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Tissue-specific regulation of thyroid hormone (TH) activity by deiodinases has been 

reported in numerous situations. Apart from the well known induction of type II deiodinase 

(DIO2) in brown fat during cold exposure, regulated expression of DIO2 and type III 

deiodinase (DIO3) has been shown in the development of the hypothalamic-pituitary-thyroid 

axis,1;2 the eye,3;4 the auditory system,5 bone,6 and the brain.7 Besides its role in adaptive 

physiology and during development, tissue-specific regulation of TH activity also appears to be 

involved in pathology, such as inflammation,8;9 critical illness,10 tissue injury repair,11;12 and 

cancer.13-16 This has led to the present view that local regulation of TH activity by regulated 

expression of deiodinases is critical in development, physiological adaptation as well as in 

pathophysiology.17-20 A recent example of the latter is the unexpected cardiac induction of 

DIO3 during ventricular remodeling and heart failure, which has been found in several animal 

models.21-24 However, many questions remained concerning this finding and its implications for 

pathological cardiac remodeling.  

The work described in this thesis was performed to gain more insight in DIO3 induction and 

its consequences during pathological cardiac remodeling following myocardial infarction (MI). 

The following unresolved questions were addressed:  

1. Is DIO3 induced in a mouse model of MI?  

2. What is the cellular origin of DIO3 expression?  

3. What are the consequences for cardiac TH metabolism and T3-dependent transcription 

activity?  

4. What is the time course of DIO3 expression relative to left ventricular (LV) remodeling?  

5. How is the induction of DIO3 regulated?  

6. Is DIO3 involved in the exercise-induced improvement of cardiac function following MI? 

7. Is DIO3 induced in human end-stage heart failure?  

This final chapter summarizes the results of these studies and discusses the findings and 

their implications. 

 

 

Methodological aspects  

The cardiac induction of DIO3 in several models of cardiac remodeling and heart failure 

suggests an effect of DIO3 on TH signaling.21-24 Although determination of total tissue T3 

levels may give a clear indication of the effect of DIO3 expression, it does not provide 

information on the nuclear availability of T3 and hence the physiological relevance. Therefore, 

T3-dependent transcription activity needs to be measured. This had been done in a rat model 

of right ventricular (RV) hypertrophy and failure using an in vivo T3-transcription assay. This 

method was refined and validated for the mouse as described in Chapter 2. A T3-responsive 

Firefly luciferase plasmid and a normalization Renilla luciferase plasmid were combined with 

the purpose to increase the accuracy of the measurement. Indeed, extensive in vitro analysis 
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as well as comparison of in vivo data with earlier results in rat heart showed substantially 

increased reproducibility using the pdV-TRE double plasmid compared to the combination of 

separate plasmids. T3-dependent transcription activity was assessed by direct injection of the 

plasmid in the LV wall of hypothyroid, euthyroid, and T3-treated hypothyroid mice, showing a 

marked dependency of normalized Firefly luciferase activity on plasma T3 levels. An 

experiment using fluorescent reporter genes for in situ analysis, performed later in this study, 

showed that 400-1500 cardiomyocytes of the free LV wall are transfected. Even though this is 

a small fraction of the total number of cardiomyocytes, positive cells were detected throughout 

the LV which ensures that the signal measured from the transfected cells is representative for 

the whole LV.  

With respect to the proposed hypothyroid condition of the heart and its role in pathological 

remodeling, T3-dependent transcription activity is the physiologically relevant parameter, which 

also takes into account the possible effects of other factors regulating TH signaling. 

Furthermore, since only cardiomyocytes in the heart take up the expression plasmid, it 

provides a method to accurately assess T3-dependent transcription activity in the 

cardiomyocyte in vivo. This method was subsequently used to analyze the impact of DIO3 

expression following MI on T3 signaling in the LV (Chapter 3) and in modified form to measure 

Dio3 promoter activity and hypoxia-inducible factor-1� (HIF-1�) signaling (Chapter 6). 

 

 

LV remodeling after MI  

Chapters 3 through 6 of this thesis describe different aspects of LV remodeling at various 

time points after MI, and despite minor differences between the experimental series, the 

combined data give insight into remodeling over an extended time course. This global picture 

of LV remodeling is displayed in Fig. 1 and is discussed in the next part.  

LV dilation was already present at day 3 after the onset of MI. The degree of dilation 

progressed further until day 7 and then remained stable. Despite tissue necrosis resulting from 

the infarction, which was evidenced by the slightly reduced LV anterior wall thickness, 

hypertrophy of the noninfarcted area resulted in unaltered or even increased total LV weight. 

Hypertrophic remodeling of the LV was further indicated by the increased CSA of 

cardiomyocytes in the remodeled, noninfarcted area of the LV, as well as from the increased 

expression of atrial natriuretic factor mRNA and increased collagen volume fraction 

determined at 1, 4, and 8 weeks after surgery.  

In addition to LV dilation, LV dysfunction was evident early on. At 3 days after MI 

contractility was impaired as indicated by reductions of fractional shortening, rate of rise of LV 

pressure at 30 mmHg (dP/dtp30), and a small reduction of the LV end-systolic pressure. 

Fractional shortening and the LV end-systolic pressure were both already stably decreased at 
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day 3, but the dP/dtp30 did deteriorate further between day 3 and 7 to remain stable from 1 to 8 

weeks after MI. Similarly, impairment of diastolic function was evidenced by the increased time 

constant of ventricular relaxation and LV end-diastolic pressure, which became significant at 

day 5 and 7, respectively, and remained elevated between 1 and 8 weeks after MI. The 

observed LV dilation and contractile dysfunction at 3 days after MI is in line with other 

studies,25-28 although dysfunction without LV dilation was reported in one study involving large 

infarct sizes (averaging 50% of the LV).29 A rapid onset of remodeling is furthermore evident 

from studies that report LV dilation and decreased fractional shortening as early as 1 day after 

MI, with infarct sizes of 30 – 50%.28;30-32  

The observed progression of LV dilation, reaching a plateau at 7 days after MI, 

corresponds to several previous studies,27;28;33;34 although others report continued dilation for 

up to 8 weeks after MI.27;29;35-38 In contrast, the decrease in LV function reported in all studies 

is maximal within 1 to 2 weeks, as also found in the present study.29;33-36;38 Differences 

between the time course of remodeling reported in the various studies, including our own, are 

not surprising given the differences in mouse strain, gender and age used in these studies.  

Although there are substantial data on LV remodeling after MI in mice, most studies 

examine LV remodeling either shortly after MI or at time points beyond 1 week. The present 

studies provide a combined analysis of early and late events, showing maximal changes in 

both structural remodeling and contractile properties within 1 week following MI.  

 

 

Expression of DIO3 in the remodeling LV 

DIO3 activity and mRNA expression were determined in sham-operated LV and in the 

noninfarcted, remodeling zone of the infarcted hearts between 3 days and 8 weeks following 

MI. The combined data described in Chapters 3, 5 and 6 are depicted schematically in Fig. 1. 

As in most adult tissues, DIO3 activity was barely detectable in the mouse heart. However, MI 

surgery resulted in a significant induction of DIO3 activity at day 3, followed by a transient 

decrease at day 5 and finally sustained induction from day 7 until at least 8 weeks after MI. As 

discussed in detail in Chapter 5, the apparent bi-phasic induction of DIO3 activity may be 

caused by an additional effect related to surgical stress. This effect, which was evident in the 

sham-operated group, is rapid and transient and only evident at day 3. It appears to be 

transcriptional in nature, since Dio3 mRNA levels followed a similar pattern. An induction of 

liver DIO3 activity at 2 days after sham abdominal surgery in mice has also been reported11 

and mechanisms related to inflammatory responses and cytokine action have been suggested 

to drive this.11;39;40 These mechanisms are also thought to account for the changes in 

peripheral TH metabolism which result in the transient decrease in plasma T4 and T3 levels 

seen in different forms of acute systemic stress, and which we also observed in both the MI 

and sham-operated groups (see also section on Plasma TH levels and cellular TH uptake).  
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Figure 1. Summary of temporal changes in LV remodeling and DIO3 activity/mRNA expression after MI (continuous lines), 

as well as changes in DIO3 activity/mRNA expression following sham surgery (dashed lines). LV EDD = left ventricular 

end-diastolic diameter, FS = fractional shortening.  

 

So far, only one study has reported induction of DIO3 activity following MI.24 A 12-week 

analysis of post-MI LV remodeling in the rat showed essentially similar pathological 

remodeling as observed in the mouse, i.e., chronic cardiac dysfunction with reduced ejection 

fraction and increased LV end-diastolic diameters. DIO3 activity was determined at 1 week 

following MI and strong induction was found with activity levels similar to those observed in 

mice in our studies. Additional time points and Dio3 mRNA levels were unfortunately not 

determined in the rat study. With respect to the latter, our data show that the pattern of DIO3 

activity was comparable to that of its mRNA levels during the first week after MI, but mRNA 

levels decreased substantially at 4 and 8 weeks after MI while activity remained significantly 

elevated. This surprising finding suggests that next to the well-documented transcriptional 

regulation, DIO3 expression may also be regulated at the level of translation efficiency and/or 

protein stability. Regulation of protein stability has indeed been found in the case of DIO2, 

where ubiquitination and proteosomal degradation actually reduces the half-life of this 

deiodinase to values well below those of the unmodified protein.41 However, no data are 

available on the possible modulation of DIO3 half-life, which under normal conditions is on the 

order of 12 hours.  

Taken together, the data suggest that the induction of DIO3 expression as a result of MI 

has already started at day 3 and must therefore be considered part of the immediate response 

of the overloaded LV. A transient additional effect of surgical stress per se is likely, but the 

source of this DIO3 activity is not clear. DIO3 has been described to be expressed by many 

cell types, including inflammatory cells,8;9;42 vascular endothelial and smooth muscle cells,14;43 

as well as fibroblasts and neonatal cardiomyocytes.22 In the present study, 

immunohistochemical analysis of DIO3 expression at 1 week post-MI, described in Chapter 3, 

showed DIO3-expressing cardiomyocytes throughout the myocardium with a heterogeneous 

distribution of strongly expressing cells. We did not observe DIO3-expression in cells other 
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than cardiomyocytes, but it cannot be excluded that some DIO3 activity may reside in other 

cell types, possibly at earlier time points. 

The average value of DIO3 activity that we found after MI in the mouse myocardium (0.8 

fmol/min/mg) is comparable to the values obtained in rat models of both LV and RV 

pathological remodeling.22;24 In the model of RV hypertrophy induced by chronic pulmonary 

arterial hypertension, these high levels of DIO3 activity were associated with overt RV failure 

and death in these animals, whereas moderate induction of DIO3 activity was associated with 

the development of compensatory RV hypertrophy.21 Also in the remodeling RV we found a 

heterogeneous pattern of DIO3 positive and negative cardiomyocytes (unpublished data). 

These in situ data suggest that the average specific DIO3 activity in those cardiomyocytes in 

LV and RV that express the enzyme is on the order of 2-3 fmol/min/mg. Similar levels of 

activity have been reported for other models of disease, such as in muscle inflammation (~4 

fmol/min/mg),8 liver regeneration (~4 fmol/min/mg),11 and brain injury (~10 fmol/min/mg).12 In 

comparison, in human placenta, the tissue with the highest DIO3 activity under physiological 

conditions, activity is ~45 fmol/min/mg. Still higher levels are reported in several types of 

cancers, reaching values up to 133 fmol/min/mg.13-15 In these extreme cases, the DIO3 activity 

of the tumor may outstrip the TH-producing capacity of the thyroid causing a state known as 

consumptive hypothyroidism, requiring exceptionally high doses of T3 to normalize plasma 

levels.  

Based on the above, it is unlikely that the observed cardiac DIO3 activity affects plasma TH 

levels, as was suggested by Olivares et al.24 If this were indeed the case, we should have 

observed reduced TH levels at 4 and 8 weeks post-MI.  

 

Local hypothyroid condition of the LV 

In Chapter 3, T3 levels were determined in LV of sham and MI animals to assess the 

functional implications of DIO3 activity. A significant 50% reduction of the tissue T3 

concentration relative to sham LV was found. This strongly suggests functional relevance of 

the DIO3 activity, if not for the LV as a whole, due to a paracrine effect, than most certainly for 

the DIO3-expressing cardiomyocytes. However, the measurement of total tissue T3 does not 

distinguish between free and bound T3, nor does it say anything about extra- or intracellular 

localization of the hormone. In order to determine the biological consequence of the lowered 

total tissue levels, T3 action was measured using the in vivo T3-transcription assay described 

in Chapter 2. Mice were studied at 2 weeks after induction of MI or sham surgery to test for a 

local hypothyroid condition. MI indeed resulted in a 48% reduction of T3-dependent 

transcription activity, comparable to the reduction of tissue T3 concentration. This underscores 

the physiological relevance of DIO3 induction, showing a substantial local hypothyroid 

condition of the LV after MI. 

This reduction of T3-dependent transcription activity is supported by the observed shift from 
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MHC� to MHC� mRNA and protein expression shown in Chapter 3, since these myosin heavy 

chain genes are reciprocally regulated by TH, i.e., MHC� expression is repressed in 

hypothyroidism, while MHC� is induced. Our conclusion that a reduction of cellular T3 levels is 

a principal cause of the hypothyroid condition of hypertrophic cardiomyocytes is supported by 

the study of Trivieri et al.23 Cardiac-specific overexpression of DIO2 was used in a model of LV 

hypertrophy and dysfunction due to aortic constriction. In this model DIO3 expression was 

increased 5-fold in the hypertrophic LV.23 In control mice, overexpression of DIO2 increased 

total cardiac T3 levels by approximately 25%, resulting in enhancement of contractile function. 

When these animals were then subjected to aortic constriction, LV hypertrophy developed, but 

without the characteristic decrease in sarco/endoplasmic reticulum Ca2+-ATPase (SERCA2a) 

and increase in MHCβ expression seen in wild-type mice. Preservation of function in the 

DIO2-overexpressing hearts was confirmed in isolated cardiomyocytes by measurement of 

Ca2+-transients and contractility. These data suggest that the overexpression of DIO2 

maintains T3-responsive gene expression by effectively balancing the TH-degrading activity of 

DIO3.  

The proposed link between DIO3 activity and gene expression implies that the 

hypothyroid-like gene profile should be evident in the DIO3-expressing cells, although DIO3 

activity may also affect T3-availability of neighboring cells. A pilot experiment using 

immunohistochemistry indeed indicates colocalization of expression of DIO3 and MHC� in 

remodeling cardiomyocytes, indicating a primarily cell-specific hypothyroid condition due to 

DIO3, rather than a generalized effect (Fig. 2). 

 

 

Figure 2. Representative immunohistochemistry of paraffin-embedded, transverse sections (4 µm) of LV tissue from a MI 

mouse at 1 week after surgery showing colocalization of DIO3 and MHC� expressing cardiomyocytes. A: anti-DIO3 staining 

(DIO3 antibody 718 1:50; goat-anti-rabbit Cy3 1:100) (red). B: MHC� staining (M8421 Sigma 1:50; donkey-anti-rabbit FITC 

1:100) (green) C: Colocalization of DIO3, MHC�, and DAPI nuclear counterstain (blue).  

 

Potential other factors contributing to diminished TH action 

This thesis focuses on DIO3, but cardiac TH signaling can in principle also be affected by 

the reduction of plasma T3 levels that is seen in critical illness (including advanced heart 

failure); by changes in active TH uptake through its transporters; or by changes in the 

expression of TH receptors (TR) or their cofactors.  
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Plasma TH levels and cellular TH uptake 

Although the recently identified TH transporters of the family of monocarboxylate 

transporters,44 such as MCT8, are present in the heart, no studies have as yet been reported 

on their expression in cardiac disease. This is obviously an important parameter, since 

transporter activity could possibly become a rate-limiting factor in determining cardiac T3 

levels.  

More is known about changes in plasma TH levels under conditions relevant to the present 

study. As discussed in the section on ‘Expression of DIO3 in the remodeling LV’, altered 

peripheral TH metabolism with reduced plasma T3 and T4 levels is a result of acute systemic 

stress or chronic severe illness.39 The extent of this decrease is a strong indicator for poor 

prognosis in chronic heart failure, as in other criticall illnesses. This non-thyroidal illness 

syndrome (NTIS) is also often reported in studies on MI in rat,24;45;46 and mouse,47 although 

data on T4 are not as unambiguous as those on T3.
24;48;49 As discussed earlier, we too 

observed an initial drop in plasma T4 and T3 levels, but these returned to normal within 7 days 

(T3) to maximally 4 weeks (T4) (Chapters 3 and 5). Plasma T3 levels are relevant for this 

discussion, since uptake and conversion of T4 to T3 is negligible in rodent heart.50 The 

observed reduction of T3-dependent transcription activity at 2 weeks post MI can therefore not 

be accounted for by changes in plasma T3 levels. Nevertheless, a contribution of the transient 

decrease of plasma T3 might add to a DIO3-dependent reduction of TH signaling during early 

remodeling after MI.  

Several studies have tested the possibility of an effect of reduced plasma TH levels due to 

NTIS on cardiac remodeling, by treating animals with increasing doses of T3 and/or T4.
45-47;51 

In the only mouse MI study47, normalization of both T3 and T4 levels by hormone treatment 

starting at 24 hours post-MI, resulted in a marginal, positive effect on ejection fraction and 

expression of MHCβ at three weeks post-MI, but these effects were not seen in a second 

group receiving slightly higher doses. More extensive studies in rat MI models show some 

significant effects of TH treatment on LV remodeling, contractile function as well as T3-

dependent gene expression. However, particularly the reversal of the hypothyroid gene profile, 

e.g., reduced expression of MHC� and SERCA2a, and increased expression of MHCβ, 

required supra-physiological levels of T3 and/or extended periods of treatment (up to 9 weeks). 

These observations are in line with an increased T3-degrading activity due to DIO3 expression 

in the heart also in these studies, although it does not rule out diminished T3-uptake capacity 

as an alternative or additional factor. 

 

Thyroid hormone receptors 

Other studies have suggested involvement of changes of TR levels in heart failure. Both 

increases as well as decreases in TR expression levels have been reported in animal models 

of heart failure.48;49;52;53 Based on data from MI studies in rat it is postulated that TR�1 
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expression is dependent on the severity of cardiac dysfunction.54 In the compensated state of 

cardiac remodeling TR�1 expression is increased and TR�1 expression is decreased, as part 

of the reactivation of the fetal gene program, whereas during the transition to heart failure 

TR�1 is decreased.55 Our data from Chapter 3 did not support a role for TRs, since mRNA 

levels of TR�1 and TR�1 were unchanged in the remote LV from week 1 to 8 after MI. 

However, in an additional pilot experiment also protein levels were measured in collaboration 

with Dr. C. Pantos (Department of Pharmacology, Medical School, University of Athens, 

Greece). Nuclear TR�1 and nuclear TR�1 were found to be down-regulated at 8 weeks after 

MI. Furthermore, an increased nuclear level of TR�2, which is unable to bind T3 and has 

dominant negative activity, was found at the same time point after MI. The discrepancy 

between the observed mRNA and protein levels for TR�1 and TR�1 may be explained by 

diminished nuclear transport of TRs from an otherwise normal total pool of TR. 

Nevertheless, these data indicate that in addition to DIO3, altered expression of TRs may 

play a role in determining T3-dependent transcription, possibly aggravating the hypothyroid 

condition. However, the net effect of the changes in TR levels - in combination with reduced T3 

levels - is hard to predict since TRs repress transcription in the ligand-free state. T3-dependent 

transcription activity is therefore determined by the proportions of ligand-bound and ligand-free 

TR, as well as by the level of the dominant negative TR�2.56 The potential involvement of TRs 

is illustrated by the study of Belke et al.52 They showed that cardiac-specific overexpression of 

either TR�1 or TRβ1 improved cardiac function and gene expression in a mouse model of LV 

pressure overload due to aortic constriction. Clearly, in our model analysis of TR protein 

expression at multiple time-points post-MI, in combination with in vivo T3-transcription assays, 

is required to resolve the question of involvement of these receptors in the apparent 

hypothyroid condition of the post-MI myocardium. 

 

 

Regulation of DIO3 in the remodeling LV 

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

Chapters 5 and 6. Fig. 3 depicts some of the pathways involved in hypertrophic remodeling 

and summarizes the results of our studies concerning the induction of DIO3. TGF�, p38 

mitogen-activated protein kinase (MAPK) and HIF-1�, were identified as possible regulators of 

DIO3 expression following MI.  

 

TGF� and MAPK signaling 

TGF� and MAPK signaling had been shown to induce DIO3 activity, via SMAD, p38 MAPK, 

and extracellular signal-regulated kinase (ERK), in various human cell types.57 In addition, 

both TGF� and MAPK signaling are important factors driving cardiac remodeling.58;59 Also in 

this study, TGF� mRNA expression was increased after MI which seemed most pronounced at 
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Figure 3. Schematic representation of some of the pathways that may contribute to the expression of DIO3 in the 

overloaded, hypertrophic heart. Signaling in normal cardiomyocytes is depicted by dashed arrows. T3 is taken up by specific 

transporters and genes that are transcriptionally regulated by T3 are characterized by the presence in their promoters of TH 

response elements (TRE) to which the TR binds. Examples are stimulation of expression of MHCα and SERCA2a, whose 

enzyme activities determine rates of contraction and relaxation, respectively, as well as energy turnover. DIO3 expression in 

the hypertrophic cardiomyocyte may be stimulated by various pathways, depicted by solid arrows. The extra-cellular triggers 

of these pathways, that are known to be involved in pathological remodeling, are depicted by block arrows. TGFβ may 

signal through the SMAD pathway as well as through the MAPK pathway. Cellular hypoxia and HIF-1 signaling may be the 

result of ischemia, or the enlarged cell may develop a hypoxic core, resulting in stabilization of HIF-1α and dimerization with 

constitutive HIF-1β to form the HIF-1 complex. HIF-1α is possibly also directly stabilized as a result of stretch-activated 

signaling. Shh and WNT signaling can stimulate transcription of DIO3 through �-catenin and Gli-proteins, respectively. In 

addition, SMAD and HIF-1 synergize in stimulating transcription of the DIO3 gene. Red block arrows indicate the changes 

found in the processes and factors in the studies described in this thesis. Increased DIO3 activity converts T3 to the inactive 

metabolite T2, resulting in a cellular hypothyroid condition with reduced T3 signaling and concomitant changes in gene 

expression that will contribute to a reduction of contractile activity and energy turnover.  

 

5 days after MI. However, we found no increase in expression of the classical downstream 

target of TGF�, SMAD1/2. TGF� can also activate SMAD-independent pathways leading to 

stimulation of, e.g., TGFβ-activated kinase 1, c-Jun N-terminal kinases (JNK), p38 MAPK, and 

ERK.58;60 We did not find a change in p-JNK, and although t-ERK was upregulated p-ERK was 

not changed after MI. Nevertheless, t-p38 and p-p38 MAPK were increased after MI, although 

there was only a trend of increased p-p38/t-p38 ratio. The MAPKs are a final common target of 

many triggers involved in pathological remodeling, including oxidative stress of the overloaded 
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cardiomyocyte. Oxidative stress due to overproduction of reactive oxygen species by for 

instance mitochondria and uncoupled nitric oxide synthases is an important factor in 

pathological remodeling. This was also shown by Van Deel et al.61 for p38 and pJNK signaling 

in mouse post-MI LV remodeling. Reactive oxygen species signaling and DIO3 induction were 

also associated in the case of RV hypertrophy62 and interestingly, reduction of this pathway by 

treatment of animals with a reactive oxygen species-scavenger significantly blunted the 

induction of Dio3 mRNA.63  

Taken together, there is circumstantial evidence for involvement of TGF� and p38 MAPK in 

the induction of DIO3 after MI, but more detailed analyses of these pathways are clearly 

needed to substantiate this. 

 

HIF-1� 

HIF-1� was induced after MI in various animal models31;64-66 as well as in heart tissue from 

patients,67;68 and in vitro studies showed direct transcriptional stimulation of DIO3 expression 

by HIF-1� in several cell lines.22 HIF-1� is especially interesting since DIO3 induction was in 

fact associated with increased HIF-1� protein levels in a rat model of RV hypertrophy and 

heart failure.22 However, as described in Chapter 5, we found no changes in HIF-1� protein 

expression or mRNA expression of its downstream target VEGF after MI in the mouse heart. 

Nevertheless, in vivo transfection of a reporter plasmid containing 

hypoxia-response-elements showed a 3.2 fold increase of HIF-1-dependent transcription 

activity in the remote LV at 5 days after MI in vivo (Chapter 6). This activity of HIF-1 signaling 

after MI correlated significantly with the extent of LV remodeling as reflected by LV dilation, 

and the extent of diminished cardiac function as reflected by fractional shortening. 

Furthermore, the correlation between HIF-1-dependent transcription activity and Dio3 mRNA 

expression was also significant. Together these are strong indications that HIF-1� is involved 

in the induction of DIO3 after MI. The enhanced HIF-1 signaling at 5 days after MI may be 

related to relative hypoxia in the metabolically challenged cardiomyocytes, but as mentioned 

earlier, mechanical stress alone can trigger HIF-1� signaling. This pathway may therefore be 

involved already in the earliest stages of DIO3 induction. Persistent HIF-1 signaling in the 

post-MI ventricle is more likely related to the remodeling of surviving tissue and development 

of anoxic cores in hypertrophic cardiomyocytes, as mentioned in Chapter 1.  

The suggested transcriptional stimulation of DIO3 by HIF-1 was also investigated. It was 

previously shown that there is a direct interaction between HIF-1� and the human DIO3 

promoter.22 Dio3 is an imprinted gene containing a single exon of almost 2 kb which is 

transcribed from a promoter immediately upstream. An enhancer has been identified 6 kb 3’ of 

the Dio3 start of transcription.69;70 In Chapter 6 mouse DIO3 promoter activity was analyzed in 

vitro and this confirmed a role for HIF-1� in regulating Dio3 transcription. However, using a 

modification of the in vivo transcription assay, MI did not result in an increased transcriptional 
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activity of a functional DIO3 promoter fragment, despite increased Dio3 mRNA expression and 

HIF-1� activation.Increased Dio3 mRNA levels might be due to another mechanism than 

increased gene transcription, but a more likely explanation for the absence of DIO3 promoter 

regulation after MI in vivo is methodological limitations. An expression plasmid containing only 

a part of the DIO3 promoter is quite different from the situation in vivo where enhancer activity 

or long distance regulation is possible.  

 

Additional considerations 

The immunohistochemical analyses of DIO3 show expression throughout the remodeling 

myocardium, but certainly not in all cardiomyocytes. This heterogeneity is a likely explanation 

for the difficulty encountered in detecting differences in activity of transfected DIO3 promoters 

(see above) and in correlating DIO3 expression with putative regulatory factors when 

analyzing tissue homogenates. These homogenates also contain non-DIO3 expressing 

cardiomyocytes as well as other cell types like fibroblast, endothelial cells, and vascular 

smooth muscle cells (note that that only 30% of the cells present in the myocardium are 

myocytes). Because of this ‘dilution effect’ we may also have been unable to detect changes 

in the Shh signaling pathway in the LV following MI, whereas others did.71 Shh is particularly 

interesting because it is hypothesized that induction of DIO3 by Shh is a common mechanism 

in the control of cell proliferation18, and partial re-induction of a fetal growth program is 

considered a hallmark of pathological cardiac remodeling.72 It should also be considered that 

the factors investigated in these studies are all known to be capable of (synergistic) stimulation 

DIO3 transcription. Relatively small changes in the individual pathways may therefore add up 

to a significant effect.  

The problem of heterogeneity of DIO3 expression in identifying relevant signaling pathways 

may be circumvented by exploring these pathways at the level of individual cardiomyocytes. 

As a first step we have constructed a HIF-1 responsive transcription plasmid with internal 

normalization signal, using GFP and mCherry as fluorescent reporters, which allows cell-

specific detection of enhanced HIF-1 signaling. After injection of this plasmid in the LV wall 

 

Figure 4. Representative immunohistochemistry of cryosections (10 µm) of LV tissue from a MI mouse at 5 days after 

surgery showing plasmid normalization signal (red) in two transfected cardiomyocytes (A) of which one has enhanced 

HIF-1� signaling (green) (B) and colocalization (yellow) is shown in C.  
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during sham or MI surgery, cardiomyocytes with enhanced HIF-1 signaling can subsequently 

be detected in LV cross sections. Fig. 4 shows a first result of injected LV analyzed 5 days 

after MI. Two transfected cardiomyocytes can be seen, with clear activation of HIF-1 signaling 

in only one, which excludes regional hypoxia as the determining factor. Co-staining with DIO3 

antibody in these and other samples will show whether this cell-specific activation of HIF-1 

signaling is associated with DIO3 expression.  

 

 

The role of DIO3 in the effects of exercise training on LV remodeling  

Exercise training in heart failure has a beneficial effect on disease progression and 

survival.72-74 Given that exercise training can enhance cardiac TH signaling53;75-77 and TH is 

able to induce physiological hypertrophy,53;78-84 we hypothesized that exercise training 

alleviates the impaired cardiac TH signaling observed after MI in mice by reducing or 

abolishing DIO3 expression. Improvement of TH signaling would thereby be a factor in the 

positive effect of training on LV function. This hypothesis was strengthened by a small pilot 

study in which cardiac DIO3 activity was undetectable in LV of post-MI, exercise-trained mice, 

which had been shown to have improved contractile function.85  

The exercise training study85 was essentially repeated and the effects on LV function and 

DIO3 expression following MI were studied in Chapter 4. However, in contrast to the earlier 

study, voluntary exercise training on a treadmill from 1 to 8 weeks after MI did not improve LV 

function, nor did it affect DIO3 expression, precluding a conclusion concerning a possible link 

between improved TH signaling and the beneficial effect of training on cardiac function.  

The earlier reported positive effects of training were small, yet significant, and there are no 

obvious differences between both studies in terms of degree of MI and total level of exercise. 

Exercise training was started at 1 week after MI in the present study, because several studies 

had reported detrimental effects of early training.86;87 In the study by De Waard animals had 

access to the treadmill from day 0, but most animals did not start to run until several days 

post-surgery. It can not be excluded that this minor difference in experimental set up explains 

the lack of improvement in this study. This would indicate that training in the first week after MI 

is crucial to achieve a beneficial effect on cardiac function, although several studies 

demonstrate otherwise.88-93 Possible differences in the responsiveness to training of C57Bl/6 

strains from different suppliers can also not be ruled out.  

  

 

DIO3 in human ischemic heart disease  

In Chapter 7 it is shown for the first time that cardiac DIO3 is also induced in human 

ischemic heart disease (ISHD). Paraffin sections of tissue microarrays comprising LV cores of 
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explanted hearts of ISHD patients suffering from end-stage heart failure and unused donor 

hearts were analyzed for DIO3 expression using immunohistochemistry. Little or no DIO3 

staining was found in most donor samples, while medium to very high DIO3 staining was 

found in most of the ISHD samples. Similar to the mouse samples, DIO3 staining was not 

observed in cells other than cardiomyocytes. Although in some samples a heterogeneous 

distribution of DIO3 was found, similar to what was observed in mouse, the majority of the 

positive ISHD samples showed high DIO3 expression in all cardiomyocytes.  

Despite the evident increase in DIO3 immunostaining in ISHD samples, DIO3 activity was 

not detectable in whole homogenates of cardiac tissue, which may be related to the extended 

storage of these tissue samples of at least one year. DIO3 mRNA expression could be 

detected in most samples, although expression levels were found to be very low. Normalized 

expression of DIO3 mRNA was not different between ISHD and donor samples. However, the 

absence of a difference in the levels of DIO3 mRNA between the donor and the ISHD groups 

is in line with what is found in mice, where Dio3 mRNA expression after MI decreases over 

time. This suggests that in later stages of remodeling post-transcriptional mechanisms may 

also be responsible for increased DIO3 protein levels in human myocardium. 

Taken together, a strong and stable induction of DIO3 expression is present during ISHD, 

suggesting a local hypothyroid condition of the human failing myocardium, similar to what was 

found for the post-MI mouse heart.  

 

 

Concluding remarks 

Induction of ventricular DIO3 expression has now been shown in various rat and mouse 

models of pathological remodeling due to pressure overload or following MI, as well as in 

human ischemic heart disease. The available data indicate that the induction is an early 

response to hemodynamic overload and that DIO3 activity persists in the remodeled ventricle. 

Furthermore, DIO3 activity is associated with an expected reduction of tissue T3 levels and a 

concomitant reduction of T3-dependent transcription activity.  

The reduction of TH signaling favors a hypothyroid phenotype, which is, among other 

things, characterized by lower energy turnover and reduced rates of contraction and 

relaxation. Reducing energy turnover in the stressed cardiomyocyte by induction of DIO3 is 

consistent with the adaptive nature of HIF-1 signaling, which appears to be a principal 

regulator of DIO3 expression. In contrast to extracellularly-activated signaling cascades or 

global increases in wall stress, cell-specific HIF-1 signaling would restrict the induction of DIO3 

to those cells that would benefit from a reduction in energy turnover. So far, DIO3-

immunohistochemistry has only been shown in the present study in the post-MI LV (Chapter 

3) and the mixed pattern of DIO3-positive and -negative cardiomyocytes appears to support 

cell-specific rather than global induction of DIO3 expression.94 
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However, the adaptive response may become part of the problem. Particularly when 

stimulation of DIO3 activity is compounded by other factors involved in pathologic remodeling, 

the decrease in cellular T3 levels may further impact on the expression of T3-dependent genes 

that are implicated in the development of contractile dysfunction, such as the MHC isoforms 

and SERCA2a. Paracrine effects of DIO3 activity on neighboring cardiomyocytes are also not 

excluded.  

A maladaptive effect of reduced T3 signaling in heart failure is currently the prevailing view, 

but the stable induction of DIO3 found in this study in the post-MI LV (Chapter 394) and the 

original study by Wassen et al.,21 suggest that timing and extent of DIO3 induction may be 

critical factors in turning an adaptive into a maladaptive response. In the latter study, ventricles 

that developed stable compensatory hypertrophy showed significantly less induction of DIO3 

activity compared to failing ventricles.  

 

 

Future perspectives 

The aim of this thesis was to study TH signaling in the pathogenesis of MI-induced heart 

failure. Based on several animal studies we hypothesized that cardiac induction of DIO3 

during pathological remodeling is responsible for impaired TH signaling. The results from our 

studies on MI in mice support this. A rapid but stable induction of DIO3 activity was found in 

the remote, noninfarcted LV, originating from cardiomyocytes, and HIF-1�, TGF�, and p38 

MAPK were identified as possible regulators. The physiological relevance of the DIO3 activity 

was demonstrated by decreased tissue T3 and decreased T3-dependent transcription activity. 

However, to what extent impaired TH signaling contributes to the development of LV 

dysfunction is not yet revealed. How to address this question and others that emerged from 

this study is discussed below. 

 

Does DIO3 contribute to the development of LV dysfunction after MI, or is it adaptive? 

Although it is tempting to conclude a causal relationship between the induction of DIO3 

activity on the one hand, and adaptive or maladaptive aspects of pathologic hypertrophy on 

the other, there are no data as yet to confirm this. Nevertheless, the hypothesis that this 

induction of DIO3 plays a causal role in the pathogenesis of heart failure is supported by the 

fact that the rapid induction of DIO3 activity parallels the process of pathological remodeling, 

and by the preliminary data that suggest an association between individual cardiomyocytes 

expressing DIO3 and MHC�, a marker of pathological remodeling. The remarkably high DIO3 

expression in ISHD patients with end-stage heart failure further indicates that persistent DIO3 

expression is an aspect of human pathological remodeling. To definitively assess the relative 

contribution of impaired TH signaling to the development of LV dysfunction, the effect of DIO3 

suppression should be studied. Because there are no selective inhibitors of DIO3 activity, a 
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transgenic approach using cardiac-specific, conditional knock-out of DIO3 expression would 

be the optimal way to test the relevance of DIO3 activity for the development of adaptive or 

maladaptive ventricular remodeling. For this purpose, a conditional DIO3 knock-out has been 

developed by Dr. Domenico Salvatore (University of Naples Federico II, Department of 

Molecular and Clinical Endocrinology and Oncology, Naples, Italy) and this mouse line will be 

crossed with the alpha-MHC-MerCreMer line to obtain a cardiac-specific, inducible DIO3 

knock-out model. The effect of cardiac knockdown of DIO3, immediately after MI and at a later 

stage, on LV remodeling will be investigated. 

 

Are TH-regulated genes specifically downregulated in DIO3-expressing cardiomyocytes? 

Induction of DIO3 and MHC� in the same sub-population of cardiomyocytes would support 

the suggestion of cell-specific effects. A pilot experiment has been performed with 

immunostaining for MHC� and DIO3 showing colocalization in LV sections of a MI-mouse (Fig. 

2). This will be extended and colocalization of DIO3 and MHC� will be quantified.  

 

Does altered TR expression contribute to the decreased TH signaling after MI? 

Preliminary data indicate changes of TR protein expression at 8 weeks after MI. To 

determine the contribution of TR levels to a local hypothyroid condition, T3-dependent 

transcription activity and TR protein expression will be measured at the same time points. It 

will be necessary to study this over the course of LV remodeling, since it was shown that after 

MI in rat the expression of TR�1 is increased in the compensated state but decreased in the 

decompensated state.54  

 

Do HIF-1�, TGF�, and p38 MAPK indeed regulate the induction of DIO3 after MI? 

Given the heterogeneous distribution of DIO3, the signaling pathways will be studied in vivo 

at the level of individual cardiomyocytes in order to obtain information on possible associations 

with DIO3. The focus will first be on HIF-1� because it was also associated with DIO3 in a rat 

model of RV hypertrophy and failure. Other routes will subsequently be studied and these will 

include the Shh pathway as well as the Wnt/�-catenin pathway. The latter pathway is a 

recently discovered potent regulator of DIO3 (unpublished data presented at the International 

Thyroid Congress 201095), and of particular interest because it has also been shown to be 

involved in hypertrophy and pathological cardiac remodeling.96-99 

To investigate if components of the signaling pathways are expressed in the same sub-

population of cardiomyocytes as DIO3, immunostainings or a combination of immunostaining 

and specific transcription assays with fluorescent reporter genes will be used (see also Fig. 4) 

To establish a causal relationship between these pathways and DIO3 induction after MI, 

specific inhibitors of components of the signaling pathways or transgenic approaches will have 

to be used.  
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There is increasing evidence for an important role of miRNAs in gene regulation. Recently, 

we found a candidate regulator of Dio3 mRNA expression to be differentially expressed in the 

post-MI mouse heart. This new level of regulation of cardiac DIO3 expression is currently 

under investigation. 

 

Does cardiac DIO3 expression lead to a local hypothyroid condition in ISHD patients? 

The finding that cardiac DIO3 expression is also induced in ISHD patients suggests that the 

DIO3-dependent local hypothyroid condition of the heart found in the mouse LV after MI, also 

applies to human hearts and may play a role in the development of heart failure. To address 

this, TH content was recently measured in a series of 4 donor and 4 ISHD samples. 

Surprisingly, this showed that T3 was unaltered, but T4 was significantly increased by 2 fold. 

Because full information of treatment of these patients and plasma TH levels are not available 

these data are difficult to interpret. T4 to T3 conversion might be decreased due to dimished 

DIO2 activity, which is present in human myocardium, but a more likely explanation for the 

unexpected T4 and T3 levels is the T4 and/or T3 treatment which patients receive in many 

transplant centers. To determine MI-specific effects the RV/LV ratios of T4 and T3 will be 

measured, with the assumption that the RV is not affected in these patients. Furthermore 

DIO2 activity will be measured to examine a possible decreased conversion of T4 to T3. 

 

Is cardiac DIO3 expression also present in other etiologies of heart failure? 

Preliminary data on analysis of a small number of samples from non-ISHD patients with 

heart failure of various etiologies, e.g. idiopathic dilated cardiomyopathy and valvular 

cardiomyopathy, indicate that the cardiac expression of DIO3 in heart failure is not limited to 

ISHD patients. Also in several of these patients DIO3 immunostaining was markedly increased 

compared to donors. Further study is needed to investigate whether the degree of DIO3 

expression is different between the various etiologies, and if DIO3 induction is linked to the 

degree of failure or associated with other disease characteristics.  

 

What are the implications for the clinic? 

There are still many questions that must be answered before these data can be translated 

to the clinic. Most importantly is the question whether or not the induction of DIO3 expression 

and the subsequent local hypothyroid condition contributes to the progression of heart failure. 

Some studies suggest that this condition is indeed maladaptive. Reversal of the hypothyroid 

condition by T3 treatment has been investigated for other reasons, i.e., to replace the reduced 

plasma TH levels seen in cardiac disease (NTIS). There are several animal studies that report 

more or less beneficial effects of TH treatment during heart failure,45-47;51;100-104 but because of 

concerns about the risk of adverse effects like arrhythmias, there is only a limited number of 

clinical studies available.105-110 Nevertheless, these few studies demonstrated safety of short 
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term T3 and T4 treatment and some improvement of LV function.106-109;111 A study in which 

heart failure patients were treated with the TH analog DIPTA was terminated because this 

drug was poorly tolerated.105 These are all short-term studies with few patients and further 

studies are therefore needed. One such study is an ongoing phase II, randomized, 

double-blind, placebo-controlled clinical trial (THIRST study) examining the effect of 

replacement-dose T3 treatment in patients with MI. Given the high level of cardiac DIO3 

expression we observed in ISHD patients, the efficacy of this treatment may be limited.  

Should the hypothyroid condition of the pathologically remodeling heart indeed be 

maladaptive, then DIO3 becomes an interesting target for a novel therapeutic strategy with 

potentially less adverse effects than thyroid hormone. 
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