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Introduction to this thesis 

In 2004, 136,553 people in The Netherlands died. Cardiovascular disease is still 
the major cause of death in The Netherlands (n=45.445; 33%).1 It is not only 
the leading cause of death but also the most important cause of loss of 
disability-adjusted life years.2 The major contributor to the growing burden of 
cardiovascular disease is atherosclerotic disease, which accounts for about one 
third of the cardiovascular deaths. Our knowledge of the pathophysiology of 
atherosclerosis and its complications has greatly evolved over time.  
Endothelial dysfunction and inflammation are among the earliest events in the 
pathogenesis of atherosclerosis.3,4 The attachment of leukocytes to the 
endothelium and its migration into the intima leads to foam cell formation, lipids 
accumulation, formation of fatty streaks, and subsequent evolvement to an 
atheromatous plaque. Some new cardiovascular risk markers are emerging; 
most noteworthy are inflammatory markers, and markers of renal dys-
function.5-8 From a (patho)physiological point of view, the renin-angiotensin 

system plays a key role in cardiovascular pathophysiology.9 The renin-
angiotensin system is acknowledged as a major factor determining blood 
pressure, and fluid homeostasis. The effector molecule of the renin-angiotensin 
system, angiotensin II, can also be considered a pro-inflammatory and pro-
oxidant stimulus, and accordingly provides a link between the mechanisms at 
play in hypertension and its common companion, atherosclerosis.3,4 Stimulation 
of the angiotensin type 1 receptor by angiotensin II plays a central role in the 
cascade of signalling pathways, eventually leading to vasoconstriction, 
inflammation, oxidative stress and proliferation.9,10 These are indeed key-
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processes in various cardiovascular disease, including hypertension, 
atherosclerosis and heart failure. The evidence for interplay of the renin-
angiotensin system with other cardiovascular risk factors, both potentiating each 
other is increasing. For example, both cholesterol and the inflammatory marker 
C-reactive protein have been demonstrated to upregulate the angiotensin type 1 
receptor.11,12 Elevated blood pressure is frequently associated with elevated 
cholesterol levels in hypertensive subjects. Increased knowledge of the 
interrelationships between the renin-angiotensin system with other 
cardiovascular risk factors in modifying vascular function is essential in the 
continuing fight against cardiovascular disease. Lack of profound understanding 
of these factors in the contribution and causation of the cardiovascular disease 
stands in the way of developing new therapeutic approaches aimed at treating 
cardiovascular disease.13 The need exists for basic and clinical research designed 
to better comprehend the complex pathophysiology involved. This thesis will 
weave together laboratory and clinical advances to extend our knowledge on 
cardiovascular function and pharmacotherapy. 
Several drugs proved to have anti-atherosclerotic properties and subsequent 
reduction of cardiovascular events. Keystone drugs in the prevention of 
cardiovascular disease are the 3-hydroxy-3-methylglutaryl co-enzyme-A (HMG-
CoA) inhibitors (statins) and the renin-angiotensin system inhibitors.14-17 The 
success of these drugs in the clinic has prompted intense investigation, in the 
context of vascular function and inflammation, to garner a more complete 
picture of the mechanism(s) of the clinical benefit observed. Of note, statin do 
not only inhibit cholesterol synthesis, but also block the production of isoprenoid 
intermediates, which play, for example, important roles in modifying small G 
proteins.18 Recent evidence even suggests that intensive statin therapy, 
lowering cholesterol even below the current guidelines, might provide significant 
additional clinical benefit in high-risk patients.19-21 Additional analysis have 
indicated that patients who have lower C-reactive protein levels after statin 
therapy have better clinical outcomes, regardless of the resultant level of 
cholesterol.22,23  
 

Aim of the thesis 

Essentially, this thesis is divided into two parts. The aim of the first part of this 
thesis is to explore and understand relationships of the renin-angiotensin system 
with lipids and inflammation. The aim of the second part is to explore effects of 
the cholesterol lowering therapy with 3-hydroxy-3-methylglutaryl co-enzyme-A 
inhibitors (statins) in the presence of an activated renin-angiotensin system or 
inflammation to arrest deterioration of cardiovascular functioning.  
 
In Part I of the thesis we will explore relationships of the renin-angiotensin 
system with lipids and inflammation (figure). We will first provide a general 
overview of the currently available methods to assess vascular function in 
humans and evaluate the role of angiotensin-converting enzyme (ACE) inhibitor 
and statins in modifying vascular function. We continue our exploration with a 
follow-up study to determine whether a locally activated renin-angiotensin 
system is related to future cardiovascular events. Since renal dysfunction is 
importantly related to an increased cardiovascular event rate6,7, we will also take 
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into account the relation of the renin-angiotensin system and inflammation with 
renal function. We will first attempt to confirm the  association between 
inflammatory markers and increased cardiovascular event rate in patients 
undergoing coronary artery bypass grafting. Thereafter, we will continue with 
assessment of combined effects of cholesterol and inflammation on the vascular 
responsiveness to angiotensin II in these coronary artery diseased patients.  An 
additional step will be undertaken to extend our research on inflammatory 
parameters in patients with an activated renin-angiotensin system, namely 
chronic heart failure patients. Determination of the length of telomeres from 
circulating leukocytes might mark the number of cell-divisions of inflammatory 
cells and inflammatory burden, or more importantly can be considered a marker 
of biological age. We will determine telomere length in patients with chronic 
heart failure compared to healthy controls. 
 
In Part II, we will explore the effects of 3-hydroxy-3-methylglutaryl co-
enzyme-A inhibitors (statins) in the presence of an activated renin-angiotensin 
system or inflammation. We will report the results of an intervention trial 
comparing the effect of low and high dose statin treatment to placebo on 
vasomotor function. We will assess endothelial function as well as vascular 
responsiveness to angiotensin II. Next, we will determine whether statin induced 
changes on inflammation and cholesterol are lasting after withdrawal of these 
drugs. We will present data of patients followed for an additional 3 months after 
the completion of a 4 year statin intervention trial. To evaluate the effects of 
interplay between angiotensin II and statin intervention in more detail, we will 
use an animal model. In this model, we will assess vascular injury not only as 
vasomotor function, but also as neointimal formation after stent placement. We 
will test whether vascular injury and neointimal formation can be exaggerated 
by supraphysiological levels of angiotensin II and whether it can be modified by 
statin therapy. Indeed, chronic heart failure patients also have 
supraphysiological levels of angiotensin II and an activated renin-angiotensin 
system. Therefore, we will also gather the clinical evidence currently available 
on the efficacy of statin therapy in this specific patient category. We will perform 
a systematic literature review as well as summarize the potential biological 
mechanisms pro and contra the use of statins in these patients.  
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Abstract 

Impaired endothelial function is recognised as one of the earliest events of 
atherogenesis. Endothelium dependent vasomotion has been the principal 
method to assess endothelial function. In this article, we will discuss the clinical 
value of the different techniques to evaluate endothelium dependent 
vasomotion. To date, there seems not to be a simple and reliably endothelial 
function test to identify asymptomatic subjects at increased risk for 
cardiovascular disease in clinical practice. Recent studies indicate that 
pharmacological interventions, in particular with ACE-inhibitors and statins, 
might improve endothelial function. However, there is no solid evidence that 
improvement of endothelial function is a necessity for the observed reduction in 
cardiovascular events by these compounds. Overall, at this moment, there is no 
place in clinical practice for the use of endothelial function as a method for risk 
assessment or target of pharmacological interventions.  
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Introduction 

Since the discovery of the obligatory role for the endothelium in relaxing arterial 
smooth muscles by acetylcholine in 19801, the endothelium has been the focus 
of intensive research. Currently, the endothelium is recognized to play a crucial 
role in vascular homeostasis in health and is considered to be early involved in 
the pathophysiology of cardiovascular disease2-6. The endothelium, a single cell 
layer of the vascular wall, has the ability to respond to physical, chemical, and 
neurohumoral stimuli by the production and release of a variety biological active 
substances, e.g. nitric oxide (NO), prostanoids, endothelin, angiotensin II, 
thrombomodulin, heparan sulphate, tissue-type plasminogen activator (t-PA), 
plasminogen activator inhibitor-1 (PAI-1), von Willebrand factor (vWF), adhesion 
molecules and cytokines. NO, synthesized by the endothelial NO synthases, is 
the most investigated substance released from the endothelium and plays a 
pivotal role in endothelium-dependent vasodilatation and regulation of other 
protective functions of the endothelium. Functions of NO include regulation of 
vascular smooth muscle cell tonus and proliferation, blood hemostasis, vascular 
permeability, inflammatory response, platelet adherence and aggregation, and 
endothelial cell-leukocyte interaction3;6;7. In addition, the endothelium has 
organ-specific roles that are differentiated for various parts of the body, such as 
gas exchange in the lungs, control of myocardial function in the heart or 
phagocytosis in the liver and spleen8. A disturbance in the integrity or function 
of the endothelium is called endothelial dysfunction. In this review, we will focus 
on endothelium dependent vasodilatation as an measure of endothelial function 
(mediated predominantly by NO). We will discuss different methods of 
assessment, prognostic and clinical implications and pharmacological 
interventions aimed at lowering blood pressure and cholesterol, in particular 
with ACE-inhibitors and HMG-CoA reductase inhibitors, respectively.  

Endothelial dependent vasomotor function 

Endothelial cells synthesise NO through NO synthases (e.g. eNOS) by oxidation 
of the amino acid L-arginine (figure 1).9 NO is thought to be the most important 
endothelial derived vasodilator. Required cofactors for eNOS functioning are 
haem, calmodulin, tetrahydrobiopterin, flavin mononucleotide and FAD, and 
NADPH10-12. NO is continuously produced by eNOS in the healthy endothelium in 
certain amounts in response to shear and pulsatile stretch of the vascular wall. 
The production of NO can be increased by many physiological stimuli, such as 
hypoxia, increase blood flow or shear stress, and pharmacological stimuli such 
as acetylcholine, bradykinine, adenosine triphosphate, adenosine diphosphate, 
thrombin, serotonin, histamine and substance P13.  NO released from the 
endothelium in turn stimulates the soluble guanylate cyclase in the vascular 
smooth muscle cells, resulting in an increase in the formation of cyclic GMP14-16. 
Activation of cyclic GMP-dependent protein kinases alters the phosphorylation 
state of various proteins and cascades, subsequently resulting in the decrease in 
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vascular tonus through either a decrease in intracellular free calcium 
concentrations, calcium desensitization, and/or thin filament regulation, or a 
combination of these processes (see Refs17;18 for  reviews).  
In addition to NO, other endothelial-derived factors contribute to vasorelaxation, 
e.g. prostacyclin and endothelium-derived hyperpolarizing factor (non-NO and 
non-prostaglandin mechanism). In contrast to NO, EDHF  is predominantly 
present in smaller resistance arteries and less in large conduit vessels.19 The 
relevance of non-NO dependent mechanisms is well established in animal and 
experimental models, but its clinical assessment and importance is still subject 
of investigation. 

Assessment of endothelium dependent vasomotor function  

Endothelium dependent vasodilatation has grown to be the read out of 
endothelial functioning based on the assumption that impaired endothelium 
dependent vasomotion reflects impaired NO production and other of its 
protective properties. In 1980, Furchgott and Zawadzki demonstrated that 
relaxation of isolated rabbit thoracic aorta and other blood vessels by 
acetylcholine was dependent on the presence of endothelium1. In the absence of 
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endothelium acetylcholine caused vasoconstriction through a direct effect on the 
muscarinic receptors of the vascular smooth muscle cells. Similar experiments 
confirmed the presence of endothelium dependent vasomotor function in human 
isolated internal mammary arteries, a vessel widely used for coronary bypass 
surgery20. It has been suggested that the decreased endothelium dependent 
vasorelaxation in saphenous venous segments to acetylcholine, compared to 
mammary artery segments, can explain the differences in graft patency after 
bypass21-24. In isolated human coronary arteries, obtained from hearts of cardiac 
transplant patients, the endothelium dependent vasomotor function in response 
to substance P, bradykinin, and Ca+-ionophore A23187 of atherosclerotic 
arteries was attenuated25.  
Abnormal vasomotor response to acetylcholine can also be demonstrated in vivo 
in the catheter laboratory using quantitative angiography. In patients with 
coronary atherosclerosis in the left anterior descending coronary artery, 
acetylcholine induced vasoconstriction26. In subsequent studies, progressive 
impairment of endothelial dependent vasomotor function was demonstrated in 
coronary arteries of patients with different early stages of atherosclerosis 27;28 
and traditional risk factors29-33.  
However, coronary endothelial testing during catheterization is invasive, not 
without risk, and time consuming34. Assessment of endothelial function in the 
brachial artery could be a solution to some of these limitations. Endothelial 
dependent vasomotor function can be assessed in peripheral arteries by using 
intra-arterial infusions of pharmacologic stimuli, like acetylcholine, to enhance 
NO release. During venous occlusion strain gauge plethysmography total 
forearm blood flow (FBF) and thus vasomotor function can be calculated by 
measuring increase in forearm volume over time after infusion of acetylcholine35-

38. Indeed, impairment of endothelial function as assessed by FBF is also 
associated with cardiovascular risk factors, including hypercholesterolaemia, 
diabetes mellitus and cigarette smoking39-41. In addition, we found a significant 
correlation between the endothelium dependent vasodilatation in the coronary 
and brachial artery after acetylcholine infusion in patients referred for a first 
diagnostic angiogram42. Venous occlusion plethysmography in the brachial artery 
consists of less risk compared to assessment of the coronary artery, but is still 
not suitable in asymptomatic patients due to its invasive approach.   
Since impaired NO release in humans can be demonstrated by an impaired 
vasomotor response to eNOS activation, it can also be demonstrated by 
physiological stimuli, such as exercise-43 or cold-pressor testing27;44. Another 
physiological stimulus, blood flow, allows non-invasive assessment of endothelial 
dependent vasodilatation. Flow-mediated vasodilatation (FMD) in the brachial 
artery measures the diameter of the brachial artery at rest and during reactive 
hyperaemia with high-resolution ultrasound and has been widely used for 
quantifying endothelium dependent vasodilatation45;46. Anderson et al.47 
demonstrated a relation between coronary artery endothelium-dependent 
vasomotor responses to acetylcholine and the FMD. There was a positive 
predictive value of 95% between an abnormal brachial artery dilatation and 
coronary endothelial dysfunction. However, the sensitivity for detecting coronary 
endothelial dysfunction was only 49%.  Besides quantitative angiography, FBF 
and FMD, there are some other methods, such as positron emission 
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tomography48 and transthoracic doppler echocardiograpy49;50, but these are 
currently not commonly used and only small sample sizes have been reported.  
To date, non-invasive assessment of the flow-mediated vasodilatation with 
ultrasound seems to be the most attractive method to assess endothelium 
dependent vasodilatation because of its safety and the potential to measure 
vascular function repeatedly over time.  

Prognostic value of endothelium dependent           

vasomotor function 

To our knowledge, no studies have been published on the prognostic value of 
endothelial dependent vasodilation of isolated human vascular segments. 
However, several studies (table 1) have investigated the prognostic value of 
endothelium dependent vasodilatation in the coronary artery as assessed at the 
catheter laboratory. Suwaidi et al.51 were the first to report that endothelial 
dysfunction is associated with increased cardiac events in 157 patients with mild 
coronary artery disease (CAD) during a 2.3-year follow-up. This finding was 
confirmed by Schächinger et al.52 who studied 147 patients with mild CAD 
during a median follow-up of 7.7 years. Since these two studies had a relatively 
small number of events (6 and 16, respectively) it was not considered as 
sufficiently convincing evidence. However, Halcox et al.53 provided similar data, 
retrospectively, about the predictive value of coronary endothelial dependent 
function in a study in 308 patients with mild to moderate CAD and even in 
patients with angiographically normal coronary arteries, with a follow up of 46 
months (35 events). Another retrospective study demonstrated an independent 
association between coronary endothelial function and cerebrovascular events in 
patients without obstructive coronary artery disease at an early stage of  

Figure 2 

A; Coronary artery without obstructive coronary artery disease and an intact endothelial layer. B; Coronary artery with 
a microthrombus centrally located, the endothelium is damaged or obliterated at the site of injury. The black arrows 
indicate adjacent endothelial cells. Reproduced with permission of AC van der Wall (Academic Medical Center, 
Amsterdam). 
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Table 1. Prognostic studies of coronary and peripheral endothelial function 

Study N Extent of CAD Design Method Cut-off 
value 

Events, 
n  

Follow-up, 
months 

Result 

Suwaidi 51 157 < 40% stenosis prospective CEDV  -20 % 6 28 + 
Schachinger 52  147 1 VD  prospective CEDV 0 % 16 92 + 
Hollenberg 165 73 < 50% stenosis prospective CEDV 5 % 14 9 + 
Halcox 53 308 Mild to moderate retrospective CEDV 0 % 35 46 + 
Targonski 54 503 < 30 % stenosis retrospective CEDV  20 % 25 16 + 
von Mering 55  163 75 % normal or 

mild VD 
prospective CEDV 0 %* 58 48 + 

Asselbergs 166  277 0-3 VD prospective CEDV 0 % 24 47 - 
Schindler 57 130 0 VD prospective CPT 0 % 26 45 + 
Nitenberg 58  128 0 VD retrospective CPT 0 % 27 45 + 
Perticone 59 225 Unknown  prospective FBF Tertiles 29 32 + 
Heitzer 60 281 1-3 VD prospective FBF Median  91 54 + 
Neunteufl 67 73 0-3 VD prospective FMD 10 % 27 12 + 
Gokce 69 187 Unknown  Prospective FMD Tertiles  45 1 + 
Gokce 68 199 Unknown prospective FMD Tertiles  35 14 + 
Chan 167  152 Unknown prospective FMD FMD/NM

D ratio 
22 34 + 

Brevetti 168  131 Unknown prospective FMD median 39 23 + 
Fathi169 444 Unknown prospective FMD Tertiles 49 24 - 

CAD: coronary artery disease, CEDV: coronary endothelial dependent vasodilatation, CPT: cold-pressor testing, FMD: 
flow mediated vasodilatation, NMD: nitroglycerin mediated dilation. *In the multivariate analysis, no cut-off value was 
used, but the change in diameter after acetylcholine infusion was continuously entered into the model. 

 
atherosclerosis54. More recently, the Women’s Ischemia Syndrome Evaluation  
(WISE) Study investigated the prognostic value of coronary vascular dysfunction 
in 163 women referred for diagnostic angiogram for evaluating myocardial 
ischemia55. Seventy-five percent had no or mild coronary artery disease and the 
degree of coronary artery disease and the change in diameter after 
intracoronary acetylcholine infusion were both predictive for cardiovascular 
events. Unfortunately, it is unclear how many events occurred in the group with 
mild and in the group with severe coronary artery disease. Fifty-eight (36%) of 
these so-called lower-risk women had a cardiovascular event during a follow-up 
period of 48 months and the WISE study has thereby the highest event rate of 
all studies listed in table 1. We studied 277 patients referred for a first coronary 
angiogram56. In contrast to other studies, we did not exclude patients with 
advanced atherosclerosis who were candidates for revascularization. This might 
explain why we were unable to demonstrate prognostic value of coronary 
endothelium dependent vasomotor function. Furthermore, discontinuing 
vasoactive medication before the coronary angiogram in this study may 
confounded this finding. It might have been the case that non-responders to 
cardioprotective medication experienced events. Unfortunatly, how previous 
studies dealt with vasoactive medication prior to endothelium assessment is not 
clear. Two other studies reported that endothelial vasomotor function of the 
coronary artery in response to cold-pressor testing have prognostic value in 
patients with normal coronary angiograms57,58. Collectively, the above studies 
indicate that coronary vasomotor function in patients with an increased 
cardiovascular risk profile can predict future cardiovascular events. However, 
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measuring endothelial function in coronary arteries is only justifiable in high-risk 
patients and therefore does not add any value to primary prevention programs.  
Only recently, the prognostic value of peripheral assessment of endothelial 
dependent vasodilatation by FBF in response to intra-arterial acetylcholine 
infusion was demonstrated59;60. In patients with initially untreated and 
uncomplicated essential hypertension and in patients with documented coronary 
artery disease forearm endothelial dysfunction appeared a marker for future 
cardiovascular events59;60. Non-invasive assessment of peripheral endothelial 
dependent vasodilatation by FMD might also be a marker for increased 
cardiovascular risk61. Two studies have reported a significant (modest-strong) 
relation with impaired endothelial dependent relaxation in the coronary arteries 
and brachial arteries62;63. However, the results of FBF and FMD may not be 
analogous42;64 and reproducibility of FMD can be poor42;65. Neunteufl et al.66 
demonstrated that FMD measurements are independently associated with the 
angiographic extent of CAD. Interestingly, the same group found a relation 
between endothelial function measured by the FMD and need for cardiac 
revascularization67. Gokce et al. demonstrated in a prospective study that an 
impaired FMD predicts short-term and long-term cardiovascular events after 
vascular surgery68;69. In another report it was shown that functional integrity 
following arterial bypass surgery was preserved, which may partially explain the 
long term beneficial outcome after arterial graft surgery70. However, in a recent 
study, involving a relatively large number of patients (n=444) at relatively high 
risk, Fathi et al, investigated whether FMD measurements have an additional 
value in predicting mortality and cardiovascular morbidity relative to other 
predictors of outcome71. Although they found in univariate analysis that the 
most disturbance of FMD had greater subsequent cardiac morbidity and 
mortality than those with normal or mildly abnormal FMD, in multivariate 
analysis this could be independently predicted by intima medial thickness (IMT) 
and LV mass rather than FMD. Only in a subgroup undergoing stress testing, 
FMD provided additional information (along with IMT and LV mass).  
When considering the above, it should be noted that studies demonstrating 
prognostic value of coronary vasodilation have predominantly been performed in 
patients with mild to moderate CAD. In patients with more severe CAD, 
peripheral endothelial function testing was used to investigate its predictive 
value. This discrepancy in study designs may suggest that endothelium 
dependent vasodilatation test for assessment of endothelium function can only 
be assessed in vessels with intact endothelium, e.g. the brachial or coronary 
artery with mild atherosclerosis. To visualise this conception, figure 2a shows a 
coronary artery without obstructive coronary artery disease and an intact 
endothelial layer. In contrary to mild coronary artery disease, the endothelium is 
damaged or obliterated in coronary arteries with severe atherosclerosis and 
plaques (figure 2b). Therefore, we hypothesize that coronary endothelial 
function testing might not be a powerful diagnostic modality in patients with 
advanced atherosclerosis. In addition, use or non-use of vasoactive mediation 
introduces an important potential confounder since non-responders to 
vasoactive medication might continue to have diminished endothelium 
vasomotor function in contrast to responders. In this respect, discontinuing 
medication might provide a better information of the intrinsic health of the 
endothelium, while continuing medication probably provides better information 
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of the endothelium function in ‘real life’, when events do occur. Which of these 
two situations provides the strongest prognostic information still remains to be 
elucidated.  
In summary, most of the aforementioned studies demonstrate a predictive value 
of endothelial function in patients independent of traditional cardiovascular risk 
factors. Whether or not this is truly independent or additive, in all situations 
remains to be established. Furthermore, most studies were retrospective in 
nature, with few events and performed in selected patient populations only. 
Invasive endothelial function measured by intracoronary or intrabrachial 
acetylcholine infusion does not seem to have future as primary prevention tool 
considering their risk and costs. Nevertheless, these tests continue to have 
value for academic reasoning and assessing vascular response to therapeutic 
intervention over time in symptomatic or high-risk patients. The FMD 
assessment of endothelial dependent vasomotor function seems to be the most 
attractive candidate since it can safely be applied to large and asymptomatic 
patients. However, disadvantages of FMD are the high variability, its modest 
association with coronary endothelial function and lack of standardisation 
between centres.  

Intervention on endothelium dependent vasomotor function 

Numerous studies have reported the beneficial effects of several physiological 
and pharmacological interventions on endothelial function72-81. Among these, 
ACE-inhibitors and HMG CoA reductase inhibitors (statins) are most extensively 
investigated in experimental and clinical setting. Both drugs have repeatedly 
been demonstrated to be very effective in decreasing cardiovascular events in 
high-risk populations. Therefore, this review is limited to the effects of these 
drugs on endothelial function. 
 
Hypertension, ACE-inhibitors and endothelium dependent vasomotor function 

It has been repeatedly shown that hypertension impairs endothelium dependent 
vasomotor function in animal models as well as human studies (for  reviews 
see82;83 Impairment of endothelium dependent vasodilatation has been 
extensively documented in hypertensive subjects with several methods and in 
different arteries84-90. It has not yet been fully elucidated whether impaired 
endothelium dependent vasodilatation causes hypertension or vice versa. 
Nevertheless, antihypertensive treatment with ACE-inhibitors, calcium-channel 
blockers, angiotensin 2 receptor blockers, betablockers and diuretics can 
improve endothelium dependent vasodilatation in animal experimental models of 
hypertension91-96.  In humans, it has also been demonstrated that improvement 
in endothelial function may be obtained after antihypertensive therapy and, in 
addition, clearly identifies patients who possibly have more favourable 
prognosis97. The most potent improvement of endothelium function might be 
obtained by ACE-inhibitors. ACE inhibitors not only prevent the production of 
angiotensin II from angiotensin I, but also stimulates the production of  
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Table 2. Human studies on the effect of ACE-inhibitors on endothelial function  

Study Patient 
characteristics  

N Method  ACE-inhibitor Follow-up Result 

Mancini 170 CAD 105 CEDV Quinapril 6 months + 
Prasad 171 Coronary 

sclerosis or risk 
factors 

56 CEDV Enalapril Immediately after 
infusion 

+ 

Antony 100 Hypertension  10 CPT Perindopril Immediately after 
infusion 

+ 

Hirooka 172  Hypertension 12 FBF Captopril Acute + 
Kiowski 173 Hypertension  10 FBF Cilazapril 5 months - 
Creager 174 Hypertension  44 FBF captopril 

enalapril 
7-8 weeks - 

- 
Iwatsubo 175 Hypertension  26 FBF Temocapril 6 months + 
O’Driscoll 176  Type I DM  9 FBF enalaprilat / 

enalapril 
Acute infusion / 1 month + / + 

Haefeli 177 Healthy 
volunteers 

44 FBF quinapril  
enalapril 

Immediately after 
infusion 

+ 
- 

Taddei 107 Hypertension  20 FBF Lisinopril 6-8 hours / 1 month / 12 
months 

+/+ 

Millgard J 178  Hypertension 23 / 5 FBF Captopril 1 hour / 3 months + 
O’Driscoll179  Type II DM 10 FBF Enalapril 4 weeks + 
Benacerraf 104 CAD 26 FBF Quinapril Immediately after 

infusion 
- 

Lee 108 Hyperlipidaemia  40 FBF Lisinopril 6 months + 
Houben 180 Hypertension  12 FBF quinapril 

enalapril 
Immediately after 

infusion 
+ 
- 

Higashi 181 Hypertension 296 FBF any ACEi > 24 weeks + 
Butler 182 Smokers  23 FBF Lisinopril 8 weeks + 
Nagy 105  Hypertension  21 FMD Benazepril 2 hours/ 1 month - / - 
Mullen 183et al. 
(1998) 

Type 1 DM 91 FMD Enalapril 12 / 24 months - / - 

Hornig 184 CHF 15 FMD quinapril 
enalapril 

Immediately after L-
NMMA 

+ 
- 

Wilmink 185 Healthy 
volunteers 

30 FMD Quinapril 2 weeks + 

McFarlane 186 Type 1 DM 20 FMD Perindopril 12 weeks - 
Arcaro G, 187  Microalbuminuric 

type 1 DM 
9 FMD captopril / 

enalapril 
1 week / 1 week +/+ 

Anderson 103et 
al. (2000) 

CAD 80 FMD quinapril 
enalapril 

8 weeks + 
- 

Esper 188 CAD with 
hypercholesterole

mia 

38 FMD Enalapril 8 weeks + 

Bae 106 CAD 39 FMD Lisinopril 2 hours - 
Bots 189  coronary artery 

disease 
345 FMD Perindopril 3 years ?* 

EF: endothelial function, CAD: coronary artery disease, CHF: chronic heart failure, DM: diabetes mellitus, FBF: Forearm 
Blood Flow assessed by venous occlusion plethysmography, FMD: endothelium dependent Flow-mediated vasodilatation 
of the brachial artery, CPT: cold-pressor test, CEDV: coronary endothelium dependent vasodilatation after infusion of 
acetylcholine, L-NMMA: L-NG-monomethyl arginine, ACEi: ACE-inhibitor. * Not completed. 

 
bradykinin. Bradykinin contributes to the effects of ACE inhibitors in clinical 
setting98. Several pathways are activated by both actions, which are illustrated 
in figure 1. Indeed, treatment with ACE-inhibitors has been shown to improve 
endothelial function in humans (table 2)99-102. The Brachial Artery Normalisation 
of Forearm Function (BANFF) study was designed to compare the effect of ACE-
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inhibition with quinapril or enalapril, angiotensin II blockade with losartan, and 
calcium-channel blocking therapy with amlodipine on FMD in 80 patients with 
CAD103. The authors demonstrated that only quinapril improved FMD after eight 
weeks of treatment in patients with CAD. These results were in concordance 
with other studies comparing enalapril and quinapril. Moreover, the beneficial 
effect of quinapril was confirmed in studies using FMD, FBF, and coronary 
endothelial function (table 2). Only Benacceraf104 et al. did not demonstrate a 
beneficial effect of quinapril in patients with CAD. Nevertheless, quinapril 
improved FBF in healthy subjects in this study. The discrepancy found in the 
BANFF study between quinapril and losartan suggest an important role of kinins 
in endothelium dependent vasodilatation, as losartan did not augment FMD. 
However, despite extensive experimental evidence and the studies using 
quinapril, the beneficial effects of other ACE-inhibitors on endothelial function in 
humans are more inconsistent (table 2). Benazepril only augmented FMD in 
hypertensive patients with a FMD <5% at baseline105. Lisinopril showed an 
antioxidant effect, but showed no acute benefit in terms of endothelial function 
in patients with CAD106. In addition, lisinopril increased vasodilatation in 
response to bradykinin, but not to acetylcholine in hypertensive patients107. On 
the other hand, two studies showed that lisinopril increases FBF in cigarette 
smokers and hyperlipidaemic subjects108;109. Other ACE-inhibitors than enalapril 
and quinapril are more difficult to evaluate, because only a few human studies 
have been performed with those drugs, such as benazepril, captopril, 
perindopril, cilazapril, ramipril and temocapril (table 2).  
In the near future, the results of a nested substudy of the EUROPA trial, 
studying the effects of perindopril on stable coronary artery disease, will be 
published110. Using FMD measurements the effect 3 years of perindopril will be 
assessed in a relatively large cohort of patients (n=345). The prospective 
findings of this study may further enhance our understanding and provide a 
more definite answer on effects of ACE inhibitors on endothelium functioning.  
 
Effects of cholesterol lowering therapy and HMG CoA reductase inhibitors on 

endothelium dependent vasomotor function 

Effects of hypercholesterolemia on endothelial function have also been 
extensively studied. Numerous studies indicate cholesterol to be an independent 
predictor for endothelial dysfunction and to have an inverse correlations with 
endothelium dependent vasodilatation with different methods of assessment and 
in different arteries29;45;111-117. Several explanations can account for the 
decreased endothelial function in hypercholesterolemia. (Oxidized) LDL 
cholesterol can decrease eNOS activity at several levels, such as downregulation 
mRNA118, inhibition of membrane signal transduction119 and NO inactivation120. 
In addition, increased vascular oxidative stress is associated with 
hypercholesterolemia and could further diminish the availability of NO121. 
Evidence for causality in humans was provided by several LDL apheresis studies. 
A single LDL apheresis can result in LDL reductions of 40-90% within 3 hours. In 
hypercholesterolemia patients improvement of endothelial dependent 
vasodilatation could be demonstrated directly after LDL apheresis in the 
coronary artery122;123 and forearm vessel (FBF)124.  A reduction of triglycerides 
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showed no such correlation. This studies strongly supports the concept that 
hypercholesterolemia in itself causes endothelial dysfunction that can be 
immediately reversed by an acute aggressive reduction of serum cholesterol.  
Only very few studies investigated pharmacological interventions on 
endothelium dependent vasorelaxation not using statins. Treatment with 
cholestyramine in hypercholesterolaemic patients resulted in a 29% reduction in 
total cholesterol after 6 months and a significant improvement of acetylcholine 
induced vasomotor response of the coronary artery125. Treatment with 
gemfibrozil resulted in improvement in 10 subjects with DM, but had no effect in 
100 subjects with LDL <160mg/dl126;127. Most studies used statin treatment as 
cholesterol lowering intervention. Statin trials were able to confirm beneficial 
effects of statins on endothelial vasomotor function in hypercholesterolemia 
(table 3).  However, besides cholesterol lowering efficacy, evidence is 
accumulating statins might have additional effects on the endothelium (for 
reviews see128-131). In vitro, statins can increase eNOS mRNA expression, 
stability as well as eNOS activity132;133. Furthermore, protection of statins was 
completely abolished in eNOS knockout mice and after inhibition of eNOS with L-
NAME134;135. Considering these cholesterol-independent mechanisms of action, 
statin studies on endothelium dependent effects were further evaluated. Laufs et 
al, demonstrated that high dose atorvastatin treatment in healthy 
normocholesterolemic subjects with normal vascular function increases 
endothelium-dependent FBF within 24 hours, before serum cholesterol and hs-
CRP which decreased after 2 days of treatment136. Furthermore, withdrawal of 
atorvastatin therapy acutely impaired vascular function independent of the 
sustained decreased cholesterol levels. This acute effect was confirmed by Omori 
et al. using cerivastatin137. A single dose of cerivastatin increased vascular 
endothelial responsiveness transiently in cerivastatin treated subjects after 3 
hours, also before an effect on serum cholesterol levels was detectable. The time 
course of cholesterol lowering at the beginning and end of treatment 
disassociated from alterations of vascular function. Therefore, these data 
support the existence of cholesterol-independent effects of statins in humans. 
Similar, pravastatin improved endothelial dependent vasodilatation after 3 days 
of treatment in normocholesterolemic CAD patients138. This improvement in 
endothelial function was completely blocked by coinfusion of the NO synthase 
inhibitor L-NMMA, thus seems to be attributable to a potentiation of eNOS 
activity. After menopause, most healthy women show an impairment of 
peripheral vasodilatation. 10 days of atorvastatin treatment improved 
endothelium-dependent vasodilatation in postmenopausal normocholesterolemic 
women, without affecting serum lipoproteins. Furthermore, the effect was 
potentiated by L-arginine and blunted by L-NMMA, strongly suggesting an 
association with increased NO production by statin treatment139. Recently, it was 
demonstrated that impaired endothelial function caused by cigarette smoking 
could be improved by statin treatment in normocholesterolemic smokers, 
without associations between baseline lipid levels and change in lipid levels140. 
These studies all suggests that statins probably exerts a direct action on the 
arterial endothelium independently of (serum) cholesterol levels. However, in 
diabetic subjects results are less consistent (table 3).141-147  In diabetic studies, 
endothelial function seems not to be associated with an traditional lipid variable,  
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Table 3. Human studies on the effect of statins on endothelial function 

Study Patient characteristics n Method Statin Follow-up Result 
Egashira 190 hypercholesterolemia 9 CEDV pravastatin 6 months + 
Treasure 191 CAD 23 CEDV lovastatin 12 days / 5.5 

months 
- / + 

Anderson 62 Cholesterol (4.7-7.2 
mmol/l) 

49 CEDV lovastatin 
cholestyramide 

probucol 

1 year + 
 

Houghton 192 Normal coronary arteries 6 CEDV pravastatin 6 months - 
Vita 153 CAD 60 CEDV simvastatin 6 months - 
Penny 193 Hypercholesterolemia 29 CEDV lovastatin 18 months +* 
ENCORE 154 CAD 343 CEDV cerivastatin 6 months - 
Wassmann 194 Angina pectoris 27 CEDV pravastatin 24 hours + 
O'Driscoll 195 Cholesterol (6.0-10.0 

mmol/l) 
10 FBF simvastatin 4 weeks / 3 

months 
+ / + 

Perticone 196 hypercholesterolemia 40 FBF atorvastatin 1 month + 
John 197 hypercholesterolemia 37 FBF cerivastatin 2 weeks + 
Duffy 144 hypercholesterolemia 26 FBF simvastatin After L-NMMA - 
van de Ree 143 Type 2 DM 17 FBF simvastatin 6 weeks - 
Laufs 136  Healthy male 28 FBF atorvastatin 48 hours + 
Mercuro 139 Postmenopausal women 28  FBF atorvastatin 10 days + 
van Etten 145 Type 2 DM 44 FBF atorvastatin 4 weeks - 
Wassmann 198  Normocholesterolemic  18 FBF atorvastatin 6 weeks + 
Vogel 148 Hypercholesterolemia  7 FMD simvastatin 12 weeks + 
Neunteufl 199 hypercholesterolemic 7 FMD simvastatin 

vitamin E 
20 weeks + 

Simons 200 hypercholesterolemia 32 FMD atorvastatin 
simvastatin + 

cholestyramine 

30 weeks + 
+ 

Sheu 141 Type 2 DM with 
hypercholesterolemia 

21 FMD simvastatin 24 weeks - 

Dupuis 201 ACS 60 FMD pravastatin 6 weeks + 
Jarvisalo 202 CAD 45 FMD statins 3 months + 
Rashid 203 CAD 8 FMD simvastatin 3 / 6 months + / + 
Mullen204  Type 1 DM 84 FMD atorvastatin 6 weeks + 
Tsunekawa152  Type 2 DM 27 FMD cerivastatin 3 days 

3 months 
+ 

Sheu 142 Type 2 DM with 
hypercholesterolemia 

12 FMD simvastatin 12 weeks + 

Malik 205 hyperlipidemia 29 FMD fenofibrate 
atorvastatin 

10 weeks - 
- 

Stein 206  hypercholesterolemia 37 
17 

FMD pravastatin 
simvastatin 

6 months 
 

- 
- 

Van Venrooij 207  Type 2 diabetes 133 FMD atorvastatin  30 weeks - 
Dogra 208 Nephrotic syndrome 10 FMD any statin 12 weeks + 
Omori 209  Healthy volunteers 30 FMD cerivastatin 1h/3h/6h/12h -/+/-/- 
de Jongh 210 FH 69 FMD simvastatin 28 weeks + 
Vita211  CAD 51 FMD Atorvastatin  36 hours - 
van Haelst 212 FH 35 FMD simvastatin 6 weeks - 
Economides 213  Diabetes Type 1/2 

 
40 FMD atorvastatin 12 weeks + 

Beckman 214  Cigarette smokers 
Healthy controls 

20 
20 

FMD atorvastatin 
 

4 weeks  + 
- 

EF: endothelial function, CAD: coronary artery disease, CHF: chronic heart failure, DM: diabetes mellitus, FBF: Forearm 
Blood Flow assessed by venous occlusion plethysmography, FMD: endothelium dependent Flow-mediated vasodilatation 
of the brachial artery, CEDV: coronary endothelium dependent vasodilatation after infusion of acetylcholine, ACS: acute 
coronary syndromes, FH: familial hypercholesterolemia, L-NMMA: L-NMMA: L-NG-monomethyl arginine. *Improvement 
only in the most constricted segments 
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in contrast to studies of nondiabetic subjects148-151. Interestingly, in elderly type 
2 diabetic patients 3 days of cerivastatin treatment did not result in change in 
lipid concentrations, but did improve the FMD and this was associated with an 
increase in plasma NOx and decrease of oxidant markers152. Thus, whether in 
diabetic subjects, hyperglycemia is the principle cause of endothelial dysfunction 
resistant to statin therapy remains to be further elucidated.  
In contrast to several studies investigating peripheral endothelial function in 
normocholesterolemic patients, two placebo-controlled randomised studies failed 
to show an improvement on coronary endothelial function after 6 months of 
treatment with simvastatin and cerivastatin, the CARATS and the ENCORE 
study153;154. The improvement of coronary endothelial function in the placebo 
group might have resulted in the regression to the mean phenomenon. Both 
groups assessed the effects on the most constrictive segment. However, when 
all coronary segments were analysed, this phenomenon disappeared. Taken all 
together, more positive than negative studies have been published for each 
method of endothelial function testing (table 3). The currently available studies 
strongly suggest that treatment of hypercholesterolemia can restore endothelial 
dysfunction. At the moment, conflicting clinical evidence of statin therapy exists 
on endothelium dependent effects beyond cholesterol lowering. Furthermore, no 
study has demonstrated whether improvement of endothelium dependent 
vasodilatation is a necessity for the efficacy of statin treatment.  
 
Clinical Implications of therapeutic interventions on endothelial dependent 

vasomotor function 

Improvement of endothelial function can be induced by statin therapy and 
possible ACE inhibitors. Like aspirin73;75;155, statins and ACE inhibitors definitely 
improve cardiovascular prognosis concomitantly with endothelial dependent 
vasomotor function. However, endothelial function can also be improved with 
other pharmacological interventions, such as vitamins/antioxidants78;156-158 and 
hormone replacement therapy79;80;159 but without positive effects on clinical 
outcomes160-164. Thus, improvement of endothelial function is not necessarily a 
good surrogate marker of risk reduction. The clinical value of persistent 
endothelial dysfunction after initiation of a well proven treatment has not been 
well established.  Currently, only one study reported the lack of change in FMD 
in response to blood pressure lowering therapy could predict cardiovascular 
events in 400 postmenopausal hypertensive women97. 

Conclusions 

In this paper, we reviewed the most commonly used methods to assess 
endothelial dependent vasomotor function.  It is conceivable to assume that 
endothelial dependent vasodilatation is of prognostic value for future 
cardiovascular events. Non-invasive assessment of the flow-mediated 
vasodilatation with ultrasound seems to be the most attractive method to assess 
endothelium dependent vasodilatation in low-risk and asymptomatic patients 
because of its safety and the potential to measure vascular function repeatedly. 
However, studies aimed at the prognostic value were only performed in selected 
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patients referred for evaluation of cardiovascular disease. Consequently, these 
data cannot be extrapolated to the general population. In addition, the 
assessment of flow-mediated dilatation is a sophisticated and expensive 
procedure, which may only be useful for academic reasoning towards new 
diagnostic and treatment modalities.  
Secondly, we discussed blood pressure and cholesterol lowering interventions, in 
particular with ACE inhibitors and statins, on endothelium dependent 
vasodilatation, which seems beneficial in small sample sizes. Currently, large 
randomised population based prospective studies on treatment of endothelial 
function with statins or ACE inhibitors in low risk patients are lacking. 
Improvement of endothelial dependent vasodilatation could, theoretically, exert 
a beneficial effect on clinical outcome. However, several interventions improving 
endothelial function did not improve clinical outcome and therefore it remains 
questionable whether improvement of endothelial function is a necessity to 
improvement in cardiovascular prognosis.  
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Abstract 

Persistent activation of the renin-angiotensin system leads to downregulation of 
the  Angiotensin type 1 receptor, and consequently to a decreased response to 
exogenous angiotensin II. In the present study, we investigated the association 
of angiotensin II responsiveness to clinical outcome after coronary artery bypass 
grafting (CABG). We studied the responsiveness to exogenous angiotensin II in 
human thoracic artery preparations of 114 CABG patients. Mean duration of 
follow-up was 7.3±0.1 years during which 21 patients experienced a 
cardiovascular event. A diminished response to angiotensin II remained in 
multivariate cox-regression analysis, after adjustment for sex, age, blood 
pressure, and number of diseased coronary arteries, the strongest predictor for 
cardiovascular events (relative risk 3.37 [95% CI 1.20-9.51]; p=0.022). 
Furthermore, diminished response to angiotensin II was associated with an 
increased mean arterial pressure (102.85±1.38 versus 97.40±1.37; p=0.003) 
and a non-significant increase in Angiotensin-Converting Enzyme activity, 
suggestive for a persistently activated renin-angiotensin system. In conclusion, 
these results suggest that in patients undergoing CABG, a diminished vascular 
responsiveness of the thoracic artery to exogenous angiotensin II is related to 
an increased risk of future cardiovascular events.  
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Introduction 

An activated renin-angiotensin system (RAS) is characterized by increased 
serum levels of angiotensin II (Ang II), and is involved in hypertension, coronary 
heart disease, heart failure and other cardiovascular diseases. Increased plasma 
levels of Ang II, despite Angiotensin-Converting Enzyme (ACE) inhibition, is 
associated with increased mortality.1 Although the knowledge of the 
pathophysiological role of the RAS continues to increase and treatment with 
ACE-inhibitors and angiotensin receptor blockers (ARBs) are well proven and 
accepted among clinicians worldwide, prognostic studies of direct assessment of 
vascular responsiveness to Ang II are lacking. Local or circulating Ang II can 
decrease the expression or the angiotensin type 1 (AT1) receptor.2-5 This agonist 
induced downregulation can subsequently result in relative resistance to Ang 
II.2,3,6 It remains to be determined whether the response of the human 
vasculature to Ang II in patients with coronary heart disease can be related to 
an activated RAS and whether it is associated with future cardiovascular events. 
We undertook the present study to investigate whether or not the vascular 
responsiveness to Ang II in thoracic arteries from patients undergoing coronary 
artery bypass grafting (CABG) predicted long-term outcome for cardiovascular 
events, including death, myocardial infarction, stroke and vascular surgery. In 
this paper we present the prognostic significance of 7.3 years follow-up. 
Furthermore, we assessed the relation of vascular responsiveness to Ang II with 
blood pressure and ACE activity, as indicators of an activated RAS.  

Methods 

Study Population 

Patients in the present study participated in the QUO VADIS study. A total of 
187 patients were included into QUO VADIS, and methods and results of this 
study were published elsewhere.7,8 We studied all 114 subjects undergoing 
CABG of whom Ang II responsiveness was assessed. The Institutional Review 
Board approved this study, and written, informed consent was obtained from 
each subject.  
 
In vitro vascular measurements 

Measurements of vascular responsiveness to Ang II of human internal thoracic 
arteries performed in the QUO VADIS study has been described previously.7 In 
brief, excess graft material as obtained during CABG was cut into several 2 mm 
rings and mounted in 15 mL organ chambers. Measurements of in vitro vascular 
function took place within 3 hours after harvesting. The rings were connected to 
an isotonic displacement transducer, where a preload of 1.4 g was given. The 
rings were allowed to equilibrate for 1 hour. All rings were primed and checked 
for viability by repeated stimulation with 10 μmol/L phenylephrine. The 
responses to Ang I and II (0.1 nmol/L to 1 μmol/L) were studied in parallel rings  
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Table 1. Index of Cardiovascular Events During Follow-up 

Outcome  Response to Ang II  
 All patients Low High P-value 

Cardiac Death 2 2 0 0.165 
Myocardial infarction 3 1 2 0.315 
PCI 4 3 1 0.302 
Re-CABG 1 1 0 0.313 
Stroke 7 7 0 0.006 
Vascular Surgery 6 4 2 0.334 
     
Total Events 23 18 5 0.007 

P-value for Low versus High responsiveness to Angiotensin II. 
 

under continuous presence of NG-monomethyl-L-arginine (L-NMMA, 100 μmol/L) 
to avoid confounding Nitric Oxide (NO) release by endothelial NO Synthase 
(eNOS). At the end of the Ang measurements a control response was evoked 
with 10 μmol/L phenylephrine. Results are presented as percentage of the 
maximal phenylephrine induced response. To study the relationship between 
Ang II responsiveness and cardiovascular events, the study population was 
divided according to the median of maximal response to Ang II as decided 
before conducting follow-up. The lower half was considered to have relative 
resistance to Ang II (in parallel with relative resistance to insulin in diabetes 
mellitus).  
 

 
ACE activity determination 

Plasma ACE activity was measured 1 day before CABG as described previously.9 
Briefly, using 35 times diluted plasma 10 minutes of incubation with 7 mmol/L 
hippuryl-L-histidyl-L-leucine (Hip-His-Leu) at 37°C the production of hippuric 
acid (nM His-Leu/min/mL) was measured spectrophotometricly. Local ACE 
activity was determined in arbitrary unites as the area between the Ang I and II 
dose-response curves, normalized for maximal response to Ang II, as described 
before.10 
 
Long-Term Follow-Up 

Long-term follow up was performed by telephone contact. All cardiovascular 
events were validated by review of medical records. The outcome measure 
assessed was the time from CABG until the first occurrence of a component of 
the following: cardiovascular death, hospitalization for myocardial infarction, 
revascularization with percutaneous coronary intervention or re-CABG (if these 
procedures were performed at least 30 days after randomization), vascular 
surgery, and stroke. 
 
Statistical Analysis 

Data are expressed as mean±SEM. Statistical significance of differences in 
baseline characteristics was assessed by unpaired Student’s t test or χ2 test, 
when appropriate. Cardiovascular event rates were estimated by Kaplan-Meier 
survival curves and were compared by means of the log-rank method. Cox 
proportional hazards multivariate stepwise regression analysis was used to 
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determine the multivariate relationships between clinical variables and 
cardiovascular events during the follow-up period. Covariates entered in this 
regression model were Ang II resistance, number of diseased vessels, age, sex, 
smoking, hypertension, blood pressure, and LDL-cholesterol. Statistical analysis 
was performed with SPSS statistical software (SPSS Inc). All probability values 
were 2-tailed, and a value <0.05 was considered to indicate statistical 
significance. 

Results 

Of the 114 patients, one patient was lost to follow-up. Mean duration of follow-
up was 7.3±0.12 years (median 7.4 years). During this period, 21 (18%) 
experienced a cardiovascular event, 2 of these subjects had 2 events (table 1). 
Baseline characteristics are presented in table 2. Their average age at baseline 
was 62.5±8.3 years, and 16 (14%) were women. Before CABG, 40% of patients 
had had a myocardial infarction and 15% had previously undergone a PCI. At 
baseline the total cholesterol level was 6.2±1.3 mmol/L (241 mg/dL), LDL- 
 

Table 2. Clinical Characteristics 

Variables Low Ang II response (N=56) High Ang II response (N=57) 
Age, years 63.3±1.1 61.4±1.1 
Gender, male/female 51/5 47/10 
Body Mass Index, kg/m2 26.5±0.4 26.9±0.4 
Risk factors, n (%)   
Hypertension 31 (55) 29 (51) 
Smoking   
 Never smoked 9 (16) 9 (16) 
 Current smokers 8 (14) 6 (11) 
CAD   
 1-vessel disease 1 1 
 2-vessel disease 15 16 
 3-vessel disease 40 40 
Ischemic NYHA (1-2/3-4) 21/34 25/31 
History, n (%)   
Angina (past/current) 4/51 (7/91) 4/53 (7/93) 
Myocardial infarction 25 (45) 20 (35) 
PTCA 12 (21) 5 (9) 
Heart rate, bpm 69.6±13.6 72.1±14.6 
Blood pressure, mmHg   
Systolic 144.2±3.0 136.2±2.6 
Diastolic 82.2±1.0 80.0±1.0 

Lipid concentrations, mmol/l   
Total cholesterol 6.14 (0.16) 6.37 (0.17) 
LDL cholesterol 4.20 (0.14) 4.30 (0.15) 
HDL cholesterol 1.06 (0.04) 1.13 (0.04) 
Triglycerides 1.90 (0.15) 2.03 (0.18) 
Medication (%)   
Quinapril/Captopril/Placebo 45/11/45 37/23/40 
Beta blocker 78 91 
Nitrates 74 82 
Lipid Lowering 36 43 
Follow-up time (years) 7.2 (0.1) 7.3 (0.1) 
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cholesterol 4.2±1.0 mmol/L (164 mg/dL), HDL-cholesterol 1.09±0.31 mmol/L 
(42 mg/dL), and triglycerides 1.96±1.25 mmol/L (174 mg/dL).  
Median contraction to Ang II of the total population was 58.4% of the maximal 
response to phenylephrine. Maximal contraction to Ang II in the low responsive 
group was 38±2 (% phenylephrine) and in the high responsive group 74±2 
(figure 1). Absolute contractions for phenylephrine was 346±23 and 444±34 μm 
(28% difference; p=0.02) and for Ang II 135±12 and 323±26 μm (139% 
difference; p<0.00001) in the low and high responsive group, respectively. Low 
responsiveness to Ang II was associated with an increased mean arterial blood 
pressure (102.9±1.4 versus 97.4±1.4; p=0.003). Both serum ACE activity 
(23.7±1.2 nM His-Leumin/mL versus 18.3±2.7; p=0.12) and local ACE activity 
(17.5±0.7 arbitrary units versus 16.3±0.5; p=0.19) were not significantly 
increased in patients with low responsiveness to Ang II. 
For all patients, the Kaplan-Meier event rates of the primary end point was 29% 
in the low responsive group and 9% in the high responsive group. The high-
responsive group was associated with 69% fewer events (p=0.0059; figure 2). 
In multivariate cox-regression analysis, after adjustment for sex, age, mean 
arterial blood pressure, and number of diseased coronary arteries, a diminished 
response to Ang II was the most significant predictor for cardiovascular events 
(relative risk 3.37 [95% CI 1.20-9.50]; p=0.022, table 3). When only the more 
objective events (cardiac death, myocardial infarction, and stroke) were 
combined, Ang II remained the most significant predictor (relative risk 5.0 [95% 
CI 1.06-23.62]). Response to phenylephrine was not associated with 
cardiovasular events. Among the individual components of the primary end 
point, there was a consistent pattern of benefit favoring the high-responsive Ang 
II over the low-responsive Ang II group, which included a significant association 
with fewer strokes (p=0.006; table 1). 

Figure 1. Concentration-response curves of Angiotensin II (Ang II)-induced 

vasoconstriction. 
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Discussion 

We are the first to report long-term follow-up data on in vitro assessment of 
vasomotor function. The present study demonstrated that in vitro resistance to 
exogenous Ang II independently predicts the long-term risk of cardiovascular 
events, including cardiac death, myocardial infarction, PCI, re-CABG, stroke, and 
vascular surgery after adjustment for blood pressure, and other cardiac risk 
factors. 78% of all cardiovascular events occurred in patients in the Ang II 
resistant group. In addition, Ang II resistance was associated with a higher 
blood pressure and a trend to an increased serum and local ACE activity.  
Ang II is the principal mediator of the RAS. The AT1 receptor mediates many of 
the known detrimental effects of Ang II, including vasoconstriction. Increased 
levels of endogenous Ang II have been associated with an increased mortality in 
chronic heart failure (CHF) patients.1 Progression of CHF is associated with a 
progressive increase in cardiac Ang II formation, regardless of aetiology of 
CHF.11 More importantly, in contrast to non-failing myocytes, myocytes from 
CHF patients are relatively resistant to Ang II since they are selectively unable 
to produce appreciable amounts of IGF-1 and ET-1 in response to Ang II 
stimulation.11 In CHF, downregulation of AT1 receptor has been reported by 
several studies.12-14 Increased levels of endogenous Ang II itself diminish AT1 
receptor expression.3-5 In our study, we demonstrated diminished 
responsiveness to Ang II, which might be explained as a reflection of chronic 
over activity of the RAS. This is supported by the increased blood pressure and 
trend to increased local and serum ACE activity. Despite chronic ACE inhibitor 
therapy, conversion of Ang I to Ang II may persist and Ang II levels may return 
to pre-treatment levels.15,16 Non-ACE dependent pathways, like chymases17-19, 
are thought to be involved. We assume that the observed diminished 
responsiveness to exogenous Ang II, relative resistance, in our population is due 
to downregulation of the vascular AT1 receptor and can be explained by an 
increase in vivo endogenous Ang II levels. One could also speculate on changes 
in signaling of AT1 receptor or differences in AT2 receptor function.  
Nevertheless, effects mediated by eNOS by AT2 receptor or otherwise are not  

Figure 2. Kaplan-Meier curve for primary composite end point  
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Table 3. Clinical Predictors of Cardiovascular Events During Follow-up 

Variables Univariate Analysis Multivariate Analysis 
 RR (95%CI)  P RR (95%CI) P 

Age 1.03 (0.98-1.09) 0.24 1.01 (0.95-1.08) 0.69 
Male Gender 1.78 (0.41-7.66) 0.44 1.24 (0.28-5.47) 0.78 
Body Mass Index 0.97 (0.84-1.13) 0.73   
Hypertension 0.99 (0.42-2.33) 0.98   
Smoking 2.10 (0.49-9.01) 0.32   
Total cholesterol 0.89 (0.61-1.29) 0.54   
Blood pressure 
 Systolic 
 Diastolic 
Mean Arterial Pressure 

 
1.02 (1.01-1.04) 
1.01 (0.96-1.06) 
1.04 (0.99-1.09) 

 
0.01 
0.73 
0.06 

 
1.02 (0.99-1.04) 

 

 
0.14 

Three vessel disease 4.99 (1.15-21.61) 0.03 4.41 (1.00-19.41) 0.05 
Phenylephrine contraction  1.00 (0.99-1.01) 0.69   
Low Ang II response 3.74 (1.37-10.23) 0.01 3.37 (1.20-9.51) 0.02 

 
likely, since vascular measurements were performed in the continuous presence 
of the eNOS inhibitor L-NMMA. The observed difference in stroke between 
groups is intriguing. Although blood pressure levels were different, our 
multivariate analysis suggests the Ang II responsiveness to be of greater 
importance. This suggestion is in good harmony with the Losartan Intervention 
For Endpoint reduction (LIFE) which demonstrated that the ARB losartan 
substantially reduced the rate of stroke, over and above blood pressure lowering 
therapy.20,21 Potential interactions between medical treatment and Ang II 
response in the current study can not be excluded. Nevertheless, in our opinion, 
it is not feasible to obtain less confounded clinical data considering the current 
clinical guidelines.22,23 Any future study would include even more confounding 
drug therapy regimes to make it unfeasible to assess the consequence of Ang II 
resistance.  
Of note, we examined internal thoracic arteries. The response of these vessels 
does not represent the blood pressure increase as measured in humans since 
blood pressure increases are more dependent of resistance vessels. The local 
RAS might be differently regulated and is likely to be completely independent of 
the circulating system. Furthermore, we only assessed the internal thoracic 
artery, it is tempting to speculate AT1 receptor upregulation in atherosclerotic 
coronary or cerebral arteries and downregulation AT1 receptors in internal 
thoracic arteries in our patient population. The systemic or local increased Ang II 
levels might therefore be deleterious in the coronary and cerebral artery. The 
macroscopic non-atherosclerotic internal thoracic artery might have 
downregulated the AT1 receptor rather than upregulated due to the increased 
circulating in vivo Ang II level.  
 
Study Limitations 

This study was descriptive in nature, conducted retrospectively and will 
therefore require confirmation in a prospective investigation. Our results cannot 
be extended to conditions other than coronary artery disease, because we 
included only patients who underwent CABG. We were unable to rule out other 
factors (e.g. medication) known to influence the RAS and the AT1 receptor 
expression. However, medical treatment was similar in both groups. Because 
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serum Ang II levels does not reflect local Ang II levels, the local ACE activity 
was assessed. Nevertheless, the present data is unique in its kind and provides 
important pathophysiological insight. We are not aware of a larger series of 
vascular assessment of Ang II responsiveness performed within one single, 
structured protocol, and the degree of Ang II resistance is an important 
predictor of outcome in these patients.  
 
Perspectives 

We have demonstrated a strong association between Ang II resistance of the 
human thoracic artery and an adverse long-term cardiovascular prognosis. 
Although clinical value may be limited, assessment of Ang II resistance may 
provide a surrogate end point to evaluate therapy. Whether strategies that 
improve Ang II responsiveness will uniformly improve prognosis needs to be 
studied prospectively.  
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Abstract 

Objective – In patients with coronary artery disease, the concomitant presence 
of renal function impairment is associated with decreased survival.  We aimed to 
assess whether in coronary artery diseased patients, renal function impairment 
is associated with systemic vascular function, functional parameters of the renin-
angiotensin system or inflammation as potential mediators for cardiovascular 
risk.  
 
Methods and Results – We studied 125 patients, 87% male, with a mean age 
of 62.2±8.2 years, 72% had 3-vessel disease, and mean renal function was 
74±13 mL/min/1.73m2. Internal thoracic artery rings were sampled during 
coronary bypass surgery and used for in vitro vascular measurements. We could 
not establish an association between endothelium dependent vasorelaxation 
(response to methacholine) and renal function. In addition, vascular response to 
potassium chloride, phenylephrine and angiotensin II were not associated with 
renal function. Finally, serum ACE activity, usage of ACE inhibitors, C-reactive 
protein (CRP) and soluble intercellular adhesion molecule 1 (sICAM) were not 
related to renal function.  
 
Conclusions – In coronary artery diseased patients, mild renal function 
impairment is not associated with systemic vasomotor responsiveness, 
inflammation or functional systemic parameters of the renin-angiotensin system. 
The relation between systemic endothelial dysfunction and mild renal 
insufficiency might be more complicated than previously thought.  
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Introduction 

The concomitant presence of renal function impairment in patients with various 
forms of cardiovascular disease is associated with a worse prognosis.1-5 Limited 
data are available on the pathophysiologic mechanisms linking mild renal 
function impairment to the marked increase in cardiovascular events. A recent 
study in essential hypertension demonstrated an association between mild renal 
function impairment and endothelial dysfunction, suggesting that renal function 
impairment might be a marker of generalized vascular dysfunction, as a possible 
mediator of cardiovascular risk.6 However, since hypertension can be expected 
to elicit endothelial and renal dysfunction this assumption needs to be tested in 
a non-essential hypertensive population as well. Other factors affecting the 
prognosis of coronary artery disease involve alterations of the renin-angiotensin 
system and inflammation.7-9 However, whether these factors are associated with 
renal function remains to be determined.  
In this report, we analyzed the potential relationship between renal function and 
endothelium dependent vasodilatation in subjects with severe coronary artery 
disease. Second, we assessed whether renal function was associated with the 
vascular responses of several vasoconstrictors, systemic parameters of the 
renin-angiotensin system and systemic markers of inflammation.  
 

Methods 

Study Population 

Patients in the present study participated in the QUinapril On Vascular Ace and 
Determinants of Ischemia Study (QUO VADIS). A total of 187 patients were 
included into QUO VADIS, and methods and results of this study were published 
elsewhere.10 We studied all 125 subjects undergoing CABG of whom 
endothelium dependent vasodilatation or vascular responsiveness to Angiotensin 
II was assessed. The glomerular filtration rate (GFR) was estimated by the 
Modification of Diet in Renal Disease (MDRD) equitation11 and, additionally, the 
Cockcroft-Gault (GFRc) corrected for body surface area.12 The Institutional 
Review Board approved this study, and written, informed consent was obtained 
from each subject.  
 
Organ Chamber Experiments 

During coronary artery bypass grafting segments of internal thoracic arteries 
were collected as excess graft material and transported immediately to the 
laboratory, where in vitro vascular measurements were performed within 6 
hours of harvesting as published previously.10;13 Endothelial dependent 
relaxation was studied by cumulative concentrations of methacholine. 
Endothelium independent relaxation was studied by the response to a single 
high concentration of sodium nitrite (NaNO2; 10 mmol/L; yields approximately  
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Table 1. Clinical and biochemical data of patients divided on the basis of 3 

tertiles of endothelium dependent vasodilatation* 

 Maximal Endothelial Dependent Vasodilatation 

 Tertile 1 
(n=37) 

Tertile 2 
(n=38) 

Tertile 3 
(n=37) 

P* r (P) † 

Age, y 64.2±6.9 60.9±7.9 60.3±9.6 0.09 0.21 (<0.05) 
Male gender, n (%) 28 (76) 34 (89) 35 (95) 0.05 0.30 (<0.05) 
Diabetes 4(10) 2(5) 1(3) 0.36 0.10 (0.29) 
3-vessel disease, n (%) 26 (70) 25 (66) 30 (81) 0.32 -0.15 (0.11) 
Body mass index, kg/m2 26.7±3.5 26.5±2.9 27.2±2.7 0.58 -0.06 (0.53) 
Systolic blood pressure, mmHg 144.9±22.3 138.2±18.7 137.4±21.6 0.24 -0.04 (0.51) 
Diastolic blood pressure, mmHg 80.5±7.8 80.8±8.4 80.7±7.0 0.99 -0.04 (0.67) 
Heart rate, bpm 72.0±15.3 70.1±13.5 70.3±13.2 0.82 -0.02 (0.81) 
Current smokers, n (%) 4 (11) 5 (13) 5 (14) 0.93 0.05 (0.64) 
Total cholesterol, mmol/L 6.3±1.2 6.0±1.1 6.2±1.5 0.66 0.11 (0.27) 
sICAM, μg/L 176±211 142±40 124±63 0.47 0.18 (0.19) 

C-reactive protein, mg/L 
1.60 

[0.50-4.28] 
2.50 

[1.10-5.35] 
1.55 

[0.70-5.20] 0.36 -0.07 (0.64) 

* On the basis of maximal response to ME, patients were ranked and grouped into 3 tertiles (first tertile: lower response; 
second tertile: intermediate response; third tertile: high response). † Correlation coefficient R and P value of relationship 
between maximal response to ME (as a continuous variable) and each variable listed in the table. C-reactive protein is 
expressed as median [interquartile range], all other data are expressed as mean ±SD or as percent frequency, and 
comparisons among groups were made by 1-way ANOVA or χ2 test, as appropriate. 

 
10 nmol/L nitric oxide).14 Vascular responsiveness to Angiotensin II was studied 
with cumulative concentrations as described previously.10;13 Maximal 
vasoconstriction was evoked by stimulation with 60 mmol/L potassium chloride. 
 

ACE Activity Determination 

Plasma ACE activity was measured 1 day before CABG as described previously.15 
Briefly, using 35 times diluted plasma 10 minutes of incubation with 7 mmol/L 
hippuryl-L-histidyl-L-leucine (Hip-His-Leu) at 37°C the production of hippuric 
acid (nM His-Leu/min/mL) was measured spectrophotometricly.  
 
Inflammatory markers 

Of our 125 patients, inflammatory markers were determined in a subset of 62 
patients, solely defined by the availability of a stored (at -80°C) blood sample 
taken before surgery.16 This subgroup was comparable to the whole study 
population with regard to the variable listed in table 1.  Soluble intercellular 
adhesion molecule 1 (sICAM) and C-reactive protein (CRP), were determined by 
ELISA in duplicate as described previously.16 
 
Statistical Analysis 

Data are expressed as mean±SD or presented as frequency, unless indicated 
different. Non-normally distributed variables were log-transformed for statistical 
comparisons. Comparisons between groups were made by 1-way ANOVA or the 
χ2 test, as appropriate. Relationships between paired parameters were analyzed 
by Pearson product moment correlation coefficient. Dose response curves of 
methacholine and Ang II were performed of each of the GFR tertiles and the 
differences of these curves were tested using repeated measures analysis of 



CHAPTER 3 
 
 
 

 58

Table 2. Correlation coefficients for renal function* 

Variable R P 
Vascular function   
    Endothelial dependent vasodilatation  -0.049 0.61 
    Endothelial independent vasodilatation -0.113 0.24 
    Phenylephrine contraction 0.089 0.35 
    Potassium chloride contraction 0.071 0.43 
Renin-Angiotensin system parameters   
    Angiotensin II contraction 0.011 0.91 
    Serum ACE-activity 0.186 0.21 
    ACE inhibitor usage 0.014 0.88 
Inflammatory parameters   
    C-reactive protein  0.058 0.66 
    sICAM 0.009 0.94 

 
* Correlation coefficient R and P value of relationship between estimated renal function and (as a continuous variable) 
and each variable listed in the table. 

 
variance test. All calculations were made with a standard statistical package 
(SPSS for Windows version 12.0.1). 

Results 

The population consisted of predominantly (87%) male patients, 72% had 3 
diseased coronary arteries. The estimated mean renal function was 74±13 
mL/min/1.732 (range 34-112).  At time of CABG, 58% of the patients were on 
ACE inhibitor therapy, 75% on aspirin, and 40% on lipid lowering medication.   
All patients showed normal, dilatory response, to endothelium independent 
vasodilatation (sodium nitrite).  On the basis of maximal response to 
methacholine, patients were grouped into 3 tertiles. As shown in figure 1 there 
was a considerable difference among the tertiles of endothelium dependent 
vasodilatation. As shown in table 1, patients in the first tertile (ie, those with 
less endothelium dependent vasodilatation) were older, with a lower prevalence 
of males than for patients in the other 2 tertiles. The 3 tertiles did not differ with 
regard body mass index, arterial pressure and heart rate, serum cholesterol, 
diabetes or the proportion of smokers. 
Serum creatinine was not different among the tertiles of endothelium dependent 
vasodilatation, neither was (MDRD) estimated GFR. Univariate linear regression 
analysis, using continues variables, confirmed maximal endothelium dependent 
vasorelaxation not to be associated with serum creatinine or estimated GFR 
(figure 2). Since diabetic patients, with relative glomerular hyperfiltration, are 
likely to mask these associations, we repeated additional analyses with the 
diabetic patients excluded. However, this did not change our results (data not 
shown). A posteriori we computation showed statistical power to detect a 
correlation of r2≥0.07 (based on 2-sided test; n=112; P<0.05; Power=0.80).17 
Additional analysis with correction for maximal achieved vasodilatation with 
sodium nitrite (%SN) instead of phenylephrine (%PE) did not change these 
findings (data not shown). Estimation of the GFR with the Cockcroft-Gault 
formula did not change these findings. In addition, serum creatinine and  
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estimated GFR were identical when patients were grouped according 
endothelium independent vasodilatation (maximal response to sodium nitric) 
(P=NS).  
Next, we studied the vascular responsiveness to the vasoconstrictors 
phenylephrine, potassium chloride and to Ang II. We did not observe a relation 
between these vasoconstrictors and estimated GFR (table 2). To further examine 
the possible involvement of the systemic RAS, we considered the relation 
between serum ACE activity and usage of ACE inhibitors with renal function. ACE 
activity and ACE inhibitor usage were also not associated with differences in 
renal function. Furthermore, performing stratified analysis for ACE inhibitor 
therapy did not reveal an association between vascular function and renal 
function parameters (data not shown). Finally, we evaluated the possible role of 
inflammatory markers with renal function. Both CRP and sICAM were not related 
with estimated GFR (figure I please see www.ahajournals.org). 
To evaluate to possible the relation of mild-moderate renal function impairment 
with vascular function, we grouped patients according to the median and, in 
addition, two clinical relevant renal function categories (estimated GFR <90 
versus GFR >90, and GFR <60 versus GFR >60 mL/min/1.73m2).18 Dose-
response curves for endothelial dependent relaxation and vascular 
responsiveness to Ang II for these renal function categories were constructed 
(for median, see figure 3). Repeated measurement analysis did not reveal any 
differences among these categorizations. 
 

Discussion 

In these patients with severe coronary artery disease, we observed a wide range 
of endothelium dependent vasodilatation of the internal thoracic artery. 
Compromised endothelium results in the loss of a powerful defense mechanism 

3 tertiles of endothelium dependent vasodilatation, response to methacholine. Data (mean±SEM) are expressed as 
percentage of phenylephrine (PE) precontraction. Differences among groups are significant (P<0.001).  

Figure 1. 
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against vascular and renal damage.19-21 Although the differences in endothelial 
function were considerable, it did not enable us to observe any associations with 
serum creatinine or estimated GFR. Furthermore, we did not found significant 
associations between the response to the potent vasoconstrictors phenylephrine,  
potassium chloride or Ang II with serum creatinine or estimated GFR. In addition 
to vascular response to Ang II, the other parameters of the RAS serum ACE 
activity and use of ACE  inhibitors were also not associated with renal function. 
Additionally, inflammatory markers were not related to renal function in our 
patients. Overall, this study did not demonstrate a relation between systemic 
vascular measurements and renal function in CABG patients.  The present study 
has a number of strengths. We performed detailed vascular measurements 
consisting of a 9-point dose-response curve for endothelium dependent 
vasodilatation and angiotensin II responsiveness in more than 100 patients. The 
range of endothelium dependent vasodilatation was considerable, enhancing the 
detection of potential differences in renal function parameters. In addition to 
vasodilatation, we assessed several potent vasoconstrictors to assess smooth 
muscle cell properties. The vascular measurements were all performed within 
one structured protocol by experienced biotechnicians. The a posteriori 
computation of statistical power showed that this study could detect a 

A.) Relationship between maximal vasodilatory response to methacholine (ME) with serum creatinin. B.) Relationship 
between maximal vasodilatory response to methacholine (ME) with estimated GFR. C.) Relationship between the 
tertiles of maximal vasodilatory response to methacholine (ME) and serum creatinine. D.) Relationship between the 
tertiles of maximal vasodilatory response to methacholine (ME) and estimated GFR. 

Figure 2. 
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correlation with an r2 of 0.07, i.e. a relationship where approximately 7% of the 
variability in renal function was explained by endothelial function. Thus, our 
negative findings are unlikely to be due to a lack of power. Most prior studies 
focused on the relation between renal and endothelial function in patients with 
chronic renal failure or severe renal function impairment.22-24 Only recently, 
Perticone et al studied untreated essential hypertensive patients with normal to 
mild renal function.6 In that study, endothelial dependent vasodilatation was 
correlated with serum creatinine levels and estimated renal function (r2=0.10 
and r2=0.04, respectively, both P<0.001). In addition, they observed a relation 
between serum CRP with estimated GFR.  We studied patients with similar renal 
function, carried out similar statistics and grouping of patients, and estimated 
GFR with the same formula. In addition, we performed more and detailed 
vascular measurements. In vitro assessment of vessels allowed us to determine, 
in addition to endothelium dependent and independent relaxation, the vascular 
responsiveness to potent vasoconstrictors. In contrast to the study of Perticone, 
the present study demonstrated no association of endothelial dependent 
vasodilatation on serum creatinine levels or estimated renal function. 
Furthermore, we did not observe a relation between CRP and estimated GFR. 
Several factors might explain these apparently discrepant findings. One of the 
major differences is the difference in the study population. Although both studies 
focused on patients in which endothelial function plays a crucial 
pathophysiological role, the origin of endothelial function impairment was 
dissimilar.25;26 Whereas Perticone studied uncomplicated, untreated essential 
hypertensive patients, we studied patients with severely diseased coronary 
arteries with a lower incidence of hypertension and lower blood pressure levels. 
Of note, the kidney is a well known target of hypertension. The previously 
reported association between endothelial function and renal function might 
therefore not result from one-other, but instead, from the common denominator 

Figure 3. 
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hypertension. Although some adjustments were made for blood pressure levels 
in the study of Perticone, other hypertension characteristics known to influence 
renal function were not taken into account, i.e. the duration of hypertension.27 
In addition, the individual susceptibility to develop renal insufficiency might be 
traced back to disturbances in the way the kidney autoregulates.28 Increased 
susceptibility for impaired renal autoregulation might merely be the renal 
manifestation of a more widespread abnormality in endothelial function. In that 
case, the kidney is less well protected from sustained elevations in arterial 
pressure, potentially making some subjects more vulnerable to subtle acquired 
injury, particularly in the setting of hypertension. Together, the study by 
Perticone, and the present study are suggesting that haemodynamic, i.e. blood 
pressure, may lead to renal injury instead of systemic endothelial dysfunction 
per se. The influence of atherosclerosis on renal function is not fully elucidated 
and remains to be established. Systemic endothelial dysfunction associated with 
atherosclerosis might not be a critical determinant contributing to mild renal 
dysfunction, in contrast to essential hypertension. 
The current study provides two new pathophysiological insights into the relation 
between vasomotor function and renal function impairment in coronary artery 
diseased patients. First, in atherosclerotic patients endothelium dependent 
dilatory function of the internal thoracic artery is not associated with renal 
function. Second, vasoconstrictor responses to phenylephrine and potassium 
chloride and, in addition, several markers of the RAS, namely vascular 
responsiveness to Ang II, serum ACE activity and use of ACE inhibitors, were 
also not associated with renal function in these patients. Thus, our findings 
suggest that in CABG patients renal function is, in contrast to hypertensive 
patients, not related to the functional integrity of the systemic endothelium.  
The present study has its limitations. This study provides cross-sectional 
observational data and therefore can only be used to generate new hypotheses. 
We were unable to determine local renal vascular responses to a NO agonist or 
antagonist and Ang II. Endothelial function has been demonstrated to be parallel 
in various vascular beds and endothelial dysfunction is considered a generalized 
condition. However, the functional heterogeneity of the vascular bed is also well-
established. Thus, we cannot exclude that the lack of association between our 
endothelial function estimates and renal function is due to functional disparity 
between the internal thoracic artery and the renal vascular bed.26 We studied 
vascular function in an ex vivo set up. An advantage of this set up is that it is 
not influenced by the sympathetic nervous system or by circulating 
neurohumoral factors or factors influencing vascular function originating from or 
cleared by the kidney. However, this can also be viewed as a limitation, as a 
possible role of these factors cannot be analyzed and thus will remain 
undetected. For example, the endogenous L-arginine analogue asymmetric 
dimethylarginine (ADMA) concentrations are raised in patients with renal 
dysfunction. Since ADMA inhibits eNOS it can diminish endothelium dependent 
vasodilatation.29 We cannot exclude that our estimation of GFR was not precise 
enough to find a correlation with vascular function. Indeed, the shortcomings of 
the MDRD formula, as well as other renal function equations in populations with 
only mildly impaired renal function is increasingly recognized.30 However, the 
association between mild renal function impairment and cardiovascular risk was 
established in several studies that also used the MDRD, or Cockcroft Gault 
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equation and considering tha lack of a generally accepted better estimate of 
renal function it would be best to comply with common practice in the literature, 
for sake of comparability.1;6;31 
Furthermore, no urine samples were taken so we have no information on urinary 
albumin excretion. Urinary albumin excretion is considered a more sensitive 
measure of early renal damage than glomerular filtration rate.32;33 Thus, the 
current study cannot exclude a possible association between urinary albumin 
excretion and systemic vascular function in this population, but this does not 
affect the conclusion on absence of a relationship between reduced glomerular 
filtration rate and endothelial function. 
Nevertheless, the present data are unique in their kind and provide novel 
pathophysiological insights. We are not aware of a larger series of detailed 
vascular assessment performed within a single structured protocol.  
In conclusion, this is the first study to study the relation between vascular 
function and renal function in patients with severe coronary artery disease. We 
did not found a relation between diminished endothelium-dependent relaxation 
and the presence of mild to moderate reduced renal function impairment. In 
addition, functional parameters of the systemic RAS, smooth muscle properties 
and inflammatory markers were not associated with renal function. The relation 
between vascular function and mild renal function impairment might be more 
complicated than previously thought. 
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Abstract 

High levels of C-reactive protein and soluble intercellular adhesion molecule 1 
are associated with increased risk for cardiovascular events. No long-term data 
is available on predictive value of preoperative C-reactive protein and soluble 
intercellular adhesion molecule 1 on the outcome after coronary artery bypass 
grafting. We measured baseline C-reactive protein and soluble intercellular 
adhesion molecule 1 in preoperative serum stored at -80°C of 87 coronary artery 
diseased patients before undergoing isolated coronary artery bypass grafting. 
Follow up was performed after a mean duration of 7.6±0.1 years and all 
cardiovascular events were recorded. Data were analyzed by dividing the 
patients into two groups according to the median value of C-reactive protein and 
soluble intercellular adhesion molecule 1. During follow up 16 patients 
experienced a cardiovascular event. In patients with C-reactive protein above 
the median (1.9 mg/L) the cumulative cardiovascular event incidence was 29% 
compared to 9% in patients below the median (P=0.048). In Cox-regression 
analysis, corrected for age, gender and conventional risk factors, the adjusted 
relative risk of cardiovascular events of C-reactive protein above median was 3.9 
(95% CI, 1.1 to 13.9; P<0.05). soluble intercellular adhesion molecule 1 level 
above the median (136μg/L) was associated with a cumulative cardiovascular 
event incidence of 21% versus 16% below the median (P=0.48). In conclusion, 
in patients undergoing coronary artery bypass grafting, elevated preoperative C-
reactive protein levels, but not soluble intercellular adhesion molecule 1 levels, 
were associated with long term risk of cardiovascular events, independent of 
other cardiac risk factors. 
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Introduction 

C-reactive protein has emerged as an important predictor of cardiovascular 
events in apparently healthy subjects1;2, but also in patients with myocardial 
infarction3, stable or unstable angina and after coronary conventional balloon 
angioplasty4 or stent implantation.5 Elevated levels of preoperative C-reactive 
protein has been associated with postoperative, in-hospital, outcome after 
coronary artery bypass grafting.6 However, no data is available on long-term 
outcome after coronary artery bypass grafting. Cellular adhesion molecules, 
expressed on the endothelial membrane, facilitate the adhesion and subsequent 
transendothelial migration of circulating leukocytes. Soluble intercellular 
adhesion molecule 1 can be found in plasma and is considered to be surrogate 
markers of their true endothelial expression. Indeed, in healthy men, soluble 
intercellular adhesion molecule 1 has been associated with risk of future 
myocardial infarction.1;7 However, the value of soluble intercellular adhesion 
molecule 1 in patients with established coronary artery disease remains to be 
determined. In this report, we analyzed the predictive value of preoperative C-
reactive protein and soluble intercellular adhesion molecule 1 levels on long term 
incidence of cardiovascular events in patients undergoing coronary artery bypass 
grafting.  

Methods and Results 

From 1994 to 1997, 187 patients underwent elective coronary artery bypass 
grafting and participated in the QUO VADIS study.8 Data on preoperative 
concentrations of C-reactive protein and soluble intercellular adhesion molecule 
1 were available in 87 patients who form the basis of the present study.9 
Selection of the patients in the present study was solely based on the availability 
of serum (at -80°C) to determine preoperative C-reactive protein and soluble 
intercellular adhesion molecule 1. The institutional review board approved this 
study, and written informed consent was obtained from each subject. All 
laboratory measures were made in a core facility, and a validated assay was 
used for high sensitive C-reactive protein and soluble intercellular adhesion 
molecule 1.9  
Long-term follow-up was performed by telephone contact. All cardiovascular 
events were validated by review of medical records. The outcome measure 
assessed was the time from coronary artery bypass grafting until the first 
occurrence of a component of the following: cardiovascular death, 
hospitalization for myocardial infarction, revascularization with percutaneous 
coronary intervention or re-coronary artery bypass grafting (if these procedures 
were performed at least 30 days after randomization), vascular surgery, and 
stroke as described previously.10 
Data are expressed as mean±SEM. Statistical significance of differences in 
baseline characteristics was assessed by unpaired Student t test or χ2 test when 
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Table 1. Distribution of baseline characteristics by baseline C-reactive protein 
and soluble intercellular adhesion molecule 1 concentrations 

 C-reactive protein Soluble intercellular 
adhesion molecule 1 

Variable Low  
(n=44) 

High 
(n=43) P Low 

(n=44) 
High  

(n=43) P 

Age, (years) 62.9±1.5 62.9±1.2 1.0 62.3±1.4 63.5±1.3 0.53 
Male/female 37/7 37/6 0.80 39/5 35/8 0.35 
Body mass index (kg/m2) 25.6±0.4 27.1±0.5 0.01 26.3±0.4 26.4±0.4 0.87 
Hypertension 26 21 0.24 21 25 0.33 
Diabetes Mellitus 3 6 0.28 3 6 0.28 
Smoker   0.01   0.48 
      Never smoked 11 5  8 8  
      Current smoker 4 12  6 10  
Number of coronary arteries 
narrowed 

  0.67   0.32 

   1 3 2  2 3  
   2 12 11  10 13  
   3 29 30  32 27  
NYHA class >II 23 23 0.90 22 24 0.40 
Prior angina pectoris 
(past/current) 

4/40 2/41 0.42 2/42 4/39 0.38 

Prior myocardial infarction 17 19 0.60 16 20 0.34 
Prior percutaneous coronary     
Intervention 

6 5 0.78 8 3 0.12 

Heart rate (bpm) 70.9±1.7 72.4±1.8 0.55 68.6±1.5 74.8±1.9 0.01 
Blood pressure (mm Hg)       
   Systolic  139.0±2.8 136.2±3.0 0.50 137.7±3.2 137.4±2.6 0.95 
   Diastolic 79.3±1.3 78.3±1.2 0.57 79.2±1.3 78.3±1.2 0.60 
Lipid concentrations (mmol/l 
[mg/dl]) 

      

   Total cholesterol 6.28±0.22 
[242±8] 

6.23±0.18 
[241±7] 

0.85 6.05±0.20 
[234±8] 

6.46±0.20 
[249±8] 

0.15 

   Low-density lipoprotein     
   Cholesterol 

4.18±0.16 
[161±6] 

4.28±0.18 
[165±7] 

0.67 4.08±0.13 
[158±5] 

4.38±0.20 
[169±8] 

0.21 

   High-density lipoprotein    
   Cholesterol 

1.05±0.04 
[41±2] 

1.01±0.04 
[39±2] 

0.51 1.01±0.04 
[39±2] 

1.05±0.04 
[41±2] 

0.47 

   Triglycerides 2.12±0.25 
[188±22] 

2.06±0.18 
[182±14] 

0.86 1.96±0.20 
[173±18] 

2.23±0.23 
[197±20] 

0.37 

Medication       
   Quinapril 20 22 0.60 16 26 0.03 
   Aspirin 38 32 0.16 37 37 0.75 
   Lipid lowering 18 18 0.93 19 17 0.73 
Follow-up time (years) 7.4±0.2 7.8±0.2 0.79 7.6±0.2 7.5±0.2 0.41 

 
 
appropriate. Cox proportional hazards multivariate stepwise regression analysis 
was used to compute hazard ratios as estimates of relative risk of C-reactive 
protein and cardiovascular events during the follow-up period. Covariates 
entered in this regression model were age, sex, diabetes, hypertension, number 
of diseased coronary vessels, smoking status, body mass index, total cholesterol 
and high-density lipoprotein cholesterol. Statistical analysis was performed with 
SPSS statistical software (SPSS, Chicago, IL, USA). All P values were 2-tailed, 
and a value <0.05 was considered to indicate statistical significance.  
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Of the 87 patients, 1 patient was lost to follow-up. Age at baseline was 62.9±0.9 
years, and 13 (15%) were women. Before coronary artery bypass grafting, 41% 
of patients had a history of myocardial infarction, and 13% had previously 
undergone a percutaneous coronary intervention. At baseline, total cholesterol 
was 6.3±0.1 mmol/L (242 mg/dL), low-density lipoprotein cholesterol was 
4.2±0.12 mmol/L (164 mg/dL), high-density lipoprotein cholesterol was 
1.03±0.03 mmol/L (40 mg/dL), and triglycerides 2.09±0.15 mmol/L (195 
mg/dL). Mean duration of follow-up was 7.6±0.14 years (median 7.7 years).  
The median C-reactive protein was 1.9 mg/L (interquartile range 0.9 to 4.7 
mg/L), the median soluble intercellular adhesion molecule 1 was 136 μg/L 
(mean 149±12). Baseline characteristics according to median C-reactive protein 
and soluble intercellular adhesion molecule 1 are presented in Table 1.  High C-
reactive protein was associated with higher body mass index and smoking (table 
2). High soluble intercellular adhesion molecule 1 was only associated with a 
small increase in average heart rate.  
During follow-up, 16 (19%) experienced a cardiovascular event, and 2 of these 
subjects had 2 events (Table 2). With C-reactive protein levels above the 
median (1.9 mg/L) the cumulative event incidence was 29% compared to 9% in 
patients below the median (P=0.048). C-reactive protein below median was 
associated with 69% fewer events (P<0.05). The relative risk for C-reactive 
protein above median was 3.1 (P<0.05). The age-, and sex-adjusted relative 
risk of cardiovascular events for C-reactive protein above median was 3.4 and 
after adjusting for conventional risk factors increased the relative risk to 3.8 
(table 3). Figure 1 shows the 7.7 years age-, and sex-adjusted cumulative event 
rate for C-reactive protein and soluble intercellular adhesion molecule 1. When 
only the more objective events (cardiac death, myocardial infarction, and 
stroke) were considered, C-reactive protein above median remained a moderate 
predictor (relative risk 4.3 [95% CI, 0.75 to 24.55; P=0.10) with adjustment for 
age-, sex- and conventional risk factors. 
With soluble intercellular adhesion molecule 1 levels above the median (136 
ug/L) the cumulative event incidences were 21% and with soluble intercellular 
adhesion molecule 1 below median 16% (non-significant difference).  

Cumulative cardiovascular event rate. Sex and age adjusted hazard ratios are shown for A) C-reactive protein 
(P<0.05) and B) soluble intercellular adhesion molecule 1 (P=NS) above and below its median value. 

 Figure 1.  
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Table 2. Index of Cardiovascular Events During Follow-Up 

  C-reactive protein 
  

Soluble intercellular adhesion 
molecule 1 

Outcome All 
patients Low High P-value Low High P-value 

Cardiac death 1 1  0.617 1  0.414 
Myocardial infarction 2  2 0.532 1 1 0.595 
Percutaneous coronary 
intervention 

2  2 0.138  2 0.138 

Re- coronary artery bypass 
grafting 

1 1  0.337  1 0.298 

Stroke 8 2 6 0.108 4 4 0.905 
Vascular surgery 4  4 <0.001 3 1 0.350 
Total events 16 4 12 0.021 7 9 0.582 

 

Discussion 

In this 7.6 years study in coronary artery bypass graft patients, we studied the 
association between the inflammatory markers C-reactive protein and soluble 
intercellular adhesion molecule 1 with future cardiovascular events. Stratification 
according to preoperative soluble intercellular adhesion molecule 1 was not 
associated with an increase in cardiovascular events in our patients. However, 
we must be cautious in concluding lack of relation considering our sample size. 
In contrast to soluble intercellular adhesion molecule 1, cardiovascular event 
rate was significantly increased in patients with a preoperative C-reactive 
protein level above the median of 1.9 mg/L. Increased preoperative C-reactive 
protein was associated with 3-fold increased risk for cardiovascular events, even 
after adjustment for conventional risk factors.  
 
Table 3. Relative risk of preoperative levels of C-reactive protein and soluble 

intercellular adhesion molecule 1 above median for cardiovascular events 

C-reactive protein Soluble intercellular adhesion molecule 1  

RR 95%CI P-value RR 95%CI P-value 
Univariate 3.14 1.01-9.86 0.048 1.43 0.53-3.84 0.48 
Model 1 3.44 1.09-10.84 0.035 1.39 0.52-3.74 0.51 
Model 2 3.84 1.04-14.2 0.043 1.59 0.53-4.77 0.41 

Model 1 is adjusted for age and sex. Model 2 is adjusted for age, sex, diabetes, hypertension, number of diseased 
coronary vessels, smoking status, body mass index, total cholesterol, and high-density lipoprotein cholesterol. 

 
The predictive value of C-reactive protein for recurrent cardiovascular events 
and death has been established previously in apparently healthy subjects1;2 and 
in patients with acute coronary syndromes11 or stroke12, among patients in the 
stable phase after myocardial infarction3, and among patients with documented 
coronary artery disease13. Our study suggests that even in a state of severe, 
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predominantly 3-vessel, coronary artery disease, in patients undergoing 
coronary artery bypass grafting, patients with increased C-reactive protein have 
an increased long-term risk of cardiovascular events. Previously, predictive 
value of C-reactive protein for in-hospital death after coronary artery bypass 
grafting was reported by others. Gaudino et al suggested that C-reactive protein 
>5.0 mg/L was not associated with in-hospital outcome in 113 coronary artery 
bypass graft patients14. However, Biancari et al reported a larger serie, involving 
764 patients, in which they did find preoperative serum C-reactive protein levels 
of  >1.0 mg/L to be associated with a significant increased risk of postoperative 
in-hospital death.6 In addition, Milazzo et al reported that coronary artery 
bypass graft patients with preoperative serum C-reactive protein level of >0.3 
mg/L had a significant increased risk to experience late ischemic events during a 
mean follow-up of 3.2 years.15 Unfortunately, they did not correct for other risk 
factors. Preprocedural C-reactive protein has also been reported to predict 
cardiovascular events in other settings, including conventional balloon 
angioplasty4 and coronary artery stent implantation5. Our median value of 1.9 
mg/L is very close to the frequently used C-reactive protein cut-off value of 2.0 
mg/L.11;16 Our data suggests that preoperative C-reactive protein assessment 
might identify those at increased risk after surgery to experience another 
cardiovascular event.  
Limitations of this study include its small sample size and will therefore require 
confirmation in larger prospective investigations. We studied only a limited 
number of patients and might have been underpowered to detect the prognostic 
importance of soluble intercellular adhesion molecule 1. Further work is needed 
to validate our findings in appropriate powered studies and to determine the 
appropriate values defining elevated C-reactive protein in this patient group. 
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Abstract 

High levels of C-reactive protein and soluble intercellular adhesion molecule 1 
are associated with increased risk for cardiovascular events. No long-term data 
is available on predictive value of preoperative C-reactive protein and soluble 
intercellular adhesion molecule 1 on the outcome after coronary artery bypass 
grafting. We measured baseline C-reactive protein and soluble intercellular 
adhesion molecule 1 in preoperative serum stored at -80°C of 87 coronary artery 
diseased patients before undergoing isolated coronary artery bypass grafting. 
Follow up was performed after a mean duration of 7.6±0.1 years and all 
cardiovascular events were recorded. Data were analyzed by dividing the 
patients into two groups according to the median value of C-reactive protein and 
soluble intercellular adhesion molecule 1. During follow up 16 patients 
experienced a cardiovascular event. In patients with C-reactive protein above 
the median (1.9 mg/L) the cumulative cardiovascular event incidence was 29% 
compared to 9% in patients below the median (P=0.048). In Cox-regression 
analysis, corrected for age, gender and conventional risk factors, the adjusted 
relative risk of cardiovascular events of C-reactive protein above median was 3.9 
(95% CI, 1.1 to 13.9; P<0.05). soluble intercellular adhesion molecule 1 level 
above the median (136μg/L) was associated with a cumulative cardiovascular 
event incidence of 21% versus 16% below the median (P=0.48). In conclusion, 
in patients undergoing coronary artery bypass grafting, elevated preoperative C-
reactive protein levels, but not soluble intercellular adhesion molecule 1 levels, 
were associated with long term risk of cardiovascular events, independent of 
other cardiac risk factors. 
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Introduction 

C-reactive protein has emerged as an important predictor of cardiovascular 
events in apparently healthy subjects1;2, but also in patients with myocardial 
infarction3, stable or unstable angina and after coronary conventional balloon 
angioplasty4 or stent implantation.5 Elevated levels of preoperative C-reactive 
protein has been associated with postoperative, in-hospital, outcome after 
coronary artery bypass grafting.6 However, no data is available on long-term 
outcome after coronary artery bypass grafting. Cellular adhesion molecules, 
expressed on the endothelial membrane, facilitate the adhesion and subsequent 
transendothelial migration of circulating leukocytes. Soluble intercellular 
adhesion molecule 1 can be found in plasma and is considered to be surrogate 
markers of their true endothelial expression. Indeed, in healthy men, soluble 
intercellular adhesion molecule 1 has been associated with risk of future 
myocardial infarction.1;7 However, the value of soluble intercellular adhesion 
molecule 1 in patients with established coronary artery disease remains to be 
determined. In this report, we analyzed the predictive value of preoperative C-
reactive protein and soluble intercellular adhesion molecule 1 levels on long term 
incidence of cardiovascular events in patients undergoing coronary artery bypass 
grafting.  

Methods and Results 

From 1994 to 1997, 187 patients underwent elective coronary artery bypass 
grafting and participated in the QUO VADIS study.8 Data on preoperative 
concentrations of C-reactive protein and soluble intercellular adhesion molecule 
1 were available in 87 patients who form the basis of the present study.9 
Selection of the patients in the present study was solely based on the availability 
of serum (at -80°C) to determine preoperative C-reactive protein and soluble 
intercellular adhesion molecule 1. The institutional review board approved this 
study, and written informed consent was obtained from each subject. All 
laboratory measures were made in a core facility, and a validated assay was 
used for high sensitive C-reactive protein and soluble intercellular adhesion 
molecule 1.9  
Long-term follow-up was performed by telephone contact. All cardiovascular 
events were validated by review of medical records. The outcome measure 
assessed was the time from coronary artery bypass grafting until the first 
occurrence of a component of the following: cardiovascular death, 
hospitalization for myocardial infarction, revascularization with percutaneous 
coronary intervention or re-coronary artery bypass grafting (if these procedures 
were performed at least 30 days after randomization), vascular surgery, and 
stroke as described previously.10 
Data are expressed as mean±SEM. Statistical significance of differences in 
baseline characteristics was assessed by unpaired Student t test or χ2 test when 
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Table 1. Distribution of baseline characteristics by baseline C-reactive protein 
and soluble intercellular adhesion molecule 1 concentrations 

 C-reactive protein Soluble intercellular 
adhesion molecule 1 

Variable Low  
(n=44) 

High 
(n=43) P Low 

(n=44) 
High  

(n=43) P 

Age, (years) 62.9±1.5 62.9±1.2 1.0 62.3±1.4 63.5±1.3 0.53 
Male/female 37/7 37/6 0.80 39/5 35/8 0.35 
Body mass index (kg/m2) 25.6±0.4 27.1±0.5 0.01 26.3±0.4 26.4±0.4 0.87 
Hypertension 26 21 0.24 21 25 0.33 
Diabetes Mellitus 3 6 0.28 3 6 0.28 
Smoker   0.01   0.48 
      Never smoked 11 5  8 8  
      Current smoker 4 12  6 10  
Number of coronary arteries 
narrowed 

  0.67   0.32 

   1 3 2  2 3  
   2 12 11  10 13  
   3 29 30  32 27  
NYHA class >II 23 23 0.90 22 24 0.40 
Prior angina pectoris 
(past/current) 

4/40 2/41 0.42 2/42 4/39 0.38 

Prior myocardial infarction 17 19 0.60 16 20 0.34 
Prior percutaneous coronary     
Intervention 

6 5 0.78 8 3 0.12 

Heart rate (bpm) 70.9±1.7 72.4±1.8 0.55 68.6±1.5 74.8±1.9 0.01 
Blood pressure (mm Hg)       
   Systolic  139.0±2.8 136.2±3.0 0.50 137.7±3.2 137.4±2.6 0.95 
   Diastolic 79.3±1.3 78.3±1.2 0.57 79.2±1.3 78.3±1.2 0.60 
Lipid concentrations (mmol/l 
[mg/dl]) 

      

   Total cholesterol 6.28±0.22 
[242±8] 

6.23±0.18 
[241±7] 

0.85 6.05±0.20 
[234±8] 

6.46±0.20 
[249±8] 

0.15 

   Low-density lipoprotein     
   Cholesterol 

4.18±0.16 
[161±6] 

4.28±0.18 
[165±7] 

0.67 4.08±0.13 
[158±5] 

4.38±0.20 
[169±8] 

0.21 

   High-density lipoprotein    
   Cholesterol 

1.05±0.04 
[41±2] 

1.01±0.04 
[39±2] 

0.51 1.01±0.04 
[39±2] 

1.05±0.04 
[41±2] 

0.47 

   Triglycerides 2.12±0.25 
[188±22] 

2.06±0.18 
[182±14] 

0.86 1.96±0.20 
[173±18] 

2.23±0.23 
[197±20] 

0.37 

Medication       
   Quinapril 20 22 0.60 16 26 0.03 
   Aspirin 38 32 0.16 37 37 0.75 
   Lipid lowering 18 18 0.93 19 17 0.73 
Follow-up time (years) 7.4±0.2 7.8±0.2 0.79 7.6±0.2 7.5±0.2 0.41 

 
 
appropriate. Cox proportional hazards multivariate stepwise regression analysis 
was used to compute hazard ratios as estimates of relative risk of C-reactive 
protein and cardiovascular events during the follow-up period. Covariates 
entered in this regression model were age, sex, diabetes, hypertension, number 
of diseased coronary vessels, smoking status, body mass index, total cholesterol 
and high-density lipoprotein cholesterol. Statistical analysis was performed with 
SPSS statistical software (SPSS, Chicago, IL, USA). All P values were 2-tailed, 
and a value <0.05 was considered to indicate statistical significance.  
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Of the 87 patients, 1 patient was lost to follow-up. Age at baseline was 62.9±0.9 
years, and 13 (15%) were women. Before coronary artery bypass grafting, 41% 
of patients had a history of myocardial infarction, and 13% had previously 
undergone a percutaneous coronary intervention. At baseline, total cholesterol 
was 6.3±0.1 mmol/L (242 mg/dL), low-density lipoprotein cholesterol was 
4.2±0.12 mmol/L (164 mg/dL), high-density lipoprotein cholesterol was 
1.03±0.03 mmol/L (40 mg/dL), and triglycerides 2.09±0.15 mmol/L (195 
mg/dL). Mean duration of follow-up was 7.6±0.14 years (median 7.7 years).  
The median C-reactive protein was 1.9 mg/L (interquartile range 0.9 to 4.7 
mg/L), the median soluble intercellular adhesion molecule 1 was 136 μg/L 
(mean 149±12). Baseline characteristics according to median C-reactive protein 
and soluble intercellular adhesion molecule 1 are presented in Table 1.  High C-
reactive protein was associated with higher body mass index and smoking (table 
2). High soluble intercellular adhesion molecule 1 was only associated with a 
small increase in average heart rate.  
During follow-up, 16 (19%) experienced a cardiovascular event, and 2 of these 
subjects had 2 events (Table 2). With C-reactive protein levels above the 
median (1.9 mg/L) the cumulative event incidence was 29% compared to 9% in 
patients below the median (P=0.048). C-reactive protein below median was 
associated with 69% fewer events (P<0.05). The relative risk for C-reactive 
protein above median was 3.1 (P<0.05). The age-, and sex-adjusted relative 
risk of cardiovascular events for C-reactive protein above median was 3.4 and 
after adjusting for conventional risk factors increased the relative risk to 3.8 
(table 3). Figure 1 shows the 7.7 years age-, and sex-adjusted cumulative event 
rate for C-reactive protein and soluble intercellular adhesion molecule 1. When 
only the more objective events (cardiac death, myocardial infarction, and 
stroke) were considered, C-reactive protein above median remained a moderate 
predictor (relative risk 4.3 [95% CI, 0.75 to 24.55; P=0.10) with adjustment for 
age-, sex- and conventional risk factors. 
With soluble intercellular adhesion molecule 1 levels above the median (136 
ug/L) the cumulative event incidences were 21% and with soluble intercellular 
adhesion molecule 1 below median 16% (non-significant difference).  

Cumulative cardiovascular event rate. Sex and age adjusted hazard ratios are shown for A) C-reactive protein 
(P<0.05) and B) soluble intercellular adhesion molecule 1 (P=NS) above and below its median value. 

 Figure 1.  
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Table 2. Index of Cardiovascular Events During Follow-Up 

  C-reactive protein 
  

Soluble intercellular adhesion 
molecule 1 

Outcome All 
patients Low High P-value Low High P-value 

Cardiac death 1 1  0.617 1  0.414 
Myocardial infarction 2  2 0.532 1 1 0.595 
Percutaneous coronary 
intervention 

2  2 0.138  2 0.138 

Re- coronary artery bypass 
grafting 

1 1  0.337  1 0.298 

Stroke 8 2 6 0.108 4 4 0.905 
Vascular surgery 4  4 <0.001 3 1 0.350 
Total events 16 4 12 0.021 7 9 0.582 

 

Discussion 

In this 7.6 years study in coronary artery bypass graft patients, we studied the 
association between the inflammatory markers C-reactive protein and soluble 
intercellular adhesion molecule 1 with future cardiovascular events. Stratification 
according to preoperative soluble intercellular adhesion molecule 1 was not 
associated with an increase in cardiovascular events in our patients. However, 
we must be cautious in concluding lack of relation considering our sample size. 
In contrast to soluble intercellular adhesion molecule 1, cardiovascular event 
rate was significantly increased in patients with a preoperative C-reactive 
protein level above the median of 1.9 mg/L. Increased preoperative C-reactive 
protein was associated with 3-fold increased risk for cardiovascular events, even 
after adjustment for conventional risk factors.  
 
Table 3. Relative risk of preoperative levels of C-reactive protein and soluble 

intercellular adhesion molecule 1 above median for cardiovascular events 

C-reactive protein Soluble intercellular adhesion molecule 1  

RR 95%CI P-value RR 95%CI P-value 
Univariate 3.14 1.01-9.86 0.048 1.43 0.53-3.84 0.48 
Model 1 3.44 1.09-10.84 0.035 1.39 0.52-3.74 0.51 
Model 2 3.84 1.04-14.2 0.043 1.59 0.53-4.77 0.41 

Model 1 is adjusted for age and sex. Model 2 is adjusted for age, sex, diabetes, hypertension, number of diseased 
coronary vessels, smoking status, body mass index, total cholesterol, and high-density lipoprotein cholesterol. 

 
The predictive value of C-reactive protein for recurrent cardiovascular events 
and death has been established previously in apparently healthy subjects1;2 and 
in patients with acute coronary syndromes11 or stroke12, among patients in the 
stable phase after myocardial infarction3, and among patients with documented 
coronary artery disease13. Our study suggests that even in a state of severe, 
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predominantly 3-vessel, coronary artery disease, in patients undergoing 
coronary artery bypass grafting, patients with increased C-reactive protein have 
an increased long-term risk of cardiovascular events. Previously, predictive 
value of C-reactive protein for in-hospital death after coronary artery bypass 
grafting was reported by others. Gaudino et al suggested that C-reactive protein 
>5.0 mg/L was not associated with in-hospital outcome in 113 coronary artery 
bypass graft patients14. However, Biancari et al reported a larger serie, involving 
764 patients, in which they did find preoperative serum C-reactive protein levels 
of  >1.0 mg/L to be associated with a significant increased risk of postoperative 
in-hospital death.6 In addition, Milazzo et al reported that coronary artery 
bypass graft patients with preoperative serum C-reactive protein level of >0.3 
mg/L had a significant increased risk to experience late ischemic events during a 
mean follow-up of 3.2 years.15 Unfortunately, they did not correct for other risk 
factors. Preprocedural C-reactive protein has also been reported to predict 
cardiovascular events in other settings, including conventional balloon 
angioplasty4 and coronary artery stent implantation5. Our median value of 1.9 
mg/L is very close to the frequently used C-reactive protein cut-off value of 2.0 
mg/L.11;16 Our data suggests that preoperative C-reactive protein assessment 
might identify those at increased risk after surgery to experience another 
cardiovascular event.  
Limitations of this study include its small sample size and will therefore require 
confirmation in larger prospective investigations. We studied only a limited 
number of patients and might have been underpowered to detect the prognostic 
importance of soluble intercellular adhesion molecule 1. Further work is needed 
to validate our findings in appropriate powered studies and to determine the 
appropriate values defining elevated C-reactive protein in this patient group. 
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Abstract 

The renin-angiotensin system is critically involved in the pathogenesis of 
atherosclerosis. Cholesterol increases the vascular responsiveness to angiotensin 
II by upregulation of the angiotensin II type 1 receptor. However, the effects of 
C-reactive protein (CRP) on vascular responsiveness to angiotensin II are 
unknown. We evaluated the in vitro vascular responsiveness to angiotensin II of 
the internal thoracic artery from patients undergoing coronary bypass grafting. 
We observed that both increased pre-operative CRP and increased cholesterol 
levels were strongly related to increased vascular responsiveness to angiotensin 
II (p<0.001 for both). However, angiotensin II mediated contraction was only 
increased pronounced when both the levels of CRP and cholesterol were jointly 
increased. In conclusion, our results suggest that CRP and cholesterol act 
synergistically on vascular responsiveness to angiotensin II. 
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Introduction  

The renin-angiotensin system is critically involved in the pathogenesis of 
atherosclerosis. Most of its detrimental effects are mediated through activation 
the angiotensin type 1 receptor.1 In vitro, exposure of vascular smooth muscle 
cells to cholesterol can markedly augment angiotensin type 1 receptor mRNA 
and protein expression.2;3 In a randomized clinical trial, we recently 
demonstrated that the vascular responsiveness to angiotensin II is reduced after 
statin treatment.4 We also demonstrated that the angiotensin II mediated 
responses were strongly related to serum cholesterol levels. In addition, in vitro 
exposure of C-reactive protein (CRP) also can lead to upregulation of the 
angiotensin type 1 receptor, and is related to increased neointimal formation in 
the rat carotid artery angioplasty model.5 However, whether the effects of CRP 
modify human vascular responsiveness to angiotensin II remains to be 
determined. Therefore, we studied the effects of CRP on vascular responsiveness 
to angiotensin II in thoracic arteries of a cohort of patients having coronary 
artery bypass grafting (CABG). In addition, we studied the possible additive 
effects of CRP with cholesterol on these vascular responses. 
 

Methods  

Segments of the human internal thoracic arteries were collected during elective 
CABG for stable angina in 24 consecutive patients in the University Medical 
Center Groningen of the University of Groningen, the Netherlands. Patient 
characteristics are presented in Table 1. Segments of the internal thoracic artery 
were immediately washed and transported to the laboratory in ice-cold Krebs 
solution. Vascular responsiveness to angiotensin II was assessed using isotonic 
displacement transducers studies, as described previously and expressed as 
percentage of the maximal constriction to phenylephrine afterwards.6 High 
sensitive CRP was determined by nephelometry with a threshold of 0.175 mg/L 
and intra- and inter-assay coefficients of < 4.4 and 5.7%, respectively (BNIIN, 
Dade Behring, Marburg, Germany). Data are presented as mean±SD or as 
indicated. Differences between group were tested with the Student t test and 
comparisons between complete concentration-response curves were made by 
repeated measure analysis of variance. The non-normally distributed CRP was 
transformed by natural logarithm to assess Pearson correlation coefficients 
(verified nonparametrically by Spearman’s correlation) with cholesterol. A two-
tailed P value of ≤0.05 was interpreted as indicating a statistical significant 
difference. All analyses were performed using SPSS version 12.0 software 
(SPSS, Chicago, IL, USA). 
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Results 

Patients characteristics are summarized in table 1. As a cutoff level for CRP and 
cholesterol we used the median value, 1.27 mg/l for CRP and 4.55 mmol/l (176 
mg/dl) for total cholesterol. Figure 1 illustrates the significant increased vascular 
responsiveness to angiotensin II in the high total cholesterol group (p<0.0001 
for repeated measurement). The maximal response to angiotensin II was also 
more pronounced in the higher total cholesterol group compared to the lower 
(40±27 versus 13±20 % phenylephrine, respectively; P<0.05). CRP levels above 
the median were also associated with an increased vascular responsiveness to 
angiotensin II as is illustrated in figure 1 (p<0.0001). When the maximal 
response to angiotensin II was considered, this was also augmented in patients 
with higher CRP levels (40±29 versus 13±17 % phenylephrine, respectively; 
P<0.05). 
 

Table 1. Patient characteristics 

Variable N=24 
Age, (years) 61 ± 10 
Men/women 21/3 
Hypertension 10 (42%) 
Smoker 
   Past 
   Current 

 
15 (63%) 
5 (21%) 

Diabetes Mellitus 4 (17%) 
Blood pressure (mm Hg) 
   Systolic 
   Diastolic 

 
131 ± 17 
77 ± 10 

Body Mass Index (kg/m2) 27 ± 4 
Canadian Cardiovascular Society (CCS) classification for 
angina severity 
   Class I  
   Class II  
   Class III 

 
 

7 (29%) 
13 (54%) 
4 (17%) 

History of myocardial infarction  5 (21%) 
Medication 
   β Blockers 
   Ca-channel antagonist 
   Nitrates 
   Statins 

 
21 (88%) 
16 (67%) 
19 (79%) 
20 (83%) 

Lipids, mmol/l (mg/dl)  
   Total Cholesterol 4.65 ± 1.41 (180 ± 54) 
   Low Density Lipoprotein Cholesterol 2.86 ± 1.14 (110 ± 44) 
   High Density Lipoprotein Cholesterol 1.01 ±  0.24 (39 ± 9) 
   Triglycerides 1.73 ± 0.81 (153 ± 72) 
C-reactive protein (mg/l) 1.27 [0.47-5.38] 

Data are means±standard deviations for continuous variables. For C-reactive protein, the median and interquartile range 
are shown. 
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There was not a significant correlation between cholesterol and CRP levels 
(r=0.123; p=0.473). Interestingly, analyzing additive effects of total cholesterol 
and CRP vascular responsiveness to angiotensin II was most pronounced in 
patients with both total cholesterol and CRP above the median value (figure 2; 
p<0.0001) indicating an important effect modification (interaction). Indeed, this 
finding was also significant (p<0.01) when both tested as a continuous variable. 
When testing low density lipoprotein cholesterol, instead of total cholesterol we 
obtained very similar results. However, high density lipoprotein was not related 
to vascular responsiveness to Angiotensin II. 

Discussion 

The current study suggests that increased CRP and increased cholesterol levels 
are interacting to increase human vascular responsiveness to angiotensin II.  
Elevated cholesterol levels constitute a major cardiovascular risk factor in men 
and women at all ages.7 Accumulating data indicates a link between lipids and 
the renin-angiotensin system.2-4;8 In cell cultures, cholesterol can upregulate the 
angiotensin type 1 receptor and consequently increase the response to 
angiotensin II.3 In hypercholesterolemic subjects, angiotensin type 1 receptor 
expression of platelets is increased compared to normocholesterolemic 
subjects.8 Moreover, angiotensin type 1 receptor expression and vascular 
responsiveness can be normalized by lipid lowering therapy.4;8 Inflammation is 
another hallmark in the development and progression of atherosclerosis.9 
Increased CRP levels are related to long-term prognosis in patients with 
documented coronary artery disease10 and in apparently healthy men.11 More 
recently, CRP is emerging as a proatherogenic mediator.12 Currently, known 
proatherogenic effects of CRP are activation of vascular smooth muscle cells13, 
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upregulating of the expression of adhesion molecules on endothelial cells14;15, 
and mediating cholesterol uptake by macrophages16. In parallel with cholesterol, 
CRP upregulates the angiotensin type 1 receptor, at least in cell cultures and 
rabbits.5 Interestingly, the mechanism by which cholesterol and CRP upregulates 
the angiotensin type 1 receptor differs. Cholesterol upregulates the angiotensin 
type 1 receptor through mechanisms that involve post-transcriptional mRNA 
stabilization.3 On the other hand, CRP causes increase in angiotensin type 1 
receptor mRNA expression, with no change in angiotensin type 1 receptor 
stability.5 It is conceivable that these different molecular mechanisms act 
synergistically on angiotensin type 1 receptor expression when both cholesterol 
and CRP levels are increased. Importantly, cholesterol as well as CRP increases 
angiotensin type 1 receptor number without changing receptor affinity for 
angiotensin II.3;5  
We now provide evidence that the joint effects of cholesterol and CRP on 
angiotensin type 1 receptor expression profoundly increase the vascular 
responsiveness to angiotensin II in humans. The present study is in line with a 
recent report evaluating CRP and cholesterol in the prediction of first 
cardiovascular events.17 The combined assessment of both CRP and cholesterol 
proved to be superior to predict future cardiovascular events than either 
biological marker alone. Event free survival was worse in the above median CRP 
– above median low density lipoprotein cholesterol compared to the other 3 
groups with one, or both, variables below median. It is tempting to speculate 
that part of the predictive value of combined evaluation of both CRP and 
cholesterol can be explained by their joint effects on the renin-angiotensin 
system.  
A limitation of the present study was its sample size, making it susceptible for 
biases (e.g. use of co-medication). Furthermore, serum cholesterol and CRP 
levels were only measured once, the day before surgery. We only demonstrated 
an association between CRP, cholesterol and vascular responsiveness to 
angiotensin II.  
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ABSTRACT

Background Both renal dysfunction and left ventricular hypertrophy (LVH) are signs of
end-organ damage, risk markers of cardiovascular (CV) disease and chronic heart failure.
In selected populations, such as diabetes or hypertension, renal dysfunction was related to
LVH. We studied the relation between renal dysfunction and LVH in a cross-sectional
study in 8,592 inhabitants from Groningen, The Netherlands.
Methods Standard 12-lead electrocardiograms were recorded, and LVH was classified using
the Cornell voltage duration product. Renal dysfunction was defined as creatinine clearance
<60 mL/min/1.73m2 and /or microalbuminuria (30-300mg/24h).
Results Electrocardiographical signs of LVH were present in 396 (5.3%) subjects. Subjects
with LVH were older and had a more extensive CV risk profile. LVH was more prevalent in
subjects with renal dysfunction than in those without (8% vs. 4%, P < 0.001). Multivariate
regression analysis demonstrated that renal dysfunction was independently related to a 1.47
times increased risk of the presence of LVH (95% CI 1.15 to 1.88; P = 0.009). In addition,
both creatinine clearance (OR 1.56; 95% CI 1.07 to 2.29; P = 0.044) and microalbuminuria
(OR 1.37; 95% CI 1.04 to 1.80; P = 0.024) were independently associated with the presence
of LVH.
Conclusion Subjects with mild renal dysfunction have a substantially higher risk of LVH on
electrocardiogram than those without renal dysfunction.
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INTRODUCTION

Left ventricular hypertrophy (LVH) is a manifestation of sub-clinical cardiovascular (CV)
end-organ damage and plays a prominent role in CV disease. Several factors in LVH
contribute to ventricular dysfunction and chronic heart failure on the long term.1;2 The
presence of LVH is an important independent risk factor for total and cardiovascular
mortality.3 Impaired renal function is another manifestation of end-organ damage.4

Several studies have demonstrated an association between renal dysfunction and LVH.5;6

However, these studies were only performed in selected populations, such as patients with
end-stage renal disease, untreated hypertension or diabetes mellitus type II.5;7;8 Therefore,
we investigated the association cross-sectionally between renal dysfunction and electro-
cardiographic LVH in a large cohort study.

METHODS

Study design and population
This study was performed in the subjects participating in the Prevention of REnal and
Vascular ENd-stage Disease (PREVEND) study. The PREVEND study is designed to
prospectively investigate the natural course of albuminuria and its relation to renal and
cardiovascular disease in a large cohort drawn from the general population. Details of the
study protocol have been described elsewhere.9 In summary, in the period 1997-1998, all
85,421 inhabitants of the city of Groningen, The Netherlands, aged 28 to 75 years were
sent a 1-page postal questionnaire (regarding demographics, use of medication and presence
of pregnancy) and a vial to collect an early morning urine sample. 40,856 subjects responded
(47.8%; Figure 1). Their vials were sent to a central laboratory where urinary albumin and
creatinine concentrations were measured. After exclusion of subjects with type 1 diabetes
mellitus (defined as the use of insulin), (possibly) pregnant women and those not able or
willing to participate, all subjects with a urinary albumin concentration (UAC) of ≥ 10
mg/L (n=7,768, group A) and a SPSS generated random sample of the 22,492 subjects
with a UAC < 10 mg/L (group B) were invited for further investigations in an outpatient
clinic and to collect two consecutive 24h urines. Taking into regard an expected non-
participation rate of around 15%, the number of subjects invited to form group B was
arbitrarily set at 3,395, in order to achieve an overall sample size of approximately 10,000
subjects. Of group A 6,000 subjects completed the screening protocol (77.2%) and of
group B 2,592 subjects (76.3%). These 8,592 subjects form the actual PREVEND baseline
cohort.

All subjects filled in a questionnaire concerning demographics, cardiovascular and renal
history. Antropometrical measurements were performed, as were blood pressure measurements.9

Fasting blood samples were taken and subjects collected twice 24h urine. We excluded
451 subjects because of erythrocyturia or leucocyturia since these laboratory abnormalities
may indicate the presence of urinary tract infection, which makes the assessment of the
exact amount of albuminuria unreliable. 117 subjects were excluded, because of the presence
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of macroalbuminuria, to exclude overt nephropathy. Furthermore, 81 subjects were excluded
because of missing electrocardiographic data and 17 subject because LVH could not be
determined on the electrocardiogram. In total 7,926 subjects were eligible for the analysis.

All subjects gave written informed consent. The local medical ethics committee approved
the PREVEND study and the study was conducted in accordance with the guidelines of the
declaration of Helsinki.

Laboratory methods
Urinary volume and albumin were measured in each collection.9 UAC and high sensitive
C-reactive protein were determined by nephelometry (Dade Behring Diagnostics, Marburg,
Germany). Leukocytes and erythrocytes were determined by urine stick (Nephur + leuco,
Boehringer Mannheim). Serum glucose, cholesterol, creatinine and urine creatinine were
determined by Kodak Ektachem dry chemistry (Eastman Kodak, Rochester, NY, U.S.A.).

Definitions
Urinary albumin excretion was measured as the mean of two 24h urine collections.
Normoalbuminuria was defined as urinary albumin excretion of <15 mg per 24h, high

Figure 1. Schematic overview of patient selection of the PREVEND-study.
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normoalbuminuria as urinary albumin excretion of 15-29.9 mg per 24h, microalbuminuria
as 30-300 mg per 24h and macroalbuminuria as urinary albumin excretion of >300 mg per
24h. Albumin measurements were considered unreliable when more than 75 leukocytes µL-1

or more than 50 erythrocytes µL-1 were measured in the urine. Creatinine clearance (CrCl)
was calculated as the mean of two 24h urine creatinine excretions divided by plasma
creatinine. CrCl was adjusted for body surface area, BSA = 0.007184 x weight0.425 x length0.725,
by dividing CrCl by BSA. Mild renal dysfunction was defined as CrCl < 60 mL/min/
1.73m2 and/ or the presence of microalbuminuria.5;9;10 To obtain body mass index (BMI)
weight (kg) was divided by the square of height (m2). Obesity was defined as BMI greater
than 30 kg/m2. Diabetes was defined as a fasting plasma glucose level of ≥ 7.0 mmol/L or
a non-fasting plasma glucose level of ≥ 11.1 mmol/L or the use of oral antidiabetic drugs.
Hypertension was defined as having a systolic blood pressure ≥ 140 mm Hg and/ or diastolic
blood pressure ≥ 90 mm Hg and/ or use of anti-hypertensive medication. Hypercholester-
olemia was defined as a serum cholesterol ≥ 6.5 mmol/L or a serum cholesterol ≥ 5.0
mmol/L if a history of myocardial infarction was present or the use of lipid lowering
medication.

Electrocardiography
Standard 12-lead electrocardiograms were recorded with Cardio Perfect equipment (Cardio
Control, Rijswijk, The Netherlands), stored digitally using the computer program MEANS
(Modular electrocardiogram Analysis System). Infarct patterns, suggestive of myocardial
infarction, were defined by Minnesota codes 1.1 and 1.2. Minnesota Codes 1.3, 4.1, 4.2,
4.3, 5.1, 5.2. and 5.3 were considered to be indicative for the potential presence for ischemia.
LVH was identified using Cornell voltage-duration product, which was calculated as follows:
RaVL + SV3 (with 6 mm added in women) times QRS duration. A threshold of 2440
mm·ms was used to identify LVH.11

Statistical analyses
Differences between continuous variables were tested by a Student’s t-test or Mann-Whitney
U test when appropriate. Differences in proportions were tested using a Chi-square test or
Fisher’s exact test. Continuous variables were modeled with indicator variables into tertiles,
and odds ratios (OR) were calculated for the two highest tertiles compared with the lowest
(reference) tertile. Logistic regression analysis was performed to determine independent
associations with electrocardiographic LVH. Data are expressed as OR and corresponding
95% confidence intervals (CIs). The variables with P < 0.10 in the univariate regression
analysis were used in the multivariate regression analysis. A P < 0.05 was considered as
significant. Analyses were performed using the statistical package SPSS 11.0.

RESULTS

Baseline characteristics
Using the Cornell voltage-duration product 396 (5.3%) subjects were identified with
electrocardiographic LVH. Mild renal dysfunction was present in 1311 subjects (16.6% of
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Table 1. Baseline characteristics of participants of PREVEND with and without left ventricular hypertrophy
(LVH) on electrocardiogram.

No LVH (n=7530) LVH (n=396) P-value

Age (years) 49 (12) 53 (14) <0.001

Sex (male, %) 3858 (51) 206 (52) 0.023

Smoking (n, %) 3364 (45) 155 (40) 0.008

Medical History
Diabetes  (n, %) 111 (1.5) 12 (3.0) 0.007
Myocardial infarction (n, %) 289 (4) 46 (12) <0.001
Hypertension (n, %) 2208 (30) 206 (53) <0.001
Hypercholesterolemia (n, %) 1816 (25) 111 (29) 0.096

Obesity (n, %) 1114 (15) 62 (16) 0.668
Anti-hypertensive medication (n, %) 818 (11) 75 (19) <0.001
Lipid lowering therapy (n, %) 434 (6) 29 (8) 0.163

Physical examination
Heart rate (bpm) 67 (12) 67 (14) 0.573
Systolic BP (mm Hg) 128 (19) 139 (25) <0.001
Diastolic BP (mm Hg) 74 (10) 77 (11) <0.001
Body Mass Index (kg/m2) 26.0 (4.2) 25.7 (4.4) 0.253
Creatinine (µmol/L) 83 (15) 86 (31) 0.098
Creatinine clearance  (mL/min/1.73m2) 93 (21) 89 (23) <0.001

Creatinine clearance 358 (5) 36 (9)
<60 (mL/min/1.73m2) (n, %)

UAE (mg/L/24h)* 9.0 (6.2-16.3) 11.0 (7.3-24.9) <0.001
UAE 0.0-14.9  (n, %) 5468 (73) 252 (63)
UAE 15.0-29.9 (n, %) 1123 (15) 58 (15)
UAE 30.0-300 (n, %) 939 (12) 86 (22)

Mild renal dysfunction (n, %) 1211 (15) 108 (27) <0.001

C-Reactive Protein (mg/L)* 1.2 (0.5-2.9) 1.3 (0.5-2.8) 0.899

Cholesterol (mmol/L) 5.6 (1.1) 5.7 (1.1) 0.648

BP, blood pressure. UAE, urinary albumin excretion. Mild renal dysfunction; creatinine clearance < 60 mL/min/
1.73m2 and/ or microalbuminuria . All continuous variables are presented as mean  (SD), if * is present continuous
variable are presented in median value (25th-75th)

the total population). Creatinine clearance < 60mL/min/1.73m2 was present in 5.0% and
microalbuminuria in 12.9% of the total population. The baseline characteristics of subjects
identified with or without LVH are presented in Table 1. Subjects with LVH were significantly
older, more frequently male, and had higher blood pressures. Also, diabetes and history of
myocardial infarction were more frequently present in subjects with LVH. Smoking was
less frequently present in subjects with LVH (40% vs. 45%).

Subjects with mild renal dysfunction had more often LVH (8% vs. 4%; P < 0.001). Of
the subjects with LVH, 186 (47%) did not have hypertension.
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LVH regression analysis
After adjustment of confounding factors, such as age, sex, diabetes, myocardial infarction,
systolic and diastolic blood pressure and anti-hypertensive medication, mild renal dysfunction
remained associated with a 1.47 times (P = 0.003) increased risk for LVH (Table 2). Since
we used a composite parameter renal function we studied the subjects with microalbuminuria
or with a creatinine clearance < 60mL/min/1.73m2 in more detail. In both populations
LVH was equally present. Also no differences were found in age, diabetes or history of
myocardial infarction. In subjects with microalbuminuria males were frequently more pre-
sent and also had higher blood pressures. We therefore subdivided the composite parameter
renal function (microalbuminuria and creatinine clearance < 60mL/min/1.73m2) and both

Figure 2. Bar graph of the additional value of mild renal dysfunction with increasing tertiles of systolic blood
pressure for diagnosing LVH in this population.

Table 2. Multivariate associations with left ventricular hypertrophy.

Mild renal dysfunction Microalbuminuria CrCl < 60 mL/min/1.73m2

OR (95% CI) OR (95% CI) OR (95% CI)

Model 1 1.97 (1.56-2.48)*** 1.95 (1.52-2.50) *** 2.01 (1.40-2.88) ***

Model 2 1.73 (1.36-2.19) *** 1.70 (1.31-2.20) *** 1.72 (1.19-2.49)**

Model 3 1.47 (1.15-1.88)** 1.37 (1.04-1.80)* # 1.56 (1.07-2.29)* #

Data are expressed as Odds ratio (95% confidence interval).
Model 1: Univariate analysis
Model 2: Multivariate model adjusted for age and sex.
Model 3: Multivariate model final model: adjusted for age, sex, diabetes, myocardial infarction, systolic

and diastolic blood pressure and anti-hypertensive medication.
*  P<0.05, **P<0.01 and  *** P<0.001
# both included into the same model.
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remained statistically significant in the multivariate analyses (Table 2). In addition, LVH
was significantly associated with systolic blood pressure (respectively for the 2nd and 3rd

tertile: odds ratio 1.24 (0.89-1.73) and 1.95 (1.34-2.82); P = 0.001) and a history of
myocardial infarction (odds ratio 2.82 (1.99-4.01); P < 0.001). Figure 2 illustrates the
additional value of mild renal dysfunction in subjects of various degrees of systolic blood
pressure.

The association of mild renal dysfunction with LVH was consistent across pre-specified
subgroups, including men and women, patients with a history of myocardial infarction,
those with and without diabetes, those with younger and older age or among various blood
pressure levels (Figure 3).

Figure 3. Odds Ratio’s of mild renal dysfunction for LVH in prespecified subgroups.  Presented are the odds
ratio’s of the multivariate analysis within each subgroup, adjusted for age, sex, diabetes, myocardial infarction,
systolic and diastolic blood pressure, and anti-hypertensive medication.
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Since electrocardiographic LVH have some similar ECG patterns as the presence of
possible electrocardiographic myocardial ischemia, we adjusted the association of mild renal
dysfunction for the presence of ischemia. This did not alter the observed association indicating
electrocardiographic ischemia was not a confounder (OR; 1.74[1.36-2.21]).

Additionally, we explored whether the association of mild renal dysfunction and LVH
was confounded by the selection criteria of our study population (UAC >= 10 mg/L or < 10
mg/L). The addition of these selection criteria into the multivariate analysis did not alter
the association between renal dysfunction and LVH (OR; 1.41 [1.08-1.82]) and has,
therefore, no effect on the observed association. In a secondary analysis we evaluated
interaction terms between the variables of the multivariate analysis and also the selection
criteria. No significant interaction term was found in the multivariate analysis.

DISCUSSION

This study shows a clear relationship between two manifestations of early cardiovascular
end-organ damage, LVH and renal dysfunction, in an apparently healthy population at
large. This association remained statistically significant after adjustment for several
confounding factors, such as age, gender, systolic blood pressure and myocardial infarction.
Interestingly, almost half of the subjects with LVH did not have hypertension.

Importantly, both mild renal dysfunction and LVH are markers of end-organ damage
and are known to be well-established risk markers for cardiovascular morbidity and mortality.
3;4 The association between mild renal dysfunction and LVH can be explained by several
mechanisms. If we assume a causal relationship, a bidirectional interaction is suggested.
First, LVH might be caused by renal dysfunction, for example by renal anemia12 or increased
sodium retention, both leading to an increased cardiac workload. Second, renal dysfunction
might be caused by LVH, for instance through forward failure by primary conditions, such
as hypertrophic cardiomyopathy, or secondary conditions, such as myocardial infarction/
ischemia13 and aortic valve stenosis. The most probable explanation however for the
association between LVH and mild renal dysfunction is an intermediate factor, which is
both associated with renal dysfunction and LVH. For example, hypertension, diabetes,
endothelial dysfunction, activated renin-angiotensin system.14-17 Interestingly, AT1-antagonist
have been proven beneficial in both renal dysfunction and LVH18;19, this may therefore
suggest that angiotensin II may play a causal role in the pathophysiology of renal dysfunction,
LVH and their associated increased risk for cardiovascular morbidity and mortality.

The broad definition of renal dysfunction reflects a spectrum of renal conditions, which
are the result of several pathophysiological mechanisms in the kidney. Currently it is believed
that microalbuminuria is, besides a marker of generalised vascular disease, a reflection of
abnormalities in glomerular filtration rate e.g. glomerular hyperfiltration. Glomerular
hyperfiltration is considered as one of the pathophysiological mechanisms for the development
of diabetic and nondiabetic renal disease.9;20

The results of this study might have clinical implications. The increased prevalence of
LVH in patients with mild renal dysfunction, might explain the increased risk for
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cardiovascular death.21 Therefore, physicians should be aware of this association and actively
screen for other signs of LVH if mild renal dysfunction is detected. Importantly, even in the
lowest tertile of systolic blood pressure (<117 mm Hg), mild renal dysfunction tended to be
associated with LVH, illustrating an independence of blood pressure. Nevertheless, the risk
accumulated with increasing blood pressure (Figure 2).

Limitations
This study provides cross-sectional observational data and therefore can only be used to
generate new hypotheses. Due to the epidemiological nature of the study, no clinical data
or data about known predictors of LVH, e.g. valve disorders or presence of myocardial
ischemia, were obtained. We used electrocardiogram to identify subjects with LVH, not
echocardiograms. Therefore, the possibility exists that several subjects with LVH were not
detected or falsely identified.

However, strong points of this study are the large size of the population, the reliable
way of measuring microalbuminuria by two 24h urine collections, and the computerised
electrocardiogram analysis thereby avoiding intra- and inter-observer bias.

CONCLUSIONS

Our study shows that in this large population subjects with mild renal dysfunction have a
higher prevalence of LVH on electrocardiogram than those without renal dysfunction. We
hypothesized that this finding may, in part, explain the increased risk for cardiovascular
morbidity and mortality that is observed in subjects with mild renal dysfunction.
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Abstract 

Recent evidence demonstrates that intensive lipid-lowering therapy with high 
dose statin provides significant clinical benefit beyond moderate lipid lowering 
therapy. However, dose-dependent effects of short-term statin therapy on 
vascular function have not been demonstrated. We studied endothelial function 
and, in addition, vascular responsiveness to angiotensin II in coronary artery 
diseased patients randomized to low or high dose atorvastatin (10 or 80 mg), or 
placebo. Internal thoracic artery segments were obtained during coronary 
bypass surgery and studied in vitro. Endothelium dependent vasodilatation was 
improved with atorvastatin therapy (p=0.035), but was significantly further 
improved with atorvastatin 80 mg as compared to 10 mg treated patients 
(p=0.05). Endothelium improvement was accompanied by reduced vascular 
response to angiotensin II (p=0.039). These findings suggest a mechanism for 
the clinical benefit of intensive lipid lowering treatment in coronary heart 
disease.  
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Introduction 

Evidence is showing that intensive lipid-lowering therapy with 80 mg of 
atorvastatin per day in patients with stable coronary artery disease provides 
significant clinical benefit beyond that afforded by treatment with 10 mg per 
day.1 The endothelium is recognized as an important target for therapy, 
particular for cholesterol-lowering drugs.2 Recent studies have indicated that 
patients with elevated LDL-cholesterol may, in addition, also display increased 
vascular responses to angiotensin II.3;4 Changes in vasomotor function are 
thought to precede atherosclerosis and its clinical consequences. To date, no 
evidence exists to support additional beneficial effects of high dose statin 
treatment on vascular function, providing a possible mechanism. In the present 
study, we assessed the short-term effects of high and low dose statin treatment 
on endothelial function and responsiveness to Angiotensin II in humans.  
 
Table 1. Clinical backgrounds 

Variable Total Population 
(N=156) 

Vascular Measurements Obtained 
(N=46) 

Age – (years) 62.8±8.6 61.9±8.5 
Male/female 142/14 40/6 
Hypertension 29 (19%) 10 (22%) 
Cigarette Smoker 11 (7%) 6 (13%) 
Previous myocardial infarction 52 (33%) 12 (26%) 
Previous PCI/CABG 24/1 4/0 
Blood pressure – (mmHg)   
 Systolic 130±16 132±16 
 Diastolic 76±10 78±12 
Concurrent Medication   
 Beta-blockers 132 (85%) 41 (89%) 
 Calcium channel blockers 96 (62%) 27 (59%) 
 Nitrates 124 (79%) 43 (93%) 
 Anti coagulant 149 (96%) 45 (98%) 
Days on study medication 28.4±10.9 27.7±7.4 

PCI = percutanuous intervention ; CABG = coronary artery bypass grafting; Anti coagulants includes antiplatlet drugs.  

 

Methods 

This study was designed in a prospective, randomized, double-dummy, double-
blinded, placebo-controlled manner with 3 parallel groups of patients scheduled 
for elective coronary artery bypass grafting. Treatment of any cholesterol-
lowering agent, angiotensin converting enzyme inhibitors or angiotensin II 
receptor antagonists was not allowed within 4 weeks of enrolment up to 
completion of the study. Patients were randomized to 1 of the 3 treatment arms 
receiving (daily p.o.) 80 mg atorvastatin, 10 mg atorvastatin or matching 
placebo. The institutional review board approved the study and all patients 
provided written informed consent.  
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During coronary artery bypass grafting, when available, segments of internal 
thoracic arteries were collected as excess graft material and transported 
immediately to the laboratory, where in vitro vascular measurements were 
performed within 6 hours of harvesting as published previously.5;6 In brief, rings 
were checked for viability by repeated stimulation (3-4 times) with 10 μmol/L 
phenylephrine. Rings that failed to produce a contractile response to 
phenylephrine of at least 100 μm displacement were discarded from further 
experiments. Endothelial dependent relaxation was studied by response to 
methacholine. Endothelium independent relaxation was studied by the response 
to a single high concentration of sodium nitrite (NaNO2; 10 mmol/L; yields 
approximately 10 nmol/L nitric oxide).7 Vascular responsiveness to Angiotensin 
II was studied as described previously.5;6 A reference response was evoked by 
stimulation with 60 mmol/L potassium chloride to produce maximal constriction. 

Placebo  Atorvastatin 10 mg  Atorvastatin 80 mg  

Fasting lipids in each group. Total and LDL cholesterol levels decreased in atorvastatin treated groups (both, p<0.001). 
Triglycerides were significantly decreased only in atorvastatin 80 mg (p<0.05). Total and LDL cholesterol at CABG was 
lower in the atorvastatin 80 mg versus 10 mg treated group (both, p<0.05). 

 

Figure 1. 
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Changes in lipid profile within groups were analyzed with paired-samples0 T-
tests and between groups with independent-sample T Tests. Complete dose-
response curves were tested using repeated measures analysis of variance test. 
All analyses were 2-tailed, and a p-value of ≤ 0.05 was considered to indicate 
statistical significance. Data are presented as mean values ± SD, unless 
otherwise specified. All statistical calculations were made with SAS software 
package v8.2 by SAS institute.  

Results 

Baseline characteristics of patients studied are presented in table 1. A segment 
of internal thoracic artery was collected from 116 (74%) patients. Of the 
collected vessels, adequate control responses could be evoked in 46 (40%) 
patients for the endothelial dependent relaxation and in 40 (34%) patients for 
the responsiveness to angiotensin II. However, there were no essential 
differences in baseline characteristics of patients with adequate control 
responses compared to the total population (table 1). On average patients were 
treated for 28 days. Effect of high and low dose statin treatment was 
comparable with the recently published Treating to New Targets Study (figure 
1).1 
Endothelium measurements and vascular responses to angiotensin II are 
presented in figure 2. Endothelium dependent vasodilatation was improved with 
atorvastatin therapy (p=0.035), but significantly further improved with 
atorvastatin 80 mg as compared to 10 mg treated patients. Endothelial 
dependent vasodilatation was not associated with serum cholesterol levels 1 day 
before surgery. Endothelium-independent vasodilatation did not differ among 
the 3 groups (data not shown). Vascular responsiveness to angiotensin II was 
decreased by statin therapy, albeit not dose-dependently, and seemed to be 
strongly related to serum cholesterol levels of the day before surgery. 
Contractions to phenylephrine and KCl did not differ among groups (data not 
shown). 

Discussion 

Recently, the Treating to New Targets study established significant clinical 
benefit of intensive lipid-lowering therapy with 80 mg of atorvastatin per day as 
compared to treatment with 10 mg of atorvastatin.1 Our findings suggest that 
this clinical benefit might be preceded with pathophysiologically relevant 
improvements of vascular function.   
In good agreement with the current findings are previous experimental studies 
indicating that statins can dose-dependently increase the production of nitric 
oxide by activation of endothelial nitric oxide synthase and by increasing its 
mRNA half-life, independent of cholesterol levels.8;9 Decreased endothelium 
 



INTENSIVE VERSUS MODERATE LIPID LOWERING ON ANGIOTENSIN II RESPONSIVENESS 
 
 
 
 

 103 

dependent relaxation in coronary and systemic arteries have been associated 
with cardiovascular risk factors and events.10;11 Another novel finding of this 
study are the new insights on effects of statin treatment beyond endothelium 
function. Previously, we demonstrated in hypercholesterolemia a strong 
associated with upregulation of AT1 receptor.3;4 These findings support our 
notion that angiotensin II responsiveness is strongly associated with serum 
cholesterol levels. However, elucidation of the exact mechanism how statins, or 
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Figure 2. 

Data are presented as Mean±SEM. A.) Endothelium dependent vasodilatation to methacholine (ME) of each group
expressed as the percentage of displacement induced by phenelephrine precontraction.  The endothelium dependent
vasodilator response was improved in statin treated patients compared to placebo (p<0.01) and even further improved 
in patients on high dose atorvastatin (p=0.05), compared to placebo or low dose atorvastatin. B.) Endothelium
dependent vasodilatation according to tertiles of cholesterol (non-significant). C.) Vascular responsiveness to angiotensin 
II (Ang II) of each group.  Vasoconstrictor response to Ang II was reduced in statin treated patients as compared to
placebo (p<0.05), but was not different between high and low dose atorvastatin treatment. D.) Vascular responsiveness 
to Ang II according to tertiles of cholesterol. Responses to Ang II were associated to serum cholesterol levels 1 day
before surgery (p<0.01). 
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cholesterol, effects the responsiveness to angiotensin II and endothelium 
function is complicated by the functional interplay between nitric oxide and the 
renin-angiotensin system (for review see Yan12). Furthermore, the observed 
changes might only be one of many changes elicited by statin treatment 
resulting in reduction in clinical events.  
A drawback of the present study was that vascular measurements were only 
obtained from 40% of the available vessels,  which was lower than anticipated, 
based on our previous experiments.5;6 We assume differences in current 
operation and preservation techniques of the arteries to be responsible for this 
difference, rather than differences in baseline characteristics (see table 1). 
Moreover, considering the principles of randomization and double-blinded 
treatments, and given that the decision of the surgeon not to obtain vascular 
material or the laboratory analyst judgement of control responses were not 
based on knowledge of the treatment patients received, the remaining 
analyzable vessels provided an unbiased comparison of the true effect of 
different dosage of atorvastatin versus placebo. This does not withstand that we 
are the first to report dose-dependent effects of atorvastatin with in vitro 
vascular measurements of human arteries.  
 
Acknowledgments 

We acknowledge the excellent technical assistance of Azuwerus van Buiten and 
Marjolijn Hensens and statistical assistance of the Trial Coordination Center. This 
study was supported in part by a grand from Pfizer, Cappelle a/d IJssel, The 
Netherlands. The sponsors of the study had no role in study design, data 
collection, data analyses, data interpretation, or writing of the report. P.van der 
Harst is supported by ZON-MW (920-03-236). Dirk J. van Veldhuisen. is an 
established investigator of the Netherlands Heart Foundation (Grant D97-017). 
 

References 

1. LaRosa JC, Grundy SM, Waters DD, Shear C, Barter P, Fruchart JC, Gotto AM, Greten H, Kastelein JJ, 
Shepherd J, Wenger NK. Intensive lipid lowering with atorvastatin in patients with stable coronary disease. N 
Engl J Med. 2005;352:1425-1435. 

2. Treasure CB, Klein JL, Weintraub WS, Talley JD, Stillabower ME, Kosinski AS, Zhang J, Boccuzzi SJ, Cedarholm 
JC, Alexander RW. Beneficial Effects of Cholesterol-Lowering Therapy on the Coronary Endothelium in Patients 
with Coronary Artery Disease. N Engl J Med. 1995;332:481-487. 

3. Nickenig G, Sachinidis A, Michaelsen F, Bohm M, Seewald S, Vetter H. Upregulation of Vascular Angiotensin II 
Receptor Gene Expression by Low-Density Lipoprotein in Vascular Smooth Muscle Cells. Circulation. 
1997;95:473-478. 

4. Nickenig G, Baumer AT, Temur Y, Kebben D, Jockenhovel F, Bohm M. Statin-Sensitive Dysregulated AT1 
Receptor Function and Density in Hypercholesterolemic Men. Circulation. 1999;100:2131-2134. 

5. Oosterga M, Voors AA, Buikema H, Pinto YM, Haber HE, Ebels T, Morshuis WJ, Kingma JH, Crijns HJ, van Gilst 
WH. Angiotensin II formation in human vasculature after chronic ACE inhibition: a prospective, randomized, 
placebo-controlled study. QUO VADIS Investigators. Cardiovasc Drugs Ther. 2000;14:55-60. 

6. Buikema H, Grandjean JG, van den BS, van Gilst WH, Lie KI, Wesseling H. Differences in vasomotor control 
between human gastroepiploic and left internal mammary artery. Circulation. 1992;86:II205-II209. 

7. Feelisch M. The Biochemical Pathways of Nitric-Oxide Formation from Nitrovasodilators - Appropriate Choice of 
Exogenous No Donors and Aspects of Preparation and Handling of Aqueous No Solutions. J Cardiovasc 
Pharmacol. 1991;17:S25-S33. 

8. Laufs U, La F, V, Plutzky J, Liao JK. Upregulation of endothelial nitric oxide synthase by HMG CoA reductase 
inhibitors. Circulation. 1998;97:1129-1135. 

9. Hernandez-Perera O, Perez-Sala D, Navarro-Antolin J, Sanchez-Pascuala R, Hernandez G, Diaz C, Lamas S. 
Effects of the 3-Hydroxy-3-methylglutaryl-CoA Reductase Inhibitors, Atorvastatin and Simvastatin, on the 
Expression of Endothelin-1 and Endothelial Nitric Oxide Synthase in Vascular Endothelial Cells. J Clin Invest. 
1998;101:2711-2719. 

10. Vita JA, Treasure CB, Nabel EG, McLenachan JM, Fish RD, Yeung AC, Vekshtein VI, Selwyn AP, Ganz P. 
Coronary vasomotor response to acetylcholine relates to risk factors for coronary artery disease. Circulation. 
1990;81:491-497.



93

V A L I D A T I O N  O F  E S T I M A T E D  R E N A L  F U N C T I O N  I N  H E A R T  F A I L U R E

Chapter 8

Formulas Estimating Renal Function are Inaccurate

and Biased in Patients with Chronic Heart Failure

Tom D.J. Smilde, Dirk J. van Veldhuisen, Gerjan Navis,

Adriaan A. Voors and Hans L. Hillege



C H A P T E R  8

94

ABSTRACT

Background Renal function is an important risk marker for morbidity and mortality in
chronic heart failure (CHF). Renal function is often estimated using creatinine-based
formulas. However, these formulas have never been validated in a CHF population.
Objective To validate three commonly used formulas estimating glomerular filtration rate
(GFR) with true GFR in CHF patients.
Methods In 101 CHF patients (age 57±13 years, LVEF 0.28±0.10 and NYHA 2.3±0.8) we
measured 125I-iothalamate clearance. Cockcroft-Gault (GFRcg), the Modification of Diet in
Renal Disease (MDRD), and the simplified MDRD (sMDRD) equations were used as
creatinine-based renal function estimations. Furthermore, 24h creatinine clearance (CrCl)
was determined. The GFR, GFRcg and CrCl were all corrected for body surface area (BSA).
The Bland-Altman method was used to compare these formulas with the true GFRBSA.
Results Mean true GFRBSA was 75±27 mL/min/1.73m2. Mean values for estimated GFR
were 70±25, 67±21, 63±19 and 63±18 mL/min/1.73m2 for CrClBSA, GFRcg-BSA, MDRD
and sMDRD, respectively. Mean bias was –6%, -7%, -13%, and –12% for CrClBSA, GFRcg-

BSA, MDRD and sMDRD. Precision (r2) was 0.56, 0.62, 0.71, and 0.68 for CrClBSA, GFRcg-

BSA, MDRD and sMDRD. The 30 % accuracy (% of values within 30% of true GFR) was
81%, 76%, 83%, and 79% for CrClBSA, GFRcg-BSA, MDRD and sMDRD. All formulas
resulted in overestimation of the GFR in the lower ranges and underestimation in the upper
ranges of the GFRBSA. The predictive performance of the formulas was somewhat better in
patients with severe CHF (NYHA III+IV).
Conclusions In CHF, creatinine-based formulas and CrClBSA appeared to be imprecise and
biased in estimating true GFRBSA. Given these limitations, the MDRD is potentially the
most useful formula.
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INTRODUCTION

Over the last decade the prognostic and clinical value of renal function in chronic heart
failure (CHF) has been generally recognised.1;2  The “gold standard” for renal function
(glomerular filtration rate: GFR) measurement is by the renal clearance of specific tracers,
such as inulin or iothalamate. However, this is expensive, time-consuming and not applicable
in a setting where a large number of measurements of GFR is required. Therefore, in clinical
practice GFR is usually estimated by creatinine-based equations, that incorporate
demographic characteristics, such as age, gender, race, and weight to account for differences
in muscle mass and, hence, creatinine generation. The most commonly used formulas are
the Cockcroft-Gault (GFRcg)3 and the simplified Modification of Diet in Renal Disease
(sMDRD) equations.4;5 Creatinine clearance (CrCl) can also be used as a tool to measure
renal function, but a 24h urine collection is required, which is inconvenient for the patient,
and prone to collection failure.

The above mentioned renal function equations have been developed and validated against
true GFR in populations with renal disease, where they prove to be a reasonable to good
estimate of renal function.6-8 However, in several studies in non-renal patient populations
their predictive performance was disappointing.9;10 The accuracy of these formulas varied
by parameters such as gender, age and body weight, demonstrating that these formulas
cannot be extrapolated to other patient populations without specific validation. Whereas
several important studies in CHF estimate renal function by creatinine-based formulas,
none of these formulas have been validated in CHF. There is a number of factors specific to
this group of patients that may influence its accuracy and bias the formulae, such as the
predominantly hemodynamic nature of the renal function impairment, medication
interfering with renal function, sodium retention leading to volume expansion, and loss of
muscle mass due to inactivity.

In the present study we validated in patients with CHF the predictive performance of
several creatinine-based formulas estimating GFR by the “gold standard” iothalamate
clearance11;12, and analysed for the sources of bias.

METHODS

Patient population
Outpatient CHF patients, aged ≥ 18 years, LVEF < 45%, and clinically stable, were asked
to participate. All patients used renin-angiotensin-system inhibitors, and all medication
had been stable for at least 1 month. Exclusion criteria were a stroke or myocardial infarction
within the last 3 months, cardiac surgery or angioplasty within the last 3 months or scheduled
to undergo these procedures, unstable angina pectoris, primary renal disease, patients with
prior organ transplant, or chronic use of renal function compromising medication. Care
was taken to include patients over the full range of severity of CHF.

Study design
All patients underwent the same study protocol. On the first day, renal function was measured
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by iothalamate clearance as described below.11 Body weight and length were determined
just before renal function measurement started. Two hours after the beginning of the renal
measurements, venous blood was drawn to determine serum creatinine, serum urea and
serum albumin. In addition, during renal measurements, blood pressure and heart rate
were determined. Systolic and diastolic blood pressure measurements were calculated as the
mean of the last two out of ten consecutive measurements during ten minutes in sitting
position with an automatic Dinamap XL Model 9300 series device (Johnson-Johnson Medical
INC, Tampa, Florida). After the renal function measurements by iothalamate were finished,
patients were given two containers for two times 24h urine collection. After return of these
containers, samples were taken to determine urine creatinine concentration for calculation
of 24h creatinine clearance.

Renal function measurement by iothalamate clearance11

GFR and effective renal plasma flow (ERPF) were measured by constant infusion of
radiolabelled tracers, 125I-iothalamate and 131I-Hippuran. After drawing a blank blood sample,
a priming solution containing 0.4 ml/kg body weight of the infusion solution (0.04 MBq
of 125I-iothalamate and 0.03 MBq of 131I-hippuran) plus an extra of 0.6 MBq of 125I-
iothalamate was given at 8 am, followed by infusion at 12 ml/h. In order to attain stable
plasma levels of both tracers, a two hour stabilisation period followed, after which baseline
measurements were started at 10 am. The clearances were calculated as (U*V)/P and (I*V)/
P, respectively. U*V represents the urinary excretion of the tracer, I*V represents the infusion
rate of the tracer; P represents the tracer value in plasma at the end of each clearance period.
This method corrects for incomplete bladder emptying and dead space, by multiplying the
urinary clearance of 125I-iothalamate with the ratio of the plasma and urinary clearance of
131I-Hippuran.(11,12) The filtration fraction (FF) was calculated as the ratio of GFR and
ERPF and expressed as percentage. This method has a day-to-day variation coefficient of
2.5% for GFR and 5% for ERPF GFR was corrected for 1.73m2 of body surface area
(GFRBSA) for comparison with the MDRD and simplified MDRD (sMDRD).

Laboratory methods
Urinary volume was measured in each collection. Serum creatinine, urea, albumin and
urine creatinine were determined by Kodak Ektachem dry chemistry (Eastman Kodak,
Rochester, NY, U.S.A.). CrCl was calculated as the mean of two 24h urine creatinine
excretions divided by plasma creatinine. CrCl was also corrected for 1.73m2 of body surface
area (CrClBSA) for comparison with the MDRD and sMDRD. The daily creatinine
production was calculated on the basis of CrCl and serum creatinine; (CrCl x screat)/7013.
The body surface area (BSA) was determined as follows: 0.007184 x weight0.425 x length0.725.
To obtain body mass index (BMI) weight (kg) was divided by the square of height (m2).

Formulas estimating Glomerular Filtration Rate
Three formulas were used as creatinine-based estimations of GFR; Cockcroft-Gault, MDRD
and the sMDRD. These formulas are the most commonly used formulas for estimating the
GFR in CHF patients.
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The Cockcroft-Gault (GFRcg = mL/min) is calculated as follows3:
Male: ((140-age) x (weight))/72 x serum creatinine (screat).
Female: GFRcg x 0.85.
BSA corrected: GFRcg x (1.73/BSA) (= mL/min/1.73m2)

The MDRD (= mL/min/1.73m2) is calculated as follows5:
Male: 170 x (screat)-0.999 x (age)-0.176 x (serum urea)-0.170 x (serum albumin)+0.318

Black male: MDRD x1.180
Female: MDRD x 0.762
Black female: MDRD x 0.762 x 1.180

The sMDRD (= mL/min/1.73m2) is calculated as follow4:
Male: 186.3 x (screat)-1.154 x (age)-0.203

Black male: sMDRD x 1.212
Female: sMDRD x 0.742
Black female: sMDRD x 1.212 x 0.742

Statistical analyses
Correlation between GFRBSA and the different formulas or CrClBSA were performed using
Pearson’s correlation coefficients. Comparison between GFRBSA and the different formulas
or CrClBSA was performed using a paired sample T-test. A P value < 0.05 was considered as
significant. The creatinine-based formulas and CrClBSA were evaluated by a set of criteria to
assess their predictive performance. These criteria included precision, accuracy, and bias.

Precision was evaluated by the degree of spread of series of observations and is reflected
by the amount of expected variation in the estimates. The r2 statistics were used to measure
this and give an indication of the overall fit of the model.4

The accuracy of each equation, or how well it represents the true GFRBSA, was assessed
by comparing its result with those of the gold standard (iothalamate clearance). We used
the following equation: [predicted value – true value (iothalamate clearance)] x 100/
iothalamate clearance.14 For each equation, the number of subjects with predicted GFRBSA

values within the 15% or 30% of the iothalamate clearance was counted.
Bias is any systematic nonrandom deviation causing a prediction error and was calculated

as the difference of the logarithmic transformed GFRBSA and the creatinine-based formulas
or CrClBSA. We used the antilogs to get the mean percentage deviation of the creatinine-
based formulas and CrClBSA.15

The agreements between measured GFRBSA and the different creatinine-based formulas
or CrClBSA were tested, as described by Bland and Altman.15 The difference between measured
GFRBSA and creatinine-based formulas or CrClBSA of each individual subject was graphed as
a scatterplot with the mean of the measured GFRBSA and the creatinine-based formula or
CrClBSA of the same individual subject. The magnitude of the differences increased in the
higher ranges of GFRBSA, and therefore we had to logarithmically transform the GFRBSA,
the creatinine-based formulas and the CrClBSA.

15 Scatterplots include two dotted lines
representing limits of agreement  (mean ± 2x standard deviation (SD). The antilog of the
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mean ± 2SD is the mean percentage ± 2SD. Ninety-five percent of the differences is situated
between the lines of agreement.

To identify confounding factors that could explain the observed difference between the
true GFR and creatinine based formulas, we performed secondary analyses in which we
determined the bias of the formulas divided within subgroups of the several parameters.
Continuous variables were divided into tertiles, and per tertile the bias was calculated. The
statistical analysis was performed using SPSS, Chicago version 11.

RESULTS

Baseline characteristics are presented in Table 1. Mean age was 58 years and 76% of patients
were male. The full range of severity of CHF from NYHA I to IV was present with a mean
NYHA of 2.3±0.8. All patients received RAS-inhibition (85% ACE-inhibitor) and a large
proportion received also β-blockers and diuretics.

Table 1. Baseline characteristics

Total Population (n=101)

Age (years) 58.1±11.7

Sex (n, % male) 77 (76)

NYHA class 2.3±0.8

LVEF 0.28±0.09

Ischemic etiology (n, %) 47 (47)

Medication
RAS-inhibition (n, % use) 101 (100)
β-blocker (n, % use) 85 (85)
Spironolactone (n, % use) 36 (36)
Diuretics (n, % use) 68 (69)

Physical examination
Heart rate (bpm) 65±13
Systolic BP (mm Hg) 120±20
Diastolic BP (mm Hg) 69±12
BMI (kg/m2) 27±4

Serum creatinine (umol/L) 112±34

Renal measurements
ERPF  (mL/min) 324±114
GFR (mL/min) 89±35
Filtration Fraction (%) 27±5

NYHA; New York Heart Association functional class, LVEF; left ventricular ejection fraction, RAS; renine-
angiotensin system, BP; blood pressure, BMI; body mas index, ERPF; effective renal plasma flow, GFR; glomerular
filtration rate
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Figure 1A. Scatterplot of the distribution of the true GFR
BSA

, CrCl
BSA

 and creatinine-based formulas.

Figure 1B. Cumulative distributions of the true GFR
BSA

, CrCl
BSA

 and creatinine-based formulas.
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The mean true GFR of this population was 89 mL/min, ranging from 12-156 mL/
min. Mean CrCl was 83±34 mL/min with a bias of –6% (±2SD; -47%/ 68%; P < 0.001)
and a precision of r2=0.64. In 81% of the subjects the CrCl was within the 30% range of
the true GFR. GFRcg was 80±29 mL/min, with a bias of –8% (±2SD; -45%/ 55%; P <
0.001) and a precision of r2=0.69. In 76% of the subjects the value of GFRcg was within the
30% range of true GFR. Individual values of the true GFRBSA, the creatinine-based formulas
and CrClBSA are presented in Figure 1A. Cumulative distributions of the true GFRBSA,
CrClBSA and creatinine-based formulas are shown in Figure 1B. This figure shows that as
GFRBSA > 55 mL/min/1.73m2 all creatinine based formulas and CrClBSA underestimate
GFRBSA.

In Table 2 the predictive performances of the creatinine-based formulas and CrClBSA

are presented. All creatinine-based formulas and CrClBSA significantly underestimated GFRBSA

as measured by iothalamate clearance. MDRD had the highest precision (r2=0.71), but also
the highest bias (13%). The validity of the creatinine-based formulas according to Bland-
Altman analyses is shown in Table 2 and graphically depicted in Figures 2A-D that show
the mean differences between GFRBSA and the creatinine-based formulas with the lines of
agreement (mean ± 2SD). The agreement with true GFRBSA was best for the MDRD.
Furthermore, these figures illustrate an underestimation in the higher range of renal function,
as of a GFRBSA of approximately 65 ml/min/1.73m2 and an overestimation in the lower
range of renal function, below a GFRBSA of approximately 35 ml/min/1.73m2. Interestingly,
all creatinine-based formulas underestimate GFRBSA systematically, but CrClBSA does not.
Also, this systemic deviation is more pronounced in both MDRD formulas compared to
GFRcg-BSA.

To analyse for the determinants of the systematic error, we evaluated the predictive
performance of the creatinine-based formulas in subgroups by a break-up by variables
included into the formulas (Table 3). Especially in the low and high ranges of serum creatinine

Table 2. Predictive performances of creatinine-based formulas and creatinine clearance in CHF.

Mean Min/Max Precision Accuracy¶ Bias
r2 15% 30% Mean (%) ±2SD (%)

GFR
BSA

75±27 13-133 - - -

CrCl
BSA

70±25† 11-125 0.56 48 81 -6 -47/ 66

GFR
cg-BSA

67±21* 19-123 0.62 47 76 -7 -45/ 55

MDRD 63±19* 17-108 0.71 41 83 -13 -45 / 36

sMDRD 63±18* 19-103 0.68 42 79 -12 -46/ 43

†P < 0.01 with GFR
BSA

, and * P < 0.001 with GFR
BSA.

¶  Percentage within specified range of GFR
BSA.

GFR
BSA

; glomerular filtration rate BSA corrected, CrCl
BSA

; creatinine clearance BSA corrected, GFR
cg-BSA

; Cockcroft
Gault formula BSA corrected, MDRD; modified diet in renal dysfunction, sMDRD; simplified modified diet in
renal dysfunction
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Figure 2A-D. Bland-Altman scatterplots of the distribution of the true GFR
BSA

, CrCl
BSA

 and creatinine-based
formulas.

and urea the creatinine-based formulas are invalid in estimating GFRBSA. In patients with
low serum creatinine or urea the bias was larger. Furthermore, weight appeared a moderately
important confounder in the MDRD formulas.

In Table 4 the bias is shown for subgroups divided into tertiles for other clinical para-
meters. Several variables reflect the severity of CHF, such as LVEF and NYHA class, but
also blood pressure and ERPF. LVEF was only a weak confounder when compared with
NYHA class, ERPF and blood pressure. In patients with a high NYHA class (III+IV) and in
patients with low blood pressure (systolic and diastolic) or low ERPF the formulas performed
better. In patients with mild CHF bias was increased for all formulas, especially in the
higher ranges of ERPF. In patients with severe CHF precision and accuracy were improved
(data not shown), and the bias was decreased.
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Table 3. Bias of the formulas stratified to variables included into the formulas.

GFR
cg-BSA

MDRD sMDRD

Bias Bias Bias
Mean (%) 95% CI Mean (%) 95% CI Mean (%) 95% CI

Age (years)
<55 2 -49/79 -15 -46/34 -15 -49/42
55-62 -10* -40/35 -15 -45/31 -14 -45/34
>62 -14* -49/47 -10 -44/44 -8 -44/53

Gender
Male -11 -42/37 -15 -42/27 -14 -43/30
Female 5* -47/105 -9 -50/65 -7 -53/84

Weight (kg)
<78 -8 -51/73 -8 -45/54 -6 -47/68
78-93 -8 -42/47 -12 -41/32 -11 -43/38
>93 -6 -40/47 -19* -46/20 -20* -46/18

Creatinine (µmol/L)
<93 -14  -43/30 -17 -41/17 -17 -42/18
93-115 -9 -41/41 -18# -42/16 -18# -44/19
>115 3* -46/99 -6* -48/71 -3* -49/85

Urea (mmol/L)
<6.3 -14 -44/ 30 -19 -43/ 15 -22 -45/ 10
6.3-8.1 -14# -40/ 24 -17# -41/ 17 -16# -41/ 20
>8.1 9* -40/ 98 -2* -43/ 68 3* -42/ 82

Albumin (g/L)
<40 -11 -41/ 35 -16 -40/ 16 -14 -39/ 23
40-43 -13 -46/ 40 -16 -47/ 33 -16 -49/ 40
>43 2 -43/ 85 -7 -43/ 53 -8 -47/ 62

*P<0.05 compared to the first tertile.
# P<0.05 compared to the third tertile.
GFR

cg-BSA
; Cockcroft Gault formula BSA corrected, MDRD; modified diet in renal dysfunction, sMDRD; simplified

modified diet in renal dysfunction

Table 4. Bias of the formulas stratified to clinical parameters.

GFR
cg-BSA

MDRD sMDRD

Bias Bias Bias
Mean (%) 95% CI Mean (%) 95% CI Mean (%) 95% CI

NYHA (class)
I+II -16 -42/21 -20 -43/13 -20 -43/14
III+IV 8* -38/90 -2* -41/61 0* -42/74

LVEF
<0.23 -1 -33/47 -9 -34/26 -9 -36/28
0.23-0.33 -6 -49/74 -11 -49/56 -9# -49/65
>0.33 -14* -47/38 -19* -46/21 -19* -49/30
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Etiology
Ischemic -10 -44/ 43 -14 -47/37 -14 -48/43
Non-ischemic -5 -45/ 66 -12 -43/36 -11 -44/44

Heart rate  (bpm)
<58 -11 -43/ 44 -14 -42/27 -13 -42/13
58-70 0 -41/61 -10 -41/69 -8 -44/50
>70 -10 -49/ 57 -14 -49/44 -15 -52/51

Syst. BP (mm Hg)
<110 7 -36/ 78 -7 -41/46 -5 -44/61
110-125 -13* -43/ 31 -18* -43/18 -18* -44/20
>125 -14* -48/ 42 -15 -48/30 -14 -48/43

Diast. BP (mm Hg)
<62 1 -42/74 -8 -42/44 -5 -42/57
62-75 -9 -44/47 -13 -46/39 -14 -47/40
>75 -13*  -47/42 -18* -46/24 -18* -48/30

BMI (kg/m2)
<26 -8 -51/75 -5 -46/66 -4 -49/81
26-29 -8 -40/42 -14 -40/23 -13 -40/26
>29 -6 -42/51 -20* -44/14 -19* -44/17

Creatinine  production
<1.11 2 -44/85 -2 -40/61 0 -43/76
1.11-1.58 -8 -43/47 -13* -42/31 -12*# -43/35
>1.58 -14* -42/27 -22* -44/10 -22* -44/7

ERPF (mL/min/1.73m2)
<239 3 -41/79 -3 -48/54 1 -38/66
239-328 -13* -41/29 -18* -42/15 -18* -41/14
>328 -17* -45/26 -24* -48/12 -25* -49/11

FF (%)
<26 6 -41/92 -2 -44/69 0 -46/84
26-29 -13* -43/32 -15* -38/18 -15* -39/18
>29 -13 -43/33 -21 -44/11 -20 -45/17

Medication

β-blocker
No -6 -52/81 -10 -47/51 -8 -50/69
Yes  -8 -44/51 -14 -45/34 -13 -46/39

Diuretic
No -19 -42/16 -20 -42/10 -20 -41/9
Yes -2* -43/69 -10* -45/47 -9* -47/57

Spironolactone
No -15 -43/27 -18 -44/20 -18 -45/22
Yes 8* -38/88 -4* -42/58 -1* -43/72

*P<0.05 compared to the first tertile.
# P<0.05 compared to the third tertile.
NYHA; New York Heart Association functional class, LVEF; left ventricular ejection fraction, BP; blood pressure,
BMI; body mas index, ERPF; effective renal plasma flow, FF; filtration fraction, GFR

cg-BSA
; Cockcroft Gault

formula BSA corrected, MDRD; modified diet in renal dysfunction, sMDRD; simplified modified diet in renal
dysfunction.
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DISCUSSION

This is the first study that validated different, creatinine-based formulas and CrClBSA, with
true renal function measurements in CHF patients. The formulas were significantly biased;
because they overestimated GFR at low values and underestimated GFR at near-normal
values. The most accurate renal function estimates were derived in patients with severe
CHF.

Recent analyses of the influence of renal function on clinical outcome in patients with
CHF have confirmed its relevance in cardiovascular prognosis. An accurate measurement
of renal function is therefore an essential tool in individual risk assessment. The methods
used in this study to estimate GFR are the most common and widely used. We observed
that CrClBSA had a low bias, but the variance was wide, making this a poor alternative for
estimating renal function on an individual level. CrCl is often seen as an accurate tool to
measure renal function, but the K/DOQI guidelines state that CrCl is not more accurate
than creatinine-based formulas16, because the reliability of CrCl is dependent on patient
compliance of collecting 24h urine accurately. Moreover in subjects with moderate to severe
renal function impairment its accuracy is impaired by active creatinine secretion by the
tubulus.6

The MDRD formula is the formula with the highest precision, but also the formula
with the largest estimated biased over a range of GFRBSA levels with comparable accuracy
compared to the other formulas. This means that the MDRD has a more systematic deviation
(bias) from the true GFRBSA, which is readily apparent from the Bland-Altman figures. The
systematic deviation of the MDRD is an important finding, because a systematic deviation
can in principle be corrected by a correction factor, whereas lack of precision cannot be
corrected in this manner, but will need additional covariates subject to measurement error.14

Most studies do not use the MDRD, which requires data on both serum urea and serum
albumin, but the sMDRD instead. In our patients with CHF this formula had a similar
predictive performance as the MDRD, whereas in GFRcg-BSA the systemic deviation was less
pronounced.

Creatinine-based formulas have been validated in a variety of patient populations, mostly
community-based or with chronic renal disease.14;17 Using a formula in a different population
without adequate validation, such as CHF, requires great caution, as is shown by our study.
One might expect in this population that these formulas would potentially overestimate
the GFRBSA by changes in body composition. First, malnutrition, inactivity and cachexia
are common in CHF. The resulting reduced muscle mass leads to reduced creatinine
production13;18, which leads to overestimation of GFRBSA.

13 Second, increased extracellular
volume in CHF patients, due to sodium retention, reduces muscle mass relative to healthy
subjects of the same body weight, again leading to less creatinine production per unit of
body weight. Third, some tubular secretion of creatinine can occur, that leads to
overestimation of the true GFRBSA. However, this problem might only be present in the
Cockcroft-Gault formula, because this formula is intended to estimate the CrCl, whereas
both MDRD formulas are intended to estimate the true GFRBSA.
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In contrast to these expectations we found overestimation of true GFRBSA by all formulas
in the lower ranges of renal function, i.e below 35 mL/min/1.73m2. In populations with
primary renal disease this has mainly been reported in pre-dialysis ranges of GFRBSA

19,
therefore, the current overestimation in less severe renal dysfunction might be typical for
CHF. The primarily hemodynamic nature of the renal function impairment in CHF might
be relevant here. CHF is characterised by low blood pressure and reduced renal perfusion
pressure20 leading to reduced filtration rate in otherwise viable nephrons with intact tubuli.
This may lead to a relatively large impact of tubular secretion of creatinine, as compared to
primary renal diseases where generally loss of glomeruli leads to loss of the corresponding
tubuli as well.

In the near-normal values of renal function all formulas underestimated the true GFRBSA.
As shown in Table 2 all formulas had a larger bias in the lower values of serum creatinine,
which is in line with several other studies.14;21 There are several possible explanations. First,
during the development of a creatinine based formula correction factors derived from the
sample data were used. It should be recognised that the use of such a correction factor
introduces a bias, because those factors were derived from renal diseased populations and
are dependent on the level of GFR, since tubular secretion of creatinine increases with
decreasing GFR. Second, serum creatinine does not rise in the early stages of impaired renal
function, due to compensatory mechanisms.22 Therefore formulas cannot differentiate bet-
ween normal and mildly affected renal function13, and underestimate in normal or mildly
affected range of GFRBSA. Another explanation is suggested by Rule et al17, who states that
the variability of serum creatinine levels in healthy subjects is largely dependent on muscle
mass and dietary protein intake, and therefore serum creatinine has a weak coefficient in
predicting GFR. In patients with renal disease on the other hand, the variability in serum
creatinine levels is largely dependent on GFR and therefore serum creatinine has a strong
coefficient in predicting GFR.17

Besides serum creatinine other parameters included into the formulas, like gender,
influenced the predictive performance. However, in our population females had worse renal
function (80 mL/min/1.73m2 vs. 61 mL/min/1.73m2), and the formulas appeared to perform
better in the lower ranges of renal function. Another potential confounder might be age.
We showed that the impact of age was only moderate, probably due to the fact that the
formulas perform better in higher serum creatinine levels and serum creatinine increases
with age. Especially the MDRD formulas showed improved predictive performances in
elderly people with CHF.

The performance of the formulas varies within the subgroups of our CHF population
(Table 4). For this reason it could be argued that the selected formula should be tailored on
the study population of interest. For example, in an obese population the MDRD formulas
would not be a good option and preferably the Cockcroft-Gault should be used. Concomitant
medication interacting with renal function like spironolactone and diuretics seemed to
influence the predictive performance. However, there is possible a prescription bias. These
medications are more often prescribed to patients with worse symptomatic CHF, and these
patients also have worse renal function.
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Implications
The value and usefulness of renal function formulae in clinical practice is dependent on the
precision and bias of the calculated value. The degree of variation that is acceptable will
depend on the particular clinical situation in which the formula is used. The main
implications of this study for daily practice are clear; creatinine-based formulas and CrClBSA

are not a good option to measure GFRBSA in the individual patient with CHF. First, the
variance is too wide, ±30 mL/min/1.73m2, second, the overestimation of GFRBSA in the
lower ranges can endanger the patient if one is not aware of this systematic deviation. This
is particularly important in elderly patients in whom age-related physiological changes result
in reduced renal function and e.g. changes in drug pharmacokinetics and pharmacodynamics.
Furthermore, these formulas are not reliable in a situation of long-term monitoring of renal
function in CHF. CHF is a progressive condition and this study shows that the predictive
performance of these formulas changes across the spectrum from mild to severe CHF; from
underestimation to overestimation. This means that, although estimated renal function can
appear to be stable during worsening of CHF, it may in fact be declining.

Limitations
In this study all patients were using renin-angiotensin-system inhibitors (Angiotensin II
Converting Enzyme-Inhibitors or Angiotensin II receptor-Type 2-antagonists). These
medications could have influenced the true GFR. In addition, the formulas were developed,
especially the Cockcroft-Gault formula, in populations with less use of renin-angiotensin-
system inhibitors. This could have influenced the differences observed between the GFR
and the formulas.

CONCLUSION

All formulas underestimated GFRBSA in the near-normal and normal range of renal function,
and overestimated GFRBSA in the low and very low values, although the predictive
performance improved in patients with severe CHF. The MDRD formula is the most precise
but also the most biased formula over a range of GFRBSA, which makes this formula, after
adequate adjustment, the most useful in clinical practice.
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ABSTRACT

Introduction Renal dysfunction in patients with chronic heart failure (CHF) is associated
with increased morbidity and mortality. We studied determinants of renal dysfunction in
patients with established CHF.
Methods We studied 86 patients with CHF, aged 58±12 years, LVEF 0.27±0.09. Glomerular
filtration rate (GFR) was determined by iothalamate clearance. Urinary albumin excretion
(UAE) was measured in 2x24 hours urine collections. We determined endothelial function
(soluble vascular cell adhesion molecule 1 (sVCAM-1), soluble E-selectin (sES), Von Wille-
brand factor (vWF), nitrite/nitrate (NOx), asymmetric di-methyl arganine (ADMA)),
inflammatory status (high sensitive C reactive protein (CRP)), renin angiotensin system
parameters (plasma renin activity (PRA) and angiotensin II (AngII)), and hemodynamic
status (N terminal pro brain natriuretic peptide (NT-pro BNP), mean arterial pressure
(MAP), renal blood flow (RBF; Hippuran clearance/1-Hct).
Results Impaired endothelial function (sVCAM-1, vWF, NOx, ADMA), activation of the
renin angiotensin system (PRA, Ang II), and impaired hemodynamics (NT pro-BNP, MAP,
RBF) were all associated with a decreased GFR in heart failure (all P < 0.05), whereas
systemic increased inflammatory status (CRP) was not. RBF was the critical determinant of
GFR, accounting for 85% of variance in GFR. In patients with compromised renal function,
UAE was increased exponentially.
Conclusions The present study shows that endothelial dysfunction and activation of the
RAS are associated with renal dysfunction in CHF patients. The most important determinant
of renal dysfunction is reduced renal perfusion, that was related to structural renal damage
with elevated UAE.



111

R E N A L  P E R F U S I O N ,  H E A R T  F A I L U R E  A N D  S T R U C T U R A L  R E N A L  D A M A G E

INTRODUCTION

Impaired renal function has consistently been found to be an independent risk marker for
cardiovascular disease (CVD) outcomes and all-cause mortality in patients with chronic
heart failure (CHF).1;2 Several explanations have been provided for the strong prognostic
value of renal function in CHF. First, impaired renal function can be considered to reflect
reduced renal perfusion, as a consequence of impaired hemodynamic status, which is related
to the severity of the underlying (i.e. cardiac) disease.3;4 Even early in the course of CHF,
when cardiac output is only reduced by 20%, renal perfusion can be substantially decreased
up to 50%. This finding reflects intense renal vasoconstriction even in the initial stages of
CHF. The specific factors that mediate renal vasoconstriction are not completely understood.
Second, renal dysfunction might be a marker of general vascular disease and might reflect
the severity of atherosclerotic disease.5;6 Finally, impaired renal function might share common
pathophysiological pathways with heart failure, such as endothelial dysfunction and increased
inflammatory activity.7;8 In CVD both endothelial function and inflammatory status are
considered to be important risk factors for mortality. Accurate understanding of the link
between CHF and renal dysfunction requires a systematic, comprehensive, assessment of
the possible factors involved. Therefore, we assessed several of these factors in patients with
a wide range of left ventricular dysfunction, and determined their relationship with impaired
renal function. All patients used renine angiotensin system (RAS) inhibitors, which are
essential in treatment of CHF. Our primary focus was the cardio-renal hemodynamics,
biochemical markers of RAS-activity, endothelial dysfunction and inflammation. We also
determined urinary albumin excretion (UAE). The presence of albuminuria is not only
associated with an increased hemodynamic load and glomerular hyperfiltration but also
with endothelial dysfunction. It predicts nephropathy and increased risk of cardiovascular
morbidity and mortality in diabetic as well as in non-diabetic patients.9-11

METHODS

Patient population
Outpatient CHF patients, aged ≥ 18 years, left ventricular ejection fraction (LVEF) < 45%,
and clinically stable, were asked to participate. Patients had to use renin-angiotensin-system
inhibitors, and all medication had to be stable for at least 1 month. Exclusion criteria included
stroke or myocardial infarction within the last 3 months, cardiac surgery or angioplasty
within the last 3 months or scheduled to undergo these procedures, unstable angina pectoris,
primary renal disease, patients with prior organ transplant, or chronic use of medication
compromising renal function. Care was taken to include patients over the full range of
severity of CHF. In this study 102 patients were included. Sixteen patients were excluded
for this analysis, because of missing hematocrit or UAE data. In total 86 patients were
eligible for the current analysis.
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Study design
All patients underwent the same study protocol. On the first day, glomerular filtration rate
(GFR) and renal blood flow (RBF) were measured by the clearances of iothalamate and
Hippuran as described below.12 Body weight and length were determined just before renal
function measurement started. In addition, during renal measurements, blood pressure and
heart rate were determined. Systolic and diastolic blood pressure measurements were
calculated as the mean of the last two out of ten consecutive measurements during ten
minutes in sitting position with an automatic Dinamap XL Model 9300 series device
(Johnson-Johnson Medical INC, Tampa, Florida). After the renal function measurements
by iothalamate were finished, patients were given two containers for two times 24h urine
collection. After return of these containers, samples were taken to determine urinary albumin
concentration for calculation of 24h UAE.

Renal function measurement by iothalamate clearance
GFR and effective renal plasma flow (ERPF) were measured by constant infusion of
radiolabelled tracers, 125I-iothalamate and 131I-Hippuran.12 After drawing a blank blood
sample, a priming solution containing 0.4 ml/kg body weight of the infusion solution
(0.04 MBq of 125I-iothalamate and 0.03 MBq of 131I-hippuran) plus an extra of 0.6 MBq of
125I-iothalamate was given at 8 am, followed by infusion at 12 ml/h. In order to attain stable
plasma levels of both tracers, a two hour stabilisation period followed, after which baseline
measurements were started at 10 am. The clearances were calculated as (U•V)/P and (I•V)/
P, respectively. U•V represented the urinary excretion of the tracer, I•V the infusion rate of
the tracer; P the tracer value in plasma at the end of each clearance period. This method
corrects for incomplete bladder emptying and dead space, by multiplying the urinary
clearance of 125I-iothalamate with the ratio of the plasma and urinary clearance of 131I-
Hippuran. This method has a day-to-day variation coefficient of 2.5% for GFR and 5% for
ERPF. GFR and ERPF were corrected for 1.73m2 of body surface area. Renal blood flow
was calculated as ERPF / 1-hematocrit. The filtration fraction (FF) was calculated as the
ratio of GFR and ERPF and expressed as percentage.

Cardio-renal hemodynamic parameters
RBF, FF, LVEF, Mean arterial pressure (MAP), and N-terminal pro_brain natriuretic peptide
(NT pro_BNP) were used as markers for the cardio-renal hemodynamic status of the patients.
MAP was calculated as follows; 1/3 • systolic + 2/3 • diastolic.

Urinary albumin concentrations were determined by nephelometry (Dade Behring
Diagnostics, Marburg, Germany). Serum and urine creatinine was determined by Kodak
Ektachem dry chemistry (Eastman Kodak, Rochester, NY, U.S.A.). NT pro_BNP was
measured by electrochemiluminescence immunoassay on the Roche Elecsys (Roche
diagnostics, Netherlands). Urinary albumin excretion was determined as the mean of two
24h urine collections.

We also determined the creatinine clearance and estimated GFR to evaluate whether
the course of creatinine clearance and estimated GFR would be similar as the course of true
GFR. Creatinine clearance (CrCl) was calculated as the mean of two 24-hour urine creatinine
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excretions divided by plasma creatinine and corrected for 1.73m2 of body surface area. The
renal function was estimated using the simplified modification diet in renal disease formula13

(eGFR= mL/min/1.73m2;(186.3 • (serum creatinine)-1.154 • (age)-0.203, and • 0.742 if female).
The body surface area (BSA) was calculated as follows: 0.007184 • weight0.425 • length0.725.

Renin angiotensin system parameters
Plasma renin activity (PRA) and angiotensin II (Ang II) were used as markers for RAS
activity. PRA was measured by an immunoradiometric assay (Nichols Institute Diagnostics,
Middlesex, United Kingdom). Ang II was measured by specific radioimmunoassays after
SepPak extraction of plasma. Analyses were performed in a routine setting according to the
guidelines of the manufacturer.

Endothelial function parameters
Von Willebrand factor (vWf), plasma nitrite/nitrate (NOx) and asymmetric di-methyl
arganine (ADMA), soluble vascular adhesion molecule 1 (sVCAM-1), and soluble E-selectin
(sES) were used as markers for endothelial damage and activation. vWF was determined
using a validated in-house ELISA, as described previously.14 NOx was determined in plasma
after ultrafiltration through a 10 kDa molecular weight cut-off filter (Millipore BV). A
colorimetric assay was used according to the instructions of the manufacturer (Cayman
Chemical Company, Ann Abor, MI). ADMA was determined in plasma using a commercially
available ELISA kit (DLD diagnostika GmbH, Hamburg, Germany) according to the
instructions as supplied by the manufacturer. Serum levels of sVCAM-1 and sES were
determined by commercially available ELISA kits (R&D Systems, Abingdon, UK and Ben-
der Med Systems, Vienna, Austria, respectively) according to the manufacturer’s instructions.

Inflammation
High sensitive C-reactive protein (CRP) was determined by nephelometry with a threshold
of 0.156 mg/L and intra- and inter-assay coefficients of less than 4.4% and 5.7%, respectively
(BNII N, Dade Behring, Marburg, Germany). CRP levels below the detection level were
scored as 0.156 mg/L.

Statistical analyses
Correlation between GFR and various variables were performed using Pearson’s correlation
coefficients. Linear regression was performed to adjust for age and sex. Non-normally
distributed continuous variables were log-transformed. We investigated the possibility of a
curvilinear effect relation between RBF and GFR, FF, UAE, eGFR and CrCl by fitting of
different fractional polynomial models. A P < 0.05 was considered statistically significant.
Statistical analyses were performed using SPSS, Chicago version 11 and STATA Statistical
Software: release 8.2.
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Table 1.  Baseline characteristics for total study population

Total Population (n=86)

Age (years) 58±12

NYHA class 2.3±0.8

Sex (n, % male) 67 (78)

Diabetes (n, %) 7 (8)

Current smoking (n, %) 14 (18)

Ischemic etiology (n, %) 43 (50)

Cardiorenal hemodynamic parameters

GFR (mL/min/1.73m2) 74±28

RBF  (mL/min/1.73m2) 465±161

FF (%) 27±5

LVEF 0.27±0.09

MAP (mm Hg) 85±14

NT pro BNP (pg/mL)* 786 (303-1930)

Renin Angiotensin System parameters

PRA (ng/mL/h)* 24.3 (5.5-60.3)

Ang II (pmol/L)* 9.8 (4.2-14.0)

Endothelial function parameters

UAE (mg/day)* 8.7 (4.5-21.4)

ADMA (umol/L) 0.68±0.19

vWf (%)* 78 (48-174)

sVCAM-1 (ng/mL)* 348 (273-374)

Plasma NOx (umol/L) 31.3±15.8

sES (ng/mL)* 62 (47-88)

Inflammation parameter

CRP (mg/L) * 2.5 (1.2-4.3)

All continuous variable are presented with mean ± SD.
If * is present median value with (25th – 75th percentile) are presented.
NYHA; new york heart association functional class, GFR; glomerular filtration rate, RBF; renal blood flow, FF;
filtration fraction, LVEF; left ventricular ejection fraction, MAP; mean arterial pressure, NT pro BNP; N terminal
pro_brain natriuretic peptide, PRA; plasma renine activity, Ang II; angiotensin II, UAE; urinary excretion rate,
ADMA; asymmetric dimethyl arganine, vWF; von Willebrand factor, sVCAM-1; soluble vascular
adhesion molecule-1, NOx; nitrate/nitrate, sES; soluble E-selectine, CRP; C-reactive protein.
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RESULTS

The baseline characteristics of the 86 patients included in this study are presented in Table 1.
The studied population consisted predominantly of (76%) male patients with a mean age
of 58 ± 12 years. The severity of CHF ranged from NYHA class I to IV with an average of
2.3 ± 0.8. All patients received RAS-inhibition (85% ACE-inhibitor) and the majority was
treated with β-blockers (85%) and diuretics (69%). Mean GFR was slightly impaired (74
ml/min/1.73m2) and the proportion of patients with a GFR < 60 ml/min/1.73m2 was
31%. The median UAE was moderately increased (8.7 mg/L) and microalbuminuria (UAE
30-300 mg/day) was present in 19% of the patients.

Relationships to GFR
Table 2 shows univariate Pearson and partial correlation coefficients, controlled for age and
sex, between GFR and cardiorenal hemodynamic, RAS, endothelium function and
inflammation parameters. Table 3 shows the relationships stratified for above and below the
median GFR (79.3 mL/min/1.73m2).

RBF was by far the strongest parameter related to GFR, accounting for 85% and 79%
of the r2 before and after controlling for age and sex. LVEF was moderately inversely correlated
with GFR. NT pro-BNP was strongly inversely correlated with GFR. The relationship with
NT pro-BNP was foremost present in the group of patients with a GFR below the median
value, whereas it was almost absent in patients with GFR above the median. UAE had an
inverse relation with GFR, which was stronger after controlling for age and sex. UAE was
especially increased in the group of patients with a renal function below the median GFR.

The relationship with the RAS was assessed using PRA and Ang II. PRA was strongly
and inversely correlated with GFR. Ang II was moderately and inversely correlated with
GFR and after controlling for age and sex, showing borderline significance (P = 0.07). The
relationship between PRA and GFR was present in high and low GFR values, but the
relationship of Ang II with GFR was less strong when renal function was more impaired.

The endothelial function markers sVCAM-1, vWf, NOx, ADMA and UAE were
inversely associated with renal function at several levels. sES was not related to GFR. When
stratified for the level of renal function, sES correlated with GFR in patients with a normal
to moderately impaired renal function. The relationships to GFR did not alter significantly
when controlled for the baseline age and sex. The majority of the endothelial function
markers correlated better in the lower ranges of GFR.

The inflammatory parameter CRP was not related to GFR, even in patients with a
normal to moderately impaired renal function.

In Figure 1 the relationships between RBF, GFR, FF and UAE are depicted. As the
RBF decreases GFR declines to a similar extent. FF and UAE remain relatively stable along
the course of RBF but both parameters alter exponentially when RBF and GFR are seriously
reduced (RBF < 275 mL/min/1.73m2 and GFR < 40 mL/min/1.73m2). To fully appreciate
the importance of RBF we performed a multivariate analysis in which age and sex and all
parameters univariately associated with GFR were included into the model. RBF remained
the strongest parameter associated with GFR (74% of the r2).  Finally, UAE was not associated
with MAP (r = 0.09; P = 0.38) but strongly related with RBF (r = -0.31, P = 0.004).
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Table 2. Relation of GFR with conventional cardiorenal hemodynamic, RAS, endothelial and inflammation
parameters.

GFR

Variables r P-value  r P-value
Unadjusted Adjusted for age

and sex

Cardiorenal hemodynamic parameters

RBF 0.92 <0.001 0.89 <0.001

UAE# -0.24 0.027 -0.29 0.007

NT pro-BNP# -0.61 <0.001 -0.54 <0.001

MAP  0.35 0.001 0.39 <0.001

LVEF  0.22 0.043  0.29 0.006

Renin Angiotensin System parameters

PRA# -0.35 0.001 -0.48 <0.001

Ang II# -0.24 0.028 -0.20 0.078

Endothelial function parameters

sVCAM-1#   -0.30 0.006  -0.29 0.007

vWf#   -0.29 0.007 -0.27 0.017

NOx -0.34 0.001 -0.27 0.013

ADMA   -0.25 0.019 -0.19 0.084

sES# -0.08 0.491 -0.06 0.604

Inflammation parameter

CRP#  -0.09 0.422 0.01 0.928

Values are shown as Pearson correlation coefficients and as correlation coefficients obtained with linear
regression, adjusted for age and sex. #Data logarithmically transformed.
GFR; glomerular filtration rate, RBF; renal blood flow, UAE; urinary excretion rate, NT pro_BNP; N terminal
pro_brain natriuretic peptide, MAP; mean arterial pressure, LVEF; left ventricular ejection fraction, PRA; plasma
renine activity, Ang II; angiotensin II, sVCAM-1; soluble vascular adhesion molecule-1, vWF; von Willebrand
factor, NOx; nitrate/nitrate, ADMA; asymmetric dimethyl arganine, sES; soluble E-selectine, CRP; C-reactive
protein.

Other estimates of renal function
In addition we evaluated whether the relationship between RBF and renal function would
be altered, when not GFR was used, but a formula estimating GFR (eGFR) or creatinine
clearance (CrCl). The course of various renal function measurements according to decreasing
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RBF is shown in Figure 2. Both eGFR and CrCl significantly underestimate GFR (P <0.001
and P < 0.001, respectively), but there is a trend toward overestimation at low RBF.
Furthermore, at the level where UAE and FF alter exponentially, eGFR and CrCl started to
overestimate true GFR.

Table 3. Relation of GFR with conventional cardiorenal hemodynamic, RAS, endothelial function and inflamation
parameters stratified for median level of GFR.

GFR < 79.3 (mL/min/1.73m2) GFR > 79.3  (mL/min/1.73m2)

Variables r P-value r P-value

Cardiorenal hemodynamic parameters

RBF 0.78  <0.001 0.64 <0.001

UAE# 0.30 0.056 0.03 0.881

NT pro-BNP -0.47 0.002 0.06 0.715

MAP 0.18 0.250 0.38 0.014

LVEF -0.07 0.646 0.08 0.636

Renin angiotensin system parameters

PRA# -0.43 0.006 -0.35 0.029

Ang II# -0.07 0.687 -0.17 0.306

Endothelial function parameters

sVCAM-1# -0.41 0.007 -0.09 0.586

vWf -0.11 0.481 -0.19 0.224

NOx -0.25 0.121 -0.14 0.374

ADMA -0.19 0.234 0.05 0.756

sES# -0.10 0.531 -0.34 0.031

Inflammation parameter

CRP -0.04 0.793 0.15 0.346

Values are shown as correlation coefficients obtained with linear regression, adjusted for age and sex. #Data
logarithmically transformed.
GFR; glomerular filtration rate, RBF; renal blood flow, UAE; urinary excretion rate, NT pro_BNP; N terminal
pro_brain natriuretic peptide, MAP; mean arterial pressure, LVEF; left ventricular ejection fraction, PRA; plasma
renine activity, Ang II; angiotensin II, sVCAM-1; soluble vascular adhesion molecule-1, vWF; von Willebrand
factor, NOx; nitrate/nitrate, ADMA; asymmetric dimethyl arganine, sES; soluble E-selectine, CRP; C-reactive
protein.
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Figure 2. course of glomerular filtration rate, creatinine clearance and estimated glomerular filtration rate
with decreasing renal blood flow

Figure 1. Relationship between RBF and GFR, FF and UAE in patients with CHF, according to RBF decline.
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DISCUSSION

The present study presents comprehensive data on parameters associated with reduced GFR
in patients with CHF. We quantified the relative contribution of the different parameters in
the course of renal impairment. We showed that RBF was the key factor in reduced GFR
explaining 85% from the observed variance, followed by RAS activation and endothelial
dysfunction. Of particular interest is the finding that not only functional but also structural
kidney impairment is to be expected for a GFR of less than 40 ml/min per 1.73 m2 of body-
surface area – as suggested by the exponential increase of UAE; a range that is shown to be
overestimated by the commonly used equations estimating renal function in CHF patients.15

Clinicians should be aware of the defaults of these methods to estimate renal function
necessitating cautious interpretation of the data, especially since these formulas tend to
overestimate renal function in the range of structural renal damage.

Renal dysfunction is increasingly recognised to be a major factor related to unfavourable
outcome in patients with CHF. The pathophysiology of renal dysfunction in CHF is still
incompletely understood. Determination of the factors contributing with renal dysfunction
is of key interest to facilitate identification of treatment targets. Previous studies in non-
CHF patients, such as patients with diabetes, hypertension or with chronic renal disease
suggested links between cardiorenal hemodynamic, the RAS, endothelial function, inflamma-
tion parameters and renal function.7;8;16 These parameters might interact at several levels
and eventually result in impaired renal function and structure. Although similar pathways
are present in CHF, their influence on renal function can be different.

The single most important determinant of renal function impairment was RBF. In our
population 85% of the variance in GFR could be explained by RBF. The impact of RBF on
GFR was much larger than observed by Ljungman et al4 15 years ago. Recently, we suggested
that in CHF reduced GFR is a reflection of impaired hemodynamic status instead of being
merely a marker of cardiovascular risk factors or atherosclerosis.17;18 The almost linear
relationship between RBF and GFR in the present study, provides further evidence that in
CHF reduced GFR is foremost the result of hemodynamic impairment. Reduced MAP was
more strongly related in those with normal to moderately impaired renal function. This
finding is at variance with findings in hypertensives, in which renal dysfunction is accompanied
with increased MAP, suggesting that reduced GFR in CHF is not related to increased
glomerular pressure and ensuing glomerular damage, but rather to reduced hydraulic
pressure.19 Furthermore, we observed that the FF remained stable during moderate renal
function impairment and does not increase until GFR drops below approximately 40 ml/
min/1.73m2. An increase in FF was suggested to be a possible mechanism to compensate
for hypoperfusion of the kidney, based on the data by Ljungman.4 We assume that the
dissociation between hypoperfusion and FF in our study is a consequence of the use of
RAS-inhibitors, which currently are imperative in the treatment of CHF.20 ACE inhibitors
show a relatively greater effect in dilating efferent than afferent arterioles, resulting in a
decrease in FF. Consequently, glomerular capillary hydraulic pressure will be reduced in
proportion to perfusion pressure due to loss of post-glomerular vascular tone, which could
be involved in our findings.
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Damage and activation of the endothelium play a critical role in the pathogenesis of
CHF.21 We estimated the extent of endothelial damage with several markers and found
some were associated with renal function impairment. First, high vWF levels were associated
with decreased renal function. vWF is an endothelium derived factor and a well established
marker of endothelium dysfunction, which is inversely correlated with flow-mediated
endothelial-dependent vasodilatation.22 Second, we determined plasma NOx levels, which
are the resultant of endogenous NO synthesis, oxidative stress and urinary NOx excretion
and therefore should be interpreted with caution. We found that increased NOx levels were
associated with decreased renal function. Increased NOx levels have also been associated
with heart failure and other conditions characterised by endothelial dysfunction, such as
hypertension and hyperlipidaemia.23-25

Third, in addition to NOx, we determined ADMA levels, an endogenous NO synthase
inhibitor. Previously, elevated ADMA levels were reported in cardiovascular patients and in
patients with end-stage renal disease.26;27 In patients with renal disease ADMA predicted
progression of renal dysfunction and mortality.28;29 Only recently Kielstein et al30, showed
that ADMA was an important substance influencing renal perfusion. We now report that
increased ADMA levels are associated with mild-renal function impairment in patients
with CHF. However, this relation was mainly driven by patients with the most affected
renal function. Finally, we determined inflammatory activation of the endothelium by sES
and VCAM-1 levels. These soluble forms of endothelial leukocyte adhesion molecules are
considered to be surrogate markers of their true endothelial expression. Adhesion molecule-
regulated leukocyte recruitment can result in functional impairment of the endothelium.
In our patients only VCAM-1 was associated with renal function impairment. This might
be explained by their differential roles in leukocyte adhesion. sES predominantly mediates
the initial, low-affinity leukocyte-endothelial cell interaction while VCAM-1 mediates the
subsequent firm adhesion and transendothelial migration of leukocytes, resulting in
infiltration of leukocytes below the endothelial layer.31;32

Inflammation is recognised as an important marker for future cardiovascular events.33

We determined high-sensitive CRP as a marker of systemic inflammation. Although median
value was well above the value of 2 mg/L needed to maximize patient benefit, we did not
observe an association between CRP and renal function impairment. This suggests that the
decreased survival associated with renal dysfunction might be independent of CRP levels.
This might explain why statin treatment significantly reduces CRP, but only has a modest
effect on kidney function loss.34

In our CHF population UAE was inversely related to GFR. However, this relation was
mainly driven by a marked increase in UAE in the patients with severely impaired renal
function. The exponential increase of UAE as GFR deteriorates below 40 ml/min/1.73m2

may imply a certain threshold below which the kidney is unable to maintain its structural
integrity, as a consequence of renal hypoperfusion. In non-CHF conditions, UAE is related
to increased MAP35, indicating gradual glomerular damage to increased intraglomerular
pressure. In our patients MAP was not associated with increased UAE, instead the most
direct marker of renal hypoperfusion, RBF, was strongly related to UAE. Under chronic
conditions, intrarenal hypoperfusion injury can progress to compromise the entire kidney.36
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Chronic renal hypoperfusion might ultimately result in damage of the tubulus. The tubulus
is known to reabsorb albumin and tubular damage will therefore increase UAE. Therefore,
these results might imply that increased UAE in CHF is the result of tubular damage due to
chronic hypoperfusion. The higher UAE could also be considered to reflect more extensive
atherosclerosis. However, it was also present in subjects with non-ischemic, i.e non-
atherosclerotic heart failure, which renders it less likely that UAE in this population merely
reflects the severity of underlying atherosclerosis. The elevated UAE was found in spite of
treatment with RAS-blockade, which is known to reduce UAE.

Finally, we studied whether the relationship between RBF and renal function would be
altered if not true GFR was used, but the sMDRD formula, which is commonly used to
estimate GFR or creatinine clearance (CrCl). Both the sMDRD and CrCl significantly
underestimate GFR. Importantly, there is a trend toward overestimation at lower RBF.
Considering the observation that UAE develops in the very low ranges of true GFR clinicians
should be very cautious relying on these formulas, overestimating renal function.

Limitations
This study is of cross-sectional design and thus only can be hypothesis generating. Regretfully
we were not able to determine the relationship of the sympathetic nervous system and renal
function in our patients. In CHF the sympathetic nervous system might also play an im-
portant role in renal function impairment. However, to our knowledge this is the largest
cohort of patients comparing the results of true renal function measurements with a large
number of parameters linked to the biology of impaired renal function. Only a few, small
sized studies using limited numbers of parameters are available.30;37

CONCLUSIONS

Our observations suggest an interrelationship between renal hypoperfusion, RAS activation,
endothelial dysfunction, inflammation, on the one hand and renal injury on the other hand
in patients with CHF treated with RAS-blockade. This results in a vicious circle of potentially
irreversible renal damage. These factors might be mediators involved in the increased
cardiovascular risk observed in CHF patients with impaired renal function. In CHF patients
with seriously impaired renal function, UAE is exponentially increased, suggesting structural
damage to the kidney, possibly due to chronic hypoperfusion.
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Abstract 

Background 

The efficacy of statin therapy in patients with established Chronic Heart Failure 
(CHF) is a subject of much debate. We have conducted three systematic 
literature searches to assess the evidence supporting the prescription of statins 
in CHF. Firstly, we investigated the participation of CHF patients in randomized 
placebo-controlled clinical trials designed to evaluate the efficacy of statins in 
reducing major cardiovascular events and mortality. The second search aimed to 
assess the association between serum cholesterol and outcome in CHF. Finally, 
we aimed to evaluate the ability of statin treatment to modify surrogate 
endpoint parameters in CHF.  
 
Methods and Findings 

Using validated search strategies, we systematically searched PubMed for our 
three queries. In addition, we searched the reference lists from eligible studies, 
used the “see related articles” feature for key publications in PubMed, consulted 
the Cochrane library, and searched the ISI web of Knowledge for papers citing 
key publications.  
Search 1 resulted in the retrieval of 47 placebo-controlled clinical statin trials 
involving more than 100,000 patients. CHF patients were, however, 
systematically excluded from these trials. Search 2 resulted in the retrieval of 8 
studies assessing the relationship between cholesterol levels and outcome in 
CHF patients. Lower serum cholesterol was consistently associated with 
increased mortality. Search 3 resulted in the retrieval of 18 studies on the 
efficacy of statin treatment in CHF. On the whole, these studies reported 
favorable outcomes for almost all surrogate endpoints. 
 
Conclusion 

Since CHF patients have been systematically excluded from randomized, 
controlled clinical cholesterol-lowering trials, the effect of statin therapy in these 
patients remains to be established. Currently, two large, randomized, placebo-
controlled statin trials are underway to evaluate the efficacy of statin treatment 
in terms of reducing clinical endpoints in CHF patients in particular.  
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Introduction 

The efficacy of 3-hydroxy-3-methylglutaryl co-enzyme-A reductase inhibitors, or 
statins, in reducing morbidity and mortality in patients with documented, or at 
risk of, coronary artery disease (CAD) has been overwhelmingly and indisputably 
proven during the past decade.[1–15] However, it is unclear whether statin 
treatment is also beneficial in patients with established Chronic Heart Failure 
(CHF).[16,17] To investigate the strength of the evidence supporting statin 
treatment in patients with CHF, three systematic literature searches were carried 
out. The objectives of these searches were as follows: (i), to assess the 
participation of CHF patients in randomized, placebo-controlled clinical trials 
designed to evaluate the efficacy of statin treatment in reducing major 
cardiovascular events and death; (ii), to determine the relationship between 
cholesterol levels and outcome in patients with established CHF; (iii), to assess 
the reported efficacy parameters and results of statin treatment in patients with 
established CHF. 

Methods 

Literature Search 

The search to identify all potentially relevant studies was initiated using search 
strategies provided by PubMed (http://www.ncbi.nlm.nih.gov/entrez/query/ 
static/clinical.shtml) (July 2005). These search strategies have recently been 
validated by Haynes et al. to optimize retrieval.[18] The scope filters employed 
were all set to ‘broad, sensitive search’ as recommended for research 
applications. We included papers published in all languages. We constructed one 
query per objective (appendix A). In addition, we consulted with experts, 
searched our own files, reviewed reference lists from eligible studies, used the 
“see related articles” feature for key publications in PubMed, consulted the 
Cochrane library, and searched the ISI web of Knowledge 
(http://isi15.isiknowledge.com/) for publications that cited key publications. 
 
CHF patients in clinical statin trials 

The first objective was to discover whether CHF patients were included in 
randomized clinical trials in which the efficacy of statin therapy in reducing 
major adverse cardiac events (MACE) or death was either a primary or 
secondary endpoint. All randomized placebo-controlled clinical trials, including 
those still ongoing, were included. Exclusion criteria relating to CHF (New York 
Heart Association (NYHA) class, left ventricular ejection fraction (LVEF)) were 
recorded.   
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Cholesterol and CHF 

The second objective was to assess the association between cholesterol levels 
and outcome in patients with established CHF. We anticipated retrieving 
predominantly small-scale, post-hoc observational studies using various 
methodologies and analyzing different cholesterol cut-off values. For this reason 
we did not assess the magnitude of the effect of cholesterol levels on  CHF 
prognosis.   
 
Statin treatment in CHF 

The third objective was to assess the clinical evidence established in patients 
with CHF. All studies which aimed to evaluate statin treatment specifically in 
patients with established CHF were included. All reported efficacy parameters 
and study designs were assessed to estimate the strength of the clinical 
evidence. Case-reports and serial case-reports were excluded. Studies which 
investigated the effect of statins on the incidence of CHF in non-CHF populations 
were also excluded.  
 
Methods of analysis 

The results of the data extraction and assessment were summarized in 
structured tables. 

C. B. A. 

Reports 
retrieved 

from 
database 
(n=1329) 

Excluded  
- duplicates 
(n=237) 
- no ACE/mortality    
   (n=422) 
- no parallel 
placebo group   
   (n=122)  
- cross-over  
design     
    (n=43) 
- based on  
abstract    
    (n=462) 
 

Included 
reports 
(n=43) 

Total 
included 
reports 
(n=47) 

Non-
electronic 

search  
(n=4) 

Reports 
retrieved 

from 
database 
(n=632) 

Excluded  
- Non-CHF    
    patients    
    (n=369) 
- based on  
    abstract    
    (n=255) 
 

Total 
included 
reports 
(n=8) 

Non-
electronic 

search  
(n=0) 

Reports 
retrieved 

from 
database 
(n=263) 

Included 
reports 
(n=15) 

Total 
included 
reports 
(n=18) 

Non-
electronic 

search  
(n=3) 

Excluded  
- Non-CHF    
    patients   
    (n=80) 
- based on    
    abstract    
    (n=168) 
 

Included 
reports 
(n=43) 

Flow diagrams of study selections. A) Panel 1; handling of CHF patients in placebo-controlled statin trials. B) Panel 2; 
association between cholesterol levels and mortality in CHF patients. C) Panel 3; original data on statin treatment in 
patients with established CHF.  

 

Figure 1 
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Results 

CHF patients in statin trials 

The electronic search retrieved 1,329 possibly relevant papers. Of these, 47 
randomized-controlled trials (including 6 ongoing) published between 1990 and 
2005 fulfilled the eligibility criteria. Details of those papers excluded are shown 
in figure 1A. In the 41 completed trials, a total of 106,167 patients were 
randomized to statin treatment or placebo. There were 14 primary prevention 
trials, 25 secondary prevention trials, and 2 trials that combined primary and 
secondary prevention (table 1). Eighteen trials, with a total of 48,623 (46%) 
patients, excluded all CHF patients. One trial excluded patients with LVEF <40% 
(n=695, 0.7%), three trials excluded patients with LVEF <30% (n=2,970; 3%) 
and one excluded patients with LVEF <35% (n=460; <0.01%). Four trials 
excluded patients with NHYA III or higher (n=10,855; 10%), four excluded 
patients with ‘severe’ heart failure (21,327; 20%), and two trials excluded 
symptomatic heart failure (n=13,173; 12%). Eight papers provided no 
information in either the methodology or the baseline characteristics on  
whether CHF patients had been included (n=8,064; 8%). The Cholesterol And 
Recurrent Events (CARE) trial excluded symptomatic heart failure, but reported 
a subgroup analysis of 706 patients with decreased LVEF (0.26-0.40). Statins 
were equally effective in patients with or without decreased LVEF.[4] Of the six 
ongoing trials, two are specifically designed to include CHF patients and will be 
discussed below. [19,20]  
 
Table 1.  Placebo controlled statin trials and CHF patients 

Trial acronym, date N  Intervention Prevention CHF patients 
Brown et al, 1990[49]* 120 Lovastatin 40 mg Primary Excluded 
PMSGCRP, 1993[1] 1,062 Pravastatin 20mg Primary Excluded 
MARS, 1993[50]* 270 Lovastatin 80 mg Secondary Not reported 
ACAPS, 1994[51]* 919 Lovastatin 20-40 mg Primary Excluded 
CCAIT, 1994[52]* 331 Lovastatin 36 mg Secondary Excluded 
PLAC II, 1994[53]* 151 Pravastatin 20-40 mg Secondary Excluded uncontrolled heart 

failure 
MAAS, 1994[54]* 381 Simvastatin 20 mg Secondary Excluded 
4S, 1994[2] 4,444 Simvastatin 10-40 mg Secondary Excluded 
LSRTSG, 1994[55]* 404 Lovastatin 80 mg Secondary Not excluded (mean LVEF 

60±12 %) 
KAPS, 1995[56]* 447 Pravastatin 40 mg Primary/Se

condary 
Not reported 

REGRESS, 1995[57]* 885 Pravastatin 40 mg Secondary Excluded clinical congestive 
heart failure after medical 

management, requiring diuretics 
(ejection fraction <0.3 if 

performed) 
PLAC I, 1995[58]* 408 Pravastatin 40 mg Secondary Excluded LVEF <30% 
WOSCOPS, 1995[3] 6,595 Pravastatin 40 mg Primary Excluded 
CARE, 1996[4] 4,159 Pravastatin 40 mg Secondary Symptomatic CHF excluded 
LCAS, 1997[59]* 429 Fluvastatin 40 mg Secondary Not reported 
CIS, 1997[60]* 254 Simvastatin 40 mg Secondary Not reported 
PREDICT, 1997[61]* 695 Pravastatin 40 mg Secondary Excluded LVEF <40% 
AFCAPS/TexCAPS, 1998[5] 6,605 Lovastatin 20-40 mg Primary Excluded 
LIPID, 1998[6] 9,014 Pravastatin 40 mg Secondary Symptomatic CHF excluded 
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FLARE, 1999[62]* 1,054 Fluvastatin 80 mg  Secondary Not reported 
LiSA, 1999[63]* 365 Fluvastatin 40 mg Secondary Excluded NHYA III/IV 
MIRACL, 2001[7] 3,086 Atorvastatin 80 mg Secondary Excluded NYHA IIIb/IV. No 

difference in worsening heart 
failure 

SCAT 2000[64]* 460 Simvastatin 40 mg Secondary Excluded LVEF < 35%  
BCAPS, 2001[65]* 793 Fluvastatin 40 mg Primary Excluded history of myocardial 

infarction, angina pectoris 
Den Hartog, 2001[66]* 100 Pravastatin 40 mg Secondary 

(Acute 
coronary 

syndromes) 

 Severe heart failure excluded 

GREACE, 2002[11] 1,600 Atorvastatin 24 mg Secondary NYHA III and IV excluded 
FLORIDA, 2002[67]* 540 Fluvastatin 80 mg Secondary Severe heart failure excluded 
MRC/HPS, 2002[8] 20,536 Simvastatin 40 mg Secondary Severe heart failure excluded 
LIPS, 2002[9] 1,677 Fluvastatin 80 mg Secondary Excluded LVEF < 30% 
PROSPER, 2002[10,68] 5,804 Pravastatin 40 mg Primary/Se

condary 
Excluded NYHA III/IV. No 

difference in CHF 
hospitalisation. 

ALLHAT-LLT, 2002[12] 10,355 Pravastatin 20-40 mg Primary Excluded 
ASCOT-LLA, 2003[13] 10,305 Atorvastatin 10 mg Primary Excluded 
ALERT, 2003[14] 2,102 Fluvastatin Primary 

(Renal 
transplant 
patients) 

Not reported 

CARDS, 2004[15] 2,838 Atorvastatin 10 mg Primary Excluded 
O’Rourke et al, 2004[69]* 97 Fluvastatin  40 mg Secondary 

(HTx pts) 
Excluded 

PACT, 2004[70] 3,408 Pravastatin 20-40 mg Secondary Not reported 
Durazzo et al, 2004[71] 
 

100 Atorvastatin 20 mg Secondary 
(vascular 
surgery 
patients) 

Not reported 

PREVEND-IT, 2004[72] 864 Pravastatin 40 mg Primary Excluded 
Beishuizen et al, 2004[73]* 250 Cerivastatin 0.4 mg 

Simvastatin 20mg** 
Primary Excluded 

4D Study, 2005[74] 1,255 Atorvastatin 20 mg Primary Excluded 
St. Francis Heart Study, 
2005[75] 

1,005 Atorvastatin 20 mg + 
Vitamin C 1g + 

Vatamin E 1,000 U 

Primary Excluded 

ONGOING STUDIES     
SPARCL, ongoing[76] 4,732 Atorvastatin 80 mg Secondary Excluded 
FACS trial, ongoing[77]* 1,000 Fluvastatin 80 mg Secondary 

(acute 
coronary 

syndrome) 

Not reported 

AURORA, ongoing[78] 2,750 Rosuvastatin 10 mg Primary  
(end stage 

renal 
disease) 

Not reported 

SHARP, ongoing[79] ± 9,000 20 mg simvastatin  
±  ezitimibe 10 mg 

Primary 
(chronic 
kidney 

disease) 

Not excluded (history of 
myocardial infarction excluded) 

GISSI-HF, ongoing[20] ± 5,000 Rosuvastatin 10 mg Secondary Included NYHA II-IV 
CORONA, ongoing[80] ± 5,000 Rosuvastatin 10 mg Secondary Included NYHA II-IV, LVEF 

<40%. 
* MACE / mortality was not primary endpoint  ** when cerivastatin was withdrawn from the market, it was replaced by 
20 mg simvastatin without deblinding the study. 
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Cholesterol and CHF 

The electronic search retrieved 632 possibly relevant papers. Eight papers 
describing 10 independent patient populations (n=3,879 in total) and published 
between 1998 and 2005 fulfilled the eligibility criteria (figure 1B). Seven CHF 
populations were studied retrospectively (n=2,837, 73%) and three populations 
were studied prospectively (n=1,039; 27%). Both ischemic and non-ischemic 
cardiomyopathies were studied, and mortality was the outcome parameter in all 
but one study (n=58; 1%). In 1998, Vredevoe et al. were the first to report that 
lower total cholesterol was associated with increased mortality in patients with 
advanced, idiopathic CHF.[21] Two studies sought to identify the optimum 
cholesterol cut-off value to predict mortality. In the study carried out by Horwich 
et al., which used ‘Receiver Operating Characteristic’ (ROC) curves analysis, the 
optimum cut-off for total cholesterol in predicting mortality in CHF patients was 
4.9 mmol/L (190 mg/dL), with a sensitivity of 70% for predicting mortality at 5 
years.[22] Similarly, Rachhaus et al. reported that the optimum cut-off value 
was 5.2 mmol/L (200 mg/dL) for predicting mortality at both 1 year (sensitivity 
80%, specificity 63%) and 3 years (sensitivity 62%, specificity 74%). In this 
study, the chance of survival increased by approximately 25% for each mmol/L 
increment in total cholesterol (RR 0.75 [95% CI 0.63-0.90]).[23]  On the other 
hand, a recent article by Christ et al. questioned the prognostic value of total 
cholesterol in patients with idiopathic dilated cardiomyopathy. Univariately, 
decreased total cholesterol was only a moderate predictor, and lost its 
significance after adjustment for increased left ventricular end-diastolic 
diameter, reduced LVEF, and increased NHYA class for the combined endpoint of 
death or heart transplantation (p=0.34), and was borderline significant for the 
endpoint of death (p=0.07; table 2).[24] Overall, results from 8 patient 
populations and involving a total of 3,341 patients (86%) reported low 
cholesterol to be an independent predictor associated with mortality. Since 
methodology and categorization varied considerably amongst the reported 
populations, pooling of the results to determine the magnitude (hazard ratio) is 
inappropriate.  
 
Statin treatment in CHF 

The electronic search retrieved 263 papers. Eighteen papers reporting efficacy 
parameters for statin treatment in CHF were included (figure 1C). Outcome 
parameters differed considerably (table 3) and did not allow pooling of data. 
 

Table 2. Cholesterol and CHF 

Study Type CHF n Study 
design 

Durat
ion 
(yr) 

Outcome 
paramter 

Multivariable 
analysis adjusted 

for 

Results 
(Multivariate) 

Vredevoe, 
1998[21] 

IDCM 109 Retro- 
spective 

1 Mortality Angergy, ACEi use, 
age, LVEF, right 
atrial pressure, 
cardiac output, 

pulmonary capillary 
wedge pressure, 

serum sodium, body  
mass index 

HR 0.674 (0.539-
0.848) per 

unspecified unit 
increase in total chol 
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Vredevoe, 
1998[21] 

Ischemic 113 Retro- 
spective 

1 Mortality Angergy, ACEi use, 
age, LVEF, right 
atrial pressure, 
cardiac output, 

pulmonary capillary 
wedge pressure, 

serum sodium, body  
mass index 

HR 1.001 (0.970-
1.032) per 

unspecified unit 
increase in total c 

hol 
 

Richartz, 
1998[81] 

Left 
ventricular 

assist 
device 

implantation 
in IDCM 

and 
ischemic 

45 Retro-
spective 

0.4 Mortality Not adjusted Serum chol <2.6 
mmol/l (<100 mg/dl) 
sensitivity (death) 
100%. Chol >3.1 

mmol/l (> 120 mg/dl) 
specificity (survival) 

87%. 

Rauchhaus, 
2000[82] 

62% 
ischemic, 
38% non-
ischemic 

58 Pro- 
spective 

1 Event-free Peak VO2<14 
ml/kg/min, NYHA 

classIII+IV, 
presence of cardiac 

cachexia 

Serum chol 
<5.2mol/l 

(<200mg/dl) RR 3.5 
(1.1-11.0) 

Horwich, 
2002[22] 

48%ischemi
c, 40% 

idiopathic 

1,134 Retro- 
spective 

5 Mortality Age, sex, LVEF, 
BMI, ACEi use, lipid-
lowering medication, 
pulmonary capillary 

wedge pressure, 
blood urea nitrogen, 
creatinine, albumin, 

hypertension, 
diabetes, smoking 

history 

RR 0.996(0.994-
0.999) per 1mg/dL 

increase in total chol 

Rauchhaus, 
2003[23] 

62% 
ischemic 

38% DCM 

114 Retro- 
spective 

3 Mortality sTNF-R1, LVEF, 
peak VO2  

HR 0.61 (0.11-0.85) 
per mmol/L increase 

in chol 
Rauchhaus, 
2003[23] 

60% 
ischemic, 
40% DCM 

303 Retro- 
spective 

3 Mortality Cachexia, LVEF, 
peak VO2, etiology, 
NYHA class, age,  

HR 0.75 (0.63-0.90) 
per mmol/L increase 

in chol 
Mozaffarian, 
2004[83] 

61% 
ischemic 

1,019 Retro- 
spective 

1.3 Mortality Age, gender, 
diabetes, smoking 
status, heart failure 

etiology, NYHA 
class, LVEF, systolic 

blood pressure, 
amlodipine, 

allopurinol, sodium, 
blood urea nitrogen, 

creatinine, 
hematocrit, white 
blood cell count, 
lymphocyte count 

Low chol associated 
with mortality. Not 

quantified. 

Rosolova, 
2005[84] 

55% CAD 559 Pro- 
spective 

4 Mortality Not adjusted Low chol associated 
with mortality. Not 

quantified. 
Christ, 
2005[85] 

100% IDCM 422 Pro- 
spective 

3.5 Mortality LVEDD, NYHA class 
I-III, LVEF 

HR 0.84 (0.70-1.01) 
per mmol/L increase 

in chol (p=0.07) 
IDCM; idiopathic dilated cardiomyopathy, DCM; dilated cardiomyopahty, CAD; coronary artery disease, HTx; heart 
transplantation, Chol: cholesterol. Coeff; coefficient, RR; relative risk. HR; hazard ratio.  
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Only one study, involving 24 patients, reported a reduction of Coenzyme Q10, 
which is a possible adverse outcome.[25] All other studies reported favorable 
outcomes for almost all surrogate endpoint parameters or post-hoc analyses of 
MACE or mortality (table 3). Three studies had a prospective, randomized, 
placebo-controlled design involving a total of 104 patients. All these studies 
reported surrogate endpoints and none had a single prespecified primary 
outcome parameter. One of the most noteworthy prospective studies was 
performed in idiopathic dilated cardiomyopathy. Fifty-one patients were 
randomly assigned to simvastatin (up to 10mg/day) or placebo.[26] Using M-
mode echocardiography with 2D monitoring before and after 14 weeks of 
treatment, Node et al. demonstrated improvement in functional capacity in 
statin-treated patients. In the statin group, 39.1% of patients had an improved 
functional class and 4.3% deteriorated. In contrast, in the placebo group 16% of 
patients improved and 12% deteriorated (p<0.01). Another prospective, double-
blind study randomized non-ischemic dilated cardiomyopathy patients to 
cerivastatin 0.4 mg versus placebo.[27] Quality of life and exercise capacity 
increased significantly in the statin-treated patients. In addition, there was a 
trend towards increased LVEF and improved endothelial function. Recently, 
Landmesser demonstrated improvement of endothelial function in CHF patients 
randomized to simvastatin (10 mg/day), but not in patients randomized to 
ezetimibe (10 mg/day).[28] This suggests that improvement of endothelial 
function is independent of LDL cholesterol reduction.  
Two large randomized, placebo-controlled clinical trials are currently underway, 
together involving in excess of 10,000 patients. [19,20]  The COntrolled 
ROsuvastatin multiNAtional trial in heart failure (CORONA) will enroll about 
4,950 patients with chronic symptomatic systolic heart failure due to CAD.[19] 
The primary outcome is the composite endpoint of cardiovascular death or non-
fatal myocardial infarction or non-fatal stroke. The Italian Study Group – 
Prevention (GISSI) heart failure trial will enroll approximately 7,000 patients to 
be randomized to n-3 polyunsaturated fatty acids or matching placebo and, if 
there is no clear indication for cholesterol-lowering therapy, patients will be 
further randomized to receive rosuvastatin or matching placebo.[20] The GISSI 
heart failure trial has two co-primary endpoints, namely all-cause mortality and 
the combined endpoint of all-cause mortality or cardiovascular hospitalizations. 
These two trials will formally assess statin treatment in CHF. 

Discussion 

Although more than 100,000 patients have been studied in clinical trials 
evaluating the efficacy of statin treatment compared to placebo in primary and 
secondary prevention, this investigation has revealed that the vast majority of 
published statin trials excluded patients with a LVEF below 40% or NYHA III/IV. 
In addition, we report that in CHF patients, instead of high serum cholesterol 
levels, low serum cholesterol levels have been consistently associated with 
increased mortality rates. Finally, this study has revealed that although most 
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studies assessing the effect of statins in CHF are encouraging, they only report 
surrogate efficacy parameters or are based on secondary analyses.  
 
Theoretical considerations for statin treatment in CHF patients 

We conclude that statin treatment in CHF has never been assessed in a large 
clinical trial setting, which is the gold standard for clinical evidence (table 1). In 
view of this, the question is to what extent can the results of studies performed 
in other patients groups be extrapolated to CHF populations? 
There are several theoretical considerations which argue in favor or against 
statin treatment in CHF. The most relevant arguments against statin therapy are 
the endotoxin lipoprotein hypothesis, the coenzyme Q10 (ubiquinone) hypothesis 
and the selenoprotein hypothesis. The endotoxin lipoprotein hypothesis is 
related to lower cholesterol levels and will be discussed below.  
The ubiquinone hypothesis reasons that the inhibition of mevalonate synthesis 
by statins decreases the production of ubiquinone (Coenzyme Q10). Ubiquinone 
is involved in the production of ATP and therefore the metabolic demands of 
cells.[29] Another fundamental characteristic of ubiquinone is its antioxidant 
(free radical-scavenging) properties. The selenoprotein hypothesis postulates 
that statins interfere with the enzymatic isopentenylation of selenocysteine tRNA 
(Sec-tRNA) and prevent its maturation to a functional tRNA molecule, resulting 
in a decrease in available selenoproteins.[30] Individuals with statin-induced 
myopathy have similar clinical and pathological features to those with 
syndromes associated with severe selenoprotein deficiency.[30] 
The potential beneficial effects of statin treatment in CHF include improvement 
of vascular function, improved neurohormonal status and decreased 
development of left ventricular hypertrophy. Statin treatment has been shown to 
favorably affect endothelial function,[28] as well as increasing capillary 
density[31] and circulating endothelial progenitor cells,[32] and slowing the 
progression of coronary atherosclerosis.[33] In addition, statins also modify the 
major neurohormonal systems involved in CHF, decreasing responsiveness to 
Angiotensin II for example.[34] Statins also inhibit the beta-adrenergic receptor 
activation of Rac1 and consequently apoptosis.[35] Finally, by blocking the 
synthesis of mevalonate, statins reduce the development of left ventricular 
hypertrophy.[36] 
 
Cholesterol in CHF 

In middle-aged persons, hypercholesterolemia is a well-known risk factor 
predicting the development of CAD and long-term all-cause mortality. This 
association is, however, controversial in elderly patients and those with a wide 
range of chronic and acute diseases.[37–39] In the Framingham study, 
dyslipidemia initially appeared to be a risk factor for the development of 
CHF.[40] However, in a more detailed analysis of the same Framingham 
database, the association between total cholesterol and all-cause mortality was 
found to be positive at 40 years, negligible at 50-70 years, and negative at age 
80 years and above.[41] In this context, it is important to note that the 
incidence and prevalence of CHF rises steeply with age, and that almost 80% of  
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Table 3. Observational and interventional studies  investigating efficacy of  

statin treatment in CHF 

Study, date Type CHF N Statin 
(dose) 

Study design Time 
(yrs) 

Outcome parameter Result* 

Observational studies     
Segal 
2000[46] 

NYHA II-IV, 
LVEF<40% 

3,152 Not 
specified 

Observational 1.5 Mortality + 

Stumpf 
2003[86] 

Mean LVEF 
22% 

Ischemic 78% 

50 
 

Any Observational 0 IL-10 +/- 

Hognestad 
2004[87] 

CHF post 
myocardial 
infarction 

5,301 Not 
specified 

Observational 3.1 All-cause mortality + 

Joynt 
2004[88]  

LVEF <40%, 
87% ischemic 

96 Any Observational 0 C-reactive protein level +/- 

Mozaffarian 
2004[83] 

NYHA IIIb/IV, 
LVEF <30%, 

ischemic+non-
ischem 

1,153 Lovastatin 
Pravastatin 
Simvastatin 

Observational 1.3 All-cause mortality + 

Horwich 
2004[89]  

45% CAD 551 Atorvastatin 
Simvastatin 
Pravastatin 

Observational 1 All-cause mortality or 
urgent transplantation 

+ 

Ezekowitz 
2004[90]  

Cardiologist-
diagnosed 

CHF 

6,427 Any Observational 1 All-cause mortality + 

Ray 
2005[91] 

Newly 
hospitalized 

for heart 
failure 

28,828 Any Observational 7 All-cause mortality + 
nonfatal acute 

myocardial infarction + 
nonfatal stroke 

+ 

Rosolova 
2005[92] 

55% CAD 607 Any Observational 4  All-cause mortality + 

 
Interventional studies 

     

Sacks 
1996[4] 

LVEF 26-40% 706 Pravastatin 
(40mg) 

Interventional 
Post-hoc 

 

5 Fatal coronary event or 
fatal myocardial 

infarction 

+ 

Node 
2003[26] 

NYHA II/III, 
non-ischemic 

DCM, 
LVEF<40% 

51 Simvastatin 
(10mg) 

Interventional, 
prospective, 
cross-over 

 

0.3 NYHA class 
LVEF 

Inflammatory 
parameters 
BNP levels 

Endothelial funciton 

+ 
+ 
 

+ 
+ 
+ 

Laufs 
2004[27] 

Non-ischemic 
DCM 

15 Cerivastatin 
(0.4mg) 

Interventional, 
prospective, 

no predefined 
efficacy 

parameter 

0.4 Minnesota Living with 
Heart Failure 

Questionnaire;  
6 min walking test;  

Radionuclear 
ventriculography 

 
 

+ 
+ 
 

+/- 
Strey 
2005[25]  

NYHA II/III, 
LVEF <40% 

24 Atorvastatin Interventional 0.12 Endothelial function  
Coenzyme Q10 

+ 
- 

Tousoulis 
2005[93] 

NYHA II-IV, 
LVEF<35% 

38 Atorvastatin 
(10mg) 

Interventional, 
prospective, 

non-
randomized 

0.08 Maximum hyperaemic 
flow; 

Reactive hyperemia %; 
Thrombosis-fibrinolysis 

system; 
Anti-inflammatory 

+/- 
+ 
+ 
+ 

Hong 
2005[94] 

Ischemic CHF, 
LVEF <40%, 

202 Simvastatin 
(40 mg) 

Interventional, 
prospective, 

1 LVEF 
Cardiac death 

+ 
+ 
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undergoing 
PCI 

randomized Cerebrovascular 
accident 

Non-fatal myocardial 
infarction 

Coronary artery bypass 
graft 

Restenosis 
Repeat PCI 

Event free survival 

+/- 
+ 

+/- 
+ 
+ 
+ 

Landmesser 
2005[28] 

NHYA III, 
LVEF 23% 

20 Simvastatin 
(10 mg) vs . 
Ezetimibe 
(10 mg) 

Interventional, 
prospective, 
randomized 

0.08 Endothelial function 
Oxidant stress 

+ 
+ 

GISSI-HF 
ongoing [20] 

NYHA II-IV ± 
5,000 

Rosuvastatin 
(10 mg) 

Interventional, 
prospective, 
randomized 

? 
 

All-cause mortality, 
All-cause motality + 

cardiovascular 
hospitalization 

? 
? 

CORONA 
ongoing [19] 

Ischemic CHF, 
NYHA II-IV, 
LVEF <40% 

± 
5,000 

Rosuvastatin 
(10 mg) 

Interventional, 
prospective, 
randomized 

? cardiovascular mortality 
+ non-fatal myocardial 
infarction + non-fatal 

stroke 

? 

*; + statin treatment significant better, +/- no difference, - statin treatment significant worse 

 
CHF patients are over 65 years of age. Despite these observations, however, the 
evidence from clinical trials proves that statin treatment is effective in elderly 
patients.[42] The “Pravastatin in elderly individuals at risk of vascular disease” 
(PROSPER) trial extended the clinical evidence for statin treatment to elderly 
patients (>70 years) at high risk of developing cardiovascular disease and 
stroke.[10]  
Several studies have addressed the relation and relevance of serum cholesterol 
levels to outcome in CHF patients in particular, and consistently suggest that 
lower cholesterol is associated with increased mortality (table 2). More 
specifically, for each mmol/L decrease in total cholesterol, mortality increases by 
25%.[22,23] This phenomenon of ‘reverse epidemiology’ in CHF is not unique 
for cholesterol levels, and also exists for body mass index and blood 
pressure.[43] Nevertheless, the above-mentioned studies are observational 
studies and therefore of limited value. Although most studies are corrected for 
several indicators, such as nutritional status, and cachexia, they may have been 
inadequately adjusted for other confounders. Lower cholesterol may mark an 
end-stage disease epiphenomenon, due to reduced hepatic cholesterol synthetic 
capacity. The endotoxin lipoprotein hypothesis, however, offers a plausible 
explanation for the observed relationship. This hypothesis postulates that higher 
levels of cholesterol might be beneficial in CHF on the basis of the ability of 
cholesterol to modulate inflammatory immune function.[44] CHF patients have 
increased serum cytokine levels, which might be linked to increased endotoxin 
levels.[45] Circulating cholesterol- and triglyceride-rich lipoproteins are natural 
nonspecific buffers of endotoxins. They have the capacity to bind and detoxify 
bacterial lipopolysaccharides (LPS). In parallel with raised LPS plasma 
concentrations, edematous and severe CHF patients show substantial immune 
activation.[45] Episodes of endotoxemia may occur, and reducing lipoproteins 
could adversely affect LPS bioactivity modification.[44]  
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Clinical evidence for statin therapy in CHF 

Several post-hoc subgroup analyses of data from large clinical statin trials have 
been published, and have examined the effects of statins in CHF or on the 
development of CHF.[2,4,10,46,47] One recent study, the Treating to New 
Targets (TNT) study involving 10,001 CAD patients, investigated the efficacy of 
80 mg versus 10 mg atorvastatin (no placebo arm). In this study, high-dose 
statin therapy was related to a 26% decrease in hospitalization for congestive 
heart failure, which was a predefined secondary efficacy outcome parameter (HR 
0.74 [95%CI: 0.59-0.96] p=0.01).[48]  
Statin therapy has been associated with reduced mortality in observational 
studies (table 3). Nevertheless, the effects of statin use in CHF currently 
reported in the literature do not prove causality, and are susceptible to 
considerable confounders and biases. Firstly, the single largest confounder in 
non-randomized studies is probably the patient characteristics, which are related 
to the physician’s decision to prescribe a statin. Secondly, some of these CHF 
studies were conducted at a time when beta-blockers and spironolactone were 
not generally used in severe heart failure. Thirdly, most of the patients receiving 
statin treatment at discharge were on statin treatment before inclusion in the 
study, which further complicates the analyses. Finally, although statin therapy 
seems to reduce new onset heart failure, this reduction could be related to 
effects on reduction of recurrent myocardial infarction and subsequent CHF, 
rather than the development of CHF without recurrent infarctions.  
There are limited data on the effects of statin treatment in patients with 
established CHF (table 3). At present, the available CHF trials appear 
encouraging and their results warrant confirmation in large clinical trials.  
 
Strengths and limitations 

This paper is the first to systematically review the available data on the use of 
statin treatment in CHF patients. Limitations of the current study include the 
potential publication biases of the retrieved studies. Observational studies and 
post-hoc analyses of clinical trials investigating the correlation between 
cholesterol levels and outcome in patients with CHF are exploratory in nature 
and may be more likely to be published if an association is found. Likewise, the 
published small-scale prospective studies evaluating statins specifically in CHF 
patients might also have suffered from publication bias since negative studies 
might have been considered underpowered. 
 

Conclusions 

Despite widespread clinical use of statins for hypercholesterolemia and 
prevention of CAD, there is a paucity of data on the effects of statins on clinical 
outcome in CHF. Currently, the available experimental, post-hoc, observational 
data and theoretical considerations are conflicting. On the one hand, three lines 
of evidence point towards statins having a harmful effect in CHF. In the first 
place, lower cholesterol levels have repeatedly been related to a poorer outcome 
in CHF patients. This may be related to the function of cholesterol as a 
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scavenger for cardiodepressive and harmful endotoxins. Secondly, statins in CHF 
may adversely affect mitochondrial function through inhibition of ubiquinone. 
Thirdly, statins may decrease selenoproteins, which could result in decreased 
myocardial function. On the other hand, evidence of beneficial effects of statin 
treatment in CHF is accumulating. Firstly, beneficial effects of statins 
demonstrated in non-CHF conditions, e.g. on vascular function, atherosclerosis, 
and left ventricular hypertrophy, might also be beneficial in CHF. Secondly, 
clinical knowledge regarding statin treatment in CHF is generally favorable, but 
is primarily based on retrospective post-hoc studies performed within the scope 
of large clinical trials or on small prospective studies with surrogate endpoints.  
Statin treatment in established CHF has, however, never been formally assessed 
in a large clinical trial, the gold standard for clinical evidence. Therefore, there 
are currently no reliable clinical data on the efficacy of statins in CHF. Two large 
clinical trials are, however, now underway to clarify the effects of statin 
treatment in CHF.[19,20] These two studies will provide a more definite answer 
to whether or not we should initiate statin treatment in patients with established 
CHF.  
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Appendix 

Objective: How were patients with chronic heart failure (CHF) handled in placebo-controlled statin trials?  
Query 1: ((placebo OR placebos OR "Placebos"[MeSH]) AND (statin OR statins OR HMG OR pitavastatin OR rosuvastatin 
OR atorvastatin OR simvastatin OR pravastatin OR lovastatin OR fluvastatin OR cerivastatin)) AND 
((clinical[Title/Abstract] AND trial[Title/Abstract]) OR clinical trials[MeSH Terms] OR clinical trial[Publication Type] OR 
random*[Title/Abstract] OR random allocation[MeSH Terms] OR therapeutic use[MeSH Subheading]) 
 
Objective: What is the reported association between cholesterol levels and mortality in established CHF?  
Query 2: ((cholesterol AND ("Heart Failure, Congestive"[MeSH] OR heart failure)) AND ((clinical[Title/Abstract] AND 
trial[Title/Abstract]) OR clinical trials[MeSH Terms] OR clinical trial[Publication Type] OR random*[Title/Abstract] OR 
random allocation[MeSH Terms] OR therapeutic use[MeSH Subheading])) OR ((cholesterol AND ("Heart Failure, 
Congestive"[MeSH] OR heart failure)) AND (incidence[MeSH:noexp] OR mortality[MeSH Terms] OR follow up 
studies[MeSH:noexp] OR prognos*[Text Word] OR predict*[Text Word] OR course*[Text Word])) 
 
Objective: Which original data has been published on statin treatment in established CHF? 
Query 3: (("Heart Failure, Congestive"[MeSH] OR heart failure) AND (statin OR statins OR HMG OR pitavastatin OR 
rosuvastatin OR atorvastatin OR simvastatin OR pravastatin OR lovastatin OR fluvastatin OR cerivastatin OR HMG)) AND 
((clinical[Title/Abstract] AND trial[Title/Abstract]) OR clinical trials[MeSH Terms] OR clinical trial[Publication Type] OR 
random*[Title/Abstract] OR random allocation[MeSH Terms] OR therapeutic use[MeSH Subheading]) 
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Abstract 

Patients with increased cholesterol levels are at increased risk to experience 
cardiovascular events, and to die from vascular disease. Statins have been 
proven to effectively reduce cholesterol levels and subsequently reduce 
cardiovascular events in patients with coronary artery disease or at increased 
risk to develop coronary artery disease. However, in patients with Chronic Heart 
Failure (CHF), not high, but low levels of cholesterol are related to increased 
mortality. This phenomenon of reverse epidemiology is not unique to CHF, but 
also exist in other critical diseases and in elderly in general as well. An important 
rationale has been provide by the endotoxin hypothesis, suggesting that 
cholesterol has an important scavenger function from harmful endotoxins. 
Indeed, these lines of evidence predict a harmful effect of statin treatment in 
patients with CHF. However, statins not only lower cholesterol, but also have 
been reported to exhibit a plethora of pleiotropic effects, including reduction of 
inflammation and improvement of endothelial function. In order to reconcile 
these contradictory lines of evidence it is necessary to examine the 
pharmacological mechanisms of effects of statin treatment. Understanding the 
pharmacology of statin intervention in CHF models and patients may facilitate 
the development of therapeutic strategies. In this review we provide an 
overview of the known associations between serum cholesterol and CHF in 
human subjects. In addition, we review the available lines of evidence in animal 
models and humans predicting both harmful and beneficial effects of statin 
treatment in CHF. We emphasize the importance of additional research 
specifically in CHF models and patients.  
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Introduction 

The efficacy of 3-hydroxy-3-methylglutaryl co-enzyme-A inhibitors, or statins, in 
reducing morbidity and mortality in patients with documented coronary artery 
disease (CAD) or those at increased risk of CAD has been overwhelmingly and 
indisputably demonstrated.(1-15) The result is that statin therapy is the treatment 
of choice in the primary and secondary prevention of cardiovascular disease for 
almost every suitable patient. But what if statin treatment has not been 
initiated? Is it still beneficial to begin statin treatment in end stage CAD that has 
resulted in Chronic Heart Failure (CHF)? Or might we do more harm than good? 
Evidence for statin treatment in patients with established Chronic Heart Failure 
(CHF) has not been well established and remains a subject of debate.(16,17) CHF 
patients have been systematically excluded from large clinical statin trials. 
Although a few smaller, uncontrolled  trials do provide some evidence for the 
use of statins in CHF, there is some reason to think that statins may have 
harmful effects in patients with CHF. For example, recent data suggests that 
high cholesterol levels are beneficial in a state of CHF, even when CAD coexists. 
In this article, the potentially harmful and beneficial effects of statins in CHF 
patients will be reviewed, both from a pathophysiological and a clinical 
perspective.  
 
Cholesterol in CHF 

Hypercholesterolemia is a well-known risk factor for the development of CAD 
and long-term morbidity and mortality, at least in middle-aged persons. 
However, controversial associations have been found in elderly patients and in 
patients with a wide range of chronic and acute diseases.(18-24) It seems that 
with advancing age or in critically diseased patients, the traditional association 
between elevated cholesterol and increased morbidity and mortality no longer 
applies. In fact, serum cholesterol levels are inversely correlated with in-hospital 
mortality in patients with infectious diseases(18,19)  as well as acutely ill 
patients,(20) regardless of malnutrition, frailty, inflammation, and comorbidity. In 
the Framingham study, dyslipidemia initially appeared to be a risk factor for the 
development of CHF.(25) However, subsequent studies have challenged this 
finding.(26-28) Importantly, in a more detailed analysis of the same Framingham 
database, the association between total cholesterol and all-cause mortality was 
positive at 40 years of age, negligible at 50-70 years, and negative at age 80 
years and above.(29) Since both the incidence and prevalence of CHF is 
increasing steeply with age, the accepted association between cholesterol and 
CHF might change.(30) Several observational studies have addressed the 
relationship between serum cholesterol levels and outcome, specifically in CHF 
patients. In 1998, Vredevoe et al, were the first to report that lower total 
cholesterol was significantly associated with increased mortality in patients with 
advanced, idiopathic CHF.(31) This observation has been confirmed in other 
studies, indicating that both in ischemic and non-ischemic CHF, higher 
cholesterol levels are associated with decreased mortality.(32-37) Based on 
Receiver Operating Characteristic (ROC) curves analysis, the best cut-off level 
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for total cholesterol in predicting mortality in CHF patients is estimated to be 
around 4.9-5.2 mmol/L (190-200 mg/dL).(32,35) Mortality increased 25% for each 
mmol/L decrease in total cholesterol.  
This phenomenon of ‘reverse epidemiology’ in CHF has not only been observed 
for serum cholesterol levels, but also for body mass index and blood 
pressure.(38) Nevertheless, previously mentioned studies were obervational and 
do not prove causality. Low cholesterol could merely be a consequence of 
advanced CHF, without a causal role, or high cholesterol could be an indicator of 
a greater metabolic reserve to deal with the disease.(39,40) Although several 
studies corrected for general health indicators, like nutritional status, and 
cachexia, it remains possible that low cholesterol carries a poor prognosis 
because it is a marker of poor health or a consequence of CHF. Consequently, 
the association with mortality could be a consequence of inadequate adjustment 
for other confounding factors. Alternatively, lower mortality among patients with 
elevated cholesterol could be a consequence of a selection bias. Patients 
surviving elevated cholesterol could represent a selected subgroup with 
advantageous genetic or other characteristics that protect them from the 
harmful effects of high cholesterol. Finally, lower cholesterol might just mark an 

The hypothetical effects of statins on Chronic Heart Failure through the intermediates of the mevalonate pathway. 
HMG-CoA: 3-hydroxy-3-methylglutaryl co-enzyme-A; Sec-tRNA: Selenocysteine-tRNA[Ser]sec; Farnesyl-PP: Farnesyl 
pyrophosphate; t-t GGPP: trans-trans geranylgeranyl diphosphate; ATP: adenosine triphosphate; AT-1 receptor: 
angiotensin II type 1 receptor; NADPH: nicotinamide adenine dinucleotide phosphate-oxidase; eNOS: endothelial nitric 
oxide synthase.  

Figure 1 
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end-stage disease epiphenomenon, due to reduced hepatic cholesterol synthetic 
capacity. Any of the aforementioned possibilities do not exclude the possibility 
that cholesterol may, even in a state of CHF, still be a pro-atherogenetic factor. 
Further research into the mechanism to explain the inverse associations remains 
obligatory. Since it has not been established whether low cholesterol is causally 
involved or is simply a marker, interventions aimed at lowering cholesterol will 
remain controversial. However, such an association between increased mortality 
and lipid lowering therapy has as yet not been demonstrated. Although high 
cholesterol seems advantageous in elderly patients, treatment with statins does 
not necessarily cause harm in these patients.(8,10) These seemingly contradictory 
findings might thus be explained by a difference in intrinsicly low cholesterol 
levels as compared to pharmacologically induced low cholesterol levels.  
 
Potentially harmful effects of statin treatment in CHF 

Potentially harmful effects of statins in CHF are not far-fetched. In addition to 
the observed inverse relationship between cholesterol and survival in CHF, there 
are other lines of evidence suggesting adverse effects of statins. Most 
noteworthy are the endotoxin-lipoprotein hypothesis, the coenzyme Q10 
(ubiquinone) hypothesis, and the selenoprotein hypothesis.  
Endotoxin lipoprotein hypothesis: Rauchhaus et al, were the first to propose that 
higher levels of cholesterol are beneficial in CHF on the basis of the ability of 
serum lipoproteins to modulate the inflammatory immune function.(41) CHF 
patients have increased serum cytokine levels, which might be linked to 
increased endotoxin levels.(42) Circulating cholesterol- and triglyceride rich 
lipoproteins are natural nonspecific buffers of endotoxins (figure 1). They have 
the capacity to bind and detoxify bacterial lipopolysaccharides (LPS). LPS are 
very strong stimulators of the release of inflammatory cytokines from circulating 
immune competent cells and LPS are an important stimulus of proinflammatory 
cardio-depressive cytokine production in CHF. For example, LDL receptor 
deficient mice, with consequently very high plasma cholesterol concentrations 
are protected against lethal endotoxaemia and severe gram-negative 
infections.(43) Edematous and severely affected CHF patients show substantial 
immune activation in parallel with raised LPS plasma concentrations, comparable 
to patients with sepsis and liver cirrhosis.(42) In CHF patients, episodes of 
endotoxaemia can occur, and lowering of lipoproteins could adversely effect LPS 
bioactivity modification.(41) This hypothesis suggests  that normal patients with 
CAD should be treated differently from patients with ischemic CHF.  
Ubiquinone hypothesis: The mode of action of statins through the inhibition of 
mevalonate synthesis, decreases the production of ubiquinone (Coenzyme Q10; 
figure 1). Indeed, in humans, statins have been shown to cause decreased levels 
of ubiquinone in several studies.(44-46) In the heart, ubiquinone is most abundant 
and represents an essential component of the mitochondrial respiratory chain. 
Ubiquinone is involved in the production of ATP and is therefore related to  the 
metabolic demands of cells (figure 1).(47-50) Another fundamental characteristic 
of ubiquinone is its antioxidant (free radical scavenging) property. By affecting 
mitochondrial function through ubiquinone, statins might have deleterious 
effects on skeletal or cardiac muscles. This mechanism is thought to be involved 
in toxic myopathy, an adverse effect of statins, and might also be relevant in 
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cardiac muscle. This hypothesis is supported by the finding that in CHF patients, 
deficiencies of ubiquinone have been found frequently, and are more prominent 
with increasing NYHA class.(51) The reported decrease of ubiquinone with statin 
treatment, in both animal and human experimental studies, might therefore be 
harmful in CHF.(44-46) A clinical trial in CHF evaluating the efficacy of ubiquinone 
as an adjunctive treatment in major adverse cardiovascular events is currently 
ongoing.(52) 
Selenoprotein hypothesis: Reduction of mevalonate results in the reduction of 
isopentenyl-pyrophosphate (figure 1). Selenocysteine-tRNA[Ser]sec (Sec-tRNA) 
controls the expression of all selenoproteins.(53) However, Sec-tRNA is only 
functional after essential post-transcriptional modification, one of which is the 
isopentenylation of adenoseine.Isopentenylation of Sec-tRNA is undertaken by 
tRNA isopentenyl transferase, which uses isopentenyl pyrophosphate (figure 1) 
as a substrate.(54) The seloprotein hyopthesis postulates that statins interfere 
with the mevalonate pathway, which interferes with the enzyme 
isopentenylation of Sec-tRNA, and consequently statins prevent its maturation to 
a functional tRNA molecule.(55) Indeed, a strongly reduced selenoprotein 
synthesis has already been demonstrated in cell culture after the addition of 
lovastatin.(56) Considering that individuals with statin-induced myopathy have 
very similar clinical and pathological features to those with syndromes 
associated with severe selenoprotein deficiency, the fall in available 
selenoproteins might be particularly harmfull in CHF.(55) 
 
Potential beneficial effects of statin treatment in CHF 

Besides reduction in cholesterol, statins also influence other isoprenoid 
intermediates of the cholesterol biosynthetic pathway (figure 1). These 
intermediates are key moieties for posttranslational modification of numerous 
proteins. Some of these influences are of particular interest in CHF.  
Capillary density and vascular function: Coronary blood flow reserve is strongly 
and inversely related to serum cholesterol levels.(57,58) Several studies have 
indicated that in patients with normal left ventricular function, cholesterol 
lowering drug therapy can improve coronary blood blow.(59,60) These effects can 
be observed very quickly after cholesterol lowering, as has been shown by  
single LDL apheresis, which improved coronary blood flow within 24 hours.(61) 
CHF is characterized by a relative microvascular insufficiency. The increase in 
myocytes in both thickness and length is not adequately matched by a 
proportional increase in vasculature. In animal studies, it has been found that 
the eccentric hypertrophy associated with CHF lacks the compensatory 
angiogenesis, in contrast to physiological (i.e. exercise or anemia-induced) 
hypertrophy of the heart.(62,63) Consequently, in patients with increased 
cholesterol levels and CHF, coronary flow reserve is jeopardized for two reasons 
(figure 2). A recent study from Japan showed that cardiac function in CHF 
patients was improved after statin treatment in parrallel with decreasing 
inflammation.(64) It is tempting to speculate that an increase in coronary blood 
flow was responsible for this effect.(65) Furthermore, dysfunction of the 
endothelium, in both coronary and peripheral arteries, and independently of 
serum cholesterol has been well documented in patients with CHF.(66,67)   
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Endothelial dysfunction in CHF patients was associated with increased mortality 
risk.(68) Endothelial dysfunction in CHF is thought to reflect predominantly 
decreased NO bioavailability (figure 3).(69) Indeed, the effects of statins on eNOS 
are the basis of the well described favourable effects of statins on endothelial 
dependent vasomotor function.(70-73) In patients with documented CAD, statins 
reduced transient myocardial ischemia.(74) Their anti-ischemic properties are 
thought to be a consequence of protein kinase Akt activation, subsequently 
promoting collateral growth and increasing capillary density (figure 4a).(75) This 
effect of statins on angiogenis is highly dependent on eNOS and is absent in 
eNOS deficient mice (figure 4b).(76) Recently, the effects of statins on circulating 
endothelial progenitor cells in humans have been reported.(77,78) These findings 
might provide another explanation for the possible beneficial effects of statins on 
capillary density and vascular function in CHF patients. 
Neurohormonal Activation: The principal neurohormonal systems involved in the 
pathophysiology of CHF are the renin-angiotensin-aldosteron-system and the 
sympathic system. Therapies aimed at modifying activation of these systems, 
such as angiotensin-converting enzyme (ACE) inhibitors, angiotensin-receptor 
blockers (ARB), aldosteron inhibitors and beta-blockers have all been proven to 
be beneficial in the treatment of CHF. However, statins also modify these 
neurohormonal systems. In humans, high levels of cholesterol are known to 
increase the expression of angiotensin type 1 receptors, and consequently 
amplify the biological effects of angiotensin II.(79) In this regard, it is of 
particular interest that increased expression of cardiac angiotensin type 1 
receptors is related to decreased myocardial microvessel density after 
experimental myocardial infarction.(80) Recently, we have demonstrated that 
vasoconstrictor responsiveness to angiotensin II can be modified by statin 
treatment in patients  with diseased coronary arteries .(81) Oral treatment with 

Three-dimensional bar graph showing hypothetical relation of decreased coronary blood flow reserve (vertical axis) in
relation to increasing levels of cholesterol (horizontal axis) and decreasing Left Ventricular Ejection Fraction (LVEF;
diagonal axis). Coronary blood flow is reduced in hypercholesterolemia(57,58) and in CHF a relative microvascular 
insufficiency exists(62,63). Therefore, in patients with increased cholesterol levels and CHF, coronary flow is jeopardized for
two reasons.  

Figure 2 
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statins inhibits rac1-GTPase activity and reduces angiotensin II induced NADPH 
oxidase activity, and subsequent oxidative stress, and might therefore be of 
particular relevance in the ventricles of CHF patients.(82) Additionally, statins can 
inhibit VEGF-induced ACE upregulation in endothelial cells(83) and enhance the 
efficacy of angiotensin receptor blockers.(84-87) 
Besides the renin-angiotensin system, statins can also modify the sympathetic 
system. ß-adrenergic receptor stimulation of cardiac myocytes leads to 
apoptosis. In rats, statins inhibit ß-adrenergic receptor activation of Rac1 and 
consequently inhibite the activation of the mitochondrial death patways and 
apoptosis.(88) Statin treatment also decreases sympathetic activity and delays 
the time of onset of cardiac decompensation in pacing-induced dilated 
cardiomyopathy in dogs.52;53 

Left ventricular hypertrophy (LVH). Small G proteins are the molecular switches 
regulating cardiac hypertophy and fibrosis. Ras, RhoA and Rac1 are key 
mediators of the hypertrophic response.(89,90)  By blocking the synthesis of 
mevalonate, statins inhibitit farnesylation and geranylgeranylation of Ras, RhoA, 
and Rac (figure 1).(91) By inhibiting Rac, statins can inhibit angiotensin II 
induced(92-95) and noradrenalin(96) induced cardiac radical production and 
hypertrophy. In rat models of cardiac hypertrophy, induced by coarctation of the 
abdominal aorta, simvastatin treatment reduced the development of LVH.(97,98) 
Simvastatin was even more potent in its reduction of LVH than captopril 
treatment.(98) Also, pravastatin reduced left ventricular mass in patients with 
hypertension and hyperlipidemia, on top of anti-hypertensive treatment.(99)  
Atherosclerosis. Statins reduced the progression of coronary atherosclerosis in 
clinical studies.(100,101) Some studies even demonstrated regression of 
atherosclerotic plaques with high doses of statins(figure 3).(102)  
Inflammation. In patients with CHF, elevated systemic levels of inflammatory 
parameters have been extensively documented and  associated with progression 
of CHF and death.(103-106) Several clinical trials have demonstrated the efficacy of 
statin treatment in reducing C-reactive protein(107,108) and other inflammatory 
markers (figure 3).(109);98;  

Matrix Metalloproteinase (MMP)s: Recent studies have documented that 
activated MMPs play an important role in the development of CHF.(110) In 
experimental studies, production of MMPs was inhibited by statins.(111,112) 
Inhibition of MMP attenuated cardiac fibrosis and failure in murine models.(113) 
The clinical relevance of all of these potentially beneficial effects remains to be 
established in clinical studies.  

Studies on statin therapy in CHF 

Animal experiments 

Several animal studies have suggested beneficial effects of statins in the 
treatment of CHF. Cerivastatin treatment (starting 1 week after myocardial 
infarction) significantly improved left ventricular systolic and diastolic function in 
rats with CHF after experimental myocardial infarction.(114) In a murine model of 
CHF after myocardial infarction, treatment with fluvastatin 6 hours after 
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infarction increased survival, without affecting infarct size.(115) Fluvastatin not 
only attenuated LV dilatation, but also decreased LV end-diastolic pressure and 
improved LV ejection performance. However, not all studies favoured statin 
treatment in CHF. In female hamsters with inherited cardiomyopathy, lovastatin 
treatment significantly reduced median survival time from 89 to 30 days.(48)  
 

Figure 3 

Simplified schematic overview of the known processes involved in atherosclerosis and the established effects of statin
treatment. 
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Retrospective clinical studies  

Several post-hoc subgroup analyses from large clinical trials have been 
published on the effects of statins in CHF. In the Cholesterol and Recurring 
Events (CARE) trial pravastatin significantly reduced coronary events in patients 
with decreased left ventricular ejection fractions (LVEF), although the study 
excluded symptomatic CHF patients and patients with a LVEF <25%.(4) In the 
Evaluation of Losartan in Elderly II (ELITE II) trial, a retrospective analysis 
suggested that symptomatic CHF patients using statins had decreased mortality 
compared to patients not on statin therapy.(116) The effects of statins on 
mortality were independent of treatment with either captopril or losartan. The 
Scandinavian Simvastatin Survival Study (4S)(2) reported a long-term reduction 
in the development of CHF in patients with a history of myocardial infarction who 
were randomized to statin therapy.(117) The PROSPER study evaluated the 
benefits of pravastatin treatment in an elderly cohort with a high risk of 
developing cardiovascular disease and stroke.(10) Although PROSPER excluded 
CHF patients with NYHA III/IV, the pre-specified outcome parameter ‘Heart 
failure hospitalization’ did not differ between pravastatin treated and placebo 
treated elderly patients (table 1). A post-hoc analysis of the Heart Protection 
Study, involving more than 20,000 patients randomized to simvastatin or 
placebo treatment, reported a non-significant trend toward fewer CHF deaths 
due to any cause (70 (0.7%) vs 86 (0.8%) patients; RR 0.81 [0.59-1.10]; 
p=0.2), which was supported by a marginally significant reduction in first 
hospital admission for worsening CHF or CHF death (354 (3.4%) vs 405 (3.9%); 
RR 0.86 [0.75-1.00]; p=0.05).(118) An important limitation of the Heart 
Protection Study data was that the presence of heart failure at study entry was 
not routinely recorded. A subanalysis of the data from the Prospective 
Randomized Amlodipine Survival Evaluation (PRAISE) trial was aimed at 
evaluating associations of statin therapy with total mortality among 1,153 
patients with severe heart failure (ejection fraction <30% and NYHA class IIIB 
or IV symptoms) of ischemic and nonischemic etiologies.(33) Only 134 patients 
(12%) used a statin, but in multivariate analysis this was associated with a 62% 
lower risk of death, which represents a major absolute risk difference. In the 
Optimal Trial in Myocardial Infarction with the Angiotensin II Antagonist Losartan 
(OPTIMAAL)(119), the effect of initiating statin treatment in heart failure or left 
ventricular dysfunction in the acute phase after acute myocardial infarction was 
studied post-hoc.(120) After adjustment for risk variables before inclusion, statin 
treatment was associated with a 26.1% decreased mortality.  
However, the reported protective associations of statin use in CHF do not prove 
causality, and are susceptible to considerable confounders and biases. First, 
probably the single largest major confounder in non-statin randomised trials can 
be found in the patient characteristics associated with the choice of the 
physician to prescribe a statin. Statin treatment could therefore have 
represented a selected subgroup. Such characteristics may include ones not 
registered, thus unknown in the study databases and unadjused for in 
multivariate analysis, e.g. socioeconomic status, and healthy-heart behaviors. A 
major potential confounder is that patients with a short life expectation will 
generally not be treated with statins. In addition, since cholesterol levels 
inversely correlate with mortality in CHF patients, (also in the aforementioned 
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studies in patients not using statins(33)) the possibility remains that statin 
therapy in these patients is simply a marker of higher pre-statin cholesterol 
levels (often unavailable in study databases), predicting lower baseline risk. 
Second, some of these CHF studies were conducted at a time when beta-
blockers and spironolactone were not generally used in severe heart failure. 
Third, most of the patients receiving statin treatment at discharge were on statin 
treatment before inclusion in the study, further complicating this analysis. 
Finally, although statin therapy seems to reduce new onset heart failure, it could 
be related to effects on reduction of recurrent myocardial infarction and 
subsequent CHF, rather than development of CHF without recurrent infarctions.  
In conclusion, the effect of statin treatment in established CHF has not been 
definitely addressed by these studies.  
 
Prospective clinical studies  

There are limited data on the effects of statins in established CHF. One of the 
most noteworthy studies has been performed in idiopathic dilated 
cardiomyopathy. Fifty-one patients were randomly assigned to simvastatin (up 
to 10mg/d) or placebo.(64) Using M-mode echocardiograpy with 2D monitoring 
before and after 14 weeks of treatment, Node et al demonstrated improved 
functional capacity in patients who received simvastatin compared to placebo. In 
the statin group, 39.1% of patients had an improved functional class and 4.3% 
deteriorated. In contrast, in the placebo group, 16% of patients improved and 
12% deteriorated (P<0.01 between the groups). The functional improvement 
was associated with improved left ventricular ejection fraction in the simvastatin 
group (from 34% to 41%, p<0.05), but not in the placebo group. Furthermore, 
plasma concentrations of TNF-a, IL-6 and BNP were significantly lower in  

A) Adapted with permission from Kureishi Y.(75) Alkaline phosphatase staining of the adductor muscle from ischemic limbs 
showing greater capillary density in statin treated animals (statin = 253±23 capillaries/mm2; control = 163±9 
capillaries/mm2); P<0.01. B) Adapted with permission from Landmesser.(76) Effect of statin treatment on capillary 
density in infarct border zone of wild type (WT) and eNOS-/- mice after myocardial infarction (MI). Average number of
endothelial cells per high-powered field in border zone for each experimental group is shown, as determined by platelet 
and endothelial cell adhesion-molecule immunohistochemical staining.  

Figure 4.  
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Table 1. Large (>1000 patients) placebo controlled statin trials and CHF 

patients 

Trial acronym, date Patients 
(n) 

Intervention Prevention CHF patients Subgroup and 
secondary analysis 

PMSGCRP, 1993(1) 1,062 Pravastatin 20mg Primary Excluded  
4S, 1994(2) 4,444 Simvastatin 10-40 mg Secondary Excluded  
WOSCOPS, 1995(3) 6,595 Pravastatin 40 mg Primary Excluded  
CARE, 1996(4) 4,159 Pravastatin 40 mg Secondary Symptomatic 

CHF excluded 
LVEF 26-40% (n=706); 

beneficial effect of 
statin treatment 

AFCAPS/TexCAPS, 
1998(5) 

6,605 Lovastatin 20-40 mg Primary Excluded  

LIPID, 1998(6) 9,014 Pravastatin 40 mg Secondary Symptomatic 
CHF excluded 

No information on CHF 

MIRACL, 2001(7) 3,086 Atorvastatin 80 mg Secondary Excluded 
NYHA IIIb/IV.  

No difference in new or 
worsening CHF 

GREACE, 2002(11) 1,600 Atorvastatin 24 mg Secondary NYHA III and 
IV excluded 

Reduction development 
of CHF (n=11 vs n=22). 

Beneficial effect of 
statin treatment in 

patients with NYHA II 
(n=118). 

MRC/HPS, 2002(8) 20,536 Simvastatin 40 mg Secondary Severe heart 
failure 

excluded 

Non-significant trend 
toward fewer heart 

failure deaths due to 
any cause and 

marginally significant 
reduction in first 

hospital admission for 
worsening heart failure 

or heart failure 
death.(118) 

LIPS, 2002(9) 1,677 Fluvastatin 80 mg Secondary Excluded 
LVEF < 30% 

No information on CHF 

PROSPER, 2002(10,128) 5,804 Pravastatin 40 mg Primary/ 
Secondary 

Excluded 
NYHA III/IV.  

No difference in CHF 
hospitalisation. 

ALLHAT-LLT, 2002(12) 10,355 Pravastatin 20-40 mg Primary Excluded  
ASCOT-LLA, 2003(13) 10,305 Atorvastatin 10 mg Primary Excluded  
ALERT, 2003(14) 2,102 Fluvastatin 40 mg and 

increased to 80 mg 
after 2 yrs 

Renal 
Transplant 

Not reported  

CARDS, 2004(15) 2,838 Atorvastatin 10 mg Primary Excluded  
 
simvastatin treated patients. Another prospective, double blind study 
randomised non-ischemic dilated cardiomyopathy patients to cerivastatin 0.4 mg 
versus placebo.(121) Quality of life and exercise capacity significantly increased in 
the statin group, but not in the placebo group. In addition, there was a trend 
towards increased left ventricular ejection fraction and improved endothelial 
function. A small study involving few CHF   patients demonstrated improvement 
of reactive hyperaemia, associated with decreased plasma concentrations of 
components of the thrombosis-fibrinolysis system and inflammation.(122,123) The 
recently published Treating to New Targets (TNT) study involving 10,001 CAD 
patients investigated the efficacy of 80 mg versus 10 mg atorvastatin. The TNT 
study excluded patients with a LVEF <30%. However, a prespecified secondary 
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outcome of the TNT trials was the incidence of hospitalisation with a primary 
diagnosis of CHF. A total of 164 (3.3%) of the patients on atorvastatin 10mg vs 
122 (2.4%) of the patients on atorvastatin 80 mg were hospitalized with a 
primary diagnosis of CHF; representing a 26% decreased hospitalization rate for 
congestive heart failure in the high dose statin group (HR 0.74 [0.59-0.94]; 
p=0.01).(124) Thus, in patients with CAD, the TNT trial suggests that the 
incidence of new onset CHF can be reduced with statin therapy.   
Despite a considerable amount of circumstantial evidence, so far no large 
randomised controlled clinical trails have been published on the effects of statins 
in CHF patients. However, two large clinical trials are currently ongoing.(125,126) 
The Controlled Rosuvastatin Multinational Trial in Heart Failure (CORONA) will 
enrol about 4,950 patients with chronic symptomatic systolic CHF with ischemic 
etiology.(125) CORONA is an endpoint-driven trial that is expected to last 52 
months. The primary outcome is the composite endpoint of cardiovascular death 
or non-fatal myocardial infarction or non-fatal stroke (time to first event). The 
GISSI heart failure trial will enrol approximately 7,000 patients to be 
randomised to n-3 polyunsaturated fatty acids or matching placebo and where 
there is no clear indication for cholesterol-lowering therapy patients will be 
further randomized to receive rosuvastatin or matching placebo.(126) In contrast 
to the CORONA trial, the GISSI heart failure trial will enrol patients with both 
ischemic and non-ischemic heart failure. The GISSI heart failure trial is also 
event driven and has two co-primary endpoints, namely all-cause mortality and 
the combined endpoint of all-cause mortality or cardiovascular hospitalisations. 
These two studies are complementary in their inclusion of CHF patients and will 
provide a more definite answer to the question of whether or not we should start 
statin treatment in patients with established CHF.  

Conclusion 

Despite the widespread clinical use of statins for hypercholesterolaemia and 
prevention of CAD, data are lacking on the effects of statins on clinical outcome 
in CHF. Theoretical considerations and animal experimental data indicate both 
beneficial and harmful effects of statins in CHF. In contrast, the currently 
available small-scale studies and post-hoc analyses suggest a neutral or 
beneficial effect of statins, but no harmful effects. Currently, two large placebo 
controlled trials are evaluating the efficacy of statin treatment in CHF.(125,126) 
Until the results are presented, we are practicing non-evidence based medicine 
when prescribing statins to CHF patients.  Currently, we do prescribe statins to 
CHF patients of non-ischemic etiology when cholesterol levels need to be treated 
according to the guidelines  (based on non-CHF populations). In CHF patients 
with coronary heart disease, most physicians also feel more comfortable 
prescribing statins than withholding them.  
If statins prove to reduce mortality and morbidity in patients with CHF, future 
research should be aimed at elucidating the precise mechanism. This is of 
particular importance since, in CHF, statins cholesterol lowering efficacy might 
be of secondary importance.(127) 
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Summary and Future Perspectives 

Impaired endothelial function is recognized as one of the earliest events of 
atherogenesis.1, 2 In Part I, chapter 1, we discussed the clinical value of the 
different techniques to evaluate endothelium-dependent vasomotor function. We 
also reviewed the efficacy of both angiotensin converting enzyme inhibitors and 
the HMG-CoA reductase inhibitors on improving vascular function. Despite the 
extensive experimental evidence, and some clinical trials studies using quinapril, 
the beneficial effects of other angiotensin converting enzyme inhibitors in 
general on vascular, endothelial function in humans are inconsistent. The 
currently available studies involving statin therapy are suggesting that treatment 
of hypercholesterolemia can restore endothelial dysfunction. In chapter 2, we 
demonstrated that in vitro resistance of internal thoracic arteries to exogenous 
angiotensin II is independently related the long-term risk of cardiovascular 
events, including cardiac death, myocardial infarction, percutanous coronary 
intervention, re-coronary artery bypass grafting, stroke, and vascular surgery, 
even after adjustment for blood pressure and other cardiac risk factors. A 
surprisingly high percentage of 78 percent of all cardiovascular events occurred 
in patients with in vitro angiotensin II resistance. In addition, angiotensin II 
resistance was associated with a higher blood pressure an a trend to an 
increased serum and local angiotensin converting enzyme activity. However, 
from this study, we cannot deduct the exact molecular mechanims. It might be 
due to decreased angiotensin type 1 receptor expression, or decreased 
intracellular signalling. Receptor regulation is a complex process, which is 
balanced by factors downregulating the receptor and upregulating the receptor. 
Angiotensin II itself is a well-known factor inducing receptor downregulation; 
commonly refereed to as agonist induced receptor downregulation. It is 
tempting to speculate that increase of in vivo levels of angiotensin II results in 
decrease of in vitro vascular response to exogenous angiotensin II.  
Since renal function is strongly associated with decreased cardiovascular 
outcome, we assessed whether renal function impairment related to systemic 
alterations of vascular responsiveness to angiotensin II, endothelial function or 
inflammatory markers (C-reactive protein and soluble intercellular adhesion 
molecule 1) in chapter 3. We studied in vitro vascular segments of the internal 
thoracic artery of patients undergoing coronary artery bypass grafting. In 
contrast to a previous study in patients with hypertension,3 we could not 
establish an association between endothelial function (vasorelaxation in 
response to methacholine) and renal function. In addition, we could not 
establish an association between renal function and vascular responsiveness to 
angiotensin II or serum angiotensin converting enzyme activity, or the serum 
inflammatory markers C-reactive protein and soluble intercellular adhesion 
molecule 1. Thus, it seems that the relationship between systemic vascular 
dysfunction and mild renal insufficiency might be more complicated than 
previously thought. In chapter 4, we analyzed the preoperative predictive value 
of the inflammatory markers C-reactive protein and soluble intercellular 
adhesion molecule 1 levels on long term incidence of cardiovascular events in 
patients undergoing coronary artery bypass grafting. In contrast to soluble 
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intercellular adhesion molecule 1, cardiovascular event rate was significantly 
increased in patients with a preoperative C-reactive protein level above the 
median of 1.9 mg/l. Increased preoperative C-reactive protein was associated 
with a three fold increased risk for cardiovascular events, even after adjustment 
for conventional risk factors. In vitro exposure of C-reactive protein also can 
lead to upregulation of the angiotensin type 1 receptor, and is related to 
increased neointimal formation in the rat carotid artery angioplasty model.4 In 
addition, in vitro exposure of vascular smooth muscle cells to cholesterol can 
also markedly augments angiotensin type 1 receptor mRNA and protein 
expression.5, 6  Therefore, we assessed the effects of both C-reactive protein and 
cholesterol on the human vascular responsiveness to angiotensin II in chapter 
5. We observed an increased human vascular responsiveness to angiotensin II 
in patients with increased cholesterol levels and in patients with increased C-
reactive protein levels. Interestingly, analyzing cholesterol and C-reactive 
protein jointly revealed that both increased cholesterol and increased C-reactive 
protein together was most strongly associated with increased vascular 
responsiveness to angiotensin II. These results are suggesting that increased C-
reactive protein and increased cholesterol levels are interacting to increase 
human vascular responsiveness to angiotensin II. Since chronic heart failure is a 
condition characterized by neurohormonal activation, and increased levels of 
angiotensin II, an indicator of an activated renin-angiotensin system we 
determined in chapter 6 the length of telomeres from the circulating leukocytes 
(inflammatory cells). Angiotensin II is a major oxidative stress inducing factor7, 8 
and oxidative stress in its turn is a major factor associated with telomere 
shortening and biological aging.9-11 Increased inflammatory status, and 
increased leukocyte turnover is another factor decreasing telomere length. Since 
cardiac failure is in general also an age-related disease associated with 
increased oxidative stress and inflammation, we hypothesized that patients with 
chronic heart failure have decreased telomere length. We demonstrated that 
telomere length is indeed shorter in 620 patients with chronic heart failure 
compared to 183 age- and sex-matched controls, and that telomere length was 
related to the severity of the disease. This was even more highlighted in patients 
with chronic heart failure who had concomitant vascular, atherosclerotic disease. 
However, this research was cross-sectional in nature, thus we cannot conclude 
causality from this study. Nevertheless, this study opens a new avenue for 
cardiovascular research and is one of the most noteworthy observations of this 
thesis.   
 
In Part II, we explored the effects of 3-hydroxy-3-methylglutaryl co-enzyme-A 
inhibitors (statins) in the presence of an activated renin-angiotensin system or 
inflammation. Recent evidence demonstrates that intensive lipid-lowering 
therapy with high dose statin provides significant clinical benefit beyond 
moderate lipid lowering therapy.12, 13 However, dose-dependent effects of short-
term statin therapy on vascular function have not been demonstrated. In 
chapter 7, we therefore studied endothelial function and, more importantly, 
vascular responsiveness to angiotensin II in coronary artery diseased patients 
randomized to low or high dose statin treatment (10 or 80 mg atorvastatin), or 
placebo. Endothelium dependent vasodilatation was improved with statin 
therapy, but was significantly further improved with high dose as compred to 
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low dose treated patients. Endothelium improvement was accompanied by 
reduced vascular response to angiotensin II. This seems to be in contrast with 
our previous observation (chapter 5), but might be due to statin induced 
downregulation or to cholesterol associated downregulation. We might also have 
to acknowledge that a certain balance between factors modifying receptor 
expression exists, ultimately resulting in increased or decreased vascular 
responsiveness to angiotensin II. These findings obviously require additional 
research. Nevertheless, the improvement of endothelial function might provide a 
potential mechanism for the clinical benefit of intensive lipid lowering treatment 
in coronary heart disease. Considering the effects of statin on inflammation, it 
was known that statins effectively reduce inflammatory parameters such as C-
reactive protein. However, whether these are long lasting changes remained to 
be determined. In chapter 8 we studied patients who were not in need of a 
statin for ethical reasons. We assessed the consequences of withdrawing statin 
therapy on serum cholesterol and C-reactive protein levels. Patients who 
discontinued statin therapy after 4 years of treatment had cholesterol levels and 
C-reactive protein levels increased up to pre-treatment levels within 3 months. 
Interestingly, this increase was not related to the increase of cholesterol. These 
data might provide mechanistic support for the acute increase in cardiovascular 
risk associated with statin discontinuation.  
Besides reducing cholesterol and C-reactive protein, evidence suggests that 
there exists a plethora of potential relevant beneficial effects of statins14 to 
improve vascular function. We hypothesized statins might be useful to intervene 
in the pathophysiological process of instent restenosis. Therefore, we studied in 
chapter 9  the anti-restenotic potency of statin therapy. We used the rat 
abdominal stent model and tested whether supraphysiological levels of 
angiotensin II would be associated with increased vascular injury as measured 
by in vitro vasomotor function and neointimal formation. Angiotensin II is well 
known to increase oxidative stress and exaggerate neointimal formation after 
vascular injury.15 Indeed, angiotensin II infusion increased in-stent restensosis 
and decreased endothelial function. In both the presence and absence of co-
administration of angiotensin II, statin treatment attenuated in-stent restenosis 
and in parallel improves endothelial function. The observation that, even in a 
hostile environment with high levels of angiotensin II, statin therapy is still 
effective in reducing neo-intimal formation is important and warrants further 
research.  
These findings also indicate that in patients with an activated renin-angiotensin 
system, statins might be beneficial. Indeed, chronic heart failure patients have a 
highly activated renin angiotensin system. Therefore, we searched for the 
available clinical evidence existing in literature in chapter 10. Since statins 
were developed as cholesterol lowering drugs, we started to search for studies 
evaluating the association between cholesterol and outcome in patients with 
chronic heart failure. Surprisingly, most studies observed that lower, rather than 
higher serum cholesterol levels, were consistently associated with increased 
mortality rates in patients with chronic heart failure. We retrieved as many as 47 
clinical trials evaluating the efficacy of statin treatment compared to placebo in 
numerous patient categories, involving more than 100,000 patients in total. 
However, patients with chronic heart failure have been systematically excluded 
from these trials. Therefore, we feel that the effect of statin therapy in these 
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patients remains to be established. Few studies focussed on the efficacy of statin 
treatment in patients with chronic heart failure and none of them reported 
mortality data. Most of the surrogate endpoints reported were favourable for the 
use of statins. Next, we aimed to gain a better understanding of the possible 
effects of statin therapy in patients with chronic heart failure and provided an 
balanced overview of the relevant potential beneficial and detrimental 
consequences of statin therapy we should take in consideration. On the one 
hand, three lines of evidence points towards a harmful effect of statin treatment 
in chronic heart failure. First, as mentioned, in patients with chronic heart 
failure, lower cholesterol levels have been repeatedly related to worse outcome, 
possible related to the scavenger function of cholesterol for cardiodepressive and 
harmful endotoxins. Second, statins might interfere with the enzymatic 
isopentenylation of Sec-tRNA, resulting in selenoprotein deficiency. Third, statins 
in chronic heart failure might adversely affect mitochondrial function through 
inhibition of ubiquinone. On the other hand, evidence is accumulating pointing 
towards beneficial effects of statin treatment chronic heart failure. First, most 
animal experimental data suggest beneficial effects of statins on left ventricular 
function. Second, beneficial effects of statins demonstrated in non-chronic heart 
failure conditions, e.g. on vascular function, atherosclerosis, and left ventricular 
hypertrophy might also be beneficial in chronic heart failure. Third, clinical 
knowledge on statin treatment in chronic heart failure is generally favourable, 
but is primarily based on retrospective post-hoc studies performed in large-
clinical trials or small prospective studies with surrogate endpoints. Currently, 
we are awaiting the outcome of two large clinical trials evaluating the role of 
statins in patients with chronic heart failure.16, 17  
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Samenvatting en Toekomstperspectief 

Verminderde functie van de binnenbekleding van een bloedvat (endotheel) 
wordt tegenwoordig gezien als één van de vroegste veranderingen in de 
ontwikkeling van aderverkalking.1,2 In Deel I, hoofdstuk 1, beschrijven we de 
verschillende onderzoekstechnieken die bestaan om de functie van het 
endotheel te kunnen meten. Daarnaast geven we een overzicht van de studies 
die gedaan zijn naar het effect van angiotensine converting enzyme inhibitors 
(de zogenaamde ACE remmers; bloeddruk verlagende medicijnen) en statines 
(cholesterol verlagende medicijnen) op de verandering van de endotheelfunctie. 
Voor één bepaalde ACE remmer (quinapril) bestaat aanzienlijk experimenteel 
bewijs dat deze gunstig werkt op het endotheel. Studies die gedaan zijn met 
statines suggereren veelal dat het verlagen van een te hoog cholesterol een 
gunstig effect heeft op de functie van het endotheel.  
In hoofdstuk 2 beschrijven we de resultaten van onze studie naar de 
gevoeligheid van bloedvaten (arteria thoracica interna) voor de stof angiotensine 
II. Angiotensine II is een molecuul die in het lichaam voorkomt en van belang is 
voor de bloeddrukregulatie en waterhuishouding. Wij hebben ontdekt dat de 
gevoeligheid van een bloedvat voor angiotensine II een voorspeller is voor het 
risico dat iemand loopt op het optreden van een ernstig probleem met het hart 
of de bloedvaten. Maar liefst 78 procent van alle nieuwe hart- en vaatziekten 
ontstonden in patiënten die relatief ongevoelig waren voor toediening van 
angiotensine II. Daarnaast was deze ongevoeligheid voor angiotensine II ook 
gerelateerd aan een significant hogere bloeddruk en de neiging tot verhoogde 
activiteit van serum en lokale ACE. Helaas kan deze studie niet gebruikt worden 
om het betrokken mechanisme van de geobserveerde relaties te ontrafelen. 
Theoretisch zou deze associatie kunnen berusten op een verminderde expressie 
van de receptor voor angiotensine II (type 1), of door een afgenomen signaal 
transductie cascade die plaats vindt na het binden van angiotensine II aan de 
receptor. De regulatie van angiotensine receptoren is complex en de mate van 
expressie is het uiteindelijke gevolg van een delicate balans tussen stimulerende 
en remmende factoren. Zo is angiotensine II zelf bijvoorbeeld een bekende 
factor verantwoordelijk voor het verminderen van receptor expressie 
(downregulation). Dit regulatie proces is ook wel bekend als agonist 
geïnduceerde receptor downregulation. Het is aantrekkelijk te speculeren dat 
verhoogde spiegels van angiotensine II in het lichaam tot gevolg hebben dat de 
receptor expressie verminderd. Hierdoor kan het bloedvat buiten het lichaam 
niet meer zo goed responderen op aangeboden angiotensine II. 
 
Een verminderde nierfunctie is ook geassocieerd met een toename in het 
optreden van hart- en vaatziekten. Dit vormde de reden om in hoofdstuk 3 te 
onderzoeken of een verminderde nierfunctie te maken heeft met systemische 
veranderingen in de gevoeligheid van bloedvaten op angiotensine II, 
veranderingen in de functionaliteit van het endotheel en tekenen van ontsteking 
(C-reactive protein en soluble intercellular adhesion molecule 1). In tegenstelling 
tot een soortgelijk onderzoek in patiënten met een verhoogde bloeddruk,3 
konden wij in patiënten met aderverkalking van de kransslagader geen enkele 
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relatie ontdekken tussen nierfunctie en de functionaliteit van het endotheel. 
Daarnaast konden we geen relatie vinden tussen nierfunctie en bloedvat 
gevoeligheid voor angiotensine II, serum ACE activiteit of met C-reactive protein 
en soluble intercellular adhesion molecule 1. Deze studie heeft duidelijk gemaakt 
dat de ware relatie tussen nierfunctie en systemische vaatfunctie veel 
gecompliceerder ligt dan eerst gedacht werd.  
In hoofdstuk 4 hebben we de waarde onderzocht van de twee 
ontstekingsmarkers (C-reactive protein en soluble intercellular adhesion 
molecule 1) voor het voorspellen van het optreden van nieuwe hart- en 
vaatproblemen in patiënten die een coronaire bypass operatie kregen. Wij 
vonden dat een C-reactive protein waarde boven de mediaan (1,9 mg/l) 
gerelateerd was met een hoger risico op het ontstaan van nieuwe hart- en 
vaatziekten. Hoge spiegels van C-reactive protein in het bloed waren 
geassocieerd met een driemaal verhoogd risico op cardiovasculaire 
gebeurtenissen, zelfs na correctie voor conventionele risicofactoren. Interessant 
is dat blootstelling van bloedvaten (uitgenomen uit het lichaam) aan C-reactive 
protein ook leidt tot een verhoging van het aantal angiotensine type 1 
receptoren. Uit dierexperimenteel onderzoek is gebleken dat C-reactive protein 
tevens verhoogde bloedvat vernauwing (neointima formatie) geeft na 
halsslagader dotterbehandeling (angioplastiek).4 Blootstelling van vasculaire 
spiercellen in het laboratorium aan cholesterol geeft ook een sterke verhoging 
van angiotensine type 1 receptoren.5,6 Deze gegevens vormden de aanleiding 
om in hoofdstuk 5 te onderzoeken wat de effecten van cholesterol en C-
reactive protein in het bloed waren op vaatreacties onder invloed van  
angiotensine II in mensen. Wij konden aantonen dat in patiënten met een 
verhoogd cholesterol of een verhoogd C-reactive protein de reactie op 
angiotensine II versterkt was. Opvallend was dat juist de combinatie van zowel 
verhoogd cholesterol als verhoogd C-reactive protein tot een dramatisch 
versterkte vaatreactie op angiotensine II leidde. Ons onderzoek suggereert dat 
een verhoogd C-reactive protein en een verhoogd cholesterol samenwerken op 
de bloedvat gevoeligheid voor angiotensine II. Een typische situatie van 
neurohormonale activatie en verhoogde spiegels van angiotensine II bestaat in 
patiënten met chronisch hartfalen.  
In hoofdstuk 6 hebben we in hartfalen patiënten gekeken naar de lengte van 
telomeren van circulerende ontstekingscellen (leukocyten). Angiotensine II is 
een belangrijke veroorzaker van oxidatieve stress.7,8  Oxidatieve stress is op zijn 
beurt weer een belangrijke veroorzaker van versnelde telomeer verkorting (een 
maat voor biologische veroudering).9-11 Verhoogde ontstekingsactiviteit en 
verhoogde turnover van leukocyten zijn eveneens factoren die associëren met 
verkorte telomeren. Aangezien hartfalen in het algemeen ook een 
leeftijdsgerelateerde aandoening is, geassocieerd met oxidatieve stress en 
ontsteking, hypothetiseerden wij dat in patiënten met chronisch hartfalen de 
lengte van telomeren verkort zou zijn. Dat dit waar is, hebben we aangetoond in 
een grote hartfalen populatie van 620 patiënten. In vergelijking met 183 
gezonde personen die qua leeftijd en geslacht gemiddeld overeen kwamen met 
de hartfalen patiënten was de lengthe van telomeren aanzienlijk korter in 
patiënten met hartfalen. Telomeer lengte was ook gerelateerd aan de ernst van 
het hartfalen. In patiënten met hartfalen en daarnaast nog vaatlijden, 
atherosclerose, was de lengte van de telomeren zelfs nog korter. Aangezien dit 
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onderzoek transversaal was kunnen we op dit moment nog geen conclusie 
trekken over oorzaak en gevolg in deze studie. Desalniettemin opent deze studie 
een nieuwe weg voor toekomstig cardiovasculair onderzoek en is het één van de 
belangrijkste ontdekkingen in dit proefschrift.  
 
In Deel II, hebben we onderzoek verricht naar de effecten van 3-hydroxy-3-
methylglutaryl co-enzyme-A inhibitors (statines) in de aanwezigheid van een 
geactiveerd renine-angiotensine systeem en ontsteking. Recent bewijs 
suggereert dat intensieve lipiden verlagende therapie met hoog gedoseerde 
statine een significant klinisch voordeel heeft boven matige lipiden verlagende 
therapie.12,13 Of dit te maken heeft met dosisafhankelijke effecten op de 
vaatfunctie door statine behandeling was onbekend.  
In hoofdstuk 7 hebben we de humane endotheelfunctie en vasculaire 
gevoeligheid voor angiotensine II onderzocht in vaatmateriaal dat overblijft na 
coronaire bypass chirurgie. Patiënten werden gerandomiseerd naar lage of hoge 
dosering atorvastatine (10 of 80 g), of placebo. Endotheel afhankelijke 
vaatverwijding kon worden verbeterd met atorvastatine behandeling, maar 
duidelijk beter met hoge dosering. Verbetering van de endotheelfunctie ging in 
deze patiënten gepaard met vermindering van de gevoeligheid voor 
angioteinsine II. Dit lijkt in contrast met onze eerdere observatie (hoofdstuk 
2), maar zou het gevolg kunnen zijn van de statine of downregulatie van de 
angiotensine type 1 receptor door cholesterol verlaging. We moeten 
waarschijnlijk onderkennen dat er een bepaalde balans bestaat tussen factoren 
die de receptor expressie reguleren en uiteindelijk resulteren in verhoogde of 
verminderde vaat gevoeligheid voor angiotensine II. Deze bevindingen vereisen 
aanvullend onderzoek. Desalniettemin, de verbetering van endotheelfunctie bij 
statine gebruik kan een belangrijke basis vormen voor het mogelijke 
mechanisme resulterend in klinisch voordeel van intensive cholesterol 
verlagende therapie in coronairlijden.  
 
Behalve cholesterol verlagen statines ook ontstekingsactiviteit. Wat echter nog 
niet bekend was, is of deze gunstige effecten van statines irreversibel zijn. Het 
zou kunnen dat statines de genezing van het bloedvat bevorderen waardoor 
ontstekingsactiviteit langdurig, ook na het staken van statines, afgenomen is. 
Om ethische redenen hebben we in hoofdstuk 8 alleen patiënten onderzocht 
die volgens de huidige richtlijnen niet in aanmerking komen voor statine 
therapie. We hebben in deze patiënten onderzocht wat er gebeurde wanneer 
statine behandeling gestaakt werd. Bij patiënten die na vier jaar behandeling 
met statine staakten, stegen de cholesterol en de C-reactive protein spiegels 
binnen drie maanden terug naar de waarden die ze hadden voor behandeling. 
Opmerkelijk was dat de mate van stijging van het C-reactive protein niet 
gerelateerd was aan de mate van stijging van het cholesterol. Deze gegevens 
vormen wellicht een mechanistische verklaring voor de snelle verhoging van het 
risico op cardiovasculaire gebeurtenissen wanneer patiënten hun medicatie niet 
meer innemen.  
Naast de vermindering van de cholesterol en C-reactive protein spiegels komt er 
steeds meer bewijs voor andere potentieel relevante gunstige effecten van 
statine behandeling.14 Deze effecten zouden ook gunstig kunnen zijn op de 
vaatproblemen die kunnen ontstaan na het inbrengen van een stent. Een 
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bloedvat kan na het inbrengen van een stent weer opnieuw vernauwen (in-stent 
restenose). Daarom hebben we in hoofdstuk 9 onderzocht of statines ook de 
vaatfunctie gunstig beïnvloeden na het plaatsen van een stent. We hebben dit 
experiment uitgevoerd in een diermodel waarbij een stent in de hoofdslagader 
van een rat geplaatst werd. Aangezien bekend is dat angiotensine II oxidatieve 
stress en neointima formatie versterkt, is angiotensine II toediening extra 
ongunstig na het plaatsen van een stent.15 We hebben daarom ook het effect 
van statine therapie in de aanwezigheid van hoge spiegels angiotensine II in dit 
diermodel getest. We vonden inderdaad dat angiotensine II infusie de mate van 
in-stent restenose verergerde en de endotheelfunctie verslechterde. Statine 
therapie was echter effectief in het verminderen van in-stent restenose in zowel 
de aanwezigheid als de afwezigheid van hoge spiegels angiotensine II. De 
vermindering van in-stent restenose door statine behandeling ging gepaard met 
een verbetering van de endotheelfunctie. Onze observatie dat statine therapie, 
zelfs in een vijandige omgeving met hoge spiegels van angiotensine II, effectief 
is om restenose te verminderen is belangrijk en rechtvaardigt verder onderzoek. 
Deze bevindingen suggereren ook dat statine behandeling effectief zou kunnen 
zijn in patiënten met een geactiveerd renine-angiotensine systeem. Chronisch 
hartfalen patiënten badineren met een sterk geactiveerd renine angiotensine 
systeem.  
We hebben daarom in hoofdstuk 10 een literatuur onderzoek verricht naar het 
bestaande bewijs voor statine behandeling in patiënten met chronisch hartfalen. 
Omdat statines oorspronkelijk ontwikkeld waren als cholesterol verlagende 
medicijnen hebben we in eerste instantie gezocht naar studies die de relatie 
tussen cholesterol en hartfalen beschreven. Tot onze verbazing beschreven de 
meeste studies dat juist een laag (in plaats van een hoog) cholesterol 
consequent geassocieerd werd met een toegenomen sterfte onder hartfalen 
patiënten. Daarnaast vonden we 47 placebo gecontroleerde klinische studies 
gericht op het effect van statine behandeling in verschillende patenten 
categorieën. In totaal werden meer dan 100.000 patiënten in studieverband 
onderzocht. Hartfalen patiënten werden echter systematisch buiten deze grote 
studies gelaten. Enkele kleine onderzoeken die naar de effectiviteit van statine 
behandeling in chronisch hartfalen hebben gekeken, hebben nooit sterfte 
gerapporteerd. De metingen die wel verricht zijn waren meestal ten gunste van 
statine behandeling. Wij vinden daarom dat het effect van statine behandeling 
nog onderzocht moet worden in hartfalen patiënten. Om te voorspellen of 
statines wel of niet gunstig zouden kunnen zijn in patiënten met hartfalen 
hebben we de literatuur op een rijtje gezet die werkingsmechanismen 
beschrijven van statine behandeling die gunstig en ongunstig voor hartfalen 
zouden kunnen zijn en waar we rekening mee moeten houden. Drie 
gedachtegangen voorspellen een ongunstig effect van statine behandeling. Ten 
eerste, zoals gezegd, lager cholesterol is bij herhaling gerelateerd aan slechtere 
prognose in hartfalen. Mogelijk hangt dit samen met de neutraliserende werking 
van cholesterol op cardiodepressieve en schadelijke bacteriële endotoxines. Ten 
tweede, statines interfereren met de enzymatische isopentenylatie van Sec-
tRNA, resulterend in een te kort aan noodzakelijke selenoproteines. Ten derde, 
statines kunnen juist in de situatie van chronisch hartfalen door de remming van 
ubiquinone (co-enzyme Q10) de mitochondriale functie van hartspiercellen 
nadelig beïnvloeden. Aan de andere kant stapelt het bewijs zich snel op waaruit 
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een gunstige werking van statines in hartfalen voorspeld moet worden. Ten 
eerste suggereren veel dierexperimentele studies een gunstig effect van statines 
op de linker ventrikel functie van het hart. Ten tweede, gunstige effecten van 
statines zijn ontdekt in patiënten die geen hartfalen hebben, bijvoorbeeld de 
verbetering van vaatfunctie, de vermindering van atherosclerose en de 
vermindering van linker ventrikel hypertrofie. Deze effecten zouden ook gunstig 
kunnen zijn in patiënten met hartfalen. Ten derde klinische studies specifiek in 
hartfalen patiënten zijn weliswaar retrospectieve post-hoc analyses van grote 
studies of kleine studies met surrogate eindpunten, maar voorspellen wel een 
gunstig effect van statine behandeling. Momenteel zijn er twee grote studies aan 
de gang die het effect van statine behandeling in hartfalen onderzoeken en het 
is wachten op die uitkomsten om een definitief oordeel te kunnen vellen.16,17  
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