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Early loss of cardiac function in acute myocardial 
infarction is associated with redox imbalance 
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An adequate oxygen supply is necessary to sustain cell viability and 
basal metabolism. The production of reactive oxygen species 

(ROS) occurs as a result of aerobic metabolism, and ROS participate 
in many cellular functions including the cell signalling process (1). 
ROS are oxygen-derived chemical species that include free radicals, 
such as superoxide anion (O2˙−) and hydroxyl radical (OH˙), and 
nonradicals such as H2O2 (2). 

Excessive ROS production may occur when the oxygen supply is 
deficient (eg, during ischemia) (3). In this situation, irreversible cel-
lular damage may occur because ROS can oxidize membrane phospho-
lipids, proteins and DNA. Thus, ROS are implicated in the pathogenesis 
of myocardial infarction (MI) (4). Subsequent to MI, the heart under-
goes a remodelling process that leads to hypertrophy of surviving 
myocytes and hyperplasia of nonmyocytes (5). These responses 
initially serve as an adaptive process, but are often accompanied by 
cardiac decompensation and heart failure (6). H2O2 has a central role 
in this process and, depending on its concentration, may drive intra-
cellular signalling to adaptive or maladaptive pathways (7). At low 
levels, H2O2 can stimulate cardiac cell growth; however, in high con-
centrations it may cause cardiomyocyte apoptosis (8). Thus, the 
modulation of H2O2 concentration is important in this context and is 
accomplished by intracellular antioxidant systems.

The toxic effects of ROS can be abrogated by enzymatic as well as 
nonenzymatic antioxidants (9). For instance, H2O2 is metabolized by 
enzymes such as catalase (CAT), glutathione peroxidase (GPx) and 
peroxiredoxin (Prx). CAT is an enzyme specific to H2O2 detoxifica-
tion and is active when H2O2 levels are in the micromolar range (10). 
However, its activity is very low in heart tissue, where GPx has a more 
relevant role (9). GPx catalyzes the removal of H2O2 and hydroperox-
ides through the oxidation of reduced glutathione (GSH), producing 
oxidized glutathione (GSSG) (11). The GSH/GSSG ratio is a strong 

indicator of the cellular redox state. Prx also possesses peroxide scav-
enging activities and is expressed in all vital organs, including the 
heart (12,13). Prx is a superfamily of peroxidases that uses thioredoxin 
and GSH as electron donors in the detoxification of peroxides (14,15). 
Certain Prx isoforms have been demonstrated to be downregulated in 
patients with cardiomyopathy (16).

It is clear from the literature cited that deficient antioxidant adap-
tations to the maintenance of steady H2O2 concentrations and, there-
fore, the redox state are crucial to the development of heart failure 
subsequent to MI. Although many studies have explored the mechan-
isms involved in ventricular remodelling, relatively little is known 
regarding the role of antioxidant changes in cardiac cells postischemia, 
during the very early stages of heart failure.

Thus, the aim of the present study was to evaluate cardiac function 
using echocardiography and correlate it with oxidative stress and anti-
oxidant reserve in cardiac tissue at 48 h postexperimental MI.

Methods
Animals and groups
Male Wistar rats, eight weeks of age, weighing 229±24 g, were used in 
the present study (n=6 per group). Animals were maintained in com-
pliance with the Principles of Laboratory Animal Care, formulated by 
the National Institutes of Health (publication number 96-23, revised 
1996). 

The present study was approved by the ethics and research com-
mittee of Hospital de Clínicas de Porto Alegre (Porto Alegre, Brazil). 
Animals were randomly assigned to two groups: a control (sham) 
group, and an infarcted group that underwent a surgical procedure to 
induce MI. All animals were housed in a temperature-controlled ani-
mal facility with a 12 h light/12 h dark cycle and were fed ad libitum 
with rat chow.
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BACKGRoUNd: The loss of viable myocardium subsequent to myocar-
dial infarction (MI) impairs cardiac function, and oxidative stress is con-
sidered to be critical in this process. 
oBJeCtIVes: To assess cardiac function and correlate it with oxidative 
stress and antioxidant levels in cardiac tissue at 48 h post-MI. 
Methods: Adult male Wistar rats (n=6 per group) with a mean 
(± SD) weight of 229±24 g were randomly assigned to either an infarcted 
group or a control group. MI was induced by occlusion of the left coronary 
artery. Cardiac function was evaluated by measuring left ventricular (LV) 
ejection fraction, LV fractional shortening, cardiac output, myocardial 
performance index and the peak early diastolic velocity/peak atrial velocity 
ratio using echocardiography. The myocardial oxidative stress profile was 
assessed by measuring the reduced glutathione/oxidized glutathione ratio, 
H2O2 levels, peroxiredoxin-6 protein levels and activity levels of superox-
ide dismutase, catalase and glutathione peroxidase. Lipid peroxidation was 

quantified using chemiluminescence, and protein oxidation was deter-
mined by measuring protein carbonyl levels. 
ResULts: LV ejection fraction and LV fractional shortening were lower in 
the infarcted group compared with the sham group, whereas the peak early 
diastolic velocity/peak atrial velocity ratio and myocardial performance 
index were significantly increased, indicating systolic dysfunction. Lipid 
peroxidation, protein carbonyls and superoxide dismutase and catalase activ-
ity levels did not differ between the groups. Peroxyredoxin-6 levels were 
increased in the infarcted group, while H2O2 levels were reduced. The 
reduced glutathione/oxidized glutathione ratio and the glutathione peroxi-
dase activity were reduced in the infarcted group compared with control. 
dIsCUssIoN ANd CoNCLUsIoN: These data suggest that 
MI-induced cardiac dysfunction and impaired redox balance may be associ-
ated with the activation of counter-regulatory responses to maintain 
reduced H2O2 concentrations and, thereby, prevent further oxidative dam-
age at this early time point.
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MI surgery
MI was induced according to a previously described procedure (17) 
and adapted in the authors’ laboratory. Briefly, animals were placed in 
the dorsal decubitus position and anesthetized with xylazine 
(0.67 mg/kg administered intraperitoneally) and ketamine (0.33 mg/kg 
administered intraperitoneally). Following orotracheal intubation, 
animals were submitted to mechanical ventilation (Harvard ventilator 
model 683, Harvard Apparatus, USA). A left intercostal thoracotomy 
was performed without exteriorization of the heart. The left anterior 
descending coronary artery was occluded with a 6-0 mononylon 
suture. The thoracic cavity was closed with a 5-0 mononylon suture 
(18). The sham group was subjected to the same surgical procedure but 
the coronary artery ligation was not performed.

echocardiogram
All animals underwent echocardiography assessment before surgical 
interventions (baseline) and 48 h following the surgical procedures. 
Transthoracic echocardiography was performed using the EnVisor 
Philips system (Andover, USA) with a 12-4 MHz transducer set at 
2 cm depth with fundamental and harmonic imaging. All the measure-
ments and calculations were performed in accordance with the 
American Society of Echocardiography.
Left ventricular (LV) dimensions: The LV end-diastolic and end-
systolic transverse areas (cm2) were obtained by tracing the endo-
cardial border at three levels: basal (at the tip of the mitral valve 
leaflets); middle (at the papillary muscle level); and apical (distal from 
the papillary muscle but before the final curve cavity) (19). 
Infarct size (Is): In each echocardiographic transverse plane, the arc 
corresponding to the infarcted segments (the akinetic and/or 
hypokinetic region) and the total endocardial perimeter were meas-
ured at end-diastole. IS was expressed as a percentage and was esti-
mated using the following equation (20): 

IS = (akinetic and/or hypokinetic region/endocardial 
perimeter) × 100 

LV systolic function: LV ejection fraction (LVEF) was calculated  
using the following equation: 

LVEF = (end-diastolic volume − end-systolic volume/
end-diastolic volume) × 100

LVEF was expressed as a percentage; end-diastolic and end-systolic 
volumes were calculated using Simpson’s rule (21). Cardiac output 
(CO) was calculated using the following equation: 

CO = end-systolic volume × heart rate (HR)

LV fractional shortening (LVFS) was calculated using the following 
equation (22,23):

LVFS = diastolic diameter − systolic diameter/diastolic 
diameter × 100.

LV diastolic function: LV diastolic function was assessed by peak early 
diastolic velocity (E) and peak atrial velocity (A) ratio as a measure of 
mitral diastolic flow. 
Myocardial performance index (MPI): MPI was calculated by 
measuring LV ejection time (ET) and mitral flow time with Doppler 
imaging by using the following equation (24): 

MPI = (mitral flow time − ET)/ET 

Data were recorded on a compact disc for later review and offline 
analysis. Subsequent to echocardiography assessment, the animals 
were euthanized by cervical dislocation.

tissue preparation
After animals were euthanized, the hearts were rapidly excised, 
weighed and subsequently homogenized in 1.15% w/v KCl and 
phenylmethylsulfonyl fluoride (PMSF) 20 mM using a tissue hom-
ogenizer. The resulting suspension was centrifuged at 600 g for 10 min 
at 4°C to remove nuclei and cell debris (25) and the supernatant was 

used for oxidative stress measurements. The left ventricle was removed 
and frozen at −80°C immediately after euthanasia for the measure-
ment of glutathione as well as for Western blot analysis.

determination of lipid peroxidation using tert-butyl-hydroperoxide-
initiated chemiluminescence 
Chemiluminescence was measured in a liquid scintillation counter set 
to the out-of-coincidence mode (Rack Beta liquid scintillation spec-
trometer 1215, LKB Produkter AB, Sweden). Homogenates were 
placed in low-potassium vials at a protein concentration of 0.5 mg/mL 
to 1.0 mg/mL in a reaction medium consisting of 120 mM KCl and 
30 mM phosphate buffer (pH 7.4). Measurements were initiated by the 
addition of 3 mM tert-butyl hydroperoxide and data were expressed as 
counts per s (cps)/mg protein (26).

determination of protein oxidative damage using the protein 
carbonyl assay 
Tissue samples were incubated with 2,4-dinitrophenylhydrazine 
(DNPH 10 mM) in a 2.5 M HCl solution for 1 h at room temperature 
in the dark. Samples were vortexed every 15 min. Subsequently, a 20% 
trichloroacetic acid (w/v) solution was added and the solution was 
incubated on ice for 10 min and centrifuged for 5 min at 1000 g to 
collect protein precipitates. An additional wash was performed with 
10% trichloroacetic acid (w/v). The pellet was washed three times 
with ethanolethyl acetate (1:1) (v/v). The final precipitates were dis-
solved in 6 M guanidine hydrochloride solution and incubated for 
10 min at 37°C, and the absorbance was measured at 360 nm (27).

determination of h2o2 levels
The assay was based on the horseradish peroxidase-mediated oxidation 
of phenol red by H2O2. Slices of the left ventricle were incubated for 
30 min at 37˚C in 10 mM phosphate buffer (140 mM NaCl and 5 mM 
dextrose). Supernatants were transferred to tubes with 0.28 mM phe-
nol red and 8.5 U/mL horseradish peroxidase. After a 5 min incuba-
tion, 1 M NaOH was added and the absorbance was measured at 
610 nm. The steady-state concentration of H2O2 was expressed in 
nmol H2O2/g tissue (28).

Western blot analysis 
Tissue homogenization, electrophoresis and protein transference were 
performed as described elsewhere (29,30). Membranes were processed 
for immunodetection using rabbit anti-Prx-6 (25 kDa) as the primary 
antibody (Santa Cruz Biotechnology, USA). 

The bound primary antibodies were detected using goat anti-rabbit 
horseradish peroxidase-conjugated secondary antibody (Santa Cruz 
Biotechnology, USA), and the membrane was developed using chemi-
luminescence. Signal intensities were quantitatively analyzed using an 
image densitometer (ImageMaster DS CI, Amersham Biosciences 
Europe, Italy). Molecular weights of the bands were determined by refer-
ring to a standard molecular weight marker (RPN 800 rainbow full range, 
Bio-Rad Laboratories Inc, USA). The Ponceau red method was used to 
normalize the signal intensities of the bands from each membrane (31).

determination of antioxidant enzyme activities
The quantification of SOD activity, expressed as U/mg protein, was 
based on the inhibition of the reaction between O2˙− and pyrogallol 
(32). CAT activity was determined by measuring the decrease in H2O2 
absorbance at 240 nm. CAT activity was expressed as µmol H2O2 
reduced/min/mg protein (10). GPx activity was expressed as nmol 
peroxide/hydroperoxide reduced/min/mg protein and was based on the 
consumption of NADPH at 480 nm (33).

determination of total glutathione and GssG concentration
To determine GSSG and total glutathione concentration, tissue was 
homogenized in 2 M perchloric acid and centrifuged at 1000 g for 10 min, 
and 2 M KOH was added to the supernatant. The reaction medium 
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contained 100 mM phosphate buffer (pH 7.2), 2 mM NADPH, 0.2 U/mL 
glutathione reductase and 70 µM 5,5’-dithiobis(2-nitrobenzoic acid). To 
determine the GSSG concentration, the supernatant was neutralized 
with 2 M KOH and inhibited by the addition of 5 µM N-ethylmaleimide. 
Absorbance was read at 420 nm (34). GSH values were determined from 
the total and GSSG concentration.

determination of protein concentration
Total protein concentration was measured according to the method of 
Lowry, using bovine serum albumin as the standard (35).

statistical analysis
Data were analyzed using Sigma Plot version 11.0 software (Systat 
Software Inc, USA). Data are presented as mean ± SD, and groups 
were compared using the Student’s t test. Simple linear regression 
analysis (Pearson correlation coefficient) was used to test associations 
between continuous variables. P<0.05 was considered to be statistic-
ally significant.

ResULts
hR, Is and mortality 
The mean HR was not signficantly different between sham and 
infarcted groups (246±11 beats/min versus 222±22 beats/min). IS, 
measured using echocardiography, was 46.91±8.55%. 

Cardiac function
systolic function: LVEF and LVFS were decreased, while systolic 
diameter was enhanced in the infarcted group compared with sham 
animals (Table 1). An increase in the chamber diameter and loss of LV 
anterior wall contractility is also evident in Figure 1B. CO was not 
significantly different between the two groups (Table 1).
diastolic function: E was not different between groups, but A was 
lower in the infarcted group (P=0.0038) compared with the control 
group (Figure 2B), resulting in an increase in the E/A ratio in the 
infarcted group (P=0.0048) (Table 1). 
MPI: MPI was increased in the infarcted group (P=0.0009) compared 
with the control group (Table 1). A negative correlation between MPI 
and LVEF was also observed (r=−0.7019; P=0.035).

oxidative damage and h2o2 concentration
Levels of lipid peroxidation and proteins carbonyls were not different 
between the two groups (Table 2). The H2O2 concentration was lower 
in the infarcted group compared with the sham group (P=0.040) 
(Figure 3A). A significant positive correlation between the concentra-
tion of H2O2 and LVEF was also observed (r=0.7723; P=0.0088). 

Table 1
echocardiographic parameters in sham and infarcted 
groups

Groups
Parameters Sham Infarcted P
Systolic diameter, cm 0.27±0.08 0.50±0.03 0.0001
Diastolic diameter, cm 0.64±0.08 0.72±0.05 ns
LVEF, % 77±7 51±5 0.0002
LVFS, % 61±9 30±4 0.0001
Cardiac output, mL/min 87±17 72±28 ns
E, m/s 1.24±0.11 1.43±0.24 ns
A, m/s 0.70±0.13 0.45±0.09 0.0038
E/A ratio 1.78±0.23 3.24±0.84 0.0048
Myocardial performance index 0.24±0.06 0.59±0.14 0.0009
Data are expressed as mean ± SD unless otherwise indicated. A Peak atrial 
velocity; E Peak early diastolic velocity; LVEF Left ventricular ejection fraction; 
LVFS Left ventricular fractional shortening; ns Not statistically significant; 
P values were calculated using Student’s t test

Figure 1) An illustrative example of an M mode echocardiogram image of the 
left ventricle (LV) before (A) and after (B) myocardial infarction. Note the 
increase in the LV cavity and loss of LV free wall contractility

Figure 2) An illustrative example of a mitral flow velocity profile deter-
mined by pulsed-wave Doppler before (A) and after (B) myocardial infarc-
tion. Note the decreased A wave after myocardial infarction in B
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Antioxidant enzymes activities and expression
SOD and CAT activities did not differ between the two groups 
(Table 2). GPx activity was decreased by approximately 54% in the 
infarcted compared with the sham group (P=0.004). A significant 
positive correlation between GPx activity and LVEF was observed 
(r=0.67; P=0.0332). Conversely, Prx-6 protein expression was 
increased in the infarcted group compared with the sham group 
(P=0.0003) (Figure 3B).

Gsh/GssG ratio
The redox ratio (GSH/GSSG) was diminished by approximately 49% 
(P=0.02) in the infarcted group compared with the sham group 
(Table 2). A significant positive correlation between GSH/GSSG and 
LVEF was observed (r=0.78; P=0.02).

dIsCUssIoN
In the present study, we found that cardiac function was depressed at 
48 h post-MI, as demonstrated by reduced LVEF and LVFS with pre-
served CO. Systolic dysfunction was also evident by an increase in 
systolic diameter, E/A ratio and MPI. Levels of oxidative damage to 
lipids and proteins remained unaltered at this early time point. 
Furthermore, myocardial H2O2 concentration and GPx activity were 
diminished, while Prx-6 protein levels were higher and the anti-
oxidant activities of SOD and CAT were preserved. 

Although cardiac remodelling subsequent to an ischemic insult has 
been previously studied in a rat model of MI, to date, there have been 
no studies that have assessed systolic and diastolic function in correla-
tion to oxidative stress at such an early time point. Previous studies in 
the literature have focused on later time points after MI, when hall-
marks of heart failure are already present (36). Therapeutic interven-
tions at these time points may not always result in favourable 
functional recovery (37). Thus, our aim was to explore an earlier win-
dow of post-MI cardiac remodelling to better understand the biochem-
ical changes related to oxidative stress that may be associated with the 
progression to heart failure.

A significant reduction in LVEF was evident as early as 48 h 
post-MI. LVFS was also decreased, thereby further confirming an 
impairment of ventricular contractility associated with LV chamber 
enlargement, as was evident by the enhanced systolic diameter. The 
data also demonstrated a loss of systolic function in the infarcted group 
at this time point. Additionally, it was observed that, although E was 
unchanged, A was depressed, resulting in an increase in the E/A ratio. 
The reduction in the slow filling phase appears to be associated with 
the increased residual fraction owing to the impaired LV contractility 
rather than to the loss of ventricular compliance, because diastolic 
diameter was not altered. Moreover, MPI, which reflects global LV 
function, was found to be markedly increased in the infarcted group. 

An increase in this index suggests an adaptive response of the heart in 
an attempt to maintain its pumping ability. In fact, CO was not 
changed at this time point, probably at the expense of an increased 
effort, indicating that, despite the loss of systolic function, the heart is 
still in a compensated stage.

With regard to oxidative stress markers, we did not find an 
increase in myocardial lipid peroxidation or protein oxidation at 48 h 
post-MI. Other studies have reported an increase in these markers at 
later time points, which was associated with ventricular dysfunction 
and heart failure (38,39). Interestingly, myocardial H2O2 concentra-
tions were diminished at 48 h post-MI in our study, suggesting that 
these findings may represent countervailing survival mechanisms to 
maintain low H2O2 concentrations in this temporal window follow-
ing MI. Prx enzymes function as H2O2 sensors because they contain 
cysteine residues susceptible to oxidation by ROS (40). These 
enzymes are located in different cellular compartments (15). Prx-6 is 
mainly localized to the cytosol and has been suggested to play a key 
role in ischemic injury (41). In our study, we observed that at an early 
time point, Prx-6 protein levels were significantly increased in the 
infarcted group compared with the sham group, which may have con-
tributed to maintaining low H2O2 levels. During the process of perox-
ide detoxification, cysteine residues in the Prx-6 active site are 
reduced by GSH, which acts as an electron donor (15). This may 
have contributed to the reduced GSH/GSSG ratio found in our study, 
possibly due to the depletion of GSH in cardiac tissue. A decrease in 
the redox ratio also correlated with reduced LVEF in our study. Hill 
and Singal (4) have also reported that a decrease in the redox ratio at 
16 weeks post-MI contributes to the development of heart failure. 
GSH is an important substrate for many enzymes involved in perox-
ide detoxification, including GPx. In fact, in the present study, we 
also observed a decrease in GPx activity. Furthermore, we found a 
positive correlation between GPx and LVEF, suggesting a strong asso-
ciation between cardiac function and the activity of this enzyme. 
These data also corroborate previous findings demonstrating that 
GPx overexpression inhibits the development of LV remodelling and 
failure after MI, which may contribute to improved survival (42) and 
the attenuation of diastolic dysfunction, myocyte hypertrophy and 
interstitial fibrosis (43). The other enzymatic antioxidants, SOD and 
CAT, were not altered at this early time point, suggesting that Prx is 
the major antioxidant that plays a role in maintaining low H2O2 
levels. H2O2 acts as an important signalling molecule, whereby low 
concentrations of H2O2 are a signal for the activation of prosurvival 
pathways, while increased concentrations of H2O2 lead to proapop-
totic signalling, as our group has previously demonstrated (39). 
Brixius et al (16) demonstrated that in the failing human myocar-
dium, Prx-6 was the most altered isoform, demonstrated by a signifi-
cant reduction in its expression. The downregulation of this enzyme 
was associated with heart failure, confirming its utility as a marker for 
this stage of cardiac dysfunction.

Figure 3) A H2O2 concentration in heart homogenates from sham and 
infarcted groups. Data were analyzed using the Student’s t test; P<0.05 was 
considered to be statistically significant. B Western blot analysis of 
peroxiredoxin-6 (Prx-6) in heart homogenates from sham and infarcted 
groups. Data presented as mean ± SD from four animals in each group (one 
representative gel of three Western blot experiments, showing two bands for 
each experimental group). Data were analyzed using the Student’s t test; 
P<0.05 was considered to be statistically significant

Table 2
Oxidative stress parameters measured in heart 
homogenates from sham and infarcted groups

Variable
Group

PSham Infarcted
LPO, cps/mg protein 5526±1228 6354±986 ns
Carbonyl, nmol/mg protein 2.12±0.55 1.82±0.31 ns
H2O2, nmol/mg protein 0.033±0.009 0.022±0.005 0.04
GSH/GSSG ratio 13.98±3.53 6.90±2.82 0.02
SOD activity, U/mg protein 5.76±2.3 4.80±1.9 ns
CAT activity, µmol/mg protein 37.76±6.8 34.06±9.9 ns
GPx, nmol/mg protein 47.83±10.1 25.60±7.97 0.004
Data expressed as mean ± SD; P values were calculated using Student’s t 
test. CAT Catalase; GPx Glutathione peroxidase; GSH Reduced glutathione; 
GSSG Oxidized glutathione; LPO Lipoperoxides; ns Not statistically signifi-
cant; SOD Superoxide dismutase
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sUMMARY
Our data indicate that MI induced redox imbalances (reduced 
GSH/GSSG ratio) after 48 h, probably reflecting GSH consumption 
because it acts as a substrate for the antioxidant systems, thereby act-
ing to maintain low concentrations of H2O2. This antioxidant adapta-
tion results in lower oxidative damage to lipids and proteins and 
compensated cardiac function at 48 h post-MI. Overall, our results 
suggest that redox balance preservation by means of GSH recovery 
would be an important strategy to avoid the progression from the com-
pensated to the decompensated stage and to improve ventricular 
remodelling after MI. 
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