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Preface

Cardiovascular risk in patients with chronic kidney disease (CKD) is much higher than in healthy 

controls. This increase is already present when kidney function is only modestly disturbed. Besides the 

so called traditional cardiovascular risk factors, there are kidney specific risk factors such as hyperactivity 

of sympathetic nervous system. There is abundant evidence that sympathetic nerve hyperactivity 

is detrimental to health. This effect is partially independent of the effect on blood pressure. Kidney 

hypoxia seems to be of crucial importance in the pathogenesis of increased activities of both the renin-

angiotensin system (RAS) and sympathetic nervous system. Increased afferent renal nerves and/or 

circulating angiotensin II (AngII) activate the central nervous system to increase sympathetic outflow. 

Previous studies have shown that angiotensin converting enzyme inhibitors (ACEi) and angiotensin 

II receptor blockers (ARB) reduce but do not normalize such sympathetic hyperactivity. I start with a 

summary on the data on the effects of RAS inhibitors on sympathetic activity. I will also touch up on 

the question what these studies learn us on the pathophysiology. Then, this thesis will be focused on 

the relation of sympathetic hyperactivity and cardiovascular organ damage, i.e. left ventricular mass. 

Subsequently, the effect of the recently introduced renin inhibitor on sympathetic activity in CKD 

patients is studied. In addition, the effect of administration of 100% oxygen on sympathetic activity 

is quantified. Kidney ischemia is difficult to quantify in humens. In the next study, we applied blood 

oxygen level dependent (BOLD) magnetic resonance imaging in CKD patients and controls, before 

and after treatment with a RAS inhibitor. In previous studies, it was reported that RAS inhibitors 

decrease sympathetic hyperactivity. However, combination of statin and RAS inhibitor has never been 

studied before in CKD patients. In the next chapter, I present a study on the sympatholytic effect of 

statin therapy in CKD patients when added to RAS inhibitor treatment. Finally, the concept of catheter 

based renal denervation, a new and innovative treatment of hypertension, will be presented.
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Chapter 1

Kidney Hypoxia: the Central Mechanism in Activation of the 
Sympathetic System.
 

Laima Siddiqi MD

Jaap A. Joles DVM, PhD

Guido Grassi # MD, PhD

Peter J. Blankestijn MD, PhD

Department of Nephrology and Hypertension, University Medical Center, Utrecht, the Netherlands

# Clinica Medica, Università Milano-Bicocca Ospedale San Gerardo, Via Pergolesi 33, 20052 Monza, 

Milan, Italy

Adapted from:

L Siddiqi, JA Joles, G Grassi, PJ Blankestijn. Is kidney ischemia the central mechanism in parallel 

activation of the renin and sympathetic system? J Hypertens 2009; 27: 1341-49.

L Siddiqi, PJ Blankestijn. Sympathetic activity and clinical outcome in dialysis patients. Hypertension 

2009; 54: e8.

L Siddiqi, PJ Blankestijn. Reduction of sympathetic hyperactivity by agents that inhibit the renin 

angiotensin aldosterone system. Curr Hypertens Rev 2010; 6: 139-147.
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Abstract

In chronic kidney disease simultaneous activation of the renin-angiotensin and sympathetic systems 

occurs. Kidney ischemia seems to play a key role in the pathogenesis. This review firstly summarizes 

experimental and clinical evidence in chronic kidney disease supporting this idea and addresses the 

possibility that this mechanism is also relevant in some other disease conditions. 
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Introduction

Both the renin-angiotensin system (RAS) and sympathetic nervous system play an important role in 

the pathogenesis of hypertension. Independent of their effect on blood pressure these systems also 

contribute to the pathophysiology of both structural and functional cardiovascular abnormalities and 

contribute importantly to clinical outcome. There is conclusive evidence that these systems do not 

operate independently, but interact throughout the cardiovascular system. 

The activity of the sympathetic nervous system is difficult to quantify. Over the past decade, the use 

of three techniques has considerably increased knowledge on agents that decrease sympathetic nerve 

activity.

True sympathetic nerve activity can be assessed by the microneurographic technique1. The intraneural 

recording is made with a tungsten microelectrode placed in a peripheral nerve, generally the peroneal 

or radial nerve (muscle sympathetic nerve activity, MSNA). There are regional differences in 

sympathetic nerve activity in the human body. MSNA represents the centrally generated postganglionic 

sympathetic nerve activity towards the human skeletal muscle circulation, an important determinant 

of arterial blood pressure1. The isotopic dilution method for noradrenaline spillover to plasma can be 

used for assessment of organ specific sympathetic activity, for instance noradrenaline spillover into the 

cardiac, renal or central nervous system vascular beds2. Radionucleotide imaging (scintigraphy using 

123I-meta-iodobenzylguanidine (MIBG), an analogue of noradrenaline) has been used to quantify 

cardiac sympathetic nerve activity2. Activity of the RAS is usually quantified by measurement of 

activity or concentration of its circulating components. 

The use of these techniques has advanced our knowledge on the prevalence and pathogenesis of 

sympathetic hyperactivity in various disease conditions. 

There is both experimental and clinical evidence that in chronic kidney disease parallel activation of 

the renin and sympathetic system exists and that kidney ischemia is central in the pathogenesis. It is 

tempting to speculate that kidney ischemia and dual activation may also be present in other disease 

conditions. This review focuses on evidence in chronic kidney disease and subsequently addresses the 

possibility that this pathophysiology also present in other conditions. 
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Pathophysiologic mechanisms underlying activation of both the 
renin angiotensin aldosterone and sympathetic nervous systems. 

In multiple species, including humans, kidney ischemia leads to renin secretion. Both humoral and 

neural factors may be operational. Inappropriate renin secretion in relation to the state of sodium-

volume balance has long been recognized3. Kidney ischemia is the central mechanism of stimulation 

of the RAS and leads to high sympathetic nerve activity 4-9. Indeed, in humans intravenous infusion 

of angiotensin II stimulates MSNA10. Aldosterone results in augmentation of hypothalamic RAS 

components and sympathetic nerve activity in experimental heart failure11. Aldosterone, acting via 

mineralcorticoid receptors, increases sympathetic nerve activity by up regulating the brain RAS 

components and induction of oxidative stress in the hypothalamus12. Even a small locus of injury in 

one kidney caused by intrarenal injection of phenol, that does not affect glomerular filtration rate, 

leads to hypertension in association with increased central sympathetic activity13. In this model renal 

denervation or unilateral nephrectomy results in a reduction or total prevention of hypertension14, 

15. Long-term low dose angiotensin II infusion in rats produces a gradual increase in blood pressure, 

which was partially prevented by kidney denervation16. Using the kidney-transplantation model very 

convincing evidence was presented that kidney angiotensin II receptors are of crucial importance in 

the pathogenesis of angiotensin II mediated hypertension and organ damage17. Experimental studies 

suggest that angiotensin II can act on different sites: i.e. in the kidney, in the CNS and on peripheral 

sites enhancing noradrenaline release from sympathetic nerve terminals. Whether the effects of kidney 

injury on sympathetic nerve activity at the kidney level are direct or mediated by angiotensin II is 

unclear. Further, increased sympathetic activity enhances the renin system. So, there may be a reciprocal 

potentiation. Thus, kidney injury, which is generally characterized by an increased activity of the RAS, 

can lead to high sympathetic nerve activity, hypertension and organ damage. Renal innervation plays 

a crucial role, because all these abnormalities are largely prevented by destruction of the renal nerves. 

The proposed mechanism is schematically shown in Figure 1.
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Clinical studies evidencing increased activities of the renin 
angiotensin aldosterone and sympathetic nervous systems in 
chronic kidney disease.  

Circulating renin is produced (almost) exclusively by the kidneys, because renin is undetectable 

in bilaterally nephrectomized patients18. Hemodialysis patients who still had their native kidneys 

had elevated MSNA19, 20. Bilaterally nephrectomized patients have MSNA comparable to controls, 

indicating that also in humans the signal that commands the brain to increase sympathetic outflow is 

generated in the diseased kidneys19. In hypertensive patients with chronic kidney failure, who are not 

yet on dialysis, both plasma renin activity and MSNA are increased21, 22. Figure 2 shows that both plasma 

renin activity and MSNA are consistently higher in chronic kidney disease patients than in healthy 

controls. An important feature of our studies is that they are done with patients in normovolemic state, 

i.e. about half of the patients used diuretics and extracellular fluid volume was evidenced by bromide 

distribution volume measurements. In another study, we showed by changing volume states in controls 

(by saline infusion or diuretic use) and in patients (by stopping and adding diuretics) that for any 

volume state patients have higher plasma renin activity and MSNA than controls23.     

Renovascular hypertension, which seems a classical example of kidney ischemia, is characterized 

by increased activities of both the RAS and the sympathetic nervous system. For the sympathetic 

nervous system this has been quantified by increases in MSNA and cardiac noradrenaline spillover24-26. 

Furthermore, in human renovascular hypertension, angioplasty resulted in a decrease of MSNA27. 

Notably, baroreceptor function was not impaired21, 28, indicating resetting of the sympathetic nervous 

system to a higher tonic activity level. In one study, patients with secondary hypertension, including 

both pheochromocytoma and renovascular hypertension patients, did not have elevated sympathetic 

nerve activity29. 

Renal transplant patients with good graft function exhibit MSNA identical to hemodialysis patients20. 

Improvement of kidney function by transplantation (leaving the diseased kidneys in place) does 

not correct sympathetic hyperactivity. Unilateral nephrectomy of healthy donors for transplantation 

purposes did not affect MSNA23, while bilateral nephrectomy in dialysis patients and in transplant 

recipients resulted in a MSNA level not different from controls19, 20. Tonic chemoreflex activation 

might contribute to the pathogenesis of sympathetic hyperactivity. In patients with chronic kidney 

disease breathing 100% oxygen for 15 min caused a substantial reduction of sympathetic nerve activity, 

quantified by MSNA assessment, as compared to room air 30. Such an intervention had no effect on 

MSNA in normal persons30.
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Altogether these data indicate that both in humans and in experimental animals the diseased kidneys 

are the key players in the pathogenesis of increased MSNA. Kidney ischemia seems to be an essential 

mechanism. 

Given the pathophysiological mechanisms outlined above, it seems important to question whether 

agents that interfere with the renin system reduce sympathetic activity. Indeed in patients with chronic 

kidney disease we found that chronic treatment with an angiotensin converting enzyme (ACE) 

inhibitor or angiotensin II receptor blocker (ARB) reduced MSNA by approximately 20-25% 21, 31, 32. 

Importantly, amlodipine, which lowered blood pressure effectively, increased MSNA21. Baroreceptor 

sensitivity was not affected. The tested agents were shown to be equally effective antihypertensive 

agents, mean arterial pressure being decreased by approximately 15%. Interestingly, heart rate slightly 

but significantly decreased during eprosartan, suggesting that this compound also inhibits cardiac 

inotropic sympathetic nerve activity33. A further decrease of both blood pressure and MSNA occurred 

towards levels not different from control levels, when the centrally acting sympathetolytic agent 

moxonidine was added to chronic eprosartan33.  However, moxonidine has not found his way in the 

clinical arena, most likely because adverse effects34. In end stage renal disease patients, who have a 

MSNA that is even higher than patients with chronic kidney disease not on dialysis, the switch from 

standard three times weekly hemodialysis to short daily hemodialysis resulted in a decrease in blood 

pressure, total peripheral resistance and MSNA, whereas cardiac output and plasma renin activity did 

not change35. Apparently, intensifying the dialysis regimen reduces sympathetic nerve activity, without 

affecting the RAS. Interestingly, in bilaterally nephrectomized patients an ACE inhibitor has a modest 

but clearly detectable antihypertensive effect18. It is tempting to speculate that this may be caused by an 

effect on sympathetic activity, either in the central nervous system or at a peripheral level.

Sympathetic response to short-term ACE inhibition in patients with renovascular hypertension 

is complex 36. Renal noradrenaline spillover increased after enalaprilat administration. In contrast, 

simultaneously recorded MSNA, heart rate and total body noradrenaline spillover remained unchanged 

despite a 14% fall in mean arterial pressure. Inhibition of sympathetic nerve activity by short-term 

administration of enalapril is perhaps masked by baroreflex-mediated increase in sympathetic activity. 

Similar observations were reported on the effects on MSNA of short-term enalaprilat on MSNA in 

patients with chronic kidney disease21. 

Effects of the recently introduced orally active renin inhibitor on sympathetic nervous system activity 

have not yet been explored37. Whether repair and regeneration of injured kidney tissue for instance by 

stem cells or endothelial progenitor cells can decrease sympathetic hyperactivity warrants exploration.
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Clinical relevance of sympathetic hyperactivity

Blood pressure. There is a close correlation between short term changes of blood pressure and sympathetic 

activity. These changes are baroreceptor mediated and not discussed in this paper. No correlation was 

found between MSNA and blood pressure in subjects under 40 years; however, a positive relation 

between MSNA and blood pressure existed in subjects above 40 years38.  In chronic kidney disease 

patients no such data exits. We found a weak positive although significant relation between MSNA and 

blood pressure (Figure 3). The data suggest that sympathetic activity has some effect on the long term 

blood pressure level.  

Cardiovascular organ damage and outcome. There is abundant evidence that sympathetic activity is 

involved in the pathogenesis of cardiovascular organ damage and mortality. Interestingly, some of this 

damage appears to be blood pressure-independent. This subject has been the scope of several reviews 
5-8, 39, 40. In a recent study, plasma noradrenaline levels predicted left ventricular mass independently of 

blood pressure over a 20 years period in essential hypertension patients41. We also found that MSNA 

levels correlated with left ventricular mass independent of blood pressure level and despite of the fact 

that blood pressure was reasonably well controlled42. Sympathetic nervous system may be important 

in determining rate of progression of kidney function in chronic kidney disease patients. We have 

reviewed the evidence relating sympathetic activity and kidney failure some years ago5.  Recently,  it 

was shown that kidney denervation (both afferent and efferent) ameliorates glomerulonephritis in an 

experimental model43. 

Several lines of evidence suggest that sympathetic activity is related to mortality in dialysis patients44. In 

chronic kidney disease patients not yet on dialysis there is evidence that sympathetic activity predicts 

long term outcome45. Importantly, this relation existed even though all patients were on an ACE 

inhibitor or ARB and that blood pressure was adequately controlled. 

So in chronic kidney disease, but also in several other disease conditions, there is clear evidence that 

sympathetic hyperactivity is detrimental to health and that this effect is partially independent of blood 

pressure. 
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Clinical studies evidencing increased activities of the renin 
angiotensin aldosterone and sympathetic nervous systems in other 
disease conditions

Essential hypertension

Plasma noradrenaline concentrations are increased in some patients with essential hypertension46. 

Studies, utilizing both electrophysiologic and neurochemical techniques provide compelling 

evidence that sympathetic nervous system hyperactivity is common in younger patients with essential 

hypertension. In borderline and established hypertension MSNA is increased and there is also 

increased noradrenaline spillover from the heart and kidneys 47-50. This is pronounced in patients with 

left ventricular hypertrophy, suggesting a cause and effect relation51, 52. The cardiac sympathetic activity 

is related to left ventricular mass estimated with ultrasound53-55. A recent study showed a close relation 

between MSNA and left ventricular mass (quantified by magnetic resonance imaging)56. The causes of 

increased sympathetic activity in essential hypertension are most likely heterogeneous57. It is very well 

possible that minor kidney damage, not affecting kidney function and therefore difficult to diagnose, 

might be present, resulting in the sequence of events outlined before 4-8. 

However, genetic behavioral and lifestyle factors may reset tonic sympathetic nervous system activity. 

For instance, patients with essential hypertension, demonstrate an exaggerated sympathetic nervous 

system responsiveness to chemoreceptor activation by hypoxia and hypercapnia58, 59. 

Because essential hypertension is a heterogeneous condition, it is not surprising that available 

results on the effects of agents that interfere with the renin system are not equivocal. Often the 

renin-angiotensin activation is modest, unless other conditions such as heart failure or obesity 

accompany the blood pressure elevation. Lisinopril and valsartan effectively lowered blood pressure 

in uncomplicated essential hypertensive patients, but MSNA and baroreceptor sensitivity remained 

unchanged60. Importantly, amlodipine and mibefradil lowered blood pressure but increased MSNA 

and plasma catecholamines levels61, 62. In another study, felodipine and lercanidipine were compared. 

Acute administration of either agent resulted in sympathoexcitation. Although antihypertensive 

efficacy during long-term (8 weeks) use were similar, felodipine was associated with a small residual 

increase in sympathetic nerve activity, while during chronic lercanidipine it returned to baseline level63. 

Furthermore, an acute blood pressure reduction, either by a peripheral vasodilatory agent (prazosin) or 

by a combination of alpha blocker and serotonin agonist (urapidil) resulted in an increase in MSNA64. 

We showed that acute administration of enalapril caused a drop in blood pressure and a rise in MSNA, 

whereas long-term (6 weeks) use of the ACE inhibitor resulted in a further decrease in blood pressure 
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and a clear reduction in MSNA 21. Also acute clonidine had a variable effect on MSNA65. All these 

data indicate that sympathetic nerve activity after acute administration is not specific to vasodilators 

but rather to any drug-induced acute blood pressure reduction. This can be explained by the lack of 

baroreflex resetting in the acute phase. However, such agents may show important differences in their 

effects on sympathetic nerve activity during chronic use.  

A minor decrease (approximately 12%) in MSNA was reported in uncomplicated essential hypertensive 

patients during losartan64. In another study, losartan and eprosartan had no effect on MSNA, while 

they effectively lowered blood pressure66. Losartan and quinapril in relatively low dosages had little 

suppressive effect on cardiac sympathetic nerve activity. By combining the two therapies, suppression 

occurred67. A limitation of this study is the fact that relatively low doses were used. It is very well 

possible (or even very likely) that the reported effect during combination merely indicates more 

effective inhibition of the RAS, rather then a specific effect of the combination. So, it appears that 

in uncomplicated hypertensive patients ACE inhibition and ARB have little or no effect on MSNA. 

Because in these patients these agents are effective antihypertensive agents, this effect is unlikely to be 

caused by inhibition of centrally originated sympathetic nerve activity. 

Chronic atenolol in subjects with untreated essential hypertension did not cause any changes in 

MSNA68. In contrast, data of another study suggests that long-term treatment with metoprolol reduced 

MSNA compared to the baseline69.  

Heart failure

That the sympathetic nervous system is activated in heart failure was recognized long ago. Plasma 

noradrenaline concentration is elevated and of prognostic significance70. In severe heart failure 

noradrenaline spillover from the heart to the circulation is increased up to 50-fold, i.e. levels equivalent 

to the rate observed in the healthy heart during near maximal exercise71. Cardiac sympathetic nerve 

activity, independent of heart failure etiology, is present in severe heart failure72, 73. Increase in cardiac 

sympathetic nerve activity in severe heart failure is a result of up regulated neuronal release and 

suppressed reuptake of noradrenaline72. In mild heart failure, noradrenaline spillover is increased to a 

lesser degree74. MSNA appears to be elevated75, and the degree of activation relates to the severity of 

the cardiac condition76. The high sympathetic nerve activity is markedly enhanced when obesity and 

hypertension, either alone or in combination, are associated with low cardiac output77. In the latter study, 

a marked decrease in baroreceptor sensitivity was reported77. The underlying reason might be increased 

arterial stiffness due to hypertension and /or ventricular diastolic dysfunction77, 78. The impaired 

cardiopulmonary reflex is considered one of the main deficiencies. The cardiopulmonary volume-
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sensitive receptors, located within ventricular walls, modulate plasma renin activity considerably79, 80. 

Patients with heart failure often have sleep apnea, which may be responsible for increased MSNA, 

even when awake81. Moreover, it has been shown that there is an excessive sympathetic response to 

rhythmic exercise in heart failure, probably due to increased accumulation of metabolic byproducts80. 

Importantly, the RAS  is generally considerably activated 78 and most patients with heart failure have 

signs of kidney damage as well 82. It is tempting to hypothesize that the earlier described sequence of 

events caused by kidney ischemia is also present in heart failure patients.  

ACE inhibitors and ARB treatment are now considered the corner stones of treatment in heart failure 

patients. This also applies to 3rd generation beta blockers. Chronic ACE inhibitor or ARB treatment 

reduced MSNA and cardiac sympathetic activity and improved baroreceptor sensitivity (table) 83-85. 

In heart failure, sympathetic hyperactivity is only normalized after the addition of clonidine to chronic 

treatment with an ACE inhibitor86. Aldosterone antagonism with spironolactone reduced cardiac 

sympathetic nerve activity and improved symptoms in patients with chronic heart failure and left 

ventricular remodeling in patients with dilated cardiomyopathy87, 88. Recent findings indicate that a 

combination of spironolactone with the ARB candesartan may be more beneficial in reducing cardiac 

sympathetic nerve activity and left ventricular performance than candesartan alone in patients with heart 

failure 89. In patients with symptomatic mild heart failure, amlodipine added to the existing treatment 

did not result in activation of sympathetic nervous system when assessed by MSNA 90. Different studies 

indicated that benazepril, candesartan and combination of an ACE inhibitor and valsartan reduced 

sympathetic activity83-85, 91, 92. Carvedilol, the 3rd generation beta blocker, improved 123I-MIBG and 

echocardiographic findings after chronic (1 year) treatment in patients with dilated cardiomyopathy93. 

This effect includes inhibition of sympathetically mediated vasoconstriction via prostaglandin and renin 

and preventing catecholamine-induced myocardial damage93.  Furthermore, carvedilol significantly 

reduced MSNA in patients with heart failure 94. Given the multiple action of carvedilol, it is difficult to 

conclude that the alpha-receptor blocking effect is responsible for these effects. Interestingly, chronic 

(4 months) treatment with metoprolol caused no change in cardiac noradrenaline spillover in patients 

with chronic heart failure, while carvedilol significantly suppressed systemic and cardiac noradrenaline 

spillover. This suggests that carvedilol caused its sympathoinhibitory effect by blocking peripheral, 

prejunctional beta-adrenergic receptors95. However, Rahman et al showed that longer (20 months) 

treatment with metoprolol in patients with idiopathic dilated cardiomyopathy significantly reduced 

MSNA which was associated with improvement of cardiac morphology and function96. 
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Metabolic Syndrome

Metabolic syndrome is associated with very high risk for cardiovascular morbidity and mortality, 

especially when hypertension is also present. There is clear evidence of sympathetic activation in 

metabolic syndrome 97. Hypertension in obese patients is commonly complicated by the concomitant 

presence of dyslipidemia, hyperinsulinemia and impaired glucose tolerance. Furthermore, it is 

associated with a number of functional and morphological abnormalities, including sodium retention, 

increased cardiac output, renal hyperfiltration, endothelial dysfunction, left ventricular hypertrophy, 

microalbuminuria and elevated markers of inflammation.      

A number of studies have indicated that MSNA is increased in obese humans, not necessarily 

accompanied by high blood pressure, and that the sympathetic nerve activity is especially high when 

the increased body weight is of the visceral type98-100. Also the renin system is activated. The reasons for 

this elevation are most likely multifactorial and include compression of the renal medulla compression 

and high sympathetic nerve activity101. Experimental studies suggest that the sympathetic nerve 

activity precedes the changes in RAS 102. Recent data also suggest that activation of RAS in the adipose 

tissue may represent a link between obesity and hypertension.

Body weight reduction reduces increased sympathetic nerve activity quantified by MSNA 

assessment103. This was accompanied by a marked improvement of insulin sensitivity, which might 

be caused or consequence of the decrease in sympathetic nerve activity. Modest weight reduction 

can lead to a reduction in variables of RAS in plasma and adipose tissue104. Indeed, ACE inhibitors 

and ARB are effective antihypertensive agents in obese subjects and have been shown to improve risk 

factors associated with obesity. Candesartan but not hydrochlorothiazide improved insulin sensitivity 

and reduced sympathetic nerve activity quantified by MSNA despite comparable antihypertensive 

efficacy105. 

Dialysis 

Treatment should not only be aimed at blood pressure lowering per se, but at correcting mechanisms 

most likely contributing to the pathophysiology. In the case of dialysis patients, it should at least include 

interventions addressing fluid overload and overactivities of the RAS and sympathetic nervous system.  

Recently, a meta-analysis was perforfmed on cardiovascular protection with antihypertensive drugs in 

dialysis patients. 106 This systematic review is focused only on blood pressure lowering effect of drugs. 

This allows additional interpretation and recommendation for the clinician and definition of future 

research. Indeed, three of the reviewed studies compared a regimen with and without RAS blockade. 

However, study medication (carvedilol) was added to “conventional” treatment, i.e. RAS blockade. 
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In an other (non referred) study telmisartan was added to chronic treatment with a RAS inhibitor.107 

Further, in the study group receiving candesartan also used (although not significantly) more ACEi 

and beta-blockers. These data suggest that more profound inhibition of the renin/sympathetic system 

may be beneficial. RAS blockers and carvedilol are sympatholytic agents in disease conditions with 

renin/sympathetic activation. RAS blockers in presently advised dosages reduce but not normalize 

sympathetic hyperactivity.32 Sympathetic hyperactivity seems to be even more pronounced in dialysis 

patients (Figure 4).35 It is clearly related to poor clinical outcome and is most likely caused by kidney 

ischemia.108 It is tempting to hypothesize that such “intensive” treatment may provide a better inhibition 

of sympathetic overactivity, resulting in a better clinical outcome. Aims for future research are: 1] how 

to identify dialysis patients who will especially benefit of higher dosages of RAS blockade or of the 

addition of carvedilol 2] it is conceivable that renin/sympathetic activation will decrease or cease to 

exist in the course of dialysis life due to progressive kidney tissue loss. However, it is uncertain whether 

this indeed occurs and how to monitor it. 

Conclusions 

So, in chronic kidney disease there is rather convincing evidence of the presence of both activated renin 

and sympathetic nervous system. Agents that interfere with the renin system appear to be effective 

sympatholytic compounds. Several lines of evidence suggest that kidney ischemia is the central 

abnormality in the pathogenesis. There is indeed direct experimental evidence that suggests that 

these agents improve kidney oxygenation. For instance, both an ACE inhibitor and an ARB improve 

directly measured pO2 in the interstitional microvascular compartment of the normal rat kidney109. 

Also in experimental diabetic nephropathy and chronic kidney disease an ARB improves oxygenation 

quantified by hypoxic probe pimonidazole assessment110, 111. Kidney oxygenation is difficult to quantify 

in humans. Using the blood oxygenation level dependent (BOLD) MRI it was shown that angiotensin 

II infusion in healthy humans decreases kidney oxygenation112. The effects of ACE inhibitor and ARB on 

the BOLD MRI signal in human disease conditions have not been studied yet. Because of the presence 

of abundant evidence that the activated renin and sympathetic nervous systems are detrimental to 

health, strategies aimed to improve kidney oxygenation may be highly relevant.   

It is tempting to hypothesize that in other disease conditions in which ACE inhibitor and ARB reduce 

the sympathetic hyperactivity (Table), such as essential hypertension, heart failure and metabolic 

syndrome, these pathophysiologic mechanisms might also be operational. 
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Table. Effects of various agents on sympathetic activity in humans during chronic treatment.  

Condition Medication Method Effect Reference

Chronic kidney disease Enalapril MSNA ↓ [21,31]
Chronic kidney disease Losartan MSNA ↓ [31]
Chronic kidney disease Eprosartan MSNA ↓ [32]
Chronic kidney disease Amlodipine MSNA ↑ [21]
Heart failure Benazepril RI ↓ [83,85]
Heart failure Candesartan RI ↓ [84]
Heart failure ACEi + Valsartan RI ↓ [91]
Heart failure Spironoloactone RI ↓ [87,88]
Heart failure Carvedilol RI ↓ [95]
Heart failure Carvedilol MSNA ↓ [96]
Heart failure Amlodipine MSNA ↔ [90]
Essential hypertension Lisinopril MSNA ↔, or ↓ [60]
Essential hypertension Amlodipine MSNA ↑ [62]
Essential hypertension Mibefradil Amlodipine ID ↑ [61]
Essential hypertension Atenolol MSNA ↔ [69]
Essential hypertension Metoprolol MSNA ↓ [103]
Essential hypertension Felodipine 

Lercanidipine
MSNA ↔ or ↑ [63]

Metabolic syndrome Candesartan MSNA ↓ [92]

Condition: medical condition in which compounds were tested
Medication: ACEi = angiotensin converting enzyme inhibition, ARB = angiotensin II receptor blocker, CCB = 
calcium channel blockade
Method: method of assessment of sympathetic activity, MSNA=muscle sympathetic nerve activity, ID = isotope 
dilution for noradrenaline spillover, RI = radionucleotide imaging
Effect of treatment on sympathetic activity,  ↓ = decreased, ↔ = no change, ↑ = increased
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Figure 1. Schematic representation of the kidney involvement in the pathogenesis of sympathetic hyperactivity.
Minimal kidney damage, not necessarily affecting kidney function, results in area(s) of ischemia. Increased plasma 
levels of angiotensin II and / or increased afferent renal nerve activity stimulates the central nervous system to 
increase central sympathetic outflow

Figure 2. Relationship between age (years) and muscle sympathetic nerve activity (MSNA, bursts per minute) 
(left figure) and plasma renin activity (PRA) (right figure) in controls (n= 50, age = 34±14 years) and in patients 
with chronic kidney disease not on dialysis (n=60, age=44±12 years, creatinine clearance 54±31 mL/min 1.73 
m2) (based on results presented in ref. 21, 31-33). 
About half of the patients used diuretics in order to achieve a normovolemic state. In all cases normovolemia was 
evidenced by quantification of extracellular fluid volume (assessment of bromide distribution volume). 

afferent nerve activity 

Ang II 

sympathetic activity 

+ 

+

vasoconstriction 
sodium retention 
other effects  

Kidney ischemia 

+

Central nervous 
system 



31

I N T R O D U CT I O N

Figure 3 Correlation between mean arterial pressure (MAP) and muscle sympathetic nerve activity (MSNA) in 
controls (n= 55, age = 34±14 years) and in patients with chronic kidney disease not on dialysis (n=65 , age=44±12 
years, creatinine clearance 54±31 mL/min 1.73 m2) (based on results presented in ref. 21, 31-33). 
MAP was measured using an automated device in supine position during the MSNA study, when the MSNA 
needle was in a stable position. Values are means of > 5 measurements. R = 0.43 , p< 0.0001

Figure 4. Regression lines of muscle sympathetic nerve activity (MSNA) in chronic kidney disease (CKD) 
patients not on dialysis (mean creatinine clearance 54 ±31 mL/min, n=74), hemodialysis patients (HD, n=17) 
and controls (n=80). 
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Chapter 2 

Outline of the Thesis
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The evidence summarized in Chapter 1, served as the rationale for the studies presented in this thesis.  

The questions addressed in this thesis are:   

• In chapter 3, we addressed the idea that sympathetic activity in CKD patients is related to 

cardiovascular organ damage. We hypothesized that patients with chronic kidney disease have a 

greater left ventricular mass than healthy volunteers independent of blood pressure and that MSNA 

is positively correlated to left ventricular mass.

• In chapter 4, we studied the effect of the renin inhibitor aliskiren on MSNA. We hypothesized that 

aliskiren effectively lowers sympathetic activity in CKD patients. In addition, in this chapter we 

will look at the effect of 100% oxygen administration on sympathetic activity without and during 

chronic treatment with aliskiren. 

• The underlying mechanisms of antihypertensive effects of RAS inhibitors are difficult to study 

in humans. In chapter 5, we evaluate the changes in the blood oxygen level dependent (BOLD) 

magnetic resonance imaging (MRI) signal intensity induced by acute and chronic RAS inhibitors 

in CKD patients. We will compare these effects with BOLD signals in healthy volunteers after acute 

treatment with a RAS inhibitor. We hypothesized that a RAS inhibitor has an effect on the BOLD 

signal in CKD patients, whereas it has no effect in healthy controls. 

• There are some experimental studies that suggest that statins have a sympatholytic effect. However, 

this effect of statins is rarely studied in patients, and not yet in CKD patients. This is important 

because these agents are commonly prescribed in CKD patients. In chapter 6, the sympatholytic 

effect of statins will be tested in CKD patients, when added to RAS inhibitor.

• In chapter 7, we briefly touch up on a novel application of an old concept: renal denervation as a 

new tool for treatment of hypertension.

• Finally, I put the results presented in this thesis in perspective and speculate on the future. 
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Abstract

Chronic kidney disease (CKD) patients often have sympathetic hyperactivity, which contributes 

to the pathogenesis of hypertension and cardiovascular organ damage. ACE inhibitors (ACEi) and 

Angiotensin II receptor blockers (ARB) reduce sympathetic hyperactivity. Ideally, treatment should 

eliminate the relation between sympathetic activity and organ damage. Aim: firstly to compare left 

ventricular mass (LVM) of CKD patients using chronic ACEi or an ARB with LVM of controls. 

Secondly we determine whether previously found MSNA and arterial blood pressure during follow up 

are predictive for the presence of increased LVM.  

Method:

We re-studied 20 CKD patients and 30 healthy volunteers matched for age. Sympathetic nerve activity 

was quantified by the microneurography (muscle sympathetic nerve activity, MSNA). Arterial blood 

pressure was the mean of office blood pressure measurements. LVM was quantified by magnetic 

resonance imaging (MRI) without contrast.

Results:

The period between MSNA and MRI measurements was 9 ± 3 years. All patients were treated according 

to guidelines with an ACEi or an ARB. In CKD patients mean systolic and diastolic arterial pressure 

were 129 ± 10 and 84 ± 5 mmHg, respectively during follow-up. In patients as compared to controls 

LVM was 93 ± 16 versus 76 ± 18 gram, LVM index 30 ± 5 versus 24 ± 4 gram/m2.7 and mean wall 

thickness 11 ± 2 versus 9.0 ± 1mm (all P < 0.01). Moreover, MSNA was related to LVM (r = 0.65, P 

<0.002), LVM index (r = 0.46 and P < 0.03) and LV mean wall thickness (r = 0.84, P < 0.001). 

Conclusion: 

In conclusion, the present study demonstrates that measures of LVM in CKD patients are greater than 

in healthy controls, despite well controlled blood pressure in the patients. Moreover, there is a positive 

relationship between these measures of LVM and MSNA, assessed years before, despite standard 

antihypertensive treatment. These results support the notion that additional sympatholytic therapy 

could be beneficial.
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Introduction

Chronic kidney disease (CKD) is often accompanied by sympathetic hyperactivity. 1-6 Sympathetic 

nerve activity is related to left ventricular mass (LVM) and poor clinical outcome in patients with 

hypertension and in patients with chronic heart failure.2, 7-11 This effect is at least partially independent 

of its effect on blood pressure. Reduction of sympathetic hyperactivity may improve prognosis.Zoccalli 

and coworkers were the first to show that also in end-stage renal disease (ESRD) sympathetic activity is 

related to clinical outcome11. In another study, they reported in a cohort of dialysis patients that plasma 

noradrenaline levels were related to the risk of having increased LVM12. Campese and coworkers 

showed in experimental settings that kidney injury is central in the pathogenesis of sympathetic 

hyperactivity13. Recently, we summarized that kidney ischemia may be the mechanism of the parallel 

activation of the renin and sympathetic system.14 Previously, we have shown that angiotensin converting 

enzyme inhibitors (ACEi) and angiotensin II receptor blockers (ARB) reduce sympathetic nerve 

activity, quantified by assessing muscle sympathetic nerve activity (MSNA), by 20-25%.15-18 Ideally, 

such treatment would eliminate the influence of sympathetic activity on clinical outcome. However, 

there are no data to substantiate that notion.19 Therefore, the aim of the present study was firstly to 

compare LVM obtained by magnetic resonance imaging (MRI) of CKD patients who are on chronic 

ACEi or ARB with LVM of healthy controls. Secondly we determine whether previously quantified 

sympathetic nerve activity (MSNA: 9±3 years before) and arterial blood pressure during the years 

prior to LVM assessment are predictive for the presence and severity of increased LVM.  
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Methods

Study population 

We re-evaluated all our CKD patients who had undergone MSNA measurement longer than 6 years 

ago. Inclusion criteria at the time of MSNA study were stable CKD and hypertension (i.e. using 

antihypertensive drugs or blood pressure > 145/95 mm Hg without medication). Diabetics, dialysis 

and transplant patients were excluded. We identified 70 patients. MSNA measurement was done 

between 1996 – 2002. Patients had various primary renal diagnoses, including polycystic kidney 

disease (32), interstitial nephritis (6), glomerulonephritis (12), congenital (3), reflux nephropathy 

(3), vascular disease (2) and CKD of unknown etiology (12).19 

Of the 70 patients 11 patients had died, 17 were lost to follow up and 2 had a contra-indication for MRI. 

Patients who had started dialysis or had received a kidney transplant (n=5), or who had aorta stenosis 

(n=4) were excluded and 11 patients were invited but refused MRI, mainly because of claustrophobia. 

Twenty patients were available for MRI study 9 ± 3 years after the MSNA measurement, 12 had 

polycystic kidney disease, 3 reflux nephropathy, 3 vascular disease, 1 interstitial nephritis and 1 CKD 

of unknown etiology. 

In addition, an age matched control group of 30 controls was selected from the database of the 

department of Radiology of the University Medical Center Utrecht. 

The study protocol was carried out with the approval of the Ethics Committee of the University 

Medical Center Utrecht and all patients gave a written informed consent. 

Baseline measurement

The study protocol was described in more detail elsewhere.15-18 Briefly summarized, all CKD patients 

were studied after having been taken off antihypertensive medication for more than two weeks. 

Diuretics were continued in 12 patients to maintain normovolumia. This was evidenced by assessing 

extracellular fluid volume by measuring bromide distribution.20 All patients underwent an identical 

set of MSNA measurement. Baseline arterial blood pressure was measured in supine position by an 

automatic oscillometric device (Accurtorr Plus with mean error less than ± 5 mmHg, Datascope 

Corp, Paramus, NJ, USA).21,22 MSNA was recorded with a unipolar tungsten microelectrode placed 

in a muscle nerve fascicle of the peroneal nerve using the technique and equipment as described by 

Wallin et al.23 The neural signal was filtered (bandwidth, 500 to 2000 Hz), rectified, and integrated 

(time constant, 0.1 second). Sympathetic bursts were identified by their characteristic morphology and 

relationship to R waves on the ECG. MSNA was expressed as the number of bursts of sympathetic 
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activity per minute or as the number of bursts per 100 heart beats to correct for differences in heart 

rate. We have previously reported that intraobserver and interobserver reproducibility are 4.5 ± 0.5% 

and 6.2 ± 0.7%.15 After instrumentation the subjects rested for 20 minutes. The nerve activity was 

monitored on-line (software: Poly 5, Inspectors Research Systems, Amsterdam, The Netherlands) 

and stored on disk for off-line analysis. Means of three measurements are presented, expressed as the 

number of bursts of sympathetic activity per minute or as the number of bursts per 100 heart beats to 

correct for differences in heart rate. Glomerular filtration rate (eGFR) was estimated using the plasma 

creatinine (at the day of MSNA measurement) by the Modification of Diet in Renal Disease (MDRD) 

equation.24

Measurements during follow-up

All patients visited our out-patient clinic regularly (at least four times a year). During follow up 

they were treated according to current guidelines with an ACEi or an ARB (and a diuretic in case of 

volume overload), targeting office blood pressure levels of 135/85mmHg.25 Arterial blood pressure 

was measured in sitting position using standard equipment. The mean of at least 4 measurements was 

registered into the patient file. We have taken the first available arterial blood pressure results of each 

individual patient of each calendar year of the follow up period registered in the patient file. The means 

of all these annual mean arterial blood pressures were taken as representing the “arterial blood pressure 

burden” in a particular patient. The presented arterial blood pressures are the means of these blood 

pressure burdens. Mean arterial pressure was calculated using systolic and diastolic arterial blood 

pressure according to the formula (MAP = DAP + 1/3 (SAP – DAP)) whereas SAP and DAP are 

systolic and diastolic arterial pressure, respectively.26 eGFR was assessed using the MDRD equation. 

We have taken the average of the first three available creatinine results of each individual patient of each 

calendar year of the follow up period registered in the patient file. Most patients were also on statines, 

some on phosphate binders, vitamin D derivatives, 4 patients were on erythropoiesis stimulating 

agents. Laboratory values were the mean of every first value obtained in a calendar year. 

Medical history was taken from the patients files. Kidney function and urine analysis were done 

regularly. Standard laboratory methods were used. LVM is indexed to height2.7.27 

Arterial blood pressure of the control group was also measured in sitting position using standard 

equipment. 
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MRI studies at follow-up 

Acquisition Protocol

Cardiac MRI was performed with a 1.5-T Philips Achieva MRI scanner (Philips Medical Systems, Best, 

the Netherlands) using a 5-element phased-array cardiac coil for signal reception and a vector-ECG for 

ECG triggering. The protocol included Steady-State Free-Precession (SSFP) cine images (2 chamber 

left ventricle (LV), 4 chamber, short axis, LV outflow tract (LVOT)) and quantitative flow measurement 

over the aortic valve. ECG-gated breathhold 2 chamber left and 4 chamber cine images were used to 

identify the cardiac short axis. The LV was imaged in the short axis plane, from ventricular apex to base, 

using contiguous 10-mm slice SSFP cines of 50 frames per cardiac cycle, matrix 256x256 and FOV 350-

400. Sequence parameters included repetition time/echo time of 3.2/1.6 ms, in-plane pixel size of 1.4 

mm, flip angle 55o, and acquisition time of 18 heartbeats during breathholds of 10-15 seconds. 28

All images were stored digitally for offline analysis of cardiac mass.

Image analysis, measurements and validation

Analysis was performed on a workstation with semi-automated contour tracing software (View 

Forum, Philips Medical Systems, Best, The Netherlands). LVM was measured by an experienced 

blinded observer on the contiguous short-axis slices of the LV. The epicardial contour was traced 

in end-diastolic phase for LV mean wall mass. The LV was traced from the most apical slice to the 

most basal short-axis slice where ventricular wall was visible for at least 50% of the circumference.29 

Papillary muscles were excluded from the wall mass. Masses were calculated by adding the areas for 

each slice per ventricle, multiplied by the slice thickness using the Simpson’s rule.30 We measured LV 

wall thickness at the left ventricular short axis cine view. Data are analysed according to a standard 

protocol at our hospital.29 Reproducibility is considered to be very high with a maximum interobserver 

and intraobserver disagreement of ≤8% and ≤5%  (R2 0.93-0.99), respectively.29 

Data analysis and statistics

One-way ANOVA tests were used to compare mean LVM index and other parameters between CKD 

patients and healthy volunteers. Values of P<0.05 were considered significant, and data are presented 

as mean ± standard deviation. LVM, assessed by MRI without contrast, was related to the previously 

measured MSNA. MSNA is expressed in number of bursts of sympathetic activity per minute. 

Univariate relation between MSNA and other variables was tested by Spearman correlation analysis 

and further examined with multiple regression analysis procedure.
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Results

Patient characteristics at the time of MSNA measurement are given in table 1. None of the patients had 

electrocardiographic signs of LV hypertrophy (measured according to the Sokolow-Lyon index31). At 

the time of cardiac MRI, patients were 47 ± 10 years old; they had an eGFR of 39 ± 29 ml/min/1.73m2, 

cholesterol of 4.9 ± 1.0 mmol/l, BMI of 26.2 ± 3.8 kg/ m2, non-fasting serum glucose 5.2 ± 0.3 mmol/l 

and hemoglobin 8.1 ± 0.9 mmol/l. MSNA of CKD patients was 27 ± 7 bursts/min and MSNA of an 

age-matched control population was 20 ± 11 burst per minute (n = 20) (P < 0.02).   

Mean systolic and diastolic arterial pressure during follow-up were 129 ± 10 and 84 ± 5 mmHg, 

respectively, with a calculated MAP of 100 ± 7 mmHg (table 2). Average heart rate during follow up 

taken from periodic ECG registrations was 72 ± 13 per minute.  

LVM, LVM index and mean wall thickness in patients were greater than in controls (P < 0.009) (table 

2). These differences remained significant after adjusting for gender. 

MSNA expressed in number of bursts per minute was related with LVM (r = 0.65 and P<0.002) and 

to LVM index (r = 0.46 and P < 0.03) and to the mean wall thickness (r = 0.84, P < 0.001) (figure 1). 

Moreover, MSNA expressed in number of bursts per 100 heart beats was significantly related with 

mean wall thickness (r = 0.6, P < 0.01). Interestingly, MSNA correlated with change in eGFR during 

follow up (r = 0.45, P < 0.05). Blood pressure and LV parameters did not correlate with change in 

eGFR. 

Importantly, there was no relation between MAP and LVM (P =0.2). Also, there was no relation 

between MSNA and MAP (P = 0.7) in CKD subjects. Moreover, LVM is not significantly correlated to 

blood hemoglobin, calcium and phosphate levels. 

Discussion 

The present study shows that LVM in CKD patients is greater than in healthy controls, despite of the 

fact that arterial blood pressure in the patients was reasonably well controlled over a long period of 

time. Secondly, we find a positive relationship between components of LVM and sympathetic nerve 

activity assessed as MSNA years ago, despite the fact that all patients are on standard antihypertensive 

treatment which reduces sympathetic activity. 

Guidelines Committees have indicated clearly defined arterial blood pressure goals.25 In CKD patients 

ACEi and ARB, often combined with diuretics, are the preferred agents to obtain these goals. In the 
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present study, we show that despite of the fact that arterial blood pressure is on average reasonably 

well controlled, measures of LVM are about 20% greater in patients than in healthy volunteers. LVM 

of healthy volunteers obtained in our study is in agreement with LVM measured by others applying 

comparable techniques.32, 33 Of note, mean wall thickness is comparable to that found in dialysis 

patients.12 LVM is a strong predictor for cardiovascular morbidity and mortality34 and arterial blood 

pressure reduction should reduce LVM.35 The clinical risks associated with 20% LVM elevation in CKD 

population still needs to be defined. We have no MRI measure of LVM components at the baseline. 

However, none of the patients had electrocardiographic signs of LV hypertrophy.

In this study, we find no relation between arterial blood pressure and LVM, LVM index and mean wall 

thickness. The arterial blood pressure results represent the average of every first set of office blood 

pressure readings of each calendar year. So, of each patient on average 9 sets of arterial blood pressure 

readings are available for analysis. This is taken as a representation of the arterial blood pressure 

“burden” in the time period between the MSNA measurement and the MRI, which is 9 ± 3 (range 

6 to 11) years. Obviously, we can not exclude the possibility that a more detailed analysis of blood 

pressure (for instance by using 24h or home blood pressure measurements) would have shown a 

positive relation. However, it is important to realize that the present study, in which medication dosage 

is based on office arterial blood pressure readings, most likely reflects every day practice in most clinics. 

Importantly, the present data suggest a relation between sympathetic activity and LVM, LVM index and 

LV mean wall thickness, independent of blood pressure. Indeed, experimental evidence suggest that 

noradrenaline may be involved in the development of LV hypertrophy.36 We have quantified sympathetic 

activity by assessing MSNA using microneurography technique. This technique is considered one of 

the most reliable techniques to quantify sympathetic nerve activity.37 Microneurography has a strong 

intra-individual reproducibility after up to 12 years.37, 38. However, as this technique is technically 

difficult, invasive, and time-consuming, it is not suitable for routine use in larger populations.37 

Although MSNA level in our patients is not very much increased, it is approximately 30% higher than 

in age-matched healthy volunteers. At baseline, we selected the patients based on having CKD and 

hypertension and willing to undergo MSNA. At follow up, several have died and they were the patients 

with the highest MSNA as published earlier.19 So, this is selected population, which is also relatively 

young. However, despite this limitation we found the relations. It is very likely, that in a more general 

CKD population mean age would be higher, age range larger and also the range of MSNA results would 

be larger. Potentially, the relation with LV mass would even be stronger.
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We also found that MSNA (expressed in bursts per 100 heart beats) correlated with change in eGFR 

during follow up, independent of blood pressure. This subject was not the primary aim of this study. 

However, it supports the idea that sympathetic activity is of relevance in the process of kidney failure 

progression.  

We have previously shown that ACEi and ARB reduce sympathetic nerve activity, quantified by 

microneurography, by 20-25%.15-18 This might be an important feature of these agents. Recently, we 

summarized that agents that interfere with the RAS are particularly effective in reducing sympathetic 

hyperactivity and that kidney ischemia could be the key factor in the pathogenesis, not only in CKD, 

but also in heart failure, essential hypertension and metabolic syndrome.14 Indeed, agents that interfere 

with the RAS seem to be more effective in reducing LV hypertrophy than other antihypertensives. 
39-40 For instance, losartan reduced left ventricular hypertrophy in the LIFE study more effectively in 

essential hypertensives than atenolol.39 Also in CKD patients it has been shown that ACEi was more 

effective than calcium channel blocker.40 Despite the fact that arterial blood pressure level is reasonably 

well controlled and all patients were on an ACEi or an ARB, we show that MSNA assessed years before 

is positively related to LVM. Such a positive correlation between sympathetic nerve activity and LVM 

is also reported in cross sectional studies in patients with essential hypertension.8, 41, 42 Zoccali et al 

demonstrated a strong association between noradrenaline and LVM in patients with end-stage kidney 

disease independent of other risk factors.12 Strand et al showed that arterial plasma noradrenaline 

as index of sympathetic nerve activity, predicts LVM at 20 years follow-up independent of systolic 

arterial blood pressure.43 Our results suggest that despite the RAS blockage in presently advised and 

commercially licensed dosage, MSNA still contributes to the increase in LVM in CKD patients. A 

possible explanation for this finding is that the dosages of ACEi or ARB used are not high enough to 

fully suppress sympathetic nerve activity, despite their antihypertensive effect. Experimental evidence 

shows that the intrarenal RAS is compartmentalized from the systemic RAS. Tissue ACE, and therefore 

the intrarenal RAS, may not be adequately inhibited by plasma concentrations of ACEi in currently 

used dosages.44 
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Strength and limitations. 

The strength of the study is that we have used state of the art methodology. Both MSNA and MRI 

are considered gold standard methods. The study was performed in the same population in which we 

have previously shown that MSNA was decreased by ACEi and ARB15-18. So, we are certain that not 

only all patients were on the preferred medication, but also that the medication actually had reduced 

sympathetic activity. This study adds to the earlier one by Zoccalli et al that it shows that not only in 

ESRD patients, but also in CKD patients not on dialysis the relation between sympathetic activity and 

LVM exits. This may not be surprising because there is both experimental and clinical evidence that 

sympathetic hyperactivity is a feature of kidney injury and not of kidney failure.13, 45As a consequence, 

it is likely that it already existed in our patients for a considerable period of time.       

Possible limitations are the fact that we have no baseline assessment of LVM by MRI. At that time there 

was virtually no experience with this method. The fact that we miss baseline MRI data only limits us 

to define the change in LVM over time. Further, one might consider the lack of repeated MSNA as a 

limitation. The within subject reproducibility of MSNA is very high, up to more than a decade between 

measurements. Performing a repeated MSNA at the time of MRI would inform us on the reproducibility 

within subject. This information is already convincingly available in the literature.38 Therefore, we 

considered the balance of scientific novelty versus burden to the patient not very favorable. Further, the 

fact that we found the present results, suggests that the relation is very strong. The correlation between 

MSNA and LVM is so striking, that it is hard to believe that it is caused by change. Finally, as mentioned 

above, we can not exclude the possibility that a more detailed analysis of blood pressure would have 

shown a relation with LVM indices. Such a finding would not affect the overall suggestion that comes 

with our study that additional sympatholytic therapy could be beneficial in CKD patients. In fact, this 

idea is already suggested by experts in the field, but never properly investigated.46, 47

In conclusion, we find that despite of the fact that CKD patients were on ACEi or ARB, LVM, LVM 

index and LV mean wall thickness are greater than in controls and that these variables are related to 

sympathetic activity. We find no relation with blood pressure. We can not exclude the possibility that 

a more detailed analysis of the blood pressure would have shown a (positive) relation. In both cases, 

the findings support the notion that additional sympatholytic treatment may be beneficial in CKD 

patients, as has been suggested by some experts in the field. This requires further investigation.
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Table 1. Baseline characteristics of patients with chronic kidney disease (CKD) at the time of MSNA measurement; 
eGFR: estimated glomerular filtration rate calculated by Modification of Diet in Renal Disease (MDRD) equation

Parameters Baseline (n = 20)

Age (years) 40 ± 10
Female 30%
Systolic Arterial Pressure (mmHg) 157 ± 19
Diastolic Arterial Pressure (mmHg) 94 ± 10
eGFR (ml/min/1.73m2) 48 ± 24
Cholesterol (mmol/l) 5.9 ± 1.0
Hemoglobin (mmol/l) 8.9 ± 0.9
MSNA (bursts/minute) 27 ± 7
Body mass index (kg/m2) 25.3 ± 2.7
Weight (kg) 81 ± 12
Glucose (mmol/l) 5.2 ± 0.3  

Data are expressed as mean ± standard deviation

Table 2. Characteristics of patients with chronic kidney disease (CKD) and control group at follow-up

Parameters CKD (n = 20) Control ( = 30)

Age (years) 47  ± 10 47 ± 10
Female 25% 50%
Systolic arterial pressure  (mmHg) 129 ± 10 126 ± 12
Diastolic arterial pressure (mmHg) 84 ± 5.0* 76 ± 10
Left ventricular mass (g) 93 ± 16* 76 ± 18
Left ventricular mass index (g/ m2.7) 30 ± 5 * 24 ± 4
Left ventricular mean wall thickness (mm) 11 ±  2* 9 ± 1

Data are expressed as mean ± standard deviation * P < 0.005 versus controls
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Figure 1. Relationship between muscle sympathetic nerve activity (MSNA) in bursts per
Minute and left ventricular mean wall thickness in millimetres; P < 0.001; r = 0.84
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Abstract

Hypertensive chronic kidney disease (CKD) patients often have sympathetic hyperactivity. Kidney 

ischemia seems to be important in the pathogenesis of sympathetic hyperactivity. In this study, we 

evaluated the effect of chronic treatment with aliskiren on blood pressure and sympathetic activity in 

CKD patients. Effect of short term oxygen administration on sympathetic activity was also analyzed.

Methods: In ten CKD patients (8 males, aged 44 ± 11 years, eGFR 57 ± 22 ml/min per 1.73 m2) blood 

pressure and sympathetic activity (quantified by assessment of muscle sympathetic nerve activity, 

MSNA) were assessed, while taken off renin-angiotensin blocker, and during 6 weeks aliskiren 300 

mg/day. Secondly, the change in MSNA during 10 minutes of 100% oxygen administration by non-

rebreathing mask was measured under both conditions. 

Ten other CKD patients served as control and were studied twice with an interval of 6 weeks without 

any change in medication, to quantify within subject  reproducibility. 

Results: In the aliskiren study group, MSNA was reduced from 36 ± 8 to 26 ± 8 bursts/minute (P = 

0.01). Aliskiren lowered supine systolic and diastolic blood pressure from 147 ± 10 to 120 ± 8 and 

from 96 ± 7 to 83 ± 7 mmHg respectively, (both P < 0.05). In the control CKD group MSNA did not 

change: 26 ± 5 to 26 ± 6 bursts/min. The change in MSNA was resp. 9.6 ± 6.5 and 0.7 ± 2.3 bursts/

min (P < 0.05).  

In untreated condition, oxygen lowered MSNA from 36 ± 8 to 31 ± 7 bursts/minute (P = 0.03), while 

during chronic aliskiren no change was observed (26 ± 8 to 27 ± 9 bursts/minute).

Conclusion: In hypertensive CKD patients, 6 weeks aliskiren lowers blood pressure and MSNA.  

Moreover, short term oxygen administration lowers MSNA in untreated CKD patients, but has no 

effect during chronic aliskiren. (Clinical trial government identifier number: NCT00719316).

Key words

Chronic kidney disease, hypertension, sympathetic activity, muscle sympathetic nerve activity, 

aliskiren.
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Introduction

Chronic kidney disease (CKD) patients often demonstrate sympathetic hyperactivity, which appears 

to contribute to the pathogenesis of hypertension and cardiovascular organ damage 1-5. Kidney 

hypoxia seems to be of crucial importance in the pathogenesis of increased activities of both the 

renin-angiotensin system and sympathetic nervous system 6. Increased afferent renal nerves and/or 

circulating angiotensin II (AngII) activate the central nervous system to increase sympathetic outflow. 

Previously, we have shown that angiotensin converting enzyme inhibitors (ACEi) and angiotensin 

II receptor blockers (ARB) reduce but do not normalize such sympathetic hyperactivity 7-10. These 

findings support the idea that the renin-angiotensin system is involved in the pathogenesis of the 

sympathetic hyperactivity, and also suggest that it might be worth investigating options that may more 

effectively reduce sympathetic hyperactivity in CKD. 

As renin catalyses the first and rate-limiting step of the renin-angiotensin system cascade, interruption 

of the generation of AngII by renin inhibitors at this specific initial step of the cascade is an interesting 

therapeutic goal. In this study, we studied the effect of the renin inhibitor aliskiren on muscle 

sympathetic nerve activity (MSNA) in hypertensive patients with CKD. The primary objective of this 

study was to assess the effect of aliskiren on blood pressure and sympathetic activity and to compare 

this with effects of ACEi or ARB obtained in our previous studies. Others showed that short term 

oxygen administration reduced sympathetic nerve traffic in CKD patients 11. Therefore, the second 

objective was to compare the effect of oxygen on sympathetic activity in untreated CKD patients and 

during chronic aliskiren.
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Methods and Materials

Subjects

We selected 15 CKD (stage 2-4) patients from our outpatients clinics. The patients could be included, 

when they had stable CKD (defined as eGFR showing < 5% variability during three months prior to 

inclusion in the study), were hypertensive (i.e. using antihypertensive drugs and/or blood pressure 

>145/90 mmHg when off medication) and were willing to sign informed consent. Exclusion 

criteria were renal replacement therapy, patients with diabetes mellitus, nephrotic syndrome, renal 

transplantation and pregnancy. None of the patients had undergone unilateral nephrectomy. 

In 3 patients, we did not obtain an analyzable MSNA signal and 2 patients refused the second set 

of measurements. Data on the 10 remaining patients with polycystic kidney disease (three), IgA 

nephropathy (two), obstructive uropathy (one) and unknown cause (four) are presented. Two of 

the ten patients were active smokers (average of 10 cigarettes daily). Our standard protocol for CKD 

patients includes treatment with an ACEi or ARB. When insufficient blood pressure control was 

obtained with this regimen, a diuretic was added until adequate control was obtained. In the nine 

patients on diuretics, diuretic dosage was not changed throughout the study. Further, we quantified 

variability of the MSNA in 10 other CKD patients by assessing MSNA with an approximately 6 weeks 

interval. All CKD patients in this control groups were on an ACEi or an ARB are selected from our 

outpatient clinic. Medications were not changed during the study. They were treated accoding to our 

standard protocol for CKD patients as mentioned earlier. In the nine patients on diuretics, diuretic 

dosage was not changed throughout the study. 

Protocol

The institutional committee for studies in humans approved the protocol (clinical trial number: 

NCT00719316). All subjects gave their written informed consent. Patients were studied under two 

conditions, i.e., when taken off antihypertensive medication for four weeks and during chronic (6 

weeks) aliskiren (300 mg/day). All other medications were continued unchanged throughout study. 

All subjects underwent an identical set of measurements in supine position in a quiet room with an 

ambient temperature of 22 to 24°C. All study sessions were done in the morning between 2 and 5 

h after drug intake. These measurements included: MSNA measurement, systolic and diastolic 

arterial blood pressure, heart rate, plasma renin activity (PRA), and standard laboratory tests. Blood 

pressure was measured semi-continuously at the arm with an automated, non-invasive calibrated 

blood pressure device with the subject in supine position. Means of five measurements are presented. 
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MSNA was recorded with a unipolar tungsten microelectrode placed in a muscle nerve fascicle of the 

peroneal nerve using the technique of Wallin et al.12, as described previously by us 8-10, 13. The correct 

position of the electrode is evaluated by means of a Valsalva manoeuvre whereby the patient blows 

into a mouthpiece of an aeroid manometer to 40 mmHg for 15 s while blood pressure (Finapress, 

Ohmeda), heart rate (ECG), and MSNA are continuously recorded. The blood pressure overshoot 

after the restart of breathing is associated with a short pause in neural activity. The neural signal 

during the blood pressure overshoot is considered as background noise. This procedure is done 

at the beginning and at the end of each study session. Success rate of obtaining an adequate neural 

signal is approximately 85%. The neural signal was filtered (bandwidth, 500 to 2000 Hz), rectified, 

and integrated (time constant, 0.1 second). Sympathetic bursts were identified by their characteristic 

morphology and relationship to R waves on the ECG. MSNA was expressed as the number of bursts 

of sympathetic activity per min or as the number of bursts per 100 heart beats to correct for variation 

in heart rate. We have previously reported that intraobserver and interobserver reproducibility are 4.5 

± 0.5% and 6.2 ± 0.7% respectively 7. 

After instrumentation, subjects rested for 20 min. Baseline measurements for blood pressure, heart rate, 

and MSNA were obtained and blood was sampled for measurement of PRA, kidney function and other 

laboratory tests. After acquisition of these variables, 5 liter 100% oxygen was administered by a non-

rebreathing mask for 10 minutes. The mean MSNA of the last 5 minutes of that 10 min of hyperoxia 

was averaged. The patients collected urine at home the 24h before the measurements.  

Laboratory Analyses

Glomerular filtration rate (eGFR) was estimated using the plasma creatinine (at the day of MSNA 

measurement) by the Modification of Diet in Renal Disease (MDRD) equation 14. Body mass index, 

estimated from weight and height, was measured using the metric imperial formula. PRA was measured 

by radioimmunoassay (RIA)15.

Data Analyses

Data are given as mean ± SD unless indicated otherwise. The correlation between change in MSNA 

and parameters is tested by Pearson’s correlation. Change in MSNA between two study groups was 

analyzed by independent t test.Data were analyzed by repeated-measures analysis of variance with time 

(before versus after chronic treatment) and 100% oxygen versus room air as the between factor. The 

P values for differences within a session were obtained by post-hoc tests. A P value less than 0.05 was 

considered significant. 
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Results

The ten patients (8 men) had a mean age of 44 ± 11 years; body mass index of 26 ± 2 kg/m2 and eGFR 

of 57 ± 22 ml/min per 1.73 m2. BMI and eGFR were stable during the last 3 months before entering the 

study. Office systolic and diastolic blood pressures at the time of screening, when on an ACEi or ARB, 

were 130 ± 10 and 86 ± 5 mmHg. Control patients had a mean age of 43 ± 9 years, body mass index of  25 ± 

2.6 kg/m2 and eGFR of  57 ± 28 ml/min per 1.73 m2.  Patients and controls were clinically normovolemic, 

i.e. no peripheral or pulmonary oedema evidenced by physical examination and chest X-ray and no signs 

of orthostatic hypotension. In the patients in the aliskiren study, other medication included phosphate 

binders (n=2), statins (n=8), diuretics (n=9, furosemide, median dosage 80mg/day, range 40-160mg) 

and vitamine D (n=1). These prescribed medications were not changed during the study.

Patients had increased MSNA, were hypertensive and had high PRA. Data on age and BMI matched 

controls (n=10) measured in identical study conditions are: MSNA 26±3 bursts/min, mean arterial 

blood pressure 95±6 mmHg and PRA 292 (53 to 625) ng/mL / h.  

After six weeks treatment with aliskiren, arterial blood pressure decreased in all patients (table 1), 

whereas heart rate remained unchanged (table 1). MSNA also decreased in all patients: from 36 ± 

8 bursts/min to 26 ± 8 bursts/minute (P = 0.01) (figure 1, table 1). PRA decreased significantly in 

patients during aliskiren from 1214 ng/mL / h (745 to 1862) to  267 ng/mL / h (186 to 305) (P < 

0.05). MSNA changed in patients treated with aliskiren (-9.6 bursts/minute with 95% CI -4.0 to -15.0; 

P-value = 0.003) but not in controls (-0.7 bursts/minute 95%CI -2.2 to 4.0; P-value = 0.6). The mean 

difference in change between aliskiren group and the control group was -8.9 with 95% CI of -15 to -3, 

P = 0.005.

The change in MSNA during aliskiren was not different from that obtained during ACEi or ARB during 

previous studies, when MSNA decreased from 33 ± 11 to 25 ± 9 (P > 0.5 for comparison of change in 

MSNA in present study versus previous studies in the comparable population).9 

The change in MSNA induced by aliskiren correlated with the change in mean arterial pressure (MAP) 

(r = 0.7, P = 0.02). Body weight and laboratory variables remained stable throughout the study (table 

2). Urinary sodium excretion during the 24 hours before the measurements did not differ between the 

2 study days. No patient claimed to experience any side effect of aliskiren or discontinued aliskiren 

treatment for any reasons.

When patients were not on ACEi, ARB or aliskiren, MSNA decreased during administration of 5 liters 

100% oxygen from 36 ± 8 to 31 ± 7 bursts/minute (P = 0.03). However, after 6 weeks treatment with 

aliskiren, 100% oxygen administration had no effect on MSNA (from 26 ± 8 to 26 ± 9 bursts/minute) 

(Figure 2). Blood pressure remained stable during oxygen administration.
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Discussion

To the best of our knowledge, we are the first to show that aliskiren has a profound antihypertensive 

effect in patients with stable CKD. Sympathetic hyperactivity, quantified by MSNA, is reduced. 

Furthermore, we show that oxygen application in untreated condition lowers MSNA, whereas during 

chronic aliskiren it has no effect. Albeit indirect, the latter suggests that aliskiren improves kidney 

oxygenation.    

The reduction in sympathetic activity occurs despite of the fact that blood pressure was reduced. 

Further, heart rate showed no change despite of the blood pressure drop. In this respect, the present 

results confirm our earlier results with ACEi and ARB 2, 5-8. This means that baroreceptor resetting 

has occurred. It further suggests that agents that inhibit the activity of the renin angiotensin system 

interfere in the pathogenesis in sympathetic hyperactivity in CKD patients4. This is in contrast to 

amlodipine. We showed earlier that this agent effectively lowers blood pressure in CKD patients, but it 

increases sympathetic activity 6.     

It is important to mention, that nine of the 10 patients were also on diuretics. Diuretics increase 

the activity of the renin angiotensin system. It seems likely that they also affect the sympatholytic 

efficacy of aliskiren. In previous studies, we quantified extracellular fluid status by measuring bromide 

distribution, because we have shown that MSNA and PRA change reciprocally with fluid status, both 

in healthy controls and in CKD patients3. Bromide was not available anymore. Information on fluid 

status could be of importance for 2 reasons, firstly to show that baseline MSNA was indeed different 

from controls and secondly to show that the observed change in MSNA was caused by aliskiren and 

not (partially) by change in fluid status. The first issue is not the primary aim of this study and therefore 

not addressed and discussed in this paper. However, MSNA was very comparable to results of previous 

studies when we quantified fluid status. With respect to the second issue, it is important to realize that 

patients were on both occasions clinically normovolemic and diuretics were not changed. Body weight 

remained unchanged, making it very unlikely that fluid status showed any relevant change during the 

course of the study. Also, urinary sodium excretion did not differ. Therefore, it seems safe to conclude 

that there was no major difference in fluid status between the 2 study sessions allowing us to conclude 

that indeed aliskiren reduces sympathetic hyperactivity in hypertensive CKD patients. In previous 

studies, we quantified the effect of ACEi and ARB using a similar protocol 9. The present results seem 

to indicate that sympatholytic effects of the different compounds do not show important differences. 

More precise comparison can only be done by directly comparing the various compounds within the 

same patients. All together, the data suggest that aliskiren lowers MSNA. This effect is comparable to 
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ACEi and ARB. Because there is substantial evidence that sympathetic hyperactivity is detrimental to 

health, this effect is likely to be of clinical relevance 3,11,12,14,15.       

The present study also shows that aliskiren reduces blood pressure in hypertensive CKD patients. Again, 

it is important to realize that most patients were on diuretic therapy, which most likely, (substantially) 

affects the antihypertensive efficacy. The effect of aliskiren on PRA is different from that of ACEi and 

ARB. In fact, this was expected, as the level of interference of aliskiren into the renin-angiotensin 

cascade is different from that of ACEi and ARB. The fact that all these agents reduce sympathetic 

activity and blood pressure gives support to the idea that these effects are related to AngII reduction 

and not to the renin inhibition per se.        

Recently, we summarized that kidney ischemia is likely the central mechanism in the activation of the 

renin-angiotensin and sympathetic nervous systems 6. This parallel activation suggests the existence 

of a cause and effect relation and/or a common origin. Indeed, there is conclusive evidence that the 

renin and sympathetic nervous systems affect each other. Kidney ischemia might be the common 

origin. Kidney ischemia is often present in CKD and it might be the common pathway in kidney failure 

progression6. We confirmed earlier findings that short term oxygen administration using an identical 

protocol lowers MSNA in CKD patients 11. Indeed, older studies have also reported that hyperoxia 

reduces MSNA 16, 17. In the present study, we showed that during chronic treatment with aliskiren, 

when MSNA was reduced, oxygen could not elicit a further reduction in MSNA. These data support 

the notion that kidney ischemia plays a role in the pathogenesis of sympathetic hyperactivity 6. Further, 

the data during chronic aliskiren might be interpreted as indicating that the medication improves 

kidney oxygenation, because oxygen no longer had any effect. Indeed, there is direct experimental 

evidence that agents that interfere with the renin-angiotensin system improve kidney oxygenation. For 

instance, both an ACEi and an ARB directly improved measured pO2 in the interstitial microvascular 

compartment of the rat kidney 18. Also in experimental diabetic nephropathy and chronic kidney 

disease an ARB improves oxygenation quantified by the hypoxic probe pimonidazole 19, 20. Kidney 

oxygenation is difficult to quantify in humans. Using the blood oxygenation level dependent (BOLD) 

MRI, it was shown that short term AngII infusion in healthy humans decreases kidney oxygenation 
21. This effect occurs within seconds, suggesting that it is caused by a change in renal blood flow rather 

than in oxygen consumption. In the previous study by Hering et al, it was mentioned that patients were 

on an ACEi or ARB 11. Nevertheless, in their study oxygen reduced MSNA, whereas in the present 

study MSNA was not reduced during alsikiren. Recently, it was shown that aliskiren increases renal 

plasma flow in a dose-dependent fashion in normal volunteers on low salt diet 22. That study suggests 

that aliskiren is more effective in that respect than an ACEi. Thus, the present study confirms earlier 

data indicating that short term oxygen administration reduces MSNA. The data could be interpreted 
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as indicating that aliskiren improves kidney oxygenation in CKD patients. It is tempting to hypothesize 

that this is caused by an improvement of renal blood flow. This seems interesting to study.

Possible limitations of our study include the fact that it was not blinded and placebo controlled. However, 

we quantified the within subject variability of the MSNA signal in other CKD patients without any 

change in medication with a 6 weeks interval. We confirmed literature data that the within subject 

variability of the MSNA signal is limited16. The decrease in MSNA during aliskiren was much greater 

than the a priori variability of the MSNA signal, which we found in CKD patients, suggesting a real 

effect of aliskiren. A further limitation is that we only used a fixed dosage. Also in our previous studies, 

a fixed dosage of ACEi or ARB was applied. We can not exclude the possibility that by using other (i.e. 

higher) dosages, effects on MSNA and blood pressure would be different. We did not compare within 

the same subjects aliskiren with other inhibitors of the renin-angiotensin system. When comparing 

with our previous data, the present results seem to indicate that effects of the different compounds are 

comparable. Further, the study was done in a limited number of patients with variable kidney diagnosis. 

This makes it impossible to analyse whether the efficacy of the agent is related to kidney diagnosis. In 

our previous analysis of the effects of ACEi and ARBs, we were unable to identify such a relationship 
7. It is important to realize that sympathetic hyperactivity is a feature of kidney injury and not kidney 

failure. However, it is uncertain whether the present results can be generalized to all CKD patients.   

In conclusion, aliskiren lowers MSNA in hypertensive stage 2-4 CKD patients. Results seem comparable 

to those obtained with ACEi and ARB. Given the interest in the effects on various clinical variables of 

the addition of aliskiren to ACEi or ARB, it might be interesting to study whether the addition of 

this compound to chronic treatment with ACEi or ARB would result in further reduction of MSNA. 

Indeed, we have previously shown that ACEi and ARB reduce but not normalize MSNA in CKD 

patients7 and that it was normalized when another sympatholytic agent was added10. The study gives 

further support to the notion that the renin angiotensin system and the sympathetic nervous system 

affect each other. Direct comparison will be necessary to formally compare efficacy of aliskiren versus 

ACEi or ARB. Finally, the results suggest, albeit indirectly, that aliskiren improves kidney oxygenation 

in CKD.  This idea deserves further study.
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Table 1. Effects of aliskiren on blood pressure, MSNA and PRA as compared to effects of a control CKD group.

Aliskiren study group Control group

Parameters Baseline                    Aliskiren First session           Second session

Age (years)    44 ± 11                        43 ± 9                 
Gender (M) 80% 60%
Systolic blood pressure (mmHg) 147 ± 10                   120 ± 8 a 139 ± 9                 141 ± 8 

Diastolic blood pressure (mmHg) 96 ± 7                                      83 ± 7 a 80 ± 8                   83 ± 10,

Mean arterial pressure (mmHg) 112 ± 8                        96 ± 7 a 99 ± 5                100 ± 7 

Heart rate (beats/minute) 64 ± 8                      69 ± 7 68 ± 8                 66 ± 4
MSNA (bursts/minute) 36 ± 8                        26 ± 8 a 26 ± 5                  26 ± 6 

MSNA  
(bursts per 100 heart beats) 56 ± 8.6                    37 ± 14a 37 ± 16                39  ± 17 

Arterial blood pressures represent values obtained in supine position. MSNA: muscle sympathetic nerve activity

Aliskiren study group: data represent results when the patients were not on a blocker of renin-angiotensin system 
(baseline) and when on treatment for at least 6 weeks with aliskiren 300 mg (n=10).

Control group. First and second session indicate two measurements in the same CKD patients without any 
changes in medication after 6 weeks; n = 10 

Data are mean ± SD 
a: P < 0.01 compared to baseline within the group

Table 2 Patient characteristics and standard laboratory results in untreated condition and when on aliskiren for 
at least 6 weeks
 

Parameters Untreated During aliskiren treatment

eGFR (ml/min per 1.73 m2) 57 ± 22 58 ± 22
Creatinine clearance (mL/minute) 54 ± 21 54 ±  21
Body weight (kg) 83 ± 15 83 ± 14
Hemoglobin (g/dL) 14.2 ± 1.6 14.3 ± 1.4
Sodium (mmol/l) 139 ± 4 138 ± 5
Potassium (mmol/l) 3.9 ± 0.5 3.8 ± 0.5
Urinary Sodium (mmol/24h) 123 ± 70 126 ± 68
Total protein in urine (g/24h) 1.4 ± 0.5 0.6 ± 0.2

eGFR: estimated glomerular filtration rate, 
Biochemical values are assessed in plasma, unless indicated otherwise. 
Untreated indicates: when taken off ACEi or ARB for at least 4 weeks. During aliskiren treatment indicates: when 
on aliskiren 300 mg for at least 6 weeks
Values are mean ± SD; P > 0.05 for all above mentioned parameters.
To convert hemoglobin from
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Figure 1a. Individual results of the change in muscle sympathetic nerve activity in patients before and after 
treatment (P =0.01 for comparison between two study sessions). 

Figure 1b. Individual results of the change in muscle sympathetic nerve activity in the controls (P = ns).

Figure 2. Change in muscle sympathetic nerve activity (MSNA) caused by administration of 100% oxygen. (p = 
0.02 for comparison of difference in change) 
Untreated indicates: patients not on aliskiren.
Chronic aliskiren indicates: patients on chronic treatment with aliskiren. 
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Introduction

There is vast experimental evidence that kidney ischemia is an important feature of chronic kidney 

disease (CKD). It may be important in the pathogenesis of hypertension and of the progression of 

kidney failure.1 Inhibitors of the renin-angiotensin system (RAS) are the corner stone of the treatment 

of CKD patients. Especially in CKD there is evidence that renal circulation is angiotensin II (Ang 

II) dependent.1, 2 Experimental evidence suggests that RAS inhibitors improve kidney oxygenation 

by improving perfusion.3-5 It is very well possible that this characteristic is an important feature of this 

class of agents, contributing to their beneficial effects in CKD patients. However, it is impossible to 

measure, quantify and follow up this effect in humans.     

Imaging of the kidney using blood oxygenation level dependent (BOLD) MRI presents a major 

new opportunity to examine differences in kidney tissue oxygenation within the cortex and medulla 

applicable to human disease. BOLD MRI allows observation of change in cortical and medullary 

concentration of deoxyhemoglobin.6 Indeed, in an experimental study in healthy humans, it was 

shown that intravenous AngII reduces the BOLD signal in the renal cortex, an effect which rapidly 

disappears at cessation of the infusion.7 These observations lead us to the hypothesis that a RAS 

inhibitor might lead to an increase in BOLD signal in CKD patients. At the same time, we expect that 

such an intervention would have no effect in healthy humans. In this pilot study we addressed this idea 

by measuring the effects on BOLD signal of an acute RAS inhibitor (before and after 50 mg captopril) 

and before and during chronic aliskiren 300mg per day and compare these results with healthy controls 

before and after acute captopril. 
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Methods and Materials 

Subjects

We selected 10 CKD patients from our outpatients clinics and 5 healthy volunteers, who were members 

of the hospital staff. The patients were selected because they had stable CKD, were hypertensive 

i.e. using antihypertensive drugs and/or blood pressure >145/90 mmHg when off medication. We 

excluded patients with polycystic kidney disease (because these patients have difficult to interpret MRI 

images of the kidneys) and contra-indication for MRI. The kidney diagnoses of the 10 CKD patients 

are: vascular disease (five), congenital (one) and unknown cause (four). 

Protocol MRI  

All patients were taken off their RAS blocker for at least 3 weeks. Other medications were not changed 

during the whole study period. 

Every participant was scanned twice i.e. before and after the treatment with a RAS-blocker. In 5 patients 

a MRI scan was done before and after they were put on chronic treatment with 300 mg aliskiren per day 

for approximately 6 weeks. In the other 5 CKD patients, the MRI scans were made before and 1 hour 

after 50 mg captopril orally. In the healthy volunteers, the MRI studies were done before and 1 hour 

after 50 mg captopril orally. Blood pressure was measured in all participants with an automated device 

in supine position before and after treatment with the RAS blocker, before each BOLD MRI session.

BOLD MRI is based on the fact that paramagnetic molecules induce magnetic field perturbations. 

In the blood, oxyhemoglobin is diamagnetic and changes in its concentration have no effect on T2* 

weighted MR images. However, deoxyhemoglobin is paramagnetic and an increase in an increase 

in deoxyhemoglobin concentration results in a decrease in tissue signal in T2* weighted images. By 

acquiring T2* weighted images at multiple echo times it is possible to measure the relaxation time 

T2* by fitting the slope of ln (signal intensity) versus echo time. T2* is inversely proportional to the 

concentration of deoxyhemoglobin. Here we used a T2* weighted gradient echo sequence with 20 

echoes. The first image was acquired at an echo time of 4.6ms, the echo spacing was 4.6ms. Further, 

scan parameters were: 6 slices of 6mm thickness (gap 6mm) with an in-plane resolution of 1.5x1.5mm2. 

The 20 images for each slice were acquired in a single breathold of 15s. TR was 94 ms and the flip angle 

was 25°. The quantitative T2* image was automatically calculated on the scanner. T2* values larger than 

150 ms were clipped. 
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For data analysis, regions of interest (ROIs) were manually drawn in the cortex and medulla on the 

echo time image with best contrast between cortex and medulla. These images are mainly taken for 

the first six echo time images. This image gave the best anatomical details. The ROIs where copied to 

the quatitative T2* image and average T2* and standard deviation (SD) in T2* were extracted for the 

ROIS. Figure 1a and 1b show an example of an echo image and one of the drawn ROIs. Figure 1c and 

1d show an typical example of change in T2* signal before and after furosemide. As known, the medulla 

has an especially low pO2. These scans were made before and after furosemide. Experimental studies 

have shown that frosemide decreases oxygen demand of tubules. This is evidenced by this change in 

grey color. It is clear, that the difference between cortex and medulla decreases.

For this study, we assume that tissue oxygenation is inversely proportional to T2*. However, T2* is also 

sensitive to overall inhomogeneities in the magnetic field which can differ between scan sessions due to 

differences in patient position and (linear) shim settings. Therefore, besides the changes in T2* values 

of cortex and medulla we also used the ratio of T2* in the cortex over T2* in the medulla to evaluate 

the effect of the RAS blocker. Assuming that the background fields are more or less constant over the 

kidney the ratios are insensitive to global changes in the field homogeneity. 

Laboratory Analyses

Glomerular filtration rate (eGFR) was estimated using the plasma creatinine (at the day of MRI scan) 

by the Modification of Diet in Renal Disease (MDRD) equation.8 Body mass index, estimated from 

weight and height, was measured using the metric imperial formula.

Statistical analysis

Data are given as mean ± SD unless indicated otherwise. Baseline parameter analysis was performed 

with Student’s unpaired t test between patients and control subjects. The changes in T2* ratio (i.e. T2* 

cortex / T2* medulla) before and after treatment was tested by a paired T-test. A p-value less than 0.05 

was considered significant.

Results

The ten patients (7 men) had a mean age of 61 ± 17 years; body mass index of 26 ± 2 kg/m2 and eGFR 

of 30 ± 11 ml/min per 1.73 m2. BMI and eGFR were stable during the last 3 months before entering the 

study. Office systolic and diastolic blood pressures at the time of screening, when on an Angiotensin 

converting enzyme inhibitor (ACEi) and Angiotensin II receptor blocker (ARB) were 130 ± 10 and 86 
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± 5 mmHg. Other medications included phosphate binders (n=4), statins (n=9), diuretics (n=9) and 

vitamine D (n=3). These medications were not changed during the study.

Control subjects (5 men) had a mean age of 40 ± 13 years; body mass index of 22 ± 2 kg/m2 had normal 

kidney function and were not on any medication.

Both captopril and aliskiren lowered blood pressure in CKD patients, whereas captopril had no effect 

in controls (table 1). 

Both in patients and in controls, T2* of the medulla was lower than T2* of the cortex (although not 

significant) (table 1). 

In CKD patients, T2* showed variable changes after captopril 50mg. After chronic treatment with 

aliskiren, T2* of the cortex remained unchanged and T2* of the medulla increased (table 1). However, 

none of the changes were significant. 

T2* ratio between cortex and medulla decreased in CKD patients after treatment with both RAS 

blockers (figure 2a,b and 3) (P = 0.23 in the group of chronic treatment, P = 0.18 in the group of acute 

treatment). When combining the results of all 10 patients the change in the ratio was significant (figure 

2a) (P < 0.05). In the healthy volunteers, there was no change in any variable (P = 0.80).

Discussion

To the best of our knowledge, we are the first to show that in CKD patients both acute and chronic 

treatment with a RAS inhibitor result in changes in BOLD signal. Importantly, in healthy volunteers a 

RAS inhibitor had no such effect. The observations are compatible with the idea that RAS inhibitors 

improve kidney oxygenation in CKD patients, especially of the medulla.  

RAS inhibitors are the corner stone of treatment of CKD patients. They are effective antihypertensive 

agents. Importantly, these agents seem particularly effective in reducing kidney failure progression, 

suggesting increased AngII activity as one of the important factors contributing to the progression of 

CKD. Although the beneficial effects of RAS inhibitors on glomerular hemodynamics have been widely 

accepted, other effects may be operational and relevant as well, including changes in kidney oxygenation. 

Several lines of experimental evidence suggest that kidney hypoxia is an important feature in CKD 

and that it may be of relevance in determining kidney failure progression.1 Indeed, Ang II has been 

implicated in the regulation of oxygen utilization in experimental CKD.2  As a consequence, the logical 

next question seems to be whether inhibition of AngII improves oxygen availability in CKD. Indeed, 

several lines of experimental evidence show that a RAS inhibitor can improve kidney oxygenation. 
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For instance, Ang II receptor blockade can improve renal oxygenation in rats by decreasing tubular 

re-absorptive work.3. Moreover, Manotham et al showed that ARB treatment prevented vascular 

changes and ameliorated tubular hypoxia.9 They suggested that the initial tubulo-interstitial hypoxia 

in remnant kidney model  will consequently result in development of tubulo-interstitial damage.9 

Izuhara et al compared reno-protective effects of calcium channel antagonists, beta-blockers and ARB. 

Interestingly, only ARB corrected chronic hypoxia.10 In addition, both an ACE inhibitor and an ARB 

improved directly measured pO2 in the interstitional micro-vascular compartment of the normal rat 

kidney.11 Our findings that the RAS-inhibitors especially affect the medulla are consistent with these 

experimental findings. 

To the best of our knowledge, there is one study in humans addressing the idea that increased levels 

of AngII may affect the BOLD signal. Schachinger et al showed that intravenously administered AngII 

reduces the renal cortex BOLD signal.7 This BOLD response starts to occur almost instantaneously 

(within seconds after peripheral i.v. AngII administration), authors suggest that this response is a 

consequence of altered perfusion rather than altered kidney oxygen consumption. The present results 

fit very well within this existing knowledge. The results show that in kidneys in conditions commonly 

associated with activated RAS (i.e. CKD), acute or chronic inhibition of the AngII is associated with 

a change in BOLD signal indicating improved kidney oxygenation, especially during chronic RAS 

inhibitor. This effect rapidly occurs as it is already seen approximately 1 hour after orally administration 

of captopril. An important feature of this study is that a RAS inhibitor had no effect in healthy 

volunteers. This study confirms the existing experimental evidence of the contribution of AngII to 

kidney oxygenation.        

Kidney oxygenation is difficult to quantify in humans. Measuring the BOLD signal by MRI offers 

the possibility to learn more about kidney oxygenation. Indeed, it was shown that patients with renal 

vascular disease have various degrees of hypoxic areas evidenced by BOLD MRI.12 Moreover, Sadowski 

et al demonstrated that BOLD MRI can non-invasively assess changes in oxygen bioavailability in the 

cortex and medulla of transplanted kidneys.13 They showed an increase in medullary T2* (reduced 

deoxyhemoglobin concentration) on BOLD MRI in allografts with acute rejection. Furthermore, 

using BOLD MRI it has been shown that renal tissue oxygenation is influenced by carbogen or oxygen 

breathing. The changes are assessed by detecting BOLD MRI signal (T2*) at high field strengths in 

CKD patients.14

Given the present findings, it is attractive to speculate on the possible indications to use BOLD MRI. 

Firstly, it is necessary to study whether this effect is indeed specific for RAS inhibitors, for instance by 

studying the effect of other antihypertensive agents. Given the earlier study on the effects of AngII 7 



73

I N H I B I T I O N  O F  T H E  R E N I N -A N G I OT E N S I N  S Y ST E M 
A F F ECTS  B O L D  S I G N A L  I N  C H R O N I C  K I D N E Y  D I S E A S E  PAT I E N TS

and the present findings, our hypothesis would be that the effects are indeed RAS-inhibitor specific. 

The effect of furosemide has been tested before.6 This agent improves kidney oxygenation presumably 

by its effect on energy dependent Na reabsorption,6 i.e. not by improving oxygen delivery but by 

reducing oxygen consumption. This illustrates a limitation of the technique that it cannot differentiate 

between these two mechanisms. A second important question is the effect of various dosages. In today’s 

treatment, medication dosage is mainly aimed at its antihypertensive effect. It might be interesting to 

study the effect of higher dosages of RAS-inhibitor on kidney oxygenation. It is very well possible that 

the dosages beyond the therapeutic range with respect to blood pressure might have a greater effect 

on kidney oxygenation. It is tempting to speculate that this will consequently result in a better clinical 

outcome. So this technique is an interesting new tool, which requires further investigation. 

In conclusion, the present pilot study demonstrates that a detectable change in BOLD MRI signal 

after acute and chronic RAS inhibition in CKD patients can be found, while no change in signal is 

detected in healthy volunteers. The change in T2* in patients is consistent with the idea that the RAS 

inhibitor especially affects the medulla. Importantly, the present data seem to indicate that BOLD MRI 

technique offers a method to study a physiological variable thus far impossible to study in humans. 
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Table 1. Change in blood pressure and BOLD MRI assessed by quantitative T2* values in CKD patients before 
and after acute captopril 50 mg; before and after chronic treatment with aliskiren 300 mg per day and in healthy 
volunteers before and after captopril 50mg. 

Group

CKD patients
Acute captopril

CKD patients
Chronic aliskiren

Healthy volunteers
Acute captopril

Untreated
(n = 5)

Treated
(n = 5)

Untreated
(n = 5)

Treated
(n = 5)

Untreated
(n = 5)

Treated
(n = 5)

Systolic arterial blood 
pressure  (mmHg)

143 ± 5 125 ± 4 145 ± 6 127 ± 3 120 ± 5 122 ± 5

Diastolic arterial blood 
pressure (mmHg)

92 ± 4 71 ± 8 95 ± 4 77 ± 3 70 ± 4 69 ± 5

T2* cortex (ms) 51 ± 10 45 ± 10 46 ± 5 45 ± 3 53 ± 9 56 ± 2
T2* medulla (ms) 34 ± 9 38 ± 11 29 ± 6 34 ± 6 32 ± 5 33 ± 4
T2* cortex/medulla 1.52 ± 0.2 1.21 ± 0.1 1.60 ± 0.32 1.35 ± 0.3 1.62 ± 0.1 1.65 ± 0.1

P < 0.05  is considered statistical significant; comparison of results within groups showed no statistically significant 
differences (see Results section).
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Figure 1a. An example of a sequence of echo image

Figure 1b. one of the drawn region of interests 
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Figure 1c: image before furosemide administration

Figure 1d: image after furosemide administration
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Figure 2a. Individual results in CKD patients of the 
ratios of T2* before and after captopril 50 mg 

Figure 3a. T2* cortex / medulla ratio in patients 
before and after RAS inhibitor (* means P < 0.05),  
n = 10

Figure 2b: Individual results in CKD patients of the 
ratios of T2* before and after aliskiren 300 mg/day 

Figure 3b. T2* cortex / medulla ratio in healthy 
volunteers before and after RAS inhibitor (n=5)
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Abstract

Hypertensive chronic kidney disease (CKD) patients often have sympathetic hyperactivity which 

appears to contribute to the pathogenesis of hypertension and cardiovascular organ damage. 

Experimental studies and some clinical studies have shown that statin therapy can reduce central 

sympathetic activity. Blockade of the renin-angiotensin system (RAS), which is standard treatment for 

CKD, is known to lower sympathetic activity. We hypothesized that adding a statin for 6 weeks to RAS 

blockade would further lower sympathetic activity in hypertensive stage 2-4 CKD patients.  

Methods: In ten stable CKD patients (8 males, aged 45 ± 11 years, eGFR 56 ± 22 ml/min per 1.73 

m2), who were on chronic treatment with aliskiren 300mg, blood pressure and sympathetic activity 

(quantified by assessment of muscle sympathetic nerve activity, MSNA) were assessed at baseline and 

6 weeks after atorvastatin 20mg/day was added. 

Ten other CKD patients served as time control and were studied twice with an interval of 6 weeks 

without any change in medication, to quantify within subject reproducibility.  

Results: Mean arterial blood pressure remained stable throughout the study (93 ± 5 vs 94 ± 5 mmHg). 

MSNA was reduced from 28 ± 8 to 20 ± 6 bursts/minute (P = 0.01), while heart rate remained stable 

during the study (62 ± 2 vs 61 ± 3, respectively with and without atorvastatin). In the time control 

CKD group MSNA did not change: 26 ± 5 to 25 ± 6 bursts/min. Atorvastatin reduced total and LDL 

cholesterol. 

Conclusion: Atorvastatin has a further sympatholytic effect in CKD patients, who are on chronic 

aliskiren, that is independent of blood pressure and heart rate. 
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Introduction

Chronic kidney disease (CKD) patients often demonstrate sympathetic hyperactivity, which appears 

to contribute to the pathogenesis of hypertension and cardiovascular organ damage1-5. Kidney hypoxia 

seems to be of crucial importance in the pathogenesis of increased activities of both the renin-angiotensin 

system and sympathetic nervous system6. Increased afferent renal nerves and/or circulating angiotensin 

II (AngII) activate(s) the central nervous system to increase sympathetic outflow. Previously, we have 

shown that angiotensin converting enzyme inhibitors (ACEi) and angiotensin II receptor blockers 

(ARB) reduce but do not normalize such sympathetic hyperactivity7-10. From a clinical point of view it 

is important to study effects of statins on a background of ACEi or ARB treatment. In clinical practice 

RAS inhibition is considered standard and mandatory in CKD patients. 

In contrast to many experimental studies, there is very limited data available on effects of statins 

on sympathetic activity in humans. In a small study in coronary artery disease patients atorvastatin 

lowered plasma noradrenaline11. In addition, Sinski et al showed that statin therapy reduces MSNA 

in hypertensive hypercholesterolemic patients by approximately 20%, while antihypertensive therapy 

remained unchanged12. Interestingly, some new data seem to indicate that statins (when added to a 

RAS-blocker) reduces MSNA by about 24% in patients with chronic heart failure13. These data served 

as rationale for this study, in which the central question was whether atorvastatin has an additional 

sympatholytic property in hypertensive patients with CKD when added to RAS blockade. 
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Methods and Materials

Subjects

We selected 10 CKD (stage 2-4) patients (8 men, 2 women) from our outpatients clinics. Patients 

were included, when they had stable CKD (defined as eGFR showing < 5% variability during three 

months prior to inclusion in the study), were hypertensive (i.e. using antihypertensive drugs and/

or blood pressure >145/90 mmHg when off medication) and were willing to sign informed consent. 

Exclusion criteria were renal replacement therapy, patients with diabetes mellitus, renal transplantation 

and pregnancy. None of the patients had undergone unilateral nephrectomy. Diagnoses leading to 

CKD included polycystic kidney disease (three), IgA nephropathy (two), obstructive uropathy (one) 

and unknown cause (four). Our standard protocol for CKD patients included treatment with a RAS 

blocker. When insufficient blood pressure control was obtained with this regimen, a diuretic was added 

until adequate control was obtained. In the nine patients on diuretics, diuretic dosage was not changed 

throughout the study. Further, we quantified variability of the MSNA in 10 other CKD patients (6 men, 

4 women), selected from our out-patients clinic, by assessing MSNA with an interval of approximately 

6 weeks. All CKD patients in this control groups were on an ACEi or an ARB. Medications were not 

changed during the study.

Protocol

The institutional committee for studies in humans approved the protocol. All subjects gave their written 

informed consent. 

All patients were either already on chronic aliskiren 300mg and if not, then their RAS-inhibitor was 

replaced by aliskiren 300 mg. This medication remained unchanged during the whole study. During all 

MSNA studies, patients were already on aliskiren for at least 12 weeks.   

After obtaining informed consent, patients were randomized to one of the 2 study arms, the first arm] 

cessation of any statin therapy for at least 6 weeks, then the first MSNA measurement was done (during 

chronic aliskiren). Subsequently, atorvastatin 20 mg was added for 6 weeks. The second MSNA study 

was done while on the combination of aliskiren 300 mg and atorvastatin 20 mg. In the second study 

arm, the studies were done the other way around. Thus, after randomization, patients received 20 mg 

atorvastatin (or their statin was replaced by atorvastatin 20 mg) and after 6 weeks the first MSNA 

measurement was done. Then, atorvastatine was stopped (and aliskiren continued) and the second 

MSNA study was done 6 weeks later.     

All other medications were continued unchanged throughout study. 
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All subjects underwent an identical set of measurements in supine position in a quiet room with an 

ambient temperature of 22 to 24°C. All study sessions were done in the morning between 2 and 5 h after 

drug intake. These measurements included: MSNA measurement, systolic and diastolic arterial blood 

pressure, heart rate and standard laboratory tests. Blood pressure was measured semi-continuously at 

the arm with an automated, non-invasive calibrated blood pressure device with the subject in supine 

position. Means of five measurements are presented. MSNA was recorded with a unipolar tungsten 

microelectrode placed in a muscle nerve fascicle of the peroneal nerve using the technique of Wallin et 

al.14, as described previously by us 8-10, 15. The correct position of the electrode was evaluated by means 

of a Valsalva manoeuvre whereby the patient blows into a mouthpiece of an aeroid manometer to 

40 mmHg for 15 s while blood pressure (Finapress, Ohmeda), heart rate (ECG), and MSNA were 

continuously recorded. The blood pressure overshoot after the restart of breathing was associated with 

a short pause in neural activity. The neural signal during the blood pressure overshoot is considered 

as background noise. This procedure was done at the beginning and at the end of each study session. 

Success rate of obtaining an adequate neural signal is approximately 85%. The neural signal was filtered 

(bandwidth, 500 to 2000 Hz), rectified, and integrated (time constant, 0.1 second). Sympathetic bursts 

were identified by their characteristic morphology and relationship to R waves on the ECG. MSNA was 

expressed as the number of bursts of sympathetic activity per minute. We have previously reported that 

intra-observer and inter-observer reproducibility are 4.5 ± 0.5% and 6.2 ± 0.7% respectively 7. 

After instrumentation, subjects rested for 20 min. Baseline measurements for blood pressure, heart 

rate, and MSNA were obtained and blood was sampled for measurement of kidney function and other 

laboratory tests. The patients collected urine at home the 24h before the measurements.  

Laboratory Analyses

Glomerular filtration rate (eGFR) was estimated using the plasma creatinine (at the day of MSNA 

measurement) by the Modification of Diet in Renal Disease (MDRD) equation 16. Body mass index, 

estimated from weight and height, was measured using the metric imperial formula.

Data Analyses

Data are given as mean ± SD unless indicated otherwise. Data are analyzed by repeated-measures 

analysis of variance with time (before versus after atorvastatin  treatment). The P values for differences 

within a session were obtained by post-hoc tests. A P value less than 0.05 was considered significant.



86

CH A P T E R  6

Results

The ten patients (8 men) had a mean age of 45 ± 11 years; body mass index of 26 ± 2 kg/m2 and eGFR 

of 56 ± 22 ml/min per 1.73 m2. BMI and eGFR were stable during the last 3 months before entering 

the study. Office systolic and diastolic blood pressures at the time of screening, when on RAS blocker, 

were 130 ± 10 and 86 ± 5 mmHg, respectively. The ten control patients (6 men) had a mean age of 43 

± 9 years, body mass index of 25 ± 2.6 kg/m2 and eGFR of 57 ± 28 ml/min per 1.73 m2. Patients and 

controls were clinically normovolemic, i.e. no peripheral or pulmonary oedema evidenced by physical 

examination and chest X-ray and no signs of orthostatic hypotension.   

Other medication of the patients in the statin study group included phosphate binders (n=2), diuretics 

(n=8, furosemide, median dosage 80mg/day, range 40-160mg) and vitamin D (n=1). These prescribed 

medications were not changed during the study. 

Systolic and diastolic arterial blood pressure remained stable throughout the study (table 1). In all 

patients, we obtained an analyzable MSNA signal. MSNA was reduced from 28 ± 8 to 20 ± 6 bursts/

minute (P = 0.01) (figure 1a). Heart rate remained stable during the study (table 1). Total and LDL 

cholesterol decreased during statin therapy (P = 0.06) (table 1). Hemoglobin level and kidney function 

remained stable (table 1). 

In the control group MSNA remained unchanged (26 ± 5 bursts/min during the first session and 25 

± 6 bursts/min during the second session) (figure 1b). MSNA changed in the statin study group (∆ 

MSNA = 8 ± 6.5 bursts/min) but did not change in  CKD control group (∆ MSNA 0.7 ± 2.3 bursts/

min). The mean difference was - 7.3 with 95% CI -3.2 and -12.7 (P = 0.03).

Discussion

To the best of our knowledge, we are the first to show that statin has a profound sympatholytic effect in 

hypertensive patients with stable CKD, when added to RAS blockade with aliskiren 300 mg.

This finding confirms earlier clinical studies performed in patients with chronic heart failure13 and in 

hypercholesterolaemic patients and hypertensive men 12, 17. However, the present study differs in several 

aspects. Two of the previous studies were done in hypertensive and hypercholesterolemic patients12, 

17 . In both studies, no information on kidney function was provided and some but not all patients 

were on a mix of antihypertensive agents, including RAS inhibitors and beta-blockers, which are both 

sympatholytic agents. Importantly, type and dosage of medication were not mentioned. Also, in the 
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study in heart failure patients, background medication differed among patients and 2 types of statins 

were used. 13 Especially in CKD patients, it seems important to quantify the sympatholytic effect of 

an agent in patients on chronic therapy with an adequate dosage of RAS inhibitor, because this class 

of agents is considered mandatory. In the present study, all patients were on chronic treatment with 

300 mg aliskiren per day. We have previously shown that aliskiren in this dosage reduced MSNA in 

CKD patients18 and that this effect was comparable to the effect we have found with ACEi and ARB7-

9. So, the present data allows us to conclude that atorvastatine 20 mg reduces MSNA, even when 

added to chronic treatment with other classes of sympatholytic agents, i.e. a RAS inhibitor in a dosage 

commonly used in clinical practice. The fact that our time controls CKD patients did not show any 

change in MSNA is consistent with this conclusion.  

The present effect of the statin seems comparable to that reported in the previous three studies in patients 

with either hypercholesterolermia and hypertension12, 17 or heart failure13. In two of these studies, from 

two different centers, 40 mg simvastatin was given 13, 17, and in the third 20 mg of atorvastatin 12.  Our 

results indicate that atorvastatin 20 mg, a dosage which is very common in clinical practice, also has a 

clear sympatholytic effect in CKD patients. Thus, irrespective of underlying pathology, statins show a 

generic sympatholytic effect.         

Evidence from in vitro and rodent experiments indicates that the symapatholytic effect is not mediated 

by cholesterol lowering effects, mainly because culture dishes and rodents did not respond to statins 

with a decrease in plasma cholesterol19. This pleiotropic effect of statins is difficult to study in human. 

Therefore, most information on possible mechanisms has come from experimental studies. One 

such pleiotropic effect of statin partially depends on the activation of small guanosine triphosphate 

(GTP)- binding protein such as Ras, Rho and Rac. Small GTP-binding proteins have a detrimental 

effect like down-regulation of eNOS, upregulation of NADPH oxidase and activation of the AT1 

receptor20. Experimental studies have shown that statins downregulate AT1 receptors20. AT1 receptor 

stimulate NADPH-oxidase which results in reactive oxygen species (ROS). ROS consequently 

increases sympathetic nerve activity21. Kidney ischemia/hypoxia due to different pathologies, even 

when not affecting kidney function, causes sympathetic activation by two major mechanisms. Firstly, 

by an increase in Ang II as a result stimulating RAAS cascade6. So down-regulation of AT1 receptor 

by statins could block this process and might explain the sympatholytic effect of statins in CKD 

patients. Secondly, kidney ischemia/hypoxia stimulates the afferent renal nerve by mediators (such 

as adenosine), this consequently causes reduction in NO in central nervous system, resulting in less 

inhibition of sympathetic drive. It has been shown that statins could also enhance formation of NO by 
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activating phosphatidyl inositol 322. This NO enhancement might be another mechanism underlying 

the sympathoinhibitory effect of statins in CKD patients. 

In previous studies, we quantified extracellular fluid status by measuring bromide distribution, because 

we have shown that MSNA change reciprocally with fluid status, both in healthy controls and in CKD 

patients 3. However, bromide was no longer available for this use. Patients were clinically normovolemic 

and all other medications including diuretics were not changed. Body weight remained unchanged, 

making it very unlikely that fluid status showed any relevant change during the course of the study. 

It seems safe to conclude that statins reduces sympathetic hyperactivity in CKD patients, but whether 

this is linked to reductions in plasma lipids is unknown. 

Several studies suggested an antihypertensive effect of statins in patients with essential hypertension23. 

However, only two studies have been performed in kidney patients, both after renal transplantation. 

Parasad et al showed that statins reduced blood pressure significantly after 12 months follow up in 

renal transplanted recipients24. However, in this study various types and dosages of statins were used. 

In contrast to this study, Lopau et al showed that treatment with pravastatin 20mg (at low to average 

dosages) did not have a significant antihypertensive effect in renal transplanted patients in 48 months 

follow up25. However, these two studies, that also do not report MSNA, are probably not very relevant 

with respect to the non-transplanted CKD population that is not under immuno-suppression. The 

striking finding of our study is that statins can decrease MSNA in our patient population without any 

blood-pressure lowering effect. To our knowledge, we are the first to document such dissociation in 

CKD patients.  

Effect of statin on cardiovascular outcome has been studied before. It has been shown that statins are 

associated with lipid lowering, cardiovascular, and anti-proteinuric benefits in CKD26. They are safe in 

CKD, with respect to the risk of rhabdomyolysis and hepatotoxicity and limited withdrawals occurred 

in the treatment groups26. The meta-analysis showed a significant reduction in 24 hour urinary protein 

excretion (g/24 h) in CKD (pre-dialysis) patients receiving statins compared to placebo26. Although 

there was no significant reduction in the risk of all cause mortality with statins in CKD overall, there 

was a significant (approximately 20%) reduction in risk in KDOQI stage 5 (pre-dialysis) patients26. 

Compared to placebo, statins also significantly decreased the risk of non-fatal cardiovascular events 

by 20% with no significant heterogeneity among the studies.26 Very recently, this beneficial effect was 

confirmed in CKD patients in the SHARP trial (presentation ASN 2010). It is tempting to speculate 

that this beneficial cardiovascular effect of statin in pre-dialysis patients is related to its sympatholytic 

effect in this population. 
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The dosage used in our study is the widely used (low) dosage atorvastatin of 20mg/day. This dosage is 

commonly used in the daily practice. We cannot exclude the possibility that by using other (i.e. higher) 

dosages, effects on MSNA and blood pressure would be different. Furthermore, the study was done 

in a limited number of patients with variable kidney diagnosis. This makes it impossible to analyze 

whether the efficacy of the agent is related to kidney diagnosis. However, it is important to realize that 

sympathetic hyperactivity is a feature of kidney injury and not kidney failure27. 

In conclusion, the present data indicate that atorvastatin has a sympatholytic effect in CKD patients, 

even when added to chronic RAS-blockade with aliskiren 300 mg per day. The underlying mechanism, 

which appears to be independent of blood pressure, needs further investigation. 
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Table 1. Effects of atorvastatin when added to aliskiren on different variables.
eGFR: estimated glomerular filtration rate; MSNA: muscle sympathetic nerve activity; LDL: low density 
lipoprotein; HDL: high density lipoprotein

Variables
During atorvastatin and aliskiren During aliskiren

eGFR (ml/min per 1.73 m2) 56 ± 22 55 ± 22
Body weight (kg) 83 ± 15 83 ± 14
Hemoglobin (mmol/l) 7.5 ± 1.0 7.5 ± 0.9
Sodium (mmol/l) 139 ± 5.0 138 ± 5.0
Systolic arterial blood pressure (mmHg) 130 ± 8 128 ± 9
Diastolic arterial blood pressure (mmHg) 86 ± 7 85 ± 8
Mean arterial blood pressure (mmHg) 100 ± 7 99 ± 8
MSNA (bursts/min) 20 ± 6* 28 ± 8
Heart rate (beat/min) 57 ± 4 55 ± 4
Potassium (mmol/l) 3.9 ± 5 3.8 ± 5.0
Total Cholesterol (mmol/l) 3.8  ± 0.6 5.1 ± 0.4
LDL (mmol/l) 2.6 ± 0.5 3.0 ± 0.5
HDL (mmol/l) 0.8 ± 0.2 0.9 ± 0.1
Triglycerides (mmol/l) 1.0 ± 0.3 2.0 ± 0.4
Urinary Sodium (mmol/24h) 123 ± 70 126 ± 68
Total protein in urine (g/l) 0.4 ± 0.8 0.4 ± 0.2

*P < 0.05 compared to controls, Data are mean ± SD or median (range) 
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Figure 1a . Individual results of MSNA measurements (P=0.01 for comparison of the 2 study sessions). 
Only aliskiren = study when patients were on chronic aliskiren 300 mg
Atorvastatin added to aliskiren =  study when patients were on chronic aliskiren 300 mg combined with 
atorvastatin 20 mg 

Figure 1b. Individual results in control patients (no statistical difference between 2 study sessions)
First session is the first measurement, second session is about 6 weeks later without any changes in medication
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Samenvatting

De nieren spelen een centrale rol bij het ontstaan en onderhouden van hypertensie. Percutane 

endovasculaire renale denervatie is een techniek waarbij de zenuwen van en naar de nieren worden 

onderbroken d.m.v. een ablatiecatheter. Eerste resultaten bij patiënten met ernstige moeilijk 

behandelbare hypertensie, tonen een groot antihypertensief effect, dat tenminste 12 maanden lijkt 

te blijven bestaan. Het antihypertensief effect is (onder andere) een gevolg van de afname van de 

sympathetische zenuwactiviteit van het centraal zenuwstelsel naar de weerstandsvaten. De eerste 

resultaten lijken ook aan te geven dat de methode veilig is, d.w.z. dat er geen aanwijzingen zijn voor 

het ontstaan van arterie renalis stenose of aneurysmata. Het is zeer goed denkbaar dat de methode 

in de nabije toekomst ook toegepast zal worden bij andere ziektebeelden die gekenmerkt zijn door 

verhoogde sympathische activiteit, d.w.z. nierinsufficiëntie, hartfalen, (sommige vormen van) 

essentiële hypertensie en obesitas geassocieerde hypertensie. 

Abstract

The kidneys have a central role in the pathogenesis of hypertension. By percutaneous endovascular 

renal denervation the function of the nerves from and to the kidneys are blocked by catheter based 

ablation. First results in patients with insufficiently controlled hypertension show a considerable 

antihypertensive effect, which is still present after 12 months. This antihypertensive is likely the 

result of a decrease of sympathetic activity towards resistance vasculature. The procedure seems 

safe. It is conceivable that it might also be beneficial in other disease conditions characterized by 

high sympathetic activity, including chronic kidney failure, heart failure, (some forms of) essential 

hypertension and obesity related hypertension.     
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Hypertensie, hartfalen en chronisch nierlijden zijn een belangrijk en groeiend gezondheidsprobleem 

geworden. Huidige behandeling van deze aandoeningen is voornamelijk gebaseerd op beïnvloeding 

van de leefstijl en op farmacologische interventies. Dat de nieren een centrale rol spelen in pathogenese 

van de problematiek geassocieerd met deze ziektebeelden is al lang bekend. De medicamenteuze 

behandeling is dan ook vaak gericht op beïnvloeding van processen die (onder andere) geregeld worden 

door de nieren. Voor de hand liggende voorbeelden zijn de middelen die het renine-angiotensine 

systeem (RAS) beïnvloeden en diuretica. 

Experimenteel onderzoek heeft overtuigend aangetoond dat de zenuwen van en naar de nieren van 

zeer groot belang zijn voor het bepalen van een aantal functies van de nieren. Deze zenuwen liggen 

rondom de nierarteriën. Efferente (van het centraal zenuwstelsel (CZS) naar de nieren) zenuwen 

hebben bijvoorbeeld een rol bij het bepalen van de zoutuitscheiding. Afferente banen (van de nieren 

naar het CZS) hebben een belangrijke rol bij het bepalen van de bloeddruk. Dit wordt o.a. geregeld 

door de sympatische zenuwactiviteit die gaat vanuit het CZS naar de weerstandsvaten. Experimenteel 

onderzoek heeft aangetoond dat al een zeer kleine nierbeschadiging, zonder effect op nierfunctie, leidt 

tot hoge bloeddruk en dat dit kan worden voorkomen door het doornemen van de zenuwen van de 

aangedane nier. 1 In diermodellen van hypertensie leidt het doornemen van de nierzenuwen tot een 

toename van de zoutuitscheiding en een verlaging van de bloeddruk. Halverwege de vorige eeuw werd 

het chirurgisch doornemen van de zenuwen, of zelfs bilaterale nefrectomie, toegepast als behandeling 

van ernstige hypertensie. Na de komst van antihypertensieve medicatie, werd deze methode niet 

meer toegepast. De huidige behandelmogelijkheden kennen toch ook belangrijke beperkingen en 

tekortkomingen. Medicatie moet worden ingenomen, is geassocieerd met bijwerkingen, is lang niet 

altijd effectief en is duur. 

Renale denervatie techniek: Recent werd een nieuwe techniek geïntroduceerd gebaseerd op deze oude 

observaties, namelijk de percutane renale denervatie. 2-4 Via een percutane benadering wordt de 

arterie femoralis aangeprikt en de ablatiecatheter opgevoerd tot in de nierarteriën. Deze procedure is 

vergelijkbaar met een standaard angiogram. Vervolgens wordt d.m.v. de ablatiecatheter (Symplicity, 

Ardian, www.ardian.com) per nierarterie circa 6 ablaties uitgevoerd, die zowel in de lengterichting als 

circulair van elkaar gescheiden zijn. De energie wordt gegenereerd door een radiofrequency generator, 

die buiten het lichaam staat. De gehele procedure duurt tussen de 30 en 45 minuten en wordt door de 

interventieradioloog uitgevoerd. Het principe van de ablatiebehandeling wordt ook toegepast in de 

cardiologie voor de behandeling van sommige hartritmestoornissen.  

De effectiviteit: De eerste resultaten tonen dat er een zeer uitgesproken bloeddrukverlagend effect is. De 

behandeling werd uitgevoerd bij 45 patiënten met moeilijk behandelbare hypertensie (gedefinieerd 

als onvoldoende behandelde hypertensie, ondanks 3 of meer antihypertensiva). Gemiddelde 
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dalingen in systolische en diastolische bloeddruk (± 95% betrouwbaarheidsinterval) waren 

14/10±4/3, 21/10±7/4, 22/11±10/5, 24/11±9/5 en 27/17±16/11 mmHg bij respectievelijk 1, 3, 6, 

9 en 12 maanden.3 Vanzelfsprekend was er zorg over het eventueel ontstaan van schade aan de wanden 

van de nierarteriën. De techniek is getest in varkens, waarbij na de procedure geen aanwijzingen voor 

arterie renalis stenose konden worden aangetoond. Ook bij de eerste studie bij mensen werden bij 

angiogram binnen 1 maand na de procedure en met MRI 6 maanden na de ingreep geen stenoses of 

aneurysmata gevonden. 2,3 Enkele maanden na het eerste publicatie, rapporteerden dezelfde auteurs 

dat ze bij één patiënt konden aantonen dat de sympathische zenuwactiviteit vanuit het CZS naar de 

weerstandsvaten sterk gedaald was na de denervatie van de nieren.4 Dat betekent dus dat bij de mens 

kon worden aangetoond dat het onderbreken van de zenuwbanen van de nieren naar het CZS een 

verlaging geeft van sympatische zenuwactiviteit die in belangrijke mate bijdraagt aan de bloeddruk.     

De toekomstverwachting: Deze resultaten zijn om meerdere redenen van belang. De studies bevestigen 

de centrale rol van de nieren in de regulatie van de bloeddruk en het mechanisme ervan, tenminste bij 

deze categorie patiënten. Het is zeer goed denkbaar dat ook bij andere ziektebeelden die gekenmerkt zijn 

door verhoogde sympathische activiteit, bovengenoemde mechanismen verantwoordelijk zijn en deze 

interventie nuttig zou kunnen zijn. 1 Met name kan gedacht worden aan hartfalen, nierinsufficiëntie, 

(sommige vormen van) essentiële hypertensie en overgewicht geassocieerde hypertensie. 1 Bij 

hartfalen is de sympathicusactiviteit vaak (sterk) verhoogd en geassocieerd met overlijden. Huidige 

medicamenteuze behandeling is o.a. gericht op remmen van de sympathicus (RAS blokkers en 

bètablokkers). Ook bij nierinsufficiëntie is de sympathicusactiviteit vaak verhoogd en geassocieerd 

met risico op overlijden, linker ventrikel hypertrofie en met progressie van nierfunctieverlies. Studies 

bij patiënten met nierinsufficiëntie en met hartfalen worden reeds uitgevoerd. 

Er zijn ook nog onzekerheden. Hoewel korte termijn resultaten geen nadelige effecten tonen, zijn lange 

termijn effecten onbekend. Het effect op de bloeddruk houdt tenminste 12 maanden aan. Onduidelijk 

is of (gedeeltelijk) herstel van de zenuwen kan plaats vinden en wat hiervan het effect op de bloeddruk 

is. 

De methode is nu beschikbaar in het UMC Utrecht. In eerste instantie zullen met name patiënten 

met (moeilijke) hypertensie behandeld worden. Het is zeer goed denkbaar dat in de nabije toekomst 

de indicatiegebied zal worden uitgebreid naar o.a. bovengenoemde ziektebeelden. Wanneer blijkt dat 

het (grote) antihypertensieve effect gedurende langere tijd (d.w.z. jaren) aanwezig blijft en ook op 

langere termijn de veiligheid is gegarandeerd, dan is het zeer goed denkbaar dat de methode (zeer) 

kosteneffectief is en derhalve een wezenlijke aanwinst zal blijken te zijn.   



99

E N D OVA S C U L A I R E  R E N A L E  D E N E RVAT I E :  H E R U I T V I N D I N G  VA N  E E N  O U D  CO N C E P T

Referenties

1. Siddiqi L, Joles JA, Grassi G, Blankestijn PJ: Is kidney ischemia the central mechanism in parallel activation 

of the renin and sympathetic system? J Hypertens 2009;27:1341-1349.

2. Schlaich MP, Sobotka PA, Krum H, Whitbourn R, Walton A, Esler MD: Renal denervation as a therapeutic 

approach for hypertension: novel implications for an old concept. Hypertension 2009;54:1195-1201.

3. Krum H, Schlaich M, Whitbourn R, Sobotka PA, Sadowski J, Bartus K, Kapelak B, Walton A, Sievert 

H, Thambar S, Abraham WT, Esler M: Catheter-based renal sympathetic denervation for resistant 

hypertension: a multicentre safety and proof-of-principle cohort study. Lancet 2009;373:1275-1281.

4. Schlaich MP, Sobotka PA, Krum H, Lambert E, Esler MD: Renal sympathetic-nerve ablation for 

uncontrolled hypertension. N Engl J Med 2009;361:932-934.



100

CH A P T E R  7

Figuur 1. Schematische weergave van de betrokkenheid van de nieren bij het ontstaan en onderhouden van 
hypertensie.1 Het waarschijnlijke mechanisme is als volgt: (geringe) nierschade geeft ischemie in de nier, 
hierdoor wordt het renine angiotensine systeem geactiveerd leidend tot verhoogde circulerende angiotensine II 
(AngII) spiegels en via chemoreceptoren in de nieren neemt de afferente zenuwactiviteit toe. Beide mechanismen 
stimuleren het centraal zenuwstelsel tot toename van de sympathische zenuwstelsel naar o.a. de weerstandsvaten, 
leidend tot toename van de bloeddruk. Dit alles is in principe bedoeld om de nierperfusie te herstellen, maar leidt 
tot systemische effecten die schadelijk zijn.     
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The studies presented in this thesis provide some new and potentially important information. 

Firstly, we showed that CKD patients have a greater left ventricular mass than healthy volunteers. 

Importantly, sympathetic hyperactivity is related to left ventricular mass independent of its effect on 

blood pressure and despite of the fact that patients were on chronic treatment with a RAS inhibitor. 

This suggests that sympathetic hyperactivity needs further attention and normalization of sympathetic 

hyperactivity is essential in the effort to reduce cardiovascular risk in CKD patients. Today’s treatment 

with RAS inhibitors reduces but does not normalize sympathetic activity in CKD patients. Previously, 

we have shown that the addition of the centrally acting sympatholytic agent moxonidine to chronic 

treatment with an ARB further reduces MSNA in CKD patients to levels comparable with controls. 

Indeed, there is some clinical evidence in CKD patients that addition of sympatholytic therapy such 

as a β-blocker or moxonidine to standard treatment may improve clinical outcome. It is yet unclear 

whether higher dosages of ACEi or ARB or their combination results in further reduction of the 

sympathetic nerve activity in CKD patients. However, some clinical evidence suggests that combining 

an ACEi with an ARB, may improve renal and cardiovascular prognosis independent of arterial blood 

pressure. It is appealing to hypothesize that more suppression of the sympathetic nerve activity by this 

intensive therapy may be (partially) responsible for these clinical effects. The present findings support 

the idea that presently commonly used dosages of ACEi and ARB which may be adequate for arterial 

blood pressure control are not enough to provide full protection against the development of target 

organ damage in CKD patients. Of note, a recent study in high risk diabetics failed to show any benefit 

of the combination of ACEi and ARB. Future studies need to identify patient groups that benefit of 

more intensive therapy. The present data support the idea that CKD might be such a patient group. 

There is some evidence that suggests that apart of the well known renin-angiotensin pathway there 

are some ACE independent pathways that might stimulate sympathetic activation. In the next study 

we have studied the effect of renin inhibitor on MSNA. As renin catalyses the first step of the RAS-

cascade, inhibition of renin might give a better sympatholytic effect. We showed that the renin 

inhibitor aliskiren is an effective antihypertensive in CKD patients and has a sympatholytic effect 

comparable to ACE inhibitors and ARBs. This study may help to define the position of this new class 

of antihypertensive agents. Aliskiren seems effective and safe in hypertensive CKD patients. The study 

gives further support to the notion that the RAS and the sympathetic nervous system affect each other. 

Direct comparison will be necessary to formally compare efficacy of aliskiren versus ACEi or ARB. In 

addition, administration of 100% oxygen had no effect on sympathetic activity in CKD patients after 

chronic treatment with aliskiren, whereas it lowers MSNA when patients were not on a RAS inhibitor. 
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So, the results suggest, albeit indirectly, that aliskiren improves kidney oxygenation in CKD. This idea 

deserves further study.   

Imaging of the kidney tissue using blood oxygen level dependent (BOLD) MR presents a major 

new opportunity to examine differences in kidney tissue oxygenation within the cortex and medulla 

applicable to human disease. In this thesis, we showed that the changes in BOLD signal intensity 

induced by acute and chronic RAS inhibitors can be detected in CKD patients. However, no effect was 

detectable in healthy volunteers. This technique provides an interesting new tool in studying kidneys in 

conditions of health and disease. For instance, it seems interesting to compare various kidney diseases 

in this 

respect and compare the effects of different antihypertensives and various dosages. Given the 

importance of kidney ischemia in the pathophysiology of CKD, it is tempting to speculate that BOLD 

MRI might be a valuable tool to monitor and follow up medical therapy in CKD patients.   

Interestingly, we showed that a statin is an effective sympatholytic agent in CKD patients, who are on 

a RAS inhibitor. The precise mechanism of the sympatholytic effect of statin is still unclear. It might be 

interesting to study the sympatholytic effect of statins when added to other anti-hypertensives, such 

as beta-blockers and calcium antagonists. Statins are lipid lowering, have antiproteinuric effects and 

improve cardiovascular risk in CKD patients. Several studies suggested also an antihypertensive effect 

of statins. We found no such effect in CKD patients. However, well-designed, controlled clinical trials, 

specifically aimed to analyze the antihypertensive effect of statin therapy in CKD patients are lacking.

Finally, we briefly discuss catheter-based renal denervation. This is a novel application of an old 

concept. First studies suggest that it is safe and results in a substantial blood pressure reduction. Further 

it confirms the important role of renal sympathetic nerves in resistant hypertension. If randomised 

controlled trials confirm these initial findings, catheter-based renal sympathetic denervation might be 

helpful in the management of this public health issue. So far not much is known about the long-term 

complications of this intervention. More randomized trials are required to study the long-term safety 

and its effect on hypertension on long-term. 
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Het cardiovasculair risico van patiënten met chronisch nierlijden (CNL) is veel groter dan bij gezonde 

patiënten. Deze toename is al aanwezig als die nierfunctie slechts minimaal verstoord is. Behalve de 

zogenaamde traditionele cardiovasculaire risicofactoren zijn er ook nier specifieke risicofactoren zoals 

hyperactiviteit van het sympathisch zenuwstelsel. Er is ruimschoots bewijs dat hyperactiviteit van 

het sympathisch zenuwstelsel nadelig is voor de gezondheid. Nier hypoxie lijkt van cruciaal belang 

te zijn in de pathogenese van toegenomen activiteit van zowel het renine-angiotensine systeem 

(RAS) als het sympathisch zenuwstelsel. De toename van afferente nier zenuwen en/of circulerend 

angiotensine II (AngII) activeert het centrale zenuwstelsel tot toename van sympathische uitvloed. 

Voorgaande studies hebben laten zien dat antihypertensiva genaamd angiotensine II blokkers (ARB) 

en zogenaamde angiotensin converterend enzym remmers (ACEr) de sympathische hyperactiviteit 

reduceren maar niet normaliseren.

In dit proefschrift heb ik ten eerste laten zien dat CNL patiënten een grotere linker ventrikelmassa 

hebben dan gezonde vrijwilligers. Belangrijk is dat sympathische hyperactiviteit is gerelateerd aan 

linkerventrikelmassa onafhankelijk van het effect op bloeddruk en ondanks het feit dat patiënten 

chronisch werden behandeld met een RAS onderdrukker. Dit suggereert dat sympathische 

hyperactiviteit verdere aandacht behoeft en normalisatie van sympathische hyperactiviteit essentieel 

is in de poging tot het reduceren van cardiovasculair risico bij CNL patiënten. De huidige bevindingen 

ondersteunen het idee dat de tegenwoordig normaal gebruikte doseringenvan ACEr en ARB die 

wellicht adequaat zijn voor het controleren van arteriële bloeddruk niet genoeg bescherming bieden 

tegen het ontstaan van eindorgaanschade bij CNL patiënten.

Er is bewijs dat los van het welbekende renine angiotensinepathway er enkele ACE onafhankelijke 

pathways zijn die sympathische activatie zouden kunnen stimuleren. In de volgende studie hebben we 

het effect bestudeerd van een renine remmer op sympathische activiteit. Aangezien renine de eerste 

stap van de RAS cascade katalyseert zou inhibitie van renine een beter sympatholytisch effect kunnen 

geven. We hebben aangetoond dat de renine remmer (aliskiren) een effectief antihypertensivum is bij 

CNL patiënten en dat het een sympatholytisch effect heeft vergelijkbaar met ACE remmers en ARB’s. 

Direct vergelijkend onderzoek zal nodig zijn om de effectiviteit van aliskiren enerzijds en een ACE 

remmer of ARB anderzijds te kunnen vergelijken. Daarbij komt dat toediening van 100% zuurstof geen 

effect had op de sympathische activiteit bij CNL patiënten na chronische behandeling met aliskiren, 

terwijl het sympathische activiteit verlaagt bij patiënten die niet behandeld worden met een RAS 

remmer. Het resultaat suggereert dus, ook al is het indirect, dat aliskiren nier oxygenatie verbetert bij 

CNL. Dit idee verdient verder onderzoek.

Beeldvorming van nierweefsel met behulp van blood oxygen dependent (BOLD) MR geeft een 

belangrijke nieuwe kans om nierweefsel oxygenatie te onderzoeken in de cortex en medulla bij nier 
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ziekten. In deze thesis hebben we laten zien dat veranderingen in de sterkte van het BOLD signaal 

veroorzaakt door acute en chronische RAS remmer kunnen worden gedetecteerd bij CNL patiënten. 

Er was echter geen effect vindbaar bij gezonde vrijwilligers. De techniek levert een interessant nieuw 

instrument bij het bestuderen van nieren in zowel gezonde omstandigheid als bij ziekte. Het is 

bijvoorbeeld interessant om verschillende nierziekten en het effect van verschillende antihypertensiva 

in verschillende doseringen te vergelijken. Gegeven het belang van nierischemie in de pathofysiologie 

van CNL is het verleidelijk om te speculeren dat BOLD MRI een waardevol hulpmiddel zou kunnen 

zijn in het monitoren en de follow up bij medische therapie van CNL patiënten. 

Interessant is dat statine een effectieve sympatholytische stof is bij CNL patienten die onder behandeling 

zijn met een RAS remmer. Het exacte mechanisme van het sympatholytische effect van statine blijft 

onduidelijk. Het is tevens interessant om het effect van statine te bestuderen wanneer deze toegevoegd 

wordt aan andere antihypertensiva zoals bètablokkers en calcium antagonisten. Het is aangetoond 

bij CNL patiënten dat statines lipideverlagend zijn, een reductie van protëinurie veroorzaken en 

geassocieerd zijn met verbetering van het cardiovasculair risicoprofiel. Enkele studies toonden een 

antihypertensieve effect van statines. Wij vonden geen antihypertensief effect bij patiënten met CNL. 

Echter een goed ontworpen gecontroleerde klinische trial die specifiek het antihypertensieve effect van 

een statine onderzoekt, is nooit eerder gedaan.

Uiteindelijk bespreken we kort renale denervatie d.m.v. een percutane catheter procedure. Dit is een 

nieuwe toepassing van een oud concept. Eerste studies in patiënten met ernstige hypertensie suggereren 

dat de methode veilig is en resulteert in een substantiële reductie van de bloeddruk. De resultaten 

bevestigen de belangrijke rol van renale sympathische zenuwen, ten minste bij dit type patienten. 

Als randomised controlled trials deze bevindingen bevestigen, dan kan deze nieuwe methode een 

belangrijke aanwinst betekenen voor de volksgezondheid. Tot nu toe is nog niet veel bekend over de 

lange termijn effecten van deze interventie. Meer onderzoek is nodig om de lange termijn veiligheid en 

effectiviteit vast et stellen.
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When I look back I have no words to express my thanks to you! You are extremely wonderful people!

My Sam, mijn koning, I always used to think that I had the image of an ideal man in mind for my life. 

But you showed me that one can be far way better than the ideal person. I have a lot of respect for your 

personality: it is beyond what one can imagine! Thanks for your courage and help especially in the last 

months of this project: when I was totally exhausted, you were the source of courage and energy for 

me. Thank you for this book!
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