
 

 

 University of Groningen

Aspects of endothelial function testing in coronary vascular disease
Monnink, Stefan Hugo Jozef

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2003

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Monnink, S. H. J. (2003). Aspects of endothelial function testing in coronary vascular disease. s.n.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 25-05-2023

https://research.rug.nl/en/publications/5d079fa3-b251-4106-896f-1d1b5bbd0c5b


CORONARY VASCULAR FUNCTION IN STABLE AND UNSTABLE ANGINA 

 

CHAPTER 5 

 

Coronary vascular function in stable and 

unstable angina 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In: Van der Wall EE, Blanksma PK, Niemeyer MG, Vaalburg W, Crijns HJGM, 
editors. Advanced imaging in coronary artery disease. Dordrecht: Kluwer Academic 
Publishers, 1998: 55-66. 
 
Stefan H.J. Monnink 1, Hendrik Buikema 2, Ad J. van Boven 1, Wiek H. van Gilst 2 
 
1 Thoraxcentre, Department of Cardiology, University Hospital Groningen, and 
2 Department of Clinical Pharmacology, University Groningen 

85 



CHAPTER 5 

 

 
Introduction.  Angina pectoris and acute myocardial infarction are 
the main cardiac manifestations of atherosclerosis. Atherosclerosis is a 
pathological condition that underlies several important disorders including 
coronary artery disease, cerebrovascular disease, and diseases of the 
aorta and peripheral arterial circulation. Since Edward Jenner first attributed 
angina pectoris to coronary artery disease in 1786, there is a growing 
understanding about the pathophysiology of coronary artery disease and its 
complications. The first coronary artery disease manifestation in woman is 
more likely to be angina, whereas in men it more often presents as a 
myocardial infarction. Even after surviving the acute stage of myocardial 
infarction, the incidence of re-infarction, sudden death, angina pectoris and 
cardiac failure are all substantial. Further innovations in diagnosis and 
treatment of coronary disease will undoubtedly improve the outlook of 
patients surviving the initial attack. 
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Pathogenesis of atherosclerosis. Atherosclerosis begins as intimal lipid 
deposits (fatty streaks of principally cholesterol and its esters) in childhood 
and adolescence. In middle age, fatty streaks in some arterial sites are 
converted into fibrous plaques by continued accumulation of lipids and 
proliferation of smooth muscle cells and connective tissue, some of which 
produce the terminal occlusive episode as a consequence of plaque 
rupture and thrombosis (1) on its intimal surface. The realization that 
atherosclerosis begins early in life stimulated interest in risk factors (serum 
lipoproteins, smoking and blood pressure) management with two 
fundamental objectives. First: reduction of ischemic symptoms due to a 
fixed flow-limiting coronary stenosis, abnormal epicardial vessel tone, 
intermittent arterial vasospasm, microvascular dysfunction or incomplete 
collateral development. Second: prevention of clinical events such as 
cardiac death, myocardial infarction or worsening angina pectoris towards 
unstable angina due to plaque rupture. The primary locus of the 
atherosclerotic disease process is the tunica intima covered by a 
monolayer of cells lining the inside of all blood vessels - the vascular 
endothelium.  
 
The endothelium. Originally viewed simply as a passive barrier, the 
endothelium is now considered to be a multifunctional organ whose 
function is essential to normal vascular physiology. Changes in endothelial 
structure and function provoked by pathophysiologic stimuli can result in 
localized, acute and chronic alterations in the interaction with blood 
components and the vessel wall. These alterations include increased 
permeability to plasma lipoproteins, hyper adhesiveness for leukocytes and 
a functional imbalance in local pro- and antithrombotic factors, growth 
stimulators and inhibitors, and vasoactive (dilator, constrictor) substances. 
These manifestations, collectively termed endothelial dysfunction, play an 
important role in the initiation and progression of vascular disease. 
  
Role of the endothelium in vasomotor tone. In 1980, Furchgott and 
Zawadzki described that the presence of endothelial cells was required to 
elicit relaxation in an isolated artery in response to acetylcholine (Figure 1). 
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Figure 1: The classic demonstration of Furchgott and colleagues showing that rings 
of rabbit aorta require endothelial cells (unrubbed) to relax to acetylcholine (2).  
Ach = acetylcholine; NA = nor epinephrine; W = washout 
 
This discovery triggered a major inquiry into the role of endothelial cells in 
the local control of vasomotor tone. Endothelium-dependent relaxation was 
shown to be due to the release of one or more vasodilator substances 
termed endothelium-derived relaxing factors (EDRF). In recent years it has 
become evident that not only acetylcholine but also a host of other 
neurohumoral mediators can trigger the release of these substances. The 
principle of endothelium-mediated vasodilatation is now established not 
only in vitro but also in the whole organism, and in particular in the human. 
 
Nitric oxide (NO) was found to have major similarities to EDRF: NO is 
responsible for the vasodilator effects of nitrates; it activates the same 
enzyme as EDRF; like EDRF it is destroyed by certain free radicals; 
endothelial cells can provide NO and inhibitors of the synthesis of NO 
prevent most endothelium-dependent relaxations. For these reasons, the 
EDRF described by Furchgott and Zawadzki has been identified as NO. 
The release of NO in response to acetylcholine has been demonstrated in 
many arteries. NO has a very short half-life (5 - 15 seconds) and is 
destroyed by super oxide anions. It is formed enzymatically in the 
endothelial cell from a semi-essential amino acid: L-arginine. The enzyme 
involved has been called NO synthase, and is constitutive in normal 
endothelial cells. This enzymatic transformation can be inhibited 
competitively by the L-arginine analogs, such as LNMMA and NLA. NO 
acts on the smooth muscle by stimulating a cytosolic enzyme, a soluble 
guanylate cyclase. Activation of this enzyme accelerates the formation of a 
cyclic neuropeptide, cyclic 3,5 guanosine monophosphate (cyclic GMP) 
which causes inhibition of the contractile apparatus. NO can not only be 
destroyed by super oxide anions, but also scavenged by oxyhemoglobin 
(Figure 2). 
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Figure 2: Production of nitric oxide by endothelial cells and its action on smooth 
muscle cells (3) Endothelial receptor, (R); competitive analogous of L-arginine (L-
NMMA, NLA, L-NAME); inactive (i) or active (a) soluble guanylate cyclase (sGC). 
 
Role of NO in vasomotor tone. This pharmacological observation has 
major functional repercussions. The endothelial cell secretes NO not only 
towards the underlying vascular smooth muscle but also into the blood 
vessel lumen. Under physiological conditions, the presence of 
oxyhemoglobin in the erythrocytes neutralizes the NO which only has a 
physiological role at the interface between the endothelial cells and the 
blood content. In particular, NO inhibits the adhesion of platelets and 
leukocytes to the endothelium. It also acts synergistically with prostacyclin 
to strongly inhibit platelet aggregation. The contribution of NO to 
vasodilatation in vivo has been demonstrated, using inhibitors of NO 
synthesis (4). Although the discovery of the role of endothelium in local 
vasomotor control was based on the in vitro response to acetylcholine, it is 
unlikely, in the intact organism, that acetylcholine ever reaches the 
endothelial cells. Cholinergic nerve endings are found only in the adventitia 
of blood vessels and acetylcholine is destroyed by cholinesterase before it 
can activate the endothelial muscarine receptors. Nevertheless, there are a 
number of other factors, which can release NO.  In the metabolic control of 
coronary blood flow, shear stress of blood on the arterial wall is one of the 
main factors in the release of NO (5). This conclusion was reached in 
studies that an increased flow rate through an isolated artery substantially 
increases NO release. A similar result is obtained if a stable flow rate is 
replaced by a pulsatile one (6;7)(Figure 3).  
 

89 



CHAPTER 5 

 

 
Figure 3: Relaxation of an endothelium-denuded PGF2α-precontracted coronary 
artery ring through stimulation with the perfusate of a endothelium-intact femoral 
artery segment during increased (2 and 4 ml/min) and pulsatile flow (7). 
 
NO release by shear stress explains why flow-induced vasodilatation is 
endothelium-dependent in the intact organism. Thus the resistance vessels 
in a peripheral organ suddenly dilate, the resulting source of blood causes 
dilation of the large arteries leading to that organ. This dilatation is not 
observed in arteries without endothelium. 
 
Another factor in the release of NO is due to activation of endothelial 
receptors. The endothelial cell membrane contains many receptors acting 
to a variety of endogenous substances such as hormones, autacoids or 
platelet products. The receptors are connected to NO synthesis by various 
kinds of coupling proteins. Some responses mediated by the endothelium 
can be inhibited by pertussis toxin, a well-known inhibitor of a subgroup of 
these coupling proteins. The hormones that contribute to endothelium-
dependent regulation at increased oxygen demand are the catecholamines 
(epinephrine and nor epinephrine) (8-10) and vasopressin. The autacoids 
histamine and bradykinin, responsible for local vasodilatation, are also 
potent stimulators of the release of NO. In the prevention of unwanted 
intravascular thrombosis, thrombin and the release products of activated 
platelets (serotonin and ADP) trigger NO release. NO exerts a negative 
feedback on platelet aggregation and vasodilatation helps to flush the micro 
aggregates away (Figure 4). 
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Figure 4: Illustration showing the paracrine function of the endothelium and some 
of the processes involved (see text) (11). Epinephrine (EPI); α2 adrenergic 
receptor (α2); serotonin (5-HT); serotonin receptor (5-HTID); adenosine 
diphosphate (ADP); purinergic receptor (P2y); bradykinin (BK); kinin receptor 
(BK2); transducer proteins Gi and Gp; endothelium derived relaxing factor (EDRF); 
nitric oxide (NO); cyclic GMP (cGMP). 
  
Abnormal endothelium-dependent responses have been reported in 
many models of vascular disease studied to date.  At aging, 
endothelial cells tend to disappear and to be replaced by the growth of 
surrounding cells. Following the removal of coronary artery endothelium, 
endothelial regrowth was satisfactory and the number of endothelial cells in 
the formerly denuded area is approximately double that over the control 
area. Unfortunately these regenerated cells have lost some of their ability to 
release NO, in particular using the pertussis toxin-sensitive response via 
thrombin and platelet aggregation. There are clinical consequences to this 
inability of regenerated endothelium to response to platelet aggregation. 
The area of the regenerated endothelium becomes a site of predilection for 
triggering exaggerated vasoconstriction in response to platelet aggregation. 
It is interesting to note that one of the early characteristics of human 
coronary artery disease is a tendency to hyper constriction in response to 
serotonin or acetylcholine (12). Endothelial dysfunction, as demonstrated 
by the abnormal response to ergonovine (13), is believed to be the 
fundamental step in the progression of atherosclerosis. Aging, coupled with 
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risk factors such as hypertension, smoking and stress, accelerate 
endothelial aging and hence the process of endothelial regeneration, 
endothelial dysfunction and atherosclerosis (14-16). The development of 
atherosclerosis and especially coronary artery disease, which continues to 
be a leading cause of morbidity and mortality, is one presentation in a 
continuum of events that can lead to end-stage heart disease (17-20). 
Therefore it is of clinical importance to improve or restore endothelial 
function in the prevention of end-stage heart disease.  
 
Reversal of endothelial dysfunction. Endothelial dysfunction is 
associated with cholesterol levels in humans (21;22) and endothelium-
dependent dilatation in hypercholesterolemic patients can be restored by 
short-term administration of the EDRF substrate L- arginine (23). In 
symptomatic men with significant coronary atherosclerosis and normal to 
moderately elevated serum cholesterol, Jukema et al. observed less 
progression of coronary atherosclerosis and fewer new cardiovascular 
events in the group of patients treated with lipid lowering drugs (24). 
Treasure et al. demonstrated that cholesterol lowering significantly 
improved endothelium-mediated responses in the coronary arteries of 
patients with atherosclerosis. Such improvement in the local regulation of 
coronary arterial tone could potentially relieve ischemic symptoms and 
signal the stabilization of the atherosclerotic plaque (25), which was 
demonstrated by van Boven et al. They showed a reduced transient 
myocardial ischemia in men with documented coronary artery disease and 
optimal lipid lowering therapy (26). 
 
Also medical intervention by angiotensin-converting enzyme (ACE) 
inhibition may improve endothelial function. This was not only 
demonstrated in the TREND study in normotensive patients who did not 
have severe hyperlipidemia or evidence of heart failure (27;28) but also in 
patients who had evidence of heart failure (29). The benefits of ACE 
inhibition are likely to be due to attenuation of the contractile effects and 
super oxide-generating effects of angiotensin II and to enhancement of 
endothelial cell release of nitric oxide secondary to diminished breakdown 
of bradykinin.  
 
Future directions. Despite all efforts of risk factor management, 
improvement or restoration of endothelial function, and (aggressive) 
treatment by anti-ischemic medication, coronary balloon angioplasty even 
with stent implantation or coronary bypass surgery, coronary artery disease 
is still of major importance in total morbidity and mortality. In a recently 
published trial it was demonstrated that, 5 years after successful coronary 
angioplasty, a substantial number of patients developed recurrent 
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ischemia (30). However, recurrent ischemia may occur in the absence of 
restenosis, probably due to coronary endothelial dysfunction at the dilated 
coronary segment. Nowadays, intracoronary stents are implanted in 50-
60% of all coronary angioplasty procedures, and substantially reduce 
angiographically detected restenosis (31-33). After successful balloon 
angioplasty, a drug-induced coronary artery spasm at the dilated segment 
frequently is associated with restenosis (34). This suggests that initial 
endothelial dysfunction is associated with subsequent restenosis of the 
lesion. Balloon angioplasty in experimental studies causes denudation of 
endothelial cells in the acute phase (35), but re-endothelialisation occurs in 
weeks with a reversal to normal function within 4 - 6 weeks (36). Also after 
stent implantation endothelial cells regenerate, but their function will be 
impaired shortly after implantation (37). The long-term effect of stents on 
the human coronary endothelial function at the site of the implantation and 
on the segments adjacent to the stent was never studied before. It was 
hypothesized that a long time after re-endothelialisation of the stent 
surface, the endothelial function of the adjacent segments is restored. 
However, two recent studies (Caramori et al. 1997 abstract American Heart 
Association, and Monnink et al. 1998 submitted to The Lancet) showed a 
marked coronary endothelial dysfunction six months after stent implantation 
without a loss of vasodilative capacity. This endothelial dysfunction might 
be caused by a downstream release of mediators from the site of the stent 
implantation that chronically affect the distal endothelial function. These 
findings may be of clinical importance since stents are implanted more 
frequently during angioplasty procedures without a proven benefit on 
cardiac mortality, compared to conventional balloon angioplasty. 
Furthermore, endothelial dysfunction might be associated with restenosis, 
post-angioplasty angina pectoris and ischemia. Therefore additional 
therapy directed towards normalization of endothelial function may reduce 
cardiac morbidity and mortality in the future. 
 
  
General literature 
V. Fuster, R. Ross and E.J. Topol. Atherosclerosis and Coronary Artery 
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health and cardiovascular disease. Courbevoie Cedex, France: Servier 
International, 1994. 
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