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Dilated cardiomyopathy (DCM), a common cause of heart failure, is characterized by cardiac dilation and
reduced left ventricular ejection fraction, but the underlying mechanisms remain unclear. To investigate
the mechanistic basis, we performed global metabolomic analysis of myocardial tissues from the left ventri-
cles of J2N-k cardiomyopathic hamsters. This model exhibits symptoms similar to those of human DCM,
owing to the deletion of the 8-sarcoglycan gene. Charged and lipid metabolites were measured by capillary
electrophoresis mass spectrometry (MS) and liquid chromatography MS(/MS), respectively, and J2N-k ham-
sters were compared with J2N-n healthy controls at 4 (presymptomatic phase) and 16 weeks (symptomatic)
of age. Disturbances in membrane phospholipid homeostasis were initiated during the presymptomatic
phase. Significantly different levels of charged metabolites, occurring mainly in the symptomatic phase,
were mapped to primary metabolic pathways. Reduced levels of metabolites in glycolysis, the pentose phos-
phate pathway, and the tricarboxylic acid cycle, together with large decreases in major triacylglycerol levels,
suggested that decreased energy production leads to cardiac contractile dysfunction in the symptomatic
phase. A mild reduction in glutathione and a compensatory increase in ophthalmate levels suggest increased
oxidative stress in diseased tissues, which was confirmed by histochemical staining. Increased levels of 4
eicosanoids, including prostaglandin (PG) E; and 6-keto-PGF;4, in the symptomatic phase suggested activa-
tion of the protective response pathways. These results provide mechanistic insights into DCM pathogenesis
and may help identify new targets for therapeutic intervention and diagnosis.

© 2013 Elsevier Ltd. All rights reserved.
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1. Introduction which result in severe contractile dysfunction. p-Blockers constitute

a common treatment [2], but severely affected patients may undergo

Dilated cardiomyopathy (DCM), a common cause of heart failure
and a prevalent cardiomyopathy [1], is characterized by left ventricu-
lar dilation, impaired cardiac pump function, and a thin cardiac wall,
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heart transplantation or implantation of left ventricular assist devices.
While the underlying etiological factors remain largely unknown, and
both familial and non-familial factors are associated with DCM, some
proposed disease mechanisms include coronary artery disease, genet-
ic mutation, and viral infection [3]. Mutations in sarcomeric and cyto-
skeletal genes cause hypertrophic and dilated cardiomyopathies,
respectively [4]. Some familial DCM cases are caused by mutations
in genes encoding components of the dystrophin-glycoprotein com-
plex (DGC), which spans the sarcolemma linking the extracellular
matrix and cytoskeleton and provides mechanical strength for con-
traction [5]. Mutations in dystrophin, a major cytoskeletal component
of the DGC, lead to a high incidence of X-linked DCM in patients with
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Duchenne or Becker muscular dystrophy. Mutations in other DGC
genes, including 8-sarcoglycan, are also associated with human DCM
[1].

Oxidative stress is also reported to be involved in DCM pathogen-
esis. Patients with DCM exhibit increased plasma glutathione levels
and lipid peroxidation products such as malondialdehyde [6], and
total plasma peroxide levels are inversely correlated with the cardiac
ejection fraction [7]. However, a contrasting study found that human
left ventricular DCM tissue showed normal glutathione peroxidase
and superoxide dismutase activities and malondialdehyde levels
similar to those found in healthy control tissue [8]. Thus, the role of
oxidative stress in DCM pathogenesis remains to be elucidated.

Animal models with a pathophysiology similar to human DCM are
useful for investigating pathogenic mechanisms. A J2N-k DCM ham-
ster and J2N-n control line were established by repeated sib mating
of J2N(N8), produced by cross-breeding BI014.6 cardiomyopathic
and normal golden hamsters [9]. J2N-k hamsters are deficient in
8-sarcoglycan and are an animal model of human limb-girdle muscu-
lar dystrophy-associated cardiomyopathy. They begin showing heart
tissue fibrosis and exhibit moderate cardiac dysfunction at 8-9 weeks
of age. At 20 weeks, J2N-k hamsters exhibit considerable fibrosis, a
reduced number of cardiomyocytes, and hypertrophic changes in
the remaining cardiomyocytes; no such changes occur in J2N-n
heart tissues [9]. Accordingly, the life span of J2N-k hamsters
(ca. 298 days) is much shorter than that of |2N-n hamsters
(ca. 788 days). Besides the §-sarcoglycan gene, J2N-k and J2N-n ham-
sters have very similar genetic backgrounds. Since mutations in
6-sarcoglycan are also detected in DCM patients, J2N-k hamsters are
an ideal DCM disease model.

To gain an insight into the DCM in metabolic pathway basis,
we performed global metabolomic analysis of myocardial tissues
from the left ventricles of J2N-k and J2N-n hamsters. Capillary
electrophoresis-time-of-flight mass spectrometry (CE-TOFMS) [10]
and liquid chromatography (LC)-TOFMS or triple quadrupole MS/MS
were used to measure levels of charged (e.g., amino acids) and lipid
(e.g., phospholipids) metabolites, respectively. We identified signifi-
cant changes in several metabolite levels in age-matched J2N-k and
J2N-n hamsters.

2. Methods
2.1. Animals

Male 3- and 15-week-old J2N-k cardiomyopathic hamsters and
age-matched J2N-n controls were purchased from Nihon SLC Inc.
(Hamamatsu, Japan). All animals were maintained in a specific
pathogen-free facility under controlled conditions (20-24 °C and
40-70% humidity) with a 12-h light cycle and were given free access
to standard laboratory rat chow (MF, Oriental Yeast, Tokyo, Japan)
and tap water. After 1 week of habituation, 4- and 16-week-old ani-
mals were anesthetized by intraperitoneal injection of pentobarbital
(Dainippon Sumitomo Pharma, Osaka, Japan) at a dose of 50 mg/kg,
and the left ventricle was excised. The isolated tissue was processed
for either histological analysis (N=4) or for metabolomic and
western blot analysis (N=7). For metabolomic analysis, tissue was
randomly divided into 2 samples and minced on ice to measure
charged and lipid metabolites. The tissue samples were weighed
and snap frozen in liquid nitrogen before being stored at —80 °C.
All animal experiments were performed in accordance with 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) and the Guidelines for Animal Experimentation and under
the control of the Ethics Committee of Animal Care and Experimenta-
tion of the National Cerebral and Cardiovascular Center, Japan (Ap-
proval number, 12056).

2.2. Echocardiography and histochemical staining

Cardiac function was assessed by echocardiography measurements
as shown in the supplementary information. Following this procedure,
J2N-k and J2N-n hamsters were sacrificed as described above, and ven-
tricle tissue (from both hamster lines) was processed for Masson's
trichrome staining to detect fibrosis, 4-hydroxynonenal (4-HNE) stain-
ing to estimate lipid peroxidation [11], and dihydroethidium (DHE)
staining to approximate superoxide production [12] as described in
the supplementary information.

2.3. Metabolite extraction and quantification

Detailed information regarding the extraction and quantification
of charged and lipid metabolites has been provided in the supple-
mentary information, Briefly, charged metabolites were extracted
by homogenizing myocardial tissue in methanol and subjected
to CE-TOFMS, as previously described [10,13,14]. Lipid metabolite
extraction was performed using the Bligh and Dyer method [15] with
minor modifications. Lower organic and upper aqueous layers were an-
alyzed by LC-TOFMS and LC-MS/MS for phospholipids/sphingolipids/
triacylglycerols and oxidative fatty acids, respectively. Structural analy-
sis of phospholipids (PLs) and sphingomyelins (SMs) was performed as
previously described [16].

24. Data analysis

Datasets obtained from CE-TOFMS were processed using our pro-
prietary software, MasterHands [17] as shown in the supplementary
information. Hydrophilic metabolite concentrations have been
provided as the amount of metabolite (umol) per gram of tissue.

LC-TOFMS data were processed using the 2DICAL software (Mitsui
Knowledge Industry, Tokyo, Japan) [18] as described in the supplemen-
tary information. Extracted ion peaks were normalized using internal
standards (ISs). Metabolites eluting from 0.1 to 37.5 min and from 37.5
to 60 min for LC were normalized to 1, 2-dipalmitoyl-[*Hg]-sn-glycero-
3-phosphocholine (16:0-16:0PC-d6; Larodan Fine Chemicals, Malmo,
Sweden) and 1,2-caprylin-3-linolein, respectively. Some oxidative fatty
acids were quantified using commercially available standards.

2.5. Statistical and multiple classification analyses

Student's t-test was used for two-class comparisons between J2N-n
and J2N-k at each growth stage (4 and 16 weeks), and p<0.05 was
deemed as statistically significant. The multiple testing correction was
not applied since metabolite levels are not exclusive but rather related
with each other, and we focused on revealing overall metabolic changes
(such as pathways or metabolite groups) in the cardiomyocytes from
J2N-k hamsters compared to J2N-n cardiomyocytes. In addition, data
were imported into the SIMCA-P + software (Version 12.0; Umetrics,
Umead, Sweden), pareto-scaled, and subjected to principal component
analysis (PCA; short explanation is provided in the supplementary
information). Cluster analysis and heatmap representations were
obtained using the Spotfire software (Version 7.1; TIBCO, MA, USA).

3. Results
3.1. Cardiac function and pathophysiology of J2N-n and J2N-k hamsters

In this study, the 4- and 16-weeks of ages were selected as DCM
presymptomatic and symptomatic phases for J2N-k (and its control
]2N-n) hamsters according to the previous paper [9]. First, we exam-
ined cardiac function of both hamsters at these time points.
Echocardiograph measurements of J2N-k hamsters at 16 weeks
revealed a significant increase in the internal diameter of the left ven-
tricle (LVID) during both diastolic and systolic states; however, this
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Table 1
Summary of echocardiographic analysis.
4 weeks 4 weeks 16 weeks 16 weeks
J2N-n J2N-k J2N-n J2N-k p values
LVIDd mm 3.10::0.05 2.8940.23 3.804:0.36 5.07 4 0.26 0.0291 *
LVIDs mm 1.49+40.10 1.214£0.20 2.0640.18 3.6440.21 0.0013**
LVPWd mm 1.854:0.18 1.82::0.31 2.09+0.30 1.774:0.09 0.3487
LVPWs mm 2224011 2.084:0.22 2284027 1954013 0.3285
EF % 77644143 83.68 +3.07 77644144 54.464-1.04 <0.0001™*
ES % 51.8043.53 58.41:+5.63 45.62 4141 28.35+0.60 <0.0001"**
LV VOLd ML 38.0341.46 32.81:46.57 64.50 :: 14.69 123.70 4 15.58 0.0327*
LV VOLs uL 6.134:1.08 4.0141.53 14314294 56.6948.27 0.0029™"

LVIDd, left ventricular internal diameter in diastole; LVIDs, left ventricular internal diameter in systole; LVPWA, left ventricular posterior wall in diastole; LVPWs, left ventricular
posterior wall in systole; EF, ejection fraction; FS, fractional shortening (given by (LVIDd-LVIDs)/LVIDd % 100); LV VOLd, left ventricular volume in diastole; LV VOLs, left ventricular
volume in systole. p values are analyzed between 16 week-old J2N-k and J2ZN-n hamsters. In 4 week-old hamsters, the p values are not significant.

* p<0.05.
** p<0.005.
¥ p<0.0001.

was not observed at 4 weeks of age (Table 1). In addition, markedly
reduced ejection fractions and fractional shortening were
revealed at 16 weeks (Table 1 and Supplementary Fig. 1). Extensive
fibrosis was observed in J2N-k hamsters at 16 weeks (compared to
the J2N-n) by Masson's trichrome staining (Supplementary Fig. 2).
No fibrosis was observed at 4 weeks. Thus, no obvious pathophysio-
logical change was observed at 4 weeks, although DCM was obvious
at 16 weeks in J2N-k hamsters.

3.2. Profiling of charged metabolites measured by CE-TOFMS

Charged metabolite levels were quantified absolutely using stan-
dard chemicals for each metabolite, whereas lipid metabolite levels
were quantified relatively as ratios of ion counts (peak height) of
each metabolite to those of the internal standard, with the exception
of some oxidative fatty acids. Therefore, statistical analyses of charged
and lipid metabolites were carried out separately.

A total of 180 charged metabolites were identified and quantified
by the CE-TOFMS method (Supplementary Table 2). Using a whole
dataset of quantified metabolites, we performed a PCA (Supplemen-
tary Fig. 3) in order to understand the similarities/dissimilarities of
4 animal groups regarding variations in metabolite levels. From the
PCA score plot, DCM and control hamsters at 16 weeks (but not at
4 weeks) were separated in the first 2 principal components. This
analysis indicates that the profiles of charged metabolites reflect the
metabolic differences caused by disease progression.

Next, Student's t-test was used to examine DCM-associated meta-
bolic changes (Supplementary Table 2). Using a p-value threshold of
0.01 to generate a heatmap (Fig. 1A), the levels of 15 metabolites
were found to differ between J2N-k and J2N-n hamsters at 4 weeks;
specifically, the level of 12 metabolites increased and 3 metabolites de-
creased in J2N-k hamsters. At the symptomatic phase (16 weeks), 62
metabolites were detected at different levels (p<0.01) in J2N-k and
J2N-n hamsters (Fig. 1B), including 10 metabolites that also showed
significant differences in the presymptomatic phase (4 weeks;
2-aminobutyrate (2-AB), citrulline, guanidinoacetate, hypotaurine, me-
thionine, N-acetylaspartate, ophthalmate, ornithine, threonine, and
trigonelline). Of the 62 metabolites showing variation, the levels of
26 increased and 36 decreased in the J2N-k hamsters. Most of these
metabolites are components of primary metabolic pathways such as
glycolysis, the pentose phosphate pathway, the tricarboxylic acid
(TCA) cycle, the glutathione biosynthesis pathway, and the urea cycle.

3.3. Energy metabolism
J2N-k myocardial tissues from 16-week-old animals exhibited

changes in the levels of metabolic intermediates involved in energy
metabolism. The concentrations of several intermediates involved in

glycolysis, such as glucose 6-phopshate (G6P; levels of J2N-k/
J2N-n=0.5-fold, p=59x107>), dihydroxyacetone phosphate
(DHAP; 0.6-fold, p=1.4x10"2), and acetyl CoA (0.3-fold, p=1.1x
1073), were significantly reduced at 16 weeks but not at 4 weeks
(Fig. 2). ‘

Significantly decreased levels of the TCA cycle intermediates,
isocitrate (0.6-fold, p=1.5x107°) and malate (0.7-fold, p=2.5x%
1073), were also observed in myocardial tissues from 16-week-old
J2N-k hamsters. Decreased protein levels of aconitase 2, which cata-
lyzes citrate to isocitrate via cis-aconitate, were observed at
16 weeks in the J2N-k, suggesting decreased TCA cycle activity
(Supplementary Fig. 4). These results suggest that the levels of me-
tabolites involved in glycolysis and the TCA cycle energy pathways
are attenuated in J2N-k cardiomyopathic tissue during the symptom-
atic phase.

3.4. Glutathione biosynthesis pathway

The ophthalmate and 2-AB levels were significantly higher in
J2N-k myocardial tissues than in J2N-n control tissue at both the
presymptomatic (1.4-fold, p=2.6x1073; 2.2-fold, p=6.9x 1073, re-
spectively) and symptomatic (2.3-fold, p=3.9x107~7; 4.2-fold, p=
2.2x107°, respectively) phases (Fig. 3). 2-AB is metabolized to
ophthalmate via y-Glu-2-AB through a 2-step reaction and then cata-
lyzed sequentially by y-glutamylcysteine synthetase and glutathione
synthetase [10]. In contrast, y-Glu-Cys and glutathione (GSH) con-
centrations are decreased at 16 weeks (0.2-fold, p=7.9x1073;
0.8-fold, p=2.0x1072, respectively). These data suggest that
upregulation of the GSH biosynthetic pathway is associated with
DCM progression. Consistent with this observation, intracellular
levels of glycine (1.3-fold, p=1.2x107°), methionine (1.3-fold, p=
29x107°), and S-adenosylhomocysteine (SAH; 1.2-fold, p=
2.4x1072) were elevated in J2N-k hamsters at 16 weeks. In contrast,
S-adenosylmethionine (SAM; 0.9-fold, p = 3.2 x 10™2) levels were re-
duced at the symptomatic-phase in J2N-k hamsters.

Taurine levels did not differ significantly between the 2 genotypes,
although increased concentrations of its precursor, hypotaurine, were
observed in J2N-k hamsters at both 4 weeks (1.6-fold, p=6.9x1075)
and 16 weeks (3.4-fold, p=1.6x1079),

3.5. Urea cycle

The levels of most urea cycle intermediates significantly differed be-
tween myocardial tissues from J2N-k and J2N-n at 16 weeks (Fig. 4).
The levels of arginine (0.7-fold, p=3.2x1075), citrulline (0.6-fold,
p=20x107%), and argininosuccinate (0.4-fold, p=6.3x10~%) were
significantly reduced in J2N-k hamsters. In contrast, ornithine levels
(1.8-fold, p=282x10"8) were significantly increased. At 4 weeks, a
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Fig. 1. Heatmap showing charged metabolites in myocardial tissues from J2N-n and J2N-k hamsters at (A) 4 weeks and (B) 16 weeks (n=7 in all groups). Fold changes in the
amounts of each metabolite in individual J2N-k samples, relative to the average amounts in J2N-n at either 4 or 16 weeks are represented as the log2 ratio. Light gray cells indicate
that metabolites were not detected in those samples. Fifteen (at 4 weeks) and sixty-two (at 16 weeks) charged metabolites that showed different levels (p<0.01) at each time point
are shown, excluding Glu-Glu at 16 weeks, which was not detected in all J2N-n samples.
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Fig. 2. Metabolome pathway map of quantified charged metabolites, including components of the glycolytic pathway, pentose phosphate pathway, and TCA cycle in J2N-n and

J2N-k hamsters at 4 and 16 weeks (4w and 16w). The columns represent average concentrations (nmol/g tissue), and the error bars indicate SD.

***p<0.001; and N.D.,, not detected.

significant increase in ornithine levels (1.4-fold, p=2.3x10"%) and a
decrease in citrulline levels (0.7-fold, p=1.1x10"3) were also
observed in J2N-k hamsters.

3.6. Profiling of lipid metabolites measured by LC-TOFMS

LC-TOFMS detected 1173 peaks and 277 peaks in the positive and
negative ion modes, respectively. Relative quantification of the iden-
tified metabolites is shown in Supplementary Table 3.

Next, the data were processed for PCA. In the positive ion mode, the
1173 peaks (including unidentified metabolites) were divided into 2
groups on the basis of their retention time (RT): 0.1-37.5 min RT
(671 peaks; containing lysophospholipids [lysoPLs], diacylglycerols
[DAGs], PLs, SMs, and ceramides [Cers]) and 37.5-60 min RT (502
peaks; containing triacylglycerols [TAGs] and cholesterol esters
[ChEs]; Supplementary Fig. 5). PCA was performed separately for
each group since PLs and TAGs are the 2 major classes of lipid metabo-
lites in this mode (Supplementary Fig. 6). Distinct clustering of metab-
olites among the 4 groups (i.e., 4- or 16-week-old J2N-n and J2N-k
hamsters) was observed in the data obtained using both positive
(0.1-37.5 min RT; Supplementary Fig. 6A) and negative ion modes
(data not shown). In contrast, for the second group of metabolites
identified in the positive ion mode (37.5-60 min RT), poor discrimina-
tion was obtained between all tissue samples (from 4- and 16-week-
old J2N-k and J2N-n hamsters) (Supplementary Fig. 6B). These results
suggest that the lipid metabolites that were eluted from 0.1 to
37.5 min include candidates for identifying DCM and healthy
tissues, even in the presymptomatic phase (4 weeks). Using a p-value
threshold of 0.01 for the heatmap, the levels of 34 and 68 metabolites

*p<0.05; **p<0.01;

were found to differ between J2N-n and J2N-k hamsters at 4 and
16 weeks, respectively, with 15 overlapping metabolites (Fig. 5).

3.7. Myocardial lipid levels are significantly different in J2N-k and J2N-n
tissues

PLs are important components of heart membranes. When focus-
ing on phosphatidylcholine (PC), the levels of many species, most of
which contained unsaturated fatty acids, increased in J2N-k com-
pared with J2N-n at the presymptomatic phase (4 weeks). Some of
these PC species remained upregulated in the symptomatic phase
(16 weeks) (Fig. 5, Supplementary Table 3), including 18:0/20:4PC
(1.4-fold, p=>5.4x10~%; 1.6-fold, p=2.0x10""; at 4 and 16 weeks,
respectively) and 18:0/22:6PC (1.7-fold, p=7.0x 1075 and 1.7-fold,
p=2.0x10"5; at 4 and 16 weeks, respectively). In contrast, levels
of several PC species containing linoleic acid (18:2), such as 18:2/
18:2PC (0.8-fold, p=9.4x10"3), were reduced at 16 weeks. As
for lyso species, a significant increase in the level of 18:0 lyso PC
(LPC; 1.4-fold, p=9.5x10"%) was observed in J2N-k at 16 weeks
but not at 4 weeks.

Regarding phosphatidylethanolamine (PE) and plasmalogen PE
(pPE), the levels of several species containing 22:5 and 22:6
(docosahexaenoic acid, DHA), such as 18:0/22:6PE (1.3-fold, p=
6.1x1072), increased in J2N-k compared with J2N-n hamsters at
4 weeks, although their increase was almost diminished at 16 weeks.
At 16 weeks, many species (11 PEs and 8 pPEs) were decreased in
J2N-k tissues (Fig. 5, Supplementary Table 3), although 3 PE and 2
pPE species were increased in J2N-k tissues. Notably, species
containing linoleic acid (18:2) or eicosapentaenoic acid (EPA; 20:5),
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such as 18:1/18:2PE (0.7-fold, p=15x10"3), and 18:0p/20:5PEF
(0.4-fold, p=1.0x107"), were markedly reduced in J2N-k tissues at
16 weeks. Thus, the levels of PC and PE species commonly containing
linoleic acid (18:2) or EPA (20:5) were reduced at the onset of DCM.
Marked differences between the SM levels and their Cer metabo-
lites were observed in the 2 hamster strains at 16 weeks. For exam-
ple, the levels of 34:1SM (d18:1/16:0; 1.4-fold, p=>5.1x10"%) and
34:1Cer (1.4-fold, p=4.9x107?) increased, but those of 38:1SM
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3.1x 107 3) decreased in J2N-k tissue as compared to J2N-n tissue.
The levels of major TAG species significantly decreased in J2N-k
compared with J2N-n tissues at 16 weeks (Fig. 5, Supplementary
Table 3). Although we could not determine the individual fatty acid
chain compositions, many of these species were dramatically de-
creased, including 54:5TAG (0.5-fold, p=6.0x1073) and 54:6TAG
(0.5-fold, p=>5.4x10~3). Furthermore, the levels of 9 DAG species

T3 4w_J2N-n
3 4w_J2N-k
EEE 16w_J2N-n
E 16w_J2N-k

Fig. 4. Metabolic changes in urea cycle metabolism. The dashed lines indicate the NO synthesis pathway, columns represent average concentrations (nmol/g tissue), and error bars

indicate SD. *p<0.05; **p<0.01; and ***p<0.001.
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Fig. 5. Heatmap showing relative quantification of lipid metabolites identified in myocardial tissue from J2N-n and J2N-k hamnsters (n="7 in all groups). Thirty-four (at 4 weeks)
and sixty-eight (at 16 weeks) lipid metabolites with different levels (p<0.01) in J2N-n and age-matched J2N-k at each time point are shown. Data are represented by the log2 ratio
of relative amounts of each metabolite in J2N-k to the mean relative amounts in J2N-n at either 4 or 16 weeks.

changed in J2N-k tissues at 16 weeks: 2 species, including 38:4DAG
(1.6-fold, p=2.4x1073), were increased, while another 7 species,
predicted to contain mono- or di-unsaturated fatty acids such as
36:3DAG (0.4-fold, p=2.2x1073), were significantly decreased.

3.8. Oxidative fatty acids levels were altered in J2N-k myocardial tissues

The levels of 3 prostaglandin (PGs)—PGE, (5.1-fold, p = 1.5x1072),
PGD, (7.8-fold, p=1.5x10~2), and 6-keto-PGF, (stable metabolite of
PGl,; 8.1-fold, p=4.6x10"3)—were significantly increased in J2N-k
myocardial tissue at 16 weeks, compared with J2N-n tissue (Fig. 6, Sup-
plementary Table 4). Moreover, the levels of 12S-hydroxy-5Z; 8E; and
10E-heptadecatrienoic acid (12-HHT), a product of arachidonic acid
via the cyclooxygenase pathway, were also increased (5.7-fold, p=

4.7x1072) in these tissues. In addition, levels of cyclooxygenase 2, an
enzyme that catalyzes the rate-limiting step of these 4 metabolites, in-
creased at 16 weeks in J2N-k tissue (Supplementary Fig. 7).

3.9. Increased oxidative stress in the DCM heart

Since previous reports, as well as our results (increase in
ophthalmate levels), suggest the high oxidative stress levels at
16 weeks of J2N-k hamsters, we assessed lipid peroxidation and super-
oxide production by 4-HNE staining and DHE staining, respectively
(Supplementary Figs. 8 and 9). Results from both staining confirmed
an increased oxidative stress in the cardiac tissue of 16-week-old
J2N-k hamsters.
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and *p<0.001.

4. Discussion

We performed global metabolomic analysis on myocardial tissues
from J2N-k cardiomyopathic hamsters, which were found to have sig-
nificantly different profiles of charged and lipid metabolites from
those of J2N-n normal controls. In general, mild edema could be
seen in the heart with DCM, and cardiomyocyte protein concentra-
tions in 16-week-old J2N-k hamsters (but not 4-week-old hamsters)
decreased by 9.5% compared with the J2N-n line at the same age (data
not shown). However, this difference did not have a large impact on
the variation in metabolite levels between J2N-k and J2N-n hamsters,
and the metabolomic results were shown per tissue weights.

Analysis of charged metabolites showed significant reductions in
the levels of glycolysis and TCA cycle metabolites in J2N-k myocardial
tissues as compared with those of J2N-n at 16 weeks (symptomatic
phase; Fig. 2). In addition to these pathways, the creatine kinase path-
way also supplies energy to the heart and maintains ATP levels by the
rapid transfer of high-energy phosphoryl groups from phosphocrea-
tine to ADP. Creatine and creatinine (degradation products of
phosphocreatine) levels in J2N-k symptomatic phase tissues were
significantly lower than those in age-matched controls (Supplemen-
tary Table 2). It has been reported that creatine levels are attenuated
in heart tissue from dystrophin-deficient mdx mice [19] and that
creatine levels reflect the severity of heart failure in patients with
DCM [20]. In addition, carnitine levels are also significantly decreased
in J2N-k tissues at 16 weeks (Supplementary Table 2). Since carni-
tines are used for transporting fatty acids from the cytosol into the
mitochondria, the availability of fatty acids for B-oxidation may be re-
duced in J2N-k hamsters. This supports our finding that acetyl CoA
levels are considerably decreased in J2N-k tissue (ratio of 0.3 at
16 weeks, Supplementary Table 2). A recent paper also reported
that Bio-TO2 cardiomyopathic hamster hearts showed reduced
activity of pyruvate dehydrogenase [21], which catalyzes acetyl CoA
production. These findings suggest that decreased energy production
occurs in DCM hearts, resulting in reduced cardiac pumping. Further
studies, such as flux analysis, are needed to validate these assumptions.

A mild reduction in GSH levels and a considerable loss of its
precursor, Y-Glu-Cys in the glutathione biosynthesis pathway, were

observed in J2N-k tissues at 16 weeks. In contrast, mild increases at
4 weeks and considerable increases at 16 weeks were observed for
levels of ophthalmate and its precursor, 2-AB in ]2N-k tissue
(Fig. 3). Ophthalmate is synthesized by the same enzymes as those
for GSH, but it contains 2-AB instead of cysteine [10]. Although the
cysteine levels in myocardial tissue extracts were below the detection
limit, the GSH synthesis pathway appeared to be upregulated based
on the increased levels of its components methionine and SAH.
Instead of cysteine, our data suggests that the upregulated GSH syn-
thesis pathway uses 2-AB for ophthalmate production. This is
supported by changes in the levels of other GSH and ophthalmate
synthesis components: glycine levels significantly increased and glu-
tamine {a glutamate precursor) levels decreased. We also observed
increased levels of hypotaurine at both 4 and 16 weeks (Fig. 3). Un-
like taurine, hypotaurine has antioxidant activity that effectively
scavenges hydroxyl radicals and hypochlorous acid moieties [22].
These findings suggest that metabolic changes are initiated to coun-
teract the increased oxidative stress observed in DCM heart tissues
as confirmed in Supplementary Figs. 8 and 9.

Significant decreases in the urea cycle metabolites, arginine,
argininosuccinate, and citrulline, were observed in myocardial tissues
of 16-week-old J2N-k hamsters as compared to J2N-n hamsters
(Fig. 4). Reductions in arginine and citrulline levels suggest a reduc-
tion in nitric oxide (NO) production by nitric oxide synthase. This is
consistent with the report that NO concentrations in coronary circula-
tion were lower in DCM patients as compared to control human sub-
jects [23]. In contrast, increased conversion of arginine to ornithine
suggests that the high arginase activity in 16-week-old J2N-k ham-
sters can modulate NO synthesis by limiting arginine availability for
NO synthesis. NO is critical for coupling cardiac excitation-
contraction by modulating Ca®* homeostasis [24], suggesting its pos-
sible relation to DCM.

A recent study found that changes in lipid homeostasis contribute to
the development of various cardiomyopathies [25]. In particular,
dysregulation of membrane phospholipid homeostasis alters the interac-
tion of membrane-associated protein complexes that modulate cell sig-
naling and myocardial metabolism [26]. At the presymptomatic phase
(4 weeks), we observed increased levels of PC containing unsaturated
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(especially polyunsaturated) fatty acids and PE/pPE with 22:5 or 22:6 in
J2N-k myocardial tissues (Fig. 5; Supplementary Table 3). In the symp-
tomatic phase, significant decreases in PC containing linoleic acid
(18:2) and many PE and pPE species, especially those containing 18:2
and/or EPA (20: 5), were observed in J2N-k hamsters. A significant accu-
mulation of ethanolamine phosphate (1.5-fold, p=8.7x107%) in J2N-k
tissues (Supplemental Table 2 and Fig. 1) suggests that function of the
PE biosynthetic enzyme, ethanolaminephosphotransferase, may be
impaired in the symptomatic phase tissues. Altered levels of the PC and
PE species suggest that membrane perturbations, such as fluidity, are
probably important for DCM pathology. Consistent with our results,
linoleic acid (18:2) content in PC was reported to be significantly
decreased in the myocardium of cardiomyopathic BIO 14.6 hamsters
during the development of congestive heart failure [27]. Increased PC
content (observed at 4 weeks in this study) was reported to inhibit
Ca?*-ATPase (SERCA) activity [28], which was indeed decreased in
J2N-k cardiomyopathic hamsters [29]. Our data also show that some
LPC species were significantly increased at the DCM symptomatic
phase. LPCs increase the intracellular calcium concentration [Ca®*]; by
modulating the activities of the cardiac sarcolemmal membrane ion
transporters such as SERCA [30], which may compensate for decreased
contractile function. These findings suggest that contractile dysfunction
in J2N-k myocardial tissue is partly attributable to aberrant PL
metabolism.

At 16 weeks, J2N-k myocardial tissues exhibited altered levels of
SMs and Cers of various acyl chain lengths (C16-C24; Fig. 5, Supple-
mentary Table 3), suggesting that specific Cer signaling pathways
are activated in DCM. For example, levels of Cer containing palmitic
acid (16:0), such as 34:1Cer, were augmented in J2N-k tissue at
16 weeks. As 34:1Cer is a major Cer species and is known to be ele-
vated during apoptosis induced by various agents [31]; it is possible
that the apoptosis pathway is triggered in the symptomatic phase.
The activation of the apoptotic pathway was reported in proteomic
analysis of a phospholamban-mutated DCM mouse model [32].

The PCA of TAGs and ChEs revealed only a modest discrimination
between J2N-k and J2N-n tissues both at 4 and 16 weeks (Supplemen-
tary Fig. 6B), suggesting wide within-group variations. Nevertheless,
remarkable reductions were observed in several major TAG species in
J2N-k tissues at 16 weeks (Fig. 5, Supplementary Table 3). TAG is
stored in cytosolic lipid droplets within cardiomyocytes and ensures a
continuous fatty acid supply for mitochondrial oxidation [33]. There-
fore, TAG reductions suggest that heart tissue cannot secure enough
energy from fatty acid oxidation, thereby leading to impaired function.
Consistent with our observations, fatty acid utilization and oxidation
were found to be lower in patients with idiopathic DCM than in normal
controls [34]. In addition, DAGs (such as 34:2DAG and 36:3DAG) pro-
ducing TAGs by diacylglycerol acyltransferase were also significantly
decreased at 16 weeks (Supplementary Table 3). We observed de-
creased levels of glycerol-3-phosphate (a precursor of DAG and TAG,
Supplementary Table 2) in J2N-k at 16 weeks, which is consistent
with our lipid metabolite data.

The eicosanoids, PGE,, PGD,, 6-keto-PGF, 4, and 12-HHT, produced
by the COX pathway, were significantly (more than 5-fold) increased
in J2N-k tissues at 16 weeks (Fig. 6). Although eicosanoids are gener-
ally thought to contribute to inflammatory responses associated with
myocardial dysfunction, recent studies have showed that they may
also have a cardioprotective role. For example, increased PGE, pro-
duction protects the heart from ischemia-reperfusion injury via
PGE, receptors 3 (EP3) and 4 (EP4) [35,36]. Furthermore, mice with
cardiac-specific EP4 knockout display a DCM-like phenotype [37].
Elevated PGE; production may therefore counteract DCM pathophys-
iology in J2N-k hamsters. In the DCM transgenic mouse model
(Tgalphaq*44 mice overexpressing the activated Galphaq protein), el-
evated levels of PGI,, the active precursor of 6-keto-PGF;,, compen-
sated for reduced NO-dependent coronary vasodilatation due to
endothelial dysfunction during late-stage heart failure [38]. PGl

also exerted protective effects on cardiomyocytes during cardiac
ischemia-reperfusion injury [39]. Elevation of at least some of these
4 eicosanoids may therefore counteract DCM pathophysiology in the
J2N-k model.

5. Conclusions

We performed global metabolomic analysis on left ventricular
heart tissues from hamsters with hereditary DCM. In the symptomatic
phase, the levels of the most significantly altered charged metabolites
are mapped to energy metabolism, the glutathione biosynthesis path-
way, and the urea cycle. Specifically, a mild reduction in GSH and a
compensatory increase in ophthalmate suggested that increased
oxidative stress played a role in DCM pathogenesis; this was later
confirmed by 4-HNE and DHE histochemistry. Regarding lipid metab-
olites, disturbances in membrane phospholipid homeostasis (changes
in PC and PE species levels) began even at the presymptomatic
phase. The potential involvement of specific eicosanoids in the
cardioprotective pathways was suggested by increased levels of
these metabolites during the symptomatic phase. Further investiga-
tion is required to determine how changes in the concentration of
the metabolites identified in this study contribute to cardiac dysfunc-
tion in DCM. However, our work does provide insight into the
mechanisms involved in DCM pathogenesis and may lead to the iden-
tification of new targets for therapeutic intervention or diagnosis.
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1. Introduction

Dilated cardiomyopathy (DCM) is a severe disorder defined by ven-
tricular dilation and cardiac dysfunction.'~® Although a considerable
proportion of DCM cases develop because of inflammatory, metabolic,
or toxic effects from medications, 30—48% of DCM cases are caused by
genetic mutations.* Some affected genes encode sarcomeric or cyto-
skeletal proteins, including the components of the dystrophin—glyco-
protein complex (DGC)>® For example, 3-sarcoglycan-deficient
hamsters (J2N-k) provide an animal model of human limb-girdle muscu-
lar dystrophy-associated DCM. However, little information is available
regarding the pathways by which heterogeneous genetic defects and/
or various causes lead to DCM symptoms.

The calcium ion (Ca®>*) plays a pivotal role in the pathogenesis of
cardiac disease.”® Ca®*-handling abnormalities have been found in
various forms of heart failure, including DCM°!

Further Ca®*-permeable transient receptor potential (TRP) channels
have recently been recognized as key molecules in pathological cardiac
hypertrophy and heart failure."*™"* We have previously reported that
cardiac-specific over-expression of TRP vanilloid 2 (TRPV2) results in
DCM with outstanding ventricular dilation," suggesting that chronic ele-
vation in cytosolic Ca** concentrations ([Ca®*];) is critical in DCM patho-
genesis. However, it is unclear whether TRPV2 activity is a risk factor for
DCM in humans as well as animals and whether TRPV2 inhibition can be
beneficial against DCM progression, because of the limited number of
methods for specific TRPV2 inhibition.

* Corresponding author. Tel: +81 6833 5012; fax: +81 6 6835 5314, Email: yukoiwat@ri.ncve.go.jp
Published on behalf of the European Society of Cardiology. All rights reserved. © The Author 2013. For permissions please email: journals.permissions@oup.com.
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Therefore, we examined the role of TRPV2 in DCM. Wealso assessed
the effect of TRPV2 blockades on cardiac dysfunction and DCM progres-
sion in several animal models.

2. Methods

Detailed methods are available in the Supplementary material online.

2.1 Molecular biology

All plasmid construction involving TRPV2 was carried out via a PCR-based
strategy using the full-length mouse TRPV2 cDNA cloned into the pIRES ex-
pression vector (Invitrogen). Restriction enzyme-digested PCR products
corresponding to the amino-terminal (NT) (amino acids (aa) 1-387) and
carboxyl-terminal (CT) (aa 633-756) domains of TRPV2 were cloned
into the p3Xflag-CMV-14 expression vector (Sigma-Aldrich). For adenoviral
gene transfer, we inserted the haemagglutinin (HA)-tagged NT domain of
TRPV2 (amino acids 1-387) ¢DNA into the pAd/CMV/V5-DEST viral
vector (Invitrogen).
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2.2 Animals and drug administration

DCM mice (4C30) were produced as described previously.® Heart-specific
NT-transgenic (Tg) mice were generated from C57BL/6) mice according to
the standard procedures.'®

J2N-k hamsters, and age-matched normal controls (J2N-n) were purchased
from Japan SLC. J2N-k hamsters were orally administered tranilast for 14 days
ata dose of 30 or 300 mg/kg per day. In the DOX experiment, wild-type (WT)
and NT-Tg mice were chronically treated with either phosphate-buffered
saline (PBS; control) or doxorubicin (DOX) (Pfizer) by four intraperitoneal
(i.p) injections (d 0, 2,4, and 6) at a dose of 4 mg/kg (cumulative dose totalling
16 mg/kg). All animal experiments were performed in accordance with the
Guidelines for Animal Experimentation of the National Cerebral and Cardio-
vascular Center (NCVC), and procedures were carried out in accordance
with the Guide for the Care and Use of Laboratory Animals published by
the US National Institutes of Health (NIH; NIH Publication, 8th Edition, 2011).

2.3 Histology, immunoblotting,
and immunohistochemistry

Animals were anaesthetized with 5% isoflurane in an anaesthesia chamber
until unresponsive to nose pinch, and the heart was harvested for
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ma of cardiomyopathic hearts. (A) lmmunohlstochemlcal analy5|s offrozen ventricular sec-

tions from 8-week~old JZN -nand J2N -k hamsters with TRPVZ ahd B-catenin antibodies. B-catenin- posmve intercalated discs or sarcolemmal regions are
shown by arrowheads or arrows, respectlvely Scale bar:50 pm. (B) lmmunoblots (40 g/t ane) ofTRPVZ—lmmunostamed cardiac muscles. Age—dependent
“increases in the expression level of TRPV2 are. observed. The data represent mean + SD values (n=4- 6 hamsters/group) *P < 005vs. 4 weeks,
‘lP <.0.05 vs. J2N-n. (C) Phase-contrast m|crographs of freshly isolated ventricular cardlomyocytes ‘Scale bar: 30 pm. (D) Confocal micrographs of
;TRPVZ‘Immunostalned isolated card;omyocytes TRPV2 is extensnvely locallzed 1o the sarcolemma in j2N & cells ‘but to the lntracellular compartment

and |ntercalated disc (arrow) in J2N-n cells. Scale bar“ 30 pm.: (E) Intracellular Ca

increase in response to extracellular Ca?* o mM) and-2-APB

(500 pM) in cardlomyocytes loaded with fura-2. (F) Intracellular Ca*t concentratlon calculated from three mdependent experlments The data represent

mean £ SD values (n=7-+10 cardlomyocytes/group) *P < 005.
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biochemical assays. These experiments were conducted as described previ-
ously. 151718

2.4 Echocardiography

Cardiac function was evaluated by echocardiography using a Hewlett
Packard Sonos 5500 ultrasound system with a 12-MHz transducer and
M-mode imaging. Animals were sedated with tribromoethanol [ip,
350 mg/kg of body weight (BW)] during the procedure.

2.5 Cardiomyocyte isolation and [Ca®"];

measurement

Single-ventricular cardiomyocytes were freshly isolated from adult mouse
and hamster hearts using standard enzymatic techniques.'” The [Ca*'];
was measured at room temperature via a ratiometric fluorescence
method using fura-2 or indo-1 acetoxymethyl ester.”"?

2.6 Human tissues

Cardiac tissue samples were obtained from patients with DCM (Supplemen-
tary material online, Table). Written informed consent was obtained fromall
living patients, and the experiments on human tissues were approved by the
Institutional Review Board of the NCVC. The investigation conforms to the
principles of the Declaration of Helsinki.

2.7 Statistical analysis

We used an unpaired Student’s t-test and one-way ANOVA followed
by Dunnett’s test for statistical analysis. P<<0.05 indicates statistical
significance.
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levels relative to GAPDH | expressionin control (white bars) and patient (blackbars) samples. The data repre ntmean +'SD val ues from four4 mdepend-

3. Results

3.1 TRPV2is concentrated and activated
in cardiomyopathic hearts

Tostudy therole of TRPV2 in DCM, we first examined the expression and
subcellular distribution of TRPV2 in the ventricles of 3-sarcoglycan-defi-
cient (J2N-k) hamsters. In their normal control counterparts (J2N-n,
8-week-old hamsters), most of the TRPV2 expression was observed in
the cell interior and in regions co-stained with the intercalated disc
marker -catenin (Figure 7TA). In contrast, age-matched J2N-k ventricles
showed increased TRPV2 expression in the peripheral sarcolemma as
wellas in parts of the intercalated discs (Figure 1A). With disease progres-
sion, total TRPV2 expression levels gradually increased only in J2N-k ven-
tricles (from 9-week-old hamsters; Figure 1B). Although apparently similar
rod shapes and sizes were noted in isolated cardiomyocytes from both
types of hamsters (Figure 1C), stronger TRPV2 surface expression was
observed in J2N-k cardiomyocytes than in controls (Figure 1D).

In J2N-k cardiomyocytes expressing TRPV2 in the sarcolemma, a
rapid and large increase in [Ca®*]; was elicited by exposure to the
TRPV2 channel activator 2-aminoethoxydiphenyl borate (2-APB) as
wellas a high-Ca®" solution, whereas increases in [Ca”™];were marginal
in control J2N-n cardiomyocytes (Figure 1E and F); this increase was
inhibited by the TRPV channel antagonist ruthenium red (data not
shown). Although TRPV1—3 are known to be activated by 2-APB, %°
cardiac tissues did not show detectable TRPY1 or TRPV3 expression
(data not shown). Furthermore, although 2-APB is known to inhibit
the intracellular Ca?*-release channel inositol 1, 4, 5-trisphosphate

receptor (IP3R) and other TRP channel family proteins, 2! we saw an

C _control P2 P4 P6
P1 P3 P5 P7
D
Control §

DCM

Dystrophin

_ent experiments (n=5=7 samples/group) *P.<0.05. (C) TRPV2 immunostaining of frozen human ventricu lar sectlons P1=P7 (Supplementary material
online, Table $1).Scale bar: 100 pm. D) Ventrlcular sect:onsfrom controland DCM patlentwere co- |mmunostanned with TRPV2 and dystrophm Notethe
surface localizsation of TRPV2 and reduced number of dystrophm posmve myocytes in DCM Scale bar: 100 wm.
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increase in [Ca®*];, which is why TRPV2 was considered the principal
candidate involved in the 2-APB-induced [Ca”}I increase in |2N-k car-
diomyocytes. In addition, we observed that 2-APB often induced abnor-
mal Ca?" elevation accompanied by loss of regular Ca®*-transients
under electrically stimulated conditions in J2N-k cardiomyocytes (but
not in J2N-n control cardiomyocytes; unpublished observations).
These data suggest that sarcolemmal TRPV2 accumulation contributes
to the increased [Ca®*]; levels in J2N-k cardiomyocytes.

In addition to the |2N-k hamster, other animal models with DCM
display sarcolemmal accumulation of TRPY2. One such model is the
4C30 mouse, which over-expresses $3-galactoside «-2,3-sialytransferase
[l (ST3Gal-Il) and was recently developed as a model for human DCM;
the other is DOX-induced DCM, a widely familiar model, although its
precise mechanism of cardiotoxicity remains debatable. In hearts from
these two animal models, total expression (see Figures 4A and 5E) and
sarcolemmal accumulation of TRPV2 (see Figures 4B and 5D and Supple-
mentary material online, Figures ST and $2) were found to be largely
increased when compared with WT mice. In 4C30 mice, expression
of TRP canonical (TRPC6), but not that of TRPC1 and TRPC3, was
slightly increased (Supplementary material online, Figure S3); however,
expression of a-dystroglycan and a-sarcoglycan were greatly reduced
(Supplementary material online, Figure 54).

We next studied TRPV2 expression in ventricular samples from DCM
patients (Supplementary material online, Table $7). TRPV2 and TRPC1
expression was significantly higher in DCM patients than in controls
(Figure 2A and B), but expression of TRPC3 and TRPC6 was not signifi-
cantly different. ALDCM samples also exhibited reduced dystrophinand
syntrophin expression levels (Figure ZA and B), suggesting that DCM is
somehow linked to abnormal cytoskeletal organization. Similar to the
findings in J2N-k ventricles, strong TRPV2 immunostaining was detected
only in the peripheral sarcolemma of DCM cardiomyocytes (Figure 2C).
Part of the TRPV2 expression was co-localized with the sub-
sarcolemmal cytoskeletal protein dystrophin in human DCM ventricles,
although dystrophin was detected only in a limited number of myocytes
(Figure 2D).

3.2 Over-expression of the NT domain
effectively blocks plasma membrane
accumulation of TRPV2

We hypothesized that sarcolemmal TRPV2 accumulation is a common
factor leadingto Ca**-induced muscle degeneration in various heart dis-
eases. Therefore, translocation of TRPV2 from the sarcolemma to the
cell interior could be a promising therapeutic method. To study such
‘back-translocation’ of TRPV2, we used HEK293 cells, because they
always recruit TRPV2 to the plasma membrane, independent of
growth conditions, upon its heterologous expression (Figure 3A). We
examined over-expression of several functional domains of TRPV2 to-
gether with full-length TRPV2 to identify the part of the TRPY2 molecule
required for plasma membrane accumulation. We found that when the
NT domain of TRPV2 was over-expressed, the majority of TRPV2 mole-
cules moved from the sarcolemma to the cell interior (Figure 3A); such
translocation was not observed with CT domain over-expression
(Figure 3A). Consistent with this, over-expression of the NT but not
the CT domain dramatically inhibited 2-APB-induced [Ca*"); increase
(Figure 3B and C). Thus, the NT domain may be a useful tool for abrogat-
ing the sarcolemmal TRPV2 accumulation, thereby inhibiting the sus-
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effect of NT domain over-expression on DCM symptoms, we used
4C30 mice and DOX-induced DCM mice.

3.3 Tg expression of the NT domain
ameliorates cardiomyopathy in 4C30 mice
We generated Tg mice expressing the HA-tagged NT domain (Figure 4A)
under the control of the a-myosin heavy chain (a-MHC) promoter.
NT-Tg mice were apparently healthy as evidenced by normal heart
morphology (Figure 4C), cardiac function (Figure 4G and H) and life
span (Figure 4/). The NT domain was introduced into the hearts of
4C30mice by crossingthem with NT-Tg mice. Interestingly, elevated ex-
pression level of endogenous TRPV2 in 4C30 mice was decreased to
control levels in 4C30/NT-Tg mice (Figure 4A). The exogenous NT
domain was mostly localized to intercalated discs in both NT-Tg and
4C30/NT-Tg mice (Figure 4B). As expected, the sarcolemmal localiza-
tion of TRPV2 in 4C30 mice was dramatically reduced following NT
domain over-expression (4C30/NT-Tg) (Figure 4B), potentially leading
to a reduction in sustained [Ca2+]i increase. Consistent with this idea,
CaMKI!l phosphorylation was markedly reduced in the 4C30/NT-Tg
mice (Figure 4A). In addition, the expression level of modulatory calci-
neurin inhibitory protein-1 (MCIP) was increased in 4C30 mice but
reduced in 4C30/NT-Tg mice (Figure 4A), further suggesting that block-
ade of TRPV2 results in a reduction in sustained [Caz'*]; increase.
In4C30 mice aged more than 120 days, we observed thinner ventricu-
lar walls and greater ventricular dilation accompanied by fibrosis
(Figure 4C), with increased serum cardiac troponin | (cTnl; a heart
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injury marker) levels (Figure 4D). Furthermore, reactive oxygen species
(ROS) production measured by dihydroethidium (DHE) staining
(Figure 4E) and the extent of lipid peroxidation estimated by measure-
ment of 4-hydroxynonenal (4-HNE) adducts (Figure 4F) were significant-
ly higherinthe 4C30 mice, suggesting high oxidative stress in these DCM
hearts. The 4C30/NT-Tg mice showed marked suppression of these
symptoms (Figure 4C—F). Echocardiographically, the 4C30 mice
showed increased left-ventricular diastolic' and systolic dimensions
(LVDd and LVDs, respectively), with decreased fractional shortening
(FS) and ejection fractions (EF) (Figure 4G and H). However, the
4C30/NT-Tg mice had significantly improved cardiac functions. More-
over, the 4C30 mice progressively died at 200—300 days after birth,
but 4C30/NT-Tg mice had a much longer life span, particularly the
female mice (Figure 4/). We suspect that the amelioration in DCM symp-
toms may have resulted from the removal of endogenous TRPV2 from
the sarcolemma.

3.4 Beneficial effects of NT domain
over-expression in DOX-induced DCM

The effects of NT domain over-expression were next examined in
DOX-induced DCM. In WT mice, DOX treatment resulted in ventricu-
lar dilation, reduced FS, and higher mortality (Figure 5A—C). In contrast,
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DOX-treated NT-Tg mice demonstrated better cardiac morphology
andfunction and better survival (Figure 5A—C). Indeed, upon DOX treat-
ment, the NT-Tg mice showed lower TRPV2 expression and sarcolem-
mal accumulation of TRPV2 (Figure 5D and E), demonstrating reduced
CaMKll phosphorylation (Figure 5E) and oxidative stress (Figure 5F and
G). These results suggest that TRPV2 also plays an important pathologic-
al role in non-genetic heart failure, such as DOX-induced DCM.

3.5 Adenoviral expression ofthe NT domain
ameliorates cardiac dysfunction in J2N-k
hamsters

We next addressed whether the effects of the NT domain could be seen
in J2N-k cardiomyopathy following over-expression via adenoviral
transfer. We injected an adenovirus carrying either B-galactosidase
(B-gal; as a control) or the NT domain into the hearts of 9-week-old
J2N-k hamsters, at which age sarcolemmal TRPV2 translocation and
cardiac dysfunction had already been observed. At 14 days post-
injection, we detected NT domain expression in the ventricles by im-
munoblotting with the HA antibody (Figure 6A). Detection of green
fluorescent protein (GFP) in cardiac homogenates (Figure 6A) and sec-
tions (Figure 6B) confirmed that the adenoviral vector had reached the
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cardiac muscles and that the surface membrane expression of TRPV2
was decreased by NT domain over-expression. Echocardiography
revealed that NT domain over-expression resulted in good amelioration
of cardiac dysfunction, with improved FS and EF and reduced fibrosis
(Figure 6C—E). These results demonstrated that NT domain-induced
prevention of the sarcolemmal localization of TRPV2 can greatly ameli-
orate gene-defective DCM.

3.6 Tranilast prevents cardiomyopathy
in J2N-k hamsters

We previously found that tranilast, which is known to be a non-selective
cation channel blocker, effectively inhibits TRPV2.22 Tranilast inhibited
2-APB-induced [Ca®*]; increases with half-maximal inhibition at about
30 M, in HEK293 cells expressing TRPV2 (Supplementary material
online, Figure 55), but it has almost no effect on HEK293 cells expressing
TRPV1, TRPV3, or TRPC1 (Supplementary material online, Figure $5). A
recent study reported that tranilastinhibits TRPV2 ion channelactivity.?*
Thus, tranilast is one of the better inhibitors presently available against
TRPV2. We observed that tranilast reduced the amount of surface
TRPV2 and abnormal Ca?* mobilization by 2-APB in DCM cardiomyo-
cytes (J2N-k, 4C30; unpublished observation). Oral administration of
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tranilast to J2N-k hamsters resulted in the effective removal of TRPV2
from the sarcolemma of J2N-k hearts (Figure 6F), similar to the effect
of TRPV2 NT domain over-expression. Tranilast markedly reduced ven-
tricular dilation and muscle fibrosis in J2N-k hearts (Figure 6G). Further-
more, it improved cardiac contraction, as evidenced by a decrease in
echocardiographic parameters (LVDd and LVDs) to control levels
(Figure 6H) and improved FS (Figure 6H).

4. Discussion

The present results suggest, for the first time, the pathological signifi-
cance of TRPV2 in DCM development. First, TRPV2 was observed to
be extensively localized to the ventricular sarcolemma in DCM patients
as well as in animal models of heart failure (J2N-k, 4C30, and DOX-
induced cardiomyopathic mice), whereas it localized to the intracellular
compartments and intercalated discs in normal ventricles. Second, Tgor
adenoviral NT domain over-expression significantly reduced the sarco-
lemmal accumulation of TRPV2 and simultaneously ameliorated cardiac
dysfunction, preventing DCM progression and improving survival in the
animal models. Third, the TRPV2 inhibitor tranilast effectively prevented
DCM progression in J2N-k hamsters. Based on these findings, we
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hypothesize that the amelioration of DCM resulted from the inhibition
ofthe Ca** influx through TRPV2; therefore, TRPV2 may be a potential
upstream target against abnormal Ca** handling.

The DCM phenotype results from a broad variety of primary and
secondary aetiologies. Despite the various underlying causes, there are
many similarities in the final structural, functional, biochemical, and
molecular phenotypes related to the long-lasting mechanical stress and
neurohormonal activation observed in DCM.2* CaMKil is an ideal nodal
molecule for transducing Ca>* signals into downstream events such as
apoptosis and necrosis, leading to clinical phenotypes of congestive
heart failure and sudden death.? In addition to CaMKIl activation, ROS
production is frequently observed in DCM hearts, with detrimental
effects on cardiomyocytes.?® We found that increased CaMKIl phosphor-
ylation and ROS production observed in DCM hearts were attenuated by
over-expression of the NT domain of TRPV2 (Figures 4 and 5), suggesting
that TRPV2 may be an upstream regulator of Ca>* influx and ROS produc-
tion as well as an important mediator of various stress signals, including
those arising from genetic defects, mechanical stress, and cardiotoxic
drugs, leading to Ca*™-induced cell death. In addition, calcineurin is
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known to be an important Ca®*-dependent signalling molecule leading
to cardiac hypertrophy.”’ Certainly, cardiomyocyte-specific over-
expression of calcineurin causes hypertrophy *® and cardiomyopathy,
but conflicting results are reported on the effects of calcineurin inhibition.
* In our DCM models, calcineurin was slightly activated, as determined by
the increase in the expression level of MCIP protein (Figure 4) as well as
CaMKIl activation and inhibition of TRPV2 suppressed both Ca?*-
signalling pathways (Figure 4). These findings suggest TRPV2 as a putative
therapeutic target for the treatment of heart failure.

Here, we used 4C30 mice as a model for human idiopathic DCM.
Unlike J2N-k hamsters, which gradually develop DCM, 4C30 mice are
apparently asymptomatic up to 100 days but thereafter rapidly exhibit
DCM symptoms and die within 200 days. Similar to that in 4C30
mice,"® sialytransferase expression levels are altered in human DCM.*
4C30 mice also show DGC abnormalities (Supplementary material
online, Figure $4), similar to those in DCM patients (Figure 2A and B).
These characteristics indicate a pointed resemblance between
4C30 mice and human idiopathic DCM. Dystrophin degradation by
the Ca®*-dependent protease calpain was proposed as a pathway in
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Figure 6 Two lnh|b|tory tools agalnst TRPVZ show comparatlve amelioration of cardxomyopathy in J2N e (A) Representatwe immunoblot and (B)
flmmunohlstochemlcal data of heart homogenates or sections from- 11-week-old J2N-k infected with adenovirus carrying B-galactosidase (Ad-B-gal,
control) or the NT domain (Ad- NT) Adenoviral lnfectlon was conﬁrmed by staining W|th GFP. Scale bar 100 wm. Similar results were obtained from
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advanced heart failure with DCM symptoms.®" Therefore, TRPV2 re-
modelling appears to be linked to sarcolemmal instability caused by
DGC defects in various models of advanced heart failure. Thus, the
4C30 mouse appears to be a good animal model to study the connection
between Ca** abnormality and DCM symptoms.

Plasma membrane TRPV2 translocation is known to be stimulated by
receptor agonists'>** or mechanical stress.”® Stimulation by growth
factors or sympathetic transmitters could act as a signal inducing sarco-
lemmal TRPV2 translocation in DCM, because these stimulants are
known to be released into the blood vessels of diseased hearts in re-
sponse to mechanical load.*® Considering that the TRPV2 inhibitory
tools abrogated the surface expression of TRPV2 (Figure ), Ca**
influx via TRPV2 may also be important for sarcolemmal TRPV2 accu-
mulation. Although further confirmatory studies are required, we
suspect that NT domain over-expression inhibited membrane retention
of TRPV2 by disrupting the interaction between TRPV2 and its putative
binding partner, which regulates subcellular localization. Recently, a
peptide mimetic of the CT domain of connexin 43 was used to disrupt
the interaction between connexin 43 and the PDZ2 domain of zonula
occludens-1 and reduce gap junction remodelling in injured hearts.>*

Tranilast prevented ventricular dilation and fibrosis and ameliorated
decreased FS by ~50% in J2N-k hamsters (Figure 6). These beneficial
effects were comparable to those obtained from the adenoviral transfer
of the NT domain (Figure 6). These treatments were performed in
9-week-old J2N-k hamsters that had already started displaying DCM
symptoms. Therefore, our approach may be useful as a therapeutic
intervention against the initial symptoms of DCM. Similar results using
different strategies (chemical vs. protein) strongly suggest that TRPV2
activity contributes to DCM progression. Importantly, tranilast is imme-
diately available for patients as an anti-inflammatory compound, since it
reportedly has anti-inflammatory and immunomodulatory effects;*
therefore, it may have clinical potential in DCM therapy. Recently, con-
sistent with our data, tranilast has been reported to reduce both func-
tional and structural abnormalities in diabetic cardiomyopathic rats®®
and prevent the progression from compensated hypertrophy to heart
failure in pressure-overloaded mice.?” The latter study suggested that
tranilast reduced the heart-failure progression by acting as a mast-cell
stabilizer. Since TRPV2 was reported to be involved in mast-cell de-
granulation,38 TRPV2 may be also responsible for tranilast-induced
amelioration of heart failure.

In conclusion, specific abrogation of TRPV2 activity by either NT
domain over-expression or chemical inhibitor treatment led to consid-
erable amelioration of cardiac pathology in the animal models. Our find-
ings strongly suggest that the sarcolemmal TRPV2 accumulation plays a
crucial role in Ca**-induced muscle degeneration in DCM and that
TRPV2 is a good therapeutic target for advanced heart failure.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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Background: Duchenne muscular dystrophy (DMD) is a progressive muscle wasting disease caused by muscle
dystrophin deficiency. Downstream of the primary dystrophin deficiency is not well elucidated. Here, the hy-
pothesis that prostaglandin D, (PGD;)-mediated inflammation is involved in the pathology of DMD was ex-
amined by measuring tetranor PGDM, a major PGD, metabolite, in urine of DMD patients.

Methods: We measured tetranor PGDM in urine using LC-MS/MS. First morning urine samples were collected
from genetically confirmed DMD patients and age-matched healthy controls aged 4 to 15 y.

Results: The urinary tetranor PGDM concentration was 3.08 4 0.15 and 6.90 + 0.35 ng/mg creatinine
(mean =+ SE) in 79 control and 191 DMD samples, respectively. The mean concentration was approximate-
ly 2.2-times higher in DMD patients than in controls (p < 0.05). Remarkably, urinary tetranor PGDM con-
centrations in DMD patients showed chronological changes: it stayed nearly 1.5 times higher than in
controls until 7 y but surged at the age of 8 y to a significantly higher concentration.

Conclusion: Urinary tetranor PGDM concentrations were shown to be increased in DMD patients and be-
came higher with advancing age. It was indicated that PGD,-mediated inflammation plays a role in the pa-

Keywords:
Tetranor PGDM
Muscle wasting
Inflammation

thology of DMD.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Duchenne muscular dystrophy (DMD; OMIM #310200) is the most
common inherited muscle disease, affecting one in every 3500 male
births and shows progressive muscle wasting resulting in early death.
DMD is characterized by muscle dystrophin deficiency caused by muta-
tions in the dystrophin gene, which is the largest human gene consisting
of 79 exons. DMD patients all carry disastrous mutations in the dystrophin
gene, such as frameshift or nonsense mutations [1,2]. However, there is
some clinical heterogeneity among DMD patients {3,4] and intra-
familial differences have been observed in patients with an identical
dystrophin mutation [5]. Dystrophin is a critical member of the dys-
trophin glycoprotein complex that creates a direct link between the
intracellular cytoskeleton and the extracellular matrix of skeletal mus-
cle. The loss of this connection leaves the muscle fibers susceptible
to damage resulting in continuous rounds of muscle degeneration/
regeneration.
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DMD has been classically considered stereotyped in its clinical
presentation, evolution, and severity [6-8]. In a minimal disability
stage children are without symptoms or with minimal weakness. In
the moderate disability stage, patients are impaired in running and
climbing stairs. In the severe disability stage, patients are still ambu-
lant but become increasingly handicapped in their physical activities.
In the non-ambulant stage that starts before age 12 y, the children are
bed-ridden or wheelchair-bound. This progression process has not
been totally explained by a primary loss of dystrophin. Inflammatory
and immune responses initiated by aberrant signaling in dystrophic
muscle have been considered contributors to disease pathogenesis
[9].

Prostaglandin (PG) D, (PGD;) has been implicated in both the de-
velopment and resolution of inflammation. PGD, is synthesized by
PGD synthase (PGDS) from PGH, that is produced from arachidonic
acid by the action of cyclooxygenase and 2 PGDS have been disclosed;
lipocalin-type PGDS and hematopoietic PGDS (HPGDS)[10,11]. HPGDS
in skeletal muscles was found immunohistochemically stained in
some of DMD patients but not in controls [12]. This indicated that the
inflammatory mediator PGD; plays a role in DMD pathology. However,
detailed time-course studies of PGD, metabolism in DMD patients
are incomplete. Recently, urinary 11,15-dioxo-9a-hydroxy-,2,3,4,5-



