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ENDOTHELIAL FUNCTION IN CARDIOVASCULAR DISEASE 
 
Since Edward Jenner first attributed angina pectoris to coronary artery 
disease in 1786, there is a growing understanding of the pathophysiology of 
coronary artery disease and its complications. Chronic stable angina is 
most frequently the result of epicardial stenosis that impair the coronary 
flow reserve. More than 40 years following the introduction of coronary 
angiography, this diagnostic modality remains the golden standard for the 
detection of coronary artery disease.  As the coronary flow reserve is 
reduced, stress-induced myocardial ischemia can result in angina pectoris 
(1;2). Unstable angina pectoris has a wide spectrum of presentations, 
ranging from intensification of preexisting exertional angina to severe rest 
pain. It is observed in patients in whom the relation between myocardial 
oxygen supply and demand has become unbalanced by conditions extrinsic 
to the coronary vascular bed, in patients with increasing coronary 
obstruction, and in patients during the early convalescent phase following 
acute myocardial infarction (3-6). Myocardial infarction is defined as the 
necrosis of cardiac tissue due to ischemia that results in the replacement of 
myocardium by dense fibrotic scar. While myocardial infarction is most 
often a sequelae of atherosclerotic disease of the epicardial coronary 
arteries, there are many other diseases which cause myocardial ischemia 
(7-12) and may result in a myocardial infarction (13). Coronary vascular 
endothelial function is suggested to play a key role in angina pectoris, 
coronary spasm and myocardial ischemia (14-20). The primary locus of 
atherosclerotic disease, eventually resulting in coronary stenosis, is the 
layer of the vessel wall immediately under the endothelial monolayer of 
cells lining all blood vessels at the inside.  
 The endothelium is not a simple passive barrier between blood and 
vessel wall, but has been shown to be a multifunctional organ whose 
function is essential to normal vascular physiology. Healthy endothelium 
produces a continuous release of endothelium derived relaxing factor 
(EDRF; now known as nitric oxide, NO). This NO is, among many other 
functions, an anti-atherogeneous molecule (21-29). The anti-
atherogeneous effects are achieved by a combination of vasodilatation, 
inhibition of platelet aggregation, smooth muscle cell proliferation, LDL 
cholesterol oxidation, and leukocyte adhesion.  
 By constant NO production, healthy endothelium contributes to the 
resting epicardial and microvascular tone by counteracting physiologic 
vasoconstrictor forces such as noradrenalin, angiotensin or endothelin. 
Next to basal vessel tone, the endothelium plays a pivotal role in dynamic 
regulation of blood vessel tone (30): an increase in blood flow is associated 
with flow-dependent, endothelium-mediated vasodilatation (31) which is 
also mainly NO-mediated (23;32). In case of a reduced vasodilator 
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response, endothelial dysfunction is considered to play a key role in early 
onset as well as progression of coronary vascular disease (29;33;34). It has 
been observed in patients with only one coronary risk factor such as 
hypercholesterolemia, hypertension, smoking or diabetes (35-40). Under 
these pathological conditions the coronary response to the metabolic 
demand is disturbed, endothelium dependent vasodilatation is diminished, 
and the autonomic regulation is altered (16;41-44). These observations are 
consistent with experimental data suggesting that endothelial dysfunction 
precedes overt atherosclerosis in experimental models of 
hypercholesterolemia and may predispose conduit vessels to vasospasm 
and vasoconstriction (45;46). New insights resulted in adjuvant therapies 
for these selected patients including cholesterol lowering therapy and blood 
pressure control.  
 For this reason it is important to develop methods to evaluate 
endothelial function. Although in-vitro studies can elucidate underlying 
mechanisms of its function, the clinical consequences of endothelial 
function can only be explored by studies in humans in vivo, since cells in an 
in-vitro environment lack the neurohumoral influences present in vivo.  
Therefore, clinical methods were developed to test endothelial function in 
patients with coronary artery disease. This paper will discuss the current 
state of coronary endothelial function testing and its future directions 
towards its role in risk stratification. 
 
 

PERSPECTIVES OF ENDOTHELIAL FUNCTION TESTING 
 
A). Shear-stress induced mechanisms. In metabolic control of 
coronary blood flow, shear stress of blood on the endothelium is one of the 
main factors for NO release (31;47;48). For coronary vasomotor testing, 
three different modes of action are often used.  
 First, spasm provocation has been performed since the early 
eighties using ergotalkaloids (ergonovine or methergine) (34;49-52). 
Although these ergotalkaloids itself do not have intrinsic endothelium 
dependent potential, they will increase shear stress that can induce NO 
release via an indirect mechanism. Two large clinical studies demonstrated 
that ergotalkaloid induced coronary spasm is related to progression of 
coronary artery disease (34;50). The limitations of this test method are 
coronary spasm related serious adverse reactions and release of 
neurohumoral mediators that could also trigger the release of NO (53).  
 Autonomic nerve stimulation is the second mode of action in shear-
stress mediated mechanisms which also results in neurohumoral mediator 
release. The cold pressor test (43) is a sympathetic test in response to a 
cold stimulus to the hand. It causes an increased blood pressure and heart 
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rate, and therefore increased myocardial oxygen demand. Concomitant 
changes in coronary flow are the result of the direct effect of the test on the 
coronary vasculature and of changes in metabolic demand. Dysregulation 
of autonomic control of coronary arteries plays an important 
pathophysiologic role in ischemic heart disease (54;55), and in patients with 
coronary artery disease the cold pressor test causes a paradoxical 
vasoconstriction (42). This paradoxical vasoconstriction to the cold pressor 
test is paralleled by a paradoxical vasoconstriction in response to 
acetylcholine (endothelial dysfunction). Another autonomic test is the so-
called diving test. In response to a cold stimulus to the face sympathetic as 
well as parasympathetic activation occurs (56). During this test the blood 
pressure increases and the heart rate decreases. Therefore, the rate 
pressure product (an indication of myocardial oxygen demand) remains 
stable. During the diving test the effects of autonomic activation on the 
coronary circulation can be evaluated without big changes in metabolic 
demand. 
 Maximal hyperaemia via smooth muscle relaxation post-ischemia or 
after infusion of endothelium-independent agents such as nitro-glycerine, 
papaverine, or adenosine is the third mode of action in shear-stress 
mediated mechanisms. An impaired response is demonstrated in patients 
with early atherosclerosis and its risk factors (51;57;58).  
 
B). Receptor dependent modes of action.  In contrast to 
shear stress induced mechanisms, a number of physiochemical stimuli, 
neurohumoral mediators and the calcium ionophore A23187 can evoke 
endothelium-dependent responses in blood vessels because they evoke 
the release of NO through activation of specific endothelial receptors. The 
release of NO in response to acetylcholine has been demonstrated in many 
arteries and is used to diagnose coronary endothelial function. To perform 
the intracoronary acetylcholine test, a catheter is positioned in the origin of 
the left main coronary artery and acetylcholine is infused with incremental 
concentration. After each injection a coronary angiogram is made in the 
same angiographic position as the angiogram before acetylcholine. The 
coronary diameter can be quantified by quantitative coronary angiography 
by automatic contour detection techniques (59;60) or intravascular 
ultrasound (46). Also a qualitative interpretation is possible: vasodilatation 
(normal function), no response (slightly disturbed) and vasoconstriction 
(severe endothelial dysfunction) (61;62).  
 Impairment of endothelium-dependent dilation of the 
microvasculature, which is more prominent in patients with angina pectoris 
in syndrome X and variant angina (8;10) or dilated cardiomyopathy (63),  
can be measured by coronary blood flow (CBF) after correction for cross-
sectional area or coronary flow velocity reserve (CFVR) with a Doppler 
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guidewire (FloWire) advanced proximal in the coronary segment in 
response to acetylcholine (64) or hyperaemia of the microvasculature (65). 
Acetylcholine infusion in the coronary artery will cause the release of NO 
through activation of the muscarinic receptor on the surface of the 
endothelial cell and consequent relaxation of the smooth muscle cell. This 
mechanism is disturbed in case of endothelial dysfunction. Furthermore, 
muscarinic receptors are also present on the surface of smooth muscle 
cells. In contrast to the endothelial cell in which acetylcholine induces 
release of vasodilating substances, it has a direct effect on the smooth 
muscle cell of vasoconstriction. Thus in severe endothelial dysfunction a 
paradox vasoconstriction may be observed (15;66;67).  
 With acetylcholine as a research-tool it has been demonstrated that 
hypercontractility of the arterial wall is associated with atherosclerosis 
(36;40;68;69), as a result of a deficit production of vasodilating substances 
by the endothelium (67;70). The coronary constrictive response to 
acetylcholine is highly correlated with a constrictive response to cold, stress 
or exercise in patients with coronary vascular disease (51;71). The test may 
give additional information in case of suspected or proven ischemia without 
a significant coronary stenosis on the angiogram. Furthermore, the test 
may give insight in the actual vascular status of the patient in order to 
stratify his risk for future coronary events. Due to the invasive character of 
the intracoronary acetylcholine test and the associated risks (72), a less 
invasive endothelial function test which correlates with the intracoronary 
acetylcholine test is desirable.  
 
C). Alternative tests for intracoronary acetylcholine testing. 
The invasive character of the tests makes it less convenient for repetitive 
use. Although there are alternatives, one should realise that the patients 
undergoing the test are highly selected patients. They have a high 
probability of coronary stenosis or have already proven ischemia in non-
invasive tests. And especially in those patients with angiographic non-
significant coronary stenosis, a functional acetylcholine test may give 
important additional information. Adverse reactions occur, especially in 
younger patients suffering myocardial infarction with no-significant stenosis 
on the angiogram (72),  and special care should be taken despite the fact 
that acetylcholine is metabolised very quickly and nitro-glycerine can be 
given in case of coronary spasm. Therefore, acetylcholine testing can only 
be justified if prognostic significance has been proven in large cohort 
studies.  
 Due to the invasive nature of coronary endothelial function testing, 
surrogate tests for endothelial dysfunction have been evaluated, such as 
forearm blood flow measurements. Since a larger amount of studies have 
reported microvascular endothelial dysfunction in the forearm in presence 
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of traditional cardiovascular risk factors, the concept of endothelial 
dysfunction as a generalized disease state has been put forward (5;24;29). 
The test can be performed by local intrabrachial infusion of NO-agonists 
such as acetylcholine with measurement of the blood flow response by 
strain-gauge plethysmography (FBF) as first described by Hokanson et al. 
(73). The test represents peripheral endothelial function in the 
microvasculature of the forearm. An alternative, more convenient test 
induces local NO release after forearm limb ischemia and reactive 
hyperaemia with measurement of the brachial flow mediated dilatation by 
ultrasound (FMD) as first described by Celermajer et al. (45). It represents 
endothelial function in large peripheral arteries. It is important for these 
alternative tests that they have a high correlation with the intracoronary 
acetylcholine test, as was studied by Anderson (74) and Monnink (75). 
Other alternative tests for acetylcholine testing are circulating adhesion 
molecules such as ICAM  or p-selectin (76-78), or microalbuminuria (79). 
 
 

PROGNOSTIC VALUE OF ENDOTHELIAL DYSFUNCTION 
 
The endothelium regulates coronary blood flow and therefore might play a 
key role in the success rate of coronary angioplasty (65;80;81). 
Furthermore, endothelial dysfunction is correlated with the atherosclerotic 
process. It’s prognostic value assessed by acetylcholine was presented by 
Suwaidi (62), Schächinger (64), Halcox (82) and Neunteufl (83). Suwaidi 
studied prospectively 157 patients with mild coronary artery disease by 
intracoronary acetylcholine provocation testing. Within 28 months follow-up, 
no patients with normal or mild endothelial dysfunction had adverse events. 
However, 6 (out of 42) with severe endothelial dysfunction had 10 cardiac 
events (62). Schächinger studied 147 patients with mild coronary artery 
disease by cold pressor test and acetylcholine provocation. After a follow-
up of 7.7 years, 16 patients suffered a cardiovascular event. All these 
patients had a significantly increased vasoconstrictor response to both cold 
as well as acetylcholine (64). Halcox prospectively evaluated 308 patients 
with or without coronary artery disease and demonstrated that both 
epicardial as well as microvascular endothelial dysfunction predict acute 
microvascular events in both groups (82). Neunteufl described the 5-year 
prognostic value of endothelial function testing in the brachial artery in 
patients with angina pectoris (83). These primary results, although not 
“evidence-based medicine” point in the direction of the important role of the 
endothelium. 
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TREATMENT STRATEGIES OF ENDOTHELIAL DYSFUNCTION 
 
As far as treatment strategies for endothelial function improvement are 
considered, two primary as well as secondary prevention strategies stand 
out: angiotensin converting enzyme (ACE)-inhibitors and cholesterol 
lowering therapy. Cholesterol reduction with statin therapy reduces risk of 
fatal coronary events or nonfatal myocardial infarction (84-89) and reduced 
ischemic events compared with coronary angioplasty (90). Because 
angiographic trials have shown little reduction in minimal lumen diameter 
after lipid-lowering therapy (91), other mechanisms of benefit to the 
vasculature have been proposed. Several groups have shown that statin 
therapy reduces the constrictor effect of acetylcholine on coronary arteries 
of patients with atherosclerosis and hypercholesterolemia (92;93). 
Restoration of NO-mediated arterial dilator responsiveness might, in part, 
explain the additional effects of statins to reduce stress-induced ischemia 
(94). Therefore, improved endothelium-dependent dilator responsiveness 
after statin therapy has been considered as a useful alternative mechanism 
for reduced cardiovascular risk by that therapy. However, not all studies 
found benefit of statin therapy in restoration of endothelial dysfunction (95), 
suggesting other biological mechanisms of action.  
 Another important factor is the presence on endothelial cells of the 
angiotensin-converting enzyme (ACE). ACE activates angiotensin-I into the 
potent vasoconstrictor angiotensin-II and inactivates bradykinin, which 
causes vasodilatation. ACE-inhibition therapy improves survival and 
reduces mortality in chronic heart failure patients (96-98) as well as patients 
suffering acute myocardial infarction (99;100). The observed time course in 
the reduction of ischemic events resembles the results of trials of 
cholesterol lowering therapy and suggests that the mechanism for the 
observed anti-ischemic action is unlikely to be related solely to the 
beneficial hemodynamic effects of these drugs. In clinical and in-vitro 
studies, endothelial vasodilator function in the coronary and systemic 
circulation of patients with coronary artery disease can be improved by 
ACE-inhibitors (101-106). Restoration of NO-mediated arterial dilator 
responsiveness might, in part, explain the additional effects of ACE 
inhibitory therapy to reduce the incidence of ischemia-related events after 
myocardial infarction (107) and rates of major cardiovascular events (108). 
Direct proof of potential benefits of ACE-inhibitors in patients without left 
ventricular dysfunction is currently not available and is under investigation 
in several large ongoing clinical trials.  
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CONCLUSION 
 
Endothelial specific testing can be performed in coronary as well as 
peripheral arteries. However, non-coronary tests have a low correlation with 
the coronary vasomotor response, as assessed by acetylcholine. In large 
clinical prospective placebo-controlled trials, ACE-inhibitors and lipid 
lowering drugs reduce morbidity and mortality after myocardial infarction or 
myocardial infarction induced heart failure. The same drugs restore 
endothelial dysfunction after myocardial infarction, as was demonstrated in 
small experimental and clinical studies. Recent studies in patients with 
coronary artery disease showed a relation with endothelial dysfunction and 
the occurrence of adverse coronary events. Placebo-controlled prospective 
treatment strategies of patients with endothelial dysfunction have not been 
performed. A less invasive test to evaluate a large population during a long 
follow-up period is preferable. 
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