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Aims Thyroid hormone (TH) has prominent effects on the heart, and hyperthyroidism is occasionally found to be a cause
of dilated cardiomyopathy (DCM). We aim to explore the potential role of TH in the pathogenesis of DCM.

Methods
and results

The pathophysiological role of TH in the heart was investigated using a knock-in mouse model of inherited DCM with
a deletion mutation DK210 in the cardiac troponin T gene. Serum tri-iodothyronine (T3) levels showed no significant
difference between wild-type (WT) and DCM mice, whereas cardiac T3 levels in DCM mice were significantly higher
than those in WT mice. Type 2 iodothyronine deiodinase (Dio2), which produces T3 from thyroxin, was up-regulated
in the DCM mice hearts. The cAMP levels were increased in DCM mice hearts, suggesting that transcriptional up-
regulation of Dio2 gene is mediated through the evolutionarily conserved cAMP-response element site in its promo-
ter. Propylthiouracil (PTU), an anti-thyroid drug, prevented the hypertrophic remodelling of the heart in DCM mice
and improved their cardiac function and life expectancy. Akt and p38 mitogen-activated protein kinase (p38 MAPK)
phosphorylation increased in the DCM mice hearts and PTU treatment significantly reduced the phosphorylation
levels, strongly suggesting that Dio2 up-regulation is involved in cardiac remodelling in DCM through activating
the TH-signalling pathways involving Akt and p38 MAPK. Dio2 gene expression was also markedly up-regulated in
the mice hearts developing similar eccentric hypertrophy after myocardial infarction.

Conclusion Local hyperthyroidism via transcriptional up-regulation of the Dio2 gene may be an important underlying mechanism
for the hypertrophic cardiac remodelling in DCM.
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1. Introduction
Changes in the serum level of the thyroid hormone (TH) affect
various organs of the body, among which the heart is one of the
most sensitive. Patients with hypothyroidism have decreased cardiac
contractility and cardiac output.1 On the other hand, patients with
hyperthyroidism have increased cardiac contractility and cardiac
output, with an increased left ventricular (LV) mass due to eccentric
cardiac hypertrophy2; however, patients with severe, long-standing
hyperthyroidism may occasionally have poor cardiac contractility,
low cardiac output, and symptoms and signs of congestive heart
failure associated with dilated cardiomyopathy (DCM).3– 10

Recently, we developed a knock-in mouse model of DCM, in which
deletion of 3 base pairs coding for K210 in cardiac troponin T (cTnT),
found in familial DCM patients, was introduced into the endogenous
mouse Tnnt2 gene using embryonic stem cell technology.11,12 The
mutant mice developed marked eccentric cardiac hypertrophy
with LV systolic dysfunction and frequent sudden death, closely reca-
pitulating human phenotypes. The cardiac muscle of mutant mice
showed significantly lower Ca2+ sensitivity of force generation and
greater amplitude of Ca2+ transient than the wild-type (WT) mice,
suggesting that mutant mice develop eccentric cardiac hypertrophy
with augmented Ca2+ transient to compensate for reduced pump
function.
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In the present study, we sought to explore the potential involve-
ment of hyperthyroidism or thyrotoxicosis in the pathogenesis of
DCM by using this mouse model. Although there was no significant
difference in serum tri-iodothyronine (T3) levels between DCM and
WT mice, we found that DCM mice have significantly higher T3

levels in the heart than WT mice. Further analyses revealed that
type 2 iodothyronine deiodinase (Dio2), which produces the active
hormone T3 by catalysing outer ring de-iodination of the pro-
hormone thyroxin (T4),

13 was transcriptionally up-regulated in the
hearts of DCM mice. Transcriptional up-regulation of Dio2 occurred
in the mice hearts developing similar eccentric hypertrophy after
myocardial infarction (MI) (i.e. ischaemic DCM). The findings of the
present study provide novel evidence that local cardiac hyperthyroid-
ism, induced by Dio2 up-regulation, may play an important role in the
hypertrophic remodelling of the heart in DCM, and that anti-thyroid
drugs may be beneficial for the treatment of this heart disease.

2. Methods

2.1 Animal models
A knock-in mouse model, in which 3 base pairs coding for K210 in cTnT
were deleted from the endogenous gene Tnnt2, was developed as
described elsewhere.11 Homozygous mutant mice were obtained by
crossing heterozygous mutant mice, which had been backcrossed to the
C57BL/6J line at least 10 generations. Mixed-gender 8-week-old homozy-
gous mutant mice and WT mice from the same colony were used as DCM
and non-DCM models, respectively. An MI model was developed using
8-week-old ICR mice by ligating the left anterior descending coronary
artery (LAD) for 4 weeks according to the methods described by
Michael et al.14 The investigation conforms to the Guide for the Care
and Use of Laboratory Animals published by the US National Institutes
of Health (NIH Publication No. 85-23, revised 1996). The experimental
protocol was reviewed by the Committee of Ethics on Animal Exper-
iments of the Faculty of Medicine, Kyushu University, Japan. This study
was performed according to the Guidelines for Animal Experiments of
the Faculty of Medicine, Kyushu University, and The Law (No. 105) and
Notification (No. 6) of the Japanese Government.

2.2 Determination of T3 level
Serum and cardiac T3 levels were determined using a solid-phase com-
petitive enzyme immunoassay (EIA) kit (Free T3 Micro-ELISA Test Kit,
Leinco Technologies). Serum T3 levels were determined following the
manufacturer’s instruction. T3 level of the heart was determined as
follows. Ventricles were homogenized in 5% trichloroacetic acid
(TCA), a strong protein denaturant, using a polytron homogenizer, fol-
lowed by centrifugation at 15 000 rpm for 10 min at 48C. The precipi-
tate was solubilized with 1 M NaOH, and the total amount of protein
was determined by the Bradford method. The protein-free supernatant
was assayed for T3 after TCA was extracted twice using water-saturated
ether.

2.3 Real-time quantitative reverse
transcriptase–polymerase chain reaction
Total RNAs were extracted from tissues after homogenization in TRIzol
(Invitrogen) using a polytron homogenizer. First-strand cDNAs were syn-
thesized from 2 mg of total RNA using a high-capacity cDNA reverse tran-
scription kit (Applied Biosystems). TaqMan quantitative polymerase chain
reaction (PCR) reactions were then carried out in 50 mL mixtures con-
taining 22.5 mL of first-strand cDNA diluted with RNase-free water,
25 mL of TaqMan Universal 2× PCR Master Mix (Applied Biosystems),
and 2.5 mL of 20× TaqMan Gene Expression Assay [Mm0083935_m1,

Dio1, Mm00515664-m1 Dio2, Mm00548953_s1 Dio3, Mm99999915_g1
glyceraldehyde 3-phosphate dehydrogenase (GAPDH)] with an ABI
Prism 7500 (Applied Biosystems).

2.4 cDNA microarrays
Ventricles were homogenized in TRIzol (Invitrogen) using a polytron
homogenizer. Total RNA was then isolated according to the manufac-
turer’s instructions. RNA samples (500 ng) with A260/A280 and A260/
A230 ratios .2 were amplified and labelled with Cy5- and Cy3-CTP
using an Agilent Low RNA Input Fluorescent Linear Amplification Kit
(Agilent Technologies). Labelled cRNA samples were then purified
using RNeasy mini spin columns (QIAGEN). Cy5-labelled WT and
Cy3-labelled mutant mouse samples (1 mg each) were mixed and incu-
bated with an Agilent 22K 60-mer Mouse Oligo Microarray slide using
an Agilent In Situ Hybridization Kit Plus (Agilent Technologies). After
drying, the slides were scanned at 10 mm resolution using an Agilent Tech-
nologies Microarray Scanner (Agilent Technologies). The complete micro-
array data are available at the ArrayExpress database under accession no.
E-MEXP-1340.

2.5 Determination of cAMP level
Hearts were excised from mice under anaesthesia with pentobarbital
sodium [50 mg/kg, intraperitoneally (i.p.)]. After a brief perfusion of an iso-
lated heart with oxygenated Krebs–Henseleit solution at 378C in the Lan-
gendorff mode, ventricles were dissected from the hearts and immediately
freeze-clamped by liquid N2. The frozen tissues were mechanically
crushed into powder and denatured in 6 vol. of 5% TCA by freezing
(2808C) and thawing three times. After centrifugation at 15 000 rpm
for 10 min at 48C, the total amount of protein in the precipitate
solubilized by 1 M NaOH was determined by the Bradford method.
The supernatant was assayed for cAMP using a Cyclic AMP EIA Kit
(Cayman Chemical) after extracting the TCA twice using water-saturated
ether.

2.6 Drug administration
6-Propyl-2-thiouracil (PTU) and (+)-metoprolol (+)-tartrate salt were
purchased from Sigma-Aldrich (USA). Carvedilol was supplied by
Nippon DIICHI SANKYO Co., Ltd (Japan). Atenolol was purchased
from Wako Pure Chemical Industries, Ltd (Japan). Mice were injected
i.p. with PTU (12 mg/kg) once daily for 4 weeks from 30 days of age,
while being fed an iodine-free diet. Control mice were injected i.p. with
vehicle only (physiological saline containing 15 mM NaOH), while being
fed a normal diet. Metoprolol, carvedilol, and atenolol were suspended
in 0.25% methylcellulose solution and administered orally to DCM mice
(8-week-old) at a dose of 30, 10, and 10 mg/kg, respectively. At 2 h
after administration, the hearts were excised and analysed for the
protein expression level of Dio2.

2.7 Myosin isoform separation, histochemistry,
and echocardiography
Quantification of myosin heavy chain (MyHC) isoforms, histochemistry,
and echocardiography were performed as described previously.11

2.8 Western blot analysis
After a brief perfusion of the isolated heart with oxygenated Krebs–
Henseleit solution at 378C in a Langendorff mode to remove blood
from the myocardium, ventricles were dissected from the heart, blotted
on filter paper, and homogenized in Laemmli’s sample buffer. LV hom-
ogenate samples were subjected to western blot analysis as described
previously,15 using an anti-cardiac ankyrin repeat protein (CARP) polyclo-
nal antibody (sc-23253, Santa Cruz); an anti-Dio2 polyclonal antibody
(ab77481, Abcam); an anti-TH receptor a1 (TRa1) polyclonal antibody
(PA1-211A, BioReagents); an anti-TRb1 monoclonal antibody (MA1-216,
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Affinity BioReagents); an anti-phospho-Akt (Ser473) polyclonal antibody
(No. 9271, Cell Signaling Technology); an anti-phosph-p38 mitogen-
activated protein kinase (MAPK) (Thr180/Tyr182) polyclonal antibody
(No. 9211, Cell Signaling Technology); an anti-Akt polyclonal antibody
(No. 9272, Cell Signaling Technology); an anti-p38 MAPK polyclonal
antibody (No. 9212, Cell Signaling Technology); an anti-phospholamban
(PLB) monoclonal antibody (ab2865, Abcam); an anti-sarcoplasmic/
endoplasmic reticulum (ER) Ca2+-ATPase 2a (SERCA2a) monoclonal
antibody (ab2861; Abcam); an anti-GAPDH monoclonal antibody
(ab9484, Abcam); and an anti-histone H3 monoclonal antibody (05-499,
Upstate).

2.9 Isolation of cardiomyocytes and
non-cardiomyocytes from the mouse heart
Cells were isolated from the LV myocardium as described previously.11

Cardiomyocytes and non-cardiomyocytes were separated by the density
centrifugation method with 40 and 60% Percoll. Aliquots of cardiomyocyte
and non-cardiomyocyte suspensions were plated on laminin- and gelatin-
coated culture dishes and then cultured in DMEM supplemented with
and without 10% foetal bovine serum, respectively. To measure T3 pro-
duction by cells, media and cells were assayed for T3 after 2 h incubation
in the presence of 100 nM T4. To examine the effect of forskolin on

Figure 1 Increased T3 levels and transcriptional up-regulation of Dio2 in the myocardium of DCM mice. (A) Serum-free T3 levels. (B) T3 levels in the
heart, determined by using homogenates of the ventricle. (C) Dio2 mRNA expression levels in the heart, brain, and liver. (D) Expression levels of Dio1
and Dio3 mRNA in the heart. (E) T3 production in isolated cardiomyocytes and non-cardiomyocytes from the DCM mouse heart. Findings in (A)–(D)
show the results from data obtained from five mice (8-week-old), respectively. Findings in (E) represent the results from data obtained from three
separate cell cultures. *P , 0.05. See Methods for experimental details.
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Dio2 expression, cardiomyocytes harvested after 2 h incubation in the pres-
ence of 10 mM forskolin were analysed for the protein expression level.

2.10 Statistical analysis
Data are presented as mean+ SEM. Mean values for more than three
groups were compared by one- or two-way ANOVA, followed by a
post hoc Tukey’s test. The difference between two mean values was ana-
lysed with an unpaired Student’s t-test. If the data did not conform to a
normal distribution, log-transformation was performed before statistical
analysis to create a normal distribution. Survival data utilized the stan-
dard Kaplan–Meier analysis. P , 0.05 was considered to be significant.

3. Results

3.1 Increased T3 levels and transcriptional
up-regulation of Dio2 in the myocardium of
DCM mice
No significant difference was found in serum-free T3 level between
WT and DCM mice (Figure 1A). However, we found that DCM
mice had a much higher T3 level in the heart (Figure 1B). Intracellular
levels of T3 in extra-thyroidal tissues such as brain are thought to be

Figure 2 cAMP-mediated Dio2 expression in myocardium of DCM mice. (A) Intracellular cAMP levels in the heart. (B) Induction of Dio2 protein
expression by forskolin in isolated cardiomyocytes from the WT mouse heart. (C) Effects of oral administration of b-blockers on Dio2 expression in
the DCM mouse heart. (D) TRa1/b1 expression levels in cytoplasmic and nuclear fractions prepared from homogenates of the ventricle. Subcellular
fractionation was carried out as described previously.41 Findings in (A) and (D) and those in (C) show the results from data obtained from five and
seven mice (8-week-old), respectively. Findings in (B) represent the results from data obtained from three separate cell cultures. *P , 0.05. See
Methods for experimental details.
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regulated by changes in the activity of three isoenzymes of iodothyr-
onine deiodinase (i.e. Dio1, Dio2, and Dio3) in an adaptive manner to
compensate for environmental or internal changes.16,17 Real-time
quantitative reverse transcriptase (RT)–PCR analyses showed that
the expression of Dio2 mRNA was organ-specifically up-regulated
in the heart of DCM mice (Figure 1C), whereas the expression of
Dio1 and Dio3 remained unchanged (Figure 1D). Dio2 is an
ER-resident integral membrane protein that produces T3 via the
removal of an iodine moiety from T4 in the cytoplasm.13 Therefore,
cardiac-specific up-regulation of Dio2 expression explains the local
increase of T3 levels in the heart of DCM mice. Cell culture

experiments showed that cardiomyocytes, but not non-
cardiomyocytes, produced significant amounts of T3 from T4

(Figure 1E), indicating that cardiomyocytes are the specific origin of
T3 production in the heart. The mammalian Dio2 gene has an evolu-
tionarily conserved cAMP-response element (CRE) site in the promo-
ter, through which cAMP activates the transcription of the Dio2
gene.18 DCM mice had a significantly higher level of cAMP in the
heart compared with WT mice (Figure 2A). Direct activation of aden-
ylate cyclase by forskolin induced the expression of Dio2 protein in
isolated cardiomyocytes (Figure 2B). Oral administration of metopro-
lol, a lipophilic b1-selective b-adrenoceptor blocker, significantly

Figure 3 Effects of PTU treatment on hypertrophic remodelling of the heart in DCM mice. (A) Serum-free T3 levels (n ¼ 3 mice/group). (B) Gross
morphology of the heart. Scale bar: 2 mm. (C) Heart weight to tibia length ratio (HW/TL) (n ¼ 10–12 mice/group). (D) Size of cardiomyocytes
(n ¼ 150 cardiomyocytes isolated from three hearts/group). (E) Protein expression level of bMyHC in LV myocardium (n ¼ 3 mice/group). (F )
Protein expression level of CARP in LV myocardium (n ¼ 4 mice/group).
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decreased the expression level of the Dio2 protein in DCM mice,
whereas carvedilol, a lipophilic non-selective b-blocker, and atenolol,
hydrophilic b1-selective b-blocker, had no effects on the Dio2
expression level (Figure 2C). We have previously shown that tonic
activation level of the efferent cardiac vagal nerves is significantly
decreased in DCM mice and that metoprolol, but not carvedilol or
atenolol, can prevent cardiac dysfunction and remodelling and
extend the survival by activating the vagal nervous outflow to the
heart, possibly due to an inhibition of b1-adrenoceptor in the
central nervous system.15 These findings suggest that transcriptional
up-regulation of Dio2 is mediated by chronic increases in the

intracellular cAMP level, probably due to the inhibited vagal nervous
outflow, as well as the activated sympathetic outflow, to the heart
via baroreflex.

TH receptor a1 (TRa1) protein expression was significantly
up-regulated in both the cytoplasm and nucleus of DCM mouse car-
diomyocytes, whereas TRb1 protein expression remained unchanged
(Figure 2D).

3.2 cDNA microarray analysis
cDNA microarray analysis of the hearts confirmed that Dio2 mRNA
expression was significantly up-regulated in DCM mice

Figure 4 Effects of PTU treatment on disease progression in DCM mice. (A) Histology of left ventricles. Connective tissues were stained blue with
azan. Scale bar: 100 mm. (B) Kaplan–Meier survival curves for DCM mice treated with vehicle only (n ¼ 23) and PTU (n ¼ 21). The log-rank test
demonstrated significant differences between the two survival curves (P , 0.0001). (C) Maximum or minimum derivative of LV pressure (n ¼ 7
mice/group). (D) T3 levels in ventricles (n ¼ 3 mice/group). (E) Phosphorylation levels of Akt and p38 MAPK in ventricles (n ¼ 3 mice/group).
*P , 0.05.
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(Supplementary material online, Figure S1A). This analysis provided
further information regarding genes that may be involved in the patho-
genesis of DCM. The foetal gene programme [a-skeletal actin (SkA),
atrial natriuretic peptide (ANP), brain natriuretic peptide (BNP), and
bMyHC] was re-activated in the heart of DCM mice, indicating that
cardiomyocytes underwent ‘pathological’ hypertrophic remodelling
(Supplementary material online, Figure S1B). CARP, a genetic marker
for cardiac hypertrophy involving p38 MAPK,19 was also up-regulated
in DCM mice (Supplementary material online, Figure S1B). The insulin-
like growth factor 1 (IGF-1) and transforming growth factor b

(TGFb), known to act in an autocrine/paracrine manner during patho-
logical hypertrophy,20,21 were also up-regulated in DCM mice (Sup-
plementary material online, Figure S1C).

3.3 Effects of anti-thyroid drug on disease
progression in DCM mice
We examined the effects of PTU, an anti-thyroid drug, on disease pro-
gression in DCM mice. PTU treatment significantly decreased serum-
free T3 levels in WT and DCM mice to a similar level (Figure 3A).
PTU treatment had profound effects on DCM mice in preventing
cardiac enlargement (Figure 3B and C) and myocyte hypertrophy
(Figure 3D), and decreased the expression of hypertrophic markers
bMyHC and CARP (Figure 3E and F). On the other hand, PTU had
no significant effects on WT mice cardiac gross morphology,
myocyte size, and hypertrophic marker expression. PTU treatment
increased the expression of PLB and decreased the expression of
SERCA2a in both WT and DCM mice (Supplementary material
online, Figure S2), consistent with the well-known behaviour of these
proteins under hypothyroidic conditions.22 PTU treatment also pre-
vented myocardial fibrosis in DCM mice (Figure 4A) and significantly
improved lifespan (Figure 4B). PTU treatment significantly increased
the ejection fraction (EF) of the DCM mouse heart in a dose-
dependent manner (Table 1). However, PTU treatment did not signifi-
cantly restore the maximum rate of LV pressure change (Figure 4C),
suggesting that a reduction in circumferential stress due to decreased
LV end-diastolic diameter through anti-hypertrophic effect of PTU

may, at least in part, contribute to the moderately increased EF after
long-term PTU treatment (Table 1). Cardiac T3 in DCM mice was
reduced to a level similar to that of WT mice after PTU treatment
(Figure 4D). These results strongly suggest that local activation of T3

production by transcriptional up-regulation of the Dio2 gene in the
heart plays an important role in the formation of eccentric cardiac
hypertrophy and myocardial degeneration in DCM mice.

Recently, two distinct non-nuclear TH-signalling pathways—TRa1-
phosphatidylinositol 3-kinase (PI3K)-Akt-mammalian target of rapa-
mycin (mTOR)-S6 kinase 1 (S6K1) and TRa1-TGFb-activated kinase
1 (TAK1)-p38 MAPK—have been shown to be involved in physiologi-
cal and pathological cardiac hypertrophy, respectively.23,24 Phos-
phorylation levels of Akt and p38 MAPK were significantly higher in
the hearts of DCM mice in comparison with WT mice, and PTU treat-
ment significantly decreased the higher phosphorylation levels of Akt
and p38 MAPK (Figure 4E), suggesting that these two non-nuclear
TH-signalling pathways are involved in hypertrophic remodelling of
DCM mice hearts.

3.4 Dio2 expression in post-MI mice
To determine whether transcriptional up-regulation of Dio2 is a
general phenomenon in DCM, we developed a mouse model of
post-MI by coronary artery ligation, known to cause a similar DCM
phenotype with eccentric cardiac hypertrophy. Post-MI mice devel-
oped markedly enlarged hearts with LV systolic dysfunction
(Figure 5A and Table 2), and Dio2 mRNA expression was found to
be markedly up-regulated in the heart (Figure 5B). PTU treatment pre-
vented hypertrophic remodelling of hearts in post-MI mice (Table 2).
These results strongly suggest that local hyperthyroidism via Dio2
up-regulation in the heart is also involved in eccentric cardiac hyper-
trophy after MI.

4. Discussion
TH has a cardiac growth-promoting effect,3,25 in which serum-free T4

and T3 enter the cell via TH transporters.26 In cardiomyocytes,
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Table 1 Echocardiography data of DCM mice receiving vehicle or PTU treatment

WT mice DCM mice

Vehicle PTU (12 mg/kg) Vehicle PTU (4 mg/kg) PTU (12 mg/kg)

Mice (n) 12 10 11 6 10

Age (weeks) 8 8 8 8 8

BW (g) 22.4+0.8 19.8+0.7 20.4+1.1 19.1.4+0.9 18.6+1.1*

HR (bpm) 369+9 369+6 379+6 399+7 385+4

IVST (mm) 0.50+0.02 0.47+0.02 0.55+0.03* 0.45+0.02** 0.43+0.02**

LVPWT (mm) 0.53+0.03 0.47+0.03 0.51+0.02 0.43+0.02 0.38+0.02*, ***

LVESD (mm) 2.42+0.09 2.49+0.06 4.80+0.18*,*** 4.43+0.30*,*** 4.02+0.11*,**,***

LVEDD (mm) 3.60+0.07 3.63+0.08 5.61+0.17*,*** 5.33+0.26*,*** 4.91+0.12*,**,***

EF (%) 68.4+2.1 65.2+1.1 34.0+1.4*,*** 41.0+3.2*,*** 42.9+0.8*,**,***

PTU or vehicle was i.p. administered to WT and DCM mice once daily for 4 weeks from 30 days of age. Statistical significance was determined by one-way analysis of variance followed by
the post hoc Tukey’s multiple comparison test.
BW, body weight; HR, heart rate; bpm, beats per minute; IVST, interventricular septal wall thickness; LVPWT, LV posterior wall thickness; LV, left ventricular; LVESD, LV end-systolic
dimension; LVEDD, LV end-diastolic dimension; EF, ejection fraction.
*P , 0.05 vs. PTU (12 mg/kg)-treated WT mice.
**P , 0.05 vs. vehicle-treated DCM mice.
***P , 0.05 vs. vehicle-WT mice.
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entered T3 modulates the transcriptional activity of target genes
through binding to nucleus-localized TR. However, this nuclear
TH-signalling pathway cannot fully explain the cardiac growth-
promoting effects of extracellular T3.

3,25 Recent studies have demon-
strated the presence of non-nuclear TH-signalling pathways, through
which T3 induces physiological or pathological cardiac growth by acti-
vating PI3K or TAK1 in the cytosol (Figure 6).23,24 Kenessey and
Ojamaa27 and Kenessey et al.28 have shown that TRa1 localizes to
both the nucleus and cytosol in cardiomyocytes. They subsequently
demonstrated that cytosol-localized TRa1 (like the oestrogen recep-
tor ERa)29 interacts directly with the p85a regulatory subunit of PI3K,
and also that T3 treatment of cardiomyocytes increases TRa1-

associated PI3K activity, resulting in the activation of the
Akt-mTOR-S6K1-signalling pathway leading to physiological cardiac
hypertrophy.23 On the other hand, Kinugawa et al.24 demonstrated
another non-nuclear TH-signalling pathway in which T3 activates cyto-
solic TRa1-associated TAK1, resulting in the activation of the p38
MAPK-signalling pathway leading to pathological cardiac hypertrophy
(associated with the re-activation of the foetal gene programme
including SkA, ANP, BNP, and bMyHC).

The above mentioned two non-nuclear TH-signalling pathways in
cardiomyocytes could explain the paradoxical growth-promoting
effects of T3 on the heart of patients with hyperthyroidism, leading
to eccentric but compensated cardiac hypertrophy with enhanced
pump function, which occasionally degenerates into DCM with systo-
lic dysfunction.2 –10 Results of the present study provide strong evi-
dence that TH is also involved in the pathogenesis of DCM
through the local activation of the heart. Locally increased T3 in
the heart by transcriptional up-regulation of the Dio2 gene would
have a paradoxical growth-promoting effect on the heart via two
non-nuclear TH-signalling pathways involving Akt and p38 MAPK,
as with patients with hyperthyroidism. Our DCM mouse model
had a decreased LVEF with significant myocardial fibrosis, suggesting
that the heart undergoes some pathological remodelling. However,
the DCM mice exhibited no overt symptoms of heart failure, such
as decreased spontaneous movement activity and dyspnoea.11

These findings suggest that physiological compensatory hypertrophy
and pathological degenerative hypertrophy may coexist in the
hearts of these DCM mice, consistent with findings that phosphoryl-
ation levels of Akt and p38 MAPK are both significantly elevated
in hearts.

The hearts of DCM mice used in this study are thought to
undergo structural remodelling to compensate for reduced myocar-
dial contractility due to decreased myofilament Ca2+ sensitivity,
resulting in progressive eccentric cardiac hypertrophy.11 On the
other hand, the hearts of post-MI mice are thought to undergo struc-
tural remodelling to compensate for reduced myocardial contractility
due to cardiomyocyte death, resulting in progressive eccentric

Figure 5 Dio expression in post-MI mice. (A) Gross morphology
of the hearts of sham-operated and MI mice. LAD, left anterior des-
cending coronary artery; LV, left ventricle; MI, myocardial infarction.
Scale bar: 2 mm. (B) Dio1, Dio2, and Dio3 mRNA expression levels
in ventricles of sham-operated and MI mice as determined by
TaqMan quantitative real-time RT–PCR (n ¼ 5 mice/group).
*P , 0.05.
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Table 2 Echocardiography data of MI mice

Sham-
operated mice

MI mice PTU-treated
MI mice

Mice (n) 6 7 8

Age (weeks) 12 12 12

HW (mg) 194.4+2.5 279.6+9.1* 204.1+6.8**

BW (g) 39.1+0.3 35.9+1.0* 35.9+0.9*

HW/BW (mg/g) 4.97+0.06 7.80+0.23* 5.71+0.26**

HR (bpm) 384+9 372+14 385+16

IVST (mm) 0.52+0.02 0.36+0.02 0.50+0.07

LVPWT (mm) 0.47+0.02 0.46+0.03 0.48+0.06

LVESD (mm) 2.15+0.12 5.49+0.19* 5.17+0.32*

LVEDD (mm) 3.55+0.09 6.37+0.21* 6.13+0.24*

EF (%) 76.2+2.3 33.1+1.1* 38.9+4.7*

PTU (12 mg/kg) was administered to MI mice i.p. once daily for 4 weeks just after
ligating LAD. Statistical significance was determined by one-way analysis of variance
followed by the post hoc Tukey’s multiple comparison test.
HW, heart weight; MI, myocardial infarction.
*P , 0.05 vs. sham-operated mice.
**P , 0.05 vs. MI mice.
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hypertrophy. Cardiomyocytes in these mice showed similar hyper-
trophic remodelling, characterized by myocyte elongation expected
to lead to eccentric cardiac hypertrophy.30 These facts raise an inter-
esting hypothesis: local hyperthyroidism via Dio2 up-regulation in
cardiomyocytes is generally involved in eccentric hypertrophy of
the heart, stimulated by volume overload due to reduced myocardial
contractility. Reduced myocardial contractility would be expected to
activate sympathetic outflow and inhibit parasympathetic outflow to
the heart via baroreflex, leading to chronic activation of adenylate
cyclase via the stimulation of b1-adreneric receptor and M2-

-muscarinic receptor in cardiomyocytes. The resultant persistent
increase in intracellular cAMP level is expected to augment the

intracellular Ca2+ transient as demonstrated in the previous
study,11 and also activate the transcription of the Dio2 gene as
demonstrated in the present study (Figure 2B) via the CRE site in
its promoter (Figure 6).18 The present study, together with the pre-
vious study,15 indicates that the lipophilic b1-selective b-blocker
metoprolol prevents cardiac remodelling in DCM mice by effectively
suppressing the cAMP-mediated Dio2 up-regulation probably
through the vagal activation via the central nervous system as well
as direct b1-adreneric receptor blockade in the heart. However,
further studies should be required to clarify whether other
unknown pharmacological properties may explain the effectiveness
of metoprolol.

Figure 6 Molecular mechanism underlying eccentric cardiac hypertrophy in DCM and MI. ‘Local hyperthyroidism in cardiomyocytes via Dio2
up-regulation’, found in the present study (indicated in a semi-transparent box), links the well-known increase in cytosolic cAMP level due to activated
sympathetic outflow to the heart via baroreflex in heart failure to the two, recently discovered, distinct ‘non-nuclear TH-signalling pathways involving
Akt and p38 MAPK’, which lead to physiological and pathological cardiac hypertrophy, respectively. MI, myocardial infarction; NA, norepinephline;
b1-R, b1-adrenergic receptor; Gs, stimulatory G protein; ACh, acetylcholine; M2-R, M2-muscarinic receptor; Gi, inhibitory G protein; AC, adenylate
cyclase; PKA, protein kinase A; PLB, phospholamban; SERCA, sarcoplasmic/endoplasmic Ca2+-ATPase; SR, sarcoplasmic reticulum; Dio2, type 2
iodothyronine deiodinase; T4, thyroxine; T3, tri-iodothyronine; TRa1, thyroid hormone receptor a1; PI3K, phosphatidylinositol 3-kinase; Akt,
protein kinase B; TAK1, transforming growth factor b-activated kinase 1; p38, p38 mitogen-activated protein kinase.
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The present study showed that TRa1 protein expression was also
up-regulated in both the cytoplasm and nucleus of the DCM mouse, con-
sistent with the finding that TRa1 protein expression is markedly
increased in patients with DCM.31 Interestingly, TRa1 expression in
the heart has been shown to be up-regulated by a1-adrenergic receptor
stimulation,32 probably through the activation of protein kinase Ca.28

Activation of sympathetic outflow to the heart via baroreflex might
thus effectively cause local hyperthyroidism through the up-regulation
of Dio2 and TRa1 in cardiomyocytes of the DCM mouse model.

Trivieri et al.33 reported that long-term Dio2 overexpression in the
heart of transgenic mice prevented heart failure caused by experimen-
tal LV pressure overload for 9 weeks, which appears to be inconsist-
ent with the results of our present study. However, it should be noted
that pressure overload usually leads to concentric cardiac hypertro-
phy, in which TH might play totally different roles from those in
eccentric cardiac hypertrophy developed in our DCM mouse
model. In fact, Trivieri et al. reported that protection against heart
failure due to LV pressure overload might be related to the reversal
of local cardiac hypothyroidism, which they expected to be caused
by a nearly five-fold increase in the expression of Dio3 [an enzyme
that converts T4 and T3 into inactive metabolites, reverse-T3 (rT3)
and 3,3′-T2, respectively] in response to pressure overload for 9
weeks.33 Simonides et al.34 also reported increased expression of
Dio3 and reduction in local T3 content in concentric cardiac hyper-
trophy developed in a rat model of heart failure due to RV pressure
overload. They suggested that up-regulation of Dio3 could be stimu-
lated by hypoxia, which might be caused by decreased oxygen diffu-
sion due to the markedly increased diameter of cardiomyocytes.34

In contrast to these pressure overload models, our mouse model
developed eccentric cardiac hypertrophy due to marked elongation
of cardiomyocytes with a marginal increase in diameter (Figure 3D)
and caused no significant change in the Dio3 expression level
(Figure 1D). It should also be noted that our mouse model of MI
was developed by ligation of LAD for 4 weeks and thus most surviving
cardiomyocytes undergoing hypertrophic remodelling must be no
longer under hypoxic ischaemic conditions. Recently, Forini et al.35

reported that T3 administration to rat for 4 weeks from 3 days
after MI halved infarct scar size and prevented the progression
towards heart failure. These findings indicate that in some species
and/or models, the T3 situation may differ from what we have
reported here and that more data in other species and myocardial
injury models will be required to generalize the role of Dio2
up-regulation in cardiac remodelling.

Hamilton et al.36 showed that patients with congestive heart failure
have a low serum T3 level, which is the strongest predictor of short-
term outcome. Iervasi et al.37 also demonstrated that the low serum
T3 state is a strong predictor of death in a group of patients with heart
disease with various aetiologies. Although these clinical studies
showed a correlation between low serum T3 level and poor prognosis
in patients with heart disease, they did not demonstrate any causality.
A decline in the serum T3 level may be part of a host’s mechanism of
beneficial adaptation, known to occur in virtually all illnesses and
patients undergoing major surgical procedures.38 This could explain
why no investigation has clearly demonstrated any beneficial effects
of administering T3 on mortality.3 The DCM mice used in the
present study showed no overt heart failure symptoms11 and no sig-
nificant decrease in serum T3 level (Figure 1A). Nevertheless, they had
a very high mortality rate due to ventricular fibrillation. This seems
analogous to an observation of human heart failure patients, in

which risk of sudden death increases with decreasing severity of
heart failure.39 PTU treatment dramatically prevented eccentric
cardiac hypertrophy and extended the survival of DCM mice. These
results suggest that lowering the serum TH level by anti-thyroid
drug might be effective in preventing sudden death and progression
of heart failure in DCM before the serum T3 level begins to decrease
through the host’s adaptive mechanisms.

In summary, the results of the present study provide a novel mol-
ecular mechanism underlying eccentric cardiac hypertrophy and myo-
cardial degeneration in DCM, in which locally increased T3 in the
heart by transcriptional up-regulation of Dio2 causes physiological
and pathological cardiac hypertrophy through activating two distinct
non-nuclear TH-signalling pathways, TRa1-PI3K-Akt-mTOR-S6K1
and TRa1-TAK1-p38 MAPK, respectively (Figure 6). However, the
pathogenic role of transcriptional up-regulation of Dio2 remains
rather speculative at present, and the relevance of the mechanism
proposed in Figure 6 should be tested by further experiments such
as cardiac-specific knockdown or knockout of Dio2 in future
research. Dio2 mRNA is expressed in the human heart about three
times as much as in the rodent heart,40 suggesting that Dio2 may
play a more critical role in humans. Future studies are clearly required
to explore whether local cardiac hyperthyroidism via Dio2
up-regulation also has a role in human heart diseases, and to validate
the therapeutic implications of the findings of the present study.
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Acknowledgements
We would like to thank Professor Iwao Ohtsuki at Jikei University
School of Medicine for his valuable advice and encouragement.

Conflict of interest: none declared.

Funding
This work was supported by Special Coordination Funds from the Minis-
try of Education, Culture, Sports, Science, and Technology of Japan;
Grants-in-Aid for Science Research (17300129) from the Japan Society
for the Promotion of Science ( JSPS); and grants from the Vehicle
Racing Commemorative Foundation, the Mitsubishi Pharma Research
Foundation, and the Institute of Seizon and Life Sciences to S.M. C.-K.D.
is a recipient of the JSPS Postdoctoral Fellowship for Foreign Researchers.

References
1. Klein I, Danzi S. Thyroid disease and the heart. Circulation 2007;116:1725–1735.
2. Marcisz C, Jonderko G, Wroblewski T, Kurzawska G, Mazur F. Left ventricular mass in

patients with hyperthyroidism. Med Sci Monit 2006;12:CR481–CR486.
3. Klein I, Ojamaa K. Thyroid hormone and the cardiovascular system. N Engl J Med

2001;344:501–509.
4. Safirstein SM, Santana O, Agatston AS. Thyrotoxicosis associated with reversible

dilated cardiomyopathy. Am Heart J 1994;128:616–617.
5. Bauerlein EJ, Chakko CS, Kessler KM. Reversible dilated cardiomyopathy due to

thyrotoxicosis. Am J Cardiol 1992;70:132.
6. Dhadke SV, Dhadke VN. Reversible cardiomyopathy. J Assoc Physicians India 2006;54:

740–741.
7. Londhey VA, Kamble US, Limaye CS, Pednekar SJ, Kini SH, Borges NE. Irreversible

dilated cardiomyopathy due to thyrotoxicosis. J Assoc Physicians India 2006;54:
575–576.

8. Watanabe E, Ohsawa H, Noike H, Okamoto K, Tokuyama A, Kanai M et al. Dilated
cardiomyopathy associated with hyperthyroidism. Intern Med 1995;34:762–767.

9. Kahaly GJ, Dillmann WH. Thyroid hormone action in the heart. Endocr Rev 2005;26:
704–728.

Dio2 up-regulation in DCM 645
D

ow
nloaded from

 https://academ
ic.oup.com

/cardiovascres/article/87/4/636/320919 by guest on 21 August 2022

http://cardiovascres.oxfordjournals.org/cgi/content/full/cvq133/DC1


10. Osman F, Franklyn JA, Holder RL, Sheppard MC, Gammage MD. Cardiovascular
manifestations of hyperthyroidism before and after antithyroid therapy: a matched
case–control study. J Am Coll Cardiol 2007;49:71–81.

11. Du CK, Morimoto S, Nishii K, Minakami R, Ohta M, Tadano N et al. Knock-in mouse
model of dilated cardiomyopathy caused by troponin mutation. Circ Res 2007;101:
185–194.

12. Morimoto S. Sarcomeric proteins and inherited cardiomyopathies. Cardiovasc Res
2008;77:659–666.

13. Baqui MM, Gereben B, Harney JW, Larsen PR, Bianco AC. Distinct subcellular local-
ization of transiently expressed types 1 and 2 iodothyronine deiodinases as deter-
mined by immunofluorescence confocal microscopy. Endocrinology 2000;141:
4309–4312.

14. Michael LH, Entman ML, Hartley CJ, Youker KA, Zhu J, Hall SR et al. Myocardial ische-
mia and reperfusion: a murine model. Am J Physiol 1995;269:H2147–H2154.

15. Zhan DY, Morimoto S, Du CK, Wang YY, Lu QW, Tanaka A et al. Therapeutic effect
of b-adrenoceptor blockers using a mouse model of dilated cardiomyopathy with a
troponin mutation. Cardiovasc Res 2009;84:64–71.

16. Bianco AC, Kim BW. Deiodinases: implications of the local control of thyroid
hormone action. J Clin Invest 2006;116:2571–2579.

17. Kohrle J. Local activation and inactivation of thyroid hormones: the deiodinase family.
Mol Cell Endocrinol 1999;151:103–119.

18. Gereben B, Salvatore D. Pretranslational regulation of type 2 deiodinase. Thyroid 2005;
15:855–864.

19. Aihara Y, Kurabayashi M, Saito Y, Ohyama Y, Tanaka T, Takeda S et al. Cardiac ankyrin
repeat protein is a novel marker of cardiac hypertrophy: role of M-CAT element
within the promoter. Hypertension 2000;36:48–53.

20. Donohue T, Dworkin L, Lango M, Fliegner K, Lango R, Benstein J et al. Induction of
myocardial insulin-like growth factor-I gene expression in left ventricular hypertrophy.
Circulation 1994;89:799–809.

21. Brand T, Schneider MD. The TGF beta superfamily in myocardium: ligands, receptors,
transduction, and function. J Mol Cell Cardiol 1995;27:5–18.

22. Kiss E, Jakab G, Kranias EG, Edes I. Thyroid hormone-induced alterations in phospho-
lamban protein expression. Regulatory effects on sarcoplasmic reticulum Ca2+ trans-
port and myocardial relaxation. Circ Res 1994;75:245–251.

23. Kenessey A, Ojamaa K. Thyroid hormone stimulates protein synthesis in the cardio-
myocyte by activating the Akt-mTOR and p70S6K pathways. J Biol Chem 2006;281:
20666–20672.

24. Kinugawa K, Jeong MY, Bristow MR, Long CS. Thyroid hormone induces cardiac
myocyte hypertrophy in a thyroid hormone receptor alpha1-specific manner that
requires TAK1 and p38 mitogen-activated protein kinase. Mol Endocrinol 2005;19:
1618–1628.

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

26. Jansen J, Friesema EC, Milici C, Visser TJ. Thyroid hormone transporters in health and
disease. Thyroid 2005;15:757–768.

27. Kenessey A, Ojamaa K. Ligand-mediated decrease of thyroid hormone receptor-
alpha1 in cardiomyocytes by proteosome-dependent degradation and altered
mRNA stability. Am J Physiol Heart Circ Physiol 2005;288:H813–H821.

28. Kenessey A, Sullivan EA, Ojamaa K. Nuclear localization of protein kinase C-alpha
induces thyroid hormone receptor-alpha1 expression in the cardiomyocyte. Am J
Physiol Heart Circ Physiol 2006;290:H381–H389.

29. Simoncini T, Hafezi-Moghadam A, Brazil DP, Ley K, Chin WW, Liao JK. Interaction of
oestrogen receptor with the regulatory subunit of phosphatidylinositol-3-OH kinase.
Nature 2000;407:538–541.

30. Prahash AJC, Gupta S, Anand IS. Myocyte response to b-adrenergic stimulation is
preserved in the noninfarcted myocardium of globally dysfunctional rat hearts after
myocardial infarction. Circulation 2000;102:1840–1846.

31. d’Amati G, di Gioia CR, Mentuccia D, Pistilli D, Proietti-Pannunzi L, Miraldi F et al.
Increased expression of thyroid hormone receptor isoforms in end-stage human con-
gestive heart failure. J Clin Endocrinol Metab 2001;86:2080–2084.

32. Pantos C, Mourouzis I, Xinaris C, Kokkinos AD, Markakis K, Dimopoulos A et al.
Time-dependent changes in the expression of thyroid hormone receptor alpha 1 in
the myocardium after acute myocardial infarction: possible implications in cardiac
remodelling. Eur J Endocrinol 2007;156:415–424.

33. Trivieri MG, Oudit GY, Sah R, Kerfant BG, Sun H, Gramolini AO et al. Cardiac-
specific elevations in thyroid hormone enhance contractility and prevent pressure
overload-induced cardiac dysfunction. Proc Natl Acad Sci USA 2006;103:6043–6048.

34. Simonides WS, Mulcahey MA, Redout EM, Muller A, Zuidwijk MJ, Visser TJ et al.
Hypoxia-inducible factor induces local thyroid hormone inactivation during
hypoxic-ischemic disease in rats. J Clin Invest 2008;118:975–983.

35. Forini F, Lionetti V, Ardehali H, Pucci A, Cecchetti F, Ghanefar M et al. Early long-term
L-T3 replacement rescues mitochondria and prevents ischemic cardiac remodeling in
rats. J Cell Mol Med 2010; doi:10.1111/j.1582-4934.2010.01014.x. Published online
ahead of print 20 January 2010.

36. Hamilton MA, Stevenson LW, Luu M, Walden JA. Altered thyroid hormone metab-
olism in advanced heart failure. J Am Coll Cardiol 1990;16:91–95.

37. Iervasi G, Pingitore A, Landi P, Raciti M, Ripoli A, Scarlattini M et al. Low-T3 syn-
drome: a strong prognostic predictor of death in patients with heart disease. Circula-
tion 2003;107:708–713.

38. Utiger RD. Altered thyroid function in nonthyroidal illness and surgery. To treat or
not to treat? N Engl J Med 1995;333:1562–1563.

39. MERIT-HF Study Group. Effect of metoprolol CR/XL in chronic heart failure: meto-
prolol CR/XL randomised intervention trial in congestive heart failure (MERIT-HF).
Lancet 1999;353:2001–2007.

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

41. Mizukami Y, Yoshioka K, Morimoto S, Yoshida K. A novel mechanism of JNK1 acti-
vation. Nuclear translocation and activation of JNK1 during ischemia and reperfusion.
J Biol Chem 1997;272:16657–16662.

Y.-Y. Wang et al.646
D

ow
nloaded from

 https://academ
ic.oup.com

/cardiovascres/article/87/4/636/320919 by guest on 21 August 2022


