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Learn as if you were to live forever,
live as if you were to die tomorrow
Mohandas Gandhi

Why am I soft in the middle now
The rest of my life is so hard
I need a photo-opportunity
I want a shot at redemption
Don’t want to end up a cartoon
In a cartoon graveyard
You can call me al: Paul Simon

Dedicated to my mother
as a mark of respect for her perseverance
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Cardiovascular disease in end-stage renal disease
Chronic kidney disease is a major health problem world-wide. In The United States, 106,912
patients developed end-stage renal disease (ESRD) during 2005 and there were 485,012
prevalent patients with ESRD in that year 1. In The Netherlands, there were 13,000 patients
with ESRD in 2005 of whom 45% were treated with chronic renal replacement therapy and
55% had received a renal transplant (www.reninet.nl).
As in the general population, cardiovascular disease is the major cause of death in patients
with ESRD, accounting for about 40% of total mortality. However, life expectancy is severely reduced in ESRD patients compared to the general population, suggesting that the
incidence and case-fatality of cardiovascular disease is increased in ESRD patients. Indeed, it has been shown that total and cardiovascular mortality is increased 20- to 30-fold
in ESRD patients (Figure 1) 2;3. The risk of non-fatal cardiovascular disease is also 10-30
times higher in patients with ESRD compared to the general population 4. ESRD patients
are therefore prone to the development and/or progression of cardiovascular disease.
Cardiovascular disease comprises a group of conditions, which can be divided in ischaemic and non-ischaemic conditions. Examples of non-ischaemic disease include cardiomyopathy, valvular heart disease, arrhythmia, pericarditis and pulmonary oedema. Ischaemic
cardiovascular disease includes coronary artery disease, stroke, peripheral vascular disease and renovascular disease. Sudden death (cardiac arrest) is also frequently the result
of ischaemic vascular disease. The typical arterial narrowing in ischaemic vascular disease is caused by atherosclerosis and thrombosis. Ischaemic forms of vascular disease
account for the majority of cardiovascular cases in both the general and the ESRD population.
Several large randomised trials in ESRD patients have consistently shown no survival
benefit from multiple new treatment strategies which were aimed to reduce cardiovascular
disease, such as increased dialysis dose 5;6, homocysteine-lowering therapy 7, intensified
nutrition 8, lipid-lowering with statins 9, treatment with angiotensin-converting enzyme inhibitors 10, and normalization of haemoglobin with erythropoetin 11;12. While some of these
interventions do have significant beneficial effects on the incidence of cardiovascular disease in the general population, the reason for the lack of benefit of these interventions in
ESRD patients is unclear. One can postulate that the risk factors involved in the atherogenesis in patients with ESRD markedly differ from those of the general population or that the
stage of atherosclerosis in these patients is so advanced that it has become resistant to the
therapies that have been used.
Cardiovascular risk in mild to moderate kidney disease
Earlier stages of chronic kidney disease are more common than ESRD. Estimates suggest
that 30 million Americans have some degree of chronic kidney disease (table 1) 13;14. A
survey conducted in the general population in Groningen, The Netherlands, demonstrated
that prevalence of CKD, defined as a combination of estimated glomerular filtration rate
(eGFR) < 60 ml/min or eGFR >60 ml/min + microalbuminuria / proteinuria, is 11% (table 2).
Earlier stages of chronic kidney disease have also been associated with an increased
cardiovascular morbidity and mortality (figure 2) 2;15-19 . In a recent review of 85 publications, involving a total of 552,258 subjects, it was concluded that there was an undeniable
link between renal dysfunction and the development of cardiovascular disease 20. The risk
of cardiovascular disease (CVD) is already increased in early stages of chronic kidney
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disease (at an estimated glomerular filtration rate (GFR) of around 75 ml/min) and increases
continuously with decrease in renal function 20. In addition, recent studies have also shown
that patients with moderate chronic kidney disease are at a high risk of developing congestive heart failure 21 and that the majority of these patients have coronary heart disease 22;23.
A Norwegian study with 65,604 stage 2 to 3 CKD patients demonstrated that these subjects had a higher risk for development of premature cardiovascular death than progression to ESRD 24. In addition, Keith et al also demonstrated that patients with stage 2, 3 and
4 CKD were more prone to develop CVD than ESRD25. Therefore, in our opinion, early
stages of chronic kidney disease may primarily be considered as a cardiovascular problem.
Traditional risk factors
The clear association between slightly reduced kidney function and cardiovascular risk
may, at least partly, be the result of a relationship between total atherosclerotic burden and
decreased renal function, because intrarenal atherosclerosis (ischaemic renal disease) is
a common cause of reduced renal function in patients with atherosclerosis 26. However,
even patients with a primary non-atherosclerotic renal disease such as polycystic kidney
disease have an elevated risk of cardiovascular disease27;28. Traditional atherosclerotic risk
factors such as age, dyslipidaemia, hypertension, diabetes mellitus, smoking and sedentary lifestyle play an important role in the occurrence of cardiovascular mortality in patients
with chronic kidney disease 29. However, these factors only partially explain the cardiovascular morbidity and mortality in patients with mild to advanced chronic kidney disease,
suggesting a pathophysiological role for additional risk factors 30-33.
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Table 1. Stages and prevalence of chronic kidney disease (adults 20 years of age or older)
Source: K/DOQI clinical practice guidelines for chronic kidney disease: evaluation, classification, and stratification. Kidney Disease Outcome Quality Initiative. Am J Kidney Dis.
2002;39:S1-S246
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eGFR is estimated with the simplified MDRD formula. CKD is staged according to the K/
DOQI guidelines. CKD is defined as a GFR < 60 or a GFR > 60 + albuminuria > 30 mg/day
(right panel). Because the total PREVEND study population of 8459 patients was enriched
for the presence of microalbuminuria, distribution was also calculated in the true random
sample from the general population (n = 2489). Percentages in parenthesis are given as
those representing the distribution of eGFR and CKD in this unselected population cohort.
Abbreviations: eGFR, estimated glomerular filtration rate; MDRD, Modification of Diet in
Renal Disease; PREVEND , Prevention of REnal and Vascular END-stage Disease; CKD,
chronic kidney disease; K/DOQI, Kidney Disease Outcomes Quality Initiative; GFR, glomerular filtration rate; Alb, albuminuria.
Table 2. Distribution of renal function (eGFR) in the “general” population in Groningen, The
Netherlands, in the PREVEND study
Adapted from: de Zeeuw D, Hillege HL, de Jong PE. The kidney, a cardiovascular risk marker, and a
new target for therapy. Kidney Int Suppl 2005; S25-S29
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Non-traditional risk factors
The so-called novel risk factors/markers (table 3) such as oxidative stress, endothelial
dysfunction, protein-energy wasting, sympathetic overactivation and vascular calcification
are highly prevalent and seem to play an important role in the development of atherosclerosis in patients with chronic kidney disease 31;34;35. In this thesis, the role of several of these
putative novel risk factors is further studied in patients with chronic kidney disease.

Table 3: novel cardiovascular risk factors in chronic kidney disease (adapted from Stenvinkel
et al. Clin J Am Soc Nephrol 2008;3:505-521.
Risk factors which are being studied in this thesis are depicted in bold.
Oxidative stress:
Imbalance between production of reactive oxygen species (ROS) and anti-oxidant defence
results in oxidative stress, which may arise either from deficiencies of anti-oxidants (such
as glutathione, ascorbate or alpha-tocopherol) or increased formation of ROS 36. Increased
oxidative stress occurs in early stages of CKD and oxidation of low-density lipoproteins
(LDL) is thought to be a key step in the initiation of atherosclerosis37;38. Therefore, the
oxidative stress hypothesis may be considered as a unifying concept of increased CVD
risk in CKD patients 34. However, the causal relationship between oxidative stress and CVD
in CKD patients is not clear and no intervention studies to examine the effects of oxidative
stress reduction on CV events in CKD patients has been performed.
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Adipokines:
Adipose tissue has a physiological role far beyond the mere storage of fat and recent
interest has focused on the role of adipokines such as adiponectin 39 and leptin 40 both as
protectors and promoters of CVD in patients with CKD. Adiponectin is secreted exclusively
from adipocytes and is known to have anti-atherogenic and anti-inflammatory effects and
also plays a role in glucose and lipid metabolism41. Leptin acts on a specific receptor located in the hypothalamus to decrease appetite and increase energy expenditure42. A few
studies have shown that plasma levels of adiponectin and leptin are increased in patients
with chronic renal failure39;43;44. Whether adiponectin and leptin play a pathophysiological
role in endothelial dysfunction, inflammation, insulin resistance and dislipidaemia in patients with CKD is not clear, as published studies have shown contradicting results 45;46.
Impaired one-carbon metabolism:
In addition, impaired one-carbon metabolism has been recently recognized as one of the
possible mechanisms responsible for increased atherogenicity in CKD patients 47;48. In patients with ESRD, an elevated homocysteine concentration with impaired transsulphuration
and remethylation of homocysteine, and elevated S-adenosylhomocysteine (SAH) levels,
have been demonstrated 49;50. Increased SAH inhibits methyltransferases, leading to impairment of methylation reactions. Global DNA hypomethylation has been demonstrated in
dialysis patients and is implicated as an important candidate contributor to CVD in patients
with ESRD 51;52. Whether DNA hypomethylation is also a feature of earlier stages of renal
insufficiency is currently unknown.
Asymmetric dimethylarginine (ADMA):
Asymmetric dimethyl arginine (ADMA) is an endogenous inhibitor of nitric oxide synthase
and is derived from proteolysis of proteins containing methylated arginine residues. There
is growing evidence that ADMA plays an important role in development of endothelial dysfunction and CVD in the general and in the ESRD population 53;54. However, the role of
ADMA in increased CVD in stage 2-4 CKD patients is unclear.
Surrogate markers of cardiovascular disease in patients with mild to moderate CKD:
Ideally, the identification and the effect of modification of (new) risk factors of atherosclerotic disease should be studied in large-scale prospective studies with relevant cardiovascular end-points. Over the last years, some valid markers of atherosclerotic disease have
emerged, which can be used as surrogate end-points in studies on cardiovascular disease.
These surrogate markers can roughly be divided in structural and functional parameters.
The intima-media thickness of the common carotid artery is an example of a structural
marker of vascular disease, and endothelial function parameters are used to provide functional data of the vascular system.
Intima-media thickness of the common carotid artery (CCA-IMT) is a strong surrogate marker
of cardiovascular risk in the general 55 and ESRD 56 population. In addition, Desbien et al.
recently demonstrated that decreased kidney function was strongly associated with a faster
increase in CCA-IMT, which in turn was associated with more cardiovascular events 57.
Endothelial dysfunction, which can be characterized by increased plasma concentrations
of endothelium-derived proteins such as von Willebrand factor (vWf), soluble vascular cell
adhesion molecule-1 (sVCAM-1), or by reduced endothelium dependent brachial artery
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flow mediated vasodilatation (BA-FMD), is strongly associated with many of the abovementioned traditional and non-traditional cardiovascular risk factors 58. Endothelial dysfunction has been demonstrated in patients with mild to moderate CKD and ESRD 59-61.
In conclusion, CCA-IMT and parameters of endothelial dysfunction such as BA-FMD, on
the one hand, can be used to asses the eventual pathophysiological role of the traditional
and non-traditional risk factors in the development of cardiovascular disease, and on the
other hand to evaluate the effects of various treatment strategies, aimed at reducing the
above-mentioned risk factors in patients with chronic kidney disease.
Although cardiovascular disease is highly prevalent in patients with mild to moderate kidney failure, only a few cardiovascular intervention studies have been done in these patients 62. In addition, most of the large intervention trials with e.g. statins have excluded
patients with moderate renal failure 62. Given the magnitude of the problem, well-designed
cross-sectional and intervention studies are needed to further elucidate the pathogenesis
and to asses the effects of various treatment strategies on cardiovascular morbidity and
mortality in patients with mild to moderate chronic kidney disease.
Outline of the thesis
In this thesis, a cohort of patient with mild to moderate kidney disease without manifest
atherosclerotic disease was formed and it was examined whether:
1.

kidney function was associated with non-traditional cardiovascular risk factors
such as plasma adiponectin, plasma leptin, DNA-hypomethylation and plasma
ADMA levels;

2.

plasma ADMA levels and DNA-hypomethylation were associated with the common carotid artery intima-media thickness and endothelial function;

3.

a stepwise, oxidative stress reducing treatment strategy with pravastatin, vitamin
E and homocysteine-lowering treatment had any influence on CCA-IMT and BAFMD.

Chapter 2 of this thesis reviews the complicated association between the two biochemically linked amino acids homocysteine and ADMA, and their pathophysiological role in the
excess cardiovascular morbidity and mortality in patients with chronic kidney disease.
In chapter 3 we discuss the associations between renal function and plasma adiponectin
and leptin levels. We also evaluate the possible role of these adipokines as protectors or
promoters of cardiovascular disease in CKD.
In chapters 4 and 5 we describe the associations between renal function and plasma ADMA
as well as DNA-hypomethylation. We further evaluate the association of these factors with
the CCA-IMT in patients with CKD. In chapter 5, we also examine the effect of add-on
treatment with pravastatin, vitamin E and homocysteine-lowering on DNA-hypomethylation.
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In chapter 6, we examine the effect of the above-mentioned treatment strategy on CCAIMT, brachial artery endothelial-dependent flow-mediated vasodilatation and urinary albumin level, all established surrogate markers of cardiovascular disease in patients with chronic
kidney disease, and in chapter 7, the effect of this strategy on plasma ADMA levels.
The summary, main conclusions and future perspectives are provided in chapter 8.

Figure 1. Cardiovascular mortality defined by death due to arrhythmias, cardiomyopathy,
cardiac arrest, myocardial infarction, atherosclerotic heart disease, and pulmonary edema
in general population (GP; National Center for Health Statistics [NCHS] multiple cause of
mortality data files International Classification of Diseases, 9th Revision [ICD 9] codes 402,
404, 410 to 414, and 425 to 429, 1993) compared with kidney failure treated by dialysis or
kidney transplant (United States Renal Data System [USRDS.]
Sarnak MJ et al. Hypertension 2003;42:1050-1065.
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Figure 2. The relationship between estimated glomerular filtration rate and the risk of cardiovascular death
Zoccali C. The burden of cardiovascular disease in patients with chronic kidney disease
and in end-stage renal disease. Contrib Nephrol. 2008;161:63-67.
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Figure 3: One-carbon metabolism
Methionine derived from the diet, protein breakdown or from remethylation of homocysteine
forms S-adenosylmethionine (SAM or Ado Met). SAM can donate a methyl group by
methyltransferases to the carbon 5’ position of cytosine within the cytosine-guanine dinucleotide for DNA hypomethylation. The demethylated product of SAM, S-adenosylhomocysteine (SAH or Ado Hcy), is hydrolyzed further to homocysteine and adenosine (transmethylation). To prevent accumulation of homocysteine, it has to be hydrolyzed into cysteine
by cysthationine-ß-synthase (CBS; transsulfuration) and leave the human body, or can be
remethylated by a methyl-group of 5-methyltetrahydrofolate (5, MTHF) back into methionine.
(SAM; S-adenosylmethionine, SAH; S-adenosylhomocysteine, CBS; cystathionine ß-synthase, MTHF; methylenetetrahydrofolate, THF; tetrahydrofolate, MTHFR: 5,10 methylenetetrahydrofolate reductase, MS; methionine synthase).
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Abstract
Asymmetric dimethylarginine (ADMA), an endogenous inhibitor of nitric oxide synthase, is
formed by methylation of arginine residues in proteins and released after proteolysis. In
this reaction, S-adenosylmethionine is methyldonor and S-adenosylhomocysteine the
demethylated product. ADMA and homocysteine are thus biochemically linked. Both plasma
homocysteine and ADMA concentrations are increased in patients with renal dysfunction,
probably as a result an impairment in their metabolic, but not urinary, clearance.
Hyperhomocysteinemia has been associated with an increased risk of cardiovascular disease in end-stage renal disease, especially in patients without malnutrition and inflammation. Also plasma ADMA levels have been associated with cardiovascular disease in renal
failure patients. Both homocysteine and ADMA are thought to mediate their adverse vascular effects by impairing endothelial, nitric-oxide-dependent function resulting in decreased
vasodilatation, increased smooth muscle cell proliferation, platelet dysfunction and increased
monocyte adhesion. At the same time, it has been shown that the correlation between
plasma ADMA and homocysteine is weak and that, in renal patients, the association of
plasma ADMA carotid intima-media thickness, cardiovascular events and overall mortality
is independent of homocysteine. This indicates that the negative vascular effects of ADMA
and homocysteine have a different etiology. Treatment with folic acid treatment substantially lowers homocysteine, but not ADMA concentration. So far, homocysteine-lowering
therapy has not been very successful in decreasing cardiovascular disease. In patients
with renal failure, ADMA reduction may be an interesting new goal in the prevention of
cardiovascular disease.
Introduction
Cardiovascular disease is the leading cause of death both in the general population as in
patients with end-stage renal disease (ESRD). However, mortality rates from cardiovascular disease are 10 to 30 times higher in ESRD than in the general population (1;2), suggesting that atherosclerosis is accelerated in ESRD. More recently, data have shown that patients with milder forms of chronic kidney disease (CKD) with an estimated GFR of 15-60
ml/min, also have an elevated risk of mortality and cardiovascular disease (3;4). The excess of mortality and cardiovascular events in ESRD and CKD patients is independent of
traditional risk factors for atherosclerotic disease, such as hypertension, diabetes, smoking
and hyperlipidemia (1-4). Alternative risk factors that may contribute to cardiovascular disease in renal failure include hyperhomocysteinemia and elevated plasma levels of asymmetric dimethylarginine (ADMA).
Homocysteine
Homocysteine is a sulfhydryl amino acid, which is formed by demethylation of methionine.
S-adenosylmethionine is the intermediate in this reaction and serves as a universal methyl
donor. Homocysteine is either remethylated to methionine or transsulfurated to cysteine. In
plasma, about 80 percent of homocysteine is protein-bound. When it was found that patients with extreme hyperhomocysteinemia due to different genetic enzyme defects suffered from premature atherosclerosis and venous thrombosis, it was hypothesized that
homocysteine was a direct vasculotoxic agent (5). Subsequently, it was shown that plasma
homocysteine is strongly related to renal function and that virtually all ESRD patients have
elevated homocysteine levels, probably due to decreased metabolic clearance (6). Pro-
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spective studies examining the relationship between hyperhomocysteinemia and cardiovascular events in renal patients, have shown equivocal results (7;8). The most recent data
indicate that hyperhomocysteinemia is indeed a risk marker for cardiovascular disease in
ESRD, but that malnutrition/inflammation can confound this association (9;10).
Asymmetric dimethylarginine (ADMA)
ADMA is a naturally occurring amino acid in plasma and in cells that is formed by methylation of arginine residues in proteins and released when these proteins are hydrolysed.
Other products of arginine methylation are L-monomethyl-L-arginine (L-NMMA) and symmetric dimethylarginine (SDMA). ADMA and L-NMMA, but not SDMA, are inhibitors of nitric
oxide (NO) synthase, the enzyme that facilitates the conversion from arginine to NO and
citrulline. Because its plasma level is 10 times higher than that of L-NMMA, ADMA has
gained much interest as a potential regulator of the arginine-NO pathway, and thereby of
vascular disease.
ADMA production is facilitated by the enzyme protein arginine methyltransferase 1 (PRMT1)
which methylates arginine residues in histones and nuclear RNA-binding proteins. ADMA
is eliminated by breakdown to citrulline and methylamine (catalysed by dimethylarginine
dimethylaminohydrolase, DDAH) and to a lesser extent by urinary excretion.
Like hyperhomocysteinemia, elevated plasma ADMA concentrations have first been described in patients with renal failure (11). Later, milder elevations of plasma ADMA levels
have also been found in patients with peripheral arterial disease (12), hypertension (13),
hypercholesterolemia (14), type 2 diabetes (15) and (postmethionine loading)
hyperhomocysteinemia (16;17).
Potential mechanisms of elevated plasma ADMA levels in renal failure are increased protein methylation, increased proteolysis, impaired renal excretion and impaired metabolism
by DDAH. Protein methylation by PRMT may be increased in renal failure due to enhanced
shear stress (18) or increased PRMT gene expression (19). However, stable isotope studies with labeled methionine have indicated that total body transmethylation is rather decreased in ESRD (20;21). Protein degradation is a complex process, but there are indications that overall proteolysis is not enhanced in ESRD (22). Impaired renal excretion contributes to elevated plasma ADMA levels, but the relationship between renal function and
plasma level is stronger for SDMA than for ADMA (23). The major factor for high plasma
ADMA levels in renal failure seems to be decreased DDAH activity, which in turn may be
due to increased oxidative stress and/or hyperhomocysteinemia.
An elevated plasma ADMA level has been identified as a cardiovascular risk factor in the
general (24;25) and in the ESRD population (26;27).
Relationship between homocysteine and ADMA
Biochemically, homocysteine and ADMA are linked in several ways (Figure 1). First, methylation of arginine to L-NMMA and from L-NMMA to ADMA yields two molecules of homocysteine. Second, homocysteine may enhance protein degradation by destabilizing protein
structure or by increasing oxidative stress, resulting in ADMA release. Third, homocysteine
inhibits DDAH, the enzyme responsible for the breakdown of ADMA (28).
Homocysteine and ADMA share many of the presumed pathophysiological mechanisms
that link these compounds to vascular disease. Most of these mechanisms are related to
impaired NO-dependent endothelial function, leading to vasoconstriction, hypertension,
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platelet activation, proliferation of smooth-muscle cells and monocyte adhesion. Mechanisms that are more specific for homocysteine include increased oxidative stress, protein
homocysteinylation/acylation, endoplasmic reticulum stress and hypomethylation, although
the latter may theoretically also be caused by elevated ADMA levels. More ADMA-specific
vascular effects comprise left ventricular hypertrophy, reduced sodium excretion and inhibition of angiogenesis.
On the basis of the biochemical links, one would expect a firm relationship between plasma
homocysteine and ADMA levels. Somewhat surprisingly, studies in siblings of patients with
vascular disease and postmethionine hyperhomocysteinemia (29), type 2 diabetes with
hyperhomocysteinemia (29), patients at high vascular risk (30) and patients with peripheral vascular disease (31) have shown that this relationship is non-significant or marginal
at most. Also in patients with renal failure, which is thought to be a common causal factor
for the elevation of both plasma levels, the correlation between plasma homocysteine and
ADMA was non-significant in two studies of 225 (26) and 197 hemodialysis patients (27)
and in one study of 93 CKD patients (32). These observations suggest that other factors,
probably involved in the elimination of homocysteine and ADMA, are more important predictors of their plasma levels.
Homocysteine, ADMA and relationship with vascular disease in renal failure
As outlined earlier, both homocysteine and ADMA are predictors of cardiovascular events
in ESRD patients (9;10;26;27). Interestingly, in the two studies in which both homocysteine
and ADMA were analyzed, it was found that higher ADMA, but not homocysteine levels
were associated with cardiovascular disease (26;27). One other study suggested that low
ADMA levels were associated with cardiovascular events in renal disease, but the studied
population was rather small and heterogeneous (33).
The relationship of homocysteine and ADMA with vascular disease in renal patients has
also been studied using measurement of the carotid intima-media thickness (IMT), an accepted surrogate marker of atherosclerotic disease (34). In ESRD patients, carotid IMT is
increased and predicts cardiovascular mortality (35-38). Most studies in renal patients have
found no significant relationship between homocysteine and carotid IMT (27;32;39-41). In
one study, homocysteine was associated with carotid IMT in hemodialysis patients at baseline, but not with the change of carotid IMT over time (42). The latter finding was confirmed
in another study (40). The relationship between plasma ADMA level and carotid IMT may
be more consistent (27;32;42). Studies that have included both ADMA and homocysteine
in the analyses show that only ADMA is a predictor of the carotid IMT in renal patients
(32;42).
It can be concluded that plasma ADMA level is a stronger predictor of cardiovascular events
and carotid IMT in renal patients than plasma homocysteine.
Homocysteine-lowering treatment
Folic acid based regimens lower plasma homocysteine level in renal patients by 20-50%,
depending on the baseline vitamin supplementation. So far, however, homocysteine-lowering treatment has not been able to clearly improve endothelial function (43), prevent
progression of carotid IMT (44), or reduce cardiovascular events (44;45) in these patients.
Lowering of homocysteine can be expected to lower plasma ADMA by protein stabilization
and by improving DDAH activity. However, controlled studies in subjects without renal dys-
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function show that homocysteine-lowering does not substantially influence plasma ADMA
(29). The effect of homocysteine-lowering treatment on plasma ADMA levels in ESRD is
unknown. One small study in renal transplant recipients suggests that folic acid acid does
not decrease ADMA (46).
ADMA lowering?
Lowering of plasma ADMA could be an important new tool in cardiovascular risk prevention
in renal failure patients. So far, however, there is no specific ADMA-lowering therapy. Limited success has been reported of interventions with inhibitors of the renin-angiotensinaldosterone system, statins, fibrates, rosiglitazone, metformin, estrogen replacement therapy,
fish oil and anti-oxidants (47).
In the ATIC trial, 93 patients with CKD were randomized to an oxidative-stress-reducing
treatment consisting of pravastatin with addition of vitamin E after 6 months and homocysteine-lowering B-vitamins after 12 monts, or to placebo (48). Active treatment was associated with a reduction of carotid IMT after 18 months. Baseline ADMA level correlated
with carotid IMT and at present further analyses are being done to examine whether ADMA
levels were reduced by the treatment and/or related to the observed beneficial vascular
effects.
Conclusion
Patients with renal failure exhibit an excess of cardiovascular events, that is not completely
explained by traditional risk factors. Homocysteine and ADMA are amino acids, which are
biochemically linked by a common synthetic pathway. Plasma levels of homocysteine and
ADMA are elevated in patients with renal failure and both have been associated with cardiovascular events, possibly due to their negative effects on endothelial function. Despite
these similarities, plasma homocysteine and ADMA are not strongly related and studies
that have examined both compounds, have shown that only ADMA predicts cardiovascular
events. Also in contrast to homocysteine, ADMA is related to carotid IMT, an important
surrogate vascular risk marker. Homocysteine-lowering treatment does not lower ADMA
and has not been shown to reduce cardiovascular events and mortality in ESRD patients.
Specific ADMA-reduction is a new and promising target to beneficially influence cardiovascular disease in renal failure patients.
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Figure 1. Metabolic link between homocysteine and asymmetric dimethylarginine.
Two methyl groups from methionine are used for posttransscriptional methylation of arginine, yielding homocysteine and ADMA. ADMA inhibits the conversion of arginine to nitric
oxide and citrulline. ADMA can be excreted in the urine, but is mainly degraded to citrulline
and methylamine, a process that can be inhibited by homocysteine.
NO: nitric oxide, NOS: nitric oxide synthase, ADMA: asymmetric dimethylarginine, DDAH:
dimethylarginine dimethylaminohydrolase.
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Abstract:
Background
Chronic kidney disease (CKD) is associated with an increased incidence of cardiovascular
disease (CVD). A few studies have demonstrated elevated plasma adiponectin and leptin
levels in CKD. The aims of this study were to assess whether 1) the estimated glomerular
filtration rate (eGFR) is associated with plasma leptin and adiponectin; and 2) adiponectin
and leptin (partly) explain associations of CKD with endothelial dysfunction, insulin resistance, and low-grade inflammation in patients with K/DOQI stage 3-5 CKD.
Methods
Baseline data from 91 patients with stage 3-4 CKD in the Anti-oxidant Therapy in Chronic
renal insufficiency study, a randomized, double-blind, placebo-controlled trial in which the
effects of oxidative stress-lowering treatment on vascular function and structure were studied, and from 50 dialysis naïve patients who took part in an open-label, randomised study
that compared two peritoneal dialysis regimens were used in the analysis. All subjects for
both the studies were recruited in the same centres.
Results
The association between eGFR and adiponectin was non-linear. In multivariate analysis,
log-eGFR (unstandardized ß = ¯8.303 µg/ml, P < 0.0001) was the strongest determinant of
adiponectin and body mass index the strongest determinant of leptin (ß = 2.477 ng/ml, P <
0.0001). Plasma adiponectin and leptin did not modify the associations between eGFR and
plasma von Willebrand factor or soluble vascular adhesion molecule-1. Plasma leptin had
the strongest association with the homeostatic model assessment (HOMA-IR) index. Plasma
C-reactive protein had no association with adiponectin or leptin.
Conclusions
In patients with K/DOQI stage 3-5 CKD, renal function had a significant non-linear inverse
association and was the strongest predictor of adiponectin. BMI was the strongest predictor of plasma leptin. Plasma adiponectin and leptin did not explain, and thus presumably
are not involved in, the association between eGFR and markers of endothelial dysfunction.
Introduction
Patients with chronic kidney disease (CKD) have an increased risk of cardiovascular disease which is not fully explained by the presence of known cardiovascular risk factors.1;2
Therefore, other atherogenic mechanisms are thought to be active in CKD patients. Adipose tissue is increasingly being recognized as an endocrine organ involved in regulation
of energy homeostasis and metabolism.3 Several hormones (adipokines) such as adiponectin
and leptin are secreted from adipose tissues. Adiponectin is secreted exclusively from
adipocytes and is known to have anti-atherogenic and anti-inflammatory effects. 4;5
Adiponectin also plays a role in glucose and lipid metabolism.6 Low circulating levels of
adiponectin are associated with endothelial dysfunction and are often found in populations
at risk of CVD.7 For example, plasma adiponectin is decreased in patients with obesitylinked disorders, 8 coronary artery disease and dyslipidaemia.9 These findings suggest that
higher adiponectin levels confer a protective effect against atherosclerosis. Somewhat
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unexpectedly, a few studies have shown that plasma levels of adiponectin are elevated in
diabetic and non-diabetic patients with end-stage renal disease (ESRD) and moderately
severe chronic kidney disease (CKD).10-12
Leptin acts on a specific receptor located in the hypothalamus to decrease appetite and
increase energy expenditure.13 However, in humans leptin has also been found to be positively associated with insulin resistance, diabetes risk, C-reactive protein (CRP) and blood
pressure, and is inversely associated with high-density lipoprotein cholesterol levels.14 In
addition, leptin concentration also increases with obesity and correlates strongly with percentage body fat, probably due to a state of “leptin resistance” in these patients.15 Plasma
levels of leptin are also increased in chronic renal failure, probably because of decreased
renal clearance.13
Whether adiponectin and leptin play a pathophysiological role in endothelial dysfunction16,
inflammation16, insulin resistance10, and dislipidaemia17 in patients with CKD is not clear, as
published studies have shown contradicting results For example, while Guebre-Egziabher
et al reported that the increase in adiponectin in patients with CKD is explained primarily by
patients body composition and the altered metabolic parameters 18, Mitsnefes et al atribute
this increase primarly to the decline in kidney function.19 While one study reports that lower
adiponectin level is associated with increased risk of cardiovascular events in CKD patients11 others report that, high rather than low, adiponectin levels predicts mortality in both
CKD 20 and congestive heart failure.21 In addition, functional role of increased leptin in CKD
patients is also unclear.22
In view of these considerations, we investigated, in individuals with a wide range of estimated glomerular filtration rates (K/DOQI stages 3-5), whether renal function was associated with plasma adiponectin and leptin levels. In addition, we investigated whether
adiponectin or leptin (partly) explained the known associations between renal function and
a marker of endothelial dysfunction {plasma von Willebrand factor (vWf)} and a marker of
leukocyte-endothelial cell adhesion {soluble leukocyte endothelial cell adhesion molecule1 (sVCAM-1)}, inflammation (CRP) and insulin resistance (HOMA model).
Methods
To examine the influence of a wide range of estimated glomerular filtration rate (eGFR) on
plasma adiponectin and leptin we decided to combine databases of two studies which
were being performed in our institute. The first study, the Anti-oxidant Therapy In Chronic
renal insufficiency (ATIC) study is a randomised, double-blind, placebo-controlled trial in
which the effects of oxidative stress-lowering treatment on vascular function and structure
are studied in patients with chronic non-diabetic renal failure (estimated glomerular filtration rate (eGFR) of 15-60 mL / min per 1.73m2 according to the modification of Diet in Renal
Disease (MDRD) study equation (Levey equation 7) 23;24 who are free from manifest arterial
occlusive disease. Participants in the trial were randomised to active treatment consisting
of add-on therapy with pravastatin, vitamin E and homocysteine-lowering therapy, or to
placebo. Subjects not using angiotensin converting enzyme inhibitors (ACE-inhibitors) or
angiotensin receptor blockers (ARBs) at inclusion were put on ACE-inhibitors for at least
two weeks before the baseline measurement and randomisation. Those who were on ARBs
continued their ARBs. Individuals with diabetes mellitus (ADA criteria), active vasculitis,
nephrotic syndrome (>3g/24h urine protein), renal transplantation, fasting total cholesterol
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> 7 mmol/L, cholesterol-lowering therapy within three months prior to inclusion or known
ischaemic cardiac, cerebrovascular or peripheral arterial disease were excluded. Baseline
data of the ATIC study was used for this analysis.
In addition, we included baseline data of patients starting with an open-label, randomized,
multi-centre study that compared two peritoneal dialysis regimens (NEPP studie).25 All patients were 18 years or older, in stable condition with an estimated life expectancy of more
than one year. Only incident CAPD patients who had not previously undergone renal replacement therapy were included in the study. In contrast to the ATIC study, patients with
diabetes mellitus and known ischaemic cardiac, cerebrovascular or peripheral arterial disease were included in the NEPP study. All the patients who took part in the ATIC and NEPP
study were recruited from seven outpatients nephrology and internal medical clinics in
Amsterdam, the Netherlands. Baseline data from 91 patients with stage 3-5 CKD (mean
eGFR ± SD: 32 ± 13 mL / min per 1.73m2 range: 11 – 60 mL / min per 1.73m2) who took part
in the ATIC-study and 50 patients with stage 5 CKD (mean eGFR ± SD: 7 ± 3 mL / min per
1.73m2, range: 2 – 15 mL / min per 1.73m2) who took part in the NEPP-study were used in
this evaluation. ACE-inhibitors were used by 75% and 50% of patients in the ATIC and
NEPP study respectively. Patients in the ATIC study were statin naïve and less than 20%
patients in the NEPP study used statins. Non of the patients used homocysteine lowering
therapy or other vitamins. Written informed consent was obtained from all participants.
Procedures
All patients were examined in a fasting state and a detailed history was obtained including
medication use and clinical manifestations of peripheral, cerebral and coronary vascular
disease. Height and weight were measured with the individuals wearing light clothing. Blood
samples were collected following an overnight fasting period and after 15 minutes of rest in
supine position. Samples were immediately placed on ice and centrifuged within 15 minutes. Plasma was stored at –80 o C until analysis.
Laboratory analyses
Plasma total adiponectin was measured using sandwich immunoassay (R & D Systems,
Minneapolis, USA), with intra- and inter-assay coefficients of variation of 5 and 7% respectively. Plasma leptin was measured in duplicate by radioimmunoassay (Mediagnost Gmbh,
Tübingen, Germany) using standards and a 125I-tracer prepared from recombinant leptin
and a highly polyclonal antibody that specifically and quantitatively recognise human leptin
with an intra- and inter-assay coefficients of variation of 3 and 5% respectively.
Total cholesterol, HDL cholesterol and triglycerides were measured by routine laboratory
methods. We calculated LDL cholesterol by use of Friedewald formula. Serum creatinine
concentration was assessed by a kinetic Jaffé method, with an intra- and inter-assay coefficients of variation of 1.4 and 2.2% respectively. Plasma concentrations of CRP were measured with a highly sensitive in-house ELISA with rabbit anti-CRP (Dako, Copenhagen, Denmark) as a capturing and tagging antibody, with intra- and inter-assay coefficients of variation of 3.8 and 4.7%, respectively.
Plasma vWf antigen was measured by an enzyme-linked immunosorbent assay (ELISA),
with rabbit anti-vWf antigen as a capturing antibody and a peroxidase-conjugated rabbit
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anti-vWf antigen as a detecting antibody (Dako, Copenhagen, Denmark). The concentration of vWf was expressed as a percentage of the antigen concentration in normal pooled
plasma, which is defined as 100%. The intra- and interassay variations were 2.3 and 3.8%,
respectively. sVCAM-1 was measured by an ELISA method (Diaclone, Besancon, France)
with an intra- and interassay coefficient of variation of 4.0 and 8.0% respectively. Insulin
resistance was estimated by using the homeostatic model assessment (HOMA-IR) index [
plasma glucose level X plasma insulin level /22.5], which has been validated with the
euglycaemic-hyperinsulinaemic clamp method in subjects with various degrees of glucose
tolerance 26 and in patients with chronic kidney disease 27.
Renal function was estimated by the MDRD study equation (estimated GFR in ml/min/1.73
m2 ) = 170 x [plasma creatinine µmol/L x 0.0113] –0.999 x [age] –0.176 x [plasma urea mmol/L x 2.8]
–0.170
x [Albumine g/L x 0.1] +0.318 x [0.762 if female] x [1.18 if black]24.
Statistical analyses
All analyses were carried out with the SPSS 11.5 software program (SPSS, Chicago, IL,
USA). Linear regression analysis was performed to investigate the associations between
renal function on the one hand and adiponectin, leptin, vWf, s-VCAM-1, CRP and HOMAIR index on the other hand. In addition, linear regression analysis was performed to investigate the associations between leptin and adiponectin on the one hand and vWf, sVCAM1, CRP and HOMA-IR index on the other hand. All associations were first analysed without
adjustments and then with adjustments for factors known to be important in the physiology
of the given parameter (for example during the analysis of adiponectin and leptin we adjusted for age, body mass index (BMI), sex and proteinuria), and variables that were found
to be significantly associated with a given parameter in the univariate analyses. During the
regression analyses residual plots were produced after each analysis and parameters were
log transformed if the residuals were not normally distributed. P-values < 0.05 were considered statistically significant.
Results
Table 1 shows baseline characteristics of the participants. The underlying causes of renal
disease in these patients were hypertension (50 patients), polycystic kidney disease (13
patients), obstructive uropathy (16 patients), glomerulonephritis (11 patients), drug-induced
(9 patients), vesico-urethral reflux (9 patients), diabetes mellitus (9 patients), IgA nephropathy (2 patients), undetermined (11 patients), miscellaneous (11 patients).
Renal function and plasma total adiponectin
The inverse association between estimated glomerular filtration rate (eGFR) and adiponectin
(Figure 1) became linear after log transformation of eGFR (log-eGFR). Therefore, we used
log-eGFR as an independent variable in the linear regression analyses. In univariate analysis
there was a significant inverse association between log-eGFR and plasma adiponectin
(unstandardized ß for log-MDRD = ¯ 8.303 µg/ml, P < 0.0001).
In addition, we also found significant inverse associations between BMI and adiponectin
(unstandardized ß for BMI = ¯ 0.693 µg/ml, P = 0.001), sex and adiponectin (higher in
females: ß = ¯ 4.451 µg/ml, P = 0.02), and significant direct associations between HDLcholesterol and adiponectin (ß for HDL-cholesterol = 8.599 µg/ml, P < 0.0001), urinary
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protein and adiponectin (ß for urinary protein = 1.392 µg/ml, P = 0.03).
After mutual adjustment, only log-eGFR (unstandardized ß = ¯8.661 µg/ml, P < 0.0001)
and HDL-cholesterol (ß = 6.172 µg/ml, P = 0.001) remained significant determinants of
plasma adiponectin.
Renal function and plasma leptin
In univariate analysis there was a significant linear association between eGFR and plasma
leptin (unstandardized ß for eGFR = ¯ 0.348 ng/ml, P = 0.004). In addition, there were
significant univariate associations between BMI and leptin (ß for BMI = 2 ng/ml, P < 0.0001),
sex and leptin (higher in females: ß = ¯ 17 ng/ml, P < 0.0001), and urinary protein and leptin
(ß = 4 ng/ml, P = 0.001). There were no significant associations between age, HDL-cholesterol and leptin.
After mutual adjustment, BMI (unstandardized ß = 2.477 ng/ml, P< 0.0001), sex (higher in
females ß = 16.740 ng/ml, P< 0.0001), eGFR (ß = ¯0.342 ng/ml, P = 0.001) and urinary
protein (ß = 2.354 ng/ml, P = 0.02) remained significant determinants of plasma leptin.
Renal function, adiponectin, leptin and markers of endothelial dysfunction
In the univariate analysis there was a significant inverse associations between eGFR and
plasma vWf (ß = ¯ 1.79%, P < 0.0001). Adjustment for adiponectin (ß for association between eGFR and plasma vWf =¯ 1.55 %, P < 0.0001) and leptin (ß for association between
eGFR and plasma vWf =¯ 1.67%, P < 0.0001) did not change the significant association
between eGFR and vWf.
In the univariate analysis there were significant inverse associations between eGFR and
plasma sVCAM-1 (ß = ¯ 5.814 ng/ml, P < 0.0001). Adjustment for adiponectin (ß for association between eGFR and plasma vWf = ¯5.706 ng/ml, P < 0.0001) and leptin (ß for
association between eGFR and plasma vWf =¯ 5.658 ng/ml, P < 0.0001) did not change the
significant association between eGFR and sVCAM-1.
Renal function, adipokines and HOMA- IR index
There was a significant direct association between plasma leptin and HOMA-IR index
(unstandardized ß = 0.055, P < 0.0001), which was not affected by adjustment for BMI,
eGFR, plasma vWf, plasma sVCAM, plasma CRP and age.
Plasma CRP, AGE, BMI and adiponectin had no significant association with HOMA-IR
index. Exclusion of 15 patients with diabetes had no influence on these results.
In the univariate analysis there was a significant inverse associations between eGFR and
HOMA – IR index (ß = ¯ 0.212 ng/ml, P = 0.01) which was not affected by adjustment for
BMI.
Renal function and plasma CRP
There were no significant associations between plasma CRP on the one hand and renal
function, serum adiponectin, serum leptin, HOMA-IR index, sex, or BMI on the other.
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Discussion
In this population with K/DOQI stage 3-5 CKD patients we demonstrate that eGFR has the
strongest inverse association with plasma adiponectin in univariate and multivariate analysis. Furthermore, eGFR had a significant positive association with serum leptin. However,
BMI was the strongest predictor of plasma leptin during univariate and multivariate analysis. Plasma adiponectin and leptin had no influence on the significant association between
eGFR and markers of endothelial dysfunction (plasma vWf and plasma sVCAM-1). Plasma
leptin was also associated strongly with HOMA-IR index in univariate and multivariate analyses.
Renal function had the strongest association with plasma adiponectin in our population. A
few authors have also reported that adiponectin levels are increased in patients with ESRD
28
and in mild to moderate chronic kidney disease 29. Whether this increase reflects impaired adiponectin clearance by the kidney or whether this increase in adipokines has a
functional role in counteracting increased cardiovascular risk known to associated with
CKD is not elucidated yet. Guebre-Egziabher et al. reported that in 48 patients with chronic
kidney disease (eGFR: mean ± SD; 53.5 ± 24.9, range; 12 -107 ml/min/1.73m2) adiponectin
had a linear and inverse significant association with eGFR, urinary albumin excretion and
BMI. In their multivariate analysis, BMI was a stronger predictor of plasma adiponectin
levels in comparison to eGFR 18. They concluded that adiponectin in chronic kidney disease is related more to metabolic disturbances than to decline in renal function. However,
the 141 patients in our study had a lower eGFR and a narrower eGFR range (mean ± SD;
24 ± 16, range 4 – 60 ml/min/1.73m2) compared to their study and we showed for the first
time that the relationship between eGFR and serum adiponectin was nonlinear. In addition
eGFR had the strongest association with plasma adiponectin during the univariate and
multivariate analyses.
We also demonstrated that, in our population, adiponectin was positively associated with
plasma vWf and plasma sVCAM-1, established markers of endothelial dysfunction and
leukocyte-endothelial cell adhesion respectively.30 However, these significant associations
disappeared after addition of eGFR to the model (data not shown). In addition, adiponectin
had no influence on the significant associations between eGFR on the one hand and plasma
vWf and sVCAM-1 on the other. We therefore conclude that increased adiponectin in CKD
patients is primarily a reflection of impaired kidney function and plasma adiponectin does
not explain the known associations between kidney function and endothelial dysfunction.
Our results are also in line with a recent study which demonstrated that renal transplantation is accompanied by a significant reduction of plasma adiponectin suggesting that impaired adiponectin elimination or biodegradation may be responsible for the elevation of
plasma adiponectin 31.
As demonstrated in few other studies we also showed a direct and a significant association
between plasma adiponectin and HDL-cholesterol in univariate and multivariate analysis
32-34
. Rothenbacher et al demonstrated that adiponectin was strongly associated with HDLcholesterol in patients with coronary heart disease 35. This association was also shown in a
population with normal weight 36 and in obese subjects 37. Mechanisms responsible for this
association are unknown. However, in a previous study it has been suggested that
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adiponectin stimulates peroxisome proliferator-activated receptor α (PPAR-α) activity in both
skeletal muscles and liver thereby stimulating the synthesis of HDL-cholesterol.
Plasma leptin is cleared from the circulation by the kidney through glomerular filtration
followed by metabolic degradation in the renal tubules.38;39 As expected leptin had a strong
direct association with eGFR in the univariate and multivariate analysis in our population.
However, BMI had the strongest association with plasma leptin in univariate and multivaraiate
analysis (mean BMI in our population 26±5 kg/m2). In addition, during the univariate and
multivariaate analysis leptin had the strongest direct association with HOMA-IR index, an
established marker of insulin resistance.
In the general population, leptin inhibits appetite and increases energy expenditure. However, many obese individuals have inappropriately high levels of circulating leptin which is
attributed to hyporesponsiveness to leptin in obesity 40. A few studies show a paradoxically
inverse association between higher plasma leptin and improved markers of nutritional status in patients with CKD 41. Two recent studies in dialysis patients demonstrated a strong
direct association between plasma leptin and both BMI (r = 0.70) and triceps skin fold
thickness (r = 0.77).42;43 A higher leptin level was also associated with higher serum lipids,
healthier clinical characteristics, a lower atherosclerosis score and a better appetite. Recent study, that followed 71 haemodialysis patients during 7 years also showed that lower
baseline leptin level was associated with higher mortality (3.8 -times higher risk of death
among the patients with a serum leptin concentration below median).44 This phenomenon
may be another example of “reverse epidemiology” 45 similar to the “obesity paradox” 46 or
“hypercholesterolaemia paradox” 47 in CKD patients as low BMI is associated with increased
mortality in CKD patients.48 In our population we also showed a direct and significant association between leptin and insulin resistance and BMI, both markers of improved nutritional
status. Whether this is the result of leptin resistance has not yet been elucidated and future
studies are needed to clarify the role leptin in CKD patients. We thus conclude that, although renal function strongly predicted plasma leptin in our population BMI and HOMA-IR
index also had a strong association with plasma leptin in univariate and multivariate analysis. However, plasma leptin did not explain the known associations between kidney function and endothelial dysfunction.
Study limitations
The cross-sectional nature of the study does not permit any final conclusions with regard to
the causality of described associations. Because we aimed to analyse a population of
patients with a wide range of eGFR we decided to pool the databases of two studies which
were performed in our institute. This may certainly have introduced some bias. However,
all the patients for both studies were recruited in the same centres and ATIC study included
patients with mild to moderate renal failure and the patients in the NEPP study were patients who were being prepared to start peritoneal dialysis. The average age of the patients
in ATIC study was 54 ± 12 and NEPP study 57 ± 15 years. Although, in our opinion, two
populations were similar in their characteristics and these studies were not designed to
study any new mechanisms which explains the link between kidney failure, adiponectin
and leptin. There were 15 patients with diabetes mellitus and all these patients had an
eGFR = 21 ml/min/1.73m2. Exclusion of these patients did not change any of the given
results.
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We determined total adiponectin in our patients. However, adiponectin circulates in low,
middle and high molecular weight (HMW) isomers and clinical data suggest that the high
molecular isoform is the most important correlate of insulin sensitivity.49 It has been suggested that in patients with renal failure low levels of HMW isoform may be masked by an
overall increase in low and middle molecular weight isomers which may explain susceptibility of these patients to insulin resistance and vascular disease.50 However Shen et al
recently demonstrated that in patients with kidney disease the paradox of high adiponectin
is not explained by decreased levels of HMW adiponectin.50 Thus determination total and
not HMW adiponectin probably did not have a significant influence on the outcomes in our
study.
In conclusion, we demonstrated for the first time that plasma adiponectin had a significant,
non-linear, inverse association with eGFR and in multivariate analysis eGFR had the strongest correlation with plasma adiponectin. Plasma adiponectin had no influence on the
significant association between eGFR and markers of endothelial dysfunction, i.e. plasma
vWf and plasma sVCAM-1. We therefore conclude that increased adiponectin in CKD patients is primarily a reflection of impaired kidney function. Furthermore, plasma leptin also
had a significant positive association with eGFR. However, markers of nutritional status
such as BMI and HOMA-IR index were strongly associated plasma leptin during univariate
and multivariate analysis. Future studies are needed to clarify the role leptin in CKD patients.
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Table 1: baseline characteristics of the participants divided into tertiles according to estimated glomerular filtration rate (eGFR) measured with modification of diet in renal disease
(MDRD) formula
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Figure 1: The association between plasma adiponectin and estimated glomerular filtration
rate according to the modification of Diet in Renal Disease (MDRD) study equation (Levey
equation 7)
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Abstract
Background
Patients with renal insufficiency have an increased risk of cardiovascular disease, which is
not fully explained by the presence of known cardiovascular risk factors. In patients with
end-stage renal disease, increased serum concentration of asymmetric dimethylarginine
(ADMA), an endogenous inhibitor of nitric oxide synthase (NOS), has been linked to excess cardiovascular morbidity. We investigated, in patients with mild to moderate renal
failure, the relationship between plasma ADMA and three surrogate markers of atherosclerosis that have been shown to have prognostic value, namely carotid intima-media thickness (IMT), plasma soluble vascular cell adhesion molecule-1 (sVCAM-1) and plasma Creactive protein (CRP).
Methods
We used baseline data of an ongoing randomised trial in which the effects of oxidative
stress-lowering treatment on vascular function and structure are studied in patients with
chronic non-diabetic renal failure without clinical evidence of atherosclerosis (GFR 15 to 70
ml / min / per 1.73m2 according to the Cockcroft-Gault equation; ATIC study).
Results
Data from ninety-three patients were used. Creatinine clearance was inversely related to
plasma ADMA concentration (standardized β after adjustment = -0.342, P = 0.023). Plasma
ADMA was strongly related to carotid IMT in univariate (β = 0.459, P<0.0001) and multivariate
analysis (β = 0.444, P<0.0001). Plasma ADMA was also significantly related with plasma
soluble vascular cell adhesion molecule-1 (sVCAM-1) in univariate (β = 0.260, P = 0.010)
and multivariate (β = 0.242, P = 0.022) analysis. Plasma ADMA was not significantly related to C-reactive protein (β = -0.134, P = 0.204).
Conclusions
In patients with mild to moderate renal failure, renal function is inversely associated with
plasma ADMA, which, in turn, is positively associated with carotid IMT and plasma sVCAM1 concentration. Increased plasma ADMA may be a link between renal function and cardiovascular disease in patients with mild to moderate renal failure.
Introduction
Patients with end-stage renal disease have an increased risk of cardiovascular disease [1].
A similar association exists between mild to moderate renal insufficiency and cardiovascular events [2,3]. This association is not fully explained by the presence of known cardiovascular risk factors such as hypertension, diabetes, smoking, homocysteine level and
dyslipidemia [2,4]. Other atherogenic mechanisms thus seem to be active in patients with
renal insufficiency.
Asymmetric dimethylarginine (ADMA) is an endogenous inhibitor of nitric oxide (NO) synthase and is derived from the proteolysis of proteins containing methylated arginine residues.
It has considerable biological effects, particularly in the cardiovascular system [5,6,7]. When
administered acutely, ADMA inhibits NO synthase catalytic activity, endothelium-dependent NO-mediated vascular responses and endothelium-dependent NO bioavailability, all of
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which are reversed by L-arginine [5]. The plasma concentrations of ADMA and its biologically inactive stereoisomer -symmetric dimethylarginine (SDMA) are two to six times higher
in patients with end-stage renal failure than in healthy controls [5,8]. Plasma ADMA concentrations in dialysis patients are strongly and independently related to the intima-media
thickness (IMT) of the carotid artery [9]. Carotid IMT is a strong surrogate marker of cardiovascular risk in the general [10] and dialysis [11] population. In addition, plasma ADMA
concentrations are higher in dialysis patients with clinically manifest atherosclerosis than in
those without atherosclerosis [12]. Furthermore, ADMA levels were predictive of future
cardiovascular events and overall mortality in a cohort of patients undergoing hemodialysis
[13].
Data on the relationship between ADMA and cardiovascular disease in patients with mild to
moderate renal failure (GFR between 10 to 70 ml/min) have not been reported. In order to
gain more insight into the mechanism of atherosclerosis in mild to moderate renal failure,
we therefore examined the relationship between plasma ADMA and carotid IMT, using
baseline data of the Anti-oxidant Therapy In Chronic renal insufficiency (ATIC) study. In
addition, we studied the relationship between plasma ADMA on the one hand and plasma
C-reactive protein (CRP) and plasma soluble vascular cell adhesion molecule-1 (sVCAM1) on the other. CRP and sVCAM-1 are markers of inflammatory activity and leukocyteendothelial cell adhesion, respectively, and have been shown to be markers of cardiovascular risk [14,15,16,17].
Methods
Patients
Between May 2001 and December 2002, individuals with a creatinine clearance of 15-70
mL / min per 1.73m2 (according to the Cockcroft-Gault equation) from seven (six nephrology and one internal medicine) out-patients clinics in Amsterdam, The Netherlands, were
screened for eligibility for participation in the Anti-oxidant Therapy In Chronic renal insufficiency (ATIC) study. The ATIC study is a randomised, double- blind, placebo-controlled trial
in which the effects of oxidative stress-lowering treatment on vascular function and structure are studied in patients with chronic non-diabetic renal failure who are free from manifest arterial occlusive disease. Participants in the trial were randomised to active treatment
consisting of add-on therapy with pravastatin, vitamin E and homocysteine-lowering therapy,
or to placebo. Subjects not using angiotensin converting enzyme inhibitors (ACE-inhibitors) or angiotensin receptor blockers (ARBs) at inclusion were put on ACE-inhibitors for at
least two weeks before the baseline measurement and randomisation. Those who were on
ARBs continued their ARBs. We excluded individuals with diabetes mellitus (ADA criteria),
active vasculitis, nephrotic syndrome (>3g/24h urine protein), renal transplantation, fasting
total cholesterol > 7 mmol/L, cholesterol-lowering therapy within three months prior to inclusion or known ischemic cardiac, cerebrovascular or peripheral arterial disease. Ninetythree patients (out of 118 eligible patients) took part in the study and written informed
consent was obtained from all participants. Baseline data of these individuals were used
for this investigation.
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Procedures
All patients were examined in the fasting state in a supine position in a temperature-controlled room. Firstly, data were collected with regard to age, medication and smoking status
(having smoked in the past year) and a detailed history was obtained to exclude clinically
relevant peripheral, cerebral and coronary vascular disease. Thereafter, height and weight
were measured with the individuals wearing light clothing and a thorough physical examination was done. After 30 minutes of rest, blood pressure was measured with an oscillometric device (Colin Press-Mate, model BP-8800, Komaki-City, Japan) and expressed as the
mean value of six measurements over a period of 30 minutes. Mean arterial pressure was
calculated as (2 diastolic pressure + systolic pressure) / 3. Blood samples were collected
after 15 minutes of rest and immediately placed on ice and centrifuged within 15minutes.
Plasma samples were stored at –80 o C until analysis.
Carotid ultrasonography
The carotid IMT measurements were performed using Pie Medical Scanner 350 (Pie Medical, Maastricht, The Netherlands) with a linear array transducer of 7.5MHz attached to a
data registration and processing unit (Wall Track System II). A single trained operator performed all scans. After 15 minutes of supine rest, subjects were examined with the head
turned 30° to the left. B-mode images were obtained of the right common carotid artery at
0.5, 1 and 2 cm proximal to the bulb in the longitudinal plane, after which an M-line was
positioned perpendicular to the posterior wall, showing a clear intima-media complex. Subsequently, the system was switched to M-mode and radio-frequency signals were collected
in the data acquisition memory of the Wall Track System, which automatically detected and
placed markers at the blood-intima interface and media-adventitia interface on the radiofrequency line. Radio-frequency signals of the posterior wall were registered during each
heartbeat triggered by the R-top of the simultaneously recorded electrocardiogram. During
each measurement, data obtained during four heartbeats were analysed separately; the
mean of these four measurements was used. Three measurements each were performed
at three locations in the common carotid artery and mean value of these measurements
was taken as carotid IMT.
Reproducibility
Reproducibility was assessed in ten healthy subjects (43 ± 13 years) who were examined
by the same observer twice, 3 weeks apart. The intra-observer coefficient of variation for
the IMT measurement was 10%.
Laboratory analyses
Total cholesterol, HDL cholesterol, and triglycerides were measured by routine laboratory
methods. We calculated LDL cholesterol by use of Friedewald formula [18] (two participants had triglyceride levels of >4.5mmol/L and their LDL values were not used in the
evaluation). Serum creatinine concentration was assessed by a kinetic Jaffé method. Plasma
concentrations of arginine, ADMA and SDMA were determined simultaneously by highperformance liquid chromatography as described previously [19]. In short, sample cleanup was performed by solid-phase extraction on polymeric cation-exchange extraction columns using monomethylarginine as internal standard. After derivatization with orthophthaldialdehyde reagent containing 3-mercaptoproprionic acid, analytes were separated

Page 58

by isocratic reversed-phase high-performance liquid chromatography with fluorescence
detection. Analytical recovery was 98-102% and the interassay coefficient of variation was <3%.
Plasma ADMA concentration in 53 healthy individuals was 0.42 ± 0.06 µmol/L and SDMA concentration 0.47 ± 0.08 µmol/L [19]. Plasma concentrations of CRP were measured with a highly sensitive in-house ELISA with rabbit anti-CRP (Dako, Copenhagen, Denmark) as a capturing
and tagging antibody, with intra- and interassay coefficients of variation of 3.8% and 4.7%,
respectively. Soluble vascular cell adhesion molecule-1 (sVCAM-1) was measured by an
ELISA method (Diaclone, Besancon, France) with an intra- and interassay coefficient of
variation of 4.0 and 8.6%, respectively. Plasma total (free plus protein-bound) homocysteine
was measured with an automated fluorescence polarization immunoassay on an Abbot
IMx analyzer, with an interassay coefficient of variation <4% [20].
Renal function was estimated by four methods: (1) the serum creatinine level in µmol/L; (2)
the Cockcroft-Gault formula in ml/min per 1.73m2 [21,22]; (3) 24-hour urinary creatinine
clearance in ml/min per 1.73m2; (4) the abbreviated MDRD study equation (estimated GFR
in ml/min/1.73 m2 (186 x (Scr)-1.154 x (age)-0.203 x (0.742 if female) x (1.210 if African)) [23].
Statistical analyses
All analyses were carried out with the SPSS 11.5 software program (SPSS, Chicago, IL,
USA). Variables were tested for normality and log transformed if necessary. Pearson’s test
was used to calculate correlation coefficients. Linear regression analysis was performed to
investigate the association between estimates of renal function and plasma ADMA concentration, and the associations between plasma ADMA concentration and carotid IMT, sVCAM1, and CRP. All associations were first analysed without adjustments and then with adjustments for potential confounders (LDL cholesterol, HDL cholesterol, BMI, smoking, age,
mean blood pressure, homocysteine) and expressed in standardized betas. Probability
values < 0.05 were considered statistically significant.
Results
Table 1 shows baseline characteristics of the participants. The causes of underlying renal
disease in these patients were: hypertension (29 patients), polycystic kidney disease (13
patients), obstructive uropathy (13 patients), glomerulonephritis (11 patients), drug-induced
(9 patients), vesico-ureteral reflux (9 patients), IgA nephropathy (2 patients) and miscellaneous (7 patients).
ADMA and renal function
Plasma ADMA concentration exceeded the upper limit of the normal range of 0.54 µmol/L
in 34% (32/93) of the patients. In univariate analysis only renal function was significantly
related to plasma ADMA (standardized β for Cockcroft-Gault clearance = -0.276, P = 0.007,
Figure 1). After adjustments for potential confounders (age, BMI, plasma homocysteine,
smoking status, HDL and total cholesterol) creatinine clearance remained the only significant determinant of plasma ADMA concentration (β = -0.342, p = 0.023). Other estimates
of renal function gave similar results (data not shown).
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ADMA and carotid IMT, CRP and sVCAM-1
Carotid IMT was significantly related to plasma ADMA (β = 0.459, P<0.0001, Figure 2), age
(β = 0.407, P<0.0001), mean arterial pressure (β = 0.340, P = 0.001) and HDL cholesterol
(β = -0.207, P = 0.05). There was no significant relationship between carotid IMT and other
lipid parameters, renal function (any of the described methods), plasma homocysteine,
SDMA, sVCAM-1 or CRP (Table 2). After adjustment for BMI, renal function, CRP, LDL and
HDL cholesterol, smoking, homocysteine and mean arterial pressure, the only independent determinants of carotid IMT were plasma ADMA (β = 0.445, P<0.0001), age (β = 0.350,
P<0.0001) and mean arterial pressure (β = 0.179, P = 0.05).
There was no significant relationship between plasma ADMA and CRP in this population
(β= -0.134, P=0.204). Ten subjects had high CRP levels (>15mg/L). When these individuals were excluded, the relationship between CRP and carotid IMT became significant (β =
0.323, P = 0.003). There was no significant relationship between ADMA and CRP in this
subgroup. Univariate relationships between ADMA and carotid IMT (β = 0.403, P<0.0001)
and age and carotid IMT (β = 0.383, P<0.0001) were also significant in this population.
After adjustment for age, BMI, renal function, CRP, LDL and HDL cholesterol, smoking,
homocysteine, ADMA and mean blood pressure only ADMA (β = 0.379, P<0.0001), age (β
= 0.335, P = 0.001) and CRP (β = 0.212, P = 0.04) were significantly related to carotid IMT.
Plasma sVCAM-1 was significantly correlated with plasma ADMA (β = 0.260, P= 0.010) but
not with CRP in the total population. In multiple regression analysis with sVCAM-1 as dependent variable and ADMA, age, BMI, smoking, LDL and HDL cholesterol, renal function
(any method) and homocysteine as independent variables, only ADMA was significantly
related to plasma sVCAM-1 concentration (β = 0.245, P = 0.025). Plasma sVCAM-1 had no
significant relationship with carotid IMT.
Plasma SDMA and renal function, homocysteine, and ADMA
Plasma SDMA was strongly related to Cockcroft-Gault creatinine clearance, both in univariate
(β = -0.727, P <0.0001) and multiple regression analysis adjusted for age, BMI, total cholesterol and smoking (β = -0.850 P<0.0001). Plasma SDMA was not significantly related to
carotid IMT, CRP or sVCAM-1. Plasma SDMA was significantly related to plasma homocysteine (β = 0.511, P <0.0001) but adjustment for renal function (all four methods) weakened this association (β for Cockcroft-Gault creatinine clearance = 0.137, P = 0.12).
Discussion
In this population with mild to moderate non-diabetic renal failure, renal function was inversely associated with plasma ADMA. Plasma ADMA, in turn, was strongly and independently associated with carotid IMT and with plasma sVCAM-1, but not with plasma CRP.
Many authors have reported that concentrations of ADMA are increased in patients with
renal insufficiency [5,8,24,25,26]. However, many of these studies contained small groups
of patients and patients with end stage renal disease. In a study by Fleck et al. [27], although the mean ADMA concentration in chronic renal failure patients was 38% higher
than in the healthy controls, there was no significant correlation between plasma ADMA
and serum creatinine level in patients with chronic renal failure. Kielstein et al. [24] reported
that ADMA concentrations were significantly higher in patients with renal disease (even in
mild renal failure) compared with matched controls without any overlap of ADMA concen-
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trations between the two groups. They concluded that increased ADMA levels characterize
patients with renal disease as a separate population when compared with normotensive
subjects without renal and cardiac disease.
Several observations have linked higher plasma ADMA concentrations to atherosclerosis,
cardiovascular events and mortality in subjects who presumably had a normal renal function [28, 29, 30] and in patients with end-stage renal disease [13]. Böger et al. [28] showed
that ADMA levels correlated strongly with the severity of atherosclerotic disease in individuals with peripheral arterial occlusive disease. In addition, Kielstein et al. [12] demonstrated
that plasma ADMA concentrations were higher in dialysis patients with clinically manifest
atherosclerosis than those without atherosclerosis. The concept of a link between plasma
ADMA and atherosclerosis is further strengthened by studies that have shown that plasma
ADMA correlates with carotid IMT in apparently healthy middle-aged individuals [29] as
well as in dialysis
patients [10]. An important new finding of the present study is that plasma ADMA was
directly associated with carotid IMT in patients with mild to moderate renal failure, suggesting that plasma ADMA may be one of the mechanisms that link mild to moderate renal
failure with cardiovascular disease [2,3].
We measured plasma markers of inflammation (CRP) and leukocyte-endothelial adhesion
(sVCAM-1) to explore whether inflammation and/or leukocyte adhesion to endothelial cells
were related to plasma ADMA levels. Plasma CRP was not significantly related to ADMA,
although it showed a significant and independent association with carotid IMT in subjects
in whom CRP was < 15 mg/l. This suggests that, in individuals with mild to moderate renal
failure, the effect of ADMA on IMT is largely unrelated to inflammatory activity insofar as
this is reflected by plasma CRP levels.
Plasma sVCAM-1 was significantly associated with ADMA. ADMA is thought to be an important endogenous NO synthase inhibitor, and inhibition of NO synthesis is known to be
associated with an increase in endothelial adhesion molecule expression [31,32,33,34].
Therefore, one of the mechanisms that link increased ADMA levels to atherosclerosis in
individuals with mild to moderate renal failure may involve upregulation of leukocyte adhesion molecules on endothelial cells. In a recent study, Suda et al. [35] demonstrated that
coronary microvascular lesions are induced to a comparable extent during long-term administration of ADMA in wild type and eNOS- knockout mice. They also demonstrated an
upregulation of ACE and increased oxidative stress through stimulation of angiotensin-1
receptor in both groups. They concluded that long-term vascular effects of ADMA might not
solely be mediated by inhibition of endothelial NO synthase. In our population, 76 subjects
used ACE-inhibitors or ARBs at inclusion; the others received the ACE-inhibitor fosinopril
before inclusion. We did not measure the levels of ACE or oxidative stress parameters.
Therefore, we are not able to report on any other probable mechanisms of action of ADMA
in our patients. Nevertheless, our results show that the associations of ADMA with carotid
IMT and sVCAM-1 are present even during treatment with ACE-inhibitors and ARBs.
Plasma SDMA showed a strong and significant correlation with renal function in our population. In several other studies, the plasma SDMA level was about 3-8 times higher than
plasma ADMA level [5,8,24,25,26]. While SDMA is almost exclusively cleared by renal
excretion, ADMA is to a significant degree metabolised by the enzyme dimethylarginine
dimethylaminohydrolase (DDAH) [36,37,38]. This explains why SDMA shows a stronger
relationship with renal function than ADMA. The biological significance of SDMA is still
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uncertain and a direct inhibitory effect on NO synthase has not been documented.
Metabolic pathways generating homocysteine and ADMA are closely related. ADMA is generated via posttranslational methylation of arginine residues of proteins and these methyl
groups probably come from demeythylation process of methionine to homocysteine [38].
Plasma ADMA had no significant relationship with homocysteine in our population and in
the multivariate analysis adjustments for homocysteine did not change the significant relationships between ADMA and carotid IMT, ADMA and sVCAM and renal function and ADMA.
Plasma ADMA concentration is also raised in young hypercholesterolemic patients with
normal renal function [39]. Adjustments for total or HDL cholesterol also did not affect the
above mentioned relationships, which therefore were probably independent of
hyperhomocysteinemia or dislipidemia.
.
Study limitations:
We studied a small and highly selected population of patients with mild to moderate renal
failure and the cross sectional nature of the study does not permit any final conclusions
with regard to the causality of described associations. The study was also not designed to
examine new mechanisms that link increased ADMA levels with atherothrombosis and
renal failure. Therefore, we are not able to report on any new mechanisms that explain this
probable link. Most of the patients in our study (76 patients) were on long term ACE-inhibitors or ARBs at the start of the study. Recent studies in patients with essential hypertension
and diabetes mellitus have revealed that pharmacological treatment with ACE inhibitors
may reduce plasma ADMA levels, possibly via enhancement of DDAH activity [40,41]. In
addition, it has been demonstrated that treatment with ACE inhibitors is associated with
lower plasma CRP levels [42,43]. Therefore, use of ACE inhibitors and ARBs in our population may have negatively influenced the association between plasma CRP and ADMA.
In conclusion, in non-diabetic patients with mild to moderate renal failure without clinical
features of atherosclerosis, renal function showed a significant and independent relationship with plasma ADMA levels which, in turn, were associated with carotid IMT and sVCAM1 levels. The relationship of ADMA with carotid IMT was stronger than the relationship
between carotid IMT and age. Plasma ADMA may be one of the mechanisms that link mild
to moderate renal failure with cardiovascular disease.
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Table 1. Baseline characteristics of the participants
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Table 2. Univariate associations between carotid IMT and cardiovascular risk factors. The
regression coefficients are expressed as standardized β (in mm) per change of 1 standard
deviation of the independent variable to facilitate direct comparison.
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Figure 1. Relationship between plasma ADMA and creatinine clearance (Cockcroft-Gault
2
per 1.73 m body surface area)

Figure 2. Relationship between plasma asymmetric dimethylarginine (ADMA) and carotid
intima-media thickness (IMT)
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Abstract
Background
Patients with chronic kidney disease (CKD) have an increased risk of cardiovascular disease (CVD). Preliminary evidence suggest a role for global DNA hypomethylation in the
pathogenesis of atherosclerotic complications in CKD. The aims of this study in patients
with stage 2-4 CKD were: 1) To assess the association between renal function and DNA
methylation, 2) To assess the association between DNA methylation and two markers of
atherosclerosis (common carotid intima-media thickness (CCA-IMT) and brachial artery
endothelium-dependent, flow-mediated dilatation (BA-FMD), and 3) To examine the effect
of a multi-step treatment strategy on DNA-methylation .
Methods
In the Anti-oxidant Therapy In Chronic renal insufficiency study (ATIC-study), 93 patients
with stage 2-4 CKD were included. In a randomised, double blind, placebo-controlled design, the treatment group received pravastatin to which vitamin E was added after 6 months
and homocysteine-lowering B-vitamin therapy after another 6 months. DNA methylation
was assessed using tandem-mass-spectrometry. CCA-IMT and BA-FMD were assessed
using B-mode ultrasonagraphy.
Results
At baseline, global DNA methylation was not associated with estimated glomerular filtration
rate (P=0.32) or with CCA-IMT (P=0.62) or BA-FMD (P=0.51). No effect of the treatment
strategy including B-vitamins on global DNA methylation was found either in the total study
group or within separate strata of homocysteine concentration and renal function.
Conclusion
In patients with stage 2-4 CKD, global DNA methylation is not associated with renal function or with CCA-IMT or BA-FMD. A treatment strategy which includes B-vitamins did not
alter global DNA methylation in these patients. These data do not support a role for DNA
hypomethylation in CKD-associated vascular disease in patients with stage 2-4 CKD.
Introduction
Chronic kidney disease (CKD) is associated with an increased incidence of cardiovascular
disease (CVD). When the glomerular filtration rate (GFR) decreases below the 70ml/min,
the probability of CVD increases markedly1. This increase is not fully explained by traditional cardiovascular risk factors.
Recently, impaired one-carbon metabolism (figure 1)2-4 has been recognized as one of the
possible mechanisms responsible for increased atherogenicity in CKD patients. In patients
with end stage renal disease (ESRD), an elevated homocysteine concentration with impaired transsulfuration and remethylation of homocysteine, and elevated Sadenosylhomocysteine (SAH) levels, has been demonstrated 5;6 (figure 1). Increased SAH
inhibits methyltransferases, leading to impairment of methylation reactions7. Global DNA
hypomethylation has been demonstrated in dialysis patients8 and is implicated as an important candidate contributor to CVD in patients with ESRD9. However, even prior to ESRD,
both CVD incidence and plasma homocysteine concentrations rise sharply in proportion to
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the loss of renal function6. Whether DNA hypomethylation is also a feature of these earlier
stages of renal insufficiency is currently unknown.
Global DNA hypomethylation has been associated with various diseases including atherosclerotic vascular disease10. Low global DNA methylation has been shown in atherosclerotic arteries of animals11 and humans12. Moreover, in a small case-control study, patients
with vascular disease had lower leukocyte global DNA methylation compared to healthy
controls13. However, data in support of an association between DNA hypomethylation and
vascular disease in patients with mild to moderate kidney disease are not available and
potential mechanisms that might explain such an association have not been studied.
In view of these considerations, we designed this study to assess in a population of stage
2-4 CKD patients the relationship between i) renal function and DNA methylation, ii) DNA
methylation and two established surrogate markers of arterial vascular disease: common
carotid artery intima media thickness (CCA-IMT)14 and brachial artery flow-mediated endothelial dependant vasodilatation (BA-FMD)15 and iii) to assess the effect on DNA methylation of a stepwise treatment strategy which includes B-vitamins.
Methods
This study is a part of the Anti-oxidant Therapy In Chronic renal insufficiency study (ATICstudy); a randomised, double blind, placebo-controlled clinical trial, which was performed
to investigate the effect of a treatment strategy designed primarily to achieve a stepwise
oxidative stress reduction on vascular structure and function in patients with CKD16. Between May 2001 and December 2002, CKD patients (n=700) with a creatinine clearance of
15-70 ml / min per 1.73m2 (according to the Cockcroft-Gault equation17) from 7 outpatient
clinics in Amsterdam, The Netherlands, were screened for eligibility for participation.
Patients with diabetes mellitus, active vasculitis, nephrotic syndrome, renal transplantation, hypercholesterolaemia (>7 mmol/L), cholesterol-lowering therapy within the past 3
months or a history of cardiovascular disease were excluded from the study. Out of 118
eligible patients, 93 gave informed consent. Baseline data of these individuals were used
to assess the association between global leukocyte DNA methylation on the one hand and
renal function, CCA-IMT and BA-FMD on the other hand. Longitudinal data were used to
assess the treatment effects on DNA methylation.
Baseline measurements
Data were collected with regard to age, medication and smoking status (having smoked in
the past year). A detailed history was obtained to exclude clinically relevant peripheral,
cerebral and coronary vascular disease at baseline. Height and weight were measured
with the individuals wearing light clothing.
Blood samples were taken after an overnight fast. Global DNA methylation was measured
by liquid chromatography- tandem mass spectrometry as described in detail by Kok et al18.
In short, DNA was isolated from leukocytes and 1 µg of genomic DNA was hydrolyzed
using formic acid. Cytosine (Cyt) and 5-methylcytosine (mCyt) were separated using gradient-elution reversed phase chromatography with a mobile phase containing 5 mmol/L
nonafluoropentanoic acid as ion-paring reagent. Cyt and mCyt were detected by liquid
chromatography electro spray ionization tandem mass spectrometry operating in the multiple reaction monitoring mode and quantified using stable isotope dilution. The level of
DNA methylation is expressed as the methylcytosine/total-cytosine ratio (mCyt:tCyt).
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The intra- and inter-assay coefficients of variation (CV) for the 5-methylcytosine/total cytosine ratio (mCyt:tCyt) was 1.7% (n=9) and 3.5% respectively (n=8) for calf thymus DNA
(mean mCyt/tCyt ratio 6.5%), and 4.5% (n=6) and 6.5% (n=14), respectively for Escherichia
coli pBR322 DNA (mean mCyt/tCyt ratio 0.48%). The mean intra-and inter-assay CV’s for
humans (n=10) was 1.4 and 4.1% respectively.
Renal function was estimated by The Modification of Diet in Renal Disease (MDRD) study
equation (estimated GFR in ml/min/1.73 m2 ) : 170 x [plasma creatinine µmol/L x 0.0113] –
0.999
x [age] –0.176 x [plasma urea mmol/L x 2.8] –0.170 x [Albumin g/L x 0.1] +0.318 x [0.762 if
female] x [1.18 if black] as described in detail elsewhere19.
Plasma total (free plus protein-bound) homocysteine was measured with an automated
fluorescence polarization immunoassay on an Abbott IMx analyzer (Abbott Laboratories,
Abbott Park, IL, USA), with an interassay coefficient of variation <4%20.
Plasma concentrations of CRP were measured with a highly sensitive in-house enzymelinked immunosorbent assay (ELISA) with rabbit anti-CRP (Dako, Copenhagen, Denmark)
as a capturing and tagging antibody, with intra- and interassay coefficients of variation of
3.8% and 4.7%, respectively.
The 677C>T polymorphism in the methylenetetrahydrofolate reductase (MTHFR) gene has
been suggested to affect global DNA methylation under specific conditions, and was therefore assessed by polymerase chain reaction21.
Vascular measurements were taken after acclimatisation in a temperature controlled (25
o
C) room. The common carotid artery intima-media thickness (CCA-IMT) measurements
were performed using a Pie Medical Scanner 350 (Pie Medical, Maastricht, The Netherlands) with a linear array transducer of 7.5MHz attached to a data registration and processing unit (Wall Track System II), as described elsewhere16. The measurement protocol for
the brachial artery endothelium-dependent, flow-mediated dilatation (BA-FMD) has also
been described in detail elsewhere16. Briefly, baseline diameter (mean of 3 measurements)
and peak flow velocity (mean of 2 measurements) were determined. After release of the
pressure cuff, maximum peak flow velocity was measured within 15 seconds and diameter
was measured at 45, 90, 120, 150 and 300 seconds. All ultrasound measurements were
performed by a single trained operator and assessed at 0, 6, 12 and 18 months.
Intervention
The study design was described in detail elsewhere16. After randomization, participants in
the active treatment group were treated with pravastatin 40 mg/day for six months.
Subsequently vitamin E 300 mg/day (450 IU α-tocopherolacetate) was added for another
six months and lastly homocysteine-lowering therapy (folic acid 5 mg/day, pyridoxine 100
mg/day and vitamin B12 1 mg/day all in one tablet) was added for another 12 months. The
total duration of the study was 24 months. Patients in the placebo group received matching
placebo tablets at the onset and 6 and 12 months later. In order to establish whether this
treatment strategy had any effect on DNA-methylation, the mCyt:tCyt ratio in leukocyte
DNA was reassessed at 6-monthly intervals during this study period.
Statistical analysis
Statistical analysis was carried out with Stata Statistical Software for windows, release 7.
Linear regression analysis was performed at baseline to investigate primarily the association between global DNA methylation (mCyt:tCyt ratio) on the one hand and renal function,
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CCA-IMT and BA-FMD on the other hand. Additional analyses were performed after stratification into tertiles of baseline values of renal function, and homocysteine concentration.
Stratified analysis was also performed within MTHFR 677 C>T categories. Subjects with a
CRP concentration >10 mg/L during the study were excluded in the analysis because inflammation may influence leukocyte DNA methylation, as was recently suggested22.
Patients continuing trial participation after the baseline measurements were analyzed according to intention-to-treat. The treatment effect was determined by performing generalized estimating equations (GEE) with mCyt:tCyt ratio as dependent variable. The primary
independent variable in the GEE model was treatment strategy (1= intervention group,
0=placebo group) adjusted for time and baseline mCyt:tCyt ratio. To assess the effect at
the different time points, time was treated as a categorical variable and represented by
dummy variables. The GEE analysis assesses the relationship between the treatment
modalities and mCyt:tCyt ratio by correction for the within subject’s dependency as a result
of the repeated observations23. A p-value less than 0.05 was considered as significant.
Results
Out of 93 included patients, 15 were excluded because of an elevated CRP level, leaving
78 subjects for analysis. Baseline characteristics of these patients are reported in Table 1.
At baseline, the mCyt:tCyt ratio ranged from 3.70 to 5.43% (median: 4.41%). In comparison, the normal range, identified in healthy subjects aged 18-62 years with the same analytical method was 2.57 - 4.81% (median: 4.10%)18.
We observed no association between DNA methylation and age (ß= -0.003; P=0.36), sex
(ß=-0.03; P=0.70), BMI (ß=-0.007; P=0.34), smoking status (ß=-0.015; P=0.83) and CRP
concentration (ß=-0.004; P=0.73). Stratification according to the MTHFR 677C>T genotype did not change these results (data not shown).
Global leukocyte DNA methylation and renal function
There was no association between DNA methylation and renal function in univariate regression
analysis (ß= -0.002; P=0.32). No difference in DNA methylation was found between the highest or
second tertile of renal function compared to the lowest tertile (figure 2). Additional analysis
within strata of MTHFR 677C>T genotype and tertiles of homocysteine concentrations did
not influence these results.
Global leukocyte DNA methylation and homocysteine concentrations
Global DNA methylation was not associated with homocysteine concentrations in univariate analyses (ß= 0.003; P=0.46). No difference was found in DNA methylation between the highest or second
tertile of homocysteine concentration compared to the lowest tertile (figure 3). We found no significant difference in DNA methylation in subjects with the MTHFR 677 TT and CT genotype compared to MTHFR 677 CC genotype (ß=0.19; P=0.07 and ß=0.06; P=0.44 respectively). The lack of
association between DNA methylation and homocysteine concentration was also confirmed
in the separate strata of the MTHFR 677 C>T genotype.
Global leukocyte DNA methylation and carotid intima media thickness and flow-mediated
dilatation of the brachial artery
In univariate analysis, we found no association between DNA methylation and CCA-IMT (ß= -0.13;
P=0.62) and BA-FMD (ß= 0.007; P=0.51). Adjustment for sex, age, BMI, smoking status, renal
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function, CRP and homocysteine concentration weakened this association further (ß= -0.004; P=0.99
and ß= 0.003; P=0.78, respectively).
No difference in DNA methylation was found within strata of CCA-IMT and BA-FMD (figures 4 and 5). Analysis within strata of renal function, homocysteine and the MTHFR 677
C>T genotype did not change these results.
Effect of B-vitamin-containing treatment on DNA methylation
Out of 93 included patients, six withdrew after the baseline measurements and 87 underwent at least one of the follow-up measurements. 15 subjects were excluded because of
an elevated CRP level during the study (leaving n=38 and n=39 in placebo and treatment
group, respectively).
Overall, we found no significant effect of the treatment strategies, including B-vitamins, on
DNA methylation (ß= -0.001; P=0.96; figure 6). No effect of the intervention was found
within strata of DNA methylation, renal function and homocysteine at baseline.
Discussion
The main findings of this study are that in stage 2-4 CKD patients global DNA methylation
is i) not associated with renal function or homocysteine concentration, (ii) not associated
with established markers of atherosclerosis (CCA-IMT) and endothelial function (BA-FMD)
and iii) not altered by a treatment strategy which included B-vitamins.
These results are significant since they contradict several findings regarding global DNA
methylation in previous small-scale studies.
DNA methylation, renal function, and homocysteine
Some years ago, Ingrosso et al8 demonstrated leukocyte DNA hypomethylation in dialysis
patients. A later study failed to show a relationship between renal function and DNA methylation both in stage 3-5 CKD patients and in ESRD patients receiving dialysis22.
Combined with our results, it thus appears that leukocyte DNA hypomethylation is not a
feature of mild to moderate renal failure. Leukocyte DNA hypomethylation may have occurred in the original Ingrosso study in haemodialysis patients due to leukocyte activation
on dialysis membranes, and renal failure per se may not play a significant role. Additional
studies are needed to elucidate this further.
High plasma homocysteine level is thought to be associated with DNA hypomethylation.
An association between homocysteine and DNA methylation was also demonstrated in
haemodialysis patients by Ingrosso et al8 but we could not reproduce this finding in stage 24 CKD. Our results are in line with a recent report by Stenvinkel et al in CKD patients22. Also
in another study, no association was demonstrated between homocysteine concentration
and DNA methylation in healthy subjects aged 18-62 years18. Our findings thus do not
support the concept of DNA hypomethylation being responsible for hyperhomocysteinaemiaassociated vascular damage, at least not in stage 2-4 CKD.
Global DNA leukocyte methylation and arterial wall properties
Preliminary evidence suggests that global DNA hypomethylation is involved in atherogenesis2. However, most of these studies were carried out in animals using DNA methylation
from plaques whereas evidence in humans using leukocyte DNA methylation is marginal.
Only a single small case control study reported lower leukocyte DNA methylation in CVD
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patients compared to age and sex matched healthy controls13.
We did not observe an association between leukocyte DNA methylation and two strong
surrogate markers of CVD. Although this does not exclude a role for DNA methylation in
atherothrombotic disease, it does suggest that intima-media thickening and endothelial
vasomotor dysfunction are not features of DNA-hypomethylation-associated arterial vascular disease.
Effect of B-vitamin treatment on global DNA leukocyte methylation
We anticipated that the B-vitamins, in particular folic acid, could increase the level of DNA
methylation because we previously demonstrated that these vitamins effectively lowered
homocysteine concentration in our population (from 20.16 ± 6.80 to 10.45 ± 4.02 µmol/L,
versus no significant difference in the placebo group)16. Both an increased remethylation
rate as well as a decrease in homocysteine (which converts intracellularly to the methylation inhibitor SAH; figure 1) are conceivable mechanisms for such effect of B-vitamins.
Ingrosso et al8 indeed showed reversal of DNA hypomethylation after folate treatment.
However, a recent study showed no association between B-vitamin status and DNA methylation18. Noteworthy is that Ingrosso et al8 used short-term very high-dose folate treatment
(15 mg 5-Methylenetetrahydrofolate) in patients with confirmed DNA hypomethylation.
Study limitations
An important general limitation of global leukocyte DNA methylation is in the proper interpretation of what is really measured. Firstly, the extent to which variability in global DNA
methylation reflects variability in epigenetic regulation of gene expression, or variability in
methylation of non-coding, repetitive DNA regions, is unknown. Also, the degree to which
leukocyte DNA methylation reflects the level of DNA methylation in other tissues, for example vascular tissue, is undetermined. Finally, we do not know to what extent DNA methylation reflects methylation of other, potentially more relevant molecules, such as proteins,
enzymes, lipoproteins, etc.
One can argue that the cut-off point to define inflammation is high (CRP >10 mg/L). Stenvinkel
et al. demonstrated a linear association between CRP levels and DNA-methylation only in
patients with CRP > 10 mg/L, while in patients with lower CRP levels there was no linear
association between CRP levels and DNA methylation22. Marked inflammation, as evidenced by CRP >10 mg/L, arguably affects leukocyte metabolism and turnover rate, which
may in turn affect leukocyte DNA methylation. As we intended to focus on the effect of renal
function on methylation, we thus excluded patients with CRP >10 in our analysis. To prevent subtle confounding by low-grade inflammation in this study, adjustment for CRP concentration was performed.
Limitations specific to this study include the relatively small sample size in particular in
subgroup analyses of strata of continuous variables and of the MTHFR 677 C>T genotype.
As the TT genotype renders individuals more susceptible to DNA hypomethylation, for
example in response to low folate status24, an association between renal function and DNA
methylation in MTHFR 677TT subjects can thus not be excluded. With respect to the intervention part, our study had a power of 80% (at an alpha of 0.05) to detect a 0.13% absolute
difference in DNA methylation. We previously found the smallest real difference in DNA
methylation using the precise tandem-mass-spectrometry technique to be 0.11%18: a difference we thus would have been able to detect in the present study. Finally, stage 5 CKD
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patients were not represented in our study, thus precluding conclusions on DNA methylation in more severe renal failure.
Conclusion
In conclusion, in non-diabetic patients with mild-to-moderate chronic kidney disease without clinical features of atherosclerosis, global DNA methylation was not associated with
renal function, with homocysteine concentration and with arterial wall properties. A treatment strategy which includes B-vitamins did not alter global DNA methylation in these
patients. Our study indicates that DNA hypomethylation is not a feature of mild-to-moderate kidney disease, and is not a likely contributor to accelerated atherosclerosis in renal
patients.

Table 1: Baseline characteristics of the participants (N=78)
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Figure 1: One-carbon metabolism
Methionine derived from the diet, protein breakdown or from remethylation of homocysteine
forms S-adenosylmethionine (SAM or Ado Met). SAM can donate a methyl group by methyltransferases to the carbon 5’ position of cytosine within the cytosine-guanine dinucleotide for DNA hypomethylation. The demethylated product of SAM, S-adenosylhomocysteine
(SAH or Ado Hcy), is hydrolyzed further to homocysteine and adenosine (transmethylation). To prevent accumulation of homocysteine, it has to be hydrolyzed into cysteine by
cysthationine-â-synthase (CBS; transsulfuration) and leave the human body, or can be
remethylated by a methyl-group of 5-methyltetrahydrofolate (5, MTHF) back into methionine.
(SAM; S-adenosylmethionine, SAH; S-adenosylhomocysteine, CBS; cystathionine ß-synthase, MTHF; methylenetetrahydrofolate, THF; tetrahydrofolate, MTHFR: 5,10 methylenetetrahydrofolate reductase, MS; methionine synthase).
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Figure 2: Global DNA methylation in tertiles of estimated
glomerular filtration rate (N=78).

Figure 3: Global DNA methylation in tertiles of homocysteine
concentration (N=78).
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Figure 4: Global DNA methylation by tertiles of CCA-IMT (N=78).

Figure 5: Global DNA methylation by tertiles of BA-FMD (N=78).
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Figure 6: Mean mCyt:tCyt ratio (%) following treatment with placebo;
or with pravastatin, vitamin E and B-vitamins (N=78).
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Abstract
Background
Patients with chronic kidney disease have an increased risk of cardiovascular disease.
Oxidative stress has been proposed to play a role in the development of cardiovascular
disease among these patients.
Methods
We conducted a randomized, double-blind trial in 93 patients (Cockcroft-Gault equation:
creatinine clearance, 38 ± 15 [mean ± SD] mL/min per 1.73 m2 [0.63 ± 0.25 mL/s per m2])
to investigate the effect of a treatment strategy designed primarily to achieve stepwise
oxidative stress reduction on common carotid intima-media thickness (CC-IMT), brachial
artery flow-mediated dilatation (BA-FMD), albuminuria, and renal function. The treatment
group received a regimen of pravastatin to which vitamin E supplementation was added
after 6 months and homocysteine-lowering therapy after another 6 months. Blood pressure
in both groups was managed according to a standard protocol. The placebo group received
matching placebos. Measurement of CC-IMT and BA-FMD was performed at randomization
after 6, 12, and 18 months. Patients were followed up for 2 years. Generalized estimating
equations were used for analysis.
Results
Compared with placebo, active treatment was associated with a decrease in CC-IMT (after
18 months: from 0.68 to 0.63 mm in the treatment group and from 0.65 to 0.71 mm in the
placebo group; P<.001), an increase in BA-FMD (after 18 months: from 4.66% to 7.56% in
the treatment group and from 6.21% to 4.73% in the placebo group; P<.001), and an attenuated increase in urinary albumin excretion over time (P = .04 for between-group difference after 24 months), but no effect was observed on renal function.
Conclusion
In patients with mild to moderate chronic kidney disease, 18 months of a treatment strategy along with well-controlled blood pressure reduced CC-IMT and urinary albumin excretion and increased BA-FMD.
INTRODUCTION
Patients with mild to moderate chronic kidney disease (CKD) have an increased risk of
cardiovascular disease,1-6 which cannot fully be explained by the presence of known cardiovascular risk factors such as hypertension, diabetes, smoking, and dyslipidemia.3, 7-9
Therefore, other atherothrombotic mechanisms play a role.8-9 In the last few years, compelling evidence has emerged pointing to the contributing role of oxidative stress in the
pathogenesis of cardiovascular complications in CKD.10-11 Oxidative stress in patients with
CKD has been attributed to the effects of uremic toxins, angiotensin II, proinflammatory
cytokines, and hyperhomocysteinemia.12-13
Statins have been shown to reduce oxidative stress in hypercholesterolemic patients.14-15
Vitamin E supplementation and homocysteine-lowering therapy have also been shown to
reduce oxidative stress in several patient populations.10, 16-17 However, in dialysis patients,
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studies aimed at reducing cardiovascular events with statins18 and homocysteine-lowering
therapy19 have not shown positive results. A possible explanation for these disappointing
findings is that patients at the start of dialysis often have advanced cardiovascular disease,2
which may be difficult to reverse in this phase. However, only a few cardiovascular intervention studies have been performed on patients with mild to moderate CKD,20 and most of
the large intervention trials with statins have excluded patients with moderate renal failure.
In view of these considerations, we designed the Anti-Oxidant Therapy in Chronic Renal
Insufficiency (ATIC) Study to examine the effect of a treatment strategy primarily designed
to achieve a stepwise reduction of oxidative stress in a population of patients with mild to
moderate CKD21 and well-controlled blood pressure. The treatment strategy consisted of
pravastatin, vitamin E, and homocysteine-lowering therapy on common carotid intima-media thickness (CC-IMT) (a strong surrogate marker of cardiovascular risk in the general22
and the dialysis23 populations), brachial artery flow-mediated dilatation (BA-FMD) (a marker
of endothelial function that can be impaired by increased oxidative stress24-25), estimated
glomerular filtration rate (eGFR), and urinary albumin excretion. Plasma-oxidized low-density lipoprotein (oxLDL)26 and malondialdehyde27 were measured as oxidative stress parameters. Interventions were added to the regimen every 6 months to investigate both the
effects of individual interventions and the effects of the entire strategy on the end points.
METHODS
PATIENTS
Between May 2001 and December 2002, patients with a creatinine clearance of 15 to 70
mL/min per 1.73 m2 (0.25-1.17 mL/s per m2) (according to the Cockcroft-Gault equation)
from 7 outpatient clinics in Amsterdam, The Netherlands, were screened for eligibility for
participation in the ATIC Study, a randomized, double-blind, placebo-controlled trial investigating the effects of oxidative stress–lowering treatment on vascular structure and function
in nondiabetic patients with chronic renal failure who had no manifest arterial occlusive
disease.
DESIGN
Participants were randomized after stratification for prior use of angiotensin-converting
enzyme inhibitors or angiotensin receptor blockers, creatinine clearance (between 15-39
and 40-70 mL/min per 1.73 m2 [between 0.25-0.65 and 0.66-1.17 mL/s per m2]), and age
(between 20-49 and 50-80 years). Randomization was carried out centrally by means of a
computer-generated sequence involving randomized blocks of 4, and concealed envelopes
were kept by 1 hospital pharmacist. Unblinding was performed after the data analysis. After
randomization, participants in the treatment group were treated with pravastatin (40 mg/d),
vitamin E (α-tocopherol acetate) (300 mg/d) was added to the regimen 6 months later, and
homocysteine-lowering therapy (folic acid [5 mg/d], pyridoxine hydrochloride [100 mg/d],
and cyanacobalamin [1 mg/d] in 1 tablet) was added 6 months after that. Patients continued this triple therapy for another 12 months (Figure 1). Patients in the placebo group
received matching placebos at the onset and 6 and 12 months later. Adherence to therapy
was assessed by counting leftover pills. Subjects who were not using angiotensin-converting enzyme inhibitors or angiotensin receptor blockers at inclusion received an angiotensin-
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converting enzyme inhibitor (fosinopril [10 mg/d]) for at least 2 weeks before the baseline
measurements and randomization. Those who were taking angiotensin receptor blockers
continued taking them. During the following visits, blood pressure was controlled according
to a standard protocol in which hydrochlorothiazide (a loop diuretic was administered if the
eGFR was <30 mL/min), metoprolol succinate, amlodipine mesilate, or doxazosin were
added in that order to achieve a blood pressure of less than 140/90 mm Hg. Measurement
of the CC-IMT and BA-FMD and laboratory tests were performed in all cases at randomization
and at 6, 12, and 18 months after randomization. Laboratory tests were also performed
after 24 months. We excluded individuals with diabetes mellitus (American Diabetes Association criteria), active vasculitis, nephrotic syndrome, renal transplantation, a fasting
total cholesterol level higher than 270 mg/dL (7.00 mmol/L), cholesterol-lowering therapy
within 3 months prior to inclusion, or ischemic coronary, cerebrovascular, or peripheral arterial disease. Ninety-three patients (out of 118 eligible patients) took part in the study (Figure 1). Written informed consent was obtained from all participants, and the study was
approved by the ethical committees at each center.
PROCEDURES
Patients were examined in fasting state in a temperature-controlled (25°C) room. Data
were collected with regard to age, medications, and smoking status (having smoked in the
past year), and a history was obtained to exclude peripheral, cerebral, and coronary vascular disease. After 30 minutes of rest, blood pressure was measured with an oscillometric
device (Press-Mate BP-8800; Colin Co, Komaki City, Japan) and expressed as the mean
value of 6 measurements over a period of 30 minutes. Blood samples were collected after
15 minutes of rest and immediately placed on ice; they were centrifuged within 15 minutes
and stored at –80°C until analysis.
CAROTID ARTERY ULTRASONOGRAPHY
The CC-IMT measurements were performed using a medical scanner (Scanner 350; Pie
Medical, Maastricht, The Netherlands) with a linear array transducer of 7.5 MHz attached
to a data registration and processing unit (Wall Track System II; Pie Medical) as described
in detail elsewhere.28-29
BRACHIAL ARTERY ULTRASONOGRAPHY
The measurement protocol for BA-FMD has also been described in detail elsewhere.30-31
Briefly, baseline diameter (mean of 3 measurements) and peak flow velocity (mean of 2
measurements) were determined. A pressure cuff, placed on the forearm, was then inflated
and kept constant at suprasystolic pressure. After 5 minutes, the cuff was released to increase blood flow. After cuff release, maximum peak flow velocity was measured within 15
seconds and diameter was measured at 45, 90, 120, 150, and 300 seconds. The BA-FMD
was calculated as the percentage of change in the maximum postocclusion diameter of the
brachial artery relative to the mean baseline diameter.
REPRODUCIBILITY
All ultrasound measurements at each visit were performed by a single observer who was
blinded to the treatment allocation. Reproducibility was assessed in 10 healthy subjects
(43 ± 13 [mean ± SD] years) who were examined by the same observer twice, 3 weeks
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apart. The intraobserver coefficient of variation (CV) (SD of the mean difference/[2 x pooled
mean]1/2) was 10% for the CC-IMT measurement and 15% for the BA-FMD measurement.
LABORATORY ANALYSES
Serum creatinine concentration was assessed by a kinetic Jaffé method. Plasma total (free
plus protein-bound) homocysteine was measured with an automated fluorescence polarization immunoassay analyzer (IMx; Abbott Laboratories, Abbott Park, Ill), with an interassay
CV of less than 4%.32 Renal function was estimated by the Modification of Diet in Renal
Disease (MDRD) study equation (eGFR in milliliters per minute per 1.73 m2, per Levey
equation 7)33 and by the Cockcroft-Gault and Dubois formulas (creatinine clearance in
milliliters per minute per 1.73 m2).34-35
Urinary albumin was measured in a 24-hour urine collection at each visit and analyzed
using a microalbumin antiserum analyzer (Beckman Array 360 Analyzer; Global Medical
Instrumentation Inc, Clearwater, Minn). The CV for the between-run imprecision was 5.0%
at a mean concentration of 11.4 mg/L and 5.0% at a mean concentration of 72.6 mg/L.
The plasma concentration of oxLDL was measured by a competitive enzyme-linked
immunosorbent assay (Mercodia, Uppsala, Sweden).36 The intra-assay and interassay CVs
were 4.8 and 7.8%, respectively. Malondialdehyde in EDTA plasma was determined after
reaction with thiobarbituric acid, with an added alkaline hydrolysis step as described elsewhere.37 The within-run and between-run variation was 3.5 and 8.7%, respectively.
POWER CALCULATION
The number of patients needed to detect an absolute CC-IMT difference of 0.09 mm between the groups over 18 months with 3 longitudinal measurements with a power of 90%,
an αvalue of 0.05, and an SD of 0.13 was 38 patients per group. Taking into account a
dropout percentage of 20%, the number needed per group was 47 patients.
STATISTICAL ANALYSES
Statistical analysis was performed with Stata 7.0 (Stata Corp, College Station, Tex). All
analyses were performed according to the intention-to-treat principle. Outcome variables
were analyzed with generalized estimating equations, an established longitudinal data analysis technique.38 In the primary generalized estimating equations model, the outcome variable studied (eg, CC-IMT or BA-FMD) was analyzed as a dependent variable using treatment strategy (1, intervention group; 0, placebo group) as a key independent variable adjusted for time and, if appropriate, for previous observations using extra independent variables. Also, to evaluate effect modification, the product term of group and time (group x time)
was added as an independent variable. In case of skewed data, analyses were performed
after log transformation.
Data are presented in graphs indicating means with standard errors. All these variables
except urinary albumin were normally distributed. P<.05 was considered statistically significant.
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RESULTS
Table 1 shows the baseline characteristics of the participants. Of 93 patients who were
included in the study, 6 withdrew after undergoing the baseline measurement and 87 underwent the second measurement and were included in the final analysis (Figure 1). After 2
years, 72% of the patients in the treatment group and 77% of the patients in the placebo
group were still taking the drugs. Compliance at each follow-up visit was defined as consumption of at least 80% of the scheduled tablets since the previous visit. Four patients in
the treatment group and 2 patients in the placebo group consumed more than 60% but less
than 80% of the allocated tablets during the study period; all other participants took at least
80% of their scheduled tablets.
COMMON CAROTID INTIMA-MEDIA THICKNESS
After 18 months, the mean CC-IMT had decreased from 0.68 to 0.63 mm in the treatment
group, whereas it had increased from 0.65 to 0.71 mm in the placebo group (P<.001 for
between-group difference) (Figure 2). After adjustment for baseline values of CC-IMT, the
treatment strategy was associated with a CC-IMT lowering of 0.13 mm (95% confidence
interval [CI], 0.10-0.16 mm) at 18 months. The largest change in CC-IMT (from 0.68 to 0.65
mm in the treatment group; P<.001 for between-group difference after 6 months) was seen
in the first 6 months of therapy. After adjustment for baseline values of CC-IMT, the treatment strategy was associated with a CC-IMT lowering of 0.07 mm (95% CI, 0.05-0.09 mm)
after 6 months.
BRACHIAL ARTERY FLOW-MEDIATED DILATATION
After 18 months, the BA-FMD had increased from 4.66% to 7.56% in the treatment group,
whereas it had decreased from 6.21% to 4.73% in the placebo group (P<.001 for betweengroup difference after 18 months) (Figure 3). After adjustment for baseline values of BAFMD and time, the treatment strategy was associated with a BA-FMD increase of 3.18%
(95% CI, 1.23%-5.13%) after 18 months. After 6 months, the BA-FMD had increased from
4.66% to 6.73% in the treatment group and from 6.21% to 6.43% in the placebo group
(P = .11 for between-group difference after 6 months) (Figure 3).
RENAL FUNCTION
After 24 months, the mean eGFR (MDRD formula) had decreased from 35 to 33 mL/min
per 1.73 m2 (from 0.58 to 0.55 mL/s per m2) in the placebo group and increased from 32 to
35 mL/min per 1.73 m2 (from 0.53 to 0.58 mL/s per m2) in the treatment group (P = .89 for
between-group difference) (Figure 4). After adjustment for baseline values and time, the
treatment strategy was associated with a 0.10 mL/min per 1.73 m2 (0.002 mL/s per m2)
(95% CI, –2.11 to 1.92 mL/min per 1.73 m2 [95% CI, –0.035 to 0.032 mL/s per m2]) MDRD
decrease at 18 months and a 0.06 mL/min per 1.73 m2 (0.001 mL/s per m2) (95% CI, –2.55
to 2.66 mL/min per 1.73 m2 [95% CI, –0.042 to 0.044 mL/s per m2]) MDRD increase at 24
months.
URINARY ALBUMIN EXCRETION
After 24 months, the median urinary albumin excretion had changed from 71 mg/24 h (range,
3-2601 mg/24 h) to 107 mg/24 h (range, 5-3545 mg/24 h) in the placebo group and from 45
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mg/24 h (range, 3-3420 mg/24 h) to 77 mg/24 h (3-2509 mg/24 h) in the treatment group.
After adjustment for baseline values and time, the treatment strategy was associated with a
34% (95% CI, 3%-44%; P = .04) reduction of urinary albumin excretion compared with the
placebo group after 24 months (Figure 5). After 6 months, the median urinary albumin excretion had changed from 71 mg/24 h (range, 3-2601 mg/24 h) to 94 mg/24 h (range, 1.63927 mg/24 h) in the placebo group and from 45 mg/24 h (range, 3-3420 mg/24 h) to 87 mg/
24 h (range, 6-2521 mg/24 h) in the treatment group.
After adjustment for baseline values and time, the treatment strategy was associated with a
20% (95% CI, 10%-33%; P = .02) reduction of urinary albumin excretion compared with the
placebo group at 6 months. Additional analyses showed a 19% (95% CI, 5%-30%; P = .008)
reduction in urinary albumin excretion in the treatment group in the 50 patients with urinary
albumin excretion of more than 30 mg/24 h at baseline, but no effect in the 30 patients with
urinary albumin excretion of less than 30 mg/24 h at baseline.
BLOOD PRESSURE
After 24 months, the mean ± SD systolic blood pressure was 134 ± 27 mm Hg in the treatment group and 134 ± 22 mm Hg in the placebo group (P = .14 for between-group difference). There was no statistically significant difference in the systolic blood pressure at any
point during the study (Figure 6). After 24 months, the mean diastolic blood pressure was
80 ± 12 mm Hg in the treatment group and 76 ± 11 mm Hg in the placebo group (P = .06 for
between-group difference). Adjustment for systolic, diastolic, or mean blood pressure difference at any point in the analyses of CC-IMT, BA-FMD, or urinary albumin excretion did
not alter the above-mentioned results.
After 24 months, there was a strong and significant reduction of oxLDL (P<.001) and lowdensity lipoprotein cholesterol (P<.001) levels with the treatment strategy (Table 2). There
was no significant reduction of plasma malondialdehyde (P = .13) during the study period
(Table 2). There were 19 dropouts (11 from the treatment group and 8 from the placebo
group) and 6 cardiovascular events during the study (Table 3).
COMMENT
The main finding of this study is that, in patients with mild to moderate nondiabetic CKD
who had no manifest arterial occlusive disease and had well-controlled blood pressure, 18
months of treatment with an oxidative stress–lowering strategy consisting of pravastatin,
vitamin E, and homocysteine-lowering therapy resulted in a statistically significant reduction in CC-IMT (P<.001) and a statistically significant improvement in BA-FMD (P = .001).
There was no statistically significant effect on eGFR (P = .89). However, treatment was
associated with an attenuated increase in urinary albumin excretion over time.
Cardiovascular morbidity and mortality are extremely high in patients with end-stage renal
disease,1-2 and the results of intervention studies aimed at the reduction of cardiovascular
events with statins18 and homocysteine-lowering therapy19 in these patients have been disappointing. These results may suggest that the extent and nature of vascular disease in
patients with end-stage renal disease makes such treatment options less effective than in
other patient groups. Therefore, we evaluated whether intervention at an earlier stage of
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CKD (Kidney Disease Outcomes Quality Initiative [K/DOQI] stages 2 through 421) would
have beneficial effects on 3 strong surrogate estimates of cardiovascular outcome,22, 25, 39 ie,
CC-IMT, BA-FMD, and urinary albumin excretion. Furthermore, and in contrast with most
other lipid trials,40-42 the design of our study included formal control of blood pressure (<140/
90 mm Hg) using a strict protocol. Blood pressure control is extremely important, as hypertension is very frequent in patients with CKD, and adequate blood pressure control in patients with mild to moderate renal disease slows the decline of the eGFR and decreases
cardiovascular morbidity and mortality.43 Renin-angiotensin system blockade, in particular,
has been shown to reduce proteinuria and to retard the progression of CKD, in part independent of blood pressure lowering.43 Therefore, the results of the present study should be
interpreted as the effect of the treatment strategy in conjunction with well-controlled blood
pressure.
Very few data are available on the effects of statins on cardiovascular outcomes in patients
with mild to moderate CKD (K/DOQI stages 2 through 4) and adequately controlled blood
pressure, because patients with moderate CKD (stages 3 and 4) were usually excluded
from the large cardiovascular outcome trials with statins,44 and/or blood pressure control
was not included in the design of those trials.40-42 On the other hand, subgroup analyses of
a limited number of lipid trials (Anglo-Scandinavian Cardiac Outcomes Trial45 and the
Pravastatin Pooling Project20) do suggest that statin treatment may reduce cardiovascular
events in patients with stages 1 through 3 CKD. These data provide an indirect indication of
the beneficial effects of lipid lowering in stages 1 to 3 CKD. It is important to realize, however, that patients with stage 4 CKD (eGFR, 15-29 mL/min per 1.73 m2) were absent or the
numbers were too small for analysis in these trials. In a recent study, Isbel et al46 showed
that, when compared with usual care, a multiple risk factor intervention program in a population of patients with stages 4 and 5 CKD was not associated with reduction in CC-IMT or
with improvement in endothelial function. However, only 25% of the patients in Isbel and
colleagues’ study had stage 4 CKD, and those patients were not analyzed separately.
Therefore, to our knowledge, the ATIC Study is the first randomized, placebo-controlled
trial examining the effect of an oxidative stress–lowering strategy in a population of patients
with mild to moderate nondiabetic stages 3 and 4 CKD without manifest cardiovascular
disease. Also, and in contrast to the above-mentioned studies, 45% (42/93) of our patient
population had K/DOQI stage 4 CKD, equally divided between the treatment and the placebo groups (22 patients in the treatment group and 20 patients in the placebo group). Most
of the remaining patients (48/93) had K/DOQI stage 3 CKD (25 patients in the treatment
group and 23 patients in the placebo group). The treatment strategy had beneficial effects
on the CC-IMT and BA-FMD in patients with stages 3 and 4 CKD (data not shown).
The systolic blood pressure did not differ statistically significantly (P = .14) between the 2
groups at any point, and adjustment for systolic, diastolic, or mean blood pressure difference did not alter the CC-IMT, BA-FMD, or urinary albumin excretion results. Therefore,
according to our study findings, we conclude that the treatment strategy described herein in
conjunction with adequately controlled blood pressure has beneficial effects for patients
with stage 3 or 4 CKD who have no prior cardiovascular disease.
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A few studies have demonstrated a renoprotective effect of statins.47-49 However, most of
these studies were short term, with small patient populations, or subgroup analyses from
large statin trials involving subjects at high risk for cardiovascular events but with mild CKD
or normal renal function at baseline. After 2 years of treatment in our patient population, we
could not demonstrate a statistically significant effect on the eGFR between the groups.
Our study was not powered, and the follow-up period may have been too short to demonstrate any effect on the eGFR.
However, we were able to demonstrate a significant attenuation of the increase in urinary
albumin excretion over time in the treatment group. Additional analyses suggested that
these effects were limited to individuals with urinary albumin excretion of more than 30 mg/
24 h, but the hazards of such analyses are well known, and, clearly, this result requires
confirmation. Urinary albumin excretion may be a marker of endothelial dysfunction50 and
oxLDL is known to down-regulate endothelial nitric oxide activity.51 Therefore, a reduction in
oxLDL may have contributed to the improvement in endothelial function, as shown in our
population (Figure 3), and thereby to the reduction of urinary albumin excretion.
We studied a selected population of patients with mild to moderate CKD. Our study had
limited power and was too short to detect an effect on clinical cardiovascular end points. In
other populations, large trials with vitamin E and homocysteine lowering have not shown
any beneficial effects on cardiovascular events. However, during the design period of our
study, the then-available information suggested that these vitamins could have beneficial
effects in patients with renal failure because these patients were known to have increased
oxidative stress. Also, small studies with vitamin E in dialysis patients52 at that time showed
some promising results. We decided to use the treatment strategies comcomitantly to reduce the number of patients needed to perform this study and to achieve a maximum
oxidative stress reduction in the treatment group. Furthermore, we decided to add interventions sequentially and planned to evaluate the effects of individual treatments. We expected
(in retrospect, wrongly) the maximum effect of each intervention to be achieved within 6
months after the given intervention and/or that the additional effect of the next step would
be clearly distinguishable from the effects of the previous step. Decreases in CC-IMT and
improvement in BA-FMD were observed during the whole study period (Figures 2 and 3). In
retrospect, we are unable to draw any conclusions on the individual effects of these interventions. Also, the treatment modalities of the present study certainly have effects independent of oxidative stress lowering. We therefore cannot draw any conclusions as to whether
the observed improvements were the results of the oxidative stress lowering or of other
effects such as reduction of lipid levels.
In conclusion, in nondiabetic patients with mild to moderate CKD with adequately controlled blood pressure and without clinical features of atherosclerosis, a treatment strategy
consisting of pravastatin, vitamin E, and homocysteine-lowering therapy resulted in a significant reduction in CC-IMT and a significant improvement in endothelial function and urinary albumin excretion. No significant effect on eGFR was seen. These results suggest, but
do not prove, that this treatment strategy might safely reduce the burden of cardiovascular
events in this population. Thus, larger studies carried out over a long period with clinical
end points will be required to confirm and validate these results.
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Figure 1. Flow of participants through each stage of the study.
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Figure 2. Change in mean (SE) common carotid intima-media thickness (CC-IMT), with
the P values for between-group differences. For 0 to 6 months, 6 to 12 months, 12 to 18
months, and 0 to 18 months, P<.001. Error bars indicate SE.
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Figure 3. Change in mean ( SE) brachial artery flow-mediated vasodilatation (BA-FMD),
with the P values for between-group differences. For 0 to 6 months, P = 11; for 6 to 12
months, P = .009; and for 12 to 18 months and 0 to 18 months, P = .001. Error bars indicate SE.

Page 97

Figure 4. Change in mean (SE) estimated glomerular filtration rate (eGFR) based on the
Modification of Diet in Renal Disease formula (milliliters per minutes per 173 m2, per Levey
equation 7), with the P values for between-group differences. For 0 to 6 months, P = .79;
for 6 to 12 months, P = .60; for 12 to 18 months, P = .21; for 18 to 24 months, P = .39; and
for 0 to 24 months, P = .33. Error bars indicate SE.
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Figure 5. Change in mean (SE) log-transformed urinary albumin excretion, with the P
values for between-group differences. For 0 to 6 months, P = .03; for 6 to 12 months,
P = .02; for 12 to 18 months, P = .03; for 18 to 24 months, P = .06; and for 0 to 24 months,
P = .04. Error bars indicate SE.
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Figure 6. Change in mean (SE) blood pressure, with the P values for between-group differences. Error bars indicate SE.
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Table 2. Changes in Oxidized Low-Density Lipoprotein (LDL) Cholesterol and Plasma
Malondialdehyde, LDL Cholesterol, High-Density Lipoprotein (HDL) Cholesterol, Triglyceride, and Homocysteine Levels During the Study*

Table 3. Clinical Cardiovascular Events and Adverse Events and Withdrawals in Both Groups
During the Study
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Abstract
Background: Chronic kidney disease (CKD) is associated with an increased incidence of
cardiovascular disease (CVD). The Anti-oxidant Therapy In Chronic renal insufficiency study
(ATIC- study) showed that a multi-step treatment strategy improved carotid intima-media
thickness, endothelial function and microalbuminuria in patients with stage 2 to 4 chronic
kidney disease. An increased plasma concentration of asymmetric dimethylarginine (ADMA),
an endogenous inhibitor of nitric oxide synthase, has been linked to higher CVD risk in
CKD patients. The aim of this study was to assess the effects of the multi-step intervention
on plasma ADMA concentrations in the ATIC-study.
Study design: Secondary analysis of a randomized, double-blind, placebo-controlled trial.
Setting and participants: Ninety-three patients with creatinine clearance of 15-70 mL /
min per 1.73m2 (according to the Cockcroft-Gault equation) from 7 outpatient clinics in
Amsterdam, The Netherlands.
Intervention: The treatment group received sequential treatment consisting of pravastatin
40 mg/day to which, after 6 months, vitamin E 300 mg/day and after another 6 months
homocysteine lowering therapy (folic acid 5 mg/day, pyridoxine 100 mg/day and vitamin
B12 1 mg/day all in one tablet) were added, and were continued for another year. The
control group received matching placebos.
Outcome and Measures: Plasma ADMA levels
Results: In total, 36 subjects (77%) in the treatment group and 38 subjects (83%) in the
placebo group completed the study. The mean (SD) ADMA and SDMA concentration in the
total study population were 0.53 ± 0.07 µmol/L and 1.14 ± 0.46 µmol/L respectively. After 24
months, there was no overall effect of the treatment strategy on ADMA concentrations (ß=
-0.006, P=0.27). Analysis of separate treatment effects suggested that vitamin E significantly lowered ADMA by 4% in the treatment group compared to the placebo group (multiple adjusted P-value = 0.02).
Limitations: Study was a secondary analysis, power calculation was based on primary
end point carotid intima media-thickness, mean plasma ADMA levels were relatively low,
Conclusion: Overall, a multi-step treatment strategy consisting of pravastatin, vitamin E
and B vitamins had no effect on plasma ADMA levels in a stage 2-4 CKD population. This
suggests that the beneficial effects of the intervention were not mediated by changes in
ADMA. Possible ADMA-lowering effects of vitamin E deserve further attention.
Introduction
Chronic kidney disease (CKD) is associated with an increased incidence of cardiovascular
disease (CVD) which can not be fully explained by the traditional cardiovascular risk factors.1 Therefore, other atherothrombotic mechanisms seem to play a role. Plasma asymmetric dimethylarginine (ADMA) is a methylated product of the amino acid L-arginine in
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proteins. ADMA is known to inhibit endothelium-dependant nitric oxide mediated vascular
response and endothelium dependent NO bioavailability.2 A high ADMA concentration is
associated with an increased CVD in CKD patients.3 In addition, high concentrations of
ADMA are associated with an increased intima media thickness (IMT) of the carotid artery,
a validated surrogate marker for atherosclerosis.4-7 Hyperhomocysteinemia is prevalent in
CKD patients and is thought to inhibit the metabolic breakdown of ADMA by impairing the
activity of the enzyme dimethylarginine dimethylaminohydrolase (DDAH).8-10 DDAH activity
can also be inhibited by inflammation and oxidative stress, which are both highly prevalent
in advanced CKD.9;11
Pharmacological interventions aimed at reducing plasma ADMA levels have shown inconsistent results. One small study demonstrated a decrease in ADMA after folate treatment in
hyperhomocysteinemic subjects.12 However, several other studies found no effect of Bvitamin treatment on ADMA in subjects with traditional CVD risk factors.13-15 In a small study
with only 8 CKD patients and 6 controls, a significant decrease in ADMA after 8 weeks of
treatment with vitamin E (á-tocopherol) was found.16 However, to our knowledge, no studies have been performed to confirm these results.
The effect of statins on ADMA levels in CKD patients is unclear. Lu et al. demonstrated that
in a population of hypercholesterolemia patients treatment with 10 mg of rosuvasatin for 6
weeks resulted in a significant reduction in plasma ADMA levels, while Valkonen et al.
reported no significant effect of high dose simvastatin and atorvastatin on plasma ADMA
levels in hypercholesterolaemic patients.17;18 In a very recent study, Panichi et al demonstrated that treatment with simvastatin 40 mg during 6 months did not lead to a reduction in
plasma ADMA levels in 35 patients with CKD19.
The current study is a secondary analysis of Anti-oxidant Therapy In Chronic renal insufficiency study (ATIC- study), which assessed the effects of a multi-step treatment strategy
consisting of pravastatin, vitamin E and homocysteine lowering therapy (folic acid, vitamin
B6 and vitamin B12) in patients with stage 2 to 4 CKD. In the primary analyses of this study,
the intervention strategy improved carotid intima-media thickness, endothelial function and
microalbuminuria.20 We hypothesized that these beneficial effects might, at least partly, be
explained by a reduction in ADMA. Our first aim was thus to assess whether the multistep
intervention strategy lowered plasma ADMA levels. Because both elevated homocysteine
concentrations and oxidative stress are known to inhibit DDAH activity and thereby increase ADMA levels, we also investigated the effect of treatment in subgroups stratified for
baseline homocysteine and oxidized-LDL concentrations.
Materials and methods
Anti-oxidant Therapy In Chronic renal insufficiency study (ATIC- study) was a randomized,
double blind, placebo-controlled clinical trial to investigate the effect of oxidative stressreduction on vascular structure and function in patients with CKD.20 Between May 2001
and December 2002, CKD patients (n=700) with a creatinine clearance of 15-70 mL / min
per 1.73m2 (0.25 – 1.17 mL/s per m2) (according to the Cockcroft-Gault equation)21 from 7
outpatient clinics in Amsterdam, The Netherlands were screened for eligibility for participation.
Patients with diabetes mellitus, active vasculitis, nephrotic syndrome, renal transplantation, hypercholesterolemia (>7.0 mmol/l), cholesterol-lowering therapy within the past 3
months or history of CVD were excluded. Out of 118 eligible patients, 93 gave informed
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consent (figure 1). Participants were randomized to active treatment or placebo after stratification for prior use of angiotensin converting enzyme inhibitors (ACE-inhibitors) or angiotensin receptor blockers (ARBs), creatinine clearance (between 15-39 and 40-70 ml / min
per 1.73 m2) [between 0.25 -0.65 and 0.66-1.17 mL/s per m2] and age (between 20-49 and
50-80). Randomization was carried out centrally by means of a computer generated sequence involving randomized blocks of four and concealed envelops were kept by one
central hospital pharmacist. Unblinding was performed after the primary data analysis was
completed. After randomization, participants in the active treatment group were treated
with pravastatin 40 mg/day for six months; subsequently vitamin E 300 mg/day (450 IU αtocopherolacetate) was added for another six months; and lastly homocysteine-lowering
therapy (folic acid 5 mg/day, pyridoxine 100 mg/day and vitamin B12 1 mg/day all in one
tablet) was added for another 12 months (figure 1). The total duration of the study was 24
months. Patients in the placebo group received matching placebos at the onset, 6 and 12
months later. Adherence to therapy was assessed by returned tablet counts at each visit.
Compliance at each follow-up visit was defined as consumption of at least 80% of the
scheduled tablets since the previous visit. Subjects not using ACE-inhibitors or ARBs at
inclusion received an ACE-inhibitor (fosinopril up to 20 mg/day titrated to achieve a blood
pressure of <140/90 mmHg) for at least two weeks before the baseline measurement and
randomization. Of the subjects who used ACE-inhibitors, 71%( 20/28 subjects) in the intervention group and 66% (22/33 subjects) in the placebo group used fosinopril 20mg/day;
the remainder of the subjects used a lower dose. Those who were on ARBs continued their
ARBs. Off-label use of statins or multivitamins were not allowed and there were no dietary
restrictions during the study period. Folic acid fortifications of cereals were not used widely
in the Netherlands during the study period.
Measurements
Firstly, data were collected with regard to medication and smoking status (having smoked
in the past year), and a detailed history was obtained to exclude clinically relevant peripheral, cerebral and coronary vascular disease at baseline. Thereafter, height and weight
were measured with the individuals wearing light clothing. At baseline and during each visit
(every 6 months) laboratory measurements were performed and all patients were examined in the fasting state in a supine position in a temperature-controlled (25ºC) room.
Plasma concentrations of arginine, ADMA and symmetric dimethylarginine (SDMA) were
determined simultaneously by high-performance liquid chromatography as described previously22 using modified chromatographic conditions (SDMA the biologically inactive
stereoisomer of ADMA was measured because SDMA is also increased in CKD patients
but not metabolized by DDAH).1
In short, sample clean-up was performed by solid-phase extraction on polymeric cationexchange extraction columns using monomethylarginine as internal standard. After
derivatization with ortho-phthaldialdehyde reagent containing 3-mercaptoproprionic acid,
analytes were separated by isocratic reversed-phase high-performance liquid chromatography with fluorescence detection. The intra-assay coefficients of variation (CV) was < 2%
for all compounds and inter-assay CVs were 3% for arginine and ADMA, and 4% for SDMA.
To minimize analytical variation, all samples were analyzed at the end of the study and
samples of each individual patient were analyzed in the same analytical series. Plasma
concentrations of CRP were also determined because of its probable negative influence on
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DDAH activity7 and were measured with a highly sensitive in-house enzyme-linked
immunosorbent assay (ELISA) with rabbit anti-CRP (Dako, Copenhagen, Denmark) as a
capturing and tagging antibody, with intra- and interassay coefficients of variation of 3.8
and 4.7%, respectively. Plasma total (free plus protein-bound) homocysteine was measured with an automated fluorescence polarization immunoassay on an Abbott IMx analyzer
(Abbott Laboratories, Abbott Park, IL, USA), with an interassay coefficient of variation <
4%.23 Serum creatinine concentration was assessed by kinetic Jaffé method. Renal function was estimated by the 6-variable Modification of Diet in Renal Disease (MDRD) study
equation (estimated glomerular filtration rate (eGFR) in ml/min/1.73 m2, per Levey equation 7).24
The plasma concentration of oxidized LDL (oxLDL) was measured by a competitive ELISA
(Mercodia, Uppsala, Sweden). This assay is based on a monoclonal antibody (4E6) directed against a conformational epitope in the apoB-100 moiety of LDL, which is generated
as a consequence of reaction of lysine residues with aldehydes.25 The intra-assay and
inter-assay coefficients of variation were 4.8 and 7.8%, respectively.
Statistical analysis
Statistical analysis was performed with Stata 7 for Windows. Patients continuing trial participation after the baseline measurements were analyzed according to intention-to-treat
principle. Outcome variables were analyzed with generalized estimating equations (GEE)
with ADMA (primary) as dependent variable. The primary independent variable in the GEE
model was treatment strategy (1= intervention group, 0=placebo group) adjusted for time
and baseline observations with an independent working correlation structure. To assess
the effect at the different time points, time was treated as a categorical variable and represented by dummy variables. Subsequently, effect modification by time was evaluated by
adding the product-term of intervention and time (intervention X time) as independent
variable to the model.
GEE assess the effect of the treatment steps on ADMA while adjusting for within subject’s
dependency associated with the repeated observations.26 If the dependent variable was
not normally distributed, analyses were performed after log-transformation. Additional analysis was performed by separating baseline values of plasma ADMA, homocysteine, and
oxLDL into tertiles. A p-value less than 0.05 was considered as statistically significant.
Results
All subjects
Out of 93 included patients, 6 withdrew after the baseline measurement and 87 underwent
at least one of the subsequent measurements (figure 1). In total, 36 subjects (77%) in the
treatment group and 38 subjects (83%) in the placebo group completed the study. Four
patients in the treatment group and two patients in the placebo group consumed between
60% and 80% of the study medication over the 24 months period; all others took at least
80% of their scheduled medication.
Baseline characteristics are reported in table 1. The mean ± SD ADMA and SDMA concentration in the total study population were 0.53 ± 0.07 µmol/L and 1.14 ± 0.46 µmol/L respectively (normal: 0.50 ± 0.06 µmol/L and 0.53 ± 0.10 µmol/L in a sample of healthy
individuals aged 50-75 years).27
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After adjustment for baseline ADMA values and time, the treatment strategy had no significant overall effect on plasma ADMA concentrations (ß= - 0.006; P= 0.27 for between-group
difference after 24 months; figure 2) and additional adjustments for baseline renal function,
oxLDL, CRP and homocysteine did not have any influence on this result. After the vitamin
E intervention step (t=12 months), ADMA concentrations were significantly lower in the
treatment group compared to placebo (ß= -0.022; P= 0.02 for between-group difference at
12 months, adjusted for baseline) (figure 2) and this effect remained significant also after
additional adjustments for baseline renal function, oxLDL, CRP and homocysteine (data
not shown).
Stratification according to baseline plasma ADMA, homocysteine and oxLDL concentration
Results of the stratified analyses in the predefined strata are presented in figure 3. In tertiles
of baseline ADMA and oxLDL concentrations, the treatment strategy did not show an effect
on ADMA concentrations (P=0.96 and P= 0.90 respectively for statistical interaction). There
was no effect-modification by homocysteine concentration (P=0.60) but when subjects were
stratified in tertiles of baseline homocysteine concentrations, ADMA concentrations significantly decreased in the stratum with the highest baseline homocysteine concentrations
(>24.3 µmol/L) relative to placebo (ß= -0.028; P= 0.03 for between-group difference after
24 months, adjusted for baseline ADMA). Additional adjustment for oxLDL, CRP concentrations and renal function during the study did not change this effect (ß= -0.026; P= 0.04
for between-group difference after 24 months). The most marked reduction in ADMA in this
group occurred after the addition of B-vitamins (i.e. between 12 and 24 months; ß= -0.044;
P=0.06 for between-group difference at 24 months, adjusted for baseline ADMA).
Effect of the treatment strategy on plasma SDMA concentration
After adjustment for baseline SDMA values and time, the treatment strategy had no significant effect on SDMA (ß=0.006; P= 0.78 for between group difference after 24 months:
Figure 4). No significant between-group difference was found at the different time points
and in the subgroup analyses according to baseline ADMA, oxLDL and homocysteine concentration (data not shown).
Discussion
In this study we found no overall effect of a multi-step anti-oxidant treatment strategy consisting of pravastatin, vitamin E and B vitamins on ADMA in stage 3 and 4 CKD patients. A
secondary analysis of individual treatment effects suggests that vitamin E treatment lowered ADMA concentrations significantly, but this effect disappeared after B-vitamin treatment was added. B-vitamin treatment reduced plasma ADMA concentration in subjects in
the highest tertile of baseline homocysteine concentration.
Vitamin E as potential ADMA lowering agent
In our study , 6 months (between 6 to 12 months of therapy) of vitamin E treatment on top
of pravastatin, led to a significant reduction in mean plasma ADMA concentrations in the
intervention group compared to placebo. Only a handful of studies have been carried out
so far to examine the effect of vitamin E (á-tocopherol) on ADMA in patients with renal
disease. One study reported a significant decrease of ADMA in CKD patients after treat-
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ment with vitamin E.16 In a cross-over study in haemodialysis patients, a significant decrease in ADMA concentration after 6 months was observed in patients using a vitamin Ecoated dialysis membrane.28 In subjects with elevated traditional cardiovascular risk factors (without kidney disease), no effect of vitamin E on plasma ADMA concentration was
found.13
The mechanism behind a possible effect of vitamin E is unclear. In CKD patients, increased
oxidative stress29 may increase the synthesis of ADMA by stimulating S-adenosylmethioninedependent methyltransferases and/or by decreasing the breakdown of ADMA by reducing
DDAH activity.30 In addition, antioxidants have been shown to decrease ADMA concentration in cultured human endothelial cells and in-vivo in rats.9;31 Despite the negative results
with vitamin E in large clinical trials in patients with increased CVD risk, studies such as the
SPACE trial, which showed a reduction in mortality in dialysis patients after vitamin E treatment32 suggest a possible benefit in disease states where oxidative stress is increased.
The extent to which such a beneficial effect could be explained by ADMA-lowering requires
further studies. After addition of B-vitamins to the intervention, the difference in ADMAlevels between the treatment and the placebo group was no longer significant. Therefore,
the isolated vitamin E effect should be interpreted with caution. Clearly, vitamin E does
deserve further investigation as a potential ADMA- lowering agent, particularly in the context of CKD.
ADMA-lowering effects of B-vitamins
ADMA-lowering by B-vitamins was not reported in CKD before, but our results are in line
with the results of a previous study which also showed a reduction in ADMA concentration
after folate treatment in subjects with hyperhomocysteinemia.12 Other studies found no
effect of B-vitamins treatment on ADMA in normohomocysteinemic subjects with- or at risk
for- cardiovascular disease.13;15;33 Folic acid and vitamin B12 reduce homocysteine concentration by stimulating remethylation into methionine. Vitamin B6 stimulates the breakdown
of homocysteine into cysteine via the transsulphuration pathway. Methionine is converted
to S-adenosylmethionine (SAM) which serves as a methyl donor for protein arginine
methyltransferases whereby ADMA is produced from proteolysis of the methylated arginine
residues (figure 4). The demethylated product of SAM, S-adenosylhomocysteine (SAH), is
hydrolyzed to homocysteine.34 An elevated homocysteine concentration may increase the
ADMA concentration by inhibition of the enzyme DDAH (figure 4).8;10;35;36 B-vitamins lower
plasma homocysteine concentrations37 and could thus lower ADMA concentration. In our
study we found no effect of the treatment on the concentrations of SDMA, another methylated product of L-arginine which is not metabolized by DDAH but excreted by the kidney.1
This supports our hypothesis that increased activity of DDAH may be responsible for this
reduction of plasma ADMA concentration in subjects with elevated homocysteine levels.
As with the vitamin E effect, caution is also required for interpretation of the treatment effect
in hyperhomocysteinemic patients, as this was a subgroup analysis, restricted to only 30
patients.
Statins and oxLDL in relation to ADMA
In the first six months of therapy, we found no effect of pravastatin on ADMA. One very
recent study also demonstrated no effect of simvastatin on plasma ADMA concentration in
CKD19. Also after stratification into tertiles of baseline oxLDL concentrations, we did not find
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an effect of the intervention in subgroups. We previously reported a significant reduction in
oxLDL and thereby a probable reduction in oxidative stress in our intervention group compared to the placebo group.20 We thus expected a reduction in ADMA levels in the intervention group because reduced oxidative stress has been shown to reduce DDAH inhibition
and thereby decrease levels of ADMA..
However, there is no gold standard for the detection of oxidative stress in vivo. Oxidized
LDL concentrations are also influenced by the basal LDL-cholesterol levels and are not a
reliable marker of oxidative stress. Finally, a recent study also showed no effect of oxLDL
lowering on ADMA concentration.13 In addition, we have also reported that our treatment
strategy had no effect on plasma malondialdehyde levels20. Malondialdehyde is the most
studied product of polyunsaturated fatty acid peroxidation. However, the specificity of commonly used tests (on the basis of derivatization with thiobarbituric acid [TBA]) to determine
malondialdehyde is low as these tests also measure several compounds other than
malondialdehyde which react with TBA.38 F2-isoprostanes have recently gained recognition as reliable markers of oxidative stress 39. However, we did not measure F2-isoprostanes
in our population.
Symmetrical dimethylarginine and cardiovascular disease
We did not find any effect of the treatment strategy on SDMA concentration (figure 4).
SDMA is not metabolised by DDAH but eliminated solely by renal excretion 40. Fliser et al.
recently demonstrated a very strong association between estimated glomerular filtration
rate (eGFR) and SDMA41. In our primary analysis we could not demonstrate any effect of
the treatment strategy on the eGFR in the treatment arm 20. Therefore, we did not anticipate an effect of the treatment strategy on plasma SDMA.
The pathophysiological significance of SDMA is not fully elucidated. Previously, SDMA was
thought to be biologically inactive3. A recent study demonstrated that SDMA might be a
useful parameter for detecting patients in early stages of chronic kidney disease and for
determining their risk for developing cardiovascular disease 42. Recent data further suggest
that SDMA may inhibit NO synthesis indirectly by limiting arginine availability to NO synthase43.
ADMA lowering, endothelial function and common carotid intima-media thickness
One of the aims of our study was also to examine whether reduction in plasma ADMA with
this treatment strategy could (partly) explain the reduction in common carotid IMT, endothelial function and microalbuminuria which were demonstrated in our primary analysis20. As the treatment strategy did not reduce in plasma ADMA we conclude that ADMA
lowering was not responsible for these beneficial effects. Alternative mechanisms, however, are numerous, and include direct effects, alone or combined, of lipid lowering, oxidative
stress reduction, and reduction of homocysteine.
Study limitations
Because of the multiple, additive interventions we were not able to assess the effect of the
different treatment steps separately. Furthermore, we must point out that this study is a
secondary analysis of an already published study and the study population is relatively
small. Although 90 patients in our population had an estimated GFR of less than 60 ml/min/
1.73 m2, the levels of plasma ADMA in our population was relatively low and only 34% of

Page 114

our population had plasma ADMA levels above the upper limit of the normal range of
0.54µmol/L. One can argue that this low mean ADMA levels may be one of the main reason
for the negative outcome in our study. However, the treatment strategy also had no significant effect on plasma ADMA levels in 31 patients with a plasma ADMA level of above 0.54
µmol/L (figure 3). Therefore, in our opinion, the low mean ADMA levels in our population
may not be a major reason for the negative results in this study. The sample size calculation in the ATIC study was originally based on assessing differences in common carotid
artery intima-media thickness.20 With a power of 80% and an alpha of 0.05, the smallest
detectable difference in ADMA concentration that would be significant in the total study
group is 0.045 µmol/L (i.e.: 0.75*SD). However, the small sample size may have influenced
our results.
Conclusion
In conclusion, in the present study we found no overall effect of a multi-step anti-oxidant
treatment strategy consisting of pravastatin, vitamin E and B vitamins on ADMA in stage 24 CKD patients. Possible ADMA-lowering effects of vitamin E deserve further attention, as
do patients with very high homocysteine levels.
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Table 1. Baseline characteristics of the intervention and placebo group
Abbreviations: BMI , body mass index (weight in kilograms devided by height in meters
squared); ACE, angiotensin-converting enzyme; oxLDL, oxidized low-density lipoprotein;
ADMA, asymmetric dimethylarginine ; SDMA, symmetric dimethylarginine; MDRD, Modification of Diet in Renal Disease.
Conventional unit conversion factors: to convert MDRD equation to milliliters per minute
per 1.73 m2 , divide by 0.0167
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Figure 1: Flow of the participants through each stage of the study.
Abbreviations: ADMA, asymmetric dimethylarginine; SDMA, symmetric dimethylarginine;
CRP, C-reactive protein: oxLDL, oxidized low-density lipoprotein.
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Figure 2: Mean and 95% confidence intervals of plasma concentrations of ADMA (µmol/L)
following treatment with placebo; or with pravastatin, vitamin E and B-vitamins (N=93).
Solid line refers to the intervention group following treatment with pravastatin, vitamin E
and B-vitamins. Dotted line refers to the placebo group. *Difference between treatment and
placebo; P=0.02.
(ADMA: asymmetric dimethylarginine; 95% CI: 95% confidence intervals for mean).
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Figure 3: Between-group difference in plasma ADMA concentration in subgroup analysis
after adjustment for baseline values and time without interaction time by treatment.
To convert homocysteine to milligrams per liter, divide by 7.397.
(ADMA: asymmetric dimethylerarginine; oxLDL: oxidized LDL; 95% CI: 95% confidence
intervals for Bèta).
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Figure 4: Mean and 95% confidence intervals of plasma concentrations of SDMA (µmol/L)
following treatment with placebo; or with pravastatin, vitamin E and B-vitamins (N=93).
Solid line refers to the intervention group following treatment with pravastatin, vitamin E
and B-vitamins. Dotted line refers to the placebo group.
(SDMA: symmetric dimethylarginine; 95% CI: 95% confidence intervals for mean).

Figure 5: Homocysteine and ADMA pathway. (SAM; S-adenosylmethionine, SAH; Sadenosylhomocysteine, ADMA; asymmetric dimethylarginine, DDAH; dimethylarginine
dimethylaminohydrolase. SDMA; symmetric dimethylarginine).
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Patients with chronic kidney disease (CKD) have an unacceptably high risk of premature
death, primarily as a result of cardiovascular disease (CVD) 1. Several large, randomised
trials in end stage renal disease (ESRD) patients have consistently shown no survival
benefit from multiple new treatment strategies aimed at reducing CV disease. Earlier stages
of CKD are common and are also associated with an increased risk of developing CVD.
Traditional cardiovascular risk factors such as, age, dyslipidaemia, hypertension, diabetes
mellitus, smoking and sedentary lifestyle, do not fully explain the cardiovascular mortality
in these patients. The so-called novel risk factors such as increased oxidative stress, asymmetric dimethylarginine (ADMA), plasma adipokines, plasma homocysteine and DNAhypomethylation are prevalent and thought to play an important role in development of
atherosclerosis in CKD patients. However, the exact role of these factors in the pathogenesis
of CV disease in CKD patients has not yet been elucidated. In addition, only a few cardiovascular intervention studies have been done in patients with mild to moderate CKD, whereas
most of the large intervention trials with statins have excluded patients with moderate renal
failure. Therefore, many important questions remained unanswered in this unfortunate patient
group.
Anti-oxidant Therapy In chronic renal insufficiency (ATIC) study
With the aim of answering at least some of the above mentioned questions, in 2001 we
started the Anti-oxidant Therapy In Chronic renal insufficiency (ATIC) study, a randomised,
double-blind, placebo-controlled trial. We randomised 93 non-diabetic patients with mild to
moderate chronic kidney disease (creatinine clearance 15-70 ml/min per 1.73 m2 determined by Cockcroft-Gault formula), who were free of manifest atherosclerotic arterial disease, to
receive a regimen that included pravastatin 40mg/day followed by á tocopherol acetate (vitamin E)
300mg/day and homocystiene lowering therapy (folic acid 5mg/day, pyridoxine hydrochloride
100mg/day, cyanocobalamin 1 mg/day) or matching placebo tablets for each consecutive
six months period. The primary aim of the study was to evaluate the effect of this stepwise
treatment strategy on common carotid artery intima-media thickness (CCA-IMT) and brachial artery flow-mediated vasodilatation (BA-FMD), both strong surrogate markers of cardiovascular disease. We further decided to evaluate the effects of this strategy on albuminuria and estimated glomerular filtration rate (eGFR). We also planned to use the baseline data of this study to evaluate the associations between renal function and several nontraditional risk factors such as asymmetric dimethylarginine (ADMA), plasma adipokines
(plasma adiponectin and plasma leptin), and global leukocyte DNA hypomethylation. We
also intended to evaluate the associations between these novel risk factors and CCA-IMT
and thereby to get some insight into the possible pathophysiological role these factors play
in excess cardiovascular risk in CKD patients. In addition, we decided to assess the effect
of this treatment strategy on plasma ADMA levels and global leukocyte DNA-methylation
and to study whether eventual reduction in these risk factors/markers could explain the
beneficial effects (if any) of this therapeutic strategy on the measured surrogate endpoints.
Why oxidative stress lowering and what was the rationale behind this
peculiar design?
During the design of the study we postulated, on the basis of a few published studies, that
the high cardiovascular mortality rates in ESRD patients could be partly explained by enhanced oxidative stress 2-4 and that the oxidative stress hypothesis should be considered
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as a unifying concept of increased cardiovascular disease in CKD patients 5. It was already
known that increased oxidative stress occurs in early stages of CKD 6 and oxidation of lowdensity lipoprotein (LDL) is thought to be a key step in the initiation of the early atherosclerotic lesion 7. Therefore, we decided to look for interventions which would create oxidative
stress reduction in our population.
In 1996, Stephens et al published the results of Cambridge Heart Antioxidant (CHAOS)
study in which a population of patients with angiographically proven coronary atherosclerosis was treated with alpha-tocopherol 800 IU in a randomised controlled manner. The treatment significantly reduced the risk of developing the primary endpoint of cardiovascular
death and non-fatal myocardial infarction 8. In addition, although most of the interventions
aimed at reducing cardiovascular disease in ESRD patients yielded disappointing results,
the SPACE-study, in which 196 patients with ESRD who were treated with 800 IU vitamin E
in a randomised controlled fashion, demonstrated encouraging results on composite cardiovascular endpoints and myocardial infarction 9. It was also shown that plasma homocysteine was strongly related to the renal function and that virtually all ESRD patients had
elevated homocysteine levels which also predicted cardiovascular outcomes in these patients 10. It was further postulated that the vasculotoxic effects of homocysteine were caused
by increased oxidative stress 11. In addition, studies in various populations demonstrated
that statins decreased cardiovascular endpoints spectacularly 12;13.
After considering all these facts thoroughly, we decided to use a strategy which consisted
of pravastatin which was thought to reduce the substrate LDL-cholesterol and thereby
reduce oxidized LDL, vitamin E which acts as a free-radical scavenger to reduce free oxygen radicals and a combination of B-vitamins to reduce homocysteine, because high homocysteine was thought to increase oxidative stress. We decided to use these treatment
modalities on top of each other on the one hand to reduce the number of people needed to
perform the study and on the other hand to achieve a maximum oxidative stress reduction
(benefit) in the treatment arm and thereby increase the power of the study. Because we
thought that the maximum effect of each treatment would be achieved in six months, we
decided to add each new intervention every six months. In addition, even at that time it was
known that there was an unequivocal relationship between hypertension and progression
of CKD, and that inhibition of the renin-angiotensin system with ACE-inhibitors would lead
to a significant reduction in decline in eGFR and cardiovascular complications 14. Therefore, we decided to control the blood pressure in both the treatment and control arm aggressively (<140/90mmHg) and all the subjects who were not on ACE-inhibitors or ARBs
were put on ACE-inhibitors at inclusion. Although currently lower blood pressure targets
are recommended, especially in patients with proteinuria > 1g/day, during the design of the
study many guidelines recommended 140/90 mmHg as the target blood pressure, and we
decided to adhere to this target strictly during the study period.
What have we learned from the ATIC study?
In chapter 3 of this thesis we demonstrate, for the first time, that plasma adiponectin had a
significant, non-linear, inverse association with eGFR and that in the multivariate analysis
eGFR had the strongest correlation with plasma adiponectin. In addition, adiponectin had
no influence on the significant association between estimated glomerular filtration rate
(eGFR) and a surrogate marker of endothelial dysfunction (plasma von Willebrand factor)
and a marker of leukocyte-endothelial cell adhesion [soluble vascular leukocyte cell adhe-
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sion molecule-1 (sVCAM-1)]. We, therefore, postulated that the increased adiponectin levels in CKD patients are primarily a reflection of impaired kidney function. Although renal
function strongly predicted plasma leptin in our population, body mass index and insulin
resistance also had a strong association with plasma leptin in univariate and multivariate
analysis. Plasma leptin also did not explain the known associations between kidney function and endothelial dysfunction and leukocyte-endothelial cell adhesion. Future studies
are needed to clarify the role of leptin in CKD patients.
Adipose tissue has a physiological role beyond mere storage of fat and recent interest has
focused on the role of adipokines, such as adiponectin and leptin, both as protectors and
promoters of vascular disease in CKD 15;16. However, the pathophysiological role of
adiponectin in excess CVD in CKD patients is not clear, as published studies have shown
contradicting results 17. For example, while Guebre-Egziabher et al. reported that the increase in adiponectin in patients with CKD is explained primarily by patient’s body composition and the altered metabolic parameters18, Mitsnefes et al. attributed this increase primarily to the decline in kidney function19. While one study reported that lower adiponectin
levels are associated with increased risk of cardiovascular events in CKD patients, 20
others reported that high rather than low adiponectin levels predicts mortality in both CKD
and congestive heart failure21. In addition, the functional role of increased leptin in CKD
patients is also unclear22. We planned to investigate the association between renal function
and plasma leptin and adiponectin in a population with a wide range of eGFR so that we
could shed some light on these matters. Therefore, we pooled the baseline data from two
studies which were being performed in the same centres as the ATIC study. Our data show
that eGFR was the main determinant of plasma adiponectin and also that plasma adiponectin
and leptin did not explain the known associations between eGFR and endothelial dysfunction. The limitations of the study design are described in detail in chapter 3.
In chapter 4, using baseline data from the ATIC-study, we demonstrated that, in patients with mild to moderate renal failure, eGFR was inversely associated with plasma
ADMA level. We also demonstrated, for the first time, that plasma ADMA was in turn associated with CCA-IMT and plasma soluble vascular cell adhesion molecule-1. We conclude
that plasma ADMA may be one of the mechanisms that link mild to moderate renal failure
with cardiovascular disease. During the design of the ATIC study it was already known that
plasma ADMA concentrations were high and were strongly and independently related to
CCA-IMT in patients with ESRD 23. However, data on the association between plasma
ADMA and CCA-IMT were not available at that moment, and there were conflicting data on
the association between eGFR and plasma ADMA in patients with mild to moderate kidney
failure24;25. Thus our findings were novel and thought provoking.
In chapter 5 we demonstrate that in patients with mild to moderate CKD, the global DNAmethylation was not associated with renal function or with CCA-IMT or BA-FMD. In addition we also showed that the above-mentioned treatment strategy had no influence on
DNA- methylation in this population. Therefore, we concluded that DNA-hypomethylation
probably has no significant role in the pathogenesis of cardiovascular disease in patients
with CKD. During the design of the study, hyperhomocysteinaemia was strongly implicated
in the development and progression of atherothrombotic vascular disease 26. The pathophysiological explanation for this link was initially thought to be a direct vasculotoxic effect
of homocysteine itself 27. However, an alternative view was that hyperhomocysteinaemia

Page 128

itself is not harmful but indirectly inhibits methyl fluxes during transmethylation of methionine and thereby leads to a decreased methylation of DNA. Global DNA-hypomethylation
was thought to be associated with various diseases including atherosclerotic vascular disease28. Global DNA-hypomethylation has been demonstrated in ESRD patients 29 and was
implicated as an important candidate contributing to CVD in these patients 30. However, it
was thought that leukocyte DNA-hypomethylation in ESRD patients may be caused by
leukocyte activation on dialysis membranes and data on patients with mild to moderate
renal failure and DNA-hypomethylation were inconclusive 31. As mentioned earlier, results
of many studies to examine the effects of therapeutic homocysteine lowering has been
disappointing. We, unfortunately, also could not demonstrate an association between DNAhypomethylation and eGFR and our treatment strategy also did not alter global DNA-methylation. Our results suggest that the role of global DNA-hypomethylation as a risk factor for
CVD in patients with CKD, if any, is limited.
In chapter 6 we demonstrated that 18 months of the stepwise treatment strategy, on top of
well-controlled blood pressure, achieved a significant reduction in CCA-IMT and significant
increase in BA-FMD in the active treatment arm after adjustments for baseline values.
Increased urinary albumin excretion was also attenuated by the treatment strategy although
there were no observed beneficial effects on renal function (eGFR). Unfortunately, the
individual effects of each intervention could not be determined and also the study was not
powered to detect a clinically important difference in hard cardiovascular endpoints. We
concluded that in patients with mild to moderate chronic kidney disease, 18 months of an
oxidative stress lowering treatment strategy along with well-controlled blood pressure reduced CCA-IMT and urinary albumin excretion and increased BA-FMD. In addition, the
treatment strategy, especially pravastatin, was associated with a low rate of adverse events.
In chapter 7 we demonstrate that the above-mentioned treatment strategy had no significant effect on plasma ADMA levels. However, analysis of separate treatment effects suggested that vitamin E significantly lowered ADMA in the treatment group compared to the
placebo group. This effect disappeared after addition of homocysteine lowering treatment
to the treatment arm. We concluded that our treatment strategy had no effect on plasma
ADMA levels, and hence the observed reduction in CCA-IMT and improvement BA-FMD in
our population could not be explained by a change in ADMA levels. In the next paragraph,
we describe in detail the implications of our findings.
What were the drawbacks in the ATIC study?
The most accurate way to investigate the determinants of the excess cardiovascular risk in
patients with CKD, compared to patients without CKD, is to perform a prospective population-based cohort study with exclusion of patients with cardiovascular disease at the baseline. Although the ATIC study was a prospective study we designed this study primarily to
investigate the treatment effects. Although we have published three papers describing cross
sectional associations using baseline data of our study, these findings do not permit any
final conclusions with regard to the causality of the described associations. In addition, we
decided to include patients using ACE-inhibitors or angiotensin receptor blockers (ARB)
and patients not using these agents were put on ACE-inhibitors before the initiation of the
study. Oxidative stress can also be reduced by ACE-inhibitors and ARBs 32. ACE-inhibitors
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also lower plasma ADMA 33;34. This may have influenced all our cross sectional analyses
and may also have reduced the power of our study. However, since the use of ACE-inhibitors in CKD, especially in the presence of any level of proteinuria, was considered standard
treatment even during the design of our study, it made sense to evaluate our anti-oxidant
strategy on top of treatment with ACE-inhibitors. Although diabetes mellitus is expected to
be one of the major causes of CKD in the future we excluded patients with diabetes mellitus.
By excluding patients with diabetes as well as patients with previous CVD, we expected to
recruit a population with increased oxidative stress primarily caused by their kidney failure.
We, therefore, studied a selected population of patients with mild-to-moderate CKD and
this study unfortunately had limited power and was of too short duration to detect an effect
on clinical cardiovascular endpoints.
In the last few years results of large, randomised, controlled trials with vitamin E and homocysteine lowering have not shown any beneficial effects on cardiovascular events in different populations 35-38. However, during the period we designed our study the available information at that time suggested, these vitamins to have beneficial effects in patients with
renal failure because these patients were known to have increased oxidative stress and
small studies with vitamin E in dialysis patients at that time showed some promising results
39
. At the same time, many studies showed an undeniable link between homocysteine ,
renal function and cardiovascular disease, and during that time homocysteine lowering
was thought to be one of the best potential interventions to reduce CV disease in CKD
patients 10;39. We decided to use the treatment strategies on top of each other with six
monthly intervals and planned to evaluate the effects of individual treatments separately.
We expected (in retrospect, wrongly) the maximum effect of each intervention to be achieved
within six months after the given intervention, and/or that the additional effect of the next
step would be clearly distinguishable from the effects of the previous step. Lowering of
CCA-IMT and improvement in BA-FMD were observed during the whole study period (chapter 6). In retrospect, we were unable to draw any conclusions on individual effects of these
interventions. The treatment modalities of the present study certainly have effects independent of oxidative stress lowering. In addition, there is no gold standard for the detection
of oxidative stress in vivo. We measured the oxidized LDL concentration which is unfortunately also influenced by the basal LDL-cholesterol levels. We measured total
malondialdehyde (MDA) levels in plasma, i.e. the most studied product of polyunsaturated
fatty acid peroxidation. However, the specificity of commonly used tests to determine MDA
is low as these tests also measure several compounds other than MDA40. F2-isoprostanes
have recently gained recognition as reliable markers of oxidative stress41. At the moment
we are in the process of introducing the measurement of F2-isoprostanes in our laboratory
and we hope to measure the F2-isoprostanes in our study population in the near future.
Until then, we cannot draw any conclusions whether the observed improvements were the
results of oxidative stress lowering or other effects such as reduction of lipid levels.
Where should we go from here?
While it is widely known that patients with ESRD are at greatly increased risk of developing
CV disease, it is not well known among the general physicians, that patients with only mild
to moderate kidney disease are also at increased risk. The clear association between slightly
reduced kidney function and cardiovascular risk may, at least partly, be the result of a
relationship between total atherosclerotic burden and decreased renal function, because
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intrarenal atherosclerosis (ischaemic renal disease) is a common cause of reduced renal
function in patients with atherosclerosis. However, there are clear indications that impaired
eGFR is an independent risk factor for developing cardiovascular disease in the general
population 42. In spite of this, not a single risk calculator, which are recommended for physicians, uses eGFR to calculate the risk of developing CV disease. This is puzzling. In our
opinion, most patients with mild kidney disease are not diagnosed and most physicians do
not measure creatinine clearance during routine check ups. Measurement of only plasma
creatinine can underestimate the renal function especially in old and thin patients. Thus
mild to moderate kidney failure is, in our opinion, underdiagnosed. Several guidelines have
been formulated, both nationally and internationally, to assist the physicians to diagnose
and treat patients with kidney disease. However it is well known that patients do not reach
treatment goals formulated in these guidelines 43. This also applies to patients with kidney
disease 44;45. Thus, apart from being underdiagnosed, CKD is also not treated properly.
Furthermore, most of these patients come to nephrologists when they reach stage 4 which
is in my opinion already too late for cardiovascular preventive measures. In patients with
diabetes mellitus and heart failure a multifactorial intervention significantly improved metabolic control and reduced cardiovascular events significantly46;47 Therefore, much benefit
may be achieved effectively with a multifactorial approach addressing risk factors such as
blood pressure, serum lipids, dietary meausres, physical exercise et cetera in mild to moderate CKD. The MASTERPLAN study, a randomised, controlled trial examining the effect
of such a multifactorial approach is already underway in The Netherlands and hopefully
this study will shed more light on this matter in the future. In the mean time, general physicians and practitioners should be urged to consider mild to moderate CKD a cardiovascular risk factor and perhaps routine creatinine measurement should automatically generate
estimated GFR which would make it easy for physicians to diagnose CKD.
The ATIC study is one of the first clinical trials primarily designed to examine the effects of
a treatment strategy which included pravastatin on surrogate markers of CV disease in
CKD patients. We did demonstrate strong favourable effects on these markers with our
treatment strategy and, in my opinion pravastatin certainly played a key role in these effects. Also very few subjects stopped the therapy because of side-effects. However, long
term studies with clinical endpoints are needed to confirm these results and some are
already underway. One of the largest is the SHARP study, a randomised, double blind,
placebo-controlled trial which investigates the effects of cholesterol reduction with simvastatin
and ezetimibe in around 6000 patients with moderate CKD (plasma creatinine > 150 µmol/
L in men and 130 µmol/L in women) and 3000 patients with ESRD on major vascular
events; the estimated study completion date is July 2010 (ClinicalTrials.gov Identifier:
NCT00125593). In addition, the Heart Outcomes Prevention Evaluation-3 (HOPE-3 study),
which examines the effects of combined blood pressure lowering and lipid lowering with
rosuvastatin 10mg a day, is underway at this moment, and this study will also include
patients with CKD (ClinicalTrials.gov Identifier: NCT00468923). Unfortunately studies with
homocysteine lowering in various populations including CKD patients have given disappointing results 48.
The SPACE study, which assessed the effect of vitamin E 800 iu/day versus placebo in 196
haemodialysis patients with preexisting CV disease over a median period of 519 days,
demonstrated a significant reduction in cardiovascular endpoints. However, the Heart Out-
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comes Prevention Evaluation study (HOPE study), which included 993 subjects with serum creatinine concentration between 125 and 200 µmol/L, found no effect on cardiovascular outcomes of treatment with vitamin E 400 iu/day compared to placebo. The apparent
disparity in findings between SPACE and HOPE may be explained by the higher dose of
vitamin E used, the greater severity of kidney disease and the three fold higher CV event
rate in the SPACE trial. Many guideline groups have therefore considered the SPACE trial
preliminary and demanded further studies before recommending vitamin E therapy routinely for CKD patients. A large study with antioxidant combination vitamin E and alpha
lipoic acid in stage 3 and 4 CKD patients is underway (ClinicalTrials.gov Identifier:
NCT00308971).
There is growing evidence to support the hypothesis that high plasma ADMA, an endogenous inhibitor of NO synthase, is associated with increased risk of CVD 49. Although we
could demonstrate a significant reduction in CCA-IMT and a significant increase in BAFMD our treatment strategy had no effect on plasma ADMA. Therefore, reduction in ADMA
could not explain these favourable effects. This is on the one hand disappointing and on
the other hand encouraging. The question remains whether pharmacological reduction in
ADMA would lead to more favourable effects on these vascular parameters. Small studies
have demonstrated that drugs such as fenofibrate50;51, thiazolidinediones52, ACE-inhibitors
and ARBs34;53, vitamin E and even rosuvastatin54can reduce ADMA55. We did demonstrate
a significant reduction in ADMA during treatment with vitamin E which disappeared after
addition of homocysteine lowering therapy. However, large scale studies to examine the
effects of ADMA reduction on CV events are, to our knowledge, not underway. In our opinion, long term studies with vitamin E or other agents to examine the effect of possible
ADMA reduction on vascular endpoints are of great interest.
Recent studies show that the adipose tissue is a complex organ with functions far beyond
the storage of fat, and secretes adipokines such as adiponectin and leptin56. Evidence
suggests that these signaling molecules are linked to insulin resistance, systemic inflammation and uraemic anorexia in patients with CKD57;58. As discussed in detail in chapter 3,
the exact pathophysiological role of these adipokines in CKD is far from clear. Further
research is needed to investigate the complex interactions between adipokines signaling
networks and their effects on vascular health and outcome in CKD.
In addition, there are exciting new fields such as the role of fibroblast growth factor 23 (FGF
23) and vitamin D deficiency in chronic kidney disease59. Several factors including parathyroid hormone (PTH) and vitamin D play a critical role in maintaining plasma phosphate
levels 60. FGF 23 has recently been identified as an important regulator of systemic phosphate balance61. Under physiological conditions FGF23 promotes phosphaturia and suppresses
the 1 Ü-hydroxylase activity, thus leading to a reduction in 1,25-dihydroxyvitamin D levels. The
phosphate balance is altered in CKD and in these patients very high levels of FGF23 have
been demonstrated62. As the number of viable nephrons decreases in CKD, in spite of the
high FGF23 the net phosphate excretion does not increase sufficiently. This high phosphate level in combination with the reduction in 1,25-dihydroxyvitamin D levels leads to
secondary hyperparathyroidism. A strong association has been described between
hyperphosphataemia, hyperparathyroidism and CV disease in CKD63. This increased CV
disease is probably caused by increased vascular calcification and evidence is emerging
that optimizing treatment of calcium and phosphate alterations may decrease CV risk in
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CKD patients64. However, the exact role of these new factors such as FGF23 in patients
with CKD has not yet been elucidated and is in our opinion an exciting challenge for the
future.
The terms risk factor reversal, paradoxical risk factors or reverse epidemiology refer to
alterations in the normal relation between risk factors and clinical outcomes. In particular
populations this abnormal relation can be so severe that this can result in more or less the
exact opposite or reversal of the usual association between a risk factor and clinical outcome that is found in the general population. Such risk factor reversal is commonly observed in patients with advanced CKD65. This phenomenon of reverse epidemiology makes
it sometimes difficult to target traditional risk factors in an effective manner because determination of an optimal target for risk factors such as blood pressure and LDL-cholesterol
has become uncertain, especially in patients with advanced stages of CKD. Therefore,
randomised controlled trials will certainly be necessary to ascertain the optimal levels for
these risk factors in CKD and ESRD patients.
In spite of a long and hard journey by many research groups the puzzle of increased cardiovascular disease in CKD has certainly not yet been resolved. The ATIC study has left us
with more questions than answers. The journey is, in our opinion, far from over.
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Nederlandse samenvatting
Hart- en vaatziekten zijn de belangrijkste doodsoorzaak van dialysepatiënten en dit beperkt hun levensverwachting sterk. Er zijn steeds meer aanwijzingen dat milde tot matige
nierschade een onafhankelijke risicofactor is voor hart- en vaatziekten. Bekende (traditionele) cardiovasculaire risicofactoren, zoals hoge bloeddruk, hypercholesterolemie (hoog
cholesterolgehalte), roken en diabetes mellitus (suikerziekte), verklaren deze oversterfte
bij nierpatiënten niet volledig. Er lijken dus andere factoren aanwezig te zijn die een rol
spelen bij de ontwikkeling van hart- en vaatziekten. In dit proefschrift worden onderzoeken
beschreven waarin de invloed van enkele niet-traditionele risicofactoren op het verhoogde
risico op hart- en vaatziekten bij nierpatiënten nader is bestudeerd. Veder onderzochten wij
de invloed van een meervoudige behandelingsstrategie bestaande uit verlaging van cholesterol, beperking van zuurstofschade (oxidatieve stress) en optimalisatie van B-vitamineinname op vroege tekenen van vaatschade.
Niet-traditionele risicofactoren
Oxidatieve stress:
Vrije zuurstofradicalen zijn bijproducten van de normale stofwisseling en kunnen cellulaire
processen verstoren en schade aan cellen veroorzaken. Toename van zuurstofradicalen,
al dan niet gepaard gaande met met afname van antioxidanten (stoffen die zuurstofradicalen
neutraliseren) wordt ‘oxidatieve stress’ genoemd. Oxidatie van bepaalde cholesterolhoudende deeltjes in het bloed (low density lipoproteïne (LDL cholesterol) lijkt een belangrijke rol te spelen in de initiatie van atherosclerose, het proces dat leidt tot vaatvernauwing
en vaatafsluiting. Er zijn steeds meer aanwijzingen dat oxidatieve stress verhoogd is bij
patiënten met nierinsufficiëntie en bij hen een belangrijke rol speelt bij verhoogde risico op
hart- en vaatziekten.
Adipokines:
Er zijn steeds meer argumenten dat vetweefsel een ‘endocrine functie’ heeft. Dat wil zeggen dat het weefsel stoffen produceert die elders in het lichaam biologische effecten teweegbrengen. Vetweefsel produceert verschillende stoffen die adipokines worden genoemd.
Tot de adipokines behoren de hormonen leptine en adiponectine. Adipokines zouden een
belangrijke rol kunnen spelen in de pathofysiologie van ziekten die geassocieerd zijn met
obesitas, zoals (neiging tot) suikerziekte en atherosclerose. Aan leptine worden bijvoorbeeld eigenschappen toegedicht die atherosclerose zouden kunnen bevorderen.
Adiponectine daarentegen heeft ontstekingsremmende en atherosclerose-remmende eigenschappen. Tegen de verwachting in is de bloedconcentratie van adiponectine verhoogd
in patiënten met nierinsufficiëntie. Deze toename wordt slechts gedeeltelijk verklaard door
achteruitgang van de nierfunctie. De bloedconcentratie van leptine is verhoogd bij patiënten met nierinsufficiëntie en leptine lijkt een rol te spelen in dialyse-geassocieerde
vermagering. De mogelijke functionele rol die deze hormonen spelen in de verhoogde
atherogeniciteit in patiënten met nierinsufficientie is op dit moment onduidelijk.
Homocysteine en DNA-hypomethylering:
Nierfunctieverlies gaat gepaard met verhoogde bloedconcentraties van het eiwit
homocysteine (een product van stofwisseling van het aminozuur methionine) en van het
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hieraan gerelateerde eiwit S-adenosylhomocysteine (SAH). Bekend is dat verhoogde SAH
de DNA-methylering {koppeling van methylgroepen (drie waterstofmoleculen gekoppeld
aan een koolstofmolecuul) aan het DNA-molecule} kan remmen. Bij dialyse patiënten is in
eerder onderzoek verlaagde methylering van DNA (hypomethlering) aangetoond. DNAhypomethylering is mogelijk geassocieerd met een verhoogde kans op hart en vaatziekten. Of er een associatie is tussen mild tot matig nierfunctie verlies en DNA-hypomethylering
is onbekend.
Asymmetrisch Dimethylarginine (ADMA):
Stijging van een van de natuurlijke afbraakproducten van eiwiten, ADMA (Asymmetrisch
Dimethylarginine) is mogelijk mede verantwoordelijk voor het toegenomen risico op harten vaatziekten bij dialysepatiënten. ADMA is een remmer van NO (nitric oxide;
stikstofmonoxide) en veroorzaakt daardoor een verstoorde werking van de cellen van de
binnenbekleding van de bloedvaten, het endotheel. De rol van verhoogd ADMA in het ontstaan van hart- en vaatziekten bij milde tot matig nierinsufficiëntie is onduidelijk.
Surrogaateindpunten van cardiovasculaire ziekten bij patiënten met chronische
nierinsufficiëntie
De dikte van de slagaderwand wordt vooral bepaald door de mate van aderverkalking
(atherosclerose). Uit meerdere studies is gebleken dat er een verband bestaat tussen de
vaatwanddikte (intima-media-dikte) in de halsslagader en de mate van aderverkalking op
andere plaatsen in het lichaam. Dit verband is zowel in de algemene populatie als in patiënten
met nierinsufficiëntie aangetoond. Veel van de bovengenoemde risicofactoren veroorzaken
een verstoorde werking van de cellen van de binnenbekleding van de bloedvaten
(endotheeldisfunctie). Adequate functie van het endotheel kan onder andere gemeten worden door endotheel-afhankelijke vaatverwijding van arteria brachialis (de slagader naar de
onderarm), gemeten met ultrageluidreflecties (ultrasonografie). Er zijn duidelijk aanwijzingen
dat endotheeldisfunctie samenhangt met hoge kans op ontwikkeling van hart- en vaatziekten.
Opbouw van het proefschrift:
Anti-oxidant Therapy In Chronic renal insufficiency (ATIC) studie:
Wij hebben de laatste jaren een gerandomiseerd, placebo-gecontroleerd onderzoek verricht bij 93 patiënten met een matig tot ernstig gestoorde nierfunctie (gemeten aan een
glomerulaire filtratiesnelheid van 15-70 ml/min per 1.73m2; normaal is deze waarde rond
de 100 ml/min per 1.73 m2) De actief behandelde groep werd behandeld met een cholesterolverlager (pravastatine 40mg). Na 6 maanden werd het anti-oxidatieve vitamine E (300mg/
dag) toegevoegd. Na 12 maanden werd homocysteïneverlagende therapie bestaande uit
foliumzuur (5mg/dag), vitamine B12 (1mg/dag) en vitamine B6 (100mg/dag) toegevoegd.
De placebo-groep kreeg op elk van deze tijdpunten een nepmedicijn toegediend. Tijdens
het onderzoek werd gekeken naar de effecten op: [1] de intima-mediadikte van de halsslagader [2] de endotheelfunctie, door het meten van de endotheel-afhankelijke vaatverwijding in de onderarmslagader en door de bepaling van tekenen van endotheelschade
in het bloed. Gedurende de studie werden op meerdere tijdstippen ook verschillende
oxidatieve-stressparameters worden bepaald (ox-LDL, malondialdhyde), alsmede
adiponectine, leptine, ADMA en methylering van DNA.
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Onze onderzoeksvragen waren
1.

2.

3.

Is er een associatie tussen nierfunctie en bovengenoemde niet-traditionele risico
factoren zoals plasma adiponectine, plasma leptine, DNA-hypomethylering en
plasma ADMA spiegels?
Zijn er associaties tussen plasma ADMA en DNA-hypomethylering met eerdergenoemde surrogaateindpunten, zoals intima-media dikte van halsslagader en
endotheelfunctie?
Wat is de invloed van bovengenoemde behandelingsstrategie op twee sterke
surrogaateindpunten voor hart- en vaatziekten: intima-media dikte van halsslagader en endotheelfunctie, gemeten door endotheel-afhankelijke vaatverwijding in
de onderarmslagader

In hoofdstuk 2 worden de ingewikkelde associaties tussen homocysteine en ADMA en hun
eventuele pathosfysiologische rol in het verhoogde risico op hart- en vaatziekten in nierpatiënten besproken. Er zijn sterke associaties beschreven tussen verhoogd homocysteine,
verhoogd ADMA en hart- en vaatziekten. Maar de associatie tussen plasma ADMA en
homocysteine bij nierpatiënten blijkt zwak te zijn. De sterke associatie die beschreven is
tussen plasma ADMA enerzijds, en intima-media-dikte en hart- en vaatziekten anderzijds,
is onafhankelijk van homocysteine. Schadelijk effecten van ADMA en homocysteine op de
vaatwand worden dus waarschijnlijk via verschillende mechanismen veroorzaakt.
In hoofdstuk 3 hebben wij aangetoond dat de adiponectineconcentratie in het bloed stijgt
bij een afnemende nierfunctie. Adiponectine blijkt echter geen invloed te hebben op het
verband tussen nierfunctie en tekenen van endotheelschade (gemeten aan de bloedspiegel
van von-Willebrandfactor). Ook de leptine spiegel bleek hoger bij patiënten met verminderde nierfunctie. In tegenstelling tot adiponectine werd deze stijging echter vooral verklaard door metabole veranderingen.
In hoofdstuk 4 hebben wij de data van de ATIC-studie gebruikt om aan te tonen dat nierfunctieverlies gepaard gaat met een stijging van de ADMA-concentratie. Verder hebben
wij, voor de eerste keer, aangetoond dat een hoge ADMA-concentratie in het bloed gepaard gaat met een toegenomen intima-mediadikte van de halsslagader. We hebben daarom
geconcludeerd dat ADMA mogelijk een belangrijke rol speelt bij de hoge kans op het ontwikkelen van hart- en vaatziekten bij patiënten met mild tot matig nierfalen
In hoofdstuk 5 hebben wij aangetoond dat globale DNA-methylering geen verband heeft
met nierfunctie, intima-media dikte of endotheelfunctie. Verder hebben wij geen effect kunnen aantonen van de gegeven therapieën in de ATIC-studie op DNA-methylering. Wij concludeerden dat DNA-hypomethylering waarschijnlijk geen rol speelt in de hogere kans op
hart- en vaatziekten bij patiënten met chronisch nierfalen.
In hoofdstuk 6 demonstreerden wij dat de 18 maanden durende behandeling die wij in de
ATIC-studie toepasten een significante daling van de intima-media dikte van de halsslagader en een significante verbetering van de endotheelfunctie veroorzaakte. De behandeling had geen invloed op de achteruitgang van de nierfunctie. Helaas konden wij de afzon-
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derlijke effecten van de drie therapieën niet los van elkaar bekijken, zodat onduidelijk blijft
of één van de toegepaste behandelingen, of alleen de combinatie ervan tot dit gewenste
resultaat leidt. Onze conclusie was dat combinatietherapie met pravastatine, vitamine E en
homocysteineverlaging een significante verbetering in de toestand van de vaatwand gaf,
en daarmee wellicht een gunstig effect op het risico op hart- en vaatziekten heeft.
In hoofdstuk 7 toonde wij aan dat terwijl de toegepaste behandeling in de ATIC-studie geen
invloed had op ADMA, Vitamine E gaf mogelijk wel een afname van ADMA, maar dit effect
was niet meer aanwezig nadat de homocysteine-verlagende therapie was toegevoegd. Wij
concludeerden dat een afname van ADMA de gunstige effecten op de vaatwand in onze
populatie niet kan verklaren.
In hoofdstuk 8 gaan wij uitgebreid in op het totstandkomen van de ATIC-studie en motiveren wij de keuze voor 3 achtereenvolgende therapiestappen . De nadelen van deze
onderzoeksstrategie worden verder besproken. In de laatste alinea hebben wij gefilosofeerd over waar wij in de toekomst heen moeten in de zoektocht naar oorzaken en therapieën voor hart- en vaatziekten in patiënten met nierfalen. In onze optiek heeft de inspanning van vele mensen nog geen definitieve antwoorden gegeven op talloze vragen. De
ATIC-studie heeft, zoals vaker het geval is bij onderzoek, vragen beantwoord, maar tegelijkertijd nog meer, nieuwe vragen gegenereerd. Er blijft nog veel werk over voor de toekomst.
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