
AM, Zeold A, Capelo LP, Curcio-Morelli C, Ribeiro R, Harney JW, Tabin CJ, Bianco AC. The Hedgehog-inducible 
ubiquitin ligase subunit WSB-1 modulates thyroid hormone activation and PTHrP secretion in the developing growth 
plate. Nature Cell Biology. 2005;7:698-U87. 

39.  Marsh-Armstrong N, Huang HC, Remo BF, Liu TT, Brown DD. Asymmetric growth and development of the Xenopus 
laevis retina during metamorphosis is controlled by type III deiodinase. Neuron. 1999;24:871-878. 

40.  Hernandez A, Martinez ME, Fiering S, Galton VA, St Germain D. Type 3 deiodinase is critical for the maturation and 
function of the thyroid axis. Journal of Clinical Investigation. 2006;116:476-484. 

41.  Kester MHA, de Mena RM, Obregon MJ, Marinkovic D, Howatson A, Visser TJ, Hume R, de Escobar GM. 
Iodothyronine levels in the human developing brain: Major regulatory roles of iodothyronine deiodinases in different 
areas. Journal of Clinical Endocrinology & Metabolism. 2004;89:3117-3128. 

42.  Boelen A, Kwakkel J, Alkemade A, Renckens R, Kaptein E, Kuiper G, Wiersinga WM, Visser TJ. Induction of type 3 
deiodinase activity in inflammatory cells of mice with chronic local inflammation. Endocrinology. 2005;146:5128-
5134. 

43.  Boelen A, Boorsma J, Kwakkel J, Wieland CW, Renckens R, Visser TJ, Fliers E, Wiersinga WM. Type 3 Deiodinase 
Is Highly Expressed in Infiltrating Neutrophilic Granulocytes in Response to Acute Bacterial Infection. Thyroid. 
2008;18:1095-1103. 

44.  Peeters RP, Wouters PJ, Kaptein E, Van Toor H, Visser TJ, Van den Berghe G. Reduced activation and increased 
inactivation of thyroid hormone in tissues of critically ill patients. Journal of Clinical Endocrinology & Metabolism. 
2003;88:3202-3211. 

45.  Ruppe MD, Huang SA, de Beur SMJ. Consumptive hypothyroidism caused by paraneoplastic production of type 3 
iodothyronine deiodinase. Thyroid. 2005;15:1369-1372. 

46.  Huang SA, Tu HM, Harney JW, Venihaki M, Butte AJ, Kozakewich HPW, Fishman SJ, Larsen PR. Brief report: 
Severe hypothyroidism caused by type 3 iodothyronine deiodinase in infantile hemangiomas. New England Journal 
of Medicine. 2000;343:185-189. 

47.  Dentice M, Luongo C, Huang S, Ambrosio R, Elefante A, Mirebeau-Prunier D, Zavacki AM, Fenzi G, Grachtchouk M, 
Hutchin M, Dlugosz AA, Bianco AC, Missero C, Larsen PR, Salvatore D. Sonic hedgehog-induced type 3 deiodinase 
blocks thyroid hormone action enhancing proliferation of normal and malignant keratinocytes. Proceedings of the 
National Academy of Sciences of the United States of America. 2007;104:14466-14471. 

48.  Kester MH, Toussaint MJ, Punt CA, Matondo R, Aarnio AM, Darras VM, Everts ME, de Bruin A, Visser TJ. Large 
induction of type III deiodinase expression after partial hepatectomy in the regenerating mouse and rat liver. 
Endocrinology. 2009;150:540-545. 

49.  Bui AL, Horwich TB, Fonarow GC. Epidemiology and risk profile of heart failure. Nat Rev Cardiol. 2011;8:30-41. 

50.  Roger VL, Go AS, Lloyd-Jones DM, Benjamin EJ, Berry JD, Borden WB, Bravata DM, Dai S, Ford ES, Fox CS, 
Fullerton HJ, Gillespie C, Hailpern SM, Heit JA, Howard VJ, Kissela BM, Kittner SJ, Lackland DT, Lichtman JH, 
Lisabeth LD, Makuc DM, Marcus GM, Marelli A, Matchar DB, Moy CS, Mozaffarian D, Mussolino ME, Nichol G, 
Paynter NP, Soliman EZ, Sorlie PD, Sotoodehnia N, Turan TN, Virani SS, Wong ND, Woo D, Turner MB. Executive 
Summary: Heart Disease and Stroke Statistics--2012 Update: A Report From the American Heart Association. 
Circulation. 2012;125:188-197. 

51.  Vaartjes I, van Dis I, Visseren FLJ, Bots ML. Incidentie en prevalentie van harten vaatziekten in Nederland. In: 
Vaartjes I, van Dis I, Visseren FLJ, Bots ML. Hart- en vaatziekten in Nederland 2010, cijfers over leefstijl- en 
risicofactoren, ziekte en sterfte. 2010. Den Haag: Nederlandse Hartstichting, 2010. 

52.  Purcell IF, Poole-Wilson PA. Heart failure: why and how to define it? European Journal of Heart Failure. 1999;1:7-
10. 

53.  Dickstein K, Cohen-Solal A, Filippatos G, McMurray JJ, Ponikowski P, Poole-Wilson PA, Stromberg A, Van 
Veldhuisen DJ, Atar D, Hoes AW, Keren A, Mebazaa A, Nieminen M, Priori SG, Swedberg K. ESC Guidelines for 
the diagnosis and treatment of acute and chronic heart failure 2008: the Task Force for the Diagnosis and Treatment 
of Acute and Chronic Heart Failure 2008 of the European Society of Cardiology. Developed in collaboration with the 
Heart Failure Association of the ESC (HFA) and endorsed by the European Society of Intensive Care Medicine 
(ESICM). Eur Heart J. 2008;29:2388-2442. 

54.  Opie LH, Commerford PJ, Gersh BJ, Pfeffer MA. Controversies in Cardiology 4 - Controversies in ventricular 
remodelling. Lancet. 2006;367:356-367. 



Introduction 
___________________________________________________________________________ 

31 

55.  Oka T, Xu J, Molkentin JD. Re-employment of developmental transcription factors in adult heart disease. Seminars 
in Cell & Developmental Biology. 2007;18:117-131. 

56.  Molkentin JD. Calcineurin-NFAT signaling regulates the cardiac hypertrophic response in coordination with the 
MAPKs. Cardiovascular Research. 2004;63:467-475. 

57.  Selvetella G, Hirsch E, Notte A, Tarone G, Lembo G. Adaptive and maladaptive hypertrophic pathways: points of 
convergence and divergence. Cardiovascular Research. 2004;63:373-380. 

58.  Bernardo BC, Weeks KL, Pretorius L, McMullen JR. Molecular distinction between physiological and pathological 
cardiac hypertrophy: Experimental findings and therapeutic strategies. Pharmacology & Therapeutics. 
2010;128:191-227. 

59.  Vaartjes I, van Dis I, Visseren FLJ, Bots ML. Hart- en vaatziekten in Nederland. In: Vaartjes I, van Dis I, Visseren 
FLJ, Bots ML. Hart- en vaatziekten in Nederland 2010, cijfers over leefstijl- en risicofactoren, ziekte en sterfte. 2010. 
Den Haag: Nederlandse Hartstichting, 2010. 

60.  Gajarsa JJ, Kloner RA. Left ventricular remodeling in the post-infarction heart: a review of cellular, molecular 
mechanisms, and therapeutic modalities. Heart Failure Reviews. 2011;16:13-21. 

61.  Pfeffer JM, Pfeffer MA, Fletcher PJ, Braunwald E. Progressive Ventricular Remodeling in Rat with Myocardial-
Infarction. American Journal of Physiology. 1991;260:H1406-H1414. 

62.  Yousef ZR, Redwood SR, Marber MS. Postinfarction left ventricular remodeling: a pathophysiological and 
therapeutic review. Cardiovasc Drugs Ther. 2000;14:243-252. 

63.  Sutton MGS, Sharpe N. Left ventricular remodeling after myocardial infarction - Pathophysiology and therapy. 
Circulation. 2000;101:2981-2988. 

64.  Cleutjens JPM, Blankesteijn WM, Daemen MJAP, Smits JFM. The infarcted myocardium: Simply dead tissue, or a 
lively target for therapeutic interventions. Cardiovascular Research. 1999;44:232-241. 

65.  Whittaker P, Boughner DR, Kloner RA. Role of Collagen in Acute Myocardial Infarct Expansion. Circulation. 
1991;84:2123-2134. 

66.  Weisman HF, Bush DE, Mannisi JA, Weisfeldt ML, Healy B. Cellular Mechanisms of Myocardial Infarct Expansion. 
Circulation. 1988;78:186-201. 

67.  Tziakas DN, Chalikias GK, Xatseras DI. Neurohormonal Hypothesis in Heart Failure. Hellenic Journal of Cardiology. 
2003;44:195-205. 

68.  Katz AM. Cardiomyopathy of Overload - A Major Determinant of Prognosis in Congestive Heart-Failure. New 
England Journal of Medicine. 1990;322:100-110. 

69.  Pfeffer MA, Braunwald E. Ventricular Remodeling After Myocardial-Infarction - Experimental-Observations and 
Clinical Implications. Circulation. 1990;81:1161-1172. 

70.  Kehat I, Molkentin JD. Molecular Pathways Underlying Cardiac Remodeling During Pathophysiological Stimulation. 
Circulation. 2010;122:2727-2735. 

71.  Morisco C, Sadoshima J, Trimarco B, Arora R, Vatner DE, Vatner SF. Is treating cardiac hypertrophy salutary or 
detrimental: the two faces of Janus. American Journal of Physiology-Heart and Circulatory Physiology. 
2003;284:H1043-H1047. 

72.  Lehman JJ, Kelly DP. Gene regulatory mechanisms governing energy metabolism during cardiac hypertrophic 
growth. Heart Fail Rev. 2002;7:175-185. 

73.  Rajabi M, Kassiotis C, Razeghi P, Taegtmeyer H. Return to the fetal gene program protects the stressed heart: a 
strong hypothesis. Heart Failure Reviews. 2007;12:331-343. 

74.  Klein I, Ojamaa K. Mechanisms of disease: Thyroid hormone and the cardiovascular system. New England Journal 
of Medicine. 2001;344:501-509. 

75.  Vergaro G, Emdin M. Cardiac angiotensin receptor expression in hypothyroidism: back to fetal gene programme? 
Journal of Physiology-London. 2008;586:7-8. 

76.  Cook SA, Sugden PH, Clerk A. Activation of c-Jun N-terminal kinases and p38-mitogen-activated protein kinases in 
human heart failure secondary to ischaemic heart disease. Journal of Molecular and Cellular Cardiology. 
1999;31:1429-1434. 

77.  Purcell NH, Wilkins BJ, York A, Saba-El-Leil MK, Meloche S, Robbins J, Molkentin JD. Genetic inhibition of cardiac 
ERK1/2 promotes stress-induced apoptosis and heart failure but has no effect on hypertrophy in vivo. Proceedings 
of the National Academy of Sciences of the United States of America. 2007;104:14074-14079. 

78.  Esposito G, Prasad SVN, Rapacciuolo A, Mao L, Koch WJ, Rockman HA. Cardiac overexpression of a G(q) inhibitor 
blocks induction of extracellular signal-regulated kinase and cJun NH2-terminal kinase activity in in vivo pressure 
overload. Circulation. 2001;103:1453-1458. 

79.  Haq S, Choukroun G, Lim H, Tymitz KM, del Monte F, Gwathmey J, Grazette L, Michael A, Hajjar R, Force T, 
Molkentin JD. Differential activation of signal transduction pathways in human hearts with hypertrophy versus 
advanced heart failure. Circulation. 2001;103:670-677. 

80.  Ritter O, Hack S, Schuh K, Rothlein N, Perrot A, Osterziel KJ, Schulte HD, Neyses L. Calcineurin in human heart 
hypertrophy. Circulation. 2002;105:2265-2269. 

81.  Lu YM, Huang JY, Shioda N, Fukunaga K, Shirasaki Y, Li XM, Han F. CaMKII delta B Mediates Aberrant NCX1 
Expression and the Imbalance of NCX1/SERCA in Transverse Aortic Constriction-Induced Failing Heart. Plos One. 
2011;6. 



Chapter 1 
___________________________________________________________________________ 

 32 

82.  Zhang R, Khoo MSC, Wu YJ, Yang YB, Grueter CE, Ni GM, Price EE, Thiel W, Guatimosim S, Song LS, Madu EC, 
Shah AN, Vishnivetskaya TA, Atkinson JB, Gurevich VV, Salama G, Lederer WJ, Colbran RJ, Anderson ME. 
Calmodulin kinase II inhibition protects against structural heart disease. Nature Medicine. 2005;11:409-417. 

83.  Ruwhof C, van der LA. Mechanical stress-induced cardiac hypertrophy: mechanisms and signal transduction 
pathways. Cardiovasc Res. 2000;47:23-37. 

84.  Molkentin JD, Dorn GW. Cytoplasmic signaling pathways that regulate cardiac hypertrophy. Annu Rev Physiol. 
2001;63:391-426. 

85.  Frey N, Olson EN. Cardiac hypertrophy: the good, the bad, and the ugly. Annu Rev Physiol. 2003;65:45-79. 

86.  Moussavi R, Meisami E, Timiras PS. Compensatory cell proliferation and growth in the rat heart after postnatal 
hypothyroidism. Am J Physiol. 1985;248:E381-E387. 

87.  Baldwin KM, Campbell PJ, Hooker AM, Lewis RE. Effects of thyroid deficiency and sympathectomy on cardiac 
enzymes. Am J Physiol. 1979;236:C30-C34. 

88.  Kinugawa K, Yonekura K, Ribeiro RCJ, Eto Y, Aoyagi T, Baxter JD, Camacho SA, Bristow MR, Long CS, Simpson 
PC. Regulation of thyroid hormone receptor isoforms in physiological and pathological cardiac hypertrophy. 
Circulation Research. 2001;89:591-598. 

89.  Kuzman JA, O'Connell TD, Gerdes AM. Rapamycin prevents thyroid hormone-induced cardiac hypertrophy. 
Endocrinology. 2007;148:3477-3484. 

90.  Kuzman JA, Vogelsang KA, Thomas TA, Gerdes AM. L-Thyroxine activates Akt signaling in the heart. J Mol Cell 
Cardiol. 2005;39:251-258. 

91.  Dijk-Ottens M, Vos IHC, Cornelissen PWA, de Bruin A, Everts ME. Thyroid Hormone-Induced Cardiac Mechano 
Growth Factor Expression Depends on Beating Activity. Endocrinology. 2010;151:830-838. 

92.  Weiss RE, Korcarz C, Chassande O, Cua K, Sadow PM, Koo E, Samarut J, Lang R. Thyroid hormone and cardiac 
function in mice deficient in thyroid hormone receptor-alpha or -beta: an echocardiograph study. Am J Physiol 
Endocrinol Metab. 2002;283:E428-E435. 

93.  Kenessey A, Ojamaa K. Thyroid hormone stimulates protein synthesis in the cardiomyocyte by activating the Akt-
mTOR and p70(S6K) pathways. Journal of Biological Chemistry. 2006;281:20666-20672. 

94.  Hu LW, Benvenuti LA, Liberti EA, Carneiro-Ramos MS, Barreto-Chaves MLM. Thyroxine-induced cardiac 
hypertrophy: influence of adrenergic nervous system versus renin-angiotensin system on myocyte remodeling. 
American Journal of Physiology-Regulatory Integrative and Comparative Physiology. 2003;285:R1473-R1480. 

95.  Kobori H, Ichihara A, Suzuki H, Miyashita Y, Hayashi M, Saruta T. Thyroid hormone stimulates renin synthesis in 
rats without involving the sympathetic nervous system. Am J Physiol. 1997;272:E227-E232. 

96.  Pantos C, Mourouzis L, Xinaris C, Kokkinos AD, Markakis K, Dimopoulos A, Panagiotou M, Saranteas T, 
Kostopanagiotou G, Cokkinos DV. Time-dependent changes in the expression of thyroid hormone receptor alpha 1 
in the myocardium after acute myocardial infarction: possible implications in cardiac remodellin. European Journal of 
Endocrinology. 2007;156:415-424. 

97.  Belke DD, Gloss B, Swanson EA, Dillmann WH. Adeno-associated virus-mediated expression of thyroid-hormone-
receptor isoforms-alpha 1 and -beta 1 improves contractile function in pressure overload-induced cardiac 
hypertrophy. Endocrinology. 2007;148:2870-2877. 

98.  Escobar-Morreale HF, Obregon MJ, del Rey FE, de Escobar GM. Tissue-specific patterns of changes in 3,5,3 '-
triiodo-L-thyronine concentrations in thyroidectomized rats infused with increasing doses of the hormone. Which are 
the regulatory mechanisms? Biochimie. 1999;81:453-462. 

99.  Sabatino L, Iervasi G, Ferrazzi P, Francesconi D, Chopra IJ. A study of iodothyronine 5 '-monodeiodinase activities 
in normal and pathological tissues in man and their comparison with activities in rat tissues. Life Sciences. 
2000;68:191-202. 

100.  Dentice M, Morisco C, Vitale M, Rossi G, Fenzi G, Salvatore D. The different cardiac expression of the type 2 
iodothyronine deiodinase gene between human and rat is related to the differential response of the dio2 genes to 
Nkx-2.5 and GATA-4 transcription factors. Molecular Endocrinology. 2003;17:1508-1521. 

101.  Pachucki J, Hopkins J, Peeters R, Tu H, Carvalho SD, Kaulbach H, Abel ED, Wondisford FE, Ingwall JS, Larsen PR. 
Type 2 iodothyronine deiodinase transgene expression in the mouse heart causes cardiac-specific thyrotoxicosis. 
Endocrinology. 2001;142:13-20. 

102.  Friesema ECH, Jansen J, Milici C, Visser TJ. Thyroid hormone transporters. Vitamins and Hormones. 2005;70:137-
167. 

103.  Pedraza PE, Obregon MJ, Escobar-Morreale HF, del Rey FE, de Escobar GM. Mechanisms of adaptation to iodine 
deficiency in rats: Thyroid status is tissue specific. Its relevance for man. Endocrinology. 2006;147:2098-2108. 

104.  Wagner MS, Morimoto R, Dora JM, Benneman A, Pavan R, Maia AL. Hypothyroidism induces type 2 iodothyronine 
deiodinase expression in mouse heart and testis. Journal of Molecular Endocrinology. 2003;31:541-550. 

105.  Buermans HPJ, Redout EM, Schiel AE, Musters RJP, Zuidwijk M, Eijk PP, van Hardeveld C, Kasanmoentalib S, 
Visser FC, Ylstra B, Simonides WS. Microarray analysis reveals pivotal divergent mRNA expression profiles early in 
the development of either compensated ventricular hypertrophy or heart failure. Physiological Genomics. 
2005;21:314-323. 

106.  Semenza GL. O-2-regulated gene expression: transcriptional control of cardiorespiratory physiology by HIF-1. 
Journal of Applied Physiology. 2004;96:1173-1177. 

107.  Des Tombe AL, Beek-Harmsen BJ, Lee-De Groot MBE, Van Der Laarse WJ. Calibrated histochemistry applied to 
oxygen supply and demand in hypertrophied rat myocardium. Microscopy Research and Technique. 2002;58:412-
420. 



Introduction 
___________________________________________________________________________ 

33 

108.  Sano M, Minamino T, Toko H, Miyauchi H, Orimo M, Qin YJ, Akazawa H, Tateno K, Kayama Y, Harada M, Shimizu 
I, Asahara T, Hamada H, Tomita S, Molkentin JD, Zou YZ, Komuro I. p53-induced inhibition of Hif-1 causes cardiac 
dysfunction during pressure overload. Nature. 2007;446:444-448. 

109.  Kim CH, Cho YS, Chun YS, Park JW, Kim MS. Early expression of myocardial HIF-1 alpha in response to 
mechanical stresses - Regulation by stretch-activated channels and the phosphatidylinositol 3-kinase signaling 
pathway. Circulation Research. 2002;90:E25-E33. 

110.  Kakinuma Y, Miyauchi T, Yuki K, Murakoshi N, Goto K, Yamaguchi I. Novel molecular mechanism of increased 
myocardial endothelin-1 expression in the failing heart involving the transcriptional factor hypoxia-inducible factor-1 
alpha induced for impaired myocardial energy metabolism. Circulation. 2001;103:2387-2394. 

111.  Bai CG, Liu XH, Liu WQ, Ma DL. Regional expression of the hypoxia-inducible factor (HIF) system and association 
with cardiomyocyte cell cycle re-entry after myocardial infarction in rats. Heart and Vessels. 2008;23:193-200. 

112.  Jurgensen JS, Rosenberger C, Wiesener MS, Warnecke C, Horstrup JH, Grafe M, Philipp S, Griethe W, Maxwell 
PH, Frei U, Bachmann S, Willenbrock R, Eckardt KU. Persistent induction of HIF-1 alpha and -2 alpha in 
cardiomyocytes and stromal cells of ischemic myocardium. Faseb Journal. 2004;18:1415-+. 

113.  Kido M, Du LL, Sullivan CC, Li XD, Deutsch R, Jamieson SW, Thistlethwaite PA. Hypoxia-inducible factor 1-alpha 
reduces infarction and attenuates progression of cardiac dysfunction after myocardial infarction in the mouse. 
Journal of the American College of Cardiology. 2005;46:2116-2124. 

114.  Parisi Q, Biondi-Zoccai GGL, Abbate A, Santini D, Vasaturo F, Scarpa S, Bussani R, Leone AM, Petrolini A, Silvestri 
F, Biasucci LM, Baldi A. Hypoxia inducible factor-1 expression mediates myocardial response to ischemia late after 
acute myocardial infarction. International Journal of Cardiology. 2005;99:337-339. 

115.  Zhu BL, Tanaka S, Ishikawa T, Zhao D, Li DR, Michiue T, Quan L, Maeda H. Forensic pathological investigation of 
myocardial hypoxia-inducible factor-1 alpha, erythropoietin and vascular endothelial growth factor in cardiac death. 
Leg Med (Tokyo). 2008;10:11-19. 

116.  Lee SH, Wolf PL, Escudero R, Deutsch R, Jamieson SW, Thistlethwaite PA. Early expression of angiogenesis 
factors in acute myocardial ischemia and infarction. New England Journal of Medicine. 2000;342:626-633. 

117.  Shyu KG, Wang MT, Wang BW, Chang CC, Leu JG, Kuan PL, Chang H. Intramyocardial injection of naked DNA 
encoding HIF-1 alpha/VP16 hybrid to enhance angiogenesis in an acute myocardial infarction model in the rat. 
Cardiovascular Research. 2002;54:576-583. 

118.  Philipp S, Jurgensen JS, Fielitz J, Bernhardt WM, Weidemann A, Schiche A, Pilz B, Dietz R, Regitz-Zagrosek V, 
Eckardt KU, Willenbrock R. Stabilization of hypoxia inducible factor rather than modulation of collagen metabolism 
improves cardiac function after acute myocardial infarction in rats. European Journal of Heart Failure. 2006;8:347-
354. 

119.  Huang SA, Mulcahey MA, Crescenzi A, Chung M, Kim BW, Barnes C, Kuijt W, Turano H, Harney J, Larsen PR. 
Transforming growth factor-beta promotes inactivation of extracellular thyroid hormones via transcriptional 
stimulation of type 3 iodothyronine deiodinase. Molecular Endocrinology. 2005;19:3126-3136. 

120.  Euler-Taimor G, Heger J. The complex pattern of SMAD signaling in the cardiovascular system. Cardiovascular 
Research. 2006;69:15-25. 

121.  Rosenkranz S. TGF-beta(1) and angiotensin networking in cardiac remodeling. Cardiovascular Research. 
2004;63:423-432. 

122.  Lim H, Zhu YZ. Role of transforming growth factor-beta in the progression of heart failure. Cellular and Molecular 
Life Sciences. 2006;63:2584-2596. 

123.  Kuwahara F, Kai H, Tokuda K, Takeya M, Takeshita A, Egashira K, Imaizumi T. Hypertensive myocardial fibrosis 
and Diastolic dysfunction - Another model of inflammation? Hypertension. 2004;43:739-745. 

124.  Villarreal FJ, Dillmann WH. Cardiac Hypertrophy-Induced Changes in Messenger-Rna Levels for Tgf-Beta-1, 
Fibronectin, and Collagen. American Journal of Physiology. 1992;262:H1861-H1866. 

125.  Dai RP, Dheen ST, He BP, Tay SSW. Differential expression of cytokines in the rat heart in response to sustained 
volume overload. European Journal of Heart Failure. 2004;6:693-703. 

126.  Deten A, Holzl A, Leicht M, Barth W, Zimmer HG. Changes in extracellular matrix and in transforming growth factor 
beta isoforms after coronary artery ligation in rats. Journal of Molecular and Cellular Cardiology. 2001;33:1191-1207. 

127.  Hao JM, Wang BQ, Jones SC, Jassal DS, Dixon IMC. Interaction between angiotensin II and Smad proteins in 
fibroblasts in failing heart and in vitro. American Journal of Physiology-Heart and Circulatory Physiology. 
2000;279:H3020-H3030. 

128.  Ikeuchi M, Tsutsui H, Shiomi T, Matsusaka H, Matsushima S, Wen J, Kubota T, Takeshita A. Inhibition of TGF-beta 
signaling exacerbates early cardiac dysfunction but prevents late remodeling after infarction. Cardiovascular 
Research. 2004;64:526-535. 

129.  Matsumoto-Ida M, Takimoto Y, Aoyama T, Akao M, Takeda T, Kita T. Activation of TGF-beta 1-TAK1-p38 MAPK 
pathway in spared cardiomyocytes is involved in left ventricular remodeling after myocardial infarction in rats. 
American Journal of Physiology-Heart and Circulatory Physiology. 2006;290:H709-H715. 

130.  Song LY, Yan WS, Chen XB, Deng CX, Wang Q, Jiao K. Myocardial Smad4 is essential for cardiogenesis in mouse 
embryos. Circulation Research. 2007;101:277-285. 

131.  Schroder D, Heger J, Piper HM, Euler G. Angiotensin II stimulates apoptosis via TGF-beta 1 signaling in ventricular 
cardiomyocytes of rat. Journal of Molecular Medicine-Jmm. 2006;84:975-983. 

132.  Kester MHA, Kuiper GGJM, Versteeg R, Visser TJ. Regulation of type III iodothyronine deiodinase expression in 
human cell lines. Endocrinology. 2006;147:5845-5854. 



Chapter 1 
___________________________________________________________________________ 

 34 

133.  Park HK, Park SJ, Kim CS, Paek YW, Lee JU, Lee WJ. Enhanced gene expression of renin-angiotensin system, 
TGF-ss(1), endothelin-1 and nitric oxide synthase in right-ventricular hypertrophy. Pharmacological Research. 
2001;43:265-273. 

134.  Gianakopoulos PJ, Skerjanc IS. Hedgehog signaling induces cardiomyogenesis in P19 cells. Journal of Biological 
Chemistry. 2005;280:21022-21028. 

135.  Huang SA, Fish SA, Dorfman DM, Salvatore D, Kozakewich HPW, Mandel SJ, Larsen PR. A 21-year-old woman 
with consumptive hypothyroidism due to a vascular tumor expressing type 3 iodothyronine deiodinase. Journal of 
Clinical Endocrinology and Metabolism. 2002;87:4457-4461. 

136.  Lavine KJ, Kovacs A, Ornitz DM. Hedgehog signaling is critical for maintenance of the adult coronary vasculature in 
mice. Journal of Clinical Investigation. 2008;118:2404-2414. 

137.  Kusano KF, Pola R, Murayama T, Curry C, Kawamoto A, Iwakura A, Shintani S, Ii M, Asai J, Tkebuchava T, Thorne 
T, Takenaka H, Aikawa R, Goukassian D, von Samson P, Hamada H, Yoon YS, Silver M, Eaton E, Ma H, Heyd L, 
Kearney M, Munger W, Porter JA, Kishore R, Losordo DW. Sonic hedgehog myocardial gene therapy: tissue repair 
through transient reconstitution of embryonic signaling. Nature Medicine. 2005;11:1197-1204. 

138.  Duman-Scheel M, Weng L, Xin SJ, Du W. Hedgehog regulates cell growth and proliferation by inducing cyclin D and 
cyclin E. Nature. 2002;417:299-304. 

139.  McMahon S, Charbonneau M, Grandmont S, Richard DE, Dubois CM. Transforming growth factor beta 1 induces 
hypoxia-inducible factor-1 stabilization through selective inhibition of PHD2 expression. Journal of Biological 
Chemistry. 2006;281:24171-24181. 

140.  Bijlsma MF, Groot AP, Oduro JP, Franken RJ, Schoenmakers SH, Peppelenbosch MP, Spek CA. Hypoxia induces a 
hedgehog response mediated by HIF-1alpha. J Cell Mol Med. 2008. 

141.  Lloyd-Williams F, Mair FS, Leitner M. Exercise training and heart failure: a systematic review of current evidence. Br 
J Gen Pract. 2002;52:47-55. 

142.  Coats AJS, Adamopoulos S, Radaelli A, Mccance A, Meyer TE, Bernardi L, Solda PL, Davey P, Ormerod O, Forfar 
C, Conway J, Sleight P. Controlled Trial of Physical-Training in Chronic Heart-Failure - Exercise Performance, 
Hemodynamics, Ventilation, and Autonomic Function. Circulation. 1992;85:2119-2131. 

143.  Hambrecht R, Wolf A, Gielen S, Linke A, Hofer J, Erbs S, Schoene N, Schuler G. Effect of exercise on coronary 
endothelial function in patients with coronary artery disease. New England Journal of Medicine. 2000;342:454-460. 

144.  Koziris LP, Hickson RC, Chatterton RT, Groseth RT, Christie JM, Goldflies DG, Unterman TG. Serum levels of total 
and free IGF-I and IGFBP-3 are increased and maintained in long-term training. Journal of Applied Physiology. 
1999;86:1436-1442. 

145.  Scheinowitz M, Kessler-Icekson G, Freimann S, Zimmermann R, Schaper W, Golomb E, Savion N, Eldar M. Short- 
and long-term swimming exercise training increases myocardial insulin-like growth factor-I gene expression. Growth 
Hormone & Igf Research. 2003;13:19-25. 

146.  Kim J, Wende AR, Sena S, Theobald HA, Soto J, Sloan C, Wayment BE, Litwin SE, Holzenberger M, LeRoith D, 
Abel ED. Insulin-Like Growth Factor I Receptor Signaling Is Required for Exercise-Induced Cardiac Hypertrophy. 
Molecular Endocrinology. 2008;22:2531-2543. 

147.  DeBosch B, Treskov I, Lupu TS, Weinheimer C, Kovacs A, Courtois M, Muslin AJ. Akt1 is required for physiological 
cardiac growth. Circulation. 2006;113:2097-2104. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Christine J. Pol, Alice Muller, Marian J. Zuidwijk, Warner S. Simonides 

 
 
 
 
 

In vivo measurement of T3-dependent 

transcription activity 

 
 
 
 



Chapter 2 
___________________________________________________________________________ 

36 

Abstract 

Local regulation of T3-dependent gene expression has been proven to be an important 

mechanism in the tissue-specific effects of this hormone. To accurately assess the final 

outcome of changes in the parameters that determine T3 action, a reliable in vivo 

T3-transcription assay is necessary. Therefore, we constructed and tested a T3-responsive 

plasmid (pdV-TRE) in which two different luciferase reporter genes (Firefly (FLuc) and Renilla 

(RLuc)) are driven by the same minimal promoter. The FLuc reporter was made T3-responsive 

by insertion of two thyroid hormone response elements (TRE). For in vitro validation COS 

(monkey kidney), H9C2 (rat cardiomyocyte), and C2C12 (mouse myoblast) cells were 

transfected with pdV-TRE and thyroid hormone receptor �. T3 stimulated FLuc expression by 

16- (COS), 8- (H9C2), and 30-fold (C2C12). Combination of the response and normalization 

genes on a single plasmid compared to previously used separate plasmids, resulted in 

increased reproducibility (approximately 50% reduction of relative standard deviation). For in 

vivo validation, T3 responsiveness of pdV-TRE was assessed by direct injection of the plasmid 

in the left ventricular (LV) wall of hypothyroid, euthyroid, and hyperthyroid mice. After three 

days, FLuc and RLuc activities were determined in LV homogenates. Compared to euthyroid 

mice, the average FLuc/RLuc ratio was 70% lower in hypothyroid mice and short term T3 

treatment of hypothyroid mice resulted in an almost 600% increase. In conclusion, cardiac 

T3-dependent transcription activity in mice can be determined by in vivo transfection of LV with 

the T3-response plasmid pdV-TRE.  
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Introduction 

Thyroid hormone (TH) is primarily secreted by the thyroid as the pro-hormone T4. 

Circulating levels of the active hormone T3 are determined mainly by peripheral conversion of 

T4 by type II and type I deiodinase (DIO2 and DIO1) in liver, kidney and skeletal muscle. T3 

acts primarily through regulation of gene transcription, which is mediated by TH receptors 

(TR), and involves multiple cofactors. T3 action is furthermore determined by the rate of 

transport of TH into the cell, and the subsequent metabolism of T4 and T3 by deiodinases.1  

Tissue-specific regulation of cellular T3 concentrations plays an important role in 

development2 where T3 levels show time-dependent and tissue-specific variation.3 T3 action is 

furthermore modulated at tissue and cellular level by various mechanisms. For instance, tight 

regulation of T3 action involves differential expression of TRs,4-6 and more recent insight 

revealed the involvement of tissue-restricted expression of DIO2 and the TH-inactivating 

enzyme type III deiodinase (DIO3). Examples of the role of deiodinases are the regulated 

expression of DIO3 in the development of the hypothalamic-pituitary-thyroid axis7;8 and the 

eye,9;10 and the role of both DIO2 and DIO3 in the development of the auditory system11-13 and 

the brain.14 Besides its role during development, tissue-specific regulation of T3 action is also 

important in adult life, such as in thermoregulation15 and the control of energy expenditure.16;17 

Moreover, under conditions of metabolic stress, reduction of T3 activity by DIO3, and the 

resulting reduction of energy consumption, appears to be an adaptive physiological 

mechanism in many cell types. 

Recent data indicate that the mechanism of local regulation of T3 action may be active in 

chronic hemodynamic overload of the heart. In several models of pathologic ventricular 

hypertrophy an induction of DIO3 was shown, namely in the hypertrophic right ventricle (RV) 

following pressure overload in rats;18 in the left ventricle (LV) following pressure overload by 

aortic constriction in mice;19 and in the LV following myocardial infarction (MI) in rat.20 In 

addition, studies in both MI and pressure overload models indicate time-dependent and 

isoform-specific increases as well as decreases in TR expression levels.21-23 Taken together, 

these changes are suggested to result in impaired T3 signaling, which could provide an 

explanation for the similarities in cardiac gene expression found in hypothyroidism and 

pathological cardiac hypertrophy.24 Examples of such T3-regulated cardiac genes are myosin 

heavy chain � and β (MHC�, β), sarco/endoplasmic reticulum Ca2+-ATPase (SERCA2a) and 

phospholamban (PLB).  

The final outcome of changes in deiodinases, TRs, cofactors, and the rate of transport of 

TH into the cell can not be predicted. Even if all components are known, the complexity of the 

interaction between them, as well as the uncertainty of the cellular levels of free T3, makes this 

virtually impossible, requiring a reliable in vivo T3-transcription assay. This might be provided 

by direct injection of reporter plasmid DNA into the wall of the heart, which results in gene 

expression in cardiomyocytes.25 In the context of TH signaling during heart failure, this 
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technique was successfully used in a rat model of RV hypertrophy and failure in rats.26 

However, it is unknown whether this method is equally applicable for assessment of 

T3-dependent transcription in mouse LV. 

The technique of direct injection of plasmid DNA in the mouse heart has in fact been used 

in several models using different amounts of DNA, and different periods until analysis.25;27-29 In 

these studies absolute levels of reporter gene expression were determined, without correction 

for variation in transfection efficiency. Studies by Buvoli and Leinwand27 found that variability 

can be reduced if high amounts of DNA (40�g) are injected. A matter of concern regarding the 

use of DNA injection to transfect cardiomyocytes is that differences in transfection efficiency 

between the injected animals are a major source of variability. In rat studies, akin to 

normalization in in vitro analyses, normalization is performed by co-injection of a second 

reporter plasmid. Often, a combination of different reporter genes like luciferase and 

chloramphenicol acetyltransferase is used.30-32 A shortcoming of the use of two plasmids is 

that variation in half-life of the reporter and normalization protein results in different 

accumulation of the reporter and normalization protein, which can cause an artifact. 

Furthermore, the successful normalization depends on the colocalization of both plasmids, 

which is not necessarily the case. Separate from these issues of normalization, effects of T3 

reporter gene expression independent of the inserted TH response elements (TREs), may 

occur. Studies have shown that the luciferase reporter genes themselves, as well as the 

commonly used vector backbone, contain binding sites for numerous transcription factors, 

which may limit their use in promoter analyses.33  

The first aim of this study was therefore to construct a plasmid containing both a 

T3-response and normalization gene (pdV-TRE) and assess if this reporter plasmid results in 

increased reproducibility as compared to the use of separate response and normalization 

plasmids. The second aim was to construct a control plasmid without TREs (pdV-0), to 

exclude possible off-target effects of T3 on the response and normalization genes. The third 

aim was to optimize the method for in vivo transfection of mouse LV with pdV-TRE and to test 

its applicability for analysis of T3-dependent transcription activity. In particular we were 

interested in the range of T3 action between euthyroidism and hypothyroidism, given the 

expected decrease in T3 signaling after MI. 

 

 

Methods 

Cell culture 

COS (monkey kidney), H9C2 (rat heart), and C2C12 (mouse myoblast) cells were cultured 

in DMEM (Lonza verviers, Verviers, Belgium) supplemented with 10% fetal bovine serum 

(GIBCO, Invitrogen, Carlsbad, CA, USA) and 100 U/ml penicillin-streptomycin mixture (Lonza 
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verviers, Verviers, Belgium). Cells were kept at 37°C, in a water saturated atmosphere 

consisting of 95% air-5% CO2.  

 

Animals 

A total of 42 male mice (C57Bl/6J), aged between 11 and 13 weeks, entered the study and 

were randomly assigned to the three groups: hypothyroid, hypothyroid with T3 treatment and 

euthyroid. Of these mice, 5 died during or shortly after surgery (1 hypothyroid, 3 euthyroid, and 

1 hypothyroid with T3 treatment). Housing of animals, and all experiments complied with the 

Guide for Care and Use of Laboratory Animals of the National Institutes of Health (NIH 

Publication no. 86-23, revised 1996) and were approved by the Institutional Animal Care and 

Use Committee of VU University Medical Center Amsterdam. Hypothyroidism was induced 

with a low-iodine diet supplemented with 0.15% propylthiouracil for 5 weeks before plasmid 

injection. To assess the response to more acute changes in T3 levels, hypothyroid mice were 

injected intraperitoneally with 5 �g T3 (Sigma Aldrich, St. Louis, MO, USA) per day, starting 1 

or 2 days before injection of the LV free wall with pdV-TRE, until 1 day before excision of the 

heart (three days after injection). The other groups received control injections with saline. 

 

Plasmids 

To increase the accuracy of the determination of T3-dependent transcription, the reporter 

plasmid used in this study is a novel, single plasmid, combining the previously described 

T3-responsive Firefly luciferase (FLuc) plasmid pLuc-TRE (Fig. 1A) and the Renilla luciferase 

(RLuc) normalization plasmid pRen-C (Fig. 1B).34 In both these plasmids the luciferase genes 

are driven by the 141-bp skeletal muscle–specific SERCA1 minimal promoter,34 but in 

pLuc-TRE two TREs are inserted upstream of the minimal promoter (Fig. 1D). The 

dual-reporter plasmid was constructed by inserting the 1660 bp BamhI/BglII fragment from 

pRen-C, containing the RLuc gene driven by the 141-bp promoter, in the BamHI cut pLuc-TRE 

plasmid, with both genes in the same orientation. The resulting double-luciferase plasmid was 

designated pdV-TRE (Fig. 1C). A second plasmid, designated pdV-0, was constructed in 

which the TREs were deleted from the 141-bp promoter driving the FLuc gene in pdV-TRE. 

For the construction of the plasmids the DNA fragments were ligated in the plasmid backbone 

using T4 DNA ligase (Biolabs, Ipswich, MA, USA), and transformed into DH5� cells in SOC 

medium (bacto-tryptone, yeast, 8.6 mM NaCl, 2.5mM KCl, 20mM glucose, pH7) with a heat 

shock of 45 seconds at 42°C. The plasmids were isolated with a Plasmid Maxi kit (Qiagen, 

Hilden, Germany) according to the manufacturer’s instructions, resulting in an average yield of 

500-1000 �g/200 ml of culture and an average ratio of the absorbance at 260 and 280 nm of 

1.6-1.8 as an indication of the purity. The orientation of the constructs was confirmed using 

restriction analysis. The expression plasmid for mouse TR�1 was a gift of Drs. D. Mangelsdorf  
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Figure 1. T3-response plasmids. (A) pLuc-TRE containing the FLuc gene driven by a T3-responsive promoter, (B) pRen-c 

containing the RLuc gene driven by a control promoter, and (C) pdV-TRE containing FLuc and RLuc genes driven by a 

T3-responsive and a control promoter, respectively. (D) Two TREs (in bold) are inserted upstream of the minimal promoter, 

TRE1 (direct repeat spaced by 4 bp) and TRE2 (direct repeat spaced by 4 bp, combined with a palindrome). TR-binding 

half-sites are indicated by arrows. 

 

and R. Evans, Salk Institute, La Jolla, CA. A plasmid without luciferase genes (pOCAT) was 

used to maintain an equal DNA amount during transfection.34 

 

Measurement of T3-dependent transcription activity 

In vitro validation: COS, H9C2, and C2C12 cells at 50-80% confluence were transfected 

with FuGENE 6 transfection reagent (Roche, Basel, Switzerland) according to the 

manufacturer’s instructions. Medium was replaced by medium containing 1% thyroid 

hormone-depleted FBS 4 hours before transfection. Cells were transfected using the following 

plasmid concentrations: 135 ng/ml pLuc-TRE, 90 ng/ml pRen-C, 150 ng/ml pdV-TRE, 125 

ng/ml pdV-0, 50 or 150 ng/ml pCDM-TR�. At 24h after transfection, the medium was replaced 

by medium containing 1% thyroid hormone-depleted FBS with or without 50 nM T3. For 

construction of the dose-response curves, a concentration range of T3 from 0.001 to 500 nM 

was used. After 24 hours, cells were washed with PBS and luciferase expression was 

determined in cell homogenates as described in the next section.  

In vivo validation: Determination of T3-dependent transcription activity in the mouse heart 

was based on a previously developed method of direct injection of plasmid DNA for rat.26 Mice 

were weighed, anesthetized with isoflurane, and intubated using a 24-gauge intravenous 

catheter with a blunt end. Mice were artificially ventilated with a mixture of O2 and air (1:2 

(vol/vol)) to which isoflurane (2.5–3.0 % (vol/vol)) was added, at a rate of 90 strokes/min using 

a rodent ventilator (UNO Microventilator UMV-03; UNO BV, Zevenaar, The Netherlands) at an 
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inspiratory pressure of 10 cm H2O and a positive end expiratory pressure of 4 cm H2O. The 

mouse was placed on a heating pad to maintain body temperature at 37°C. The chest was 

dehaired using Veet hair remover (Reckitt Benckiser; Parsippany, NJ, USA). A thoracotomy 

was performed through the fourth left intercostal space and the LV free wall was injected 2 or 

3 times using a 29-gauge needle with 10 µl of saline containing 750 ng of pdV-TRE per 

injection. The thorax was then closed, and mice were given an intraperitoneal injection of 

0.05 ml Temgesic (buprenorphine 3 �g/ml) prior to recovery. Three days after the procedure, 

hearts were excised and tibia length was determined. The heart was dissected into LV, RV 

and septum, weighed, snap frozen in liquid nitrogen, and then stored at -80°C until analysis.  

 

Luciferase assays 

Cells were lysed in 100 �l luciferase lysis buffer, and LV tissue samples were homogenized 

in 2 volumes of luciferase lysis buffer (Promega, Madison, WI, USA). The homogenates were 

centrifuged at 4°C for 10 minutes at 12,000 rpm. FLuc and RLuc activities were determined 

using a dual-luciferase assay (Promega, Madison, WI, USA). FLuc expression was normalized 

to RLuc expression to correct for differences in transfection efficiency between cell cultures in 

the in vitro experiments or between animals in the in vivo experiments. The success rate of the 

plasmid injections in the LV walls of the mice was 78% of the mice that survived surgery, in 

these mice the FLuc and RLuc was readily detectable. 

 

Plasma T3 and T4 levels 

The plasma T3 and T4 assay was performed according to Friedrichsen et al.35 125I-Labeled 

iodothyronines were obtained from Amersham Pharmacia Biotech (Uppsala, Sweden). T4 

antiserum was obtained from Sigma-Aldrich (St. Louis, MO, USA), and T3 antiserum was 

produced in the laboratory of Dr. T.J. Visser.36 Final antibody dilutions were 1:20,000 for T4, 

and 1:250,000 for T3. The sample volume was 10 �l for T4, and 20 �l for T3, and incubation 

mixtures were prepared in 0.5 ml RIA buffer (0.06 M barbital, 0.15 M HCl, 0.1% BSA, and 0.6 

g/l 8-anilino-1-naphthalenesulfonic acid; Sigma-Aldrich). Mixtures were incubated in duplicate 

overnight at 4°C, and antibody-bound radioactivity was precipitated using Sac-Cel 

cellulose-coupled second antibody (IDS, Boldon, UK).  

 

Quantitative real-time PCR 

Total RNA was extracted from LV using TriPure (Roche applied science, Basel, 

Switzerland) and treated with DNaseI (Invitrogen, Carlsbad, CA, USA). Two µg of total RNA 

was used to generate cDNA strands in a 20 µl reaction volume using the Cloned AMV First 

Strand Synthesis Kit (Invitrogen, Carlsbad, CA, USA). An equivalent of 25 ng of total RNA was 

subsequently used for the amplification reaction with 50 nM gene-specific primers and 4 µl 

CYBR green-mix (Applied Biosystems, Foster City, CA, USA) in a total volume of 8 µl, using 
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standard cycle parameters on an Applied Biosystems model 7700 (Applied Biosystems, Foster 

City, CA, USA). Expression levels of hypoxanthine-guanine phosporibosyltransferase (HPRT) 

were used for normalization. Primers for HPRT, MHC�, MHC�, SERCA2a, and PLB were as 

follows: HPRT sense primer, 5’-TCCC TGGT TAAG CAGT ACAGCC-3’; HPRT anti-sense 

primer, 5’-CGAG AGGT CCTT TTCA CCAGC-3’, MHC� sense primer, 5’-GACC AGGC CAAT 

GAGT ACCG-3’; MHC� anti-sense primer, 5’-GCCT AGCC AACT CCCC GTTC-3’, MHC� 

sense primer, 5’-CGCT CCAC GCAC CCTC ACTT-3’; MHC� anti-sense primer, 5’-GTCC 

ATCA CCCC TGGAGAC-3’, SERCA2a sense primer, 5’-GCTA TTGG CTGT TATG TTGG-3’; 

SERCA2a anti-sense primer, 5’-GTAG GAAA TGAC TCAG CTGG-3’, PLB sense primer, 

5’-TGAA ATGC CTCA GCAAGCA-3’; PLB anti-sense primer, 5’-CAGA AGCA TCAC AATG 

ATGCAG-3’. 

 

Statistics  

Data analysis was performed with GraphPad Prism version 5.01 for Windows (GraphPad, 

San Diego, CA, USA). For analyses of cell culture experiments unpaired t testing was used, 

with Welch’s correction in case of unequal variances comparing control vs. TR�; control vs.T3; 

and TR� vs. TR� + T3. For analyses of mice experiments unpaired t testing was used, with 

Welch’s correction in case of unequal variances comparing euthyroid vs. hypothyroid; and 

hypothyroid vs. hypothyroid + T3. Significance was accepted when P<0.05. Data are 

presented as means ± SEM. 

  

Table 1. Improvement of accuracy of FLuc/RLuc ratio determinations. 

 pLuc-TRE + pRen-c pdV-TRE 

COS cells 12.7 (8) 6.1 (8) 

Rat (euthyroid) 41.9 (29) no data 

Mouse (euthyroid) no data 21.1 (7) 

Relative standard deviation (%) of (n) determinations of FLuc/RLuc ratio. 

 

 

Results 

Reproducibility of determination of T3-dependent transcription activity 

The method for determining T3-dependent transcription activity in the heart by direct 

injection of plasmid DNA was described previously for the rat.26 In that study, separate 

response and normalization plasmids were co-injected (Fig. 1A and 1B). To increase the 

reproducibility of the measurements, these plasmids were now combined in one plasmid (Fig. 

1C). The variation of the FLuc/RLuc ratio of this combined plasmid was compared to that of 

the separate expression and normalization plasmids co-transfected in vitro in COS (monkey 

kidney) cells. The results, as presented in Table 1, show that the relative standard deviation of 

T3-dependent luciferase expression was reduced by approximately 50%. Injection of the 
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pdV-TRE plasmid in hearts of euthyroid mice displayed a relative standard deviation of 21% of 

the FLuc/RLuc ratio (Table 1). In a previous study in rat, using the separate response and 

normalization plasmids, this relative standard deviation was 42% in euthyroid rat hearts. For 

comparison, these previously published data are included in Table 1.  
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Figure 2. T3 stimulation of pdV-TRE activity in vitro. (A) Dose-response curves for T3 in COS, H9C2, and C2C12 cells 

transfected with pdV-TRE and TR�; the maximum response of the FLuc normalized for the RLuc was set at 100%. (B) 

Activity of pdV-TRE and (C) pdV-0 in the presence and absence of T3 and/or TR� in COS, H9C2, and C2C12 cells. Values 

are means ± SEM, for A n= 3, t test: *P< 0.05 vs. control; #P< 0.05 vs. TR�. 

 

In vitro validation of pdV-TRE  

COS, H9C2 (rat cardiomyocyte), and C2C12 (mouse myoblast) cells were transfected with 

the pdV-TRE plasmid and stimulated with T3. H9C2 cells were used to be able to test the 

T3-responsiveness of pdV-TRE in a cardiac-specific environment. However, this cell line is 

derived from rat and since the plasmid will be used in mice, the mouse myoblast cell line 

C2C12 was also used to provide a mouse-specific, striated-muscle setting for testing pdV-TRE 

activity.  

Expression levels of pdV-TRE FLuc and RLuc were determined using a dual-luciferase 

assay and FLuc expression was normalized to that of RLuc. The resulting FLuc/RLuc ratio 

(referred to as the pdV-TRE activity) is a measure of the T3-dependent transcription activity. 

The pdV-TRE activity as a function of the T3 concentration was found to be similar in COS, 
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H9C2, and C2C12 cells. In all 3 cell types the normalized FLuc expression of the pdV-TRE 

plasmid was responsive to an increase in T3 concentration in the range of approximately 0.5 to 

10 nM, reaching a plateau at concentrations higher than 10 nM (Fig. 2A). The effects of 24h of 

incubation with 50 nM T3 on pdV-TRE activity, in the presence or absence of co-transfected 

TR�, are presented in Fig. 2B. In the presence of co-transfected TR�, T3 stimulated pdV-TRE 

activity 16.0-fold in COS cells, 7.7-fold in H9C2 cells, and 29.5-fold in C2C12 cells (Fig. 2B). 

The lower level of T3-stimulation in H9C2 cells is likely not due to a slower response in this cell 

type, since 48h of T3-incubation resulted in a 6.6-fold stimulation of pdV-TRE activity (data not 

shown). In the absence of TR�, the stimulation by T3 was 1.9-fold in COS cells and 1.1-fold in 

H9C2 cells (Fig. 2B). Co-transfection of TR� in the absence of T3 resulted in an inhibition of 

pdV-TRE activity of 67% in COS, 63% in H9C2, and 91% in C2C12. 

In pdV-0, both FLuc and RLuc luciferase genes are driven by identical promoters that are 

not responsive to TH, allowing analysis of possible differential effects on FLuc and RLuc 

expression irrespective of TREs. When the pdV-0 and TR� were co-transfected in COS and 

H9C2 cells, incubation with T3 induced a small inhibition of pdV-TRE activity (Fig. 2C).  

 

In vivo validation of the pdV-TRE  

After it was confirmed that T3-dependent transcription activity can be measured with greater 

reproducibility using the new T3-response combination plasmid pdV-TRE compared to the 

separate FLuc and RLuc plasmids, experiments were performed to measure the dynamic 

range of T3-dependent transcription mediated by TREs in the heart in vivo. To this end, we 

used hypothyroid, euthyroid, and T3-treated hypothyroid mice. In the hypothyroid mice the 

propylthiouracil diet reduced the plasma T3 level by more than 95%, and in the T3-treated 

hypothyroid mice the 4 to 5-day period of T3 injections increased the T3 level to well above the 

euthyroid level (Fig. 3A).  

Compared to euthyroid mice, normalized pdV-TRE FLuc expression in LV homogenates 

was 68% lower in hypothyroid mice. Short term (4-5 days) T3 treatment of hypothyroid mice 

resulted in a 592% increase of normalized pdV-TRE FLuc expression (Fig. 4).  

To see how the changes in normalized pdV-TRE FLuc expression compare to changes in 

endogenous T3-dependent gene expression, we measured mRNA expression of several 

cardiac genes that are regulated by T3. MHC� and SERCA2a are known to be upregulated by 

T3 whereas MHC� and PLB are downregulated.24;37;38 In line with this, MHC� mRNA 

expression was decreased in the hypothyroid mice compared to euthyroid mice (Fig. 5A), 

while MHC� mRNA expression was increased (Fig. 5B). This resulted in a decreased MHC�/� 

ratio of individual animals, which was however not statistically significant due to large variation 

(Fig. 5C). On the other hand, MHC�/� ratio of individual animals was increased significantly in 

T3-treated hypothyroid mice compared to hypothyroid animals (Fig. 5C), resulting from an 

increase of MHC� and a decrease of MHC� mRNA expression compared to hypothyroid mice 
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(Fig. 5A and 5B, respectively).  

The expression of SERCA2a mRNA was decreased in the hypothyroid mice compared to 

euthyroid mice (Fig. 5D), and similar to MHC mRNA expression this effect was reversed by T3 

treatment of hypothyroid mice. The expression of PLB mRNA expression was unchanged in 

hypothyroid mice compared to euthyroid animals (Fig. 5E), but an inhibitory effect of T3 on 

PLB mRNA expression is suggested by the trend towards a decrease upon T3 treatment of 

hypothyroid mice, although the difference was not significantly significant (Fig. 5E). 
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Figure 3. Plasma TH in hypothyroid, euthuroid, and T3-treated hypothyroid mice. (A) Plasma T3 and (B) plasma T4. Values 

are means ± SEM, for hypothyroid and hypothyroid + T3 n= 13, euthyroid n= 9, t test with Welch’s correction: *P< 0.05 vs. 

hypothyroid. 

 

Figure 4. Cardiac T3-dependent transcription activity in vivo in 

hypothyroid, euthyroid, and T3-treated hypothyroid mice. In vivo 

validation of the T3-transcription plasmid pdV-TRE in the mouse 

heart. FLuc is expressed relative to Rluc to correct for differences 

in transfection efficiency. The FLuc/RLuc ratio is a measure of 

T3-dependent transcription activity. Values are means ± SEM, for 

hypothyroid and hypothyroid + T3 n= 9, euthyroid n= 7, t test with 

Welch’s correction: *P<0.05 vs. hypothyroid. 

 

 

 

Discussion 

In this study, an in vivo method was validated to measure T3-dependent transcription activity in 

cardiomyocytes in mice. Previous studies that measured local transcription activity used 

separate plasmids for the reporter and normalization genes, which may lead to erroneous 

results due to unequal transfection efficiencies of the plasmids. This source of variation is 

prevented by the use of a plasmid on which both reporter- and normalization genes are 

combined. It was shown in in vitro experiments that the use of a combined T3-responsive 

plasmid indeed resulted in a decrease of the relative standard deviation of approximately 50% 

compared to the separate T3-responsive reporter and normalization plasmids. A similar  
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Figure 5. Cardiac gene expression of T3-dependent genes in hypothyroid, euthyroid, and T3-treated hypothyroid mice as 

determined by RT-PCR analysis. RT-PCR analysis of MHC� mRNA (A), MHC� mRNA (B), the MHC�/� ratio of individual 

animals (C), SERCA2a mRNA (D), and PLB mRNA (E). Values are means ± SEM, for hypothyroid n= 11, euthyroid n= 9, 

hypothyroid + T3 n= 13 in B and C and n= 14 in A, D and E, t test with Welch’s correction in case of unequal variances: 

*P<0.05 vs. hypothyroid.  

 

improvement of reproducibility is also suggested for the in vivo setting, although it should be 

noted that the pdV-TRE data obtained in mice are compared to data using separate plasmids 

obtained in rats.26  

To exclude differential off-target effects on plasmid FLuc and RLuc expression, a control 

plasmid without TREs (pdV-0) was constructed and tested in vitro. After T3 incubation in the 

absence of co-transfected TR�, no differential effects on FLuc and RLuc expression were 

found. However, a small but statistically significant inhibition of normalized FLuc expression 

was induced by T3 in the presence of co-transfected TR�. Whether this is due to a small 

stimulation of RLuc or an inhibition of FLuc expression is not clear. However, the latter is most 

likely given the inhibitory effect of T3 on the FLuc gene that has been reported before using the 

pGL-2 plasmid,39;40 which is an earlier version of the pGL-3 plasmid that was used here. This 
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inhibitory effect of T3 may lead to a small underestimation of the TRE-mediated stimulatory 

effect of T3.  

The pdV-TRE plasmid was found to be responsive to T3 in vitro in all three tested cell lines, 

originating from different species (rodent and monkey) and tissues (heart, skeletal muscle and 

kidney). The similar shape of the T3 dose-response curves indicate that at least in these cell 

lines, T3 responsiveness of pdV-TRE is not dependent on the presence of species- or 

tissue-specific factors. However, the maximal T3-response showed some variation, being 

highest in C2C12 cells, and lowest in H9C2 cells. The relatively low T3-response in H9C2 is 

likely not due to a slower response, since a longer T3-incubation time did not increase the 

response. It is conceivable that differences in the uptake of T3, clearance of T3, availability of 

cofactors involved in T3-transcription or differences in the rate of reporter protein turnover 

contribute to the difference in the maximal T3-response of the pdV-TRE.  

The T3-dependent transcription activity measured in vivo mirrored the plasma T3 levels, 

indicating that this method is applicable to monitor changes in local thyroid status in the mouse 

heart. The pdV-TRE plasmid was designed to investigate the suggested role of impaired TH 

signaling in heart failure. Consequently the response of the plasmid in the transition from 

euthyroid to hypothyroid is most relevant and in this range the normalized FLuc expression of 

pdV-TRE decreased by 68%. 

The T3-dependent transcription activity was reflected by the cardiac mRNA expression of 

T3-responsive genes. Of the genes that were analyzed, induction of the hypothyroid state had 

the most profound effect on the reciprocal expression of the � and � isoforms of MHC. Also 

SERCA2a mRNA expression was affected by the hypothyroid state, showing a reduction as 

expected. However, PLB mRNA expression merely tended towards the expected increase in 

hypothyroid mice.37;41-43 T3 treatment reversed the changes in mRNA expression of MHC 

isoforms and SERCA2a induced by the hypothyroid state. Given the relatively short-term 

nature of the T3 treatment, changes in mRNA expression may possibly have not yet reached 

the maximal extent at the time of analysis. 

In the previous study in rat, the stimulation of T3-dependent transcription activity in T3-

treated hypothyroid animals appeared to be larger than the increase that was observed in 

mice (20-fold versus 7-fold, respectively). This may be related to the higher plasma T3 levels 

reached in rats (118 nM), compared to those in mice (26 nM), while in the hypothyroid state 

plasma T3 levels were comparable (0.027 nM in rat vs. 0.015 nM in mouse). Differences in T3 

metabolism between rat and mouse are probably responsible for the observed differences in 

plasma T3 levels,  

A limitation of the present study is that off-target effects on FLuc and RLuc expression were 

only investigated in vitro. However, experiments with pdV-0 have subsequently been shown to 

yield similar results in vivo (Chapter 3). Furthermore, it should be taken into account that the 

transcription activity as measured by this method does not necessarily reflect T3-dependent 
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activity of endogenous genes due to the non-chromosomal context of the promoter-reporter 

construct.44 In spite of this limitation, this study demonstrates that cardiac T3-dependent 

transcription activity in mice can be determined by in vivo transfection of hearts with the 

T3-response plasmid pdV-TRE. This method will now be used to analyze the impact of DIO3 

expression following MI on T3 signaling in the LV. 
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Abstract 

Similarities in cardiac gene expression in hypothyroidism and left ventricular (LV) 

pathological remodeling after myocardial infarction (MI) suggest a role for impaired cardiac 

thyroid hormone (TH) signaling in the development of heart failure. Increased ventricular 

activity of the TH-degrading enzyme type III deiodinase (DIO3) is recognized as a potential 

cause. In the present study, we investigated the cardiac expression and activity of DIO3 over 

an 8-week period after MI in C57Bl/6J mice. Pathological remodeling of the noninfarcted part 

of the LV was evident from cardiomyocyte hypertrophy, interstitial fibrosis and impairment of 

contractility. These changes were maximal and stable from the first week onward, as was the 

degree of LV dilation. A strong induction of DIO3 activity was found, which was similarly stable 

for the period examined. Plasma T4 levels were transiently decreased at 1 week after MI, but 

T3 levels remained normal. The high DIO3 activity was associated with increased DIO3 mRNA 

expression at 1 but not at 4 and 8 week after MI. Immunohistochemistry localized DIO3 protein 

to cardiomyocytes. In vivo measurement of T3-dependent transcription activity in 

cardiomyocytes using a luciferase reporter assay indicated a 48% decrease in post-MI mice 

relative to sham-operated animals, and this was associated with a 50% decrease in LV tissue 

T3 concentration. In conclusion, pathological ventricular remodeling after MI in the mouse 

leads to high and stable induction of DIO3 activity in cardiomyocytes and a local hypothyroid 

condition.  
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Introduction 

Chronic hemodynamic overload of the heart due to pressure or volume overload, or after 

myocardial infarction, triggers ventricular remodeling. The complex adaptive response involves 

ventricular hypertrophy and changes in contractile and metabolic properties, all aimed at 

normalizing wall stress and reducing energy turnover.1;2 However, when insufficient, it will 

progress to maladaptation and failure, characterized by compromised Ca2+-homeostasis, 

contractile and mitochondrial dysfunction, interstitial fibrosis and myocyte apoptosis.2;3 A role 

for impaired cardiac thyroid hormone (TH) signaling in ventricular hypertrophy and the 

development of heart failure is suggested by the similarities in cardiac gene expression 

observed in hypothyroidism and the pathologically remodeling ventricle.4 Although this does 

not apply to all TH-regulated cardiac genes, many of the key enzymes implicated in 

progressive dysfunction show a hypothyroid profile during remodeling, e.g. sarco/endoplasmic 

reticulum Ca2+-ATPase (SERCA2a), voltage-gated potassium channel,5 �-1 adrenergic 

receptor,6;7 phospholamban,5 and the myosin heavy chain (MHC) isoforms � and �.5;7 

Impairment of TH signaling is corroborated by a study of left ventricular (LV) remodeling due to 

pressure overload, in which a forced cardiac-specific increase in TH levels largely maintained 

TH-dependent gene expression and prevented dysfunction.8 

Possible causes of diminished TH signaling in the remodeling heart include reduced 

plasma T3 levels, altered expression of the TH nuclear receptors (TR) TR�1 and TRβ1, and 

increased cardiac inactivation of TH. As in other severe illnesses, heart failure in most animal 

models and man is often associated with a drop in plasma T3 levels. Clinical studies have 

furthermore shown that the extent of the reduction is an independent predictor of mortality in 

patients with chronic heart failure.9;10 Normalization of plasma T3 levels resulted in changes in 

expression of TH-dependent cardiac genes and improvement of function in two animal studies 

of post-MI heart failure,11;12 but treatment with T3 resulting in plasma T3 levels in the lower 

range of the control group was without effect on LV failure induced by pressure overload.13 

The relevance of changes in TR expression in heart failure is similarly controversial. Studies in 

both myocardial infarction (MI) and pressure-overload models indicate time-dependent and 

isoform-specific increases as well as decreases in TR expression levels.13-16 Nevertheless, 

cardiac-specific overexpression of either TR�1 or TRβ1 increased SERCA2a expression and 

improved function in the earlier mentioned pressure-overload model.13 

Although involvement of reduced plasma T3 levels and changes in TR expression may 

differ in chronic heart failure induced by pressure overload or after MI, recent data indicate that 

increased TH inactivation by type III deiodinase (DIO3) is a common aspect of pathological 

ventricular remodeling.17;18 DIO3 belongs to a group of selenocysteine-containing enzymes 

that catalyze the conversion of T4 to T3 (type I and type II deiodinase) or, in the case of DIO3, 

the conversion of T4 and T3 to its inactive metabolites, reverse-T3 and T2, respectively.19 DIO3 

is expressed in the heart during development,20 but is virtually absent in the adult heart. 
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However, induction of DIO3 was found in a rat model of right ventricular (RV) hypertrophy and 

failure due to pressure overload.17 Increased DIO3 activity was restricted to the hypertrophic 

ventricle and correlated with the severity of dysfunction. In a subsequent study, the high DIO3 

levels were found to be associated with decreased RV T3 content and decreased 

T3-dependent transcription in the cardiomyocytes,21 confirming a local hypothyroid condition in 

the hypertrophic RV. Recently, Olivares et al.18 reported induction of DIO3 activity in the 

hypertrophic LV at 1 week after MI in rat. The source of the DIO3 expression and its 

consequences were not addressed in this study, but these data suggest that cardiac T3 

signaling may also be impaired in post-MI LV remodeling. In the present study, we therefore 

used a well-characterized mouse model to study the expression and activity of DIO3 after MI. 

Functional and morphological parameters, gene expression and DIO3 activity were 

determined at 1, 4, and 8 weeks after MI, and immunohistochemistry was used to localize 

DIO3 protein in the heart. Finally, cardiomyocyte-specific T3-dependent transcription activity in 

the remodeling LV in vivo was measured using a luciferase reporter assay.  

 

 

Methods 

For detailed description of the methods, please see Supplemental Methods, at the end of 

this Chapter. 

 

A total of 201 C57Bl/6J mice of either sex (~12 weeks old) entered the study, of which 113 

were used for the post-MI time-course study, 63 were used for the in vivo determination of 

T3-dependent transcription, and 25 for the validation of the T3-transcription plasmid. Animals 

were housed individually and all experiments complied with the Guide for Care and Use of 

Laboratory Animals of the National Institutes of Health (NIH Publication no. 86-23, revised 

1996) and were approved by the Institutional Animal Care and Use Committees of Erasmus 

Medical Center, University Medical Center Rotterdam, and Vrije Universiteit University Medical 

Center Amsterdam. 

 

Myocardial infarctions 

Animals were randomly assigned to the sham-operated group or MI group, weighed, and 

anesthetized. MI was induced by permanent ligation of the left coronary artery (LCA) as 

described previously.22;23 Sham-operated animals underwent the same procedure without 

occlusion of the LCA. Twelve mice were used for longitudinal analysis of LV remodeling, in 

which echocardiography was performed successively at 1, 3, 4, 6, and 8 weeks after surgery. 

All other animals were killed at either 1, 4, or 8 weeks, at which time echocardiography and 

hemodynamic measurements were performed and tissue was collected22. At the conclusion of 

each experiment, the heart and lungs were excised and tibia length was determined. The 
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heart was dissected into LV infarct tissue including border zone, LV noninfarcted tissue, RV, 

and septum. For several samples, one portion of the LV tissue was fixed in 4% 

paraformaldehyde and processed for histochemistry. All tissues were weighed and frozen in 

liquid nitrogen and stored at -80°C. All presented tissue analyses were performed on the 

noninfarcted area of the LV.  

 

DIO3 activity, plasma TH levels, and tissue T3 content. 

DIO3 enzyme activity was determined in homogenates of LV tissue by analysis of the 

innerring deiodination of radiolabeled T3.
24 Plasma levels of T3 and T4 were determined by 

RIA.25 LV tissue T3 content was analyzed using HPLC tandem mass spectrometry.26  

 

Quantitative real-time PCR 

RT-PCR was performed using standard cycle parameters on an Applied Biosystems model 

7700 (Applied Biosystems, Foster City, CA). Specific primers for hypoxanthine-guanine 

phosphoribosyl transferase, DIO3, atrial natriuretic factor (ANF), MHC�, MHC�, TR�1, and 

TR�1 were used. 

 

Histochemistry 

For DIO3 immunohistochemistry, paraformaldehyde-fixed and paraffin-embedded sections 

(4 µm) of LV tissue from sham and MI-mice were incubated with polyclonal rabbit anti-DIO3 

antibody 718.27 Anti-DIO3 antibody was kindly provided by Dr. D. Salvatore (University of 

Naples Federico II, Department of Molecular and Clinical Endocrinology and Oncology, 

Naples, Italy). Colocalization experiments were performed using an antibody against the 

sarcomere protein desmin (D1033; Sigma, St. Louis, MO) in addition to the anti-DIO3 antibody 

677.24 Hematoxylin and eosin staining of paraffin sections was used for measurement of 

cardiomyocyte cross-sectional area (CSA).28 Collagen volume fraction was determined by 

polarized light microscopy image analysis of picrosirius-red-stained paraffin sections.29 

 

In vivo determination of T3-dependent transcription activity 

A novel T3-transcription plasmid was used (pdV-TRE) (see Chapter 2), which combines the 

previously described TH-responsive Firefly luciferase gene (FLuc) and Renilla luciferase 

(RLuc) gene for normalization.21 The method for determining T3-dependent transcriptional 

activity in the heart by direct injection of plasmid DNA was described before.21 The pdV-TRE 

plasmid was validated by comparing hypothyroid with euthyroid and T3-treated hypothyroid 

mice (male C57Bl/6J mice). Hypothyroidism was induced by using a low-iodine diet 

supplemented with 0.15% propylthiouracil for 5 weeks before plasmid injection. T3 treatment of 

hypothyroid mice (ip injection of 5 �g T3 per day) to induce hyperthyroidism was started 1 or 2 

days before injection of the LV free wall with pdV-TRE. Three days later, hearts were excised 
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and dissected, weighed, and stored at –80°C until analysis of luciferase activities (see below).  

For the analysis of post-MI T3-dependent transcription, mice underwent sham surgery or 

the induction of MI as described above, but additionally, the LV free wall was injected with 

pdV-TRE. In a separate series, the plasmid pdV-0 was injected instead of pdV-TRE. In pdV-0, 

both luciferase genes are driven by identical promoters that are not responsive to TH, allowing 

analysis of possible differential effects of cardiac signaling after MI on FLuc and RLuc 

expression irrespective of TH. Two weeks after the procedure, echocardiography was 

performed, hearts were excised and dissected, weighed, and stored at –80°C until analysis. 

Using a dual-luciferase assay (Promega, Madison, WI) activities were determined in LV tissue 

homogenates, and FLuc activity was normalized to RLuc activity. 

 

Western blot analysis of MHC isoforms 

Protein expression levels of LV homogenates were analyzed by 10% SDS-PAGE and 

subsequent Western blotting. Membranes were immunostained with primary mouse 

monoclonal antibodies against MHC� (sc-32732; Santa Cruz Biotechnology, Inc., Santa Cruz 

CA) or MHC� (sc-53089 Santa Cruz Biotechnology, Inc.) and secondary horseradish 

peroxidase-labeled goat antimouse antibody. Bands were visualized using 

chemiluminescence. All signals were normalized to actin (A3853; Sigma) stained on the same 

blots.  

 

Statistics 

Data analysis was performed with GraphPad Prism version 4.00 for Windows (GraphPad, 

San Diego, CA). Where appropriate, two-way ANOVA followed by Bonferroni post hoc test 

and one-way ANOVA for the MI groups as a function of time was used. Unpaired t testing was 

used for comparison of two groups, with Welch’s correction in case of unequal variances. 

Significance was accepted when P<0.05. Data are presented as means ± SEM. 
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Figure 1. Longitudinal analyses of cardiac remodeling after MI. End-diastolic diameter (EDD) and end-systolic diameter 

(ESD) (A) and fractional shortening (FS) (B) of the LV in individual MI mice were measured consecutively at 1, 3, 4, 6, and 8 

weeks after surgery. Values are means ± SEM (n=7). As a reference, the values of sham-operated mice at 1 and 8 weeks 

after surgery are presented. SEM of EDD and ESD in the sham group are smaller than the symbols, sham at 1 week: n=12, 

sham at 8 weeks: n=13. None of the parameters changed significantly over time (one-way ANOVA). 
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Results 

Cardiac remodeling after infarction 

MI was induced by permanent ligation of the LCA in 51 animals, and in a total of 40, this 

resulted in an infarcted area of the LV of 30-50%, as judged by visual inspection of the 

necrotic area of the LV free wall. In the remaining animals, the procedure resulted in a 

substantially smaller, circular infarcted area around the ligation, or no infarction, and these 

were excluded from this study. Longitudinal analysis by echocardiography of LV remodeling 

after MI in a number of animals indicated increased LV end-diastolic and end-systolic 

diameters already after 1 week. The degree of LV dilation did not progress further over the 

8-week period studied and was similar to previously reported data in this model at 8 weeks 

(Fig. 1A).23 Hypertrophic remodeling of the LV is evident from the increased CSA of 

cardiomyocytes in the remodeled, noninfarcted area of the LV, as well as from the increased 

expression of ANF mRNA (Fig. 2A) and increased collagen volume fraction determined at 1, 4, 

and 8 weeks after surgery (Table 1). The corresponding echocardiographic analyses for these 

time points are presented in the Supplemental results (Supplemental Table 1). Hypertrophy of 

the noninfarcted area resulted in unaltered LV weight (Table 1), despite tissue necrosis 

resulting from the infarction that is evidenced by the reduced LV anterior wall thickness 

(Supplemental Table 1). 
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Figure 2. Function of remodeling LV at 1, 4, and 8 weeks after MI or sham surgery. RT-PCR analysis of mRNA levels of 

ANF (A). Rate of pressure development dP/dtp30 (B), and � (C). Values are means ± SEM, two-way ANOVA: *, P<0.05 vs. 

sham at the corresponding time point. None of the parameters changed significantly over time (one-way ANOVA).  
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Function of remodeled LV  

Heart rates were not different between sham and MI mice over the 8-week period, but MI 

resulted in impaired contractility already 1 week after MI as indicated by reductions of 

fractional shortening (Fig. 1B) and rate of rise of LV pressure at 30 mmHg (dP/dtp30) (Fig. 2B). 

Similarly, diastolic function was impaired, reflected in increases of the time constant of 

ventricular relaxation (�) (Fig. 2C) and the LV end-diastolic pressures (Supplemental Table 1). 

Taken together, these data show that the LV dysfunction that accompanies LV remodeling is 

stable from the first week onward. See Supplemental Table 2 for additional hemodynamic 

parameters. 

 

Table 1. Cardiac remodeling at 1, 4, and 8 weeks after MI. 

 1 week 4 weeks 8 weeks 

LV weight/TL (mg/cm) 
Sham 
MI 

 
51±2 
52±7 

 
(10) 
(9) 

 
51±2 
55±3 

 
(9) 
(11) 

 
49±1 
57±3 

 
(11) 
(13) 

RV weight/TL (mg/cm) 
Sham 
MI 

 
13±1 
15±1 

 
(10) 
(9) 

 
13±1 

23±2
a,b,c

 

 
(9) 
(11) 

 
12±1 
17±1

a
 

 
(11) 
(13) 

Lung wet/dry ratio 
Sham 
MI 

 
4.7±0.1 
5.8±0.5

a
 

 
(9) 
(9) 

 
4.8±0.1 
5.0±0.1 

 
(9) 
(11) 

 
4.9±0.3 
5.0±0.1 

 
(13) 
(20) 

Lung wet weight-dry weight/TL 
Sham 
MI 

 
63±2 
79±6 

 
(9) 
(6) 

 
63±2 

120±16
a,c

 

 
(9) 
(11) 

 
61±3 
80±4 

 
(13) 
(20) 

Cardiomyocyte CSA (�m2) 
Sham 
MI 

 
269±9 

311±31 

 
(5) 
(6) 

 
221±10

d
 

311±8
a
 

 
(7) 
(6) 

 
255±8 
374±6

a
 

 
(7) 
(7) 

Collagen volume fraction (%) 
Sham 
MI 

 
0.33±0.03 
0.61±0.07

a
 

 
(5) 
(7) 

 
0.37±0.03 
0.57±0.07

a
 

 
(8) 
(6) 

 
0.32±0.03 
0.58±0.03

a
 

 
(7) 
(7) 

Values are means ± SEM (n). TL, tibia length. 

a
Two-way ANOVA followed by Bonferroni’s post hoc test, P<0.05 vs. corresponding sham.  

b
One-way ANOVA of MI groups as a function of time followed by Bonferroni’s post hoc test, P<0.05 vs. 1 week MI.  

c
One-way ANOVA of MI groups as a function of time followed by Bonferroni’s post hoc test, P<0.05 vs. 8 weeks MI.  

d
One-way ANOVA of MI groups as a function of time followed by Bonferroni’s post hoc test, P<0.05 vs. 1 and 8 weeks 

sham 

 

 

MHC expression 

Analysis of mRNA levels of the TH-regulated MHC genes at the different time points 

indicated a trend toward a reduction of the MHC� isoform and an increase of the MHC� 

isoform, the latter being significant at 4 week (Fig. 3A and 3B). However, analysis of the 

expression levels of both isoforms in individual mice clearly showed a significant reduction of 

the average MHC�/� mRNA ratio at the three time points (Fig. 3C). The corresponding MHC�  

and � protein expression levels were analyzed at 2 weeks and this confirmed the reciprocal 

change in mRNA expression of these isoforms (Supplemental Fig. 1). 
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Table 2. T3 and T4 plasma levels at 1, 4, and 8 weeks after MI. 

 1 week 4 weeks 8 weeks 

Plasma T3 (nmol/liter) 
Sham  
MI 

 
0.70±0.05 
0.68±0.04 

 
(10) 
(9) 

 
0.77±0.05 
0.81±0.05 

 
(9) 
(10) 

 
0.74±0.06 
0.70±0.04 

 
(11) 
(13) 

Plasma T4 (nmol/liter) 
Sham  
MI 

 
48±4 

34±2
a,b,c

 

 
(10) 
(9) 

 
56±3 
45±3 

 
(9) 
(10) 

 
51±4 
43±2 

 
(11) 
(13) 

Values are means ± SEM (n).  

a
Two-way ANOVA followed by Bonferroni’s post hoc test, P<0.05 vs. corresponding sham.  

b
One-way ANOVA of MI groups as a function of time followed by Bonferroni’s post hoc test, P<0.05 vs. 4 weeks MI. 

c
One-way ANOVA of MI groups as a function of time followed by Bonferroni’s post hoc test, P<0.05 vs. 8 weeks MI. 

 

 

Plasma T3 and T4 levels 

Plasma T3 and T4 levels were measured at 1, 4, and 8 weeks after MI. T3 levels remained 

normal, whereas T4 was decreased only at 1 week (Table 2). 

 

DIO3 expression  

DIO3 activity was determined in sham-operated LV and in the noninfarcted, remodeling 

zone of the infarcted hearts. In sham LV, DIO3 activity was barely detectable, but MI resulted 

in a strong induction of DIO3 activity, which was evident already after 1 week and persisted at 

4 and 8 weeks (Fig. 4A). The induction of DIO3 activity was associated with significantly 

increased mRNA levels of Dio3 at 1, but not at 4 and 8 weeks after MI (Fig. 4B). 

Figure 3. Gene expression in LV at 1, 4, and 

8 weeks after MI or sham surgery. RT-PCR 

analysis of mRNA levels of MHC� (A) and 

MHC� (B) and the average MHC�/� ratio (C) 

of individual animals. Values are means ± 

SEM, two-way ANOVA followed by 

Bonferroni’s post hoc test: *, P<0.05 vs. sham 

at the corresponding time point; one-way 

ANOVA of MI groups as a function of time: †, 

P<0.05 vs. 1 week MI. 
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DIO3 immunohistochemistry  

In vitro and in vivo analyses have shown regulated expression of DIO3 in various cell types, 

including inflammatory cells,30-32 vascular endothelial and smooth muscle cells,27;33 and 

fibroblasts and neonatal cardiomyocytes.21 The observed DIO3 activity in the remodeled LV 

may consequently originate from multiple cell types. However, immunohistochemical analysis 

localized DIO3 protein to cardiomyocytes in the post-MI LV (Fig. 4C, 4D, and 4E). 

DIO3-positive cells were seen throughout the myocardium with a heterogeneous distribution of 

strongly expressing cells.  

 

T3-dependent transcription activity 

To assess whether the observed cardiac activity of DIO3 in the remodeling LV is 

associated with impaired TH signaling, we determined T3-dependent transcription activity in 

cardiomyocytes in vivo using a novel reporter that combines a T3-responsive gene and a 

normalization gene in a single plasmid (pdV-TRE). The T3 responsiveness of this plasmid was 

first validated by comparing hypothyroid with euthyroid and T3-treated hypothyroid mice. The 

LV of these animals was injected with pdV-TRE and cardiac luciferase activities were 

determined 3 days after transfection. TH-responsive FLuc activity was normalized to RLuc 

activity to correct for differences in transfection efficiencies between animals. The results in 

Fig. 5 show the marked dependency of normalized FLuc activity on plasma T3 levels.  

Next, the LV of MI and sham animals was injected with pdV-TRE at the time of surgery, 

and cardiac luciferase activities were determined after two weeks. In the case of MI, plasmid 

DNA was injected in the LV area not at risk, i.e. superior to the LCA ligation. MI resulted in a 

48% reduction of T3-dependent transcription activity (Fig. 6C).  

Studies have shown that the luciferase reporter genes themselves, as well as the 

commonly used vector backbone, contain binding sites for numerous transcription factors,  

which may limit their use in promoter analyses34. To exclude an effect of post-MI cardiac 

signaling on FLuc and/or RLuc expression not related to TH, we constructed a control plasmid 

in which the TREs were deleted from the promoter driving the FLuc gene. In this plasmid, 

pdV-0, both luciferase genes are therefore driven by the same promoter, which is not 

responsive to TH. As expected, the normalized FLuc activity of pdV-0 in sham animals, shown 

in Fig. 6B, was similar to that of pdV-TRE in the absence of T3 (Fig. 5B). Importantly, MI had 

no effect on the luciferase activities expressed by pdV-0 (Fig. 6B), indicating that the reduced 

pdV-TRE activity after MI is the result of impaired T3-dependent transcription.  

Because changes in expression of TRs in the remodeling LV may contribute to impaired TH 

signaling, we assessed the expression of TR�1 and TR�1, which are the principal isoforms 

present in heart. However, analysis of mRNA levels of both isoforms in the remote LV 

indicated no effect of MI. (Fig. 6D and 6E, and Supplemental Fig. 2).  

 



The post-MI mouse heart is hypothyroid 
___________________________________________________________________________ 

61 

1 wks 4 wks 8 wks
0.0

0.2

0.4

0.6

0.8

**

*
D

IO
3
 a

c
tiv

ity
 (

fm
o
l/m

in
/m

g
)

A

C D

B

1 wks 4 wks 8 wks
0

5

10

15

20

*

†
†

sham

MI

D
io

3
 m

R
N

A
 (

a
.u

.)

E10µm 10µm 10µm

n=         6        5                  6         6                 6          6 n=         7        9                  7         10                9        13

Figure 4. DIO3 expression after MI or sham surgery. Time course of DIO3 enzyme activity (A) and Dio3 mRNA (B) 

expression in the LV at 1, 4, and 8 weeks after surgery. Values are means ± SEM, two-way ANOVA followed by 

Bonferroni’s post hoc test: *, P<0.05 vs. sham at the corresponding time point; one-way ANOVA of MI groups as a function 

of time followed by Bonferroni’s post hoc test: †, P<0.05 vs. 1 week MI. Representative DIO3 immunohistochemistry of 

paraffin-embedded, transverse sections (4 µm) of LV tissue from a sham (C) and a MI mouse at 1 week after surgery (D) 

showing DIO3 expression in cardiomyocytes. Colocalization of DIO3 (green) and the sarcomere protein desmin (red) in 

longitudinally sectioned cardiomyocytes at higher magnification (E). 

 

Tissue T3 levels 

We next measured T3 concentrations in LV tissue of sham and MI animals at 2 weeks post 

surgery to assess the suggested role of cardiac DIO3 activity in the observed reduction of 

T3-dependent transcription (Fig. 6C). The data in Fig. 6F show that the induction of DIO3 

activity in the remodeling LV post-MI (Fig. 6A) is associated with a significant 50% reduction of 

the tissue T3 concentration relative to sham LV.  

 

Discussion 

Induction of the TH-inactivating enzyme DIO3 has recently been reported in several models 

of pathological ventricular remodeling and is suggested to be involved in impaired TH 
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signaling in the failing heart.17;18;21 The aim of the present study was to investigate the 

expression of cardiac DIO3 in a well-established mouse model of MI and to establish the site 

of DIO3 expression and whether the induction of DIO3 is associated with reduced cardiac T3 

signaling. We found an induction of DIO3 activity in the noninfarcted area of the LV already at 

1 week after MI that remained at least until 8 weeks after MI. Increased Dio3 mRNA levels 

showed that the DIO3 induction was at least in part pretranslationally regulated, whereas 

immunohistochemical analysis revealed that DIO3 is expressed in cardiomyocytes. This was 

associated with lower tissue T3 concentration in the remodeling LV and decreased 

T3-dependent transcription, whereas plasma T3 levels were unchanged. 

MI resulted in hemodynamic overload accompanied by the characteristic induction of ANF 

expression. Maximal remodeling of the LV was evident already 1 week after MI, as indicated 

by LV dilation, cardiomyocyte hypertrophy, collagen deposition in the noninfarcted area, and 

shift in MHC expression from the fast MHC� to the slow MHC� isoform. The latter may in part 

account for the reduced dP/dtp30,
35;36 which is one aspect of the impairment of heart function 

already seen at 1 week after MI. Additionally, the � was increased and fractional shortening 

was decreased. These changes in functional parameters were already maximal at 1 week 

after MI. The characteristics of cardiac remodeling and impairment of contractility at 1, 4, and 8 

weeks are in line with previous reports.23;37-41  

Diminished TH signaling is suggested to be involved in the process of cardiac hypertrophy 

and the development of heart failure,4;42 and alteration in local metabolism of TH may be one 

of the underlying causes. This study shows induction of DIO3 activity at 1 week after MI that 

persisted until at least 8 weeks after MI. Cardiac DIO3 activity was also reported to be 

increased at 1 week after MI in a rat model.18 This was suggested to cause the observed 

transient decrease of plasma T3 levels, but DIO3 activity was not determined at later time 

points. We did not find any changes in plasma T3 after MI, but the T4 was transiently 

decreased at 1 week after MI. To our knowledge, there are no data on TH levels after MI in 

mice, but available data in rat show mostly an effect on T3. A decrease has been reported in 

the first 5 weeks after MI,5;12;18 and in two of these studies, levels returned to normal between 

7 and 12 weeks.12;18 In contrast, Pantos et al.15 reported unchanged levels of T3 at 8 weeks 

after MI in one study and unchanged levels of T3 at 2 weeks after MI and decreased levels at 

13 weeks after MI in a second study.14 Also, for the effect of MI on plasma T4 levels in rats, 

both unchanged levels14;15 and a decrease were observed.18 These conflicting results cannot 

be explained by the differences in the degree of infarction, because ejection fractions found in 

these studies are comparable. Our data show that MI in mice only transiently affects plasma 

T4 levels. Given the stable level of activity, it is unlikely that the DIO3 induction is the cause of 

the transient decreased plasma T4, although it cannot be excluded that the trend toward lower 

DIO3 activities at 4 and 8 weeks contributes to the rise in plasma T4 levels during this period.  
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Figure 5. In vivo validation of the T3-transcription plasmid pdV-TRE in the mouse heart. The LV free wall of hypothyroid, 

euthyroid and T3-treated hypothyroid mice was injected with the plasmid. Expression of the TH-responsive FLuc and the 

nonresponsive RLuc genes was determined after 3 days. Luciferase activities (Fluc and Rluc) were measured using a 

dual-luciferase assay. Fluc is expressed relative to Rluc to correct for differences in transfection efficiencies. A, Plasma T3 

levels; B, FLuc/RLuc ratio as a measure of T3-dependent transcription activity. Values are means ± SEM, for A: hypothyroid 

and hypothyroid + T3 n= 13, euthyroid n= 9, B: hypothyroid and hypothyroid + T3 n= 9, euthyroid n= 7, t test with Welch’s 

correction: *, P<0.05 vs. hypothyroid. 
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The results on DIO3 activity and mRNA expression (Fig. 4) indicate that at 1 week after MI 

the induction of DIO3 activity is at least in part pretranslationally regulated, in agreement with 

a previous study.21 Potential candidates for transcriptional regulation of mouse DIO3 

expression include hypoxia-inducible factor 1�,21;38;43;44 TGF�,45-47 and sonic hedgehog.48;49 

However, the absence of a significant effect on Dio3 mRNA expression at 4 and 8 weeks after 

MI suggests the involvement of an additional, post-transcriptional mechanism.  

Immunohistochemical analysis of DIO3 expression showed that cardiomyocytes are the 

major, if not the only, source of DIO3 in the noninfarcted, remodeling tissue of the LV. 

Somewhat surprisingly, the distribution of DIO3-expressing cardiomyocytes was found to be 

heterogeneous throughout the remodeling myocardium, without regional differences. This 

suggests that DIO3 induction is critically dependent on cell-specific conditions, rather than the 

result of systemic or regional activation. We cannot exclude that some DIO3 activity may 

reside in other cell types, of which macrophages are potentially important,30;32 particularly in 

the post-MI heart. However, we found no indication of macrophage infiltration in the 

noninfarcted area (data not shown). This is in agreement with a study by Yu et al.50, which 

showed that such infiltrations are found exclusively in the infarct zone and not in the 

noninfarcted area of the LV.  

Impaired TH signaling has been suggested to play a role in the process of cardiac 

hypertrophy and heart failure. Indeed, T3 treatment in rat models of pathological LV 

remodeling had a beneficial effect on cardiac function.5;12 In a rat model of pulmonary 

hypertension and pathological RV remodeling, we previously showed a RV-specific reduction 

of tissue T3 concentration associated with a ventricle-specific induction of DIO3 activity.21 

Moreover, in vivo measurements showed that myocardial T3-dependent transcription activity 

was severely reduced in the hypertrophic RV.21 Using the same approach, we now show for 

the first time that LV DIO3 induction after MI is associated with a 48% reduction of  

T3-dependent transcription, which is not caused by a reduction of plasma T3 levels. Based on 

reduced levels of TR mRNA, other studies have suggested involvement of changes of TR 

levels, but our data for TR�1 and TR�1 mRNA do not support this. The reduced tissue T3 

levels further confirmed the local hypothyroid condition and indicate the functional significance 

of DIO3 activity, given the similar plasma T3 levels in control and MI animals. In view of the 

heterogeneous pattern of expression of DIO3 in the remodeling LV, the resulting hypothyroid 

condition in DIO3-positive cells is likely even more severe.  

Given the T3 responsiveness of both MHC� and MHC�, the local hypothyroid condition may 

be expected to contribute to the observed decrease of the mRNA ratio of these isoforms in 

post-MI LV compared with sham-operated animals. Although the MHC-isoform shift after MI is 

well established in rat, few data are available for mouse. Nevertheless, increased expression 

of MHC� mRNA was found by van Rooij et al.51 and Tsoporis et al.52 at 5 and 4 weeks after 

MI, respectively. The heterogeneous pattern of DIO3 expression observed in our study would 
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imply a similar pattern of changes in T3-dependent gene expression, such as the increase in 

MHC� expression. Although there are no in situ analysis data of such genes for LV remodeling 

after MI, Pandya et al.53 demonstrated in a mouse model of pressure overload that MHC� 

expression in the remodeling LV is stimulated in a highly heterogeneous pattern. In a similar 

model, Trivieri et al.8 reported increased LV DIO3 expression. 

In summary, our study shows a strong and stable induction of DIO3 activity in the 

remodeling LV from 1 week to at least 8 weeks after MI, regulated at least in part by a 

pretranslational mechanism. The induction of DIO3 is localized to cardiomyocytes and is 

associated with a substantial decrease in both tissue T3 concentration and T3-dependent 

transcriptional activity. The local hypothyroid condition, in the presence of unchanged plasma 

T3 levels, may be expected to contribute to the phenotype of pathological remodeling, as 

exemplified by the shift in MHC-isoform expression.  
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Supplementary Methods and Results 

Surgical procedures 

Before all surgical procedures, animals were weighed, anesthetized with isoflurane, and 

intubated using a 24-gauge intravenous catheter with a blunt end.22 Mice were artificially 

ventilated with a mixture of O2 and N2 [2:1 (vol/vol)] to which isoflurane [2.5–3.0% (vol/vol)] 

was added at a rate of 90 strokes/min using a rodent ventilator (SAR-830/P, CWE; Ardmore, 

PA) at an inspiratory pressure of 18 cm H2O and a positive end expiratory pressure of 4 cm 

H2O. The mouse was placed on a heating pad to maintain body temperature at 37°C. The 

chest was dehaired using Veet hair remover (Reckitt Benckiser; Parsippany, NJ). 

 

Myocardial infarctions 

Induction of MI, echocardiography and hemodynamic measurements were performed as 

described previously.22;23 A thoracotomy was performed through the fourth left intercostal 

space, and the proximal LAD was permanently ligated by passing a 7-0 silk suture mounted 

on a tapered needle (BV-1, Ethicon; Somerville, NJ) around the artery. Sham animals 

underwent a thoracotomy without infarct induction. A total of 113 animals was used in this part 

of the study, including 34 sham animals and 79 MI animals. Of these, 30 died during or shortly 

after surgery (28 MI and 2 sham). At 1, 4 or 8 weeks after infarction, echocardiography was 

performed under anesthesia. Echocardiograms were obtained with an Aloka SSD 4000 echo 
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device (Aloka; Tokyo, Japan) using a 12-MHz probe. Images of the short and long axis were 

obtained in two-dimensional and M-mode settings with simultaneous echocardiographic 

gating. After echocardiography, mice were instrumented for hemodynamic measurements. A 

1.4-Fr microtipped manometer (Millar Instruments; Houston, TX) (calibrated before each 

experiment with a mercury manometer) was inserted via the right carotid artery and advanced 

into the LV lumen to measure LV pressure and its first derivative (LV dP/dt). Subsequently, 

baseline recordings were obtained of aortic blood pressure, heart rate, and LV pressure. LV 

EDD and ESD were measured from the M-mode images using Sigmascan Pro 5.0 Image 

Analysis software (SPSS; Chicago, IL). Fractional shortening [FS = (EDD - ESD)/EDD x 

100%] were calculated. Hemodynamic data were recorded and digitized (sampling rate of 

5,000 s-1 per channel) using an on-line four-channel data-acquisition program (ATCODAS, 

Dataq Instruments; Akron, OH and Chart 5 (AD Instruments), for postacquisition off-line 

analysis with a program written in MATLAB (Mathworks; Natick, MA). Six consecutive beats 

were selected for the determination of heart rate, LV end-systolic, LV end-diastolic pressure, 

mean aortic pressure, systolic aortic pressure, diastolic aortic pressure, and the maximum 

rates of rise and fall of LV pressure as well as the LV dP/dtP30. In addition, the � was 

computed. Substantial infarcts were induced in 40 animals and these were included in the 

study. In 11 animals MI surgery resulted in minor or undetectable infarcts. 

 

DIO3 enzyme activity  

DIO3 enzyme activity in LV homogenates was determined as described previously,24 with 

minor modifications. Reaction mixtures contained approximately 200,000 cpm of 

outer-ring-labeled T3 (3’-125I T3) and 0.25 mg protein in a final volume of 0.05 ml 0.1 M 

phosphate buffer (pH 7.2) containing 2 mM EDTA and 10 mM DTT. Mixtures were incubated 

for 60 min at 37°C and the reaction was stopped by addition of 0.05 ml ice-cold ethanol. After 

centrifugation, 0.075 ml of the supernatant was mixed with an equal volume of 0.02 M 

ammonium acetate (pH 4.0), and 0.1 ml of the mixture was applied to a 250x4.6 mm 

Symmetry C18 column connected to an Alliance HPLC system (Waters Chromatography 

Division, Millipore Corp., Milford, MA) and eluted with a 15-min linear gradient of acetonitrile 

(28–42%) in 0.02 M ammonium acetate (pH 4) at a flow rate of 1.2 ml/min. Radioactivity in the 

eluate was monitored online using a Radiomatic A-500 flow scintillation detector (Packard, 

Meriden, CT) and product formation by the inner-ring deiodination activity, i.e., (3’-125I T2) was 

quantified. 

 

Plasma T3 and T4 levels 

The plasma T3 and T4 assay was performed according to Friedrichsen et al.25 125I-Labeled 

iodothyronines were obtained from Amersham Pharmacia Biotech. T4 antiserum was obtained 

from Sigma-Aldrich (St. Louis, MO), and T3 antiserum was produced in the laboratory of 
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Dr. T.J. Visser.54 Final antibody dilutions were 1:20,000 for T4, and 1:250,000 for T3. The 

sample volume was 10 �l for T4, and 20 �l for T3, and incubation mixtures were prepared in 

0.5 ml RIA buffer (0.06 M barbital, 0.15 M HCl, 0.1% BSA, and 0.6 g/l 

8-anilino-1-naphthalenesulfonic acid; Sigma-Aldrich). Mixtures were incubated in duplicate 

overnight at 4°C, and antibody-bound radioactivity was precipitated using Sac-Cel 

cellulose-coupled second antibody (IDS, Boldon, UK). The lower limits of detection amounted 

to less than 2 nM T4, and less than 0.14 nM T3.  

 

Tissue T3 levels 

Intra-cardiac T3 was analyzed using mass spectrometry.26 Instrument layout consisted in a 

binary micropump system, a column oven, and an autosampler outfitted with a 100-position 

Peltier tray (Series 200; PerkinElmer, Boston, MA), coupled to an Applied Biosystems-MDS 

Sciex API 4000 triple quadrupole mass spectrometer (Concord, Ontario, Canada), equipped 

with Turbo-V IonSpray source. HPLC separation was carried out by a 2- × 50-mm, 3-�m 

particle size Gemini C18 column (Phenomenex, Torrance, CA), protected by a Phenomenex 

Fusion-RP guard cartridge and thermostated in the column oven. The positive ion mode, 

included IonSpray voltage (IS), 5.25 kV; gas source 1, 70; gas source 2, 55; turbo 

temperature, 650°C; entrance potential, 10 V; collision-activated dissociation gas pressure, 5.7 

mPa. SRM transitions and the related parameters for the different analytes are detailed in 

Saba et al.26. HPLC runs were based on the following mobile-phase gradient: solvent A, water 

containing 0.1% formic acid; solvent B, methanol/acetonitrile 1:4, containing 0.1% formic acid; 

gradient conditions, 4.5 min from 5 to90%A; 0.5 min90%A; 2.5 min from 90 to 100% A; 3 min 

equilibration time.  

Assays were performed on LV homogenates obtained from hearts that were washed with 

saline, weighed, and finely minced. Approximately 50-80 mg of the tissue was then 

homogenized at 4°C in 1 ml of phosphate buffer (154 mM NaCl; 10 mM NaH2PO4, pH 7.4) by 

15 + 15 passes in a Potter-Elvejheim homogenizer kept at 4°C. The homogenate was 

centrifuged for 10 min at 4000 × g in a cold room, and the supernatant was collected for the 

assay. Each sample (1 ml) was placed in a 15-ml Teflon centrifuge tube and spiked with the 

appropriate internal standard: 50 pmol of 13C6-T3 (Isoscience, King of Prussia, PA). After 

vortexing, 60 mg of sodium chloride was added; the mixture was equilibrated at room 

temperature for an hour and then deproteinized with 2 ml acetone in an ice bath for 30 min. 

After centrifugation at 2000 × g for 15 min, the supernatant was evaporated to 1 ml using a 

Concentrator Plus (Eppendorf; Hamburg, Germany) at 30°C. The concentrated supernatant 

was reconstituted with 2.3 ml of 0.1 M potassium acetate buffer (pH 4.0), and T3 was extracted 

using Bond-Elut Certify SPE (Long Reservoir Capacity; 10 ml, 300 mg; Varian, Middelburg, 

The Netherlands). Each sample was loaded onto a cartridge previously conditioned by 

sequential wetting with 2 ml of methylene chloride/2-propanol (75:25 by volume), 2 ml of 
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methanol, and 2 ml of 0.1 M potassium acetate buffer (pH 4.0). The cartridge was then 

washed sequentially with 3.5 ml of water, 1.6 ml of 0.1 M hydrochloric acid, 7 ml of methanol, 

and 3.5 ml of methylene chloride/2-propanol (75:25 by volume). T3 was eluted with 2 ml of 

methylene chloride/2- propanol/ammonium hydroxide (70:26.5:3.5 by volume), and the eluate 

was dried once again by the above mentioned concentrator at 30°C and reconstituted with 

methanol/acetic acid 0.1 M (50:50 by volume). 

 

Quantitative real-time PCR 

Total RNA was extracted from LV using TriPure (Roche applied science) and treated with 

DNaseI (Invitrogen). A total of 2 µg total RNA was used to generate cDNA strands in a 20 µl 

reaction volume using the Cloned AMV First Strand Synthesis Kit (Invitrogen). An equivalent 

of 25 ng total RNA was subsequently used in the amplification with 50 or 100 nM gene-specific 

primers and 4 µl CYBR green-mix (Applied Biosystems) in a total volume of 8 µl, using 

standard cycle parameters on an Applied Biosystems model 7700. Expression levels of 

Hypoxanthine-guanine phosporibosyltransferase (HPRT) were used for normalization. Primers 

for HPRT, Dio3, ANF, MHC�, MHC�, TR�1, and TR�1 were as follows: HPRT sense primer, 

5’-TCCC TGGT TAAG CAGT ACAGCC-3’; HPRT anti-sense primer, 5’-CGAG AGGT CCTT 

TTCA CCAGC-3’, Dio3 sense primer, 5’-CGCT CTCT GCTG CTTCAC-3’; Dio3 anti-sense 

primer, 5’-TCTC CTCG CCTT CACT GTTGA-3’, ANF sense primer, 5’-CGAA GATC CAGC 

TGCT TCGG-3’; ANF anti-sense primer, 5’-TTCG GTAC CGGA AGCT GTTG-3’, MHC� sense 

primer, 5’-GACC AGGC CAAT GAGT ACCG-3’; MHC� anti-sense primer, 5’-GCCT AGCC 

AACT CCCC GTTC-3’, MHC� sense primer, 5’-CGCT CCAC GCAC CCTC ACTT-3’; MHC� 

anti-sense primer, 5’-GTCC ATCA CCCC TGGAGAC-3’, TR�1 sense primer, 5’-GTCC CCTG 

AAAA GCAG CATGT-3’; TR�1 anti-sense primer, 5’-ACAG CGGT AGTG ATAA CCGGTG-3’, 

TR�1 sense primer, 5’-ATGG CAAC AGAC TTGG TGCTG-3’; TR�1 anti-sense primer, 

5’-TGGC TTGT GCCC AATT GATT-3’. 

 

Histochemistry 

For DIO3 immunohistochemistry, paraformaldehyde (4%)-fixed and paraffin-embedded 

sections (4 µm) of LV tissue from sham and MI-mice were deparaffinized and rehydrated, 

exposed to 0.02 M HCl (20 min) to block endogenous peroxidase activity and microwaved at 

93oC for 10 min in 10 M citrate buffer (pH 6.0) for epitope retrieval. Sections were incubated 

with polyclonal rabbit anti-DIO3 antibody 71827 at 1:50 dilution for 1h at 37oC and then 

processed with Envision®+ reagents (Dako, Glostrup, Denmark) using 3,3’-diaminobenzidine 

as chromagen. Specificity was confirmed using an equivalent concentration of rabbit IgG 

instead of the primary antibody (results not shown). Anti-DIO3 antibody 718 was kindly 

provided by Dr. D. Salvatore (University of Naples Federico II, Department of Molecular and 

Clinical Endocrinology and Oncology, Naples, Italy). Colocalization of desmin and DIO3 was 
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demonstrated by immunofluorescence analysis using anti-DIO3 antibody 67724 (at 1:50 

dilution) and anti-desmin antibody (D1033, Sigma at 1:50 dilution). Antibodies were incubated 

for 1h at 37oC. Subsequently, the sections were incubated with secondary antibodies 

conjugated with fluorescent dyes (Alexa Fluor 488 donkey-anti-rabbit (Invitrogen) and Alexa 

Fluor 555 donkey-anti-mouse (Invitrogen), respectively, both at 1:100 dilution for 30 min at 

37oC).  

Cardiomyocyte CSA was determined as described by des Tombe et al. using haematoxylin 

and eosin-stained paraffin sections (4 µm) of LV tissue of sham and post-MI mice28. In the MI-

samples, CSA was analyzed in the remote remodeled tissue of the LV. Sections were 

deparaffinized by incubation in xylene (15 min, two times), then rehydrated through a graded 

ethanol series (100%, 96%, 80% and 70%, each step 3 min). Heamatoxylin staining was 

performed using Mayer's Hemaluin solution (Merck, Darmstadt, Germany) (4 min incubation). 

After rinsing for 15 min with tap water, eosin staining was performed using a solution of 0.02% 

eosin gelblich dissolved in 50% (v/v) ethanol (2 min incubation). Subsequently, sections were 

dehydrated through a graded ethanol series (70% during 10 sec, 96% during 10 sec, 100% 

2x5 min), were cleared in xylene in two stages of 10 min each and then covered with Entellan 

mounting medium (Merck, Darmstadt, Germany) and a glass cover slip. ImageJ1.42q 

(National Institutes of Health, Bethesda MD) was used for image analysis, taking into account 

the pixel-to-aspect. The average CSA was determined of twenty cardiomyocytes, that were 

randomly distributed over the section, and that were transversally cut at the level of the 

nucleus.  

Collagen volume fraction was determined by picrosirius red staining followed by polarized 

light microscopy image analysis.29 Sections (4 µm) were deparaffinized by incubation in xylene 

(15 min, two times), then rehydrated through a graded ethanol series (100%, 96%, 80% and 

70%, each step 3 min), and were stained using a 0.1% solution of Sirius red F3BA in saturated 

aqueous solution of picric acid for one hour at room temperature. Subsequently, sections were 

differentiated in 0.01 M HCl for 2 min. Sections were then dehydrated through a graded 

ethanol series (70%, 80%, 90% and 100%, each step 10 sec), cleared in xylene in two stages 

of 10 sec and 10 min, respectively, and then covered with Entellan mounting medium (Merck, 

Darmstadt, Germany) and a glass cover slip. Images of the stained sections were obtained 

with a 40x objective using a Leica DMRB microscope (Wetzlar, Germany), fitted with 

polarisation filters to obtain circularly polarized light, and Sony XC-77CE camera (Towada, 

Japan) connected to an LG-3 frame grabber (Scion; Frederick, MD). Images were analyzed 

using ImageJ v1.41a (National Institutes of Health, Bethesda MD). Threshold was set to select 

areas occupied by collagen only, then binary images were made and the relative area 

occupied by fibrosis was calculated relative to the total area. Minimally 8 randomly chosen 

areas were analyzed per section. 
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In vivo determination of T3-dependent transcription activity 

For the analyses of post-MI T3-dependent transcription activity, 48 mice were used and 

randomly assigned to the sham-operated group (n=15) or MI group (n=33). Mice underwent 

the same procedure as described above for the induction of MI. Additionally, the LV free wall 

was injected 3 times using a 29-gauge needle with a total volume of 100 �l saline containing 

10 �g of T3-transcription plasmid (pdV-TRE). An MI of approximately 40% was induced in 10 

mice and these were used in this part of the study. Substantially smaller infarcts were induced 

in 9 animals, and 14 died during or shortly after surgery. In a separate series, hearts of 

sham-operated mice (n=4) or MI mice (n=11) were injected with 10 �g of the pdV-0 plasmid. 

An MI of approximately 40% was induced in 3 mice and these were used in this part of the 

study.  

Mice were sacrificed two weeks after the procedure at a time when DIO3 had been stably 

expressed for at least one week (Fig. 4). Echocardiography was performed, hearts were 

excised and dissected, weighed, and stored at –80°C. LV tissue samples were homogenized 

in 2 volumes of luciferase lysis buffer (Promega) and centrifuged at 4°C for 10 minutes at 

12,000 rpm. Using a dual-luciferase assay (Promega) activities were determined in LV tissue 

homogenates and FLuc activity was normalized to RLuc activity. 

 

Western blot analysis 

LV tissue homogenates were diluted in sample buffer (15% glycerol, 62.5 mM Tris (pH 6.8), 

1% (w/v) SDS, 15 mM dithiothreitol, and 0.14% (w/v) bromophenol blue) and equal amounts of 

protein (2�g) were separated by electrophoresis (10% SDS-PAGE) and transferred to 

Hybond-ECL nitrocellulose membranes. Membranes were blocked for 1h at room temperature 

with 1% BSA in Tween-Tris-buffered saline (TBS-T; 20 mMl Tris–HCl pH 7.6, 137 mM NaCl, 

0.1% Tween) and immunostained overnight at 4°C with primary mouse monoclonal antibodies 

against MHC� (sc-32732 Santa Cruz) or MHC� (sc-53089 Santa Cruz) (dilution 1:1000). After 

washing with TBS-T blots were incubated for 1h at room temperature with a secondary 

horseradish-peroxidase-labeled goat antimouse antibody (dilution 1:1000), and bands were 

visualized using luminol solution (6.7 nM p-hydroxy-coumaric acid (Sigma), 1.25 mM sodium 

luminol (Sigma), 100 mM Tris-HCl pH 8.6, 0.03% hydrogen peroxide) and a Fuji Film LAS 

3000 laser densitometer (Fuji Medical Systems). All signals were quantified using AIDA Image 

Analyzer v4.21 and normalized to actin (dilution 1:1000; A3853 Sigma) stained on the same 

blots.  

 

 

Supplemental Results 

 

See next pages. 
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Supplemental Table 1. Cardiac remodeling at 1, 4, and 8 weeks after MI. 

 1 week 4 weeks 8 weeks 

LV ED diameter (mm)  
sham  
MI 

 
3.3±0.1 
5.4±0.2

a
 

 
(12) 
(16) 

 
3.4±0.1 

6.3±0.2
a,b,c

 

 
(11) 
(17) 

 
3.2±0.1 
5.3±0.2

a
 

 
(13) 
(20) 

LV ES diameter (mm)  
sham  
MI 

 
2.1±0.2 
4.9±0.2

a
 

 
(12) 
(16) 

 
2.1±0.1 

5.9±0.2
a,b,c

 

 
(11) 
(17) 

 
2.0±0.1 
4.8±0.2

a
 

 
(13) 
(20) 

FS (%)  
sham  
MI 

 
38±3 
10±1

a
 

 
(12) 
(16) 

 
39±2 
8±1a 

 
(11) 
(17) 

 
39±3 
10±1

a
 

 
(13) 
(20) 

ED anterior wall thickness (mm) 
sham  
MI  

 
1.1±0.1 

<0.6 

 
(12) 
(16) 

 
0.9±0.1 

<0.6 

 
(11) 
(17) 

 
1.0±0.1 

<0.6 

 
(13) 
(20) 

ED posterior wall thickness (mm)  
sham  
MI 

 
1.0±0.1 
1.0±0.1 

 
(12) 
(16) 

 
1.2±0.1 
1.0±0.1 

 
(11) 
(17) 

 
1.2±0.1 
1.0±0.1 

 
(13) 
(20) 

ES anterior wall thickness (mm0  
sham  
MI  

 
1.5±0.1 

<0.6 

 
(12) 
(16) 

 
1.5±0.1 

<0.6 

 
(11) 
(17) 

 
1.5±0.1 

<0.6 

 
(13) 
(20) 

ES posterior wall thickness (mm)  
sham  
MI 

 
1.4±0.1 
1.1±0.1

a
 

 
(12) 
(16) 

 
1.4±0.1 
1.1±0.1 

 
(11) 
(17) 

 
1.4±0.1 
1.2±0.1 

 
(13) 
(20) 

Values are means ± SEM (n). ED, end-diastolic; ES, end-systolic; FS, fractional shortening.  

An anterior wall thickness less than 0.6 mm cannot be measured accurately. 

a
Two-way ANOVA followed by Bonferroni’s post hoc test, P<0.05 vs. corresponding sham.  

b
One-way ANOVA of MI groups as a function of time followed by Bonferroni’s post hoc test, P<0.05 vs. 1 week MI.  

c
One-way ANOVA of MI groups as a function of time followed by Bonferroni’s post hoc test, P<0.05 vs. 8 weeks MI.  

 

Supplemental Table 2. Functional data at 1, 4, and 8 weeks after MI. 

 1 week 4 weeks 8 weeks 

Heart rate (bpm)  
sham  
MI 

 
541±8 
536±11 

 
(10) 
(9) 

 
530±19 
553±9 

 
(9) 
(9) 

 
535±13 
531±19 

 
(13) 
(19) 

Mean aortic pressure (mmHg)  
sham  
MI 

 
77±2 
71±3 

 
(10) 
(9) 

 
79±3 
72±4 

 
(9) 
(9) 

 
75±2 
67±2

a
 

 
(13) 
(20) 

Diastolic aortic pressure (mmHg)  
sham  
MI 

 
65±2 
62±3 

 
(10) 
(9) 

 
65±3 
67±4 

 
(9) 
(9) 

 
63±2 
58±2 

 
(13) 
(20) 

Systolic aortic pressure (mmHg)  
sham  
MI 

 
93±2 
81±3

a
 

 
(10) 
(9) 

 
93±3 
80±4

a
 

 
(9) 
(9) 

 
90±2 
77±2

a
 

 
(13) 
(20) 

LV end-diastolic pressure (mmHg)  
sham  
MI 

 
6.3±1.3 

14.6±1.3
a
 

 
(10) 
(9) 

 
3.9±1.1 

12.9±2.0
a
 

 
(9) 
(9) 

 
3.9±0.8 

7.5±0.9
a,b,c

 

 
(13) 
(19) 

LV end-systolic pressure (mmHg)  
sham  
MI 

 
95±3 
80±2a 

 
(10) 
(9) 

 
95±4 
85±3 

 
(9) 
(9) 

 
97±3 
80±3

a
 

 
(13) 
(19) 

Values are means ± SEM (n). 

a
Two-way ANOVA followed by Bonferroni’s post hoc test, P<0.05 vs. corresponding sham.  

b
One-way ANOVA of MI groups as a function of time followed by Bonferroni’s post hoc test, P<0.05 vs. 1 week MI.  

c
One-way ANOVA of MI groups as a function of time followed by Bonferroni’s post hoc test, P<0.05 vs. 4 weeks MI.  
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Supplemental Figure 1. Protein expression in LV at 2 weeks after MI or sham-surgery. Western blot analysis of protein 

levels of the average MHC�/� ratio of individual animals. Values are means ± SEM, n= 6, t test with Welch’s correction: 

*P<0.05 vs sham. 
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Supplemental Figure 2. Gene expression in LV at 1, 4 and 8 weeks after MI or sham-surgery. RT PCR analysis of mRNA 

levels of TR� (A), and TR� (B). Values are means ± SEM, panel A: n=9-14, panel B: n=7, Two-way ANOVA of MI vs sham 

at the corresponding time point and one-way ANOVA of MI groups a function of time: not significant. 
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Abstract 

There is clinical evidence that exercise training in heart failure has a beneficial effect on 

disease progression and survival. Improvement of cardiac thyroid hormone (TH) signaling has 

been suggested as one of several mechanisms involved in these beneficial effects. In a 

mouse model of myocardial infarction (MI) it was shown that the TH-inactivating enzyme type 

III deiodinase (DIO3) is induced in the remodeling left ventricle (LV) and that this DIO3 activity 

is associated with decreased TH signaling and impaired LV function. Exercise training 

following MI was shown to attenuate LV dysfunction in this model. The restoration of TH 

signaling by reducing DIO3 activity might be one of the mechanisms by which exercise training 

is beneficial after MI. Using this model, it was investigated in this study whether improvement 

of LV function by exercise training is associated with a reduction of cardiac DIO3 expression. 

The effects of exercise training on TH signaling and the development of pathological 

remodeling were studied at 8 weeks after MI in mice that were either kept sedentary or that 

were subjected to voluntary exercise training on a treadmill for 7 weeks starting at 1 week after 

MI. In contrast to earlier studies, exercise training did not improve LV function after MI, nor did 

it affect DIO3 expression, precluding a conclusion concerning a link between improved TH 

signaling and the proposed beneficial effect of training on cardiac function.  
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Introduction 

While ventricular hypertrophy during cardiac disease predisposes to heart failure, exercise 

training leads to physiological hypertrophy and physical activity is positively correlated with a 

decreased risk of heart failure.1;2 The difference in outcome of these two types of hypertrophy 

is likely caused by differences in underlying mechanisms (reviewed by Bernardo BC, 

pharmacology & therapeutics, 20103). This is reflected by the different gene expression 

profiles of the two forms of hypertrophy: during pathological hypertrophy changes in 

expression of genes involved in the oxidative stress response, apoptosis, and inflammation 

are found, whereas during exercise-induced physiological hypertrophy there are changes in 

expression of genes involved in glucose/insulin regulation and protein synthesis.4 

Furthermore, several changes involved in pathological remodeling, like the switch to a 

predominantly glycolytic energy metabolism,5 and activation of the renin-angiotensin system6;7 

are not involved in exercise-induced physiological hypertrophy. In contrast, changes that are 

typically associated with exercise-induced physiological hypertrophy are heat shock 

transcription factor 1 signaling,8 cardiac telomere-stabilizing proteins,9 and phosphoinositide 

3-kinase (PI3K).10-13  

Activation of signaling cascades involved in physiological hypertrophy may be beneficial in 

a situation of pathological hypertrophy. Physical activity is associated with lower mortality in 

general,14 and lower coronary and cardiovascular events.1;2 Besides, there is clinical evidence 

that exercise has a beneficial effect on disease progression and survival in heart failure.15-17 

Cycling and walking were the most common methods of training, which improved both quality 

of life and physiological function, for example a positive effect on endothelial function was 

found in patients with coronary artery disease.17 Also in animal models of heart failure, 

exercise training was shown to improve heart function.18-23 Among others, improvement of 

�1-adrenergic signaling,18;19 decreased expression of ACE and AT1 receptor,20 improved Ca2+ 

handling,21 decreased apoptosis,22 increased phosphorylated glycogen synthase kinase 3� 

(inactive),22 decreased phosphorylated cAMP response element-binding,22 and endothelial 

nitric oxide synthase expression23 were shown to be involved in these beneficial effects. 

An additional aspect of the beneficial effects that exercise has in heart failure may be 

improvement of thyroid hormone (TH) signaling. Several studies indicate increased circulating 

TH levels after exercise in healthy animals.24;25 Acute exercise training of rats on a treadmill 

resulted in increased plasma T3, T4, and T3/rT3 ratio at 20 hours after training in one study.24 In 

another study this resulted in an immediate increase of plasma T3 and thyroid type I 

deiodinase (DIO1) activity that decreased during the following two hours.25 In this study it is 

also reported that after 30 minutes after training there was a gradual increase of plasma T4 

and pituitary DIO1 activity, a gradual decrease of plasma T3/T4 ratio and hepatic DIO1 activity, 

and a transient decrease of type II deiodinase (DIO2) activity in brown adipose tissue, while 

plasma thyroid-stimulating-hormone (TSH) remained normal. In a study on human subjects, 
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prolonged heavy exercise training by cross-country skiing resulted in a transient increase of T3 

and T4 and a prolonged increase of TSH. However reduced TH levels have also been found.26-

28 Strenuous exercise training of rat by swimming resulted in decreased plasma T3 and T4 and 

DIO2 activity in brown adipose tissue and increased TSH.26 Ergometer exercise training of 

women resulted in reduced T3, rT3, increased fT4 and rT3, and unchanged T4 in women without 

dietary compensation for energy expenditure.27 Intense and prolonged exercise training of 

women by rowing resulted in decreased fT3 and TSH, and unchanged T4.
28 

The effect of exercise training on plasma TH levels is probably dependent on the intensity 

and duration of the exercise protocol with increased levels especially following mild and short 

exercise training. Increased plasma TH levels are therefore less likely to play a role in the 

beneficial effects of endurance training in heart failure. However, cardiac TH signaling has 

been shown to be enhanced by endurance training of aged rat, while plasma T3 levels 

remained unaltered.29 In this study, 8 weeks of swimming training increased cardiac 

expression of TH receptors TR�1 and TRβ1 and this was associated with marked stimulation 

of TH-dependent gene expression and concomitant improvement of cardiac function. These 

effects on cardiac gene expression and function are aspects of the known effect of TH on 

cardiac growth and development. Postnatal heart growth and associated changes in gene 

expression are stimulated by TH30 and increased TH signaling is indeed an independent 

trigger of physiological cardiac hypertrophy.31-38 Moreover, both exercise- and TH-induced 

cardiac hypertrophy are associated with an activation of the IGF1-PI3K(p110�)-Akt 

pathway.11;33;39 Furthermore, inhibition of this pathway prevents both exercise-induced cardiac 

hypertrophy12;13 and TH-induced cardiac hypertrophy,32 but not pressure overload induced 

hypertrophy.13;40  

We have shown previously that TH signaling is impaired in the post-MI remodeled left 

ventricle (LV), which is considered to contribute to the heart-failure phenotype (Chapter 341). 

Our data furthermore indicated that the impairment is caused by the increased expression of 

the TH-degrading enzyme type III deiodinase (DIO3). Given the beneficial effect of exercise 

training on cardiac function and the ability of TH to induce physiological hypertrophy, we 

hypothesized that restoration of cardiac TH signaling is one of the mechanisms responsible for 

the positive effect of exercise training shown previously for this model.18 More specifically, this 

mechanism would involve inhibition of DIO3 expression, resulting in increased cardiac TH 

signaling. To test this hypothesis, cardiac DIO3 expression and the development of 

pathological LV remodeling were studied at 8 weeks after MI in mice that were either kept 

sedentary or subjected to voluntary exercise training on a treadmill.  
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Methods 

Animals 

Of the 27 C57Bl/6J mice (m/f), aged between 11 and 13 weeks, that entered the study and 

had MI surgery, 9 died during or shortly after surgery. In 15 of the 18 animals that survived the 

MI surgery, permanent ligation of the left coronary artery (LCA) resulted in an infarcted area of 

the LV of >30% at the time of sacrifice, in 3 animals the infarcted area was smaller and one 

died before the end of the experiment. Housing of animals, and all experiments complied with 

the Guide for Care and Use of Laboratory Animals of the National Institutes of Health (NIH 

Publication No. 86-23, Revised 1996) and were approved by the Institutional Animal Care and 

Use Committee of VU University Medical Center Amsterdam. 

 

Study protocol 

All mice underwent MI surgery at day 0 and at 1 week after the procedure 

echocardiography was performed. Mice were assigned to the experimental groups by stratified 

randomization so that average LV remodeling was similar in the two groups on day 7. Animals 

were housed sedentary or had access to a treadmill for voluntary exercise training. Wheel 

running was monitored electronically and recorded daily. At 8 weeks after MI surgery 

echocardiography was repeated and mice were instrumented for hemodynamic 

measurements (Fig. 1). 

 

 

Figure 1. Study protocol. 

 

Surgical procedures 

Induction of MI, echocardiography and hemodynamic measurements were performed as 

described previously (van den Bos EJ, 2005, Am J Physiol heart and circ physiol; de Waard 

MC, 2007 circulation research). Animals were weighed, anesthetized with isoflurane, and 

intubated using a 24-gauge intravenous catheter with a blunt end. Mice were artificially 

ventilated with a mixture of O2 and air (1:2 (vol/vol)) to which isoflurane (2.5–3.0% (vol/vol)) 

was added at a rate of 90 strokes/min using a rodent ventilator (UNO Microventilator UMV-03; 

UNO BV, Zevenaar, The Netherlands) at an inspiratory pressure of 10 cm H2O and a positive 

end expiratory pressure of 4 cm H2O. The body temperature was maintained at 37°C using a 

heating pad and the chests were dehaired using Veet hair remover (Reckitt Benckiser; 
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Parsippany, NJ, USA). MI was induced by permanent ligation of the LCA as described 

previously (van den bos, 2005; de waard, 2007). A thoracotomy was performed through the 

fourth left intercostal space, and the proximal LAD was permanently ligated by passing a 7-0 

silk suture mounted on a tapered needle (BV-1, Ethicon; Somerville, NJ) around the artery. 

The thorax was then closed, and mice were given an intraperitoneal injection of 0.05 ml 

Temgesic (buprenorphine 3 �g/ml). Echocardiography was performed under anesthesia; 

echocardiograms were obtained with an Aloka SSD 4000 echo device (Aloka; Tokyo, Japan) 

using a 12-MHz probe. Images of the short axis were obtained in two-dimensional and 

M-mode settings with simultaneous echocardiographic gating. After 8 weeks 

echocardiography was repeated and mice were instrumented for hemodynamic 

measurements. A 1.4-Fr microtipped manometer (Millar Instruments; Houston, TX) (calibrated 

before each experiment with a mercury manometer) was inserted via the right carotid artery 

and advanced into the LV lumen to measure LV pressure and its first derivative (LV dP/dt). LV 

end-diastolic (EDD) and end-systolic diameters (ESD) were measured from the M-mode 

images using Sigmascan Pro 5.0 Image Analysis software (SPSS; Chicago, IL). Fractional 

shortening [FS = (EDD - ESD)/EDD x 100%] was calculated. Hemodynamic data were 

recorded and digitized using a Powerlab setup (ADinstruments, Bella Vista, Australia) and 

analysis of heart rate, LV end-systolic pressure, LV end-diastolic pressures, mean aortic 

pressure, systolic aortic pressure, diastolic aortic pressure, and the maximum rates of rise (LV 

dP/dtmax) and fall (LV dP/dtmin) of LV pressure was performed using Chart 5 (AD Instruments). 

Six consecutive beats were selected for the determination of the rate of rise of LV pressure at 

a pressure of 30 mmHg (LV dP/dtP30) with a program written in MATLAB (Mathworks; Natick, 

MA). At the conclusion of each experiment, the heart and lungs were excised and tibia length 

was determined. The heart was dissected into LV infarct tissue including border zone; LV 

noninfarcted tissue; right ventricle (RV) and septum. All tissues were weighed and frozen in 

liquid nitrogen and stored at -80°C.  

 

Plasma TH levels  

The plasma T3 and T4 were determined by AccuBind ELISA kits (Monobind Inc., Lake 

Forest, CA, USA) according to the manufacturer’s instructions. 

 

DIO3 expression  

DIO3 enzyme activity in LV homogenates was determined as described previously (Kuiper 

GGJM, 2003, endocrinology), with minor modifications. Reaction mixtures contained 

approximately 200,000 cpm of outer-ring-labeled T3 (3’-125I T3) and 0.25 mg protein in a final 

volume of 0.05 ml 0.1 M phosphate buffer (pH 7.2) containing 2 mM EDTA and 10 mM DTT. 

Mixtures were incubated for 60 min at 37°C and the reaction was stopped by addition of 0.05 

ml ice-cold ethanol. After centrifugation, 0.075 ml of the supernatant was mixed with an equal 
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volume of 0.02 M ammonium acetate (pH 4.0), and 0.1 ml of the mixture was applied to a 

250x4.6 mm Symmetry C18 column connected to an Alliance HPLC system (Waters 

Chromatography Division, Millipore Corp., Milford, MA) and eluted with a 15-min linear 

gradient of acetonitrile (28–42%) in 0.02 M ammonium acetate (pH 4) at a flow rate of 1.2 

ml/min. Radioactivity in the eluate was monitored online using a Radiomatic A-500 flow 

scintillation detector (Packard, Meriden, CT) and product formation by the inner-ring 

deiodination activity, i.e., (3’-125I T2) was quantified. 

 

Statistics 

Data analysis was performed with GraphPad Prism version 5.01 for Windows (GraphPad, 

San Diego, CA, USA). Where appropriate, two-way ANOVA followed by Bonferroni post hoc 

test and one-way ANOVA for the MI groups as a function of time was used. Unpaired t testing 

was used for comparison of two groups, with Welch’s correction in case of unequal variances. 

Significance was accepted when P<0.05. Data are presented as means ± SEM. 

 

 

Results  

Remodeling after MI in sedentary and exercised mice  

At 1 week after MI, LV remodeling was analyzed by echocardiography and the mice were 

divided in two groups with similar degrees of LV remodeling. One group was kept sedentary 

and the second group was subjected to voluntary treadmill exercise training. After two weeks 

of exercise training a plateau phase of around 8 km/day was reached (Fig. 2). The average 

total running distance after 7 weeks of exercise training was 354 ± 57 km (means ± SEM, 

(n=8)). The mice were studied at 8 weeks after MI. The effect of training exercise on 

echocardiographic and hemodynamic characteristics are presented in Table 1 and shown in 

Fig. 3, 4 and 5. At 8 weeks post-MI there were no significant effects of training on LV 

anatomical parameters, nor was there improvement of cardiac function compared to mice kept 

sedentary for 8 weeks. 
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Figure 2. Daily running distance of exercise group (n = 8). 
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Figure 3. Anatomical data at 8 weeks after MI of the sedentary and exercise trained group; LV weight (A), RV weight (B), 

and lung wet to dry weight ratio (C). SED, MI-operated sedentary mice; EX, MI-operated exercise mice. Values are means ± 

SEM, n= 7, no significant differences were found (t test). 

 

Table 1. Cardiac remodeling at 8 weeks after myocardial infarction. 

 sedentary exercise 

ED anterior wall thickness (mm) 
1wk 
8wk  

 
<0.6 
<0.6 

 
(7) 
(7) 

 
<0.6 
<0.6 

 
(7) 
(6) 

ED posterior wall thickness (mm) 
1wk 
8wk  

 
0.7±0.1 
0.9±0.1 

 
(7) 
(7) 

 
0.6±0.0 
0.7±0.1 

 
(7) 
(6) 

ES anterior wall thickness (mm) 
1wk 
8wk  

 
<0.6 
<0.6 

 
(7) 
(7) 

 
<0.6 
<0.6 

 
(7) 
(6) 

ES posterior wall thickness (mm) 
1wk 
8wk  

 
0.9±0.0 
0.9±0.1 

 
(7) 
(7) 

 
0.8±0.0 
0.8±0.0 

 
(7) 
(6) 

Heart rate (bpm)  
8wk  

 
553±9 

 
(6) 

 
569±21 

 
(4) 

LV ED pressure (mmHg) 
8wk 

 
5.9±1.0 

 
(6) 

 
10.7±2.2 

 
(6) 

Diastolic aortic pressure (mmHg)  
8wk  

 
56±3 

 
(7) 

 
56±3 

 
(6) 

Systolic aortic pressure (mmHg)  
8wk 

 
78±2 

 
(7) 

 
78±2 

 
(6) 

Mean aortic pressure (mmHg)  
8wk 

 
66±3 

 
(7) 

 
65±3 

 
(6) 

dP/dtp30 (mmHg/s)  
8wk  

 
4389±390 

 
(6) 

 
4179±460 

 
(6) 

Values are means ± SEM (n). ED, end-diastolic; ES, end-systolic; TL, tibia length.  

An anterior wall thickness less than 0.6 mm cannot be measured accurately. 

No significant differences were found (two-way ANOVA or t test). 
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Figure 4. LV dimensions and function at 1 and 8 weeks after MI of the sedentary and exercise trained group; LV 

end-diastolic diameter (EDD; A), LV end-systolic diameter (ESD; B), and fractional shortening (FS; C). SED, MI-operated 

sedentary mice; EX, MI-operated exercise mice. Values are means ± SEM, n= 7, no significant differences were found (two-

way ANOVA). 
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Figure 5. LV function at 8 weeks after MI of the sedentair and exercise trained group; LV end-systolic pressure (ESP; A), 

dP/dtmax (B), and dP/dtmin (C). SED, MI-operated sedentary mice; EX, MI-operated exercise mice. Values are means ± SEM, 

n= 6, no significant differences were found (t test). 

 

Plasma TH levels 

Plasma T3 and T4 levels were determined at 8 weeks post-MI. Training had no significant 

effect on the levels of either hormone (sedentary: T4: 32 ± 5 (6) nM, T3: 0.8 ± 0.1 (4) nM, 

trained: T4: 35 ± 3 (5) nM, T3: 1.0 ± 0.1 (5) nM (means ± SEM (n))). 

 

DIO3 expression  

Cardiac DIO3 activity in sedentary mice at 8 weeks post-MI confirmed earlier results, with 

average activity levels greater than 0.05 fmol/min/mg (DIO3 activity in sham-operated animals 

is less than 0.01 fmol/min/mg41). DIO3 activity tended to be higher in the exercise training 

group, but this difference was not significant (Fig. 6). 
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Figure 6. DIO3 activity at 8 weeks after MI of the sedentary and exercise trained group. SED, MI-operated sedentary mice; 

EX, MI-operated exercise mice. Values are means ± SEM, n=7, no significant differences were found (t test). 

 

 

Discussion 

We showed earlier that post-MI LV remodeling and dysfunction is associated with 

increased cardiac expression of DIO3 and impairment of TH signaling (Chapter 341). In the 

same model, prolonged exercise training had been shown to improve LV remodeling and 

function,18 and in independent studies this type of exercise had been shown to enhance 

cardiac-specific TH signaling.29 We therefore considered it is feasible that TH signaling plays a 

role in the beneficial effect of training on pathological remodeling of the heart. The aim of the 

present study was to investigate whether reduction of cardiac DIO3 expression, and hence 

stimulation of TH signaling, is associated with improvement of cardiac function after exercise 

training in MI-induced heart failure. However, in contrast to the study by de Waard et al.,18 

exercise training did not improve LV function after MI, nor did it affect DIO3 expression.  

The surprising absence of an effect of exercise training on LV dysfunction must be sought 

in minor differences between the present study and the one conducted by de Waard et al.,18 

since the same mouse model, post-MI follow-up period and equipment (treadmills) were used. 

Overall, LV remodeling and function of the sedentary MI mice at 8 weeks post MI in that study 

were comparable to the present data, with only marginally less LV dilation and diminished 

fractional shortening, but a tendency towards lower dP/dtp30 and dP/dtpmin in the present 

group. Whereas de Waard et al. found significant improvements in fractional shortening and 

dP/dtp30, as well as a trend towards decreased LV end-diastolic diameter, these parameters 

remained unaffected by training in our study. This can not be explained by a lesser training 

effort, since the total running distance in this study was in fact somewhat higher than that in 

the study of de Waard et al. 

A possibly relevant difference is that mice had access to the treadmills immediately after MI 

in the protocol used by de Waard et al., whereas exercise training was started at 1 week after 

MI in the present study. We opted for this protocol because several studies had reported 

detrimental effects of early training,42;43 and starting at 1 week post MI made it possible to 
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compose experimental groups with comparable degrees of LV remodeling. In their study, 

mortality indeed tended to be higher in the first week of training (de Waard, personal 

communication). Post-MI remodeling in the mouse is a relatively rapid process with major 

changes completed within the first week (Chapter 3). It is therefore conceivable that 

depending on the extent of the injury, training may attenuate pathological remodeling during 

this dynamic phase, or precipitate failure and death. This would reconcile the results of our 

study and those of de Waard et al. and imply that at least in the mouse, exercise training is not 

able to reverse pathological remodeling.  

Exercise training also did not affect plasma TH levels, essentially confirming data on 

endurance training of rats.29 The absence of effects on contractile parameters, which would be 

indicative of changes in TH-regulated genes such as the myosin heavy chain isoforms and 

sarco/endoplasmic reticulum Ca2+-ATPase 2a, suggests that cardiac TH signaling is not 

affected by training. The unaltered DIO3 activity in the exercise training group is in line with 

this.  

Taken together, the exercise training protocol used in this study precludes a conclusion 

about the proposed relationship between the beneficial effects of exercise on post-MI LV 

remodeling and improved cardiac TH signaling in the mouse. It can not be excluded that such 

a relationship exists during the initial stages of post-MI remodeling and detailed analysis of LV 

function and DIO3 expression during the first week following MI is required to address this 

question.  
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Abstract 

In a previous study, the thyroid hormone-inactivating enzyme type III deiodinase (DIO3) 

was shown to be stably induced in the remodeling left ventricle (LV) from 1 week after 

myocardial infarction (MI) in mice. At which time point during LV remodeling the DIO3 

response is initiated and how it is regulated is still unknown and was investigated in this study. 

Therefore, sham and MI mice were analyzed at 3, 5, and 7 days after surgery by 

echocardiography, pressure measurement, and tissue analysis. At all time points there was LV 

dilation and impaired contractility after MI. DIO3 activity was strongly induced by MI compared 

to baseline at day 3, possibly enhanced by a surgery related induction of DIO3. The latter 

effect disappeared at day 5, whereas MI DIO3 activity was still high at day 7.  

Potential candidates for transcriptional regulation of mouse Dio3 expression include 

hypoxia-inducible factor 1�, transforming growth factor � (TGF�), mitogen-activated protein 

kinases (MAPK), and sonic hedgehog signaling. Of these pathways an upregulation was found 

of TGF� mRNA expression and total and phospho p38 MAPK protein expression, suggesting 

the involvement these pathways in the induction of DIO3 in the first week after MI. These are 

the first data showing simultaneous activation of these pathways and induction of DIO3 

expression during cardiac remodeling.  
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Introduction 

Similarities in cardiac gene expression found in the hypothyroid and the pathologically 

remodeled heart suggest a role for impaired cardiac thyroid hormone (TH) signaling in 

ventricular hypertrophy and the development of heart failure.1 This is supported by our 

previous finding that type III deiodinase (DIO3) is induced during cardiac remodeling from 1 

week after myocardial infarction (MI) (Chapter 3).2 DIO3 converts the pro-hormone T4 and the 

active form of the hormone T3 to the inactive metabolites reverse-T3 (rT3) and T2, respectively. 

The induction of DIO3 after MI was indeed associated with decreased tissue T3 and 

T3-dependent transcription activity in the remodeling left ventricle (LV) (Chapter 3).2 This 

induction of DIO3 was also found in other animal models of heart failure,3-6 but DIO3 activity 

was never analyzed within the first week of remodeling.  

A second unresolved issue is how the DIO3 induction after MI is regulated, although the 

finding that at 1 week after MI both DIO3 activity and mRNA levels are increased suggests 

regulation at a pretranslational level. The DIO3 induction after MI is potentially regulated by 

multiple pathways involved in hypertrophy, such as transforming growth factor � (TGF�), 

mitogen-activated protein kinases (MAPK), sonic hedgehog (Shh), and hypoxia-inducible 

factor-1� (HIF-1�) signaling pathways, since these specific pathways have been shown to be 

able to induce DIO3 in other tissues and cells.4;7;8 

HIF-1� is a likely candidate regulating DIO3 induction during cardiac remodeling, as it was 

shown that hypoxia, which increases HIF-1� levels, induces DIO3 activity in cardiomyocytes 

as well as in other cell types.4 In addition, HIF-1� interacts directly with the human DIO3 

gene.4 Furthermore, cardiac HIF-1� induction was found in several animal models after MI9-12 

and after pressure overload,13 and in human hearts after acute myocardial ischemia and 

infarction.14;15 The induction of HIF-1� after MI is triggered by hypoxia, but the increased 

ventricular wall tension may also independently stimulate HIF-1� signaling. An association of 

increased HIF-1� protein levels with induction of DIO3 activity was found in a rat model of right 

ventricular hypertrophy and heart failure.4 

In addition to HIF-1�, hedgehog signaling may be involved in regulation of cardiac DIO3 

expression. The first report on regulation of deiodinases by Shh showed induction of DIO2 

ubiquitination by Shh in chicken growth plate.17 Also DIO3 was shown to be regulated by Shh 

signaling in keratinocytes and basal cell carcinomas.8 Besides, Gli2, the downstream target of 

Shh, was shown to directly induce the human DIO3 promoter.8 Furthermore an interaction of 

Shh signaling and induction of deiodinases is suggested by the finding that both are involved 

in liver regeneration18;19 and skeletal muscle regeneration,20-22 and brain injury.23-25 The 

implication of both TH and Shh signaling in maintanance of the balance between proliferation 

and differentiation of various cell types, has led to the hypothesis that regulation of DIO3 by 

Shh is a common mechanism to control cell proliferation.26 This mechanism might also be 

involved in hypertrophy, since genes involved in cell cycle progression are upregulated during 
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cardiac hypertrophy.27 Shh signaling was also shown to be stimulated in the LV following MI28 

and taken together this makes Shh is a likely candidate regulator of the DIO3 induction after 

MI. 

Another candidate regulator of Dio3 transcription is TGF�, which has been shown to induce 

DIO3 activity in various human cell types, via SMAD, p38 MAPK, and extracellular signal-

regulated kinase (ERK).7 The importance of ERK-signaling for DIO3 expression was also 

indicated by the finding that the phorbol ester 12-O-tetradecanoylphorbol-13-acetate 

stimulates DIO3 at least in part by ERK signaling in different human cell lines.7;29;30 TGF�,31 

and various constituents of MAPK signaling, i.e. ERK1/2,32-34 c-Jun N-terminal kinases 

(JNK1/2),32;33;35 and p3831-36, are all activated after MI, and have been recognized to play an 

important role during cardiac remodeling (reviewed by Bujak and Frangogiannis37 and 

Muslin38) 

The first aim of this study was to investigate the time course of DIO3 induction within one 

week after MI. The second aim of this study was to investigate the activation of the HIF-1�, 

Shh and TGF� pathway in the first week after MI using RT PCR and Western blotting, to 

identify the potential mechanisms that may be involved in regulating DIO3 induction during LV 

remodeling after MI. 

 

 

Methods 

Animals 

A total of 145 male C57Bl/6J mice, aged between 11 and 13 weeks, entered the study of 

which 6 were used as controls, 29 had sham surgery and 110 MI surgery. Of the MI mice, 41 

died during or shortly after surgery, and in 37 of the 69 animals that survived the MI surgery 

permanent ligation of the left coronary artery (LCA) resulted in an infarcted area of the LV of 

>30% at the time of sacrifice. Housing of animals, and all experiments complied with the Guide 

for Care and Use of Laboratory Animals of the National Institutes of Health (NIH Publication 

No. 86-23, Revised 1996) and were approved by the Institutional Animal Care and Use 

Committee of VU University Medical Center Amsterdam. 

 

Surgical procedures 

Induction of MI, echocardiography and hemodynamic measurements were performed as 

described previously.39;40 Animals were randomly assigned to the sham-operated group or MI 

group, weighed, anesthetized with isoflurane, and intubated using a 24-gauge intravenous 

catheter with a blunt end. Mice were artificially ventilated with a mixture of O2 and air (1:2 

(vol/vol)) to which isoflurane (2.5–3.0% (vol/vol)) was added at a rate of 90 strokes/min using a 

rodent ventilator (UNO Microventilator UMV-03; UNO BV, Zevenaar, The Netherlands) at an 

inspiratory pressure of 10 cm H2O and a positive end expiratory pressure of 4 cm H2O. The 
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body temperature was maintained at 37°C using a heating pad and the chests were dehaired 

using Veet hair remover (Reckitt Benckiser; Parsippany, NJ, USA). MI was induced by 

permanent ligation of the LCA as described previously.39;40 A thoracotomy was performed 

through the fourth left intercostal space, and the proximal LAD was permanently ligated by 

passing a 7-0 silk suture mounted on a tapered needle (BV-1, Ethicon; Somerville, NJ) around 

the artery. The thorax was then closed, and mice were given an intraperitoneal injection of 

0.05 ml Temgesic (buprenorphine 3 �g/ml) prior to recovery. Sham-operated animals 

underwent the same procedure without occlusion of the LCA. Of 6 animals the heart was 

excised at day 0 under anesthesia. At 3, 5, or 7 days after the procedure, echocardiography 

was performed under anesthesia. Echocardiograms were obtained with an Aloka SSD 4000 

echo device (Aloka; Tokyo, Japan) using a 12-MHz probe. Images of the short axis were 

obtained in two-dimensional and M-mode settings with simultaneous echocardiographic 

gating. After echocardiography, mice were instrumented for hemodynamic measurements. A 

1.4-Fr microtipped manometer (Millar Instruments; Houston, TX) (calibrated before each 

experiment with a mercury manometer) was inserted via the right carotid artery and advanced 

into the LV lumen to measure LV pressure and its first derivative (LV dP/dt). Subsequently, 

baseline recordings were obtained of aortic blood pressure, heart rate, and LV pressure. LV 

end-diastolic (EDD) and end-systolic diameters (ESD) were measured from the M-mode 

images using Sigmascan Pro 5.0 Image Analysis software (SPSS; Chicago, IL). Fractional 

shortening [FS = (EDD - ESD)/EDD x 100%] was calculated. Hemodynamic data were 

recorded and digitized using a Powerlab setup (ADinstruments, Bella Vista, Australia) and 

analysis of heart rate, LV end-systolic, LV end-diastolic pressures, mean aortic pressure, 

systolic aortic pressure, diastolic aortic pressure, and the maximum rates of rise (LV dP/dtmax) 

and fall (LV dP/dtmin) of LV pressure was performed using Chart 5 (AD Instruments). Six 

consecutive beats were selected for the determination of the rate of rise of LV pressure at a 

pressure of 30 mmHg (LV dP/dtP30) and the time constant of ventricular relaxation (�) with a 

program written in MATLAB (Mathworks; Natick, MA). At the conclusion of each experiment, 

the heart and lungs were excised and tibia length was determined. The heart was dissected 

into LV infarct tissue including border zone; LV noninfarcted tissue; right ventricle (RV), and 

septum. All tissues were weighed and frozen in liquid nitrogen and stored at -80°C.  

 

Plasma T3 and T4 levels 

The plasma T3 and T4 assay was performed according to Friedrichsen et al.41 125I-Labeled 

iodothyronines were obtained from Amersham Pharmacia Biotech. T4 antiserum was obtained 

from Sigma-Aldrich (St. Louis, MO), and T3 antiserum was produced in the laboratory of Dr. 

T.J. Visser.42 Final antibody dilutions were 1:20,000 for T4, and 1:250,000 for T3. The sample 

volume was 10 �l for T4, and 20 �l for T3, and incubation mixtures were prepared in 0.5 ml RIA 

buffer (0.06 M barbital, 0.15 M HCl, 0.1% BSA, and 0.6 g/l 8-anilino-1-naphthalenesulfonic 
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acid; Sigma-Aldrich, MO, USA). Mixtures were incubated in duplicate overnight at 4°C, and 

antibody-bound radioactivity was precipitated using Sac-Cel cellulose-coupled second 

antibody (IDS, Boldon, UK). The lower limits of detection amounted to less than 2 nM T4, and 

less than 0.14 nM T3. 

 

DIO3 expression  

DIO3 enzyme activity in LV homogenates was determined as described previously,43 with 

minor modifications. Reaction mixtures contained approximately 200,000 cpm of 

outer-ring-labeled T3 (3’-125I T3) and 0.25 mg protein in a final volume of 0.05 ml 0.1 M 

phosphate buffer (pH 7.2) containing 2 mM EDTA and 10 mM DTT. Mixtures were incubated 

for 60 min at 37°C and the reaction was stopped by addition of 0.05 ml ice-cold ethanol. After 

centrifugation, 0.075 ml of the supernatant was mixed with an equal volume of 0.02 M 

ammonium acetate (pH 4.0), and 0.1 ml of the mixture was applied to a 250x4.6 mm 

Symmetry C18 column connected to an Alliance HPLC system (Waters Chromatography 

Division, Millipore Corp., Milford, MA) and eluted with a 15-min linear gradient of acetonitrile 

(28–42%) in 0.02 M ammonium acetate (pH 4) at a flow rate of 1.2 ml/min. Radioactivity in the 

eluate was monitored online using a Radiomatic A-500 flow scintillation detector (Packard, 

Meriden, CT) and product formation by the inner-ring deiodination activity, i.e., (3’-125I T2) was 

quantified. 

 

Quantitative real-time PCR 

Total RNA was extracted from LV tissue using TriPure (Roche applied science, Basel, 

Switzerland) and was treated with DNaseI (Invitrogen, Carlsbad, CA, USA). Two µg of total 

RNA was used to generate cDNA strands in a 20 µl reaction volume using the Cloned AMV 

First Strand Synthesis Kit (Invitrogen, Carlsbad, CA, USA). An equivalent of 25 or 50 ng of 

total RNA was subsequently used for the amplification with 50 or 100 nM gene-specific 

primers and 4 µl CYBR green-mix (Applied Biosystems, Foster City, CA, USA) in a total 

volume of 8 µl, using standard cycle parameters on an Applied Biosystems model 7700 

(Applied Biosystems, Foster City, CA, USA). Expression levels of hypoxanthine-guanine 

phosporibosyltransferase (HPRT) were used for normalization. Primers for HPRT, and Dio3 

were as follows: HPRT sense primer, 5’-TCCC TGGT TAAG CAGT ACAGCC-3’; HPRT 

anti-sense primer, 5’-CGAG AGGT CCTT TTCA CCAGC-3’, Dio3 sense primer, 5’-CGCT 

CTCT GCTG CTTCAC-3’; Dio3 anti-sense primer, 5’-TCTC CTCG CCTT CACT GTTGA-3’; 

HIF-1� sense primer, 5’-TACA GTGG CACT CACA GTCGGA-3’; HIF-1� anti-sense primer, 

5’-TGGC AGAC AGCT TAGG CTCCT-3’, VEGF sense primer, 5’-CAAA AACG AAAG CGCA 

AGAAA-3’; VEGF anti-sense primer, 5’-CGCT CTGA ACAA GGCT CACA-3’, TGF� sense 

primer, 5’-ACCT GCAA GACC ATCG ACATG-3’; TGF� anti-sense primer, 5’-CGAG CCTT 

AGTT TGGA CAGGAT-3’, Ptch1 sense primer, 5’-AGAC CAAC GTGG AGGA GCTG-3’; 
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Ptch1 anti-sense primer, 5’-CTCG ACTC ACTC GTCC ACCA-3’, Gli1 sense primer, 5’-CGTC 

ACTA CCTG GCCT CACA-3’; Gli1 anti-sense primer, 5’-CCCC CTGG CTGA AGCATAT-3’, 

Gli2 sense primer, 5’-CCGC ACCT ACAG CTTCGAG-3’; Gli2 anti-sense primer, 5’-GTTG 

CGTG TAGC TCCC TCTTG-3’, Gli3 sense primer, 5’-GCTC CAAC ATTT CCAACAC-3’; Gli3 

anti-sense primer, 5’-TGTG GGCT TGCT CTGT GAGG-3’. 

 

Western blot analysis 

To preserve the endogenous phosphorylation status, 1 ml cold 10% TCA in acetone 

containing 0.1% w/v DTT was added to frozen tissue sample and this was kept for 1 h at 

-80°C followed by stepwise increments in temperature: 20 min at -20°C, 20 min at 4°C and 20 

min at room temperature. The homogenates were mixed between all steps. Subsequently, the 

tissue homogenates were centrifuged at 10,000 rpm for 15 min and tissue pellets were 

washed with 1 ml 0.2% (w/v) DTT in acetone and vortexed for 10 min at room temperature. 

Centrifugation, washing and vortexing were repeated four times. Tissue pellets were freeze-

dried and homogenized in sample buffer (15% glycerol, 62.5 mM Tris (pH 6.8), 1% (w/v) SDS, 

2% (w/v) DTT, 0.01% (w/v) bromophenolblue) in a glass-potter. The homogenates were 

vortexed for 10 min, heated at 80°C for 5 min, sonicated for 10 min, and centrifuged at 10 000 

rpm for 15 min, after which the supernatant was stored at -80°C.  

Equal amounts of protein (10 �g for the analysis of p-p38; 20 �g for the analysis of p-JNK, 

ERK, pERK, p38; 100 �g for the analysis of SMAD2/3 and p-SMAD) were separated by 

electrophoresis (10% SDS-PAGE) and transferred to Hybond-ECL nitrocellulose membranes. 

Membranes were blocked for 1h at room temperature with 1% BSA in Tween-Tris-buffered 

saline (TBS-T; 20 mMl Tris–HCl pH 7.6, 137 mM NaCl, 0.1% Tween) and immunostained 

overnight at 4°C with primary mouse monoclonal antibodies against SMAD2/3 (dilution 1:1000; 

3102 Cell Signaling, Danvers, MA, USA), p-SMAD (dilution 1:1000; 3108 cell signaling), p38 

(dilution 1:1000; 9212 Cell Signaling, Danvers, MA, USA), p-p38 (dilution 1:500; sc-17852-R 

Santa Cruz), ERK (dilution 1:1000; 9202 Cell Signaling, Danvers, MA, USA), p-ERK (dilution 

1:500; 91065 Cell Signaling, Danvers, MA, USA) or p-JNK (dilution 1:500; 9255 Cell 

Signaling). After washing with TBS-T blots were incubated for 1h at room temperature with the 

appropriate secondary horseradish-peroxidase-labeled antibody (dilution 1:1000; goat anti 

mouse p0447 or goat anti rabbit p0448; Dako, Glostrup, Denmark), and bands were visualized 

using luminol solution (6.7 nM p-hydroxy-coumaric acid (Sigma-Aldrich St. Louis, MO, USA), 

1.25 mM sodium luminol (Sigma-Aldrich St. Louis, MO, USA), 100 mM Tris-HCl pH 8.6, 0.03% 

hydrogen peroxide) and a Fuji Film LAS 3000 laser densitometer (Fuji Medical Systems). All 

signals were quantified using AIDA Image Analyzer v4.21 and normalized to �-actinin (dilution 

1:1000; x Sigma-Aldrich St. Louis, MO, USA) or actin (dilution 1:1000; A3853 Sigma-Aldrich 

St. Louis, MO, USA) stained on the same blots. 
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Western blot analysis of HIF-1� was performed by Dr. J. Fandrey and Dr. S. Frede of the 

Institut für Physiologie, Universitätsklinikum. Nuclear proteins were extracted using the 

NE-PER Nuclear and Cytoplasmic Extraction Reagents (Pierce Biotechnology, Rockford, IL, 

USA). Of each sample, 30 �g of protein was separated by SDS-PAGE. Membranes were 

blocked with 5% non-fat dry milk in TBS-T and immunostained overnight at 4°C with primary 

mouse monoclonal antibodies against HIF-1 (dilution 1:500; NB100-449 Novus Biologicals, 

Littleton, CO USA).  

 

Statistics 

Data analysis was performed with GraphPad Prism version 5.01 for Windows (GraphPad, 

San Diego, CA, USA). Where appropriate, two-way ANOVA followed by Bonferroni post hoc 

test and one-way ANOVA for the MI groups as a function of time was used. Data of untreated 

mice were included in the two-way ANOVA analysis of selected parameters where indicated. 

Significance was accepted when P<0.05. Data are presented as means ± SEM. 

 

 

Results  

Early remodeling after MI 

MI resulted in LV dilation and impaired LV function from day 3 onwards. Echocardiographic 

analysis indicated increased LV end-diastolic and end-systolic diameters already after 3 days 

and the degree of LV dilation only slightly progressed further over the 1-week period (Fig. 1A 

and 1B). Hypertrophy of the noninfarcted area resulted in increased LV weight, despite tissue 

necrosis resulting from the infarction that was evidenced by the slightly reduced LV anterior 

wall thickness (Fig. 1C; Table 1). The lung wet to dry weight ratio, an indication for pulmonary 

congestion, was not affected, although there was a significant main effect of MI on RV weight 

across all time points, indicating RV hypertrophy (Table 1). 

The LV remodeling goes together with dysfunction; already 3 days after MI impaired 

contractility was indicated by reductions of fractional shortening, dP/dtp30, and a small 

reduction of the LV end-systolic pressure (Fig. 1D, 1E and 1F). Fractional shortening was 

already maximally reduced at day 3, but the dP/dtp30 did deteriorate further between day 3 and 

7. Similarly, impairment of diastolic function, reflected in increases of the � and the LV end-

diastolic pressures, became significant at day 5 and 7 respectively (Fig. 1G; Table 1). Heart 

rates were not different between sham and MI mice over the 1-week period (Table 1). 

Plasma T4 was decreased at 3 and 5 days after sham and MI surgery in comparison with T4 

levels at 4 and 8 weeks after sham surgery from an earlier study, which are considered as 

normal values (Fig. 1H). Plasma T3 also tended to be decreased at 3 and 5 days after sham 

surgery compared to normal values, and after MI surgery at all time points (Fig. 1I). 
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Figure 1. See previous page. Time course of LV remodeling at 3, 5, and 7 days after MI or sham surgery; LV end diastolic 

diameter (EDD; A), LV end systolic diameter (ESD; B), LV weight (C), fractional shortening (FS; D), rate of pressure 

development dP/dtp30 (E), LV end systolic pressure (ESP; F), time constant of ventricular relaxation (�; G). Plasma T4 (H) 

and T3 (I) levels. Plasma levels of mice at 4 and 8 weeks after sham surgery are used as control values in H and I. Values 

are means ± SEM, two-way ANOVA followed by Bonferroni’s post hoc test: *, P<0.05 vs. sham at the corresponding time 

point and †, P<0.05 vs. control; one-way ANOVA of sham or MI groups as a function of time followed by Bonferroni’s post 

hoc test: §, P<0.05 vs. MI 3 days and ‡, P<0.05 vs. sham 5 days.  

 

Table 1. Cardiac remodeling at 3, 5, and 7 days after myocardial infarction. 

 3 days 5 days 7 days 

RV weight/TL (mg/cm)  
sham      
MI* 

 
13±1 
14±1 

 
(12) 
(13) 

 
15±1 
17±2 

 
(9) 
(12) 

 
13±1 
16±1 

 
(8) 
(11) 

Lung wet/dry ratio  
sham           
MI 

 
6.8±0.8 
7.2±0.8 

 
(12) 
(13) 

 
6.0±0.3 
6.0±0.2 

 
(9) 
(12) 

 
6.2±0.9 
5.7±0.1 

 
(8) 
(7) 

Heart rate (bpm)  
sham            
MI 

 
546±12 
530±19 

 
(12) 
(13) 

 
547±14 
536±11 

 
(9) 
(12) 

 
539±17 
485±19 

 
(8) 
(11) 

ED anterior wall thickness (mm)    
sham                  
MI 

 
0.8±0.1 

<0.6 

 
(12) 
(13) 

 
0.9±0.1 

<0.6 

 
(9) 
(12) 

 
0.7±0.1 

<0.6 

 
(8) 
(11) 

ED posterior wall thickness (mm)      
sham                      
MI 

 
0.8±0.1 
0.7±0.1 

 
(12) 
(13) 

 
0.8±01 
0.7±0.1 

 
(9) 
(12) 

 
0.8±0.1 
0.8±0.1 

 
(8) 
(11) 

ES anterior wall thickness (mm)       
sham                      
MI 

 
1.0±0.1 

<0.6 

 
(12) 
(13) 

 
1.0±0.1 

<0.6 

 
(9) 
(12) 

 
1.0±0.1 

<0.6 

 
(8) 
(11) 

ES posterior wall thickness (mm)      
sham                      
MI 

 
1.0±0.1 
0.8±0.1 

 
(12) 
(13) 

 
0.9±0.1 
0.7±0.1 

 
(9) 
(12) 

 
0.9±0.1 
1.0±0.1 

 
(8) 
(11) 

LV end-diastolic pressure (mmHg)      
sham                      
MI* 

 
1.9±0.3 
7.0±2.0 

 
(7) 
(9) 

 
0.6±0.6

c
 

6.7±2.0 

 
(3) 
(7) 

 
4.0±1.0 

13.4±2.0
a
 

 
(4) 
(8) 

Diastolic aortic pressure (mmHg)      
sham                      
MI 

 
58±3 
52±3 

 
(9) 
(10) 

 
55±3 
53±4 

 
(4) 
(8) 

 
57±5 
53±3 

 
(6) 
(9) 

Systolic aortic pressure (mmHg)      
sham                      
MI* 

 
83±2 
75±3 

 
(9) 
(10) 

 
81±4 
75±4 

 
(4) 
(8) 

 
84±4 
70±2

a
 

 
(6) 
(9) 

Mean aortic pressure (mmHg)      
sham                      
MI* 

 
70±3 
62±3 

 
(9) 
(10) 

 
67±4 
63±4 

 
(4) 
(8) 

 
70±4 
59±2 

 
(6) 
(9) 

dP/dtmax (mmHg/s)      
sham                      
MI* 

 
7643±399 

5248±262
a,b

 

 
(7) 
(9) 

 
8476±519 

4428±442
a,b

 

 
(3) 
(7) 

 
7416±424 
3241±229

a
 

 
(4) 
(8) 

dP/dtmin (mmHg/s)      
sham                      
MI* 

 
-7630±382 

-4691±440
a,b

 

 
(7) 
(9) 

 
-9321±253 
-3759±359

a
 

 
(3) 
(7) 

 
-6750±926 
-2511±186

a
 

 
(4) 
(8) 

Values are means ± SEM (n). ED, end-diastolic; ES, end-systolic; TL, tibia length. 

*Two-way ANOVA followed by Bonferroni’s post hoc test, P<0.05 main effect of MI vs. sham across all time points. 

a
Two-way ANOVA followed by Bonferroni’s post hoc test, P<0.05 vs. corresponding sham. 

b
One-way ANOVA of MI groups as a function of time followed by Bonferroni’s post hoc test, P<0.05 vs. 7 d MI. 

c
One-way ANOVA of sham groups as a function of time followed by Bonferroni’s post hoc test, P<0.05 vs. 7 d sham. 
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DIO3 expression during early remodeling after MI 

In LV of control mice which did not undergo surgery, DIO3 activity was barely detectable, 

but surgery resulted in a striking induction of DIO3 activity, although not significant for sham 

mice. There was no indication of elevated DIO3 activity any more at 5 days after sham 

surgery, but DIO3 activity remained elevated after MI surgery and reached significance again 

at 7 days after MI (Fig. 2A). The temporal pattern of DIO3 activity seemed comparable with 

that of Dio3 mRNA levels, although differences in Dio3 mRNA expression did not reach 

statistical significance (Fig. 2B). 

Even though DIO3 activity was not significantly increased in sham compared to controls, 

the concurrent elevation of Dio3 mRNA levels at day 3 is in support of an effect of surgery on 

DIO3 activity, which may have added to the effect of MI on DIO3 activity at this timepoint.  
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Figure 2. DIO3 expression after MI or sham surgery. Time course of DIO3 enzyme activity (A) and Dio3 mRNA (B) 

expression in remote LV at 3, 5, and 7 d after surgery. DIO3 activity in mice without surgery (0.006 ± 0.006 fmol/min/mg) is 

used as control in A. Values are means ± SEM, two-way ANOVA followed by Bonferroni’s post hoc test: *, P<0.05 vs. sham 

at the corresponding time point and †, P<0.05 vs. control.  

 

HIF-1� pathway during early remodeling after MI 

Protein expression of the potential DIO3-regulator HIF-1� was analyzed by Dr. J. Fandrey 

and Dr. S. Frede of the Institut für Physiologie, Universitätsklinikum Essen using Western 

blotting. However, no differences in HIF-1�-levels between sham and MI mice were found 

(Fig. 3A). Neither were there changes in mRNA expression of the well-described HIF-1� target 

gene vascular endothelial growth factor (VEGF) (Fig. 3B). 

 

Shh signaling pathway during early remodeling after MI. 

The Shh signaling pathway was analyzed by measurement of the mRNA expression of 

patched-1 (Ptch1) receptor and the downstream Gli transcription factors. No changes were 

found after MI in the mRNA expression of any of these Shh sigaling pathway components (Fig. 

4A through 4D).  
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Figure 3. (A) HIF-1� protein expression in remote LV at 7 d after MI or sham surgery. (B) mRNA expression of the HIF-1� 

downstream target VEGF at 3, 5, and 7 days after MI or sham surgery. Values are means ± SEM; n= 4 for 3 and 5 days 

sham and n= 3 for 7 days sham and n= 4 for MI, two-way ANOVA: n.s. 
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Figure 4. Analysis of Shh pathway in remote LV at 3, 5, and 7 d after MI or sham surgery. mRNA expression of Gli1 (A), 

Gli2 (B), Gli3 (C), and Ptch1 (D). Values are means ± SEM, two-way ANOVA: n.s. 

 

TGF� pathway during early remodeling after MI  

ANOVA analysis showed that there was a significant main effect of MI on TGF� mRNA 

expression across all time points (Fig. 5A). However, TGF� did not show a significant increase 

after MI per time point, although the effect seemed most pronounced at 5 days after MI. TGF� 

signals through the SMAD family, but neither t-SMAD, p-SMAD, nor the phospo/total-SMAD 

ratio was increased (Fig. 5B, 5C and 5D). 
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Figure 5. (A) TGF� mRNA expression in remote LV at 3, 5, and 7 d after MI or sham surgery. Total SMAD protein 

expression (B) and phosphorylation levels (C, D) normalized to actin in remote LV at 3, 5, and 7 d after MI or sham surgery. 

SMAD protein expression in similarly aged mice without surgery (n= 4) is indicated is used as control in B-D. Values are 

means ± SEM; for A n= 9 for 3 days sham, n= 5 for 5 days sham, n= 3 for 7 days sham, n= 8 for 3 days MI, n= 7 for 5 and 7 

days MI; B-D: n= 4 for sham and MI, two-way ANOVA followed by Bonferroni’s post hoc test: a significant main effect of MI 

across all time points is indicated by #. 

 

MAPK pathways during early remodeling after MI 

Analysis of MAPK pathways showed that p38 expression was enhanced after MI: there was 

a significant main effect of MI on both t-p38 and p-p38 across all time points (Fig. 6A and 6B). 

Post hoc testing showed a significant increase of t-p38 at 3 days after MI compared to control.  

Although no significant increase of the phospho/total-p38 ratio was found, the data are 

suggestive of a trend towards an increase (Fig. 6C). 

Expression of t-ERK1/2 was also increased significantly at 5 and 7 days after MI (Fig. 6D). 

There was also a trend of increased p-ERK1/2 levels, but to a lesser extent than those of 

t-ERK1/2, which resulted in a significantly decreased ratio of phospho/total-ERK after MI (Fig. 

6E and 6F). In accordance with the significant upregulation of t-ERK at 5 days after MI the 

decreased phospho/total-ERK ratio seemed most pronounced at 5 days after MI, although 

post-hoc testing did not show a significant decrease per time point.  

pJNK expression was not changed after MI (Fig. 6G). 
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Discussion 

Several studies have reported an induction of the TH-inactivating enzyme DIO3 in animal 

models of heart failure.2-6 This supports the general hypothesis that cardiac TH signaling is 

impaired in the process of ventricular hypertrophy and the subsequent development of heart 

failure.1 However, the mechanism behind this DIO3 induction is unknown and there are no 

reports on DIO3 expression during the first week of remodeling after a pathologic stimulus. 

Therefore, the first aim of this study was to investigate the time course of DIO3 induction 

during the first week of cardiac remodeling after MI, and the second aim was to identify 

potential pathways regulating DIO3 induction. Induction of DIO3 activity was found as early as 

three days after MI, and was associated with small increases in total and phospho p38 MAPK 

protein expression and TGF� mRNA expression suggesting a role for these signal 

transduction components in the regulation of DIO3 induction after MI. 

Already at three days after MI, LV remodeling and dysfunction were evident and this 

proceeded between day 3 and 7. Also DIO3 expression was induced as early as three days 

after MI. After sham surgery, DIO3 expression seemed to be modestly increased as well at 

day 3, which may have contributed to the MI effect. Yet in contrast to MI this increase of DIO3 

expression was transient in sham as it was no longer observed at day 5 and 7.  

The increase of cardiac DIO3 activity after sham surgery in the present study resembles the 

small effect on DIO3 activity that was found in the liver of mice that underwent sham surgery in 

a study on liver regeneration.18 The mechanism underlying the upregulation of DIO3 after 

sham surgery is unknown, although it can be excluded in the present study that it resulted 

from anesthesia, since DIO3 induction was not observed in anesthetized control mice without 

surgery. A possible cause of the transient elevation of DIO3 activity is an inflammatory 

response to surgery.44 Surgical stress as well as the acute phase of critical illness are known 

to rapidly affect peripheral TH metabolism involving reduced conversion of T4 to T3 and 

possibly also increased inactivation of T4 and T3 by DIO3 activity. Cytokines have been 

suggested to play a role in this acute form of the so-called non-thyroidal illness syndrome 

(NTIS)44 and in a recent in vitro study IL-6 was indeed shown to interfere with DIO1 and DIO2 

activity, while stimulating DIO3 expression.45 The NTIS following surgery is typically transient, 

also in human cardiac surgery,46 and this is also what we observed (Fig. 1H and 1I). The 

transient increase in cardiac DIO3 expression in the sham-operated mice is therefore most 

likely linked to the mechanism of NTIS. A contribution of this cardiac DIO3 activity to the 

decrease in plasma TH levels is however doubtful, given the low absolute levels of this 

activity. 

The stably increased DIO3 activity in MI was not accompanied by a sustained decrease in 

plasma T3 and T4 levels, indicating that the mice do not suffer from chronic NTIS, a condition 

that is associated with critical illness and which is characterized by permanently decreased 

plasma TH levels. During NTIS differential tissue specific changes in TH metabolism occur44 
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and induction of DIO3 in human liver and skeletal muscle was found as part of a general 

response in critically ill patients.47  

The DIO3 induction post-MI is potentially regulated by pathways involved in hypertrophy 

that have been shown to induce DIO3 expression in vitro, like the HIF-1� pathway, TGF� 

signaling, MAPK signaling, and the Shh signaling pathway. 
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Figure 6. Analysis of MAPK pathway in remote LV 

at 3, 5, and 7 d after MI or sham surgery. P38 (A, 

B, C), ERK (D, E, F), and JNK (G) protein 

expression and phosphorylation normalized to 

�-actinin in remote LV at 3, 5, and 7 d after MI or 

sham surgery. Protein expression in mice without 

surgery is used as control in A-G. Values are 

means ± SEM, two-way ANOVA followed by 

Bonferroni’s post hoc test: *, P<0.05 vs. sham at 

the corresponding time point and †, P<0.05 vs. 

control; a significant main effect of MI across all 

time points is indicated by #. 
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No changes in HIF-1� protein expression or mRNA expression of its downstream target 

VEGF were found after MI. Possibly, HIF-1� expression in the remote area of the LV is not 

present in the first week of remodeling. Earlier studies that have reported upregulation of 

HIF-1� within the first week after MI generally found HIF-1� in the infarct or peri-infarct 

zone.9;11 Similarly, no changes were found in Shh signaling in the remote LV after MI, although 

Kusano et al. found increased Shh at 4 days after MI in mice.28 It was not reported in which 

area of the  

heart the Shh expression was found, but upregulation of the hedgehog receptor Ptch1 

expression was reported in the area surrounding the ischemic part of the myocardium. 

However, analysis of Shh signaling in the infarcted area of a limited number of samples in the 

present study did not indicate upregulation of the pathway in this region either (data not 

shown). 

TGF� mRNA expression was increased after MI, but although TGF� acts mainly through 

SMAD signaling and SMAD was one of the factors necessary for hDio3 gene activation in 

human lung fibroblast,7 SMAD signaling was not found to be changed after MI in this study. 

However, TGF� can also activate SMAD-independent pathways via TGF�-activated kinase 1 

(TAK1), like the TRAF6-TAK1-JNK/p38 cascade and the RAS-MEK1/2-ERK cascade.37;48 

Indeed, hDio3 gene activation by TGF� in human lung fibroblasts was dependent on p38 and 

ERK.7 The TGF�-TAK1-p38 MAPK pathway was activated after MI in rats.31 TAK1 expression 

was not analyzed in this study, but t-p38 and p-p38 MAPK were increased after MI and this 

allows the involvement of the TGF�-p38 MAPK pathway in the induction of DIO3 activity after 

MI. The p38 MAPK pathway may however also act independently from TGF�, as well as 

through TGF� expression. For instance, it has been shown that angiotensin II can stimulate 

TGF� expression via p38 MAPK.49 

Changes in TGF� mRNA and p38 protein expression were not observed in the sham, 

which implies that these pathways are not involved the suggested increase of DIO3 

expression in this group. The possible transient effect of sham surgery on DIO3 expression 

may have contributed to the DIO3 induction in MI though other mechanisms. 

Of the other MAPKs, p-JNK was not changed after MI whereas t-ERK was upregulated but 

p-ERK remained unchanged. It is therefore not likely that they are involved in the induction of 

DIO3 activity. The absence of changes in p-JNK and p-ERK levels is in contrast with several 

other studies were expression levels of these MAPKs were shown to be upregulated after MI. 

Although induction within the timeframe of our study was also reported by others, the time 

course of expression differs between the studies. Both transient inductions lasting hours33;34 to 

days31;50 or weeks, starting shortly (1 day) after MI were reported, as well as inductions 

starting late (weeks)50 after MI. Differences between the models, in for example infarct size, 

might influence the time course of MAPK signaling. This may be the reason that we did not 

find changed expression levels of p-JNK and p-ERK in this study. 
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Although significant overall effects of MI on total and phospho p38 MAPK protein 

expression and TGF� mRNA expression were found, post hoc testing did not show 

significance for the relatively small increases per time point at these sample sizes. A possible 

cause for these small differences may be the heterogeneous expression pattern of DIO3 by 

cardiomyocytes throughout the remote LV, which was demonstrated by histochemical analysis 

in an earlier study (Chapter 3).2 If an increased expression of p38 MAPK protein and TGF� 

mRNA is associated with DIO3 expression, a variable population of DIO3 expressing cells may 

lead to enhanced variability of p38 MAPK protein and TGF� mRNA levels. Furthermore, the 

non-DIO3 expressing cells would lead to dilution of p38 MAPK protein and TGF� mRNA levels 

in LV homogenates. Together with the technical limitations of Western blot analysis this may 

have hampered the detection of small changes in expression of p38 MAPK protein and TGF� 

mRNA and may also have caused the absence of major changes in expression of the other 

potential regulators of DIO3 that were investigated in this study. An alternative explanation for 

the difficulty of identifying DIO3-regulators may be that DIO3 is induced by a combination of 

multiple pathways that individually show only small changes in activity. Consequently, the 

tested components that showed no significant changes after MI can not be rejected as 

regulators of DIO3 after MI. In situ analyses may prove a more suitable approach for future 

studies to demonstrate a correlation on cellular level between these signaling components and 

DIO3 expression. One of the pathways that would be of interest to include in these studies is 

the Wnt/�-catenin pathway, which is involved in hypertrophy and pathological cardiac 

remodeling51-54 but which has recently been shown to also induce DIO3 expression 

(unpublished data presented at the International Thyroid Congress 2010).55 Also HIF-1�, 

which is a generally difficult target to detect, is still of specific interest since DIO3 induction in a 

rat model of RV hypertrophy and failure was associated with enhanced HIF-1� signaling.4 The 

difficulty of HIF-1� detection could be overcome by analysis of HIF-1�-dependent transcription 

activity.  

In conclusion, this study showed induction of DIO3 activity early in remodeling after MI. 

DIO3 activity and mRNA expression seemed transiently increased at 3 days after sham 

surgery but remained elevated after MI. The observed increased expression of TGF� mRNA 

and p38 MAPK protein may be involved in DIO3 induction after MI, possibly via the TGF�-

TAK1-p38 pathway. The upregulation of these regulatory components was however modest, 

and the possible involvement in DIO3 regulation should be further investigated with a more 

sensitive techniques than Western blotting, preferably at a cellular level. Also HIF-1� should 

be considered for further study, as well as other possibilities not covered in this study, like 

Wnt/�-catenin signaling and other growth factors. 
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Abstract 

Left ventricular (LV) remodeling occurs after myocardial infarction (MI) and one of the early 

characteristics of this process is the induction of the thyroid hormone inactivating enzyme type 

III deiodinase (DIO3). DIO3 activity is stably expressed in the remote, noninfarted area and 

leads to a cardiomyocyte–specfic hypothyroid condition with concomitant changes in gene 

expression. A candidate regulator of DIO3 expression is hypoxia-inducible factor 1� (HIF-1�), 

which was also shown to be associated with increased DIO3 activity in advanced pathological 

remodeling of the right ventricle. In this study we investigated if HIF-1 signaling may also be 

involved in the early regulation of DIO3 induction following MI, given the known upregulation of 

cardiac HIF-1� by triggers other than hypoxia. Using a highly responsive HIF-1 reporter 

plasmid, in vivo analysis showed an average 3.2 fold increase of HIF-1-dependent 

transcription activity in the remote LV at 5 days after MI. This activity correlated significantly 

with the level of Dio3 mRNA expression, as well as with the degree of LV dilation and 

reduction of fractional shortening. In vitro analysis of mouse Dio3 promoter fragments of 193 

bp up to 5984 bp in length in C2C12 muscle cells showed a maximal 2.5-fold HIF-1-dependent 

stimulation of promoter activity using desferrioxamine, a stimulator of HIF-1� expression. 

Although this analysis indicated HIF-1-activation of Dio3 transcription, mediated by a region 

located between -505 and -193 bp of the Dio3 promoter, the degree of responsiveness was 

insufficient to detect transcriptional activation of the promoter following MI when analyzed by in 

vivo transfection. 

These results show the HIF-1-responsiveness of the mouse Dio3 promoter and support a 

role for stimulation of HIF-1� and concomitant HIF-1 signaling in the early induction of DIO3 

expression following MI.  
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Introduction 

After myocardial infarction (MI), left ventricular (LV) remodeling occurs to maintain cardiac 

function, but this may eventually lead to heart failure.1-3 We showed earlier that the thyroid 

hormone (TH) inactivating enzyme type III deiodinase (DIO3) is induced during cardiac 

remodeling from 3 days after MI and lasting at least for 8 weeks (Chapters 3 and 54). The 

DIO3 induction after MI was shown to correspond with reduced tissue T3-levels and impaired 

TH signaling, possibly contributing to impaired cardiac function through changes in the 

expression of T3-dependent genes (Chapter 34). Stimulation of post-MI DIO3 expression is at 

least in part transcriptional, but identification of regulator(s) has so far been inconclusive 

(Chapter 5). Based on earlier studies, a principal candidate regulator is hypoxia-inducible 

factor 1� (HIF-1�),5 which together with the constitutively expressed HIF-1� subunit forms the 

HIF-1 complex.6;7 HIF-1� is continuously degraded during normoxia but is stabilized during 

hypoxia and HIF-1 typically activates the transcription of genes involved in stimulation of 

vascularization and reduction of energy metabolism to counteract the effects of hypoxia.8 In 

vitro studies have shown that also DIO3 expression is stimulated by hypoxia in various cell 

types, including neonatal cardiomyocytes.5 The cellular hypothyroid condition and concomitant 

reduction of energy turnover resulting from DIO3 activity is considered a plausible aspect of 

the adaptive HIF-1 response to hypoxia. In addition, a direct interaction between HIF-1� and 

the human DIO3 promoter was shown. Furthermore, high expression of DIO3 in a rat model of 

advanced right-ventricular remodeling was associated with increased ventricular HIF-1� 

protein levels, which were thought to be related to hypoxia of the hypertrophic 

cardiomyocytes.5  

Whether upregulation of HIF-1� plays a role in the rapid transcriptional activation of DIO3 

expression in the mouse model of MI is not known, but it is feasible given the results of studies 

on various rodent models of MI. HIF-1� protein was shown to be induced early after MI in the 

infarct region (24 h),9 as well as in the peri-infarct region (6 to 24h),9-11 and increased HIF-1� 

expression reduced infarct size,9;12 increased capillary density,9;12 and improved cardiac 

function.9;13 Importantly, MI was also shown to lead to a rapid increase in HIF-1� expression in 

the noninfarcted region (2h with a peak at 24h).14 Apart form hypoxia, cardiac HIF-1� can also 

be stabilized by other factors, including mechanical stress involving stretch-activated 

channels,14-17 and this may underlie the rapid response of the noninfarcted area of the 

hemodynamically overloaded ventricle. A similar rapid induction of HIF-� expression was 

demonstrated in the mouse heart during pressure overload induced by transverse aortic 

constriction.18  

In the present study we therefore set out to investigate in more detail the possibility that 

HIF-1� is involved in the early transcriptional regulation of post-MI DIO3 induction. To 

circumvent the technical limitations of Western blotting and mRNA analyses of HIF-1� 

signaling encountered in Chapter 5, DNA injection of a reporter plasmid containing multiple 
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hypoxia-response-elements was used to directly assess HIF-1 signaling in the post-MI LV in 

vivo. The aims of this study were firstly, to test the possible correlation between HIF-1 

signaling and DIO3 expression, secondly, to examine the suggested HIF-1-dependent 

stimulation of the mouse Dio3 promoter in vitro, and thirdly, to test the possibility of in vivo 

analysis of post-MI regulation of DIO3 transcription using synthetic Dio3 promoter-reporter 

plasmids.  

 

 

Methods 

Cell culture 

C2C12 mouse myoblast cells were cultured in DMEM (Lonza, Verviers, Belgium) 

supplemented with 10% FBS (GIBCO, Invitrogen, Carlsbad, CA, USA) and 100U/ml 

penicillin-streptomycin mixture (Lonza verviers, Verviers, Belgium). Cells were kept at 37°C, in 

a water saturated atmosphere consisting of 95% air-5% CO2.  

 

Animals 

A total of 85 male C57Bl/6J mice, aged between 11 and 13 weeks, entered the study of 

which 44 were used for the in vivo determination of HIF-1-dependent transcription activity and 

41 for the in vivo determination of DIO3-promoter activity. Of these mice, 23 died during or 

shortly after surgery (see section ‘surgical procedures’ for details). In 27 of the 41 animals that 

survived the MI surgery, the infarcted area was between 30 and 50% of the LV free wall. 

Luciferase activity was readily detectable in the remote area of the LV of 26 of these animals, 

and in the LV of all 21 sham operated animals. Only animals with an infarcted area >30% were 

included in the study, with the exception of Fig. 1C through 1F which also includes data 

obtained with animals having infarcted areas smaller than 30%. Housing of animals, and all 

experiments complied with the Guide for Care and Use of Laboratory Animals of the National 

Institutes of Health (NIH Publication No. 86-23, Revised 1996) and were approved by the 

Institutional Animal Care and Use Committee of VU University Medical Center Amsterdam. 

 

Plasmids 

The pLuc-c and pRen-c plasmids contain the Firefly (FLuc) and Renilla (RLuc) luciferase 

genes, respectively, both driven by the 141-bp skeletal muscle-specific sarco/endoplasmic 

reticulum Ca2+-ATPase (SERCA1) minimal promoter.19 

 The HIF-1 responsive plasmid pLuc-HRE contains a FLuc reporter gene controlled by five 

copies of a HIF-1 consensus sequence of the human vascular endothelial growth factor 

(VEGF) promoter.20 This plasmid was originally named 5xHREpGL3, but was renamed in this 

study for clarity. The luciferase reporter pXP2 plasmids containing fragments of different 

lengths of the mouse Dio3 promoter, spanning from 193 to 5984 bp relative to the DIO3 
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transcription start site (named pLuc-mDio3-193, -505, -3807, -5894) were a gift of Dr. A. 

Hernandez, Department of Medicine, Dartmouth Medical School, Lebanon, NH, USA. To 

increase the accuracy of the determination of in vivo Dio3-promoter activity, a dual-reporter 

plasmid pdV-mDio3-1443 was constructed by inserting mDio3-1443 in the dual-reporter 

plasmid pdV-0 (see Chapter 2). The latter is a control plasmid containing FLuc and RLuc 

genes, driven by the 141-bp skeletal muscle–specific SERCA1 minimal promoter. The 

BamHI/BglII fragment from pLuc-mDio3-1443, containing the 1443 bp Dio3 promoter 

fragment, was inserted in BglII cut pdV0, replacing the minimal promoter driving the Luc gene. 

For the construction of plasmids DNA fragments were ligated in the plasmid backbone using 

T4 DNA ligase (Biolabs, Ipswich, MA, USA), and transformed into DH5� cells in SOC medium 

(bacto-tryptone, yeast, 8.6 mM NaCl, 2.5mM KCl, 20mM glucose, pH7) with a heat shock of 45 

seconds at 42°C. Plasmids were isolated with a Plasmid Maxi kit (Qiagen, Hilden, Germany) 

according to the manufacturer’s instructions, resulting in an average yield of 500-1000 �g/200 

ml of culture and an average ratio of the absorbance at 260 and 280 nm of 1.6-1.8 as an 

indication of the purity. The orientation of the constructs was confirmed using restriction 

analysis.  

 

Surgical procedures 

Animals were randomly assigned to the sham-operated group or MI group, weighed, 

anesthetized with isoflurane, and intubated using a 24-gauge intravenous catheter with a blunt 

end. Mice were artificially ventilated with a mixture of O2 and air (1:2 (vol/vol)) to which 

isoflurane (2.5–3.0% (vol/vol)) was added at a rate of 90 strokes/min using a rodent ventilator 

(UNO Microventilator UMV-03; UNO BV, Zevenaar, The Netherlands) at an inspiratory 

pressure of 10 cm H2O and a positive end expiratory pressure of 4 cm H2O. The mouse was 

placed on a heating pad to maintain body temperature at 37°C. The chest was dehaired using 

Veet hair remover (Reckitt Benckiser; Parsippany, NJ, USA). MI was induced by permanent 

ligation of the left coronary artery (LCA) as described previously.21;22 

 A thoracotomy was performed through the fourth left intercostal space, and the proximal 

LAD was permanently ligated by passing a 7-0 silk suture mounted on a tapered needle 

(BV-1, Ethicon; Somerville, NJ) around the artery; after that the LV free wall was injected with 

plasmid. The LV wall was injected 2 times above the ligation using a 29-gauge needle with 10 

µl of saline containing 750 ng of pLuc-HRE and 350 ng of pRen-c per injection or containing 

100 ng of pdV-mDio3-1443 per injection. The thorax was then closed, and mice were given an 

intraperitoneal injection of 0.05 ml Temgesic (buprenorphine 3 �g/ml) prior to recovery. Sham-

operated animals underwent the same procedure except for occlusion of the LCA. At 5 days 

after the procedure, echocardiography was performed under anesthesia. Mice were sacrificed 

5 days after the procedure around the beginning of MI-induced DIO3 expression. 

Echocardiograms were obtained with an Aloka SSD 4000 echo device (Aloka; Tokyo, Japan) 
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using a 12-MHz probe. Images of the short axis were obtained in two-dimensional and 

M-mode settings with simultaneous echocardiographic gating. LV end-diastolic (EDD) and 

end-systolic diameters (ESD) were measured from the M-mode images using SigmaScan Pro 

5.0 Image Analysis software (SPSS; Chicago, IL). Fractional shortening [FS = (EDD - 

ESD)/EDD x 100%] were calculated. At the conclusion of each experiment, the heart and 

lungs were excised and tibia length was determined. The heart was dissected into LV infarct 

tissue including border zone; LV noninfarcted tissue; right ventricle (RV) and septum. All 

tissues were weighed and frozen in liquid nitrogen and stored at -80°C.  

 

Luciferase assays 

Cells were lysed in 100�l luciferase lysis buffer, and LV tissue samples were homogenized 

in 2 volumes of luciferase lysis buffer (Promega, Madison, WI, USA). The homogenates were 

centrifuged at 4°C for 10 minutes at 12,000 rpm. FLuc and RLuc activities were determined 

using a dual-luciferase assay (Promega, Madison, WI, USA). FLuc expression was normalized 

to RLuc expression to correct for differences in transfection efficiency between cell cultures in 

the in vitro experiments or between animals in the in vivo experiments. The success rate of the 

plasmid injections in the LV walls of the mice was 98% of the mice that survived surgery; in 

this percentage of the mice the FLuc and RLuc was readily detectable. 

 

Quantitative real-time PCR 

Total RNA was extracted from LV tissue using TriPure (Roche applied science, Basel, 

Switzerland) and was treated with DNaseI (Invitrogen). Two µg of total RNA was used to 

generate cDNA strands in a 20 µl reaction volume using the Cloned AMV First Strand 

Synthesis Kit (Invitrogen, Carlsbad, CA, USA). An equivalent of 25 ng of total RNA was 

subsequently used for the amplification with 50 or 100 nM gene-specific primers and 4 µl 

CYBR green-mix (Applied Biosystems, Foster City, CA, USA) in a total volume of 8 µl, using 

standard cycle parameters on an Applied Biosystems model 7700 (Applied Biosystems, Foster 

City, CA, USA). Expression levels of hypoxanthine-guanine phosporibosyltransferase (HPRT) 

were used for normalization. Primers for HPRT, and Dio3 were as follows: HPRT sense 

primer, 5’-TCCC TGGT TAAG CAGT ACAGCC-3’; HPRT anti-sense primer, 5’-CGAG AGGT 

CCTT TTCA CCAGC-3’, Dio3 sense primer, 5’-CGCT CTCT GCTG CTTCAC-3’; Dio3 

anti-sense primer, 5’-TCTC CTCG CCTT CACT GTTGA-3’. 

 

In vitro Dio3 promoter transcription activity measurements 

C2C12 cells at 50-80% confluence were transfected with jetPRIME transfection reagent 

(Polyplus-transfection Inc., New York, NY, USA) according to the manufacturer’s instructions. 

Cells were transfected with the plasmids in the following concentrations: 100 or 200 ng/ml 

pLuc-c and pRen-c, 252 ng/ml pLuc-mDio3-193, 263 ng/ml pLuc-mDio3-505, 300 ng/ml 
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pLuc-mDio3-1443, 397 ng/ml pLuc-mDio3-3807, 482 ng/ml pLuc-mDio3-5894, or 150 ng/ml 

pLuc-HRE. At 24h after transfection medium with or without 800 µM deferoxamine (DFO) was 

added to the cells (resulting in 0 or 400 µM DFO). After 24h, cells were washed with PBS and 

luciferase expression was determined in cell homogenates as described in the luciferase 

assays section.  

 

Statistics 

Data analysis was performed with GraphPad Prism version 5.01 for Windows (GraphPad, 

San Diego, CA, USA). Where appropriate one-way ANOVA followed by Bonferroni’s post hoc 

test comparing all groups with the control was used. Unpaired t testing was used for 

comparison of two groups, with Welch’s correction in case of unequal variances. The 

Pearson’s correlation was used for analysis of correlations. Significance was accepted when 

P<0.05. Data are presented as means ± SEM. 

 

 

Results:  

Remodeling after MI 

Table 1 summarizes the anatomical and functional cardiac parameters of the animals in 

which MI surgery induced infarct sizes of 30-50% of the LV free wall. MI resulted in LV 

hypertrophy, LV dilation and impaired fractional shortening at day 5 following surgery, 

essentially confirming the data obtained in Chapter 5. There was a small but significant 

increase in heart rate and RV weight, but the lung wet weight/dry weight ratio did not change.  

 

HIF-1-dependent transcription activity in vivo 

Injection of the mouse LV wall with a HIF-1-response plasmid was used to monitor with 

high sensitivity whether MI results in increased HIF-1 signaling. During the sham or MI surgery 

the free wall of the LV was injected with the response plasmid pLuc-HRE containing a 

promoter with five copies of a HIF-1-binding consensus sequence of the human VEGF 

promoter and a FLuc reporter gene.20 To correct for differences in transfection efficiency, a 

normalization plasmid (pRen-c)5 was co-injected. At day 5 following surgery the remote area of 

the infarcted LV and the LV of sham-operated animals were analyzed. MI resulted in an 

average 4.0 fold increase of Dio3 mRNA expression (Fig. 1A) and an average 3.2 fold 

increase of HIF-1-dependent transcription activity (Fig. 1B).  

As in previous studies, data on animals with small infarct sizes, i.e., <30% of the LV, were 

not included in the analyses of the data. This group of animals (n=9) expectedly showed small 

effects of MI on the parameters of remodeling, as well as on HIF-1 signaling and Dio3 mRNA 

expression. By combining these data with those presented in Fig. 1A and 1B, a range of  
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Table 1. Cardiac remodeling at 5 days after myocardial infarction. 

   total 

LV weight/TL (mg/cm)  
sham                   
MI 

 
53±1 
66±1

a
 

 
(21) 
(26) 

RV weight/TL (mg/cm)  
sham                     
MI 

 
14±0 
15±1

a
 

 
(21) 
(26) 

Lung wet/dry ratio     
sham                      
MI 

 
4.9±0.1 
4.8±0.1 

 
(21) 
(26) 

Heart rate (bpm)  
sham                      
MI 

 
529±8 
556±7

a
 

 
(21) 
(26) 

LV ED diameter (mm)       
sham                      
MI 

 
3.2±0.1 
4.6±0.1

a
 

 
(21) 
(26) 

LV ES diameter (mm)       
sham                      
MI 

 
1.7±0.1 
3.7±0.1

a
 

 
(21) 
(26) 

FS (%)       
sham                      
MI 

 
48±1 
20±1

a
 

 
(21) 
(26) 

ED anterior wall thickness (mm)       
sham                      
MI 

 
0.5±0.0 
0.4±0.0 

 
(21) 
(26) 

ED posterior wall thickness (mm)      
sham                      
MI 

 
0.5±0.0 
0.5±0.0 

 
(21) 
(26) 

ES anterior wall thickness (mm)       
sham                      
MI 

 
0.5±0.0 
0.4±0.0

a
 

 
(21) 
(26) 

ES posterior wall thickness (mm)      
sham                      
MI 

 
0.6±0.0 
0.5±0.0

a
 

 
(21) 
(26) 

Values are means ± SEM (n). ED, end-diastolic; ES, end-systolic; FS, fractional shortening; TL, tibia length. 

a
 t test with Welch’s correction in case of unequal variances, P<0.05 vs. corresponding sham.  

 

values was obtained allowing analysis of correlations between HIF-1-dependent transcription 

activity and parameters of LV remodeling, as well as Dio3 mRNA expression. The expanded 

set of data is presented in Fig. 1C through 1F. The degree of HIF-1-dependent transcription 

activity correlated significantly with the extent of diminished cardiac function as reflected by 

fractional shortening (Fig. 1C), and with the extent of LV remodeling as reflected by LV dilation 

(Fig. 1D and 1E). There was also a significant correlation between HIF-1-dependent 

transcription activity and Dio3 mRNA expression (Fig. 1F). 

 

Dio3 promoter activity in vitro 

The positive correlation between HIF-1-dependent transcription activity and Dio3 mRNA levels 

suggests transcriptional regulation of Dio3 expression by HIF-1, which is in line with the 

reported direct interaction between HIF-1� and the human DIO3 promoter.5 Therefore, we 

investigated if the mouse Dio3 promoter is also sensitive to HIF-1. C2C12 cells (mouse 
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Figure 1. HIF-1-dependent transcription activity (A) and Dio3 mRNA expression (B) in remote LV at 5 days after MI or 

sham-surgery. FLuc normalized to the activity of RLuc of the HIF-1 responsive plasmid pLuc-HRE and the non-responsive 

plasmid pRen-c (FLuc/RLuc ratio) indicates HIF-1-dependent transcription activity. Values are means ± SEM, sham: n= 12, 

MI: n=13, t test with Welch’s correction: *P<0.05 vs sham. Panels C through F show the relationship between the 

HIF-1-dependent transcription activity and parameters of LV remodeling and Dio3 mRNA expression. Data from mice with 

small infarctions, i.e., < 30% of the LV free wall were included in this analysis. (C) FLuc/RLuc ratio vs. fractional shortening 

(FS) of the LV, (D) FLuc/RLuc ratio vs. the end-diastolic diameter (EDD) of the LV lumen, (E) FLuc/RLuc ratio vs. the end-

systolic diameter (ESD) of the LV lumen, (F) FLuc/RLuc ratio vs. Dio3 mRNA expression. Panel C, D and E: n= 22, panel E: 

n= 17. 

 

myoblast) were transfected with the appropriate response plasmids and incubated with DFO to 

mimic hypoxia and stimulate HIF-1 signaling. DFO is an iron chelator that blocks prolyl 

hydroxylase activity, thereby preventing hydroxylation and degradation of HIF-1�. The HIF-1 

responsive plasmid pLuc-HRE was used as a positive control for HIF-1 signaling. Similar to 

the in vivo experiments (described above) a normalization plasmid (pRen-c), containing the 
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minimal PCR1 promoter and FLuc as reporter gene, was co-transfected. To correct for non-

specific effects of DFO on reporter expression, response plasmids pLuc-c and pRen-c, both 

driven by the minimal PCR1 promoter, were transfected and cells were stimulated with DFO. 

This resulted in a 2.2 fold increase of the FLuc/RLuc ratio (Fig. 2A) and all subsequent assays 

were corrected accordingly.  

C2C12 cells transfected with pLuc-HRE and pRen-c showed a 42-fold stimulation of the 

FLuc/RLuc ratio upon exposure to DFO, confirming simulation of HIF-1 signaling (Fig. 2A). 

Subsequently, cells were transfected with response plasmids (pLuc-mDio3) in which the FLuc 

gene is driven by fragments of different lengths of the mouse Dio3 promoter, ranging from 193 

to 5984 bp 5’ to the Dio3 transcription start site. Incubation with DFO resulted in a specific 1.7-

fold increase of the FLuc/RLuc ratio in cells transfected with the response plasmid containing 

the full-length Dio3 promoter construct (pLuc-mDio3-5894). As shown in Fig. 2B, similar levels 

of stimulation by DFO were found for the shorter promoter fragments, down to pLuc-mDio3-

505. However, the 2.5-fold stimulation of the -505 bp construct was lost completely upon 

deletion to -193 bp. These data indicate the presence of sequences in the region between -

193 and -505 that are critical for HIF-1 regulation of mouse Dio3 transcription. 
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Figure 2. DFO stimulation of HIF-1-dependent transcription activity and mouse Dio3 promoter activity in vitro. (A) Activity of 

pLuc-c cotransfected with pRen-c and pLuc-HRE cotransfected with pRen-c in the presence and absence of DFO in C2C12 

cells. (B) Mouse Dio3 promoter activity: activity of pLuc-mDio3 plasmids containing fragments of the mouse Dio3 promoter 

of different lengths ranging from 193 to 5984 bp 5’ to the transcription start site, cotransfected with pRen-c in the presence 

and absence of DFO in C2C12 cells. The response of the FLuc normalized to the RLuc in the absence of DFO was set at 1. 

Values are means ± SEM of two to four different experiments each performed with duplicate, triplicate, or quadruplicate 

cultures, total number of cultures of pLuc-mDio3–c and pLuc-mDio3-505 = 12 , of pLuc-mDio3-193 and pLuc-mDio3-3807 = 

8, of pLuc-mDio3-1443 and pLuc-mDio3-5894 = 11, and of pLuc–HRE = 9. Panel A t test: *P< 0.05 vs. 0 µM DFO, panel B 

one-way ANOVA of DFO-stimulated groups followed by Bonferroni’s post hoc test comparing all groups with the control 

(pLuc-mDio3-c): *P< 0.05 vs. control. 

 

Dio3 promoter activity in vivo 

Since HIF-1 activity correlated with Dio3 mRNA expression after MI, and the hypoxia 

mimetic DFO was able to increase the activity of the mouse Dio3 promoter in vitro, we next 

wished to analyze MI-dependent transcriptional regulation of the Dio3 promoter in vivo. The 
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ultimate aim of these experiments was to identify sequences critical for HIF-1 regulation of this 

promoter. An optimized plasmid combining pLuc-mDio3-1443 and pRen-c (pdV-mDio3-1443, 

see Materials and Methods) was used to test the feasibility of this approach. The mouse LV 

wall was injected with the pdV-mDio3-1443 plasmid during sham and MI operations and 

analyzed 5 days later. The Dio3 mRNA expression in the remote LV was induced 6.4 fold 

compared to sham (Fig. 3A), but activity of the mDio3-1443 promoter did not differ significantly 

between both groups (Fig. 3B).  
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Discussion 

This study demonstrates that HIF-1-dependent transcription activity is increased in the 

remote LV early after MI in mouse, and that this correlates significantly with the degree of LV 

dilation and diminished fractional shortening, as well as with Dio3 mRNA expression. 

Furthermore, HIF-1 signaling induced by DFO, stimulated mouse Dio3 promoter activity in 

vitro, suggesting that HIF-1 is a regulator of post-MI Dio3 expression in vivo.  

Earlier analysis of HIF-1� protein expression and mRNA analysis of its downstream target 

VEGF revealed no differences between sham and MI animals (see Chapter 5). This was 

suggested to be due to technical limitations of the methods used, in combination with the 

possibility that HIF-1 signaling was activated in a sub-population of cardiomyocytes. In the 

present study we were able to demonstrate convincingly that HIF-1� is induced in the remote 

tissue of the LV after MI using the more sensitive method of direct DNA injection of a reporter 

plasmid to monitor HIF-1-dependent transcription activity. Whereas increased HIF-1� 

expression after MI is mainly found in the infarct or peri-infarct area,9-11;23 our observation 

together with the studies of kakinuma et al.23 and Kim et al.14 shows that HIF-1� is also 

induced in the noninfarcted area.  

The induction of HIF-1� signaling in the noninfarcted, remodeling area may in principle be 

triggered in several ways. Ventricular dilation and concomitant eccentric, as well as some 

Figure 3 (A) Dio3 mRNA expression in remote 

LV at 5 days after MI or sham-surgery. (B) 

Dio3 promoter activity in the remote LV at 5 

days after MI or sham-surgery. The LV was 

injected with the pdV-mDio3-1443 plasmid at 

the time of surgery. FLuc is expressed relative 

to RLuc to correct for differences in 

transfection efficiency. The FLuc/RLuc ratio is 

a measure of Dio3 promoter activity. Values 

are means ± SEM, n=5, t test with Welch’s 

correction in case of unequal variances: 

*P<0.05 vs. sham. 
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concentric cardiomyocyte hypertrophy leads to a reduction of capillary density, whereas 

oxygen demand increases due to a higher wall tension and perfusion may diminish due to 

reduced contractility. This can result in a degree of hypoxia of the cardiomyocytes, particularly 

when progressive fibrosis and endothelial dysfunction further limit oxygen supply.24;25 

However, HIF-1� is not exclusively induced by hypoxia, but can also be induced under 

normoxic conditions.26-30 Particularly relevant is the induction of HIF-1� by mechanical stress, 

which was shown for skeletal muscle,15 vascular cells16;17 and cardiomyocytes.14 The rapid 

induction of HIF-1� in cardiomyocytes was mediated by stretch-activated channels signaling 

through the phosphatidylinositol-3-kinase pathway and was suggested to play a role in 

remodeling following MI.14 In line with this, HIF-� expression was rapidly induced in the LV 

following pressure overload of the mouse heart induced by transverse aortic constriction.18 

Which of the above mentioned mechanisms is primarily responsible for the observed 

induction of HIF-1 signaling at post-MI day 5 in the present study can not be concluded with 

certainty. Increased mechanical stress of the remote area is an immediate result of the loss of 

function due to MI and this trigger is the most likely explanation for the early induction of 

HIF-1�. Nevertheless, dilation and reduced contractility is already well evident at day 5 and 

although factors associated with advanced remodeling, such as fibrosis, will be absent, 

cellular hypoxia can not be ruled out as an additional trigger. This appears to be supported by 

the correlation between HIF-1 signaling and LV dilation, but this primarily reflects differences 

in infarct size, which will equally influence mechanical stress and hence HIF-1 signaling 

through that route.  

The observed correlation between HIF-1-dependent transcriptional activity and Dio3 mRNA 

expression is the first indication of a possible involvement of HIF-1 signaling in the early 

induction of DIO3 activity in the post-MI mouse LV. It was shown previously that HIF-1 

signaling strongly induces DIO3 activity in a number of cell types, including cardiomyocytes.5 

Furthermore, ChIP-analysis indicated a direct interaction between HIF-1� and the human 

DIO3 promoter in its genomic context.5 

 Potential HIF binding sites (HRE) are present in the human DIO3 promoter, but to what 

extent these mediate the HIF-1 response needs to be established. In line with the 

DFO-induced expression of DIO3 activity in various cell types, our analysis using mouse 

C2C12 cells showed that mouse Dio3 promoter-constructs are responsive to HIF-1 signaling. 

The all or none stimulation of the -193 bp and -505 bp constructs indicates that at least part of 

the HIF-1 response is mediated by this 312 bp region, which also harbors possible HRE 

sequences. However, the involvement of HIF-1 needs to be further established by additional 

studies involving mutagenesis of putative HRE sequences of the mouse Dio3 promoter.  

Our data on the expression of the transfected mDio3-1443 reporter plasmid in LV show that 

this in vivo approach can not be used to identify regulatory sequences involved in post-MI 

DIO3 induction. Heterogeneity of DIO3-expressing and non-expressing cardiomyocytes, as 
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well as the relatively low responsiveness of the construct are most likely the limiting factors. 

This limitation of in vivo analysis is also illustrated by the MI-dependent 3.2-fold stimulation of 

the HIF-1 response plasmid (pLuc-HRE), whereas a 42-fold stimulation by HIF-1 was found in 

C2C12 cells in vitro. 

With respect to the possible identification of regulatory sequences, it should be noted that 

HIF-1 signaling may also act indirectly, e.g., through the transcription factors DEC1 and 2, 

ETS-1, and NUR77.6;31 The mouse Dio3 promoter does not contain consensus sequences for 

such factors between -193 and -505 bp, but it can not be excluded that these factors come 

into play in the regulation of the full-length promoter. Regulation of Dio3 transcription is 

expected to be complex, involving distant sequences. For example, an enhancer of the Dio3 

gene has been identified 6 kb 3’ of the Dio3 start of transcription.32 Understanding 

transcriptional regulation of Dio3 will therefore require analysis of the genomic context of this 

gene. A final consideration with respect to the use of DFO is that although it is a validated 

stimulator of HIF-1 signaling, other effects can not be excluded. DFO is an iron chelator that 

blocks prolyl hydroxylase activity preventing hydroxylation of HIF-1� and its subsequent 

degradation, involving binding to the von Hippel-Lindau factor.33;34 Iron chelation can affect 

other enzymes and one study reported HIF-1-independent stimulation of apoptosis by DFO.35  

Taken together, the present study provides evidence that early in post-MI remodeling in the 

mouse, HIF-1 signaling is induced in the noninfarcted, remote area. The level of HIF-1 

signaling is furthermore correlated with the induction of Dio3 mRNA and the degree of LV 

remodeling, suggesting involvement of HIF-1 signaling in the early post-MI induction of DIO3 

activity. Further research is necessary to explore the HIF-1-dependent transcriptional 

regulation of the mouse Dio3 promoter which is suggested by the present data. 
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