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Abstract This study was designed to investigate whether

the pretreatment with curcumin, a yellow pigment from

turmeric (Curcuma longa) known for its potent antioxidant

capacity, was able to protect against the oxidant damage

and mitochondrial dysfunction induced by reperfusion

injury in isolated hearts. Rats were treated with a daily

intragastric dose of curcumin (200 mg/kg) for 7 days prior

to experimental ischemia (30 min) and reperfusion

(60 min) (I/R). Cardiac mechanical work was measured

during periods of stabilization, ischemia, and reperfusion.

Oxidant stress and activity of antioxidant enzymes were

measured in both homogenates of cardiac tissue and in

isolated mitochondria. In addition, oxygen consumption

was measured in isolated mitochondria. It was found that

curcumin pretreatment attenuates the I/R injury as evi-

denced by (a) loss of cardiac mechanical work, (b) oxidant

stress (increase in lipid peroxidation and decrease in

reduced glutathione content) and (c) decrease in the

activity of the antioxidant enzymes superoxide dismutase

and glutathione reductase in both cardiac tissue and iso-

lated mitochondria, and (d) decrease in mitochondrial

respiratory capacity. In conclusion, the protective effect of

curcumin was associated with the attenuation of oxidant

stress and mitochondrial dysfunction secondary to I/R

injury.
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stress � Mitochondrial dysfunction � Oxygen consumption

Introduction

Curcumin (diferuloylmethane) is a naturally occurring

phenolic compound isolated as a yellow pigment from

turmeric (Curcuma longa), which is commonly used as a

spice, additive, and food colorant [1]. Curcumin is well

documented for its medicinal properties in traditional

Indian medicine [2]. The compound has been reported to

possess a variety of biological and pharmacological activ-

ities including antioxidant [3, 4], anti-inflammatory [5],

antimicrobial [6], and anticancer activities [7] and thus has

a potential effect against various malignant diseases [1].

Curcumin exhibits strong antioxidant activity and has been

shown to be a potent scavenger of a variety of reactive

oxygen species (ROS) including superoxide anion, hydro-

xyl radicals [8], and nitrogen dioxide radicals [9, 10]. Phase

II enzymes including glutathione peroxidase, glutathione

reductase (GR), glutathione S-transferase (GST), c-gluta-

mate cysteine ligase, and NADPH quinone oxidoreductase

1 protect cells from stress by diminishing oxidant stress or

detoxifying carcinogens [11], and curcumin has shown to

increase the expression of these enzymes by inducing

nuclear translocation of the transcription factor Nrf2 (NF-

E2-related factor-2) [12, 13]. Several studies have shown
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that curcumin is able to ameliorate mitochondria-induced

ROS production and lipid peroxidation in different models

of oxidant damage [14–16], including that occurring in

cardiac tissue [17, 18]. In this respect, several reports have

shown that mitochondria are both targets and sources of

myocardial damage during ischemia and reperfusion [19,

20]. Indeed, ischemia–reperfusion (I/R) results in damage

to the respiratory chain with impairment of oxidative

phosphorylation [21]. There is substantial evidence that

ROS are generated during I/R in the heart. In this condi-

tion, damage to mitochondria favors oxidative stress via

ROS production by complex I and III [22]; xanthine oxi-

dase [23] and NADPH oxidase [24] are also involved. This

study explored whether curcumin pretreatment was able to

attenuate the mechanical injury, mitochondrial dysfunc-

tion, and oxidative stress induced by I/R injury in the

isolated rat heart.

Materials and Methods

Chemical Reagents

Curcumin (Cat. No. C1386, batch # 079K1756), glutathione

reduced form (GSH), glutathione oxidized form (GSSG),

nitroblue tetrazolium (NBT), tetramethoxypropane

(TMPO), GR, GST, 1-chloro-2,4-dinitrobenzene (CDNB),

4 ethylenediaminetetraacetic acid (EDTA), 1-methyl-2-

phenylindole, xanthine, xanthine oxidase, b-nicotinamide

adenine dinucleotide phosphate reduced form (NADPH),

nicotinamide adenine dinucleotide reduced form (NADH),

aprotinin, leupeptin, pepstatin, N-(2-hydroxyethyl)pipera-

zine-N-(2-ethanesulfonic acid) (HEPES), butylated

hydroxytoluene (BHT), bovine serum albumin (BSA),

adenosine diphosphate (ADP), carbonyl cyanide m-chlo-

rophenylhydrazone (CCCP), rotenone, succinate, malate,

glutamate, sodium octanoate, subtilisin A, and guanidine

hydrochloride were purchased from Sigma-Aldrich (St.

Louis MO, USA). Monochlorobimane was purchased from

Fluka (Schnelldorf, Germany). Hydrogen peroxide (H2O2)

was purchased from J.T. Baker (Xalostoc Edo. Mex,

México). All other reagents and chemicals used were of the

highest grade of purity commercially available.

Animal Treatment

All animal experiments were conducted in accordance with

the NIH guide for the care and use of laboratory animals. Fours

groups of male Wistar rats (270–300 g) were studied

(n = 4–7/group): Control (CT), I/R, I/R ? curcumin (I/R ?

CUR), and curcumin (CUR). Rats from CT group were treated

daily via oral gavage with carboxymethylcellulose 0.05%

for 7 days, and then the hearts of the animals were used

for the Langendorff perfusion experiments. Rats from CUR

groups received curcumin (200 mg/kg, body weight), dis-

solved in carboxymethylcellulose 0.05%, that was given daily

via oral gavage for 7 days before the Langendorff perfusion

experiments.

Langendorff Perfusion Experiments

After treatment, the animals were anesthetized with sodium

pentobarbital (60 mg/kg) and anticoagulated with sodium

heparin (1,000 U/kg). Five minutes after the heparin

injection, a midstream thoracotomy was performed and the

heart was rapidly excised and placed in ice-cold Krebs–

Henseleit buffer solution, consisting of 118 mM NaCl,

4.75 mM KCl, 1.18 mM KH2PO4, 1.18 mM MgSO4 7H2O,

2.5 mM CaCl2, 25 mM NaHCO3, 5 mM glucose, and

100 lM sodium octanoate, pH 7.4. The heart was quickly

fixed onto a Langendorff heart perfusion system and per-

fused retrogradely via the aorta at a constant flux of 12 ml/

min with Krebs–Henseleit solution that was continuously

bubbled with 95% O2 and 5% CO2, at 37�C. Mechanical

work was measured at a left ventricular end-diastolic

pressure of 10 mm Hg, using a latex balloon inserted into

the left ventricle and connected to a pressure transducer.

All variables were recorded using a computer acquisition

data system designed by the Instrumentation and Technical

Development Department of the National Institute of

Cardiology (México, D.F., México) [25].

Experimental Protocols

I/R Protocol

Krebs–Henseleit buffer was perfused for 20 min to stabi-

lize the hearts of CT, I/R, I/R ? CUR, and CUR groups.

I/R and I/R ? CUR groups were generated as follows. The

hearts were subjected to global ischemia for 30 min, by

turning off the pumping system, and then to reperfusion for

additional 60 min (I/R hearts) [25]. Hearts from CT and

CUR groups were continuously perfused as long as I/R

hearts. Hearts that developed arrhythmias before the

ischemia were discarded and replaced.

Isolation of Heart Mitochondria

At the end of the perfusion protocol (see above), the hearts

were dismounted from the Langendorff system and placed

in cold buffer solution, which contained 250 mM sucrose,

10 mM Tris/HCl, and 1 mM EDTA (pH 7.4). The hearts

were minced and incubated for 10 min with the same buf-

fer, plus 2 mg/ml subtilisin A, in an ice bath. The tissue was

then washed and suspended in the same buffer without the

enzyme. Heart tissue was homogenized and mitochondria
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were obtained by differential centrifugation as described

previously [26].

Determination of Oxygen Consumption

Mitochondrial oxygen consumption was measured using a

Clark-type oxygen electrode (Yellow Springs Instruments,

Yellow Spring, OH, USA). The experiments were carried

out in 1.5 ml of basic medium containing 125 mM KCl,

10 mM HEPES, and 3 mM inorganic phosphate, pH 7.3.

State 4 respiration was evaluated in the presence of 10 mM

sodium glutamate and 10 mM sodium malate or 10 mM

succinate plus 1 lg/ml rotenone. State 3 respiration was

stimulated by the addition of 200 lM ADP. Respiratory

rates are expressed as nanograms atoms of oxygen/min/mg

protein (ngAO/min/mg). Respiratory control index (RC)

was calculated as the ratio of state 3/state 4. Uncoupled

respiration was measured by adding 1 lM CCCP. Phos-

phorylation efficiency (ADP/O ratio) was calculated from

the added amount of ADP and total amount of oxygen

consumed during state 3 [25].

Preparation of Heart and Mitochondrial Homogenates

At the end of the perfusion protocol (see Sect. ‘‘I/R Pro-

tocol’’), the hearts were dismounted from the Langendorff

system and heart tissue was frozen in liquid nitrogen until

the determinations of lipid peroxidation, GSH content, and

activity of antioxidant enzymes (catalase, GR, GPx, GST,

and SOD) were performed. Heart tissue and isolated

mitochondria were homogenized in a Polytron (Model PT

2000, Brinkmann, Westbury, NY, USA) for 10 s in cold

potassium phosphate buffer (50 mM) with 0.1% Triton

X-100, pH 7.0 [27]. The homogenates were centrifuged at

19,0009 g at 4�C for 30 min, and the supernatant was

separated to measure total protein, activity of antioxidant

enzymes (CAT, GR, GPx, GST, and SOD), and GSH

content. To measure lipid peroxidation, a oxidative stress

marker, butylated hydroxytoluene (0.5 M), leupeptin

(5 lg/ml), pepstatin (7 lg/ml), and aprotinin (5 lg/ml)

were added to the potassium phosphate buffer (50 mM),

pH 7.0 and samples were homogenized as described above.

Total protein was measured by the method of Lowry et al.

[28].

Evaluation of Oxidant Damage in Heart

and Mitochondrial Homogenates

GSH Content

GSH levels were measured in heart and mitochondrial

homogenates using monochlorobimane as previously

described by Fernández-Checa and Kaplowitz [29]. The

method is based on the appearance of fluorescent adducts

of monochlorobimane with GSH in a reaction catalyzed by

the enzyme GST. The fluorescence was measured using

excitation and emission wavelengths at 385 and 478 nm,

respectively, using a Synergy HT multi-mode microplate

reader (Biotek Instruments Inc., Winooski, VT, USA).

Data were expressed as lmol GSH/mg protein.

Lipid Peroxidation

Malondialdehyde (MDA) and 4-hydroxy-2-nonenal (4-HNE)

were measured using a standard curve of TMPO. A solution of

1-methyl-2-phenylindole was added to the heart and mito-

chondrial homogenates and the reaction was started by adding

37% HCl. The method is based on the formation of a colored

complex between MDA and 4-HNE with 1-methyl-2-phen-

ylindole. Optical density was measured at 586 nm after 1 h of

incubation at 45�C [30]. Data were expressed as nmol MDA

and 4-HNE/mg protein.

Activity of Antioxidant Enzymes in Heart

and Mitochondrial Homogenates

CAT activity was assayed in heart and mitochondrial

homogenates by a method based on the disappearance of

30 mM H2O2 at 240 nm [31]. The data were expressed as

k/mg protein, where k (first-order reaction) can be used as a

direct measure of the catalase concentration as described

by Aebi [32].

GR activity was assayed in heart and mitochondrial

homogenates using oxidized glutathione as substrate and

measuring the disappearance of NADPH at 340 nm [31].

One unit of GR was defined as the amount of enzyme that

oxidizes 1 lmol of NADPH per minute. Data were

expressed as U/mg protein.

GPx activity was measured in heart and mitochondrial

homogenates using GR and NADPH in a coupled reaction

[31]. The disappearance of NADPH was monitored at

340 nm. One unit of GPx was defined as the amount of

enzyme that oxidizes 1 lmol of NADPH per minute. Data

were expressed as U/mg protein.

GST activity was assayed in heart and mitochondrial

homogenates in a mixture containing GSH and CDNB as

previously described [33]. The method is based on the

formation of a complex between GSH and CDNB, which

has a maximum absorbance at 340 nm. One unit of GST

was defined as the amount of enzyme that conjugates

1 lmol of CDNB with GSH per minute. Data were

expressed as U/mg protein.

SOD activity in heart and mitochondrial homogenates

was assayed spectrophotometrically at 560 nm by a pre-

viously reported method using NBT as the indicator

reagent [31]. The method is based on the oxidation of NBT
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to formazan by superoxide anion, which is generated by the

reaction system xanthine/xanthine oxidase; in the presence

of SOD, the oxidation of NBT is inhibited. The amount of

protein that inhibited NBT reduction to 50% of maximum

was defined as one unit of SOD activity. Results were

expressed as U/mg protein.

Statistical Analysis

Results were expressed as mean ± SEM. Data were ana-

lyzed by two-way ANOVA followed by Bonferroni’s

multiple comparisons test using software Prism 5.0

(GraphPad, San Diego, CA, USA). A P value \ 0.05 was

considered statistically significant.

Results

The effect of curcumin administration on contractile

function was evaluated in hearts subjected to I/R. Figure 1

shows that hearts from I/R ? CUR group rapidly recov-

ered from the ischemic insult, reaching mechanical work

levels comparable to the CT group in remarkable contrast

to reperfused (I/R) hearts, which early during reperfusion

loose mechanical function. Curcumin administration to the

rats had no effect on the mechanical work in the isolated

system (CUR group) (Fig. 1).

Tables 1 and 2 show that I/R injury was associated with

enhanced oxidant stress (lipid peroxidation) and decreased

GSH content as well as a decrease in the activity of SOD

and GR both in heart (Table 1) and mitochondrial

homogenates (Table 2). These changes were effectively

prevented by CUR pretreatment in the I/R ? CUR group.

The changes in the activity of GPx, GST, and CAT induced

by I/R were not significant. Interestingly, in heart

homogenates, the activity of catalase in the I/R ? CUR

group was significantly higher than that in the I/R group. In

addition, both in heart homogenates (Table 1) as well as in

isolated mitochondria (Table 2), the activity of GST

increased in the CUR group suggesting that this enzyme

was induced by CUR treatment.

Respiratory activities of heart mitochondria isolated

from CT, CUR, I/R, and I/R ? CUR groups were mea-

sured in the presence of malate/glutamate (Fig. 2) or

Fig. 1 Effect of curcumin (CUR) pretreatment on the mechanical

work of postischemic hearts. In the I/R group, hearts were subjected

to 20 min of stabilization and then to 30 min of ischemia, after that,

the pump system was restored and each heart was reperfused for 60

min. In the CUR group, curcumin (200 mg/kg, body weight) was

given daily via oral gavage for 7 days before the Langendorff

perfusion experiments. Hearts of CT, I/R, I/R ? CUR, and CUR

groups were perfused for 20 min. The hearts from I/R and I/R ? CUR

groups were subjected to global ischemia for 30 min and then to

reperfusion for additional 60 min. Hearts from CT and CUR groups

were continuously perfused as long as I/R hearts. CT control, I/R
ischemia and reperfusion. Data are mean ± SEM, n = 6. * P \ 0.05

versus CT, #P \ 0.05 versus I/R

Table 1 Effect of curcumin pretreatment on I/R-induced cardiac oxidant stress and decrease in the activity of some antioxidant enzymes

CT I/R I/R ? CUR CUR

Lipid peroxidation (nmol MDA ? 4-HNE/mg) 16.2 ± 0.88 21.1 ± 1.27* 15.9 ± 0.63# 16.2 ± 0.93

GSH content (lmol/mg) 52.2 ± 6.1 36.1 ± 2.9* 62.4 ± 7.2# 71.0 ± 7.3

Superoxide dismutase (U/mg) 130 ± 6.4 101 ± 3.7* 127 ± 8.1# 141 ± 10.7

Glutathione reductase (U/mg) 0.047 ± 0.009 0.019 ± 0.003* 0.059 ± 0.005# 0.054 ± 0.003

Glutathione peroxidase (U/mg) 0.27 ± 0.02 0.22 ± 0.01 0.25 ± 0.03 0.27 ± 0.02

Glutathione S-transferase (U/mg) 0.072 ± 0.008 0.076 ± 0.009 0.085 ± 0.005 0.135 ± 0.021*

Catalase (k/mg) 0.040 ± 0.004 0.035 ± 0.002 0.049 ± 0.003# 0.044 ± 0.004

In the CUR and I/R ? CUR groups, curcumin (200 mg/kg, body weight) was given daily via oral gavage for 7 days before the Langendorff

perfusion experiments. Hearts of CT, I/R, I/R ? CUR, and CUR groups were perfused for 20 min. The hearts from I/R and I/R ? CUR groups

were subjected to global ischemia for 30 min and then to reperfusion for additional 60 min. Hearts from CT and CUR groups were continuously

perfused as long as I/R hearts. At the end of the perfusion protocol, the hearts were dismounted from the Langendorff system and heart tissue was

frozen in liquid nitrogen until the determinations of lipid peroxidation, GSH content, and activity of antioxidant enzymes (catalase, GR, GPx,

GST, and SOD) were performed. I/R ischemia and reperfusion, MDA malondialdehyde, 4-HNE 4-hydroxy-2-nonenal, mg milligrams of protein,

GSH reduced glutathione, U units, k constant of first-order reaction. Data represent mean±SEM, n = 4–7. * P \ 0.05 versus CT, #P \ 0.05

versus I/R
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succinate plus rotenone (Fig. 3) as substrates. A diminution

in state 3 respiration rate was observed in mitochondria

from the I/R groups when using NADH-linked substrates

(15 ± 1 ngAO/min/mg vs. 82 ± 10 ngAO/min/mg in the

CT group) or succinate (68 ± 10 ngAO/min/mg vs.

100 ± 10 ngAO/min/mg in the CT group), but state 4 rates

Table 2 Effect of curcumin pretreatment on I/R-induced cardiac mitochondrial oxidant stress and decrease in the activity of some antioxidant

enzymes

CT I/R I/R ? CUR CUR

Lipid peroxidation (nmol MDA ? 4-HNE/mg) 8.9 ± 1.3 15.0 ± 1.1* 8.9 ± 0.5# 9.0 ± 0.8

GSH content (lmol/mg) 15.9 ± 1.5 5.3 ± 1.0* 10.9 ± 1.2# 14.8 ± 1.9

Superoxide dismutase (U/mg) 36.2 ± 3.1 23.2 ± 1.2* 30.4 ± 0.9# 35.1 ± 2.3

Glutathione reductase (U/mg) 0.017 ± 0.001 0.008 ± 0.001* 0.015 ± 0.001# 0.017 ± 0.002

Glutathione peroxidase (U/mg) 0.10 ± 0.010 0.09 ± 0.004 0.10 ± 0.002 0.09 ± 0.009

Glutathione S-transferase (U/mg) 0.11 ± 0.005 0.13 ± 0.017 0.16 ± 0.014 0.24 ± 0.024*

Catalase (k/mg) 0.005 ± 0.0005 0.004 ± 0.0003 0.005 ± 0.0003 0.005 ± 0.0004

In the CUR and I/R ? CUR groups, curcumin (200 mg/kg, body weight) was given daily via oral gavage for 7 days before the Langendorff

perfusion experiments. Hearts of CT, I/R, I/R ? CUR, and CUR groups were perfused for 20 min. The hearts from I/R and I/R ? CUR groups

were subjected to global ischemia for 30 min and then to reperfusion for additional 60 min. Hearts from CT and CUR groups were continuously

perfused as long as I/R hearts. At the end of the perfusion protocol, the hearts were dismounted from the Langendorff system and mitochondria

were isolated and frozen in liquid nitrogen until the determinations of lipid peroxidation, GSH content, and activity of antioxidant enzymes

(catalase, GR, GPx, GST, and SOD) were performed. I/R ischemia and reperfusion, MDA malondialdehyde, 4-HNE 4-hydroxy-2-nonenal, mg
milligrams of protein, GSH reduced glutathione, U units, k constant of first-order reaction. Data represent mean±SEM, n = 4–7. * P \ 0.05

versus CT, #P \ 0.05 versus I/R

Fig. 2 Effect of curcumin pretreatment on I/R-induced alterations in

mitochondrial oxygen consumption using malate (10 mM)/glutamate

(10 mM) as substrate. a State 4 and state 3 respiration; b Respiratory

control; c Uncoupled respiration; d Adenosine diphosphate/oxygen

(ADP/O) ratio. State 3 was stimulated by adding 200 lM ADP.

Uncoupled respiration was measured by adding 1 lM CCCP.

Curcumin (200 mg/kg, body weight) was given daily via oral gavage

for 7 days before the Langendorff perfusion experiments. Hearts of

CT, I/R, I/R ? CUR, and CUR groups were perfused for 20 min. The

hearts from I/R and I/R ? CUR groups were subjected to global

ischemia for 30 min and then to reperfusion for additional 60 min.

Hearts from CT and CUR groups were continuously perfused as long

as I/R hearts. CT mitochondria isolated from control rat hearts, I/R
mitochondria isolated from rat hearts subjected to ischemia and

reperfusion; I/R ? CUR heart mitochondria from curcumin pretreated

rats. ngAO/min/mg nanograms atoms of oxygen/minute/milligram of

protein. Data are mean ± SEM, n = 4–6. #P \ 0.05 versus State 4,

* P \ 0.05 versus CT, ** P \ 0.05 versus I/R
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remained unchanged (Figs. 2, 3). State 3 respiration was

significantly recovered in the I/R ? CUR group when

using malate-glutamate (Fig. 2), but not when mitochon-

dria oxidized succinate (Fig. 3). RC was calculated to

determine coupling between mitochondrial respiration and

oxidative phosphorylation. In the I/R group, the ability to

synthesize ATP was clearly compromised (RC = 1),

whereas RC values of I/R ? CUR group were similar to

those obtained in the CT group (Figs. 2 and 3). To evaluate

the mitochondrial electron transfer rate and the integrity of

respiratory complexes, respiration in the presence of the

uncoupler CCCP was measured. Uncoupled respiration

decreased to 17% in control levels at the end of I/R injury

(16 ± 3 vs. 93 ± 30 ngAO/min/mg), while uncoupled

respiration in the I/R ? CUR group increased to 46 ± 13

ngAO/min/mg (50% of the control) with complex

I-linked substrates (Fig. 2). When using succinate as sub-

strate (Fig. 3), curcumin treatment did not improve

maximal electron transfer in the I/R ? CUR group

(60 ± 13 ngAO/min/mg) as compared with mitochondria

from reperfused hearts (68 ± 14 ngAO/min/mg).

Mitochondria obtained from I/R ? CUR group main-

tained similar ADP/O values than those observed in the CT

group (Figs. 2, 3).

Discussion

In the present study, we show that curcumin pretreatment

(200 mg/kg by 7 days) significantly reduces I/R-induced

mechanical injury in isolated rat hearts. The mechanical

work in the I/R ? CUR groups was indistinguishable from

that obtained in the CT and CUR groups (see Fig. 1). The

protective effect of curcumin was associated with attenu-

ation of mitochondrial lipid peroxidation and alterations in

oxygen consumption (Decrease in state 3 respiration, RC,

uncoupled respiration, and ADP/O using malate/glutamate

or succinate as substrates). Interestingly, state 3 respiration

Fig. 3 Effect of curcumin (CUR) pretreatment on I/R-induced

alterations in mitochondrial oxygen consumption using succinate

(10 mM) as substrate. a State 4 respiration; state 3 respiration (b);

Respiratory control; c Uncoupled respiration; d adenosine diphos-

phate/oxygen (ADP/O) ratio. State 3 was stimulated by adding

200 lM ADP. Uncoupled respiration was measured by adding 1 lM

CCCP. Curcumin (200 mg/kg, body weight) was given daily via oral

gavage for 7 days before the Langendorff perfusion experiments.

Hearts of CT, I/R, I/R ? CUR, and CUR groups were perfused for

20 min. The hearts from I/R and I/R ? CUR groups were subjected to

global ischemia for 30 min and then to reperfusion for additional

60 min. Hearts from CT and CUR groups were continuously perfused

as long as I/R hearts. CT mitochondria isolated from control rat

hearts, I/R mitochondria isolated from rat hearts subjected to ischemia

and reperfusion; I/R ? CUR heart mitochondria from curcumin

pretreated rats. ngAO/min/mg nanograms atoms of oxygen/minute/

milligram of protein. Data are mean ± SEM, n = 4–6. #P \ 0.05

versus State 4, * P \ 0.05 versus CT, ** P \ 0.05 versus I/R
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was significantly recovered in the I/R ? CUR group when

using only malate/glutamate as substrate. Because state 3

respiration linked to complex II was not restored by cur-

cumin, we concluded that complex III is more sensitive to

I/R oxidative damage than complex I, although we did not

discard that a diminution in the availability of ubiquinone,

the carrier of electrons between complex I or II and com-

plex III, could account for this result. In addition, curcumin

pretreatment was able to prevent the decrease in GSH

content and in the activity of SOD and GR in both heart

and mitochondrial homogenates suggesting that the pres-

ervation of antioxidant enzymes and GSH content may

contribute to the attenuation of I/R-induced oxidant stress.

Cardiac damage induced by reperfusion interrupts bio-

chemical and physiological processes in the heart that

compromises ATP production. The increase in ROS during

reperfusion has been pointed out as a main factor in such

injury [34]. Electronic paramagnetic resonance studies

have demonstrated a rapid increase in ROS production

after reperfusion of ischemic myocardium. Besides, it has

been demonstrated that O2
�- is the predominant specie

produced and that endothelial cells represent an important

source of ROS [35]. On the other hand, the inhibition of

xanthine oxidase by allopurinol and tungsten is capable of

preventing O2
�- generation, favoring cardioprotection in

guinea pig hearts [36]. Among the main targets of ROS

attack are polyunsaturated fatty acids of the lipid mem-

brane that causes lipid peroxidation and thereby alteration

in structure and in cellular function. MDA and 4-HNE are

products of decomposition of the chain reaction, which

leads to oxidation of polyunsaturated fatty acids; therefore,

both are reliable markers of oxidative stress produced by

I/R. GSH has a critical role in cellular defense against

agents that cause oxidative stress, thus low levels of GSH

implies cellular alteration produced by oxidative stress.

Under this situation, stable products like carbonyl groups

are produced by ROS action on proteins, also making

protein carbonylation a reliable marker of oxidative stress.

In normal conditions, the large amount of ATP neces-

sary to maintain contractile function and basal metabolism

in heart is generated primarily by the mitochondrial oxi-

dative metabolism. During ischemia, the ability of mito-

chondria to sustain ATP synthesis is highly compromised;

in such condition, cardiac cells maintain ATP levels by

activating the glycolytic pathway until oxidative metabo-

lism is restored during reperfusion [37]. However, if

ischemia is prolonged, the cells accumulate glycolytic by-

products, like lactate and H?, which causes cardiac cell

irreversible damage [38]. Paradoxically, reintroduction of

oxygen during reperfusion enhances damage to ischemic

cells, typically by membrane rupture, followed by cell

death. ROS overproduction during reperfusion has been

pointed out as a major contributor to irreversible damage of

mitochondrial function and impaired recovery of physio-

logical function in heart [39].

Curcumin is the active ingredient of turmeric and is a

polyphenolic compound that is known for its potent anti-

oxidant capacity [3, 4]. It has been shown that curcumin

exerts a protective effect in several models of oxidant

damage [14–16] including isoproterenol-induced cardiac

injury [17] and I/R injury in rabbits [40]. Our data are

consistent with these previous findings pointing to the

attenuation of oxidant stress, which is a key finding in the

protective effect of curcumin. In addition, our data suggest

that attenuation by curcumin of mitochondrial dysfunction

including oxidant stress, decrease in antioxidant enzymes,

and alterations in oxygen consumption is also as a major

player in the protective effect against cardiac I/R injury.

Our data suggest that the ROS scavenging ability of

curcumin [8–10] is involved in the cardioprotective effect

observed in our model. However, we can not discard that

protective effects observed may also be mediated by

induction of cytoprotective proteins [12, 13]. In fact, GST

activity was induced in both heart and mitochondrial

homogenates in the CUR group.

We can conclude that the attenuation of oxidant stress

and mitochondrial dysfunction play a key role in the pro-

tective effect of curcumin against heart I/R injury.
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