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Fig. 3. Quantification of metabolites involved in GSH biosynthesis and related pathways. The columns represent average concentrations (nmol/g tissue), and the error bars indicate
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such as 18:1/18:2PE (0.7-fold, p=1.5x10"3), and 18:0p/20:5PE
(0.4-fold, p=1.0x1075), 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=4.9x10"2) increased, but those of 38:1SM

aspartate

argininosuccinate
3

(d18:1/20:0; 0.7-fold, p=3.3x1073) and 38:1Cer (0.6-fold, p=
3.1x1073) 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=6.0x10"3) and 54:6TAG
(0.5-fold, p=5.4x1073), Furthermore, the levels of 9 DAG species
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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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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=1.5x 1072), 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=

4.7x%1072) 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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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 J2ZN-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, ¥-Glu-Cys in the glutathione biosynthesis pathway, were
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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 J2N-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



84 K. Maekawa et al. / Journal of Molecular and Cellular Cardiology 59 (2013) 76-85

(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=28.7x107%) 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®T-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,, 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 PGl,, 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]. PGI,

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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4-HNE  4-hydroxynonenal

CE capillary electrophoresis
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DGC dystrophin-glycoprotein complex
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MS mass spectrometry
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PCA principal component analysis
PE phosphatidylethanolamine
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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).S’6 For example, 8-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.
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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 DCM2-M

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.
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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 TRPV2in DCM. We also 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). Foradenoviral
gene transfer, we inserted the haemagglutinin (HA)-tagged NT domain of
TRPV2 (amino acids 1-387) cDNA into the pAd/CMV/V5-DEST viral
vector (Invitrogen).

J2N-n

J2N-k

ﬁ-catenin

Smin

Fura-2 fluorescence

Flgure l TRPV2 ac
tions from 8-week— dJZN -n and J2
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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. ]2N-k hamsters were orally administered tranilast for 14 days
ata dose of 30 or 300 mg/kg perday. 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

14 (weeks)
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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 [i.p,
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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3. Results

3.1 TRPV2is concentrated and activated
in cardiomyopathic hearts

To study the role of TRPV2 in DCM, we first examined the expressionand
subcellular distribution of TRPV2 in the ventricles of 8-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 B-catenin (Figure 1A). 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>*J;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 TRPV1 or TRPV3 expression
(data not shown). Furthermore, although 2-APB is known to inhibit
the intracellular Ca®*-release channel inositol 1, 4, S5-trisphosphate

receptor (IP3R) and other TRP channel family proteins, *' we saw an
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increase in [Ca®*], which is why TRPV2 was considered the principal
candidate involved in the 2-APB-induced [Ca®*"]; increase in J2N-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 TRPY2 accumulation contributes
to the increased [Ca®*]; levels in J2N-k cardiomyocytes.

In addition to the J2N-k hamster, other animal models with DCM
display sarcolemmal accumulation of TRPV2. One such model is the
4C30 mouse, which over-expresses B-galactoside a-2,3-sialytransferase
Il (ST3Gal-ll) 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 48 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 (TRPCS6), 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 expressionin 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. All DCM samples also exhibited reduced dystrophinand
syntrophin expression levels (Figure 2A 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 leading to 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 TRPV2 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-
tained increase in [Ca®*]; in agonist-stimulated cells. To examine the
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effect of NT domain over-expression on DCM symptoms, we used
4C30 mice and DOX-induced DCM mice.

3.3 Tgexpression 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 (e-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
4C30 mice 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 [Ca®"]; increase. Consistent with this idea,
CaMKIl 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 TRPV? results in a reduction in sustained [Ca2+]i 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-
mentof 4-hydroxynonenal (4-HNE) adducts (Figure 4F) were significant-
ly higher in the 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 41). 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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o
S
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e
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DOX-treated NT-Tg mice demonstrated better cardiac morphology
and function 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
CaMKIl 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.% Tranilast inhibited
2-APB-induced [Ca?*]; increases with half-maximal inhibition at about
30 wM, in HEK293 cells expressing TRPV2 (Supplementary material
online, Figure S5), but it has almost no effect on HEK293 cells expressing
TRPV1, TRPV3, or TRPC1 (Supplementary material online, Figure S5). A
recent study reported that tranilastinhibits TRPV2 ion channel activity. 2
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 ]2N-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
of the 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 CaMKIi 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?" influxand 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.27 Certainly, cardiomyocyte-specific over-
expression of calcineurin causes hypertrophy 2% and cardiomyopathy,
but conflicting results are reported on the effects of calcineurin inhibition.
2 In our DCMmodels, 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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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
4C30mouse appearsto beagood animal model to study the connection
between Ca*" abnormality and DCM symptoms.

Plasma membrane TRPV2 translocation is known to be stimulated by
receptor agonists'>>2 or mechanical stress.'® Stimulation by growth
factors or sympathetic transmitters could act as a signal inducing sarco-
temmal 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 6), Ca?t
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,®® 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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Opposing Immunomodulatory Roles of Prostaglandin D,
during the Progression of Skin Inflammation
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I

The effects of PGD, are extremely context dependent. It can have pro- or anti-inflammatory effects in clinically important
pathological conditions. A greater mechanistic insight into the determinants of PGD, activity during inflammation is thus required.
In this study, we investigated the role of PGD, in croton oil-induced dermatitis using transgenic (TG) mice overexpressing
hematopoietic PGD synthase. Administration of croton oil caused tissue swelling and vascular leakage in the mouse ear. Compared
with wild-type animals, TG mice produced more PGD, and showed decreased inflammation in the early phase, but more severe
manifestations during the late phase. Data obtained from bone marrow transplantation between wild-type and TG mice indicated
that PGD, produced by tissue resident cells in the TG mice attenuated early-phase inflammation, whereas PGD, produced from
hematopoietic lineage cells exacerbated late-phase inflammation. There are two distinct PGD, receptors: D-prostanoid receptor
(DP) and chemoattractant receptor-homologous molecule expressed on Th2 cells (CRTH2). In TG mice, treatment with a DP
antagonist exacerbated inflammation in the early phase, whereas treatment with a CRTH2 antagonist attenuated inflammation
during the late phase. In vitro experiments showed that DP agonism enhanced vascular endothelial barrier formation, whereas
CRTH2 agonism stimulated neutrophil migration. Collectively, these results show that when hematopoietic PGD synthase is over-
expressed, tissue resident cell-derived PGD, suppresses skin inflammation via DP in the early phase, but hematopoietic lineage cell-
derived PGD, stimulates CRTH2 and promotes inflammation during the late phase. DP-mediated vascular barrier enhancement or
CRTH2-mediated neutrophil activation may be responsible for these effects. Thus, PGD, represents opposite roles in inflammation,
depending on the disease phase in vivo. The Journal of Immunology, 2014, 192: 459-465.

P rostaglandins are metabolites of arachidonic acid generated symptoms, including swelling, pain, and fever (1, 2). Another

by cyclooxygenase (COX) that are synthesized and re- prostanoid, TXA,, promotes platelet aggregation and vascular
leased upon encountering injurious stimuli. COX-mediated contraction (3). Clinically, inhibition of COX-mediated PG syn-
PG synthesis is generally categorized as a proinflammatory event. thesis has been applied to treat several types of inflammatory

For instance, a major PG, PGE,, triggers common inflammatory diseases, including arthritis (4) and colorectal cancer (5).
PGD, is reported to promote sleep and to mediate inflammatory

*Department of Veterinary Pharmacology, Graduate School of Agriculture and Life responses. PGD sythaAse is of two types: llpocahn-ty?e PGP Syn-
Sciences, The University of Tokyo, Tokyo 113-8657, Japan; "Department of Animal thase and hematopoietic PGD synthase (H-PGDS). Lipocalin-type

Radiology, Graduate School of Agriculture and Life Sciences, The University of PGD synthase is expressed mainly in the arachnoid and choroi
Tokyo, Tokyo 113-8657, Japan; §Depanmem of Molecular Behavioral Biology, o4 P y d

Osaka Bioscience Institute, Osaka 565-0874, Japan; *Department of Veterinary Sur- membrane, and is implicated in sleep (6) and pain promotion (7). In
gery, Graduate School of Agriculture and Life Sciences, The University of Tokyo, contrast, H-PGDS is expressed mainly in immune cells, such as mast

Tokyo 113-8657, Japan; YAdvanced Medicine and Development, BML, Inc., Saitama . . .
350-1101, Japan; "Human Gene Sciences Center, Tokyo Medical and Dental Univer- cells and Th2 lymphocytes, and contributes to various mﬂa'mmatory

sity, Tokyo 113-8150, Japan; and *Department of Pharmacology, Faculty of Medi- responses in peripheral tissues (8). PGD, exerts its effects via two
cine, Kyoto University, Kyoto 606-8315, Japan types of receptors: D-prostanoid receptor (DP) and chemoattractant
Received for publication August 7, 2013. Accepted for publication November 1, receptor-homologous molecule expressed on Th2 cells (CRTH2).
2013. The half-life of PGD, in blood is short (0.9 min) (9). Several in vitro
This work was supported by the Program for Promotion ot Basic and Applied Re- and in vivo studies have shown that PGD, is quickly degraded to

searches for Innovations in Bio-oriented Industry (Grant 12100979); the Ministry of . .
Education, Culture, Sports, Science and Technology and the Japan Society for the several products through enzymatic and/or nonenzymatic pathways

Promotion of Science (Grants 22688024 and 25252049); the Mochida Memorial (10, 11), and that these products also stimulate PGD,-dependent
Foundation; and the Towa Foundation (to TM.). pathways. Whereas PGD, and its degradation product, PGJ,, can

Address correspondence and reprint requests to Prof. Takahisa Murata, Department bind DP and CRT 1v. man ther
of Animal Radiology, Graduate School of Agriculture and Life Sciences, University H2 equally, Y of the o products, such as

of Tokyo, 1-1-1 Yayoi, Bunkyo-ku, Tokyo 113-8657, Japan. E-mail address:  9¢11B-PGF,, 13,14-dihydro-15-keto-PGD, (DK-PGDy), and 15-

amurata@mail.ecc.u-tokyo.ac.jp deoxy-A'>1“-PGD, (15d-PGD2), possess higher binding affinity for
The online version of this article contains supplemental material. CRTH2 (12-14). J-ring PGs also exhibit bioactivity, as they are
Abbreviations used in this article: BAEC, bovine aortic endothelial cell; BM, bone ligands for the peroxisome proliferator-activated receptor-y (15-17).
marrow; BMT, bone marrow transplantation; COX, cyclooxygenase; CRTH2, chemo- Although the pathophysiological implications of each PGD, me-
attractant receptor—homologous molecule expressed on Th2 cell; CRTH2™/~, tabolite in vi in elusi . vities h b ibed
CRTH2 deficient; DK-PGD,, 13,14-dihydro-15-keto-PGD,; DP, D-prostanoid recep- abolite n vivo remain elusive, various activities have been ascripe
tor; DP™/~, DP deficient; H-PGDS, hematopoietic PGD synthase; TER, transendo- to these degradation products.

&%{Javlv;ﬁ:ct;r;cé resistance; TG, transgenic; VEGF, vascular endothelial growth factor; Reports have proved contradictory pegarding whether PGD, is pro-

or anti-inflammatory. For instance, administration of PGD, or a DP
Copyright © 2013 by The American Association of Immunologists, Inc. 0022-1767/13/$16.00 agonist has anti-inflammatory effects in rat bowel inflammation (18)

www.jimmunol.org/cgi/doi/10.4049/jimmunol. 1302080 6
5

107 ST [1dy uo AIRIqr 90uaI0S 9JI'T AJISIoATU) BxesQ Je /810 jounwwil-mmam//:d1y woij popeojumod



460

and mouse atopic dermatitis (19). DP receptor agonism inhibited
eosinophil migration (20) and dendritic cell activation (21) in a
mouse model of asthma. Our group also proved that PGD, sup-
pressed mouse acute lung inflammation and tumor growth by
inhibiting vascular permeability and subsequent angiogenesis via DP
stimulation (22, 23). According to these observations, the PGD,-DP
axis is likely to exert anti-inflammatory effects. In contrast, several
other groups showed that PGD, signaling mediates proinflammatory
responses. For example, administration of an H-PGDS inhibitor im-
proved mouse airway inflammation (24). Furthermore, treatment with
a CRTH2 agonist aggravated atopic dermatitis and asthma in mice,
whereas intratracheal administration of PGD, promoted eosinophil
migration in rats (25, 26). Thus, PGD, is likely to regulate in-
flammation differently, depending on the disease type.

The overall outcome of an inflammatory response is determined
by multiple factors, including the type of mediator-producing cell/
effector cell, the precise effector cell function, the amount of in-
flammatory signal produced, and the identity of the receptor re-
ceiving the stimulus. Furthermore, these factors vary according to
the site and phase of inflammation. Because PGD; and its metabolites
exert various actions through several signal pathways, detailed studies
investigating where and how PGD; is produced, and its effects in
discrete phases of discrete diseases, are indispensable for the de-
sign of future therapies.

In the current study, we compared inflammatory reactions in the
skin between transgenic (TG) mice overexpressing H-PGDS and
wild-type (WT) mice to evaluate the contribution of PGD, at each
stage of disease progression. We demonstrate that PGD,-DP sig-
naling originating in tissue resident cells alleviates vascular per-
meability in the early phase of croton oil-induced dermatitis, and
that PGD,-CRTH?2 signaling in infiltrating hematopoietic cells
promotes inflammation during the late phase of dermatitis.

Materials and Methods
Reagents

Croton oil, vascular endothelial growth factor (VEGF), and Evans blue were
from Sigma-Aldrich; Triton X-100, paraformaldehyde, formamide, and
methyl acetate were from Wako Pure Chemical; PGD,, BW 245C, BW
AB68C, CAY 10471, AL 8810, SQ29548, 15-deoxy-A'*“-PGD,, 9a,11B-
PGF,, DK-PGD,, anti-H-PGDS Ab, and anti-COX-2 Ab were from
Cayman Chemical; anti-CD45 Ab was from Millipore; and penicillin-
streptomycin was from Life Technologies.

Mouse dermatitis model

All animal experiments were performed in accordance with the guidelines
of the University of Tokyo. TG mice with FVB background expressing
human H-PGDS under the regulatory control of the chicken B-actin pro-
moter were generated as previously described (27). Among the three lines
of TG mice (S41, S55, and S66), S55 was used, as they exhibited the most
abundant mRNA expression and enzymatic activity of human H-PGDS.
DP deficient (DP™'7) and CRTH?2 deficient (CRTH2™'™) mice with
C57BL/6 background were generated and bred as described previously
(28, 29). In some experiments, bone marrow transplantation (BMT) was
performed as previously described (22). Recipient mice (4-5 wk old) were
irradiated with 4.5 Gy, twice with 12-h intervals. Bone marrow (BM) cells
(2 X 10°) were collected from femurs of donor mice (8-9 wk old) and
injected through the tail vein of the recipient. Mice were used for each ex-
periment 8 wk after BMT. Mice were anesthetized with isoflurane. Croton oil
(2.5%, 2 h or 6 h) was administered to the surface of the right ear of mice.
VEGF (30 ng per head, 35 min), 90,118-PGF, (10 ng per head each,
40 min), or DK-PGD; (10 ng per head each, 40 min) was injected s.c. into
the right ear. Vehicle was administered to the left ear as an internal control.

Modified Miles assay

After a certain period from the time of administration of each reagent to the
ears, mice were i.v. injected with Evans blue (30 mg/kg for FVB TG mice or
50 mg/kg for CS7BL/6 gene~deficient mice). At 30 min after the circu-
lation, the ears were dissected and dried overnight at 55°C. After the ears
were weighed, Evans blue was extracted by incubation in formamide at 55°C
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for 24 h. Dye content was measured by reading at 610 nm in a spectropho-
tometer (Wallac 1420, PerkinElmer) and normalized to ear dry weight.

Measurement of PGs

Contents of PGD,, PGE,, and TXA, in ears were measured as previously
described (30). Briefly, excised ears were quickly frozen into liquid ni-
trogen and homogenized in ethanol containing 0.02% HCI, and the sam-
ples were separated by HPLC. An API3200 triple-quadruple tandem mass
spectrometer (Applied Biosystems) was used.

Immunostaining

Ear tissues were fixed in 4% paraformaldehyde for 2 d and embedded in
paraffin. Sections of 4-pum thickness were stained with H&E. For immu-
nostaining, 5-pm-thick frozen sections were used. After permeabilization/
blocking with 0.1% Triton X-100 and 5% normal goat serum for 30 min,
sections were labeled with anti-H-PGDS Ab (1:400), anti-COX-2 Ab
(1:250), or anti-CD45 Ab (1:400) overnight at 4°C. Then, the sections were
labeled with secondary Ab and DAPI. The images were captured using an
Eclipse E800 fluorescence microscope (Nikon), and the number of CD45*
cells was counted in three randomly chosen fields in each slide.

Measurement of transendothelial electric resistance

Bovine thoracic aortas were purchased from a slaughterhouse. Bovine aortic
endothelial cells (BAECs) were isolated and cultured in DMEM containing
10% FBS. BAECs (2.5 X 10*) were seeded into each well of the micro-
electronic sensor, and then transendothelial electric resistance (TER) was
measured by xCELLigence real time cell analyzer DP system (Roche).
Confluent monolayers of BAECs were serum starved for 10 h before the
experiment. TER was measured every 30 s and then normalized to the
initial value.

Isolation of neutrophil and chemotaxis assay

Marrow cavities of the tibias and femurs of 8-wk-old mice were flushed with
DMEM. Neutrophils were isolated by centrifugation over discontinuous
Percoll gradients. For the chemotaxis assay, a modified Boyden chamber
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FIGURE 1. Croton oil-induced skin inflammation in H-PGDS-over-

expressing mice. Croton oil (2.5%, 2 h or 6 h) or VEGF (30 ng, 35 min)
was administered to mouse ears. Evans blue dye (30 mg/kg) was injected
and circulated for 30 min. (A) Representative photographs show croton
oil-induced inflammation. Skin thickness (B) or dye extravasation (C) of
the inflamed ears was quantified (n = 5-8 each, *p < 0.05 compared with
WT). The concentration of PGD, (D) or PGE, (E) in inflamed ears was
determined by a mass spectrometer (n = 5, *p < 0.05 compared with WT).
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with 8-pum pores (BD Falcon) was used. Stimulants were added to the
bottom chamber, and inhibitors were added to both the upper and the
bottom chambers. Isolated neutrophils (2 X 10° cells) were applied to
the upper chambers. After 2 h, cells on the membrane were fixed and
stained with Giemsa solution. The number of cells from five randomly
chosen fields (X200) on the lower side of the membrane was counted.

Data representation and statistical analysis

The results are expressed as mean + SEM. Statistical evaluations of the
data were performed using an unpaired Student ¢ test for comparisons
between two groups and by one-way ANOVA followed by a Dunnett test
or Tukey test for comparison between more than two groups. A p < 0.05
was taken as significant.

Results
Inflammatory responses in the presence of H-PGDS
overexpression

In WT mice, administration of 2.5% croton oil caused ear swelling
(Fig. 1B) and increased dye extravasation, an index of vascular
permeability (typical pictures are shown in Fig. 1A, and dye
leakages are quantified in Fig. 1C). These responses peaked 6 h
after the stimulation and settled in 36 h (ear swelling, 6 h, 0.146 =
0.013 mm; 36 h, 0.012 = 0.005 mm, # = 5 each).

Pretreatment with a pan-COX inhibitor, indomethacin, inhibited
these responses (Supplemental Fig. 1), suggesting the contributions
of PG production to the inflammation. TG mice showed reduced
severity of ear swelling and less vascular leakage at the early phase
(2 h after the stimulation), but showed more severe inflammation
than WT mice at the late phase (6 h post treatment). WT and TG
mice responded similarly to treatment with VEGF, which directly
stimulates vascular leakage without activation of the arachidonate
cascade (Fig. 1C, right bars).

FIGURE 2. Infiltrating leukocytes expressed H-PGDS
in inflamed ears. (A) Representative images of H&E
stainingare shown. (B) Excised ears from WT or TG
mice were subjected to immunostaining for H-PGDS
(green) and CD45 (red), and then stained with DAPI
(blue) for nuclear labeling (n = 4 each). The pictures
were randomly taken from three fields, each at a magni-
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Administration of 2.5% croton oil induced PGD, production in
both WT and TG mice (Fig. 1D). PGD, production in TGs,
compared with that in WT mice, was significantly higher during
the experiments. The concentration of another prostanoid, PGE,,
did not differ between the lines (Fig. 1E).

Infiltrated leukocytes expressed H-PGDS

As shown by the H&E staining (Fig. 2A, upper panels), no mor-
phological difference was observed between WT and TG mice prior
to stimulation (0 h). There was a time-dependent ear swelling and
infiltration of inflammatory cells upon croton oil administration.
Most of the infiltrating cells were neutrophils with segmented nuclei
(Fig. 2A, middle and lower panels; see insets). Regarding the ear-
swelling data shown in Fig. 1B, TG ears were slightly thinner at the
early phase of inflammation, whereas they were much thicker than
WT ears at the late phase. Neutrophil infiltration was also accel-
erated in TG mice at the late phase (Fig. 2A, inset panels).

We next performed immunostaining to define which type of cell
expresses H-PGDS in inflamed ears. As shown in Fig. 2B (upper
left panels), H-PGDS was not detected in nontreated WT ears. In
croton oil-treated WT ears, CD45" leukocytes expressed H-PGDS
(Fig. 2B, middle and lower left panels). TG ears broadly expressed
H-PGDS regardless of oil stimulation (Fig. 2B, left panels). These
observations are consistent with the fact that human H-PGDS is
constitutively expressed in the TG mice from a chicken B-actin
promoter. Of interest, oil stimulation increased H-PGDS expres-
sion even in TG mice, and in particular in the CD45" cells. This
finding may be due to the elevation of endogenous mouse H-PGDS
expression in response to stimulation.

Expression of an inducible type of COX, COX-2, is required to
produce PGD, in the context of inflammation. As shown in Sup-

fication of X200 from four dependent sections. Scale
bar, 20 wm. (C) The number of CD45" cells was counted
(n =4, *p < 0.05 compared with WT).
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plemental Fig. 2A and 2B, CD31" vascular endothelial cells
constitutively express COX-2 in both lines of mice. Infiltrating
CD45" leukocytes (most likely neutrophils) also express COX-2
after stimulation. We thus inferred that these two cell types are the
major sources of PGD; in this model.

In agreement with the observations from H&E staining, a sig-
nificant difference was noted in the number of infiltrating leuko-
cytes between the lines during the early phase of inflammation. In
contrast, many more leukocytes infiltrated TG ears than WT ears
at the late phase (Fig. 2C).

Functional contribution of hematopoietic lineage—derived
PGDj in dermatitis

We explored the contribution of hematopoietic cell (BM-derived
immune cells)- or nonhematopoietic cell (tissue resident cells)—
derived PGD, in dermatitis using BMT. Irradiated WT recipients
with WT BM (WT + WT™™) exhibited tissue swelling comparable
to that in nontreated WT (Supplemental Fig. 3) in response to oil
treatment. The BMT procedures (i.e., radiation and BM injection)
did not affect the inflammatory responses. At the early phase of
inflammation (2 h), no difference was detected in ear swelling
between the lines (Fig. 3A), whereas TG transplanted with WT or
TG BM (TG + WT®™ and TG + TG®) exhibited blunted vascular
leakage compared with WT with WT or TG BM (WT + WT™M
and WT + TG®™) (Fig. 3B). These results suggest that PGD,
secreted from the tissue resident cells inhibits the inflammation in
TG mice during the early phase of dermatitis.

At the late phase, regardless of recipient genotype, mice
transplanted with TG BM (WT + TG®M, TG + TG®M) showed
more severe swelling (Fig. 3C) and vascular leakage (Fig. 3D)
in comparison with the mice with WT BM (WT + WT?™, TG +
WTEM), This finding indicates that PGD, from infiltrating hemato-
poietic cells (most presumably neutrophils) promotes inflammatory
responses in the TG during this phase.

The role of PGD,-DP signaling in the early phase of
inflammation

We attempted to clarify how PGD, modulated inflammatory re-
sponses during early-phase dermatitis. Administration of an
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FIGURE 3. Contribution of hematopoietic lineage—derived PGD, in
dermatitis. Ear swelling (thickness) and dye extravasation in each BMT
mouse were assessed 2 h (A and B) or 6 h (C and D) after croton oil
treatment (n = 5 or 6 each, *p < 0.05).
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H-PGDS inhibitor, HQL-79 (50 mg/kg, i.p.), significantly en-
hanced tissue swelling (Fig. 4A) and vascular permeability (Fig.
4B) in both lines of mice. Upon H-PGDS inhibition, the degrees of
ear swelling and dye extravasation were similar in WT and TG
mice. As with H-PGDS inhibition, DP antagonism by BW A868C
(1 mg/kg, i.p.) also promoted inflammatory responses in both WT
and TG mice to the same degree (Fig. 4C, 4D).

Thus, the DP-mediated signal most likely contributed to the
immunosuppressive reaction of PGD, in early-phase inflamma-
tion. In support of this idea, DP™/~ mice were more responsive to
croton oil stimulation than were WT mice, whereas CRTH2 ™'~
mice exhibited responses comparable to those of WT mice. Ad-
ditive treatment with PGD, (1 mg/kg, i.p.) inhibited the oil-
induced vascular leakage in WT and CRTH2™/~ mice, but not
DP~'™ mice (Fig. 4E). Furthermore, administration of a DP ag-
onist, BW 245C (1 mg/kg, i.p.), strongly inhibited vascular
leakage in WT ears (Fig. 4F).

The role of PGD,-CRTH?Z signaling in late-phase inflammation

We next assessed the contribution of PGD; to late-phase derma-
titis. As shown in Fig. 5A and 5B (ear swelling and dye leakage,
respectively), inhibition of H-PGDS by HQL-79 (50 mg/kg, i.p.)
tended to increase the scores in WT mice, whereas it attenuated
them in TG mice. As shown in Fig. 5C and 5D (both data are shown
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FIGURE 4. DP signaling alleviated early-phase inflammation. Effects of
an H-PGDS inhibitor, HQL-79 (50 mg/kg, i.p., 3 h before the stimulation),
or a DP antagonist, BW A868C (1 mg/kg, i.p., 2 h before the stimulation),
on the ear swelling (A and C) and tissue dye extravasation (B and D) were
assessed. Dye extravasation during early-phase inflammation were
assessed in DP™'™ or CRTH2™~ mice with C57BL/6 background (E).
PGD, (1 mg/kg, i.p.) was administered 10 min before the stimulation.
Effect of a DP agonist, BW 245C (1 mg/kg, i.p., 10 min before dye in-
jection), on dye efflux during early-phase inflammation was assessed (F).
The data are indicated as a ratio to nontreated ears (only with croton oil
administration) (n = 4-6, *p < 0.05 and 'p < 0.05, compared with non-

. treated WT ears or CRTH2 ™~ ears).
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as a ratio to nontreated), DP antagonism (BW A868C, 1 mg/kg i.p.)
promoted, and CRTH2 antagonism (CAY 10471, 1 mg/kg, i.p.) ten-
ded to attenuate, the oil-induced inflammation in both lines of mice.
The DP-mediated anti-inflammatory reaction was dominant in WT
mice, whereas the CRTH2-mediated proinflammatory signal appeared
to counteract DP~-mediated responses in TG mice.

We could obtain consistent observations using gene-deficient mice.
As shown in Fig. SE, WT and CRTH2™'~ mice represented com-
parable vascular leakage responding to sole oil treatment (6 h). DP
deficiency significantly increased vascular leakage even in late-phase
dermatitis. Additional treatment with PGD, increased vascular per-
meability in WT and increased slightly, but not significantly, in
DP~’~ mice. In contrast, PGD, treatment significantly decreased
vascular permeability in CRTH2 ™~ mice.

As described above, PGD, is rapidly degraded into several prod-
ucts in blood (10, 11). These products possibly accumulate locally
and preferentially stimulate CRTH2-mediated proinflammatory
signaling according to disease progression. Indeed, treatment with
the major PGD, metabolites DK-PGD, and 9«,11B-PGF, (10 ng
per ear) significantly enhanced vascular leakage (Fig. 5F).
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FIGURE 5. CRTH2 signaling promotes late-phase inflammation. Effects
of HQL-79 [50 mg/kg, i.p., 3 h before the oil treatment (A)] or a DP an-
tagonist, BW A868C [1 mg/kg, i.p., 2 h before the oil treatment (B)], or
a CRTH2 antagonist, CAY10471 [1 mg/kg, i.p., 30 min before the oil
treatment (B) on the late-phase ear swelling (A and C) and dye extrava-
sation (B and D)]. Dye extravasation during late-phase inflammation was
assessed in DP™'™ or CRTH2™™ mice with CS7BL/6 background (E).
PGD, (1 mg/kg, i.p.) was administered 10 min before the stimulation.
Effect of a CRTH2 agonist, DK-PGD, (10 ng per ear), or a PGD, me-
tabolite, 9a,113-PGF, (10 ng per ear), on vascular permeability in vivo
(F) (n = 4-9 each, *p < 0.05 compared with nontreated WT ears or
CRTH2™'~ ears).
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The effect of PGD, on vascular permeability and neutrophil
migration in vitro

We examined the effect of PGD, on vascular endothelial per-
meability by measuring TER in vitro. In line with the in vivo data
showing DP-mediated vascular barrier enhancement (Fig. 4E),
treatment with PGD, (10 uM) or BW 245C (1 pM) elevated
TER, indicating barrier enhancement (typical responses are
shown in Fig. 6A and summarized in Fig. 6B). These effects
were completely inhibited by DP antagonism (BW A868C, 10
rM, 30 min before PGD, administration). A CRTH2 agonist,
DK-PGD, (1 uM), which enhanced vascular permeability in
vivo, did not change TER in vitro. In addition, 9a,113-PGF,
(1 uM) did not affect endothelial barrier formation in vitro
(Fig. 6B).

In the transmembrane migration assay, isolated neutrophils
migrated toward a solution of 5 nM leukotriene B4 added into the
lower chamber (Fig. 6C), as previously reported (31). Stimulation
with PGD, or a DK-PGD, (1 uM), 9a,11B-PGF, (100 nM), also
induced neutrophil migration; this was abolished by CRTH2 an-
tagonism (CAY10471, 1 pM).
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FIGURE 6. The effect of PGD- on vascular endothelial barrier forma-
tion and neutrophil migration. A representative figure (A) or quantification
(B) of the TER is shown (1 = 4-6 each, *p < 0.05 and Tp < 0.05 compared
with nontreated or stimulant-treated cells). BAECs were treated with PGD,
(10 uM), BW 245C (1 uM), DK-PGD; (1 pM), or 90, 113-PGF, (1 pM).
BW A868C (10 M) was given 30 min before the PGD, or BW 245C
treatment. Migration assay was performed using isolated neutrophils (C).
Stimulants were added to the lower chamber, and CAY 10471 (1 uM) was
added to both the lower and the upper chambers. Data are shown as the
number of cells migrating to the lower chamber in one field (X20, n = 5
each, *p < 0.05 and 'p < 0.05 compared with nontreated or stimulant-
treated cells).
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Discussion

Using genetically modified mice that overexpress H-PGDS, we
demonstrated that PGD, assumes both pro- and anti-inflammatory
roles according to the progression of inflammation. Specifically,
upon initiation of croton oil-induced dermatitis, PGD, produced
from tissue resident cells exhibits an anti-inflammatory action
through DP-mediated signaling. At the progression phase, PGD,,
and possibly its degradation products secreted from infiltrating
leukocytes, promote inflammation through CRTH2-mediated sig-
naling (Supplemental Fig. 4).

At the early phase of dermatitis, secreted PGD, had anti-
inflammatory activity in both WT and TG mice, which is attributable
to DP-mediated signaling. TG showed relatively strong anti-
inflammatory reactions. These phenomena are presumably due to
the higher level of PGD, production in TG ears. The experiments
using BMT revealed that PGD, produced from tissue resident cells
contributes to the anti-inflammatory reaction during the early phase.
Given that vascular endothelial cells constitutively express COX-2
(which is indispensable for PGD, production), endothelial cell—
derived PGD;, is likely to control inflammation in early-phase der-
matitis.

We observed that DP-mediated signaling contributes to the anti-
inflammatory role of PGD, by enhancing endothelial barrier for-
mation. We previously reported that vascular endothelial cells
express DP and its agonism inhibits vascular leakage in the inflamed
lung (22) and growing tumor (23), in agreement with our current
observations. The underlying molecular mechanism associated with
stimulation of DP is tightening of endothelial cell-to-cell junctions
through the cAMP/protein kinase A/Rac signaling pathway (32).

Of interest, in contrast to its anti-inflammatory role in the early
phase, secreted PGD, showed proinflammatory effects in the late
phase. When compared with the ears of WT animals, the ears of
TG mice had more severe inflammation with increased PGD,
production. BMT and morphological studies suggested that infil-
trating leukocytes produced PGD, and promoted tissue swelling
and vascular hyperpermeability. Considering the fact that tissue
contents of PGD, were similar in the early and late phases in each
line of mice (Fig. 1D), the site of production seems to be more crucial
than the amount of PGD, for PGD,-mediated immune responses.

We further demonstrated that CRTH2 signaling mediates the
proinflammatory effects of PGD,. This activity is likely because
many of the PGD, degradation products potentially bind CRTH2
(12). Further investigation is required to assess the contribution
of each product to the pathogenesis of inflammation, especially
in vivo. However, it is possible that sustained local inflammation
leads to the accumulation of PGD, metabolites, which further
accelerate inflammation by acting as CRTH2 ligands.

Our data show that both a CRTH2 agonist (DK-PGD,) and a major
PGD, metabolite (9a,11B3-PGF;) enhanced vascular permeability
in vivo, but they did not directly influence endothelial barrier for-
mation in vitro. Previous studies showed that CRTH2 stimulation
promotes the migration of BM-derived hematopoietic lineage cells
such as Th2 lymphocytes and eosinophils (33). Consistently, CRTH2
agonism stimulated migration of neutrophils in vitro. In addition,
infiltration of neutrophils was accelerated in inflamed TG ears.
Neutrophils produce a variety of bioactive agents, including cyto-
kines and reactive oxygen, that can stimulate the vascular bed (34).
Thus, neutrophil-derived PGD, may promote neutrophil infiltration/
migration through CRTH2 signaling, and as a result, bioactive sub-
stances released from infiltrating neutrophils could promote inflam-
mation, at least partially, by disrupting the vascular barrier.

Our data showing that the PGD,~DP signaling axis mediates anti-
inflammatory reactions imply that DP agonism may be a strategy for

ROLES OF PGD, IN DERMATITIS

treatment of various inflammatory diseases. Conversely, we also
showed in this article that activation of the PGD,~CRTH2 signal
axis in inflammatory cells promotes inflammation. These situations
presumably occur in diseases that are accompanied by local accu-
mulation of PGD,-secreting immune cells, such as allergic inflam-
mation with mast cell and/or eosinophil accumulation. H-PGDS
inhibition or CRTH2 antagonism might be beneficial for these
pathological conditions.

Inflammation is an indispensable response for the rejection of
foreign substances and for tissue regeneration, and it occurs
throughout the body. As key players in this response, PGs are likely
produced and received by almost all types of cells. To understand
and manage various types of inflammatory diseases, a detailed
evaluation of the role of individual PG types with respect to their
source and effects in each phase of disease is an absolute re-
quirement. We suggest that our use of the H-PGDS TG mice that
overexpress H-PGDS with a B-actin promoter provides significant
insight in this regard. The system is not without caveats, however,
because the inflammatory symptoms observed in the TG mice
were induced owing to exogenous expression of H-PGDS driven
by a nonnative promoter. However, this mouse model highlighted
the role of PGD, in inflammation and allowed us to provide deep
insights into the paradoxical action of PGDs.

In summary, the Janus-like behavior of PGD, with regard to its
pro- and anti-inflammatory effects in vivo was determined by an
exquisite balance of multiple factors, which included the site of its
production and the quantity of PGD, and related degradation
products.
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