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protein-coupled receptor (GPCR) signaling pathway. which includes
diaeylglycerol (IDAG) und protemn kinase C (PKC). plays a critical role
n cardiac hypertrophy. DAG kinase (DGK) catalyzes DAG phosphor-
ylation and controls cellulur DAG levels. thus ; as a regulutor of
GPCR signaling. It has been reponted that DGKe acts specifically on
DAG produced by inositol eyeling. In this study, we examined
whether DGKe prevents cardiac hypertrophy and progeession to hean
twlure under chronic pressure overload. We generated transgenic
mice with cardiac-specific overexpression of DGKre (DGKe-TG)
using an a-myosin heavy chain promoter. There were no differences
i cardise morphology and function between wild-aype (WT) and
DG "G mice at the basal condition. Either continuous pheny leph-
rine infusion or thoracic transverse aortic constriction (TAC)H was
performed in WT and DGKe-TG mice. Increases in heart weight after
phenylephrine infusion and TAC were abolished in DGKe-TG mice
compared with WT mice. Cardiac dysfunction after TAC was pre
vented in DGKe-TG mice, and the survival rate after TAC was higher
in DGKe-TG mice than in WT mice. Phenylephrine- and TAC-
induced DAG accumulation, the wranslocation of PKC isoforms, and
the induction of fetal genes were blocked in DGKe-TG mouse hearts
The vpregulation of transient receptor polential channel (TRPC)-6
expression after TAC was attenuated in DGKe-TG mice, In conclu-
sion. these results demonstrate the first evidence that DGKe restores
cardiae dysfunction and improves survival under chronic pressure
overload by controlling cellular DAG levels and TRPC-6 expression,
DGKe may be a novel therupeutic target w prevent curdiue hypertro-
phy and progression to hean failure

hypertrophy. heart tailure: diacylglycerol; protein Kinase C

CARDIOVASCULAR DISEASE REPRESENTS an important and growing
public health problem and is the cause of substantial morbidity
and mortality. Cardiac hypertrophy is initially a compensatory
response (o a variety of stimuli such as chronic hypertension,
stenotic valves, and loss of contractile mass from previous
myocardial infarction. Conversely, sustained cardiac hypertro-
phy can eventually lead to decompensation characterized by
heant failure, arrhythmias, and cardiac death (16). Therefore.

Address for reprint requests and other correspomdence: T Niizeki. Dept
uf Cardiology. Pulmonology, and Nephrology. Yamagata Univ. School of
Medicine, 2-2-2 lida-Nishi, Yamagata, Japan 990-9385 (e-mail: tniizeki
@ nihonkalgrp

hitpi/fwww.aypheartorg

(3636133708 SE.00 Copyright © 2008 the Amencan Physiological Society

the identification of novel molecular mechanisms underlymg
the development of cardiac hypertrophy and its transition (o
heart failure is an important challenge of cardiovascular biol-
ogy and medicine. Multiple lines of experimental and clinical
evidence have suggested the importance of the Ga,, protein-
coupled receptor (GPCR) signaling in the development of
pathological cardiac hypertrophy and heart failure (11, 31).
GPCR agonists such as angiotensin 11 (25), endothelin-1 (26),
and phenylephrine (20) activate phospholipase C (PLC)-medi-
ated hydrolysis of phosphatidylinositol  4.5-bisphosphate.,
which produces inositol 1.4, S-trisphosphate and diacylglyc-
crol (DAG). DAG functions as a potent activator of protein
kinase C (PKC). We and others have previously demonstrated
that PKC plays an important role in the development of cardiac
hypertrophy and progression to heant failure (3, 30, 32),

One major route for terminating DAG signaling 1s thought to
be 1ts phosphorylation and inactivation by DAG kinase (DGK).
producing phosphatidic acid (PA) (7. 14, 33). Three DGK
isoforms, a. €, and {. are expressed in the heart. and we have
recently demonstrated in cultured rat neonatal cardiomyocyies
that adenoviral-mediaed expression of DGKL blocks endothe-
lin-1-induced increases in cell size and the reactivation of letal
genes via the inhibition of PKCe extracellular signal-regulated
kinuse (ERKl-activator protein-1 (AP-1) signaling pathway

28). Furthermore, we have generated transgenic mice with
cardiac-specific overexpression of DGKL using an a-myosin
heavy chain (MHC) promoter and demonstrated that DGKC
negatively regulaes the hypertrophic signaling cascade and
resultant cardiac hypertrophy after GPCR agonist infusion
without any detectable adverse effects in in vivo hearts (1), On
the other hand. it has been reported that DGKe acts specilically
on DAG produced by inositol cycling compared with DGK(,
suggesting differences in two DGK isoforms about substrate
specificity and the functional roles in signal transduction path-
way (22). In addition. there are differences in subcellular
localization between two isoforms, DGKL in the nucleus and
DGKe in cytoplasm (14). In this study, (o characierize the
functional role of DGKe in the heart. we generated transgenic
mice with cardiac-specific overexpression of DGKe (DGKe-
TG) wsing an «-MHC promoter and examined whether DGKe
prevents cardiac hypertrophy and progression to hean failure
under chronic pressure overload. We demonstrated that DGKe
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restores cardiac dyvsfunction and improves survival under
chronic pressure overload by controlling cellular DAG levels
and transient receptor potential channel (TRPCI-6 expression.

METHODS

Generation of DGRe-TG mice. DGKe-TG mice were created in
Yamuguta Unmiversity by standard techniques as described previously
i) Boefly, a 5.5-kb fragment of murine o-MHC gene promoler (o
kind gift from Dr ). Rabbins, Children’s Hospital Research Founda
o, Cincinmati, OH ) and rat DGKe ¢DNA (7)) were subeloned into
pBSISK () plasmids. The plasmid was digested with Spel
generite 4 DNA fragment composed of the a-MHC pene promaoter
DGKe ¢DNA, and a poly-A il of the human growth hormone. as
Hlustrated m Fig. 1A, We microinjected the DNA construct into the
]'umnu ler of single-cell fertilized mouse embryos (o generate trans
genic mice as previously described (1), To detect the exogenous
I}GKE gene. genomic DNA was extructed from the il bssues ol
{-wk-old pups, and polymerase chain reaction (PCR) was performed
with one primer specific for the a-MHC gene promoter and another
primer specific lor the DGKE, as shown in Fig. 1A,

Wild-type (WT) lint e mice and DGKe-TG
R=10wh old with 4 BDFI bachground were used in the present study
Mice were housed inoa facibry with o 12-he12-h light-dark eyele and
were given free access to water and standard rodent chow. The room
wis hept specific pathogen-free. All experimental procedures were
performed sccording to the animal wellare regulations of Yamagata
Unmiversity School of Medicine. and the study protocol wits approved by
the Amimal Subjects Committee of Yomagata Unmiversity School of
Medicime, The investigation conformed to the Guide for the Care and
Use of Laboratory Animuls published by the Nati Instinutes of Healih.

Western blor analvsis. Membranous and evtosolic fractions of
textracted PRC were prepared from the lefi vemncular
i as deseribed previoosly (1. 300 311 The protemn concen
tration of myocardial samples was carefully determined by the protein
and equal amounts of protein were subjected 1o 10% SDS
PAGE clectrophoresis and transferred o polyvinvlidene difluoride
membranes. To ensure an equivalent protein loading and guantitative
Transfer of proteins, the membranes were stained  with
Ponceau § before incubating with primary antibodies. The subeellular
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localization of PKC isoforms was examimed by quuntitative immuno
hlottimg using soforme-specific antibodies (mouse monoclonal anti
PKCa. 8. 6. and £. Sama Cruz Biotechnology. Sama Cruz, CA) s
reported previously (1, 30, 31 Immunoreactive bands were detected by
an enhunced chemiluminescence (ECL) Kit tAmersham Biosciences,
Prscataway, NJ), and membrane-to-cytosol rutios of immunoreactivity
were used as indexes for the extent of translocation of PKC isoloms

We prepared total protein from the left ventricular myocardium
acell lysis buffer (Cell Signaling Technology. Danvers. MA) to
examine protemn expressions of TRPC soloms, TRPC soforms
(TRPC . 3, 4. und 6) expressions were examimed by guantitative
immunoblotting using soform-specific antibodies (Sigma. 510 Louis,
MO, lmmunorcactive bands were detected by an ECL kit, and TRPC
Isoform expressions were normahzed o actin

We prepared nuclear and evtosolic protein from left ventricula
using a puclear and cytoplismic extraction reagents
(Pierce, Tokyo. Japani to examine localization of DGK soforms

Real-time RT-PCR. Total RNAs were extracted from the len
ventricle using TRIzol (Invitrogen, Tokyo, Japan), and hirst-strand
cDNA was synthesized from | pg of RNA sample with oligo (dT)
primers and superseript 11 RT as previously described (1, 28). To
examine mRNA expression levels of DGKe. atrial natriuretic factor
(ANF), B-MHC, brain natnuretic peptide (BNP), w-skelewal actin,
collagen type L collagen type HIL and TRPC isotorms (TRPC 1. 3, 4,
and ), real-time RT-PCR amplification was performed as reported
previously (1, 28). Standard curves of these genes were generated
by Tull-sequence plasmid of known concentrations. Gene expres
stons were normmalized o glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), Primers were designed based on GenBank  sequences
IANF, K-02781, B-MHC. AY-056464. BNP, NM-008726; a-sheletal
acting NM-009606: collagen type | NM-007742: collagen wype 111
NM-O0YY30: TRPC 1, NM-011643. TRPC 3, NM-O19510: TRPC 4
NM-016984: TRPC 6, NM-OI3838: and GAPDH. NM-001001303)
Sense and antissense primers for DGKe were 5 TTCCTTCCTAG
CATTGTGTG-3" and 5" AGGTCCAGGAAGATGAAACA-3. The
reaction conditions for the RT are a denaturing step at 957°C for 10 min
Tollowed by a thiee-step PCR amplihication o guy
* 95'C for 10 s, 55-62°C

The steps are
(depending on the gene) for 45 cyeles
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f cardine-spevitic expression of transgene was
wontimmed by RT-PCR. € quannitative analysis of
DOGRKE mBRNA expression of wild-ivpe tWT) and
DOGRE-TG mice by real-iime RT-PCR. Dt are
reponted as means = SE obtamed from 6 mice for
eiwh grwip < P < 008 vs. WT mice. £ repre
swikitive Western hlots of DGKE protein from
WT and DGKe-TG mouse heans
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Lipidd extraction and measurements of myocardial DAG levels.
Myocardial lipid extract was prepared from the left ventricle, and
DAG levels were measured as previously reported (1), Brielly. with
the use of the DAG within myocardial lipid extract as substrate and
with the use of [¥-“PJATP. the myocardial DAG level was quantified
by production of [ “PJPA. After 30 min of incubation, the reaction
was terminited and the radiolabeled product was separated by thin
layer chromatography on silica plates. The | V¥PIPA was identified by
awtoradiography. Silica corresponding to PA was scraped and counted
by liguid scintilliation counting (1),

Caspase-3 activity, Caspise-3 activity in myocardial tissues was

measured with a APOPCYTO/caspase-3 colonimetric assay kit (Med
wal & Biologeal Laboratories, Nagoya, Japan) that recognizes the
sequence DEVD. The assay was from the labeled substrute DEVD
penitroanilide.
Subcwtaneous implantation of osmotic minipump and  thoracic
fransverse aortic constriction, A subpressor dose of phenylephrine
(20 mg-kg ™" day ~ ") dissolved in saline or saline alone (control) was
continuously infused into mice subcutancously vii an osmotic minipump
TALZET Osmotic Pump. DURECT) for 3 days, This dose did not
imcrease svstolic blood pressure as previous studies (1. 200, Systolic
blood pressure wis determined in the conscious state with the use of
a computerized tail-cuff monometer, MK-1030 (Muromachi Kikai),
as reported previously (1),

Thoraeie transverse aortic constniclion (TAC) was performed o
produce chromic pressure overload as deseribed  previously (9)
Briefly, nuce (20-25 g body wi) were anesthetized and intubated with
i 20-gauge polyethylene catheter and ventilated with a rodent vent
lator (Harvard Apparatws. Holliston, MA)L The chest cavity was
opened wt the second intercastals space at the left upper stemal border.
The transverse section of the aorta was freed, an 8-0 prolene suture
was passed wround the gorta between the right innominate and len
common carotid arteries, 4 tght ligature was tied against o 27-goauge
needle, and the needle was then promptly removed. In sham-operated
animuals. the same procedure was performed except tor the ligation.
Finally. the lungs were reexpanded, and the chest wall was closed.
The animals remained in a supervised setting until fully conscious.

Echacardiography and cardiae catheterization, Transthoracic echo-
cardiography was recorded as described previously with im FFsone 8900
(Fukuda Denshi, Tokyo, Japan) equipped with a 13-MHz phased-amay
transducer (1. 9). Left ventricular internal dimensions at end systole and
end diastole (LVESD and LVEDD. respectively), intervemncular septum
(IVS), and left ventricular posterior wall thickness (PW) were measured
digiwlly on the M-mode tracings and averaged from at least three cardiac
s, Lelt ventriculur fractonal shortenimg (LVES) was caleulated as
EDD - LVESDVLVEDD] = 100.

A closed-chest approach by cardiac catheter was performed as
described previously (40). The right carotid artery was cannulated
under anesthesia by the micropressure transducer with an outer diam-
eter of 042 mm (Samba 3200, Samba Sensors, Giteborg, Sweden),
which was then advanced imo the left venricle. Heant e, Jefi
ventricular end-diastolic pressure (LVEDP) and end-systolic pressure,
the maximal and minimum rates of left vemtneular pressure develop-
ment ( =dP/dr), and the i comstant of left ventricular isovolumic
relaxation (7) were measured using an Acknowledge version 3.8.1
system with a sampling rate of 2,000 Hz (37)

Morphological and Wstopathological examinations, After mice
were euthamzed. the coronary aneries were retrogradely flushed with
saline and the heart, lungs, and liver were excised and weighed. The
heart was tixed with a 10% solunon of Tormalin in PBS a1 4°C for
24 h, embedded in paraffin. and then cut senally from the apex to the

base, The sections were stwined with hematoxylin-eosin or Masson's
trichrome stain for histopathological analysis. Transverse sections
were captured dignally. and cardiomyocyte cross-sectional area was
measured using 4 Scion imaging system (Scion, Frederick. MDD (9),
We traced the outline of at least 200 cardiomyocyies in cach section,
and the data were averaged
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Ta assess the degree of fibrosis, the sections stained with Masson’s
tichrome stain were scanned wath computer-assisted videodensitom
etry, and the images from at least 10 felds Tor cach heart were
anlyzed. The fibrosis fraction was oblained by calculating the ratio of
Musson’s trichrome-stained connective tissue area (stained blue) to
total myocardial area (stained red) with image analysis software as
described previously (9),

In immunchistochemical  analysis.  myocardial  sections  from
DGKe-TG and DGKETG (1) mice were stained with anti-DGKe and
anti-DGRE antibodies, respectively, 1o examine the differences in
subcellular localization of two DGR isoforms. The staining was
visualized by treatment for 15-20 s in the solution of 3.3 -diamino-
benzdine (Dako Cytomution Liquid DAB Substrate Chromogen Sys-
tem. Dako Japan. Tokyo. Japan). Control reactions included the
omission of the primary antibody. which was substituted by nonim-
mune rabbit serum.

Stanistical analvsis. All values are reported as means = SE. The
effects of phenylephrine or TAC on gravimetric data. histological
data, PKC translocation, TRPC isoform expressions, echocardio.
graphic data, cardiac catheter data, and RT-PCR dati between WT
and DGRe-TG mice were analyzed by two-way ANOVA or the
Friedman test followed by multiple comparisons with the Fisher
projecied least significant difference test. Survival curves were
created by the Kaplan-Mewer method and compared by a log-runk
test. A value of P < 005 was considered statistically significam

RESLLTS

Cardiac-specific overexpression of DGKe does nor affect
cardiac function at basal condition. Alter microinjection and
embryo implantation. five transgenic mice lines were success-
fully established. Cardiac-specilic expression of transgene was
confirmed by RT-PCR as shown in Fig. 18, We confirmed the
expression levels of DGKe in the left ventricle by real-time
RT-PCR (Fig. 1C) and Western blot analysis (Fig, 1D) in five
DGKe-TG hines. Among them, fine 2 with the moderate ex-
pression level and high-breeding capacity was charactenized in
the following experiments.

Both male and female DGKe-TG mice had normal Tife spans
and no evidence of morphogenic defects in cardiac or skeletal
muscle. To characterize mouse phenotypes, all experiments
were performed with age- and sex-matched (810 wk old) WT
littermate mice and DGKe-TG mice. Body weight, systolic
blood pressure, and heart rate were sinmlar between WT and
DGKe-TG mice. The absolute heart weight, ratio of heart
weight to body weight, and ratio of the feft ventricular weight
to body weight were not different between WT and DGKe-TG
mice. Echocardiography demonstrated that cardiac dimen-
sions, wall thickness, and LVFS were normal in DGKe-TG
mice. There was no evidence of fibrosis on microscopic exams-
mations of multiple histological sectons. In immunolhisto-
chemical stamning and Western blot analysis, we  detected
differences in subcellular localization between DGK isolorms
in cardiomyocytes from hearts of DGKETG and DGKe-TG
mice. DGK{ in the nucleus. and DGKe in cytoplasm and
nucleus as shown in Fig. 2.

Effects of DGKe on hypertrophic programs in response to
phenviephrine infusion. WT and DGKe-TG mice were as-
sessed with respect to their susceptibility to hypertrophic
response 1o subpressor doses of subcutancous phenylephrine
administration, No significant changes in body weight, heart
rate, and systolic blood pressure were observed between WT
and DGKe-TG mice after subcutaneous infusion of phenyl-
cphrine as previous studied (1, 20). As shown n Table 1.
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Fig: 2. Immunohistochemicil staining and Western blot of left ventricular

myocardium of DGRe-TG and DGKETG mice. Bars -~ 20 pm

subcutancous infusion of phenylephrine caused significant
mereases in the ratio of heart weight to body weight and the
ratio of the left ventricular weight 1o body weight in WT
mice. However, these increases were completely blocked in
DGKe-TG mice.

We next examined cardiac mRNA expressions ol fetal-type
genes after phenylephrine infusion. As shown in Table 1, the
mRNA expressions of ANF and B-MHC were increased in WT
mice given phenylephrine compared with WT mice infused
with saline. However, phenylephrine failed w cause pene
induction of ANF in DGKe-TG mice

Effects of DGKe on phenvlephrine-muduced activation of the
DAG-PKC signaling. Lipid extracts were then prepared from
the left ventricle, and we quantificd myocardial DAG levels in
WT and DGKe-TG mouse hearts. As shown in Fig. 34, DAG
levels were not different between WT and DGKe-TG mice at
the basal condition. In WT mouse hearts. myocardial DAG
level increased markedly after continuous adnuimstration of
phenylephrine. On the other hand, this effect of phenylephrine
on myocardial DAG levels was completely suppressed in
DGKe-TG mouse hearts.

As shown in Fig. 3B, the membrane-associated immunore-
activities of PKCa and - were signilicantly increased in
phenylephrine-treated WT mice compared with saline-infused
WT muce. However. phenylephrine-induced translocation of

DGKe RESTORES CARDIAC DYSFUNCTION UNDER PO

PKCuw and -¢ was signiticantly attenuated in DGKe-TG mice.
The translocanon of PKCB and -8 was not detected after
continuous administration of phenylephrine (dat not shown),
These data suggest that DGKEe regulates PKCa and -£ activity
by controlling cellular DAG levels,

Cardiac hypertrophy after TAC, Because mechanical stim-
uli such as pressure and volume overload are clinically
relevant and important an cardiac hypertrophy and hean
falure. we next examined whether DGKe modities cardiac
remodeling in response 1o pressure overload using a TAC
mouse model (2), Figure 44 shows representative transverse
sections of WT and DGKe-TG mouse heants alter TAC or
sham operation. Extensive cardiae hypertrophy  was ob.
served in WT mice at 4 wk after TAC. However, cardiac
hypertrophy after TAC was attenuated in DGKe-TG mice.
As shown in Table 2. the pressure gradient across the aortic
stenosts at 4 wk alter TAC surgery was similar between WT
und DGKe-TG mice (71 * 3 vs, 74 £ 4 mmHg). Similarly.
the ascending aortic systolic pressure (170 = 6 vs. 167 = 7
mmHg) and left ventricular systolic pressure (167 = 6 vs.
175 = 9 mmHg) were not different between WT and
DGKe-TG mice as in Table 2. These data clearly demon-
strated that surgical intervention was equal between WT and
DGKe-TG mice. Body weight was not different at 4 wk after
TAC, whereas heart weight was markedly increased in WT
mice after TAC surgery as reported in Table 2, However,
increases i heart weight and left ventrnicular weight cor-
rected for body weight after TAC were attenuated in
DGKe-TG mice compared with WT mice.

Microscopie observations revealed that the cardiomyocyte
cross-sectional area was profoundly increased in WT mice at 4
whk alter TAC compared with sham-operated WT mice (Fig.
4B). However, this increase alter TAC was signihicantly alten-
wated in DGKe-TG mice compared with WT mice.

DGKe restores cardiac dysfunction under chronie pressure
overload. Echocardiography was performed at baselineg, |
wh, and 4 wk after TAC surgery. Under anesthesia, the heart
rate was stmilar between W and DGKe-TG mice (data not
shown). The representative M-mode echocardiograms are
shown in Fig. 5. and Table 2 summarizes the echocardio-
graphic data. IVS and PW thickness were significantly
increased in WT mice after TAC. However. these increases
were significantly attenuated in DGKe-TG mice. Further-
more, the reduction of LVES and dilatation ol LVEDD in

Table 1. Gravimetric parameters and real-time RT-PCR dara in WI and DGKe-TG mice ays after PE infusion

WT Saline
BW. ¢ 230213
SBP. mmHg 14+ 1
HW/BW, mg/e 4782017
LVW/EBW, m L1706
RVW/HBW, myig 0.64=007
Lung weight/BW. ma/g 3042026
Liver weighBW. mg/g LR el
ANF-ti-GAPDH ratin, fold increase (LTRSS TN
F-MHC-w0-GAPDH ritio, Told increase (LIRS TR}

DGRe-TG Saling WM DGR T6G 1T
13216 209
s - 7 +7
498=013 34 =132
338 =008 4. 37=0.17"
0,64 = (006 0.I8 =011 063 =003
BT =006 fdb =029 6.47 * 0,62
I54=08 IT=T M7
112=0.19 252208 | 281,124
|.22+0 24 2040079 19120234

Values are means = SE; o

SBP, systohic blood pressure: LYW, left vemtricular w
GAPDH. glyveeraldehyde-3-phosphate dehydrogenase. = =

AJP-Hearet Core: Pleysend « Vi 205

-240-

IULY 2008

005 and 1P -

00 vs WT-PE mive

www ajpheart.ong

15 mice. WT, wildiype: DGKe-TG, diseylglycerol kimsse-transgenic: PE. phenylephrine: BW, body werght: HW, heant weight
1, RVW, night ventricular weight. ANF. atmal natrurene factor: [3-MHC
A vs, WT-salime mice; 7 «

Feomyosin hesvy chann

BODZ ‘¢ 1snBny uo Buo ABojoisAyd peaydle wouy papeoumog




DGKs RESTORES CARDIAC DYSFUNCTION UNDER PO H249
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Fig. 3. A, lefr: representative autoradiogram for DAG levels A righe quantitative data of DAG by scintillation counting, & transliscabion of PECi and ¢ in

WT mice afier phenylephrine infusion was abolished in DGKe- TG mie. Duta

membrane-to-cytosol mtio

WT mice at 4 wk after TAC were prevented in DGKe-TG
mice

Cardiac catheter was performed at baseline and 4 wk alier
surgery. As shown in Table 2, WT mice after TAC exhibited
severe cardiac dysfunction at 4 wk after TAC as demonstrated

pe reported a8 means = SE obained from ¥ onuce for each group MK

by increased LVEDP and reduced =dP/dr compared with
sham-operated WT mice. However. LVEDP after TAC was
significantly reduced in DGKe-TG mice. The *dP/dr alter
TAC improved in DGKe-TG mice. but these changes were not
statistically significant

A

P <0.0001 P<0.0001

—

DGKe-TG-TAC Fig. 4 Histolozical observatnms a4 wh ey

thoracic transverse aortic Cconstriction (TACH o

. 2 sham operation, A representative lell ventrcubir

Cross sectional area (um?) transverse sections stamed by hematoxy in-eosin

stain, B, lefr o
CORIM MKt aphis o cardiomiya
(magnificati T T

guantitative analysis ol

Clalve image

matoxy lin

yie cioss section

20wy B el

M OCY e Crims-sey

twonal area solsted from the left ventricular niys
cardivm, Dha are reported as means = SE obtained

fromm 1012 mee sach group

WT TG WT TG
Sham TAC
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Gravimetric data and cardiac function (echocardiographic and cardiac catheteri ar 4 wk after TAC

WT Shin
BW. ¢ 10
HW/MAW, mg/g 018
LVW/BW, ma/g 1T
RVW/BW, m 0,70 =108
Lu i 607 =028
8 14

Exhocarg
VS, 07 =00
PW, mm 0.2
LVEDD, mm (.03
ILVFS 1.4
LV wall-i-LVEDID ratio oAl
LVMIBW. maig 07

Cardiae catheter dota
HE, beats/min
Aortic SBP. mmHg

LVSP, mmHg

Pressure gradient, mmHg 2=1

ILVEDP, mmHg 1.62=0.53
dP/d 1394 =1, 166
dPid 13941 = 1,158

s 5.81 =066

Wike-TG S WT TAL Wike- TG TAL
232411 Rk F T IL] M R=00
5 (e} G RE=1).77 T 41 =046

R 665 =037 5.58=0.24

N7 =007 0.79=0.08 (LAl =00
6 IR=023% 11.34=1.71 TT6=0.71%
AU RRI LK) Wse30 IWR 19
068 =100 110 #4006 0.78
172 a003 P ol K2
107 = 1105 136+ 009 308
14| 18*28 4315
048 =001 O iy =103 54
3003~ 1014 541 =017% 34K
555148 SX=10 823=12
=2 1T0=4 167
9=l 167 =t 175=9

3+ 1 H +3 14 + 4+
81 =02 1203242 5.02

14,637=1.4%4 8.047 =583 RN T

14.763 = | 866 9. 180 =746 11,221 =1 050
346 =029 546040 541=0.31

Values are means = SE: 0 = 15 mice, TAC, thoracic trinsse ot comstrction: IVS, imterventneolar sepium: PW. postenor wall: LVESD, lefi ventricula
(LN emd syatn dimension, LVEDD, LY end-di hie dimension: LVES, LV lrcnona wiening, LY wall, 2 = PW, LVMIL LV mass index: HR. h L
LVSP, LV systolic blood pressure, LVEDP, LV end-diastiolic pressure: +dPAdr and  =dP/fde, masimal and minimum: moes of LY pressure development
espectively; 7 tme constant of LV isovolumic relavation. =2 << 0.05 and £ < D01 vs. WT-sham mice, 12 <2 005 and §7 << 001 vs, WT-TAC mice

Activation of the DAG-PKC signaling and fetal gene induction
after TAC. The DAG level was significamtly increased in W
mice at 4 wk after TAC compared with sham-operated WT
mice (Fig, 6A). On the other hand, the DAG level was com-
pletely suppressed in DGKe-TG mice compared with WT mice
at 4 wk alter TAC

As shownn Fig. 68. we detected the translocation of PKCuo,

[, -6, and -€ soforms in WT mice aller TAC compared with
sham-operated mice. However. in DGKe-TG mice, the trans-

WT

u « ol h
iter TAC surge
win: B, ey
o PW

VIP-Hearr Clie Plivsend s vl

location of these PKC isolorms afier TAC was completely
abolished compared with that in the WT mice

We next examined mRNA expressions of fetal type genes
such as ANF, B-MHC, BNP. and a-skeletal actin at 4 wk
The expressions of ANF, B-MHC, BNP, and
actin were signibicantly upregulated in WT mice
alter TAC compared with sham-operated WT mice as dem
onstrated in Table 3, Conversely, in DGKe-TG mice, the
gene inductions of ANF, B-MHC. and BNP, but not a-skel-

alter surgery

w-skelets

DGKe-TG

e | Ry e At A
(1W after TAC)

(4W after TAC )
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A B (PKCa MIC ratio) (PKCf M/C ratio)
DAG level (fold increase) 8 12 P=00022 P=0.0025
10 P < 0.0001 P < 0.0001 — Bis L
8 4
G
2 5 |
ol 11 1 (C) -
- - - -
(M)
WT TG WT TG
Sham TAC (PKC3 MIC ratio) (PKCe M/C ratio)
4 P=0.0058 P=00017 12+ P=0.0084 P =0.0025
'J -+
8 1
2 <
4 ] 4
0 ‘ 0 [ I
of - —2— @9
WT TG WT TG WT
Sham TAC Sham
0. A DAG ley ar 4wk aler TAC was miticantly attenuated wn DGRe-TG muce. B: trans] B it
ol lefry, and -g paformms e WT moee TAC was significontly anenuated in DGKe-TG wean

SE obtained friom ¥ mice (o e

etal actin, were signilicantly attenuated compared with WT
mice.

Myocardial fibrosis and expressions of profibrotic genes
after TAC. Since reactive interstitial and perivascular librosis
adversely alters myocardial stiffness and ultimately leads to

lable 3.
TAC ar sham operation

Feral type genes

ANF-1o-GAPDH rano,

B-MHC-10-GAPDH 1 100
BNP-to-GAPDH ratio, fold increase 1,00
etin-to=-GAPDH ratiy, Told incresse 100=032

Eto-GAPDH rato. fold inere
M-t GAPDH ratin. |
e f-to-avpe 1 rano

isofnrms
TRPC Ln-GAPDH matio
TRP i-GAPDH ratin
TRPC 4.40-GAPDH ratin
TRPC f-t0-GAPDH ratio
Vialues are micank SE IS mice
" P 005 and 3P < 000 WT-TAC
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left ventricular dysfunction, we examined myocardial tibrosis
at 4 wk after surgery using sections stained with Masson's
trichrome stain (F
fibrosis was observed in WT mice after TAC as reponted in
previous studies (9). However, the degree of myocardial hbro-

Prominent perivascular and interstitial

Fetal tvpe genes, profibrotic eenes, and TRPC isoform expressions by real-time RT-PCR analvsis at 4 wk after

0.9% = 0.3 }
(74 i = L2
I8 5 2 |.29
LBS =016 1o 874 ]
(88017 Le3=011 (.82
5+{1 28 Q=04 (.7t
UL 232+ 140 066 + 0,17
F16=047 i 0.70=02
1A0+033 I | )
I 7054 ] I 19+0 ]
|44+ 58 I52 (]
ot receptor potential channel =P d TP < 001 va WT-Sham
. W« www agpheart org

8002 't 1snbBny uo Bio ABojoisAyd peaydle woyy papeojumog




H252 DGKe RESTORES CARDIAC

cal analyses al 4 wk alte
e nf M
o JiN), bar 3
ardium. Right

representapve |
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i comparison of the fracuom. Right
woffom: comparison of 3 acuvny. Pata
= obtained from

sty ulter TAC was much less in DGKe-TG mice than in WT
mice as shown in Fig. 7. Furthermore. although caspase-3
acuvity associated with fibrosis was significantly increased in
WT mice after TAC as previous studied (23). this increase was
attenuated in DGKe-TG mice.

We next examined the expressions of prolibrotic genes such
as collagen types | and 11 to investigate whether these mor-
phological observations were accompanied by alterations in
gene expressions relevant to fibrotic changes. Real-time RT-
PCR revealed that collagen types I and I mRNA and the ratio
ol collagen type Lo type 1T were markedly upregulated in W
mice at 4 wk alter TAC compared with sham-operated W1
mice (Table 3). However. these responses after TAC were
significamly attenuated in DGKe-TG mice compared with WT
mice

TRPC isoform expressions after TAC surgery by real-time
RT-PCR and Western blor analvsis. Recently. it has been reported
that a4 DAG-mediated increase in evtosolic Ca®' via TRPC
participates in # positive regulatory circuit in the calcineurin
nuclear factor of activated T cells (NFAT) pathway leading to
pathological cardiac hypertrophy (15). Since DAG produced by
PLC uctivation dircetly activates TRPC 6 (19), we next examined
TRPC isoform expressions in WT and DGKe-TG mice at 4 wk
after TAC surgery

We detected cardiac expressions of TRPC 1, 3. 4 and 6, and
only TRPC-6 expression was significantly upregulated in W
mice at 4wk alter TAC by both real-time RT-PCR analysis
{Table 3) and Western blot analysis (Fig. 8). However. in
DGKe-TG mice. this upregulation of TRPC 6 after TAC was
signilicamly attenuated compared with WT mice

DGKe improves survival after TAC. As shown in Fig, Y, the
Kaplan-Maeier survival curves were created from 38 TAC
operated WT mice, 31 TAC-operated DGKe-TG mice, 14
sham-operated W mice, and 15 sham-operated DGKe-TG
mice. Some TAC mice died suddenly. and an autopsy revealed
that those mice had enlarged hearts with severe myocardial

AIP-Hearr Cire Phyvstal « Vol

DYSFUNCTION UNDER PO
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P <0.0001 P =0.0022
£ 12
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lg, r e ——
B 3
s
=
s 2
%]
m
@
DGKe-TG-TAC g 1
|
8 0
0 W T6 WT TG
Sham TAC

fibrosis accompanied by pericardial and pleural effusion. The
survival rate in TAC-operated WT muce was 42.8% at 4 wk
after surgery. However, cardiac DGKe expression improved
the survival rate after TAC o0 79.2% (P = 0.0334). Further-
more, the presence of a pleural elfusion was less in DGKe-TG
mice compared with WT muce at 4 wk after TAC [5/31 (16%)
vs. 17138 (45%). P = 0.0345]. Thus these observed differences
in survival rate might be due to less lethal congestive heart
fatlure in DGKe-TG mice than in WT mice,

DISCUSSION

This is the hirst report characterizing a functional role of
DGKe in in vivo mouse hearts. We demonstrated that DGKe
blocks the hypertrophic signaling cascade and the resultant
cardiac hypertraphy in response to phenylephrine infusion and
chronic pressure overload. We showed that cardiac fibrosis. an
mcrease of myocardial DAG level, the translocation of PKC
isoforms, caspase-3 activity. the induction of fetal and profi
brotic genes, and the upregulation of TRPC 6 in WT muce after
TAC were significantly blocked by DGKe. Furthermore,
DGKe prevented the progression to heant failure after TAC
without detectable adverse effects in in vivo heants. The fact
that controlling the GPCR signaling pathway by DGKEe pre-
vents developing heart failure after TAC suggests that DGKe
may represent a novel IhL‘I.i|1i_‘I=ll-,' 1 1 for cardiac h_\;h.'(lm
phy and the progression to subsequent heart failure

Numerous investigations have demonstrated the importance
of Gumediated signaling in the development of cardiac
hypertrophy (6. 11). We have previously shown that DGKL
mhibits GPCR agonist-induced  hypertrophic signaling path-
way and the resultant cardiae hypertrophy in vitro and in vivo
(1, 28). On the other hand, previous reports suggest that DGK
isoforms have different functional roles and substrate specific-
ity in sig 29, 38). In imfarcted ral
heants, the DGKL expression was enhanced in the inlarcted

al ransduction pathway (22,

LY M« wawvw o
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area and border zone (29). In contrast, the DGKE expression
was decreased in viable myocardium and was completely
restored by treatment with captopril. No significant diflference
in the expression of DGK{ was observed in left ventricular
myocardium between TAC-operated and sham-operated rats at
3. 7. and 28 days after surgery (38). However. the DGKe
expression n lelt ventncular myocardium was signihcantly
decreased after TAC, Furthermore, the overexpressing DGKe
especially reduced the polyunsaturated DAG levels and caused
the redistribution of PKCa and -£ isoforms in porcine aoric
endothelial cells (22), whereas the overexpression of DGKCL
caused very little changes in DAG levels and PKC distribution.
In contrast to DGKL (1, 28), DGKe inhibited the translocation
of PKCP and -8 after TAC in the present study. In addition,

_DGKe-TG-Sham (n = 15)

100
WT-Sham (n = 14)

- I ¢ I —
?_i DGKe-TG-TAC (n=31)
= GO 4
= 60
I}

4
£ WT-TAC (n = 38)
5 P =0.0334
0 20

0o 4

0 5 10 15 20 25 30
Time (Days)

Fig 4 Survival curves in WT and DGKe-TG mice after TAC or sham

wn. Percentages of surviving WT and DGKe-TG mice were plotted
s follow-up peniod, survival rates after TAC were signeficantly higher m
DGKe-TG mice than in WT mice w, Number of mice

ATP-Hearr Cire Plivsiol « vor, 2us

DGKe completely blocked phenylephrine-induced cardiac hy
pertrophy (Table 1), Since the localization of the enzymes has
a marked impact on signaling cascade (36), these resulis might
be due to substrate specificity toward arachidonoyl-containing
DAG in DGKe (22) and dilferences in subcellular localization
(14), DGKZ in the nucleuas, and DGKE in cvioplasm and
nucleus (Fig. 2). Because the DAG-binding site in DGK has
not yet been identified with certainty, this needs to be Turther
examined in the future. Since this study employed only the
overexpression approach, future expeniments of a loss of DGK
function using knockout mice are necessary to elucidate further
the role of DGKe in signaling cascade in vivo

The systolic blood pressure alter the infusion ol phenyleph
rine was not different among DGRe-TG and WT mice, indi-
cating that the overexpression of DGKe does not aftect hemo
dynamic regulations in response 1o phenylephrine. Thus the
hypertrophic response in this phenylephnine model occurred
independently of the hemodynamic effects of phenylephrine
because the systemic blood pressure was nol elevated alter the
infusion. The dose of phenylephrine used n this study (20
meg-kg '+day”') was lower compared with the dose (100
mg-kg '-day ") of the other study (13).
In this study. the DAG level was significantly increased in
WT mice at 4 wk after TAC compared with sham-operated WT
mice. However, this increase was significantly attenuated in
DGKe-TG mice. Wang et al. (35) reported that PLC activity
was substantially increased in WT mice at 6 wk after TAC
compared with sham-operated mice. Both PLC activity and
reduction in DAG clearance mught influence myocardial DAG
levels und explain the effectiveness of DGKE.

TRPC is one of the candidate channel subunits responsible
entry and storc-operated Ca®
in cardiomyocytes induces pos-

for receptor-activated Ca””
entry. Cytoplasmic free Ca

«JULY 2008 « www.ajphean.org
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iive inotropic effects on the heart and activates several tran-
senptional pathways, such as NFAT signaling, that lead 1o
cardiac hypertrophy. Recent reports have demonstrated that
TRPC 6 is activated dircetly by DAG and streteh stimuli and
that TRPC 6 is involved in NFAT activation during patholog-
ical cardiac remodeling inin vivo hearts (19, 273, Furthermore,
it has been reported that TRPC 6 expression was upregulated in
mouse hearts expressing constitutively active calcineurin and
subjected to pressure overload by TAC (15) and the infusion of
phenylephrine and endothelin-1 (5). because the promoter of
the TRPC 6 gene contains two canserved NFAT-binding sites
that confer responsiveness 1o calcineurin-NFAT signaling
translationally. The overexpression of TRPC 6 in cardiomyo-
evies activates the NFAT and increases in the expression of
B-MHC (13). Furthermore, small-interfering RNA knockdown
ol TRPC 6 reduces hypertrophic signaling by phenylephrine
and endothelin-1. suggestung that TRPC 6 participates in a
positive regulatory circuit in the calcineurin-NFAT pathway in
response (o GPCR signaling (15). We demonstrated (or the first
time that DAG-mediated expression of TRPC 6 alfter TAC was
blocked by DGKe in this study, The anenuation of DAG
signaling by DGKe might inhibit TRPC-6 expression by the
regulation of caleineurin-NFAT signaling. Although we were
unable to measure TRPC-6 uctivity, the altered DAG metabo-
lism may impact on the posttranslational regulation of TRPC
activity. These data suggest that TRPC might contribute to
cardiac hypertrophy and the progression to heant failure under
chronic pressure overload.

Previous studies have reported that the PKCS and -£ iso-
forms play an important role in cardiac hypertrophy (4, 32).
The PKCe activates ERK-AP-1 signaling pathway. leading to
myocardial hypertrophy and increases in protein synthesis
128). It has been reported that PKCPR plays a critical role in the
development of heart failure (30) and that PKCu induces
reactive librosis. impairing both systolic and diastolic function
and leading o carly heart failure and premature lethality (%),
Furthermore, the GPCR agomist activates c-jun NHa-terminal
kinusc and p38 mitogen-activated protein kinase through PLC-
PKC pathways in the cardiomyocyte, and these pathways act as
potent signals for cardiac hypertrophy and the progression to
heart failure (24). Thus the inhibition of PKC translocation by
DGKE in this study might attenuate cardiac hypertrophy and
fibrosis and prevent progression o heart failure afier TAC.
Membrane and cytosolic Western blot analysis for PKC sug-
gested that the transeriptional activation of PKC protein syn-
thesis upon TAC had occurred to coordinate the increase of
protein in the course of hypertrophic development as previ-
ously studied (4. 12).

DGKe-TG mice showed a complete inhibition of hypertro-
phy in response to phenylephrine but only a partial inhibition
of the hypertrophic response 1o TAC. Because the cardiae
hypertrophy caused by TAC was induced by various signaling
pathways such as gpl30-STAT3 (34). G. protein-coupled re-
ceptor-adenylyl cyclase signaling pathway (10), and glycogen
synthase kinase-3 (39), DGKe could not inhibit hypertrophy
after TAC completely. In this study the survival rate after TAC
was lower compared with that in other reports (2, 211, Because
other studies used CSTBL6/) (2) and FVB mice (21), the
difference of background might contribute 1o the survival rate in
this study. The cause of death was considered due to congestive
heart failure with the following signs: the presence of pulmonary

DGKs RESTORES CARDIAC DYSFUNCTION UNDER PO

congestion (increased lung weight) and massive chest fuid aceu-
mulation as deseribed previously (18). Future studies are needed
to examine survival rate after longer penods of TAC between
DGKe-TG and WT mice.

Conclusions, We demonstrated that DGKEe is a new specific
regulator of GPCR signaling in cardiomyocytes. DGKe inhib-
its the activation of PKC and the expression of TRPC by
controlling cellular DAG levels. These results will allow us a
novel approach to investigate the pathogenesis of cardiac
hypertrophy and heart failure, and DGKe may be a potental
novel therapeutic wrget w prevent hean fmlure.
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Ahstract

This study examines acute effect of dual-chamber (DDD) pacing combined with disopyramide for left ventricular outflow tract (LVOT)
gradient reduction in obstructive hypertrophic cardiomyopathy (HCM) patients. Among 24 patients refractory to maximal drug therapy, 7 had
a significant improvement of LVOT gradient by DDD pacing alone. In the remaining |7 patients, the LVOT gradient reduction was 26+ 19%
afler DDD pacing alone and 35= 16% aller intravenous disopyramide alone, In contrast, after the combined therapy of DDD pacing and
disopyrarmde, pressure gradient decreased from [02=35 1o 28223 mm He. a reduction of 72+ 21%. We have demonstrated synergy between
DDD pacing and disopyramide for LVOT gradient reduction in obstructive TICM. Study of the long-term effects of this combined therapy
would be the next step to ascenain clinical utility
2008 Elsevier Treland Ltd. All nghts reserved.

Aevwends. Hypertophic cardiomyopathy. Dual chamber pacing: Disopyrmide

1. Introduction diagnosis of HCM was based on the identification by two-
dimensional echocardiography of a hypertrophied, non-dilated

Left ventricular outflow tract (LVOT) gradient occurs at rest left ventricle in the absence of another disease capable of

in roughly 25% of patients with hypertrophic cardiomyopathy producing a similar degree of hypertrophy. Among these 484
(HCM). and is an independent predictor of adverse clinical patients, 109 patients had a sigmificant LVOT gradient at rest
consequences | 1]. This study was undertaken to examine the (=30 mm Hg) with the use of continuous-wave Doppler
effect of combined therapy of disopyramide with dual-chamber echocardiography. Forty-two of 109 obstructive HCM panients
(DDD) pacing for LVOT gradient reduction in a group of had severe symptoms (NYHA I or IV) unresponsive to
obstructed HCM patients refractory to medical therapy. maximal medications. Among these 42 patients. 18 patients
were referred for chmical indications 10 surgical septal

2. Methods myectomy and permanent DDD pacemaker implantation
without temporary DDD pacing study: these patients were

A total of 484 consecutive patients with HCM were excluded. Therefore. the study group consisted of the
assessed, between November 1980 and August 2005, The remaming 24 patients with obstructive HCM. The present

study was conducted in accordance with the Declaration of
Helsinki and all the patients gave a wntten informed consent
Y Comresponding author. Department of Cardiology, Tokyo Women's aflir 7 7 P 1}: ;
Mudical University, %-1, Kawada-cho, Shinjuku-ku, Tokyo, 162-8666, Japan a h‘]_ FeceV '_ng a wnitten "“:‘ anation :
Tel: 81 3 3353 8111 fax: 81 3 3356 044 Cathetenization was performed i the fasting state, and all
E-menl address: Kkapimotocometoen negp (K Kapmoto) cardiac medications were withheld 48 h pnor to the pmccduru.

6782738 - see front matter © 2008 Elsevier lreland Lid, AN nights reserved
dor TO 0T ) jeard 200811 088
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Table |

Baseline charactenistics of the overal] study obstiuetive HOM patien

finrnal of (

s responders and noy

fioforsy x (2008 wve- eu

All patients

No 24
Male/temale 1212
Ace al mpnal HOM diapnosis. vears 825 |6
Age at DDD pacing study, years 36l
LVOT gradient at basclime. mm Hg 0
%y Reduction in eradent after DD pacing, % 8227
Mean heant rte during DDD pacing. min 77511
Muan atnoventneular imterval. ms 1730

Medications
Beta-blockers
Type | antiarrhythmie drugs
Caloum channel blockers
Amiodarone

Symptomatic presentation

Dwspnca 1771%)

Chest pain 3(21%)

Syncope 417
Arrhythmia

Amial fibnllation

MNon-sustained ventmcular tachycardia

(MBI

given as mean =50 or w (%a)

Pressure it wl aorta were

sings at the left ventricular apex

recorded simultaneously usmg a flud-filled svstem. Temporary
DDD pacing study was performed with catheter electrodes
positioned at the right atrium and nght ventricular apex. Pacing
study was then performed with atrial (AAID) pacing and DDD
mode, at atrioventricular intervals of 50, 100, or 150 ms. The
optimal atrioventricular interval was defined as that producing
the lowest LVOT gradient without compromise of aortic
pressure. Also, complete right ventricular pre-excuaton, as
assessed by the QRS morphology. was required to achieve the
optimal hemod
pacing was defined as a sigmficant reduction of LVOT
gradient: LVOT gradient <30 mm Hg or a LVOT gradiemt
reduction >50% afier therapy. In patients who failed to have a
significant improvement of LVOT gradient by DDD pacing
alone. we then adnunistered intravenous disopyramide
(1.0 mke). Af Ssessing

nous disopyramide, we then remstituted DDD  pacing
optimal atrioventricular delay to assess the combined effect on
gradient.

Data were presented as mean £ SD.Student’s 1 test was used

inic benefit. The acute efficacy of DDD

gradhent reduction with intrave-

g oat

1o compare two groups [or continuous v anables, Fisher's exact
probability method was used to compare categorical vanables
Dunnet multiple comparison method was applied for repeated
measures data. Two-tailed p values of less than 0,05 were

considered 1o indicate a statistically significant difference
3. Results

The chimical and demographic charactenistics of the overall
study population, and responders and non-responders for

hamber: HOM = hypertrophic cardiomyopathy: LVOT = left ventneular outflow et

rrespondens for DIDD pacing study
Effects of DD pacing study
Respondirs Non-responders ;2 value
33 ] p=0.67
CUES B 5deh P46
§3413 57216 =67
R0 102z 35 e {L00A
LN The 19 fr= 00001
2PN} TX2Y pe49
4:13 TR=2S =078
HiE6%a) L4 ) pis2
M E6"a) ] .85
229%) o | e 1)
1{14%) p=0R7
$(71%) 12{71%) =1 47
1{14%) 24" g b
2(12%) s=0,34
Ti41" 11,22

18

-

DDD pacing study are shown in Table 1, Among 24 patients. 7
patients had a significant improvement of LVOT gradient by
DD pacing alone. Therefore, in the renmuming 17 patients, we
compared combined thempy of temporary DDD pacing and
disopyramide to either thermpy alone. In these 17 patients, the
LVOT gradient reduction was 26+ 19% after DDD pacing
alone and 35+ 16% after intravenous disopyramide alone. In
contrast, after the combined therapy of temporary DDD pacing
and disopyranude, gradient decreased from 102435 to 284
23 mm Hg (p=<0.05), a reduction of 72+ 21% (< 0.05 com-
pared with the reduction from disopyramide alone. and
p=<0.05 compared with the reduction from DDD pacing
alone: Fig. 1). Fifteen of 17 patients (88%) had a marked and

-
o
=3

p<0.05 p<0.05

-
Lo
=]

Pressure Gradlent (mm Hg)
[--]
(=]

40
0 A
DDD Pacing +
Baseline DDD Pacing Disopyramide Disopyramids
Fig 1. Change of LVOT gradient with DDD pacing. admimstration of

mde
cthid

disopyrarmide, and a combined therapy of DD pacing and disc

p values were obtained by Dunnet multiple comparison

DD = dual-chamber, LVOT = left ventricular outtlow tract

Cardiol (2008). doi:10.1016/).1jcard 2008.11,088
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significant improvement of gradient with combined therapy
Overall, 22 of the 24 panents (92%) had IVOT gradient
<30 mm Hg or a gradient reduction >50% with temporary
DDD pacing alone therapy (N=7) or the combined therapy
{V=15).

4. Discussion

In this study. we have demonstrated synergy between
DDD pacing and disopyramide for gradient reduction in
obstructive HCM, during acute testing in the catheterization
laboratory. Disopyramide is a potent negative inotrope, and
previously has been shown to decrease gradients acutely and
long term, with a parallel improvement in symptoms and
exercise tolerance [2 5], Two-thirds of patients who would
otherwise need septal reduction therapy were successfully
managed medically by the combmation of disopyranude and
beta-blockers after >3 years [S]. DDD pacing has been
previously shown to decrense gradients acutely and chronically
[6 9. While cohont studies suggested that DDD pacing
reduced LVOT gradient and symptoms. randomized blinded
cross-over studies showed less impressive improvement of
gradient and quality of life [7 9], Therefore, pacmg 1s currently
not viewed as applicable as a primary therapy forall obstructive
HCM patients [10].

Although pharmacologic agents are the first line of therapy
for the relief of LVOT gmdient. a subgroup of patients 1s
refractory to pharmacologic therapy or may not tolerate it
Surgical septal myectomy has been employed with consider-
able success for over 40 yems and is considered the gold-
standard of treatment for drug refractory patients [10].
However, myectomy requires stemotomy and cardiopulmon-
ary bypass and may be associated with morbidity and
mortality. Alcohol septal ablation has also been widely
adopted. but it 1s not as effective as myectomy for reducing
gradient or symptoms [11]. Recently. widespread use of
alcohol ablation n young patients has been guestioned
because the procedural risks of myectomy are similar, and
there is concern about the long term consequences of ablation
and the proarrhythmic potential of the septal scar [12.13]. For
same patients. surgery and alcohol ablation may not be
considered viable alternatives because of advanced age or co-
morbidities, In such patients, DDD pacing may offer a less
mvasive approach [8,10], In addition, DDD pacing therapy
permits more aggressive drug treatment by obviating the
concem for drug-induced bradycardia | 10].

This was an acute. proof-of-concept study, performed in the
catheterization laboratory. It remains to be seen if combined
DDD pacing and disopyramide offers more profonged
gradient reduction and symptom relief than either approach
alone. Although the effects of temporary pacing at the time of
catheterization are often not predictive of long-term outcome,
previous studies showed that there 1s a correlation between the
acute change in gradient by DDD pacing and the gradient at

fvernanional Journal of Candfofogy ve (208 e ovey 3

long-term follow-up [6]. The hemodynamic data m the present
sturdy were obtained in the rest supine state and this study did
not examine the effect of DDD pacing and disopyrumide
during exercise or with provocation,

In conclusion. we have demonstrated synergy between
DDD pacing and disopyramide for LVOT gradient reduction
in obstructive HCM. Study of the long-ternm effects of this
combined therapy would be the next step to ascertain clinical
utility.
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Experimental Studies

Noninvasive Detection of Cardiac Repair After Acute
Myocardial Infarction in Rats by '""In Fab Fragment of
Monoclonal Antibody Specific for Tenascin-C

Kenichi ODAKA,' MD, Tomoya UEHARA.® PhD. Yasushi ARANO.” PhD,
Sayaka ADACHI? BS, Hiroyuki TADOKORO,' MD, Katsuya YOSHIDA.' MD.
Hiroshi HASEGAWA,' MD, Kyoko IMANAKA-YOSHIDA,® MD,
Toshimichi YOSHIDA. MD, Michiaki HIROE,* MD, Toshiaki IRIE,* PhD,
Shuji TANADA,® MD, and Issei KOMURO,' MD

SUMMARY

Left ventricular (V) remodeling after acute myocardial infarction (M1) causes heart
failure, and thus it is important 1o evaluate cardiac repair as the early stage of LV remod-
eling. Tenascin-C (TNC), an extracellular matrix glycoprotein, is transiently and abun-
dantly expressed in the heart during the early stage of tissue remodeling afier MI,
However, it is not expressed in healthy adult heart. This study was undertaken to develop
a new noninvasive diagnostic technique to detect cardiac repair after acute M1 using '''In
Fab fragment of a monoclonal antibody specific for TNC,

In-anti-TNC-Fab was injected intravenously in 13 rats at 1 (D1, #= 3), 3 (D3, n
5), and 5 (D3, n = 5) days after producing M1 and in 5 sham-operated rats (S). We per-
formed autoradiography and dual-isotope single-photon emission computed tomography
imaging (SPECT) of '"'In-anti-TNC-Fab and “™Tc¢ methoxyisobuty! isonitrile (MIBI).

'he radioactivity in the heart was significantly higher in D (DI, 0.45 £ 0.06%
injected-dose/g; D3, 0.64 + 0.12: DS, 0.38 + 0.07) than S (0.27 £ 0.06, P < 0.01 versus
DI and D3, £ < 0.05 versus D5). By autoradiography. higher radioactivities were
observed in the infarcted area than in the noninfarcted area of Ml hearts. Dual-isotope
SPECT demonstrated the regional myocardial uptake of '''In-anti-TNC-Fab, which was
complementary to the perfusion image.

The results ol the present study indicated that we can localize the infarcted region in
the heart by ex vive and in vivo imaging methods using '''In-anti-TNC-Fab, and suggested
the potential usefulness of noninvasive detection of cardiac repair.  (Int Heart J 2008;
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MYOCARDIAL infarction (MI) is a very common and serious disease. The in-
farct size is a major predictor of left ventricular (V) remodeling following MI.
Since LV remodeling causes progression to heart failure and is a major predictor
of morbidity and mortality. prevention of the progression of LV remodeling fol-
lowing MI is an important therapeutic approach for heart failure."” Thus. the
quantitative examination and early treatment of LV remodeling are important
issues for cardiologists. In spite of the development of various diagnostic modal-
ities, early and precise diagnosis of LV remodeling after MI remains impossible.

Significant morphological alterations involving both myocyte loss and
interstitial space myocardial tissue remodeling have been described in the in-
farcted area.” These structural changes are considered to be important factors
responsible for the progression of the expansion of infarcted LV. Tenascin-C
(TNC), an extracellular matrix glycoprotein which reorganizes the cell shape or
arrangement, is transiently and abundantly expressed in the heart during cardiac
repair as the early stage of tissue remodeling afier acute MI within the border
zone area.' However, it is not expressed in healthy adult heart, These observa-
tions suggest that TNC is actively involved in LV remodeling after M1 and could
be used as a molecular marker to detect cardiac repair.’”

In the present study. we injected the '"'In Fab fragment of a monoclonal anti-
body specific for TNC into acute MI rats and sham-operated rats, and measured
its biodistribution. The localization of the radioactivity in the myocardium was
also analyzed by in vivo imaging (single-photon emission computed tomography
[SPECT]) and ex vive imaging (autoradiography).

METHODS

Acute myocardial infarction model: Forty-four 7-week-old male Wistar rats pur-
chased from Japan SLC, Inc. (Shizuoka, Japan) were used in our protocol, which
was approved by the Special Committee on Animal Welfare of the National Insti-
tute of Radiological Sciences. The animals were anesthetized with halothane
(2%/L) and then underwent a tracheotomy. The rats were ventilated by positive
pressure through endotracheal tubes attached to a Harvard small animal respirator
(SN-480-5: Shinano, Tokyo). Left thoracotomy was performed and the left
descending coronary artery was ligated. In sham-operated rats, a lefi thoracotomy
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was performed and the coronary artery was incompletely ligated. Two normal
rats were also included to compare to other models. No antibiotic medication was
used to prevent allergic inflammation.

Antibody: A mouse monoclonal antibody against TNC. clone 4F10TT, was
raised by immunization of a TNC-null mouse™ with purified human TNC'” as
described previously.'" Isolated splenic cells from a TNC-null mouse immunized
with TNC were fused with SP2/0 myeloma cells, Immunoglobulin was purified
from the culture supernatant of hybridoma cell clone 4F10TT cultured in serum-
free media, The Fab fragment was prepared using a Fab preparation kit (Immu-
noPure® IgG1 Fab and F(ab™), Preparation Kit, Pierce, Rockford, I1).

As a nonspecific control antibody. an isotype-matched monoclonal antibody
against the V protein of parainfluenza virus type Il (clone 53-1, isotype 1gGl;
Kindly provided by the Department of Microbiology. Mie University School of
Medicine) was also digested to the Fab fragment as described above.
Radiolabeling with '"In: The bifunctional chelating agent 1-(4-isothiocyanato-
benzyl)diethylenetriamine penta acetic acid (SCN-Bz-DTPA) was synthesized
according to the method of Cummins, er al." Fab-SCN-Bz-DTPA was prepared
according to the procedure as reported previously, with slight modifications.'” To
a solution of Fab (5 mg/mL) in borate buffer (0.05 M. pH 8.5 100 xL). a 15 molar
excess of SCN-Bz-DTPA in borate buffer (0.05 M, pH 8.5, 10 ul) was added.
After incubating for 15 hours at 37°C, the conjugate was purified by centrifuga-
tion using a Sephadex G-50 column (Pharmacia Biotech KK, Tokyo) equilibrated
with 0.1 M acetate buffer (pH 6.0). The purified conjugates were labeled with
"!In, as previously reported.'" ""'In Fab fragments were purified using Sephadex
G-50 equilibrated with 0.1 M phosphate buffer (pH 6.0). The radiochemical
purity of '''In Fab fragments was determined by cellulose acetate electrophoresis.
Under similar conditions, unpurified conjugates were labeled with '"'In and ana-
lyzed by cellulose acetate electrophoresis to estimate the number of SCN-Bz-
DTPA groups attached per Fab fragment.'”

Nonlabeled anti-TNC-Fab solution was added to obtain the desired level of
""In-anti-TNC-Fab radioactivity. Therefore, 50 ug of anti-TNC-Fab was injected
into every rat.

Biodistribution study: Thirteen MI rats and 5 sham-operated rats were injected
intravenously through the tail vein with 50 g (111 KBq) of '"In-anti-TNC-Fab
in 300 gL of saline solution. The animals were euthanized 6 hours after the tracer
injection. Hearts, other organs (lung, liver, kidney, spleen. chest with sutured inci-
sion after thoracotomy, and hindlimb muscle), and blood were weighed and then
the radioactivity was counted with the blood samples. To determine the uptake in
the infarcted area, the whole heart was divided into infarcted and noninfarcted
areas. The infarcted area included the white colored muscle and normal colored
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margin. The percentage of the injected dose of the radioactivity per gram tissue
weight (%ID/g) was calculated as follows:

FlD/g = cpm of tissue / cpm of ''[In-anti-TNC Fab / tissue weight x 100 »
body weight / 250

The specific uptake of anti-TNC-Fab in acute MI rats was also estimated by
comparing the radioactivity distribution of the same amounts (111 KBq. 50 ug)
of ""In-anti-TNC-Fab (n = 5) or ""'In-nonspecific Fab (n = 6) 3 days after produc-
ing MI. All data are presented as the mean = SD. The sham-operated and MI
groups were compared using the unpaired Student / test.
Histopathologic and quantitative autoradiographic study: Rats were adminis-
tered similar amounts (740 KBq, 50 ug) of "'In-anti-TNC-Fab. At 6 hours after
injection, the hearts were excised and embedded in Tissue-Tek optimum cutting
temperature compound. Five zam thick sections were stained with hematoxylin-
cosin stain or van Gieson stain. Adjacent heart sections of 20 zm thickness were
exposed to the imaging plate of an image analyzer (BAS-1800 system. Fuji Film
Co Ltd, Tokyo) for autoradiography.
Immunohistochemical staining: Immunohistochemical staining of tissue sections
was performed as described previously." In brief, the sections were first incu-
bated with the primary antibody 4F10TT (1 zg/mL) and then with peroxidase-
conjugated anti-mouse 1gG (1:500, MBL Aichi, Japan). After the sections were
washed, a diaminobenzidine/l1,0, solution was used to demonstrate antibody
binding.
In vivo SPECT imaging: '"In-anti-TNC-Fab in vive imaging was performed in
rats using dual-isotope SPECT as described previously.'” The SPECT system
consisted of a 3-headed jcamera (Toshiba GCA 9300A) equipped with 1.0-mm
pinhole collimators. ''In-anti-TNC-Fab (3.7 MBq. 50 gg) was injected intrave-
nously, followed by the injection of 37 MBq of *"Tc methoxyisobuty! isonitrile
(MIBI) (DRL, Tokyo) 5.5 hours later. Thirty minutes later, the rats were anesthe-
tized by an intraperitoneal injection of pentobarbital (30 ug/g). and 60-minute
data acquisition was performed at 120 seconds per view with slepwise rotation
for each 4 degrees over 120 degrees and with multiple peak acquisition (15%
windows for the ™ Tc and both "'In peaks). The matrix was 128 x 128 for data
acquisition and for the image display with 0.6-mm pixel size. Image data analysis
was performed with transverse dual-isotope SPECT imaging. Visual interpreta-
tion of SPECT images was performed by 2 experienced observers. Myocardial
uptake of ""'In-anti-TNC-Fab was defined as cardiac repair. Myocardial perfusion
defect of ™ Tc-MIBI] was defined as MI. The rats were divided into 4 groups
according to cardiac repair and MI. Fisher’s exact test was used to determine the
concordance between cardiac repair and MI. A P < 0.05 was considered signifi-
cant,
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RESULTS

Acute myocardial infarction model: No symptom of infection was seen in the
rats throughout the present study. Five rats died within 30 minutes of ligation.
Two rats died between 30 minutes and one day after ligation.

In vivo biodistribution of ""In-anti-TNC-Fab: The SCN-Bz-DTPA group was
attached to the Fab fragment for TNC at the ratio of 0.8-1.3. After purification by
centrifugation, Fab-SCN-Bz-DTPA-"""In was obtained with radiochemical purity
of over 90%. Biodistribution was examined in the rats at 1 (n=3), 3 (n=5), and
5 (n = 5) days after producing M1 and sham-operation (n = 5). The tissue uptake
of """In-anti-TNC-Fab is presented as a percentage of the injected dose per gram
tissue (Table I). Rapid clearance of the radioactivity from the circulation was
observed with '""In-anti-TNC-Fab in both acute MI and sham-operated rats (< 1%
at 6 hours after injection). The uptake was the highest in the Kidney, followed by
the spleen and liver. The average radioactivity of the whole heart was signifi-
cantly higher in acute MI rats than in sham-operated rats. The accumulation of
injected anti-TNC-Fab increased gradually and peaked at the third day in the in-

Table 1. Biodistribution of ''In-Anti-Tenascin-C-Fab and "'In-Nonspecific Fab

Tssue I'NC Ab INC Ab INC Ab INC Ab Nonspecific Ab
Mi MI Mi Sham-operated Ml

(1 day) (3 days) (5 days) (5 davs) (3 days)

n=13 n=3 n=3 n=3§ n=h
Blood 0.33 +0.02 0,35+ 003 0.38+0.03 037 +0.04 037 £ 005
Heart 0.45 = (.06* 064 £0.12¢ 038 £ 0.0 0.27 £0.06 0.30 £ 0.08
Lung 0.29 4 0.02 0.56 £0.17 046 +0.04% 0.39 =009 034 =010
Liver 2874036 322 +£0.30 304 £0.54 3.37£0.70 0.49 £ 0.04
Kidney 1294 £2.26 15472 1.76 1422+ 1 .44 14.10£2.12 1500 +2.29
Spleen 3.12+0.57 291 +0.67 302:021 316 +0.93 0621027
Muscle 0.02 £0.00 0.03 +0.00" 0,03 +0.00 0.02 +0.00 0.07 +005
Chest injury 0.53 £ 0.08' 0.96 + 022+ 1.23 £0.317 0544014 0.53 +0.32
Infarcted area (heart) 078 +0.08* 1L14+0.13* 0.62 +0.15" 0.28 £0.03 0.36 +0.08
Noninfarcted area (hean) 0.26 +0.06 0.38 £ 0.10 0.24 +0.03 0274008 027+0.11
Infarcted / Noninfarcted 32+09% 3.1 +0.6° 2.5+0.4% 1.1+03 14+04
Infarcted area /Blood 2.4+04% 3.3 402 1.6+04%" 08 +02 10+02

M1 indicates myocardial infarction and Muscle. hindlimb skeletal muscle

Values at each time point represent mean + SD of percentage of injected dose per gram tissue weight.

*/* < 001 versus sham-operated rats, Y P <001 versus rats 3 days after producing myocardial infarction, * P < 0.01 ver-
sus rats one day after producing myocardial infarction

1P < 0.05 versus sham-operated rats, ' P < 0.05 versus rats 3 days after producing myocardial infarction, * P <005 ver-
sus rats one day after producing myocardial infarction
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farcted heart. The uptake of ""In-anti-TNC-Fab was significantly higher in the
infarcted area than in the noninfarcted area in acute M1 rats (Table I). suggesting
that the uptake was specific for the infarcted area.
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Figure 1. Histology and autoradiography. Hematoxylin-cosin staining (A), van Gieson staining (B), and autoradiogra-
phy (€) of adjacent sections from hearts of acute M1 rats (upper panels and lower panels) and sham-operated rats (nuddle
panelsi Upper panels and middle panels show the heart sections from rats administered ' In-anti-TNC-Fah Lower pan-
els show heart sections from rats thar received intravenous injection of ' In-nonspectfic Fab. Accumulanon of ' n-anti-
TNC-Fab was observed in the border zone of acute M1 heart (black wrowheads). In the heart of sham-operated tats, the
uptake was observed in the eprcardial regron which was adjacent to the operated chest. Equivocal accumulation of "''In-
nonspecific Fab was observed in the mfarcted region of M1 heart (white arrowheads)
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Figure 2, [Immunohistochemical staining lmmunahistochencal stamng with anti-TNC-Fab shows extensive

expression of TNC in the border sone of acute M1 heart (A, brown ). Sham-operated rat heart showed no myocar-
dial expression of TNC, but shight expression was seen in the epicardiny which indicated inflammation (B, arrow.
heads) caused by left thoracotemy for the sham-operation. Normal rat heart showed no myocardial expression of
INC(C)
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