e

Table 2
Cardiac physiological characteristics of control and morphant
zebrafishembryos

Control Morphant P
Dd (um) 796+ 3.7 117 +10.4 <0.0001
Ds (um) 503+65 76.0+7.0 <0.0001
FS (%) 36.9+7.1 249+4.1 NS
HR (bpm) 184 + 145 216+ 247 0.0017

Values are mean + SEM. n = 12 per group. HR, heart rate.

reassembly through MLC2v phosphorylation. Similar findings
have previously been reported using recombinant constitutively
active skMLCK (13). We further elucidated the physiologic
roles of endogenous cardiac-MLCK using siRNAs. Decreases in
MLC2v phosphorylation following the introduction of si-eMK
significantly impaired epinephrine-induced sarcomere reassem-
bly. Additionally, specific knockdown of cardiac-MLCK did not
affect to the expression of other sarcomere-related proteins such
as croponin T, desmin, and a-actinin. These proteins are thought
to have important roles in sarcomere and myofibril formation
(17-19). Thus, in cardiomyocytes, phosphorylation of MLC2v by
cardiac-MLCK is an essential step for the initiation of sarcomere
assembly. Upregulation of the protein levels of cardiac-MLCK in
infantile rac heart supports this idea.

In this experimental model, no phenotypic alterations were
observed following knockdown of cardiac-MLCK in cultured car-
diomyocytes. This apparently paradoxical result occurred because
phosphorylation of MLC2v is upregulared in cultured cardiomyo-
cytes until 36 hours after plating, afrer which it is gradually down-
regulated. In the siRNA-mediated gene knockdown experiment, a
reduction in the cardiac-MLCK protein level that was sufficient to
decrease the phosphorylation of MLC2v was only obtained 60-72
hours after isolation. Therefore, by the time the required level of
protein suppression was achieved, primary sarcomere assembly
had been completed, and the subsequent decreases in MLC2v phos-
phorylation did not disrupt established sarcomere structures.

Reduction of cardiac-MLCK levels in zebrafish embryos through
the injection of z-cMKaugMO resulred in ventral swelling, which
has been previously reported to be a representative phenotype of
cardiac abnormalities in zebrafish embryos (20, 21). The reliability
of the results obtained with z-eMKaugMO was confirmed using

Figure 7

Histology of the zebrafish heart at 48 hpf. (A-D) Longitudinal sections
stained with hematoxylin and eosin. Scale bars: 50 um. (E—J) Trans-
mission electron micrographs. Scale bars: 2 um. (A and B) Histology
of control zebrafish hearts at 48 hpf. A relatively thick ventricular wall
was apparent (B, arrowheads). (C and D) Pericardial edema and a
thinner ventricular wall (D, arrowheads) were observed in z-cMKaug-
MO morphants. (E and F) In the atria, the sarcomere structures were
well differentiated in both the control embryos and the z-cMKaugMO
morphants. In the ventricles of control embryos, robust sarcomere
structures were observed (G and H), whereas the ventricles of the
z-cMKaugMO morphants contained sparse and immature sarcomere
structures (I and J). Images in B, D, H, and J show higher magnifi-
cations of the boxed areas in A, C, G, and |, respectively. Asterisks
denote sarcomere structures (s).
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multiple MOs that targeted not only cardiac-MLCK but also 1ts
substrate, MLC2v. In each experiment, reproducible results were
obrtained. Another MO that has 5-base mismarch to z-cMKaugMO
was also examined as a negative control MO. Further analysis
revealed dilatation of the ventricle with a thinned ventricular wall
and immature sarcomeres in the morphants. The fragility of the
ventricular wall as a result of insufficient sarcomere formation may
have caused the ventricular dilatation. Although ventricular func-
tion as assessed by FS was preserved in the morphants, this might
have been due to some positive inotropic effects, which were sug-
gested by the increased heart rate observed in the z-cMKaugMO
morphants. Although several reports have investigated the effects of
MLC2v phosphorylation in striated muscle contractions, including
in cardiac muscle, the in vivo ventricular role of MLC2v phosphory-
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Figure 8

Expression of cardiac-MLCK is upregulated in
infantile rat myocardia and failing rat myocar-
dia. (A) mRNA expression of cardiac-MLCK
was also upregulated in rat myocardia from 1
week after birth to adulthood. The levels of car-
diac-MLCK protein were upregulated in infantile
myocardia 1-2 weeks after birth. (B) The levels
of cardiac-MLCK protein were upregulated in
infantile myocardia 1-2 weeks after birth. (C)
mRNA expression of cardiac-MLCK was sig-
nificantly upregulated in failing rat myocardia.
n = 5 (sham-operated); 8 (MI). Filled symbols
represent values from individual mice; open sym-
bols with bars represent mean + SEM. *P < 0.05.
(D) The relative mRNA expression levels of ANP
and cardiac-MLCK were significantly correlated
(r=0.778; P < 0.005).
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lation is still not well understood (22, 23). To explore how cardiac-
MLCK contributes to ventricular function, other experiments, such
as a skinned fiber study, should be performed. A similar cardiac
phenotype was reported in a recent study investigating the zebra-
fish tel mutant, in which the gene encoding MLC2v was disrupred
by an N-ethyl-N-nitrosourea-induced mutation. The authors con-
cluded that MLC2v is essential for the assembly of myosin thick
filament (24). The observation of incomplete sarcomere formation
resulting in a dilated ventricle in zebrafish embryos after injection
of z-cMKaugMO can be explained by an inability to initiate sarco-
mere assembly as a result of reduced cardiac-MLCK levels.

Our results prompt the important question of how cardiac-
MLCK is involved in the pathophysiology of CHF. In failing myo-
cardia, decreases in myofibrillar proteins such as titin, myosin,
and acrin, together with the sarcomere defects, have been iden-
tified (25, 26). Reduced expression of MLC2v protein as a result
of protease-mediated cleavage and reduced phosphorylation of
MLC2v have also been reported in the myocardia of patients with
dilared cardiomyopathy. These changes produced unstable, short
myofilaments following defective assembly of the myosin thick
filamencs (27, 28). Our preliminary data also revealed that the pro-
tein expression of cardiac-MLCK and the extent of MLC2v phos-
phorylation were remarkably decreased in failing myocardia of
trans-aortic constriction mice compared with those of sham-oper-
ated mice. Previous reports and our present results suggest that
cardiac-MLCK may be upregulated to compensate for the lower
expression and reduced phosphorylation of MLC2v. As a possible
therapeutic modality in patients with CHF, upregulation of car-
diac-MLCK may promote sarcomere reassembly and enhanced
contractility of the failing heart.

Methods

Animals. All procedures were performed in conformity wich the Guide for
the care and use of laboratory animals (NIH publication no. 85-23, revised
1996) and were approved by the Osaka University Committee for Labora-
tory Animal Use.
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Materials. We used commercially available anti-FLAG-M2 antibody and
ant-FLAG-M2 affinity gel (Sigma-Aldrich), monoclonal mouse anti-tro-
ponin T cardiac isoform antibody (NeoMarkers), monoclonal mouse ano-
human desmin Antibody (Dako Corp ), and polyclonal goat anti-at-acunin
(N-19) antibody (Santa Cruz Biotechnology Inc.). Epinephrine hydrochlo-
ride was purchased from Sigma-Aldrich. We also generate ReMK, anti-
human smMLCK, tMLC, and p-s15MLC.

Microarray analysis. For microarray analysis, 2 RNA samples of human
normal myocardium and 12 samples of failing myocardium were used.
Failing myocardium samples were obtained from severe CHF patients by
Batista or Dor operation after obtaining the patients’ written informed
consent. PAP was measured 2-4 weeks before the operation, and ejection
fraction (EF) was measured by echocardiography the day before the opera-
tion. Normal samples were purchased from Biochain Inc. Cardiac gene
expression was determined using the HG-U95 Affymetrix GeneChip. All
expression data were normalized by global scaling and analyzed by Gene-
Spring software (Agilent Technologies). All expression data were normal-
ized per gene and analyzed after removing noise and unreliable data. PAP,
EF, and BNP values were normalized to their median values, and the cor-
relation between gene expression and the clinical parameters was evalu-

Table 3
Hemodynamic and echocardiographic characteristics of Ml and
sham-operated rats

Sham Mi P
LVSP (mmHg) 126.8 + 10.9 125.5+£11.0 NS
HR (bpm) 4154104 407.6£23.0 NS
Max dP/dt (mmHg/s) 9,440 + 644 5,845+ 1,156 <0.01
LVEDP (mmHg) 3210 205182 <0.01
LvDd (mm) 6.8+05 98+03 <0.01
FS (%) 440:78 12.0+3.1 <0.01

Values are mean = SEM. n = 5 (sham); 8 (Ml). LVEDP, LV end-diastolic
pressure; LVSP, LV systolic pressure; HR, heart rate; Max dP/dt, LV
peak rate of change in pressure during isovolumic contraction.
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ated. To further select genes that are expressed almost exclusively in hearr,
expression values for the candidace genes were retrieved in 24 major tis-
sues for analysis from GeneExpress database (Gene Logic Inc.) containing
GeneChip expression profiles of human samples.

RNA extraction, RT-PCR, and quantification. Rat ssues (20-50 mg) and
zebrafish embryos at 72 hpf were homogenized in 1 ml RNA-Bee reagent
(Tel-Test Inc.), and total RNA was isolated and converted to cDNA using
Ommscripe RT kit (QIAGEN) according to the manufacturer’s instructions.
Specific primers to amplify rac ANP, § myosin heavy chain, cardiac-MLCK,
and GAPDH mRNA were purchased from Applied Biosystems. Quanrirative
RT-PCR reactions were run in duplicate using the ABI Prism 7700 Sequence
Detector System (Applied Biosystems). The level of each transcript was
quantified by the threshold cycle (Cr) method using GAPDH as an endog-
enous control. For RT-PCR, specific primers that cover the region of targer-
ed exons were designed to amplify the transcripts of z-cardiac-MLCK and
z-MLC2v. See Supplemental Methods for primer sequences.

Northern blot analysis. Commercially available human mulriple tissue
Northern blot and polyA® RNA of human heart and skeletal muscle were
purchased from Clontech. Each polyA* RINA was reverse transcribed
and amplified using an Ommscript RT kit (QIAGEN) according to
the manufacrurer’s protocol. Hybridization probes of human cardiac-
MLCK and smMLCK were amplified by PCR from ¢cDNA of human
heart, and a hybridization probe of human skMLCK was amplified by
PCR from ¢DNA of human skeletal muscle. Membrane was hybridized ro
32p-labeled probe in Rapid-Hyb buffer (Amersham Bioscience) ac 65°C
for 1 hour. Final wash conditions were 0.1x SSC with 0.1% SDS at 65°C
for 5 minutes. Hybridized membrane was visualized by autoradiography
using the BAS system (Fuji).

Preparation and transfection of adenovirus constructs. Adenovirus constructs
were generated using ViraPower Adenoviral Expression System (Invitrogen)
essentially as instructed by the manufacturer. Adenovirus vectors encoding
murine cardiac-MLCK and LacZ were infected to cultured cardiomyocytes
for 12 hours in various MOls. Protein collection and immunostaining were
performed 48 hours after adenovirus infection.

Identification of the substrate of cardiac-MLCK. Recombinant cardiac-MLCK
was expressed in HEK293T cells as FLAG-tagged protein. HEK293T cells
expressing FLAG-ragged cardiac-MLCK were lysed wich cell lysis butfer
(20 mM MOPS, pH 7.0, 0.15 M NaCl, 10% glycerol, and 1% CHAPS) and
recombinant cardiac-MLCK was purified by immunoprecipitation using
anti-FLAG-M2 affinity gel (Sigma-Aldrich). Hearts dissected from male
C57BL/6 mice (10-12 weeks of age) were mechanically homogenized
using a Polytron homogenizer in 10 ml of tissue lysis buffer (30 mM
MOPS, pH 6.8, 5% glycerol, 0.1% 2-mercaptoethanol, and 1 mM EGTA).
Lysate was centrifuged for 40 minutes at 100,000 g, and 9 ml of super-
natant was collected. Murine heart extracts were then applied to SP650
cation exchange column. The column was equilibrated with elution buf-
fer A (30 mM MOPS, 5% glycerol, 0.1% 2-mercaptoechanol) at pH 6.8,
and the extracrs were eluted with a linear gradient of NaCl (0-0.5 M) at a
flow rate of 1 ml/min. Each 1-ml fraction collecred was incubated for 30
minutes with activated recombinant cardiac-MLCK, commercally avail-
able recombinant calmodulin (Upstate), 2 mM CaCl;, and [y-P*]ATP and
then subjected to SDS-PAGE. After drying, the gel was autoradiographed
and visualized with BAS (Fuji). The fractions containing 20-kDa substrate
{fractions 10 and 11) labeled wich [y-P3]ATP were pooled and applied roa
phenyl-RPLC column (5Ph-AR-300; nacalai tesque) equilibrated with 0.3%
trifluoroacetic acid and 5% acetoritrile. Fractions were elured with a linear
gradient of 100% acetonitrile at flow rate of 1 ml/min. After separation
with SDS-PAGE, the gel was simultaneously silver stained and autoradio-
graphed. After idenufying the 20-kDa substrate with silver-scained gel, the
bands were excised from the gel, and proteins were identified by macrix-
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assisted laser desorption/ionization-time-of-flight mass spectrometry and
peptide mass fingerprinting.

Preparation of cultured neonatal vat cardiomyocytes and gene silencing via RNA
interference. Primary cultures of neonaral cardiomyocytes were prepared
from Wistar racs as described previously (29). Cardiomyocytes were cul-
tured in DMEM (Sigma-Aldrich) supplemented with 10% FBS (Equirech-
Bio). At 6 hours after isolation of cardiomyocytes, cells were transfected
with siRNAs (100 nmol/1) using Optifect reagent (Invitrogen) according to
the manufacturer’s instructions. Both si-cMK (see Supplemental Methods)
and sismMK (see Supplemental Methods) were purchased from B-bridge.
As a negarive control, cells were transfected wich siControl Non-Targering
siRNA#1 (B-bridge). Isolation of mRINA was performed at 24 hours after
transfection and protein experiments were performed at 72 hours after
transfection. For immunostaining, the same procedures of siRNA transfec-
tion were performed in one-fifth scale on Lab-Tek Chamber Slides (nunc).

Cloning of z-cardiac-MLCK. We generated an adult zebrafish cDNA
library in Lambda Zap II (Stratagene) using polyA® RNA from adult
zebrafish. The cDNA library was screened with the probe designed ro the
5’ side in the ORF of the putative zebrafish ortholog of cardiac-MLCK
sequence. Positive phage clone was determined by using phage plaque
screen method and single clone excision protocol according to the man-
ufacrurer’s instructions (Stratagene).

Gene accession numbers. DDBJ accession numbers for the zebrafish MLCK
family were as follows: cardiac-MLCK, AB267907; smMLCK, AB267908;
skMLCK, AB267909.

Whole-mount in situ hybridization. The digoxigenin-labeled antisense and
sense RNA probes (see Supplemental Methods) were transcribed using SPé
and T7 RNA polymerase. Zebrafish embryos at 24 and 48 hpf were fixed
with 4% paraformaldehyde, digested with proreinase K, and hybridized
with each probe at 68" C. Alkaline-conjugared ant-digoxigenin antibody
was used to decect the signals. After staining, embryos were refixed with
4% paraformaldehyde and stored in PBS.

Injectzon of MO. All MOs were synthesized by Gene-Tools. At cell stages
1-4, 4-10 ng of these MOs were injecred inco zebrafish embryos. Several
daca were collected before the 96-hpt stage. Sequences of MOs are available
in che Supplemenral Methods.

Analysis of zebrafish cardiac histology and cardiac function. We studied hearrs
of control mock-injected zebrafish embryos and z-cMKaugMO-injected
zebrafish embryos at 72 hpf by routine histopathology including crans-
mission eleccron micrography. To visualize the mortion of zebrafish car-
diac ventricle, the SAG4A strain of zebrafish, which specifically expresses
GFP in its cardiac ventricular wall (14), was applied to MO-mediared
gene knockdown experiments. GFP-expressed control mock-injected and
z-cMKaugMO-njected zebrafish hearts at 72 hpt were imaged with Leica
digital camera DFC 350 FX on a Leica MZ 16 FA fluorescence stereomi-
croscope. Acquired images were compiled as digital movie files using Leica
FW4000 software. Each recorded movie was converted to M-mode tmage
using our origmal sofrware, and Dd, Ds, FS, and hearrt rate were measured
from the M-mode umages. '

Experimental protocols of rats. Male Wistar rats (0 days, 1 week, 2 weeks, and
10 weeks for mRNA and protein expression analysis; 8 weeks for production
of MI racs; Japan Animals) were used in these experiments. MI was induced
by permanent ligation of the left anterior descending corenary artery as
previously described (29). The same surgical procedure was performed in
a sham-operated group of rats except that the suture around the coronary
artery was not tied. Isolarion of rotal RINA was performed ar 4 weeks after
the onset of MI from noninfarcted myocardiums of resecred LVs.

Statistics. Stacistical analysis was performed using Mann-Whitney U test
and single regression analysis. Data are presented as mean + SEM. A Pvalue
less than 0.05 was considered significant.
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Overexpression of Mitochondrial Peroxiredoxin-3 Prevents
Left Ventricular Remodeling and Failure After Myocardial
Infarction in Mice

Shouji Matsushima, MD: Tomomi Ide, MD, PhD; Mayumi Yamato, PhD: Hidenori Matsusaka, MD:
Fumiyuki Hattori. PhD: Masaki Ikeuchi. MD: Toru Kubota. MD, PhD: Kenji Sunagawa, MD, PhD:
Yasuhiro Hasegawa, PhD: Tatsuya Kurihara. PhD: Shinzo Oikawa, PhD:

Shintaro Kinugawa, MD. PhD: Hiroyuki Tsutsui. MD. PhD

Background—Mitochondrial oxidative stress and damage play major roles in the development and progression ot left
ventricular (LV) remodeling and failure atter myocardial infarction (MI). We hypothesized that overexpression of the
mitochondrial antioxidant. peroxiredoxin-3 (Prx-3). could attenuate this deleterious process.

Methods and Results—We created M1 in 12- 1o 16-week-old, male Prx-3-— transgenic mice (TG+HMI. n=37) und
nontransgenic wild-type mice (WT+MIL n=39) by ligating the left coronary artery. Prx-3 protein levels were 1.8 times
higher in the hearts from TG than WT mice. with no significant changes in other antioxidant enzyimes. At 4+ weeks after
ML LV thiobarbituric acid-reactive substances in the mitochondria were significantly lower in TG+ M1 than in W +MI
mice (mean®SEM, 1.520.2 vs 2.2+0.2 nmol/mg protein: n=8 cach. P<0.05). LV cavity dilatation and dystunction
were attenuated in TG+MI compared with WT+MI mice. with no significant differences in infarct size (56+1% vy

5521%: n=6 cach. P=NS) and aortic pressure between groups. Mean LV end-diastolic pressures and lung weights in
TG+MI mice were also larger than those in WT+sham-operated mice but smaller than those in WT+MI mice.
Improvement in LV function in TG+MI mice was accompanied by a decrease in myocyte hypertrophy. interstitial
fibrosis, and apoptosis in the noninfarcted LV. Mitochondrial DNA copy number and comiplex enzyme activities were
significantly decreased in WT+MI mice. and this decrease was also ameliorated in TG+MI mice.

Conclusions—Overexpression of Prx-3 inhibited LV remodeling and failure after ML T herapies designed to interfere with
mitochondrial oxidative stress including the antioxidant Prx-3 might be heneficial in preventing cardiac failure.
(Circulation. 2006;113:1779-1786.)

Key Words: antioxidants m free radicals m heart failure m myocardial infarction m remodeling

E\pclimcnlnl and clinical studies have demonstrated ex- in cooperation with thiol and peroxynitrite © In mammals, 6
cessive generation of reactive oxygen species (ROS) in distinet. Prxc family members have been identified (Prx-1
failing hearts.'” Among the potential sources of ROS within through -6). Among the Pras. Pra-3 s unique because it is
the heart. mitochondrial electron transport produces superox- localized specifically within the mitochondria.” Furthermore
ide anion (-0.7) in this disease state.” Furthermore. increased in vivo transfer of the Pry-3 gene protected neurons against
ROS leads 10 mitochondrial DNA (mtDNA) damage and cell death induced by oxidative stress.® These beneficial
dysfunction. '™ Therefore, the intimate link between mito- characteristics make Pra-3 an important candidate for therapy
chondrial oxidative stress, miDNA decline. and mitochon- against LV failure alier ML in which ROS production has
drial dysfunction plays an important role in the development been demonstrated to be increased within the mitochondria, !
and progression ol left ventricular (LV) remodeling and Although several previous reports showed the beneficial
failure that occur after myocardial infarction (MI), cffects of antioxidants on heart failure " ' no swdy has ever

heen performed to specifically examine the protective role of
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Prx-3 To address these questions, we created tansgenic (TG)

Peroxiredoxin-3 (Prx-3) is a mitochondrial antioxidant mice containing the rat Pr-3 gene, Rat Prv-3-TG mice and
protemn and member of the Pra family that can scavenge H.O). their wild-type (WT) littermates were randomized to receive

Received August 10, 2005 revision received Tanuary 26, 2006: aceepted February 202006

From the Department of Cardiovascular Medicine. Graduate School of Medical Sciences (SM. T HM. M. TK. K.S.. and the Department of
Redox Medicinal Science. Graduate School of Pharmaceutival Sciences iINLY 1, Kyushu University., Fukuoka Biomedical Rescarch Laboratories (FH.,
Y H. TR S5.00. Daiichi Suntory Pharma Co. Lid. Osaka: and the Department of Cardiovascular Medicing (5.K. HT.). Hokkaido 1 nversity Graduoate
School of Medicine. Sapporo. Japan

Correspondence 1o Hiroyuki Tsutsui. MD. PhD. Department of Cardioviseular Medicine. Hokkaido Universit v Graduate School of Medicine. Kita- 15,
Nishi-7. Kit-koo Sappora 060-8638. Japan. E-mail hisutsui@ med. hokudai i in

O 2006 American Heart Association. Ing

Circulation is available at hitp:/www circulationaha.org DOL 106 /CTRCULATION AHALT05,382239

Downloaded from circ ahajoumals.org at FIRPRKAIDO U MED D on February 18, 2008

~ 10—



1780 Circulation April 11, 2006

cither o large transmural MI induced by coronary artery
ligation or sham operation,

Methods

Generation of TG Mice

The rat Pra-3 ¢DNA fragment including the entire apen reading
trame from nucleotide 5 to 802 was amplitied by polymerase chain
reaction (PCR) and cloned into pCRIT (Invitrogen. Carlsbad. Calif).
An expression vector for Pri-3 was constructed with pQBI23
(TaKaRa). and the gene for green fluarescent protein was removed at
the site of Nael-BamHL A cytomegalovirus promoter—driven ex-
pression cassette containing rat Pry-3 ¢cDNA in the sense orientation
was puntfied by ultracenmrifugation with CsCl. The pronuclei of
terulized egps from hyperovulated C57BL/6) mice were randomly
micromjected with this DNA construct. Tail clips and a PCR
protocol to confirm the genotype were performed by one group of
mvestigarors. Homozygous TG mice and CS7TBL/6] WT mice were
wed at 12w 16 weeks of age. The study was approved by our
institutional animal research committee and confarmed 1o the animal
care gwidelines of the Amercan Physiological Society.

Creation of MI

We created Ml in 12- to 16-week-old. male TG mice (TG+MI) and
nontransgenie WT littermates (WT+MI) by hgating the left coro-
nary arterv. Sham operation without coronary artery ligation was
also performed in WT (WT+sham) and TG (TG+sham) mice. This
assignment procedure was performed with the use of numeric codes
to wentify the animals.

Prx-3 Protein

Pra-3 protein levels were analyzed in cardiac tissue homogenates by
Western blot analysis with a monoclonal antibody against rat Pry-3.
Our preliminary studies revealed that this antibody against rat Prx-3
cross-reacted with mouse Pra-3 as a single band of 25 kDa. In brief.
the LV tissues were homogenized with lysis buffer (20 mmol/L
Tris-HCL | mmol/L. EDTA. 1 mmol/L. EGTA. and | mmol/L
phenylmethylsulfonylfluonide: pH 7.4). After centrifugation. equal
amounts of protein (5 pe proteinflane ). estimated by the Bradford
method with a protein assay (Bio-Rad. Hercules. Calif). were
elecrrophoresed on a 15% sodium dodecyl sulfate—polyacrvlamide
gel and then electrophoretically wansferred to a nitrocellulose mem-
brane (Millipore. Billerica. Mass). After being blocked with 3%
nonfat milk in phosphate-buffered saline (PBS) containing (1.05%
Tween 200at 4°C for | hour. the membrane was incubated with the
first antihody and then with the peroxidase-linked second antibody
tAmersham Pharmacia. Uppsala. Sweden). Chemiluminescence was
detected with an enhanced chemiluminescence Western blot detec-
ton Kit (Amersham Pharmacia) according to the manufacturer’s
recommendation.

To futher ussess the subcellular localization of Prx-3 protein.
mitochondrial and cyvtoplasmic fractions were prepared from LVs
and subjected to Western blot analysis. In brief. the LV tissues were
homogenized at 4°C for | ninute in 6 volumes of buffer consisting
of 10 mmol/L HEPES-NaOH (pH 7.4). 1 mmol/L disodium EDTA.
and 230 mmol/L sucrose. The homogenate was centrifuged at 4°C
and 3000¢ for 10 minutes to remove any nuclear and myofibrillar
debris. and the resultant supernatant was centrifuged at 10 000 ¢ for
1) minutes to separate any cardiac subcellular fractions. The super-
natant was used for the cytoplasmic fraction assay. To isolate the
mitochondrial fraction. the pellet was resuspended at 4°C in a buffer
consisting of 10 mmol/L HEPES-NaOH (pH 7.4). 1 mmol/L sodium
EDTA. and 250 mmol/L sucrose and was washed 3 times with the
same butfer. Murine antibodies directed toward glyeeraldehyde
3-phosphate dehvdrogenase (GAPDH) and cyviochrome oxidase
(COX) subunit I were also used to verify the integrity of these
subcellular fractions.

Immunohistochemistry

Frozen sections of cardiae issues were incubated in the presence ot
100 nmol/L MitoTracker Red CMXRos ( Molecular Probes. Eugene.
Ore) at 37°C for 20 minues. We did not repeat the freeze/thaw
procedure o avoid the loss of mitochondrial integrity. Afler being
washed with PBS (10 mmol/L. sodium phosphate. pH 7.4, and
150 mmol/L. NaCl). the sections were fixed with 3.7% formaldehyde
for 3 minutes. After being washed. the fixed sections were incubated
with 100-fold-diluted ant-rat Prx-3 antibody (10 we/mL) in PBS at
4°C overnight. Fluorescence images were taken with a confocal laser
scanning microscope (Bio-Rad MRC 1024) with laser beams of 488
and 368 nm tor excitation.

Mpyocardial Antioxidant Enzyme Activities and
Lipid Peroxidation

For the subsequent biochemical studies. the myvocardial tissues with
MI were carefully dissected into 3 parts: one consisting of the
infarcted LV. one consisting of the border zone LV with the
peri-infarct rim (a I-mm rim of normal-appearing tissue). and one
consisting of the remaining noninfarcted (remote) LV, The antioxi-
dant enzymatic activities of superoxide dismutase (SOD). catalase.
and glutathione peroxidase (GSHPx) were measured in the nonin-
farcted LV."" The formation of lipid peroxides was measured 1n the
mitochondrial fracnon isolated from the LV myocardium with use of
a biochemical assay with thiobarbituric acid-reactive substances
(TBARS)."

Survival

A survival analysis was performed in WT +sham (n=15). TG+sham
(n=14). WT+MI (n=39). and TG+MI (n=37) mice. During the
study period of 4 weeks. the cages were inspected daily for deceased
animals. All deceased mice were examined for the presence of Ml as
well as pleural effusion and cardiac rupture.

Echocardiographic and

Hemodynamic Measurements

At 4 weeks after surgery. echocardiographic studies were performed
under light anesthesia with tribromoethanol/famylene hydrate (2.5%
wtvol. 8 ul/g IP) and spontaneous respiration. Two-dimensional.
targeted M-mode tracings were recorded al a paper speed of
50 mm/s. Under the same anesthesia with Avertin. a 1 4F microma-
nometer-tipped catheter (Millar Instruments. Houston. Tex) was
imserted into the right carotid artery and then advanced into the LV
to measure LV pressures. One subset of investigators who were not
imformed of the experimental group assignments performed the
viva LV function studies.

Infarct Size

To measure infarct size 28 days after ML, the heart was excised and
the LVs were cut from apex to base into 3 ransverse seclions.
Five-micron sections were cut and stained with Masson's trichrome.,
Infarct length was measured along the endocardial and epicardial
surfaces 1 each of the cardiac sections. and the values from all
specimens were summed. Infarct size (as a percentage) was calcu-
lated as total infaret circumference divided by total cardiac
circumference. '

In addinon. to measure infarct size after 24 hours (when most
animals were stll alive). a separate group of animals including
WTHMI (n=5) and TG+MI (n=3) mice was created by ligating the
left coronary artery according to the same methods described earlier.
After 24 hours of coronary artery ligation. Evans blue dye (1% ) was
pertused into the aorta and coronary arteries. and tissue sections were
weighed and then incubated with a 1.5% tnphenyltetrazolium chlo-
ride solution. The infarct area (pale). the area at risk (not blue ). and
the total LV area from euch section were measured.'* In our
preliminary study. we confirmed excellent reliability of infarct size
measurements. in which a morphometric method similar o that
performed in this study was used. The intraohserver and interob-
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server vanabihues between 2 measurements divided by these means.

expressed s a percentage. were each <3%.

Myocardial Histopathology and Apoptosis

Myocyte crosssectonal area and collagen volume fraction were
determmned by quantitative morphometry of tissue sections from the
mid-LV. To detect apoptosis. tissue sections trom the mid-LV were
stamed with terminal deoxynucleotidy| transterase—mediated dUTP
nick end-labehng (TUNEL) staming. The number of TUNEL-
positive cardiac myocyte nuclei was counted. and the data were
normalized per 107 total nucler idennhed by hematoxvhin-positive
staining in the same sections. The proportion of apoptotic cells was
counted in the noninfarcted LV, We further examined whether
apoptosis was present by the more sensitive heanon-mediated PCR
fragmentation assays (Maxim Biotech. Inc. Rockville. Md),

mtDNA Copy Number

DNA was exvacted from cardiac fissues. and a Southern blot
analysts was performed to measure the mDNA copy number. as
desenbed carlier. Primers tor the miIDNA probe coresponded to
nucleotides 2424 o 3603 of the mouse mitochondrial genome. and
those tor the nuclear-encoded mouse 188 rRNA probe corresponded
to nucleotides 435 to 1931 of the human 185 rRNA genome, The
MIDNA levels were normahzed to the abundance of the 18S rRNA
gene run on the same gel.

Mitochondrial Complex Enzyme Activity

The specific acnvity of mitochondrial electron transport ¢chain
complex T (rotenone-sensitive NADH-ubiquinone oxidoreductiase).
complex I (succinate-ubiquinone oxidoreductase). complex 1
tubiquinol-cytochrome ¢ oxidoreductase). and complex IV (cyto-
chrome ¢ oxidase) was measured in myocardial tissues according o
methods described previously ! All enzymatic activities were ex-
pressed as nanomoles per minute per milhgram proten

Plasma TBARS

The formanon of TBARS in peripheral blood samples from WT+ M|
and TG+MI mice was measured by a fluorometnc assay. as
described previously.'* In brief. 100 gL of whaole blood was mixed
with I mL of saline and cenmifuged at 3000g for |5 minutes. The
supernatant was mixed with VioN H.80 and 109 phosphotungsiie
acid. and the mixture was centnfuged. The sediment was suspended
in distilled water. 0.3% thiobarbiturie acid. and 0.1% butylated
hydroxvisluene. The reaction mixture was then heated at 100°C to
60 minutes in an o1l bath. After being cooled with tap water. the
mixture was extracted with - -butanol and centrifuged at 1600g for 15
minutes. The fluorescence intensity of the organic phase was
measured by spectrofluorometry with a wavelength of 510-nm
excitaton and  330-nm emmssion, Malondialdehvde  standards
(Siema Aldrch. St Louis. Mo) were included with each assay batch.
and plasma TBARS were expressed as micromoles per gram of
plasma protein in reference 1o these standards.

Statistical Analysis
Data are expressed as mean£SEM. Survival analysis was performed
by the Kaplan-Meter method. and between-group differences in
survival were tested by the log-rank test.’A between-group compar
1san of means was performed by T-way ANOVA. followed by 7tests.
The Bonterroni correction was applied for muluple comparisons of
means. P<O.05 was considered statistically significant

The authors had full access 1o the data and tuke full responsibilin
for their integrity. All authors have read and agreed to the manuscript
as written

Results
We investigated 4 groups of mice. WT+sham (n=15).
TG+sham (n=14), WT+MI (n=39). and TG+MI (n=37).
in the present study. A survival analysis was performed for all
ol these mice. Subsequent echocardiographic and hemody-
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Figure 1. A. Representative Western blot analysis of Prx-3 pro-
tein levels (upper panels) and summary data (lower panels) in
hearts from WT+sham, TG+sham, WT+MI, and TG+MI mice
(n=6 each). Total protein extracts from the hearts were probed
with a monoclonal antibody against rat Prx-3. The antibody rec-
ognized both rat and mouse Prx-3 as a single band of 25k Da.
Data were obtained by densitometric quantification of the West-
ern blots. Values are expressed as the ratio to the WT +sham
value and mean£SEM. "P<0.05 for the difference from the ratio
to WT +sham values. B, Localization of Prx-3 to mitochondria
(mito). Westemn blot analysis of mitochondrial and cytoplasmic
(cyto) fractions that were probed with antibodies directed
toward Prx-3 as well as specific mitochondrial and cytoplasmic
markers: GAPDH was detected in the cytoplasmic but not the
mitochondrial fraction, and COX subunit | was detected in the
mitochondrial but not the cytoplasmic fraction. Importantly.
Prx-3 proteins were detected only in the mitochondrial fraction
but not in the cytoplasmic fraction. C. Myocardial tissue sec-
tions from TG mice were doubly stained with MitoTracker dye
(red) and a rat Prx-3-specific antibody (green). Immunoreactivity
for Prx-3 was observed in the cytoplasm of cardiac myocytes.
The merged images show that Prx-3 colocalized with the mito-
chondria (yellow). Scale bar=10 um.

namic measurements were performed in the 4-week survi-
vors: 15 WT4sham. 14 TG+sham, 25 WT+MI. and 31
TG+HMI mice. These meuasurements could not be accom-
plished in 4 WT+MI and 5 TG+ MI mice owing to technical
difficultics. Survivor mice were further divided into 2 groups:
those studied Tor subsequent histological analysis, including
infarct size. myocyte size. and collagen volume fraction
measurements as well as TUNEL staining (5 WT+sham. 5
TGHsham, 8 WTH+MIL and 8 TG+MD. and those lor the
biochemical assayv. including antoxidant enzyme’ activity,
Prx-3 protein levels. mitochondrial lipid  peroxidation,
mIDNA copy number. and mitochondnal complex enzyme
activities (8 WT+sham., 8 TG+sham. 8 WT+MIL. and 8
TGHMI). Infarct size was not measured in the mice that died.

Myocardial Antioxidants and TBARS

First. baseline differences in Prx-3 proteins as well as other
antionidant enzyme activities between WT and TG mice were
determined. In TG+sham. there was a significant increase in
Prx-3 protein levels in the LV compared with that of
WT+sham (Figure 1A). Importantly. the antioxidants, in-
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TABLE 1. Characteristics of Animal Models
WT+Sham TG+ Sham WT+MI TG+MI
Antioxidant enzymes
n 7 7 i 7
S0D, U/mg protein 26.4%1.1 27.8x14 25107 239+12
GSHPx, nmol/min per mq protein ~ 741%32 717.726.7 87.8+48 861+42
Catalase. nmol/mg protein 79.9%64 85.0*6.2 87.1=3.5 814x58
Echocardiographic data
n 15 14 21 26
Heart rate, bpm 481=11 451*8 463=13 458 =8
LVEDD, mm 347+005 3.37x008 551x0.13t 49+0.101§
LVESD, mm 2224005 212x0.10 4782013t 4.08%0.101§
Fractional shortening. % 35308 37.0x11 1312061 16.920.61§
Hemodynamic data
n 15 14 21 26
Heart rate, bpm 44714 455x14 453+9 466 +7
Mean aortic pressure, mm Hg 83+3 782 76x2 77%3
LVEDP, mm Hg 2.7x05 25+03 1144151 76+1.0%
Organ weight data
n 15 14 21 26
Body wt, g 26.9+05 27.0+08 27.0%0.3 264+04
LV wt/body wt, mg/g 3.2+01 3.0*01 46+0.3t 44+011
Lung wt/body wt, mg/g 50*0.1 52+0.1 7.6=0.5¢% 6.4+0.3t1
Pleural effusion, % 0 0 43 15%

EDD indicates end-diastolic diameter; ESD, end-systolic diameter; and wt, weight. Values are

mean+SEM.

*P<0.05, 1P<0.01 vs WT+Sham. $P<0.05, §P<0.01 vs WT+MI.

cluding SOD. GSHPx. and catalase activities. were not
altered in the TG heants (Table 1), indicating no effects of
Prx-3 overexpression on other antioxidant enzymes. Second.
the changes in antioxidants after MI were assessed. Prx-3
protein levels were significantly higher in TG+MI than in
WT+MI (Figure 1A) mice. The activities of other antioxidant
cnzymes were not altered in WT+MI or TG+MI compared
with WT+sham animals (Table 1)

The cytoplasmic marker GAPDH was detected exclusively
in the cytoplasmic but not in the mitochondrial fraction,
whereas COX subunit T was detected preferentially in the
mitochondrial but not in the cytoplasmic fraction. This
substantiates the integrity of our cellular fructions. Impor-
tantly. Prx-3 was detected only in the mitochondrial fraction
but not in the cytoplasmic fraction. further confirming that
Prx-3 was localized exclusively in the mitochondria (Figure
IB). In addition. immunohistochemical studies showed a
homogencous Prx-3 distribution in cardiac myocytes that
colocalized with the mouse mitochondnia (Figure 1C). Prx-3
staining showed a relatively spouy pattern. These results
further confirm that the rat Prx-3 transgene is not expressed in
the cytoplasm within the mouse heart. Mitochondrial TBARS
measured in the noninfarcted LV were significantly grcater in
WT+MI compared with sham animals and were significantly
lower in the TG+MI group (Figure 2).

Survival
There were no deaths in the sham-operated groups. Early
operative mortality (within 6 hours) was comparable between

WT+MI and TG+ MI animals (15% versus 7%: P=NS). The
survival rate up to 4 weeks tended to be higher in TG+MI
compared with WT+MI mice. but this difference did not
reach statistical significance (P=0.06 by log-rank test: Figure
3A). Death was suspected to be attributable to heart Tailure
and/or arrhythmia. Five WT+MI (15%) and 2 TG+MI (5%)
mice died of LV rupture (P=NS).

Infaret Size

Infarct size as determined by morphometric analysis 28 days
after MI was comparable (55%1% versus 56+ 1%: P=0.83)
between WT+MI (n=6) and TG+MI (n=6) groups. To
further confirm that overexpression of Prx-3 did not alier
infarct size, both the area at risk and infarct arca were

34

n
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s
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WT TG WT TG
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Figure 2. Mitochondrial TBARS in 4 experimental groups of ani-
mals (=8 each). Values are mean*=SEM. "P<0.05 for difference
from the WT+sham value. 1P<0.05 for difference from the

WT +MI value.
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Figure 3. A, Kaplan-Meier survival analysis. Percentages of sur-
viving WT+MI (n=39) and TG+MI (n=37) mice were plotted.
Between-group difference was tested by the log-rank test. B,
M-mode echocardiograms obtained from WT+sham. TG+sham.
WT+MI. and TG+MI mice. AW indicates anterior wall; PW, pos-
terior wall; and EDD, end-diastolic diameter.

measured i mice 24 hours after coronary artery ligation
Percentages of the LY at risk (risk area/LLV. 51 X3% versus
52%2%: P=0.89) and infarct size (infarct/risk arca, 79+ 1%
versus 78X 1% P=0.13) were also comparable between
WT+MI (n=5) and TG+MI (n=35) animals.

Echocardiography and Hemodynamics

The echocardiographic and hemodynamic data of surviving
mice al 28 days are shown in Figure 3B and Table 1. LV
diameters were significantly larger in WT+MI mice with
respect to WT+sham animals. TG+MI mice displayed less
LV cavity dilatation and greater fractional shortening than did
WT+MI mice. There was no significant difference in heart
rate or aortic blood pressure among the 4 groups ol mice. LV
end-diastolic pressure (LVEDP) was higher in WT+MI than
in WT+sham animals. but this increase was significantly
attenuated in TG+MI mice.

Organ Weights and Histomorphometry
Coincident with an increased LVEDP. lung weight/body
weight was larger in WT+MI mice, and this increase was

attenuated in TGHMI mice (Table 1). The prevalence of

pleural effusion was also lower in TG+MI than in WT+MI
groups. Histomorphometric analysis of noninfarcted LV sec-
tions showed that myocyte cross-sectional arca was greater in
WT+MI mice but was significantly attenuated in TG +MI
mice (Figure 4). Collugen volume fraction was greater in
WT+MI mice. but this change was inhibited in TG+ MI mice
(Figure 4).

Myocardial Apoptosis

There were rare TUNEL-positive nuclei in sham-operated
mice. The number of TUNEL-positive myocytes in the
nomnfarcted LV was larger in WT+MI mice but was
signiticantly smaller in TG+MI animals (Fieure 5A). In
addition. the intensity of the DNA ladder indicated  that
apoptosis in TG+MI animals was decreased compared with
that in WT+MI mice (Figure 5B).
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Figure 4. A, Photomicrographs of Masson trichrome-stained LV
cross sections obtained from WT+MI and TG +MI mice. Scale
bar=10 um. B, Myocyte cross-sectional area and collagen vol
ume fraction in WT+sham (n=5), TG+sham (n=5), WT+MI
(n=8), and TG+MI (n=8) mice. Values are mean*SEM. "P<0.05
for difference from the WT+sham value. 1P<0.05 for difference
from the WT+MI value.

mtDNA and Mitochondrial Complex

Enzymes Activity

Consistent with our previous studies.! miDNA copy number
in the noninfarcted LV from WT+MI animals showed a 365
decrease (P<<0.05) compared with that in sham-operated
mice. which was significantly prevented and was preserved at
normal levels in TG+ MI anmimals (Figure 6).

To determine the effects of mIDNA allerations on mito-
chondnial function. we next measured the mitochondrial
electron transport chain complex enzyme  activities. The
enzymatic activities of complexes 1L and TV were signil
icantly lower in the noninfarcted LV from WT+MI than in
those from WT+sham animals (Table 2). Most important, no
such decrease was observed in TG+MI mice. The enzymatic
activity ol complex Il exclusively encoded by nuclear DNA.
was nat altered in either group. These results indicate that
MIDNA copy number and mitochondrial complex enzymalic
activities are downregulated in the post-MI heart and that
Prs-3 gene overexpression efficiently counteracts these mi

tochondrial deficiencies.

>
o

150+ *%

TUNEL positive myocytes
(counts/10° nuclei)

Sham

Figure 5. A, Numbers of TUNEL-positive myocytes in the nonin-
farcted LV from WT+sham, TG+sham, WT+MI, and TG+MI
mice (n=>5 each). Values are mean+SEM. **P<0.01 for the dif
ference from the WT +sham value. t11P<0.01 for the difference
from the WT+MI value. B, DNA ladder indicative of apoptosis in
the genomic DNA from the LV. M indicates marker; P, positive
control.
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Figure 6. A, Southern blot analysis of mtDNA copy number in
total DNA extracts from the hearts from WT +sham, TG +sham,
WT+MI, and TG+MI mice. Top bands show signals from the
mtDNA fragments, and bottom bands show signals from the
nuclear DNA fragments containing the 18S rRNA gene. B, Sum-
mary data for a Southern blot analysis of mtDNA copy number
in 4 groups of animals (n=8 each). Data were obtained by den-
sitometric quantification of the Southern blots, such as shown in
A. Values are expressed as the ratio to WT+sham values and
mean+SEM. “P<0.05 for the difference from the WT+sham
value. TP<0.05 for the difference from the WT+MI value.

Plasma TBARS

Plasma TBARS were comparable between WT+MI and
TG+MI mice (0.46x0.04 versus 0.54£0.05 wmol/g protein;
P=NS).

Discussion

The present study provides the first direct evidence that
overexpression of mitochondrial antioxidant Prx-3 protects
the heart against post-MI remodeling and failure in mice. It
reduced LV cavity dilatation and dysfunction, as well as
myocyte hypertrophy. interstitial fibrosis, and apoptosis of
the noninfarcted myocardium. These beneficial effects of
Pri-3 gene overexpression were associaled with an attenua-
tion of mitochondrial oxidative stress, miDNA decline. and
dystunction. They were not due to its MI size-sparing effecl
but occurred secondary to more adaptive remodeling.

Mitochondria are the predominant source of ROS in the
fuiling myocardium.! Most of the ‘0.  generated by the
mitochondria is vectorially released into the mitochondrial
matrix. -O,” impairs mitochondrial function by oxidizing the
Fe-S centers of complex enzymes. In addition, -O." s
converted Lo peroxynitrite, an extremely powerful oxidant, as
a result of its reaction with NO produced by mitochondrial
NO synthase. -0, is also converted to H.O- by a specific
intramitochondrial Mn-SOD. Although Mn-SOD  relieves

mitochondrial oxidative stress caused by 0,7, it generates
H.O- and therefore. further enhances a different type of
oxidative stress. H.O. can damage cellular macromolecules
such as proteins. lipids. and nucleic acids. especially after its
conversion to -OH. Morcover. these increased ROS in the
mitochondria were associated with a decreased mDNA copy
number and reduced oxidative capacity owing 1o low com-
plex enzyme activities.* Therefore. chronic increases in mi-
tochondrial ROS production cause muDNA - damage and
dystunction. which thus. can lead 1o a catastrophic cyele of
further oxidative stress and ultimate cellular injury.® This
deleterious process may play an important role in the devel-
opment and progression of myocardial remodeling and fail-
ure.’ Based on these results, mitochondrial antioxidants are
expected to be the first line-of-defense mechanism against
ROS generation in the mitochondria and ROS-mediated
mitochondrial injury and thus. may protect the heart from
adverse remodeling and failure.

Prx-3. which was formerly known as SP-22. or MERS. is
currently identified as a mitochondrial member of the novel
antioxidant proteins designated as Prxs.'s Among 6 known
mammalian Prxs. Prx-1 to -4 require the small redox protein
thioredoxin (Trx) as an electron donor to remove H.O-,
whereas Prx-5 and -6 can use other cellular reductants, such
as GSH. as their electron donor.'® Prx-1, -2, and -6 are found
in the cytoplasm and nucleus,” whereas Prx-3 contains a
mitochondrial localization sequence. is found exclusively in
the mitochondria, and uses mitochondrial Trx-2 as the elec-
tron donor for its peroxidase activity.'” It functions not only
by removing H.O. formed after the SOD-catalyzed dismuta-
tion reaction but also by detoxifying peroxynitrite.® There-
fore. the great efficiency of Prx-3 as an antioxidant shown in
the present study may be attributable to the fact that it is
located in the mitochondria and can utilize lipid peroxides as
well as H-O- for substrates. In fact. overexpression of Prx-3
has been shown to protect thymoma cells from apoptosis
induced by hypoxia. a bolus of peroxide. or an anticancer
drug.™ Moreover, Prx-3 overexpression has been reported to
protect rat hippocampal neurons from excitotoxic injury ¥
Prx-3 is also associated with the mitochondna in addition to
the peroxisomes and nucleus. Recently. increased expression
of Prx-5 was found to have protected Chinese hamster ovary
cells from mIDNA damage induced by oxidative stress.™
Therefore. Prx-5 may also exert beneficial effects against
mitochondrial oxidative stress in post-MI hearts.

GSHPx also catalyzes the reduction of H.O.. In fact. our
previous studies demonstrated that overexpression of GSHPx

TABLE 2. Mitochondrial Complex Enzyme Activities

WT+Sham TG+Sham WT+MI TG+MI
n 7 7 7 7
Complex |, nmol/min per mg protein 2B2+26 265=38 159+25* 287 + 16t
Complex I, nmaol/min per mg protein 770+70 718+93 711+85 726+128
Complex IIl, nmol/min per mg protein 505%11 470 +31 36720 451 +21¢
Complex IV. nmol/min per mg protein 1223+37 117534 744 +68" 939+541

Values are mean+SEM.
‘P<0.05 vs WT+sham: tP<0.05 vs WT +Ml.
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inhibited LV remodeling and failure after MI.'* However.
GSHPx is located predominantly in the cytosol. and only a
small proportion (=10%) is present in the mitochondria.™
Therefore. it remains unclear whether the beneficial effects of
GSHPx overexpression on post-MI hearts were attributable (o
an increase of this enzyme in the cytosol. the mitochondria. or
both. The specific localization of Prx-3 in the mitochondria
suggests that mitochondrial oxidative stress plays an impor-
tant role in the development and progression of heart failure,
and antioxidants localized specifically within the mitochon-
dria provide a primary line of defense against this discase
process.

A growing body of evidence suggests that ROS play a
major role in the pathogenesis of cardiac failure. Further-
more. antioxidants have been shown 1o exert protective and
beneficial effects against heart failure.' > A previous study
from our laboratory demonstrated that dimethylthiourea im-
proved survival and prevented LV remodeling and failure
after ML However. the most effective way to evaluate the
contribution of any specific antioxidant and obtain direct
evidence of an adverse role for ROS in heart failure is through
gene manipulation, Therefore, the present study not only
extends the previous observation that used antioxidants but
also reveals the major role of mitochondrial oxidative stress
in the pathophysiology of post-MI remodeling and failure.

The beneficial effects of Prx-3 overexpression shown in
the present study were not due to its MI size-sparing effect.
because there was no statistically significant difference in
infarct size between WT+MI and TG+MI mice. Further-
more, its effects were not attributable to - hemodynamics
because blood pressures and heart rates were not altered
(Table ). Importantly, it is also unlikely that these elfects
were caused by the altered expression of antioxidant enzymes
other than Prx-3 (Table 1). Moreover. the beneficial effects of

Prx-3 overexpression were not due to systemic induction of

antioxidant defenses. This possibility is less likely because
plasma TBARS were comparable between WT+MI and
TG+MI mice. Nevertheless. we cannot completely exclude
the possibility that the systemic effects of Prx-3 induction
might also have contributed to this phenotype because this
TG is not heart-specific,

There may be several factors contributing to the protective
effects conferred by Prx-3 overexpression on post-MI remod-
cling and failure. First. recent studies have demonstrated that
a Tre-related antioxidant system is closely associated with the
regulation of apoptosis. probably through quenching of ROS
and redox control of the mitochondrial permeability transition
pores thal release evtochrome 2% A 'subtle increase in ROS
caused by partial inhibition of SOD results in apoptosis in
isolated cardiae myocytes ™ Previous studies have demon-
strated that apoptosis appears not only in infarcted but also in
noninfarcted myocardium after ML Specifically. apoptosis
oceurs in the nominfarcted LV late after MI. This is un
intriguing observation, in light of the remodeling process
known to occur within the noninfarcted area. which s
characterized by the loss of myocytes and hypertrophy. In
lact. recent studies have suggested cardiac myacyte apoptosis
contributes o LV remaodeling after ML Imporantly.
increased oxidative stress occurs concomitantly with in-
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creased cardiac myocyie apoptosis within the noninfurcted
area. This is a provoking observation. because oxidutive
stress is a powertul inducer of apoptotic cell death.”™ The
present study suggests that the coexistence of oxidative stress
and myocyie apoptosis in the noninfarcted LV alter MI is
causally related. Oxidative stress may mediate myocyte
apoptosis. which may lead 1o myocardial remodeling and
failure. Therefore. the decreased mitochondrial oxidative
stress due to Prx-3 overexpression could contribute to the
amelioration of apoptosts (Figure 5) and eventual post-MI
cardiac fuilure. Second. Pra-3 overexpression prevented the
decrease in mIDNA copy number (Figure 6) as well as
mitochondrial complex enzyme activities (Table 2). Our
previous studies have demonstrated an intimate link between
MIDNA damage. increased lipid peroxidation, and a decrease
in mitochondrial function. which might play a major role in
the development and progression of cardiae ailure., !

There are several issues to be acknowledged as limitations
of this study. First. the differences between WT+MI and
TGAMI groups in their echocardiographic measurements are
not remarkable, even though they are statistically significant
(Table 1). However. our previous study showed that the
intraobserver and interobserver variabilities in our echocar-
diographic measurements for LV dimensions were small. and
measurements made in the same animals on separate days
were highly reproducible.'™ Therefore, these values are con-
sidered o be valid. Second. longer-term follow-up data are
not available for the animals in the current study. We
theretore could not determine whether the differences be-
tween WT+MIand TG+MI groups scen in the present study
were more or less significant at later time  points. when
additional LV remodeling would have been expected 1o
oceur,

In conclusion, Prx-3 overexpression inhibited the develop-
ment of LV remodeling and failure alter ML which was
assoctated with an atenuation of myocyte  hypertrophy.
apoptosis. and interstitial fibrosis, I also ameliorated mito-
chondrial oxidative stress as well as miDNA decline and
mitochondnial dysfunction in post-MI hewrts, Therapies de-
signed (o interfere with mitochondrial oxidative stress could
be beneficial 1o prevent heant failure after MI.
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CLINICAL PERSPECTIVE

A growing body of evidence suggests that oxidative stress. an excess generation of reactive oxygen species (ROS). plays
a major role in the pathogenesis of heart failure. Furthermore. antioxidants have been shown to exen protective and
beneficial effects against this process. Recent studies have suggested that mitochondria are the predominant source of ROS
in the failing heart. and mitochondrial antioxidants are expected to be the first line of defense against mitochondrial
oxidative stress—mediated myocardial injury. The present study demonstrated that overexpression of peroxiredoxin-3
(Prx-3) inhibited cardiac remodeling and failure after myocardial infurction (MI) created by ligation of the left coronary
artery in mice. Prx-3 contains a mitochondrial localization sequence. is found exclusively in the mitochondria, and uses
mitochondrial thioredoxin (Trx)-2 as the electron donor for its peroxidase activity. It functions not only by removing H.0,
formed after the superoxide dismutase (SOD)-catalyzed dismutation reaction but also by detoxifying peroxynitrite.
Therelore, the great efficiency of Prx-3 as an antioxidant shown in the present study may be attributable to the fact that
it is located in the mitochondria and can utilize lipid peroxides as well as H,O, for substrates. The present study not only
extends previous investigations that used antioxidants but also reveals a major role for mitochondrial oxidative stress in the
pathophysiology of postinfurct heart failure. Therapies designed to interfere with mitochondrial oxidative stress by using
antioxidant Prx-3 might also beneficial in preventing clinical heart failure.
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Objectives We investigated the clinical utllity of B-type natriuretic peptide (BNP) assay in stable outpatients with non-

Ischemic dllated cardlomyopathy (NICM) after decompensated heart fallure (HF)

Background Patients with NICM admitted for decompensated HF frequently experience sudden death or redecompensation
after hospltal discharge. The prognostic value of BNP during hospitalization has been demonstrated. However,

clinical utility of BNP in stable outpatient setting has been poorly Investigated.

Methods Eighty-three NICM outpatients who were clinically stable In New York Heart Association functional class 1 to 2 for 6
months after discharge for decompensated HF were enrolled, and then followed for an additional 18 months
The main end point was first readmission for decompensated HF or death. B-type natriuretic peptide levels were measured

at 3-month Intervals from discharge to enroliment, and echocardiographic dimenslons at discharge and enrollment.

Results Mean discharge BNP level was 210 * 148 pg/ml. Twenty-eight patients were readmitted for decompensated HF
or suddenly died at a median time of 11 months from the time of discharge. Among various variables Including
BNP measurements, clinlcal parameters and echocardiographic dimenslons, 8 6-month post-discharge BNP of
=190 pg/ml was most closely assoclated with combined event in the Cox proportional hazards model (hazard
ratlo 2.29; 95% confidence Interval 1.42 to 3.56; p = 0.0005), and had the best discriminatory power (area un-

der the recelver operating characteristic curve 0.91, sensitivity 36%,; specificity 76%).

Conclusions Even in stable low-risk outpatients with NICM at 6 months after hospital discharge for decompensated HF, BNP
assessment predicts a long-term risk of redecompensation. (] Am Coll Cardiol 2008,51:2329-35) © 2008 by

the American College of Cardiology Foundatlon

Decompensated heart failure (HF) is a critical complication
of nonischemic dilated cardiomyopathy (NICM). Outcome
in those patients hospitalized for decompensated 11F is

See page 2336
often poor, and may include readmission for subsequent 1IF

or sudden death (1-3). A simple biomarker as a prognostic
predictor, thus, has been sought.
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B-type natriuretic peptide (BNP) is secreted from the
overloaded left ventricle (LV), and the circulating levels
adversely increase i accordance with the degree of LV
wall stretch (4,5). Plasma BNP levels have proven utility
in many settings, including improving the diagnostic
evaluation of acute dyspnea (6,7) as well as the prognostic
evaluation ot I1F patients on both hospital admission and
discharge (8-10). However, the clinical utility of BNP
assay in stable outpatients after decompensated HE has
been poorly investigated. We hypothesized that the
prognostic utility of BNP assav would extend to this
outpatient setting, albeit with lower cutoff pomnts for
high- and low-nisk statuses.

[Here, we examined the relation of BNP ussay with
long-term outcome in stuble outpatients with NICM after
decompensated 11F.
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Abbreviations
and Acronyms

ACEl = anglotensin-
converting enxyme Inhibitor
ARB = angiotensin
receptor blocker

BNP = B-type natriuretic
peptide

Cl = confidence imerval
HF = heart failure

HR = hazard ratho

LADd = left atrial diastolic
dimension

LV = left ventricle/
ventricular

LVDd = left ventricular end-
diastolic dimension

LVEF = left ventricular
ejection fraction

RICM = nonlschemic
dilated cardlomyopathy

NYHA = New York Heart
Association

Methods

Study population. Informed
consent was obtained from all
patients for participation in the
study in accordance with the pro-
tocol, which was approved by the
committee on human investiga-
tion at our institution. Consecu-
tive outpatients with NICM who
were clinically stable in New York
Heart Assoaation (NYHA) func-
tional class 1 to 2 for at least 6
months after hospital discharge
for decompensated IIF were
enrolled.

Admission for decompensated
HF was determined by adverse
cardiac symptoms (NYHA func-
tional class 3 to 4), physical find-
ings (rales and/or S, gallop), and
evidence of pulmonary congestion
or pleural effusion on chest X-ray.

Nonischemic dilated cardiomyop-
athy was diagnosed according to
cardiac information during the hospital course including intact
coronary arteries on coronary angiography and LV systolic
dysfunction (left ventncular cjection fraction [LVEF] of
<40%, LV diffuse wall motion abnormality) with a dilated
nonhypertrophic LV (left ventricular end-diastolic dimension
[LVDd] of =55 cm, postenior wall and interventricular
septum end-diastolic thickness of =1.2 ¢m) on echocardiog-
raphy. Echocardiography and cardiac catheterization showed
moderate regurgitation of mitral and/or tricuspid valve with
the marked dilation of the ventricular cavities in almost all
patients, but did not show findings that indicate the existence
of primary valvular disease, such as prolapse, structural destruc-
tion, extreme calcification, or stenosis.

Discharge criteria were clinically compensated status as
follows: NYHA functional class <3, no sign of rales or §3
gallop, stable blood pressure (systolic blood pressure >90
mm Hg), and improvement in renal failure (serum creati-
nine level <<1.5 mg/dl) as well as in chesr X-ray findings and
HF treatment including beta-blockers, angiotensin-
converting enzyme inhibitor (ACEI), and angiotensin re-
ceptor blocker (ARB), as recommended by the international
guideline (11).

To eliminate the possibility that acute ischemia could

precipitate [F decompensation, patients with coronary
artery disease were excluded.
Study protocol. Various parameters including BNP level
from discharge to enrollment were correlated with outcome.
The attending physician was blinded to the BNP results
until the end of study.

Outpatient investigations including physical examination,
electrocardiogram recording, chest X-ray, and blood sample

JACC vol. 51, Ne. 24, 2008
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measurements were conducted every 3 months after dis-
charge. Entry patients were monitored for 18 months after
enrollment in the same institutes.

The major end point was sudden death or first readmis-

sion for decompensated HF, defined as hospitalization for
decompensated HF. The cause of death was determined
according to autopsy in all those who died.
Plasma BNP and ech i ic measurements. [lasma
was immediately separated from the blood element by
centrifugation at 4°C for the measurement of BNP at
discharge, 3 and 6 months after discharge using a specific
immunoradiometric assay for human BNP (Shionoria,
Osaka, Japan). The minimum detectable quantity of human
BNP is 2 pg/ml. The intra-assay and interassay coelficients
of variation were 5.2% and 6.1%, respectively.

In accordance with the recommendations of the American
Society of Echocardiography, echocardiographic examination
was also performed at discharge and 6 months with a [Hewlett
Packard Sonos 5500 machine (Andover, Massachuserts).
Echocardiography was performed by experienced ultrasonog-
rapher and repeated by the same operator wherever possible.
Left ventricular end-diastolic dimension at the level of the
mitral valve leaflet tips and left atrial diastolic dimension
(LADd) at the beginning of the QRS complex on the
electrocardiography were measured by M-mode echocardiog-
raphy. Left ventricular ejection fraction was estimated by
Simpson's method on 2-dimensional echocardiographs.
Statistical analysis. All values are expressed as mean =
standard deviation. Differences between event-free patients
and combined event patients at baseline were tested by using
the Student ¢ test for continuous variables and the chi-
square test with continuity equation for categoric variables.
Percentage change in BNP level from discharge to subse-
quent assay in each patient was expressed as follows: (BNP
level at 3 or 6 months — BNP level at discharge) X
100/BNP level at discharge. The predictive values of clini-
cal, echocardiographic, and biochemical variables for com-
bined event of all-cause death and readmission for decom-
pensated HF were examined with a Cox proportional
hazards model. To compare the predictive values of the
parameters, receiver-operating characteristics and their area
under the curve were constructed. The beat prognostic
cutoff value for a combined event was defined as that which
had the best cornpromise between sensitiviry and specificity
for predicting readmission or sudden death. Failure curves
were generated by the Kaplan-Meier method, and the
log-rank test was used to compare the incidence rate of a
combined event or readmission alone among the BNP
ranges.

The BNP levels at discharge, 3 and 6 months and
echocardiographic parameters at discharge and 6 months in
readmitted patients or event-free patients were compared by
4 multivariate approach to repeated measures using the
general linear model, to allow correction for the correlation
of repeated observations over tine. Probability was signifi-
cant at the value of p < (.05 level. Statistical analysis was
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performed with [MP 6.0 software for Windows (SAS
Institute Inc., Cary, North Carolina).

Results

Baseline patient charaeteristies. None of the 85 consecu-
tive NICM patients discharged with a clinically compen-
sated status was readmitted for decompensated TIF within
the first 6 months. However, only 2 of those suddenly died
of a cardiac event. Finally, the remaining 83 outpatients
who were clinically stable for 6 months after hospital
discharge were enrolled in this study.

Entry patient characteristics are shown in Table 1. They
were from age 25 to 84 years (mean age 56 = 20 years) and
clinically stable in NYHA functional class 1 to 2 at least
until enrollment. Mean BNP levels were 210 = 148 pg/ml
at discharge, 182 = 158 pg/ml at 3 months, and 191 * 163
pg/ml at 6 months. On echocardiography at discharge, all
patients had a dilated LV (mean LVDd 6.4 = 0.8 cm) and
low LV systolic functon (mean LVEF 31 * 8%), while
mean LVDd and LVEF at entry of 6.2 = 1.0 cm and 37 =
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109, respectively. Other conditions identified in patients
included atrial fibrillation (36%), ventricular tachycardia
(19%), hypertension (11%), or diabetes (9%). Six patients
were implanted with a permanent pacemaker for sick sinus
syndrome (n = 2), atrial fibrillation (n = 2), or intraven-
tricular dyssyncrony (n = 2), and an implantable
cardioverter-defibrillator was inserted in 2 patients during
hospitalization, although 15 patients who had a low LVEF
of <36% with nonsustained or sustained ventricular tachy-
cardia were advised of the need for prophylactic implantable
cardioverter-defibrillator implantation to reduce the nsk of
sudden cardiac death (12). No patients required a mechan-
ical circulatory assist device for decompensated congestive
11F. Beta-blocker together with ACEI or ARB was initi-
ated, and titrated in a clinically compensated status. How-
ever, withdrawal of the beta-blocker was performed in 8
patients early after hospital discharge; because of symptom-
atic hypotension or marked bradycardia (resting heart rate
of <40 beats/min). Among 75 patients with continuous
beta-blocker use, mean dosages of carvedilol and metoprolol

LEUIEEE Basellne Characteristics
Entire Population Event-Free Combined Event
(n = B3) (n = 55) (n = 28) p Yalue
Age, s 5620 56 - 12 60 - 12 0.23
Gender, female, n (%) 24 (29) 14 (25) 10 (34) 022
Disease history, n (%)
Alrial fibrillation 30 (36) 15 (27) 15 (54) 0018
Ventricular tachycardla 15 (19) 6(11) 9(32) 0.017
Hypertension 9(11) 3(5) 6(21) 0.028
Diabetes 7(9) 5(10) 2(7) 0.76
Medication use at enroltment
Digoxin, n {%) 14 (18) 10 (20) 4(14) 053
Vasodiiators, n (%) 7(9) 5 (10) 2(7) 076
Beta-blocker, n (%) 75 (90) 55 (100) 20 (71) -0.0001
Carvedilol, mg/day id- 6 i6: 5 8-5 0.0003
Metoprolol, mg/day 91 - 40 107 - 40 64 + 22 0036
ACEls, n (%) 70 (84) 47 (85) 23(79) 0.69
ARBs, n (%) 16 {20} 10 (20) 6(21) 0.72
Dluretics, n (%) 27 (33) 14 (25} 13 (38) 0051
Amiadarone, n (%) 12 (16} 7(13) 5(17) 053
Permanent pacing. n (%)
Biventricular pacing 2(2) 1(2) 1(3) 0.62
Cardiac defibriliator 2(2) 2(4) 0(0) 0.31
BNP measurements, pg/mi
Plasma BNP level at discharge 210 - 148 188 - 146 257 - 148 0.06
Plasma BNP ievel at 3 months 182 - 158 141 - 148 266 - 154 0.003
Plasma BNP level at 6 months 191 + 163 108 = 108 348 + 142 0.0001
Left ventricular end-diastolic dimension at discharge, cm 64 ' 08 65-08 6508 0.41
Left ventricular ejection fraction at discharge, % 31-8 31-9 31-7 043
Left atrial diastolic dimension at discharge, cm 45+ 09 43:08 48 - 09 0.0061
Left ventricular end-dlastolic dimenslon at ervollment, cm 62-10 60 - 09 87 - 10 0.02
Left ventricular ejection fraction at enrollment, % 37+ 10 39 © 10 299 0.0005
Left atrial diastolic dimension at enroliment, em 45 - 09 4108 64 - 0.9 -0.0001
> U 09 - 02

Serum creatinine level at enrollment, mg/dl

Values are mean -
ACE

standard deviation pvalues eventfree group versus comined event group
angiotansin-converting enzyme inhubitor, ARS

02

1202

angiotensn receptor biocker, BNP  Bype natruretic peptide
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during follow-up were 14 = 6 mg/day and 91 = 40 mg/day,
respectively. Finally, medical treatment at enrollment con-
sisted of digoxin (18%), vasodilators (9%), beta-blockers
(90%), ACEI (84%), ARB (20%), diuretics (33%), and
amiodarone (15%).

Qutcome. Twenty-three patients were readmitted for
decompensated IIF, and 5 died suddenly of cardiac
events (n = 3) or noncardiac events (n = 2), with a mean
or median time from discharge of 11.5 = 2.9 or 11 months,
range 7 to 18 months.

Comparison of clinical characteristics between sub-
groups. Clinical characteristics are compared between
event-free patients and combined event patients in Table 1.
Among medications at enrollment, beta-blocker use and
dosage of beta-blocker significantly differed between the 2
wroups. Among disease history, atrial fibrilladon, ventricular
tachycardia, and hypertension showed significant differ-
ences. Age, gender, and serum creatinine level at enrollment
had no significant difference. For BNP measureinent,
plasia BNP levels at 3 and 6 months showed significant
differences between the 2 groups, whereas level at discharge
did not. Among echocardiographic parameters, only LVEF
and LADd differed.
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Cox proportional hazards regression model for predictors
of readmission for HF. Associations aumong BNP mea-
surements as well as clinical and echocardiographic variables
for a combined event of death or readmission for decom-
pensated I1F were examined using a Cox proportional
hazards regression model (Table 2). Among clinical vari-
ables, no predictive vaniables were idenufied on univartate
analysis. For echocardiography, LADd at 6 months was
associated with a combined event, notwithstanding the poor
predictability of LVEF. For BNP, plasma BNP level at 6
months and percentage change in level between discharge
and 6 months were predictive, whereas levels at discharge
and 3 months were not. Area under the curve was higher for
BNP at 6 months (0.91) than that for the percentage change
in BNP between discharge and 6 months (0.83) and LADd
at 6 months (0.86).

In multivariate analyses, which were conducted to include
significant variables on univariate analysis, only 6-month
post-discharge BNP remained a significant predictor of a
combined event, with the best cutoff value of 190 pg/ml at
this time having 96% sensitivity and 76% specificity (Fig. 1).
Six-month post-discharge BNP levels above this cutoff level

Univarlate and Muttivariate Cox Analyses of the Incidence of Death or Readmission for HF

Analysis for Continuous Varlables

Below Vs. Above Median Values

Varlable HR 95% CI p Value Median Level HR 95% CI p Value
Age 10072 0.9879-1.0264 0.46 58 yrs 1.1895 0.7431-19248 0.47
Gender (femake) 10347 0.56886-2.0433 0.89
Hypertension 14902 0.8912-2.2819 0.18
Atrial fibrillation 12965 0.8885-2.0973 0.301
Ventricular tachycardia 13012 0.9032-2.1693 0.17
Beta-blocker use 16691 0.9056-2.5641 0.08
DBiuretic vae +365% 08086-2.1938 G024
Echocardiographic parameters
Left ventricular end-diastolic dimension at 1.0045 0.7512-1.3283 098 64cm 0.8358 0.5189-1.36516 0.48
discharge
Left ventricular ejection fraction at discharge 0.9997 0.9715-1.0287 099 30% 11629 0.7189-18729 054
Left atrial di fic dmension at discharge 12541 0.9124-1.7142 0.18 45am 13054 0.8108-2.1164 028
Left ventricular end-dlastolic dimension at 11829 09211-1.4969 021 60cm 13866 0.8383-2.3598 0.22
6 maonths
Left ventricular ejection fraction at 6 months 09727 0.9476-09978 0.03 36% 15019 0.9209-2.4641 0.11
Left atrial diastofic dimension at 6 months 18127 1.3143-2.4825 0.0004 425 cm 2.0003 1.2436-3.2233 0.0048
BNP measurements
Plasma BNP level at discharge 1.0008 0.9993-1.0024 0.24 180 pg/ml 12642 0.8051-1.9888 0.31
Plasma BNP level at 3 months 10013 0.9999-1.0028 0.06 134 pg/mi 15097 0.9413-2.4212 0.09
Plasma BNP level at 6 months 10043 1.0026-1.0061 < 0.0001 174 pg/mi 22679 14336-3.5863 0.0006
Percentage change in BNP level between discharge 10002 0.9979-1.0019 081 -20.5% 14204 0.8863-2.2765 0.14
and 3 months
Percentage change in BNP level between discharge 10021 1.0000-1.0038 0.049 -1156% 2.0127 12729-3.1757 0.0026
and 6 months
Multhvariate analysis
Plasma BNFP level at 6 months 10033 1.0011-1.0056 0.0038 174 pg/mi 1.8427 1.1127-3.0426 0.0181
Percentage change in BNP level between discharge 10016 0.9988-1.0039 0.213 -115% 16538 0.9991-2 7214 0051
and 8 months
13918 0.086 425 cm 15678 0.0792

Left atrial diastolic dimension at 6 manths

BENP

B-type natruretc pepiide, O - confidence Interval, HF - heant failure; HR - hazard ralic

0.9539-2.0027

0.9486-2.5904
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Figure 1 ROC Curve for Cutoff Values
of BNP Levels at 6 Months Post-Discharge

A Btype natriuretic paplide (BNP) ievel of 190 pg/ml had the best compromise
between sensitivity (96%) snd specificity (76%) for predicting readmission for
decompensated heart failure or sudden death. ROC - receiveroperating char-
acteristc. Area under curve = 0,91,

Sensitivty

strongly related to a combined event (hazard ratio [HR] 2.3;
95% confidence interval [CI] 1.4 to 3.6; p = 0.0005).
Graded relation between 6-month post-discharge BNP
level and readmission for HF. Kaplan-Meier curves con-
structed according to 6-month post-discharge BNP values
(Fig. 2A) showed that the risk of a combined event
increased in a stepwise fashion across increasing ranges of
6-month post-discharge BNP, namely at <190 pg/ml, 190
to 380 pg/ml, and >380 pg/ml. Patients with a 6-month
post-discharge BNP of <190 pg/ml had a better outcome
than those at 190 to 380 pg/ml (1R 5.0; 95% C1 2.5 t0 9.9)
or >380 pg/ml (11IR 11.5; 95% CI 4.5 to 29.2). Further,
Kaplan-Meier curves for incidence of readmission alone
(Fig. 2B) showed the same pattern (HR 4.9 or 13.9; 95% CI
2.5 to 9.8 or 4.5 to 30.1, respectively).

BNP levels and echocardiographic dimensions from dis-
charge to 6 months post-discharge. Event-free patients
showed a sustained decrease in BNP level during the 6
months after hospital discharge (mean * standard error of
the mean [SEM] of BNP level, 188 + 21 pg/ml at
discharge, 141 = 21 pg/ml at 3 months, 108 = 15 pg/ml at
6 months; discharge vs. 3 months, p = 0.0167; 3 months vs.
6 months, p = 0.0094). In contrast, levels in patients
readmitted tor decompensated 11F did not decrease during
tollow-up (256 = 28 pg/ml at discharge, 267 + 31 pg/ml at
3 months, 349 + 28 pg/ml at 6 months; discharge vs. 3
months, p = 0.79; 3 months vs. 6 months, p < 0.0001)
(Fig. 3A). Regarding changes in echocardiographic dimen-
sions, readmitted patients showed no decrease between
discharge and 6 months in LVDd or LADd, or any
improvement in LVEF (mean = SEM at discharge vs. 6
months 6.5 +~ 0.1 cmvs. 6.7 * 0.2 cn, P 0.07;48 = 0.2
cmvs. 5.4 0.2 em, p = 0.0092; 31 = 1% vs. 29 *+ 2%,
p = 0.38, respectively), in contrast to event-frec patients
(6.5 * 01 emuwvs. 6.0 = 0.1 em, p = 0.0001; 4.3 = 0.1 ¢cm
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vs, 41 = 0.1 em, p = 0.0064; 31 * 1% vs, 39 * 1%, p <

0.0001, respectively) (Fig. 3B).

Discussion

Our data show that BNP levels provide important long

term prognostic information even in stable low-risk outpa-
tients after decompensated [IF. The increased-risk thresh-
old in healthy population screening is extremely low, on the
order of 80 pg/ml as shown in the Framingham data (13). In
acute TF or acute coronary syndrome, when BNP levels ure
elevated, the cutoff point for increased risk incresses to
about 800 pg/m! as shown by the ADHERE (Acute
Decompensated Heart Failure National Registry) dara (14),
As levels decline over time, however, the cutoff point on the
risk assessment curve at hospital discharge falls to about 500
pg/ml (9,10). Our data extend this observation in time, to
show a cutoff point of about 200 pg/ml at & months after
discharge (Fig. 1).

Entry patients in our study represent a low-risk group.
They were clinically stable in NYTIA functional class 1 to 2
tor at least 6 months after discharge for decompensated TE,
although Krumholz et al. (1) indicated that almost one-half
of ull patients admitted for dcum:lpénsutcd HF are readmit-
ted within 6 months after discharge. Circulatory stabiliza-
tion an hr)spital discharge and socioeconomic status con-
tribute to this favorable clinical course (9,10,15). The 28%

e e |
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Changes in BNP Levels and Echocardlographic
Findings During a Clinically Compensated Status

Changes ‘n B-type natriuretic peptide (BNP) at 3«nonth intervals after hospital

discharge (A) and in echocardiographic varables between discharge and 6

months (B). Solld or open circles ndicate BNP leve s, echocardiographic

drmensions (2fl ventrcu'ar enddiastol ¢ dimension [LVDd): left atrial dastolc

dimens:on {LADd]}, and left ventricular ejection fraction (LVEF) in eventfree

| patients or patients readmitted for decompensated heart failure, respectvely.

| Values are mean + standard eror of the mean. p values comparng changes
n BNP and echocardographic vanables between readmitted patients and
evenifree patients are for repeated measures multivaniate analysis of vanance
over 6 months j

of patients in our study had a discharge BNP level of <100
pg/ml, the optimal level in the exclusion of decompensated
HF compared with only 10% in previous study (16), and our
population had an extremely low median BNP level of about
200 pg/ml at discharge (Table 1). In addition, our patients
received sufficient therapy for decompensated HF without
socioeconomic restriction. With regard to the association
between female gender and mortality, imited data exist in
patients with dilated cardiomyopathy (17), and the very
small number of women in our population (Table 1) may
also reflect that we selected a low-nisk population.

Even this low-nisk group had a long-term risk of read-
mission tor decompensated HF or sudden death, despite
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HF treatment including beta-blocker and ACEL as recom-
mended by the international guideline (11). This discrep-
ancy can be explained by low maintenance dosages of and
withdrawal of beta-blockers (18,19). Dosages of beta-
blockers in our population were extremely lower compared
with those reached during recent multicenter trials (20,21),
and patients who underwent the withdrawal of beta-
blockers were readmitted (Table 1). In addition, some
patients might be nonresponders to chronic beta-blocker
therapy (22). It is also possible that disease history of
arrhythmias might also affect outcome (23,24), although we
could not confinm its prognostic role (Table 2).

Our data also show that 6-month post-discharge BNP is
closely associated with long-term outcome in this observa-
tional series, but BNP at 3 months as well as at discharge is
not predictive of it (Table 2). In particular, the risk of
readmission for decompensated LIF adversely increased
along with increasing ranges of this level, although we were
unable to confirm an association with sudden death, owing
to the small number of patients who died (Fig. 2). Iligh
plasina levels of BNP have been identified as major predic-
tors of progressive LV remodeling after acute myocardial
infarction (25). In our study, readmitted patients, in contrast
to event-free patients, showed an increase in BNP levels
despite clinical stabibization and had no improvement in
echocardiographic parameters during the 6 months
follow-up (Fig. 3). Increases in 6-month post-discharge
BNP before clinical evidence of decompensation in part
reflect a poor reverse LV remodeling. Beta-blockers have
been shown to reverse LV remodeling (26) and to improve
chnical outcome in patients with 1F (20,21). Even in
clinically stable low-risk group, higher-risk outpatients with
a relatively high level of BNP, thus, may require an
optimization of HF treatment including beta-blocker, im-
plying the potential role of BNP as a therapeutic guide even
in a stable outpatient setting.

Among several echocardiographic parameters, only
LADd at 6 months showed a significant associadon with
outcome (Table 2). The left atrium acts as a reservoir during
LV systole (27), and LV diastolic dysfunction results in left
atrial overload (28). Enlargement of the LADd may in part
reflect adverse LV diastolic dystunction. However, this
variable showed no predictive power in multivariate analysis,
including BNP level. But previous reports in patients with
HF have described an association between LV diastolic
dysfunction and outcome (29,30). Here, the involvement of
patients with tachycardia, atrial fibrillation, or permanent
pacing meant that we were unable to confirm the predictive
power in LV diastolic filling pattern.

Our data offer circumstantial, indirect support for the
setting of a target BNP level of <200 pg/ml in the
outpatient management of 11F, as originally hypothesized
by the STARS-BNP (Plasma Brain Natriuretic Peptide-
Guided Therapy to Improve Qutcome in Ileart Failure)
multicenter study (31). The number of patients in our study
15, however, relativelv small, and additional prospective
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multicenter studies will be necessary both to confirm our
observation and to test a therapeutic utility of BNP assess-
ment in stable HF outpatients.

Conclusions

To our knowledge, this study is the first to indicate that
even in low-risk outpatients with nonischemic dilated car-
diomyopathy who have been asymptomatic for 6 months
after hospital discharge for decompensated HF, BNP as-
sessment identifies a long-term nsk of readmission for
decompensated HF. Our data confirn and extend the
clinical utility of BNP assessment in patients with [1F.
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Carvedilol accelerate elevation of serum potassium in
chronic heart failure patients administered spironolactone
plus furosemide and either enalapril maleate or

candesartan cilexetil
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SUMMARY

Objective: To retrospectively investigate the
effect of carvedilol and spironolactone plus furo-
semide, administered concomitantly with an
angiotensin Il converting enzyme inhibitor
(ACE-I) or an angiotensin II receptor blocker
(ARB) to patients with chronic heart failure (CHF).
Methods: Patients with CHF, who visited
Departments of Cardiovascular Internal Medicine
at the National Hospital Organization Osaka
Medical Center, were enrolled for this study.
Serum potassium, blood urea nitrogen (BUN),
serum creatinine (Scr) and serum sodium were
measured in every patient at the time of start of
treatment and after 3 and 12 months of treatment.
Data from patients in groups A (20 mg/day
carvedilol + 25 mg/day spironolactone + 40 mg/
day furosemide + an ACE-I) and B (20 mg/day
carvedilol + 25 mg/day spironolactone + 40 mg/
day furosemide + ARB) were compared.

Results: When 20 mg/day carvedilol plus 25 mg/
day spironolactone plus 5 mg/day enalapril mal-
eate (enalapril, group A) or 8 mg/day candesartan
cilexetil (candesartan, group B) plus 40 mg/day
furosemide were used concomitantly, the mean
serum potassium increased significantly in both

Received 6 March 2006, Accepted 18 July 2006

Correspondence: Makoto Saito, Department of Pharmacy,
National Hospital Organization Osaka Medical Center, 2-1-14,
Hoenzaka, Chuo-ku, Osaka-City, Osaka 540-0006, Japan. Tel.:
+81 6 6942 1331; fax: +81 6 6943 6467; e-mail: m-saito@onh.go.jp

groups of patients. Seven of 59 (11:9%) patients
had hyperkalemia (>5:5 mEq/L) during 12 months
of treatment whereas 8:5% of patients (five of 59)
had hypokalemia (<3-5 mEq/L).

Conclusion: When carvedilol is used concomit-
antly with spironolactone, furosemide and enal-
april or candesartan, it is necessary to monitor
serum potassium concentration, even if spirono-
lactone is administered at a low dose of 25 mg/day.

Keywords: candesartan cilexetil, carvedilol, enal-
april maleate, furosemide, hyperkalemia, spir-
onolactone

INTRODUCTION

In our previous study, we reported that the
occurrence of hyperkalemia in chronic heart fail-
ure (CHF) patients administered spironolactone
depended on the dose. Ilowever, when it is given
concomitantly with an angiotensin II converting
enzyme inhibitor (ACE-I) or angiotensin II recep-
tor blocker (ARB), the occurrence of hyperkalemia
exceeding 55 mEq/L may increase even with
a spironolactone dose as low as 25 mg/day. In
the treatment of CHF patients, the carvedilol
prospective randomized cumulative survival
(COPERNICUS) trial showed that carvedilol, a
non-selective beta-adrenergic blocker, was effect-
ive (1). The therapeutic effect of spironolactone
for this indication has also been shown in the
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