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Abstract
Reactive oxygen species (ROS) is increased in myocardium after myocardial infarction (MI), which may play a causal role in
cardiac remodelling. However, there is scant direct and longitudinal evidence that systemic oxidative stress is enhanced
accompanying an increase of ROS in myocardium. The authors conducted a comprehensive investigation of ROS markers
by simultaneously sampling urine, blood and myocardium and in vivo ESR for the heart at different stages of post-MI
cardiac remodelling in mouse with permanent occlusion of left coronary artery. Systemic oxidative markers increased at early
days after MI and were normalized later. In contrast, TBARS and 4-hexanoyl-Lys staining were increased in non-infarct
myocardium at day 28. The enhancement of ESR signal decay of methoxycarbonyl-PROXYL measured at the chest was
associated with the progression of left ventricle dilatation and dysfunction. This study provided the direct evidence that
redox alteration and production of ROS occurred in myocardium during the progression of cardiac remodelling and failure;
however, ROS marker levels in blood and urine do not reflect the production of ROS from failing myocardium.
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Introduction

Pathological left ventricular (LV) remodelling after

myocardial infarction (MI) is increasingly recognized

as the major cause of heart failure (HF) [1]. MI

induces alterations of LV architecture with scar for-

mation, ventricular dilatation and hypertrophy of the

non-infarct myocardium [2]. In the process of remo-

delling, activation of various neurohumoral factors

and inflammatory response, including activation of the
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renin-angiotensin system (RAS), contributes to heal-

ing and scar formation in the infarct myocardium. At

the end of the repairing process, cardiac hypertrophy

due to haemodynamic overload is associated with

hypertrophic growth of cardiomyocytes accompanying

fibrosis and inappropriate interstitial collagen forma-

tion. The prognosis of HF remains poor even with

wide use of RAS inhibitors and b adrenergic receptor

blockers [3]. Recently, growing evidence has suggested

that reactive oxygen species (ROS) are involved in the

pathophysiology of myocardial remodelling and failure

[4�10] and increases of ROS have been shown in

various animal models of HF. We and others have

demonstrated that generation of ROS is increased in

post-MI myocardium in mice [9] and that treatment

with antioxidants or over-expression of antioxidant

enzymes prevents cardiac remodelling [11�13], result-

ing in improvement of survival after MI [12,13]. In

vitro experiments demonstrated that ROS mediate

hypertrophy in cardiomyocytes induced by neurohu-

moral factors such as angiotensin II and catechola-

mines, as well as cytokines including TNFa [14�17].

ROS modulate extracellular matrix function via their

effects on fibroblast proliferation and collagen synth-

esis, involving redox-sensitive activation of matrix

metalloproteinases (MMPs) [11,18,19]. Moreover,

ROS alter gene expression in the case of intracellular

Ca2� overload, activating various proteases and pro-

moting apoptosis in cardiomyocytes [20,21]. The

above findings thus strongly suggest that redox regula-

tion may be a potential therapeutic strategy for cardiac

remodelling and HF. However, despite much discus-

sion on the biological activities of ROS in remodelling,

there is scanty clinical or animal experimental evidence

for elevation of systemic oxidative biomarkers corre-

sponding to the increase of ROS in the remodelling

myocardium. We thus examined the time courses of

oxidative stress in the post-MI myocardium and in

systemic circulation by performing simultaneous sam-

pling of urine, blood and myocardium during the post-

MI course in a HF mouse model. Since the effects of

ROS depend on a balance between the pro-oxidant

molecules generated and the antioxidant reserve in

vivo, both components should be tested to obtain

better understanding of the effects of ROS on the

progression of remodelling. For a comprehensive

investigation of oxidative stress, we measured the

byproducts of ROS represented by thiobarbituric

acid reactive substances (TBARS) and 8-hydroxy-2?-
deoxyguanosine (8-OH-dG), as well as the antioxidant

defense capacity indicated by scavenger enzymes.

Moreover, excised biological specimens only enable

one to identify the target of ROS after the exposure to

ROS but not to reflect the dynamic changes of redox

status in vivo in the chronic HF model. Accordingly,

we applied in vivo ESR to estimate redox status non-

invasively in the process of remodelling using a post-

MI HF model in mice.

Materials and methods

Animal model

This experiment conformed with the Guide for the

Care and Use of Laboratory Animals published by

the US National Institute of Health and was reviewed

and approved by the Committee of the Ethics on

Animal Experiment, Kyushu University Graduate

School of Medical Sciences, and performed in

compliance with the relevant Law (No. 105) and

Notification (No. 6) of the Japanese Government.

Six week-old CD-1 male mice were purchased

from Kyudo Co., Ltd. (Saga, Japan). The mice

were housed in a temperature- and humidity-con-

trolled room. MI was experimentally induced in mice

by ligating the left coronary artery permanently, as

previously reported [11]. The mice were assigned

randomly into five groups; post-MI days 1, 4, 7, 14

and 28, and the survived mice (survived/operated:

n�6/7, 6/8, 10/14, 9/11, 14/21, respectively) were

used in the experiments on the assigned days. Urine,

blood and myocardium samples were collected from

each mouse. The myocardial samples of all six mice

on post-MI day 4 and six mice on post-MI day 28

were examined immunohistochemically, while the

samples of the other mice were used for biochemical

analysis. The data were compared with those from

control mice that underwent sham operation without

coronary artery ligation at day 28 (n�7).

Echocardiography and haemodynamic measurements

Echocardiographic studies were performed under

light anaesthesia by an intraperitoneal injection of

sodium pentobarbital, with spontaneous respiration

before the animal was euthanized. A 2D parasternal

short-axis view of the LV was obtained by applying

the transducer lightly to the mid-upper left anterior

chest wall. The transducer was then gently moved

cephalad or caudad and angulated until desirable

images were obtained. After ensuring that the image

was on axis (based on roundness of the LV cavity),

2D targeted M-mode tracings were recorded at a

paper speed of 50 mm/s. Our previous study showed

small intra-observer and inter-observer variabilities of

our echocardiographic measurements for LV dimen-

sions and high reproducibility of measurements made

in the same animals on separate days [22]. Under the

same anaesthesia with Avertin, a 1.4 Fr microman-

ometer-tipped catheter (Millar Instruments) was

inserted into the right carotid artery and then

advanced into the LV for the measurement of LV

pressures for the assessment of severity of HF at day

28 after MI.
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Blood sampling

Blood sample was collected with 1:500 dilution of

heparin just before euthanizing each animal. Plasma

was separated by centrifugation at 1000�g for

15 min at 48C and stored at �808C until analysis.

The erythrocyte fraction was washed three times with

isotonic NaCl. A stock haemolysate was prepared by

the addition of the 2-mercaptoethanol-EDTA stabi-

lizing solution. The concentrated haemolysate was

diluted with 2% ethanol immediately before assay.

TBARS in plasma and 8-OH-dG in urine

To assess the level of systemic oxidative stress

generated in the process of cardiac remodelling after

MI, we measured TBARS in plasma and 8-OH-dG in

urine. Plasma TBARS was measured by fluorometric

analysis. The plasma was pre-treated with 10%

phosphotungstic acid and 1/12 N sulphuric acid.

The sample was mixed with a reagent to obtain a final

concentration of 7.5% acetic acid, 2 mmol/L EDTA

and 0.4% SDS and then reacted with 0.3% thiobar-

bituric acid (TBA) in a boiling water bath for 45 min.

After cooling, the chromogen was extracted in n-

butanol/pyridine (15:1, v/v). Fluorescence of the

supernatant was measured at excitation and emission

wavelengths of 510 and 550 nm, respectively, using a

GENios ProTM (Tecan Group Ltd. Durham, NC).

The standard was prepared using 1,1,3,3, -tetra-

ethoxypropane (TEP).

Urine samples were collected in individual meta-

bolic cages (Nalgen, Rochester, NY). After overnight

fasting, urine sample was collected from each mouse.

Urine 8-OH-dG concentration was determined using

a competitive ELISA kit (8-OH-dG check†, Japan,

Institute for the Control of Aging, Nagoya, Japan).

The value was corrected by urinary creatinine mea-

sured with a colorimetric assay kit (Sigma, St. Louis,

MO).

TBARS in myocardial tissue

The myocardium was homogenized in 10 volumes of

50 mmol/L sodium phosphate buffer at 48C for the

assay of TBARS in myocardium. The homogenate

was centrifuged at 4500�g for 15 min and the

supernatant was used for the biochemical assay of

TBARS as in plasma.

Antioxidant enzyme activities in myocardium

To determine the change in capacity of defense

during the progression of cardiac remodelling, we

measured the levels of antioxidant enzyme activities

in the myocardium.

The enzymatic activities of glutathione peroxidase

(GPx) and superoxide dismutase (SOD) were mea-

sured spectrophotometrically (Tecan Group Ltd.,

GENios). GPx activity was determined according to

the method of Yamamoto and Takahashi [23] by

following the oxidation of NADPH in the presence of

GR (Oriental Yeast Co., Ltd. Tokyo, Japan), which

catalyses the reduction of oxidized glutathione

(GSSH) formed by GPx. One enzyme unit is defined

as the amount of enzyme that oxidizes 1 mmol of

NADPH per minute. SOD activity was examined by

the cytochrome c method, in which xanthine and

xanthine oxidase (Oriental Yeast Co., Ltd. Tokyo,

Japan) were used as a source of superoxide. A unit

was defined as the quantity of SOD required for 50%

inhibition of the rate of cytochrome c reduction

(Wako Pure Chemical Industries, Inc. Osaka, Japan).

Protein concentration was determined by the Brad-

ford assay.

Hexanoyl-Lysine adduct (HEL) immunostaining in

myocardial tissue

Left ventricular myocardial sections obtained from

mice at baseline, day 3 and 28 after MI were

immunolabelled by a specific monoclonal anti-HEL

antibody (Nikkenn SEIL Corp.). Paraffin-embedded

tissue sections (5-mm thick) were deparaffinized with

xylene, refixed in Bouin’s solution for 20 min,

immersed in PBS, incubated with 0.3% H2O2 in

methanol for 30 min, followed by blocking with

M.O.M. mouse IgG blocking reagent. The sections

were further incubated with monoclonal anti-HEL

antibody in M.O.M. Diluent. After rinsing with

10 mmol/L PBS, they were incubated with biotin-

labelled goat anti-rabbit IgG anti-serum (1:100

dilution; DAKO A/S) for 60 min and then with

avidin-biotin complex (1:100 dilution; Vectastain

ABC kit) for 60 min. After rinsing, the sections

were finally incubated with 0.02% 3,3-diaminoben-

zidine and 0.03% H2O2 in deionized water for 6�9
min. As a negative control, sections were incubated

with normal rabbit serum instead of anti-HEL anti-

body.

In vivo electron spin resonance study

A spin probe, 3-methoxycarbonyl-2,2,5,5-tetra-

methylpyrrolidine-1-oxyl (methoxycarbonyl-PROX

YL) was synthesized as described previously [24].

For the in vivo ESR measurements, 100 mmol/L

isotonic methoxycarbonyl-PROXYL was adminis-

tered (3 ml/g body weight) in mice intravenously.

Then ESR spectra were taken at regular intervals

using a L-band ESR spectrometer (JEOL Co. Ltd.,

Akishima, Japan) with a loop-gap resonator (33 mm

i.d. and 30 mm in length), as reported previously

[25,26]. The power of the 1.1 GHz microwave was

10 mW. The amplitude of the 100-kHz field

modulation was 0.063 mT. The signal decay rates,

which were used as an index of ROS generation, were

determined from the semi-logarithmic plots of signal

Myocardial and systemic ROS after MI 39
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intensity vs time after probe injection. Tiron or

dimethylthiourea (DMTU) (3 mmol/mouse, dissolved

in saline) was administered simultaneously with the

probe to confirm the relationship between the signal

decay and ROS generation.

Statistical analysis

All data are expressed as mean9SEM. Between-

group comparisons of the means were performed by

one-way ANOVA followed by t-tests. Bonferroni’s

correction was done for multiple comparisons of

means. A p-value less than 0.05 was considered to

be statistically significant.

Results

Animal characteristics

The echocardiographic data of surviving mice at

days 1, 4, 7, 14 and 28 after MI and control mice

are shown in Table I. LV diameters were signifi-

cantly greater in MI mice at day 4 and thereafter

compared to sham-operated control mice. More-

over, MI mice had smaller fractional shortening and

anterior wall thickness. There were no alterations in

LV diameter and systolic function in sham-operated

mice without coronary artery ligation up to day

28 after the operation (data not shown). At day 28,

left ventricule LV end-diastolic pressure (LVEDP)

was increased in MI (2.690.7 vs 14.092.3,

pB0.01) and LV weight (wt)/body wt (3.1290.11

vs 3.6890.17 mg/g, pB0.05), RV wt/body wt

(0.8890.06 vs 1.3890.11 mg/g, pB0.05), lung

wt/body wt (5.3690.13 vs 7.7190.80 mg/g,

pB0.05) were all increased in MI. The prevalence

of pleural effusion was significantly higher in MI (0

vs 50%, pB0.01).

Oxidative byproducts in plasma and urine

Plasma TBARS and urinary 8-OH-dG were signifi-

cantly elevated at day 1 after MI (Figure 1), and

declined to control levels at day 7 and thereafter.

Oxidative markers and antioxidant enzyme activity in

myocardial tissue

We measured TBARS (an indicator of lipid peroxida-

tion) and performed immunohistochemical staining

of HEL in both infarct and non-infarct myocardial

samples. In the infarct area, TBARS increased at day

1 and 7 after MI (Figure 2A). In the non-infarct area,

on the contrary, TBARS level was not altered in the

early days (days 1, 7 and 14) after MI but was

elevated only at day 28.

In agreement with the results of myocardial

TBARS, HEL-positive cardiomyocytes were located

in the infarct area, whereas there was no staining in

the non-infarct area at day 4. (Figure 3). HEL is a

novel lipid hydroperoxide modified lysine residue,

which is formed by oxidative modification by oxidized

v6 fatty acids such as linoleic acid or arachidonic

acid. HEL is a useful biomarker for the initial stage of

lipid peroxidation. Although positive staining lasted

in the infarct area at day 28, the myocardium was

mostly replaced by fibrous tissue and little living

myocyte existed. In the non-infarct area, cardiomyo-

cytes were hypertrophied and positively stained by

HEL antibody. These suggest that lipid peroxidation

starts at an early stage in the infarct area but at late

remodelling stage in the non-infarct area. This is

consistent with TBARS level in myocardium and

indicated increased generation of ROS in the non-

infarct area at day 28. The increase of TBARS in the

non-infarct area was associated with a significant

decline in SOD activity and a tendency of decrease in

GPx activity at day 28 (Figure 4).

In vivo ESR in the heart

Since TBARS is known to be a non-specific assay to

measure lipid peroxidation from biological fluids and

tissues and many other substances besides reactive

aldehydes react with TBA, we used in vivo ESR to

determine whether the level of ROS increased in the

heart in the remodelling process. Methoxycarbonyl-

PROXYL, a stable membrane-permeable nitroxyl

radical, is converted into its non-magnetic products,

such as its hydroxylamine, immediately after the

Table I. Echocardiographic data.

Time after MI (days)

Control 1 4 7 14 28

n 7 6 6 10 9 8

Heart rate (bpm) 524922 564925 552916 568923 551928 589943

LVEDD (mm) 4.090.2 4.590.2 5.090.2** 5.190.2** 5.490.1** 5.690.2**

LVESD (mm) 2.390.2 3.690.2** 3.990.2** 3.990.1** 4.290.1** 4.490.1**

Fractional shortening (%) 37.691.6 21.191.6** 22.291.6** 23.291.6** 20.791.0** 21.092.7**

Infarct wall thickness (mm) 0.8390.03 0.6090.05** 0.6190.03** 0.4490.02** 0.4490.06** 0.3090.08**

Non-infarct wall thickness (mm) 0.8490.04 0.8090.05 1.0090.02 1.1390.07* 1.3090.05** 1.2590.18**

Control, sham-operated mice; LV, left ventiruclar; EDD, end-diastolic dimension; ESD, end-systolic dimension.

Values are means9SEM. * pB0.05, ** pB0.01 vs controls.
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reaction with hydroxy radicals or other reductants. To

determine the level of ROS or redox status by

in vivo ESR measurements, we used methoxycarbo-

nyl-PROXYL as a spin probe which was observed

as three sharp lines by ESR spectroscopy (Figure 5A).

We applied signal decay of methoxycarbonyl-

PROXYL to in vivo ESR to measure ROS generation

non-invasively in the failing heart in mice after MI.

When the ESR spectrum was measured at the chest

level, the signal decay rate was greater in MI mice

than sham-operated mice (Figure 5B). The increase

of the signal decay observed in MI was suppressed by

a simultaneous injection of antioxidants, Tiron or

DMTU (Figure 5C and D), indicating the enhance-

ment of free radical reactions at the chest in MI mice.

To confirm that the enhancement of signal decay is

localized at the chest and does not reflect the increase

of systemic free radical generation, the same ESR

measurement was repeated at the other parts of the

body, head and abdomen from the same animals.

ESR signal decay was similar between the two groups

when the spectrum was detected at the head and

abdominal levels (Figure 5E and F).

Redox alteration during the process of remodelling after

MI

Using this in vivo ESR technique, we measured free

radical production during the time course of remo-

delling after MI in mice. Radical generation was

increased gradually in 4 weeks after MI, which was in

parallel to the increase of LVEDD and LVESD and

the decrease of EF assessed by echocardiography

(Figure 6).

Discussion

In the post-MI myocardium, early remodelling occurs

accompanied by infarct expansion, regional dilatation

and thinning of the infarct zone and is followed by

further deterioration in cardiac performance and

increased neurohormonal activation in late remodel-

ling. ROS play an important role in the progression of

remodelling in the post-MI myocardium. However,

phase-dependent alteration of ROS production in the

post-MI myocardium has not been discussed. More-

over, despite a lack of evidence, it is widely mis-

construed that an increase of local ROS production is

reflected by increases of systemic ROS markers. The

present study demonstrates that systemic elevations

of ROS markers occur only at the earlier phase after

MI. On the contrary, the generation of ROS in non-

infarct myocardium is increased from the late phase.

Roles of ROS in the progression of cardiac remodelling

ROS potentially cause cellular damage and dysfunc-

tion. Whether the effects of ROS are beneficial or
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harmful depends on the site of action, the source, the

amount of ROS generation and the resulting redox

balance. Several groups reported that ROS are

increased in congestive HF patients [27,28] and

accumulating evidence from animal studies revealed

that increased ROS play a pivotal role in the

pathogenesis and progression of HF [4,9,29�33].

However, whether systemic ROS markers are useful

for determining the redox state of the failing heart

remains unknown. Li et al. [34] used LC/MS/MS to

analyse F2-isoprostanes in urine from HF patients.

They found that only a few peaks were increased, but

the most abundant isomer 5-epi-8,12-iso-iPF2a-VI

was comparable to control subjects. Other clinical

studies examined ROS in serum or urine in HF

patients by measuring redox markers and reported

that ROS are elevated in functionally very poor,

NYHA class III or class IV patients. At the time of

acute deterioration of HF or sudden onset of cardiac

ischemia, patients often have congestion or elevation

of LV end diastolic pressure. In such conditions, the

immune system, neurohormonal factors such as

TNFa and other cytokines are activated with con-

current activation of sympathetic nerve, all of which

cause endothelial damage and other organ disorders

[35]. In fact, acute MI is associated with a marked

increase of inflammatory cells. Previous reports have

demonstrated that inflammatory responses and neu-

rohormonal factors cause the generation of oxidative

stress not only from the myocardium but also from

the vasculature [36�40]. These observations are

consistent with our result showing that alteration of

systemic ROS markers may not always reflect ROS

generation in the myocardium.

Redox status estimated by in vivo ESR

ESR spectroscopy is a useful method to estimate

redox status in living animals. In this study, we

demonstrated using in vivo ESR spectroscopy that

increased generation of free radicals in the heart

correlated with dilatation of LV and decrease in EF,

both of which are indices of the myocardial remodel-

ling process after MI.

There are several advantages to determine ROS

generation by in vivo ESR spectroscopy. First, the

method allows non-invasive assessment of ROS

generation in an in vivo setting. Secondly, in vivo

ESR can be repeated in the same animal at different

time points, indicating that the ESR technique has

the potential to be used as a diagnostic tool in the

future. Thirdly, this ESR technique can estimate and

quantify the ‘net’ redox state. Antioxidant enzymes

and reductants (such as glutathione) in the ROS

generating system together determine the total redox

status in biological systems, which may change

dynamically and acutely in the heart after MI.

Byproducts of free oxygen radicals such as lipid

Figure 3. Immunohistochemical detection of HEL moieties in the remodelling process in whole LV, infarct myocardium and non-infarct

myocardium, during acute-phase (day 4) and late-phase (day 28) after MI. Scale bar; 1 mm (top) and 10 mm (infarct area and non-infarct

area).

42 T. Inoue et al.
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peroxide, products of protein modifications and

DNA damage do not always represent the net

capacity of ROS reactions and do not necessary

reflect ROS generation in specific organs or tissue.

Difficulty in the interpretation of enhanced signal

decay has been pointed out, because the nitroxyl

radicals are known to react with not only free radicals

but also other reductants including ascorbic acid and

glutathione. However, we found that the increased

ESR signal decay in heart failure was normalized by

the addition of Tiron and DMTU. Furthermore, the

TBARs study provided evidence that the ESR data

reflect the increase of ROS in the failing heart, all of

which support that the enhancement of signal decay

in late remodelling represents at least the alteration of

total redox status in the myocardium, most probably

due to an increase of ROS.

Alteration of antioxidants and lipid peroxidation in non-

infarct myocardium

We found that ROS markers including both bypro-

ducts of ROS and antioxidant enzymes were altered

concomitantly in urine and blood at the early phase

after MI and were normalized at the late remodelling

state at 28 days post-MI. An increase of lipid

peroxidation indicated by TBARS in infarct myocar-

dium coincided with these systemic alterations (Fig-

ures 1 and 2). On the contrary, with the progression

of remodelling represented by LV dilatation and

reduced ejection fraction, the TBARS level in non-

infarct myocardium increased at day 28. The im-

munohistochemical analysis by HEL antigen sub-

stantiated the finding that ROS was increased in the

non-infarct myocardium during late remodelling. It is

consistent with our previous findings in a tachycar-

dia-induced canine HF model, in which ROS gen-

eration was enhanced in the failing myocardium and

correlated with LV end-diastolic pressure and LV

ejection fraction [41]. Nevertheless, it remains un-

known why oxidative stress was not detectable in

urine or in blood in late remodelling after MI, even

with the progression of remodelling. A possible

explanation is the differences in the source and

amount of ROS between the early phase and the

chronic phase of HF. In the later phase of post-MI

remodelling, ROS increase may occur mainly in the

myocardium and multiple defense mechanisms

against ROS stabilize the levels in blood and urine.

Moreover, ROS is so short-lived that it may not be

possible to detect them in urine or blood when the

source is localized in a single organ. In contrast,

systemic inflammatory responses manifested clini-

cally as leukocytosis and increased cytokines during

acute deterioration or sudden ischemia [42�46] may

not have enough time to cope with the acute ROS

attack and redox change. We suspect that the acute

increase in systemic ROS markers after MI is due to

systemic activation of inflammatory cells. However,

while administration of cyclophosphamide depletes

leukocytes by 93% [15,47], the drug inhibited

TBARS only partially by � 48% (data not shown).

This indicates that sources other than leukocytes,

such as vasculature, may contribute to systemic ROS

generation in the acute phase of MI. All of these

results suggest the difficulties of detecting ROS in

blood or urine by specific markers in chronic HF,

even with enhanced production of ROS from the

remodelling myocardium.

Among the many detection techniques of ROS

markers available currently, the most sensitive

method is the detection of isoprostanes by mass

spectroscopy. However, it is known that most of the

major peaks of isoprostanes are not elevated in urine

from HF patients [30]. Furthermore, commercially

available ELISA kits are not as reliable as GC-MS

assay [48]. Therefore, we measured a sensitive but

not very specific marker TBARS for estimating ROS

in plasma.

Clinical implications

Our study suggests that the increased local produc-

tion of ROS is not always reflected in blood or urine

during progression of remodelling. ROS are extre-

mely unstable and difficult to detect directly. The

establishment of a non-invasive method to detect

ROS generated locally in the remodelling myocar-

dium may permit time- and tissue-targeted therapy

for more effective treatment of remodelling and

failing heart.

Conclusion

We demonstrated that the generation of ROS in the

non-infarct myocardium increases with the progres-

sion of cardiac remodelling and this increase is not
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Figure 6. Changes in the rates of signal decay over time measured

by in vivo ESR spectroscopy in sham and MI mice at days 0, 2, 7,

14 and 28 after operation (n�7 in each group). Values are means

9SEM. *pB0.05, **pB.01 vs sham values for the rate of signal

decay.
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reflected by the levels of ROS markers in blood and

urine. Clarification of the mechanisms of ROS-

mediated remodelling and targeting non-infarct myo-

cardium may lead to novel and effective therapeutic

strategies for HF.
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