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The 21-aminosteroid compounds are potent lipid per- 
oxidation inhibitors belonging to a new class of anti- 
oxidants given the collective name of "lazaroids". 
They protect cells from oxidative damage induced by 
oxygen-based free radicals in a variety of in vitro and 
in vivo test systems. U-83836E is one of the second- 
generation lazaroids that are based on a non steroidal 
structure characterized by a ring portion of a-toco- 
pherol bonded with various amine groups. We investi- 
gated the ability of U-83836E to reduce myocardial 
damage in rats undergoing left coronary artery occlu- 
sion for 60 min followed by 6 hours of reperfusion. 

This ischemia/reperfusion model produced wide 
heart necrosis, membrane lipid peroxidation, ventricu- 
lar arrhythmias, tissue neutrophil infiltration and a 
marked decrease in endogenous antioxidants. 

Intravenous administration of U-83836E, (7.5, 15 
and 30 mg/kg) at onset of reperfusion, reduced 
myocardial necrosis, expressed as a percentage of 
either the area at risk or the total left ventricle (p < 
0.001), improved haemodynamic conditions by 
decreasing ventricular arrhythmias (p < 0.005), lim- 
ited membrane lipid peroxidation (evaluated by 
assessing conjugated dienes, p < 0.001; and 4-hydroxy- 
nonenal, p < 0.001) restored the endogenous antioxi- 
dants vitamin E (p < 0.001), and superoxide dismutase 
(pt < 0.001). Furthermore, the lazaroid inhibited the 

derimental hydroxyl radical formation (p < 0.001), 
evaluated indirectly by a trapping agent and reduced 
heart neutrophil infiltration, measured by testing car- 
diac tissue elastase (p < 0.001) that is released from the 
stimulated granulocytes at the site of injury. These 
data suggest that this compound could be a new use- 
ful tool to study the mechanisms of oxidative damage 
during myocardial infarction. 

Keywords: Antioxidants, lazaroids, free radicals, lipid peroxi- 
dation, vitamin E, myocardial injury 

INTRODUCTION 

In recent years, although several mechanisms 
have been proposed to explain the pathogenesis 
of ischemia/reperfusion injury, most attention 
has focused on a role for reactive oxygen metabo- 
lites and inflammatory leukocytes.11,21 

Early restitution of blood flow to the ischemic 
myocardium is essential to halt the progression of 

* Corresponding author. Tel.: 39 90 712533. Fax: 39 90 661029. 
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cellular injury associated with decreased oxygen 
and nutrient delivery. However, reperfusion in 
itself may have a detrimental effect on reversibly 
injured  cell^.[^,^] Several data indicate that free 
radical-induced lipid peroxidation of cell mem- 
branes is thought to be a major mechanism in the 
evolution of myocardial reperfusion 
Associated with reperfusion of the ischemic 
myocardium is a cellular reaction characterized by 
infiltration of leukocytes and the production of 
inflammatory mediators in the cardiac tissue with 
subsequent increase of fibro-cellular injury.[71 
Endogenous defence mechanisms have been iden- 
tified which use antioxidants or free radical scav- 
engers to neutralize reactive species-generated 
lipid peroxidation; however, the extensive genera- 
tion of free radicals appears to overwhelm the 
natural defence mechanisms, dramatically reduc- 
ing the levels of endogenous antioxidants.@1 This 
results in the uncontrolled progression of perox- 
idative damage to cellular membranes. The 
endogenous chain-breaking antioxidant, vitamin E 
(a-tocopherol) is of great importance in the anti- 
oxidant defence system. Vitamin E deficiency 
exacerbates myocardial injury due to oxidative 
stress!'] Previous studies indicate that myocardial 
ischemia/reperfusion is associated with a decrease 
in the tissue a-tocopherol levels.[lol Acute adminis- 
tration of vitamin E resulted in a high plasma 

concentration, but did not protect the heart after 
coronary artery occlusion/reperfusion in the 
pig.[l1l In fact, the marked lipophilicity of the vita- 
min limits its incorporation into tissues. 

U-83836E (-)-2-( (4-( 2,6-di-l-pyrrolidiny1-4- 
pyrimidiny1)-1-piperazinyl) methyl)-3-,4-dihy- 
dro-2,5,7,8-tetramethyl-2h-l-benzopyran-6-dihy- 
drochloride, is one of the second-generation 
compounds belonging to a family of antioxi- 
dants, given the collective name of "lazaroids", 
which are potent inhibitors of iron-mediated 
lipid peroxidation, cell membrane stabilizers 
and scavengers of hydroxyl radicals in a variety 
of in vitro and in vivo  model^.^^^-'^^ These new 
lazaroids are based on a non steroidal structure 
characterized by a ring portion of a-tocopherol 
bonded with various active groups. This com- 
pound would have a better pharmacokinetic 
profile due to its low hydrophobicity. The aim of 
the present study was to assess the possible abil- 
ity of this drug in reducing the damage of rat 
heart after myocardial ischemia and reperfusion. 

MATERIALS AND METHODS 

Surgical Procedures 

Male Sprague-Dawley rats (230-250 g body 
weight) underwent myocardial ischemia which 

U-838 3 6E 
$"3 

H 2 0  

(-) -ENAh'TIOMER 

FIGURE 1 Chemical structure of U-83836E. 
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ANTIOXIDANT ACTION OF U-83836E IN HEART 579 

was induced by a temporary occlusion of the left 
main coronary artery.[I5] Rats were anaes- 
thetized with sodium pentobarbital (50 mg/kg, 
i.p.) and placed on a heated operating table. 
Polyethylene catheters (PE 50) were inserted into 
the common carotid artery for the measurement 
of blood pressure and heart rate, as previously 
reported.[161 After tracheotomy, the animals 
were ventilated with room air by a respirator for 
small rodents (model 7025, Ugo Basile, Varese, 
Italy) with a stoke volume of 15 ml/kg and a rate 
of 54 stroke/min to maintain normal POz, PCOp 
and pH parameters. An incision was made on 
the left side of the chest and the fourth inter- 
costal space was exposed. Sutures were placed 
through the overlapping skin and muscles to 
permit rapid closure of the chest wall following 
the surgical procedure. The chest was then 
opened and the ribs were gently spread. The 
heart was quickly expressed out of the thoracic 
cavity, inverted and a 4.0 silk ligature was 
placed under the visualized left main coronary 
artery. The ligature was then tied. The heart was 
returned quickly to the thoracic cavity and the 
tips of the suture, used to produce the coronary 
ligation, were exteriorized through the chest 
wall. After the removal of air in the chest by 
syringe, the incision was closed by tying the pre- 
viously placed sutures. The occlusion period 
lasted 1 hour, then the tips of the sutures were 
removed and the heart was reperfused for 
6 hours (MI/R groups). Sham animals under- 
went all the previously described surgical proce- 
dures apart from the fact that the sutures, 
passing around the left coronary artery, were not 
tied (Sham MI/R groups). 

Animals were treated with U-83836E (7.5, 15, 
and 30 mg/kg) or vehicle (NaC1 0.9%) acutely 
intravenously at onset of the reperfusion. 

Myocardial Damage Quantification 

Infarcted and perfused areas were determined by 
the triphenyl tetrazolium chloride Evan’s blue 
technique.[I7] At the end of the reperfusion 

period, the ligature around the left main coro- 
nary artery was retightened; 2 ml of Evan’s blue 
dye (2 mg/ml solution) was injected into the 
jugular vein to stain the area of the myocardium 
perfused by the patent coronary arteries. The 
area at risk was determined by negative staining. 
The atria, right ventricle, and major blood vessels 
were subsequently removed from the heart. The 
left ventricle was then sliced into section 3-mm- 
thick parallel to the atrioventricular groove. The 
unstained portion of the myocardium (ie., the 
area at risk) was separated from the stained por- 
tion ( i e . ,  the area not at risk). The unstained por- 
tion was again sliced into 1-mm-thick sections 
and incubated in a 1% solution of triphenyl-tetra- 
zolium chloride (TTC) stain in phosphate buffer 
20 mM, pH 7.4 and 37°C for 20 min. The area at 
risk of infarction was colored brick red due to 
the formation of a precipitate that results from 
the reaction of TTC with dehydrogenase 
enzymes. The loss of these enzymes from the 
infarcted myocardium prevents formation of 
the precipitate; thus, the infarcted area within 
the risk region remains pale yellow (ie. ,  necrotic 
area). Samples from all three portions of left 
ventricular cardiac tissue ( ie . ,  nonischemic, 
ischemic non necrotic, and ischemic necrotic) 
were weighed and stored at -70°C for subse- 
quent analysis. 

Haemodynamic Measurements 

In order to monitor blood pressure, a cannula 
(PE 50) was inserted into the left common 
carotid artery. The arterial catheter was con- 
nected to a pressure transducer. The pressure 
pulse triggered a cardiotachometer, and arterial 
blood pressure was displayed on a polygraph. 
Arterial blood pressure is reported as mean arte- 
rial blood pressure (MABP) in mmHg. The 
Changes in the electrical activity of the 
myocardium were detected by the electrocar- 
diogram (ECG) in lead I1 (Biocard, model BC-1, 
Florence, Italy). 
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Lipid Peroxidation Determination 

Estimation of the plasma conjugated dienes (CD) 
and the plasma 4-hydroxynonenal (HNE) was 
carried out to evaluate lipid peroxidation in car- 
diac membranes. Samples (0.5 ml) of arterial 
blood were drawn from the carotid catheter 
before occlusion and at the end of reperfusion. 
The blood removed was replaced at a ratio of 1 : 2 
with saline solution (NaC10.9%). The blood was 
collected in polyethylene tubes with previous 
addition of 20 pl of heparin solution (16,000 IU) 
and 10 pl of butylated hydroxytoluene (BHT) 
(1 mg/ml in phosphate buffer). 

The plasma samples obtained after centrifuga- 
tion at 3,000 x g for 10 min at 4°C were divided in 
two different tubes and were frozen at -70°C 
until the analysis. For assay of CD lipid were 
extracted from plasma samples by chloro- 
fonn/methanol (2:l) and dried under nitrogen 
atmosphere and then dissolved in cyclohexane. 
Plasma contents of CD was performed at 232 nm 
(Uvikon mod.860, Kontron instruments, Everett, 
USA) by using a spectrophotometric tech- 
nique.[l8] The amount of plasma CD was 
expressed as AABS/ml. HNE plasma levels were 
assessed by using a commercial colorimetric kit 
(Lipid peroxidation assay kit, Cat. n"437634, 
Calbiochem-Novabiochem corporation, San 
Diego CA, USA). The concentration of plasma 
was expressed in mM. 

Vitamin E Evaluation 

Cardiac and plasma vitamin E (VE) levels were 
measured in order to determine the oxidative 
state of the heart and the blood following the 
ischemia/ reperfusion injury. Samples of blood 
(0.3 ml) were drawn from the carotid catheter 
before occlusion and at the end of reperfusion. The 
blood removed was replaced at a ratio of 1 : 2 with 
saline solution (NaCl, 0.9%), then collected in dark 
polyethylene tubes, to avoid the direct action of the 
light, with previous additions of 10 pl of heparin 
solution (8,000 IU) and 5 pl of BHT (1 mg/ml in 

phosphate buffer). The blood samples were 
centrifugated at 3,000 x g for 10 min at 4°C. 
Myocardial VE levels were determined in the area 
not at risk and in the area at risk samples obtained 
after excision of the heart. Plasma and myocardial 
specimens were stored at -70°C until the assay. 
The assay was performed using a high perfor- 
mance liquid chromatography (HPLC) method 
with some modificati~ns.[~~l Briefy, 0.15 ml of 
plasma or tissue homogenate, contained in dark 
polyethylene tubes, was treated with 150 pl  of toco- 
pherol acetate (25 pg/ml in ethanol) (Sigma 
Chemical Co., St Louis, MO, USA), which has been 
used as an internal standard, and with 300 pl of 
butanol/ethyl acetate (1 : 1, V:V) (Acros Chemical, 
Geel, Belgium). After vortexing for 20 s, 15 mg of 
sodium sulfate were added (Acros Chemical, Gel, 
Belgium) and shaken on a vortex mixer for addi- 
tional 60 s. After centrifugation at 15,000 x g for 
5 min at 4°C the organic layer was recovered and 
50 ~1 was injected into the HPLC apparatus. The 
HPLC equipment consisted of a solvent delivery 
module (Mod. 422 Master, Kontron Instruments, 
Everett, USA), a programmable variable wave- 
length detector (Spectromonitor 4100, Thermo 
Separation Products, Florida, USA), connected to 
an automatic integrator (Mod. CR-3A, Shimadzu, 
Kyoto, Japan). The column used was a dtratech- 
sphere C18, 250 x 4.6 mm,5p (HPLC Technology 
LTD, Macclesfield, Cheshire, UK), attached to a 
precolumn (Guard column, Water-Millipore, 
Milford, USA). The mobile phase was methanol/ 
water (97:5, V:V) at a flow rate of 1 ml/min at 
room temperature. The detector was set at wave- 
length of 280 nm. The concentration of plasma 
vitamin E was expressed in pM. 

Cardiac Superoxide Dismutase Assessment 

Superoxide dismutase (SOD) activity was evalu- 
ated to estimate endogenous defences against 
superoxide anions. The analysis was carried out 
in the area not at risk, the area at risk and necrotic 
area of the left ventricle. SOD activity was deter- 
mined spectrophotometrically at 505 nm by 
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using a commercial kit (Ransod assay kit, cat. 
n"Sd 125, Randox Laboratories, Crumlin, U.K.). 
SOD activity was expressed as Units/mg pro- 
tein. 

Measurement of Hydroxyl Radical 
(OH') Formation 

In order to quantify OH' production during occlu- 
sion and reperfusion in the heart, we used the aro- 
matic trap Sodium salicylate serves 
as a specific trap for hydroxyl radicals because 
it can react chemically with OH' radicals pro- 
duced, yielding 2,5-dihydroxybenzoic acid (2,5- 
DHBA), 2,3-dihydroxybenzoic acid (2,3-DHBA) 
and catechol as its hydroxylation derivatives in an 
approximate proportion of 40%, 49% and 11%, 
respectively.['l] In the present study, we measured 
both 2,5-DHBA and 2,3-DHBA.[22,231T~ allow the 
chemical reaction, each group of animals received 
sodium salicylate (100 mg/kg i . ~ . ) [ ~ ~ l  (Janssen 
Chemical, Beerse, Belgium), one hour before sur- 
gical procedures. Another experimental group, 
which underwent myocardial ischemia plus 
reperfusion, was not administered with sodium 
salicylate with the aim to study any possible direct 
action of the acid on the considered parameters. 
We did not observe any interaction between sali- 
cylic acid and the compound U-83836. Samples of 
blood (0.5 ml) were drawn from the carotid 
catheter before occlusion, 15 min after the reperfu- 
sion, 180 min after the reperfusion and at the end 
of reperfusion. The blood removed was replaced 
at a ratio of 1 : 2 with saline solution (NaC10.9%). 
The blood was collected in polyethylene tubes 
with previous addition of 20 pl of heparin solution 
(16,000 IU). The plasma samples obtained after 
centrifugation at 3,000 x g for 10 min at 4°C were 
frozen at -70°C until the assay. To measure 2,5- 
DHBA and 2,3-DHBA formation, an HPLC 
method was Briefly, 250 p1 of plasma 
was treated with 10 p1 of 100 @I 2,4dihydroxy- 
benzoic acid (2,4-DHBA) (Janssen Chemical, 
Beerse, Belgium), which has been used as an inter- 
nal standard and 10 p1 of 40% HCIOl than the 

plasma was extracted with 2.5 ml HPLC grade 
diethylether (Janssen Chemical, Beerse, Belgium) 
and mixed on a vortex for 2 minutes. After cen- 
trifugation for 15 min at 15,000 x g at 4"C, the 
diethylether layer was separated and was then 
evaporated in a vacuum concentrator system 
(Heto Lab Equipment, Denmark). The residue 
obtained was dissolved in 30 p1 of 0.1 N HC1 and 
32.5 pl of mobile phase, and 50 @ of the solution 
was injected into the HPLC apparatus. The HPLC 
equipment consisted of a solvent delivery module 
(Mod. 422 Master, Kontron Instruments, Everett, 
USA), a programmable wavelength detector 
(Mod. 165, Beckman Instruments, San Ramon, 
USA), connected to an automatic integrator (Mod. 
CR3A, Shimadzu, Kyoto, Japan). The column 
used was a Lichrosorb-10-RP18, lop 250 x 4.6 mm 
(Labservice Analytica, Milano, Italy), attached to 
a precolumn (Guard Column Water-Millipore, 
Milford, USA). The mobile phase was 80% 0.03 M 
citric acid, 0.03 M acetic acid buffer (pH 3.6) and 
25% methanol (Janssen Chemical, Beerse, 
Belgium) at a flow rate of 1.3 ml/min. The detec- 
tor was set at a wavelength of 315 nm. The con- 
centrations of 2,3-DHBA and 2,5-DHBA were 
expressed in FM. 

Cardiac Elastase Content 

Elastase (ELA) levels were evaluated as an index 
of PMNs accumulation and activation in the jeop- 
ardized tissue because this enzyme is released 
from the stimulated granulocytes at the site of 

The analysis was carried out in the area 
not at risk, the area at risk and necrotic area of 
the left ventricle by using a specific immuno- 
assay kit (PMN elastase, IMAC, cat. no 11332, 
Merk, Darmstadt, Germany). ELA activity was 
expressed in Units/g tissue. 

Drug 

U-83836E was supplied by Upjohn SPA, Capo- 
nag0 (M), Italy. The compound was administered 
intravenously in saline solution (NaC1,0.9%). All 
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substances were prepared fresh daily and adminis- 
tered in a volume of 1 ml/kg. 

Statistical Analysis 

Data are expressed as means k S.D. and were 
analyzed by analysis of variance for multiple 
comparison of results; Duncan's multiple range 
test was used to compare group means. In all 
cases, a probability of error of less than 0.05 was 
selected as criterion for statistical significance. 

Statement of Humane Care 

The studies reported in this manuscript have 
been carried out in accordance with the declara- 
tion of Helsinki and with the guide for the Care 
and Use of Laboratory Animals. 

RESULTS 

Myocardial Infarct Size 

The area at risk showed no significant differ- 
ences between each of the experimental groups 
(Table I), indicating that a similar amount of tis- 
sue (about 70%) was jeopardized by the occlu- 
sion of the left coronary artery in each group. In 
the MI/R vehicle group, the necrotic area, 
expressed either as a percentage of the area at 
risk or as a percentage of the left ventricle was 
significantly increased indicating that a large 
amount of cardiac tissue at risk became necrotic. 
Administration of U-83836E reduced signifi- 

cantly myocardial necrosis extension. This 
reduction was observed either in the necrotic 
area/area at risk or in the necrotic area/total left 
ventricle. 

Cardiovascular Measurements 

At the end of the experiment mean arterial blood 
pressure (MABP) averaged 58.3 f 8.6 mmHg 
(n = 13) in MI/R rats treated with vehicle. 
Administration of U-83836E, with all doses, 
improved MABP (63.1 k 6.5 mmHg, n = 9; 64.4 f 
7.5 mmHg, n = 9; 66.2 f 8.5 mmHg, n = 9; with the 
doses of 7.5,15 and 30 mg, respectively) (p < 0.05 
vs. MI/R + vehicle group) in rats subjected to 
myocardial ischemia/reperfusion injury. No sig- 
nificant differences were found among Sham 
MI/R vehicle group and Sham MI/R + U-83836E 
(114.6 k 5.8 mmHg, n = 7 and 116.2 k 6.1 mmHg, 
n = 7, respectively). 

MI/R rats showed a sigruficant presence of ven- 
tricular arrhythmias (Fig. 2). U-83836E reduced 
the occurrence of ventricular arrhythmias. 

Conjugated Dienes 

Table I1 shows the changes in plasma CD con- 
centrations before occlusion, 15 min after reper- 
fusion and at the end of reperfusion in the 
considered experimental groups. Low CD levels 
were assayed in each group before occlusion. 
(<2 AABS/ml) and there were no significant dif- 
ferences among any of them. Instead, a large 
increase of this marker was found in the plasma 
of MI/R rats given vehicle at the end of reperfu- 

TABLE I Obtained percentage (%) of infarct size after ischemidreperfusion injuxy 

Experimental group Area at risk Necrotic Necrotic 

Total Area at risk Total 

MI/R +vehicle (n = 13) 68.7 f 3.4 64.6 k 5.2 39.7 f 4.5 
MIlR + U-83836E (7.5 mg/kg) (n = 9) 
MIlR + U-83836E (15 mg/kg) (n = 9) 
MI/R + U-83836E (30 mg/kg) (n = 9) 

The total number of animals in each group is indicated in parentheses. Values are 
mean f S.D.; *p < 0.001 vs MI/R + vehicle group. 

70.4 f 2.6 40.8 * 5.8* 27.1 f 7.4" 
69.6 f 3.6 31.7 k 4.7* 19.1 f 5.8* 
70.1 f 3.7 20.2 * 5.4* 13.2 f 6.3" 
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TABLE II Plasma conjugated dienes (AABSlml) assessed in basal conditions and at 
the end of the reperfusion 

Experimental group Basal End of reperfusion 

Sham MIlR + vehicle (n = 7) 
Sham MIlR + U-83836E (30 mgikg) (n = 7) 
MIlR +vehicle (n = 13) 
MIlR + U-83836E (7.5 mglkg) (n = 9) 
MIlR + U-83836E (15 mglkg) (n = 9) 

1.71 f 0.48 
1.81 k 0.62 
1.73 f 0.68 
1.96 f 0.61 
1.83 rl: 0.62 
1.79 f 0.84 

3.02 f 0.42 
3.13 f 0.39 
9.82 f 1.61 
8.11 f 1.43' 
6.92 f 1.1" 
5.34 f 1.2** MIlR + U-83836E (30 mg/kg) (n = 9) 

The total number of animals in each group is indicated in parentheses. Values are 
mean rl: S.D.; *p < 0.05 and *'p < 0.001 vs MIlR + vehicle group. 

sion. The administration of U-83836E resulted in 
a blunting of the CD formation. All the doses 
were effective. 

4-Hy droxynonenal 

Before occlusion, very low HNE levels were mea- 
sured in all the groups (<3 pM). In contrast, a 
marked increase in HNE was observed in plasma 
withdrawn at the end of reperfusion in the MI/R 
vehicle group. In Table III it is clearly represented 
how the compound U-83836E significantly 
reduced this increase. Only a small increase in 
HNE concentration was found in Sham MI/R 
groups at the end of reperfusion (<6.5 nmol/ml) 
likely due to the surgical procedures. However, 
the administration of U-83836E in Sham rats did 
not mod+ plasma HNE. 

Vitamin E Analysis 

Figure 3 summarizes graphically the plasma VE 
values measured in the basal conditions, and at 

the end of reperfusion. Before occlusion, plasma 
VE levels ranged from 0.150 to 0.175 ymol/mg 
of cholesterol, and there were no significant dif- 
ferences among the groups. In contrast, at the 
end of reperfusion, a marked decrease was 
noted in the plasma of MI/R rats given vehicle. 
The treatment with the lazaroid significantly 
restored VE. Myocardial VE contained in the 
areas not at risk ranged between 50.0 and 
60.0 nmol/g tissue. Instead, decreased VE con- 
centrations (19.0 k 4.1 nmol/g tissue; n = 7, p < 
0.001) were found in the areas at risk of MI/R 
vehicle rats. The administration of the drug par- 
tially restored VE levels (32.0 k 8.0 nmol/g tis- 
sue, n = 9, p < 0.005; 35.4 k 9.0 nmol/g tissue, 
n = 9, p < 0.001; 48.6 f 13.0 nmol/g tissue, n = 9, 
p < 0.001, with the doses of 7.5, 15 and 
30 mg/kg, respectively). 

SOD Activity 

Table IV shows the variations of SOD activity 
evaluated in the area not a risk, the area at risk 

TABLE In Plasma 4-hydroxynonenal (pM) analysed in basal conditions and at the 
end of the reperfusion 

Experimental group Basal End of reperfusion 

Sham MIlR + vehicle (n = 7)  
Sham MIlR + U-83836E (30 mglkg) (n = 7) 
MIlR +vehicle (n = 13) 
MIlR + U-83836E (7.5 mgkg) (n = 9) 
MIlR + U-83836E (15 mgkg) (n = 9) 
MI/R + U-83836E (30 mg/kg) (n = 9) 

The total number of animals in each group is indicated in parentheses. Values are 
mean f S.D.; *p < 0.001 vs MIlR + vehicle group. 

2.94 _+ 0.42 
2.84 f 0.73 
2.78 f 0.56 
2.48 f 0.61 
2.29 It 0.63 
2.26 f 0.83 

6.21 _+ 0.78 
5.41 k 0.88 
30.4 f 4.94 
20.5 f 3.21' 
16.9 k 2.85' 
13.8 k 3.22* 
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TABLE IV Cardiac superoxide dismutase activity (Ulmg protein) determined in the 
considered areas 

Experimental group Area not at risk Area at risk Necrotic area 

Sham MIlR + vehicle (n = 7) 
Sham MIlR + U-83836E (30 mglkg) (n = 7) 25.6 f 4.1 - - 

MIlR + vehicle (n = 13) 24.7 f 3.2 12.3 f 4.4" 8.7 f 3.5" 
MIlR + U-83836E (7.5 mglkg) (n = 9) 25.8 f 4.5 17.2 f 3.6* 12.6 + 2.Y 
MIlR + U-83836E (15 mglkg) (n = 9) 23.5 f 3.2 19.4 f 3.8*** 14.2 f 3.1** 
MIlR + U-83836E (30 mg/kg) (n = 9) 24.6 f 4.3 20.8 f 6.1*** 15.7 f 3.7*** 

The total number of animals in each group is indicated in parentheses. Values are mean f S.D.; 
"p < 0.001 vs area not at risk; *p < 0.01; **p < 0.005 and ***p < 0.001 vs MIlR +vehicle group. 

- 23.4 f 3.8 - 

and in the necrotic area in each experimental 
group. In the area not at risk, SOD activities 
ranged between 23 and 26 U/mg protein in all 
groups and these values were considered normal. 
In contrast, a marked decrease in SOD activity was 
found in both the area at risk and in the necrotic 
area of the MI/R group treated with vehicle. The 
treatment with U-83836E significantly inhibited 
the reduction in SOD activity both in the area at 
risk and in the necrotic area. 

OH' Production 

Figure 3 shows the time course of 2,3-DHBA and 
2,5-DHBA produced in each group and measured 
under basal conditions, 15 min after reperfusion, 
180 min after reperfusion and at the end of reper- 
fusion. Very low amounts of the acids were 
detected before ischemia in all groups stud- 
ied (<0.5 pM for 2,3-DHBA and 4 . 5  pM for 
2,5-DHBA). A high amount of both acids was seen 
15 min after the beginning of reperfusion in all 
infarcted groups, thus confirming the critical role 

of free radicals played during the early period of 
reoxygenation. After 180 min of reperfusion and 
at the end of reperfusion, both 2,3-DHBA and 2,5- 
DHBA levels were nearly similar to basal values. 
Treatment with U-83836E showed a reduction in 
OH' production during reperfusion. No impor- 
tant differences were observed at 180 min and at 
the end of reperfusion. 

Elastase Levels 

Table V reports the time course of ELA amount 
evaluated in the area not a risk, the area at risk 
and in the necrotic area. High ELA activities 
were found in both the area at risk and in the 
necrotic area of the MI/R group treated with 
vehicle. However, U-83836E, at all the used 
doses, reduced tissue PMNs accumulation both 
in the area at risk and in the necrotic area. ELA 
values in the area not at risk ranged between 
0.013 f 0.01 and 0.025 k 0.012 pg/g tissue in each 
group, and there were no significant differences 
in ELA content among groups. 

TABLE V Myocardial elastase activity (pglg tissue) assayed in the reported areas 

Experimental n o u p  Area not at risk Area at risk Necrotic area 

Sham MIlR + vehicle (n = 7) 0.28 f 0.012 ~ ~ 

Sham MI/R + U-83836E (60 mg/kg)(n = 7) 0.25 f 0.017 - ~ 

MIR + vehicle (n = 13) 0.21 f 0.012 1.24 f 0.14 1.72 k 0.15 
MIlR + U-83836E (7.5 mglkg) (n = 9) 0.30 f 0.014 1.15 f 0.13* 1.41 f O . l l * *  
MIlR + U-83836E (15 mglkg) (n = 9) 0.26 f 0.016 0.94 f 0.12** 1.22 f 0.10** 
MIlR + U-83836E (30 mg/kg) (n = 9) 0.24 f 0.010 0.67 f 0.14** 0.93 k 0.13** 

The total number of animals in each group is indicated in parentheses. Values are mean f S.D.; 
*p < 0.01 and **p < 0.001 vs MIlR + vehicle group. 
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DISCUSSION 

Myocardial ischemia/reperfusion injury is a 
dynamic and complex pathophysiological mecha- 
nism that induces severe malfunction in the heart. 
Previous findings have shown a burst of oxygen 
free radicals during the first minutes of reperfu- 
sion.[14,27,281 The exact mechanisms of free radicals 
production during myocardial ischemia/reperfu- 
sion is not fully clear, but several sources have 
been identified,[29”21 including the xanthine oxi- 
dase pathway, activated leukocytes, arachi- 
donic acid metabolism and electron leakage 
from the transport chain within mitochondria. 
Peroxidation of membrane phospholipid pro- 
duces damage of membrane integrity and is 
considered a major mechanism of free radical- 
mediated reperfusion i n j ~ r y . ~ ~ , ~ ~  Endogenous 
heart defence mechanisms have been character- 
ized, they use antioxidants or free radical scav- 
engers to neutralize reactive species-generated 
lipid peroxidation. Among them vitamin E is 
the most important natural lipid soluble chain- 
breaking antioxidant. During reperfusion the 
extensive generation of free radicals appears to 
overwhelm the natural defence mechanisms, dra- 
matically reducing the content of endogenous 
antioxidants. Thus, following free radical attack 
the levels of these substances and vitamin E par- 
ticularly,[l0I have been shown to be severely 
depleted.[141 Several reports have shown that the 
administration of vitamin E in the setting of 
myocardial ischemia and reperfusion is positive 
and endogenous a-tocopherol levels have been 
found to be diminished in experimental models 
characterized by oxidative injury.[993] However, 
a-tocopherol, to achieve sufficiently high tissue 
concentration for adequate protection, must be 
administered for several days, before the ischemic 
e ~ e n t . I ~ ~ , ~ I  In fact, acute administration of vitamin 
E has many limitations due to its high lipophi- 
licity resulting in slow inc~rporat ion;~~~] more- 
over, pharmacological doses of a-tocopherol may 
result in side effects such as hypotension and 
ta~hycard ia . [~~,~~l  U-83836E is a member of the 

second-generation lazaroids that are based on a 
nonsteroidal structure characterized by a ring 
portion of a-tocopherol. The lipophilicity of this 
new compound is much less than that of vita- 
min E. 

The present study was designed to evaluate the 
effect of acute treatment with U-83836E in a rat 
model of ischemic and reperfused myocardium. In 
our model, U-83836E reduced infarct size. The data 
were positive whether the necrotic area was 
expressed as a percentage of the area at risk or as a 
percentage of the total left ventricle. This indicates 
that a large amount of myocardial tissue was 
spared by the drug intervention. 

Elastase data demonstrated that a strong reduc- 
tion of PMNs infiltration occurred in cardiac tis- 
sue. This reduction was observed both in the area 
at risk and in the necrotic area, confirming the 
protective effects of the compound. We think that 
the decrease in neutrophil accumulation induced 
by U-83836E may be due to inhibition of the lipid 
peroxidation and the consequent reduction in the 
chemotactic peroxide 

Since it has been shown that the main cause of 
death is due to ventricular fibrillation,[361 and in 
light of the fact that the drug inhibits the develop- 
ment of ventricular arrhythmias, it might be sup- 
posed that U-83836E, by improving energy state of 
myocardial cells, may limit intracellular calcium 
overload, in turn reducing the incidence of ventric- 
ular arrhythmias and improving survival rate. 

Lipid peroxidation is considered a critical 
mechanism of the injury occurring during reper- 
fusion of the myocardium following a period of 
ischemia. The evidence supporting these bio- 
chemical changes is based on analysis of a wide 
number of intermediate product~.[~~I Two indica- 
tive methods extensively used for evaluating 
lipid peroxidation are the plasma assay of HNE 
and CD. We carried out these analysis before 
coronary artery ligation, 15 min after reperfusion 
and at the end of reperfusion. The large amount 
of CD and HNE, found at the end of reperfusion, 
strongly emphasizes the damage due to reper- 
fusion. Administration of U-83836E caused a sig- 
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nificant attenuation of membrane injury, as 
demonstrated by CD and HNE levels. 

The burst of oxygen free radicals production, 
that occurs upon the reperfusion in the heart, 
leads to a decrease in VE and SOD data concen- 
trations as consequence of consumption during 
oxidative s t r e~s . [~**~~]  This reduction contributes 
to increase cellular damage by favouring free 
radicals attack. U-83836E blunted the depletion 
of these endogenous antioxidants by competing 
in free radicals neutralization. 

The detection of 2,3-DHBA and 2,5-DHBA is 
usually considered a bona fide reporter for the 
flux of hydroxyl radicals which reacted with 
salicylic acid during oxidative s t r e s ~ . [ ~ ~ , ~ ~ I  The 
data obtained show that a large amount of OH' 
radical was produced after 15 min of reperfu- 
sion. U-83836E reduced both the acids 2,3- 
DHBA and 2,5-DHBA formation by directly 
trapping the OH' radical and by inhibiting their 
production. Because salicylic acid makes the 
stable derivatives by trapping OH', it may the- 
oretically be considered as a scavenger of OH'. 
Therefore, we compared the effect of salicylic 
acid on the considered parameter against con- 
trol and treated ischemiclreperfused groups 
(data not shown). Salicylic acid failed to exert 
any beneficial effect on the postischemic injury. 
This suggests that salicylic acid does not have a 
significant scavenging effect because it can trap 
only a small portion (<1lo/0) of produced 

Finally, a significant reduction in neutrophil 
recruitment in the damaged cardiac tissue was 
demonstrated by the ELA data. This further 
confirmed the beneficial effect of the drug. We 
suggest that the U-83836E induced reduction in 
neutrophil infiltration, may be due to inhibition 
of the lipid peroxidation and the consequent 
reduction in the chemotactic intermediates for- 
mation. 

In conclusion our results obtained by using 
the antioxidant drug U-83836E suggest that it 
may have therapeutic potential for cardiopro- 
tective use in acute myocardial infarct. 

OH'.[211 
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