Overexpression of Mitochondrial Peroxiredoxin-3 Prevents
Left Ventricular Remodeling and Failure After Myocardial
Infarction in Mice
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Background—Mitochondnal oxidative stress and damage play major roles in the development and progression of lefy
ventricular (LV) remodeling and failure after myocardial infarction (M1). We hypothesized that overexpression of the
mitochondrial antioxidant, peroxiredoxin-3 (Prx-3), could attenuate this deleterious process.

Methods and Results—We created MI in 12- to 16-week-old. male Prx-3-transgenic mice (TG+MI, n=37) and
nontransgenic wild-type mice (WT+MI. n=39) by ligating the lefi coronary artery. Prx-3 protein levels were 1.8 times
higher in the hearts from TG than WT mice. with no significant chunges in other antioxidant enzymes, At 4 weeks after
ML LV thiobarbituric acid-reactive substances in the mitochondria were significantly lower in TG+ MI than in WT +MlI
mice (mean£SEM, 1.5%0.2 vs 2.240.2 nmol/mg protein: n=8 ¢ach, 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% vs
S5&1%: n=06 each, P=NS) and sortic 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 o decrease in myoeyte hypertrophy. interstitial
fibrosis, and apoptosis in the noninfarcted LV, Mitochondrial DNA copy number and complex enzyme achvities 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 M1 Therapies designed to interfere with
mitochondrial oxidative stress including the antioxidant Prx-3 might be beneficial in preventing cardiae failure.

(Circulation. 2006;113:1779-1786.)
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Expcn mental and clinical studies have demonstrated ex-
cessive generation of reactive oxygen species (ROS) in
faling heants.'* Among the potential sources of ROS within
the heart, mitochondrial electron transport produces superox-
ide anion (-O,7) in this disease state.* Furthermore. increased
ROS leads to mitochondrial DNA (miDNA) damage and
dysfunction.** Therefore, the intimate link between mito-
chondrial oxidative stress, miDNA decline. and mitochon-
drial dysfunction plays an impontant role in the development
and progression of left ventricular (LV) remodeling and
Tatlure that occur after myocardial infarction (MI).
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Peroxiredoxin-3 (Prx-3) is a mitochondrial antioxidant
protein and member of the Prx family that can scavenge H.O

in cooperation with thiol and peroxynitrite.® In mammals, 6
distinet Prx family members have been identified iPrx-1
through -6). Among the Pras. Pix-3 is unique because it is
loculized specifically within the mitochondria.” Furthermore.
i vivo transfer of the Pra-d gene protected neurons against
cell death induced by oxidative stress.® These benelicial
characteristies make Pra-3 an important candidute for therapy
agamnst LV Falure after ML in which ROS production hus
been demonstrated 1o be increased within the mitochondria '+
Although several previous reponts showed the beneficial
effects of antioxidants on heant failure.” " no study has ever
been performed 10 specifically examine the protective role of
Prx-3. To address these guestions. we ereated trnsgenic (TG)
mice containing the ral Pry-3 gene. Rat Pra-3-TG mice and
their wild-type t(WT) litermates were randomized 1o receive
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either a large transmural MI induced by coronary antery
hgation or sham operation,

Methods

Generation of TG Mice

The rat Prv-3 ¢DNA fragment meluding the entire open reading
frame from nucleotide 5 to 802 was amplified by polymerase chain
reacton (PCR) and cloned mio pCRIL (Invitrogen. Carlsbad. Calif.
An expression vector for Pro-3 was constructed with pQBI25
ITakKuRa). and the gene for green fluorescent protein was removed at
the site of Miwl-BamHL A cytomegalovinus promoter-dnven ex-
pression cassette containing rat Prc-3 cDNA in the sense onentation
wis punfied by ulracentmtugation with CsCl The pronuclei of
femlized eggs from hyperovulated CSTBL/6J mice were randomly
micromnjected with this DNA- construet. Tail clips and o PCR
protocol 1o confirm the genotype were performed by one group of
investigators, Homozygous TG mice and CSTBLIG) WT mice were
used at 12 1o 16 weeks of age. The study was approved by our
instirutional animal research committee and conformed to the ammal
care gindelines of the Amencan Physiological Society.

Creation of MI

We created MIin 12- 10 | 6-week-old. male TG mice (TG+MI) and
nontcisgenic WT Titermates (WT+MI) by ligatng the left coro-
nary artery. Sham operation without coronary artery ligation was
also performed i WT (WT +sham) and TG (TG+sham) mice. This
assigniment procedure was performed with the use of numeric codes
1o identify the animals.

Prx-3 Protein

Pra-3 protein levels were analyzed in candiac nssue homogenates by
Western blot analysis with a monoclonal antibody against ra Pra-3,
Our preliminary studies revealed that this antibody agmnst rat Prx-3
crossereacted with mouse Pre-3 as a single band of 25 kDa. In brief.
the LV nssues were homogemized with lysis buffer (20 mmol/L
Trs-HCL | mmol/L EDTA. | mmol/l. EGTA, and | mmol/L
phenylmethy lsulfonylfluonde; pH 7.4). After centrifugation. equal
amounts of proein (3 ug protein/lane). estimated by the Bradford
method with a protein assay (Bio-Rud. Hercules. Calif), were
electrophoresed on a 15% <odium dodecy! sulfate—polyacrylamide
gel and then electrophorencally transferred 1o 4 nitrocellulose mem-
brane (Millipore. Billerica. Mass). After being blocked with 5%
nonfat milk in phosphate-buffered saline (PBS) containing (,05%
Tween 20 at 4°C for | hour, the membrane was incubated with the
first antibody and then with the peroxidase-linked second untibody
(Amersham Pharmacia. Uppsala. Sweden), Chemiluminescence was
detected with an enhanced chemiluminescence Western blot detec-
fion kit (Amersham Phanmacia) according 1o the manufacturer’s
recommendation,

To Turther ussess the subcellular localization of Prx-3 protein.
mitochondrial and eytoplasmic fractions were prepared from LVs
and subjected to Western blot analysis. In brief. the LV tissues were
homogemzed at 4°C for | minute in 6 volumes of buffer consisting
of 10 mmolL HEPES-NaOH ipH 743 1| mmol/L. disodium EDTA,.
and 250 mmol/L sucrose. The homogenate was centrifuged at 4°C
and 3000¢ for 10 minutes to remove any nuclear and myotibrllar
debiris. and the resultant supernatant wis cenmifuged at 10 000g for
10 minutes 1o separate any cardiac subcellular fractions. The super
natant was used for the cytoplasmic fraction assay. To isolate the
mitachondnial fraction. the pellet was resuspended at 4°C in a baffer
consisting of 10 mmol/L HEPES-NaOH (pH 7.4). 1 mmol/L sodium
EDTA. and 250 mmol/L sucrose and was washed 3 imes with the
same bulfer. Murine antibodies directed toward  glyceraldehyde
F-phosphate debydrogenase (GAPDH) and cytochrome  oxidase
(COX) subunit | were also used to verify the infegnty of these
subcellulir fractions.

Immunohistochemistry

Frozen sectons of cardric tssues were incubuated in the presence of
100 amol/L. MitoTracker Red CMXRos ( Molecular Probes. Eugene,
Ore) ar 37°C for 20 minutes, We did not repeat the freeze/thaw
procedure to avord the loss of mitochondral integnty, After being
wished with PBS (10 mmol/L. sodium phosphate. pH 7.4, and
150 mmol/L NaCl). the sections were fised with 3.7 formaldehyde
for 5 minutes. After bemng washed. the fixed sectons were incubated
with 100-fold-diluted anti-rat Prx-3 antibody (10 pg/mL) in PBS at
A°C overmght. Fluorescence images were taken with a confocal laser
scanning microscope (Bio-Rad MRC 1024) with laser beams of 488
and 568 nm for excitation

Myocardial Antioxidant Enzyme Activities and
Lipid Peroxidation

For the subsequent biochemical studies. the myocardial tissues with
MI were carcfully dissected into 3 parts: one consisting of the
farcied LV, one consisung of the border zone LV with the
peri-nfaret nm a l-mm am of nomal-appearing tissue). and one
consisting of the remaining noninfarcted (remote) LV. The antioxi-
dunt enzymatic activities of superoxide dismutase (SOD), catalase,
and glutathione peroxidase (GSHPx) were measured in the nonin-
farcted LY. The formation of lipid peroxides was measured in the
mitochondrial fraction isolated from the LV myocardium with use of
4 buochemical pssay with thiobarbitunic acid-reactive substances
(TBARS).*

Survival

A survival analysis was performed in WT+sham (n=15). TG+sham
(=14, WT+MI (n=39). and TG+MI (n=137) 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 cardine rupture,

Echocardiographic and

Hemodynamic Measurements

Al 4 weeks after surgery. echocardiographic studies were performed
under light anesthesia with mibromoethanol/famylene hydrate (2,5%
wifvol. 8 pl/g IP) and spontancous respiration. Two-dimensional,
targeted M-mode tracings were recorded al a paper speed of
50 mnvs, Under the same anesthesia with Avertin, a 1AF microma-
nometer-tipped catheter (Millar Instruments, Houston, Tex) was
mserted into the right carotid artery and then advanced into the LY
to measure LV pressures, One subset of investigators who were not
informed of the expent I group assignments performed the in
vivo LV function studies.

Infarct Size

To measure infarct size 28 days afier ML, the heart was excised and
the LVs were cut from apex to bise into 3 mansverse sections
Five-micron sections were cut and stmned with Masson’s inchrome.
Infarct length was measured along the endocardinl and epicardial
surfaces in each of the cardiae sections. and the values from all
specimens were summed. Infarct size (as a percentage) was caleu-
lated as toral infarct circumference divided by total cardiac
circumference. '

In addinon, to measure mtarct size after 24 hours (when most
amimals were sull alive), o separate group of animals including
WT+MI (n=35) and TG+MI (n=5) mice was created by ligating the
left coronary wiiery aveording o the sime methods deseribed earlier
After 24 hours of coronary artery ligation. Evans blue dyve 119 ) was
perfused into the sorta and coronian anteries. and tisstie sections were
weighed and then incubuted with a 1.5% inphenyltetrazolium chlo-
ride salution. The mfarct area (pale). the area at sk (noi blue ). and
the 1ol LV area from each section were measured '* In our
preliminary study, we confirmed escellent rehability of infarer size
measurements. i which o morphometric method similar to that
performed in this smdy was used. The intraohserver and interob.
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server vanabilinies between 2 mieasurements divided by these means
expressed s u percentuge. were eah <3%

Myocardial Histopathology and Apoptosis

Myocvie cross-sectional wrea and collagen volume fraction were
determined by quantitabive morphometry of tissue secnons from the
mid-LV. To detect apoptosis, tissue sectons from the mid LV were
stained with rerminal deoxynucleondyl transferase-mediated dUTP
nick end-labeling (TUNEL) staiming. The number of TUNEL
posinve cardioe myocyte nucler was counted. and the data were
nomalized per 10° 1oial nucler idennfied by hematoxylin-positive
staining in the same sections. The proportion of apoptotic cells was
counted in the nomnfarcted LV. We further examined whether
apoptosis Was present hy the maore sensitive ligation-mediated PCR
fragmentinion assays (Masim Biotech. Inc. Rockville. Mdy

mtDNA Copy Number

DNA was exmucted from cardioc tissues. and a Southern bl
analysis was performed 1o measure the mIDNA copy number. as
descnbed earlier ' Primers for the miDNA probe comesponded 10
nucleotides 2424 10 3605 of the mouse mitochondnal genome, and
those for the nuclear-encoded mouse 188 tRNA probe comresponded
to nucleatides 435 to 1951 of the human 185 rRNA genome. The
MIDNA levels were normtadized to the abundance of the 18S rRNA
gene run on the same gel

Mitochondrial Complex Enzyme Activity

The specific acovity of muochondrial electron transport chan
complex | {rotenone-sensitive. NADH-ubigquinone oxidoreductase )
complex Il tsuccinate-ubiquinone  oxadoreductase), complex 111
(ubiquinal-cytochrome ¢ oxidoreductase). and complex IV (cvio
chrome ¢ oxidase) was megsured in myocardial tissues according o
methods described previously,” All enzymatic activities were ex-
pressed as nanomoles per minute per milligram protein.

Plasma TBARS

The farmanon of TBARS in penpheral blood samples from WT+Mi
and TG+MI mice was measured by a fluoromernc assay. as
described previously.' In bref. 10 gl of whale blood was mixed
with | mL of saline and centrifuged at 3000g for 13 minutes. The
supernatant was muixed with VioN H.50, and 107 phosphotungsiic
acid, and the mixture was centnfuged. The sediment was suspended
i disnlled water. 0.3% thiobarbitune acid. and 0.1% butylated
hydroxytoluene. The reaction mixture was then heated at 100°C for
60 minutes 0 an ol bath. After being cooled with tap water, the
nuxture wis extracted with s-butanol and cenmifuged at 1600g for |5
minutes. The fluorescence intensity of the organic phase was
measured by spectrofluorometry with a wavelength of 510-nm
excitanon  and  550-nm  emission.  Malondialdehyde  standards
i Sigma-Aldrich. St. Louis, Moj were included with each assay batch.
and plasmy TBARS were expressed as micromoles per gram of
plasma protein in reference 1o these standands

Statistical Analysis
Data are expressed as mean = SEM. Survival analysis was performed
by the Kaplun-Meier method. and berween-group differences in
survival were tested by the log-rank test. A between-group compar-
ison of means was performed by T-way ANOVA, followed by ¢ tests,
The Bonterroni correction was applied for multiple comparisons of
means. P<0.05 was considered stanstically significant.

The authors had full access 1o the data and take full responsibility
for their inte gniy. All authors have read and agreed 1o the manuscript
s Written,

Results
We investigated 4 groups of mice, WT+sham (n=15),
TG+sham (n=14), WT+MI (n=39). and TG+MI (n=137),
in the present study, A survival analysis was performed for all
of these mice. Subsequent echocardiographic and hemody-
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Figure 1. A. Representative Western biot analysts of Prx-3 pro-
tein levels (upper panels) and summary data (lower panels) in
hearts from WT+sham, TG+sham, WT+MI, and TG+M| mice
(n=6 each). Total protein extracts from the hearts were probed
with a monocional 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 mitochondna
(mito). Westemn blot analysis of mitochondnal and cytoplasmic
(cyto) fractions that were probed with antibodies directed
toward Prx-3 as well as specific mitochondnal and cyloplasmic
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 fram TG mice were doubly stained with MitoTracker dye
{red) and a rat Prx-3-specific antibody (green). Immunareactivity
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 pm

namic measurements were performed in the 4-week survi-
vors: |5 WT+sham. 14 TG+sham. 25 WT+MI. and 31
TG+MI mice. These measurements 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 for subsequent histological analysis. including
infarct sive, myocyte size. and collagen volume [lraction
measurements as well as TUNEL staining (5 WT+sham. §
TG+sham, 8 WTHMI. and 8 TG+MI). and those for the
biochemical assay, including antioxidant enzyme activity.
Prx-3 protein levels, mitochondrial lipid peroxidation.
mIDNA copy number, and mitochondrial complex enzyme
activities (8 WT+sham, 8 TG+shum. 8 WT+ML and 8
TGHMI). Infarct size was not measured in the mice that died,

Myocardial Antioxidants and TBARS

First, basehine differences in Prx-3 proteins as well as other
antioxidant 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). Imponantly, the antioxidants, in-
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TABLE 1. Characteristics of Animal Models
WT+Sham  TG+Sham WT+MI TG+M
Antioxidant enzymes
n 7 7 7 T
S0D. Wmg protein 26411 27814 25117 23912
GSHPx, nmolmin per mg protein 741232  77.7+67  B78=48 B6.1242
Catalase, nmol/mg proten 799+64 B5.0%6.2 87.1=35 B14=58
Echocardiographic data
n 15 14 21 26
Heart rate, bpm 48111 4518 463=13 458=8
LVEDD, mm 3472005 337008 551=013t 49=0.10t§
LVESD, mm 2222005 212x000 A4TBZ013t 4.08z0.0t§
Fractional shortening, % 353208 3701 131061 16920618
Hemodynamic data
n 15 14 2 26
Heart rate, bpm 447214 455214 45329 46627
Mean aortic pressure, mm Hg 83+3 TB+2 76=2 77T=3
LVEDP. mm Hg 2705 25203 11.4+15¢ 7610t
Organ weight data
n 15 14 21 26
Body wt. g 269+05 27.0=08 27003 264=04
LV wi'body wi, mg/g 32401 30201 4603t 44011
Lung wi'body Wi, mg'g 50=01 52=01 7605t 640313
Pleural effusion, % 0 0 43 15

EDD indicates end-diastolic diameter; ESO, end-systolic diameter; and wi, weight. Values are

mean =SEM

*P<0.05, tP<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 heans (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
enzymes were not altered i WT+MI or TG+MI compared
with WT+sham animals (Table 1).

The cytoplasmic marker GAPDH was detected exclusively
i the cytoplasmic but not in the mitochondrial fraction,
whereas COX subunit T was detected preferentially in the
mitochondrial but net in the cytoplasmic fruction. This
substantiates the integrity of our cellular fracuons. lmpor-
tantly, Pre-3 was detected only in the mitochondrial fraction
but not i the eytoplasmic fraction, further confirming that
Prx-3 was localized exclusively in the mitochondna i Figure
IB). In addition. immunchistochemical studies showed a
homogencous Prx-3 distribution in cardiac myocytes thi
colocalized with the mouse mitochondria (Figure 1C). Prx-3
staining showed a relatively spouy pattern. These results
further confirm that the rat Pra-3 transgene is not expressed in
the cytoplasm within the mouse hean. Mitochondrial TBARS
measuwred in the nonmtarcted LV were significantly greater in
WT+MI compared with sham animals and were significantly
lower in the TG+MI group (Figure 2).

Survival
There were no deaths m the sham-operated groups. Early
operative mortahity (within & hours) was comparable between

WT+MI and TG+MI animals (15% versus 7%, P=NS). The
survival rate up to 4 weeks tended 1o be higher in TGA+MI
compared with WT+MI mice. bt this dilference did not
reach statistical significance (#=0.06 by log-rank test: Figure
3A) Death was suspected to be attnbutable 1o heart failure
and/or archythmia. Five WTHMI (15% ) and 2 TG+MI (5%)
mice died of LV rupture (P=NS).

Infarct Size

Infaret size as determined by morphometric analysis 28 days
after MI was comparable (552195 versus 56%1%: P=0.83)
between WT+MI (n=6) and TG+MI in=6) groups. To
further confirm that overexpression of Pre-3 did not alter
infurct size. both the area w nsk and infaret area were

Mitochondrinl TBARS
{nmol/mg protein)

Figure 2, Mitochondrial TBARS in 4 experimental groups of ani-
mals (n=8 each). Values are mean=SEM. ‘P<0.05 for difference
from the WT+sham value. 1P<0.05 for difference from the
WT+M value,
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Figure 3. A, Kaplan-Meier survival analysis. Percantages of sur-
viving WT+MI (n=39) and TG+MI (n=37) mice were plotted
Between-group diference was tested by the log-rank lest. B,
M-mede 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 in mice 24 hours after coronary anery ligation
Percentages of the LV at nisk (ask area/LV. S1£3% versus
52x2%: P=0.89) and infarct size (infarct/risk arca, 792 1%
versus 782 1% P=0.13) were also comparable between
WT+MI (n=5) und TG+MI (n=5) animals

Echocardiography and Hemodynamics

The echocardiographic and hemodynamic data of surviving
mice at 28 days are shown in Figure 3B and Table | LV
diameters were sigmificantly larger in WT+MI mice with
respect 10 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 hean
rate or gortic blood pressure among the 4 groups of 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

Comcident with an increased LVEDP. lung weight/body
weight was larger in WT+MI mice, and this increase was
attenuated in TG+MI mice (Table 1), The prevalence of
pleurul effusion was also lower in TG+MI than in WT+MI
groups, Histomoarphometric analysis of noninfarcted LV sec-

tions showed that myocyle cross-sectional area was greater in

WT+MI mice but was significantly attenuated in TG+MI
mice (Figure 4). Collagen volume fraction was greater in
WT+MI mice. but this change was inhibited in TG+ M1 mice
(Figure 4)

Myuocardial Apoptosis

There were rare TUNEL-positive nuclei in shum-operated
mice. The number of TUNEL-positive myocyies in the
noninfarcted LV was larger in WT+MI mice but was
significantly smaller in TG+MI animals (Figure 5A). In
addiion. the intensity of the DNA ladder indicated that
apoptosis in TGHMI animals was decreased compared with
that in WT+MI mice (Figure 5B)

Matsushima et al
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TG+Mi

A WT+ MI

g

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 n 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 diffarence from the WT +sham valus. 1P<0.05 for difference
from the WT+MI value.

mtDNA and Mitochondrial Complex

Enzymes Activity

Consistent with our previpus studies* miDNA copy numbes
in the nommnfarcied LV from WT+MI umimals showed 3 365
decrease (P<0.05) compared with that in sham-operated
mice, which was significantly prevented and was preserved at
normal levels in TG+MI animals (Figure 6),

T'o determine the effects of miDNA alierations on mito
chondnal function, we next measured the mitochondrial
electron (ransport chain complex enzyme  activities, The
cnzymatic activities of complexes L L and TV wene signif
icantly lower in the noninfarcted LV from WT+MI than in
those from WT+sham ammals (Table 2). Most imponant. no
such deerease was observed in TG+ MI mice. The enzymatic
activity of complex 11, exclusively encoded by nuclear DNA.
wis not altered in either group. These results indicate that
MIDNA copy number and mitochondnal complex enzymatic

actvities are downr

lated in the post-MI heant and that

Prx-3 gene overexpression efficiently counteructs these -
tochondnal deficiencies

150

lcounte1D* nuchel)

TUNEL positive myocytes 3.

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 dil-
ference from the WT +sham value. 11P<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
rol,
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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
miDNA 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. 1P<0.05 for the difference from the WT+MI value.

Plasma TBARS

Plasma TBARS were comparable between WT+MI und
TGHMI mice (0462004 versus 0.54%0.05 pmol/g protein;
FP=NS5).

Discussion

The presemt study provides the first direct evidence that
overexpression of mitochondrial antioxidamt Pre-3 protects
the heant 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
Prv-d gene overexpression were associated with an attenua-
tion of mitochondrial oxidative stress. mIDNA decline, and
dysfunction. They were not due to its M1 size-sparing effect
but occurred secondary to more adaptive remodeling.

Mitochondria are the predominant source of ROS in the
failing myocardium.” Most of the -O,” generated by the
mitochondna is vectorially released into the mitochondnal
matrix. -O.7 impairs mitochondrial function by oxidizing the
Fe-S centers of complex enzymes. In addition. -0, is
converted o peroxynitrite, an extremely powerful oxidant. as
a result of its reaction with NO produced by mitochondrial
NO synthase. -0-7 is also converted to H.O. by a specifie
intramitochondrial Mn-S0D. Although Mn-SOD relieves

mitochondrial oxidative stress caused by 0,7, it generates
H.O. und 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
comversion o -OH, Moreover. these increased ROS in the
mitochondnia were associated with a decreased mIDNA copy
number and reduced onidative capacity owing to low com-
plex enzyme acuvities.* Therefore, chronic increases in mi-
tochondrial ROS production cause mDNA damage and
dysfunction. which thus, can lead 1o a catastrophic cyele of
further oxidative stress and ultimate cellulur 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 1o be the first line-of-defense mechanism against
ROS generation in the mitochondria and ROS-mediuted
mitochondrial injury and thus. may protect the heant from
adverse remodeling and failure,

Pra-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 o -4 require the small redox protein
thioredoxin (Trx) as an clectron donor 10 remove H.O.,
whereas Prx-5 and -6 can use other cellular reductants, such
as GSH. as their eleetron donor. ' Prx-1, <2, and -6 are found
i the cytoplism and nucleus.” whereas Prx-3 contains a
mitochondrial localization sequence. is found exclusively in
the mitochondnia, and uses mitochondnal Trx-2 as the elec-
tron donor for its peroxidase activity.”” Tt 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 Prs-3 as an antioxidant shown in
the present study may be attributable to the fact that it is
locited in the mitochondria and can utilize lipid peroxides as
well as H-O. for substrates. In fact. overexpression of Prx-3
has been shown 1o protect thymoma cells from apoptosis
induced by hypoxia, a bolus of peroxide. or an anticuncer
drug. " Moreover. Prx-3 overexpression has been reported to
protect rat hippocampal neurons from excitotoxic injury.*
Prx-5 is also associated with the mitochondria in addition to
the peroxisomes and nucleus. Recently, increased expression
of Pre-5 was found to have protected Chinese hamster ovary
cells from mIDNA damage induced by oxidative stress, v
Therelore, Prx-5 may also exent beneficial effects against
mitochondnal oxidative stress in post-MI heans.

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 T 7
Complex |, nmol/min per mg protein 282+26 26538 159425 287 =16t
Complex I, nmol/min per mg protein T70+70 718293 711x85 726+128
Complex I, nmolfmin per mg protein 50511 470+3 367+20° 451+21¢
Complex IV, nmol/min per mg proten 1223437 1175434 744 +58" 939 + 544

Values are mean =+ SEM

*P<0.05 vs W+ sham, $P<0.05 vs WT+MI,
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inhibited LV remodeling and failure after ML However,
GSHPx s located predominantly in the cytosol, and only a
small proportion (=10% ) is present in the mitochondna ™
Therefore, it remains unclear whether the beneficial effects of
GSHPx overexpression on post-MI hearts were attnbutable 1o
an increase of this enzyme in the cytosol. the mitochondnia. or
both. The specific localization of Prx-3 in the mitochondna
suggests thut mitochondnal oxidative stress plays an impor-
tant role n the development and progression of heart failure,
and antioxidants localized specifically within the mitochon-
dria provide a primary line of defense against this disease
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 exen protective and
beneficial effects against heart failure.” ™ A previous study
from our laboramory demonstrated that dimethylthiourea im-
proved survival und prevented LV remodeling and failure
after M1." However, the most effective way 1o evaluate the
contribution of any specific antioxidant and obtain direct
evidence of an adverse role for ROS in heart [ailure is through
gene manipulation. Therefore. the present study not only
eatends 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 1o its MI size-sparing effect.
because there was no stanstically significant difference in
infarct size between WT+MI und TG+MI mice. Funher-
more. its effects were not annbutable to hemodynamics
because blood pressures and heart rates were not allered
(Table 1). Imporantly, it is also unlikely that these effects
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 comparuble between WT+MI und
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 hean-specific.

There may be several factors contributing 1o the protective
effects conferred by Prx-3 overexpression on post-MI remod-
cling and failure. First, recent studies have demonstrated that
a Trx-related antioxidant system is closely associated with the
regulation of apoptosis, probably through quenching of ROS
and redox control of the mitochondnal permeability transition
pores that release cytochrome 7' A subtle increase in ROS
caused by partial inhibition of SOD results in apoptosis in
isolated cardiac myocytes.™ Previous studies have demon-
strated that apoptosis appears not only in infarcted but also in
noninfarcted myocardium after ML Specifically. apoptosis
occurs in the nomnfarcted LV late after ML This is an
intniguing observation. in light of the remodeling process
known to occur within the nomnfarcted arca, which is
characterized by the loss of myocytes and hypenrophy. In
fact. recent studies have suggested cardiac myocyte apoptosis
contributes 10 LV remodeling after ML Imponantly.
increased oxidative stress occurs: concomitantly  with in-
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creased cardiac myocyte apoptosis within the noninfarcted
area. This is 4 provoking obsenvation, because onidative
stress s a powerful inducer of apoptotic cell death.™ The
present study suggests that the coexistence of oxidative stress
and myocyte apoptosis in the noninfarcted LV after MI is
causally related. Oxidative stress may mediale myocyie
apoptosis. which may lead to myocardial remodeling and
failure. Therefore. the decreased mitochondnal oxidative
stress due 1o Pra-3 overexpression could contribute to the
amelioration of apoptosis (Figure 5) and eventual post-MI
cardiac failure. 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
mtDNA damage. increased lipid peroxidation. and a decrease
in mitechondrial function, which might play a major role in
the development and progression of cardiac Tailure.*

There are several issues 1o be acknowledged as imitations
of this study. First, the differences between WT+MI and
TG+MI groups in their echocardiographic measurements are
not remarkable, even though they are statistically significant
(Tuble 1). However, our previous study showed that the
intraobserver and interobserver varabilities 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 to be valid. Second. longer-term follow-up data are
not available for the amimals in the cument study. We
therefore could not determine whether the differences be-
tween WT+MI and TG+MI groups seen in the present study
were more or less significant at later time points. when
addinonal LV remodeling would have been expected 1o
oceur,

In conclusion. Prx-3 overexpression inhibited the develop-
ment of LV remodeling and failure after M1, which was
associaled with an atienuation of myocyte hypertrophy.
apoptosis, and interstitial fibrosis. It also ameliorated mito-
chondnal oxidative stress as well as miIDNA decline and
mitochondrial dysfunction in post-MI heants. Therapies de-
signed 1o interfere with mitochondrial oxidative stress could
be beneficial 1o prevent hean 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 heant failure. Furthermore. antioxidants have been shown to exent protective and
beneficial effects against this process. Recent studies have suggested that mitochondria are the predominant source of ROS
in the failing heart, and mitochondnal antioxidants are expected to be the first line of defense against mitochondrial
oxidative stress-mediated myocardial injury. The present study demonstrted that overexpression of peroxiredoxin-3
(Prx-3) inhibited cardiac remodeling and Failure after myocardial infarction (M) created by ligation of the left coronary
arery in mice. Pr-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. Tt functions not only by removing H.O.
formed after the superoxide dismutase (SOD)-catalyzed dismutation reaction but also by detoxifying peroxynitrite.
Therefore, the great efficiency of Prx-3 as an antioxidant shown in the present study may be attributable 1o the Fact that
itis located in the mitochondrin and can utilize lipid peroxides s well as H.O. for substrates. The present study not only
extends previous imvestigations that used antioxidants but also reveals a major role for miochondnal oxidative stress in the
pathophysiology of postinfarct heart failure. Therapies designed to interfere with mitochondrial oxidative stress by using
anuoxidant Prx-3 might also heneficial in preventing clinical hean failure.
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