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Abstract—H290/51, an indenoindole derivative, is a novel low-molecular weight (287.8) inhibitor of lipid peroxi
dation. Its effect on cardiac injury induced by exogenous reactive oxygen intermediates (ROI) was investigated. 
ROI were generated by adding H2O2 (180 pM) to the perfusate of isolated rat hearts (Langendorff model, n — 9) 
for 10 min. H2O2 reduced left ventricular developed pressure (LVDP = left ventricular systolic pressure — left 
ventricular end-diastolic pressure) from 90 ± 6 to a minimum of 25 ± 2 mmHg (mean ± SEM) after 10 min (p 
< 0.001), elevated left ventricular end-diastolic pressure (LVEDP) from 0 to 32 ± 7 mmHg after 20 min (p < 
0.0001), and increased coronary flow (CF). Lactate dehydrogenase (LDH) release in the coronary effluent and 
thiobarbituric acid-reactive substances (TBARS) in cardiac tissue increased (TBARS from 0.6 i 0.04 to 3.1 ± 
0.4 nmol/g tissue after 10 min of H2O2 administration, p < 0.001). Addition of H290/51 (1 /¿M, n — 12) from 
the start of H2O2 exposure, attenuated the H2O2-induced increase of LVEDP (9 ± 3 mmHg at 20 min. p < 0.006) 
and reduced the release of LDH (p < 0.02 at 30 min). LVDP was not significantly influenced. The increase of 
TBARS was abolished by H290/51 (p < 0.001). In conclusion, H290/51 inhibited lipid peroxidation, and attenuated 
functional and biochemical injury induced by H2O2 exposure.

Keywords—Antioxidant, Lipid peroxidation. Reactive oxygen intermediates, Heart, Rat, Indenoindole derivative. 
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INTRODUCTION

Upon reperfusion of ischemic tissue a variety of reactive 
oxygen intermediates (ROI) are generated' both extra- 
and intracellularly, and substantia] evidence indicates that 
ROI are important mediators of myocardial ischemia
reperfusion injury.1’5 ROI may induce cardiac dysfunc
tion, destruction of cell membranes and intracellular or
ganelles, and lipid peroxidation.4’6 Lipid peroxidation has 
been suggested to be a main mechanism of oxidative 
injury,s~10 and inhibition of lipid peroxidation by «-to
copherol and ascorbate11’13 as well as by 21-amino-ste
roids and vitamin E analogs'415 has been found to attenu
ate ischemia-reperfusion injury of the heart.

A major problem in investigating the role of ROI in 
ischemia-reperfusion injury is limitations of the available
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antioxidants. The antioxidant used should be potent, scav
enge die species of ROI causing injury, be low-molecular 
and cell permeable, thus easily obtaining access to the 
intracellular sites of free radical generation and lipid per
oxidation.16 Furthermore, the “ideal” antioxidant should 
be both water soluble and lipophilic to efficiently quench 
free radicals and inhibit lipid peroxidation.

The novel indenoindole derivative H290/51 (cis- 
5,5a,6,10b-tetrahydro-9-methoxy-7-methylindeno[2,  
1-bjindole) (Fig. 1) is a representative compound of a 
series of indenoindoles that has shown potent lipid 
peroxidation inhibitory properties.17’19 It is a low-mo
lecular weight compound that reaches the extravascu- 
lar and intracellular sites of free radical generation 
and lipid peroxidation. It is “balanced” in its hydro-/ 
lipophilic properties with a log P value (-log [com
pound soluble in octanol]/[compound soluble in wa
ter]) of 3.5. Consequently. H290/51 is much more hy
drophilic than vitamin E (log P > 12). but more lipo
philic than vitamin C (log P =s 2.9).
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Fig. 1. Chemical structure of the indcnoindole-derivative H290/5I.

The purpose of the present study was to investigate 
the protective efficacy of H290/51 against oxidative 
injury induced by exogenous ROI in isolated, perfused 
rat hearts. ROI were generated by adding hydrogen 
peroxide (H2O2) to the perfusate. Additionally, we 
wanted to study if lipid peroxidation occurred in this 
model, and the potency of H290/51 to inhibit lipid 
peroxidation.

MATERIALS AND METHODS

Heart perfusion

Male Sprague-Dawley rats, weighing 250—300 g, 
were anesthetized with diethyl ether. Heparin (200 IU) 
was injected into the femoral vein. The hearts were rap
idly excised through a median sternotomy and immedi
ately immersed into ice-cold Krebs-Henseleit buffer dur
ing preparation. The ascending aorta was cannulated for 
retrograde perfusion as a modified Langendorff prepara
tion.20 Perfusion pressure (100 cm H2O) and temperature 
(37°C) were kept constant Left ventricular systolic 
(LVSP) and end-diastolic pressures (LVEDP) were mea
sured isovolumetrically via a fluid filled latex balloon 
introduced into the left ventricle through the left atrium. 
Left ventricular developed pressure (LVDP) was calcu
lated (LVSP-LVEDP). Heart rate (HR) was counted from 
the pressure curves. Coronary flow (CF) was measured 
by timed collections of the coronary effluent. The hearts 
were perfused with Krebs-Henseleit buffer containing 
glucose (NaCl 118.5 mM, NaHCO, 25.0 mM, KC1 4.7 
mM, KH2PO4 1.2 mM, MgSO4 X 7H,0 1.2 mM, CaCl2 
2.4 mM, Glucose X H2O 11.1 mM) and bubbled with a 
gas mixture containing 95% O2 and 5% CO2.

Chemicals

lar weight 287.8, was dissolved in a vehicle containing 
polythylene glycol, ethanol, and water in a 40:10:50 
w/w percentage ratio. H290/51 or vehicle alone was 
administered to the hearts with an infusion pump at a 
rate of l/20th of perfusate flow into a mixing chamber 
immediately upstream to the aortic cannula, to obtain 
a concentration of 1 pM in the coronary circulation. 
Hydrogen peroxide (H2O2,180 pM) was added directly 
to the perfusate.

Experimental procedure

All hearts were allowed to stabilize for 25 min. 
Hearts that did not meet the following criteria at the 
end of stabilization were excluded: CF: 7-15 ml/min, 
HR: 260-360 beats/min, LVSP: 50-150 mmHg, and 
LVEDP: 0 mmHg. At the end of stabilization (time 0) 
the hearts were divided into five groups.
Group 1: At time 0 H2O2 was given for 10 min, fol
lowed by 50 min recovery (zz = 9).
Group 2: Vehicle of H290/51 was added to the buffer 
for 10 min (n = 9).
Group 3: H290/51 was given for 10 min (n = 8). 
Group 4: H2O2 perfusion for 10 min as in group 1. 
H290/51 was added from time 0 and throughout the 
experiment (n = 12).
Group 5: Like group 4, but H290/51 was added at the 
end of H2O2 perfusion (from 10 rain, n = 10).

In all groups perfusion lasted for 60 min after time 0.
LVEDP, CF, and HR were measured after 0, 5, 10, 

15, 20, 30, and 60 min in each group. At the same time 
points except after 5 min, aliquots of the coronary effluent 
were collected in precooled tubes, rapidly frozen, and 
stored at —80°C until analyzed for lactate dehydrogenase 
(LDH) activity.

Hearts were freeze clamped with liquid nitrogen at 
the end of the experiments (60 min), and stored at — 80°C 
before processing and analysis of tissue contents of thio
barbituric acid-reactive' substances (TBARS). Additional 
hearts were freeze clamped in groups 1-4 after 10 min. 
In groups 1 and 4, hearts were also freeze clamped after 
15 and 20 min (n = 8 in each group at each time point 
for freeze clamping). Results from hearts in group I 
obtained at time 0 served as baseline values for all freeze
clamped groups, because all hearts were treated equally 
during stabilization. Hemodynamic data from the freeze
clamped hearts are not included. Hearts were not freeze 
clamped in group 5.

Biochemistry

Lactate dehydrogenase. LDH activity in the effluent 
was measured in a Cobas Bio centrifugal analyzer 
(Hoffrnann-La Roche, Switzerland) by using a com
mercial reagent kit (Boehringer-Mannheim. Germany, 
Cat. No. 191353). LDH in the coronary effluent is 
presented as activity in units (U) released per minute.

TBARS. Myocardial samples were homogenized in a 
glass/glass homogenizer using a 0,1 M potassium 
phosphate buffer at pH 7.4. The tissue weight:volume 
ratio was 1:2, and the buffer contained 2.5 mg/ml des
feroxamine. The formation of TBARS was quantified 
using an automated continuous flow technique.21
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Statistics

The Mann-Whitney test and the Wilcoxon Signed 
Rank test were used to analyze differences between 
and within groups, respectively, p < 0.05 was consid
ered significant. All values presented are mean ± SEM.

RESULTS

Coronary flow

There was no difference in CF between groups at 
time 0 (Table 1). H2O2 (group 1) increased CF after 5 
min (p < 0.001). CF remained higher than the basal 
value (time 0) throughout the observation period (p < 
0.001, p < 0.004, p < 0.004, p < 0.006, and p < 
0.007 after 10, 15, 20. 30, and 60 min, respectively). 
Vehicle or H290/51 alone (groups 2 and 3) did not 
significantly influence CF during perfusion (Table 1). 
In group 4, CF was similar to group 1, except after 20 
min (p < 0.02). In group 5, CF increased compared 
to initial value, but was not significantly different from 
group 1 (Table 1).

Heart rate

There was no difference between groups in basal 
HR. During observation, no significant intra- or in
tergroup differences occurred.

Left ventricular systolic pressure

There was no difference between groups in basal 
LVSP (Table 1). Perfusion with H>O; (group 1) re
duced LVSP after 5 min (p < 0.001), and reached a 
minimum after 10 min (p < 0.001) (Table 1). LVSP 
then gradually increased and was not different from 
baseline value from 30 min and onwards. Adding 
H290/51 during or after H2O2 perfusion (groups 4 and 
5) did not influence the H2O2-induced reduction of 
LVSP (Table 1). H290/51 or vehicle alone (groups 2 
and 3) did not influence LVSP.

Left ventricular developed pressure

LVDP equalled LVSP at time 0 (Table I). Adminis
tration of H290/51 or vehicle alone (groups 2 and 3) 
had no significant effect on LVDP. H2O2 (group 1) 
reduced LVDP with the minimum level after 10 min 
(p < 0.001 at 5, 10, 15, and 20 min), but after 60 min 
LVDP had recovered. Addition of 11290/51 (groups 4 
and 5) did not significantly influence the H2O2-induced 
reduction of LVDP (Table 1).

, Left ventricular end-diastolic pressure

LVEDP was 0 mmHg at time 0 in all groups. 
LVEDP remained 0 mmHg throughout perfusion in 
hearts given either H290/51 or vehicle alone. LVEDP 

Table 1. Hemodynamic Measurements in Isolated Rat Hearts (Langendorff mode!) Perfused with H:O: Alone 
or With Addition of the Antioxidant H290/51

Group 0 min 5 min 10 min 15 min 20 min 30 min 60 min

CF (ml/min)

1 11x0 15 ± I* . 14 X 0* 14 ± r 14 x 1' 15 x r 13 - 1’
2 10 x 1 13 X 1 13 X 1 11 X 1 Il X 1 12 X 1 12 - 1
3 11 X 1 13 X 1 12 x I 13 X 1 13 x I 13 X 1 13 x 1
4 11 X 1 15 X 0* 14 x O' 14 x 0’ 16 x 0*’ 17 X 1* 13 x 1
5 12 x 1 15 X 0* 13 x I 12 X 1 13 X 1 14 X Is Il =0

LVSP (mmHg)

1 90 ±6 55 X 4» 42 X 2* 60 X 3* 82 ± 5’ 95 x 3 97 x 4
o 88 X 6 104 X 6 109 x 5 102 x 11 103 ± 6 107 x 5 102 x 4
3 95 X 8 107 X 11 114 x 12 110 x 10 III ± 10 111X8 104 x 8
4 90 * 4 62 X 5* 45 X 62 X 2* 73 -4- 2* 93 x 5 86 x 4
5 91 x 5 58 X 3* 49 x 2* 63 X 3* 71 ± 2* 83 X 4‘ 86 x 5

LVDP (mmHg)

1 90 X 6 48 -t- 4* 25 x 2» 35 X 3* 50 X 4» 77 x 6 84 x 7
2 88 X 6 103 6 108 x 6 102 X II 103 X 6 107 x 5 103 x 4
3 95 X 8 107 22 11 114 x II 110 X 10 11! X 9 111X8 104 x 8
4 90 X 4 * 56 ± 6* 30 x 3* 46 X 4* 64 X 4’ 90 x 5 85 x 4
5 91 X 5 53 ± 3* 35 X 2* 41 X 5* 55 X 3* 74 x 5 80 x 6

Values are mean X SEM of left ventricular systolic pressure (LVSP). coronary flow (CF). and left ventricular developed 
pressure (LVDP). *.and 5 denote p < 0.001. p < 0.01. and p < 0.05. respectively, compared to initial value: ! denotes 
p < 0.025 compared to H-O. alone. For details about groups, see Materials and Methods.
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increased to 6 ± 1 mmHg after 5 min of H2O2 adminis
tration in group 1, and remained elevated throughout 
the experiment with a maximum of 32 ± 7 mmHg 
after 20 min (p < 0.0001 at all time points vs. initial 
value after 5 min and onwards) (Fig. 2). H290/51 
(group 4) attenuated the H2O2-induced increase of 
LVEDP at 20 (9 ± 3 mmHg, p < 0.006), 30 (p < 
0.001) and 60 min (p < 0.002) (Fig. 2). At 30 and 60 
min, LVEDP in group 4 was not different from controls 
perfused with H290/51 only (group 3). Adding H290/ 
51 to the perfusate after the end of H2O2 perfusion 
(group 5) resulted in an intermediate course as com
pared to group 1 and group 4, not significantly different 
from group 1, but different from group 4 after 30 min 
(92 mmHg vs. 31 mmHg, p < 0.02) (Fig. 2).

Release of lactate dehydrogenase
LDH activity released in the coronary effluent was 

13 ± 2, 10 ± 1, 9 ± 2, 12 ± 3, and 10 ± 2 U/min X 
IO-3 at time 0 in groups 1—5, respectively (no signifi
cant difference between groups). LDH release did not 
change during perfusion in groups 2 and 3 (Fig. 3). 
After 10 min perfusion with H2O2 (group 1), LDH 
activity was similar to controls. However, LDH in
creased during recovery (maximum 64 ± 29 U/min X 
10”3 at 30 min, p < 0.02 compared to baseline value). 
H290/51 (group 4) significantly inhibited the H2O2- 
induced LDH release (p < 0.009 after 30 min). When 
H290/51 was given after H2O2 perfusion (group 5), 
the H2O2-induced increase in LDH release was not 
inhibited (Fig. 3).

Tissue content of TBARS
The basal level of TBARS (time 0) was 0.6 ± 0.04 

nmol/g tissue. The level of TBARS in groups 2 and 3

—H2O2 -o-Vehicle H290/51 alone
—H2O2+H290/51 -o- H202 (hen H290/51

Fig. 3. Lactate dehydrogenase (LDH) activity in the coronary effluent 
of isolated, perfused rat hearts. Group 1 (♦) was given H.O? (180 
pM) for 10 min followed by 50 min recovery. Group 2 (O) and 3 
(•) were given vehicle or H290/51. respectively, for 10 min. Group 
4 (■) was perfused with H,O2 like group 1, with the addition of 
H290/51 from time 0. In group 5 (□), perfusion with H290/51 started 
when 1LO? perfusion ended. ’Denotes p < 0.03 compared to base
line value. Values are mean ± SEM.

did not change throughout the experiments (data not 
shown). After perfusion with H2O2 for 10 min TBARS 
increased to 3.1 ± 0.4 nmol/g ip < 0.001) (Fig. 4). 
Five minutes later TBARS had returned to baseline 
level. Addition of H290/51 (group 4) significantly in
hibited the H2O2-induced increase in TBARS at 10 min 
(0.9 ± 0.03 nmol/g, p < 0.001) (Fig. 4).

DISCUSSION

ROI can be produced intracellularly in the sarco
plasmic reticulum, in the mitochondria, in the vascular 

0 10 20 30 40 50 60
-10 - mjn 

H2O2
—•—H2O2 -o— Vehicle H290/51 alone

H2O2+H290/51 -o- H202 then H290/51

4.0 -I

■ H2O2 □H2O2*H29C/51

Fig. 4. Tissue levels of thiobarbituric acid-reactive substances 
(TBARS) in two groups of isolated rat hearts. One group is perfused 
with H3O- (180 pM) from time 0 to 10 min. followed by recovery 
(dark bars). The other group (open bars) was given H29O/51 from 
time 0, in addition to ILCf. as described. Compared to baseline 
value, TBARS were significantly elevated after 10 min in the group 
given H2O- alone. ’Denotes that H290/51 inhibited the ILO.-induced 
increase in TBARS (p < 0.001). Values are mean ± SEM.

Fig. 2. Left ventricular end-diastolic pressure (LVEDP) in isolated. 
Langendorff-perfused rat hearts. Group 1 (♦) was given H,O- (180 
pM) for 10 min from time 0 followed by 50 min recovery. Groups 
2 (O) and 3 (•) were given vehicle or H290/51, respectively, for 
10 min. Group 4 (■) was perfused with H.O, like group 1. as well 
as with H290/51 from time 0 and throughout the experiment. In 
group 5. perfusion with H290/51 started when H2O2 perfusion ended 
(□). ’Denotes p < 0.006 compared to H;O;-perfused hearts. Values 
are mean ± SEM.
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endothelium, and extracellularly by aggregating neu
trophils.1*'  Production of ROI during reperfusion has 
been demonstrated directly by electron spin resonance 
spectroscopy in several species.1-2’23 including hu
mans.24 A large variety of antioxidants have been in
vestigated for their possible protective effects in isch
emia-reperfusion injury of the heart.1'625 The contro
versial results obtained may partly be due to the 
different antioxidants employed, many of which are 
large molecules that cannot rapidly reach the intracel
lular sites of ROI production. Additionally, even when 
reaching the site of ROI production, one specific anti
oxidant that quenches only one particular species of 
ROI may be insufficient to prevent the cascade reaction 
of ROI-induced injury. The ideal antioxidant has not 
been found, and it is important to investigate novel 
antioxidant compounds. Of particular interest are low 
molecular weight compounds with balanced hydro- 
and lipophilicity that can easily penetrate cell mem
branes and readily reach the sites of ROI generation 
and action.16 With a molecular weight of 287.8 and a 
log p value of 3.5, H290/51 may fullfill these demands.

In the present study, the effects of exogenous ROI 
were studied by perfusing rat hearts with H2O>26 Pro
duction of H2O2 has been shown to occur during isch
emia-reperfusion in isolated perfused rat hearts, the 
level correlating to the depression of cardiac function 
during reperfusion.27 H2O2 may have direct cardiode- 
pressive effects, as catalase inhibits functional, bio
chemical, and ultrastructural injury by H2O2.262S Possi
bly injury may be secondary to production of the hy
droxyl radical from H2O2, because the hydroxyl radical 
has been measured directly in the perfusate of a similar 
model with H2O2-induced cardiac injury.28 The hy
droxyl radical may then initiate lipid peroxidation as 
a cause of cardiac injury.1028 Lipid peroxidation in 
the present study was demonstrated by the increase 
in TBARS. H2O2 exposure impaired left ventricular 
function, evident as elevated LVEDP and decreased 
LVDP, The impairment of left ventricular function was 
partly reversible. H2O2 induced a sustained increase in 
CF. Concomitant with the functional changes LDH 
release increased, indicating myocyte damage.

H29O/51 was given in a concentration that inhibits 
lipid peroxidation in vitro with a potency 100 times 
more than that of vitamin E.” When given alone, nei
ther H290/51 nor its vehicle had significant effects on 
cardiac function or on the H2O2-induced cardiodepres
sion. H290/51 inhibited the increase of LVEDP caused 
by H2O2, but did not influence the decrease of LVSP 
and LVDP. Thus. H290/51 attenuated ROI-induced di
astolic, but not systolic dysfunction. In addition. H290/ 
51 inhibited LDH release after H2O2 exposure. Conse
quently, H290/51 reduced both biochemical and func
tional injury induced by H2O2. H290/51 also com-

pletely inhibited the H2O2-induced lipid peroxidation 
in the present model. Thus, the observed cardioprotec
tive effects of H290/51 against exogenous ROI might 
be related to the ability of H290/51 to inhibit lipid 
peroxidation. It is interesting that ROI-induced systolic 
impairment was not attenuated by H290/5I. This sug
gests that diastolic function is more sensitive than the 
systolic function to oxidant injury, and lipid peroxida
tion is not the sole mechanism of functional injury 
after oxidant stress in the present model. Considerable 
evidence exists that oxidant injury induces metabolic 
changes that depress cellular and cardiac function.29 
The delayed administration of H290/51, starting when 
exposure to H2O2 ended, also reduced injury, sug
gesting that lipid peroxidation occurred even after the 
end of H2O2 administration. Further supporting this 
hypothesis is the fact that LVEDP continued to in
crease after the end of perfusion with H2O2.

In conclusion, perfusion with exogenous H2O2 in
duced lipid peroxidation as well as functional and bio
chemical injury of isolated rat hearts. H290/51 inhib
ited lipid peroxidation and the cardiac injury.
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Abstract—We investigated the effect of H29O/51, a novel, low-molecular-weight inhibitor of lipid peroxidation, on 
cardiac ischemia-reperfusion injury. Lactate dehydrogenase (LD) release from cultured cardiomyocytes exposed to 1 h 
hypoxia and 4 h reoxygenation was measured after pretreatment with different concentrations of H290/51. In another 
series, Langendorff-perfused rat hearts were exposed to 30 min global ischemia and 60 min reperfusion (n = minimum 
10 in each group): 1. Control ischemia-reperfusion. 2. Vehicle throughout the experiment. 3. Vehicle during stabili
zation, and H290/51 (10 6 mol/1) during reperfusion. 4. H290/51 throughout the experiments. During reoxygenation of 
isolated cardiomyocytes. H290/51 dose dependently inhibited LD release with an pIC50 value of 7.2 ± 0.4 (mean ± 
SEM). with 10 6 mol/1 as the lowest efficient concentration. In isolated hearts ischemia-reperfusion induced se
vere reperfusion arrhythmias, reduced left ventricular developed pressure (LVDP) and coronary flow (CF), and 
increased LV end-diastolic pressure (LVEDP). LD activity in the effluent increased. H290/51 throughout perfusion 
(group 4) reduced the occurrence of severe, reperfusion arrhythmias (p < .0001), attenuated the decrease of LVDP (p < 
.008), and CF (p < .006), the increase of LVEDP (p < .008), and the release of LD (p < .002). Tissue contents of 
thiobarbituric acid-reactive substances did not increase during reperfusion in controls, but was reduced in group 4 (p < 
.004). 11290/51 given only during reperfusion (group 3) tended to improve cardiac function, but significantly so only for 
increase of CF (p < .01). The lipid peroxidation inhibitor H290/51 attenuated cardiac injury induced by 
ischemia-reperfusion. © 1998 Elsevier Science Inc.

Keyword»... Antioxidant, Free radicals, Indenoindole, Ischemia, Reperfusion, Lipid peroxidation, Myocytes. Rat, Heart

INTRODUCTION

A variety of mechanisms and mediators are involved in die 
pathophysiology of reperfusion injury.1 A key event in 
reperfusion is die réintroduction of molecular oxygen and 
subsequent formation of reactive oxygen species (ROS). A 
growing body of evidence indicate ROS as important me
diators of myocardial ischemia-reperfusion2”5 ROS may 
cause lipid peroxidation, which has been suggested to be a 
main mechanism of oxidative stress.6 10 Inhibition of lipid 
peroxidation may attenuate ischemia-reperfusion injury. 
Vitamin E, which is a chain-breaking antioxidant and in

hibitor of lipid peroxidation, is the most important endog
enous antioxidant.11 Pretreatment with vitamin E attenuates 
ischemia -reperfusion injury in isolated hearts,12 ’14 but the 
lipophilicity of vitamin E causes slow tissue incorporation, 
and makes it less useful for administration in acute situa
tions.

Antioxidants with low molecular weight, which arc 
both water soluble and lipophilic, are particularly inter
esting for interventions, because these are easily cell 
permeable and obtain access to the site of ROS genera
tion and lipid peroxidation.15 Recently, low-molecular 
weight inhibitors of lipid peroxidation, such as 21- 
amino-steroids and vitamin E analogues, have been 
found to reduce stunning in reperfused myocardium.1617 
Another group of compounds, the indenoindoles, have 
previously been shown to protect against lipid peroxida
tion-associated injury to the liver.1519 A novel indenoin- 
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throughout 25 min stabilization and reperfusion (n = 
18); group 3: vehicle added throughout stabilization, and 
H290/51 added throughout reperfusion (n = 21); and 
group 4: H290/51 added throughout both stabilization 
and reperfusion (n = 13).

LVDP, LVEDP, CF, and HR were measured after 15 
and 20 min stabilization (stab, on the figures), at time 0, 
and after 2. 5, 10, 15, 20, 30, 40, and 60 min reperfusion 
in each group. At time 0, and after 2, 5, 10, 20, and 60 
min reperfusion, aliquots of the coronary effluent were 
collected in precooled tubes, rapidly frozen, and stored at 
— 80°C until analyzed for LD activity. LD is presented as 
release per minute (measured U/L X CF ml/min = 
U/min X 10~3).

Hearts were freeze clamped using liquid nitrogen- 
cooled clamps at the termination of the experiments, and 
stored at — 80°C until analyzed for contents of thiobar
bituric acid-reactive substances (TBARS). Additional 
hearts were freeze clamped in each group after 2, 10, and 
30 min reperfusion (n = 8 at each time point). At time 0 
hearts stabilized with H290/51, with vehicle, or buffer 
only were freeze-clamped (n = 8 in each group). Hemo
dynamic data from the freeze-clamped hearts are not 
included.

0 60 120 180 240
min

Fig. 1. Effect of H290/51 on reoxygenation-induced LD leakage in 
isolated myocytes. LD values are expressed as reoxygenation/hypoxia 
ratios, calculated from the LD leakage expressed in U/l after 1,2,3. and 
4 h reoxysenation divided by the LD leakage after 1 h hypoxia. Control 
(♦). 0.0l~(O). 0.1 (V), 1.0 (■), and 5.0 (A) jxmol/1 H290/51 (mean ± 
SEM, n = 3).

Biochemistry

Lactate dehydrogenase. LD activity in the coronary ef
fluent and cell medium was measured in a Cobas Bio 
centrifugal analyzer (FIoffmann-La Roche, Switzerland) 
by using a commercial reagent kit (Boehringer-Mann
heim, Germany, Cat. No. 191353). LD in the coronary 
effluent is presented as activity in units (U) released per 
minute. In the study on the isolated myocytes the LD 
values are expressed as reoxygenation/hypoxia ratios, 
calculated from the LD leakage (U/l medium) after dif
ferent times of reoxygenation devided by the LD leakage 
after 1 h hypoxia.

TBARS. Myocardial samples were homogenized in a 
glass/glass homogenizer using a 0.1-M potassium phos
phate buffer at pH 7.4. The tissue weight/volume ratio 
was 1/2, and the buffer contained 2.5 mg/ml desferox
amine. The formation of TBARS was quantified using an 
automated continuous-flow technique.22

Statistical analysis

The Mann-Whitney test and the Wilcoxon signed 
rank test were used to analyze differences in continuous 
data between and within groups, respectively. p-Values 
were corrected according to the Bonferroni method. For 
analysis of arrhythmias, data were pooled according to 

groups to raise the number of observations in each cat
egory, and the chi-square test with a Yates correction 
was used. p-Values less than 0.017 between groups, and 
p < .00625 within groups, were considered significant at 
a p < .05 level. All values presented are mean ± SEM.

Chemicals

H290/51 (Astra Hassle, Mölndal, Sweden, molecular 
weight 287.8) was dissolved in a vehicle containing 
polyethylenglycol, ethanol and water in a 40:10:50 w/w 
percentage ratio. The vehicle alone or H290/51 was 
administered with a stepless infusion pump at a rate of 
l/20th of perfusate flow into a mixture chamber imme
diately upstream to the aortic cannula to obtain a con
centration of 10~6 mol/1 in the coronary circulation.

RESULTS

Isolated myocytes

The effect of H290/51 on LD leakage induced by 
reoxygenation is presented in Fig. 1. The time-related 
increase in LD leakage was reduced by increasing the 
concentration of H290/51 in the medium. At a concen
tration of IO”6 mol/1, LD leakage was almost totally 
inhibited. The pIC50 value (—log [concentration of com
pound] for H290/51 to reduce LD leakage by 50% was 
calculated to 7.2 ± 0.4.
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Table 1. Tire Number of Langendorff-Perfused Rat Hearts with Pressure Generating Beating Before 30-min Global Ischemia (Time 0) and 
Dining 2-60 min Reperfusion

Time 0 2 5 10 15 20 30 40 60
Group n n n n n n n n n

1 25 15 12 10 13 14 15 15 16
2 18 10 10 10 11 12 13 12 12
3 21 15 10 10 11 10 10 10 11
4 13 12 10 11 11 11 11 11 11

Group 1 = control ischemia-reperfusion, group 2 = vehicle added throughout the experiments, group 3 = vehicle added before ischemia and 
H290/51 throughout perfusion, group 4 = H290/51 added throughout the experiments.

Isolated rat hearts

Heart rate and severe arrhythmias. HR was 278 ± 14, 
291 ± 7, 280 ± 14, and 276 ± 9 beats/min at time 0 in 
groups 1-4, respectively. No significant intra- or inter
group differences were recorded during the observation 
period. Severe arrhythmias occurred during early reper
fusion in all groups (see Table 1 for number of hearts 
without severe arrhythmias that are included in hemody
namic comparisons). The occurrence of severe arrhyth
mias was significantly lower in hearts treated with 
H290/51 throughout perfusion (group 4) compared to 
controls (p < .0001) (Fig. 2).

Left ventricular developed pressure. LVDP was 99 ± 5, 
94 ± 5, 90 ± 4, and 91 ± 4 mmHg at time 0 in groups 
1-4, respectively. LVDP decreased to 62 ± 3 mmHg 

Fig. 2. Percentage of severe arrhythmias during reperfusion after 30 
min global ischemia in Langendorff-perfused rat hearts. The effects of 
control perfusion (♦), vehicle added throughout the experiments (O), 
vehicle added before ischemia and H290/51 throughout reperfusion 
(■). and H290/51 throughout the experiments (A) are shown. »Denotes 
p < .0001 compared to controls.

after 60 min reperfusion in ischemic controls (p < .004 
after 40 and 60 min, respectively, group 1) (Fig. 3). In 
hearts given H290/51 throughout perfusion (group 4), 
LVDP was higher than in controls after 40 and 60 min 
(p < .008 and p < .003, respectively). H290/51 given 
during reperfusion only had no significant effect on 
LVDP.

Left ventricular end-diastolic pressure. LVEDP was 0 
mmHg at time 0 in all groups. LVEDP increased during 
reperfusion in group 1 to a maximum of 31 ± 12 mmHg 
after 5 min reperfusion (p < .001), and remained high 
throughout the experiments (Fig. 4). H290/51 (group 4) 
attenuated the increase of LVEDP after 2 and 5 min 
reperfusion (p < .008, respectively).

120

110
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O)
I

I 90
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§ 80
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60

0

Stabilization 2 10 20 30 60
| min

Reperfusion

Fig. 3. Left ventricular developed pressure (LVDP) in isolated, Lan
gendorff-perfused rat hearts subjected to 30 min global ischemia fol
lowed by 60 min reperfusion. The effects of control perfusion (♦), 
vehicle added throughout the experiments (O), vehicle added before 
ischemia and H290/51 throughout reperfusion (■), and H290/51 
throughout the experiments (A) are shown (mean ± SEM). ‘Denotes 
p < .05 compared to initial value; »denotes p < .05 compared to 
controls. See Table 1 for n before ischemia and during reperfusion.
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Stabilization 2 10 20 30 60

Reperfusion

Fig. 4. Left ventricular end-diastolic pressure (LVEDP) in isolated, 
Langendorff-perfused rat hearts subjected to 30 min global ischemia 
followed by 60 min reperfusion. The effects of control perfusion (♦), 
vehicle added throughout the experiments (O), vehicle added before 
ischemia and H290/51 throughout reperfusion (■), and H290/51 
throughout the experiments (A) are shown (mean ± SEM). *Denotes 
p < .05 compared to initial value, *Denotes p < .05 compared to 
controls. See Table 1 for n before ischemia and during reperfusion.

Fig. 5.. Coronary flow (CF) in isolated. Langendorff-perfused rat hearts 
subjected to 30 min global ischemia followed by 60 min reperfusion. 
The effects of control perfusion (♦), vehicle added throughout the 
experiments (O), vehicle added before ischemia and H290/51 through
out reperfusion (■). and H290/51 throughout the experiments (A) are 
shown (mean ± SEM). ^Denotes p < .05 compared to initial value; 
’’denotes p < .05 compared to controls. See Table 1 for n before 
ischemia and during reperfusion.

Coronary flow. CF was 11 ± 1, 13 ± 0, 12 ± 1, and 
13 ± 1 ml/min at time 0 in groups 1-4, respectively. CF 
gradually decreased to 6 ± 0 ml/min after 60 min reper
fusion in ischemic controls (p < .0001 from 20 min and 
onwards) (Fig. 5). Addition of H290/51 (group 4) atten
uated the ischemia-induced decrease of CF from 15 min 
and onwards (p < .006 at all time points). Delayed 
administration of H290/51 (group 3) or adding vehicle 
only (group 2) also attenuated, although less pronounced, 
the ischemia-induced decrease of CF (p < .01 after 20, 
30, and 40 min reperfusion) (Fig. 5).

Release of LD. LD activity in the effluent was 20.2 ± 
2.2, 19.3 ± 2.2, 18.4 ± 2.1, and 20.5 ± 3.2 U/min* 10"3 
at time 0 in groups 1-4, respectively. LD increased 
during reperfusion in ischemic controls (group 1) (max
imum 94.5 ± 36.0 U/min* 10~3 at 5 min reperfusion, 
p < .002) (Fig. 6). Vehicle only did not reduce LD 
release (maximum 79.1 ± 13.0 U/min* 103 at 5 min 
reperfusion, p < .001 compared to baseline). H290/51 
throughout perfusion (group 4) inhibited the ischemia- 
induced LD release (p < .002). Delayed administration 
of H290/51 (group 3) resulted in higher LD release than 
group 4, but lower than groups 1 and 2 (Fig. 6).

Tissue content of TBARS. The group given vehicle only 
had the highest initial tissue contents of TBARS (NS). In 
group 1, there was no increase in TBARS after ischemia 
compared to baseline. However, H290/51 (group 4) re
duced TBARS during reperfusion compared to group 1 
(p < .004 and p < .001 at 40 and 60 min) (Fig. 7).

DISCUSSION

Production of ROS during myocardial reperfusion has 
been measured directly by electron spin resonance spec
troscopy in several species,23,24 including humans.25 A 
large variety of antioxidants have been tested for their 
possible protective effect in ischemia-reperfusion injury 
of the heart. However, the results are controversial, prob
ably due to the inability or low degree of intracellular 
penetration by the antioxidants employed.15

In the present experiments we studied the effect of 
H29O/51, an indenoindole type compound, on reoxygen
ation-induced injury to isolated myocytes and ischemia
reperfusion-induced injury to isolated rat hearts. Inde
noindole compounds have previously been shown to 
inhibit lipid peroxidation in several test systems.10,18"20 
Preliminary data indicate that H290/51 is an inhibitor of 
radical chain propagation by its ability to recycle with
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Fig. 6. Lactate dehydrogenase (LD) activity in the coronary effluent of 
isolated, Langendorff-perfused rat hearts subjected to 30 min global 
ischemia followed by 60 min reperfusion. The effects of control per
fusion (♦), vehicle added throughout the experiments (O), vehicle 
added before ischemia and H290/51 throughout reperfusion (■), and 
H290/51 throughout the experiments (A) are shown (mean ± SEM). 
’Denotes p < .05 compared to initial value; *denotes p < .05 compared 
to controls. See Table 1 for n before ischemia and during reperfusion.
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Fig. 7. Contents of thiobarbituric acid-reactive substances (TBARS) in 
cardiac tissue of isolated, Langendorff-perfused rat hearts subjected to 
30 min global ischemia followed by 60 min reperfusion. The effects of 
control perfusion (♦), vehicle added throughout reperfusion (O), ve
hicle added before ischemia and H290/51 throughout reperfusion (■), 
and H290/51 throughout the experiments (A) are shown (mean ± 
SEM). *Denotes p < .05 compared to controls, n = 8-10 in all groups.

ascorbate.26 The lipophilicity of H290/51 is far less than 
that of vitamin E. The logP value, i.e., -log[compound 
soluble in octanolJ/[compound soluble in water], is > 12 
for vitamin E and 3.5 for H290/51. As H290/51 is a small 
molecule with water-soluble and lipophilic properties, it 
will easily and rapidly get access to the intracellular sites 
of ROS generation, lipid peroxidation, and oxidant in
jury. These properties make H290/51 an interesting com
pound with clinical potentials.

Reoxygenation of isolated myocytes after 1 h hyp
oxia caused a time-related injury as demonstrated by 
the leakage of LD. This injury was almost completely 
inhibited by H290/51 at concentrations of 10-6 mol/1 
and above. We, therefore, chose 10~6 mol/1 as the test 
concentration in our isolated rat heart studies. This 
concentration also effectively inhibited lipid peroxi
dation and injury by hydrogen peroxide in the isolated 
rat heart.10

Thirty minutes global, normothermic ischemia im
paired left ventricular function, evident as a marked 
increase of LVEDP, and a decrease of LVDP and CF 
during reperfusion. Severe reperfusion arrhythmias 
were induced in a majority of the hearts. Concurrently, 
LD release increased, indicating myocyte damage. 
H290/51 given throughout perfusion inhibited both the 
biochemical and functional injury induced by ische
mia-reperfusion. This is in accordance with a recent 

work investigating the effect of H290/51 on ischemia
reperfusion injury after cold cardioplegic arrest in the 
working rat heart model.27 In this study, however, 
H290/51 was given only together with cardioplegia 
infusion at the onset 'of ischemia. When H290/51 in 
the present investigation was given only during reper
fusion, the functional and biochemical protection was 
less marked than by the preischemic administration, 
with significant protection only in increasing CF. 
However, vehicle alone also increased CF, so this may 
not be an effect of H290/51. Oxidant injury with 
production of ROS probably takes place predomi
nantly in the first 30-60 s of reperfusion.2 Ideally, 
H290/51 should be at the site of ROS production when 
reperfusion starts for maximal effect. When given at 
the start of reperfusion, H290/51 may not have had 
time reach the intracellular sites of ROS formation and 
thus quench radical chain reactions, and this may 
explain why H290/51 during reperfusion only was less 
cardioprotective. Using electron spin resonance spec
troscopy Garlick et al. found a burst of ROS during 
reperfusion, but no production of ROS during global 
ischemia in the isolated rat heart.23 However, we 
cannot exclude a possible direct antiischemic effect of 
H290/51 in addition to antireperfusion effects. One of 
the main features of functional protection in the 
present study was attenuation of the increased 
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LVEDP. Possibly one of 11290/5l’s protective actions 
was to avoid development of ischemic contracture.

Although TBARS did not increase during reperfusion, 
the tissue contents in hearts perfused with H290/51 were 
reduced. The relevance of this finding is difficult to 
interpret. In the present study we have employed TBARS 
as a nonspecific marker of abnormal tissue oxidation. 
TBARS are usually regarded as being representative of 
malone dialdehyde (MDA), although TBARS have well- 
known limitations as a measurement of lipid 
peroxidation.7 Additionally, production of TBARS may 
not necessarily correlate with functional impairment af
ter reoxygenation.28 However, in a previous study in 
isolated rat hearts injured by hydrogen peroxide for 10 
min, significant functional and biochemical injury oc
curred concomitant with increased levels of TBARS in 
the heart.10 H290/51 attenuated both functional and bio
chemical injury, and inhibited accumulation of 
TBARS.10

Studies on possible accumulation of lipid peroxidation 
products in heart tissue and effluent from ischemic-reper
fused hearts have yielded highly conflicting results. Gener
ation of ROS may occur without concomitant detection of 
MDA. In a model of 10 min normothennic ischemia in 
isolated rat hearts, ROS production was measured directly 
with electron paramagnetic resonance spectroscopy, but no 
evidence of lipid peroxidation was found.29 In another 
work, isolated rat hearts were exposed to exogenous free 
radicals in the perfusate, or subjected to 60 min ischemia.30 
Only the group with the most severe radical-induced injury 
had increased tissue levels of MDA.30 MDA is an end 
product of lipid peroxidation, and all ROS-induccd injury 
may not lead to accumulation of end products of lipid 
peroxidation. No release of MDA was observed from the 
cardioplegic-reperfused human heart,3* although ROS are 
generated in the human heart during postcardioplegic 
reperfusion.25 It may be that the antioxidant defence in 
certain situations of ischemia-reperfusion is able to quench 
the peroxidation chain reaction before reaching the end 
product. Thus, perhaps only extreme oxidant stress induces 
increases of lipid peroxidation end products.
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The effects of H290/51, a novel indenoindole derivative inhibitor of lipid peroxidation, on 
ultrastructural changes during cardiac ischemia-reperfusion injury were investigated. 
Langendorff-perfiised rat hearts were exposed to 30 minutes of global ischemia followed by 20 
minutes of reperfusion: Group A: Control hearts with standard buffer perfusion with vehicle 
added. Group B: H290/51 (10'6mol/l) added to buffer throughout stabilisation and reperfusion. 
In an additional Group C, where hearts were given H290/51, but not subjected to ischemia, the 
ultrastructure was preserved till the end of reperfusion. Absolute volumes and calculated volume 
fractions (Vv) of tissue and subcellular components were assessed with quantitative stereologic 
morphometry. After ischemia the increase in volume of extracellular interstitium was inhibited by 
H290/51 (247+80 vs. 159+50 pl, mean+SD, groups A and B, respectively, p<0.05). The 
Vv (interstitium/myocard) was higher in control hearts (0.318+0.062 vs. 0.206+0.067, p<0.05). 
Vv (cell edema/myocyte) was higher in the control group (0.144±0.07 vs. 0.083+0.033, p<0.05). 
Vv (myocyte/myocard) was higher in group B after ischemia than in the control group (0.622+ 
0.071 vs. 0.707+0.052, p<0.05). The decreased Vv (capillary/myocard) after ischemia was 
inhibited by H290/51. After reperfusion there was no difference between groups. Treatment with 
H290/51 reduced edema and ensured better preserved sarcolemmal membrane structure during 
ischemia. The effect was no longer present after reperfusion.
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Although reperfusion is a prerequisite for survival of an ischemic myocardium, it 
may also exacerbate the injury sustained during ischemia (2, 12). Although a variety of 
mechanisms and mediators are involved in the development of ischemia-reperfusion 
injury, substantial evidence indicates a major role of reactive oxygen species (ROS) (7, 
17, 27). Production of ROS during ischemia and reperfusion has been measured in vivo 
by electron paramagnetic resonance spectroscopy (37). Lipid peroxidation is suggested 
to be a main mechanism of ROS mediated injury of cell membranes and intracellular 
organelles (23). In the myocardium the highest level of ROS formation was detected in 
the mitochondria and the sarcolemma (3, 25).

Vitamin E may be the most important endogenous antioxidant, however, its 
lipophilicity causes slow tissue incorporation, thus rendering it less feasible for 
treatment in acute situations. A novel indenoindole derivative, H290/51 (cis- 
5,5a,6,10,b-tetrahydro-9-methoxy-7-methylindeno (2,l-b)indole) has been investigated 
in different settings of experimental ischemia-reperfusion (21, 22, 29, 32, 33). The 
lipophilicity of H290/51 is considerably lower than that of vitamin E. As H290/51 is a 
small molecule (molecular weight: 287.8) with balanced hydro- and lipophilicity, it can 
rapidly penetrate cell membranes to intracellular sites of ROS generation, lipid 
peroxidation, and oxidant injury. Thus, in contrast to most other antioxidants H290/51 
may effectively give protection to jeopardized subcellular compartments.

We have previously reported that H290/51 attenuated lipid peroxidation, and 
biochemical and functional injury in isolated rat hearts perfused with hydrogen peroxide 
(21) or exposed to global ischemia-reperfusion (22). It also prevented reoxygenation 
injury in cultured myocytes (22). The aim of the present study was to assess the effect of 
inhibiting lipid peroxidation by H290/51 on ultrastructural changes in isolated rat hearts 
subjected to ischemia and reperfusion. Random sampling and stereological techniques 
were employed to ensure an objective, quantitative evaluation.

Materials and Methods

Experimental procedure

The experiments were approved by die Regional Ethics Committee at the 
Karolinska Institute. All animals received care in compliance with the Guide for the 
Care and Use of Laboratory Animals published by the National Institutes of Health. 
Male Sprague-Dawley rats, weighing 250-300 g, were anesthetized with diethyl ether. 
Heparin (200 IU) was injected into the femoral vein. The hearts were rapidly excised 
through a median sternotomy and immediately immersed into ice-cold Krebs-Henseleit 
buffer during preparation. The ascending aorta was cannulated for retrograde perfusion 
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as a modified Langendorff preparation. Perfusion pressure (J00 cm H2O) and 
temperature (37 °C) were kept constant. The hearts were perfused with Krebs-Henseleit 
buffer containing glucose (NaCl 118.5 mM, NaHCO3 25.0 mM, KC1 4.7 mM, KH2PO4 
1.2 mM, MgSO4 x 7H,0 1.2 mM, CaCl2 2.4 mM, Glucose x H2O 11.1 mM) and 
bubbled with a gas mixture containing 95% O2 and 5% CO2. Coronary flow (CF) was 
measured by collecting the coronary effluent every 2.5 min to adjust drug infusion to 
changes in flow. Hemodynamic measurements were not carried out in order to avoid the 
possibility of secondary subendocardial morphology changes due to tension of an 
inserted balloon (21, 22).

The perfusion protocol started with a 25-minutes stabilisation period, after which 
all functional parameters were stable (21, 22). Only hearts where CF was between 7 and 
15 ml/min were included. Global, normothermic ischemia was induced by clamping the 
inflow tubing for 30 minutes, followed by 20 minutes of reperfusion.

The following groups were investigated: Group A: control hearts perfused with 
buffer and vehicle subjected to ischemia and reperfusion as described above. Hearts 
were sampled for preparation for electron microscopy at the end of stabilisation (time 
0), at the end of ischemia (30 minutes) and at the end of reperfusion (50 minutes; n=6 at 
each point of time in each group). Group B: like Group A, but with H290/51 added 
throughout both stabilisation and reperfusion. Hearts were sampled as in Group A. In an 
additional Group C hearts were not subjected to ischemia, but H290/51 was added 
throughout the experiment. Hearts in this group were only sampled for moiphometric 
evaluation at 50 min (n=6).

Chemicals

H290/51 (AstraZeneca R & D, Mölndal, Sweden) was dissolved in a vehicle 
containing polyethylene glycol, ethanol and water in a 40:10:50 wAv percentage ratio. 
H290/51 or vehicle alone was administered with an infusion pump at a rate of l/20th of 
coronary flow into a mixing chamber immediately upstream to the aortic cannula, to 
obtain a concentration of IO-6 inol/1 in the coronary circulation. This concentration was 
selected according to previous in vitro studies where dose-dependent inhibition of lipid 
peroxidation was observed, with maximal effects at I06 M (22).

Preparation for electron microscopy

At the end of experiments hearts were perfusion fixed with McDowel's fixative for 
10 min at room temperature and at a perfusion pressure of 60 cm H2O (20). Only the 
ventricular myocardium was used for morphometric measurements. After cutting away 
the atria from the ventricles, the volume of the ventricular myocardium was read by 
immersing the pieces into a glass container scaled for volume measurements filled with 
phosphate buffer. The measurement of volume, obtained by liquid displacement, was 
repeated three times for each ventricle, and the average volume expressed in pl was 
used for further calculations. The hearts were then kept in fixative. At the final 
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processing die ventricles were cut into 1 and 2 mm thick parallel slices with a razor 
blade apparatus as described by the International Society for Slereology (4). All the 
1 mm thick slices were then placed at random under a regularly perforated plexiglass 
plate. The perforations were placed in a square (32 mm x 32 mm) and separated from 
each other by a distance of 2 nun. Each perforation had a diameter of 1 mm. Using a 
biopsy needle, one biopsy was taken at every second perforation. After wash in 
phosphate buffer the biopsies were postfixed in 1% aqueous OsO4 for 2 hours. .After a 
subsequent wash in buffer the pieces were stained in 2% uranyl sulphate for 1.5 h. The 
pieces were dehydrated in a series of graded alcohol before embedding in a mixture of 
Epon &nd Araldite. Eight pieces of ventricular biopsies were taken from each animal, 
and out of this, five samples were selected randomly for further stereologic processing. 
Thin sections were placed on cupper grids and stained with Reynolds lead citrate for 
8 min, and subsequently with 5% uranyl acetate for 5 min. A systematic randomised 
procedure was used to select fields to be photographed. The upper left comer of the 
copper grid squares was used as a reference point when selecting fields to be 
photographed, and every second field was photographed totalling 5 fields per sample. 
All micrographs were taken at a final magnification of X10000. A total of 25 
micrographs per heart were the basis of quantitative evaluation.

Stereology

Volume fractions were estimated using the point counting method described by 
Weibel and Bolender (31). In short, a counting grid with sampling points was laid on 
the micrographs and points overlying different tissue and cell components were counted 
and related to points falling on a reference unit (that is, the whole myocardium on a 
micrograph). The counting was performed on coded specimens. Volumes of 
mitochondria, altered mitochondria and cellular edema were estimated as fractions of 
myocyte volume and denoted: Vv (mito/myocyte), Vv (alt mito/myocyte), Vv, (cell 
cdema/myocyte). Volume fractions of myocytes, interstitium and capillaries in total 
myocardium were estimated: Vv (myocyte/myocard), Vv (interstitium/myocard), Vv 
(capillary/myocard). The absolute volume of different tissue components was calculated 
by multiplying the volume fraction of the tissue component with the respective 
measured ventricular volume as described above and given as [11. In addition, the planar 
sections of cells appearing on micrographs from different groups were inspected. A 
semiquantitative evaluation was undertaken. Altered mitochondria were defined as 
rounded mitochondria with reduced contrast (loss of matrix density). More pronounced 
changes in mitochondria were also counted as altered mitochondria. Cellular edema was 
defined as clear spaces in cytosol of the myocytes.
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Statistical analysis

The Mann-Whitney test and the Wilcoxon Signed Rank Test were used to analyse 
differences between and within groups, respectively. p<0,05 was considered significant. 
All values presented are means ±SD.

Results

Ultrastructural changes in the myocardium

The myocardium before ischemia is shown in Figure 1. Myocytes with 
mitochondria and other cell organelles appear normal as do the endothelial cells.

Fig. I Electron micrograph of rat myocardium before ischemia. The structure of myocytes appears normal. 
An endothelial cell of a capillary (C) is also shown with finely dispersed nuclear chromatin. xlOOOO
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Fig. 2. Two myocytes are shown on the micrograph sampled from control group (Group A) after 30 min 
ischemia. One of them reveals a moderate intracellular edema with moderate mitochondrial swelling and 
intact sarcolemma. The other is damaged, edematous, the myofilamental pattern (MF) is disrupted. The 
cytoplasm of the endothelial cell is edematously swollen with luminal protrusions (arrow). Chromatin 
margination of the nucleus (N) is observed. The inserted micrograph shows a fairly well-maintained 

structure, apart from fragmentation of the sarcolemma. x 10000

In control hearts perfused with H290/51 throughout perfusion (Group C), the 
ultrastructural components appeared normal at the end of perfusion. The results of 
Group C are not further commented.

After ischemia areas with damaged cells were observed on most micrographs. 
In control hearts (Group A) myocytes were swollen with perimitochondrial and 

Acta Physialogica Hungarica 88, 2001



The effect of a low molecular weight inhibitor of lipid peroxidation on ultrastructural alterations 107

peri myo-fibri liar edema (Fig. 2). In severely damaged myocytes the saicolemma was 
fragmented. Subsarcolemmal blebs occurred in more severely injured myocytes with 
massive cell swelling. The myofilamental pattern became irregular and Z lines were 
distorted. In more severely injured myocytes myofilaments were disrupted with a loss of 
Z lines. Mitochondria generally appeared swollen and rounded. The mitochondrial 
matrix showed loss of electron density. Occasionally mitochondrial cristae were broken 
or amorphous matrix densities appeared showing severe damage. Cristal adhesions were 
found in severely altered mitochondria. There was also evidence of tissue edema and 
endothelial cells showed swelling with luminal protrusions. Cellular debris accumulated 
where severe damage was evident. Thirty minutes of ischemia also caused margination 
of nuclear chromatin in both endothelial and myocardial cells. On micrographs sampled 
from hearts treated with H290/51 (Group B) the ischemic damage was less apparent, the 
structure remained fairly normal (Fig. 3). In most myocytes myofilamental pattern was 
better preserved and edematous changes were less marked both intracellularly and 
interstitially. However, foci of damaged myocytes were observed.

Most ischemic changes persisted after reperfusion. There were no signs of 
progressive damage during reperfusion. Interstitial edema tended to increase in the 
control group. Within the myocytes the fluid accumulation seen after ischemia 
decreased during reperfusion. Myofilamental pattern was restored on many micrographs 
(Fig. 4).

Morphometry

Absolute volume of ventricular myocardium and different tissue components

Table I summarises absolute volumes of ventricular myocardium and tissue 
components. There was no significant change in the volume of ventricular myocardium, 
myocytes, myofilaments, mitochondria or capillaries after 30 minutes of global ischemia 
in either group. However, the cytosolic volume was significantly increased in both 
groups after ischemia and returned to baseline after 20 minutes of reperfusion. The 
extracellular interstitium increased in the control group compared to baseline at the end 
of ischemia. Treatment with H290/51 inhibited this increase (Table I). At (he end of 
reperfusion the interstitium of both groups had increased compared to baseline (Table 
I), but there was no difference between the two groups. In addition to the increases of 
the volume of the interstitium both the ventricular volume and the volume of 
mitochondria had increased after reperfusion in control hearts, but not in the H290/51 
treated group. This difference was not significant between groups (Table I).
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Fig. 3. Electron micrograph taken of rat heart treated with H290/51 exposed to 30 min ischemia. 
The structure is fairly well-maintained, apart from a mild intracellular edema. The capillary wall (CW) 
reveals a normal structure, the chromatin is finely dispersed in the nucleus of the endothelial cell. On the 
insert the myocardium is damaged. The mitochondrial cristae are disrupted (arrow). The remnants of 

myofilaments are only partly preserved. The nuclear chromatin margination is conspicuous (N). x 10000
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Fig. 4. Cross-section of the myocytes are seen on the micrograph taken after 20 min reperfusion in the group 
treated with H290/51. There is moderate intracellular edema. The damages of the myofilaments and the 

mitochondrial cristae are moderate, x 10000

Tabic I

Effects of 30 minutes of ischemia followed by 20 minutes of reperfusion on absolute volumes (pl) of 
ventricular myocardium and different tissue components in isolated, perfused rat hearts (controls = group 

A and hearts treated with H290/51 - group B) (n-6 in each group at each time point)

* denotes p<0.05 compared to baseline value. # denotes p<0.05 between groups

0 min 30 min
end of ischemia

50 min 
end of reperfusion

Ventricular volume Group A 663 + 92 768 ± 104 955 ± 84*
Group B 775 ± 87 782 + 94 922 ± 146

Myocyte Group A 430 + 81 473 + 43 532 ± 69
Group B 460 ± 80 554 + 90 472 + 139

Myofil Group A 266 + 65 219 ± 40 295 ± 63
Group B 271 ± 36 286 ± 57 253 ± 94

Mitochondria (total) Group A 142 + 22 179 ± 27 204 + 30*
Group B 161 ± 36 206 ± 48 181 ± 55

Cytosol Group A 19 ± 10 68 + 33* 23 ± 15
Group B 14 ± 4 47 ± 21* 24 + 15

Interstitium Group A 177 ± 47 247 ± 80*# 342 + 109*
Group B 232 + 31 159 ± 50 389 + 64*

Capillaries Group A 62 ± 20 47 + 20 80 + 38
Group B 82 ± 35 68 ± 17 61 + 24
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Volume fractions of different tissue components in the myocardium

Relative volumes of tissue components calculated as volume fractions (Vv) of the 
myocardium are presented in Table II. The volume fraction of myocytes increased after 
ischemia in the treated group, and at this point of time it was also higher than in the 
control group. During reperfusion it decreased in both groups without any difference 
between groups (Table II). Ischemia increased the volume fraction of the interstitium in 
control hearts compared to baseline. This increase was inhibited in the group given 
H290/51, but during reperfusion the volume fraction of the interstitium increased in the 
treated group (Table II). The decreased volume fraction of capillaries in the 
myocardium after ischemia was inhibited by H290/51 (Table II).

Volume fractions of subcellular components versus myocytes

All data are presented in Table III. Volume fractions of mitochondria increased in 
control hearts at the end of ischemia and remained high during reperfusion. This 
increase was prevented by H290/51, but there was no difference between groups.

Table II

Effects of 30 minutes of ischemia followed by 20 minutes of repetfusion on the calculated volume fractions 
of different tissue components in isolated, perfused rat hearts (controls = group A and hearts treated with 

H290/51 = group B) (n=6 in each group at each time point)

0 min 30 min
end of ischemia

50 min
end of reperfusion

Vv (myocyte/myocard)
Group A
Group B

0.645 + 0.060
0.591 ± 0.036

0.622 ± 0.071
0.707 ± 0.052*#

0.562 + 0.090
0.505 ± 0.079

Vv (interstitium/myocard)
Group A 0.355 ± 0.060 0.318 ± 0.062# 0.356 ± 0.105
Group B 0.305 ± 0.064 0.206 i 0.067 0.431 ± 0.093

Vv (capillary/myocard)
Group A 0.091 ± 0.022 0.059 ± 0.019*# 0.083 ± 0.038
Group B 0.104 ± 0.034 0.087 ± 0.021 0.065 ± 0.017

* denotes p<0.05 compared to baseline value. # denotes p<0.05 between groups
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Table HI

Effects of 30 minutes of ischemia followed by 20 minutes of repetfusion on the calculated volume fractions 
of different subcellular organelles in myocytes in isolated, perfused rat hearts (controls = group /I and 

hearts treated with H290/51 = group B) (n-6 in each group at each time point)

0 min 30 min 50 min
end of ischemia end of reperfusion

Vv (mito/myocyte)
Group A 0.333 + 0.023 0.380 ± 0.052 0.386 ±

0.049*
Group B 0.347 0.021 0.367 ± 0.040 0.387 + 0.064

Vv (alt mito/myocyte)
Group A 0 + 0 0.307 ± 0.094 0.158 ±

0.187*
Group B 0 ± 0 0.233 ± 0.145 0.200 +

0.139*
Vv (cell edema/myocyte)

Group A 0.047 ± 0.025 0.144 ± 0.070 0.044 + 0.030
Group B 0.031 0.012 0.083 ± 0.033 0.054 ± 0.039

* denotes p<0.05 compared to baseline value. # denotes p<0.05 between groups

Alterations of mitochondria were observed at the end of ischemia and during reperfusion in 
both groups without any effect of H290/51. Ischemia increased the relative volume of cytosol 
within the cardiomyocytes (Vv cell edema/myocyte) in both groups, and this increase was 
significantly higher in hearts not pretreated with H290/51 (Table III). During reperfusion the 
volume fraction of cytosol normalized in both groups.

Discussion

Ischemia and reperfusion caused interstitial and cellular edema, disruption of 
sarcolemma, swollen mitochondria and myofilament disruption. These findings are in 
agreement with earlier studies (12, 15, 28). Quantitative stereological morphometry 
suggested that the hearts treated with H290/51 had less injury than control hearts. After 
ischemia the increased interstitial volume and the increased volume fractions of both 
interstitium and myocytes was inhibited by H290/51. This demonstrates that both extra- 
and intracellular edema after ischemia was inhibited or reduced by this drug. In addition 
the volume fraction capillary/myocardium was less in the control group at the end of 
ischemia. This may be explained by a relatively greater interstitial volume due to edema 
in the control group. In explaining volume fraction differences it should be noted, 
however, that volume fractions are given as ratios. An altered volume fraction may be 
due to an altered numerator or an altered reference volume.
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Surprisingly the differences between groups occurred at the end of ischemia, but 
no difference was found during reperfusion, although several changes compared to 
baseline was observed. One can speculate if some differences during reperfusion would 
have become apparent if the number of hearts had been increased or if the point(s) of 
time for evaluation had been different. On the basis of our data we can only state that in 
the present study no tendency towards any difference between groups is evident in the 
reperfusion period. Consequently, from a morphological and ultrastructural point of 
view H290/51 has anti-ischemic rather than anti-reperfusion effects. We have earlier 
reported that when H290/51 was given only during reperfusion, the functional and 
biochemical protection was less marked than when preischemic administration was 
applied (22). The interpretation was that H290/51, when given only during reperfusion, 
had not reached the intracellular sites of ROS generation and lipid peroxidation within 
the first 60 seconds. However, a direct anti-ischemic effect was not excluded (22). From 
the present work it appears that H290/51 indeed had anti-ischemic effects.

There has been much debate on whether reversibly injured myocytes, potentially 
viable at the time of reperfusion, die as a consequence of reperfusion (8). Experimental 
results are somewhat inconclusive, with studies supporting the existence of lethal 
reperfusion injury (6) but others failed to demonstrate this phenomenon (30, 36). 
Morphological studies also yielded inconsistent results. Some investigators could not 
demonstrate the extension of necrosis by reperfusion by electron microscopy (9) and 
attributed cell death predominantly to ischemia and not reperfusion (16). On the other 
hand, others published findings consistent with the occurrence of necrosis during 
reperfusion (5, 19, 26). Opponents to reperfusion injury concept argue that the major 
part of myocardial injury occurs during ischemia, even if it may manifest itself both 
histologically and functionally only after reperfusion (24). Most investigators seem to 
agree, however, that reperfusion injury is a true entity. In the present study the 
morphologic alterations were surprisingly few, except for an increase of mitochondrial, 
interstitial, and the left ventricular volume indicating intra- and extracellular edema, 
with the ultrastructure becoming more normal during reperfusion. The increasing edema 
may be continuation of an ischemic injury and does per se suggest that reperfusion did 
take place.

A low concentration of ROS is measurable in vivo in the intact beating heart (10). 
During ischemia there is a threefold increase in ROS production, followed by a 
subsequent burst during reperfusion (37). In our experiments the majority of differences 
between groups that might be contributed to the effect of H290/51 were observable after 
ischemia, but less prominent after reperfusion. Possibly the present concentration of 
H290/51 was able to quench the ROS during ischemia, but was not capable to 
counteract the burst during reperfusion. However, at a concentration of 10“6 mol/1 (22) 
H290/51 reduced reoxygenation injury in cultured myocytes, and almost totally 
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inhibited leakage of lactate dehydrogenase (22). This concentration was also used in the 
study where H290/51 did not give good protection when given only during reperfusion 
(22).

Ultrastructural changes of the mitochondria are a crucial step in the development 
of ROS-induced myocardial damage (14, 18). In our experiments H290/5I did not 
influence the appearance of mitochondria after ischemia. Vv (alt mito/myocard) 
remained similar in both groups at the end of a 20-minute reperfusion. The absolute 
volume of mitochondria, however, was increased only in the group without H290/51, 
but only during reperfusion. The increase of Vv mito/myocyte observed in the untreated 
group both after ischemia and reperfusion indicated that mitochondria were swollen 
above the extent of the general myocardial swelling in this group. Others (34) have 
reported results similar to our findings. In these experiments supplementation of 
superoxide dismutase and catalase to isolated rat hearts subjected to ischemia
reperfusion resulted in better preserved sarcolemmal integrity. However, there were no 
effects detected on differences in mitochondrial swelling. Margination of nuclear 
chromatin occurred in a very low (<0.7) percentage in both groups. A parallel effect 
was observed after reperfusion of dog skeletal muscle rendered ischemic (35). It is 
possible that in our experiments the protection afforded by H290/51 was similar, i.e. a 
protection on cellular membranes and sarcolemmal integrity, but less on mitochondria.

H290/51 was originally regarded as an inhibitor of lipid peroxidation. However, 
if it is more an anti-ischemic drug than an anti-reperfusion drug, then it may have other 
actions as well. Recent studies have shown that H290/51 inhibits upregulation of nNOS 
during heat stress (1), and in the same model it attenuates the upregulation of 72 RD 
heat shock protein (13). These data really do indicate possible cardioprotective 
properties of H29O/51 beyond inhibition of lipid peroxidaton only.

In conclusion, H290/51 provided protection against ultrastructural alterations in 
rat myocardium following ischemia. The effect exerted on mitochondrial ultrastructure 
was limited. There was a more pronounced effect seen in interstitial and cellular edema 
accumulation and cellular volume control. In the present experiments this compound 
provided better preserved sarcolemmal integrity during ischemia and this cytoprotective 
effect vanished after reperfusion.
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