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THE CARDIAC EFFECTS OF ACE-INHIBITORS: 
A POSSIBLE ROLE FOR BRADYKININ 



STELLING EN 

1. De werking van ACE remmers kan, althans gedeeltelijk verklaard warden 

door verhoogde bradykinine concentraties. 

2. ACE remmers reduceren myocardiale schade en neurohumorale 

veranderingen tijdens ischemie en reperfusie in het geisoleerde rattehart 

en in de big. 

3. ACE remmers verhogen de coronaire doorstroming in het gei"soleerde 

rattehart (gedeeltelijk) via een bradykinine afhankelijk mechanisme. 

4. Verschillen tussen ACE remmers kunnen voor een dee! warden 

toegeschreven aan de aanwezigheid van een sulfhydryl groep. 

5. Bradykinine productie in het hart is verhoogd tijdens ischemie en 

reperfusie. 

6. Bradykinine beschermt het biggehart tegen reperfusie aritmien en 

ischemie-reperfusie schade. 

7. Captopril remt in angineuze patienten de coronaire vasoconstrictie die 

veroorzaakt wordt door een verhoogde sympatbische activiteit. 

8. De bijwerking prikkelhoest komt frequenter voor bij gebruik van 

enalapril en lisinopril dan bij captopril. Dit zou te ma ken kunnen hebben 

met de langere werkingsduur van de eerste twee farmaca, maar ook met 

de aanwezigheid van een sulfhydrylgroep in captopril. 

9. Het belang van fundamenteel wetenschappelijk onderzoek blijkt 

ondermeer uit het feit dat dit soort onderzoek rechtstreeks heeft geleid tot 

de uitvinding van de radio, de televisie en andere lange afstands 

communicatiemiddelen. 

10. Vanuit milieu oogpunt zou het gebruik van personal computers in het 

algemeen en printers in het bijzonder ontmoedigd moeten warden. 

11. Het is niet zozeer de aard van het spel maar vooral de aard van de speler 

die bijdraagt aan het feit dat een fabrikant van squash-rackets geen 

garantie geeft. 

.. . 
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CHAPTER 1 

INTRODUCTION 

1.1 History 

The history of the renin-angiotensin system goes back as far as the turn of 
the century, whenTigerstedt discovered a powerful hypertensive agent, which 
could be extracted from the kidneys (Tigerstedt and Bergman, 1898). The 
substance, which was named renin was present in the renal cortex and the renal 
venous effluent. The proteolytic activity of renin was discovered four decades 
later. It was found that renin catalyses the hydrolysis of angiotensinogen, 
yielding a substance which we now know as angiotensin I. Angiotensin I must 
be converted to angiotensin II to become physiologically active. 

In 1956 the enzyme that converts angiotensin I into the active angiotensin II 
was purified for the first time (Skeggs et al. , 1956). The authors called it 
angiotensin converting enzyme , or initially hypertensin converting enzyme. 
Prior to this discovery, the same group found in 1954 that angiotensin 
(hypertensin), the blood pressure increasing prnduct formed by renin, existed 
in two forms: angiotensin II which was obtained from plasma incubated in the 
presence of chloride, and angiotensin I, obtained in the absence of such anion 
(Skeggs et al., 1954). Angiotensin I seemed to be a relatively inactive 
compound whereas angiotensin II appeared to be the product responsible for 
the vasoconstriction of arteries and veins. 

Asp-Arg-Val-Tyr-lle-His-Pro-Phe-His-L.eu-Val-lle-His-Asn-Glu 

(angiotensinogen) 
• 

• 

Asp-Arg-Val-Tyr-lle-His-Pro-Phe-His-L.eu 
(anglotensin I) 

• 
Converting enzyme 

• 

Asp-Arg-Val-Tyr-lle-Hls-Pro-Phe 
(anglotensin II) 

Figure 1 A simplified representation of the renin-angiotensin system 



The angiotensin converting enzyme was first purified from horse plasma. It 
was shown to be an exopeptidase (Lentz et al., 1956), which cleaves the 
carboxyl terminal dipeptide His-Leu from angiotensin I, a decapeptide, to 
yield the octapeptide angiotensin II. A simplified diagram of the renin
angiotensin system is shown in figure 1. 

Parallel to the progress in the research of angiotensin metabolism, 
discoveries in the field of bradykinin metabolism were made, which later 
appeared to be closely related. Bradykinin is the effector substance of a 
hormonal system called the kallikrein-kinin system. Studies in the field of the 
kallikrein-kinin system were initiated some 60 years ago by Frey and co
workers (Frey and Kraut, 1928), who showed that urine contains a hypotensive 
agent. Since large amounts oft hi-: hypotensive agent could be isolated from the 
pancreas, therefore it was called kallikrein (pancreas = kallikrea). After this 
discovery, kallikrein has been identified in many tissues and the plasma. Werle 
et al. (1937) found that kallikrein is relatively inactive in the isolated guinea pig 
ileum, but that incubation of urine, which contains kallikrein, with blood 
produced an active compound which causes a slow contraction of the guinea 
pig ileum. They named this compound kallidin. Rocha e Silva et al. (1949) 
using trypsin instead of kallikrein found another hypotensive agent, which also 
caused a slow contraction of the guinea pig ileum. This compound was called 
bradykinin (brady = slow). The nonapeptide bradykinin, the decapeptide 
kallidin ( = lysyl- bradykinin), and the later discovered undecapeptide, 
methionyl- lysyl-bradykinin, the so-called kinins, are all products of the 
enzymatic activity of kallikrein, a serine protease. Kallikrein, an enzyme with 
serine at an active site like trypsin, plasm in and thrombin, exists in two forms: 
a tissue-kallikrein (EC 3.4.21.34) and a plasma-kallikrein (EC 3.4.21.33). The 
substrate for kallikrein, i.e. the precursors of bradykinin and the other kinins, 
are kininogens. Kininogens exist in two forms 1) a low molecular weight 
kininogen, LMWK (M.W. 48,000-70,000), a single chain polypeptide, which 
may penetrate the vessel wall, is activated by the kallikreins present in the 
tissues, and 2) a high molecular weight kininogen, HMWK (M.W. 100,000-
200,000), a glycoprotein, which is presumably confined to the bloodstream 
and which is activated by plasma kallikrein (Figure 2). 

As far as the plasma kallikrein-kinin system is concerned, kallikrein is 
produced by the liver as the inactive precursor prekallikrein. Prekallikrein is 
activated by a variety of substances including the clotting factors X and XII 
(the Hageman factor), into kallikrein, which converts kininogen to 
bradykinin. Bradykinin in turn is mainly metabolized by kininase II and 
kininase I, the slower acting of the two. 

In 1965 Ferreira et al. found by chance that a substance from the venom of a 
Brazilian viper (Bothrops Jararaca, Serpentes crotalinae) potentiated the 
effect of bradykinin. It was discovered in the same year that a compound could 
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be isolated from the snake's venom that was able to inhibit the proteolytic 
activity of the enzyme that catabolizes bradykinin. This substance was shown 
to be a peptide. Since at that time it was not known that the angiotensin 
converting enzyme was the same enzyme that hydrolyses bradykinin (kininase 
II), this first peptide from the snake venom and similar peptides that were 
developed later were named bradykinin potentiating peptides. 

X-Arg-Met-Lys-Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg-Ser-Val-X 
(kinlnogen) 

: plasma-kallikrein 

Arg-Pro-Pro-�-Phe-Ser-Pro-P�-Arg 
( Bractykinin) 

• 

• 
Kininase II 

= 

..... Converting enzyme 

Arg-Pro-Pro-Gly-Phe-Ser-Pro 
(inactive heptapeptlde) 

Figure 2 A simplified representation of the kallikrein-bradykinin system 

Ng and Vane found in 1967 that the conversion from angiotensin I to 
angiotensin II takes place in the systemic circulation. They showed that 
angiotensin I is converted into angiotensin II primarily in the vascular bed of 
the lungs (Ng and Vane, 1968). Since angiotensin II causes a prominent 
vasoconstriction, it became clear that the renin-angiotensin system is 
important in blood pressure regulation. As would be discovered later it is even 
more important in pathological situations where this homeostasis is disturbed, 
like in hypertension and congestive heart failure. 

Until recently, the renin-angiotensin system has been considered as a purely 
circulating hormonal system. In this view angiotensinogen is formed in the 
liver and converted into angiotensin I by renin, which is produced by the 
kidneys. Finally, angiotensin I is activated by the angiotensin-converting 
enzyme, predominantly in the lung vasculature (Figure 3). 
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renin 

I LIVER � ang1otens1nogen 

Figure 3 The systemic renin-angiotensin system 

� > ang1otens1n I 

LUNGS 

ang1otens1n II 

This concept has been expanded, after evidence was found for the presence 
of a locally active renin-ang_iotensin system in several organs (Dzau, 1987). 
Recently, clues for the presence of local formation of angiotensin II from local 
angiotensin I were found in various species (Kifor and Dzau, 1987). Evidence 
for this locally present and active renin-angiotensin is supported by several 
independent research groups. In a recent review Dzau (1988) summarized the 
evidence found so far and discussed the possible physiologic significance of 
this local system. The locally present and active system in the vessel walls may 
have a paracrine and autocrine function modulating local vascular 
homeostasis. 

Apart from local (pro )renin and angiotensinogen uptake from the 
circulation (Dzau, 1987), local production may take place as well. The 
presence of messenger-RNA for renin and for angiotensinogen (Cassis et al., 
1988; Campbell and Habener, 1986; Dzau, 1988; Gan ten et al., 1985) is 
considered a strong argument in favour of such a local production. 

The most prominent vascular localization of the converting enzyme was 
found to be the endothelial cell. The converting enzyme is anchored in the cell 
membrane facing the lumen of the vessel (Alhenc-Gelas et al., 1989). 
Analogous to the vascular renin- angiotensin system a tissue kallikrein-kinin 
may be present as well (Nolly et al., 1982 and 1985). A kallikrein-like enzyme 
in the vessel wall of rat mesenteric and caudal arteries was found to resemble 
tissue kallikrein and it was shown to generate bradykinin. Apart from 
activation of angiotensin by the vascular converting enzyme, inactivation of 
bradykinin at this site may also have important implications. 

Whatever its origin, the concept of a locally present renin- angiotensin 
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system has thoroughly changed the views on the mechanisms of action of ACE 
inhibitors. They are no longer considered to be solely inhibitors of the systemic 
renin- angiotensin system but to affect a widespread, locally acting hormonal 
system as well. 

1.2 Development of inhibitors of the converting enzyme 

As the physiologic and pathophysiologic role of the renin- angiotensin 
system gradually became better known, it became also clear that in a 
phylogenetic sense the system has primarily developed to regulate renal 
vascular pressure. It is quite clear that such a system, although maintaining 
renal homeostasis, may be potentially harmful to the cardiovascular system 
(Packer, 1987), a fact that became more and more prominent during 
phylogenetic development of species. Thus the need for an orally active drug 
that might effectively inhibit these often unwanted effects on the heart and 
vascular system, gradually emerged. This subject is discussed in more detail in 
section 2.4. 

Initially, competitive inhibition of angiotensin II effects by receptor 
antagonists seemed to be an important goal for drug developers. The first 
compounds were synthetic polypeptide analogues of angiotensin II, that acted 
as antagonists at the vascular receptor level. One of these analogues, Sar 1 -

Ala8- angiotensin (saralasin) became available for experimental studies in 
humans, but it never attained practical clinical usefulness. The unsuitability of 
such compounds for practical therapeutic use (poor oral availability, partial 
agonism) hampered such developments, and in a relatively early stage, the 
main interest was focused on the development of compounds that would 
inhibit the activity of the converting enzyme. 

After the identification of kininase II as being the same enzyme as the 
angiotensin converting enzyme (Yang and Erdos 1970), many substances have 
been synthesized and investigated for their converting enzyme inhibiting 
capacity. The first potent converting enzyme inhibitor was the synthetic 
nonapeptide teprotide (SQ 20,881) (Ondetti et al. , 1971). Although teprotide 
is a selective inhibitor of the converting enzyme and has potent 
antihypertensive properties (Gavras et al., 1974), it can not be used as an 
antihypertensive drug since it is inactivated in the gastrointestinal tract after 
oral administration. Once the active site of the converting enzyme was well 
characterized, agents could be designed that bound specifically to this active 
binding site. Using this concept of 'active binding site' agents, Ondetti et al. 
(1977) were able to synthesize non-peptide inhibitors. The first potent orally 
active ACE-inhibitor found was SQ 14,225: captopril. 
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Captopril (D-3-mercapto-2-methylpropanoyl-L-proline) was first evaluated 
in 14 normal volunteers (Fergusson et al., 1977). In this study, orally 
administered captopril appeared to inhibit the angiotensin I pressor response 
effectively in a dose-dependent way. Later, its usefulness as a new 
antihypertensive drug was established in many clinical studies. 

The relation between the antihypertensive effect of converting enzyme 
inhibitors and the reduced bradykinin degradation has been controversial. 
Part of this controversy may be related to the fact that the influence of ACE 
inhibitors on bradykinin degradation is likely to have more effects at tissue 
level, with little or no change in plasma levels. However, some indications are 
present that the hypotensive effect of ACE inhibitors is (in part) mediated by 
braclykinin. Captopril has been shown to elevate braclykinin levels in plasma 
(Mersey et al., 1977 ; Swartz et al., 1979; Heel et al., 1980), other ACE 
inhibitors have not (Given et al., 1984 ; Shoback et al., 1983 ; Shionoiri et al., 
1985 ; Odya et al., 1983). Furthermore, when bradykinin production was 
inhibited with aprotinin, the hypotensive effect of captopril was reduced 
(Mimran et al., 1980). Finally, the hypotensive effect of bradykinin can be 
antagonised with a selective antibody or antagonist. Using such compounds, 
the hypotensive effect of ACE-inhibitors could be reduced (Carretero et al., 
1981 ;  Carbonell et al., 1988; Waeber et al., 1987 ; Appendix D). Therefore, the 
vasodilating hormone bradykinin probably contributes to the antihypertensive 
effect of ACE inhibitors. 

1.3 Biochemistry of the converting enzyme and its inhibitors 

The converting enzyme is a zinc containing metalopeptidase (E.C. 3.4.15.1) 
(Enzyme Nomenclature, 1978). It is an unusual type of exopeptidase that 
cleaves the second peptide bond from the carboxyl terminal end of a variety of 
peptide substrates (Cushman et al., 1981). As mentioned above, the first 
peptide linked to the enzymatic activity of this peptidase was angiotensin 
(Skeggs et al . ,  1956). However, angiotensin I is one of the many peptides which 
are hydrolysed by the enzyme. Other peptide substrates like bradykinin, 
substance P, neurotensin all have their own specific characteristics , with 
respect to enzymatic degradation (Erdos and Skidgel, 1986). 

The pH optimum of the enzyme varies with the substrate employed 
(Cushman et al., 1981 ;  Cushman and Cheung, 1971). Furthermore , the 
presence or absence of chloride anions has a great influence. For angiotensin I 
and bradykinin, in the presence of chloride ions the pH optimum is about 7.5. 
With shorter peptide substrates , which are employed for spectrophotometric 
and fluorometdc assays of converting enzyme activity, the pH optimum is 
higher: 8.5 (Cushman et al., 1981). 
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The angiotensin converting enzyme is a glycoprote in containing zinc at its 
active site. It is composed of two similar peptide chains which both contain a 
putative active site. However, only one of these sites is functionally active 
(Alhenc-G2las et al. , 1989). 

The inh ibitors of the converting enzyme differ in their molecular structure 
in several ways. One important part of the molecule is the sulfhydryl group, 
which is present in some of these compounds but lacking in others (Table 1). 
At first the sulfhydryl group was thought to be an unwanted moiety, 
responsible for a number of side effects. Nowadays , the opinion about the 
sulfhydryl group has changed remarkably. As will be discussed in later chapters 
the sulfhydryl group causes some beneficial additional effects unrelated to 
inhibition of the converting enzyme. 

Another prominent difference , especially from a pharmacokinetic point of 
view, is the fact that some ACE-inhibitors are prodrugs whereas others are not 
(Table 1) (Cushman et al . ,  1988). 

Table 1 

Some characteristics of 7 ACE inhibitors 

Prod rug 
Captopril no 
Enalapril yes 
Ramipril yes 
Lisinopril no 
Zofenopril yes 
Perinclopril yes 
Fosinopril yes 

1.4 Clinical use and prospects 

Structural characteristics 
Sulfhydryl 
Carboxyalkyldipeptide 
Carboxyalkyldipeptide 
Carbox ya I k yldi peptide 
Sulfhydryl 
Carboxyalkyldipeptide 
Phosphonic acid 

The renin-angiotensin system has long been associated with hypertension. 
The current use of ACE-inhibitors in the treatment of hypertension again 
emphasizes the importance of the renin-angiotensin system in blood pressure 
regulation . However, other (cardiovascular) indications are emerging as 
research is advancing. One already generally accepted indication is congestive 
heart failure (Packer et al., 1986). In patients with congestive heart failure the 
renin-angiotensin system is strongly activated (Robertson, 1986) . Activation 
of th is humoral system causes an increased afterload, due to vasoconstriction 
directly induced by angiotensin II itself and furthermore by potentiation of 
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noradrenergic transmission . Apart from that, afterload is increased due to 
volume retention induced by vasopressin and aldosterone production which is 
stimulated by angiotensin. In a state were the heart is already overloaded these 
effects further deteriorate its function. Therefore , ACE-inhibitors are a 
rational therapeutic choice in these patients (Packer et al., 1986; Robertson, 
1986 ;  Consensus-trial study group, 1987 ; McAlpine et al. , 1987 ; Cohn and 
Levine, 1982). 

New indications for the use of ACE inhibitors are emerging. From a number 
of experimental studies, ACE inhibitors were shown to have beneficial effects 
in reducing myocardial damage and reperfusion arrhythmias (van Gilst et al., 
1987, Linz et al. , 1986, Liang et al . ,  1982, Li and Chen, 1987). Also in vivo 
models of ischemia and reperfusion, ACE inhibitors have been proven to be 
beneficial ( de Graeff et al. , 1987, Ertl et al ., 1982, Rochette et al . ,  1987, Hock 
et al. , 1985). In ischemic heart disease, ACE inhibitors may have a number of 
beneficial effects . One striking finding in isolated rat hearts is the vasodilation 
(van Gilst et al . ,  1987, Linz et al., 1987). This vasodilating effect is perhaps the 
most important mechanism by which ACE inhibitors exert their beneficial 
effects. The role of bradykinin in these effects is gradually becoming clearer. 
Bradykinin seems to be responsible for a number of local effects, which are 
also found after ACE inhibition. These topics on ischemia and re perfusion, and 
on coronary flow will be discussed in chapters 3 and 4 respectively. 

1.5 Aim of this thesis 

In this thesis our results regarding the effects of bradykinin on coronary flow 
are presented. Several aspects will be discussed: disturbances in this flow, its 
regulation and interruption of the coronary flow (ischemia followed by 
reperfusion). 

In the following chapters first ( chapter 2) the converting enzyme will be 
dealt with. In this chapter on the one hand the pathophysiologic role of 
angiotensin II and on the other hand the possible beneficial role of bradykinin 
is discussed. In chapter 3, the role of bradykinin in ischemia and reperfusion is 
discussed. In this chapter our own experiments regarding ischemia and 
reperfusion will be referred to. These data deal with bradykinin production in 
the isolated ischemic rat heart (Appendix D), the protective effect of 
zofenopril and bradykinin in ischemia and reperfusion in the pig (Appendix I 
and J respectively), and the effect of early reperfusion in this porcine model 
(Appendix H). After these in vitro experimental data, and in vivo animal 
experiments, recent clinical data will be discussed . In chapter 4 the role of 
bradykinin in coronary flow and its regulation will be discussed. Our own 
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experimental data on this subject are presen ted in appendix A: the effects of 
bradykinin on coronary flow in  the isolated rat heart ; appendix B and C :  the 
effects of various ACE inh ibitors and their bradykinin or prostaglandin 
dependency; and appendix E and F :  the in  vivo bradykinin dependency of 
enalaprilat and zofenoprilat on systemic as well as local hemodynamic 
variables. The clinical data on coronary flow close this chapter, our own data 
on this subject are found i n  appendix H, which deals with the influence of 
captopril on t he sympathetic regulation of the coronary flow. Finally the 
clinical relevance of the data presented is discussed in  chapter 5, and an 
attempt is  made to predict some future i ndications .  The sequence of the 
appendices is in such a way that first our in vitro relevant studies , then our in  
vivo experimental studies and finally our clinical data related to the topics 
discussed in the chapters are presented. 
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CHAPTE R 2  

THE CONVERTING ENZYME AND 
ITS PEPTIDES 

2.1 Introduction 

ANGIOTENSIN I INACTIVE PEPTN>ES 

ANGIOTENSIN II BRADYKININ 

As discussed in chapter 1, the angiotensin converting enzyme does not only 
activate angiotensin I but it also inactivates bradykinin (Yang and Erdos , 
1970). The actions of angiotensin II and bradykinin are manifold and involve 
many different tissues. This chapter will focus on the actions of angiotensin II 
and of bradykinin that are important for the heart. It will be discussed that 
these two potent vasoactive polypeptides, which are both linked to the 
enzymatic activity of the same enzyme, have more or less opposite actions. 
Furthermore, the importance of the site of synthesis, either the systemic 
circulation or locally in the tissue, will be emphasized. 

2.2 Cardiovascular effects of angiotensin II  

a) Effects on pre- and afterload 

preload ♦ 
allenoed + 

ANQIOTENSIN I 

ANQIOTEN81t N 



Next to vasopressin (Szatalowicz and Arnold , 198 1 ; Riegger et al. , 1988) and 
the recently discovered endothelin (Yanagisawa et al. ,  1988; Koyama et al. , 
1989) , angiotensin I I  is one of the most potent vasoconstrictors known ( about 
40 times more active than noradrenaline; Douglas, 1970). Consequently, when 
administered intravenously it causes an increase in blood pressure , the so 
called angiotensin pressor response (Douglas, 1970) . In other words, this 
effect of angiotensin I I  increases the after load of the heart . It is in part a direct 
action of angiotensin I I  on the vascular smooth muscle of the arterial vessel 
walls as has been shown in vivo as well as in vitro in the rat aorta (Scanlon and 
Moore , 1988 ; Danthuluri and Deth 1986; ) ,  the rabbit aorta (Silva et al. , 1988; 
Bohr and Uchida , 1967) , in the aorta , the mesenteric , cerebral , coronary and 
skeletal arteries of the dog (Bohr and Uchida ,  1967) , coronary arteries of the 
monkey ( Miwa and Toda 1984 ) ,  in large arterioles in the rat cremaster muscle 
(Fleming et al. , 1987) , and the coronary arteries of the rabbit (Needleman et 
al. , 1975) .  W halley ( 1987) found an angiotensin I induced contraction of the 
human basilary artery which could be reduced with a converting enzyme 
inhibitor. 

I I  ANGIOTENSIN I I  

NORAORENALll'E 

t 

V ASOCONSTRICTION 

Figure 4 Schematic representation of the noradrenergic synapse with the facilitating 
mechanisms of angiotensin I I  on postsynaptic alpha-1 and extra-synaptic alpha-2 
receptors. 

Apart from a direct action , the tone of the vessel wall and consequently the 
vascular resistance is also increased by an indirect mechanism. Angiotensin I I  
facilitates noradrenergic transmission (Antonaccio e t  al. ,  1982; Vollmer et al . ,  
1988; Malik and Nasjletti ,  1975; Ziogas and Story, 1987). This noradrenergic 
facilitation may not only involve increased noradrenaline release at the 
presynaptic site , i.e.  the nerve ending , but may also involve the postsynaptic 
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site (Story and Ziogas, 1987), the recept_or on the surface of the smooth muscle 
cell. Facil itation of noradrenergic transmission in the vessel wall results in an 
increased activation of alpha - I  and extra- synaptic alpha-2 receptors and hence 
an increased vascular tone (Figure 4). 

Angiotensin II not only causes a contraction of arteries but also a moderate 
constr iction of veins (Bohr and Uchida, 1967; Scanlon and Moore, 1988 ;  
Fleming et al., 1987). This venous constriction reduces the venous capacitance 
(Remme , 1986) and poss ibly the vessel wall compliance as well (Safar et al., 
1986). These effects cause a higher venous return and hence an increased 
preload. Angiotensin I I  increases preload also through an indirect mechanism, 
i.e. it stimulates vasopressin release from the anterior pituitary gland (Francis 
et al. 1985 ; Thibonnier et al. 1981) and aldosterone release from the adrenal 
cortex (Guyton , 1980). This results in water and salt retention and 
consequently in an increased preload . In conclusion, the effects of angiotensin 
II on the vasculature result in an increased workload for the heart. 
Therefore, in pathophysiologic condit ions such as congestive heart failure and 
acute myocardial infarction an (over)activatecl renin-angiotensin system is 
unwanted for the maintainance of heart function. 

b) Direct myocardial effects 

ANGIOTEN81t I 

ANGIOTEN81t II 

contraotlMty • 

l CONVERTING 

ENZYIIE 

To investigate effects on myocardial contractility without the influence of 
changes in pre- and afterload or even in coronary blood f low, in vitro models of 
myocardial muscle (l ike an isolated atrium or papil lary muscle preparation) 
can be used . Angiotensin II el icits a positive inotropic effect in cardiac t issue of 
most mammalian species. In cat papillary muscle (Koch- Weser, 1965 ; Khosla 
et a l ., 1988), in the guinea p ig atrium (Baker et al., 1988; lven et a l ., 1980; 
Heeg and Meng, 1965), in the isolated canine atrium (Kobayashi, et a l.,  1980), 
in isolated rabbit hearts (Khosla et al., 1988; Xiang et al., 1985), and in isolated 
rat hearts (Xiang et a l. , 1985) increased contractility was observed . 
Furthermore, in the isolated blood perfused dog atrium a positive 
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chronotropic effect was found (Kobayashi et al . ,  1980). Koch-Weser ( 1965) 
showed that the positive inotropic action is a direct receptor mediated rather 
than an indirect effect of angiotensin (through facilitation of noradrenergic 
transmission) ,  because the effects were still present after reserpine 
pretreatment. He suggested an influence on the myocardial cell membrane as 
the mechanism by which angiotensin I I  increases contractility. This may be a 
receptor mediated mechanism, because angiotensin I I  receptors were shown 
to be present in cultured myocytes (Rogers et al. , 1986). Although the precise 
mechanism is not fully understood , the evidence is conclusive that angiotensin 
I I  has a direct positive inotropic effect. 

c) Electrophysiological effects 

ANQIOT£N8.. I 

ANGIOT£N8.. II 

refractory period -

Aldosterone stimulates , in both the distal tubule and the collecting duct of 
the nephron, absorption of sodium and simultaneous excretion of potassium 
(Guyton, 1980). Therefore, apart from water and salt retention angiotensin
induced aldosterone production results in potassium loss. A too low 
concentration of the latter cation is associated with electrophysiological 
instability of the heart, eventually leading to arrhythmias (Dzau and Pratt , 
1 986). 

With respect to cardiac electrophysiology, angiotensin I I  may have direct 
effects as well. Angiotensin II binding sites are present in the conduction 
system (Saito et al., 1987). Moreover, angiotensin I I  is found to be 
arrhythmogenic in vitro (Linz et al., 1986) as well as in vivo ( de Langen et al., 
1989). Furthermore in the pig, the refractory period of the myocardium was 
shown to be decreased after angiotensin II ( de Langen et al., 1989) rendering 
the myocardium vulnerable to reentry tachyarrhythmias. Thus , angiotensin II 
can deteriorate electrophysiological stability of the heart in several ways. 
These 'adverse' effects of angiotensin II should be prevented , especially when 
the heart is already at risk for the development of arrhythmias, e.g. during 
reperfusion of infarcted myocardium or in patients with congestive heart 
failure. 
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In conclusion it can be stated that the beneficial effects of angiotensin II, i.e. 
maintenance of perfusion pressure , in most clinical situations is adversely 
influenced by its deleterious effects on the myocardial tissue. Increase of 
cardiac workload, due to augmentation of pre- and afterload on the one hand 
and myocardial contractility on the other, involves the risk of 
arrhythmogeneity. Apart from that, angiotensin II in its own right is an 
arrythmogenic compound. Taken together, the unwanted effects of 
angiotensin II seem to justify the development of drugs that inhibit the 
conversion of angiotensin I to angiotensin I I. In the next section we will discuss 
the myocardial effects of the other compound connected to the enzymatic 
activity of the converting enzyme, bradykinin. 

2.3 Cardiovascular effects of bradykinin 

a) Effects on pre- and afterload 
INACTIVE PEPTIDES 

BRADYKIIII 

EDAF /1\ PQ I l � � 
V A&ODILA TION 

� 

L_J 
Bradykinin is a potent vasodilator as was shown in the pig coronary artery 

(Beny et al., 1987), the human basilary artery (Whalley, 1987), the dog carotid 
artery (Regoli et al. , 1986), the bovine pulmonary artery (Ignarro et al. , 1987), 
the renal circulation in dogs (Scicli and Carretero, 1986) , and in vivo in the rat 
(Carbonell et al., 1988 ; Aubert et al., 1988). Although the effect of bradykinin 
on veins seems to be dependent on species and vein (Regoli and Barabe,  
1980), it has been described to be a potent vasodilator in many veins (Ignarro 
et al., 1987 ;  Hardebo et al. 1987 ; Regoli and Barab2, 1980). Furthermore, 
bradykinin has been described to reduce venous compliance (Muller
Schweinitzer, 1989). Therefore, the effects of bradykinin on pre- and afterload 
are opposite to those of angiotensin II described above. The mechanism by 
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which bradykinin dilates vessels can be a direct receptor mediated effect on the 
smooth muscle cell , but in most vessels the bradykinin response requires the 
presence of an intact endothelium (Tsuru , 1988). The endothelium has been 
recognised as an important active entity, involved in the vasodilation caused by 
many substances (Furchgott and Zawadski , 1980). It has been shown that, due 
to the activation of bradykinin receptors located on the endothelial cells , the 
so-called endothelium derived relaxing factor, EDRF is released (Ignarro et 
al . ,  1987). 

From the moment of the discovery of an endothelium dependent relaxation 
onwards (Furchgott and Zawadski , 1980) , researchers have tried to identify 
this endogenous factor. Only recently, EDRF was shown to be nitric oxide 
(Ignarro et al., 1987 ; Palmer ct al. , 1987). Nitric oxide (NO), like organic 
nitrates , relaxes smooth musck via stimulation of guanylate cyclase. This 
results in an elevated cyclic GMP concentration in the smooth muscle cells , 
which results in a relaxation of these cells (lgnarro et al., 1981). Before organic 
nitrates can activate guanylate cyclase, intermediate substances must be 
formed first .  These intermediate substances are organic nitrate esters and 
nitrosothiols (Ignarro, 1989). The presence of sulfhydryl groups is essential for 
formation of these nitrosothiol intermediates. As will be discussed in the next 
two chapters the presence of a sulfhydryl group in some ACE inhibitors may 
have important therapeutic consequences. For instance in nitrate tolerance , a 
state which is caused by a depletion of sulfhydryl groups (Packer et al., 1987). 

Other substances that have been described as intermediates for bradykinin
induced vasodilation are prostaglandins. Prostacyclin or prostaglandin E2 

production is stimulated by bradykinin in bovine endothelial cells (Conklin et 
al . ,  1988; Doni et al., 1988) , porcine endothelial cells (LeRoy et al. , 1984; 
Martin et al. , 1989), renomedullary interstitial cells (Zusman, 1987) , 
fibroblasts (Conklin et al., 1988) , in the isolated rabbit heart (Needleman et 
al. , 1975) ,  in the canine kidney (McGiff et al., 1972), and in conscious rabbits 
(Warren et al., 1987). Although prostacyclin itself is a potent vasodilator in 
canine coronary and mesenteric arteries (Miwa and Toda , 1984), the role of 
prostaglandins in bradykinin-induced vasodilation is controversial. 
Interestingly, bradykinin-induced vasodilation is not dependent on 
prostacyclin production in the isolated guinea pig heart (Schrbr et al., 1979; 
Stewart and Piper. , 1988) or the isolated coronary artery of the dog (Toda et 
al., 1987). Therefore, another mechanism, probably EDRF mediated 
vasodilation, is an important or even the major mechanism by which 
bradykinin reduces pre- and afterload. 
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b) Direct myocardial effects 

INACTIVE PEPTl>ES 

1 
BRADVKltlt 

EJ 
The effect of bradykinin on the myocardium is complex ;  its effect is 

composed of di rect and indirect effects (Pagani et al., 1989; Manzini et al., 
1989; Iven et a l . ,  1980). In vivo the indirect mechanisms probably dominate 
the di rect response to bradykinin. Therefore, the direct effects on the 
myocardium are probably of minor importance. However, from in vitro studies 
it is concluded that bradykinin does affect the myocardium directly. In isolated 
guinea pig hearts data are not consistent ; some authors found no change in 
heart rate and contracti lity (Franco- Ce red a et al ., 1989), whereas others found 
an increased heart rate and a decreased contractility (Manzini et al., 1989 ;  
Gepetti et  al., 1988) or an increased contracti lity with an unchanged heart rate 
(Xiang et al., 1985). In isolated atria of the guinea pig (Iven et a l . ,  1980 ; Rioux 
et al., 1988 ; Bernoussi and Rioux, 1989) and the dog (Kobayashi and 
Furukawa, 1980) however, bradykinin exerted a positive inotropic effect, and 
in the latter study also a positive chronotropic effect . 

Several authors have shown that bradykinin can stimulate neurotransmitter 
release from sensory nerve endings in the myocardial tissue, the so-called C
fibers. Bradykinin may release noradrenaline (Manzini et al., 1989), substance 
P (Manzini et al., 1989 ;  Gepetti et al., 1988 ; Rioux et al., 1988 ; Bernoussi and 
Rioux, 1989), and calcitonin related peptide (Manzini et al., 1989; Gepetti et 
al., 1988; Rioux et al., 1988 ; Bernoussi and Rioux, 1989 ; Franco-Cereda et al ., 
1989). Through release of these neuropeptides bradykinin may affect 
myocardial contractility. 

Although the exact mechanism is thus not clear, bradykinin can exert a 
direct positive inotropic effect on the myocardium. Unlike the other effects of 
bradykinin this is not opposite to angiotensin I I  induced effects. However, this 
effect observed in vitro on myocardial contractility is probably of minor 
importance in vivo. 
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c) Electrophysiological effects 

INACTIVE P£PTl>E8 

BRADYKININ 

retraotory period • 

As mentioned above, bradykinin may have a direct posi tive chronotropic 
effect. In vivo this direct effect is probably inferior to the tachycardia induced 
by autonomic reflexes : l )a  reflex activation of the sympathetic nervous system 
in reaction to the hypotension caused by bradykinin (Guyton , 1980) and 2)a 
more complicated reflex involving bradykinin chemo-sensitive sensory nerve 
endings in the myocardium .  Some authors have found that activation of the 
latter autonomic fibers results in a reflex tachycardia. However, results on this 
topic are controversial. Possibly species differences and the influence of 
anaesthesia play a role (Pagani et al. , 1 989). 

Bradykinin was shown to be very effective in preventing ventricular 
arrhythmias related to reperfusion of ischemic myocardial tissue in isolated rat 
hearts (Linz and Scholkens, 1 987). Bradykinin may also affect the refractory 
period of the myocardial cells. Preliminary data in the open-chest pig showed 
that the refractory period was not prolonged after bradykinin administration 
alone (from 207 ±5 to 216±7 ms), but it was prolonged in pigs that had received 
a converting enzyme inhibitor first (from 197±2 to 209±2 ms; pn0.05). 
Although this increase may seem small it may be associated with a potential 
anti arrhythmic effect of bradykinin. 

In contrast to angiotensin II, at least two of the cardiovascular effects of 
bradykinin (effects on pre- and afterload, and those on electrophysiological 
stability) are of a protective nature for the heart. The effects on myocardial 
contractili ty are less clear, but do not seem to antagonize those induced by 
angiotensin I I .  In the next sections, the relative significance of the renin
angiotensin system and the kallikrein-kinin system for the different organ 
systems, and subsequently, the implications of systemic versus local activities 
of the systems will be evaluated. With this in mind, the apparently contrasting 
effects of angiotensin I I  and bradykinin will be discussed in more detail. 
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2.4 The heart versus the kidney 

From the preceding discussion it can be concluded that the action of the 
converting enzyme , activating angiotensin II and inactivating bradykinin, is 
not primarily aimed at preservation of a deteriorated heart function. The 
described effects are even deleterious for the heart, especially when the heart 
function is already compromised, like in heart failure, secondary to myocardial 
infarction or hypertension. So on the one hand vertebrates dispose of a myriad 
of endogenous transmitters , on the other hand this very system can be a threat 
for their well-being. A tentative explanation for this discrepancy can be found 
in an editorial by Packer in 1987. In this paper, Packer unfolds his philosophy 
that the primary purpose of activation of the renin-angiotensin system in low 
output states is preservation of renal function. In low output states, the lower 
renal flow results in a lower glomerular filtration. As a result the renin
angiotensin system is activated in order to preserve the glomerular filtration 
rate. Angiotensin II constricts the efferent arterioles of the kidney more than 
the afferent arterioles ; this increases perfusion pressure and subsequently 
glomerular filtration. 

From this nephrocentric point of view the renin-angiotensin system is very 
effective in preserving cardiovascular homeostasis by a combination of 
vasoconstriction, and water and sodium retention. Unfortunately, these renal 
compensatory mechanisms can become (extremely) jeopardizing for the 
heart. Therefore, inhibition of the renin-angiotensin system is a logical step in 
situations in which the system is (over)activated and the heart function is 
compromised . The most sophisticated way to do so would be inhibition of the 
rate-limiting step in this system i.e. the conversion of angiotensinogen into 
angiotensin I by renin. However, orally active , selective renin-inhibitors are 
not clinically available yet, in contrast to ACE inhibitors. Therefore, at this 
moment, inhibition of the renin-angiotensin system can be achieved by 
inhibition of a crucial step in the system, i.e. the conversion of angiotensin I to 
angiotensin II. An extra advantage of inhibition at this level may be a 
concomitant reduction of bradykinin catabolism, which as such, may be 
beneficial as well. 

2.5 Local versus systemic site 

Because of the elaborate research efforts undertaken, much is known about 
the converting enzyme, but there are still several options to explain its 
important (pathophysiologic) role. Until recently, the renin-angiotensin 
system has been seen as a purely circulating hormonal system (Fig 2). As 
discussed in section 1.1 this view has been expanded. The crucial components 
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of the renin- angiotensin system have been found in many tissues. An active 
local !  system has been found especially in the heart (Lindpainter et al., 1987 ; 
Re, 1987). This so called myocardial renin- angiotensin system may add to the 
heart-kidney controversy described above : it is difficult to understand how the 
local renin-angiotensin system in the heart will ever contribute to preservation 
of the cardiac function under normal conditions, and especially so when 
myocardial function is compromised. 

At the local level the renin-angiotensin system may have important 
paracrine and autocrine functions (Dzau, 1988 ; Vane et al., 1987 ; Unger et al., 
1989). Inhibition of the locally present enzyme may result in effects that are 
rather due to an increased bradykinin concentration than to the diminished 
angiotensin production. In the following chapters this concept will be 
discussed further. 

2.6 Bradykinin versus angiotensin 

Research in the field of the converting enzyme leads us to the inscrutable 
paths of nature. W hy is an enzyme, like the converting enzyme, involved in two 
so important reactions for the cardiovascular homeostasis? W hy does it 
activate angiotensin II and at the same time is it responsible for the inactivation 
of bradykinin ? One can only speculate on this issue. The converting enzyme, 
although it is obligatory for the final step in the formation of angiotensin II, is 
not the rate limiting step in the cascade from angiotensinogen to angiotensin II 
(Derkx, 1987). Therefore, the converting enzyme is not the most important 
regulatory step in the renin-angiotensin system. Not surprisingly, the activity 
of the renin-angiotensin system is reflected by the (plasma) activity of the rate 
limiting enzyme: renin. W hen the system is activated for whatever reason, the 
concentrations of angiotensin I, one of the substrates of the converting 
enzyme, are elevated and possibly compete with other substrates like 
bradykinin. Conceivably, this competition may lead to a diminished 
bradykinin catabolism. Thus , activation of the renin-angiotensin system may 
be associated with a lower bradykinin breakdown. Indeed, in situations were 
the renin- angiotensin system is activated, evidence has been found for higher 
bradykinin conncentrations (Wong et al., 1975 ; Williams, 1988). Furthermore, 
Vinci et al. ( 1979) found a strong correlation between plasma bradykinin 
concentrations and plasma renin activity, which they suggested to be 
independent of the converting enzyme. Interestingly, activation of the 
kallikrein- kin in system at the same time may activate the renin system (Derkx 
et al., 1978). An elevated bradykinin concentration will probably be present 
predominantly in the tissues. In the tissues, like for instance in the heart, a 
higher bradykinin concentration may have important consequences for local 
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(tissue) cardiovascular homeostasis .  Supposedly, an elevation of local 
(myocardial) bradykinin levels protects the tissue against the deleterious 
effects of angiotensin I I .  

Therefore, an activation o f  the systemic renin-angiotensin system, which in 
its own right may be deleterious for the tissue , may result in a local 
(braclykinin) response aimed at preservation of local cardiovascular 
homeostasis. A schematic representation of the discussed differences and 
controversies between local and systemic , the heart and the kidney, and 
angiotensin I I  and bradykinin is shown in figure 5. This figure implies that 
systemic angiotensin II is primarily aimed at preservation of the kidney 
function and that local bradykinin is beneficial for the heart. Although there is  
one single enzyme involved, the importance of the systems involved lies in 
different and mutually opposite areas. 

local 

systemic 

A I I  BK 

Figure 5 Three dimensional visualisation of the opposite areas: heart versus kidney, 
local versus general, and bradykinin versus angiotensin. The lower left cubical in the 
front refers to the importance of the systemic renin-angiotensin system, i .e .  
preservation of the kidney function. The upper right cubical in the back refers to the 
beneficial effects in the heart of local bradykinin . 
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CHAPTER 3 

BRADYKININ AND MYOCARDIAL 
INFARCTION 

3.1 Introduction 

Stenosis or obstruction of an artery supplying the tissue of an organ without 
extensive collateral circulation, like the brain , the heart and the kidneys, leads 
to ischemia and eventually to infarction of the tissue region supplied by this 
artery. The general response of tissue to (ischemic) damage is an inflammatory 
reaction with the classical signs of 'rubor, calor, dolor, tumor et functio laesa' . 
An inflammatory reaction consists , apart from an invasion of the tissue with 
inflammatory cells, of a local release or production of neurohumoral and other 
inflammation related substances. Among others bradykinin is one of those 
substances . Interestingly, bradykinin alone can account for all the typical 
symptoms of the local inflammatory response (Wilhelm, 1973). Next to 
vasodilation and increase in vascular permeability, local bradykinin 
production may have an important nociceptive or 'alarm' function. Sensory 
(autonomic) nerve fibers are sensitive to very low concentrations of 
bradykinin; this results in a pain sensation i . e. an awareness of something 
being wrong (Keele and Armstrong , 1964 ; Holdstock et al. , 1957). Apart from 
these typical inflammatory effects, bradykinin may also have beneficial effects 
aimed at preservation of tissue and tissue function , which are at risk during 
infarction. In this chapter, the role of bradykinin during infarction will be 
discussed for the heart. 

Treatment of patients with acute myocardial infarction nowadays is aimed at 
(early) reperfusion. Therapy with thrombolytic agents is widely used and in 
most cases reperfusion is achieved, resulting in an increased survival (Yusuf, 
1987) . Early reperfusion itself however, can cause deleterious effects 
(Braunwald, 1987 ; Hearse, 1988). This so-called 'reperfusion damage' , in 
addition to the ischemic damage, may enhance reperfusion related 
arrhythmias and further deteriorate myocardial function. Therefore , the use of 
additional therapy has been explored extensively, with regard to a possible 
attenuation of the reperfusion damage . Apart from calcium antagonists and 
beta-blockers (Yusuf, 1987), converting enzyme inhibitors have been 
investigated in several experimental models by many investigators . As 
mentioned above, this chapter will not only deal with experimental data 
regarding ACE-inhibitors , but attention will be focused on bradykinin 
especially. Finally, the first human data on the use of converting enzyme 
inhibitors during ischemia and reperfusion (thrombolytic therapy) will be 
discussed in this chapter. 
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3.2 In vitro experiments 

In isolated perfused rat hearts ligation of a coronary artery beyond a certain 
period of time results in local ischemia and myocardial infarction. Reversible 
ligation of the left anterior descending coronary artery in the isolated rat heart 
can serve as a model for (in vitro) ischemia, followed by reperfusion. During 
reperfusion in this model several parameters can be monitored. As markers for 
tissue damage,  enzyme loss (creatine phosphokinase , lactate dehydrogenase) 
and loss of purines , the breakdown products of high energy phosphate 
nucleotides, can be measured in the coronary effluent. In untreated hearts 
purine efflux increases slightly during ischemia but extensively during 
reperfusion after 15 minutes occlusion (van Gilst et al , 1984) and the same 
happens to lactate dehydrogenase (Linz et al., 1986) , creatine kinase (Linz et 
al., 1986; Li and Chen , 1987) and noradrenaline (van Gilst et al., 1986). 

Furthermore , during the reperfusion period malignant ventricular 
arrhythmias are observed in this model. Van Gilst et al. (1986) and Linz et al. 
(1986) found ventricular fibrillation in all untreated hearts during 15-20 
minutes. This in vitro model of ischemia and reperfusion is therefore useful in 
examining the effects of drugs on myocardial damage and ischemia
reperfusion related local neurohumoral adverse effects. As far as the role of 
bradykinin is concerned, recent findings have shown that during ischemia 
bradykinin efflux from the isolated rat heart is slightly increased. In particular, 
during the initial part of the reperfusion period bradykinin levels are elevated 
(Fig 3 of Appendix D). Furthermore, treatment of ischemic hearts with 
bradykinin results in a reduction of tissue damage, and a pronounced 
reduction of reperfusion arrhythmias (Linz and Scholkens, 1987). Therefore , 
as discussed before , the bradykinin production during ischemia and 
reperfusion may be part of a defensive mechanism of the tissue against 
damage. 

W hen an ACE-inhibitor was added to the bradykinin infusion , the reduction 
of reperfusion arrhythmias was enhanced (Linz and Scholkens, 1987). 
Furthermore , treatment with an ACE-inhibitor only, increases bradykinin 
production in the ischemic and reperfused rat heart (Appendix D). Therefore, 
the elevated bradykinin concentrations during ACE inhibition may, in part, be 
responsible for the reduced myocardial damage and the reduced occurrence of 
reperfusion arrhythmias , which have been described by several authors using 
this in vitro model of ischemia and reperfusion. ACE-inhibitors reduce 
myocardial damage as reflected by the loss of cytoplasmic enzymes or purines 
(Linz and Scholkens, 1987; van Gilst et al., 1986; Li and Chen, 1987). 
Furthermore, the reperfusion related arrhythmias are reduced or even 
abolished (van Gilst et al. , 1986 ; Linz et al., 1986; Rochette et al., 1987). 

The answer to the question why bradykinin has such beneficial effects on the 
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heart during ischemia and reperfusion is not certain but , in this model, 
probably two effects are important. Firstly, bradykinin has profound 
hemodynamic effects on the coronary arteries. During bradykinin infusion or 
ACE-inhibitor treatment the coronary resistance is decreased (as will be 
discussed extensively in the next chapter) .  Under normoxic conditions, before 
ischemia , as well as during re perfusion, bradykinin and ACE inhibitors cause 
an increased coronary flow in vitro. The coronary vasodilating effect, either 
direct or indirect may be important especially during early reperfusion. 

Bradykinin, as discussed in chapter 2 ,  can stimulate prostacyclin 
production. From this point of view it is interesting that the protective effect of 
captopril could be reduced with indomethacin (van Gilst et al. ,  1988). 
Furthermore , the stable prostacyclin analogue iloprost was shown to protect 
the myocardium against ischemia and reperfusion induced damage ( de Langen 
and van Gilst, 1985). Thus , one of the possible mechanisms by which 
bradykinin protects the myocardium may be an increased prostacyclin 
production. 

Secondly, bradykinin in low concentrations , that do not affect hemodynamic 
variables, interferes with cellular metabolism in a manner that probably 
increases the resistance of cardiac myocytes against ischemia and reperfusion 
damage (Rett et al . ,  1986). Rett et al. showed that bradykinin facilitates 
cellular glucose uptake and that it increases the glycolytic flux. 

The mechanism of action of the myocardial tissue protecting effect of ACE
inhibitors is probably multifactorial , but an important role seems to be played 
by bradykinin. In order to further establish the possible role of bradykinin in 
the myocardium saving effects of converting enzyme inhibitors a selective 
bradykinin antagonist has been used. Using such an antagonist the bradykinin 
dependent effects of ramiprilat could be investigated more directly. Schol kens 
et al. ( 1988) found that this bradykinin antagonist abolished the effects of 
ramiprilat on myocardial damage and on reperfusion arrhythmias. Therefore, 
ACE- inhibitors exert their 'cardioprotective' effects substantially through an 
elevated bradykinin concentration. 

As far as some ACE inhibitors are concerned , another important factor 
could be the so called scavenging of free radicals . Oxygen derived free radicals 
play a role in the tissue damage due to ischemia and re perfusion. Especially 
during early reperfusion free radicals may be the primary event leading to 
reperfusion arrhythmias and to the reduction of contractility (Becker and 
Ambrosio, 1987; Braunwald and Kloner, 1986). Free radical scavengers like 
superoxide dismutase , catalase (Maza and Frishman, 1987), xanthine oxidase 
(Manning , 1988) and allopurinol (Southorn, 1988) reduce myocardial damage. 
Sulfhydryl group containing compounds , including captopril can scavenge free 
radicals (Westlin and Mullane, 1988; Chopra et al., 1989; Woodward and 
Zakaria, 1985). The importance of this mechanism for ACE inhibitors is not 
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certain. Captopril, but not enalaprilat, improved post-ischemic contractile 
derangements, independently of their ACE inhibitory capacity (Westlin and 
Mullane , 1988). On the other hand enalaprilat and ramiprilat have beneficial 
effects, for instance on reperfusion arrhythmias even though they do not 
contain a sulfhydryl group (Linz and Scholkens , 1987 ; van Gilst et al . ,  1986) . 
The latter authors suggested a relation between the lower noradrenaline efflux 
and the observed beneficial effects on reperfusion arrhythmias. Although 
other mechanisms are present as well , the presence of a sulfhydryl group may 
be responsible for the greater potency of captopril. This may have important 
implications in addition to the beneficial effects related to ACE inhibition. 

In conclusion , bradykinin is an important endogenous modulator that plays 
a role in myocardial infarction in the isolated heart preparation. Its production 
is stimulated during ischemia and early reperfusion. Furthermore, it reduces 
myocardial damage and reperfusion arrhythmias. Finally apart from a 
bradykinin related effect some ACE inhibitors may act as free radical 
scavengers and thus add to the beneficial effect related to inhibition of the 
concerting enzyme. 

3.3 In vivo experiments 

In larger experimental animals infarction can be evoked without opening 
the thorax by obstructing a coronary artery with latex or a with balloon
catheter. W hen latex is used to interrupt the coronary flow, no subsequent 
reperfusion can be achieved. The use of an inflatable (PTCA) balloon in a 
coronary artery renders the possibility to reperfuse the myocardium simply by 
deflating and removing the balloon. A third method to induce ischemia which 
is not restricted to larger animals, requires opening of the thorax; after the 
thora·x is opened one of the coronary arteries can be ligated, either reversibly 
or permanently. Regardless of the method, obstruction or ligation of a 
coronary artery, for a certain period of time, results in ischemia and eventually 
infarction of the related myocardial tissue. 

Using an open-chest pig model Garcia-Dorado et al. ( 1987) and Klein et al . 
( 1984) examined the effect of different durations of ischemia in the pig. After 
less than 30 minutes of ischemia myocardial damage was still reversible , 
whereas after 90 minutes ischemia the size of the infarction was almost 
comparable to that found after permanent occlusion . 

In all experimental infarct studies parameters indicating myocardial damage 
show considerable increases, be it creatine (phospho )kinase in the pig ( de 
Graeff et al., 1987; Appendix G ,  H, I) or cats (Lefer and Peck, 1984) , lactate 
dehydrogenase in the dog (Olsson , 1975) or purine efflux in the pig (de Graeff 
et al. ,  1987) . Apart from these biochemical markers for tissue injury, changes 
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in neurohumoral factors can be mea.sured easily in vivo. An important 
neurohumoral change during ischemia and even more so during reperfusion 
concerns the catecholamine levels: both noradrenaline and adrenaline efflux 
from the coronary sinus are increased during early reperfusion (de Graeff et 
al . ,1987 ;  Appendix H). High catecholamine levels facilitate the development 
of (reperfusion) arrhythmias (Corr et al. , 1986). Furthermore , in man, 
elevated noradrenaline levels in congestive heart failure patients after 
infarction, are an independent predictor for survival (Cohn et al . ,  1984). 
Another neurohumoral system that is activated during reperfusion is the renin
angiotensin system, as reflected by an elevated plasma-renin activity 
(PRA)(Appendix H; Liang et al. ,1982) . As mentioned before, activation of 
the plasma renin-angiotensin system is primarily aimed at preservation of the 
kidney function, and potentially detrimental for the (post)ischemic heart 
(Packer, 1987). Thus it is conceivable that bradykinin, or ACE inhibitors have 
beneficial effects in these ischemia-reperfusion models. 

When we focus on the role of bradykinin during in vivo ischemia and 
re perfusion it is striking that there are only few studies investigating the role of 
this peptide or more generally, the role of the kallikrein-kinin system. The 
results that are available corroborate our in vitro data. In anaesthetized rats 30 
minutes after coronary artery ligation, an activation of the kallikrein-kinin 
system was found (Gomazkov, 1974). In anaesthetized dogs, coronary artery 
ligation resulted in an increased bradykinin concentration in the coronary 
sinus blood (Kimura, 1973 ; Hashimoto, 1977). However, profound 
interindividual differences in response were observed in these studies. 
Whether this is due to real differences or to difficulties related to plasma 
sampling and assaying of bradykinin is yet unknown. In these two studies 
bradykinin was assayed with a bio-assay, thus v ariations may have at least in 
part been due to the variability of the assay. However, these are the first 
experimental studies in which an activation of the kallikrein-bradykinin 
system was suggested. Using more sophisticated (radio-immuno) assays, it is 
now possible to elucidate this topic. 

Recent experiments, in which pigs were treated with bradykinin during 
ischemia and early reperfusion showed that exogenously administered 
bradykinin protected the myocardium against ischemia-reperfusion induced 
damage (Appendix I) . In these experiments, the oxygen requirement of the 
heart , as reflected by the rate-pressure product, was increased during ischemia 
and early reperfusion. Despite this increase in oxygen requirement and the 
observed increase in catecholamine efflux, bradykinin reduced the enzymatic 
infarct size considerably. 

The mechanism according to which bradykinin exerts its beneficial effect in 
myocardial infarction is speculative. Apart from the mechanism described for 
the in vitro model, i.e. an improved coronary perfusion and an improved 
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cellular metabolism , the reduced afterload may be important . However, 
despite the afterload reduction, in our study, myocardial oxygen consumption 
was not reduced due to the reflex tachycardia . 

At present no data are available on the in vivo interaction of exogenous 
bradykinin and converting enzyme inhibitors regarding myocardial tissue loss 
and neurohumoral changes. Despite the lack of such data , on the possible 
facilitation of bradykinin, our in vitro experiments showed that captopril 
potentiated local bradykinin production from the heart during ischemia and 
reperfusion. 

Many authors have described the effects of ACE inhibitors alone , during 
ischemia and reperfusion. Experiments with converting enzyme inhibitors in 
in vivo models of ischemia with or without reperfusion have been done in many 
different animal models . In different species, with different durations of the 
ischemic period , and with several (biochemical) parameters having been 
investigated, it has been shown that converting enzyme inhibitors were able to 
reduce infarct size and/or deleterious humoral and haemodynamic effects 
caused by ischemja and reperfusion (Table 2). 

Table 2 

Experimental ischemia-reperfusion studies 

Author Animal Duration- Ischemia ACE-inhibitor 

Ertl, 1982 Dog 6h captopril 
de Graeff , 1989 Pig 1 h captopril 
Hock, 1985 Rat 1 0  min/48 h enalapril 
Rochette, 1987 Rat ? captopril, 

perindopril 
El fellah , 1985 Dog 30 min captopril, 

enalapril 
Westlin, 1 988 Dog 1 5 min captopril, 

enalapril 
Tio , 1990 Pig 45 min zofenopril 

Ertl et al. (1982) studied the effect of captopril in dogs subjected to 6 hours 
of coronary occlusion . After this prolonged period of ischemia they found a 
reduction of infarct size when the dogs were treated with captopril. They 
suggested a reduction of preload and afterload and an increase in collateral 
flow to the ischemic myocardium as the mechanisms of infarct size limitation . 
However, other authors using teprotide, an intravenously active ACE 
inhibitor, did not find a reduction in infarct size despite an afterload reduction 
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(Liang et al., 1982). In pigs, the effect of captopril was tested by de Graeff et 
al. ( 1987). In a closed-chest pig model, ischemia was induced for 60 min with a 
balloon catheter in the left anterior descending coronary artery. When 
captopril was administered at the end of the ischemic period and at the 
beginning of the reperfusion period myocardial damage as reflected by the 
enzymatic infarct size (release of cytoplasmic enzymes) and purine efflux , was 
considerably reduced. Furthermore, catecholamine efflux during reperfusion 
was markedly attenuated. 

In a rat-model of infarction and reperfusion, Hock et al. (1985) found a 
reduction of myocardial damage when enalaprilat was administered prior to 
reperfusion. Captopril and perindopril reduced the vulnerability to ventricular 
fibrillation during ischemia and reperfusion in rat hearts in vivo (Rochette et 
al., 1987), whereas enalaprilat but not captopril reduced reperfusion 
arrhythmias in dogs (Elfellah and Ogilvie, 1985). 

The moment at which converting enzyme inhibition is started is important . 
With respect to the acute phase of ischemia and reperfusion, it seems that in 
contrast to calcium antagonists and beta-blockers, therapy may be started just 
before the reperfusion phase (de Graeff et al. 1987). Our experiments, with 
the captopril analogue zofenopril in the pig (Appendix H) suggest that oral 
pretreatment with a converting enzyme inhibitor has beneficial effects even at 
trough levels. Interestingly, Cushman et al. ( 1989) found that captopril and 
zofenopril are very rapidly active in the cardiac tissue inhibiting the locally 
present converting enzyme, even after oral administration. Furthermore , they 
showed that zofenopril inhibits the local system in the heart for a longer period 
of time (more than 3 days) than any other ACE inhibitor. The two days 
pretreatment protocol, as performed with zofenopril, does not affect the 
circulating renin-angiotensin any more during the acute phase of ischemia and 
reperfusion. Local inhibition of the renin- angiotensin system may therefore 
be the mechanism by which zofenopril reduced myocardial damage due to 
ischemia and reperfusion in our own study. 

Some authors have looked at the effect of converting enzyme inhibitor 
treatment during a prolonged period of time after acute reperfusion of the 
ischemic myocardium. When pigs were treated during 2 weeks after acute 
myocardial infarction, de Graeff et al. ( 1987) did not find a better survival. But 
when the surviving pigs were subjected to a programmed electrical stimulation 
protocol they found that in the treated pigs the electrophysiological stability 
was higher than in the untreated animals. In none of the treated survivors a 
sustained ventricular tachycardia could be induced, whereas in the untreated 
surviving pigs a sustained ventricular tachycardia was inducible in almost all 
animals. Therefore, captopril treatment had modified the infarct properties, 
i.e. the substrate for the development of ventricular tachycardias. From this 
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study it could not be concluded whether ACE inhibition during the acute phase 
or during the healing phase was responsible for the observed effects. Results 
found in the zofenopril pretreated pigs, that were not treated during the two 
week survival period (appendix H), are suggestive for an important 
contribution of the ACE inhibition during the acute phase: in none of the 
surviving pretreated pigs a ventricular tachycardia could be induced. Probably 
inhibition of the cardiac ACE during ischemia and reperfusion had modified 
the infarct properties, rendering a higher electrophysiological stability. 

No in vivo studies are available on the bradykinin dependency of the 
beneficial effects of ACE inhibitors in myocardial infarction. However, data on 
the bradykinin dependency of the cardiovascular effects of ACE inhibitors are 
indicative for a bradykinin mediated mechanism (appendix E). These data will 
be discussed in the next chapter. 

Treatment with ACE inhibitors can ameliorate deleterious effects of 
ischemia even when the myocardium is not reperfused. In cats, a species with 
an extensive collateral coronary circulation , Lefer and Peck (1984) used 
enalapril during coronary occlusion. They found a reduction of the pressure
rate index, less S-Tsegment elevation in the electrocardiogram and a decrease 
of circulating creatine kinase levels, even though enalapril was administered 30 
minutes after the beginning of the occlusion and without reperfusion of the 
ischemic myocardium. This effect of enalapril during the acute phase of 
myocardial infarction may have been due to a better perfusion of the ischemic 
tissue through collaterals. 

Another prospect of ACE inhibitor therapy in myocardial infarction was 
found by Pfeffer et al. (1985). The authors used captopril in the chronic phase 
of myocardial infarction in rats, which similar to pigs, lack collaterals. They 
found an improved survival after 1 year follow up. Especially in rats with 
moderate to large infarctions it was found that captopril reduced left 
ventricular dilatation in this late phase of myocardial infarction. The authors 
introduced the term 'remodeling' for this adaptive process of the left 
ventricular wall after myocardial infarction. The finding that the process of 
remodeling could be modified by captopril treatment opened a new 
perspective for the treatment of evolving heart failure after myocardial 
infarction. Adaptation of the process of remodeling results in less ventricular 
hypertrophy. This may be a result of lower angiotensin II concentrations, for 
angiotensin II has been shown to induce left ventricular hypertrophy. The role 
of higher bradykinin concentrations in this process is unclear. Linz et al. (1987) 
treated rats with an artificial aorta stenosis with low doses captopril, that did 
not lower the blood pressure. The authors found a reduced left ventricular 
hypertrophy, which they suggested to be caused by inhibition of the cardiac 
converting enzyme. When bradykinin has opposite actions to angiotensin II in 
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this field too, it would be the first compound known to reduce or prevent 
myocardial hypertrophy. Therefore, it is of great clinical importance to know 
whether the nonapeptide has such effects . 

3.4 Clinical evidence 

In the preceding two sections , extensive evidence for the beneficial effects 
of bradykinin on experimental myocardial ischemia-reperfusion damage has 
been discussed. Clinical data on the importance of bradykinin in ischemia and 
reperfusion of the heart is scarce. Apart from data regarding the activation of 
the kinin system, the role of local braclykinin can only be referred to indirectly. 
In this section clinical data on 1) bradykinin and converting enzyme inhibitors 
in ischemia-reperfusion damage and 2) converting enzyme inhibitors in the 
modulation of remodeling will be discussed. 

Several authors have shown that the kallikrein-kinin system is activated in 
patients after acute myocardial infarction (Sicuteri et al . ,  1966; Wiegershausen 
et al . ,  1968 ; Pitt et al . ,  1970 ; Dziclinski and Kuimov 1972; Tortsila , 1978) . 
Furthermore, Kimura et al. (1975) found a□ increase in bradykinin levels, 
simultaneously with a decrease in kininogen levels, in 23 patients with acute 
myocardial infarction. In the 16 surviving patients kinin levels were higher 
than in the non-survivors . They concluded that the release of bradykinin 
locally in the heart may represent a beneficial compensatory mechanism. 
Comparable results were found by Gomazkov (1974), who proposed a 
reduction of pre- and afterloacl and an improved myocardial perfusion to be 
the major protective mechanisms. 

As has been stated,  there is no direct clinical evidence for a role of · 
bradykinin in this respect . However, since the mode of action of ACE 
inhibitors and that of bradykinin are so closely related, as has been argued in 
the preceding sections, the clinical role of ACE inhibitors in two important 
areas, the development of reperfusion damage after acute myocardial 
infarction and that of congestive heart failure after acute myocardial infarction 
will be discussed in more detail here. 

In patients with an acute myocardial infarction who are treated with a 
thrombolytic agent in order to reperfuse the ischemic myocardium as early as 
possible , additional therapy may be mandatory in order to reduce the adverse 
effects associated with early reperfusion (Braunwald, 1987 ; Hearse ,  1988) . 
Kingma et al. (1989) were the first to treat patients receiving thrombolytic 
(streptokinase) therapy with captopril. In a pilot study, developed to find the 
appropriate close regimen, they treated patients intravenously with low doses 
of captopril infused concomitantly with streptokinase . However, despite the 
very low captopril doses used in these patients, a profound but transient 
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hypotension was observed .  This hypotension might be due to a potentiation of 

bradykin in :  streptok inase on the one hand activates plasminogen (Sherry, 

1989) which in turn activates pre- kall ikrein (Gomazkov, 1974) direct ly and 

thus causes a higher bradykinin production .  Captopril on the other hand 

reduces bradykinin breakdown . Therefore , the authors suggest that the 

hypotension may be due to bradykin in .  Having found these adverse effects 

during concomitant intravenous administration of captopri l ,  the investigators 

proceeded to an oral treatment regimen with captopri l and probably due to the 

slower onset of converting enzyme inhibition such adverse effects were no 

longer found .  They suggested that during the intravenous administration , the 

onset of converting enzyme inhibition was too rapid for counter regulatory 

mechanisms to compensate for rhe hypotension . Although the sample size in 

this clinical study was too small to detect a reduction in infarct size , treatment 

with captopril did reduce catecholamine levels significantly. 

In  a double-blind placebo controlled study Pfeffer et a l .  ( 1 988) found that 

the ACE inhibitor captopril reduced ventricu lar enlargement in patients after 

an acute myocardial infarction with a low ejection fraction . Sharpe et  a l .  ( 1 989) 

compared captopril treatment with diuretic treatment in a comparable group 

of patients .  In the placebo and furosemid group left ventricular volume 

increased ,  whereas it was significantly reduced in the captopril treated group. 

In  captopril treated patients ,  Pfeffer et al .  ( 1988) also found an increased 

exercise capacity when compared to the non-treated patients .  These results 

corroborated those found earlier in  experimental studies (Pfeffer et a l . ,  1985) . 

I t  is the first evidence for a modulation of the so called remodeling in patients . 

Therapy with ACE inhibitors not only improved the signs and symptoms of 

t heir condition ,  but,  unl ike most other vasodilators ,  ACE inhibitors a lso 

decreased the rate of mortal ity. Thus, next to therapy with the combination of 

hydralazine and isosorbid din itrate (V-HeFTstudy, Cohn et al . ,  1986) , therapy 

with an ACE inhibitor improves survival in patients with congestive heart 

fai lure .  The question whether the increased survival is due simply to u nloading 

the heart or whether the neurohumoral alterations of long term ACE 

inh ibition have additional advantages remains to be solved .  For this purpose a 

second V-HeFT study is about to start , in order to compare an ACE inhibitor 

(enalapri l )  with the combination (hydralazine and isosorbid dinitrate) . 

In conclusion,  bradykinin might have beneficial effects during ischemia and 

reperfusion in vivo as well as in  vitro .  The effects of ACE inhibitors are 

substantial ly bradykinin dependent , at least in vitro .  Therapy with ACE 

inhibitors during ischemia and reperfusion and also during the so called 

remodeling period after acute myocardial infarction appears to be promising in 

the clinical situation and represents a novel therapeutic application of these 

drugs . The question whether, and , if  so , in which way bradykinin is the most 

important factor in these situations is subject for further investigation . 
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CHAPTER 4 

BRADYKININ AND MYOCARDIAL PERFUSION 

4.1  General introduction 

In the heart coronary flow is regulated by the small arteries, arterioles and 
capillaries, i.e. the so called resistance vessels (Young et al., 1987). The 
coronary flow is modulated primarily in order to match the metabolic demands 
of the myocardium. However, apart from local myocardial metabolic factors 
like adenosine, hydrogen-ions, and oxygen, humoral and autonomic 
influences are also important modulators of coronary flow (Olsson and 
Bunger, 1987). 

Among these additional neurohumoral influences, the autonomic nervous 
system has influences on the coronary vessels. The sympathetic part of the 
autonomic nervous system seems to be more important than the 
parasympathetic part in this respect (Young et al., 1987). It seems that the 
coronary vascular resistance is under the influence of resting sympathetic tone. 
This effect is mediated by alpha-1 and alpha-2 receptors in the vessel wall 
(Young et al., 1987). Stimulation of beta receptors, which are also present in 
the coronary arteries, causes vasodilation under experimental conditions. 
However, there is no conclusive evidence for a beta adrenergic influence on 
coronary flow through activation of beta receptors in experimental studies. 
Thus although beta receptors are present, they are probably not important 
under physiological conditions. 

The role of the parasympathetic nervous system is less conclusive. 
Cholinergic muscarine receptors are present in the coronary arteries (Kalsner, 
1989). The effect of acetylcholine on coronary arteries is controversial, 
probably because of major species differences. Furthermore, there seems to be 
a discrepancy between infusion of acetylcholine which results in an activation 
of endothelial receptors and stimulation of cholinergic nerve fibers which 
results in activation of receptors in the media of the vessel wall. 

Stimulation of the endothelial receptors results in release of EDRF and 
hence vasodilation, stimulation of the medial receptors results in 
vasoconstriction (Kalsner, 1 989). Finally, in man the pathophysiologic state of 
the arteries appears to be very important: in healthy arteries acetylcholine 
causes vasodilatation whereas vasoconstriction is described as well, 
particulary in stenotic arteries (Nabel et al., 1988). 

The importance of the renin-angiotensin system and the converting enzyme 
with regard to the coronary vasculature has been recently emphasized and will 
be discussed in this chapter. Experimental studies, in vitro as well as in vivo, 
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and finally human data will be presented.  Moreover, the interaction between 
the local renin-angiotensin system and the autonomic regulation of the 
coronary flow will be discussed. 

4.2 In vitro experiments 

The effect of bradykinin on coronary arteries and coronary flow can be 
investigated in rings or strips of coronary arteries and in isolated coronary 
arteries or isolated hearts. We use an isolated rat heart model to investigate 
coronary resistance in a situation , in which the perfusion pressure can be kept 
constant. In this way, the effect nf drugs on the coronary vasculature can be 
investigated without being influenced by their systemic effects or by 
alterations in autonomic tone . 

Using peptide analogues of h radykinin, two receptor subtypes have been 
found. Bradykinin receptors can be divided into bradykinin- 1 and bradykinin-
2 subtypes (Regoli and Barabe , 1980 ; Tsuru , 1988) . In arteries, bradykinin- 1 
receptors are mainly present on the smooth muscle cells and activation of these 
receptors causes vasoconstriction. Bradykinin-2 receptors and to a lesser 
extent also bradykinin-1 receptors are mainly present on the endothe lial cells 
at the inner surface of the vessel wall ; activation of these bradykinin-2 
receptors causes a release of EDRF and prostacyclin, and hence vasodilatation 
(Tsuru, 1988). 

Profound species differences exist as far as the response to bradykinin in 
isolated hearts is concerned (Xiang et al. , 1985). In the isolated rat heart, 
bradykinin increases coronary flow (Appendix A; Xiang et al., 1985) , left 
ventricu lar pressure , and the rate-pressure product dose dependently 
(Appendix A). The onset of these effects is very rapid: the peak effect develops 
within seconds, followed by stabilization at a lower level (after 2-3 minutes). 
Using selective bradykinin-1 and bradykinin-2 receptor antagonists, the 
effects of bradykinin on coronary flow in the isolated rat heart were shown to 
be mediated by bradykinin- 1  as well as bradykinin-2 receptors (Appendix A). 
The vasodilatation was shown to be bradykinin-2 receptor dependent. 
Bradykinin-1 receptors were present as well , but they were activated at higher 
concentration and led to a reduction of the vasodilating effect due to 
bradykinin-2 receptor stimulation. 

An interesting aspect in the interaction of bradykinin with the endothelium 
is the enhancement of ED RF release.  Since ED RF has been identified as being 
nitric oxide (Ignarro et a l . ,  1987, Palmer et al . ,  1987) the endothelium 
dependent relaxation can be investigated in more detail. The compound is 
synthesized in vascular endothelial cells from a precursor that seems to be L
arginine (Palmer et al., 1988). The 'false' precursor L-N-mono-methyl-
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arginine (L-NMMA) has been shown to inhibit EDRF formation (Rees et al. 
1989). This specific inhibitor of ED RF formation decreases the flow in isolated 
hearts of rabbits (Rees et al. 1989) and rats ( van Gil st l 990), and in the human 
forearm (Vallance et al., 1989). Therefore, a basal ED RF production seems to 
be present. This basal EDRF or NO production in the vessel walls is probably 
important for local regulation of vascular resistance. Basal NO production, 
and as a consequence vasodilation is strongly dose-dependently stimulated by 
bradykinin in the isolated guinea pig heart (Kelm and Schrader, 1988). 

Apart from EDRF, prostacyclin production is stimulated by bradykinin. 
However, in several models and species it has been shown that this prostacyclin 
production does not contribute substantially to coronary vasodilation (Schror 
et al. , 1979 ; Stewart and Piper, 1988 ; Toda et al., 1987 ; Appendix C). Although 
prostaglandins do not seem to contribute substantially to the coronary 
vasodilation induced by bradykinin, prostacyclin production is a notable factor 
in the protective effects of bradykinin and ACE inhibitors under ischemic 
conditions, as was discussed in chapter 3. 

Ari influence on leucotrienes has been suggested as well since the 
vasodilating effect of captopril was potentiated when a leucotriene receptor 
antagonist was administered simultaneously (van Gilst et al., 1987). This 
leucotriene related mechanism is not yet clarified. Leucotrienes, like LTC4 , 

bind to receptors, which are present on the surface of guinea pig myocytes. It 
has been shown that sulfhydryl containing compounds may modulate the 
binding of LTC4 to these receptors (Hoga boom et al. , 1985). Therefore, the 
presence of a sulfhydryl group in the molecule of certain ACE inhibitors may 
give an extra effect, related to interference with leucotriene receptor 
interaction, apart from the effects related to ACE inhibition. 

As might be expected, the effect of bradykinin on the rat coronary flow is 
enhanced when an ACE inhibitor is administrated simultaneously (van Gil st et 
al. , 1989 ; Needleman et al., 1975) or when the rats are pretreated with an ACE 
inhibitor (Xiang et al., 1985). In the study of van Gilst et al. (1989) enalaprilat 
was compared with captopril. It was found that both ACE inhibitors potentiate 
the effect of bradykinin. Interestingly, the potentiation found with captopril 
was greater than with enalaprilat. This extra effect with captopril may be due 
to the presence of a sulfhydryl group in captopril. The importance of the 
sulfhydryl group was first emphasized by Auerswald and Doleschel ( 1 965), 
who already in the sixties found that the effect of bradykinin could be 
potentiated by glutathione. These results were corroborated by van Gilst et al . 
(1989) in isolated rat hearts. The latter authors found that not only captopril 
but also cysteine potentiated the effect of bradykinin. In analogy to the results 
from Doleschel and Auerswald in 1966, and Auerswald and Doleschel in 1965 , 
it was shown that cysteine , a sulfhydryl containing compound potentiates the 
effects of bradykinin almost to a similar extent as captopril. At that time it was 
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concluded that this interaction could not be fully explained by an effect of 
sulfhydryl containing compounds on kininase (Auerswald and Doleschel , 
1967). As mentioned, endothelium derived relaxing factor has been identified 
as nitric oxide radical, leading to the suggestion that this compound is the 
endogenous nitrovasodilator (Ignarro et al., 1987 ; Palmer et al. , 1987). The 
production of endothelium derived relaxing factor is strongly stimulated by 
bradykinin (Angus and Cocks, 1 989). Therefore ,  captopril and zofenoprilat 
may interact with this vasodilating compound by two different mechanisms 
(see figure 6 ,  Chapter 5), one converting enzyme-dependent and the other 
sulfhydryl-dependent (van Gilst et al., 1988). This hypothesis is supported by 
the finding that the effect of exogenously administered bradykinin is 
potentiated to a further extent by zofenoprilat and captopril than by cysteine 
(van Gilst et al. 1990). Therefore, the presence of a sulfhydryl group in the 
molecule of an ACE inhibitor may account for an additional effect, unrelated 
to ACE inhibition. This may in part explain the differences between various 
ACE inhibitors. 

ACE inhibitors do not affect the resting tone of isolated coronary arteries in 
vitro. Lefer and Lefer (1984) infused enalaprilat in different concentrations 
into an isolated perfused cat coronary artery. Enalaprilat itself did not change 
the perfusion pressure but dose dependently inhibited the angiotensin I 
induced vasoconstriction. 

However, when captopril is infused in isolated rat hearts the coronary flow 
rapidly increases (van Gil st et al., 1987). This is in contrast with enalaprilat and 
ramiprilat , the active forms of enalapril and ramipril, who do not cause such a 
rapid increase. When one of the latter two drugs is infused, coronary flow 
increases more gradually (van Gilst et al., 1987), and these drugs caused a 
smaller increase when compared to captopril ( van Gilst et al., 1988). When rats 
are pretreated with an ACE inhibitor the coronary flow in the ex vivo hearts is 
also increased (Xiang et al., 1985 ; van Gil st et al. , 1988). In isolated coronary 
strips of dogs and monkeys angiotensin I produces a transient contraction 
which can be antagonized with saralasin and captopril. A decreased 
angiotensin II formation could be one of the mechanisms by which ACE 
inhibitors increase the coronary flow. When angiotensin I is infused flow 
decreases , this effect is attenuated by ACE inhibitors (Xiang et al., 1985) and 
teprotide. However, de Graeff et al. , (1986) using a sensitive radio
immunoassay (detection limit 2 pg/ml) were not able to detect angiotensin II 
in the perfusate of untreated hearts. Therefore, an angiotensin II  unrelated 
mechanism like bradykinin or the presence of a sulfhydryl group, is more likely 
to be of major importance. 
Using selective bradykinin-2 receptor antagonists , which were developed 
recently (Stewart and Vavrek, 1983) the bradykinin dependent vasodilating 
effect of ACE inhibitors can be evaluated. It was shown that the vasodilating 
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effects of enalaprilat and ramiprilat were almost completely bradykinin 
dependent (Appendix B; Scholkens et al . ,  1988). The effects of zofenoprilat 
were not completely bradykinin dependent . During bradykinin antagonism 
zofenoprilat was still able to dilate the coronary arteries , although the effect 
was smaller than in the absence of the bradykinin antagonist (Appendix B). 
Therefore , the effect of zofenoprilat is mediated partly through another 
mechanism which might be sulfhydryl group dependent. Interestingly, the 
effect of captopril was unaffected by bradykinin antagonism. SR-captopril is a 
coronary vasodilator of the same potency as the R-isomer although it has no 
ACE inhibiting activity ; likewise , this vasodilating capacity could not be 
affected by a bradykinin antagonist. These results are suggestive for an 
additional ACE independent effect of captopril. 

Differences in magnitude between the vasodilating effects of ACE inhibitors 
have been attributed to the presence of the sulfhydryl group in captopril and 
zofenoprilat (Appendix B;  van Gilst et al . ,  1988). Very recently, a nitroso 
derivative of captopril, nitroso-captopril, which inhibits the ACE only weakly, 
has been shown to be a very potent vasodilator (Cooke et al ., 1989). This 
phenomenon could explain why captopril is still a vasodilator, despite 
bradykinin antagonism. Whether this is a direct effect or an effect mediated 
through EDRF ( =endogenous NO) remains to be solved. Sulfhydryl groups 
are obligatory for the effect of NO, because NO exerts its effect through 
intermediates like nitrosothiols. Whether zofenoprilat exerts (part of) its effect 
through nitroso-compounds can not be concluded yet, but it seems feasible. 

I n  conclusion, bradykinin plays an important role as a regulator of coronary 
flow under in vitro circumstances and interaction with other vasoactive 
compounds (EDRF, arachidonic acid metabolites) contributes to a different 
degree. Since inhibition of the converting enzyme is a crucial element, in the 
reduced breakdown of bradykinin in the organism, it is only to be expected 
that administration of an ACE inhibitor will enhance the bradykinin effects .  In 
the next section this subject will be discussed in more detail, with special 
reference to structural differences between the various representatives of the 
class of ACE inhibitors . 

4.3 In vivo experiments 

Measurement of coronary flow in animal experiments in vivo, can be done 
in many ways. Electromagnetic flow probes, doppler flow probes, doppler 
catheters, thermodilution catheters, (radioactive) labelled microspheres, and 
positron-emission tomography can be used to investigate coronary flow. 
Obviously, each method has its advantages and disadvantages, but it is beyond 
the scope of this thesis to compare them elaborately. 
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The effect of bradykinin on the coronary flow in vivo is compl icated by 
concomitant systemic and chemo-reflex mediated effects. Epicardial 
application (Staszewska et al., 1 988 ; Kaufman et al . ,  1988 and also 
intracoronary administration (Lombardi et al., 1982) may cause an excitation 
of sympathetic and vagal cardiac sensory endings. Via activation of the 
sympathetic system heart rate and blood pressure are increased. However, the 
net result seems to depend on the prevailing balance between the activity of 
the sympathetic and parasympathetic system (Lombardi et al ., 1982) . 
Furthermore , species differences may be important since in cats a blood 
pressure increase (Lombardi et al. , 1982) and in dogs a decrease was found 
(Kaufman et al. , 1980). lntracoronary administration of bradykinin causes a 
reduction of the coronary vascular resistance. 

Since braclykinin has this vasodilating effect, it is interesting to look at the 
effect of ACE inhibitors, either in combination with bradykinin or alone. The 
coronary vasodilating effect of bradykinin can be potentiated with ACE 
inhibitors. Intracoronary administration of captopril potentiated the 
vasodilation induced by bradykinin but not that of acetylcholine in dogs 
(Noguchi et al. , 1985). In our own experiments in pigs , the close response curve 
of intracoronary bradykinin was shifted to the left after systemic captopril 
administration (Figure 5) . 
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Figure 6 Concentration dependent decrease in the coronary resistance in the pig 
caused by intracoronary administration of bradykinin , before and during captopril 
infusion. At the abscis the logarithm of the bradykinin concentration is depicted . 
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Several authors have used the radioactive labelled microsphere method to 
measure regional flows in small animals. Bolt and Saxena 1985 and Drexler et 
al. (1985) showed in rabbits and rats, respectively that captopril reduced 
coronary resistance. In dogs captopril reduced coronary vascular resistance 
after both intravenous and intracoronary administration (Noguchi et al . ,  
1985). 

The coronary vasodilating effects of ACE inhibitors can be reduced by using 
a selective bradykinin-2 receptor antagonist. In the rat in vivo, we have 
investigated the bradykinin dependency of the systemic and regional 
hemodynamic effect of two ACE inhibitors (Appendix E, F) . Similar to the 
results found in the in vitro model, zofenoprilat apparently caused a greater 
vasodilation than enalaprilat, this was true not only in the coronary arteries but 
also in a great number of other arteries (appendix F). Again similar to the in 
vitro model, the effects of enalaprilat could be reduced to a greater extent than 
those of zofenoprilat, using a selective bradykinin-2 receptor antagonist . 

As discussed before, not only the magnitude of the effects of ACE inhibitors 
differs but also their bradykinin dependency. Whether the sulfhydryl group has 
additional effects in vivo is not known .  However, the fact that, in the same 
ACE inhibitory dose, zofenoprilat has a greater effect than enalaprilat and the 
fact that only the effect of the latter is almost complete bradykinin dependent, 
are suggestive for a role of the sulfhydryl group in vivo. 

It can be concluded that ACE inhibitors differ not only with respect to the 
onset and the magnitude of their vasodilating effects but also regarding the 
bradykinin dependency of the effects. 

4.4 Clinical evidence 

Several methods of measurement of coronary blood flow in patients are 
available. Apart from the newer methods like doppler catheters, positron
emission tomography and digital substraction angiography, the thermodilution 
method is the most widely used (Marcus et al., 1987) . Despite technical 
difficulties, and although each method has its advantages and disadvantages 
coronary flow in man can be measured fairly reliably. 

The effects of bradykinin on the coronary flow in man are unknown.  Only 
indirect evidence, obtained from studies with ACE inhibitors exist. W hen 
administered systemically ACE-inhibitors lower blood pressure and hence 
reduce not only the perfusion pressure over the coronary vasculature but also 
the metabolic demand of the myocardium. Therefore, the effects on the 
coronary circulation in vivo are often masked by systemic effects. After 
systemic administration of an ACE inhibitor, pre- and afterload are reduced 
and potential vasodilating effects on the coronary vasculature are easily 
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masked. Therefore, the effects of ACE inhibitors on the coronary vasculature 
in humans are difficult to establish . Presumably, this causes the clinical 
experimental data to be contradictory. Some authors find no change or even an 
increase in resistance, whereas others find a reduction in coronary vascular 
resistance after ACE inhibitor treatment. The activity of the renin-angiotensin 
system is an important factor determining the probability, that the coronary 
vasculature will respond to the treatment. 

In early studies the acute effects of captopril or teprotide were investigated 
in congestive heart failure patients (Chatterjee et al. , 1982; Rouleau et al., 
1982; Halperin et al., 1982 ; Powers et al., 1982 ; Faxon et al., 1984). All 
investigators found a reduction of myocardial oxygen consumption and since 
the metabolic demand of the myocardium is the most important factor 
regulating coronary flow (Olsson and Bunger, 1987) the latter was reduced as 
well . However, the coronary resistance was decreased in most studies despite 
the reduction of metabolic demand. 

Related to these direct and indirect effects on the coronary vasculature are 
the therapeutic effects in angina pectoris. If the experimental data are also 
relevant to the clinical situation , ACE inhibitors may be beneficial in patients 
with angina. Angina pectoris is caused by a disbalance between oxygen 
consumption and oxygen supply of the heart. ACE inhibitors may beneficially 
affect this balance in several manners. In the first clinical study captopril was 
given to patients with a systolic blood pressure above 120 mmHg. Interestingly, 
exercise time was only prolonged in those patients in whom the blood pressure 
was reduced by 10 mmHg or more (Daly et al., 1984). Apparently, a reduction 
of afterload as well as preload seems to be important (Keck ,  1987). Finally, the 
improved exercise tolerance in normotensive patients was related to a reduced 
pressure-rate product (Keck ,  1987 ; Strozzi et al., 1985) . A reduction of 
ischemia (ST-segment depression) during exercise was found for captopril 
(Tardieu et al. , 1986) , enalapril (Strozzi et al . , 1985 ,  Rietbrock et al., 1988) and 
quinapril (Bussmann et al ., 1988) . In addition to these effects de Graeff et al. , 
(1990) suggest a role for the sulfhydryl group of captopril in angina! patients. 
Nitrate tolerance which is caused by a deficiency of sulfhydryl groups, may be 
reversed and prevented by a sulfhydryl containing compound such as 
acetylcysteine (Winniford et al., 1986 ;  May et al., 1987) . In the preliminary 
study with captopril ( de Graeff et al. , 1990) such an effect was also observed , 
a result corroborated by Packer et al. (1987). 

Another interesting effect of captopril on the coronary circulation deals with 
the autonomic regulation of the coronary resistance . Administration of 
captopril to patients with coronary lesions reduces the coronary 
vasoconstriction evoked by various sympathetic reflexes (Appendix J). This 
phenomenon is probably due to the inhibitory effect of captopril on 
noradrenergic transmission . As described in chapter 2, angiotensin I I  
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facilitates noradrenergic transmission (Figure 3). Therefore , ACE inhibition , 
via reducing angiotensin II concentrations ,  also reduces noradrenergic 
transmission. As far as the role of bradykinin is concerned , it is interesting that 
it was found in rabbit hearts that noradrenaline release was inhibited with 
bradykinin (Starke et al., 1977). 

A reduction of coronary resistance was also found in patients without 
congestive heart failure. An increased coronary blood flow was found in 
healthy subjects (Faxon et al., 1982), in hypertensive patients (Magrini et al., 
1987) and in patients with coronary lesions (Mattioli et al., 1984). These studies 
were all done in subjects with an activated plasma renin system, for instance by 
treating them with a potent diuretic (Magrini et al., 1987). Interestingly, no 
vasodilating effects after captopril were found in patients with hypertension 
and angina pectoris without an activated plasma renin system (Daly et al., 
1984). 

An important indication for a local effect of ACE inhibitors on coronary 
flow can be found in a study by Foult et al. ( 1988). These investigators infused 
enalaprilat into the coronary arteries and found an increased coronary flow 
without major systemic effects. The authors found a strong local effect without 
hardly any changes in systemic hemodynamic variables. 

It may be concluded that in clinical studies the effect of ACE inhibitors on 
coronary vasculature is highly complex, due to a variety of factors such as 
quality of measurement ,  systemic effects and activation of humoral systems, 
especially the renin- angiotensin system. It is therefore not surprisingly, that 
one can only speculate on the role of bradykinin at present. Mattioli et al. 
( 1984) showed that independent of the presence of coronary lesions, captopril 
caused a vasodilation which was inhibited by indomethacin. Therefore, local 
bradykinin induced prostacyclin production may be involved in coronary 
blood flow regulation in man. 

As far as additional contribution to differences in effects are concerned , the 
experimen ts with captopril in nitrate tolerant patients may indicate an 
important role for the sulfhydryl group in patients. However, more clinical 
evidence is needed to substantiate this phenomenon. In addition to that ,  not 
only differences in the structure but also differences in the pharmacokinetic 
qualities may further divide the ACE inhibitors in subgroups: zofenopril for 
instance shows a more profound penetration in myocardial tissue than any 
other ACE inhibitor (Cushman et al., 1989). 

In conclusion , bradykinin is a potent coronary vasodilator in vitro as well as 
in vivo. The coronary vasodilation caused by ACE inhibitors may at least in 
part be mediated by bradykinin and bradykinin related prostacyclin 
production. Apart from a direct action on the coronary vasculature, two other 
recent discoveries are important. Firstly, the described reversal of nitrate 
tolerance by captopril has to be considered. An interaction with nitro-
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vasodilators may have important clinical implications. Secondly, the 
suppression of sympathetically induced coronary vasoconstriction is a very 
promising finding. Especially in patients in whom angina! attacks are due to an 
activation of the sympathetic nervous system, captopril may have promising 
potentials. However, one has to be cautious since extensive clinical evidence, 
preferably after long term treatment , has to be presented first, before one can 
definitely draw firm conclusions about therapeutic consequences of 
bradykinin-involved coronary vasodilation. 
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CHAPTER S 

CLINICAL IMPLICATIONS 

5.1 Bradykinin and clinical indications 

From the preceding chapters it can be concluded that bradykinin is an 
important humoral substance. Especially at a loca l ,  tissue level in the heart it 
seems that bradykinin has an important function. From this point of view it is 
comprehensible that bradykinin, bradykinin analogues, or  drugs that cause an 
e levation of bradykinin concentrations have shown promising potentials in 
animal as well as in clinical studies. The activation of bradyki'nin 
concentrations during myocardial infarction and reperfusion has been 
suggested to be a protective mechanism. Plasma pre-kallikrein is activated by 
clotting factors like factor X and the Hageman factor (factor XII).  The 
kallikrein-bradykinin system has fibrinolytic activ ity through activation of 
plasminogen to plasmin (Colman, 1980). P lasmin itself can further stimulate 
bradykinin production (Gomazkov, 1974). The refore, during thrombolytic 
therapy, which activates plasmin, bradykinin production is also stimulated. 
When its breakdown is concomitantly inhibited, bradykinin concentrations 
will be elevated even more. Therefore, the combination of thrombolytic 
therapy with an ACE inhibitor in acute myocardial infarction has promising 
potentials (Kingma et al. ,1989) . At present a large multi-centre trial has been 
started to evaluate the effects of captopril on reperfusion after acute 
myocardial infarction in patients. The results of this trial will certainly add to 
further insights in the therapy of ischemia-reperfusion related conditions. 

One can only speculate about the consequence of an elevation of cardiac 
bradykinin concentrations during the chronic phase after myocardial 
infarction. The modulation of so-called remodeling by ACE inhibitors, adds to 
the prevention of left ventricular failure after an infarction -be it due to lower 
local angiotensin I I  concentrations or mediated by higher local bradykinin 
concentrations. 

Furthermore, vasodilation caused by bradykinin in the coronary vessels may 
have promising implications for the use of ACE inhibitors in angina! patients. 
Of course one has to be carefu l  in drawing conclusions, because it seems that 
subgroups of patients can be defined in whom ACE inhibitors a re more 
effective than in others (Daly et al., 1984;  Magrini et al., 1987). Our results in 
angina! patients, indicating an attenuation of sympathetically mediated 
coronary vasoconstriction with captopril are promising. It may eventually lead 
to a new approach in the therapy of patients with angina! attacks specifically 
evoked by an activation of the sympathetic nervous system, but first more 
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supportive evidence is required , preferably after long term therapy. 
An elevation of bradykinin levels in the vessel wall results in vasodilation. 

When a patient is on ACE inhibitor therapy, the converting enzyme and hence 
catabolism of bradykinin is inhibited in all tissues including the vessel wal l .  As 
a result a general vasodilation is found, which is one of the aims of congestive 
heart failure therapy. Therefore, it is conceivable that bradykinin, bradykinin 
analogues, or drugs that cause an elevation of bradykinin concentrations may 
have therapeutic effects in congestive heart failure .  This may be part of the 
explanation why ACE inhibition, i.e. inhibition of bradykinin catabolism is so 
successful in patients with congestive heart failure (Packer et al., 1986). 

Few data are available concerning the effects of bradykinin on arrhythmias. 
Preliminary results in our pig model of ventricular tachycardia are promising: 
acute administration of bradykinin prevented in vivo the development of 
sustained ventricular tachycardia in all pigs two weeks after a myocardial 
infarction ( unpublished results) . Furthermore, intracoronary administration 
of bradykinin in pigs that concomitantly received captopril, caused a 
significant  prolongation of the refractory period. These observations together 
with the pro-arrhythmic effects of angiotensin II ( de Langen et al . ,  1989) offer 
an explanation why ACE inhibitors have such beneficial effects on malignant 
ventricular tachyarrhythmias. Final ly, therapy with ACE inhibitors may lead 
to normalisation of decreased potassium levels, which in itself may have 
therapeutical effects in antiarrhythmic therapy. 

5 .2 Bradykinin and future developments 

I n  the localized lesions of atherosclerosis there is, apart from deposition of 
lipids, intense proliferation of smooth muscle cells and migration of these cells 
to the intimal region ,  The process is stimulated by a platelet-derived growth 
factor (Assoian et al., 1 984). In experimental studies, both with 
thrombocytopenic animals (Moore et al., 1 976) and with animals fed anti
platelet drugs (Burns et al . ,  1 976), development of atherosclerosis was 
hampered, indicating an important role for platelets. Bradykinin is known to 
inhibit platelet adhesion (Radomski et al., 1 987). High local bradykinin 
concentrations may therefore reduce platelet adhesion (to the atherosclerotic 
plaque) and hence hamper the development of atherosclerosis. 
Atherosclerosis is associated with a diminished endothelial function .  
According to  the response-to-injury hypothesis (Ross, 1986), the diminished 
endothelial function is one of the causal factors rather than a result of the 
atherosclerotic process. The endothelium, especially its release of vasoactive 
substances, may have a function in maintaining vascular wall integrity. If, for 
whatever reason this function is disturbed, degenerative processes like 
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atherosclerosis may develop more easily. Bradykinin is one of the most potent 
mediators that activate the endothelium, i.e. it will stimulate EDRF 
production. It has recently been shown that there is a tonic EDRF release in 
vitro in the coronary arteries (Rees et al. ,1989) but also in vivo in the human 
forearm (Vallance et al., 1989). Conceivably, such tonic endothelial functions 
may prevent or slow the development of atherosclerosis in the vessel wall. 
Furthermore ,  angiotensin II is a hypertrophic agent not only in the 
myocardium but also in the vessel walls (Dzau, 1984). Therefore, it is 
interesting to investigate whether treatment with ACE inhibitors may result in 
the prevention or even regression of atherosclerosis. At present a large multi
centre study is being performed, aimed at elucidation of the role of quinapril 
in the prevention of atherosclerosis (the Mercator study). 

If this trial should confirm a positive role for ACE inhibitors for these 
conditions, a separate analysis of a possible bradykinin contribution is 
mandatory, both in terms of improving our understanding of pathogenesis and 
of improving our therapeutic possibilities. 

In conclusion,  a variety of future, optional treatment strategies can be 
envisaged in which bradykinin may have a crucial role. In pursuing this line of 
research we feel that pharmacological investigation should deal with the 
development of stable bradykinin analogues that are active after oral use. 
Another option would be the development of selective activators of the local 
kallikrein-kinin system. The latter approach probably would offer more 
difficulties , since this system as a whole interacts with more factors important 
for cardiovascular homeostasis , than bradykinin only. A related problem is the 
discrepancy between unwanted general effects that follow systemic 
administration and desired effects that are generally local . That means that the 
stimulation of drug targeting in this particular field is another important 
promising area of future research. 

45 





SUMMARY 

This thesis describes experimental data of bradykinin and its relation with 
the effects of angiotensin converting enzyme inhibitors. The angiotensin 
converting enzyme not only activates angiotensin , a potent pressor substance, 
but also inactivates bradykinin, one of the most potent depressor substances 
known. Although it has been known since 1 970 that the angiotensin
converting enzyme , both activates angiotensin and inactivates bradykinin, the 
role of bradykinin has always been controversial. In this thesis first the 
historical perspective was given , explaining why we were interested in 
bradykinin in the first place ( chapter 1 ). In chapter 2 the controversy between 
bradykinin and angiotensin was outlined. Angiotensin was presented as a 
substance primarily aimed at preservation of the perfusion pressure in the 
kidney and hence at kidney function. Bradykinin on the other hand was 
presented as a substance aimed predominantly at preservation of the cardiac 
function, especially at the local, tissue level. 

The following chapter (3) dealt with the effects of bradykinin and ACE 
inhibitors on ischemia and reperfusion of the myocardium. It was shown that 
bradykinin is present in the effluent of isolated rat hearts; during ischemia and 
reperfusion bradykinin production is elevated. Our own data , in appendix D, 
show that especially during reperfusion bradykinin efflux was elevated and 
that captopril treatment enhanced this phenomenon. Our results corroborate 
those found in vitro and in vivo by other authors :  during ischemia and 
reperfusion in dogs and man, bradykinin concentrations were elevated. 
Furthermore, it was shown in isolated rat hearts that bradykinin has beneficial 
effects on the post-ischemic, reperfused myocardium. Although bradykinin in 
the closed chest pig model of ischemia and reperfusion, which we use, did not 
reduce catecholamine or purine efflux from the heart , nor the increase in 
oxygen requirement, it did reduce the enzymatic infarct size, as was presented 
in appendix J. The in vitro effects of bradykinin, could be enhanced by ACE 
inhibitors. Furthermore, it was described that ACE inhibitors themselves , also 
have beneficial effects in ischemia and reperfusion. These effects could in part 
be related to bradykinin, and were probably the result of inhibition of the local 
converting enzyme in the heart. In our pig model early reperfusion is beneficial 
in itself as was shown in appendix H, but a considerable improvement was 
found after oral pretreatment with zofenopril .  In appendix I, the data found 
after zofenopril pretreatment showed that not only neurohumoral 
deterioration in the acute phase was reduced, but also that electrophysiologic 
stability after two weeks was increased. Therapy with converting enzyme 
inhibitors post myocardial infarction results in a modulation of the so-called 
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remodeling process. Remodeling is the process which after myocardial 
infarction results in a dilatation of the left ventricle and hence a reduced left 
ventricular function. Finally, the first study on therapy with an ACE inhibitor 
during early re perfusion in patients with a myocardial infarction, receiving 
concomitant thrombolytic (reperfusion) therapy was discussed. From these 
results it can be concluded that ACE inhibitors have beneficial effects on 
ischemia followed by reperfusion in man. 

The fourth chapter dealt with bradykinin and the coronary circulation. It 
was shown that bradykinin as well as ACE inhibitors increased coronary flow 
in vitro in the isolated rat heart. First experimental data in the isolated rat 
heart, focused on the effects on the coronary flow were shown. Our data 
showed that bradykinin increast'� coronary flow by stimulating bradykinin-2 
receptors and that bradykinin-1 receptors counteract this effect (Appendix A). 
Experimental evidence, found in vitro, led to the conclusion that ACE 
inhibitors differ remarkably in their bradykinin dependency. This was shown 
by our data in appendix B: ming a selective bradykinin-2 receptor antagonist 
we were able to antagonise the vasodilating effects of bradykinin and 
enalaprilat almost completely. The vasodilating effect of zofenoprilat was only 
partly antagonized, whereas the vasodilating effects of captopril and its 
inactive stereoisomer SR-captopril were not affected at all. Using 
indomethacin the possible involvement of prostaglandins was investigated 
(appendix C). It was shown that bradykinin was able to stimulate prostacyclin 
production but only in high concentrations ;  enalaprilat, captopril, 
zofenoprilat, or SR-captopril were inactive in this respect. Inhibition of this 
prostacyclin production did not reduce bradykinins vasodilating capacity in the 
isolated rat heart. Neither was the vasodilation of enalaprilat, captopril, 
zofenoprilat or SR-captopril affected by indomethacin. The bradykinin 
induced release of the endothelium derived relaxing factor (EDRF) probably 
is a major mechanism involved in this vasodilation. Apart from differences in 
bradykinin dependency, ACE inhibitors also differ in their effects that are 
unrelated to inhibition of the converting enzyme. The potent endogenous 
vasodilator EDRF, which has been shown to be nitric oxide (NO), requires 
sulfhydryl groups to become active. From this point of view, it is interesting 
that the sulfhydryl group containing ACE inhibitors, captopril and zofenopril, 
were found to be more potent coronary vasodilators in the isolated rat heart 
than the ACE inhibitors lacking such group. In vivo experiments regarding the 
bradykinin dependency of ACE inhibitors were conducted in rats. These data 
were presented in appendix E showing that the blood pressure lowering effect 
of enalaprilat was to a greater extent bradykinin dependent than that of 
zofenoprilat. In appendix F our data on bradykinin dependency of enalaprilat 
and zofenoprilat on their regional hemodynamic effects were presented. From 
these data it could be concluded that in many organs both enalaprilat and 
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zofenoprilat reduce vascular resistance via a bradykinin dependent 
mechanism, albeit the latter to a lesser extent. This may be an indication that 
the sulfhydryl group is responsible for direct vasodilating effects in vivo. 
Finally, a clinical study could be conducted. [n this study we did not just 
investigate the effects of ACE inhibitors on coronary flow or resistance , but we 
were interested in the effects on coronary vasoconstriction induced by 
sympathetic activation. We found that in patients with coronary lesions that 
activation of the sympathetic nervous system, as is achieved with the cold 
pressor test and even more with the so- called diving test , causes an increase in 
coronary vascular resistance. This increase in coronary resistance could be 
reduced with captopril. [ t was argued that the underlying mechanism may of 
course be on the one hand, the well known diminished noradrenergic 
facilitation due to lower angiotensin TI concentrations, but on the other hand 
the role of bradykinin in noradrenergic transmission may be considered as 
well. 

In chapter 5 some wider thoughts were given to evolving clinical indications 
and possible future developments. The place of ACE inhibitors in the therapy 
of ischemic heart disease seems promising. Firstly, therapy with an ACE 
inhibitor during the acute phase of early reperfusion after an infarction has 
been shown to have beneficial effects in many experimental models. In 
patients the first results on ACE inhibitor therapy during reperfusion , i.e. 
during thrombolytic therapy, showed similar results . Of course , these effects 
have to be confirmed by larger studies first , before this therapy is used on a 
wider scale . Secondly, the prevention of deterioration of the left ventricular 
function with ACE inhibitors is an important therapeutic tool against 
developing heart failure in patients after a myocardial infarction. Finally, the 
use of ACE inhibitors in angina) patients opens two new perspectives. The first 
is related to the presence of a sulfhydryl group ; it has been shown in vitro that 
captopril can reverse nitrate tolerance , and the first clinical data are promising. 
The second is related to the interaction of ACE inhibitors with the sympathetic 
nervous system. It was shown that captopril reduces the noradrenergic 
transmission in the coronary arteries of patients with angina pectoris . It may be 
concluded that the mechanism of action of converting enzyme inhibitors on 
the coronary flow as well as on ischemia and reperfusion is multifactorial. 
Apart from lower angiotensin II concentrations, converting enzyme inhibition 
results in higher bradykinin concentrations. Both factors may contribute 
independently to the improvement of a variety of conditions, that have 
myocardial ischemia as a common denominator. To the activity of both, 
additional phenomena (less noradrenaline release, prostacyclin or EDRF 
stimulation ,  concomitant presence of a sulfhydryl group; Figure 7) may 
contribute. In this thesis , the role of the second , hitherto rather neglected 
factor, i.e. bradykinin is presented more in detail, with special reference to its 
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Summary 

1 The effects of bradykinin on coronary flow, left ventricular pressure, rate 
pressure product and heart rate were investigated in the isolated rat heart. 
2 In the isolated rat heart, bradykinin increased coronary flow, rate pressure 
product and left ventricular pressure dose dependently. These effects could be 
antagonized with each of four used bradykinin-2 receptor antagonists. 
Bradykinin-1 receptor antagonism increased the maximal effects of 
bradykinin. 
3 These results suggest that in the coronary arteries of the rat ,  vasodilating 
bradykinin-2 receptors are predominantly present. Vasoconstricting 
bradykinin-1 receptors are also present ,  but require more time and/or a higher 
dosage to be activated. 
4 Selective bradykinin-2 receptor antagonists can be useful in evaluating the 
effects of drugs interfering with bradykinin metabolism, such as angiotensin 
converting enzyme inhibitors. 

Introduction 

Coronary flow is regulated by a variety of mechanisms. Recently, the local 
renin angiotensin system has been shown to be an important factor. 
Converting enzyme inhibitors as well as bradykinin (BK) increase coronary 
flow in the isolated rat heart (van Gilst et. al., 1987 ; Linz et. al., 1986). The 
converting enzyme activates angiotensin and inactivates BK (Yang and Erdos , 
1972). W hether a reduced vasoconstriction by angiotensin II or an increased 
vasodilatation by Bk is responsible for the increased coronary flow in isolated 
rat hearts has not yet been established. An essential way to approach this 
question might be the use of selective antagonists for BK. 

Recently, various selective BK-2 receptor antagonists have been synthesized 
(Stewart and Vavrek, 1985). We used four of these BK-2 receptor antagonists 
and a BK-1 receptor antagonist, to evaluate the receptor mediated effects of 
BK on coronary flow and contractility in the isolated rat heart. Furthermore, 
we sought to determine which of the four BK-2 receptor antagonists was the 
most suitable to use in this model. 

Methods 

Male Wistar rats fed ad libitum, were anaesthetized with diethyl ether. 
Heparin (1500 IU) was administered intravenously via a tail vein. The heart 
was excised rapidly and put into ice cold saline. Retrograde perfusion of the 
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aorta, as described by Langendorff was achieved immediately. Thereupon, the 
heart was cleaned of surrounding fat and other tissue. Perfusion pressure was 
maintained at 60 mmHg by means of a microprocessor controlled perfusion 
pump. After calibration of the perfusion pump, this microprocessor also 
calculated the coronary flow continuously. By means of a cannula in the left 
ventricle , left ventricular pressure was recorded. All hearts beat 
spontaneously. 

The standard perfusion medium used was a modified Tyrode solution 
containing mM: Na+ 148 ,  K + 4.7, Ca+ +  1.35, Cr 132, Mg+ +  1.05, HCO3- 20, 
H2P04- 1 . 15, glucose 10 ; pH ranged between 7. 35 and 7.45 after equilibration 
with 95% oxygen and 5% carbondioxide. The temperature was kept between 
38.0 - 38.5 °C. 

A bipolar ECG and heart rate were recorded continuously between the 
metal inflow cannula and a ventricular apex electrode. The rate pressure 
product was calculated from heart rate and the left ventricular end-systolic 
pressure. 

Protocol 

Drugs were added to the standard solution starting after a 10 min 
equilibration period using an infusion system. Bradykinin was used in dosages 
of 1, 3, 10, 30, 100 and 300 nmol/1. To each heart, two randomly chosen 
bradykinin doses were administered during five minutes, separated by a 
washout period of five minutes. Infusion of a single dose bradykinin does not 
produce a stable effect, therefore we evaluated both the maximal effect after 
1 -2 min . of infusion (the 'peak effect', and the effect at the end of the infusion 
period (the '5 minutes effect'). Since the peak effects of the highest dose of 
bradykinin tended to weaken after more than 4 subsequent dosages, no full 
dose response curve could be made in one heart, and for the same reason no 
more than one concentration of the antagonists was investigated. 

Five minutes after the last bradykinin dose, an infusion containing one of the 
five antagonists in a concentration of 1.10-6 mol/1 was started and after ten 
minutes the procedure described above was repeated, in the presence of the 
antagonist. Peak increases in coronary flow, left ventricular pressure and rate 
pressure product caused by bradykinin were determined (1-2 minutes after the 
beginning of the infusion) under both conditions (i.e. with and without the 
antagonist). Furthermore, the bradykinin effects at the end of each five 
minutes infusion period were registrated, again both in the presence and 
absence of the antagonist. Within the concentration range used, at least 6 
observations were made for each dose. Four bradykinin analogues were used, 
known to antagonize bradykinin-2 receptors :  #1 = [Thi5,8-DPhe7]-
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bradykinin (n = 18; Rifo et al. , 1987 ; Griesbacher e t  al . ,  1987) , #2 = [Hyp3-
Thi5,8-DPhe7]-bradykinin (n= 19 ;  Rifo et al . ,  1987; Schachter et a l. , 1987 ; 
Griesbacher et al . ,  1987) ,  #3 = Lys-Lys-[Hyp2-Pro3-Thi5,8-DPhe7]
bradykinin (n = 19 ;  Weipert et al. , 1988; Griesbacher et al . ,  1987), and #4 = D
Arg-[Hyp2- Thi5,8-DPhe7]-bradykinin (n = 17;  Vavrek and Stewart 1985). 
Furthermore , #5 = Arg-Pro-Pro-Gly-Phe-Ser-Pro-Leu , known to be a 
bradykinin-1 receptor antagonist (n = 19; Barabe et al . ,  1984) was used. 
Bradykinin and the bradykinin- 1 receptor antagonist were purchased from 
Sigma (B-3259 and B-6769 resp. ). The structural formulas of these substances 
are shown in table 1. 

Statistical analysis 
Differences between the concentration response were evaluated using a 

multiple analysis of variance. Differences between the groups regarding the 
maximal effects of the concentration response curves were tested double sided 
with Student's unpaired t-test. Differences regarding the effects of the BK 
antagonists were tested double sided , with Student's paired t-test ;  differences 
were considered significant if p<0.05. All results are presented as the mean ± 
SEM. 

Results 

Bradykinin increased coronary flow dose dependently (maximal peak flow 
increase : 8 .9±0.4 ml. min-' at a dose of 1.10-7 M), but the effect gradually 
decreased to 28 % of the peak value after 5 minutes. Figure lAshows the dose 
response curve of BK on coronary peak flow and on coronary flow after 5 
minutes. Left ventricular pressure was measured simultaneously with 
coronary flow; BK increased left ventricular pressure in a similar way, the 
maximal effect (14.0±2.2 mmHg), being obtained at a dose of 3 .10-7 M. After 
5 minutes the increase was decreased to 44% of its peak effect (Figure 1B). The 
heart rate after the different BK dosages remained constant. The rate pressure 
product followed the same pattern as the left ventricular p ressure ; the 5 minute 
value was 60% of the peak effect (being 3700±600 mmHg. min- 1 at a dose of 
3 ,10-7 M). 

None of the BK receptor  antagonists used had an effect on the heart rate, 
left ventricular pressure or rate-pressure product. However, coronary flow 
showed a small but significant decrease in the presence of antagonist #2 and 
#4 (BK-2 receptor antagonists) and in particular in the presence of #5,  the 
BK-1 receptor antagonist (Table 2). As far as the peak effects (after 1-2 
minutes infusion) of BK on coronary flow and left ventricular pressure are 
concerned , all BK-2 receptor antagonists shifted the respective dose response 
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Concentration response relationship considering the effect of bradykinin on coronary 
flow (Flow; I A) and left ventricular pressure (LYP; 1 B) in the isolated rat heart. The 
curves represent the peak effect ( 1 -2 min. after starting the bradykinin infusion; Peak 
increase) and the effect after 5 min . infusion (Five minutes incr. ) .  For each 
concentration at least 6 observations were used. 

Table 1 

Molecular structure of bradykinin and the antagonists used ; d ifferences from 
bradykinin are underlined. 

Bradykinin 

Bradykinin
antagonist # 1 

# 2  
# 3  
# 4  
# 5  

# 1 = B-3926, Rifo et al. 

Arg-Pro-Pro-G ly-Phe-Ser-Pro-Phe-A rg 

A rg-Pro-Pro-GI y-Thi-Ser-D Phe-Thi-Arg 
Arg-Pro-Hyp-G ly-Thi-Ser-O Phe-Thi-Arg 

Lys-Lys-Arg-H yp-Pro-G ly-Th i-Ser-O Phe-Thi-Arg 
O-Arg-Arg-Hyp-Pro-Gly-Thi-Ser-DPhe-Thi-Arg 

Arg-Pro-Pro-GI y-Phe-Ser-Pro-Leu 

= B-4144, Griesbacher et al. 
# 2 = B-3820, Rifo et al. and Schachter et al. 

= B-4146, Griesbacher et al. 
# 3 = B-4148, Griesbacher et al. and Wheipert et al. 
# 4 and # 5 no references 
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Table 2 

The effects of 5 bradykinin antagonists on coronary flow (Flow ; ml/min), rate
pressure product (RPP; mmHg/min), left ventricular pressure (LVP; mmHg) 
and heart rate (HR; 1/min). C = control, BKA = bradykinin antagonist (see 
text). 

Flow RPP LVP HR 

C 9.1 ± 0.5 7300 ± 500 29 ± 2 252 ± 9 
BKA # l 9.0 ± 0. 5 7500 ± 600 30 ± 2 250 ± 8 

C 9.4 ± 0.3 6700 ± 400 27 ± 2 25 1 ± 5 
BKA # 2 9.0 ± 0.3** ''' 6300 ± 400 27 ± 2 243 ± 5 

C 8.8 ± 0.2 8400 ± 900 3 1  ± 4 274 ± 6 
BKA # 3 8.7 ± 0.2 8100 ± 800 30 ± 3 27 1 ± 6 

C 8.5 ± 0.5 7900 ± 800 32 ± 3 248 ± 10 
BKA # 4 8.3 ± 0.5" '  7500 ± 700 31 ± 3 244 ± 7 

C 8.4 ± 0.4 8000 ± 400 30 ± 1 270 ± 6 
BKA # 5 7.9 ± 0.3 "' " '' 7900 ± 500 30 ± 1 265 ± 6 

curves in a parallel fashion to the right (Figures 2 and 3) but had no effect on 
heart rate. In the presence of #2 only, the maximal effect of BK on coronary 
flow was decreased (p<0.01 ;  Figure 2). All BK-2 receptor antagonists shifted 
the concentration-response curves of BK on the coronary flow and LVP to the 
right (Figure 2). 

After 5 minutes infusion, only BK-2 receptor antagonist #2 still caused a 
small parallel shift of the three BK dose response curves to the right (p<0.05). 
However, the other three BK-2 receptor antagonists did no longer affect the 
dose response curve of any of the three parameters. For the coronary flow 
changes after antagonist #2 this is shown in figure 4. 

The BK-1 receptor antagonist (i.e. #5) did not have any inhibitory effect on 
the coronary flow increase produced by BK, on the contrary, the maximal 
effect of the 'peak flow increase' was increased (p<0.05 ; Figure 5). 
Furthermore , the dose response curve after 5 minutes infusion was shifted to 
the left (p<0.05 ; Figure 6A). The curves of neither the peak effect nor the 5 
minute effect on left ventricular pressure were significantly shifted , though 
both plots reached a higher plateau in the presence of the BK-1 receptor 
antagonist ; the peak effect was 59% higher (p<0.05) and the 5 minute effect 
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37% (p<0 .05; Figure 6B) . The peak effect on the rate pressure product was 
influenced similarly by BK- 1  receptor antagonism, and also after 5 minutes an 
increase of the maximum was observed comparable to the effect on left 
ventricular pressure (3700± 600 vs . 5900± 700 mmHg.min· 1

, p<0 .00 1 ) .  

Discussion 

All BK-2 receptor antagonists that we used ,  have the five amino acids at the 
N-terminal part in common (Table 1 ) .  Yavrek and Stewart found that Thi at 
positions 5 and 8 converted the weak agonistic effect of [D-Phe7]-BK i nto a 

A Flow increase (ml/min) 8 Flow increase (ml/min) 
12 � -- - -- - -- - - -� 

1 0 - 8 -

6 

4 .  
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2 - 0 

0 -2 . 
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1 0  1 4  

1 2  · • 8 • 1 0  ! 
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Figure 2 
Concentration response relationship considering the effect of bradykinin on the peak 
increase in coronary flow in the isolated rat heart. The effects of the four bradykinin-2 
receptor antagonists are depicted (#1  in 2A, ##2 in 2B , #3 in 2C and #4 in 2D) .  For 
each concentration at least 6 observations were used. The effects of the antagonists 
were compared to the control curve using a multiple analysis of variance: p<0 .001 for 
# 1 ,  p<0.05 for #2,  p <0.05 for #3, p<0.005 for #4.  
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strong antagonist ic action (Yavrek and Stewart , 1985) .  Subsequent ly, many of 

these analogs have been synthesized and investigated in  several models .  This is 

the first study in  which various of these antagonists are compared in the 

isolated rat heart . 

All BK-2 receptor antagonists caused a para l le l  rightward shift of the BK 

close-response curves regarding t he  peak effects o f  coronary flow, left 

ventricu lar  pressure and rate pressure product . However, differences between 

the various substances were found .  In the presence of antagonist #2 on ly, the 

maximal BK peak effect could not be recovered.  The latter was also the only 

antagonist which was st i l l  able to inhibit the BK effect after 5 minutes infusion .  
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The concentration response relationship considering the effect of bradykinin on the 
peak increase of the left ventricular pressure . The effects of the four bradykin in-2 
receptor antagonists ( # 1  in 3A, #2 in 3B, #'3 in 3C, #4 in 3D . ) .  For each concentration 
at least 6 observations were used . The effects of the antagonists were compared to the 
control curve using a multiple analysis of variance: p<0.05 for # 1 ,  p<0.05 for #2,  
p<0.05 for #3,  p<0.05 for #4. 

73 



Flow increase (ml/min) 

2.5 

1 .5  

0.5 

-0.5 i-��;;--���--�--
0.1 

Figure 4 

1 10 100 
Bradykinin (nmol/1) 

1000 

Concentration response relat ionship of bradykinin on the coronary flow after 5 minutes 
infusion . The effects of bradykinin-2 receptor antagonist #2 is shown . For each 
concentration at least 6 observations were used . The effects of the antagonist were 
compared to the control curve using a multiple ana lysis of variance : p<0.05 .  
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Figure 5 
Effects of the bradykinin- 1 receptor antagonist on the dose response relationships 
considering the peak effect of bradykinin on coronary flow. For each concentration at 
least 6 observations were used. 

The BK-1 receptor antagonist did not inhibit the peak flow effects caused by 
BK in the isolated rat heart, but seemed to have an opposite effect compared 
to the BK-2 receptor antagonist. 

It is generally agreed that vasodilatory B K-2 receptors are present on the 
vascular endothelium, and that BK-1 receptors are present on vascular smooth 
muscle leading to vasoconstriction (Regoli, 1980; Tsuru, 1988). Our 
experiments show that in rat coronary arteries both receptors play a role to a 
different extent. The lower, more physiological dosages of BK caused initially 
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Figure 6 
Effects of the bradykinin- 1 receptor antagonist on the dose response relationships 
considering the 5 min .  effect of bradykinin on coronary flow (Flow; 6A) and left 
ventricular pressure (LVP; 8B) For each concentration at least 6 observations were 
used. 

mainly an activation of the BK-2 receptor, whereas the higher dosages 
appeared to activate the BK-1 receptor as well. This was evidenced by the fact 
that the BK-2 receptor mediated effects of the higher BK dosages were 
increased during BK-1 receptor antagonism . Furthermore , the progressive 
attenuation of flow increase after prolonged (5 min) infusion of BK could be 
due to a slowly incremental activation of vasoconstrictive BK-1 receptors on 
the coronary vascular smooth muscle. A slowly proceeding, BK-1 receptor 
mediated , vasoconstriction is more likely the cause than BK-2 receptor 
tolerance or exhaustion, since we found that BK-1 receptor antagonist #5 
restored the vasodilatory response to a great extent. 

The changes in the dose response curves on left ventricular pressure and rate 
pressure product were comparable to those on flow for all BK antagonists 
used , including the BK-1 receptor antagonist '5 . This suggests that the BK-2 
receptor is mainly involved in the positive inotropic effect of BK. Whether this 
is due to a direct mode of action on BK-2 receptors located on the myocardial 
cell , or to a 'garden-hose'-effect (positive shifting of the Frank-Starling curve 
as a result of coronary flow increase), as described by Arnold et al. ( 1968), can 
not be concluded from our experiments. Moreover, Iven et al . (1980) reported 
a positive inotropic effect of BK on isolated guinea pig atria , suggesting a 
direct rather than a flow mediated effect of BK on the myocardial cell . 

Several investigators have used the BK-2 receptor antagonists in various in 
vitro and in vivo situations. All four antagonists were able to antagonize BK-2 
receptor dependent effects competitively in vitro , in the guinea pig ileum 
(Braas et al. ,  1988 ; Vavrek and Stewart , 1985) , the rat uterus (Braas et. al. ,  
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1988) , the iris sphincter muscle of the rabbit (Griesbacher et al., 1987), the dog 
carotid artery (Rhaleb et al., 1988; Regoli et al., 1986) and in vivo, blood 
pressure in rats (Wheipert et al., 1988). Rett et al. (personal communication) 
used # 1, #2 and #3 in vivo in the pig and found a prolonged effect of #2 on the 
blood pressure lowering action of BK. Similarly, antagonist #2 in our 
experiments , which caused a parallel shift of the BK dose response curves, did 
reduce the maximal flow effect following BK. Antagonist #4 was extensively 
used by Scholkens and co-workers in vivo in rats and in the isolated rat heart, 
to evaluate the effects of converting enzyme inhibitors (Linz et al., 1986). 
Yavrek and Stewart used #4 in the isolated guinea pig ileum. They found it to 
be one of the more potent antagonists in this BK-2 receptor selective model 
(Yavrek & Stewart, 1985). Our results showed that also in the isolated rat heart 
this antagonist appears to be a potent antagonist of BK induced peak increases 
in the flow as well as in the left ventricular pressure and rate- pressure product. 

We previously described the differential effects of antagonist #4 on the 
coronary vasodilation of various converting enzyme inhibitors. The coronary 
vasodilatory effect of angiotensin converting enzyme (kininase I I)  inhibitors in 
the isolated rat heart can at least partially be attributed to a BK-2 receptor 
dependent mechanism (Tio et al., 1987). Therefore, selective BK-2 receptor 
antagonists provide the possibility to investigate the mechanisms of action 
involved in coronary vasodilatation caused by converting enzyme inhibitors. 

In conclusion, our results imply that the augmenting effects of BK on 
coronary flow and rate pressure product in the isolated rat heart are mediated 
through interaction with the BK-2 receptor and not through the BK-1 receptor. 
Furthermore, apart from BK-2 , BK- 1  receptors are stimulated when higher 
dosages of BK are used. Antagonizing the latter receptor type causes a greater 
increase in coronary flow and of rate pressure product and left ventricular 
pressure. Antagonists of the BK-2 receptor differ largely in their antagonistic 
properties. In  the isolated rat heart, selective antagonists like antagonist #3 
and #4 (HOE K86- 4321 )  are useful to antagonize BK-2 receptor mediated 
effects, since these compounds showed a powerful competitive antagonism 
with BK regarding the effects on coronary flow and contractility, without 
having aspecific (non-competitive) elements in it. These compounds may be of 
great value in studying the mechanisms of action of other drugs interfering 
with local BK metabolism, such as angiotensin converting enzyme inhibitors. 
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Summary 

Converting enzyme inhibitors are able to decrease coronary resistance by 
mechanisms that are not fully understood . We investigated in isolated rat 
hearts the influence of a selective bradykinin-2 receptor antagonist , HOE 
K86-4321 (D-Arg-[Hyp2-Thi5 ,8-DPhe7]-bradykinin; 10-6 M) on vasodilation 
caused by various ACE-inhibitors. The concentration response curve of 
captopril was not affected whereas that of zofenoprilat was shifted to the right. 
Furthermore, the effect on vasodilation caused by 30 minutes infusion of 
bradykinin ( 10- 10 M), three angiotensin converting enzyme inhibitors 
(enalaprilat , 6.10-6 ; zofenoprilat , 5 . rn-6 ; captopril , 4.10"5 M) and the inactive 
stereoisomer SR-captopril ( 4.10-5) were evaluated. In the saline group and the 
bradykinin antagonist group coronary flow slowly decreased (from 10.2± 1.6 to 
9.2± 1.7 ml/min and from 9.8± 1.5 to 9.4± 1.5 respectively, in the first 10 
minutes). Compared to the saline group, all drugs increased coronary flow 
maximally within 10 minutes , although to a different extent: captopril from 
10.1 ± 1.2  to 11.7±2 .3 ,  zofenoprilat from 8. 9 ± 1.4  to 13 .4± 1.9, enalaprilat from 
9.5± 1.9 to 10.1± 1.0 , braclykinin from 1 1 . 7±1. 2  to 12 . 1± 1.6 and SR-captopril 
from 9.6±2 . 1  to 10.9±2.2 ml/min. The effects of bradykinin 1 0- 10  mol/1 
(p<0.01), and enalaprilat (p<0.05) were completely antagonized by the 
antagonist. However, the effects of both were recovered after prolonged 
infusion. The increase in coronary flow induced by captopril and SR-captopril 
were not significantly altered by the antagonist. The flow increase by 
zofenoprilat was diminished by more than 50% (p<0.001) , but a significant 
flow increase persisted. 

These results indicate that bradykinin-2 receptors are involved to a different 
extent in the effects of the distinct converting enzyme inhibitors on coronary 
flow in the isolated rat heart. Moreover, additional effects on coronary flow 
may be related to the sulfhydryl group in captopril, SR-captopril and 
zofenoprilat. Furthermore, the effects of captopril and SR- captopril indicate 
that the effect of the sulfhydryl group is not rate limited by a bradykinin-2 
receptor dependent mechanism. 

INTRODUCTION 

The renin-angiotensin system plays an important role in cardiovascular 
homeostasis. Apart from the systemic hormonal system, there is evidence for 
a local renin-angiotensin system present in various tissues, like the brain 
(Cohen and Kurz, 1982), the vascular wall (Cohen and Kurz, 1982 ; Bendhack 
et al . ,  1986 ; Campbell and Habener, 1986) , and the heart (Cohen and Kurz, 
1982; Campbell and Habener, 1986 ; Campbell, 1987). 
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ln  heart tissue various e lements of the renin angiotensin system have been 
demonstrated , angiotensin converting enzyme in the vessel wall and 
myocardium (Rosenthal et al . ,  1987) , angiotensin 1 1  receptors on cardiac 
myocytes (Rogers et al . ,  1986) , renin and angiotensin 1 1  in cardiac myocytes 
( Re ,  1987) , and angiotensinogen-mRNA in atria (Campbel l ,  1987) .  This 
suggests that in the heart all elements of a local system are present. Converting 
enzyme inhibitors may affect coronary flow by interfering with this local 
system . 

Apart from a reduction of the formation of angiotensin 1 1 ,  inhibition of the 
angiotensin converting enzyme ( = kininase I I )  may result in an elevation of 
bradykinin concentration. Subsequently, bradykinin can cause vasodilation of 
coronary arteries and increases cnronary f low. 

We were interested in the involvement of bradykinin in the effects of 
angiotensin converting enzyme inhibitors on coronary flow in the isolated rat 
heart . Therefore , the flow-increasing effects of different converting enzyme 
inhibitors were compared using HOE K86-4321 (D-Arg-[Hyp2-Thi5,8-
DPhe7]-bradykinin) , a selective bradykinin B-2 receptor antagonist (Stewart 
and Vavrek ,  1983) .  Moreover, differences between sulfhydryl containing 
(captopril and zofenoprilat) and non-sulfhydryl containing (enalapri lat) 
angiotensin converting enzyme inhibitors were evaluated. Furthermore , we 
compared the effect of captopril with its stereoisomer, SR-captopril , which has 
no converting enzyme inhibiting properties. 

METHODS 

Male Wistar rats (n =109) fed ad libitum were anesthetized with diethyl 
ether. Heparin ( 1500 IU) was administered intravenously via a tail vein .  The 
heart was excised rapidly and put into ice cold saline . Retrograde perfusion of 
the aorta , as described by Langendorff , was achieved immediately and the 
heart was cleaned of surrounding fat and other tissue. Perfusion pressure was 
maintained at 60 mmHg by means of a microprocessor controlled perfusion 
pump. After calibration of the perfusion pump, this microprocessor also 
indicated the coronary flow (ml/min) continuously. By means of a cannula in 
the left ventricle , left ventricular pressure (mmHg) was assessed every 5 min. 
All hearts beat spontaneously. 

The standard perfusion medium used was a modified Tyrode solution 
containing Na+ 150.4 mmol/1 , K+ 4.7 mmol/1 , ca+ +  1.35 mmol/1 , er 139.5 
mmol/1 , Mg++ 1.05 mmol/1, HCO3-20 mmol/1 ,  H2PO4- 0.42 mmol/1 , glucose 10 
mmol/1 , pH ranged between 7.35 and 7.45 after equilibration with 95% oxygen 
and 5% carbondioxide. The temperature was kept between 38.0 - 38.5 °C. 

A bipolar ECG and heart rate (min-1) were recorded continuously by means 
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of two electrodes: one attached to the metal inflow cannula and the other to 
the ventricular apex. The rate pressure product was calculated from the 
maximal systolic left ventricular pressure and heart rate (mmHg/min). 

Protocol 

Previous studies in this model have shown that captopril and zofenoprilat 
cause a rapid flow increase , whereas enalaprilat and ramiprilat cause a slow 
increase in coronary flow. For this reason in one heart the concentration
response relationship of only captopril and zofenoprilat can be investigated 
cumulatively. Therefore , we first investigated the bradykinin dependent 
effects of captopril and zofenoprilat when given cumulatively (Study A). 

Furthermore , we compared the bradykinin effects of prolonged infusion of 
the two drugs with the effect of enalaprilat , SR- captopril and bradykinin 
(Study B). 

Study A 
For this study 24 hearts were randomized over 4 groups. Two groups received 
an ACE-inhibitor and saline , the other two An ACE-inhibitor and the 
bradykinin antagonist. Infusion of saline and the bradykinin antagonist were 
started from the beginning of the experiment. The ACE-inhibitors were added 
starting after 10 minutes infusion, captopril in dosages of 3.10·6, 10·5 , 3.10·5 , 10· 
4 ,  3.10·4 , and 10·3 mol/1, zofenoprilat in 10·6, 3.10·6 , 10·5 , 3.io-5 ,  10·4, and 3.10"4 

mol/1. Each dosage was infused during a period of three minutes. The 
bradykinin antagonist was used in a dosage of 1 0-6 mol/1 , which has been 
shown to shift the bradykinin concentration-response curve on coronary flow 
to the right. 

Study B 
A concentration response curve of bradykinin was made in order to establish 
the lowest concentration evoking asignificant flow increase. For this purpose 
hearts (n=9) were exposed to different concentrations of bradykinin during 5 
min and the maximal effect was measured. The washout period between each 
bradykinin infusion was 10 minutes . 

In order to investigate the bradykinin dependency of long term infusion 100 
rat hearts were randomly distributed over 14 experimental groups. The hearts 
were perfused in the presence or the absence of the bradykinin antagonist. All 
drugs were infused over a 30 minute period. In 7 groups in the absence of the 
antagonist either bradykinin 10· 10 mol/1 (n=6), captopril 4.10"5 mol/1 (n=8) and 
4.10"4 mol/1 (n=4), SR-captopril 4.10"5 mol/1 (n= 6), zofenoprilat 5 . 1 0"6 mol/1 
(n=6), or enalaprilat 6.10"6 mol/1 (n=6) were infused. Captopril, enalaprilat 
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and zofenoprilat ,vere added in equipotent in vitro ACE inhibiting 
concentrations. In the 7 other groups the bradykinin antagonist ( 10 ·6 mol/1) was 
combined with either bradykinin 10· 10 mol/1 (n=7), captopril 4. 1 0-5 mol/1 (n=7) 
or 4.10·4 mol/1 (n= 4), SR-captopril 4. 10-5 mol/1 (n=7), zofenoprilat 5.10"6 mol/1 
(n=7), or enalaprilat 6. 10-6 mol/1 (n=7). 

We used two control groups , one with saline (n= l7) and one with the 
bradykinin antagonist (n=7), to investigate the effects of the bradykinin 
antagonist per se. 

Drugs 
Captopril (SQ 14,225), SR-captopril (SQ 14 ,534) and zofenoprilat (SQ 

26 ,703) were kindly supplied by ER Squibb and sons , Princeton NJ. USA, 
enalaprilat (MK 422) by Merck Sharp and Dahme, Haarlem Holland and the 
bradykinin antagonist (D-Arg-[Hyp2-Thi5,8-DPhe7]- bradykinin; HOE K86-
4321) by Dr. B.A. Schol kens and DrW. Konig of Hoechst AG, Frankfurt FRG. 
Bradykinin triacetate was purchased from Sigma (B 3259). 

Statistical analysis 
The concentration response curves in study A were compared using an 

analysis of variance. In study B an analysis of variance for repeated 
measurements was used to test differences in flow between groups, with heart 
rate as a covariant variable. An analysis over the first 20 minutes as well as over 
the total 30 minutes was performed in order to differentiate early effects from 
effects in the entire 30 min experiments. Differences in rate pressure product 
were also tested with an analysis of variance. Differences between group 
means regarding the maximal effects were tested with Student's unpaired t
test; differences were considered significant if p<0.05. All results are 
expressed as mean ± SEM. 

RESULTS 

In study A ,  the initial values did not differ between the 4 groups. Initjally, the 
flow was 12.9±0.2 (ml/min), the heart rate 300±5 ( 1/min), the left ventricular 
pressure 83± 1  (mmHg), and the rate-pressure product 24700±500 (mmHg/ 
min). The flow in the 12 BK antagonist treated hearts was 11.6±0.4 after 10 min 
infusion vs. 11.5±0.2 ml/min in the saline treated hearts. Neither heart rate 
(274±7 vs 281 ± 10 1/min) , nor LVP (85±2 vs 85±1 mmHg) were different after 
BK antagonist infusion. Cumulative infusion of captopril caused a 
concentration-_Elependent increase in coronary flow. When captopril was 
infused during concomitant BK antagonist infusion, it caused a comparable 
concentration dependent flow increase (Fig. l A). Cumulative infusion of 
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Concentration-response curves of cumulative infusion of captopril (A) and 
zofenoprilat (B) on coronary flow in the isolated rat heart . The effect of concomitant 
infusion of a BK antagonist on the curve of captopril was not significant .  The B K  
antagonist shifted the curve of zofenoprilat significantly to the right (p<0.05) . 

zofenoprilat increased the coronary flow concentration-dependently. During 
concomitant infusion of the BK antagonist the concentration-response curve 
of zofenoprilat was shifted to the right (Fig. 1B). I n  study B no significant 
differences in the initial values were observed between the various groups; the 
mean values for the entire population of 109 hearts were: heart rate 300±3 ( 1/ 
min) , coronary flow 9 .8±0.2 (ml/min), left ventricular pressure 40±3 mmHg 
and rate-pressure product 10400±400 (mmHg/min). 

The dose response relationship of bradykinin is shown in figure 2. A dose of 
10-10 mol/1 was chosen for further experiments since this dose evokes a small 
significant coronary flow increase, after 5-10 minutes infusion. 

Minor variations in heart rate were present during the experiments, but 
these were not significant. In corroboration with other observations (Shaw, 
1962 ; Moir and de Bra , 1967), we found a significant linear relation between 
flow and heart rate ( correlation coefficient = 0.98; p<0.05). The coronary flow 
in the saline group slightly decreased with time (98±2% of the initial flow after 
10 min.). Addition of the bradykinin antagonist did not produce a significantly 
different effect ( 100±4% after 10 min.) . Flow increases due to the drugs after 
10 minutes infusion are shown in figure 3. All converting enzyme inhibitors 
induced flow increases that were significantly different from the control group. 
Pronounced differences were found between the various converting enzyme 
inhibitors at their maximal effects, after 10 minutes of infusion (Fig 3) . 
Brady kin in (Fig 4A) induced an increase of 7 ±6%. W hen administered 
simultaneously with the antagonist, bradykinin did not produce a significant 
effect (Fig 4A). However, the flow in the bradykinin group at the end of the 
infusion period was again significantly increased (p<0.05). Enalaprilat (Fig. 
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Figure 2 
Dose response relationship of bradykinin (n=9) ;  symbols represent means ± SEM.The 
maximal flow effect of each dose is plotted as percentage of its preinfusion value. 
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Figure 3 
Flow at t = l O  min . of the respect ive groups without the bradykinin antagonist (open 
bars) and with the antagonist (dotted bars) . Control = saline (n= 17) or bradykinin 
antagonist 10-10 mol/1 (n=7) ,  captopril 4 . 1 0-4 mol/1 (n =7) ,  captopri l+  BKA (n =9) , SR
captopril 4 . 10-4 mol/1 (n=6), SR-Captopril +BKA (n = 7) ,  zofenopri lat 5 . 10-6 mol/1 
(n=6) , zofenopri lat+ BKA (n =7) , enalapri lat 6 . 10-6 mol/1 (11=6), enalapri lat+ BKA 
(n =7) , Bradykinin 1 . 10- 1 0  mol/1 (11 =6), B radykini n+ BKA (n =7) . Differences 
between the groups with and without bradykinin antagonist are i ndicated : * p<0.05 ; * *  
p<0.01 

4B) caused a small increase after 10 minutes (6 ±4%). Bradykinin antagonism 
inhibited this flow increase mainly in the f irst 10-15 minutes. Interestingly, the 
flow in the enalaprilat group showed a biphasic pattern during antagonism. 
The difference gradually disappeared after 10 minutes and when the full 30 
minutes in the presence of the antagonist were analyses, enalaprilat still 
produced a signif icant effect (p<0.05 ; Fig. 4B). Zofenoprilat (Fig. 4C) caused 
a flow increase of 50 ±4%. After 10 minutes, the zofenoprilat effect was 
signif icantly lower with the bradykinin antagonist ie 21±7% versus 50 ±4% 
(p<0.001) which is  still a 6 statistically significant increase (p<0.001) .  The 
ACE-inactive stereoisomer of captopril (Fig. 4D) produced an increase 
(26± 13% )  comparable to that of captopril (18 ± 8 % ;  Fig. 5).  Captopril and its 
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Coronary flow diagrams of a )  bradykinin 1 . 10- 10 mol/1 , b )  enalaprilat 6. 10-6 mol/1, c) 
zofenoprilat 5 . 10-6 mol/1, d) SR- captopril 4 . 10-5 mol/1 , with or without the bradykinin 
antagonist (BKA 10-6 mol/1) .  Significant differences from saline infusion regarding the 
full time course are indicated at the right side of the curves, and regarding the first 20 
minutes at the top (significant for enalaprilat only) . * and * * *  indicate differences from 
control group, $ and $$$ differences between groups with and without antagonist , for 
both: p < 0 .05 and 0 .001 respectively. mean ± SEM 
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stereoisomer were insensitive to bradykinin-2 receptor antagonism: in both 
groups coronary flow increased in spite of the presence of the antagonist 
(p<0.00 1). Also a high dose of captopril (4. 10-4 mol/1) producing an effect 
comparable to that of zofenoprilat (5.10-6 mol/1) was not affected by bradykinin 
antagonism (Fig. 5). 

The rate pressure product was significantly increased in the zofenoprilat and 
in the bradykinin group (p<0.001 and p<0.05 resp; Table 1 ). An elevation of 
the rate pressure product caused by bradykinin was absent in the presence of 
the bradykinin antagonist (Table 1). The rate pressure product increase caused 
by zofenoprilat was not affected by bradykinin-2 receptor antagonism (Table 
1 ). 

100-----------------, 

150 

CAPTOPR!L 

.O Coptopril h,gh 

• • BKA 

o Co.ptopril low 

0 •Bl<A 

-5 ti lO 15 
ti111tlfllinl 

Figure 5 
Effects of captopril 4 . 10-5 mol/1 and 4 . 10-4 mol/1 with or without the bradykinin 
antagonist (BKA 10- 10  mol/1) on coronary flow. Significant differences from saline 
infusion regarding the full timecourse are indicated at the end of the curves. * * *  
indicate difference from control group, p < 0 .00 1 .  mean ± SEM. 

DISCUSSION 

The role of bradykinin in the effects of various angiotensin converting 
enzyme inhibitors on coronary flow was studied. For this purpose a selective 
bradykinin-2 receptor antagonist was used , since bradykinin can cause 
vasodilation via bradykinin-2 receptors on the endothelial cell (Tsuru, 1988). 
Cushman et al. ( 1989) investigated the inhibition of tissue ACE activity in the 
heart in vitro. They compared the effects of captopril , zofenoprilat, enalaprilat 
and other ACE-inhibitors after different preincubation periods. They found 
that at the beginning of the preincubation period the ratio between captopril, 
zofenoprilat and enalaprilat was 2.8: 1 :  1.2. The ratio between zofenoprilat and 
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Table 1 

Rate-pressure product (mean ± SEM), initial values (Baseline ; [x 100 mm Hg/ 
min]) and percentage of initial values after 10 minutes. 
Differences considering the overall effects, considering the entire 30 min infu
sion are represented in the last column. 
Control = saline (n = 17) , Capt high = captopril 370 µ,mol/1 (n = 4), Capt low 
= captopril 37 µ,mol/1 (n = 7) , Zof = zofenoprilate 5 µ,mol/1 (n = 6), Ena = 
enalaprilate 6 µ,mol/1 (n ·= 6) , SR-Capt = SR-captopril 37 µ,mol/1 (n = 6), Brad 
= Bradykinin 0.1 nmol/1 (n = 6), BKA = bradykinin antagonist 1 µ,mol/1 (n = 
7); BKA + Capt high (n = 4), BKA + Capt low (n = 9), BKA + Zof (n = 7), 
BKA + Ena (n = 7) , BKA + SR-Capt (n = 7), BKA + Brad (n = 7). Differen
ces from control groups are indicated : * p < 0 .05, * *  p < 0.01 and * * *  p < 
0.001 . 

GROUP Baseline % at 10 min Overall differences 

Control 105 ± 1 1  1 1 7 ± 8 
Capt low 132 ± 24 118 ± 1 4  
Capt high 1 10 ± 26 1 20 ± 1 2  
Zof 89 ± 15 190 ± 12 * * *  

Ena 107 ± 1 8  96 ± 3 
SR-Capt 103 ± 20 129 ± 17 
Brad 108 ± 15 134 ± 1 3  * 
BKA 119 ± 6 11 0 ± 14 
BKA + Capt low 121 ± 16  155  ± 30 
BKA + Capt high 104 ± 32 11 2 ±  8 
BKA + Zof 90 ± 11 1 52 ± 16 * ** 
BKA + Ena 81 ± 1 1  126 ± 7 
BKA + SR-Capt 112 ± 13 129 ± 7 
BKA + Brad 7 1  ± 1 1  1 10 ± 20 

enalaprilat did not change after longer preincubation periods. The ratio 
between captopril and zofenoprilat however, ranged from 2.8 at the beginning 
to 11:1 after 40 minutes. In our 30 minute infusion protocol we used a 
captopril-zofenoprilat ratio of 8: 1 ,  zofenoprilat and enalaprilat were used in a 
ratio of 1 :  1.2. Striking differences between the various drugs in their sensitivity 
to the bradykinin antagonist were found. The concentration-response curve of 
captopril was not affected by BK antagonism. Whereas , the concentration
response curve of zofenoprilat was shifted to the right. When the drugs were 

90 



infused during 30 minutes the effects of the antagonist were comparable : the 
BK antagonist reduced the effect of zofenoprilat during the entire time course , 
whereas the effects of both captopril and SR-captopril were not affected by the 
antagonist. Using the 30 min infusion period , the effects of enalaprilat could 
be compared with those of captopril and zofenoprilat . Bradykinin-antagonism 
abolished the effect of enalaprilat and bradykinin during the first part of the 
infusion period. After a prolonged infusion period the effect of enalaprilat , 
and to a lesser extent that of bradykinin recovered. 

Coronary flow in the isolated rat heart is increased by angiotensin 
converting enzyme inhibitors both after acute administration (Drexler et al. , 
1987; Linz and Sch61kens , 1987;  van Gil st et al . ,  1987) and after oral 
pretreatment (Linz and Sch61kens , 1987 ;  van Gilst et al. , 1987) . Various 
mechanisms , either alone or in combination , are probably responsible for the 
effects. Inhibition of the angiotensin converting enzyme leads to both a 
diminished production of angiotensin I I  and to a decreased catabolism of 
bradykinin. Bradykinin may stimulate the synthesis of vasodilatory 
prostaglandins (PGI2) ,  but it may also enhance the effects of endothelium 
derived relaxing factor (ED RF)(Radomski et al. 1987) . In our experiments we 
found a small effect of enalaprilat on coronary flow, which was of comparable 
magnitude as the effect caused by a low concentration of bradykinin (10-10 mol/ 
I). The effects of enalaprilat were bradykinin-2 receptor dependent only during 
the first 10-20 minutes. However, the effect of enalaprilat recovered during the 
terminal part of the infusion period. For this phenomenon two possible 
explanations can be formulated. On the one hand , an in time diminishing 
effect of the bradykinin antagonist could have occurred. However, this is not 
likely for two reasons. First , the effect of zofenoprilat is antagonized 
throughout the experiment and second, the antagonist is infused constantly. 
On the other hand , a bradykinin-2 receptor independent effect of enalaprilat 
(which may be angiotensin mediated) may have developed. Possibly, time 
related kinetic differences exist between the development of the bradykinin-2 
receptor dependent and independent mechanisms . 
Furthermore , we found an effect of zofenoprilat which was only partially 
antagonized by the bradykinin-2 receptor antagonist. Apart from bradykinin 
and angiotensin , a third factor may contribute to the increase in coronary flow 
namely the sulfhydryl group. Sulfhydryl group containing substances without 
angiotensin converting enzyme inhibitory activity like cysteine and 
glutathione were shown previously to have coronary vasodilating properties 
(van Gilst , 1987; Bernier, 1986). The exact mechanism of this so called 
sulfhydryl effect is not clear but may be related to arachidonic acid metabolism 
(van Gilst , 1987) or EDRF (van Gilst , 1988). In the present experiments an 
instantaneously increased flow was found for the sulfhydryl group containing 
angiotensin converting enzyme inhibitors . These results confirm previous 
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findings (van Gilst, 1987). Sulfhydryl groups are necessary for the formation of 
nitrosothiols , intermediates in NO-induced vasodilation (Ignarro et al. , 1981). 
The fact that EDRFhas been identified as being an endogenous nitrate (NO), 
gives rise to the speculation of a possible common pathway of the bradykinin 
effect and the sulfhydryl effect. 

Interestingly, the racemic captopril and SR-captopril treated groups did not 
differ significantly in their flow effects. Surprisingly, the bradykinin antagonist 
did not influence the effect of captopril, neither was the effect of SR-captopril 
bradykinin-2 receptor dependent. Other authors found a bradykinin 
dependent hypotensive effect of captopril in rats with chronic hypertension 
but not in sodium depleted normotensive rats. (Carretero 1981). Our results 
suggest that in the concentrations used this effect of acute captopril 
administration is mainly bradykinin-2 receptor independent. The observed 
differences could be due to kinetic differences. However, Cushman et al. 
(1989) found comparable onset and duration of cardiac ACE inhibition after 
oral administration in rats. Another possibility is an effect associated with the 
presence of the sulfhydryl group. 

In conclusion , in isolated rat hearts coronary flow increase caused by 
angiotensin converting enzyme inhibitors is at least partially mediated by a 
bradykinin-2 receptor dependent mechanism and appears to be different for 
the various ACE-inhibitors. Moreover, the sulfhydryl group is responsible for 
an effect that seems not to be rate limited by a bradykinin-2 receptor 
dependent mechanism. 
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Introduction 

Converting enzyme inhibitors increase coronary flow in the isolated rat 
heart (van Gilst et al. 1987). There is increasing evidence that bradykinin plays 
an important role in this effect (Linz et al . 1986). Previous experiments showed 
differences in the sensitivity of these drugs to bradykinin-2 receptor 
antagonism: the effects of enalaprilate and zofenoprilate, but not those of 
other inhibitors were antagonized by a selective bradykinin-2 receptor 
antagonist (Tio et al . 1987). It is still uncertain whether bradykinin exerts its 
action through an interaction with prostaglandin metabolism (BK- 1 
receptors?) or through other mechanisms such as EDRF release (BK-2 
receptors?). Moreover, this action might be species-dependent (Toda et al. 
1987). 

We studied the effects of indomethacin on the increase in coronary flow 
caused by converting enzyme inhibitors or bradykinin in the isolated rat heart 
to determine whether the effects of bradykinin on coronary flow are mediated 
by prostacyclin. Moreover, the efflux of 6-keto-PGF 1 was measured in the 
coronary effluent. 

Methods 

Male Wistar rats (275-325 g;  n=34) were anesthetized with diethyl ether. 
Heparin (1500 JU) was administered intravenously via a tail vein and the heart 
was rapidly excised and retrogradely perfused at constant pressure (van Gilst 
et al. 1987). A bipolar ECG and the spontaneous heart rate were recorded 
continuously. 

After an equilibration period of 10  minutes, a sample of the coronary 
effluent was collected for the radioimmunoassay of 6-keto- PGF 1u  (the stable 
metabolite of prostacyclin). Subsequently, an infusion was started with saline 
(n=6), captopril (8 mg/I ; n=7) , zofenoprilate (2.4 mg/I ; n=6), enalapri late (8 
mg/I ; n =6) or bradykinin ( 1  nM and 100 nM; n=6 and 3 resp.). After a 10 
minute infusion period a second sample was taken, the infusion of drugs was 
interrupted and followed by a 5 minute wash-out period. Subsequently, an 
infusion of indomethacin ( 1  �tM) was started, 15 mjoutes later followed by the 
same drug infusion as in the first 10 minutes. After the experiments , the dry 
weight of the hearts was determined. 

D ifferences between means were tested with Student's t-test; differences 
were considered to be significant if p<0.05. All results are expressed as means 
± SEM. 
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Results 

At the beginning of the first and the second infusion period, no substantial 
differences in heart rate or coronary flow were found (mean heart rate 262 ± 5 
vs. 250 ± 4 bpm and mean flow 10.3 ± 1.6 vs. 9.3 ± 1.6 ml/min ,  respectively). 
Apparently, the hearts were in comparable conditions at these time points, 
enabling the repeated measurement of flow and heart rate effects. 

Bradykinin at both concentrations, captopril and zofenoprilate increased 
coronary flow during the first and the second infusion period, but enalaprilate 
did not. The flow increase occurred almost instantaneously and was sustained 
in the converting enzyme inhibitor treated groups. The flow increases after 
bradykinin however, appeared tc, he biphasic : an initial peak phase followed by 
a slowly decreasing phase. No di fference in maximal flow effect between both 
bradykinin groups was observed. There were no significant effects on heart 
rate during the experiments. The overflow of 6-keto-PGF 1 a  fell in all groups 
except for the high dose bradykinin group, in which the 6-keto-PGF 1a 
production was enhanced (Table 1). 

After the infusion of indomethacin , bradykinin at both concentrations 
increased flow to the same extent as before the addition of indomethacin. 
There were no significant differences in the converting enzyme treated groups. 
However, indomethacin slightly decreased the effect of enalaprilate and 
slightly increased the effect of captopril (Figure 1). 
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Figure 1 Coronary flow as percentage of the initial control value. Except for 
enalaprilate , all compounds significantly increased coronary flow. No 
differences between treatment in the absence or in the presence of 
indomethacin were observed. 
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Table 1 

Prostacyc lin production before and after 1 0  minutes of drug infusion . 

6-keto-PGFu (pg/min/mg dry weight) 
GROUP Base line 10 min Difference 

Saline 1 1 .0 ± 4.1  2 .7  ± 0.7 8 . 3  ± 3 . 9  
Enalaprilate 1 3.6 ± 5. 1  3.3 ± 1.4 1 0.3 ± 3 .8  
Captopril 12.6 ± 2.0 2. 1 ± 1 .0 - 1 0 .6  ± 2.5 
Zofenoprilate 1 3.7 ± 4.0 3.8 ± 0.7 9.9 ± 3.7 
Bradykinin l nM 14 . 1 ± 4.8 4 , 3  ± 1 . 2 9 .8 ± 4 ,0  
Bradyk. l O0 nM 6.3 ± 4.2 1 1 .8 ± 5 . 5 *  + 5.5 ± 2.0* 

The concentrations of 6-keto-PGFu were assayed, corrected for diffe rences in 
coronary flow and expressed as pg/min.g dry heart weight. Data represent 
means ± SEM (n = 6 in most cases). * :  p < 0.05 

Discussion 

Captopril, zofenoprilate and bradykinin significantly increased coronary 
flow within five minutes. Although enalaprilate showed a slight increase in 
coronary flow, the data did not reach statistical significance during the 10 
minute infusion period. If these effects were mediated by prostacyclin, one 
would expect an inhibition by the cyclo-oxygenase inhibitor indomethacin. 
However, indomethacin did not significantly alter the flow responses to these 
drugs. The production of 6-keto-PGF,u was only elevated in the high dosage 
bradykinin group, but not in the other groups . Nevertheless, this extra 
production did not substantially alter the vasodilating effect. In an earlier 
study, we could show an increase in coronary flow and of prostacyclin 
production after a 30 minute infusion period with ramiprilate, another 
converting enzyme inhibitor (van Gilst et al. 1987). 

Previous experiments showed that the effect of enalaprilate could be 
blocked with a bradykinin-2 receptor antagonist. The more pronounced 
increase in coronary flow induced by zofenoprilate was only partially 
bradykinin dependent (Tio et al. 1987). This might be due to the fact that 
compounds like zofenoprilate and captopril contain sulfhydryl groups (van 
Gil st et al. 1988). 

In the present study, bradykinin produced a transient peak suggesting an 
"exhaustible" mechanism, whereas both sulfhydryl containing converting 
enzyme inhibitors produced a sustained vasodilation. It is tempting to ascribe 
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this difference to the absence or presence of a sulfhydryl group since su lfhydryl 

containing compounds can potent iate the action of EDRF. 

Our resul ts with bradykinin corroborate previous results in isol ated guinea 

pig hearts (Schror et al .  1 979) and in isolated canine coronary arteries (Toda et 

al . 1987) . Prostacycl in  does not seem to contribute to the vasodi lat ing effect of 

bradykinin in  coronary arteries in the rat heart . Bradykinin a t  the higher 

concentra t ion however, did increase 6-keto-PGF 1« product ion . Apparent ly, 

this extra prostacycl in production is of minor importance when compared to 

prostacycl in i ndependent mechanisms. In conclusion , these experiments show 

that prostacycl in production does not infl uence the increase in coronary flow 

in the isolated rat heart induced by convert ing enzyme i nhibi tors or 

bradykinin . Whether the bradykinin dependent  effect of converting enzyme 

inhibitors is based main ly on an alternative (not prostacyc l in  dependent) 

vasodi lat ing mechanism ( l ike EDRF) should be investigated in further studies. 
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Summary 

The converting enzyme not only converts angiotensin I into angiotensin II 
but also metabolizes bradykinin. Furthermore, the effects of ischemia on 
myocardial tissue damage can be modulated by converting enzyme inhibitors . 
It is unknown whether these effects of ACE-inhibitors are due to increased 
bradykinin production. In this paper we describe the effects of captopril on 
bradykinin production in the ischemic isolated rat heart. The reduced 
deleterious effects of ischemia by captopril were associated with a stimulated 
bradykinin production. Beneficial effects of bradykinin could be due to an 
improved perfusion or to an effect on cellular metabolism. 

Therefore , we conclude that this effect on kinins by ACE- inhibitors is of 
importance in modulating tissue damage during ischemia. 

Introduction 

Prolonged ischemia bas deleterious effects on myocardial tissue and a wide 
range of drugs has been investigated to modulate this myocardial damage. The 
underlying mechanism of tissue damage is probably multifactorial and still a 
matter of discussion. 

Interestingly, several endogenous substances have been identified as 
potentially cardioprotective . On one hand, prostaglandin metabolism during 
ischemia and reperfusion seems to be a major determinant of cardioprotection 
(van Gilst, van Wijngaarden, Scholtens , de Graeff , de Langen and Wesseling 
(1987)). On the other hand, bradykinin may also be an important endogenous 
modulator of myocardial damage during ischemia and reperfusion. In this 
paper we wil l  discuss the role of bradykinin under ischemic and normoxic 
conditions. 

Experimental evidence 

During recent years the existence of a local renin angiotensin system in the 
heart has been demonstrated (Dzau (1987)) and this local system can be 
influenced by converting enzyme inhibitors. In the normoxic situation this 
results in an increase in coronary flow, in vitro in isolated rat hearts (van Gilst, 
Scholtens, de Graeff , de Langen and Wesseling (1988)) , and also after 
pretreatment in isolated rat hearts (Linz, Scholkens and Han (1986)) . In vivo 
in man, there also is evidence for an increased coronary flow (Faxon, Creager, 
Halperin, Sussman, Gavras and Ryan (1982), Fault, Tavolaro, Antony and 
Nitenberg (1988) , Magrini, Masayoski , Roberts, Fouad, Tarazi and Zanchetti 
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(1987), Mattioli, Zennaro, Benassi , Modena and Luppi (1984)). However, 
other investigators were unable to find an increased coronary flow in vivo 
(Powers, Bannerman, Stone, Reison, Escala , Kalischer, Weiss, Sciacca and 
Cannon ( 1982)). An increase in coronary flow was possibly not found because 
the effect may be obscured by a reduced perfusion pressure since inhibition of 
the converting enzyme also reduces arterial blood pressure. 

Bradykinin can under normoxic conditions increase cardioperfusion either 
directly or indirectly via stimulation of prostacyclin production on the one 
hand or via release of endothelium derived relaxing factor on the other. In the 
ischemic myocardium treatment with converting enzyme inhibitors has been 
proven beneficial in in vitro and in vivo experimental animal models (Van Gilst 
et al. ( 1987); Linz, Schol kens and Han ( 1986) ; de Graeff, van Gil st, de Langen, 
Kingma and Wesseling ( 1986); Li and Chen (1987)). This protection was 
reflected in less tissue damage and subsequently less purine overflow, less 
arrhythmias and a reduced overflow of catecholamines .  Many mechanisms 
have been postulated to explain the cardioprotective effect of converting 
enzyme inhibitors .  One of the possible mechanisms is a decreased bradykinin 
catabolism (inhibition of kininase II). Another beneficial effect of bradykinin 
is enhancement of cellular metabolism (Rett , Maerker, Lodri, Wicklmayr and 
Dietze ( 1986)), possibly resulting in a decreased sensitivity to ischemic injury. 
During ischemia, bradykinin production by the heart is elevated (Kimura, 
Hashimoto, Furukawa and Hayakawa ( 1973)). Treatment with bradykinin 
during ischemia in isolated rat hearts has also been shown to reduce 
deleterious effects of ischemia (Linz and Scholkens ( 1987)) .  These 
observations suggest that converting enzyme inhibitors can at least partially 
exert their cardioprotective action through elevated local bradykinin levels .  

To investigate this hypothesis the effects of bradykinin and converting 
enzyme inhibitors on coronary flow and myocardial ischemia were studied. We 
used a previously described isolated rat heart model (Van Gilst et al. ( 1987)) 
according to Langendorff. Ischemia and reperfusion are induced by means of 
a reversible ligature occluding the left coronary artery. 

In a first set of experiments (Tio, van Gilst, Scholtens, de Graeff, de Langen 
and Wesseling (1987)) we investigated the effect of bradykinin and converting 
enzyme inhibitors on coronary flow under normoxic conditions. By using a 
selective bradykinin-2 receptor antagonist (D-Arg-Hyp2-Thi5,8-DPhe7-
bradykinin) we evaluated the bradykinin dependent component in the 
mechanism of action of the various compounds. The drugs used were 
bradykinin (0.1 nM) , enalaprilate (2.4 mg/ml), zofenoprilate (2.4 mg/ml), 
captopril (8 .0 mg/ml) and SR-captopril (8 .0 mg/ml). SR-captopril is a 
stereoisomer of captopril which is devoid of converting enzyme inhibitory 
properties. 

All drugs increased coronary flow within 5 to 10 minutes (figure 1 ) .  The 
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Figure 1 
Coronary flow of the respective groups depicted without the bradykinin antagonist 
(open bars) and with the antagonist (dotted bars) after 10 minutes of infusion. 
Differences between the groups with and without bradykinin antagonist are indicated: 
* p<0.05 ; ** p<0.01 

bradykinin antagonist (1  �tM) totally blocked the effect of bradykinin and 
enalaprilate . Captopril and SR-captopril were not sensitive to bradykinin-2 
receptor antagonism. Zofenoprilate however, was partially sensitive to 
bradykinin antagonism . These results suggest that enalaprilate and 
zofenoprilate exert their coronary vasodilating action, at least partially, 
through a bradykinin-2 receptor dependent mechanism. In the case of 
zofenoprilate an additional mechanism is involved , probably associated with 
the sulfhydryl group. The effects of captopril and SR-captopril were not 
bradykinin dependent . This is not surprisingly at least for the inactive 
stereoisomer, SR- captopril. Captopril however, inhibits the converting 
enzyme and like zofenoprilate it contains a sulfhydryl group . The different 
sensitivity to the antagonist might be explained by the fact that in contrast to 
zofenoprilate , captopril is less lipophilic. Under normoxic conditions captopril 
exerts its vasodilating action probably largely through a sulfhydryl dependent 
mechanism. Various sulfhydryl containing substances like cysteine and 
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Table 1 

Prostacyclin production before and after 1 0  minutes of drug infusion. 

6-keto-PGFu (pg/min/mg dry weight) 
GROUP Baseline 10 min Difference 

Saline 1 1 .0 ± 4. 1  2.7 ± 0.7 - 8.3 ± 3.9 
Enalaprilate 1 3.6 ± 5 . 1 3.3 ± 1 .4 - 1 0.3 ± 3.8 
Captopril 1 2.6 ± 2.0 2. 1 ± 1 .0 - 10.6 ± 2 .5  
Zofenoprilate 13.7 ± 4.0 3.8 ± 0.7 9.9 ± 3.7 
Bradykinin l nM 1 4. 1  ± 4.8  4.3 ± 1.2 9.8 ± 4.0 
Bradyk. 1 00 nM 6.3 ± 4.2 1 1 .8 ± 5 .5*  + 5.5 ± 2.0* 

The concentrations of 6-keto-PGFu were assayed , corrected for differences in 
coronary flow and expressed as pg/min. per g dry heart weight .  Data represent 
means ± SEM (n = 6 in most cases). * :p < 0.05. 

glutathione increase coronary flow as SR-captopril does, by an as yet still not 
fully clarified mechanism. 

In another set of experiments the influence of indomethacin on vasodilation 
due to bradykinin and converting enzyme inhibitors was evaluated. 
Furthermore, the effects of these drugs on prostacyclin production were 
investigated. Cyclooxygenase inhibition with indomethacin did not affect the 
flow increase induced by the substances used (figure 2). Although bradykinin 
was able to stimulate prostacyclin production (table 1) its flow increase 
appeared not to be affected by indomethacin treatment during normoxic 
conditions. 

Finally, we evaluated the effects of captopril on endogenous kinin overflow 
in the coronary effluent using a protocol of ischemia and reperfusion. Kinins 
were measured by an earlier described radioimmunoassay after a modified 
extraction procedure (Rosen, Eckel and Reinauer ( 1983)). Captopril reduced 
purine loss (figure 3). Probably due to ischemia kinin production was 
stimulated in both the control and the captopril group (figure 3). In the 
captopril group however, kin in overflow was more increased. 

Discussion 

The effects of converting enzyme inhibitors on coronary flow can, to different 
extents, be attributed to a bradykinin 2 receptor dependent mechanism. Our 
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Coronary flow as percentage of the initial control value. Except for enalaprilate ,  all 
compounds significantly increased coronary flow. However, no differences between 
treatment in the absence or in the presence of indomethacin were observed. 
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Kinin and purine efflux after ischemia in placebo and captopril (80mg/ml; open circles 
and solid bar) treated isolated rat hearts (n=8 in both groups) . Kinin levels are 
calculated as 'fmol/ml x ml/min per g dry weight' and expressed as percentage of the 
pre-ischemic value. The values at t= 15 minutes differ between the groups probably due 
to a different flow and hence a different washout in the captopril treated group (flow= 
1 5 . 1  ± 1 . 2  ml/min ; Bradykinin level 17 15±205 fmol/min/g) versus the placebo group 
(flow = 9 .9±0.6;  bradykinin level 1 9 1 10±3340) . The bars represent the peak purine 
overflow pg/ml . All values are expressed as mean ± sem. The areas under the curve are 
different with p< 0.05.  

results with a selective bradykinin antagonist under normoxic conditions, 
suggests that the effect of enalaprilate is totally bradykinin dependent , the 
effect of zofenoprilate only partially and the effect of captopril largely 
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bradykinin independent. Differences in the bradykinin dependency and 
differences in the onset of the coronary vasodilatory effects might be related to 
the presence of a sulfhydryl group in the molecule of both zofenoprilate and 
captopril. Recently we demonstrated a potentiation of bradykinin effects due 
to sulfhydryl compounds (van Gilst, Tio, van Wijngaarden, Scholtens and 
Wesseling (1988), van Gilst, Scholtens , de Graeff, de Langen and Wesseling 
(1988)). 

Bradykinin itself increases coronary flow almost instantaneously and 
influences prostacyclin production (Schror, Metz and Krebs ( 1979); Toda, 
Bian, Akiba and Okamura (1987)). Cyclooxygenase inhibition however, does 
not influence the effect of bradykinin on coronary flow. Although prostacyclin 
itself has vasodilatory effects, coronary vasodilation caused by bradykinin 
either directly or by other mechanisms (EDRF) is probably substantially 
greater then the possible additional effect of simultaneously stimulated 
prostacyclin production. 

Converting enzyme inhibitors, with or without a sulfhydryl group, are able 
to protect myocardial tissue against damage caused by ischemia followed by 
reperfusion in isolated rat hearts (Van Gilst et al. (1987) ; Linz, Scholkens and 
Han (1986) ; Li and Chen (1987). This result combined with the observations 
that 1) the cardioprotective effect of captopril can be blocked by indomethacin 
and 2) that prostacyclin and the stable prostacyclin analogue iloprost are 
cardioprotective (de Langen and van Gilst (1987)), are supporting the 
hypothesis that captopril exerts its beneficial effects during ischemia and 
reperfusion through a decreased bradykinin metabolism and a subsequent 
elevated prostacyclin production. Furthermore , catecholamine overflow is 
reduced by captopril (Yan Gilst et al.(1987)), enalaprilate (Li and Chen 
(1987)) and ramiprilate (Linz, Scholkens and Han (1986)). Cardiac function is 
improved and the incidence and duration of ventricular arrhythmias are 
reduced, probably due to a decreased catecholamine overflow and less tissue 
damage. In vivo cardioprotective effects has been observed in the pig (de 
Graeff et al. (1986)), the dog (Ertl, Kloner, Alexander and Braunwald (1982); 
Liang, Gravas, Black, Sherman and Hood ( 1982)) and the cat (Lefer and Peck 
(1984)). 

In experimental infarction in vivo there appears to be a high bradykinin 
overflow (Kimura et al. (1973)) probably because local production is strongly 
stimulated . We also found an elevated kinin production after ischemia in vitro. 
Kinin production induced by ischemia is probably not dependent on systemic 
circulating mediators or precursors. 

The cardioprotective effects of exogenous bradykinin itself has been shown 
in isolated rat hearts. The underlying mechanism is still a matter of discussion. 
Several mechanisms are possible. First of all a prostacyclin mediated 
mechanism is very likely. Bradykinin can stimulate prostacyclin production not 
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only in the blood or vascular wall but also in the pericardium (Woodman, 

Dusting and Nolan ( 1983)). The cardioprotective effects of converting enzyme 

inhibitors can be blocked with indomethacin. Prostacyclin reduces myocardial 

damage by several mechanisms one of which is reducing oxygen free radical 

formation. These observations are indicative that bradykinin plays its 

cardioprotective role at least partially through a prostacyclin dependent 

pathway. 

Apart from an elevated prostacyclin production bradykinin increases 
coronary perfusion either directly or through release of endothelium derived 
relaxing factor (EDRF) (Palmer, Ferrige and Moncada ( 1987)). An 
enhancement of coronary perfusion itself can contribute to the beneficial 
effects of bradykinin during ischemia and reperfusion. 

Finally, bradykinin improves glucose uptake (Rosen, Eckel and Reinauer 
( 1983) , Rett, Wicklmayr, Fink, Maerker, Dietze and Mehnert( 1989)) , 
increases the rate of glycolytic flux (Rett et al. ( 1986), Scholkens BA , Linz W, 
Lindpaintner K ,  Ganten D ( 1987)), which may be particularly beneficial 
during ischemia. Therefore, besides a beneficial influence on coronary 
heamodynamics and prostacyclin production , bradykinin influences cellular 
metabolism in a way that probably increases the resistance of the cardiac 
myocytes against ischemia and reperfusion damage. 

In conclusion , probably kinins are one of the important endogenous 
modulators that play a role in myocardial infarction. Local kinin overflow in 
the coronary effluent is elevated during ischemia and this may indicate an 
increased local production which has a beneficial effect during myocardial 
infarction. Furthermore , treatment with converting enzyme inhibitors further 
increases kinin concentrations. Subsequently, myocardial tissue damage and 
reperfusion arrhythmias are reduced. 
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Summary 

Because the angiotensin converting enzyme metabolizes bradykinin (BK), 
the hypotensive effect of ACE-inhibitors could partially be due to an increased 
BK activity. We investigated the influence of a selective BK-2 receptor 
antagonist (BKA; D-Arg- (Hyp2-Thi5 ,8-DPhe7)-BK) on the effects of 
enalaprilate (Ena) and zofenoprilate (Zof) in rats. The BKA itself did not 
affect the hemodynamic parameters. Ena reduced total peripheral resistance 
(TPR; 515±35 to 413±29 dynes.s.cm-5 ; p<0.05) and mean arterial pressure 
(MAP; 110±7 to 85±6 mm Hg p<0.05). In the presence of the BKA however, 
Ena did not affectTPR or MAP significantly. Zof also markedly reducedTPR 
(495 ±45 to 310±25 dynes.s.cm-5 p<0.05) and MAP (108±9 to 72±9 mmHg 
p<0.05). In  combination with BKA, only the higher dose Zof reduced TPR 
(from 520±30 to 418±40 p<0.05) and MAP ( 115±9 to 98±13 p<0.05). 

In  conclusion , bradykinin-2 receptors are involved in the blood pressure 
lowering effects of enalaprilate and zofenoprilate in normotensive rats but not 
in blood pressure hemeostasis. Furthermore , zofenopril is more effective than 
enalapril in reducing blood pressure at comparable ACE inhibiting dose. 

Introduction 

Since the angiotensin converting enzyme (ACE) is identical to kininase II 
(1), the blood pressure lowering effects of ACE inhibitors could be due to an 
increase in the bradykinin concentration. Recently, selective bradykinin-2 
receptor antagonists became available (2). These antagonists can evaluate the 
effects of ACE inhibitors. 

In this paper two ACE inhibitors, enalaprilate and zofenoprilate, a 
sulfhydryl group containing compound , on blood pressure are compared. 

Methods 

Male Wistar rats (n=42 ;  275-450 g) were anesthetized with pentobarbital 60 
mg/kg and ventilated artificially. Blood pressure and heart rate (HR) were 
continuously monitored. The right jugular vein and the left femoral vein were 
used to administer the drugs . Five experimental groups were formed, one 
control group, two groups in which the animals received an ACE inhibitor and 
two in which they received the combination with the bradykinin antagonist. 
Each group contained at least eight independent experiments. After an 
equilibration period , three infusion periods of 15 minutes followed. First 
either saline or the bradykinin antagonist (40 microg/min) was administered , 
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followed by a low and subsequently a higher dose of an ACE inhibitor. The 
dosages used were zofenoprilate 0. 1 and 1.0 mg/kg/15 min and enalaprilate 0.3 
and 3.0 mg/kg/15 min. The higher dosages of both drugs inhibited plasma ACE 
totally (from 47±12 and 47±6 resp to <1  U/1 for both). Microspheres were 
administered into the left ventricle at the encl of each infusion period (Ru , Nb 
and Ce ; 6 microCu in 0.3 ml saline). Finally, the animals were dissected and 
radioactivity in the whole animal was measured to calculate cardiac output (3). 
Total peripheral resistance (TPR) was calculated from cardiac output and 
mean arterial blood pressure (MAP). 

Drugs 
The bradykinin-2 receptor antagonist used was the bradykinin analogue , D

Arg-Arg-Hyp-Pro-Gly-Thi-Ser-DPhe-Thi-Arg (HOE 86- 4321). Furthermore, 
zofenoprilate (SQ 26,703) and enalaprilate (MK.422) the active forms of 
zofenopril and enalapril were used. 

Statistical analysis 
Differences between groups and changes from baseline values were 

evalauted with a one way analysis of variance. Saline treated animals and 
bradykinin antagonist treated animals at t=15 minutes were compared using 
Student's t-test. Differences were considered significant at p<0.05 
(mean±SEM). 

Results 

After 15 minutes infusion of the BK.A, heart rate (390±10 bpm), MAP 
(115±5  mmHg) and TPR (500±20 dynes.s.cm-5) were not different from the 
values found after saline infusion (400±10, 110±5 ,  and 505±25 resp.). 
Enalaprilate (Fig l A) lowered MAP, but in combination with the BK.A, the 
blood pressure lowering effect was prevented (fig l A). Zofenoprilate 
produced a more pronounced decrease of MAP (fig l B). The effect of 
zofenoprilate was markedly reduced in the presence of the BK.A (fig l B). The 
effects on total peripheral resistance were comparable : enalaprilate caused a 
fall inTPR from 515±35 to 440±35 and to 415 ±30 dynes.s.cm·5 (p<0.05). The 
BK.A inhibited this decrease ( 475±25 to 425±35 and to 445± 40).The decrease 
in TPR after zofenoprilate was larger ( 495±45 to 395±40 (p<0.05) and to 
310±25 dynes.s.cm·5 (p<0.05)). The BK.A diminished this effect but still a 
decrease was found from 520±30 to 490±35 and to 420±40 (p<0.05). The 
ACE inhibitors with and without BK.A had no effect on the cardiac output. 
Surprisingly, th� heart rate was increased after the lower dose enalaprilate only 
(from 395± 10 to 425± 15 bpm; p<0.05), but the higher dose enalaprilate and 
zofenoprilate did not affect the heart rate. 
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Discussion 

Our results emphasizes the importance of bradykinin-2 receptors in the 
blood pressure lowering action of converting enzyme inhibitors. These results 
corroborate those found by others (4). Differences between the two 
converting enzyme inhibitors with respect to their bradykinin dependency 
were found, despite total inhibition of plasma ACE activity after the higher 
dose of both drugs. A possible explanation may be found in differences in the 
molecular structure of the two compounds. In an in vitro study, additional 
effects were attributed to the presence of a sulfhydryl group in the molecule 
(5) .  The results of the present study again suggest the importance of this SH 
group. Conceivably a sulfhydryl mediated potentiation of the vasodilatory 
effect of bradykinin is involved. 

In conclusion, the blood pressure lowering effects of enalaprilate and 
zofenoprilate might be mediated to a large extent by bradykinin. Moreover, 
the sulfhydryl group of zofenoprilate might cause its greater effectivity due to 
an additional potentiation of endogenous bradykinin. 
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Summary 

1. The angiotensin converting enzyme (ACE) not only activates angiotensin 
I but also inactivates bradykinin. Using a selective bradykinin-2 receptor 
antagonist (HOE K86-4321) we investigated the effects of two ACE-inhibitors 
on systemic and regional hemodynamic variables in the rat. 
2. Enalaprilate and zofenoprilate lowered blood pressure and total 
peripheral resistance dose-dependently. Local vascular conductances in the 
heart, the l iver, the brain, the kidneys, and the gastrointestinal tract were 
increased after each ACE- inhibitor, whereas only zofenoprilate increased 
local conductance in the skin, muscles and bones. 
3. The effects of enalaprilate , an ACE-inhibitor w ithout sulfhydryl group 
were smaller than those of zofenoprilate, an ACE-inhibitor containing a 
sulfhydryl group. 
4. The bradykinin antagonist alone, in a dose known to maximally inhibit the 
bradykinin depressor response , did not affect hemodynamic variables except 
for a reduction of the conductance in the lungs . 
5. The bradykinin antagonist reduced the systemic and regional effects of 
enalaprilate to a greater extent than the effects of zofenoprilate. 
6. These results suggest that the effects of ACE-inhibitors on regional and 
systemic hemodynamic variables are partly bradykinin dependent. However, 
differences in bradykinin dependency between ACE-inhibitors seem to exist 
and may be caused by the presence of the sulfhydryl group. 

Introduction 

The hemodynamic effects of angiotensin converting enzyme (ACE) 
inhibitors include the reduction of preload as well as afterload (Levine 1980 ; 
Cohn 1982) and a modulation of cerebral (Waldemar 1989 ; Barry 1984), renal 
(Seino 1988) and myocardial (Magrini 1987 ; Mattioli 1984) blood flows. S ince 
the blood pressure lowering effects do not seem to be related to the activity of 
the plasma renin-angiotensin system (Waeber 1980), interference with a local 
system in the vessel wall has been suggested (Dzau 1988). Moreover, the 
converting enzyme also metabolizes bradykinin (Yang 1970) and, 
consequently the effect of ACE-inhibitors may be mediated by bradykinin as 
well. Therefore, in order to investigate the contribution of bradykinin, the 
effects of two ACE-inhibitors (zofenoprilate and enalaprilate) on regional 
blood flows and regional resistances were studied in rats with or w ithout 
treatment w ith a bradykinin- 2 receptor antagonist, HOE K86-4321 (D-Arg
Arg-Hyp-Pro-Gly-Thi- Ser-DPhe-Thi -Arg). 
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Methods 

Experimental set-up 
Male Wis tar rats (body weight :  275-450 g) , anaesthe tized with pentobarbi ta! 

(60 mg/kg intraperitoneally), were artificially ventilated via a tracheal cannula. 
The left femoral artery was cannulated in order to monitor the blood pressure. 
Heart rate was derived from the blood pressure tracings. The left cardiac 
ventricle was cannulated via the right common carotid artery for the injection 
of radioactive microspheres. Drugs were administrated via catheters inserted 
in the right jugular vein and the left femoral vein. During the experiment 
temperature was kept constant between 37 and 39°C. Blood gas values were 
monitored every 15  minutes. 

Regional blood flows 
Regional blood flows were determined using a radioactive microsphere 

technique. Just before the injection of about 250 ,000 microspheres (15±1 (sd) 
�lm diameter ;  NEN Company, Dreieich , FRG) labeled with either 95Nb, 103Ru , 
or 141Ce , a reference arterial blood sample was drawn (ra te :  0.5 ml/min) for a 
period continuing for up to 60 s after the microsphere injection. The injection 
sequence of the three isotopes was randomized. At the completion of the 
experiments , the animals were killed with an overdose of pentobarbital 
sodium. Various body tissues (lungs, heart , liver, gastrointestinal tract, 
adrenals, brain, skin, major parts of skeletal m uscles and bones) ,  including the 
carcass were dissected free, weighed and kept in plastic vials. The atria , the 
right ventricle and the intraventricular septum. were separated from the left 
ventricle. The radioactivity in the tissues as well as in the reference blood 
samples was counted and regional blood flow and cardiac output data were 
obtained as described in detail previously (Saxena et al. , 1980). Tissue 
conductance values were calculated as the flow divided by the mean arterial 
pressure and expressed as x102 ml.mmHg-1.min- 1 . 

Experimental protocol 
The animals were divided into 5 experimental groups : one control group 

(n=8) received isotonic saline infusion only, two groups (n=8)  received a 
converting enzyme inhibitor after pretreatment with saline, and two groups 
(n=9) received a converting enzyme inhibitor after pretreatment with the 
bradykinin antagonist ,  HOE K86-4321. In order not to modify the flow values 
by an excessive blockade of the arterioles with microspheres, only three 
microsphere injections were used, enabling the reliable assessment of baseline 
flow and the flow after two concentrations of the converting enzyme 
inhibitors .  

After an equilibration period of 30-45 min, infusion (0.1 ml.min-1 ) of  either 
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saline or HOE K86-4321 (40 �tg.min- 1.kg- 1) was started via the catheter in the 
right j ugular vein. After 15 minutes, systemic haemodynamic variables were 
measured and the first batch of microspheres was administered. Subsequently, 
either zofenoprilate (0.1 and 1.0 mg.kg" 1) or enalaprilate (0.3 and 3.0 mg.kg" 1) 
were infused (0.1 ml/min) over two sequential periods of 15 minutes via the 
catheter in the left femoral vein. Control animals received saline at the 
corresponding times and at the same infusion rate. The second and third 
batches of microspheres were injected at the end of the second and third 
infusion period. Arterial blood gases, systemic and regional variables were 
measured 15 minutes after the start of the infusion periods, i.e. after saline or 
HOE K86-4321 ,  and after the two doses of the ACE-inhibitors ( or saline). The 
dosages of the ACE-inhibitors were based on a dose-finding study in which 
zofenoprilate ( 1.0 mg/kg) and enalaprilate (3.0 mg/kg) infused (0.1 ml/min) 
over a 30 minute period, inhibited plasma ACE activity to a similar extent. 

Statistical analysis 
An analysis of variance followed by Duncan's multiple range test was used to 

evaluate within and between group differences in systemic and regional 
haemodynamic variables and in changes from baseline values after treatments. 
Differences between saline treated animals and bradyki.nin antagonist treated 
animals at t= 15 minutes were tested using Student's t-test. Differences were 
considered significant if p values were <0.05. All values are expressed as mean 
± SEM. 

Drugs 
The following drugs were used: D-Arg-Arg-Hyp-Pro-Gly-Thi-Ser- DPhe

Thi-Arg (Hoe K86-4321 ; Hoechst AG, Frankfurt am Main, FRG), 
zofenoprilate (SQ 26703; ER Squibb and sons, Princeton, USA) and 
enalaprilate (MK 422; MSD, Haarlem, the Netherlands). 

Results 

General aspects 
The body temperature and the blood gas values did not differ between the 

groups and remained within the normal range throughout the experiments in 
all animals. 

Systemic haemodynamic variables 
In the saline treated animals no changes in any of the systemic 

haemodynamic variables were observed (Fig 1). The bradykinin antagonist did 
not affect any of the systemic haemodynamic variables (Table 1). 
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Enalaprilate caused a decrease in systolic blood pressure (from 142±9 to 
130± 1 1  after the lower and to 1 18± 10 mmHg (p<0.05) after the h igher dose) 
and in diastolic blood pressure (from 94±6 to 77± 6  and to 69±5  mmHg 
(p<0.05)). Consequently, the mean arterial blood pressure was reduced (Fig 
1). Cardiac output and stroke volumes did not change. A small increase i n  
heart rate was observed after the lower dose only (Fig 1 )  but stroke volume nor 
cardiac output (Fig 1) changed. The calculated total peripheral resistance was 
therefore reduced (Fig 1) . When enalaprilate was given dur ing the cont inuous 
infusion of the bradykin in  antagonist, the changes in blood pressure were 
lower and the changes in total peripheral resistance were absent (Fig 1 ) .  None 

1 50 
Mean blood pressure (mmHg) 

Sal Ena Zof Ena•BKA Zof•BKA 

300 
Cardiac output (ml/min/kg) 

Sal 

Figure 1 

Ena Zof Ena•BKA Zof•BKA 

500 
Heart rate (beats per minute) 

Sal Ena Zof Ena•BKA Zof•BKA 

700 
TPA (x100 mmHg.min/ml.kg) 

600 

Sal Ena Zof Ena•BKA Zof•BKA 

Systemic hemodynamic variables after baseline infusion, and after the two 
concentrations ACE-inhibitor (dose 1 and dose 2) . The five experimental groups are 
indicated with Sal (saline) , Ena (enalaprilate; 0 .3  and 3 .0  mg/kg) ,  Zof (zofenopri late; 
0 . 1  and 1.0 mg/kg) , Ena+BKA (enalaprilate + bradykinin antagonist , 40 ug/min . kg) 
and Zof+ BKA (zofenopri late + bradykinin antagonist) .  TPR = total peripheral 
resistance. Differences from baseline (* , p<0.05) and from corresponding saline value 
( • ,  p<0.05) are indicated . Indicated are the mean values ± SEM of the 42 independent 
experiments. 
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of the other systemic haemodynamic variables was affected by enalaprilate in 
the presence of the antagonist except for a small increase in heart rate (Fig 1 ). 

Zofenoprilate caused a dose-dependent decrease in systolic and diastolic 
blood pressure. After the lower dose systolic blood pressure decreased from 
144±9 to 131±12 mmHg and diastolic from 87 ±8 to 65±8 mmHg (p<0.05), 
after the higher dose blood pressures decreased further to 113 ±10 (p<0.05) 
and 51±6 mmHg (p<0.05) respectively. The effects of zofenoprilate were 
much more pronounced when compared to the effects of enalaprilate. 
Zofenoprilate decreased diastolic and mean arterial blood pressure (Fig 1) 
with 41 ±5 and 32±5% respectively versus 22± 10 (p<0.05) and 20 ±6% 
(p<0.05) respectively after enalaprilate. Concomitantly, total peripheral 
resistance was reduced markedly after zofenoprilate (Fig 1) with 35±4% (only 
14±7% after enalaprilate ; p<0.05). The other systemic haemodynamic 
variables were not affected as is shown for the heart rate (Fig 1). Given in 
combination with the bradykinin antagonist, zofenoprilate in the lower dose 
caused a small reduction in mean arterial pressure and total peripheral 
resistance (Fig 1). Furthermore , in the higher dose, zofenoprilate caused a 
marked decrease in diastolic blood pressure (100 ±8 to 82± 12 ; p<0.05), and in 
mean blood pressure and total peripheral resistance (Fig 1), but these effects 
were smaller when compared to the effects of zofenoprilate alone (Fig 1). 

Table 1 

Haemodynamic parameters after 15 minutes infusion of either saline or the 
bradykinin antagonist ( 40 µ,g/min per kg). Heart rate (bpm), systolic, diastolic 
and mean blood pressure (SBP, DBP and MBP ;  mmHg), total peripheral re
sistance per kilogram (TPR/kg ; dynes.s/cm5 per kg), cardiac output (CO/kg ; 
ml/min per kg) per kilogra m and stroke volume (SY/kg ; ml per kg) per kilo-
gram, mean values ± sem. 

Saline Antagonist 

Heart rate 402 ± 8 392 ± 10 
SBP 146 ± 5 1 47 ± 8 
DBP 94 ± 4 101 ± 7 
MBP 1 12 ± 4 117 ± 7 
TPR/kg 504 ± 23 498 ± 20 
Co/kg 229 ± 1 1  239 ± 1 6  
SY/kg 0.57 ± 0 .03 0.61 ± 0 .04 
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Tissue blood flows and conductances the heart 
In the heart, and in the left and the right ventricles separately, regional flows 

increased slightly in the saline group as well as after enalaprilate and 
zofenoprilate ; for the heart this is shown in figure 2. The bradykinin antagonist 
inhibited the effect of enalaprilate on the flow in the left ventricle and the 
effects of zofenoprilate in the right ventricle and the total heart. 

In the heart the conductance was not affected by saline infusion (Fig 2). The 
conductance was increased in the heart after both enalaprilate and 
zofenoprilate (Fig 2). The effect of zofenoprilate was greater than that of 
enalaprilate: an increase of 122±25 % vs. 57± 14 % (p<0.01)  after the higher 
dosages. The bradykinin antagonist itself did not affect the local conductance 
in the heart (Table 2). But the antagonist reduced the effects of both 
converting enzyme inhibitors (Fig 2). In the absence of the antagonist the 
lower dose enalaprilate caused a significant increase of 45± 15 % but not in the 
presence of the antagonist (30± 13 % ) . The higher dose enalaprilate however, 
did not cause a different effect during bradykinin antagonist infusion. (an 
increase of 62±32 % vs 57 ± 14 % in the absence of the antagonist). The lower 

Table 2 

Regional conductance values after 15 minutes infusion of either saline or the 
bradykinin antagonist ( 40 µ,g/min per kg). 
Conductance ( 1/R per kg) in the lungs, the atria, the left ventricle the right 
ventricle, the septum, the liver, the skin, the muscles, the bones, total ventri
cles, the total heart, the kidneys and the brain . Mean values ± sem; 
* * *  p < 0.001. 

Saline Antagonist 

Lungs 470 ± 1 55 170 ± 24* * *  
Atria 120 ± 10 130 ± 10 
Left V 380 ± 20 410 ± 30 
Right V 350 ± 30 430 ± 40 
Septum 390 ± 20 390 ± 30 
Liver 12 ± 1 12 ± 2 
Skin 12 ± 1 12 ± 1 
Muscles 8 ±  1 7 ±  1 
Bones 2 1  ± 1 22 ± 2 
Ventricles 370 ± 20 420 ± 30 
Heart 340 ± 20 370 ± 30 
Kidneys 360 ± 20 400 ± 30 
Brain 70 ± 30 60 ± 20 
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as well as the higher dose zofenoprilate were less effective during bradykinin 
antagonist infusion. The lower dose did not cause a significant increase (27±9 
% ) and the high dose caused a small increase (80± 18 % ) ; these effects were 
lower when compared to the effects of zofenoprilate in the absence of the 
antagonist (55 ± 12 % and 122±25 % ;  p<0.05). Conductance in the separate 
parts of the heart behaved comparable, except for enalaprilate which did not 
increase atrial conductance significantly. 

Heart (flow ml/min per 100g) 
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Local flow (ml . min- I  per 100 g tissue) and local conductance variables (ml . mmHg-
1 . min-1 per 100 g tissue) in the heart after baseline infusion ,  and after the two 
concentrations ACE-inhibitor ( dose 1 and dose 2) .  Experimental groups and significant 
differences are indicated as in figure 1 .  

Other tissues 
Regional blood flows to the other tissues studied did not change significantly 

after saline infusion. Blood flows to the kidneys and liver were increased after 
both enalaprilate and zofenoprilate (Fig 3). In the liver these effects were 
antagonized by the bradykinin antagonist, but not in the kidneys. In the lungs 
blood flow decreased after ACE-inhibition ;  this effect seemed to be 
independent of bradykinin antagonism (Fig 3). In the brain, flow remained 
constant in all groups except for an increase during infusion of zofenoprilate in 
combination with the bradykinin antagonist. 

Saline infusion did not affect local conductance. Only in the lungs (Table 2), 
the tissue with the highest activity of converting enzyme, the bradykinin 
antagonist decreased the vascular conductance, indicating bradykinin 
dependent regulation of local conductance in the lung vasculature under basal 
conditions. Moreover in the lungs, a decrease of local conductance was found 
after the lower dose enalaprilate (Fig 4). Zofenoprilate did not affect 
conductance in the lungs (Fig 4). Interestingly, in the lungs both ACE-
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inhibitors caused a further decrease in vascular conductance in the presence of 
the antagonist (Fig 4). 

Enalaprilate increased the regional conductance in the liver, kidneys and 
brain (Fig 4), and in the gastrointestinal tract (from 151 ± 13 to 200± 19 . 10-2 

ml .mmHg- 1.min- 1
; p<0.05). In none of the other organs local conductance 

changed after enalaprilate . Zofenoprilate also increased local conductance in 
the liver, kidneys, brain (Fig 4), and gastrointestinal tract (from 134± 5  to 
246±19; p<0.05), as well as in the skin (from 12.0± 1.8 to 13.5±2.0; p<0.05), 
muscles (from 7.6 ±0.9 to 12 .9±2.2;  p<0.05) and bones (from 21.8±2.4 to 
31 .7±5 .2 ;  p<0.05). The effects of zofenoprilate on local conductance were 
greater than the effects of enalaprilate (Fig 4). The effects of zofenoprilate on 
local vascular conductance were not antagonized completely by the bradykinin 
antagonist, as they were for enalaprilate in a l l  organs except the kidneys. 
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Local flow variables (ml .  min- 1 per 100 g tissue) in the lungs, l iver, brain and kidney after 
baseline infusion , and after the two concentrations ACE-inhibitor (dose 1 and dose 2) . 
Experimental groups and significant differences are indicated as in figure 1 .  
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Local conductance variables (ml.mmHg- l .min- 1 per 100 g tissue) in the lungs, liver, 
brain and kidney after baseline infusion, and after the two concentrations ACE
inhibitor (dose 1 and dose 2) . Experimental groups and significant differences are 
indicated as in figure 1 .  

Discussion 

To our knowledge, this is the first study in which the bradykinin dependency 
of in vivo effects of converting enzyme inhibitors on local vascular 
conductance was investigated. Our results suggest that local tissue 
conductance is independent of bradykinin, except in the lungs where 
conductance decreased during administration of the bradykinin antagonist. In 
this study, the effects of enalaprilate and zofenoprilate on systemic as well as 
on local haemodynamic variables were found to be bradykinin dependent. 
Furthermore, these local effects were less antagonized for zofenoprilate than 
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for enalaprilate, although both ACE-inhibitors in the higher doses i nhibited 
plasma ACE- activity to a similar extent. 

Despite the intravenous route of administration and hence the systemic 
haemodynamic effects it was possible to establish the local haemodynamic 
effects using radioactive labelled microspheres (Saxena et al. 1980). The 
present results show that both ACE-inhibitors, enalaprilatc and zofenoprilate, 
were able to increase local vascular conductance in the heart and in other 
tissues. Using captopril in the same model Bolt and Saxena ( 1 985) also found 
a general peripheral vasodilation. The source of bradykinin production could 
not be established from our study. However, in isolated rat hearts (van Gilst et 
al. 1 988; Tio et al. 1987 ; Linz et al. 1987), isolated kidneys (Oginara et al. 1 983 ; 
Chiba et al . 1982) and in other tissues the effects of ACE-inhibitors were 
related to the presence of the local renin- angiotensin system in the vessel wall 
(Dzau 1988). 

The observed inhibition of the blood pressure lowering effect of ACE
inhibitors with a bradykinin antagonist, corroborates results found by others 
(Carbonell et al. 1988a; Benetos et al 1986a). Also differences between the two 
ACE- inhibitors were present. The effects of enalaprilate were to a larger 
extent bradykinin dependent than the effects of zofenoprilate. Furthermore, 
the effects of enalaprilate and zofenoprilate differed in magnitude although 
equipotent dosages with respect to inhibition of the plasma converting enzyme 
activity were used. Therefore, it is likely that both angiotensin converting 
enzyme inhibitors do not affect haemodynamic variables in an entirely similar 
way. It is suggested that the sulfhydryl group in the molecule of zofenoprilate 
is responsible for an additional effect, since sulfhydryl containing compounds 
were able to potentiate the effect of bradykinin in the isolated rat heart model 
(van Gilst 1988). Furthermore, sulfhydryl containing compounds without 
converting enzyme inhibitory activity increased coronary flow i n  the isolated 
rat heart model (van Gilst 1987). 

The role of bradykinin in haemodynamic homeostasis is not clear. Using 
antikinin globulins Carretero et al. (1981) found an increase in blood pressure. 
Furthermore, very high dosages of polypeptide antagonists have been shown 
to cause a blood pressure increase (Benetos et al. 1986b; Carbonell et al. 
1988b). Moreover, Waeber et al. (1987) found an increase in blood pressure 
during infusion of a polypeptide bradykinin antagonist in the rat when the 
renin-angiotensin system was activated by salt depletion. However, the lower 
dosage which we have used, was shown to be maximally effective in inhibiting 
the bradykinin depressor response (Benetos et al. 1986a). 

Our results, showing that the bradykinin antagonist itself did not affect the 
blood pressure, are i n  agreement with results found by other authors (Benetos 
et al. 1986a). Therefore, if bradykinin is involved in blood pressure regulation, 
it is probably not a major factor in normotensive rats u nder physiologic 
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conditions .  Another possibility why no change in blood pressure was observed 
after administration of the antagonist, could be found in a counter-regulatory 
mechanism as suggested by Mulinari et al. ( 1989). 

In the lungs bradykinin seems to play a role in the homeostasis of local 
haemodynamic variables .  This could be due to the fact that in the lungs, 
formerly thought to be the major location of angiotensin converting enzyme, 
converting enzyme activity is higher than in any other organ (Danilov et al . ,  
1989). During infusion of the bradykinin antagonist additional ACE-inhibition 
further decreased lung conductance. This phenomenon might be explained by 
the fact that administration of an ACE-inhibitor not only interferes with 
angiotensin I and bradykinin metabolism but also reduces the metabolism of 
the antagonist (Griesbacher et a l  . 1989). 

The effects of zofenoprilate and enalaprilate found in vivo in the rat are in 
agreement with results found previously in an isolated rat heart model (Tio et 
al. 1987). The effects of zofenoprilate in this model were more pronounced 
than the effects of enalaprilatc. Furthermore , the inhibition of the effects by 
the bradykinin antagonist were similar to the present results : the effects of 
zofenoprilate were partially antagonized, whereas the effects of enalaprilate 
were almost completely inhibited. 

In conclusion, enalaprilate and zofenoprilate reduced arterial pressure and 
total peripheral resistance and increased local conductance in various tissues. 
The effects of both converting enzyme inhibitors are at least partly mediated 
by bradykinin-2 receptors. There seems to be an additional influence of the 
presence of the sulfhydryl group since 1) the effects of zofenoprilate were 
greater than the effects of enalaprilate despite equal inhibition of the plasma 
enzyme activity and 2) the effects of enalaprilate were mainly bradykinin 
dependent, whereas the effects of zofenoprilate were only partly antagonized 
by the bradykinin antagonist .  Finally, local bradykinin metabolism is of 
importance for the regulation of the vascular conductance in the lungs, but of 
minor importance for homeostasis of other haemodynamic variables. 
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Summary 

The effects of early reperfusion on myocardial enzyme release and 
electrophysiological stability afte r two weeks was studied in a closed-chest pig 
model of ischemia and reperfusion. Coronary artery occlusion durations of 3 
hours and early reperfusion after 45 minutes were compared. The creatine 
phosphokinase (CPK) levels in the coronary effluent were lower after early 
reperfusion (p<0.001 ) .  Moreover, in the early reperfusion group the coronary 
sinus catecholamine and purine levels rose to higher values than in the 3 hours 
group. The plasma levels of catecholamines and the plasma renin activity 
increased rapidly but transiently at reperfusion in the 45 min group. Both the 
rate-pressure product and the heart rate were elevated at the end of the 
reperfusion period (p<0. 00 1 )  in the 45 min group. 

Survival for two weeks was 3 out of 6 animals in the 3 hours group and 5 out 
of 8 in the 45 minutes group. In all but one surviving animal sustained 
ventricular tachycardias were inducible by programmed stimulation. 
Abnormal, low voltage and delayed potentials were found in the signal 
averaged electrocardiogram in the early reperfusion group only. 

In conclusion, early reperfusion causes a reduction of myocardial tissue 
damage, but simultaneously, neurohumoral parameters showed a greater 
activation of the sympathetic nervous system and the renin- angiotensin 
system apparently causing a deleterious increase in oxygen consumption. 
Therefore, this injurious component of early reperfusion might prevent the 
potentially beneficial effects of a reduced tissue damage on survival or late 
arrhythmias. 

Introduction 

Thrombolytic therapy in acute myocardial infarction is aimed at reperfusion 
to salvage myocardial tissue. Early reperfusion of the ischemic myocardium 
limits infarct size by preventing the progression of the infarct border zone 
towards the limits of the area at risk (11) .  It is well-established however, that 
early reperfusion can also be deleterious and evoke reperfusion arrhythmias 
and additional 'paradoxical' tissue damage (1,2 ,6). Since thrombolytic therapy 
in acute infarction patients is currently applied more often, the average time to 
reperfusion will be decreasing. Therefore, the deleterious effects of early 
reperfusion are more likely to occur. 

Previous experimental studies focused on early post-infarction modulation 
of tissue damcrge. These studies showed that coronary occlusion in porcine 
hearts for 3 hours led to necrosis in virtually the total area at risk ( 4 ,8). The 
moment of early reperfusion in the experiments reported here was set at 45 
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minutes, because under these conditions ,  not all the tissue in the area at risk is 
condemned yet. Since the pig is devoid of a myocardial collateral coronary 
circulation the model is comparable to the human heart (16). Apart from the 
neurohumoral and hemodynamic changes in the acute phase, we investigated 
whether signal averaging of the body surface electrocardiogram revealed 
electrophysiological abnormalities after two weeks (10,12), in order to 
evaluate the infarct properties in the chronic phase. Moreover, the inducibility 
of malignant ,  reentrant ventricular tachycardia was assessed with programmed 
electrical stimulation. 

Materials and methods 

Preparation 
Sixteen male Yorkshire swine (body weight 25-35 kg) were pretreated with 

120 mg azaperone (Stresnil®) ;  Janssen Pharmaceutica Beerse,Belgium) 
intramuscularly. Half an hour later 150 mg metomidate (Hypnodil®) ;  Janssen) 
was injected in an ear vein. A cuffed endotracheal tube was introduced and the 
animals were ven tilated with a mixture of Oz(N2O. Anesthesia was maintained 
with an intravenous infusion of azaperone (2 mg/kg/min)and metomidate (8 
mg/kg/min) through a double-lumen catheter in the inferior caval vein. 
Ventilation parameters were adjusted to keep arterial pCO2 concentrations 
between 16 and 20 kPa. Body temperature was kept at 36-38°C with a thermal 
mattress. Heparin was administered at an initial dose of 5000 IU, followed by 
2500 IU/h. 

Acute regional myocardial ischemia was provoked with a balloon catheter as 
used for percutaneous transluminal coronary angioplasty (PTCA-catheter DJ-
20-37 Griintzig Dilaca, Schneider Medintag AG. Ziirich ). An 8 French 
Judkins catheter was introduced via the left carotid artery and the tip was 
placed at the ostium of the left coronary artery as verified by fluoroscopy. 
Through the lumen of this catheter the PTCA-catheter was positioned in the 
anterior branch of the left coronary artery and advanced beyond the first 
diagonal artery. The electrocardiogram was monitored from standard 
Einthoven leads (I, II, III) and from an additional precordial lead in the V2 
position. 

Protocol 
The animals were allowed to equilibrate until stable baseline values were 

observed. After this equilibration period and a control period of 30 min , the 
PTCA-catheter was introduced and ischemia was induced by inflating the 
balloon. The ischemic period lasted for either 3 hours (n=6) or 45 minutes 
(n = lO). After reperfusion the experimen ts were terminated after 2 hours in 
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the 3 hours group or after 4 1/4 hours in the 45 minutes group to establish an 
equally long anesthesia per iod. W hen ventricular fibrill ation occurred direct 
current  cardioversion was applied. At the end of the reperfusion period all 
animals returned to their cage. In order to obtain late blood samples a catheter 
was positioned in the left carotid artery which was removed the next day. 

Hemodynamic parameters 
Throughout the experiments arterial blood pressure was measured via a 

catheter i n  the left femoral ar tery. Heart rate and arrhythmias were monitored 
continuously by electrocardiography. A triple-lumen Swan-Ganz 
thermodilution cathe ter was inser ted via the left external jugular vein and 
positioned in order to measure r ight atrial pressure and cardiac output. Stroke 
volume and systemic vascular resistance were calculated from these data. 

Biochemical assays 
Catecholamines (adrenal ine and noradrenal ine ; detection limits : 15 pg/ml) 

and adenosine catabolites ( inosine and hypoxanthine; detection l imits :  0. 1 pg/ 
ml) were measured (with a sensitive HPLC method) i n  the coronary effluent at 
the end of the control period and of the ischemic period , and at 1 ,  5, and 30 
minutes after reperfusion. For this purpose a polyethylene catheter was 
introduced in the coronary sinus via the left superior caval vein. The overflow 
of local adenosine catabolites reflects myocardial loss of high energy 
phosphate nucleotides and the total amount of i nosine and hypoxanthine 
(total pur ines) was used to detect differences in the degree of ischemia. 
Noradrena\jne and adrenaline overflow during reperfusion was mon itored in 
the coronary venous effluent as well. 

I n  order to quantify irreversible myocardial damage during ischemia blood 
samples were collected for monitoring creatine kinase (CPK) levels at the end 
of the control and of the ischemic period, and during reperfusion at 30, 120 , 
and 240 minutes. Creatine kinase activity was determined with a 
spectrophotometric assay (IU/1; Merck , Merckotest No.14327). 

Plasma ren in  activity (PRA, angiotensin I ng/ml per hour ; Du Pont, Rianen
kit No. NEA-022,026) was measured by means of a radio-immuno assay in 
arterial blood samples at the end of the control and at the end of the ischemic 
period, and during reperfusion at 5, 10, 30 minutes and at the end of the 
reperfusion period. 

Signal averaging 
Body surface electrocardiographic (ECG) potentials were recorded in each 

pig using signal-averaging procedures originally described by Simson ( 13). 
Between 100 and 200 QRS complexes from the X, Y, Z leads were averaged, 
vector summed and then filtered using a bidirectional digital filter set at a h igh 
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pass of 50 Hertz. The central transition point of the digital filter was adjustable 
and set within the high energy portion of the QRS complex. Filtered signals of 
the three leads were combined into a vector magnitude with QRS variables 
determined by computer algorithms. Body surface potentials were recorded 
during sinus rhythm before , during and after ischemia (ie in the acute phase) 
and after two weeks survival. 

Programmed electrical stimulation 
After two weeks, the pigs were reanesthetized and the inducibility of 

ventricular tachyarrhythmias was evaluated by a programmed electrical 
stimulation (PES) protocol described before (10 ,9). 

Electrode catheters were introduced after a venesection and positioned 
under fluoroscopic control. All interelectrode distances were 10 mm. Two 4F 
bipolar catheters were introduced via the right j ugular vein and positioned at 
the high right atrium (HRA) and the right ventricular apex (RVA). A6F USCI 
quadrupolar catheter was wedged at the non-coronary cusp of the aortic valves 
via the right carotid artery, to record the His-bundle electrocardiogram 
(HBE). This secured a stable recording during ventricular pacing . 

Programmed stimuli were delivered to the right ventricular apex, outflow 
tract or septa! sites. Cathodal stimuli of 2 msec duration were generated by a 
Savita programmable stimulator at twice the diasto lic threshold, usually at or 
below 1 mA. After eight ventricular paced beats at cycle lengths of 400, 350 or 
300 msec, single, double or triple stimuli were delivered to the heart . No burst 
pacing or isoprenaline infusions were used. 

The reproducibility of a tachycardia response was checked by repeating the 
protocol ten minutes after termination of the arrhythmia, which was achieved 
by overpacing , or occasionally by a low energy DC- countershock . 

Three surface (Einthoven leads I ,  II and I II )  and two intracardial 
electrograms (HRA and HBE) were recorded on an ink-jet Siemens 
Mingograph recorder at a paper speed of 100 mm/sec. The amplifier fil ter 
cutoff settings for the intracardial signals were 50 and 1000 Hz. Ventricular 
tachycardia was defined as sustained when it lasted 30 seconds or more and as 
non-sustained if at least six reentrant beats were detected. 

Statistical analysis. 
Student's t-test or Mann-Whitney's U test were used to test differences 

between groups. Linear regression analysis was used to evaluate correlations 
between parameters. Differences were considered significant if p was <0.05 , 
two-sided. 
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Results 

Acute phase 
Initially, no differences between the groups were observed in the 

hemodynamic parameters , ie heart rate , blood pressure , right atrial pressure , 
cardiac output and stroke volume were comparable. After 30 min of 
equilibration , heart rate , blood pressure , right atrial pressure , cardiac output 
and stroke volume were unaltered in either group (Table 1) . During the 
subsequently developing ischemia, blood pressure , cardiac output and stroke 
volume dropped and heart rate increased in both groups. Right atrial pressure 
increased significantly in the 3 hr group only. No differences between the two 
groups were detected during ischemia. 

From 5 minutes reperfusion unti l the end of the reperfusion period , the rate 
pressure product in the 45 min group was significantly higher than in the 3 hr 
group. No other differences in hemodynamic parameters between the groups 
were observed. 

During the ischemic period, profound ST-segment elevations developed 
rapidly in the precordial leads in all animals . During this period, ventricular 
extrasystoles occurred frequently. Moreover, 4 out of 16 animals developed 

Table 1 

Cardiovascular parameters in the 31th (n = 10) and 3h (n = 6) group . 
Baseline values , at the end of the ischemic and at the end of the reperfusion pe
riod are indicated as mean ± SEM .  HR = heart rate (bpm) ; BP= mean blood 
pressure (mmHg) ; RAP = right atrial pressure (mm Hg) ; CO = cardiac output 
( 1 /min) ; SV = stroke volume (ml) ; RPP = rate pressure product (mm Hg. bpm 
per kg body weight) ; AR = arterial resistance (dynes.s/cm5). 

Baseline End of Ischemia 
¾h 3h ¾h 3h 

HR 84± 3 1 03± 1 1  109± 6## 1 1 0± 10 
BP 75± 4 70± 6 70± 4 64± 6 
RAP 9± 8± 1 9± 0 1 2±  2 ## 
co 3 .2±0.4 2 .9±0.2 2 .9±0.4 2 .2±0 .2## 
SY 38± 5 29± 1 27± 4## 2 1 ± 4 
RPP 322±30 309±25 366±26 3 1 1 ± 35 
AR 1 890 1 7 1 0  1 870 20 1 0  

±290 ± 1 10 ±220 ±350 

## p < 0.01 and ### p < 0.00 1  versus baseline value. 
* p < 0.05 versus 45 minute group . 
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End of reperfusion 
¾h 3h 

1 40± 9### 1 17± 9 
64± 4 
7±  0 

2 .6±0 .2 
19± 2## 

64± 6 
1 2± 2 

2. 1 ±0 . 1 #  
1 7 ±  2## 

450±45### 320±33*  
1 860 1 980 
±2 10  ± 190 



ventricular fibrillation during ischemia, usually after approximately 5 minutes 
or after 20-30 minutes ischemia. In these animals DC cardioversion (75 - 150 
kJ) was applied to restore sinus rhythm. Ventricular fibrillation could not be 
converted to sinus rhythm in two animals, one out of each group. 

Upon reperfusion , an accelerated idioventricular rhythm developed in all 
pigs from both groups indicating the restoration of blood flow to the ischemic 
myocardium (5). 

The release of creatine phosphokinase during the first hours of reperfusion 
were significantly different (Figure 1). Especially in the late samples, the CPK 
levels were high. 

Before and after ischemia coronary venous noradrenaline levels were 
unaltered, but adrenaline increased in the 45 min group. Interestingly, the 
adrenaline levels were higher than those of noradrenaline during the 
experiments. After reperfusion a rapid rise of both catecholamines was only 
found in the 45 min group (noradrenaline: 300±150% ; 
adrenaline :300±150%). In contrast no such indication of elevated 
catecholamines was found in the 3 hours group (noradrenaline: 100± 100% ; 
adrenaline: 200± 150%) (Table 2). 

Compared with preischemic levels , purine overflow slightly increased 
during ischemia in the 45 minutes group, but in the 3 hours group a slight 
decrease was present. At the end of the ischemic period total purine levels were 
significantly lower (p<0.05) in the 3 hr group. After deflation of the balloon 
total purine levels in the 45 minutes group remained elevated for at least 30 
minutes but a decrease was found in the 3 hr group (Table 2). 

Interestingly, a rapid activation of the renin-angiotensin system after 
reperfusion was evident from the increased plasma renin activity levels in the 
45 minutes group only (Table 2). At the end of the reperfusion period however, 
these levels had increased to a similar extend in both groups. 

Signal averaging in the acute phase showed no effect on QRS duration, nor 
on D-30 and V-30 values. However, V-total, the vector voltage amplitude, 
decreased significantly in both groups (Figure 2). 

The chronic phase 
Electrophysiological abnormalities became evident after two weeks from 

alterations in the signal averaged electrocardiogram. The duration of the 
averaged high frequency QRS complex was increased after ischemia and 
increased further after two weeks in most animals (Table 3 and Figure 2). In 
the 45 min group the terminal , low amplitude part of the QRS complex (the D-
30) was significantly increased after two weeks (Table 3). 

After two weeks, the voltage vector magnitude (V-total) reflecting the 
amount of actively depolarizing showed some recovery in one animal in the 3 
hours group. In the other animals no recovery of V-total was observed . 
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Table 2 

Overflow of noradrenaline (NA pg/ml) and adrenaline (Adr pg/ml), inosine and hypoxanthine (Purines pg/ml) and 
plasma renin activity (PRA IU/1 per h) in coronary venous plasma . 
The data are represented as the mean ± SEM; n = 6 for the 3 hour (3 h) and n = 8 for the 45 minutes (¾ h) group. 

Baseline 

NA 

¾ h  295 ± 75 
3 h  185 ± 40 

Adr 
¾ h  1190 ± 370 
3 h  1 150 ± 420 

Purines 
¾ h  52 ± 12 
3 h  45 ± 7 

PRA art. 
¾ h  4 .9  ± 1.5 
3 h  5 . 7 ± 0.9 

End 
of 
Isch . 

During reperfusion at 
1 '  5 '  

365 ± 72 81 0 ± 305 
290 ± 105 330 ± 105 

2110 ± 425# 3230 ± 865# 
1390 ± 565 1095 ± 435 

70 ± 1 1  75 ± 9 
37 ± 6* 36 ± 5 '" *  

8 . 7  ± 2.5# 11.6 ± 3.1 ## 
8.3 ± 3.4 7 .6 ± 2.4 

505 ± 155 
345 ± 170 

1730 ± 335 
1035 ± 435 

75 ± 9 
37 ± 6''' '''# 

8 .4  ± 2 .8# 
8.5 ± 2.5 

30' 

425 ± 60 
225 ± 85 

1600 ± 280 
920 ± 285# 

67 ± 8 
33 ± 5**  

9 .6  ± 3 .5  
9.9 ± 3 .8  

End 

490 ± 85 
425 ± 185 

1040 ± 31 0 
745 ± 240 

23 ± 4 
29 ± 2 

13.5 ± 3.0## 
13 .4 ± 6 .0 

Between group differences: *, * * , * * ''' and within group (vs baseline): # , ## ###, p < 0.05 , 0.01 and 0.001 resp. 
PRA samples during reperfusion were taken at 5 and 10  instead of at 1 and 5 min after reperfusion . 
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Interestingly, the Y-total after two weeks in the 45 min group correlated with 
the maximal CPK levels detected in the acute experiments (r=-0.796 ; n=7;  
p<0.05). The D-30 in the 45 min group was elevated after two weeks but not 
significantly duringthe acute phase. The V-30 decreased during ischemia in the 
3 hours group only. In the 45 minutes group this occurred only during 
reperfusion. After two weeks V-30 in both groups was still decreased (Table 3 
and Figure 2). Therefore , the following aspects could be derived from the 
signal averaged data : 1 )  the loss of viable tissue after early re perfusion was 
reduced 2) after two weeks, abnormal high frequency low amplitude potentials 
were present in the early reperfusion group. A representative recording is 
shown in Figure 3. 

After two weeks 3 out of 6 animals in the 3 hours group had died , versus 3 
out of 8 in the 45 minutes group. Of 8 survivors 7 animals developed 
ventricular rhythm disturbances after programmed electrical stimulation: a 
non-sustained ventricular tachycardia in one and a sustained VT in six animals 

Table 3 

Analysis of the signal averaged body surface ECG before and two weeks after 
ischemia and reperfusion , and the inducibility of ventricular arrhythmias. This 
table shows the signal averaged parameters QRS duration (QRS), D30, V30 
and Y-total (Ytot) (see text for explanation) , the type of arrhythmias that were 
inducible (arrh) and the survival after two weeks , and the cycle length of the 
sustained VT (CL). 

A. 45 min infarct group 

before ischemia after 2 weeks 

expt QRS D30 \130 Vtot QRS D30 V30 Ytot arrh. CL 
# 

1 57 22 22 2 1 9  67 22 26 12 1  sVT 240 
2 70 20 21 185 90B 42B 14B 60 sVT 1 50 
3 58 23 32 260 64 24 14 105 sYT 170 
4 64 16 47 167 95B 36° 4B 39 sVT 230 
5 72 24 17 240 + 
6 65 19 21 174 + 
7 65 21 17 150 + 
8 51 12 271 282 56 25 27 150 nsVT 

mean 62.8 19.6 56.0 2 10 74 30# 16 94## 
SEM 2.5 1.4 31 17 8 4 4 20 
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(Table 3). These arrhythmias were reproducibly inducible , after two or three 
premature stimuli , delivered at twice the diastolic threshold at right ventricular 
sites. Rapid pacing easily terminated them, which favors intraventricular 
reentry as the mechanism for these arrhythmias. 

Discussion 

In this study the salvage of myocardial tissue by early reperfusion of the 
ischemic heart was demonstrated. This was primiarily apparent from the CPK 
efflux. It has been shown that the total amount of this enzyme lost from the 
myocardium after an infarction correlates with the infarct size ( 14). Even 
though reperfusion speeds up the efflux rate of this cytoplasmatic enzyme (1) ,  

B.  3 hour infarct group 

before ischemia 

expt ORS 030 V30 Ytot ORS 030 
# 

58 14 35 202 
2 72 27 21 2 11 1 0 1 "  45 
3 54 12 206 241 
4 55 12 12 1 50 
5 73 34 1·1 86 70 28 
6 68 18 22 163 nd nd 

mean 63.3 19.7 52.2 176 
SEM 3.5 3.8 31 22 

sVT = sustained ventricular tachycardia 
nsVT = non-sustained ventricular tachycardia 
11 1 = not inducible 
nd = no data 
a = bundle branch block 
� = late potential 
+ = non surviving animal 

after 2 weeks 

V30 Ytot 

3 31 

15 114 
nd nd 

The data are represented as the mean ± SEM (n = 6 resp n = 8) 
# = p < 0.05 versus baseline 

## = p < 0.01 versus baseline 

arrh. CL 

+ 

ni 
+ 

+ 

sVT 180 
sVT 185 
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a clearcut reduction in enzyme re lease was found after early reperfusion . 

Al though these fi ndings were promising, no di ffe rence in survival or in the 

inducibi l i ty of reentrant ventricu lar  tachycardia was found .  The causal relation 

of this arrhythmia to late mortality after myocardial infarction in patients is 

well-known and evident ly these arrhythmias should be preven ted whenever 

possible . 
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Figure 2. 
Signal averaging data: the ORS-duration (QRS) , the V-total (".'tot) ,  th� �ermmal 
duration below 30 fV (D30) and the energy compound of the termmal 30 m1lhseconds 
(V30) are indicated. The values at baseline , at the end of the ischemic period and at 2 
hours after reperfusion are depicted. mean±SEM; * *  p<0.01 and ***  p<0.001 versus 
baseline. 
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The reasons for the lack of prevention of these late arrhythmias by early 
reperfusion are probably manifold. First, a crucial aspect might be the 
activation of the renin-angiotensin system by ischemia and early reperfusion, 
be it mediated by the sympathetic nervous system or not. 

Several indicators in the early reperfusion group demonstrated an excessive 
activation of these compensating mechanisms for maintaining cardiac output. 
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For instance , the plasma renin activity increased to significantly higher levels, 
immediately after early reperfusion. Secondly, a transiently increased 
catecholamine efflux was found only after early reperfusion. This efflux 
probably caused a higher adrenergic tone ,  leading to an increased rate
pressure product and hence increased oxygen consumption. 

Signal averaging of the surface ECG showed a decrease of the QRS vector 
voltage magnitude (Y-total) which is considered to be a reflection of the 
amount of viable myocardium (7) ,  in both groups. The correlation found 
between V-total after two weeks and the maximal CPK levels detected is in 
agreement with those results. This observation supports the relation between 
the V-total and the amount of actively depolarizing myocardium. 

Therefore, signal averaging. can possibly be used as a non-invasive 
parameter in the evaluation of the amount of viable myocardial tissue and 
therefore , apart from an indicator for the rejection of transplanted hearts (7), 
it could possibly give additional information to evaluate thrombolytic therapy. 
In other words , signal averaging could contribute to the evaluation of 
thrombolytic therapy during the healing phase. 

Electrophysiological stability did not differ between the two groups. 
Possibly, the expected homogeneity of the infarcts in the 3 hours group is not 
the only factor determining electrophysiological stability ( 17). 

Another important factor is the size of the infarct. Several authors have 
discussed the relationship between infarct size and ventricular arrhythmias 
(see discussion by Coromilas et al ; 3). Most infarct studies have been 
performed with dogs ( 1 ,3 ,9 ,12) and a striking variability in the infarct size after 
coronary occlusion and reperfusion has been described in those reports . In one 
study (3), the results were found to fall into two distinct groups: some dogs 
developed huge infarcts but in others only small infarcts were found. In the 
latter animals coronary occlusion did not result in ventricular extrasystoles or 
an accelerated idioventricular rhythm after reperfusion , whereas both the 
small and the large reperfused infarcts had a heterogeneous histological 
structure (3). Furthermore, the incidence and frequency of spontaneous 
ventricular arrhythmias and the inducibility of sustained ventricular 
arrhythmias in the subacute phase of infarction correlated with infarct size. 
However, if infarcts after permanent occlusion were compared with 
reperfusion infarcts, the reperfused infarcts had a higher inducibility of 
ventricular arrhythmias at a comparable infarct size. This suggests then ,  that 
both the heterogeneity of the infarct as well as its size are important for the 
occurrence of (inducible) ventricular arrhythmias post infarction ( 1 7). In our 
study, CPK enzyme release, differed between the groups even though 
differences in enzyme kinetics might have played a role. In the early 
reperfused group with a lower CPK overflow, the heterogeneity, evident from 
the signal averaging data was more severe. Therefore, although early 
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reperfusion decreased the amount of enzyme release , it might at the same time 
have a deleterious effect on the histopathological aspects of the infarct, 
generating vulnerable infarcts with a high inducibility of ventricular 
tachycardia (17). 

In  conclusion, early reperfusion after 45 minutes ischemia instead of after 3 
hours salvages myocardial tissue. Furthermore , shorter occlusion during 45 
minutes causes more reversibly damaged tissue. However, despite early 
re perfusion, formation of infarcted tissue and VT-inducibility are still present 
and there is no improvement of survival, probably due to neurohumoral 
deterioration. 

These results corroborate the view expressed by other authors (6) that a 
protective agent, present during ischemia and early reperfusion and aimed at 
the reduction of the injurious component of early reperfusion, might be an 
essential adjunct to attain the full benefit of early reperfusion therapy both 
with respect to the size of the infarct, as well as its electrical stability. 
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Summary 

The effects of oral zofenopril pretreatment were investigated in a chronic 
closed-chest pig model of ischemia and reperfusion . Pigs (25-35 kg) were 
pretreated orally with zofenopril ( 15 mg/day) on the two days prior to ischemia 
which was evoked by the inflation of a catheter balloon in the left anterior 
descending coronary artery during 45 minutes. Thereupon, the catheter was 
removed and the myocardium was reperfused. After two weeks, infarct 
properties were assessed by signal averaging of the body surface 
electrocardiogram and the inducibility of malignant ventricular 
tachyarrhythmias was tested with a programmed electrical stimulation 
protocol. 

A significant increase in the pressure-rate product ( 43± 11 % , mean ± SEM) , 
indicating the oxygen demand of the heart, was prevented by zofenopril 
( 19±8%, p<0.05) . Zofenopril reduced the peak efflux of adrenaline 
(1302±213 vs 3201±760 pg/ml ; p<0.05), noradrenaline (402±54 vs 902±282 
pg/ml; p<0.05) and of the adenosine catabolites inosine and hypoxanthine 
(56±4 vs 78±9 pg/ml; p<0.05) in the coronary venous effluent . The efflux of 
the cytoplasmatic enzyme creatine phosphokinase was not significantly 
reduced after zofenopril (p=0.08) . No difference in plasma renin levels 
between the groups were found. After two weeks, late potentials were found 
only in the surviving animals from the untreated group ie the voltage vector 
magnitude was more reduced and a prolongation of the QRS duration and of 
the terminal low amplitude part of the high frequency QRS was found. 
Moreover, zofenopril had caused a significant reduction of the inducibility of 
sustained ventricular tachyarrhythmias . 

These findings support the view that catecholamine and purine efflux, and 
an adverse increase in the oxygen demand during early reperfusion are 
reduced by zofenopril pretreatment, leading to a higher electrophysiological 
stability of the subsequently developed infarct after two weeks. 

Introduction 

Early reperfusion of ischemic myocardium by thrombolytic agents prevents 
further extension of myocardial infarction (1, 2 ,  3) but can also be harmful by 
producing additional damage and severe ventricular arrhythmias (4 , 5 ,  6, 7). 
The need for additional protective measures during early reperfusion therapy 
was recently emphasized by several authors (4 , 8, 9). 

Among other drugs, angiotensin converting enzyme inhibitors may be 
suitable for this purpose, because they yield a reduction of this 'paradoxical' 
damage . In previous studies, biochemical markers of tissue injury and 
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reperfusion arrhythmias in the isolated rat heart were reduced after treatment 
with ACE inhibitors ( JO ,  1 1 ,  12 ,). In vivo , converting enzyme inhibitors salvage 
myocardial tissue during ischemia and early reperfusion in the rat ( 13) , the pig 
( 14,  15) and the dog ( 1 6 ,  10). 

In these earlier studies the converting enzyme inhibitor was always 
administered shortly before (11 ,  1 2 ,  10 , 13) or during ischemia ( 14 ,  1 5 ,  16). 
Because many (hypertensive) patients receive converting enzyme inhibitor 
therapy nowadays, the chance that a patient with an acute myocardial 
infarction treated with reperfusion (thrombolytic) therapy is already taking 
converting enzyme inhibitors is not imaginary. For this reason and because of 
the mechanisms involved we investigated the effects of pretreatment with a 
converting enzyme inhibitor on ischemia and reperfusion. In the present study, 
zofenopril (a recently developed potent captopril analog) was administered 
during the two days before the ischemic event. Zofenopril is a potent captopril 
analog that has a high bioavailability after oral administration and is rapidly 
deesterified in vivo to zofenoprilate (SQ 26333), a free sulfhydryl group 
containing metabolite that is responsible for the pharmacological actions of 
the drug ( 17). Its pharmacokinetic properties are such that the drug still 
inhibited angiotensin I pressor responses , 24 hours after administration to rats. 

Moreover, the development of the infarction and the result after two weeks 
were evaluated using signal averaging of body surface electrocardiograms. 
Finally, the ultimate outcome was assessed after two weeks by studying the 
inducibility of malignant ventricular tachycardias associated with infarction 
using programmed electrical stimulation of endocardial sites in the peri-infarct 
region. Drug effects on the inducibility of ventricular tachyarrhythmias can be 
studied reliably in patients and in animal models, if the protocol used is 
sufficiently standardized ( 18). 

Methods 

Surgical procedure The methods employed in this study have been described 
in detail before ( 15). Briefly, male Yorkshire swine (body weight 25-35 kg) were 
pretreated with 120 mg azaperone (Stresnil® ; Janssen Pharmaceutica Beerse, 
Belgium) intramuscularly. After half an hour, 150 mg metomidate (Hypnodil® ; 
Janssen) was injected in an ear vein. A cuffed endotracheal tube was 
introduced and the animals were ventilated with a mixture of O2/N2O. 
Anesthesia was maintained with an intravenous infusion of azaperone (2 mg/ 
kg/min) and metomidate (8 mg/kg/min) through a double-lumen catheter in an 
inferior caval vein. Ventilation parameters were adjusted to keep arterial pO2 
concentrations between 16 and 20 kPa. Body temperature was kept at 36-38xC 
with a thermal mattress. Heparin was administered at an initial dose of 5000 
IU, followed by 2500 IU/h. 
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A polyethylene catheter was introduced under fluoroscopic guidance via the 
right external jugular vein into the coronary sinus to collect coronary venous 
blood draining the ischemic region. Acute coronary occlusion was produced 
with a balloon catheter as used for percutaneous transluminal coronary 
angioplasty. An 8 French Judkins guiding catheter was introduced via the left 
carotid artery and the tip was positioned at the ostium of the left coronary 
artery as verified by fluoroscopy. Through its lumen a 2 F PTCA-catheter (DJ-
20-37 Gruntzig Dilaca, Schneider Medin tag AG. Zurich) was introduced into 
the anterior descending branch of the left coronary artery and advanced 
beyond the first diagonal branch. The position of the balloon was carefully 
checked in order to occlude comparable perfusion areas. 

Protocol 
The animals received either no treatment (n=9), or oral zofenopril 15 mg/ 

day on two days before the experiment (n = 10).The last dose was given one day 
before the experiment. After an equilibration period of 30 minutes during 
which hemodynamic parameters were allowed to stabilize, a catheter was 
introduced and ischemia was induced by inflating the balloon. The ischemic 
period lasted 45 minutes. The experiments were terminated 4 hours after 
reperfusion. 

I n  this study, a dose of 0 . 5  mg/kg body weight was chosen in order not to 
affect the resting blood pressure of the pigs. Therefore, hemodynamic 
parameters before ischemia in both groups were comparable. 

When ventricular fibrillation occurred, direct current cardioversion was 
attempted. After removal of the catheters the pigs received postoperative care 
and were returned to their cages. After two weeks the surviving animals were 
subjected to a programmed electrical stimulation protocol in order to study the 
inducibility of ventricular tachyarrhythmias. Finally, the animals were 
sacrificed. The hearts were removed, the left ventricle was dissected free, and 
cut in slices of 1 cm thickness. The slices were washed and stained for 
dehydrogenase activity with the nitroblue tetrazolium method described by 
Nachlas ( 19). The slices were photographed and the infarct size measured 
planimetrically and the data expressed as percentage of the left ventricle. 

Hemodynamic and biochemical parameters 
Throughout the experiments arterial blood pressure (mmHg) was measured 

via a catheter in the left femoral artery. Heart rate and arrhythmias were 
monitored continuously by electrocardiography from conventional limb leads. 
A triple-lumen Swan-Ganz thermodilution catheter was inserted via an 
external jugular vein to measure right atrial pressure, cardiac output (I/min) 
and stroke volume (ml ; calculated from cardiac output and heart rate). 
Systemic vascular resistance (dynes.s/cm5) was calculated from the mean 
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arterial pressure, from the right atrial pressure and from the cardiac output. 
Adrenaline and noradrenaline and the purines inosine and hypoxanthine 

were measured in the coronary venous effluent using a sensitive HPLC assay 
(20) at the end of the control period, at the end of the ischemic period, and at 
1, 5 ,  and 30 minutes of reperfusion. The efflux of adenosine catabolites from 
myocardial tissue reflects the loss of high energy phosphorylated nucleotides 
from myocardial tissue and therefore represents a biochemical marker for the 
extent of ischemia (20). Catecholamine efflux during reperfusion was assayed 
because catecholamines may contribute to the severity of reperfusion damage 
( 15). 

In order to assess irreversible myocardial damage, blood samples were 
collected during ischemia and reperfusion for monitoring creatine 
phosphokinase levels at the end of the control and of the ischemic period, and 
at 5 ,  30 , 120, 180 and 240 minutes after reperfusion. Creatine phosphokinase 
(CPK) activity was determined with a spectrophotometric assay (Merck , 
Merckotest No.14327). Plasma renin activity (PRA) was measured by means 
of a radio-immuno assay (Du Pont, Rianen-kit No. NEA-022,026) in  arterial 
plasma samples at the end of the control and at the end of the ischemic period, 
and at 5 ,  10, 15 and 30 minutes of reperfusion.The values were expressed as ng/ 
ml angiotensin I per hour. 

Signal averaging 
Three body surface electrocardiograms , from leads in an orthogonal 

arrangement (X, Y and Z) were recorded, averaged, vector summed and 
filtered at 50 Hz. Recordings were made after equilibration, at the end of the 
ischemic period,  at the end of the reperfusion period and after two weeks in the 
surviving animals. Each recording contained 100-200 beats. From this filtered 
signal the following parameters were calculated : 1 )  the ORS-duration (ms), 2) 
the root-mean-square of the QRS vector (V-total, �tV), 3) the root-mean
square of the terminal 30 ms (V-30 ,  �tV) and 4) the duration of the terminal part 
below 30 �tV (D-30, ms). For this purpose a slightly modified computer 
algorithm developed by Simson was used (21). 

Programmed electrical stimulation 
After two weeks , the pigs were reanesthetized and the cardiac output was 

measured with a thermodilution catheter. Subsequently, signal averaging 
electrocardiography was performed and the inducibility of ventricular 
tachyarrhythmias was evaluated by a programmed electrical stimulation (PES) 
protocol. Details of the procedure used are described in a previous paper (18). 

Statistical analysis 
Differences between group means were tested with Student's t-test. Fisher's 
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exact probability test was used to evaluate differences in mortality and 
inducibility of ventricular tachyarrhythmias. Linear regression analysis was 
used to assess correlations between some parameters .  Differences were 
considered to be significant if p was <0.05 . Data were represented as mean 
values ± SEM. 

Results 

acute phase 

Hemodynamic parameters and heart rhythm 
In the untreated group the heart rate increased during ischemia (from 86 to 

109) and even more during reperfusion (from 86 to 140 ; Table 1) . In the 
zofenopril treated group however, the heart rate during i schemia did not 
increase significantly (from 83 to 96 ie 15±7% vs 29±9% in the untreated 

Table 1 

Cardiovascular parameters in the untreated (Untr) and zofenopril (Zof) pre
treated. At the beginning of the control period (t = 0) at the end of ischemia 
(t = 75) and at the end of the reperfusion period (t = 330) . HR = heart rate 
(bpm) ; BP = blood pressure (mmHg) ; RAP = right atrial pressure (mmHg) ; 
CO = cardiac output (I/min) ; SY = stroke volume (ml) ; RPP = rate pressure 
product (mmHg * bpm per kg body weight) ; AR = arterial resistance 
(dynes. s/cm5). 

Baseline End of lschemia 
t = 0  t = 75 
Untr Zof Untr Zof 

HR 86± 6 83± 4 109± 6# 96± 8 
B P  76± 3 78± 7 70± 4 72± 5 
RAP 9± 0 8± 1 9± 0 7± 
co 2 .7±0 .2  2 . 1 ±0 .2  2 .9±0.4 2 .0±0.2 
SY 32± 3 30± 6 27± 4 2 1  ± 2 
RPP 322±30 336± 46 366±26 353 ±45 
AR 2040 2720* 1870 2620 

± 1 90 ±270 ±220 ±2 1 0  

Differences from untreated group: * < 0 .05 
Differences from ini t ia l  value: # p < 0 .05 ## < 0 . 0 1  
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End of reperfusion 
t = 330 

Untr Zof 

1 40± 9## 1 1 0± 9# 
64± 4 64± 3 

7± () 6 ±  I 
2 .6±0.2 1 .9±0. 1 *  

1 9± 2 1 7±  2 
450±45## 372± 39 
1 860 2400 
±2 10  ±200 



group ; ns) , and during reperfusion only moderately and to a lesser extent than 
in the untreated group (from 83 to 110 ie 33±8% vs 66±12% in the untreated 
group ; p<0.05 ; Table 1) . Concomitantly, the rate-pressure product in the 
untreated group increased (from 32200 to 45000) whereas in the zofenopril 
group no increase was found (from 33600 to 37200 ie 19±8% vs 43±10% in the 
untreated group ; p<0.05) .  

The cardiac output after pretreatment with zofenopril was initially not 
significantly different from the untreated group (Table 1). The cardiac output 
did not change significantly in either of the groups at the end of the reperfusion 
period compared to control values, but at the end of the reperfusion period the 
cardiac output was significantly lower in the zofenopril group (Table 1). No 
changes in blood pressure were observed. The calculated arterial resistance 
was initially higher after pretreatment. The arterial resistance did not decrease 
during the experiment (Table 1). 

No sinus nodal or AV-nodal conduction disturbances were found during the 
entire experiment in any of the animals. During the control period no 
ventricular arrhythmias were present, but during ischemia ventricular 
extrasystoles occurred frequently. Moreover, 6 out of 19 animals developed 
ventricular fibrillation during ischemia, usually at 5-10 minutes or at 20-30 
minutes of ischemia. Direct current cardioversion was attempted in all cases, 
but three animals died acutely (Table 2). 

Table 2 

Incidence of ventricular fibrillation and cardioversion in the acute phase . Sur
vival and inducibility of sV T after 2 weeks. The number of animals in the un
treated (Untr) and zofenopril pretreated (Zof) groups is indicated. Differen
ces between the two groups were tested using Fisher's exact probability test. 
* p < 0 .05 

Untr Zof 

number of animals 9 10 
Ventricular 
Fibrillation 3 3 
Cardioversion 
successful 2 1 
Survivors 
after 2 weeks 5 5 
V T  Inducible 5 1* 
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Upon reperfusion in the zofenopril group, 1 animal fibrillated but the 
arrhythmia could be converted to sinus rhythm. Upon reperfusion an 
accelerated idioventricular rhythm developed in all pigs indicating the 
restoration of  myocardial perfusion (22). Neither acute mortality nor the 
incidence of ventricular fibrillation during ischemia were affected by 
zofenopril (Table 2). 

Biochemical assays 
Initially, no differences in creatine phosphokinase plasma levels were 

observed (Figure 1). Only at t= 105 min ie during the beginning of the 
reperfusion period, the CPK levels were higher in the untreated group. 
However, when the time course was evaluated as a whole the CPK levels in the 
untreated group tended to be higher than in the zofenopril group but this was 
not statistically significant (p=0.080 ; Figure 1 ). 

The efflux of purines (hypoxanthine and inosine), which are markers for 
reversible tissue damage was lower in the zofenopril group (Table 3). 
Furthermore, pretreatment with zofenopril resulted in a reduction of the efflux 
of noradrenaline (Table 3 ;  Figure 2b) and adrenaline (Table 3 ;  Figure 2c). The 
transient increase in noradrenaline efflux observed after reperfusion in the 
untreated group was less pronounced in the pretreated group. The increase in 
adrenaline levels during ischemia occurred only in the untreated group (Figure 
2b). Moreover, the transient increase after reperfusion was markedly reduced. 

Zofenopril pretreatment did not affect plasma renin activity significantly 
when evaluated at the beginning of the protocol (p=0.076). Furthermore ,  no 
differences between the groups were observed during ischemia and 
reperfusion (Figure 2d) .  Plasma renin activity rose twofold in both groups 
during ischemia and after reperfusion , in the untreated group from 4.9 ± 1. 5  to 
13.6 ±3.7 (p<0.01) and in the pretreated group from 7.9±2.3 to 14.9±3.9 
(p<0.05; ng/ml angiotensin I per h).  

chronic phase 

During the two weeks after reperfusion 3 out of 8 animals died in both the 
untreated and the zofenopril pretreated group. All these animals died within 
the first 24 hours after the infarction. At the start of the experiments after two 
weeks , cardiac output did not differ between the surviving animals of the 
groups (untreated 3. 5±0.5 vs zofenopril 2. 5 ±0.2 I/min ; ns). 

Signal averaging 

No bundle branch block was found after two weeks in any of the animals at 
the beginning of the experiment. The duration of the filtered QRS complex 
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was not affected in either group before , during or after ischemia (Table 4). 
After two weeks however, the averaged QRS duration was prolonged in both 
groups. The root-mean-square of the QRS vector amplitude (V-total) 
decreased markedly during ischemia and reperfusion. After two weeks, the V
total in the zofenopril group had partly recovered, whereas in the untreated 
group it remained decreased. This resulted in a significant difference between 
the groups after two weeks (Table 4). 

A significant inverse correlation between the maximal CPK levels measured 
in the acute phase and the V-total value after two weeks was found in the 
animals from both groups (rho = -0.849 ; p<0.01 )  (Figure 3). The duration of 
the terminal part of the QRS complex below 30 µV (D-30) showed no 
alterations during the acute experiment. However, after two weeks the D-30 
was elevated from 20± 1 to 30±4 (p<0.05) in the untreated group in contrast 
to the zofenopril group (20±2 to 20±4 ms) (Table 4).TheV-30 (the root-mean
square of the terminal 30 ms of the QRS-complex) decreased during ischemia 
and after reperfusion in both groups. After the two week period it was further 
decreased in both groups. However, the decrease in the untreated group was 
greater than in the zofenopril group (Table 4 ;  p<0.05). 

Table 3 

Overflow of noradrenaline (NA) and adrenaline (Adr), total purines (Puri
nes) and plasma renin activity (PRA). The areas under the curve (AUC) and 
the maximal values (Max. ) during reperfusion are depicted. 
* p < 0.05 ; * *  p < 0.0 1 

Untreated Zofenopril 

Purines 
AUC 16620 ± 5170 121 10 ± 2220* 
Max. 78 ± 9 56 ± 4 
NA 
AUC 141790 ± 54110 86050 ± 4 1700* 
Max. 902 ± 282 402 ± 54* 
Adr 
AUC 464880 ± 182390 2 17140 ± 1 15780* * 
Max. 3201 ± 760 1302 ± 2 13*  
PRA art. 
AUC 3193 ± 2215 3614 ± 1785 
PRA ven. 
AUC 2951 ± 1779 3539 ± 16 16 

Between group differences: * and * *  resp p < 0.05 and 0.01 
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Time course of creatine phosphokinase levels in arterial blood,  before, during and after 
ischemia. The curve of the untreated group (n=8) tends to be higher than the curve of 
the zofenopril treated animals (n=8) , without reaching significance : p=0.08. 
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Figure 2 
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Time course of the efflux of A :  total purines, B: noradrenaline, C: adrenaline, D: 
arterial plasma renin activity during ischemia ( t= 30-45) and reperfusion (at 1=75) .  
Significant differences between control (n =8) and zofenopril treated animals (n=8) are 
i ndicated: * p<0.05 .  (mean ±SEM) . 
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Taken together, a combination of a prolonged QRS duration, an increased 
D-30 and a reduced V-30 was found in the untreated group. Evidently, in the 
untreated group late potentials had developed, whereas such 
electrocardiographic abnormalities were prevented by zofenopril. 
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Figure 3 
Linear regression analysis of the maximal CPK levels (CPKmax) in the acute phase 
versus the QRS vector voltage magnitude (V-tot) after two weeks. Filled circles 
represent control animals , the open squares the zofenopril treated animals. rho =-
0 .849 and p<0.0 1  (n =8) .  

Figure 4 ....,.. 
A typical recording of the induction of sustained monomorphic ventricular tachycardia 
by electrical stimulation of the right ventricular apex in an untreated animal , two weeks 
after ischemia and reperfusion .  Panel A: Sinus rhythm; Panel B: Sustained Ventricular 
Tachycardia. CL= cycle length ; BCL= basic cycle length ; SVT= sustained ventricular 
tachycardia; A = atrial deflection ;  H =  His-bundle deflection ;  V = ventricular 
deflection ; HRA= high right atrium; H B E= His-bundle electrocardiogram; PR= 
arterial pressure. I ,  I I  and I I I  represent conventional Einthoven electrocardiographic 
leads. Pacing or sensing is indicated at the bottom tracing. 
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Programmed electrical stimulation 
In the 5 untreated survivors a ventricular tachycardia (Figure 4) was 

inducible , which was monomorphic and sustained in 4 cases, whereas in the 
zofenopril treated group in only 1 animal tachycardia was inducible after 
programmed electrical stimulation (Table 2). Therefore , a significantly lower 
susceptibility to malignant ventricular tachyarrhythmias was found after 
zofenopril (p<0.05). 

The anatomical infarct size ranged from 15% to 37% of the left ventricular 
tissue mass (26±3%,  mean± SEM), due to technical failures the number of 
data was too small (n =6) to draw conclusions about group differences. 
However, the overall data indicate that the variability of the infarct size was 
small . Furthermore, all infarcb were localized in the left ventricular apex and 
free wall , extending into the intraventricular septum in the larger infarcts only. 

Table 4 

Data calculated after averaging, vector ·ummation and filtering at 50 Hz of 
100-200 beats. 
QRS duration (QRS, ms), QRS vector voltage magnitude (Vtot, µ,V), dura
tion of the terminal part of the QRS complex below 30 µ, V (D30 , ms), and the 
energy content of the last 30 ms (V30, µ, V). 

Baseline End ofisch. End of reperf. After 2 wks 

QRS 
Untr 63 ± 2 64 ± 5 60 ± 4 74 ± 8 
Zof 60 ± 2 62 ± 5 59 ± 2 66 ± 3 
Vtot 
Untr 21 1 ± 18 108 ± 1 1 ### 98 ± 27## 94 ± 20### 
Zof 195 ± 26 1 14 ± 1 3# 101 ± 1 6# 142 ± 3* 
D30 
Untr 20 ± 1 9 ± 4 21 ± 2 30 ± 4# 
Zof 20 ± 2 22 ± 6 21 ± 20 ± 4 
V30 
Untr 56 ± 31 55 ± 2 1  23 ± 4 1 6  ± 4 
Zof 46 ± 16  64 ± 23 52 ± 17* 29 ± 7* 

Differences from untreated group: * <  0.05 ; 
Differences from initial value : # < 0 .05 ## < 0.01 ### < 0.001 
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Discussion 

This study shows that zofenopril ameliorates the deleterious effects of 
ischemia and reperfusion in the pig. The beneficial effect of zofenopril 
pretreatment was reflected during ischemia and reperfusion by various 
biochemical parameters. Firstly, zofenopril caused a smaller efflux of purines 
and catecholamines. Increased purine levels are known to represent the 
breakdown of high energy phosphate nucleotides caused by ischemia and can 
be used as a biochemical marker for the extent of ischemia (23) . Secondly, a 
reduction of irreversible myocardial tissue loss (CPK levels) was found, 
although this difference was marginally significant. In a previous study in this 
model, captopril dose-dependently reduced the CPK efflux after 60 min of 
coronary artery occlusion, when given in the acute ischemic phase (15). 

In the chronic phase, electrophysiological parameters were evaluated . 
Signal averaging of the ECG showed that in all untreated animals late 
potentials had developed , whereas in the zofenopril treated animals no late 
potentials were present and signal averaging parameters were (partly) 
recovered. The combination of a longer QRS duration, a decreasedV-30 and a 
longer D-30, ie the presence of late potentials , has been shown to be the body 
surface representation of delayed conduction in partially surviving fibers in the 
infarct (24). Therefore, zofenopril induces a modulation of infarct properties 
related to tachyarrhythmias. 

Furthermore, an inverse correlation between maximal CPK levels and the V
total after two weeks corroborates the results found by Keren et al. (25) in 
cardiac transplant patients in which V-total is considered to reflect the amount 
of actively depolarizing myocardium. Therefore apart from a non-invasive 
method to monitor rejection after heart transplantation, signal averaging 
might also be of value in evaluating surviving functional myocardial tissue after 
myocardial infarction. After two weeks, V-total in the untreated group was 
further decreased (when compared with the values early after reperfusion) but 
V- total had partially recovered in the zofenopril group. This observation 
indicates a salvage of reversibly damaged myocardial tissue, which is 
consistent with the lower purine overflow. 

Finally, a programmed electrical stimulation protocol was performed to 
challenge the electrophysiological stability of the infarcted hearts after two 
weeks. Electrophysiological stability in the pretreated group was significantly 
better than in the untreated group. Previously, we found a similar greater 
electrophysiological stability following prolonged oral treatment with 
captopril in the subsequent, chronic phase (14). Moreover, it is well-known 
that late potentials are a sensitive and specific marker for sustained ventricular 
tachycardia in patients at risk after myocardial infarction (26 , 27) . Our results 
in the pig are in agreement with these observations. 
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Surprisingly, before ischemia and reperfusion , the arterial resistance in the 

zofenopril group was higher than in the untreated group. Probably the low 

cardiac output found in the zofenopril group was due to low circulating 

catecholamines in  these healthy animals, s ince before ischemia the cardiac 

output in the pretreated group showed a positive correlation with adrenal ine 

levels (rho=0 .85 ;  p<0.05 ;  n =9) .  I n  the zofenopril pretreated group,  a reduced 

sympathetic tone related to the low catecholamine levels m ight have 

developed . The low catecholamine levels in the zofenopril group may have 

prevented arterial vasod i lation ,  ie lower peripheral beta-2 receptor 

stimulation might have led to a h igher systemic vascular resi stance . 

It is well known that effects o n  heart rate are not found after ACE inhibit ion ,  

not even after dosages that cause a severe hypotension . During reperfusion ,  

heart rate in  the  untreated group rose considerably and zofenopril appeared to 

blunt this response to ischemia .  This cou ld be due to an attenuation of 

noradrenergic neurotransmission ,  as has been described for converting 

enzyme i nhibitors (28) . 

The present results indicate that converting enzyme inhibition with a low 

dose of zofenopril prior to the acute phase of the infarction amel iorates the 

electrophysiological instabil i ty in the chronic phase . Apparent ly, protection 

against the i njurious component of ischemia and reperfusion is crucia l .  

Whether the  myocardial renin-angiotensin system plays a primary role in these 

effects of zofenopril is  an i ntrigui ng quest ion , but this cannot be answered 

from our data. 

The mechanism of the protective effects of zofenopri l ,  mainly apparent in  

the chronic phase of i nfarction is probably mul tifactorial . Firstly, zofenopril 

can improve coronary perfusion through various mechanisms .  Apart from the 

reduced synthesis of angiotensin I I ,  the inhibit ion of bradykinin breakdown by 

the convert ing enzyme inhibitor m ight play a role .  Endogenous bradykinin is 

k nown to be released from the ischemic myocard ium (29 , 30, 31 ) .  Bradykin in 

st imulates prostacycl in  release from the vascular endothel ium (32) . 

Furthermore , it is well-known that prostacycl in  can protect the myocardium 

against ischemic damage (33) , which has also been shown i n  th i s  model  (34) . 

Therefore , it might be an essential mediator i n  the effects of zofenopril . 

Secondly, another important aspect might be the lower increase i n  heart rate 

and the absence of an i ncrease in rate-pressure product, and hence the 

prevention of an i ncreased Ordemand . Moreover, whatever the mechanism , 

the prevention of malignant tachyarrhythmias and a reduction of 

catecholamine efflux represent an  important beneficial influence . In man , this 

latter observation was corroborated by Kingma et al .  (35) who i n  a study where 

acute myocardial infarction patients that received reperfusion therapy with 

streptokinase and captopril as a concomi tant in tervention , observed a reduced 

catecholamine efflux .  
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In conclusion, the converting enzyme inhibitor zofenopril salvages 
myocardial tissue by preventing a deleterious increase in oxygen consumption 
during ischemia and early reperfusion. Furthermore, a long term beneficial 
effect of zofenopril on the anatomical substrate for ventricular tachycardia is 
evident from the signal averaging data . Therefore, the development of 
electrophysiologic instability of the infarctions is prevented , as evidenced by a 
reduced inducibility of ventricular tachycardia. This effect is probably related 
to modulation of deleterious neurohumoral changes during ischemia and acute 
reperfusion. Therefore , the promising potential of zofenopril deserves further 
investigation in patients receiving thrombolytic therapy in the acute phase of 
myocardial infarction. 
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Summary 

The beneficial effects of ACE-inhibitors in ischemia and reperfusion may be 
due to an enhancement of bradykinin concentrations. Ischemia ( 45 minutes) 
was induced in a closed-chest pig model with a balloon catheter in the left 
coronary anterior descending artery, reperfusion by deflating and removing 
the balloon. The pigs were treated with saline (n = ll) or bradykinin (0. 1 mg/kg 
in 30 minutes) infusion (n = 10) in a pulmonary artery during the last 15  minutes 
of the ischemic period and the first 1 5  minutes of reperfusion. 

Dur ing ischemia, heart rates increased in the saline group to 120 ±9 % of the 
initial value and in the bradykinin group to 155± 13 % (p<0.05). Dur ing 
reperfusion, the rate-pressure product was increased in both groups. Creatine 
kinase was reduced in the bradykinin treated group. Catecholamine and 
pur ine efflux in contrast to the saline group were increased, as was the plasma 
renin activity. Two weeks after the infarction 6 pigs had died in each group. In 
the surving pigs, a sustained ventricular tachycardia was inducible in 3 out of 5 
saline and in 1 out of 4 bradykinin treated pigs. 

Although bradykinin temporarily increased the oxygen requirement of the 
heart, it reduced the irreversible t issue loss and hence apparently the size of 
the infarct. Therefore, an increase in bradykinin levels after ACE-inhibitor 
administration might, at least in part be associated with the beneficial effects 
of these compounds. 

Introduction 

The current therapy for acute myocardial infarction is aimed at early 
reperfusion by thrombolysis in order to salvage myocardial t issue (1, 2). 
However, the beneficial effect of reperfusion is accompanied by additional 
'paradoxical ' damage related to reperfusion. Therefore, various drugs have 
been or are being investigated to reduce this so called 'reperfusion-damage'. 

Among other drugs, ACE-inhibitors seem to have a promising potential in 
reducing reperfusion damage (3, 4, 5). This beneficial effect of ACE-inhibition 
can be due to reduced angiotensin formation but inhibition of bradykinin 
breakdown may be at least as important. Dur ing ischemia and even more so 
during reperfusion the bradykinin concentration in the coronary effluent of 
isolated rat hearts is increased (6). Moreover, treatment with a bradykinin 
antagonist reduces the beneficial effects of converting enzyme inhibitors in 
ischemic isolated rat hearts (7). Also in the dog in v ivo, ischemia has been 
shown to cause a bradykinin increase (8). 

In the isolated rat heart, treatment with bradykinin has been shown to 
protect the myocardium against tissue damage and reperfusion arrhythmias (8, 
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9). We studied the beneficial effects of bradykinin alone , in vivo in a closed
chest pig model for ischemia and reperfusion, in order to evaluate the 
possibility of the involvement of bradykinin in the effects of ACE-inhibitors. 

Methods 

Surgical procedure 
The methods employed in this study have been described in detail before 

(3). Briefly, male Yorkshire swine (body weight 25-35 kg) were pretreated with 
120 mg azaperone (Stresnil® ; Janssen Pharmaceutica Beerse, Belgium) 
intramuscularly. After half an hour, 150 mg metomidate (Hypnodil® ; Janssen) 
was injected in an ear vein. A cuffed endotracheal tube was introduced and the 
animals were ventilated with a mixture of Oi/N2O. Anesthesia was maintained 
with an intravenous infusion of azaperone (2 mg/kg/min) and metomidate (8 
mg/kg/min) through a double-lumen catheter in an inferior caval vein. 
Ventilation parameters were adjusted to keep arterial pO2 concentrations 
between 16 and 20 kPa. Body temperature was kept at 36-38°C with a thermal 
mattress . Heparin was administered at an initial dose of 5000 IU, followed by 
2500 IU/h. 

A polyethylene catheter was introduced under fluoroscopic guidance via the 
right external jugular vein into the coronary sinus and advanced in order to 
collect venous blood from the great cardiac vein, draining the ischemic region. 
Acute coronary occlusion was produced with a balloon catheter as used for 
percutaneous transluminal coronary angioplasty. An 8 French Judkins guiding 
catheter was introduced via the left carotid artery and the tip was positioned at 
the ostium of the left coronary artery as verified by fluoroscopy. Through its 
lumen a 2 F PTCA-catheter (DJ-20- 37 Gri.intzig Dilaca, Schneider Medintag 
AG. Zurich) was introduced into the anterior descending branch of the left 
coronary artery and advanced beyond the first diagonal branch. The position 
of the balloon was carefully checked in order to produce ischemic areas of 
comparable size. 

Protocol 
After an equilibration period of 30 minutes during which hemodynamic 

parameters were allowed to stabilize, the balloon catheter was introduced and 
ischemia was induced by inflating the balloon. The animals received either 
saline (n= lO), or bradykinin (n= 10;  0 .1 mg/kg) infused during 30 minutes .The 
infusion was started after 30 minutes ischemia (i .e. 15 minutes before 
reperfusion) through the thermodilution cardiac output catheter was started 
into the right ventricle. The ischemic period lasted 45 minutes, the bradykinin 
or saline infusion was stopped 15 minutes after reperfusion. The experiments 

171  



were terminated 4 hours after reperfusion . In  this study, a close of 0.1 mg 
braclykinin per kg body weight was chosen because this close caused a marked 
effect on the blood pressure during the whole infusion period. 

When ventricular fibrillation occurred, direct current carclioversion was 
attempted. After removal of the catheters the pigs received postoperative care 
and were returned to their cages. After two weeks the surviving animals were 
subjected to a programmed electrical stimulation protocol in order to study the 
inclucibility of ventricular tachyarrhythmias. 

Hemodynamic and biochemical parameters 
Throughout the experiments arterial blood pressure (mm Hg) was measured 

via a catheter in the left femoral artery. Heart rate and arrhythmias were 
monitored continuously by electrocardiography from conventional limb leads. 
A triple-lumen Swan-Ganz thermoclilution catheter was inserted via an 
external jugular vein to measure right atrial pressure, cardiac output (I/min) 
and stroke volume (ml; calculated from cardiac output and heart rate). The 
rate-pressure product was calculated from the heart rate and the systolic blood 
pressure (mmHg/min). It can be used as a measure for the oxygen 
consumption of the heart (10), except for in some cardiovascular anomalities 
like aortopulmonary shunting ( 11). 

Adrenaline and noradrenaline and the puri_nes inosine and hypoxanthine 
were measured in the coronary venous effluent using a sensitive HPLC assay 
(12) at the encl of the control period, at the encl of the ischemic period, and at 
1, 5, and 30 minutes of reperfusion. The efflux of aclenosine catabolites from 
myocardial tissue reflects the loss of high energy phosphorylatecl nucleotides 
from myocardial tissue and therefore represents a biochemical marker for the 
extent of ischemia ( 12). Catecholamine efflux during reperfusion was assayed 
because catecholamines may contribute to the severity of reperfusion damage 
(3) . 

In order to assess irreversible myocardial damage, blood samples were 
collected during ischemia and reperfusion for monitoring creatine 
phosphokinase levels at the end of the control and of the ischemic period, and 
at 5, 30, 120, 1 80 and 240 minutes after reperfusion. Crea tine (phospho)kinase 
activity was determined with a spectrophotometric assay (Merck, Merckotest 
No.14327). 

Plasma renin activity (PRA) was measured by means of a raclio-immuno 
assay (Du Pont, Rianen-kit No. NEA-022,026) in arterial plasma samples at 
the end of the control and at the encl of the ischemic period, and at 5, 10, 15 and 
30 minutes of reperfusion. The values were expressed as ng/ml angiotensin I 
per hour. 
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Programmed electrical stimulation 
After two weeks, the pigs were reanesthet ized and the cardiac output was 

measured with a thermodilution catheter. Subsequently, signal averaging 
electrocardiography was performed and the inducibility of ventricular 
tachyarrhythmias was evaluated by a programmed electrical stimulat ion (PES) 
protocol. Details of the procedure used are described in a previous paper ( 13). 

Statistical analysis 
Differences between group means were tested with Student's t-test. Fisher's 

exact probability test was used to evaluate differences i n  mortality and 
inducibility of ventricular tachyarrhythm ias. A repeated measurements 
analysis of variance (Manova) was used to compare the creat ine kinase time 
curves. Differences were considered to be significant if p was <0.05. Data 
were represented as mean values ±SEM. 

Results 

Hemodynamic variables 
At the beginning of the protocol and at the beginn ing of the ischemic period 

all hemodynamic variables were comparable between the two groups. During 
ischemia heart rates rose in the saline group to 120±9  % of the in itial value and 
in  the bradykin in group to 155±  13 % (p<0.05). Dur i ng the reperfusion phase 
heart rate was approximately 40 % higher than i nitially i n  both groups (Table 
1). The blood pressure in the control group was not lower at the end of the 
ischemic phase when compared with the initial value. In contrast, i n  the 
bradykin in  group blood pressure was reduced to 66±5 % of its i nitial value 
(p<0.005 when compared to saline 94±7 %). The blood pressure was only 
transiently lower during the reperfusion phase and restored rapidly _ after 
bradykin in  infusion had stopped (Table 1). 

Cardiac output was not altered i n  the saline group during ischemia nor 
during reperfusion. In the bradykin in  group however, cardiac output had 
increased at the end of the ischemic period during the bradykin in  i nfusion 
(Table 1). 

The rate-pressure product during ischemia did not change i n  either of the 
groups. During reperfusion however, an adverse increase of the rate-pressure 
product was found i n  both groups (Table 1). 

Biochemical parameters 
In figure 1 the creatine kinase time course is shown. The levels of the saline 

group were significantly higher than those of the bradykin in  group when the 
whole time course was considered (Manova). In the saline group a significant 
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� Table 1 

Hemodynamic parameters before ischemia (t = 0 and t = 30); during ischemia before the start of the infusion (t = 60) ; 
at the end of ischemia ( t = 75); at the end of the infusion ( t = 105), and at the end of the reperfusion period ( t = 21 0). 
Saline (n = 11 )  and bradykinin (bradyk. n = 10). 

t = 0 30 60 75 105 21 0 

Heart Rate 
(1/min) 
saline 80 ± 5 80 ± 5 88 ± 7  96 ± 8 ''' 111 ± 8* '' 108 ± 8 ''' ''' 
bradyk. 74 ± 7  74 ± 6  96 ± 7* 1 11 ± 7* *  1 12 ± 7** ''' 106 ± 9** 
Mean arterial pressure 
(mmHg) 
saline 61 ± 4  64 ± 4  56 ± 4 56 ± 3 62 ± 3 6 1  ± 4 
bradyk . 59 ± 4  62 ± 3 56 ± 5 40 ± 4''' * *  5 8  ± 3 61 ± 5 
Cardiac output 
(1/min) 
saline 2 .7  ± 0 .2  2.7 ± 0.2 2.5 ± 0.3 2 .8 ± 0.3 2 .8 ± 0.3 2.5 ± 0.3 
bradyk . 2.5 ± 0.3 2.8 ± 0.2 2.8 ± 0 .3  3.2 ± 0.3* 3.1 ± 0.3 3.0 ± 0.3 
Rate-pressure product 
(xlOO mmHg/min) 
saline 73 ± 6 77 ± 5 71 ± 4  79 ± 5 102 ± 6 '"' 101  ± 1 0 ''' * 
bradyk. 67 ± 7  7 1  ± 6 83 ± 9 69 ± 8 99 ± 8* * *  97 ± 1 1 ''' ''' 

Difference from t = 0: * , * * and * '''* p < 0.05 ,  0.005 and 0.001 . 



Table 2 

Survival and arrhythmias during ischemia and reperfusion in the sal ine (n = 
1 1 ) and bradyki nin 
(n = 1 0) treated group. 

Saline 

# 

2 
3 
4 
5 
6 
7 
8 
9 

1 0  
1 1  

Pre-Jschemia 

AF 

Bradykinin 
# 

I 

2 AF 
3 
4 
5 
6 
7 
8 
9 

10 

VF during VF post 

Ischemia lschemia 

+ 

+ -

+ 

+ 

+ 

+ 

AF = atrial fibrillation ; VF = ventricular fibrillation ; 
VT = ventricular tachycardia 

Dead 
within 2 weeks, 

VT-inducible 

+ 

- , +  

+ 

+ 

+ 

- , +  

+ 

- ,+ 

+ 

+ 

-
- -

+ 

+ 

+ 

+ 

+ 

- ,+ 

- -
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Time course of creatine (phospho)kinase levels in arterial blood , before, during and 
after ischemia. The curve of the saline treated group (n= 11) is significantly higher than 
the curve of the bradykinin treated group (n = lO) : mean±SEM ; * p<0.05. 
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increase of noradrenaline efflux from the great cardiac vein was found neither 
during ischemia , nor during the reperfusion phase. I n  the bradykinin group 
however, noradrenaline efflux increased at the end of the ischemic phase and 
even more during the initial part of the reperfusion phase (Fig 2A). The 
adrenaline efflux was comparable i.e. in the saline group no increase during 
ischemia and a small increase only at 5 minutes of reperfusion ,  whereas in the 
bradykinin group adrenaline efflux was increased during the initial part of the 
reperfusion phase (Fig 2B). 

Total purine efflux in the saline group did not increase during ischemia nor 
during reperfusion. In the bradykinin group however, purine efflux reached 
very high levels (Fig 2C). 

Plasma renin activity in the saline group was not affected by ischemia and 
reperfusion. In the bradykinin group plasma renin activity was elevated 
considerably during ischemia and reperfusion (Fig 2D). 

Rhythm disturbances 
During ischemia ventricular extrasystoles were observed frequently. Acute 

ventricular fibrillation during ischemia occurred in 2 animals of the saline 
group and in 1 animal in the bradykinin group. All ventricular fibrillations 
occurred during the initial part of the ischemic period, before bradykinin (or 
saline) infusion was started (Table 2). 

In the saline group 2 animals fibrillated upon reperfusion whereas no such 
reperfusion arrhythmia was found in the bradykinin group (Table 2). No 
differences between the two groups regarding survival after 2 weeks was found 
(Table 2). All animals in the bradykinin group died within 24 hours ,  probably 
due to acute pump failure, except for one pig who died after 13 days. All non
surviving pigs i n  the saline group died after 3 days or more. After 2 weeks in 3 
out of 5 surviving pigs in the saline group a sustained ventricular tachycardia 
was inducible versus in 1 out of 4 in the bradykinin group. 

Discussion 

These experiments show that, despite an increase in oxygen demand, mainly 
due to an increase in heart rate, bradykinin appeared to reduce the enzymatic 
infarct size as evidenced by the significant lower creatine kinase values. 
Reduction of the infarct size was achieved even though bradykinin induced an 
adverse increase in catecholamine levels. This is the first evidence in vivo for a 
beneficial effect of bradykinin during ischemia and reperfusion. 

The myocardium saving effect of ACE-inhibitors during ischemia and 
reperfusion found in animal as well as in clinical studies may in part be 
explained by a bradykinin potentiation. However, bradykinin itself cannot be 
the only explanation for the beneficial effects of ACE- inhibitors during 
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Figure 2 
Time course of the efflux of A: total purines, B :  noradrenaline ,  C: adrenal ine,  D :  
arterial plasma renin activity during· ischemia ( t= 30-75) and  reperfusion .  Significant 
differences between saline (n= l l )  and bradykinin treated animals (n= lO) are 
indicated : * p<0.05 .  ** p<0.01 (mean ± SEM) .  

ischemia and reperfusion. In our experiments treatment with bradykinin alone 
protected the myocardium against ischemia and reperfusion induced damage, 
but despite the fall in blood pressure , it did not reduce the increase in oxygen 
consumption which was found earlier after ACE-inhibitor therapy in this 
experimental model (3, 14) .  

Furthermore , ACE-inhibitor therapy reduced catecholamine efflux during 
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ischemia and reperfusion (3, 14), whereas bradykinin therapy alone did not. In 
patients with acute myocardial infarction addition of captopril to thrombolytic 
therapy reduced catecholamine efflux (15). However, the combination caused 
a severe hypotension, possibly related to potentiation of bradykinin. 
Streptokinase by activating the thrombolytic pathway stimulates bradykinin 
production ; when combined with captopril this may cause a very high 
bradykinin concentration. However, in this clinical study a reduced 
catecholamine efflux was found despite a putative high bradykinin 
concentration. The bradykinin induced reduction in enzymatic infarct size and 
the increase in purine efflux seems to be contradictory. However, purine efflux 
can be used as a marker reversibly damaged, whereas the CK levels reflect the 
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irreversible tissue damage . Therefore, because in pigs , a species that lacks 
extensive colla terals the area at risk is probably comparable, a reduction in 
irreversibly damaged tissue can be accompanied by an increase in reversibly 
damaged tissue as was found in the bradykinin treated group.The hypotensive 
effect found in the bradykinin treated pigs may have caused some of the 
observed deleterious effects .  Especially, the increased catecholamine levels 
may have been related to the hypotension. Therefore, the systemic effects of 
bradykinin, resulting in a deterioration of neurohumoral parameters probably 
has interfered with the beneficial effects of bradykinin at tissue (i.e . cardiac) 
level. In order to establish the cardiac effects of bradykinin without these 
systemic effects, it would be necessary to administer it intracoronarily. When 
done so in isolated rat hearts, it has been shown that bradykinin reduced 
myocardial damage and reperfusion arrhythmias. Coronary vasodilation 
induced by bradykinin may ha, -: influenced the CK efflux from the heart 
during the initial phase of reperfusion. However, when the two groups were 
compared , no apparent differences, such as an earlier peak effect in the time 
course of CK in the bradykinin group could be found . Furthermore , 
bradykinin was infused during the reperfusion phase only during the first 1 5  
minutes. 

In conclusion , bradykinin is possibly an endogenous transmitter which 
becomes activated during ischemia and reperfusion , therapy with ACE
inhibitors may therefore enhance this mechanism . But although bradykinin 
alone reduces the enzymatic infarct size, it can not account  for all the beneficial 
effects found for ACE-inhibitors in ischemia and reperfusion . Especially the 
reduction of catecholamine and purine efflux which in ACE-therapy probably 
adds to the beneficial effects during ischemia and reperfusion was absent . 
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Introduction 

The regulation of coronary hemodynamics is a complex process ( l ,2). On 
one hand local metabolic demands are of importance, on the other hand 
several neurohumoral regulatory mechanisms are involved. The main 
neurohumoral systems are the sympathetic nervous system and the renin
angiotensin system. Another important factor that interferes with the 
regulation of coronary tone is the pathophysiological state of the vessels : 
stimuli which in normal vessels provoke no or only a small vasoconstriction 
may cause a severe vasoconstriction in diseased vessels. Modulation of these 
sympathetic mediated pathologic constrictions can be of great clinical 
importance. 

Attenuation of noradrenergic transmission by converting enzyme inhibitors 
has been described extensively in animal models (3). Moreover, in man 
Mancia et al. has shown that captopril reduces vasoconstriction due to 
sympathetic activation in the forearm. Therefore, we investigated the effects of 
captopril on sympathetic mediated coronary vasoconstriction in patients with 
coronary lesions. 

Patiens and methods 

Patients 
Eight patients who underwent routine coronary angiography were studied. 

Only patients with lesions of the left anterior descending artery were selected. 
These patients (mean age 56.1 ± 2.7 years ; range 42 - 68 years) all had a history 
of angina! pain, and/or ST segment depression or elevation of 0.1 m Var more 
during upright bicycle exercise, (Table 1). Patients receiving beta-blockers or 
converting enzyme inhibitors were excluded. Furthermore , patients with other 
major cardiovascular pathology, like valvulopathy or congestive heart failure 
were excluded. 

Cardiac catheterization 
Patients underwent left cardiac catheterization in the fasting state for 

diagnostic purposes. Premedication consisted of diazepam, antibiotics , 
corticosteroids , and heparin. Aortic pressure was measured through a 7For 8F 
Judkins catheter introduced via a femoral artery under local anesthesia. After 
routine catheterization, the experimental protocol was started after informed 
consent was obtained. 
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Coronary blood flow measurements 
Coronary sinus blood flow (CBF) was determined by the continuous 

thermodilution technique as described by Ganz et al. using a preshaped 
coronary sinus catheter (7 FWilton Webster) This catheter was introduced via 
an antecubital vein of the right arm and positioned in the coronary sinus under 
fluoroscopic control. Periodic injections of small ( 1-2 ml) volumes of 
radiopaque contrast medium confirmed the positioning of the coronary sinus 
catheter during the experiment. 

The indicator solution (glucose 5%, at room temperature) was infused at 60 
ml/min through the thermodilution catheter during the measurements. The 
deflections caused by changes in thermistor resistance as a result of 
temperature changes were measured by means of a Wheatstone bridge and 
recorded. The CBF was obtained using the formula Flow = Yi x 1.08 x (Tg -Ti/ 
Tg - Tm - 1 ) ,  where Yi is the volume of injectate (ml/min); Tg, Ti and Tm are 
temperatures of blood , injectate and the mixture of blood and injectate 
respectively ; 1.08 is a constant derived from the density and specific heat of the 
glucose solution and blood. 

Coronary vascular resistance was calculated as mean arterial pressure 
divided by coronary blood flow. 

Protocol 
Arterial blood pressure and heart rate were recorded continuously. Heart 

rate was derived from the ECG tracing. 
After initial CBF measurements were stable , three different stimuli were 

given in a randomized order: two vasoconstricting stimuli (the cold pressor test 
and the diving test) and one vasodilating stimulus (intracoronary injection of 
12 mg papaverine). The cold pressor test was executed by immersing the hand 
of the patient from the wrist into ice-cold water (melting ice) (4). Diving was 
achieved by putting a plastic bag with melting ice on the patients face , while the 
patient was holding his breath. As described by Ryan (5) wetness is not 
necessary to provoke the diving reflex. A dose of 12 mg papaverine has been 
described as maximally coronary vasodilatory in all coronary arteries (6). 
After each stimulus hemodynamic parameters were allowed to stabilize. 
Before each stimulus and after the last stimulus baseline values were obtained. 
The effect of each stimulus was related to its preceding baseline value. At the 
end of the last baseline measurement captopril (25 mg) was administered 
orally, and the three stimuli were repeated in the same order starting 30-40 
minutes after administration. 

Assays 
Arterial blood samples were drawn to determine plasma renin activity and 

angiotensin II  concentration at the beginning of the protocol , just before the 
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captopril gift, 30 minutes after the gift and at the end of the protocol. Plasma 
renin activity was measured using a radio-immuno assay adapted from Sealey 
and Laragh (7). Angiotensin II concentration was measured using the method 
previously described by Morganti (8). 

Statistical analysis 
Differences considering the effect of the stimuli before and after treatment , 

were statistically evaluated using Student's paired t-test. All data are presented 
as mean ± SEM. Differences were considered significant at p<0.05, double 
sided. 

Results 

During baseline measurements heart rate, mean arterial pressure, rate 
pressure product, coronary blood flow and coronary vascular resistance were 
stable. Captopril treatment did not affect these parameters (Table 2). 

The cold stimulus produced an increase in heart rate (8.2±1.8 % ) ,  mean 
arterial pressure (14.2±2.1 % ) ,  rate pressure product (22.4±3.4 %) and 
coronary vascular resistance (11.0±4.0 % ). The coronary blood flow did not 
change (4.0±5.0 %). The diving stimulus caused a reduction in heart rate 
(6.2± 2.5 % )  and an increase in mean arterial pressure (22.1) , rate pressure 
product (15 .1 ±3.9 %) and coronary vascular resistance (32± 8.0 %). The 
diving stimulus produced a greater coronary constriction than the cold 
stimulus did. The coronary blood flow during diving was reduced (5.0±6.0 % ). 

The intracoronary injection of papaverine caused an increase of coronary 
blood flow (158±31 % ) which was maximal after ±30 seconds and a reduction 
of the resistance (56±5.0 % ). No changes in heart rate (9.9±2.8 % ) ,  mean 
arterial pressure (-3.3±1.8 % )  or rate pressure product (5.5±4.5 % )  were 
observed. 

After the administration of captopril the response to the cold stimulus was 
reduced. The heart rate did not respond differently (7.9±2.3 % ), nor did the 
mean arterial pressure (12.5± 2.7 % ), nor the rate pressure product (20.8± 4.5 
% ). However, the coronary blood flow increased more (Fig l A) ,  whereas the 
increase in coronary resistance was absent (Fig l B). 

Furthermore, captopril altered the response to the diving stimulus. The 
relative reduction in heart rate was greater (Fig 2A). No change was found 
regarding the increase in mean arterial pressure (17.2±2.5 %). However, the 
relative changes in rate pressure product (Fig 2C) and coronary resistance (Fig 
2D) were smaller. The coronary blood flow was increased during diving after 
captopril administration (Fig 2E). 
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Effect of the cold pressor test on a) coronary blood flow and b) coronary vascular 
resistance. Mean values ± SEM of % change from baseline are indicated.  

Table 1 

Data of the 8 patients showing the lesions of the coronary tree (left anterior 
descending, left circumflex, and right coronary artery, respectively), anatr.
nestic data on angina and preceding myocardial infarction (AMI), the results 
of the exercise test (Pain and STdepression/elevation) and the current therapy 
(Ca = calciumantagonists, Ni = nitrates and O = other). Other therapy were 
cycloxygenase inhibitors (2 times) and aluminumoxide. 

Patient Angina Excercise test AMI Therapy 
# Lesions Pain ST Ca Ni 0 

90 ,90 , 100 + + + 
2 60,-, 100 + + + 
3 75 ,50 , 50 + + 
4 60,99, 40 + + + + + 
5 40 ,80 , 80 + + 
6 75,-, + + + + + + 
7 75,-, + 
8 80 ,-, + + + + + 
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Effect of the diving test on a) heart rate b) mean arterial pressure c) rate-pressure 
product d) coronary vascular resaistance and e) coronary flow. Mean values ± SEM of 
% change from baseline are indicated . 

The response to papaverine was not changed after captopril . Again a 
reduction of the resistance (62± 5.0 % ) and no changes in heart rate (11 .7±3 .8  
%),  mean arterial pressure (-1 ± 1.8 %) or rate pressure product (10.5±4.3 %) 

were observed. 
Initially, the renin-angiotensin system in our patients was not stimulated. 

This is reflected in low basal values of plasma renin activity. The plasma renin 
activity before and after the coronary blood flow measurements during the first 
series of stimuli did not differ (before 0.5±0.1 and after 0.4±0.1 ng/ml/h) .  
Captopril did not cause a significant elevation of plasma renin activity (before 
0.6±0.1 and after the stimuli 0.5 ±0.2 ng/ml/h). Plasma levels of angiotensin II 
before captopril administration were higher below detection level (1 pg/ml) in 
7 patients ; in one patient angiotensin II concentration was 4.2 pg/ml and 4.1 pg/ 
ml before and after the first stimuli respectively. After captopril administration 
angiotensin II levels were below the detectiom level in all patients. 

Discussion 

Our results show that captopril reduces sympathetic mediated coronary 
vasoconstriction during the cold presser test as well as during the diving test. 
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...... Table 2 

Mean values ± SEM of the hemodynamic variables before (ND) and after captopril (CA) ad':1 in istrat ion . 

Patient HR MAP RPP CBF CVR 
Nr 

1 ND 52 85 66 53.9 1 . 57 
CA 52 87 65 49.3 1 .77 

2 ND 61 1 1 4  1 02 116.8 0.99 
CA 59 1 01 87 95 . 5  1 .07 

3 ND 86 94 118 143 .4  0 .66 

CA 85 92 1 1 2 1 74.8 0 . 54 
4 ND 70 1 15 122 141 .7  0 .83 

CA 75 1 1 9 1 35 93.4 1 .30 
5 ND 78 1 14 130 1 83.8 0.63 

CA 8 1  1 1 0  128 159.4 0 .69 
6 ND 61 96 85 94.1 1.09 

CA 62 94 83 87.8 1.08 
7 ND 8 1  1 05 121 93.0 1 . 14 

CA 77 1 06 1 20 90 .2  1 . 19 
8 ND 6 1  93 80 73 . 5  1 .26 

CA 59 94 79 70. 2 1 .46 

mean ± sem 
ND 69 ± 5 102 ± 5 103 ± 10 112. 5 ± 19. 0  1 . 02 ± 0. 1 4  
CA 69 ± 5 1 00 ± 5 1 0 1  ± 1 2  1 02.,6 ± 19. 1 1.14 ± 0.18 



Furthermore, captopril enhanced the parasympathetic mediated bradycardia 
during the diving response , without affecting aspecific vasodilation induced by 
papaverine. Finally, it seems that the cold pressor test is less effective in 
causing vasoconstriction than the diving test, both in the presence and the 
absence of captopril. 

The cold pressor test is an autonomic response to a cold stimulus. The 
mechanism of this response has extensively been investigated ( 4 ,9). Normal 
and stenotic coronary vessels differ in their response: in patients without 
coronary lesions the cold pressor test may only cause a moderate 
vasoconstriction (10) or even a vasodilation ( 1 1 ). On the other hand , in 
patients with (severe) coronary lesions a marked vasoconstriction is observed 
(11). Probably, an alpha-1 adrenergic mediated vasoconstriction is responsible 
for the increase in coronary vascular resistance (9). The diving response is a 
more complex autonomic reflex. In man a marked reduction in heart rate , due 
to an increased parasympathetic tone is consistently found (12). 1 988). 
Furthermore , in the diving seal a concomitant general vasoconstriction 
probably due to an increased sympathetic tone, is also present ( 13). In man 
several authors ( 14,15) have found an increase in the vascular resistance of the 
forearm during diving, which was ascribed to sympathetic activation. In our 
experiments , diving caused a marked coronary vasoconstriction. 

Our results sho'N that captopril is able to reduce these two reflex induced 
alpha-receptor mediated vasoconstrictions in the coronary arteries. Captopril 
is known to attenuate sympathetic transmission (16) in the forearm ( 17). To 
our knowledge this is the first evidence that captopril reduces sympathetic 
vasoconstriction in the coronary arteries as well. 

Furthermore, the more pronounced bradycardia after captopril during 
diving indicates an increased parasympathetic activity. A potentiation of this 
reduction in heart rate during diving were also found by others (18,19) after 
perindopril , but not after lisinopril (20). A facilitation of parasympathetic 
transmission was previously described by other authors (21 ,22,23) and rel_ated 
to either a central or peripheral action of ACE-inhibitors. 

The effect of converting enzyme inhibitors on the coronary circulation is still 
a matter of discussion. The activity of the plasma renin-angiotensin system is 
important. Magrini (24) showed that converting enzyme inhibition reduced 
the CVR, depending on the plasma renin activity. In our patients control CVR 
was not reduced after captopril , probably because the renin-angiotensin 
system was not activated. However, Foult (25) found after the intracoronary 
administration of enalaprilate a significant decrease in CVR without systemic 
effects. W hether the observed effects are due to a decreased (local) 
angiotensin II concentration or to an increased (local) bradykinin 
concentration remains to be elucidated. On the one hand , angiotensin II is 
able to facilitate noradrenergic neurotransmission pre- as well as post synaptic 
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(3). On the other hand , the effects of converting enzyme inhibitors might at 
least partly be mediated by bradykinin (26,27). Whether local bradykinin is 
directly involved in the reduction of the vasoconstriction cannot be concluded 
from our experiments, but both an inhibition of sympathetic (28 ,29) as well as 
a facilitation of parasympathetic transmission (28,30) by bradykinin has been 
suggested. This could very well explain the reduction of coronary resistance 
increase (sympathetic) and the potentiation of the heart rate decrease 
(parasympathetic) in our patients. 

After captopril in 2 patients a coronary vasodilation was found during the 
cold pressor test. Nabel et al. ( 1 1) found a vasodilation after the cold pressor 
test in patients with normal coronary arteries. They suggested a beta-2 
adrenergic mechanism and possibly an endothelium mediated dilation. 
W hether endothelium derived relaxing factor mediated stimulation of the 
coronary arteries played any role in our patients remains to be solved. 

Limitations 
The position of the catheter during the measurement of coronary blood flow 

by means of thermodilution is critical. However, in a recent review Marcus et 
al . described it to be useful especially to measure larger changes in coronary 
vascular resistance. Furthermore, to minimize errors, we regularly controlled 
the position of the catheter. Moreover, we found reproducible baseline values 
in each patient, (SEM ranging from 1 to 8 %  ). Furthermore, each stimulus 
effect was compared with its own baseline value measured immediately before 
the stimulus. Volume changes during the protocol were not likely to have 
caused unexpected effects, since we found no differences between either 
baseline values or stimulus effects, before and after placebo treatment. 

Cardiovascular reflexes after myocardial infarction are blunted (5). 
Therefore, the fact that 4 patients had had a myocardial infarction might have 
influenced the results . However, comparing all infarcted patients versus non
infarcted did not produce any differences regarding baseline as well as stimulus 
values. 

Finally the fact that 2 patients were taking cycloxygenase inhibitors could 
have changed effects to the stimuli. De Servi et al. found no significant 
influences of inhibition of the prostaglandin metabolism on cold pressor test 
induced effects. Therefore, it is not likely that cycloxygenase products add 
substantially to the effects found. 

Conclusions 
Oral treatment with captopril in patients with CAD may have beneficial 

effects in reducing sympathetic mediated coronary vasoconstriction. Though 
maximal vasodilatation and coronary vascular resistance under basal 
conditions were not affected by captopril. This drug may be of clinical benefit 
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in stenotic coronary artery disease when sympathetic s t imul i  may be causa l ly  
re lated to angina !  symptoms .  
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SAMENV A TTING 

In dit proefschrift worden experimentele gegevens over bradykinine en het 
belang daarvan voor de effecten van Angiotensine Converting-Enzyme 
(ACE) remmers besproken. Het angiotensine converting-enzyme activeert 
niet alleen angiotensine, een potente vasoconstrictieve stof, maar het breekt 
ook bradykinine af; bradykinine is een van de meest potente fysiologische va
sodilaterende stoffen die er zij n. Hoewel het al sinds 1970 bekend is dat het 
converting-enzyme angiotensine activeert en tegelijkertijd bradykinine inacti
veert , staat de bijdrage van bradykinine aan de effecten van ACE-remmers 
nog steeds ter discussie. In hoofdstuk 1 werd eerst het historisch perspectief 
geschetst, op grond waarvan we de rol van bradykinine verder onderzocht 
hebben. In hoofdstuk 2 werd de tegenstelling tussen angiotensine II en brady
kinine belicht. Angiotensine II bleek een stof te zijn die tot doel heeft de perfu
siedruk van de nier en dientengevolge de nierfunctie op peil te houden. Brady
kinine daarentegen , werd beschreven als een stof die voornamelijk tot doe) 
heeft de cardiale functie te preserveren , en wel op locaal (weefsel) niveau. 

Het derde hoofdstuk behandelde de effecten van bradykinine en ACE-rem
mers op myocardiale ischemie en reperfusie. In gei'soleerde ratteharten bleek 
bradykinine aanwezig te zijn in het coronaire effluent ; gedurende ischemie en 
vooral tijdens reperfusie was de bradykinine concentratie in het effluent ver
hoogd. Onze gegevens in appendix D tonen aan dat tijdens captopril infusie 
deze verhoging van bradykinine nog verder toeneemt. Deze resultaten zijn in 
overeenstemming met resultaten gevonden door anderen in vivo: tijdens 
ischemie en reperfusie in honden en bij de mens na een hartinfarct bleek de 
bradykinine concentratie in de sinus coronarius verhoogd. Bovendien heeft 
bradykinine beschermende effecten op het ischemische en gereperfundeerde 
geisoleerde rattehart: de weefselschade en het optreden van reperfusie arit
mien warden beperkt door bradykinine. In de big met gesloten thorax, ver
laagde bradykinine de catecholamine- en purine efflux niet. Bovendien werd 
de toename in zuurstofbehoefte niet gereduceerd. Ondanks deze effecten 
bleek bradykinine toch de enzymatische infarct grootte te verkleinen (Appen
dix J). ACE-remmers bleken niet alleen de in vitro effecten van bradykinine 
te versterken, maar ook zelf beschermende effecten op het myocard te hebben 
tijdens ischemie en reperfusie. Deze effecten waren voor een dee] afhankelij k 
van bradykinine, en waarschijnlij k  het gevolg van remming van het locale con
verting- enzyme in het hart. In het biggemodel bleek vroege reperfusie zelf 
gunstige effecten te hebben (Appendix H). Ondanks de vroege reperfusie was 
er toch nog schade ontstaan. Wanneer de biggen waren voorbehandeld met 
zofenopril bleken de ongunstige neurohumorale veranderingen tijdens reper
fusie verminderd te zijn. Het onderzoek in appendix I toont ook aan dat zofe-
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nopril de electrofysiologische stabiliteit na twee weken verbetert. Behande
ling met ACE-remmers na een hartinfarct moduleert het zogenaamde 'remo
deling' proces. Remodeling is het proces dat na een hartinfarct resulteert in 
een dilatatie van de linker ventrikel en in een verminderde linker ventrikel 
functie. Deze gegevens rechtvaardigen de conclusie dat ACE-remmers gun
stige effecten hebben in ischemie en reperfusie en dat bradykinine mogelijk 
een belangrijke rol speelt. 

In het vierde hoofdstuk worden de effecten van bradykinine en ACE-rem
mers op de coronaire circulatie beschreven. Zowel bradykinine als ACE-rem
mers bleken in het gei'soleerde rattehart de coronaire doorstroming te verho
gen. Het vasodilaterende effect van bradykinine in het rattehart bleek afhan
kelijk van bradykinine-2 receptoren. Bovendien bleken bradykinine-1 recep
toren ook geactiveerd te worden en de vasodilatatie tegen te werken (Appen
dix A). Experimentele gegevens uit in vitro experimenten toonden aan dat 
ACE-remmers verschilden in hun bradykinine afhankelijk effecten. Dit bleek 
uit het onderzoek in appendix B :  met een selectieve bradykinine-2 receptor 
antagonist kond de vasodilatie veroorzaakt door enalaprilat en bradykinine 
volledig geantagoneerd worden. De vasodilatatie door zofenoprilat werd ge
deeltelijk geantagoneerd , terwijl de effecten van captopril en zijn inactieve 
stereoisomeer niet verminderd werden . Met indometacine kon de bijdrage 
van prostaglandines onderzocht worden. Hoge concentraties bradykinine sti
muleerden prostacycline productie; enalaprilat, zofenoprilat ,  captopril en SR
captopril hadden geen invloed op het prostaglandine metabolisme. Het vaso
dilaterende effect van bradykinine bleek overigens niet afhankelijk te zijn van 
prostaglandines, want indometacine remde dit effect niet .  W aarschijnlijk is de 
bijdrage van EDRF ( 'Endothelium Derived Relaxing Factor') het belangrijk
ste mechanisme waarlangs bradykinine de vasodilatatie veroorzaakt .  Behalve 
door verschillen in bradykinine afhankelijkheid , verschillen ACE-remmers 
ook in effecten die niet gerelateerd zijn aan remming van het converting-enzy
me . De potente vasodilaterende stof EDRF , die identiek blijkt te zijn aan stik
stof-oxide (NO) , heef t sulfhydryl groepen nodig om fysiologisch actief te war
den. Met oog hierop is het interessant dat ACE-remmers met sulfhydryl 
groep, zoals captopril en zofenopril, een grotere coronaire vasodilatatie ver
oorzaakten dan de ACE-remmers zonder deze groep. In vivo experimenten 
met betrekking tot de bradykinine afhankelijkheid van de hemodynamische 
effecten van ACE-remmers werden .in rat ten uitgevoerd . De gegevens van dit 
onderzoek tonen aan dat het hypotensieve effect van enalaprilat voor een gra
ter deel bradykinine afhankelijk is dan dat van zofenoprilat (Appendix E). In 
appendix F werd de bradykinine afhankelijkheid van de regionale hemodyna
mische effecten van enalaprilat en zofenoprilat beschreven. Uit dit onderzoek 
bleek dat in de meeste organen enalaprilat en zofenoprilat de locale vasculaire 
conductantie verlagen via een bradykinine afhankelijk mechanisme. Zofeno-
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prilat bleek echter minder bradykinine afhankelijk te zijn. Dit zou een aanwij
zing kunnen zijn voor een bijdrage aan het vasodilaterende effect door de sulf
hydryl groep in vivo. Tenslotte werden de resultaten van een klinisch onder
zoek beschreven.  In dit onderzoek werd niet zozeer het effect van ACE- rem
mers op de coronaire bloeddoorstroming of vaa tweerstand beoordeeld, maar 
met name de effecten op coronaire vasoconstrictie die veroorzaakt kunnen 
warden door verhoogde sympatische activiteit. Wij vonden in pa tin ten met co
ronaire !easies dat activatie van het sympatische zenuwstelsel, zoals dat ge
beurt bij de 'cold pressor tese en nog meer bij de zogenaamde 'diving test ', re
sulteert in een verhoogde coronaire vaatweerstand. Deze verhoging in coro
naire vaatweerstand kon verminderd warden met captopril. Het mechanisme 
waarop dit berust zou aan de ene kant een verminderde noradrenerge facilita
tie kunnen zijn ten gevolge van een verlaagde angiotensine II concentratie, 
maar aan de andere kant zou een inhiberend effect van bradykinine op de no
radrenerge transmissie ook een rol kunnen spelen. 

In hoofdstuk 5 werden het klinisch belang en de mogelijke toekomstige ont
wikkelingen besproken. De plaats van ACE-remmers in de behandeling van 
ischemische hart ziekten lijkt veelbelovend. Ten eerste is gebleken dat behan
deling met ACE- remmers tijdens ischemie en gedurende de acute fase van re
perfusie na een infarct gunstige effecten heeft in vele experimentele modellen. 
Het eerste onderzoek van ACE-remmer therapie bij reperfusie in de kliniek, 
namelijk bij thrombolyse leverde vergelijkbare resultaten op. Momenteel is 
een grate multicenter studie gestart om deze gegevens te bevestigen dmv on
derzoek op grotere sch a al, voordat deze behandeling toegepast kan word en in  
de dagelijkse praktijk. Ten tweede blijkt de preventie van een verslechtering 
van de linker ventrikel functie met ACE remmer therapie een belangrijk in
strument te zijn tegen het ontstaan van hart falen na een hartinfarct. Tenslotte 
zou het gebruik van ACE-remmers bij angina pectoris nieuwe mogelijkheden 
kunnen bieden. In de eerste plaats is de aanwezigheid van een sulfhydryl groep 
van belang: het is in vitro aangetoond dat captopril nitraat tolerantie kan op
heffen, en de eerste klinische gegevens zijn veelbelovend. In de tweede plaats , 
kan de interactie van ACE-remmers met het sympatische zenuwstelsel belang
rijk zijn. V ooral in patienten bij wie angineuze klachten ontstaan door een ac
tivatie van het sympatische zenuwstelsel, (zoals bijvoorbeeld door een koude 
wind of regen in het gezicht, of door emoties) zou dit een nieuw therpautisch 
instrument kunnen blijken te zijn. 

De werkings mechanisme van ACE-remmers op de coronaire doorstroming 
en bij ischemie en reperfusie is multifactorieel. Behalve de verlaging van an
giotensine II concentraties , verhoogt de remming van het converting-enzyme 
de bradykinine concentraties. Beide factoren kunnen onafhankelijk van el
kaar bijdragen aan het verbeteren van een aantal situaties, die myocard ische
mie met elkaar gemeen hebben .  Behalve deze twee factoren zelf, kunnen 

197 



daarmee verbonden factoren (verminderde noradrenerge facilitatie , EDRF of 
prostacycline productie , de aanwezigheid van een sulfhydryl groep) bijdragen. 
Dit proefschrift beschreef de rol van de tot nu toe onderbelichte tweede factor , 
bradykinine, met name met betrekking tot de locale werking . Het bleek dat , 
hoewel multifactorieel, de effecten van ACE-remmers mede bradykinine af
hankelijk waren en bovendien bleken ACE-remmers onderling te verschillen 
met betrekking tot hun bradykinine afhankelijkheid. 
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