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Appendix 1

JCARE-GENERAL Investigators

Principal Investigators: Akira Takeshita (Aso lizuka Hospital); Hiroyuki
Tsutsui (Hokkaido University).

Coinvestigators

Hakodare area: Hiroshi Okamoto (Hokkaido University); Akira
Kitabatake (Showa Hospital; Past President of the Japanese Circulation
Society and Past President of the Japanese Society of Heart Failure).
Shiogama area: Kunio Shirato (Saito Hospital); Tsuyoshi Shinozaki
(National Hospital Organization Sendai Medical Center); Jun Watanabe
(On-naduka Medical Office).

Mishima area: Mitsuaki Isobe (Tokyo Medical and Dental University);
Yasuhiro Sato (National Hospital Organization Disaster Medical Center);
Hiroshi Ito (Akita University).

Ishikawa Kahoku area: Noboru Takekoshi (Kanazawa Medical Umversn-
ty); Takayoshi Asaji (Kanazawa Medical University).

Gifu Motosu area: Hisayoshi Fujiwara (Gifu University); Kazuhiko
Nishigaki (Gifu Unjversity).

Ibaraki area: Masatsugu Hori (Osaka University; President of the Japan-
ese Society of Heart Failure); Kazuhiro Yamamoto (Osaka University).
Kasai area: Mitsuhiro Yokoyama (Kobe University); Seinosuke
Kawashima (Kobe University); Hiroshi Yamabe (Kasai City Hospital).
Kochi Hata area: Yoshinori Doi (Kochi University); Jun Takata (Kochi
University).

Ube area: Masunori Matsuzaki (Yamaguchi University; President of the
Japanese College of Cardiology); Masafumi Yano (Yamaguchi Universi-
ty).

Fukuoka Higashi area: Hiroyuki Tsutsui (Hokkaido University); Miyuki
Tsuchihashi-Makaya (International Medical Center of Japan).

Kurume area: Tsutomu Imaizumi (Kurume University); Hisashi Kai
(Kurume University).

Coordinators: Satoko Abe (Hokkaido University); Mayumi Koasa
(Hokkaido University).
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Cardiac-Specific Overexpression of Diacylglycerol Kinase
Prevents Gq Protein—Coupled Receptor Agonist-Induced
Cardiac Hypertrophy in Transgenic Mice

Takanori Arimoto, MD; Yasuchika Takeishi, MD; Hiroki Takahashi, MD; Tetsuro Shishido, MD;
Takeshi Niizeki, MD; Yo Koyama, MD; Ryoko Shiga, MD; Naoki Nozaki, MD;
Osamu Nakajima, PhD; Kazuhide Nishimaru, PhD; Jun-ichi Abe, MD; Masao Endoh, MD;
Richard A. Walsh, MD; Kaoru Goto, MD; Isao Kubota, MD

Background—Diacylglycerol is a lipid second messenger that accumulates in cardiomyocytes when stimulated by Gqa
protein—coupled receptor (GPCR) agonists such as angiotensin II, phenylephrine, and others. Diacylglycerol functions
as a potent activator of protein kinase C (PKC) and is catalyzed by diacylglycerol kinase (DGK) to form phosphatidic
acid and inactivated. However, the functional roles of DGK have not been previously examined in the heart. We
hypothesized that DGK might prevent GPCR agonist-induced activation of diacylglycerol downstream signaling
cascades and subsequent cardiac hypertrophy.

Methods and Results—To test this hypothesis, we generated transgenic (DGK{-TG) mice with cardiac-specific
overexpression of DGK{. There were no differences in heart size and heart weight between DGKZ-TG and wild-type
littermate mice. The left ventricular function was normal in DGK{-TG mice. Continnous administration of subpressor
doses of angiotensin II and phenylephrine caused PKC translocation, gene induction of atrial natriuretic factor, and
subsequent cardiac hypertrophy in WT mice. However, in DGK{-TG mice, neither translocation of PKC nor
upregulation of atrial natriuretic factor gene expression was observed after angiotensin II and phenylephrine infusion.
Furthermore, in DGK{-TG mice, angiotensin II and phenylephrine failed to increase cross-sectional cardiomyocyte
areas and heart to body weight ratios. Phenylephrine-induced increases in myocardial diacylglycerol levels were
completely blocked in DGK{-TG mouse hearts, suggesting that DGK{ regulated PKC activity by controlling cellular
diacylglycerol levels.

Conclusions—These results demonstrated the first evidence that DGK{ negatively regulated the hypertrophic signaling
cascade and resultant cardiac hypertrophy in response to GPCR agonists without detectable adverse effects in in vivo
hearts. (Circulation. 2006;113:60-66.)

Key Words: angiotensin ® hypertrophy ® enzymes m signal transduction

drolysis of phosphatidylinositol 4,5-bisphosphéte, which pro-

Cardiac hypertrophy is an initially adaptive response in
duces inositol 1,4,5-trisphosphate and diacylglycerol (DAG).

several forms of cardiac disease, whereas sustained

hypertrophy is a powerful independent risk factor for cardiac
morbidity and mortality.! Therefore, to identify the critical
molecular mechanisms involved in cardiac hypertrophy is an
important challenge of cardiovascular biology and medicine.
Multiple lines of experimental and clinical evidence have
suggested the importance of the Gqa-phosphoinositide sig-
naling system in the development of pathological cardiac
hypertrophy and heart failure.>-¢ Gqa protein—coupled recep-
tor (GPCR) agonists such as angiotensin II,” endothelin-1,8
and phenylephrine® activate phospholipase C—mediated hy-

DAG functions as a potent activator of protein kinase C
(PKC). The binding of DAG to the C1 domain of PKC
induces an active conformation, and activated PKC regulates
a variety of cellular functions including cell growth and
differentiation. We and others have previously demonstrated
that PKC plays an important role in the development and
progression of cardiac hypertrophy.'0-12

One major route for terminating DAG signaling is thought
to be its phosphorylation and inactivation by DAG kinase
(DGK), producing phosphatidic acid.'*-'¢ A previous study
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has shown that of the «, €, and { isoforms of DGK expressed
in the myocardium, DGK({ is the predominant isoform.!” We
have recently demonstrated using cultured rat neonatal car-
diomyocytes that DGK{ blocks endothelin-1-induced activa-
tion of PKC, extracellular signal-regulated kinase (ERK),
and activator protein-1.'8 DGK{ also inhibits gene induction
of atrial natriuretic factor (ANF), increases in protein synthe-
sis, and resultant cardiomyocyte hypertrophy in response to
endothelin-1 in neonatal cardiomyocytes. However, the in
vivo role of DGK{ has not been previously investigated in the
heart.!?

We hypothesized that DGK{ may act as a negative regu-
lator for GPCR agonist~induced activation of the DAG-PKC
signaling cascade and subsequent cardiac hypertrophy in
vivo. To test this hypothesis, we generated transgenic mice
with cardiac-specific overexpression of DGK{ using an
a-myosin heavy chain (MHC) promoter. We examined the
functional role of DGK{ to interfere with hypertrophic
responses by GPCR agonists such as angiotensin II and
phenylephrine in transgenic mouse hearts.

Methods
Generation of DGK{ Transgenic Mice

All experimental procedures were performed according to the animal
welfare regulations of Yamagata University School of Medicine, and
the study protocol was approved by the Animal Subjects Committee
of Yamagata University School of Medicine. The investigation
conformed to the Guide for the Care and Use of Laboratory Animals
published by the US National Institutes of Health.

Transgenic mice with cardiac-specific overexpression of DGK{
(DGK{-TG) were created in Yamagata University by standard
techniques.t012.20 Briefly, a 5.5-kb fragment of murine a-MHC gene
promoter (a kind gift from Dr J. Robbins, Children’s Hospital
Research Foundation, Cincinnati, Ohio) and 3.4-kb rat DGK{
cDNA'* were subcloned into pBsIISK(+) plasmids. The plasmid
was digested with Spel to generate a 9.5-kb DNA fragment com-
posed of the a-MHC gene promoter, DGK{ cDNA, and a poly A tail
of the human growth. hormone, as illustrated in Figure 1A. We
microinjected the construct into the pronuclei of single-cell fertilized
mouse embryos to generate transgenic mice as previously de-
scribed.'®2.2¢ To detect the exogenous DGK{ gene, genomic DNA
was extracted from the tail tissues of 3- to 4-week-old pups, and
polymerase chain reaction (PCR) was performed with one primer
specific for the a-MHC gene promoter and another primer specific
for the DGK{, as shown in Figure 1A.

DGK Activity

DGK activity in the left ventricle was measured by octyl glucoside
mixed-micelle assay as described previously.2!-22 The 1,2-dioleoyl-
sn-glycerol (18:1/18:1 DAG) and 1-stearoyl-2- linoleoyl-sn-glycerol
(18:0/18:2 DAG) were used as substrates for kinase assays. Phos-
phatidic acid separated by thin layer chromatography was scraped
and counted by liquid scintillation.2!.22

Western Blotting A

Total protein was extracted from the left ventricle with ice-cold lysis
buffer as described previously.2*-25 Protein concentration of myo-
cardial samples was carefully determined by the protein assay, and
equal amounts of protein extracts were loaded on each gel lane. To
ensure equivalent protein loading and quantitative transfer efficiency
of proteins, membranes were stained with Ponceau S before incu-
bating with primary antibodies. Western blotting was performed as
reported previously, and DGK{ protein levels in TG mice were
expressed as fold increase over wild-type (WT) mice. Membrane and
cytosolic fractions were also prepared from left ventricular myocar-
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Figure 1. A, Diagram of the transgene construct used for the
generation of DGK{-TG mice. The construct contains the
a-MHC gene promoter, the full-length rat DGKZ cDNA clone,
and a human growth hormone (Hgh) polyadenylylation
sequence. The solid line indicates the region amplified by PCR
for genotyping. B, Quantitative analysis of DGK{ mRNA expres-
sion in the left ventricle of DGK{-TG and WT mice. Left ventricu-
lar myocardium of 8-week-old mice was examined by real-time
PCR analysis and normalized with the use of GAPDH mRNA.
Data are reported as fold increase over WT and obtained from 3
mice for each. C, Representative Western blot analysis of DGKZ
protein from the left ventricle of DGK{-TG-High, DGK{-TG-Low,
and WT mice. D, Representative autoradiograms of DGK assay
of DGK{-TG-High, DGK{Z-TG-Low, and WT mice.

dium as previously reported.!%1225 Membrane/cytosol ratios of
immunoreactivity with the use of isoform-specific antibodies (mouse
monoclonal anti-PKCa, B, 8, and €; Santa Cruz Biotechnology, Inc,
Santa Cruz, Calif) were used as indices for the extent of translocation
of PKC isoforms.'0.12.25

Extraction of Total RNA and Real-time

Reverse Transcriptase-PCR

Total RNAs were extracted from the left ventricle, and first-strand
cDNA was synthesized as previously described.2627 To examine
mRNA levels of DGK{ and ANF quantitatively, real-time reverse
transcriptase-PCR (RT-PCR) amplification was performed.'®* Am-
plification was performed with the use of LightCycler and analyzed
with the use of LightCycler Software Version 3.5 (Roche Diagnos-
tics Japan). Standard curves of DGK{ and ANF were generated by
full sequence plasmid of known concentrations. Gene expression
was normalized to glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) and expressed as fold increase over WT mice. Primers
were designed on the basis of GenBank sequences (DGK(,
BC049228; ANF, K02781; and GAPDH, NM_001001303).

Isolated Cardiomyocyte Function and

Ca** Transient

Ventricular myocytes were isolated from hearts from WT mice and
mouse lines with the high expression of transgene mRNA (DGK(¢-
TG-High), and cardiomyocyte mechanical properties were examined
with the use of a computerized edge-detection analyzer as previously
reported.?® Cells were paced at 0.5 Hz throughout the experiments.
Same isolated cells were used for measurements of cytosolic free
Ca** by indo-1 with a previously described methed.?® Data from at
least 5 to 6 cardiomyocytes were averaged for each mouse heart, and
the statistical analysis was performed on the basis of the number of
hearts studied (n=6 for each group).

Histological Examinations

Coronary arteries were retrogradely flushed with saline, and the heart
was fixed with 4% paraformaldehyde at 4°C for 24 hours and then
embedded in paraffin.?¢-2” Three sections were stained with
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hematoxylin-eosin or elastica Goldner stain. Transverse sections
were captured digitally, and cardiomyocyte cross-sectional area was
measured with the use of a Scion imaging system (Scion Corpora-
tion).2? At least 300 cardiomyocytes were examined in each heart,
and the data were averaged. :

Hemodynamic Measurements

and Echocardiography

Heart rate (bpm) and blood pressure (mm Hg) were determined with
animals in the conscious state with the use of a computerized
tail-cuff manometer, MK-1030 (Muromachi Kikai Co, Ltd), as
reported previously.'? Echocardiography was performed as de-
scribed previously2¢-27 with an FFsonic 8900 (Fukuda Denshi Co)
equipped with a 13-MHz phased-array transducer. Left ventricular
wall thickness and internal dimensions at end-systole and end-dias-
tole were measured digitally on the M-mode tracings and averaged
for 3 cardiac cycles. Left ventricular fractional shortening was
calculated as previously reported.26.27

Lipid Extraction and Measurements of Myocardial
DAG Levels

Myocardial lipid extract was prepared from the left ventricle, and
DAG levels were measured as previously reported.3® Briefly, with
the use of the DAG within myocardial lipid extract as substrate and
with the use of [y-?P]JATP, myocardial DAG level was quantified by
production of [**P]phosphatidic acid. Lipid extract was solubilized in
50 pL of 0.6% (wt/vol) Triton X/288 umol/L phosphatidylserine.
The reaction mixture contained 0.3% (wt/vol) Triton X, 144 umol/L
phosphatidylserine, 50 mmol/L imidazole/HC], pH 6.6, 50 mmol/L
NaCl, 12.5 mmol/L. MgCl,, | mmol/L EGTA, 10 mmoV/L dithiothre-
itol, 0.5 mmol/L ATP (I uCi of [y-*’P]ATP), and 5 m-unit of DGK
(Escherichia coli). After 30 minutes of incubation, the reaction was
terminated, and the radiolabeled product was separated by TLC on
silica plates. The [**P]phosphatidic acid was identified by autoradi-
ography. Silica corresponding to phosphatidic acid was scraped and
counted by liquid scintillation counting.®

Subcutaneous Implantation of Osmotic Minipump
A subpressor dose of angiotensin I (100 ng/kg per minute) or
phenylephrine (20 mg/kg per day) dissolved in saline or saline alone
(control) was continuously infused into mice subcutaneously via an
osmotic minipump (ALZET Osmotic Pumps, DURECT Corpora-
tion) for 14 or 3 days, respectively.231-32 Heart rate and blood
pressure were measured before and after subcutaneous infusion of
angiotensin II or phenylephrine.

Statistical Analysis

All values are reported as mean*SD. Comparisons of hemodynamic
data and gravimetric and echocardiographic measurements at basal
conditions among WT, DGK{-TG-High, and DGK{-TG-Low mice
were made by the Kruskal-Wallis test. Isolated cardiomyocyte
mechanical properties and calcium transient data between WT and
DGK{-TG-High mice were compared by the Mann-Whitney U test.
Effects of angiotensin II and phenylephrine on body weight, blood
pressure, heart rate, heart weight, left ventricular weight, PKC
translocation, DAG level, ANF expression, and cardiomyocyte
surface area in animal groups were compared by 2-way ANOVA
followed by multiple comparisons with the Bonferroni test. Proba-
bility values of <0.05 were considered statistically significant.

Results

Generation of DGKZ Transgenic Mice

After microinjection and embryo implantation, 2 lines of
transgenic mice (lines 70 and 45) were successfully estab-
lished. Figure 1B shows the real-time PCR results of DGK{¢
in the left ventricle of TG and WT mice. Heterozygous mouse
lines with the high expression of transgene mRNA (DGK(¢-

TABLE 1. Gravimetric Data and In Vivo Cardiac Function of
DGKZ-TG Mice at Basal Condition

WT DGK{-TG-High DGKZ-TG-Low

BW, g 226+11 21.7+28 23.5+38
BP, mm Hg 96:+13 99+6 95+7
HR, bpm 673+52 643+71 65068
HW, mg 1179 122+16 122+18
LVW, mg 77+6 78+15 80+14
HW/BW, mg/g 4.92+0.24 5.07+0.41 4.94+033
LVW/BW, mg/qg 3.25+0.14 3.22+0.44 3.24+0.38
Echocardiography

LVEDD, mm 3.31+0.17 3.21=0.17 3.24+0.28

LVESD, mm 1.60*0.15 1.50+0.19 1.45+0.15

LVFS, % §52+4 53+5 53+5

VS, mm 0.64+0.07 0.64+0.05 0.63+0.05

PW, mm 0.66+0.05 0.65+0.05 0.65:0.05

Data were analyzed by the Kruskal-Wallis test and are reported as
mean+SD (n=8). BW indicates body weight; BP, blood pressure; HR, heart
rate; HW, heart weight; LVW, left ventricular weight; LVEDD, left ventricular
end-diastolic dimension; LVESD, left ventricular end-systolic dimension; LVFS,
left ventricular fractional shortening; IVS, interventricular septum; and PW,
posterior wall.

TG-High) and the low expression of transgene mRNA
(DGK{-TG-Low) in the left ventricle were characterized in
detail in the following experiments. RNA was extracted from
brain, heart, lungs, liver, kidney, spleen, intestine, and skel-
etal muscle tissues of DGK{-TG mice, and cardiac-specific
expression of transgene was confirmed by RT-PCR (data not
shown). Protein levels of DGK{ were augmented 21- and
5.5-fold in DGK{-TG-High and DGK{-TG-Low hearts com-
pared with control WT littermates, respectively (Figure 1C).
Additionally, we confirmed that kinase activities of DGK in
the heart were also augmented in both DGK¢-TG mouse lines
(Figure 1D). No neonatal and adult deaths were observed in
DGK{-TG mice.

Gravimetric Data, Cardiac Function, and Isolated
Cardiomyocyte Mechanical Properties of
DGK{-TG Mice at Basal Condition

To characterize mouse phenotype, all experiments were
performed with age- and sex-matched (8- to 10-week-old)
DGK{-TG and WT littermate mice. Body weight, blood
pressure, and heart rate were similar between DGK{-TG and
WT mice (Table 1). There was no evidence of fibrosis on
microscopic examinations of multiple histological sections
(data not shown). The absolute heart weight, ratio of heart to
body weight, and ratio of the left ventricle to body weight
were not different between DGK{-TG and WT mice (Table
1). Echocardiography demonstrated that cardiac dimensions,
wall thickness, and fractional shortening were normal in
DGK{-TG mice, as shown in Table 1. Isolated cardiomyocyte
mechanical properties and Ca’" transients were examined
with the use of 6 WT mice and 6 DGK{-TG-High mice. Cell
shortening (4.10+£0.47% versus 4.71+0.49%), time to peak
shortening (52*+4 versus 546 ms), and time to 80% relax-
ation (10517 versus 89+17 ms) were not different between
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TABLE 2. Changes in Hemodynamic and Gravimetric Parameters in WT and DGKZ-TG Mice After Angiotensin Il or
Phenylephrine Infusion

WT DGK{-TG-High DGKZ-TG-Low
Saline  Angll(14d) PE(3d) Saline  Angll(14d) PE(3d) Saline  Angll(14d) PE(3d)
BW, g 215+21 23529 23.9+25 241%34 220+30 217+28 258%35 238+40 240+19
BP, mm Hg ©99+14 101214 1026 99+7  105+13  110%6 96+8 94+8 10717
HR, bpm 665+47  663+38  641+20  632+09  631x41  624+61 632270  663%33  670%61
HW/BW, mg/y  4.96+0.29 551+0.27* 5762081* 503+0.23 507+0.111 4950395 4.93+0.34 4.98+057t 5.19+037% .
LVW/BW, mg/g  3.220.20 3.98+0.18* 3.91+063* 3.21+0.38 3.34+0201 3.38+0.38§ 3.24+036 3.22+0.34f 3.38+041%

Data were analyzed by 2-way ANOVA followed by multiple comparisons with the Bonferroni test and are presented as mean=SD (n=6). Ang Il
indicates angiotensin II; PE, phenylephrine; BW, body weight; BP, blood pressure; HR, heart rate; HW, heart weight; and LVW, left ventricular weight.

*P<0.01 vs saline-infused WT mice; 1P<0.01 vs Ang li-infused WT mice; $P<<0.05 and §P<0.01 vs PE-infused WT mice.

DGK{-TG-High and WT mice. The amplitude of the Ca**
signal (0.084+0.011 versus 0.077+0.007) and half-life decay
of the Ca®* signal (15613 versus 162%13 ms) were also
.same between DGK{-TG-High and WT mice.

Effects of DGK{ on GPCR Agonist-Induced
Activation of DAG-PKC Signaling
DGK{-TG and WT mice were assessed with respect to their
susceptibility to hypertrophic response to subpressor doses of
subcutaneous angiotensin II22 and phenylephrine3!.32 admin-
istration. No significant changes in body weight, heart rate,
and blood pressure were observed between WT and
DGK{-TG mice after subcutaneous infusion of angiotensin II
or phenylephrine, as shown in Table 2.

In the present study there were no significant changes in

total protein abundance of PKC isoforms after angiotensin II

or phenylephrine infusion (data not shown). We have previ-
ously demonstrated angiotensin II-induced translocation of
PKC isoforms through pathways involving phospholipase C
in the guinea pig ex vivo heart.5 As shown in Figure 2, the.
membrane-associated immunoreactivities of PKCa and

rine for 3 days (from 51*15 to 10327 pmol/mg tissue;
P<0.001). On the other hand, this effect of phenylephrine on
myocardial DAG levels was completely suppressed in
DGK{-TG-High mouse hearts (from 66*18 to 34*7
pmol/mg tissue; P=NS). These data suggest that DGK{
regulates PKC activity by controlling cellular DAG levels.

Effects of DGK{ on Hypertrophic Programs in
Response to GPCR Agonists

Ventricular hypertrophy induced by continuous infusion of
angiotensin II or phenylephrine is accompanied by the induc-
tion of several specific genes such as ANF.2'® As shown in
Figure 4, the mRNA expression of ANF was increased in WT
mice given angiotensin II and phenylephrine compared with
saline-infused WT mice (P<0.01). However, in DGK{-TG-
High and DGK{-TG-Low mice, angiotensin II failed to cause
gene induction of ANF (P<0.01). Phenylephrine-induced
ANF gene induction was significantly blocked in DGK{-TG-
High mice (P<0.01), but this inhibitory effect was not
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infused WT mice (P<0.05). However, angiotensin II-in-
duced translocation of PKCa and PKCe was blocked in both
DGK({¢-TG-High and DGK{-TG-Low mice (P<0.05 versus
angiotensin II-infused WT mice).

Next, we examined effects of another GPCR agonist,
phenylephrine, in TGK{-TG mice. Phenylephrine induced
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and & isoforms, in WT mouse hearts, as shown in Figure 3. 3 OO onen
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translocation of the PKCe by phenylephrine was completely
blocked (P<<0.01 versus phenylephrine-infused WT mice).
These data suggested that DGK{ had an inhibitory effect on
GPCR agonist-induced translocation of PKC isoforms in in
vivo mouse hearts.

Lipid extracts were then prepared from the left ventricular
myocardium, and we quantified myocardial DAG levels in
WT and DGK{-TG-High mouse hearts (n=6 for each group).
At basal condition, DAG levels were similar between WT and
DGK{-TG-High mice (51%15 versus 66+ 18 pmol/mg tis-
sue). In WT mouse hearts, myocardial DAG level increased
significantly after continuzous administration of phenyleph-
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Figure 2. Translocation of PKCa (A), PKCB (B), PKCs (C), and
PKCe (D) in DGK{-TG-High, DGK{-TG-Low, and WT mice in
response to angiotensin Il (Ang il). A subpressor dose of angio-
tensin Il (100 ng/kg per minute) was continuously infused with
an osmotic minipump for 14 days.23 Membrane/cytosol (M/C)
ratio of immunoreactivity was used as an index of PKC activa-

‘tion. Data were analyzed by 2-way ANOVA followed by multiple

comparisons with the Bonferroni test and are reported as
mean=SD obtained from 6 to 7 mice for each group.
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Figure 3. Translocation of PKCa (A), PKCg (B), PKC$ (C), and
PKCe (D) and in DGK{-TG-High, DGK{-TG-Low, and WT mice in
response to phenylephrine (PE). A dose of phenylephrine (20
mg/kg per day) was infused into mice subcutaneously via an
osmotic minipump for 3 days.3'.32 Membrane/cytosol (M/C) ratio
of immunoreactivity was used as an index of PKC activation.
Data were analyzed by 2-way ANOVA followed by muitiple com-
parisons with the Bonferroni test and are reported as mean+SD
obtained from 6 to 7 mice for each group.

statistically significant in DGK{-TG-Low mice (P=0.0704).
These data suggested that DGK{ blocked hypertrophic gene
induction by angiotensin II and phenylephrine in in vivo
mouse hearts.

As shown in Table 2, heart weight and left ventricular
weight corrected for body weight were not significantly
different between saline-infused WT and saline-infused
DGK({¢-TG mice. Subcutaneous infusion of angiotensin II and
phenylephrine caused significant increases in the ratio of
heart to body weight and ratio of the left ventricle to body
weight in WT mice (P<0.01). However, in both DGK{-TG-
High and DGK{-TG-Low mice, neither angiotensin II nor
phenylephrine produced increases in the ratio of heart to body
weight and ratio of the left ventricle to body weight (Table 2).

Microscopic observations revealed that no significant dif-
ference in cardiomyocyte cross-sectional area was seen be-
tween saline-infused WT and saline-infused DGK{-TG mice
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Figure 4. Cardiac ANF gene expressions in DGK{-TG-High,
DGK{-TG-Low, and WT mice in response to angiotensin It (Ang
1) (A) and phenylephrine (PE) (B). Mean value in saline-infused
WT mice is presented as 1.0. Data were analyzed by 2-way
ANOVA followed by multiple comparisons with the Bonferroni
test. Data reported are mean=SD obtained from 6 to 8 mice for
each group.
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Figure 5. Histological analysis in DGK{-TG-High, DGK{-TG-
Low, and WT mice after angiotensin il (Angll) infusion. Bottom
panels show representative images of hematoxylin-eosin micro-
graphs of cardiomyocyte cross sections. (Magnification X200,
bar=20 um). Top bar graph shows quantitative analysis of car-
diomyocyte cross-sectional area from the left ventricle. Data
were analyzed by 2-way ANOVA followed by multiple compari-
sons with the Bonferroni test. Data reported are mean+SD
obtained from 7 mice for each group.

(Figures 5 and 6). In WT mice, cardiomyocyte cross-sectional
area was significantly increased by angiotensin II and phen-
ylephrine infusion (P<0.01 and P<0.05, respectively). How-
ever, in both DGK{-TG-High and DGK{-TG-Low mice,
neither angiotensin II nor phenylephrine caused increases in
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Figure 6. Histological analysis in DGK{-TG-High, DGK{-TG-
Low, and WT mice after phenylephrine (PE) infusion. Bottom
panels show representative images of hematoxylin-eosin micro-
graphs of cardiomyocyte cross sections. (magnification X200,
bar=20 pum). Top bar graph shows quantitative analysis of car-
diomyocyte cross-sectional area from the left ventricle. Data
were analyzed by 2-way ANOVA followed by multiple compari-
sons with the Bonferroni test. Data are reported as mean+SD
obtained from 7 mice for each group.
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cardiomyocyte cross-sectional area (P<<0.01 versus angioten-
sin II-infused WT and P<<0.05 versus phenylephrine-infused
WT mice). Obvious fibrosis in the myocardium was not
observed in DGK{-TG and WT mice given angiotensin II or
phenylephrine (data not shown). Taken together, these data
clearly demonstrated that DGK{ might interfere with GPCR
agonist—induced cardiac hypertrophy.

Discussion

This is the first report characterizing a functional role of
DGK{ in the in vivo mouse heart. Molecular, gravimetric,
and morphological analyses clearly showed that cardiac-
specific overexpression of DGK{ abrogated cardiac hypertro-
phy in response to GPCR agonists such as angiotensin II and
phenylephrine by regulating the DAG-PKC signaling in
transgenic mouse hearts.

DGK{-TG mice were indistinguishable in appearance from
WT mice, and no baseline cardiac effects were observed in
physiological or histological analyses. In addition, we found
that isolated cardiomyocyte function and in vivo cardiac
function evaluated by echocardiography were normal in
DGK({-TG mice. Blood pressure and heart rate after subcu-
taneous infusion of angiotensin II and phenylephrine were not
different among DGK{-TG-High, DGK{-TG-Low, and WT
mice, indicating that the overexpression of DGK{ does not
affect hemodynamic regulations in response to angiotensin II
and phenylephrine. Consistent with previous works,2331.32
the hypertrophic response in this study occurred indepen-
dently of the hemodynamic effects of angiotensin II and
phenylephrine because systemic blood pressure was not
elevated after infusion.

Previous studies in human heart failure and animal models
of heart failure have clearly demonstrated that activation of
PKC isoforms plays a critical role in the development of
cardiac hypertrophy and progression to heart failure.s-6.10-12
GPCR agonists increase production of DAG, resulting in
sustained PKC activation in the cardiomyocyte.”-33 DGK is an
enzyme that is responsible for controlling the cellular levels
of DAG by converting it to phosphatidic acid, and thus is
thought to be acting as an endogenous regulator of PKC
activity. Continuous infusion of phenylephrine for 3 days
increased myocardial DAG levels in WT mice, but this effect
was completely abolished by overexpression of DGK{. These
data suggest that DGK{ regulates PKC activity by controlling
cellular DAG levels.

Phosphatidic acid is yielded not only by DGK but also by’

the action of phospholipase D. Phospholipase D hydrolyzes
phosphatidylcholine to form phosphatidic acid, and phospha-
tidic acid itself also has signaling function, stimulates DNA
synthests, and modulates activity of several enzymes, includ-
ing phosphatidylinositol 5-kinases, ERK, and others.3* How-
ever, because the bulk of the signaling pool of phosphatidic
acid is mainly derived from the action of phospholipase D in
cardiomyocytes,*> overexpression of DGK{ may not affect
phosphatidic acid pool and its signaling function. We previ-
ously demonstrated that activation of downstream ERK and
protein synthesis by endothelin-1 were abolished by DGK{ in
isolated neonatal rat cardiomyocytes.'® These results sug-
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gested the importance of inhibiting the DAG-PKC signaling
pathway by DGK{ to prevent cardiomyocyte hypertrophy.

The in vitro studies have reported that DGK isoforms
modulate the DAG-PKC signaling in several types of
cells.3637 In particular, Luo et al*® have recently showed that
DGK({ spatially regulates PKCa activity by attenuating local
accumulation of DAG in HEK293 cells. It has been reported
that the DGKe isoform reduces cellular DAG levels in aortic
endothelial cells.*s We have recently found that adenovirus-
mediated overexpression of the DGK{ isoform blocked en-
dothelin-1-induced activation of the DAG-PKC signaling
and resultant cardiomyocyte hypertrophy in cultured rat
neonatal cardiomyocytes.'® To further elucidate these issues
obtained from in vitro studies, isoform-specific regulation of
DGK in an in vivo study with the use of a transgenic
approach, as we employed in the present study, is necessary.
In our present study, angiotensin II- and phenylephrine-in-
duced translocation of PKC was blocked in DGK{-TG mice
(Figures 2 and 3). These data suggest that DGK{ has an
inhibitory effect on PKC translocation, which depends on
kinase activity, in the left ventricular myocardium. Further-
more, angiotensin 1I- and phenylephrine-induced hypertro-
phic programs determined by gene induction of ANF, in-
creases in heart weight, and enlargements of cardiomyocyte
surface area were abolished in DGK{-TG mice (Table 2 and
Figures 4 to 6). These data suggest that DGK{ functions as a
negative regulator of the DAG-PKC signaling and prevents
subsequent cardiomyocyte hypertrophy. Because this study
used only the overexpression approach, future experiments of
a loss of DGK function with the use of knockout mice are
necessary to elucidate further the role of DGK{ in signaling
cascade in vivo.

In conclusion, our study provides the first in vivo evidence
that DGK{ blocks cardiac hypertrophy in response to GPCR
agonists by regulating DAG-PKC signaling. Further studies
will be necessary to examine whether and to what extent
DGK{ may prevent pressure overload—induced cardiac
hypertrophy.
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Resveratrol Ameliorates Experimental
Autoimmune Myocarditis

Yuki Yoshida, MD; Tetsuo Shioi, MD; Tohru Izumi, MD

Background Myosin-induced autoimmune myocarditis of rats is a model of human dilated cardiomyopathy.
Resveratrol is a natural polyphenol found in grapes and wine that is reported to have cardioprotective and

immunomodulatory effects.

Methods and Results To examine the effect of resveratrol on myocarditis, vehicle or resveratrol (50mg/kg
per day) was administered to cardiac myosin immunized rats | day before the immunization. At 14 days after
immunization, resveratrol had preserved cardiac function of myosin-immunized rats according to echocardio-
graphic analysis. The heart weight/tibial length ratio of vehicle-treated myosin-immunized rats was increased by
1.8-fold compared with unimmunized rats, and resveratrol attenuated the heart weight increase. Resveratrol
significantly decreased cellular infiltration, fibrosis, and expression of inflammatory cytokines in the
myocardium. Expressions of antioxidant genes were increased in myosin-immunized hearts, and resveratrol
decreased those expressions. Resveratrol also attenuated myocarditis 21 days after immunization. SIRT1, a
potential effector of resveratrol, was increased in the myocardium of myosin-immunized rats compared with
unimmunized rats. The SIRT1 protein was localized mainly in infiltrating mononuclear cells.

Conclusions Resveratrol significantly ameliorated myocardial injury and preserved cardiac function in a rat
model of autoimmune myocarditis. Resveratrol may be a therapeutic modality for myocarditis. (Circ J 2007;

71: 397-404)

Key Words: Aging; Heart failure; Myocarditis; Resveratrol

manifestations, such as heart failure, arrhythmia, or

circulatory collapse!-2 Although myocarditis often
follows viral infection? its pathogenesis is not fully under-
stood. There is substantial evidence suggesting that auto-
immune responses to heart antigens, particularly cardiac
myosin, following viral infection may contribute to the dis-
ease process* An experimental model of autoimmune myo-
carditis (EAM) in Lewis rats produced by immunization
with cardiac myosin is characterized by extremely severe
myocardial lesions and multinucleated giant cells?6 and it
has been reported that the pathogenesis of both human
giant-cell myocarditis and viral myocarditis resembles that
of EAM?

Resveratrol is an active ingredient of Polygonum capsi-
datum, a plant known for its medical use, as well as being
present in peanuts and grapevines. The presence of resvera-
trol in red wine raises interest in this compound, because
the consumption of red wine is known to reduce the risk of
cardiovascular diseases® The biological effects of resvera-
trol include protection of cells from lipid accumulation,
chemoprevention, immunomodulation, antiproliferation,
and differentiation?-!® Recent focus has been on the use of
resveratrol in the treatment of cardiovascular disease be-
cause it has potent cardioprotective properties against
ischemia-reperfusion injury in rat hearts!!12 as well as

Patiems with myocarditis present a variety of clinical
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inhibiting angiotensin Il-increased cardiomyocyte hyper-
trophy!3 and enhancing myocardial angiogenesis, both in
vivo and in vitro, by induction of vascular endothelial
growth factor!4

Silent information regulator 2 (Sir2) is a member of the
sirtuin deacetylase family of enzymes that removes acetyl
groups from lysine residues in histones and other proteins
in a NAD-dependent manner!516 SIRT1 is a mammalian
ortholog of the Sir2 protein. Caloric restriction extends the
life span of animals and a recent study has identified Sir2 as
mediating the effects of caloric restriction!? Qverexpression
of Sir2 extends the lifespan in model organisms. SIRTI
deacetylates a variety of proteins, inducing p53, and has
cytoprotective effects!8 It has been reported that resveratrol
may modulate Sir2 activity!?

Because resveratrol has both cardioprotective and im-
munomodulatory effects, it may favorably modulate the
myocardial injury induced by myocarditis, which we inves-
tigated in a rat model of EAM.

Methods

Animals

Female Lewis rats (8 weeks old) were purchased from
Charles River (Kanagawa, Japan). Animal care and experi-
mental protocol were approved by the Institutional Animal
Care and Use Committee of Kitasato University.

Immunization

Antigen was prepared from porcine hearts by previously
described procedures2® The cardiac myosin was emulsified
with an equal volume of complete Freund’s adjuvant sup-
plemented with Mycobacterium tuberculosis H37Ra (Difco,
Detroit, MI, USA) to a final concentration of 5mg/ml. The
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emulsified solution (0.25ml) or adjuvant alone was sub-
cutaneously injected into the footpads of rats. The day of
myosin injection was defined as day 0. '

Experimental Protocols

Resveratrol (Sigma, St Louis, MO, USA: lot number
065K5203) was dissolved in dimethylsulfoxide (DMSO) at
concentration of 20mg/ml, and 0.5ml of resveratrol dis-
solved in DMSO or the same amount of DMSO alone was
injected intraperitoneally into the rats once daily. The dose
of resveratrol was equivalent to 50mg/kg.

Protocol 1 Vehicle or resveratrol was administered to
rats from 1 day prior to immunization to 14 days afterward.
The rats were killed after echocardiographic examination 14
days after immunization. Body weight, heart weight, and
tibial length were measured. The hearts were used for analy-
sis of histology, gene expression, and protein expression.

Protocol 2 Vehicle or resveratrol was started | day be-
fore immunization and continued until echocardiographic
examination 21 days later, after which the rats were killed
and the same measurements taken.

Protocol 3 Vehicle or resveratrol was started 1 day after
immunization, continued for 14 days and then the rats were
killeded after echocardiographic examination. The weights
and tibial length were measured as per the other 2 protocols.

Heart Rate (HR) and Blood Pressure (BP)

Systolic BP (SBP) and HR were recorded by the tail cuff
method (Softron BP-98A, Tokyo, Japan)?! For measuring
SBP, rats were placed in a warm chamber maintained at
40°C for 10min in an individual Plexiglas restrainer. Three
pressure measurements were recorded for each rat, and the
average SBP was calculated.

Echocardiography

Transthoracic echocardiographic analysis was performed
using a ProSound SSD-4000 (ALOKA, Tokyo, Japan) with
a 7.5-MHz imaging transducer. 2-2-2 tribromoethanol
(Aldrich, 0.4-0.6 mg/kg) was used for anesthesia. M-mode
echocardiography was performed at the papillary muscle
level, and the left ventricular end-diastolic dimension, end-
systolic dimension and left ventricular posterior wall thick-
ness were measured; fractional shortening (FS) was cal-
culated as described?2

Western Blotting

The hearts were removed and immediately frozen in
liquid nitrogen. Lysates were obtained by homogenization
of tissue in ice-cold buffer as described?? Cardiac tissue
lysates were subjected to sodium dodecyl sulfate polyacryl-
amide gel electrophoresis, and the proteins were transferred
onto polyvinylidene difluoride membranes as described??
For analysis of SIRT1, the blots were probed with the anti-
Sir2 antibody (1:2,000 Upstate Biotechnology, Lake Placid,
NY, USA) or anti-glyceraldehye-3-phosphate dehydrogene
antibody (GAPDH,; 1:5,000, Research Diagnosis, Flandeuns,
N1, USA). '

Quantitative Reverse Transcription (RT)-Polymerase Chain
Reaction (PCR)

RNA was prepared from heart tissue by the acid-guanidi-
nium-phenol chloroform method. cDNA was synthesized us-
ing the SuperScript first-strand synthesis system (Invitrogen,
Carlsbad, CA, USA) and then subjected to PCR with SYBR
green (Applied Biosystems, Foster City, CA, USA) as the
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detected fluoroprobe. Incorporation of the SYBR green dye
into the PCR products was monitored in a real-time manner
with the ABI PRISM 7900HT Sequence Detection System,
and the threshold cycle, which defines the PCR cycle at
which exponential growth of PCR products begins, was cal-
culated. The PCR reactions were cycled 35 times by a 3-step
cycle procedure (denaturation 95°C, 15s; annealing 60°C,
30s; extension 72°C, 30s). mRNA levels of B-type natriu-
retic peptide (BNP), tumor necrosis factor-a (TNF-a), in-
ducible nitric oxide synthase (iNOS), manganese superoxide
dismutase (Mn-SOD), copper/zinc superoxide dismutase
(Cu/Zn-SOD), and SIRT1 were measured. Each of the
RNA samples was normalized with an endogenous control
(GAPDH mRNA). The primers used for the PCR analysis
was designed using OLIGO Primer Analysis Software
(TaKaRa, Kyoto, Japan) and oligonucleotides were synthe-

~ sized at Invitrogen (Tokyo, Japan). The primer sequences

were as follows:

BNP; sense 5’-TTCCGGATCCAGGAGAGACTT-3', anti-
sense 5’-CCTAAAACAACCTCAGCCCGT-3', SIRTI;
sense 5-TTGGCACCGATCCTCGAA-3’, antisense 5'-
ACAGAAACCCCAGCTCCA-3" TNF-a; sense 5-TGA-
TCGGTCCCAACAAGGA-3’, antisense 5'-TGCTTGG-
TGGTTTGCTACGA-3, iNOS; sense 5-GAAAACCCCA-
GGTGCTATTCC-3’, antisense 5’-CATTCTGTGCAGT-
CCCAGTGA-3, Mn-SOD sense 5’-ACCACGCGACCTA-
CGTGAAC-3, antisense 5-TGCAGGCTGAAGAGCAA-
CCT-3’, Cu/Zn-SOD sense 5-CGAGCATGGGTTCCAT-
GTC-3, antisense 5-CTGGACCGCCATGTTTCTTAG-
3',GAPDH sense 5’-AGGTCGGTGTGAACGGATTTG-3,
antisense 5-TGACTGTGCCGTTGAACTTGC-3'.

Histopathology

The rats were killed on day 14 and their hearts were fixed
in 3.7% formaldehyde, embedded in paraffin and sectioned.
The sections were stained by the hematoxylin—eosin or
Mallory—Azan method and the microscopic findings were
expressed as infiltration and fibrosis scores for the respec-
tive stains. Morphometric quantification was performed
with Mac-Scope Image software (version 2.59; Mitani
Corp, Fukui, Japan) on a Macintosh computer?3 The outline
of the area of cell infiltration or fibrosis was traced by hand,
the profile area was assessed automatically and the area
ratio (affected area/total area in percent) was calculated.

Immunohistochemical Analysis of SIRT] Expression

Heart tissue was embedded in OCT compound, snapfro-
zen on dry ice, and stored at ~70°C. Samples were sectioned
on a cryostat at 10 ¢im and then fixed for 5min in acetone at
4°C. The sections were incubated with anti-SIRT1 anti-
body (rabbit IgG, Santa Cruz Biotechnology, Santa Cruz,
CA, USA) and anti-actinin antibody (mouse IgG, Sigma) at
4°C overnight. Next, sections were incubated with fluores-
cent isothiocyanate-labeled anti-rabbit IgG and rhodamine-
labeled anti-mouse IgG antibodies at room temperature for
30min. Nuclei were stained using TOTO-3 (Invitorogen
Carlsbad, CA, USA). Sections were analyzed by confocal
microscopy (Carl Zeiss, Oberkochen, Germany).

Statistical Analysis

All values are expressed as mean+SEM. Differences
between groups were compared using Student’s t-tests. A
p-value <0.05 was considered as significant.
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Table 1 Blood Pressure and HR of EAM Rats Treated With Resveratrol for 2 Weeks

Unimmunized Myosin-immunized
Vehicle Resveratrol Vehicle Resveratrol
No. animals 5 5 8 8
SBP (mmHg) 115.243.9 118.516.6 96.4%5.1* 108.8t6.4
HR (beats/min) 323.7+10.7 353.9116.2 372.3%14.1* 397.2+14.7

Resveratrol was started 1 day before immunization, and given daily for 2 weeks. Results are meantSEM.
*p<0.05 vs unimmunized rats treated with vehicle or resveratrol.
HR, heart rate; EAM, experimental model of autoimmune myocarditis; SBP, systolic blood pressure.

Table 2 Echocardiographic Data of EAM Rats Treated With Resveratrol for 2 Weeks

Unimmunized Myosin-immunized

Vehicle Resveratrol Vehicle Resveratrol
No. animals 5 5 8 6
HR (beats/min) 44413 42916 40519+ 385¢10*
Diastolic posterior wall thickness (mm) 1.54%0.12 1.62+0.16 1.85+0.13 1.64+0.08
LV diastolic diameter (mm) 4.7010.11 4.7810.17 4.5610.15 4.5110.24
LV systolic diameter (mm) 1.4620.11 1.36%0.11 2.51%0.17% 1.9110.22t
FS (%) ' 68.5+3.0 71.6£1.7 44.613.4* 58.243.0%t

Resveratrol was started 1 day before immunization, and given daily for 2 weeks.

LV, left ventricle; FS, fractional shortening. Other abbreviations see in Table 1.

Results are meantSEM.

*»<0.05 vs unimmunized rats treated with vehicle or resveratrol, 'p<0.05 vs vehicle-treated myosin-immunized rats.

Myosin - +

Resveratrol

Figl. Echocardiographic analysis of experimental
model of autoimmune myocarditis rats treated with
resveratrol. (Left to right) Vehicle-treated unimmunized
rat, resveratrol-treated unimmunized rat, vehicle-treated
myosin-immunized rat, resveratrol-treated myosin-
immunized rat. Fractional shortening of vehicle-treated
myosin-immunized rats was decreased compared with
vehicle-treated unimmunized rats. Resveratrol treat-
ment attenuated the decrease of fractional shortening in
the myosin-immunized rats.

Table 3 Postmortem Analysis of EAM Rats Treated With Resveratrol for 2 Weeks

Unimmunized Myosin-immunized

Vehicle Resveratrol . Vehicle Resveratrol
No. animals 5 5 8 8
Body weight (g) 177.242.0 182.214.3 171.013.1 184.4+2.3t
Heart weight (mg) 590.416.1 589.6x16.0 1,023.6186.4* 739.4+60.91
Lung weight (mg) 1,045.2431.1 1,004.6155.9 1,039.3£26.7 1,013.0£14.3
Tibial length (mm) 33.610.2 33.240.1 32.140.2* 32.310.2*
Heart weight/body weight (mg/g) 3.3410.07 3.2310.04 6.05+0.58* 4.04£0.99t
Lung weight/body weight (mg/g) 5.9010.18 5.51£0.25 6.08%0.14 5.50+0.07
Heart weight/tibial length (mg/mm) 17.610.2 17.810.4 31.912.6* 22.9+] 9*1
Lung weight/tibial length (mg/mm) 31.130.8 30.3+1.8 32.420.7 31.4+04

Resveratrol was started 1 day before immunization, and given daily for 2 weeks.
Abbreviation see in Table 1. Results are meant+SEM.
*p<0.05 vs unimmunized rats treated with vehicle or resveratrol, 1p<0.05 vs vehicle-treated myosin-immunized rats.

Results ~ of vehicle-treated unimmunized rats (96.4+5.1 mmHg vs

115.2+3.9mmHg, p<0.05, Table1). The BP of resveratrol-

HR and BP treated myosin-immunized rats was not different from that
At 14 days after immunization, we examined the effect of vehicle-treated unimmunized rats.

of resveratrol on HR and BP. The SBP of vehicle-treated
myosin-immunized rats was decreased compared with that
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Fig3. Effect of resveratrol on (A) cellular infilration and (B) fibro-
sis. (A) Representative images of (1) vehicle-treated unimmunized
rats, (2) resveratrol-treated unimmunized rats, (3) vehicle-treated
myosin-immunized rats, and (4) resveratrol-treated myosin-immu-
nized rats. Resveratrol attenuated cellular infiltration. Bars=10um.
{B) Representative images of (1) vehicle-treated unimmunized rats,
(2) resveratrol-treated unimmunized rats, (3) vehicle-treated myosin-
immunized rats, and (4) resveratrol-treated myosin-immunized rats,
are shown. Resveratrol attenuated fibrosis. Bars=104m.

YOSHIDAY eral

Fig2. Macroscopic analysis of experimental mod-
el of autoimmune myocarditis rats treated with res-
veratrol. (A) Vehicle-treated unimmunized rat, (B)
resveratrol-treated unimmunized rat, (C) vehicle-
treated myosin-immunized rat, and (D) resveratrol-
treated myosin-immunized rat. The left ventricle was
dilated and wall thickness was increased in vehicle-
treated myosin-immunized rats. Resveratrol attenu-
[ ated cardiac enlargement. Bar=1mm.

Echocardiographic Analysis

At 14 days after immunization, we examined the effect
of resveratrol on cardiac function using echocardiography
(Table2, Figl). The ES of vehicle-treated myosin-immu-
nized rats was decreased compared with that of vehicle-
treated unimmunized rats (44.6+3.4% vs 68.5+3.0%, p<
0.05). Resveratrol treatment attenuated the decrease in FS
in myosin-immunized rats, thus preserving the cardiac
function of EAM rats.

Postmortem Analysis

At 14 days after immunization, the heart weight/tibial
length ratio of myosin-immunized rats was increased by
1.81-fold compared with vehicle-treated unimmunized rats
(319+2.6mg/mm vs 17.6+0.2 mg/mm, p<0.05, Table3,
Fig2). In contrast, the heart weight/tibial length ratio of
resveratrol-treated myosin-immunized rats was increased
by 1.29-fold compared with resveratrol-treated unimmu-
nized rats (22.9+1.9mg/mm vs 17.8+0.4 mg/mm, p<0.05).
Thus, resveratrol significantly suppressed the increase in
heart weight of EAM rats.

Histopathological Analysis

The area of cell infiltration in resveratrol-treated myosin-
immunized rats was significantly decreased compared with
vehicle-treated myosin-immunized rats (2.6+1.5% vs 26.4+
3.6%, p<0.05; Fig3, Table4). The area of fibrosis in resver-
atrol-treated myosin-immunized rats was decreased from
that of vehicle-treated myosin-immunized rats (3.5£3.2%
vs 28.0+4.6%, p<0.05; Fig3, Table4). Overall, resveratrol
attenuated the inflammation and fibrosis of the myocar-
dium of EAM rats.

BNP Gene Expression

BNP mRNA of myosin-immunized rats was increased
by 12.4+2.2-fold compared with vehicle-treated unimmu-
nized rats (Table5). BNP mRNA of resveratrol-treated
myosin-immunized rats was increased by 1.6£0.5-fold com-
pared with vehicle-treated unimmunized rats. Resveratrol
significantly suppressed the increase in BNP mRNA in the
myocardivm of EAM rats.
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Table 4 Cellular Infiltration and Fibrasis of the Myocardium of EAM Rats Treated With Resveratrol for 2 Weeks

Myosin-immunized

Vehicle Resveratrol
- No. animals 6 6
Cellular infiltration area ratio (%) 26.413.6 -2.6£1.5*
No. animals 6 6
Fibrosis area ratio (%) 28.044.6 5.583.2%

Resveratrol was started 1 day before immunization, and given daily for 2 weeks.
Abbreviation see in Table 1. Results are meant SEM,
*p<0.05 vs vehicle-treated myosin-immunized rats.

Table 5 BNP mRNA in the Myocardium of EAM Rats Treated With Resveratrol for 2 Weeks

Unimmunized Myosin-immunized
Vehicle Resveratrol Vehicle Resveratrol
No. animals 4 4 5 5
BNP mRNA (units) 1.0040.25 0.41+0.13 12.4242.22* 1.61%0.461

Resveratrol was started 1 day before immunization, and given daily for 2 weeks.

The mean value of vehicle-treated unimmunized rats was defined as one unit.

BNP, B-type natriuretic peptide. Other abbreviation see in Table 1. Results are meant SEM.

*p<0.05 vs unimmunized rats treated with vehicle or resveratrol, 'p<0.05 vs vehicle-treated myosin-immunized rats.

Table 6 TNF-a and iNOS mRNA in the Myocardium of EAM Rats Treated With Resveratrol for 2 Weeks

Unimmunized Myosin-immunized
Vehicle Resveratrol Vehicle Resveratrol
No. animals 5 5 5 5
TNF-a mRNA (units) 1.0010.16 1.30+0.16 46.18114.4* 1.5440.25¢
iNOS mRNA (units) Undetectable Undetectable 283.82+115.81* 1.0020.40*%1

Resveratrol was started 1 day before immunization, and given daily for 2 weeks.

The mean value of vehicle-treated unimmunized rats was defined as 1 unit for TNF-a¢ mRNA.

The mean value of resveratrol-treated immunized rats was defined as 1 unit for iNOS mRNA.

TNF-, tumor necrosis factor-a; iNOS, inducible nitric oxide synthase. Other abbreviation see in Table I.

Results are meant+SEM.

*p<0.05 vs unimmunized rats treated with vehicle or resveratrol, tp<0.05 vs vehicle-treated myosin-immunized rats.

Table 7 Mn-SOD and Cu/Zn-SOD mRNA in the Myocardium of EAM Rats Treated With Resveratrol for 2 Weeks

Unimmunized Myosin-immunized
Vehicle Resveratrol Vehicle Resveratrol
No. animals 5 5 5 5
Mn-SOD mRNA (units) 1.0010.24 0.9410.33 7.51+1.39* 1.4240.35¢
Cu/Zn-SOD mRNA (units) 1.00£0.07 1.10£0.36 3.03t1.11* 1.47+0.43

Resveratrol was started 1 day before immunization, and was given daily for 2 weeks.

The mean value of vehicle-treated unimmunized rats was defined as 1 unit.

Mn-SOD, manganese superoxide dismutase; Cu/Zn-SOD, copper/zinc superoxide dismutase. Other abbreviation see in Table 1. -
Results are meant SEM.

*p<0.05 vs unimmunized rats treated with vehicle or resveratrol, 1p<0.05 vs vehicle-treated myosin-immunized rats.

Expression of Inflammatory Markers

The levels of both TNF-a and iNOS mRNA were ana-
lyzed using quantitative RT-PCR (Table 6). TNF-a mRNA
was increased by 46.2+14 4-fold, and resveratrol suppressed
TNF-a expression. iINOS mRNA was increased in EAM rats
and resveratrol significantly decreased its expression.

Expression of Antioxidant Genes

The level of expression of the antioxidant enzymes, Mn-
SOD and Cu/Zn-SOD, was analyzed using quantitative
RT-PCR (Table 7). Mn-SOD mRNA increased by 7.5£1.4-
fold, and Cu/Zn-SOD mRNA by 3.0%1.1-fold in the myo-
cardium of EAM rats. Resveratrol significantly attenuated

Circulation Journal Vol.71, March 2007

the expression of both enzymes.

SIRTI Expression

The level of SIRT 1 mRNA was analyzed using quantita-
tive RT-PCR. SIRT1 mRNA was increased by 2.2+0.2-fold
in vehicle-treated myosin-immunized rats compared with
vehicle-treated unimmunized rats (Fig4A). The amount of
SIRTI1 protein was also increased in vehicle-treated myo-
sin-immunized rats (Fig4B). The immunofluorescence
study showed that the SIRT1 protein was mainly localized
in infiltrating mononuclear cells (Fig5).
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Fig4. Expression of SIRT1, a mammalian ortholog of silent infor-
mation regulator 2 protein in the heart of experimental model of
autoimmune myocarditis. (A) SIRT1 mRNA expression measured by
quantitative reverse transcription-polymerase chain reaction was
increased in the hearts of myosin-immunized rats. (B) SIRT1 protein
expression. Representative Western blot of SIRT1 (Upper panel), and
the result of quantitative densitometric analysis (Lower panel). SIRT1
protein was increased in the hearts of myosin-immunized rats. Vehicle-
treated unimmunized rats (n=4), resveratrol-treated unimmunized rats
(n=4), vehicle-treated myosin-immunized rats (n=5), and resveratrol-
treated myosin-immunized rats (n=5) were used for the analysis.
*p<0.05 vs unimmunized rats treated with vehicle, 1p<0.05 vs vehicle-
treated myosin-immunized rats. The mean value of vehicle-treated
unimmunized rat was defined as 1 unit. GAPDH, glyceraldehye-3-
phosphate dehydrogene.

Effect of Resveratrol at 3 Weeks After Immunization

Three weeks after immunization (ie, Protocol 2), the FS
of resveratrol-treated rats was greater than that of vehicle-
treated rats (66.7+3.0% vs 34.4+4.4%, p<0.05, Table 8).
The heart weight/tibial length ratio of the resveratrol-
treated rats was smaller compared with vehicle-treated rats
(25.4£3.5mg/mm vs 36.0+2.3 mg/mm, p<0.05, Table9).
Thus, resveratrol effectively prevented myocarditis at 3
weeks after the immunization,

Effect of Resveratrol on EAM After Immunization

When vehicle or resveratrol was started 1 day after im-
munization (ie, Protocol 3), the FS of resveratrol-treated rats
was greater than that of the vehicle-treated rats (63.8+3.0%
vs 36.3+4.3%, p<0.05, Table10). The heart weight/tibial
length ratio of resveratrol-treated rats was smaller com-
pared with vehicle-treated rats (19.9+2.0mg/mm vs 30.4+

YOSHIDA Y et al.

Fig5. Localization of SIRTI in the myocardium of experimental
model of autoimmune myocarditis was examined by immunofiuores-
cence analysis. The SIRT] protein was mainly localized in infiltrating
mononuclear cells (arrow). Some of the cardiac myocytes close to in-
filtrating mononuclear cells were also positive for SIRT1 immunore-
activity (arrowhead). Green, SIRT]; red, actinin; blue, nuclei.

Table 8 Echocardiographic Data of EAM Rats Treated
With Resveratrol for 3 Weeks After Immunization

Vehicle  Resveratrol

No. animals 10 8

HR (beats/min) 366+14 4007
Diastolic posterior wall thickness (mm) 2.63%0.21 1.71x0.11*
LV diastolic diameter (mm) 5.19+0.36 4.68t0.14
LV systolic diameter (mm) 3.49+0.41  1.58%0.19*
FS (%) 34.414.4 66.7+3.0*

Resveratrol was started 1 day before immunization, and given daily for 21
days after immunization.

Abbreviations see in Tables 1,2. Results are meantSEM.

*p<0.05 vs vehicle-treated myosin-immunized rats.

Table 9 Postmortem Analysis of EAM Rats Treated
With Resveratrol for 3 Weeks After Immunization

Vehicle Resveratrol
No. animals 10 10
Body weight (g) 170.0+2.1 181.9+5.2*
Heart weight (mg) 1,224.3177.5 853.1£118.0*
Lung weight (mg) 1,291.81122.8 1,194.6+110.7
Tibial length (mm) 34.110.2 33.610.2*
Heart weight/body weight (mg/g) 7.2410.51 4.8010.74*
Lung weight/body weight (mg/g) 7.5940.71 6.70+0.78
Heart weight/tibial length (mg/mm) 36.0+2.3 25.413.5*
Lung weight/tibial length (mg/mm) 38.013.7 35.6+3.3

Resveratrol was started 1 day before immunization, and given daily for 21
days after immunization.

Abbreviation see in Table 1. Results are meant SEM.

*p<0.05 vs vehicle-treated myosin-immunized rats.

2.4mg/mm, p<0.05, Table 11). Thus, resveratrol also atten-

uated myocarditis when it was given after immunization.

Discussion

In this study, resveratrol preserved the cardiac function
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Table 10 Echocardiographic Data of EAM Rats Treated Table 11 Postmortem Analysis of EAM Rats Treated
With Resveratrol Starting 1 Day After Inmunization With Resveratrol Starting 1 Day After Immunization
Vehicle Resveratrol Vehicle Resveratrol
No. animals 7 9 No. animals 9 9
HR (beats/min) 380+17 402110 Body weight (g) 166.8+1.9 167.1£2.8
Diastolic posterior wall thickness (mm) ~ 2.17¢0.11  1.58+0.49* Heart weight (mg) 1,012.7£77.2 668.3168.2*
LV diastolic diameter (mm) 4.8940.24  4.67+0.17 Lung weight (mg) 1,117.3+29.6 988.0+31.2*
LV systolic diameter (mm) 3.1040.21 1.7310.18* Tibial length (mm) 33.4%0.2 33.610.2
FS (%) 36.314.3 63.8£3.0* Heart weight/body weight (mg/g) 6.06+0.45 4.02+0.43*
Lung weight/body weight (mg/g) 6.7140.23 5.90%0.14*
Resveratrol was started 1 day after immunization and given daily for 2 Heart weight/tibial length (mg/mm) 304424 19.942.0%
weeks. ’ Lung weight/tibial length (mg/mm) 33.540.9 29.4+0.9*

Abbreviations see in Tables 1,2. Results are meantSEM.
*p<0.05 vs vehicle-treated myosin-immunized rats.

of EAM rats. It attenuated the increase in heart weight and
suppressed the expression of pro-inflammatory genes. The
attenuation of myocardial injury was associated with a de-
crease in antioxidant gene expressions. SIRT1, a possible
effector of resveratrol, was increased in the myocardium of
EAM rats, and was mainly localized in infiltrating mononu-
clear cells.

In this study, we used DMSO as the solvent, because we
needed to administer a relatively high dose of resveratrol,
and it is known to have an immunomodulatory function2+25
We administered 0.5ml of DMSO or the same amount of
saline to myosin-immunized rats for 14 days. The heart
weight/tibial length ratio of DMSO-treated myosin-immu-
nized rats was reduced compared with saline-treated myo-
sin-immunized rats (31.9+2.6 mg/mm vs 41.8+1.6 mg/mm,
p<0.05), although the effect of DMSO was much weaker
than resveratrol dissolved in DMSO. Thus, it is possible
that the strong suppression of the inflammatory response
was a synergistic effect of DMSO and resveratrol.

The HR of myosin-immunized rats was higher than that
of unimmunized rats on BP measurement without anesthe-
sia, whereas that of myosin-immunized rats was lower than
in unimmunized rats on echocardiographic analysis with
anesthesia. It is likely that the response of myosin-immu-
nized rats to anesthesia was different from that of unimmu-
nized rats.

The mechanism of resveratrol’s attenuation of EAM is un-
known. Resveratrol is reported to reduce oxidative stress26:27
and in this study, the expression of oxidative stress-related
genes (Mn-SOD, Cu/Zn-SOD) were increased in the heart
of myosin-immunized rats. This increase of both was likely
the result of increased oxidative stress, and attenuation of
myocarditis was associated with a decrease of Mn-SOD
and Cu/Zn-SOD. Thus, resveratrol may ameliorate EAM by
reducing oxidative stress because oxygen radical scaven-
gers are known to attenuate myocarditis?8.29

Alternatively, resveratrol may modulate EAM by acting
on SIRT1, which was increased in the myocardium of myo-
sin-immunized rats, and mainly localized in the infiltrating
mononuclear cells. Fibroblasts deficient in SIRT1 prolifer-
ate more rapidly than wild-type cells30 SIRT1 induces cell-
cycle arrest by activating the Forkhead transcription
factor3! Resveratrol also inhibits the proliferation of some
tumors?10 Thus, it is possible that resveratrol modulates the
activity of SIRT1 in immune cells, and limits lymphocyte
proliferation. However, the role of SIRT1 in immune cells
is currently unknown and further studies are needed to clari-
fy its role in EAM.

We used a relatively high dose of resveratrol. The
HW/TL ratio of myosin-immunized rats treated with a

Circulation Journal Vol.71, March 2007

Resveratrol was started 1 day after immunization, and given daily for 2
weeks. :

Abbreviation see in Table 1. Results are meantSEM.

*p<0.05 vs vehicle-treated myosin-immunized rats.

lower dose of resveratrol (10mg/kg per day) was not dif-
ferent from that of vehicle-treated myosin-immunized rats
(43.9+£6.7mg/mm vs 43.3+3.9mg/mm). Resveratrol is re-
ported to have different effects on immune cells, depending
on the dose and experimental condition32.33

In conclusion, resveratrol effectively ameliorated EAM.
Although further study is needed, resveratrol may be a ther-
apeutic modality for myocarditis.
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Abstract

Objectives: We examine antigen-specific actions of autoantibodies directed against sarcolemmal Na—K-ATPase.

Background: Autoantibodies against some receptors or pumps were detected in patients with dilated cardiomyopathy. Although
immunoglobulin adsorption therapy improved cardiac function in such patients, direct pathogenic effects of autoantibodies remain to be
proven.

Methods: Japanese white rabbits were immunized once a month with purified Na—K-ATPase (NKA rabbits, n=10) or a synthetic peptide
corresponding to the second extracellular loop of betal-adrenergic receptors (beta rabbits, n=10), respectively. Control rabbits (n=10)
received vehicle in the same manner.

Results: At 6 months, cardiac hypertrophy along with increased left ventricular end-diastolic pressure was observed in both NKA and beta
rabbits, and inhibitory G protein level increased in both NKA and beta rabbits. Histological findings showed similar myocyte hypertrophy
and interstitial fibrosis in both rabbits. Enzymatic activities of Na—K-ATPase were lower in NKA rabbits than in other groups.
Immunoblotting showed that alpha3-isoform of Na—K-ATPase was selectively reduced in myocardium from NKA rabbits.

Conclusions: Our present findings suggested that isoform-specific alterations of myocardial Na-K-ATPase activity were induced by
immunizing rabbits. This was not secondary change due to cardiac hypertrophy. Thus, autoantibodies against sarcolemmal Na—K-ATPase
have antigen-specific effect on the heart in vivo. ' N '

© 2006 Elsevier Ireland Ltd. All rights reserved.

Keywords: Dilated cardiomyopathy; Autoantibodies; Na—K-ATPase

1. Introduction

Autoimmune mechanism is one of the causes of dilated
cardiomyopathy (DCM) as well as genetic predisposition
and viral infection. Production of anti-myocardial autoanti-
bodies (Abs) is one of the outstanding autoimmune
abnormalities in addition to persistent inflammation with
alterations in cellular immunity and complement activation.

* Cormresponding author. Tel.: +81 3 3444 6161x4610; fax: +81 3 3448
0553.
E-mail address: baba-a@kitasato.or.jp (A. Baba).

0167-5273/$ - see front matter © 2006 Elsevier Ireland Ltd. All rights reserved.
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Therefore, immunoadsorption (IA) therapy to remove
various Abs was suggested as a new strategy to treat patients
with congestive heart failure due to DCM [1]. Unsatisfactory
hemodynamic improvement by IA therapy using protein-A
column indicated the pathophysiological meaning of immu-
noglobulin G3, although the mechanism was not fully
evaluated. In biopsy sample of the DCM patients, C5b-9
complex and the expression of TNF-alpha were observed
along with the immunoglobulin deposits on the myocardial
cell membrane [2]. This finding may provide a common
mechanism leading to cardiac hypertrophy by any anti-
myocardial Abs. However, we reported different clinical
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backgrounds of each Abs in patients with DCM [3]. So, we
postulated antigen-specific effects of Abs and performed an
experiment using immunizing rabbit model.

2. Materials and methods
2.1. Immunization

Experiments were performed in 30 male Japanese white
rabbits,” which were 10 weeks old (1.8 to 2.2 kg). The
experimental protocol was approved by our Institutional
Review Board. As antigens, porcine cerebral cortex Na-K-
ATPase were obtained from Sigma Chemical Co. (St.
Louis, Missouri) and a synthetic peptide corresponding to
the second extracellular loop of rabbit betal-adrenergic
receptors (residues 197 to 222, HWWRAESDEARR-
CYNDPKCCDFVTNR) was produced by Peptide Institute,
Inc. (Osaka, Japan). Twenty rabbits were randomly divided
into two groups and were immunized by subcutaneous
injection of each antigens (1 mg) dissolved in 1 ml of saline
conjugated with 0.5 ml of complete and incomplete Freund’s
adjuvant (NKA rabbits: n=10, beta rabbits: n=10). Ten
control rabbits received saline containing adjuvant in the
same manner. All rabbits were immunized once a month over
6 months.

2.2. Enzyme-linked immunoabsorbent assay (ELISA)

Each antigen (50 pl, 50 pg/ml in 0.1 mol/l Na,COj3) was
used to coat individual wells of a 96-well microtiter plate. The
wells were then saturated with phosphate buffer saline (PBS)
supplemented with 3% skim milk, 0.1% Tween-20 and
0.01% merthiolate. Sera (50 ul) diluted 1:200 were added to
the coated plates and incubated overnight at 4 °C. After three
washes with PBS, an affinity-purified biotinylated goat anti-
rabbit IgG antibody solution, diluted 1:1000 in merthiolate,
was allowed to react for 1 h at room temperature. After three
washes, the bound biotinylated antibodies were detected
using streptavidin-peroxidase (1 pul/ml), H,O5 (2.5 mmol/)
and 2,2’-azino-di-(ethylbenzthiazoline) sulfonic acid
(2 mmol/l). After 30 min, the optical densities (OD) at
492 nm were determined using an ELISA reader.

2.3. Ultrasonic echocardiography

Echocardiography was performed with the rabbit under
anesthesia using 3 mg/kg thiopental sodium (Tanabe Seiyaku
Co.). The parasternal long-axis views were obtained using a
7.5 MHz transducer connected to a Hewlett-Packard Sonos
500 ultrasonic echocardiographic system (model 77010CF),
with the rabbit placed in the lateral decubitus position.

2.4. Hemodynamic and histological analysis

At the end of each observation period, hemodynamic
measurements were performed in the open-chest condition

under anesthesia with chloral hydrate as described pre-
viously [4]. Hearts were then rapidly removed. Excised

_ hearts were fixed in 10% formalin and embedded in paraffin,

and both transverse and cross sections (3 pm thickness) were
obtained. Sections were stained with hematoxylin and eosin
and were subjected to light microscopic examinations.
Planimetry was performed macroscopically on cross sections
of the hearts to evaluate left ventricular (LV) muscle mass
and cavity area and microscopically on 100 cross-sectioned
myocytes to determine cross-sectional area per myocyte,
using NIH Image. Immunostaining was also performed in
order to detect IgG on cardiac membrane. Endogenous
peroxidase was inactivated by treatment with methanol+ 1%
H,0,. After blocking with PBS supplemented with 3% BSA,
each sections were incubated for 60 min with biotinylated
goat anti-rabbit IgG. After three washes with PBS, the bound
biotinylated antibodies were detected by the same method of
ELISA.

2.5. Na-K-ATPase assay

The enzyme activity of myocardial Na—-K-ATPase was

" determined by the colorimetric method. Membrane fractions

were prepared as 50,000 g pellet as described previously [4].
Each membrane fragment was mixed with the reaction
solution (100 mM NaCl, 10 mM KCl, 3 mM MgCl,, 1 mM
EGTA and 50 mM histidine, pH 7.2) at 4 °C. One hundred
microliters of the membrane were mixed with 800 pl of the
reaction solution and 100 pl of 30 mM ATP. For each
sample, reactions with or without 2 mM ouabain were run in
triplicate. We also determine the effects of purified IgG
against myocardial Na—-K-ATPase activity in each group.
Myocardial membrane fragments were prepared from
foreign healthy rabbits, and these Na—K-ATPase activities
in the presence of 1 ug purified IgG were compared among
the three groups. The IgG purification from rabbits serum
was performed by protein A-agarose methods using the Affi-
Gel Protein-A MAPS II Kit (Bio-Rad Laboratories,
Hercules, California). The reactions were allowed to proceed
for 2 h at 37 °C. Na-K-ATPase activity was expressed as
inorganic phosphate produced 1 h/mg of membrane protein.
The plasma and myocardial norepinephrine level was also
determined by high-performance liquid chromatography.

2.6. Immunoblotting

Immunodetection of inhibitory G-protein (Gi) and Na-K-
ATPase levels in the membrane fraction (20 pg) was
performed using standard SDS-PAGE and immunoblotting
techniques, as previously described [5]. Fixed samples were
included on each gel as standard for quantification of the
densities of each blot. Antisera against Gi (Santa Cruz
Biotechnology) and Na—K-ATPase (Upstate Biotechnology,
Inc.) were used as primary antibodies, and horseradish
peroxidase-linked anti-rabbit IgG (Boehringer Mannheim)
was used as a secondary antibody to detect individual protein
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levels. The densities of each blot were quantified by
densitometric scanning. Gi protein level was standardized
by defining the mean density of membrane fraction from
control rabbits as 1.0 densitometric unit. Na—K-ATPase
levels were quantified by the relative intensity in comparison
with 2 pg of porcine brain Na—K-ATPase. The specificities
of antibody binding for each antigen were confirmed by
neutralization assays using blocking antigens.

© 2.7. Statistics

Data are expressed as mean+S.E.M. Comparisons
between three groups were performed by one-way
ANOVA accompanied by a Bonferroni post hoc test when
appropriate. Changes in OD on ELISA were analyzed using a
repeated-measure ANOVA, whereas differences in mean
values between the groups at a specific dose were determined
by one-way ANOVA. Statistical significance was defined as
p<0.05.

3. Results

OD values of ELISA in control group showed low
throughout the observation period. In contrast, OD in beta
and NKA group was high from the second through the sixth
month, and there was no difference of OD between the two
groups (Fig. 1).

Data on cardiac function are summarized in Table 1.
Thickening of both the interventricular septum and the
posterior wall was noted with a decrease in the LV end-
diastolic dimension in beta and NKA group compared with
control group on echocardiography (Fig. 2). Hemodynamic
data demonstrated a relative bradycardia in only NKA group,
and an elevation in LV end-diastolic pressure and a decrease
in peak — dP/d¢ and cardiac output in both beta and NKA
group. There was an increase in LV weight in beta and NKA

0.8 1

0.6 4
>
:

0.4
3
5

0.2 4

0
0 1 2 3 4 s 6
Immunization period (month)

Fig. 1. ELISA of sera from three groups. Beta: a synthetic peptide
corresponding to the second extracellular loop of betal -adrenergic receptors,
NKA: porcinc cerebral cortex Na—K-ATPase, control: average of above both
antigens. Data are expressed mean+S.D.

Table 1
Hemodynamic and morphometrical analyses
Control Beta NKA
Ultrasonic echocardiography
LV end-diastolic 11.9£0.4 10.4+0.4* 10.5+0.4*
dimension (mm)
LV end-systolic 7.2+04 6.9+0.3 7.0£03

dimension (mm)
Fractional shortening (%) 40+3 353 35+3

IVS wall thickness (mm) 2.6+0.1 . 3.340.2*% 34+0.2*

LV posterior wall 2.7+0.2 3.4£0.2% 3.4++0.2*
thickness (mm)

Hemodynamics

Heart rate (bpm) 253£9 254+8 213+7*

Aortic systolic 1245 118+6 116+5
pressure (mm Hg)

Aortic diastolic 90+6 925 9144
pressure (mm Hg)

LV end-diastolic 45+1.1 8.4+1.2* 94+1.1*
pressure (mm Hg)

Peak + dP/df (mm Hg/s) 4225+£220  3975+175 4000+ 180

Peak — dP/d¢ (mm Hg/s) 3575198  3060+159*  3025+162*

Cardiac output (mVminkg) 14828 121+8* 1207

Weight

Body weight (kg) 3.65+£0.13  3.61+0.71 3.64+0.52

LV weight (g/kg) 1.42£0.02 1.54+0.04* 1.5310.05*

RV weight (g/kg) 0.44£0.01 0.42+0.02  0.46:+0.02

Anatomic measurements

LV wall area (mm?) 117£7 138 7* 136£6*

LV cavity arca (mm?) 447 26+6* 25 7*

LV cross-sectional 157+12 . 164£13 163++11
area (mm°®)

LV wall area/cross-sectional 74+2 85+3* 84.+2*
area (%)

Myocyte cross-sectional 25015 338+25* 335+£22%
area (mm?)

[VS: interventricular septum, LV: left ventricle and RV: right ventricle.
* p<0.03 vs. control, beta.
* p<0.03 vs. control.

group. Macroscopic examination of the hearts revealed LV
hypertrophy, as evidenced by an increase in LV muscle mass
and a decrease in the cavity area (Fig. 2). LV muscle mass
corrected by the total cross-sectional area was increased in
beta and NKA group. These macroscopic findings were
endorsed by microscopic planimetry showing an increase in
cross-sectional area per myocyte in both groups. .

At 6 months, HE stain of organs except for heart had no
significant pathological findings among the three groups.
Histological findings of myocardium did not include any
cellular infiltration in any group. However, myocardial
hypertrophy with large nuclei, severe disorganization of the
myofiber and interstitial fibrosis were present in the LV
myocardium from beta and NKA group. Deposit of IgG
around cardiac cell membrane was observed in beta and NKA
group, although there was no stain in control group (Fig. 3).

Myocardial Na—K-ATPase activities were lower in the
NKA group than other two groups, although plasma and
myocardial norepinephrine concentrations had no difference
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Fig. 2. Echocardiographic and macroscopic data from three groups. Beta, NKA and control; same as Fig. 1.

among the three groups. The effect of purified IgG against
foreign healthy myocardium was compared among the three
groups. Without adding IgG, Na—K-ATPase enzyme activity
was 142 pM Pih/mg protein. The activity decreased by
adding purified 1gG from the NKA group, although there
was no difference from control and beta group (Table 2).
Alpha3-isoform level of Na—K-ATPase was lower in the
NKA group than control group, although there was no
difference between beta and control groups. There was no
difference in alphal-isoform level of Na-K-ATPase in the
three groups. Alpha2 level of Na-K-ATPase was also not

control

different, either (data not shown). Gi protein level was higher
in both beta and NKA groups than control group, without
any difference between beta and NKA groups (Fig. 4).

4. Discassion
4.1. Cardiac hypertrophy induced by autoimmunity
Some previous observations have shown that repeated

immunization using certain antigens corresponding to the
second extracellular loop of betal-adrenergic receptors and/

Fig. 3. Immunostaining of IgG and HE stain in myocardium from three groups. Beta, NKA and conirol; same as Fig. 1.
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