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 Acute myocardial infarction and thyroid function: 
New pathophysiological and therapeutic perspectives      
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  1  Clinical Physiology Institute, CNR/Fondazione G. Monasterio CNR-Regione Toscana, Pisa e Massa, Italy, and  
 2  Department of Biomedical Sciences, New York College of Osteopathic Medicine at New York Institute of Technology, 
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 Abstract 
 In the post-reperfusion era, molecular and genetic mechanisms of cardioprotection and regeneration represent new thera-
peutic challenges to limit infarct size and minimize post-ischemic remodeling after acute myocardial infarction (AMI). 
Activation of cell survival mechanisms can be promoted by the administration of external drugs, stimulation of internal 
mechanisms, and genetic manipulation to delete or replace pathological genes or enhance gene expression. Among internal 
cardiovascular regulatory mechanisms, thyroid hormones (THs) may play a fundamental role. TH has a critical role in 
cardiovascular development and homeostasis in both physiological and pathological conditions. In experimental AMI, TH 
has been shown to affect cardiac contractility, left ventricular (LV) function, and remodeling. Several experimental studies 
have clearly shown that THs participate in the regulation of molecular mechanisms of angiogenesis, cardioprotection, cardiac 
metabolism, and ultimately myocyte regeneration, changes that can reverse left ventricular remodeling by favorably improv-
ing myocyte shape and geometry of LV cavity, thus improving systolic and diastolic performance. This review is focused on 
the role of thyroid on AMI evolution and on the potential novel option of thyroid-related treatment of AMI.   

Key words: Acute myocardial infarction ,   cellular survival mechanisms  ,   left ventricular remodeling  ,   myocardial protection  ,  
thyroid hormone

            Introduction 

 The term acute coronary syndrome is defi ned as any 
form of symptoms compatible with acute myocardial 
ischemia. Acute coronary syndrome covers all clini-
cal conditions ranging from unstable angina to 
non-ST-segment elevation myocardial infarction to ST-
segment elevation myocardial infarction. Each year 
in the United States, approximately 1.36 million 
hospitalizations are required for acute coronary syn-
drome, of which 0.81 million are for acute myocar-
dial infarction (AMI) (1). Myocardial infarction and 
its related short-term and long-term complications 
represent a major public health problem. While the 
pathophysiology of AMI has been suffi ciently 
characterized, in particular during the last three 

decades, treatment goals and concomitant approaches 
have been markedly changing. This review is focused 
on the role of thyroid on AMI evolution and on the 
potential novel option of thyroid-related treatment 
of AMI. We will discuss in particular the pathophys-
iological basis of thyroid hormone (TH)-induced 
cardiac effects in the setting of AMI, as reported in 
experimental studies, and the potential therapeutic 
implications.   

 Acute myocardial infarction: from 
symptoms to molecular-based 
therapy and cell regeneration 

 When coronary care units were initially introduced 
in clinical practice, treatment was fi nalized to resolve 
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the two main clinical consequences of AMI: life-
threatening cardiac arrhythmias and acute cardiac 
insuffi ciency/cardiogenic shock. Later, with the 
development of coronary reperfusion, the goal of 
AMI treatment was to improve outcome for the lead-
ing cause of AMI, coronary occlusion due to athero-
sclerotic plaque rupture. The effi cacy of reperfusion 
therapy was progressively enhanced with improved 
methods of intervention. These improvements were 
initially represented by intravenous thrombolytic 
agents and then by primary percutaneous translumi-
nal coronary angioplasty and implantation of coro-
nary stents. The current state-of-the art treatment of 
AMI is primary coronary angioplasty, defi ned as 
angioplasty and/or stenting without prior or con-
comitant fi brinolytic therapy (2). The clinical impact 
of this therapeutic evolution was extraordinary when 
considering the drastic fall in in-hospital mortality. 
Before the development of coronary care units, in-
hospital mortality was higher than 30% and is cur-
rently lower than 6% (3). The direct effect of 
restoring myocardial perfusion is to limit infarct 
expansion by salvaging myocardium, to favor the 
contractile recovery of asynergic segments, and to 
improve cardiac performance, with each expected 
to improve long-term prognosis (4,5). 

 Both limitation of infarct size extent and recovery 
of dysfunctional contractile segments are key ele-
ments for preventing post-ischemic left ventricular 
(LV) dilatation and failure, a process defi ned as post-
ischemic LV remodeling, that, despite improvements 
in reperfusion therapy, leads to almost 1 million new 

patients per year at risk for developing heart failure 
(6). Post-ischemic LV remodeling is the fi nal result 
of molecular, subcellular, cellular, and interstitial 
processes which involve changes in cardiomyocytes, 
extracellular matrix, and vasculature (microcircula-
tion), affecting the infarct region, AMI border, and 
remote regions (7). This is a dynamic process, lasting 
several months from the AMI phase, causing thin-
ning of the infarct area, infarct expansion at the site 
of the necrotic border zone, and hypertrophy and 
fi brosis of the remote zone, likely occurring as a 
direct response to increased wall stress (8). Increased 
wall stress is also the likely driving force for maladap-
tive remodeling of myocyte shape (e.g. increased 
myocyte length/width ratio and, consequently, 
increased chamber radius/wall thickness) in the remote 
zone (9). The net fi nal result of this process is pro-
gressive LV dilatation, its functional impairment, 
and the progression to heart failure (10 – 12). 

 The 2020 World Health Organization projections 
view the high incidence of post-ischemic heart fail-
ure as the most important cause of mortality and 
morbidity. Consequently, the therapeutic challenge 
is to promote activation of mechanisms promoting 
myocyte self-protection and survival against acute 
and chronic ischemic bouts. Such approaches will 
minimize irreversible ischemic damage and favor 
functional recovery of the ischemic damaged myocar-
dium, which should lead to reduced maladaptive 
remodeling. Ischemic preconditioning conferred by 
transient and repetitive episodes of ischemia, ischemic 

  Key messages    

 In the post-reperfusion era, molecular and   •
genetic mechanisms of cardioprotection 
and regeneration represent new therapeutic 
challenges to limit infarct size and thus min-
imize post-ischemic remodeling after acute 
myocardial infarction.   
 Thyroid hormones (THs) participate in the   •
regulation of molecular mechanisms of angio-
genesis, cardioprotection, cardiac metabo-
lism, and ultimately myocyte regeneration, 
changes that can improve left ventricular 
remodeling.   
 Treatment of cardiac patients with THs is   •
largely discouraged. The origin of this belief is 
founded on weak or questionable scientifi c 
information. However, convincing experimen-
tal evidence may open the way to large-scale, 
controlled studies with synthetic TH use in 
patients with acute myocardial infarction.   

  Abbreviations      

  AKT    protein kinase B   
  AMI    acute myocardial infarction   
  CDP    Coronary Drug Project   
  D (1, 2, 3)    iodothyronine deiodinase   
  DITPA    3,5-diiodothyropropionic acid   
  HSP    heat shock protein   
  LV    left ventricle   
  MAPK    mitogen-activated protein kinases   
  MHC    myosin heavy chain   
  mTOR    mammalian target of rapamycin   
  mtTFA    mitochondrial transcription factor   
  PGC    PPAR-gamma co-activator   
  PKC    protein kinase C   
  PLB    phospholamban   
  SERCA   sarcoplasmic reticulum calcium-activated 

ATPase     
  (r)T3    triiodothyronine (r  �  reverse)   
  T4    thyroxine (D- dextro; L- levo)   
  TH    thyroid hormone   
  THiRST     Thyroid Hormone Replacement Therapy in 

ST Elevation Myocardial Infarction   
  TR    thyroid receptor   
  TRH    thyrotropin-releasing hormone   
  TSH    thyroid-stimulating hormone   
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post-conditioning occurring from transient interrup-
tions of reperfusion, and myocardial stunning and 
hibernation (two pathophysiological manifestations 
of dysfunctional but viable myocardium) are pro-
grams of cell survival in response to acute and 
chronic bouts of ischemia (13 – 15). Genomic and 
molecular mechanisms favoring myocyte survival 
programs are complex and multifactorial and involve 
different and frequently cross-talking pathways. 
Improved cell survival includes mechanisms of 
cytoprotection through stimulation of heat shock 
proteins, activation of protein kinase C (PKC) and 
protein kinase B (AKT) pathways, inhibition of 
apoptosis, mechanisms of cell growth and angiogen-
esis including increased expression of the vascular 
endothelial growth factors, and mechanisms of met-
abolic adaptation such as the stimulation of glucose 
metabolism (15,16). Activation of cell survival 
mechanisms can be promoted by the administration 
of external drugs, stimulation of internal mecha-
nisms, and genetic manipulation to delete or replace 
pathological genes or enhance gene expression. 

 Among internal cardiovascular regulatory mecha-
nisms, THs may play a fundamental role. A physiolog-
ical thyroid pattern plays an important role in tissue 
differentiation during the transition from fetal to post-
natal growth. During this period, THs induce growth 
and transcriptional programming, leading to the typi-
cal gene expression profi le of the adult heart. THs 
are also involved in the process of cell regeneration 
and/or differentiation and participate in the mainte-
nance of cardiovascular homeostasis through direct 
genomic and non-genomic actions and other indirect 
actions (17 – 20). Biologically active TH triiodothyro-
nine (T3) mostly derives from deiodination of the 
prohormone thyroxine (T4) in peripheral tissues. 
Beside a normal hypothalamus – pituitary – thyroid axis, 
normal TH transport, and normal TH metabolism, 
normal receptor-mediated signaling into tissues is 
required to maintain a euthyroid condition. When 
one or more of the aforementioned and interrelated 
key elements of thyroid function homeostasis is 
altered, a dynamic disruption of homeostasis occurs 
and leads to altered TH action. 

 Experimental studies have shown that altered 
TH metabolism leads to abnormalities in cardiac 
morphology, gene expression and histology, and dia-
stolic and systolic function, which favors altered 
post-ischemic remodeling (21,22). All these abnor-
malities are reversible when cardiac TH response is 
normalized (20,23). In the experimental setting, AMI 
reduces the expression of TH gene responders includ-
ing a reduction in  α -myosin heavy chain (MHC) and 
sarcoplasmic reticulum calcium-activated ATPase 
(SERCA2), whereas  β -MHC and phospholamban 
(PLB) mRNA increase. These changes are part of 

the fetal recapitulation process consisting of reversal 
of genotype/phenotype to a more fetal-like cardiac 
state that has been documented in heart failure. 
Several experimental studies have clearly shown that 
THs participate in the regulation of molecular 
mechanisms of angiogenesis, cardioprotection, car-
diac metabolism, and ultimately myocyte regenera-
tion (24), changes that can reverse LV remodeling 
by favorably improving myocyte shape and geometry 
of the left ventricular cavity, thus improving systolic 
and diastolic performance (25,26).   

 Thyroid function after AMI in the 
experimental setting 

 Thyroid hormone has a critical role in cardiovascular 
development and homeostasis in both physiological 
and pathological conditions. In experimental AMI, 
TH has been shown to affect cardiac contractility, 
LV function, and remodeling.  

 Serum TH level changes following AMI 

 In general, severe diseases produce down-regulation 
of thyroid function, which is called  ‘ euthyroid sick 
syndrome ’  or  ‘ low T3 syndrome ’ . Ojamaa et al. (20) 
have demonstrated that low T3 syndrome also occurs 
in an animal model of AMI, where serum T3 levels 
fell within 1 week of AMI and remained  � 40% lower 
than controls 4 weeks after AMI, while serum T4 
levels remained unchanged. Olivares et al. (27) fur-
ther reported that serum thyrotropin-stimulating 
hormone (TSH) levels were elevated and T3 levels 
reduced until 8 weeks post-AMI. Serum T4 levels 
were low until 12 weeks after AMI despite increased 
thyroid stimulation 1 week after AMI. Meanwhile, 
type 1 iodothyronine deiodinase (D1) activity was 
decreased in the pituitary, thyroid, liver, and kidney. 
Increased type 3 iodothyronine deiodinase (D3) 
activity was observed in the infarcted myocardium. 
Decreased D1 activity leads to reduced conversion of 
T4 to T3, while increased D3 activity would enhance 
inactivation of T4 and T3, resulting in decreased 
serum TH levels after AMI. Both serum T3 and T4 
levels were normalized 34 weeks after AMI (28). 
Interestingly, the post-AMI cardiac D3 increased 
activity seems to be linked to ventricular remodeling, 
as recently shown in an AMI mouse model in which 
pathological ventricular remodeling leads to high and 
stable induction of D3 activity in cardiomyocytes 
and a local hypothyroid condition with reduced left 
ventricular tissue T3 concentrations (29).   

 Cardiac thyroid receptor changes after AMI 

 The effects of TH can be mediated by genomic and 
non-genomic pathways. The genomic pathway starts 
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when T3 enters the nucleus and binds to specifi c 
nuclear receptors (TRs). The T3 – receptor complex 
then binds to thyroid hormone-response elements 
(TRE) in the promoter regions of specifi c target 
genes and modifi es their expression (30). There are 
several isoforms of TRs: TR  α 1  and TR  β 1  (both bind 
T3) and TR  α 2  (which does not bind T3 but is able 
to bind to Thyroid Hormone Responsive Elements 
(TRE) and may exert a dominant negative effect on 
gene expression). The heart is a predominantly TR  α 1  
organ, although TR  β 1  is also expressed at a lower level. 
Pantos et al. (31) reported that 8 weeks after AMI, 
(TR  α 1  and TR  β 1 ) expression levels were decreased in 
the myocardium, as well as the expression levels of 
sarcoplasmic reticulum calcium-activated ATPase 
SERCA and Na  �  /H  �   exchanger, with increased 
expression of protein kinase C epsilon (PKC ε ) and 
tolerance of the post-infarcted heart to ischemia-
reperfusion injury. In another study, these authors 
found that TR  α 1  and TR  β 1  expressions remained 
unchanged at 2 weeks after AMI, while a 2-fold 
increase in TR  α 1  expression and a 2.2-fold decrease 
in TR  β 1  expression were observed after 13 weeks in 
the non-infarcted area (32). Actually, reduced expres-
sion of TR  β 1  receptors is a consistent fi nding in the 
course of post-ischemic remodeling, while TR  α 1  
expression is variable depending on the time-course 
of myocardial remodeling development. Accordingly, 
recent results show that TR  α 1  has a distinct pattern 
of expression in relation to different stages of disease 
progression, being up-regulated in rat hearts with 
compensated chronic post-AMI heart failure and 
markedly decreased in decompensated post-AMI 
heart failure (28).   

 TH and LV function in AMI models 

 In AMI, 3-day treatment of T3 initiated immediately 
after AMI has been shown to increase  � dp/dt (33). 
Long-term (13 weeks) TH treatment initiated 24 
hours after AMI increased LV ejection fraction (EF), 
LV-developed pressure,  � dp/dt, and �dp/dt (34). 
When treatment was initiated 3 weeks after AMI, 
Gay et al. found that thyroxine (T4; 1.5  μ g/100 g 
body weight) increased  � dp/dt and decreased LV 
end-diastolic pressure (35,36). Pantos et al. (37) 
showed that a higher dose of TH starting 13 weeks 
after AMI and continued for 4 weeks signifi cantly 
improved LV ejection fraction, LV-developed pres-
sure,  � dp/dt, and �dp/dt. Although the TH doses 
used for these studies were relatively high, Hender-
son et al. (38) found that physiological replacement 
of T3 1 week after AMI for 8 weeks signifi cantly 
improved LV  � dp/dt and tended to improve dia-
stolic function. In a diabetic AMI model, benefi cial 
effects of TH were also observed by Kalofoutis et al. 

(39), where TH administration for 2 weeks resulted 
in increased LV ejection fraction, normalized wall 
stress, and increased systolic radial strain in all 
myocardial segments after acute AMI.   

 Anti-apoptotic and mitochondrial effects of TH 

 Preservation of cell survival pathways resulting in 
inhibition of myocyte apoptosis is one of the major 
therapeutic objectives after AMI. We have previously 
shown that T3 can activate AKT signaling and pro-
tect cultured neonatal rat cardiomyocytes against 
serum starvation-induced apoptosis (40). We also 
found that T3 treatment for 3 days after acute MI 
reduced myocyte apoptosis in the border area, pos-
sibly via AKT signaling (33). The anti-apoptotic 
effect of T3 was also reported by Pantos et al. in an 
ischemia/reperfusion model with decreased p38 
mitogen-activated protein kinase (MAPK) activation 
(41). Over the past decade, convincing evidence has 
shown that the nuclear transcription factors mt-TFA 
and HIF1- α  have a critical role in the maintenance 
of cell survival during myocardial ischemia (42) and 
their cardiac over-expression attenuates LV remodel-
ing and preserves cardiac performance after myocar-
dial infarction (37,43). Early and sustained L-T3 
supplementation enhances the expression of mt-TFA 
and HIF1- α  in the peri-infarcted myocardium com-
pared to control animals. Moreover, the mitochon-
drial respiratory defects are signifi cantly attenuated in 
the border zone of L-T3-treated hearts in the pres-
ence of preserved expression of nuclear transcriptor 
factor PPAR-gamma co-activator (PGC)-1 α , which is 
a powerful promoter of mitochondrial biogenesis 
(44). L-T3 supplementation after AMI may even have 
a critical role in modulating the mitochondrial perme-
ability transition opening, which is the primary cause 
of necrotic cell death in ischemic myocardium (45).   

 TH and LV remodeling and myocyte 
gene expression changes 

 LV remodeling after MI is characterized by LV geo-
metric, structural, and functional changes. At 2 weeks 
after MI, Pantos et al. (23) showed that there was a 
decrease in LV function, LV posterior wall thickness/
LV internal dimension ratio, a decreased expression 
of  α -myosin heavy chain ( α -MHC) and an increased 
expression of  β -myosin heavy chain ( β -MHC), with 
no change in the expression of SERCA and phos-
pholamban (PLB) in the non-infarcted myocardium. 
TH treatment after MI resulted in normalization of 
LV posterior wall thickness/LV internal dimension 
ratio with increased expression of  α -MHC and 
decreased expression of  β -MHC and a 2-fold increase 
in the ratio of SERCA/PLB. Preliminary data from 



   Thyroid in acute myocardial infarction    749

our lab indicate that post-MI LV hypertrophy in rats 
induced by TH can increase myocyte cross-sectional 
area without further myocyte lengthening (46). Sim-
ilarly, Ojamaa et al. (20) reported that the expression 
levels of several T3-responsive genes were altered in 
the hypertrophied LV after MI, including signifi cant 
decreases in  α -MHC, SERCA2, and Kv1.5 (a K  �   
channel gene) mRNA, whereas  β -MHC and PLB 
mRNA were signifi cantly increased. Treatment of 
the MI rats with either replacement or elevated doses 
of T3 signifi cantly increased LV ejection fraction. 
However, normalization of serum T3 did not restore 
expression of all T3-regulated genes, indicating 
altered T3 responsiveness in the post-infarcted myo-
cardium. Although  β -MHC and Kv1.5 mRNA con-
tent was returned to control levels,  α -MHC and 
SERCA were unresponsive to T3 at replacement 
doses. Only at higher doses of T3 was  α -MHC 
mRNA returned to control values. 

 Long-term (13 weeks) TH treatment resulted in 
ellipsoidal reshaping of the LV chamber with a shift 
from  β -MHC to  α -MHC, as well as increased ratio of 
SERCA/PLB to normal values and increased heat 
shock protein (HSP) 70 myocardial content (34). In 
addition, late treatment with TH also provided LV 
remodeling benefi ts after MI. Pantos et al. (37) reported 
that 4 weeks of treatment with a higher dose of TH 
starting at 13 weeks after MI signifi cantly improved 
cardiac geometry, leading to a less spherical shape, with 
increased  α -MHC, and decreased  β -MHC expression. 
A physiological dose of T3 therapy starting 1 week after 
MI and continuing for 8 weeks also signifi cantly 
increased  α - and reduced  β -MHC expression (38).   

 TH and angiogenesis 

 TH-induced cardiac hypertrophy has been shown to 
be accompanied by increased capillary density in both 
young and old rats, with capillary proliferation actually 
preceding the development of cardiac hypertrophy 
(47 – 49). In a porcine model, Briesch et al. found that 
both capillary and arteriolar beds experienced growth 
paralleled to myocyte growth during TH-induced car-
diac hypertrophy (50). The pro-angiogenic effect of 
TH can be mediated by both non-genomic and genomic 
pathways. TH binds to a cell surface receptor for TH, 
the integrin  α V β 3, via activation of MAPK signaling 
to promote the release of fi broblast growth factor, 
leading to new vessel formation (51,52). TR  β   in coro-
nary endothelial cell is associated with angiogenesis 
during pathological cardiac hypertrophy (43).   

 TH and LV function in ischemia/reperfusion models 

 Pre-ischemic treatment with T3 for 10 minutes has 
been shown to improve post-ischemic LV functional 

recovery with no changes in oxygen consumption 
and coronary fl ow (53). This was associated with 
enhanced  β -adrenergic responses in the stunned 
myocytes (54). A number of studies have shown that 
T3 administration upon reperfusion can facilitate 
recovery of stunned myocardium and LV function 
(41,55 – 62). These benefi cial effects might be due to 
improvement in local and global contractile func-
tion, in ventriculoarterial coupling, and in energy 
effi ciency (55,56). T3 treatment after reperfusion 
also led to decreased coronary arterial resistance 
and increased coronary blood fl ow (60). T3 has 
been shown to increase myocardial adenosine 
triphosphate levels and decrease lactate levels, indi-
cating an improvement of mitochondrial function 
and increased aerobic metabolism (63), and improved 
glucose oxidation (62) without increasing myocardial 
oxygen consumption (61,62) and oxygen wasting (60). 
Although no changes in post-ischemic high-energy 
phosphate concentrations were reported in T3 treat-
ment of severe LV ischemic injury models (57 – 59) and 
there was no change in myocardial infarct size (61), 
T3 treatment improved overall survival in animals 
suffering from ischemia/reperfusion injury (64). 

 Pantos et al. (42,65) showed that pre-ischemic, 
14-day T4 administration increased HSP70 expres-
sion and decreased p38 MAPK activation in response 
to ischemia, resembling ischemic preconditioning. 
The same treatment also led to increased basal 
expression and phosphorylation of HSP27, and ear-
lier and sustained redistribution of HSP27 from the 
S (Triton soluble, cytosol membrane) to P (Triton 
insoluble, cytoskeleton-nucleus) fraction (66). Such 
changes might help to protect myocardium against 
ischemic insult, resulting in the improvement of 
post-ischemic functional recovery. Furthermore, the 
expression of parathyroid hormone-related peptide 
and the related type 1 receptor throughout the isch-
emia and reperfusion phase were enhanced with 
prior 2 weeks ’  administration of T4, which can also 
be cardioprotective (67). 

 While evidence for the cardioprotective effects of 
THs is robust (18), contrary data are limited. Ven-
ditti et al. have shown that hyperthyroidism can sen-
sitize the heart to reperfusion injury, resulting in low 
functional recovery (68 – 70). Hyperthyroid hearts 
displayed an increase in mitochondrial permeability 
(70) with mitochondrial dysfunction. The mitochon-
dria showed a decrease in the rate of O 2  consump-
tion, anti-oxidant concentration and the capacity to 
remove H 2 O 2 , and an increase in the rate of H 2 O 2  
release and susceptibility to Ca 2 �  -induced swelling. 
The increased oxidative stress by ischemia-reperfu-
sion and T3 resulted in increased mitochondrial 
damage with increased hydroperoxide levels and 
protein-bound carbonyl (68). Hyperthyroid hearts 
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also showed an increase in both lipid peroxidation 
and susceptibility to oxidative stress, with over-
production of nitric oxide (69). Clearly, long-term 
hyperthyroidism is a different condition and results 
in cardiac physiological/histological changes that are 
not seen with therapeutic TH treatment (replace-
ment dose or slightly higher doses) which are often 
reversible. Moreover, in Venditti ’ s studies, the authors 
used an isolated rat heart model of ischemia reperfu-
sion without maintaining constant fl ow and heart 
rate (68). As a result, hyperthyroid hearts during 
reperfusion had signifi cantly lower coronary fl ow and 
nearly double the heart rate of normal hearts. Despite 
these unfavorable conditions, hyperthyroid hearts 
had only a slightly lower recovery of function.    

 TH expression and AMI in humans: 
an old question without a good answer 

 As observed in animal studies with AMI, a more 
frequent change in TH metabolism in patients is a 
signifi cant fall in circulating T3 levels and a corre-
sponding increase in reverse T3 (rT3), the inactive 
T3 metabolite. These changes occur rapidly within 
12 hours from the onset of symptoms, reaching the 
nadir by 72 hours. Greater T3 down-regulation has 
been observed in patients with LV dysfunction and 
intense pro-infl ammatory and stress response, as 
documented by the correlation between interleukin 
6 and T3 and rT3, and cortisol and T3 and rT3 
(71,72). A negative correlation was also found 
between plasma free T3 concentrations and the 
extent of myocardial damage as assessed by asyner-
gic area and wall motion score index in repeated 
measurements throughout a 14-day period after 
AMI (73). Notably, most data on the TH time-
course after AMI were collected prior to the intro-
duction of reperfusion (74) or no information on 
revascularization procedures were given in the 
remaining studies (71). The occurrence of a low T3 
syndrome does not represent a peculiar pattern of 
AMI because it has been documented in several 
additional cardiac and non-cardiac illnesses. Inde-
pendently of type (i.e. acute or chronic), severity, 
and time-course of disease, a low T3 state has been 
generally interpreted as a merely adaptive mecha-
nism fi nalized to reduce catabolic processes of illness 
and thus having benefi cial effects through the reduc-
tion in metabolic demand (75). This thesis has been 
rebutted in the last few years, at least in cardiac dis-
ease, by clinical evidence showing the prognostic 
negative impact of altered TH metabolism such as 
low T3 syndrome or pre-existing subclinical (mild) 
primary hypothyroidism being associated with a 
higher risk of short-term and long-term adverse out-
comes, including mortality (76 – 78). At present, 

there is no doubt that thyroid hypofunction is associ-
ated with an increased risk of cardiovascular disease. 
Importantly, a recent large-scale analysis based on 
individual data from 55,287 participants from 11 
prospective cohorts showed that subclinical hypothy-
roidism is associated with an increased risk of coro-
nary heart disease events and mortality, particularly 
in those with a TSH concentration of 10 mIU/L or 
greater (79). The combination of increased arterial 
stiffness, impaired endothelial function, increased 
atherosclerosis, and altered coagulability together 
with a direct low action of TH at the cardiovascular 
level may have a pathogenetic role in the develop-
ment of coronary artery disease in patients with sub-
clinical hypothyroidism. Subclinical hypothyroidism, 
independently of other major factors, doubled the 
relative risk of AMI in females (80). Moreover, levels 
of TSH in the upper part of the normal range were 
associated with multivessel disease (81), and rela-
tively low T3 levels were predictive of both single- 
and multivessel disease (82), thus suggesting that 
even minimal alterations of TH state may contribute 
to coronary disease progression. Contextually, in 
331 patients with AMI, TH abnormalities showed a 
strong prognostic power, with increased levels of rT3 
resulting as an independent predictor of short-term 
and long-term mortality (83). However, association 
does not imply cause/effect relationship, and only 
well designed large-scale interventional trials can 
clarify the true pathogenetic role of TH dysfunction 
in the progression of ischemic heart disease.   

 The dangerous “dogma” of thyroid drugs 
 adverse effect in cardiac patients 

 For a long time, treatment of cardiac patients with 
THs or TH analogs has been largely discouraged. 
The origin of this belief, however, is founded on 
weak or questionable information. For example, at 
the beginning of the twentieth century, surgical 
hypothyroidism was actually proposed as an extrac-
ardiac approach to treat ischemic heart disease, 
based on the observation that a patient with angina 
became asymptomatic after thyroidectomy (84). This 
approach, mostly based on the concept of reducing 
myocardial demand after ischemic insult, has not 
continued over time due to inadequate evidence. 
This concept contrasted with the previous hypoth-
esis of a causal relationship between hypothyroidism 
and atherosclerosis raised by Greenfi eld at the end 
of the nineteenth century (85). At the same time, it 
is recognized that ischemic heart disease is a com-
mon complication of thyrotoxicosis in the presence 
of pre-existing coronary artery disease as a result of 
increased oxygen demand. Angina can also occur in 
the presence of normal coronary arteries. The exact 
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mechanisms have not been well defi ned, although it 
has been postulated that coronary arteries may 
be sensitive to spasm in the presence of thyroid hor-
mone excess (86). Based on these apparently nega-
tive premises it is not surprising that the current, 
common belief of physicians is that exogenous TH 
therapy in cardiac patients represents in any case an 
injudicious and dangerous approach with concomi-
tant risks of arrhythmia, myocardial ischemia/infarc-
tion, and worsening of congestive heart failure. 
Unfortunately, some additional support for this 
 ‘ dogma ’  was based on a large-scale interventional 
trial named the Coronary Drug Project (CDP). This 
problematic study was done in the early 1970s (87). 
The CDP demonstrated adverse outcomes, particu-
larly with respect to the pro-arrhythmic effects of 
D-T4. D-T4 is the inactive form of thyroxine; L-T4 
is the active form. First of all, the relevancy of this 
trial with regard to clinical outcomes from active 
L-T4 treatment is not clear since inactive D-T4 was 
the administered agent. The original assumption was 
that D-T4 was a safe analog of L-T4 that possessed 
lipid-lowering effects without adverse effects on car-
diac function or metabolism. Patients were given 
6 mg/day D-T4 which is equivalent to 225  μ g of 
L-T4 and corresponds to more than double the endog-
enous production of T4 which is  ∼ 90 – 100  μ g/day 
(88). It was later found that the D-T4 preparation 
(Choloxin; Flint Laboratories) used in the CDP was 
contaminated with a high level of active L-T4 (89). 
Therefore, the cumulative dose of the D-T4 and 
L-T4 being administered was equivalent to several 
times the L-T4 dose that would be given to a patient 
to correct overt hypothyroidism. Notably, the poten-
tial toxic effect of D-T4 in patients with coronary 
artery disease was already reported before the start 
of the CDP (90). For this reason, the CDP did not 
provide helpful information regarding the therapeu-
tic use of TH supplementation in the treatment of 
cardiac patients. 

 Only convincing experimental evidence can open 
the way to large-scale, controlled studies with TH 
use in cardiac patients. On the other hand, all pilot 
interventional studies with the use of synthetic THs 
conducted in humans to this point were, paradoxi-
cally, done in cardiac disorders such as coronary 
bypass and chronic heart failure or cardiogenic 
shock, for which good animal models have not been 
clearly identifi ed (91 – 93). To our knowledge, no 
studies evaluating the safety and effi cacy of TH sup-
plementation started after AMI have been completed 
despite good evidence in favor of treatment in ani-
mals. In any case, and independently of TH type, 
timing, and dosage employed, the initial clinical 
experience of supplementation with synthetic TH has 
suggested its safety (92) and provides some evidence 

for benefi cial effects, mainly in patients undergoing 
cardiac surgery in adults and infants as well as in 
those with heart failure (91,92). In particular, an 
improvement in overall cardiac performance character-
ized by increased stroke volume was documented in 
T3-treated patients with chronic and clinically stable 
dilated cardiomyopathy and low T3 syndrome (93). 

 In the perspective of treatment in patients with 
AMI, several questions need to be addressed to opti-
mize treatment and avoid potential side-effects. Also, 
at variance with coronary artery bypass and heart 
failure (HF), additional potential targets of treat-
ment of AMI with THs include positive effects on 
cardiac tissue remodeling by combined actions on 
cardiomyocyte interstitium and vasculature in addi-
tion to functional cardiac improvement. An addi-
tional fascinating new perspective is also the use of 
THs to facilitate differentiation toward an adult 
cardiac phenotype of embryonic stem cells via 
classical genomic pathways, thus enhancing matura-
tion of electrophysiologic, as well as calcium homeo-
stasis, properties of embryonic stem cell-derived 
cardiomyocytes (24). 

 The understood goal of TH treatment after AMI 
should be to restore and maintain euthyroidism in 
patients with altered peripheral TH metabolism. 
Many issues, however, still remain largely undefi ned, 
in particular: 1) the type of hormone to be adminis-
tered, i.e. T3, T4, and/or thyrotropin-releasing 
hormone (TRH); 2) the dosage to be administered 
and TH/TSH circulating levels to be maintained; 
and 3) timing of administration. Moreover, it should 
be taken into account that acute MI in humans 
may differ in several aspects from experimentally 
induced AMI in animals. Likewise there are differ-
ences between humans and animals in TH-induced 
gene regulation and acute actions of TH. 

 Regarding the type of TH to administer, the 
rationale for treating patients with T3 instead of T4 
is based on the notion that the physiological pattern 
of peripheral conversion from T4 into T3 is impaired 
after AMI. The administration of T3 could then 
directly bypass this critical point through application 
of the biologically active TH. Due to impaired T4-to-
T3 conversion from altered deiodinase activity, T4 
treatment may lead to a delay in the TH response, 
with reduced production of active hormone. This 
delay in the initial phase of the disease could be 
critical. An alternative promising approach could be 
the concomitant infusion of both TRH and growth 
hormone (GH). Some pilot studies have shown that 
such a combination was able to sustain both hypo-
thalamic – pituitary – thyroid feedback and stimulate 
D1 deiodinase and thus T3 peripheral production 
(94). However, the short half-life, in particular of 
TRH, could make administration diffi cult. 



752   A. Pingitore et al.   

 The TH dosage is a key point considering that 
the therapeutic objective is to normalize overall TH 
metabolism and tissue response to TH. Regarding 
this point, evidence suggests that a hypothyroid tis-
sue state can be present independently of the normal 
circulating levels of TH (27,28,95). Therefore, the 
normalization of TH circulating levels does not auto-
matically mean normalization of the tissue response 
to TH. However, in the absence of a good biomarker 
for a hypothyroid-like tissue state, a more logical ini-
tial approach is to normalize the circulating levels of 
conventionally used indices of thyroid function, i.e. 
T3, T4, and TSH. This approach is supported by the 
notion that almost all intracardiac T3 arises from 
circulating hormone and that serum TH levels from 
critically ill patients strictly correlates with intratis-
sue TH levels, with D3 activity inversely correlated 
and D1 directly correlated with intratissue T3/rT3 
ratio. So, it is likely that when low circulating 
T3 occurs, a vicious circle is activated with a low 
intratissue T3 favoring its progressive reduction (96) 
(Figure 1). 

 On the other hand, experimental data clearly 
documented that high doses of T3 were only initially 
associated with physiological myocardial hypertro-
phy and improved cardiac performance, but after 
1 month of treatment a decline of cardiac perfor-
mance was observed (97). Indirect proof can also be 

derived from results of the CDP study and the more 
recent study using the TH analog 3,5-diiodothyro-
propionic acid (DITPA) in patients with HF, with 
both clearly indicating the negative impact in terms 
of prognosis and quality of life of induction of a thy-
rotoxic state (98). Perhaps the best analogy for a 
hyperthyroid stimulus would be continuous exercise. 
While exercise and hyperthyroidism produce a phys-
iologic type of stimulus with increased heart rate, 
cardiac output, and peripheral vasodilatation, non-
stop exercise would clearly have adverse effects. 
Indeed, our group showed that over-exercising Spon-
taneously Hypertensive Heart Failure rats had accel-
erated cardiac pathology and worsening of heart 
function (99). 

 When considering treatment of acute MI with 
THs, we should fairly consider possible pros and 
cons of THs treatment. Thyroid hormones are indeed 
a very powerful tool to affect not only heart function 
but also its susceptibility to atrial and ventricular 
arrhythmias by both genomic and non-genomic 
mechanisms (100). This issue is particularly impor-
tant due to the evidence that acute MI itself is known 
to be associated with an increased risk of malignant 
arrhythmias secondary to the development of a 
pro-arrhythmic substrate (101). TH action may resem-
ble the actions of catecholamines such as positive ino-
tropic, lusitropic, chronotropic, and bathmotropic 

  

Figure 1.     The vicious cycle induced by low T3 circulating levels leads to further reduction in T3 cardiac tissue availability as shown on 
the left side. The potential effects of systemic T3 replacement therapy on cardiac T3 metabolism and TR receptors in AMI are shown on 
the right.  
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effects, while, on the other hand, a hypothyroid 
condition is associated with an increase in circulat-
ing catecholamines (102). Thus, maintenance of 
thyroid homeostasis is likely the more important 
target in light of the potential pro-arrhythmic 
effects of any kind of dysthyroidism. In fact, while 
the pro-arrhythmic effects of hyperthyroidism are 
well known, hypothyroidism may favor cardiac 
arrhythmia, by determining QT prolongation and 
reduced activity of SERCA2. Moreover, it should 
be taken into account that acute MI in humans 
may differ in several aspects from experimentally 
induced AMI in animals. Likewise there are differ-
ences between humans and animals in TH-induced 
gene regulation and acute actions of THs, and co-
expression of myosin heavy chain (MHC) isoform 
V1. Intracellular Ca 2 �   overload is the key event 
triggering ventricular fi brillation and preventing its 
reversal. Hearts with low levels of both SERCA2a 
and V1-MHC, as in the case of a hypothyroid state, 
can only defi brillate following administration of 
compounds that increase SERCA2a activity (103) .  

 The timing of starting TH treatment strictly 
depends on whether and when an altered TH pattern 
is adaptive or maladaptive. In fact, the drop in T3 
may represent a genetically determined, benefi cial 
adaptive response for a brief time that has been opti-
mized through millennia by natural selection and 
evolution (104). For instance, in the case of acute 
MI there is an open question whether the MI-related 
occurrence of low T3 syndrome may be benefi cial by 
preserving energy to maintain its function as well as 
to be more electrically stable. On the other hand, if 
the initial insult or concurrent illness is not cor-
rected, then  ‘ allostatic overload ’  occurs, and patho-
logical effects can be detected (104). Therefore low 
T3 syndrome may be both physiological and benefi -
cial early after the insult and pathological and mal-
adaptive at a later time point. If this interpretative 
model is sound, better understanding of signals 
involved in the shift from an adaptive to a maladap-
tive response represents a key element in the evolu-
tion of the disease and in implementing a tailored 
TH therapy able to achieve the goal and to prevent 
detrimental consequences. 

 Taking into account all these premises, our group 
recently started a pilot clinical trial investigating the 
effects of T3 treatment in patients with AMI. The 
Thyroid Hormone Replacement therapy in ST eleva-
tion myocardial infarction (THiRST) trial is a phase 
II, randomized, double blind, placebo-controlled 
study. Patients admitted to the coronary care unit for 
chest pain and subsequently proven STEMI ,  under-
going standard medical treatment and myocardial 
revascularization of the culprit lesion, with border-
line/reduced free T3 plasma levels (FT3  � 2.2 pg/mL, 

or reduction of FT3 plasma levels more that 20% 
with respect to entry levels after a 72-hour period 
of hospitalization) are being randomly allocated 
with a 1:1 ratio to receive TH replacement therapy 
(maximum daily dosage 15  μ g/m 2  body surface) with 
Liotir (Liothyronine Sodium, oral T3 in drop form, 
IBSA, Institute Biochimicue SA, Lugano Swtzer-
land) or placebo. Primary end-points are: 1) evalua-
tion of safety and feasibility of treatment with TH, 
after MI; and 2) the effects of therapy on post-
ischemic remodeling and left ventricular function 
before starting therapy and at the end of the study. 
The treatment regimen utilized is able to restore 
early and to maintain over time a  ‘ physiological ’  thy-
roid condition as documented by normal circulating 
values of both T4 and T3 and TSH.   

 Concluding remarks 

 In the post-reperfusion era, molecular and genetic 
mechanisms of cardioprotection and regeneration 
represent new therapeutic challenges to limit 
infarct size and thus minimize post-ischemic 
remodeling. THs may play an important homeo-
static and regulatory role due to their different 
effects on these mechanisms and their homeostatic 
role on the cardiovascular system. The liaison 
between heart and thyroid is, however, an old and 
still unresolved question. The possibility of inves-
tigating this liaison from different perspectives, 
and not only from the angle of the functional role 
of TH on heart performance, is today possible by 
the development of research technologies and 
knowledge of the fi ne biomolecular and genetic 
mechanisms regulating the cardiovascular system. 
As wisely stated by Professor Attilio Maseri,  ‘ major 
breakthroughs in our knowledge often occur by 
looking at problems from different perspectives, 
which not infrequently reveals that some long-held 
and broadly accepted notions are not universally 
true, such that new, unexpected avenues for 
research, diagnosis, and treatment are suddenly 
opened ’  (105).     
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