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and results

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.

The pathophysiological role of TH in the heart was investigated using a knock-in mouse model of inherited DCM with
a deletion mutation AK210 in the cardiac troponin T gene. Serum tri-iodothyronine (Ts) 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 T 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.

Local hyperthyroidism via transcriptional up-regulation of the DioZ gene may be an important underlying mechanism
for the hypertrophic cardiac remodelling in DCM.

Keywords

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." 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 hypertrophyz; 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).>~"°

Dilated cardiomyopathy e Myocardial infarction e Hypertrophy e Thyroid hormone

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.'"" 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 Ca*t sensitivity of force generation and
greater amplitude of Ca®" transient than the wild-type (WT) mice,
suggesting that mutant mice develop eccentric cardiac hypertrophy
with augmented Ca*" transient to compensate for reduced pump
function.

* Corresponding author. Tel: +81 92 642 6081; fax: +81 92 642 6084, Email: morimoto@med.kyushu-u.ac.jp
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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 T;
levels in the heart than WT mice. Further analyses revealed that
type 2 iodothyronine deiodinase (Dio2), which produces the active
hormone T;3 by catalysing outer ring de-iodination of the pro-
hormone thyroxin (T4),"> 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 (Ml) (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."" Homozygous mutant mice were obtained by
crossing heterozygous mutant mice, which had been backcrossed to the
C57BL/6] 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 Ml 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."* 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 T5 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 4°C. 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 g of total RNA using a high-capacity cDNA reverse tran-
scription kit (Applied Biosystems). TagMan quantitative polymerase chain
reaction (PCR) reactions were then carried out in 50 wL mixtures con-
taining 22.5 pL of first-strand cDNA diluted with RNase-free water,
25 pL of TagMan Universal 2x PCR Master Mix (Applied Biosystems),
and 2.5 pL of 20x TagMan 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 g 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 um 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 37°C in the Lan-
gendorff mode, ventricles were dissected from the hearts and immediately
freeze-clamped by liquid N,. The frozen tissues were mechanically
crushed into powder and denatured in 6 vol. of 5% TCA by freezing
(—80°C) and thawing three times. After centrifugation at 15000 rpm
for 10 min at 4°C, the total amount of protein in the precipitate
solubilized by 1M 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."

2.8 Western blot analysis

After a brief perfusion of the isolated heart with oxygenated Krebs—
Henseleit solution at 37°C 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,'® 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 aq (TRaq) 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) Ca®*-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."'
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 Ts after 2 h incubation
in the presence of 100 nM T4 To examine the effect of forskolin on
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Figure | Increased T; levels and transcriptional up-regulation of Dio2 in the myocardium of DCM mice. (A) Serum-free T; 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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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) TRa4/B1 expression levels in cytoplasmic and nuclear fractions prepared from homogenates of the ventricle. Subcellular
fractionation was carried out as described previously.*' 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.

Dio2 expression, cardiomyocytes harvested after 2 h incubation in the pres-
ence of 10 uM 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 Tj level in the heart (Figure 1B). Intracellular
levels of T3 in extra-thyroidal tissues such as brain are thought to be
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Figure 3 Effects of PTU treatment on hypertrophic remodelling of the heart in DCM mice. (A) Serum-free T3 levels (n = 3 mice/group). (B) Gross
morphology of the heart. Scale bar: 2 mm. (C) Heart weight to tibia length ratio (HW/TL) (n = 10—12 mice/group). (D) Size of cardiomyocytes
(n =150 cardiomyocytes isolated from three hearts/group). (E) Protein expression level of MyHC in LV myocardium (n = 3 mice/group). (F)

Protein expression level of CARP in LV myocardium (n = 4 mice/group).

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.'®'” 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 Ts via the
removal of an iodine moiety from Ty in the cytoplasm.'® Therefore,
cardiac-specific up-regulation of Dio2 expression explains the local
increase of T3 levels in the heart of DCM mice. Cell culture

showed that
cardiomyocytes, produced significant amounts of T3 from T4

experiments cardiomyocytes, but not non-
(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.'® 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 Bq-selective {3-adrenoceptor blocker, significantly
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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 um. (B) Kaplan—Meier survival curves for DCM mice treated with vehicle only (n = 23) and PTU (n = 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=7
mice/group). (D) T3 levels in ventricles (n = 3 mice/group). (E) Phosphorylation levels of Akt and p38 MAPK in ventricles (n = 3 mice/group).

*P < 0.05.

decreased the expression level of the Dio2 protein in DCM mice,
whereas carvedilol, a lipophilic non-selective (3-blocker, and atenolol,
hydrophilic (4-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 (4-adrenoceptor in the
central nervous system.'® 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 a; (TRa4) protein expression was significantly
up-regulated in both the cytoplasm and nucleus of DCM mouse car-
diomyocytes, whereas TR, 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
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(Supplementary material online, Figure STA). 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,'® was also up-regulated
in DCM mice (Supplementary material online, Figure S1B). The insulin-
like growth factor 1 (IGF-1) and transforming growth factor (3
(TGF), known to act in an autocrine/paracrine manner during patho-
logical hypertrophy,”®*! 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.”> 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 7). 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 7). 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 Ts
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—TRaq-
phosphatidylinositol 3-kinase (PI3K)-Akt-mammalian target of rapa-
mycin (MTOR)-S6 kinase 1 (S6K1) and TRa-TGFp-activated kinase
1 (TAK1)-p38 MAPK—have been shown to be involved in physiologi-
cal and pathological cardiac hypertrophy, respectively.”*** 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 Ml.

4. Discussion

TH has a cardiac growth-promoting effect,> in which serum-free T,
and T3 enter the cell via TH transporters.”® In cardiomyocytes,

Table | Echocardiography data of DCM mice receiving vehicle or PTU treatment

WT mice
Ve 55 (12 mglkg)
Mice (n) 12 10
Age (weeks) 8 8
BW (g) 224408 198 +0.7
HR (bpm) 369 +£9 369 £ 6
IVST (mm) 0.50 + 0.02 047 +0.02
LVPWT (mm) 0.53 +0.03 047 +0.03
LVESD (mm) 242 4+ 0.09 249 +0.06
LVEDD (mm) 3.60 £ 0.07 3.63 £0.08
EF (%) 684 + 2.1 652 + 1.1

4.80 + 0185
5.61 4 01705
34.0 4 14500

4.43 + 030
5.33 4 0.26%%5*
41.0 + 3.2

DCM mice
Ve h| de ....................... PTU (4 m glkg) ............... PTU . (12 mglkg)
11 6 10
8 8 8
204 + 11 1914+ 09 18.6 + 1.1%*
379+ 6 399 +7 385 +4
0.55 4+ 0.03* 0.45 4 0.02°+* 0.43 + 0.02°+*
0.51 + 0.02 0.43 £+ 0.02 0.38 £ 0.02% ##*

4,02 + 0.1 sswr
491 4 0128wk
429 + 0grHwer

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.
*kP < 0.05 vs. vehicle-treated DCM mice.
#H*P < 0.05 vs. vehicle-WT mice.
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Figure 5 Dio expression in post-MI mice. (A) Gross morphology
of the hearts of sham-operated and Ml mice. LAD, left anterior des-
cending coronary artery; LV, left ventricle; Ml, myocardial infarction.
Scale bar: 2 mm. (B) Dio1, Dio2, and Dio3 mRNA expression levels
in ventricles of sham-operated and M| mice as determined by
TagMan quantitative real-time RT—PCR (n=5 mice/group).
*P < 0.05.

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*® 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).”>** Kenessey and
Ojamaa®’ and Kenessey et al.?® have shown that TRay localizes to
both the nucleus and cytosol in cardiomyocytes. They subsequently
demonstrated that cytosol-localized TRa (like the oestrogen recep-
tor ERa)*” interacts directly with the p85a regulatory subunit of PI3K,
and also that T3 treatment of cardiomyocytes increases TRay-

Table 2 Echocardiography data of Ml mice

Sham- MI mice PTU-treated

operated mice MI mice
Mice (n) 6 7 8
Age (weeks) 12 12 12
HW (mg) 1944 4+ 25 279.6 + 9.1* 204.1 + 6.8%*
BW (g) 39.14+03 35.9 + 1.0* 35.9 + 0.9%
HWI/BW (mg/g) 4.97 + 0.06 7.80 + 0.23* 571 + 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) 215+ 0.12 549 + 0.19* 517 + 0.32*
LVEDD (mm) 3.55 +0.09 6.37 +£0.21* 6.13 + 0.24*
EF (%) 762 +23 331 + 1.1% 389 + 4.7*

PTU (12 mg/kg) was administered to Ml 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. Ml mice.

of the
Akt-mTOR-S6K1-signalling pathway leading to physiological cardiac

associated PI3K activity, resulting in the activation
hypertrophy.”> On the other hand, Kinugawa et al.** demonstrated
another non-nuclear TH-signalling pathway in which T activates cyto-
solic TRa-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.”™"® 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 Tj3 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 Ca** 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
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Figure 6 Molecular mechanism underlying eccentric cardiac hypertrophy in DCM and ML. ‘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. Ml, myocardial infarction; NA, norepinephline;
1-R, B1-adrenergic receptor; Gs, stimulatory G protein; ACh, acetylcholine; M,-R, M,-muscarinic receptor; Gi, inhibitory G protein; AC, adenylate
cyclase; PKA, protein kinase A; PLB, phospholamban; SERCA, sarcoplasmic/endoplasmic Ca’"-ATPase; SR, sarcoplasmic reticulum; Dio2, type 2
iodothyronine deiodinase; T4, thyroxine; Ts, tri-iodothyronine; TRa, thyroid hormone receptor al; PI3K, phosphatidylinositol 3-kinase; Akt,
protein kinase B; TAK1, transforming growth factor B-activated kinase 1; p38, p38 mitogen-activated protein kinase.

hypertrophy. Cardiomyocytes in these mice showed similar hyper-
trophic remodelling, characterized by myocyte elongation expected
to lead to eccentric cardiac hypertrophy.® 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 [4-adreneric receptor and M,
-muscarinic receptor in cardiomyocytes. The resultant persistent
increase in intracellular cAMP level is expected to augment the

intracellular Ca®" transient as demonstrated in the previous
study,”" 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)."® The present study, together with the pre-
vious study,”” indicates that the lipophilic B-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 (4-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.
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The present study showed that TRoy protein expression was also
up-regulated in both the cytoplasm and nucleus of the DCM mouse, con-
sistent with the finding that TRay protein expression is markedly
increased in patients with DCM.>" Interestingly, TRa; expression in
the heart has been shown to be up-regulated by ay-adrenergic receptor
stimulation,®® probably through the activation of protein kinase Cot.?®
Activation of sympathetic outflow to the heart via baroreflex might
thus effectively cause local hyperthyroidism through the up-regulation
of Dio2 and TRa in cardiomyocytes of the DCM mouse model.

Trivieri et al.>® 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-Tz (rT3)
and 3,3'-T,, respectively] in response to pressure overload for 9
weeks.*®> Simonides et al** 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.>*
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 Ml
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.®®
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.*® showed that patients with congestive heart failure
have a low serum T3 level, which is the strongest predictor of short-
term outcome. lervasi et al.?>’ also demonstrated that the low serum
T 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.® This could explain
why no investigation has clearly demonstrated any beneficial effects
of administering T3 on mortality.> The DCM mice used in the
present study showed no overt heart failure symptoms’" and no sig-
nificant decrease in serum Ts 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.** 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, TRa-PI3K-Akt-mTOR-S6K1
and TRa-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,”® 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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