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Isolated Langendorff-perfused rat hearts, after 30 min 
of preperfusion, were submitted to increasing times of 
global normothermic ischemia (1, 2, 5, 10, 20 and 
30 min) or to the same times of ischemia followed by 
30 min of reperfusion. Analysis of malondialdehyde, 
ascorbic acid, oxypurines, nucleosides, nicotinic coen- 
zymes and high-energy phosphates was carried out by 
HPLC on neutralized perchloric acid extracts of freeze- 
clamped tissues. In addition, maximum rate of intra- 
ventricular pressure development and cardiac output 
of malondialdehyde, lactate dehydrogenase, oxy- 
purines and nucleosides were monitored during both 
preperfusion and reperfusion. Besides decreasing 
energy metabolites and nicotinic coenzyme pool, pro- 
longed ischemia produced oxidation of significant 
amounts of hypoxanthine and xanthine to uric acid and 
generation of detectable levels of malondialdehyde 
(0.002 ymollg dry weight). After oxygen and substrate 
readmission, tissue and perfusate malondialdehyde 
increased only if previous ischemia was longer than 
5 min, while lactate dehydrogenase was detected in 
perfusate of reperfused hearts following 10, 20, and 

30 min of ischemia. Highest values of tissue malondi- 
aldehyde and total malondialdehyde output were 
recorded in reperfused hearts subjected to 30 min of 
ischemia (0.043 pmol/g dry weight and 0.069 ymol/ 
30 min/ g dry weight, respectively). Since tissue malon- 
dialdehyde was observed without detectable lactate 
dehydrogenase release in perfusate, it might be stated 
that malondialdehyde generation (i.e., lipid peroxida- 
tion) temporally preceded lactate dehydrogenase 
release (i.e., tissue necrosis). In reperfused hearts, eval- 
uation of myocardial energy state and of mechanical 
recovery allowed us to determine times of ischemia 
beyond which reperfusion did not positively affect 
these metabolic and functional parameters. Main find- 
ings are that, under these experimental conditions, 
lipid peroxidation might be the cause and not the con- 
sequence of tissue necrosis and that duration of 
ischemia might be the factor deciding effectiveness of 
reperfusion. 

Keyzuords: Ischemia and reperfusion, malondialdehyde, oxygen 
radicals, tissue injury, energy metabolism, isolated rat heart. 
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26 B. TAVAZZI ef al. 

INTRODUCTION 

Postischemic heart recovery is strictly related to 
the ability of myocardial cells to resynthesize 
phosphorylated compounds fundamental for all 
the energy-requiring reactions, i.e. ATP and 
creatinephosphate (CrP), degraded during oxy- 
gen deprivation."] The absence of oxygen and 
substrate availability produces a rapid ATP 
decrease and a consequent increase of its catabo- 
lites, such as AMP, adenosine (Ado), inosine (Ino) 
and hypoxanthine (Hyp). Since most of these 
compounds can freely cross the cell membrane,[21 
their loss from the cytoplasm during reperfusion 
may seriously compromize ATP resynthesis and, 
therefore, the real effectiveness of oxygen and 
substrate readmission. In addition, it has been 
suggested that the further enzymatic degradation 
of ATP catabolites at up to xanthine (Xan) and 
uric acid, occurring during reperfusion, may be a 
possible relevant source of superoxide anion.[31 
This molecule, deriving from the partial oxygen 
reduction, would be the starting point for the pro- 
duction of other more reactive and dangerous 
oxygen radicals (e.g., hydroxyl radical, singlet 
oxygen), able to induce irreversible damage to 
several biologically fundamental molecules, 
including membrane phospholipids. In the iso- 
lated rat heart, it has been demonstrated that oxy- 
gen radicals are already produced in a minor 
extent during ischemiaL4I and that a burst of reac- 
tive oxygen species is generated from the very 
early phase of reperfusi~n.[~] In the same experi- 
mental model, conjugated dienesL61 or ascorbyl 
radicalcq were used as possible valid markers of 
increased oxidative stress, although recently mal- 
ondialdehyde (MDA) reliability as biochemical 
index of oxygen radical-mediated lipid peroxida- 
tion has also been dem~nstrated.[~'] Connections 
among duration of ischemia, decrease of energy 
metabolism during oxygen deprivation, produc- 
tion and loss of ATP catabolites during reperfu- 
sion and, finally, onset of oxygen radical damage 
during reoxygenation are still object of several 

Moreover, temporal relation- 

ship between oxygen radical-induced lipid perox- 
idation and evidence of tissue necrosis has not yet 
clearly been established, so that the importance of 
lipid peroxidation of postischemic tissues is still 
under evaluation. 

Aim of the present study was to monitor the 
effects of both increasing ischemia times, and of 
increasing ischemia times followed by a fixed 
time of reperfusion, on the energy state and oxy- 
gen radical damage of the isolated Langendorff- 
perfused rat heart. By also determining cardiac 
functions and oxypurines, nucleosides, MDA 
and lactate dehydrogenase (LDH) output, we 
sought the respective contribution of ischemia 
and reperfusion in determining the effectiveness 
of postischemic myocardial recovery. 

MATERIALS AND METHODS 

Perfusion Technique 

This experimental work was considered and 
approved by the local institutional ethical com- 
mittee in accordance with recognized standards 
on the care and use of laboratory animals. 

Adult male Wistar rats of 300-350 g body 
weight (b.w.) were purchased from Morini (San 
Polo d' Enza, RE, Italy). They were fed with a 
standard laboratory diet and water ad libitum in 
a controlled environment. Rats were anes- 
thetized by intraperitoneal administration of ket- 
amine (50 mg/kg b.w.) and 1500 IU of heparin 
were intravenously injected into the candal vena 
cava. Heart was excised and aorta was quickly 
cannulated for retrograde non-recirculating 
Langendorff perfusion, using a Krebs-Ringer 
buffer composed of 119 mM NaCL4.8 mM KC1, 
25 mM NaHC03, 1.18 mM MgS04, 1.2 mM 
KH2P04, 2.5 mM CaC12, and 10 mM glucose. The 
buffer was supplemented with 12 IU/1 insulin, 
adjusted to pH 7.40, filtered through a 0.22 pm 
Millipore filter, continously gassed with 02/ C02 
(19:l; v:v) and kept at 37"C, as well as the remain- 
der of the perfusion apparatus, by means of 
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PEROXIDATION AND ENERGY METABOLISM IN HEART 27 

water-jacketed glassware. Perfusion of sponta- 
neously beating hearts was effected at the con- 
stant hydrostatic pressure of 7.95 kPa (81 cm 
H,O; 60 mmHg). Ventricular pressure develop- 
ment and maximum rate of intraventricular pres- 
sure development (dP/ dt) were monitored by 
introducing a saline-filled latex balloon into the 
left ventricle via the mitral valve. The ventricular 
balloon was attached to a pressure transducer 
(Gould Statham P23DB) via a saline-filled line 
and ventricular pressure and heart rate were con- 
tinously recorded on an EasyGraf TA240 
recorder (Gould Inc., Valley View, OH, U.S.A.). 
The diastolic pressure was set at 15-18 mmHg, at 
which maximal developed pressure was deter- 
mined. After 30 min of preperfusion, hearts were 
subjected either to increasing times of global nor- 
mothermic ischemia (1, 2, 5, 10, 20, 30 min), 
induced by completely abolishing perfusate 
inflow through the aorta, or to the same increas- 
ing times of ischemia each one followed by 
30 min of reperfusion. Control hearts were sub- 
jected to 30 min of preperfusion only. Coronary 
flow was volumetrically measured at regular 
intervals (2 min) and perfusate samples were col- 
lected for 1 min, in ice-cooled tubes, after 1, 2, 5, 
10,20 and 30 min from the beginning of preper- 
fusion or reperfusion. One aliquot was immedi- 
ately deproteinized by adding 300 pl of 70% 
HCIO4 / 3 ml perfusate and subsequently used for 
analyzing the cardiac output of different metabo- 
lites. The remaining untreated perfusate aliquot 
was stored at -20°C until the analysis for deter- 
mining LDH release was performed. At the end 
of each step, hearts were freeze-clamped by alu- 
minium tongs (precooled in liquid nitrogen) and 
immediately immersed in liquid nitrogen. After 
wet weight determination, about 200 mg of the 
heart tissue was kept at 150°C/24 h for dry 
weight (d.w.) determination. The remaining 
frozen tissue was deproteinized by homogeniza- 
tion in ice-cold 0.6 M HC104 using an Ultra- 
Turrax (Janke and Kunkel GmbH & Co. KG, 
IKA-Werk, Staufen, Germany) as previously 
described.L81 

Metabolite and Enzyme Analyses 

Both acid tissue extracts and perfusates were 
subjected to a recently described procedure for 
the optimization of sample preparation for HPLC 
analysis.[''] Briefly, after neutralization of per- 
chloric acid extracts in the cold by adding 5 M 
K2C03, samples were immersed for 90 sec in liq- 
uid nitrogen for increasing potassium perchlo- 
rate precipitation. After centrifugation at 26,980 g 
x 5 min, at 4"C, clean supernatants were 
extracted with an equal volume of HPLC-grade 
chloroform for removal of hydrophobic sub- 
stances. Samples were again centrifuged at 
26,980 g x 5 min, at 4"C, and aqueous phases were 
used either for enzymatic analyses of CrP,[131 or 
for HPLC assay of MDA, ascorbic acid, oxy- 
purines, nucleosides, nicotinic coenzymes and 
high-energy phosphates, according to Lazzarino 
et al.[''l It should be underlined that, due to per- 
chloric acid tissue treatment, values of NAD and 
NADP are comprehensive of their respective 
reduced forms. Therefore, it must be considered 
throughout the text that: NAD = NAD + NADH, 
and NADP = NADP + NADPH. The HPLC appa- 
ratus consisted of a Jasco PU-980 dual pump sys- 
tem, connected to a Jasco MD-910 diode array 
detector (Tokyo, Japan) set up between 200 and 
300 nm wavelength for data acquisition. 
Separations of both standards and samples were 
performed by using an Alltima C-18, 250 mm x 
4.6 mm, 5 pm particle size column (Alltech 
Associates, Inc., Deerfield, IL, U.S.A.) provided 
of its own guard column. Due to column length 
increase, adopted for improving chromato- 
graphic resolution with respect to the original 
method,['' flow rate was 1.5 ml/ min and gradient 
composition was as follows: 20 min at 100% of 
buffer A; 3 min at up to 90% of buffer A; 10 min at 
up to 70% of buffer A; 12 min at up to 55% of 
buffer A; 15 min at up to 45% of buffer A; 10 min 
at up to 25% of buffer A; 5 min at up to 0% of 
buffer A. Data acquisition and chromatogram 
analysis were performed by a PC-486. Identifica- 
tion of the various compounds in sample runs 
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28 8. TAVAZZI et al. 

was performed by comparing both retention 
times and absorption spectra of each peak with 
those obtained in freshly prepared ultrapure 
standard runs. Concentrations of the different 
metabolites were determined by calculating 
areas of each peak at 267 nm wavelength (the 
maximum of MDA absorption) and comparing 
them with corresponding peak areas of standard 
runs. Analysis of LDH release in the perfusate 
was effected by monitoring NADH oxidation 
rate in the presence of pyruvate at 340 nm.[141 
Spectrophotometric assays were carried out by a 
Jasco 685 double beam spectrophotometer 
(Tokyo, Japan). 

Data Analysis 

The between group comparison was performed 
by the 1-way analysis of variance. Dependence of 
myocardial functional recovery (dP/ dt) from 
increasing ischemia duration, as well as correla- 
tion between dP/ dt and different metabolic para- 
meters, was determined in reperfused hearts by 
calculating the best fitting curves of experimental 
values. Subsequently, the first order derivative of 
each parameter with respect to functional recov- 
ery (dparameter / drecovery), was calculated and 
plotted versus ischemia time. Consequently, it 
was possible to determine the time of ischemia 
corresponding to maximal variations of each 
curve parameter / recovery. 

RESULTS 

Tissue 

Table I reports variations of representative para- 
meters of the cell energy state as a function either 
of increasing ischemia time or of increasing 
ischemia time followed by a fixed reperfusion 
period. Reperfusion effectiveness was strictly 
related to preceding ischemia. In fact, mainte- 
nance of energy metabolism, at sufficient levels to 
allow myocardial functions (dP/dt) close to preis- 

chemic values during reoxygenation (see Fig. 5), 
did not occur at any ischemia time longer than 5 
min. Although ATP was modestly affected by 
reperfusion, it should be noted that CrP showed 
higher values at the end of reperfusion than those 
recorded in the corresponding ischemic only 
hearts. The marked decline of adenine nucleo- 
tides (ZNT) with respect to ischemia only, partic- 
ularly evident if previous ischemia was longer 
than 5 min, indicates the existence of a marked 
imbalance between phosphorylating and dephos- 
phorylating processes, i.e. between energy pro- 
duction and consumption. Starting from the very 
early phase of ischemia, sigruficant NAD decrease 
was observed in ischemic only hearts. The extent 
of NAD depletion did not vary with increasing 
ischemia, although the lowest NAD concentra- 
tion and the only NADP sigruficant decrease were 
recorded after 30 min of ischemia. Neither NAD 
nor NADP were resynthesized after reperfusion, 
but they were vice-versa negatively affected by 
reperfusion, particularly in hearts after 30 min of 
previous ischemia. 

In Table I1 are reported variations of oxidative 
stress representative parameters (MDA, ascor- 
bate) as well as of dephosphorylated ATP catabo- 
lites (Hyp, Xan, uric acid, Ino, Ado) of both 
ischemic and ischemic-reperfused hearts. A 
small but detectable amount of MDA, produced 
from peroxidized phospholipid degradation, 
was determined in ischemic only hearts after 10, 
20, or 30 min of ischemia. It is worth underlining 
that MDA, as already was not 
detectable in control hearts at the end of preper- 
fusion. This result is not in accordance with those 
published when MDA was assayed by the thio- 
barbituric acid test.[1516] The presence of oxi- 
dants, despite oxygen absence, was confirmed by 
ascorbate decrease, which significantly dimin- 
ished as MDA was produced and, therefore, as 
ischemia was increased in duration. In accor- 
dance with data referring to high-energy phos- 
phate decrease (Table I), both oxypurines (Hyp, 
Xan, uric acid) and nucleosides (Ino, Ado) pro- 
gressively increased as a function of oxygen 
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PEROXIDATION AND ENERGY METABOLISM IN HEART 29 

TABLE I 
coenzymes of control, ischemic and reperfused isolated rat hearts 

Effect of increasing times of ischemia on tissue concentrations of the main high-energy phosphates and nicotinic 

TIME(min) All' ADP AMP CrP NAD NADP D J T  

PREPERFUSION 30 

1 

2 

ISCHEMIA 5 

10 

20 

30 

1 

ISCHEMIA 2 
+ 30 rnin of 
REPERFUSION 5 

10 

20 

30 

28.70 
(2.80) 
28.27 
(2.91) 
27.05 

26.80 
(2.76) 
24.11 
(3.84) 
17.54" 
(3.98) 
10.05" 

28.43 
(4.41) 
26.86 
(3.66) 
21.86" 
(3.66) 
19.74" 
(3.13) 
16.37" 
(2.36) 
10.30" 
(2.43) 

(3.57) 

(2.20) 

7.33 
(0.91) 
7.13 

(1.08) 
7.87 

(1.27) 
7.0Y 

(2.33) 
6.85 

(1.34) 
6.43 

(0.88) 
5.27a 

(0.74) 
7.03 

(1.92) 
6.91 

(1.68) 
6.69 

(0.88) 
6.12a 

(1.16) 
4.97ab 

(0.84) 
2.65a' 

(0.46) 

1.66 

1.76 
(0.26) 
2.79" 

(0.42) 
2.88a 
(0.78) 
4.04a 

(1.10) 
4.97" 

(1.24) 
10.10a 
(0.58) 
1.35 

(0.48) 
1.72b 

(0.43) 
1.97b 

(0.23) 
2.08b 

(0.26) 
2.62ab 

(0.62) 
3.67ab 

(0.94) 

(0.21) 
32.59 
(3.08) 
25.70" 
(3.86) 
18.43a 
(1.67) 
13.39" 

11.18" 
(0.65) 
11.61" 
(1.18) 
10.53" 
(1.31) 
28.29" 
(1.95) 
22.00"' 
(0.72) 
23.93ab 
(1.76) 
23.21ab 
(1.58) 
20.67"b 

16.69"' 
(1.16) 

(2.11) 

(3.33) 

9.86 
(1.30) 
7.78" 

7.87a 
(0.99) 
7.64" 

(1.05) 
7.94a 

(0.90) 
7.27a 

(0.99) 
7.06a 

7.34a 
(1.09) 
7.69a 

(1.32) 
8.09a 
(0.98) 
6.83" 

(1.43) 
6.10" 

(1.28) 
4.41ab 

(0.11) 

(1.01) 

(1.27) 

0.60 
(0.09) 
0.58 

(0.08) 
0.54 

(0.04) 
0.54 
(0.05) 
0.46 

(0.09) 
0.45 

0.42" 

0.55 
(0.13) 
0.51 

0.43 
(0.08) 
0.44 

(0.16) 
0.38" 

(0.13) 
0.31ab 

(0.09) 

(0.01) 

(0.11) 

(0.07) 

37.69 

37.16 
(3.15) 
37.71 
(2.78) 
36.77 
(4.00) 
35.00 
(2.54) 
28.94" 
(2.05) 
25.42a 
(1.98) 
36.81 
(3.11) 
35.49 
(2.75) 
30.5Za 
(3.04) 
27.94a 
(2.74) 
23.96" 

16.62" 
(1.89) 

(3.55) 

(2.22) 

Determination of the various compounds, out of CrP (determined enzymatically), was carried out by HPLC on 200 pl of perchloric 
acid tissue extracts. Perfusion and chromatographic conditions are fully described in Materials and Methods. Each value represents 
the mean (S.D.) of 6 hearts and is expressed as pmollg d.w. 
CNT = ATP + ADP +AMP. 
"significantly different from preperfusion (p < 0.05). 
bsign&cantly different from ischemia (p < 0.05). 

deprivation time, again showing the most signif- 
icant changes after 20 and 30 min of ischemia. 

One of the most evident biochemical changes, 
occurring to reperfused hearts, was represented 
by MDA increase. The occurrence of lipid peroxi- 
dation during reperfusion was induced by at least 
5 min of global no-flow ischemia. In these hearts, 
low but detectable MDA concentration was 
recorded (0.008 pmol/g d.w.) at the end of 30 min 
of reflow. Highest MDA concentration was deter- 
mined in reperfused hearts after 30 min of oxygen 
deprivation (0.043 pmollg d.w.). The presence of 
oxidative stress during myocardial reperfusion is 
also supported by ascorbate decrease, whose con- 
centration was lower either than preperfusion or 

than the corresponding times of ischemia only. It 
is worth recalling that no detectable ascorbate 
concentration was found in any perfusate sample; 
this suggests that the evident ascorbate decrease 
after reperfusion was not due to its outflow from 
permeabilized cells but rather to its oxidation or, 
eventually, to decrease in its rate of synthesis. 

Perfusate 

In Figure 1 is reported MDA cardiac output 
recorded in the perfusate of hearts subjected to 
increasing ischemia times followed by 30 min of 
reperfusion. No MDA release was observed dur- 
ing preperfusion of control hearts, as well as dur- 
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30 B. TAVAZZI et al. 

TABLE IT Effect of increasing times of ischemia on tissue concentrations of MDA, ascorbic acid, oxypurines and nucleosides of con- 
trol, ischemic and reperfused isolated rat hearts. 

~ 

TIME(min) MDA Ascorbicacid Hyp Xan Uricacid In0 Ado 

PREPERFUSION 30 N.D. 2.94 0.02 0.04 0.07 0.04 0.06 
(0.42) (0.01) (0.01) (0.02) (0.01) (0.02) 

1 N.D. 2.61 0.03" 0.05 . 0.07 0.04 0.10 
(0.68) (0.01) (0.02) (0.03) (0.01) (0.01) 

2 N.D. 2.86 0.09" 0.15a 0.23" 0.10" 0.16" 
(0.40) (0.02) (0.05) (0.05) (0.01) (0.05) 

ISCHEMIA 5 N.D. 2.69 0.118 0.19a 0.36" 0.19" 0.21a 
(0.17) (0.02) (0.06) (0.11) (0.04) (0.08) 

10 0.001a 2.14" 0.22" 0.38" 0.54" 1.06" 1.10" 
(0.0003) (0.36) (0.08) (0.09) (0.11) (0.36) (0.14) 

20 0.002" 1.88" 1.72" 1.08" 0.607" 2.50" 3.82" 
(0.001) (0.174) (0.335) (0.214) (0.151) (0.420) (0.673) 

30 0.002a 1.98" 1.72" 1.43= 0.66" 4.45" 6.76" 
(0.001) (0.22) (0.70) (0.16) (0.11) (0.76) (1.13) 

1 N.D. 2.21 0.02 0.03 0.08 0.03 0.06 

2 N.D. 1.84"b 0.0Zb 0.06b 0.11"b 0.03b 0.08b 
(0.29) (0.01) (0.01) (0.01) (0.01) (0.02) 

(0.23) (0.01) (0.02) (0.02) (0.01) (0.02) 
ISCHEMIA 5 0.008ab 1.90ab 0.0Zb 0.09b 0.12ab 0.05b O . l l b  

+ 30 min of (0.002) (0.25) (0.01) (0.03) (0.02) (0.014) (0.02) 
REPERFUSION 10 0.015ab 1.60ab 0.04b 0.16"b 0.13ab 0.05b 0.13a' 

20 0.027ab 1.33"b 0.07ab 0.23"b 0.24"' 0.18ab 0.38ab 

30 0.043ab 1.05"b 0.14"b 0.43ab 0.30ab 1.96"' 2.96& 

(0.004) (0.21) (0.01) (0.07) (0.02) (0.01) (0.01) 

(0.004) (0.21) ((0.01) (0.04) (0.02) (0.06) (0.07) 

(0.006) (0.21) (0.04) (0.20) (0.11) (0.46) (0.13) 

Determination of the various compounds was carried out by HPLC on 200 pl of perchloric acid tissue extracts. Each value represents 
the mean (S.D.) of 6 hearts and is expressed as pmol/g d.w. 
N.D.= Not Detectable. 
"Significantly different from preperfusion (p < 0.05). 
bSignificantIy different from ischemia (p < 0.05). 

ing reperfusion of hearts previously ischemic for 
1,2 or 5 min. Differently, detectable MDA concen- 
trations were determined throughout the whole 
duration of reperfusion, if reperfusion itself was 
preceded by 10,20 or 30 min of global normother- 
mic ischemia. In all these hearts, MDA was 
released starting from the 1'' min of reperfusion, 
showing its highest perfusate concentration dur- 
ing the 2nd min of oxygen and substrate readmis- 
sion. Total MDA cardiac output, determined by 
calculating areas under each curve reported in 
Figure 1, showed a strict correlation with the dura- 
tion of previous ischemia. Interestingly, as 
reported in Figure 2, LDH release during reperfu- 
sion, which is as an index of tissue necrosis, had 
the same MDA dependence with respect to 

ischemia duration. In fact, no detectable LDH 
activity was determined either during preperfu- 
sion or during reperfusion of hearts submitted to 
1, 2 or 5 min of ischemia; viceversa, 10, 20 or 
30 min of previous oxygen and substrate depriva- 
tion induced marked LDH release in the perfusate 
during reperfusion. Total LDH output, calculated 
as for MDA, correlated to increase ischemia dura- 
tion. However, a main difference between the time 
course output of MDA and LDH consisted in LDH 
release lag time during the first 2 min of reperfu- 
sion and in the reperfusion time at which maximal 
LDH release was observed, i.e. after 30 min of 
reoxygenation. Figures 3 and 4 report variations of 
Hyp + Xan + uric acid (Eoxy) and Ado + In0 (EN) 
variations, respectively, in the perfusate of reper- 
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5 -  10 1 

0 5 10 15 20 25 30 0 5 10 15 20 25 30 
Time of reperfusion (rnin) Time of reperfusion (min) 

FIGURE 1 Myocardial MDA release of isolated reperfused rat 
hearts subjected to increasing times of ischemia. Perfusate 
aliquots were collected at 1, 2, 5, 10, 20 and 30 min from the 
beginning of myocardial preperfusion or reperfusion, and MDA 
was directly assayed by HPLC (200 pl), as fully described in 
Materials and Methods. No detectable MDA release was 
observed either during preperfusion or reperfusion of hearts 
previously submitted to 1, 2, or 5 min of ischemia. Each point is 
the mean of perfusate samples from 6 different hearts. Standard 
deviations are represented by vertical bars. 

(W), hearts subjected to 10 min of ischemia + 30 rnin of 
reperfusion. 

(A), hearts subjected to 20 min of ischemia + 30 min of 
reperfusion. 
(A), hearts subjected to 30 min of ischemia + 30 min of 

reperfusion. 

fused hearts after increasing times of ischemia. 
The highest concentration of both Coxy and CN 
was observed after 1 min of reperfusion, indicat- 
ing that flow restoration induced an immediate 
washout of ATP catabolites which were intracellu- 
larly accumulated during ischemia. However, 
hearts submitted to 10, 20 or 30 min of ischemia, 
showed relevant cardiac output of Zoxy and CN 
even after ZO or 30 min of reperfusion, thus sug- 
gesting the existence of an imbalance between 
ATP production and consumption. 

Myocardial Functional Recovery and 
Energy Metabolism 

Time course functional recovery of reperfused 
hearts (expressed as percent dP/dt recovery of 
preischemic value), following different ischemia 
periods, is reported in Figure 5. The effect of 
increasing ischemia times on dP/ dt recovery, 
determined at the end of 30 min of reperfusion, 

FIGURE 2 Time course of LDH release in perfusate of isolated 
reperfused rat hearts after increasing times of ischemia. LDH 
was determined in perfusate collected at 1, 2, 5, 10, 20 and 
30 min from the begmning of preperfusion or reperfusion. No 
detectable LDH release was observed either during preperfu- 
sion or reperfusion of hearts previously submitted to 1, 2, or 
5 min of ischemia. Each point is the mean of perfusate samples 
from 6 different hearts. Standard deviations are represented by 
vertical bars. 

(W), hearts subjected to 10 min of ischemia + 30 min of 
reperfusion. 

(A), hearts subjected to 20 min of ischemia + 30 min of 
reperfusion. 
(A), hearts subjected to 30 min of ischemia + 30 min of 

reperfusion. 

as well as the correlation among dP / dt recovery 
and several metabolic parameters (ATP, ATP + 
CrP, CNT, total Coxy + total EN, LDH, total 
MDA), was evaluated in detail. In particular, it 
was initially found F1 function correlating dP/ dt 
recovery and ischemia duration: dP/ dt recovery 
= F1 (ischemia time); and F2 function correlating 
dP/  dt and any of aforementioned metabolic 
parameters: parameteri = F2 (dP/ dt recovery). 
Hence, it was ultimately possible to correlate 
each parameter as follows: parameteri = F2 
[Fl(ischemia time)], i.e. the composed depen- 
dence. Concerning F1 function equation, the best 
fitting analysis revealed that dP/ dt recovery and 
ischemia time had a sigmoidal correlation, 
according to the following equation: y = 100 - 
(x%/xmz + ml) x 64. This curve had a flex point 
corresponding to an ischemia duration of 
4.6 min, as calculated by performing the first 
order derivative of functional recovery versus 
ischemia time. By interpolating values of each 
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FIGURE 3 Cardiac output of sum of oxypurines (Hyp + Xan + 
uric acid) during myocardial reperfusion of isolated rat hearts 
after increasing times of ischemia. Zero time value corresponds 
to mean value determined in 6 perfusates collected immediately 
before ischemia, i.e. during the last min of preperfusion. Each 
point is the mean of perfusate samples from 6 different hearts. 
Standard deviations have been omitted for the sake of clarity. 

(0), hearts subjected to 1 min of ischemia + 30 min of reper- 
fusion. 

(O), hearts subjected to 2 min of ischemia + 30 min of reper- 
fusion. 
(a), hearts subjected to 5 min of ischemia + 30 min of reper- 

fusion. 
(H), hearts subjected to 10 min of ischemia + 30 min of 

reperfusion. 
(A), hearts subjected to 20 min of ischemia + 30 min of 

reperfusion. 
(A), hearts subjected to 30 min of ischemia + 30 min of 

reperfusion. 

metabolic parameter with dP/ dt recovery, equa- 
tions showing the dependence imposed by F2 
were obtained. Best fitting curves had a sig- 
moidal trend for ATP, ATP + CrP, CNT, total 
Eoxy + total CN. Relationship of ATP, ATP + 
CrP, CNT versus dP / dt recovery could be repre- 
sented by the same equation found for dP/dt 
recovery and ischemia time; differently, that of 
total Coxy + total CN versus dP/dt recovery 
could be represented according to the following 
equation: y = 36 + (xm~/xm2 + ml) x 64. In order to 
determine ischemia time at which the maximal 
variation of a given parameter having a sig- 
moidal trend occurred, the first order derivative 
dparameterJ dfunctional recovery was plotted 
versus times of previous ischemia. Subsequently, 
determination of respective minimal and maxi- 
mal derivative values, obtained by varying 

;i 
.M 0.8 
B 

e 0.6 
0 
M . 
.E O m 4  : 

3. 
2 0.2 

0 

I!% . 

0 5 10 15 20 25 30 
Time of reperfusion (mid 

FIGURE 4 Cardiac output of sum of nucleosides (210 + Ado) 
during myocardial reperfusion of isolated rat hearts after 
increasing times of ischemia. Zero time value corresponds to 
mean value determined in 6 perfusates collected immediately 
before ischemia, i.e. during the last min of preperfusion. Each 
point is the mean of perfusate samples from 6 different hearts. 
Standard deviations have been omitted for the sake of clarity. 

(0), hearts subjected to 1 min of ischemia + 30 min of reper- 
fusion. 

(O), hearts subjected to 2 min of ischemia + 30 min of reper- 
fusion. 
(a), hearts subjected to 5 min of ischemia + 30 min of reper- 

fusion. 
(H), hearts subjected to 10 min of ischemia + 30 min of 

reperfusion. 
(A), hearts sublected to 20 min of ischemia + 30 min of 

reperfusion. 
(A), hearts subjected to 30 min of ischemia + 30 min of 

reperfusion. 

ischemia times, was performed. Therefore, it was 
possible to calculate for each parameter, ischemia 
duration values corresponding to the flex points 
of parameter / functional recovery curves; these 
values are summarized in Table III. It is worth 
underlining that flex points ranged from a mini- 
mum of 5.95 min for total Coxy + total ZN, to a 
maximum of 9.2 min of previous ischemia for 
ATP, with a mean value of 7.92 min of previous 
ischemia duration. Concerning dP / dt recovery 
correlations with total MDA and LDH, they 
could be described by polynomial equations. 

DISCUSSION 

The goal of reperfusing postischemic heart is the 
salvage of the largest number of myocardial cells 
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FIGURE 5 Recovery of maximum rate of intraventricular pres- 
sure development (dP/dt) of isolated reperfused rat hearts sub- 
jected to increasing times of ischemia. Each point represents the 
mean of 6 hearts and is expressed as percent of preischemic 
dP/dt. Zero time values correspond to residual dPldt recorded 
during the last min of ischemia. Standard deviations have been 
omitted for the sake of clarity. 

(0), hearts subjected to 1 min of ischemia + 30 min of reper- 
fusion. 

(O), hearts subjected to 2 min of ischemia + 30 min of reper- 
fusion. 

(O), hearts subjected to 5 min of ischemia + 30 min of reper- 
fusion. 

(m), hearts subjected to 10 min of ischemia + 30 min of 
reperfusion. 

(A), hearts subjected to 20 min of ischemia + 30 min of 
reperfusion. 
(A), hearts subjected to 30 min of ischemia + 30 min of 

reperfusion. 

in order to guarantee the tissue functional recov- 
ery and hence, the entire organism survival. 
Although reperfusion restores oxygen and sub- 
strate delivery to tissue, its effectiveness in recov- 
ering postischemic myocardial metabolism and 
functions is often limited.[l71 In the last years, 
great attention was given to evaluate mechanisms 

TABLE IU Flex points of curves obtained by plotting dpara- 
meterldrecovery as a function of increasing ischemia duration 

Parameter Time of ischemia 
corresponding to the flex point 

ATP 9.20 
ATP + CrP 8.85 

5.95 
CNT 9.01 
Total Coxy + Total I N  

Different flex points refer to best-fitting sigmoidal waves of 
experimental data calculated as described under Materials and 
Methods and Results. 

of oxygen free radical production, because of 
their potential toxicity towards several important 
macromolecules; renewed interest was also 
payed in studying ATP catabolism for its possible 
connection with oxygen radical formation. Data 
reported in the present study indicate four major 
conclusions: i) loss of purines and degradation of 
NAD and NADP may seriously reduce effective- 
ness of myocardial reoxygenation after long times 
of global normothermic ischemia; ii) generation of 
oxygen-derived free radicals, and therefore of 
lipid peroxidation, during reperfusion is strictly 
dependent on the time of previous ischemia; iii) 
lipid peroxidation is an event that preceds tissue 
necrosis; iv) in general, duration of ischemia is 
probably the main event that impedes reperfu- 
sion efficacy. Oxypurine and nucleoside loss, as a 
factor limiting myocardial recovery, has been 
described by several authors,~’s-’91 although a 
direct correlation between their cardiac output 
and time of oxygen and substrate deprivation has 
not previously been described. This fact seems 
particularly interesting since intracellular Ado 
preservation during myocardial ischemia,1201 
as well as exogenously administered Ado,[21] 
improve functional recovery of postischemic 
myocardium. Referring to NAD and NADP vari- 
ations as a function of different times of ischemia 
and subsequent reperfusion, no data are pre- 
sently available, albeit NAD and NADP decrease 
following a fixed ischemia period has already 
been r e p ~ r t e d . [ ~ - ~ ” - ~ ~ ]  NAD gly cohy drolase 
activity, the enzyme responsible for NAD degra- 
dation into nicotinamide and ADP-ribose, is 
affected by oxygen In addition, 
oxidative stress induced in different isolated cell 
lines produced significant reduction of nicotinic 
coenzyme Results obtained in the pre- 
sent experimental conditions, suggest that the 
remarkable decrease of NAD and NADP after 
reperfusion, already evident during increasing 
ischemia, could be considered a critical factor 
negatively affecting myocyte metabolism and 
survival. Moreover, this indicates that a degree of 
oxidative stress capable of depleting nicotinic 
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coenzyme concentration, is produced by ischemia 
and reperfusion in the isolated rat heart. NAD 
and NADP deficiency might lead to inhibition of 
enzymatic reactions utilizing these electron trans- 
ferring cofactors and to alteration of reducing 
equivalent supply to mitochondria. Modifications 
of energy metabolism, i.e. loss of oxypurines and 
nucleosides, decrease of NAD and NADP concen- 
tration, lack of adequate ATP resynthesis, might 
well be in turn responsible for the progressive 
decrease of reperfusion effectiveness to induce 
myocardial functional recovery, observed by 
increasing times of ischemia. 

MDA production in ischemic heart tissue 
could be observed in low amounts only in hearts 
subjected to at least 10 min of oxygen and sub- 
strate deprivation. This paradox, i.e. oxygen rad- 
ical-mediated lipid peroxidation when oxygen is 
not supplied to the heart, might take place if part 
of residual oxygen, still present for a given time 
into the myocytes and in the extracellular fluid, 
were transformed into superoxide anion by dif- 
ferent possible sources, such as xanthine oxidase 
activated enzymef3* or altered mitochondria1 
capacity to catalyze the tetravalent reduction of 
molecular Propagation of lipid perox- 
idation might be stopped when remaining tissue 
oxygen was consumed, so that transformation of 
conjugated dienes into lipid hydroperoxides was 
inhibited. It is worth underlining that we found a 
progressive augmentation of uric acid in hearts 
after 1,2, 5, or 10 min of ischemia, while Hyp and 
Xan significantly increased only after 20 and 
30 min of oxygen and substrate deprivation 
(Table 11). This suggests that oxygen concentra- 
tion inside the tissue was sufficient for allowing 
oxidoreductive reactions that might be directly 
involved in superoxide radical generation by 
xanthine oxidase. It should also be reminded that 
oxygen-derived free radical generation has been 
reported to occur during Reperfusion 
was characterized by a marked increase of lipid 
peroxidation (evaluated in terms of tissue MDA) 
at any ischemia time longer than 5 min. Hence, it 
might be conceivable that a given period of oxy- 

gen deprivation is requested for inducing those 
changes leading to a burst of oxygen free radical 
production during reperfusion, such as the pro- 
teolytic transformation of xanthine dehydroge- 
nase into xanthine oxidase.[s281 For istance, if this 
phenomenon had occurred in our experimental 
conditions, it could be calculated as follows: 
[total Xan (i.e., Xan released in the perfusate + 
Xan detected in tissue extracts)-total Hyp (cal- 
culated as for Xan)] + [total uric acid (calculated 
as for Xan)-total Xan], that 6.98 Fmol/g d.w. of 
superoxide anions might have been produced. 
However, data concerning transformation of 
xanthine dehydrogenase into xanthine oxidase 
are not 

In reperfused hearts, comparison between 
times of previous ischemia necessary for provok- 
ing tissue MDA production and that necessary 
for inducing LDH release in perfusate, attests 
that MDA generation (i.e., lipid peroxidation) 
preceded LDH release (i.e., tissue necrosis). In 
fact, notwithstanding tissue MDA was deter- 
mined in reperfused hearts subjected to 5 min of 
ischemia (Fig. l), same hearts did not show any 
detectable LDH release in the perfusate through- 
out the whole duration of reperfusion (Fig. 2). 
LDH release was only observed in reperfused 
hearts subjected to at least 10 min of ischemia. 
Furthermore, time courses of MDA and LDH 
output during reperfusion of hearts submitted to 
10,20 or 30 min of ischemia (Figs. 1 and 2, respec- 
tively) demonstrate that lipid peroxidation 
(MDA release) temporally preceded an apprecia- 
ble degree of tissue necrosis (presence of LDH in 
the perfusate). These findings might answer the 
question whether lipid peroxidation is the cause 
or consequence of tissue and might 
suggest that: i) once that a given amount of mem- 
brane phospholipids are irreversibly altered, 
probability for loss of membrane integrity and 
function certainly increases; ii) in this experimen- 
tal model, lipid peroxidation can occur without 
tissue necrosis, while tissue necrosis does not 
exist without lipid peroxidation. Although we 
determined remarkable perfusate MDA varia- 
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tions occurring during reperfusion, recent data, 
obtained by still using the questionable thiobar- 
bituric acid test for assaying MDA, did not show 
any modification of MDA release in the efflu- 
ent.[’’] Interestingly, authors found about as 
much MDA in the perfusate during preperfusion 
(z 3.0 nmol/min/g d.w.) as those found by us 
during reperfusion after 30 min of ischemia. 
Under the experimental conditions adopted in 
our study, MDA was not detected either in the 
tissue or in the perfusate of preperfused only 
hearts. This discrepancy might, of course, be 
attributable to the analytical method used which 
in our case allowed us to determine directly 
MDA only, instead of unspecifically detecting 
”thiobarbituric acid reactive substances” 

It should be recalled that results 
reported in literature, concerning MDA varia- 
tions in postischemic hearts, are not totally in 
accordance.[31] Notwithstanding, it was demon- 
strated that MDA is produced and released into 
the blood stream also in different pathological 
conditions of myocardial ischemia and reperfu- 
sion in human being~,[~’-~%~] thus supporting its 
validity as an index of oxygen radical-induced 
lipid peroxidation. In our experiments, if dura- 
tion of oxygen and substrate deprivation was 
longer than 5-10 min, energy metabolism and 
myocardial functional recovery were profoundly 
depressed. This is clearly evidenced by sigmoidal 
trend of composed functions correlating meta- 
bolic parameters (ATP, ATP + CrP, ZNT, total 
Coxy + total CN), dP/dt recovery and ischemia 
time. First order derivative of metabolic parame- 
ters an dP/ dt recovery versus ischemia time 
allowed to calculate flex points of each curve 
(Table 111), whose meaning is to betoken ischemia 
duration beyond which concentration of each 
metabolic parameter corresponds to an incom- 
plete dP / dt recovery. Therefore, ischemia times 
longer than the highest flex point value (9.2 min 
of previous ischemia) produced such metabolic 
changes (influencing dP / dt) that were not posi- 
tively affected by reperfusion, i.e. ischemia 
induced irreversible alterations of myocardial 

metabolism and functions. It is worth noting that 
calculated flex point values closely tied to the 
time when measured values of corresponding 
metabolites first became significant (Tables I and 
11). Interestingly, either phosphorylated com- 
pounds (ATP and ATP + CrP) or end products of 
ATP catabolism (total Zoxy + total EN) corre- 
lated to myocardial functions of reperfused 
hearts. Results showing lack of correlation 
between ATP and cardiac functions either of 
postischemic myocardi~m[l~-~~I or of artificially 
ATP-depleted normoxic have previ- 
ously been published. Data reported in the pre- 
sent study attest, at least in reperfused hearts, the 
presence of non linear correlation between ATP 
and dP/dt recovery. The sigmoidal trend, which 
was similar to that found by Neely and 
Grotyohann,[lq suggests that ATP concentrations 
after reperfusion, higher than value correspond- 
ing to the flex point of the curve, slightly influ- 
ence myocardial functions. Conversely, below 
the flex point ATP and dP/ dt recovery were lin- 
early correlated, so that any ATP decrement was 
mirrored by reduced rescue of mechanical car- 
diac functions. The discrepancy between present 
data and those obtained in artificially ATP- 
depleted normoxic heart136”71 might be due to the 
profound differences existing between the two 
experimental models. In fact, the latter experi- 
mental design does not take in any account the 
very many changes induced by ischemia, thereby 
rendering probably incomparable findings 
odtained in these two models. 

The extent of oxygen radical-induced lipid per- 
oxidation of reperfused hearts, seemed strictly 
related to ischemia-dependent activation of 
superoxide anion sources. However, in the pres- 
ent experimental study, if ischemia was no longer 
than 5 min, its negative effects on myocardial 
metabolism and contractile functions were suc- 
cessfully reverted by reperfusion and were asso- 
ciated to very low levels of lipid peroxidation. 
This might indicate that reperfusion is not intrin- 
sically negative, but that it is the unavoidable con- 
dition allowing to express and / or amplify those 
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biochemical modifications triggered by previous 
ischemia. Furthermore, this last observation sug- 
gests that ischemia-mediated activation of the 
various possible sources of oxygen free radicals 
might represent one of the biochemical molecular 
events that is macroscopically translated into the 
lack of myocardial functional recovery during 
reperfusion. In conclusion, it might be affirmed 
that ischemia is the main negative event for 
myocardial metabolism and, if its duration is pro- 
longed, reperfusion without pharmacological 
interventions, for facilitating recovery of energy 
metabolism and / or inhibiting oxygen radical 
production, has a modest efficacy. 
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