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INFLUENCE OF HYDROGEN PEROXIDE ON ADRENOCEPTOR-MEDIATED INOTROPIC RESPONSES 

Introduction 

Oxygen derived free radicals and other reactive 
oxygen species (ROS) have been implicated in the 
pathogenesis of a variety of disease states. For 
instance during the reperfusion phase after 
ischaemia, ROS are generated intra- and extra 
cellularly in the myocardium (McCord, 1985; 
Simpson and Luchesi, 1987; Bolli, 1988). ROS can 
modify several important molecules in biological 
systems like lipids, proteins and nucleic acids 
leading to cellular injuries and mechanical 
dysfunction. In a previous study we have shown that 
electrolysis-generated ROS reduce responses to 
different inotropic stimuli in isolated rat left atria 
(Peters et al., 1997). In the same study we have 
also reported that the positive inotropic responses 
to a-adrenoceptor agonists, are reversed into 
negative effects, in atria exposed to ROS. Further 
research has revealed that ouabain (10 |iM) and the 
protein kinase C inhibitor calphostin C (50 nM), 
completely prevent the negative inotropic effect of 
300 U.M methoxamine in electrolysis treated atria 
(Peters et al., 1998). Measurement of the Na+ /K+ 
ATPase activity, showed that methoxamine 
decreased N a + / K + ATPase activity by 

approximately 15% under control conditions, 
whereas it increased the activity by 50% in atria 
exposed to free radicals. This increase in sodium-
pump activity was completely suppressed by 
calphostin C. Concomitantly, the negative inotropic 

effect of a-adrenoceptor agonists observed in 
isolated atria subjected to electrolysis-generated 
free radicals, is most likely the result of a protein 
kinase C-mediated activation of the sodium pump. 
The present study was designed to investigate the 
influence of oxidative stress on adrenoceptor-
mediated responses in the intact isolated rat heart. 
For this purpose isolated rat hearts were perfused 
with hydrogen peroxide containing medium and the 
responses to a- and ß-adrenoceptor agonists were 
measured, as well as changes in adrenoceptor 
number and affinity and lipid peroxide content. 

Materials and Methods 

Isolated rat hearts (constant flow perfusion) 
Male Wistar rats (Iffa Credo, Les Oncins, France) 
were anaesthetized with pentobarbital (75 mg/kg 
i.p.) and connected to an artificial respirator by a 
PE-tube inserted into the trachea (respiration 
frequency 40/min, respiration volume 160-180 
ml/min). After heparinization (250 I.U., i.p.) the 
hearts and lungs were rapidly removed and 
immersed in a Tris-buffered Tyrode's solution at 4°C 
(pH 7.5) of the following composition (mM): NaCI 
119; KCl 4.5; MgCI2 0.5; CaCI2 1.8; Glucose 11 ;Tris 
30. The aorta was mounted on a cannula (ID 2.0 
mm) attached to a perfusion device. The hearts 
were perfused at a constant flow according to the 
method of Langendorff with non-recirculated Tris-
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buffered Tyrode's solution (pH set to 7.5 at 37°C, 
gassed with 100% 02). Coronary flow (cf) was set 
to 10 ml/min by means of a peristaltic pump 
(Ismatech SA, LaborTechnik, Zürich, Switzerland). 
The perfusion solution was pumped through a 
bubble trap which formed a "windkessel" of 1 ml 
volume. The hearts were paced throughout at a 
frequency of 6 Hz (pulse width 5 ms, voltage 10% 
above threshold, 2-4 V) via platinum electrodes, 
placed at the level of the atria. The left ventricular 
pressure (LVP) was measured by means of a water-
filled balloon inserted into the left ventricle 
connected to a Baxter Uniflow pressure transducer 
and recorded via a Maclab data acquisition system 
(A.D. Instruments, Australia). The balloon filling 
pressure, corresponding to the diastolic pressure, 
was kept at 10 mmHg. Coronary perfusion pressure 
(CPP) was measured with a second transducer 
connected to a side arm of the perfusion line. 
Changes in CPP were used to monitor changes in 
corony vascular resistance and was continuously 
recorded via the Maclab data acquisition system. 

H0O2 infusions 
Hydrogen peroxide and drugs to be studied were 
infused via a side arm just above the aortic cannula. 
The infusion rate was 0.1 ml/min. The final 
concentration of hydrogen peroxide was 600 u.M. 
and the agent was infused for 9 min. CPP, LVP and 
its first derivatives +dP/dtm=v and -dP/dt v were 
recorded continuously. 

Radioligand binding studies 
After dissection from the heart the left ventricle was 
freeze clamped in liquid nitrogen and stored at 
-80°C. Left ventricles were immersed in ice-cold Tris 
buffer (50 mM, pH 7.7), minced with scissors and 
homogenized in a Polytron PT homogenizer. The 
homogenate was filtered through four layers of 
cloth gauze and centrifuged at 45,000 g for 20 min. 
The pellet was rehomogenized and diluted to a 
tissue concentration of 1:40 (w/v). All procedures 
were carried out at 4°C and in duplicate. The protein 
concentration of the final membrane preparation 
was assessed by the method of Bradford (1976) 
using bovine serum albumine as a standard, 
a,-Adrenoceptor density was assessed using the 
radioligand [3H]-prazosin (specific activity 24.0 
Ci/mmol) at six concentrations (0.1 - 4 nM). An 
aliquot of the membrane suspension (500 uj) was 
incubated with [3H]-prazosin in a final volume of 1 
ml for 45 min. at 25°C. The incubation was 
terminated by adding 3 ml of ice-cold incubation 
buffer to the entire incubation mixture followed by 
rapid vacuum filtration through Whatman GF/B 
filters. Filters were washed three times with 3 ml 
ice-cold Tris buffer, left overnight to solubilize in 10 
ml liquid scintillation cocktail (Ultima Gold, Packard) 
and counted for radioactivity at 43% efficiency in a 
Beekman liquid scintillation counter. Nonspecific 
binding of [3H]-prazosin was defined as the 
radioactivity bound in the presence of 10 |iM 
phentolamine. Specific binding was defined as total 
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binding minus nonspecific binding, 
ß-adrenoceptor density was assessed using (-)-
[125l]-iodocyanopindolol (ICYP, specific activity 
2,200 Ci/mmol) as the radioligand. Concentrations 
of the radioligand ranged from 10 to 220 pM. Non
specific binding of ICYP to the membrane 
suspension was defined as the radioactivity bound 
in the presence of a high concentration of (±)-CGP 
1 2177A (1 U.M). Specific binding was defined as the 
total minus the non-specific binding, 
a- And ß-adrenoceptor/ligand dissocation 
constants (Kd) and maximum number of binding 
sites (Bmax) were calculated from Scatchard plots, 
using GraphPad Prism software. 

Lipid peroxidation assay 
Left ventricular lipid hydroperoxides were 
determined by using the lipid-compatible 
formulation of the PeroXOquant Peroxide Assay kit 
(Pierce). This assay is based on the oxidation of 
ferrous to ferric ion in the presence of xylenol 
orange. 100 mg wet weight tissue was homogenized 
with an Ultraturrax (15 s full speed) in 10 ml buffer 
(40 mM Tris, pH 7.5). Lipids were extracted by 
adding 1 ml of tissue homogenate to 1 ml methanol 
and 2 ml chloroform. Samples were vortexed for 
30 s. and 500 uJ of the chloroform fraction was 
collected. 30 u.l extract was added to tubes 
contaning 2970 u,l reaction mixture (250 u:M 
Ammonium ferrous (II) sulfate, 25 mM H2S04, 4 
mM butylated hydroxy-toluene and 125 u,M xylenol 

orange in methanol). Tubes were vortexed and 
incubated at room temperature for 20 min. The 
absorbtion was read at 560 nm with a Zeiss 
Specord UV-Vis S10 spectrophotometer. 

Statistics 
Data are expressed as means ± SEM. Student's f-
test (two tailed, unpaired) and ANOVA (Dunnett's) 
were used, and P values < 0.05 were considered to 
be statistically significant. 

phentolamine and 
purchased from Sigma 
USA) and calphostin C 
(Zoetermeer, The 

Chemicals 
Isoprenaline bitartrate, 
methoxamine HCl were 
Chemicals (St Louis, MO, 
from ICN Biomedical 
Netherlands). Ouabain was obtained from OPG 
(Utrecht, The Netherlands), heparin sodium from 
Novo Nordisk (Copenhagen, Denmark), 4-(3-t-
butylamino-2-hydroxypropoxy)-benzimidazole-2-
one ((±)-CGP 12177) from Ciba-Geigy (Basel, 
Switzerland), (-)-[125l]-iodocyanopindolol (ICYP) 
and [3H]-prazosin from New England Nuclear 
(Boston, MA, USA). 

Functional experiments with inotropic drugs 
In control hearts the LVP remained at a stable level 
of 40.0 ± 1.7 mmHg (n = 12) for at least 2.5 hours. 
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CHAPTER 4 

Agonist 
infusion 

i4444+^ti .CPP 
- LVF 

15 30 45 60 
time(min) 

(78.0 ± 4.5 mN ) (n = 4, P<0.05) (fig.2). 
Since in the previous study the protein kinase C 
inhibitor calphostin C and ouabain proved effective 
in preventing the negative inotropic effect of a,-
adrenoceptor stimulation in atria exposed to ROS, 
we have pretreated the hearts with calphostin C 
and ouabain. In the presence of 10 nM calphostin C 
methoxamine (30 U.M) induced a significant 
inotropic response (10.9 ± 5.1 mmHg) in H202-
perfused hearts. Ouabain (10 u.M) proved 
ineffective in this respect; we observed no 
significant inotropic effect of methoxamine in the 
presence of ouabain (fig. 3). 

a Figure 1 

The influence of hydrogen peroxide 
on left ventricular pressure (LVP), 
left ventricular end diastolic 
pressure (LVEDP) and coronary 
pressure (C??) in isolated rat 
hearts. Hydrogen peroxide (600 
uM) was infused for 9 min. as 
indicated (n=0). 

However, in hearts perfused with H202 a rapid 
increase in LVP was seen, which reached a stable 
maximum of 59.3 ± 6.7 mmHg (P<0.05 when 
compared to control, n = 12), 30 min. after the end 
of the infusion period. During and after the H202 

infusion the LVEDP did not change significantly (fig. 
1). Inotropic drugs (methoxamine and isoprenaline) 
were infused 30 min. after the end of H202 or saline 
infusions. In control preparations methoxamine (300 
UM) increased the contractile force by 38.1 ± 3.7 
(n = 6). However, in hearts perfused with H202, 
methoxamine had no influence on the contractile 
force (-3.0 ± 3.3 mN, n = 9, P<0.05) when 
determined after 15 min. of agonist infusion (fig. 2). 
The inotropic response to 30 nM isoprenaline in 
H202 perfused hearts was reduced (45.1 ± 8.2 
mmHg) when compared to control preparations 

Lipid peroxidation and radioligand binding studies 
In isolated rat hearts treated with 600 (iM H202 the 
lipid peroxide content of the left ventricle was 

100-

75-

50-

25-

0-

-25 

i control 

m 
Methoxamine Isoprenaline 

< Figure 2 

Inotropic responses to 3 0 uM 
methoxamine and 10 nM 
isoprenaline in control hearts and 
hearts perfused with hydrogen 
peroxide ( 6 0 0 uM, 9 min.). 
Agonists were Infused 3 0 min. 
after hydrogen peroxide infusion. 
*P<0.05, when compared to 
control hearts (n=<5). 
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Figure 3 • 

Influence of ouabain (10 pM)and 
calphostin C (50 nM) on the 

diminished responses to 
methoxamine (30 uM) in hearts 
perfused with 600 pM hydrogen 

peroxide. Methoxamine was 
infused 30 min after hydrogen 

peroxide. Ouabain and calphostin C 
were infused 15 min. prior 

methoxamine infusion. 
"r^O.Oö, whem compared 

to HZ0Z alone. 

Table I 

Effects of hydrogen peroxide on 
lipid peroxidation (LPO, 

absorption) and adrenoceptor 
characteristics determined in 

radioligand binding studies (Bma)< 

in fmol/mg protein and Kp in nM) 
*P<0.05, when compared to 

control. 

50-
X 

-10- H,0, ouabain calphostin 
H,0, H,0, 

increased fivefold when compared to control hearts 
(table I). 
We observed no differences in the total numbers of 
a- and ß-adrenoceptors in control and H202 

perfused hearts. The dissociation constant (KD) for 
the ß-adrenoceptor was unaffected by hydrogen 

peroxide treatment. However, the KD for the a-
adrenoceptor was decreased by approximately 50% 
(table I). 

Oxidative stress is known to contribute to the 
impairment of contractility of the heart in 
ischaemia/reperfusion (McCord, 1985; Simpson 
and Lucchesi, 1987; Bolli, 1988). Besides damage 
to membranes and (contractile) proteins, ROS can 
influence adrenoceptor-mediated responses (Peters 
et al., 1997). In this study we have used isolated rat 
hearts perfused with hydrogen peroxide as a model 
for oxidative stress in the heart. The previously used 
electrolysis method proved unsuitable in the 
isolated heart, because of the short survival time of 
the preparations. Hydrogen peroxide is cell 
permeable (Fischer, 1988) and 600 u.M hydrogen 

control Hydrogen peroxide 

LPO 

(Abs., n=6) 

ESmax (n=4) 

0.11 ± 0.10 0.53 ± 0.24« 

123.1 ± 19.6 4Ô.0 ± 2.2 

0.20 + 0.03 0.021 ± 0.001 

101.0 ± 30.0 49.3 ± 6.3 

0.082 ± 0.002* 0.019 ± 0.001 
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peroxide can inflict changes upon the heart to a 
degree similar to that seen in ischaemia/ 
reperfusion in terms of lipid peroxidation (Hara et 
al., 1993). For this reason we chose this 
concentration H202 in our experiments. 
Conflicting results cocerning the response of the 
heart to hydrogen peroxide have been reported. 
Some reports describe a decrease in LVP and an 
increase in LVEDP (Valen et al., 1993; Hara and 
Abiko, 1996), whereas others describe a positive 
inotropic effect (Bello-Klein et al., 1997; this study). 
These differences may be due to the concentration 
of hydrogen peroxide used, the duration of 
hydrogen peroxide infusion, and the iron-ion 
concentration of the perfusion buffer since a high 
iron-ion content will favor hydroxyl radical formation 
via the Fenton reaction. In addition, a constant-
pressure Langendorff setup may induce ischaemia 
in the heart when hydrogen peroxide induces 
vasoconstriction. For this reason we have used a 
constant-flow Langendorff setup. 
Infusion of hydrogen peroxide (600 |ilv1, 9 min.) led 
to a strong decrease in LVP and CPP during the 
infusion period, which was followed by an increase 
to values approximately twice as high as the initiai 
level. In these hearts the lipid peroxide content was 
increased fivefold when compared to control 
preparations, indicating substantial oxidative 
damage. 

The dual cyclooxygenase/lipoxygenase inhibitor 
meclofenamate induced a pronounced increase in 

LVEDP, suggesting a protective role for arachidonic 
acid metabolites. This finding is in accordance with 
findings by other groups that have shown protective 
effects of prostaglandin F2a and prostacycline 
(prostaglandin l2) (Valen et al., 1993; Su et al., 
1994; Zimmer and Karmazyn, 1997; Mobert and 
Becker, 1998). Several eicosaniods such as 
prostaglandin F2a thromboxane A2 and prostacycline 
are released during and after oxidant infusion 
(Gupte et al., 1996). In the present study the 
thromboxane A2 antagonist SQ29548 had no 
significant effect on the hydrogen peroxide-induced 
changes in LVP, indicating that thromboxane A2 is 
not involved in the observed changes in the heart. 
The positive inotropic response to the <x,-
adrenoceptor agonist methoxamine, as seen in 
control preparations, was completely abolished in 
hydrogen peroxide perfused hearts. The positive 
inotropic response to the ß-adrenoceptor agonist 
isoprenaline was reduced by approximately 40% in 
the hydrogen peroxide perfused hearts. The 
attenuation of the response to isoprenaline may be 
due to a decreased activity of adenylyl cyclase or 
injury to the contractile apparatus since it has been 
shown that these components are sensitive to 
oxidative stress (Haenen et al., 1988; Peters et al., 
1997). Modification of the ß-adrenoceptor itself is 
unlikely because radioligand binding studies 
revealed that there were no changes in 
adrenoceptor number or affinity. In the hydrogen 
peroxide perfused hearts an increase in binding 
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affinity for the a-adrenoceptor was seen, whereas 
the total number of binding sites proved unchanged. 
Taken together this implies that there is an 
additional change in the signal transduction cascade 
of the a,-adrenoceptor. In a previous study (Peters 
et al., 1998) we have observed that electrolysis-
generated ROS induce alterations in the signal 
transduction cascade of atrial a,-adrenoceptors, 
that leads to a negative inotropic effect after a,-
adrenoceptor stimulation in these preparations. This 
phenomenon is most likely due to a protein kinase 
C-mediated activation of the Na + /K + ATPase when 
^-adrenoceptors are stimulated. In the present 
study, however, ouabain had no significant influence 
on the diminished réponse to methoxamine. In the 

presence of the protein kinase C inhibitor calphostin 
C the response to methoxamine was partially 
restored. These data demonstrate that the 
disappearance of the inotropic response to 
methoxamine is caused by a different mechanism 
than the negative inotropic effect observed in 
isolated atria subjected to electrolysis. This 
difference can be due to a different nature of the 
preparations (atria versus whole heart) and/or 
difference in oxidant system (electrolysis versus 
hydrogen peroxide). In summary, these results show 
that also in the whole heart, the a-adrenoceptor 
system is extremely sensitive to oxidative stress 
when compared to the ß-adrenoceptor system. 
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