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Salt; from ancient times and on…

Salt, i.e. sodium chloride, NaCl, is an essential constituent of our diet. Sodium chloride plays

a central role in daily life in different societies now and in the past. Notably, in ancient times

sodium chloride has even been laurelled with supernatural properties. Homerus called salt a

substance sent by the gods, and the old Egyptians, Greek and Roman societies used salt as

a central part in offering ceremonies. 

Salt was once associated with love and fertility. The Romans called somebody who fell in

love ‘salax’, the literal translation of ‘being in a pickled condition’. Moreover, there is a French

engraving from the 12th century entitled ‘women salting their husbands’. The last sentence of

the accompanying poem states ‘by salting their muscles and tendons, we finally don’t have

to fear for impotence’. Remarkably, the use of salt was recommended for its medicinal

properties. It was suggested to have mucolytic (Hippocrates, 400 BC), laxative (Dioscorides

100 AD), anti-infectious (Galen, 120-129 AD) and even diuretic properties (Paracelsus 1493-

1541 AD). 

From a more practical point of view: salt has the property to serve as a preservative. The old

Egyptians already used salt in the mummifying process and as soon as our society switched

from hunting and scavenging as the way of living into an agricultural one, about 10.000 years

ago, we started to add salt to our food in order to prevent it from tainting. From that point on

our daily intake of salt started to rise from an estimated 0.7 grams per day in the Stone Age,

40.000 to 50.000 years ago, to on average over 10 grams per day in our modern western

society. Nowadays, in our time of refrigerators, salt is no longer important as a preservative.

Its addition to our food seems therefore merely because our taste have adapted to a higher

salt intake. 

Sodium intake and volume regulation

In the human body, apart from its role in maintaining membrane potential, sodium plays a

key role in maintaining volume homeostasis. The concentration of sodium ions in the plasma

is regulated within tight boundaries by the osmotic regulatory system, keeping its concentration

between 135 and 145 mmol/L during physiologic conditions. As plasma sodium concentration

is kept relatively constant, the body can regulate its extracellular fluid volume (ECFV) by

regulating total body content of sodium. An average intake of less than 1 g NaCl/day is enough

to meet the physiologic needs of the body. Excess intake of sodium is secreted by the kidney.

The resultant of sodium intake and excretion therefore makes the total body content of sodium

and is the main determinant of ECFV. Notably, only recently, non-osmotic storage of sodium

13

General introduction and aims of the thesis

proefschrift_Opmaak 1  19-4-2010  14:52  Pagina 13



in the skin has been demonstrated (1). This landmark finding will certainly prompt reexploration

of the pathophysiological role of salt, in hypertension and in CKD.

Classically, there are two main sodium (volume) regulating systems in humans: the renin

angiotensin aldosterone system (RAAS) and the natriuretic peptide axis (NPA), which act in

concert to maintain volume homeostasis. Both systems act on the kidney as their main target

of action in order to release excess of sodium in situations of volume overload and to retain

sodium during volume depletion. During volume depletion, the RAAS is activated, eventually

leading to increased levels of angiotensin II. Angiotensin II induces sodium reabsorbtion in

the proximal tubules and stimulates the release of aldosterone from the adrenal cortex leading

to distal tubular reabsorbtion of sodium in the kidney. On the other hand, volume overload

leads to a balanced increase in Na
+

excretion through down regulation of the RAAS and by

upregulation of the NPA. The actions of the natriuretic peptides are thought to be mainly related

to their direct inhibitory action on sodium reabsorbtion in the medullary collecting duct (2),

although indirect actions resulting in renal vasodilatation may also be involved. Apart from the

RAAS and the NPA, volume regulation is subject to several other regulatory pathways.

Depending on the extent to which adjustment of volume regulation is needed, vasopressin

(ADH= anti diuretic hormone) and the sympathetic nervous system can be more or less

activated, acting in supplement to the other two systems.

In summary, under normal conditions, sodium balance and ECFV are subject to an elegant

and closely monitored regulatory system of which the RAAS and the NPA are the most

prominent and best studied pathways. However, abnormalities in this well-balanced system

are involved in the pathogenesis of hypertension as well as cardiovascular and renal disease,

rendering sodium status a topic of interest for the prevention of cardiovascular and renal

damage.

Sodium as a pathogenic factor

Nowadays, the intake of salt is generally high and greatly exceeds the physiologic need of

<1 g/day of the body. However, the intake of salt around the world is highly variable ranging

from around 3 g/24h in rural Cameroon to around 17,5 g/24h in certain parts of China (3). In

the western world a salt intake between 8 and 12 g/24h is common and is also observed in

the Netherlands. The optimal intake of salt is generally believed to be between 5-7 g/24h. This

excess of sodium intake is increasingly recognized as an important determinant of

cardiovascular and renal damage. Of note, the daily intake of salt in children is far above the

recommended target intake and furthermore is still increasing (4;5)(figure 1). This suggests
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Figure 1: Salt intake in Australian children. The actual intake as compared to the upper recommended limit of

intake.

that excess sodium intake may become an even larger problem in the future. 

Very recently, a large meta-analysis comprising 13 independent prospective studies and

over 175.000 participants demonstrated that a higher sodium intake is associated with an

increased risk for stroke and cardiovascular disease (6). Moreover, in a large prospective

Finnish cohort study baseline sodium excretion was correlated to cardiovascular mortality and

morbidity (7). In addition, higher urinary sodium excretion is associated with and increased

risk of death from stroke (8). Recently, a landmark paper by Cook et al (9) reported the long

term effects of dietary sodium restriction on cardiovascular outcome. Strikingly, dietary sodium

restriction by 30%, to around 100 mmol (= ± 6 g NaCl)/day for a period of 18 months resulted

in a 25% reduction of cardiovascular events, as compared to the control group, after 13 years

of follow-up. 

Unfortunately, there are no data available regarding the effect of sodium intake on hard

renal end-points. However, high sodium intake is associated with higher urinary excretion of

albumin and protein in the general population (10), in healthy individuals and in patients with

chronic kidney disease (CKD) (11). As an intermediate renal endpoint, proteinuria and

albuminuria consistently predict renal and cardiovascular damage in CKD and thus are the

main prognostic markers and therapeutic targets in CKD (12-14) . 

Traditionally, most of the detrimental effects of high sodium intake have been linked to its

effects on blood pressure. However, the extent to which an increase in dietary sodium intake

is linked to an increase in blood pressure is highly variable within individuals and besides

that, is largely dependent on age, race and body composition. This suggests that the individual

15
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susceptibility to higher dietary sodium intake is highly variable. Furthermore, epidemiologic

studies have indicated that high sodium intake can exert its pathogenic effects independent

of blood pressure (7). In fact, high sodium intake is associated with a larger left ventricular

mass in normotensive as well as hypertensive subjects (15). Furthermore, in animal studies,

sodium intake was shown to be associated with endothelial dysfunction (16,17) and higher

tissue ACE-activity (18). The latter was also demonstrated in human subjects (19). Also, as

stated before, higher sodium intake induces higher urinary excretion of protein and albumin

independent of blood pressure. Of note, albuminuria in association with a higher sodium intake

goes along with glomerular hyperfiltration in hypertensive subjects (20). Remarkably, the effect

association between sodium intake and albumin excretion, as observed cross-sectionally in

the general population, is particularly apparent in overweight subjects (10). Besides this, in

the NHANES (national health and nutrition examination survey) study (21) higher sodium intake

was associated with an increased risk of cardiovascular disease only in overweight subjects.

Furthermore, sodium sensitivity of blood pressure, which is a strong predictor cardiovascular

disease (22), is associated with excess of weight (23). 

Thus, it is becoming increasingly clear that the detrimental effects of sodium intake on

cardiovascular and renal damage are potentiated by weight excess. The mechanism

underlying are not well established, but the effects of weight excess and the metabolic

syndrome on renal sodium handling and volume homeostasis may be involved (24;25).

Considering the emerging epidemic of weight excess, this interaction is of great importance

as both factors have their own separate effects on cardiovascular and renal damage (26;27)

but in combination with each other may have an even more detrimental impact. 

The other way around, sodium balance and the RAAS as its main determinant, have a

possible impact on lipid metabolism. For instance, dietary sodium restriction is associated

with an increase in total cholesterol and low density lipoprotein cholesterol (LDL-C) in

hypertensives and patient at risk for cardiovascular disease (28). Second, the anti-artherogenic

adipokine adiponectin, which plays an important role in high density lipoprotein cholesterol

(HDL-C) metabolism (29-31), was shown to be decreased by infusion of angiotensin II in rats,

an effect which could be prevented by blocking of the angiotensin II receptor (32). Moreover,

interactions between sodium status and metabolic factors may also be relevant in renal

disease. Dyslipidemia is, next to proteinuria, hypoalbuminuria and systemic edema, one of

the key symptoms of the nephrotic syndrome. Dyslipidemia in nephrotic syndrome is

characterized by elevated levels of total cholesterol, LDL-C and triglyerides (33;34). The levels

of HDL-C can be lower, equal of even higher as compared to control subjects (33;35;36).

Upon rigorous antiproteinuric therapy, in which blockade of the RAAS and sodium restriction

are pivotal treatment tools (37), the lipid profile generally improves. 
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Taken together, there is evidence for an interaction between sodium status and metabolic

factors in cardiovascular and renal disease. This is important as both are involved in the

pathogenesis of these conditions and serve as targets for intervention. Moreover, an integrated

perspective on their mutual interaction is lacking so far. This would be important for future

improvement of preventive strategies in cardiovascular and renal disease.  

Aim of the thesis

The aim this thesis is to further explore the interaction between sodium status and metabolic

factors. The different chapters in this thesis will illustrate the proposed two-way interaction

between metabolic factors and volume status in determining cardiovascular and renal risk

profile (figure 2). In part one of the thesis we will investigate the effect of weight excess on

how the kidney and the extracellular fluid volume (ECFV) adapts to a change in sodium intake.

The second part of this thesis will focus on the metabolic effects of change in sodium intake.

Finally in the last part of this thesis, we will discuss NT-proBNP and hemopexin as novel players

in the complex field of sodium homeostasis. 

Outline of the thesis

Part one: sodium homeostasis and weight excess

As mentioned before, the effect of a high sodium intake on cardiovascular and renal risk is

augmented by weight ecess in epidemiological studies (10). The mechanism of this effect is

unknown but expansion of the ECFV and glomerular hyperfiltration, i.e. a high glomerular

filtration rate (GFR) in relation to the effective renal plasma flow (ERPF), is possibly involved.

In chapter 1 we investigate the effects of overweight on renal hemodynamic changes as

induced by a high sodium intake in 95 healthy young male subjects, to test the hypothesis

that in overweight subjects a high sodium intake will elicit a hyperfiltration-like hemodynamic

profile. Recently, our group developed and validated a method to asses ECFV simultaneously

with GFR by estimating the distribution volume of 125I-iothalamate (38). This allows us to

estimate ECFV in addition to GFR and ERPF in a subgroup of the subjects described in chapter

1. Accordingly, in chapter 2, we test the hypothesis that change in ECFV as induced by a

switch in sodium intake is related to body mass index (BMI).

17
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Figure 2: Sodium as a pathogenic factor

Part two: metabolic effects of sodium restriction in healthy subjects and in renal disease

As a potential adverse effect of sodium restriction, unfavorable effects of sodium restriction

on the lipid profile have been focus of research in the past. However, these studies included

a vast variation of populations resulting in divergent findings, rendering a large meta-analysis

at this issue to be inconclusive. In chapter 3 we will we asses the effect of sodium intake on

plasma cholesterol in a homogenous group of healthy young men. 

Adiponectin is a adipokine with antiartherogenic properties, with a potential protective role

in cardiovascular disease. Little is known about the regulation of adiponectin levels in humans.

Inhibition of the RAAS increases adiponectin levels and infusion of angiotensin II has been

demonstrated to decrease adiponectin in rats (32). This elicits the hypothesis that the RAAS

is involved in the regulation of adiponectin. Therefore, in chapter 4, we will asses the effects

of physiologic (i.e. a high sodium intake), and pharmacologic (ACE-inhibition) inhibition of the

RAAS on the circulating levels of adiponectin in the human setting, in healthy volunteers.

Furthermore, the effects of exogenous angiotensin II will be addressed. 

In the nephrotic syndrome, significant deviations in plasma cholesterol have been described.

In fact, dyslipidemia is one of the key findings in the syndrome. Upon antiproteinuric treatment

the lipid profile generally improves. We hypothesized, that the changes in lipoproteins upon

antiproteinuric therapy are related to level of cholesteryl ester transfer protein (CETP) which

transfers cholesteryl esters from HDL-C into triglyceride-rich lipoproteins and thereby contribute

to an artherogenic lipoprotein profile (39). In chapter 5 we investigate the effect of

antiproteinuric therapy with a combination of RAAS blockade, dietary sodium restriction and

hydrochlorothiazide in non-diabetic proteinuric patients, on plasma cholesterol levels and

relate this to CETP-mass. In consequence to our findings in chapter 4 we also related the

change in HDL-C upon antiproteinuric therapy to the changes in adiponectin. 

Blocking of CETP with several inhibitors including torcetrapib markedly increases HDL-C.
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However, the ILLUMINATE-trial was terminated prematurely because of increased morbidity

and mortality when combining torcetrapib with atorvastatin as compared to atorvastatin

alone(40), in spite of a 70% increase in HDL-C. In the torcetrapib group an increase in blood

pressure and aldosterone levels were observed suggesting an hitherto unrecognized

interaction between CETP and the RAAS. Therefore, in chapter 6 we test the hypothesis that

the individual level of CETP-mass is related to the responsiveness of the RAAS to non-

pharmacological, i.e. a shift in sodium intake, and pharmacological, i.e. exogenous angiotensin

II infusion, modulation. 

Part three: NT-proBNP and hemopexin as novel players in sodium homeostasis

In the past, metabolic disturbances as diabetes mellitus type II and obesity have been

linked to increased activity of the renal RAAS in situations of high sodium intake. This was

proposed as one of the mechanisms of obesity and diabetes related hypertension and kidney

damage (41-46). Even in healthy subjects, variations in individual activity of the renal RAAS

have been observed. We propose that increased activity of the renal RAAS can be

compensated by increasing activity of the counteracting NPA. Therefore, in chapter 7 we

investigate whether higher levels of N-terminal brain natriuretic peptide (NT-proBNP) are

related to increased activity of the renal RAAS. 

The RAAS plays a key role in cardiovascular and renal disease mainly via its terminal effector

molecule angiotensin II (47). A recent publication of our group demonstrated that the

angiotensin II type I receptor (AT1-R) is down regulated in vitro by the protease activity of the

acute phase protein hemopexin (Hx) (48). This observation suggests that Hx-activity is related

to the in vivo responsiveness to angiotensin II. In chapter 8 we will address this hypothesis by

relating the individual level of Hx-activity to the response of blood pressure to different doses

of exogenous angiotensin II. Furthermore, the effect of a switch in sodium intake on hemopexin

activity is assessed. 
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Abstract

A body mass index (BMI) ≥ 25 kg/m
2

increases the risk for long-term renal damage, possibly

by renal hemodynamic factors. As epidemiological studies suggest interaction of BMI and

sodium intake, we studied the combined effects of sodium intake and BMI on renal

hemodynamics. 

Glomerular filtration rate (GFR) and effective renal plasma flow (ERPF) were measured in

95 healthy men (median age 23 years (95% confidence interval: 22–24), BMI: 23.0 ± 2.5 kg/m
2
)

on low (50 mmol Na
+
/24h, LS) and high (200 mmol Na

+
/24h, HS) sodium intake. 

Mean GFR and ERPF significantly increased by the change to HS (both P<0.001). During

HS but not LS, GFR and filtration fraction (FF) positively correlated with BMI (R=0.32 and

R=0.28, respectively, both P<0.01). Consequently, BMI correlated with the sodium-induced

changes in GFR (R=0.30; P<0.01) and FF (R=0,23; P<0.05). The effects of HS on GFR and

FF were significantly different for BMI ≥ 25 versus < 25 kg/m
2
, namely 7.8 ± 12.3 versus 16.1

± 13.1 mL/min (P<0.05) and -0.1 ± 2.2 and 1.1 ± 2.3% (P<0.05). FF was significantly higher

in BMI ≥ 25 versus < 25 kg/m
2
, (22.6 ± 2.9 versus 24.6 ± 2.4%, P<0.05) only during HS. ERPF

was not related to BMI. Urinary albumin excretion was increased by HS from 6.0 (5.4–6.7) to

7.6 (6.9–8.9) mg/24h. Results were essentially similar after excluding the only two subjects

with BMI > 30 kg/m
2
.

BMI is a determinant of the renal hemodynamic response to HS in healthy men, and of GFR

and FF during HS, but not during LS. Consequently, HS elicited a hyperfiltration pattern in

subjects with a BMI > 25 kg/m
2

that was absent during LS. Future studies should elucidate

whether LS or diuretics can ameliorate the long-term renal risks of weight excess. 
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Introduction

Excess body weight is a risk factor for loss of kidney function in different renal disorders (1-

3). Recent studies showed that a body mass index (BMI) above 25 kg/m
2

in young adults is

associated with an increased risk for end-stage renal disease on long-term follow-up, not only

in subjects with a specific renal parenchymal disorder, hypertension, or diabetes, but also

without those conditions (4-8). The mechanisms underlying the predisposition to renal damage

associated with a higher BMI are incompletely understood. In overt obesity, the mechanisms

are assumed to involve hypertension (9), insulin resistance (10), as well as an unfavorable

hemodynamic profile with renal hyperperfusion and hyperfiltration (9;11-13). As a higher BMI

is associated with a renal hyperfiltration profile also in healthy subjects without overt obesity,

renal hemodynamics could be relevant in the renal effects of an extent of weight excess that

does not amount to overt obesity yet (12). 

In population studies, a high BMI was strongly associated with a higher urinary albumin

excretion (UAE) (14;15). Interestingly, an interaction was observed between high dietary

sodium intake (estimated by urinary sodium excretion) and excess body weight as risk factors

for UAE (15). The renal mechanisms underlying this interaction would be of interest. Studies

in essential hypertensive subjects have shown that a high sodium (HS) intake can elicit

albuminuria (16), with an unfavorable renal hemodynamic profile (17). This raises the hypothesis

that renal hemodynamic factors are involved in the interaction between sodium intake and

BMI on UAE. Whereas the renal response to HS has been addressed in various populations

(12;14;15;17-21), the effect of BMI on the renal hemodynamic response to a HS intake has

not been established so far. 

Therefore, in the present study we investigated the influence of BMI on the renal

hemodynamic response to a shift in sodium intake in healthy young male adults. They were

studied during a period of low sodium (LS) (50 mmol/day) and an HS (200 mmol/day) intake,

that is, a sodium intake reflecting the lower and upper boundaries of a normal intake. 

Materials and Methods

Subjects

The study population consisted of 95 healthy normotensive men not selected for BMI. Normal

blood pressure was confirmed by repeated non-invasive automatic blood pressure assessment

(Dinamap) and defined as systolic blood pressure < 140 mmHg and diastolic blood pressure

< 90 mmHg. The study was approved by the local medical ethics committee, in accord with
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the Declaration of Helsinki Principles, and all participants gave written informed consent. All

medical histories were without significant disease, and results of physical examination were

unremarkable.

Study protocol

Subjects were studied at the end of two different 7-day periods, during which they used a

LS diet (50 mmol Na
+
/day) and an HS diet (200 mmol Na

+
/day), respectively. Potassium intake

was standardized at 80 mmol/day. Otherwise, the subjects continued their usual food habits.

For assessment of dietary compliance and sodium balance, 24 h urine was collected at day

4 and day 6 during each period. During both periods, the subjects were ambulant and

continued their normal activities. At day 7 of both study periods, the subjects reported at the

research unit at 8 am, after having abstained from food and alcohol overnight. Height and

body weight were measured at the start of this day and BMI was calculated as the ratio of

body weight (kg) and the square of height (m). During the study day, subjects remained in a

semi-supine position except during voiding. One intravenous cannula was inserted in each

forearm. One was used for infusion of tracers and the other for infusion of fluids and blood

sample withdrawal. Blood was collected for fasting glucose and insulin determination. At 11

am, blood was withdrawn for determination of plasma renin concentration and aldosterone.

Sodium intake during the day was adjusted according to the actual diet in the concerning diet

period. To ensure sufficient urine output, 250 mL of 5% glucose solution was administered in

the right antecubital vein and subjects were provided with 250 mL of oral fluids every hour.

After a 2 h run-in period, GFR and ERPF were measured as the clearances of constantly

infused 
125

I-Iothalamate and 
131

I-Hippuran, respectively. In this set-up, GFR is measured as

the urinary clearance of 
125

I-Iothalamate, and corrected for voiding errors by the ratio of plasma

to urinary clearance of 
131

I-Hippuran, as described in more detail previously (22). The coefficient

of variation of this method is 2.5% for GFR and 5% for ERPF. FF was calculated as the ratio of

GFR and ERPF and expressed as percentage (%). Blood pressure was assessed with an

automatic device (Dinamap) at 15 min intervals. Mean arterial pressure was calculated as

diastolic pressure plus one-third of the pulse pressure. 

Chemical analysis of urine and blood samples 

Urinary concentrations of sodium and potassium were measured by standard auto-analyser

technique (MEGA, Merck, Darmstadt, Germany). UAE was determined by nephelometry with

a threshold of 2.3 mg/l (Dade Behring Diagnostic, Marburg, Germany). Insulin was determined

on an AxSym with a threshold of 1.0 mU/Ml and intra-assay and inter-assay coefficients of
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variation of 2.6 and 4.3%, respectively (Abbott BV, Amstelveen, The Netherlands). Plasma

renin concentration was determined in terms of angiotensin I generation using a

radioimmunoassay(23). Aldosterone was measured with a commercially available

radioimmunoassay kit (Diagnostic Products Corporation, Los Angeles, CA, USA). Plasma

glucose was determined by glucose-oxidase method (YSI 2300 Stat plus, Yellow Springs, OH,

USA).

Data analysis 

Data were analyzed using SPSS 12.0 (SPSS Inc., Chicago, IL, USA). Data with a normal

distribution are expressed as mean ± s.d. Nonparametric data are given as median (95%

confidence interval). Simple Pearson’s parametric correlation was used for continuous analysis

of the influence of BMI on renal hemodynamics. The average BMI over both conditions of

sodium intake was used for analysis. For the total group, the effect of the change in sodium

intake was assessed by a paired sample t-test for parametric data and a Wilcoxon’s signed

rank test for non-parametric data. Furthermore, data were analyzed according to the break-

up by BMI ≥ 25 kg/m
2
, that is, the usual cut-off for overweight, using a Student’s t-test to

compare the groups with BMI < 25 and ≥ 25 kg/m
2
. Data on renal hemodynamics were

analyzed both as crude values and after normalization for height. We refrained from

normalization by body surface area as such normalization by definition will confound analyses

for BMI-related effects, and for this reason, normalization by height has been recommended

(24;25). In this paper, we present the analysis as carried out on crude data, but additionally

we performed the same analyses after indexing for height, with similar outcomes. A two-sided

P-value <0.05 was considered to be significant.

Results

Median age was 23 years (95% confidence interval: 22–24) and mean BMI 23.0 ± 2.5 kg/m
2
.

The distribution of BMI values in our population is shown in Figure 1. The distribution of BMI

was somewhat skewed, with overt obesity (BMI > 30 kg/m
2
) in two subjects and overweight

(BMI > 25 kg/m
2
) in 16 out of 95 subjects. 

Subject characteristics on LS versus HS diet are given in Table 1. It shows that the

differences in diet resulted in the expected differences in sodium excretion (UNa24). HS intake

caused a significant increase in body weight, consistent with a positive volume balance.

Potassium excretion (UK24) was similar during both diet periods. Blood pressure was slightly

higher during HS (P=0.06). In the study group as a whole, there were significant increases in
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Figure 1: distribuition of body mass index (BMI).

Sodium intake
P

50 mmol/24h 200 mmol/24h

UNa24 (mmol/24-h) 39 ± 27 251 ± 77 < 0.001

Body weight (kg) 78.7 ± 10.3 80.0 ± 10.3 < 0.001

UK24 (mmol/24-h) 83 ± 32 82 ± 28 ns

MAP (mmHg) 87 ± 7 88 ± 7 0.06

ERPF (mL/min) 563 ± 101 602 ± 115 < 0.001

GFR (mL/min) 127 ± 18 136 ± 20 < 0.001

FF (%) 22.8 ± 3.0 23.0 ± 2.9 ns

Glucose (mmol/L) 4.7 ± 0.7 4.6 ± 0.6 ns

Insulin (mE/L) 8.9 (8.2-10.0) 9.0 (7.6-10.0) ns

UAE (mg/24h)* 6.0 (5.4-6.7) 7.6 (6.9-8.9) < 0.01

PRA (ng ang-I/mL/h) 5.8 (5.2-7.1) 2.2 (1.8-2.6) <0.001

Aldosterone (ng/L) 130 (112-138) 40 (32-46) <0.001

Table 1: Urinary electrolytes, body weight, blood pressure, renal hemodynamics and metabolic

parameters during LS versus HS intake.

Abbreviations: UNa24: 24-h urinary Na
+

excretion, UK24: 24-h urinary K
+

excretion, MAP: mean arterial pressure,

ERPF: effective renal plasma flow, GFR: glomerular filtration rate, FF: filtration fraction, UAE: urinary albumin excretion,

PRA: plasma  renin activity, ns: not significant; * low sodium: n=72, high sodium: n=61, paired test in 53 subjects.

Data are expressed as mean ± s.d. or median (95% CI for the median).
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Figure 2: Scatterplot describing the correlation between body mass index (BMI) and Glomerular Filtration

Rate (GFR) during LS and HS and the sodium-induced change in GFR (∆GFR): left panels. Correlations

between BMI and FF during LS and HS, and sodium-induced change in FF (∆FF): right panels.
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BMI< 25

n=77

BMI ≥ 25

n=18
P

BMI (kg/m
2
) 22.1 ± 1.4 26.9 ± 2.4

MAP LS (mmHg) 86 ± 6 88 ± 9 n.s.

MAP HS (mmHg) 87 ± 7 91 ± 7 n.s.

∆ MAP (mmHg) 1 ± 5 2 ± 6 n.s.

ERPF LS (mL/min) 568 ± 106 545 ± 71 n.s.

ERPF HS (mL/min) 606 ± 122 584 ± 76 n.s.

∆ ERPF (mL/min) 38 ± 64 39 ± 56 n.s.

GFR LS (mL/min) 127 ± 18 127 ± 17 n.s.

GFR HS (mL/min) 134 ± 19 143 ± 23 0.09

∆ GFR (mL/min) 7.8 ± 12.3 16.1 ± 13.1 <0.05

FF LS (%) 22.6 ± 3.0 23.5 ± 2.7 n.s.

FF HS (%) 22.6 ± 2.9 24.6 ± 2.4 <0.05

∆ FF (%) -0.1 ± 2.2 1.1 ± 2.3 <0.05

UNa24 LS (mmol/24-h) 40 ± 28 34 ± 18 n.s.

UNa24 HS (mmol/24-h) 250 ± 78 255 ± 75 n.s.

∆ UNa24 HS (mmol/24-h) 210 ± 82 222 ± 86 n.s.

Table 2: Renal function parameters and urinary electrolytes during LS versus HS intake. Break-up

according to BMI > 25,0 kg/m
2

Abbreviations: BMI: body mass index, MAP: mean arterial pressure, ERPF: effective renal plasma flow, GFR:

glomerular filtration rate, FF: filtration fraction, UNa24: 24-h urinary Na
+

excretion, LS: low sodium diet (50 mmol/24-

h), HS: high sodium diet (200 mmol/24-h), n.s: not significant (p>0.05), Data are expressed as mean ± s.d. 

ERPF and GFR in response to a change from LS to an HS diet, without a change in FF. Fasting

plasma glucose and insulin levels were in the non-diabetic range on both diets, with no

differences between LS and HS intake. The UAE was below the threshold for detection in 23

and 34 out of 95 subjects on LS and HS intake, respectively. As a consequence, paired

comparison of UAE between the diets was possible in only 53 subjects. In these subjects,

UAE was significantly higher on HS intake. Plasma renin activity and aldosterone levels were

significantly higher during the LS diet. 

On univariate analysis, BMI was significantly associated with GFR and FF (Figure 2, middle

panels) during HS intake but not during LS (Figure 2, upper panels). As a consequence, BMI

was positively and significantly correlated with sodium-induced changes in GFR and FF (Figure
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2, lower panels). 

The impact of a BMI ≥ 25 kg/m
2

on the renal hemodynamic response to HS is shown in

Table 2, providing mean values of blood pressure and renal hemodynamics by a break-up

by a BMI < or ≥ 25 kg/m
2
. First, it shows that mean arterial pressure and ERPF, and their

sodium-induced changes were not affected by BMI on either sodium intake. Second, during

LS intake GFR was similar for both groups as well. However, the change in GFR (ΔGFR) elicited

by the rise in sodium intake was significantly larger in the group with BMI ≥ 25 kg/m
2

(P<0.05).

FF was not different during LS intake either, but the response of FF to the change in sodium

intake was significantly different between subjects with a BMI < 25 and those with a BMI ≥ 25

kg/m
2
, that is, -0.1 ± 2.2 versus 1.1 ± 2.3, respectively (P<0.05). As a consequence, during

HS intake FF was significantly higher in subjects with a BMI ≥ 25 kg/m
2

than in those with a

lower BMI (P<0.05). For GFR, the difference between subjects with BMI < 25 versus ≥ 25

kg/m
2

during HS did not quite reach statistical significance. No impact of BMI was found on

glucose, insulin, active plasma renin concentration, and aldosterone and their sodium-induced

changes (data not shown). 

As described in our materials and methods section, the analysis was also performed for

renal hemodynamics indexed for height, with results similar to the non-indexed data. Briefly,

the differences in GFR on HS intake were also present for GFR expressed per meter of height,

being 72 ± 9 and 77 ± 11 mL/min/m for BMI below and above 25 kg/m
2
, respectively (P=0.06).

Obviously, the analysis on BMI related effects on the sodium-induced changes in GFR and

FF remained the same. Finally, we repeated our analyses after exclusion of the two subjects

with overt obesity: this did not essentially alter the results.

Discussion

This study demonstrates that the renal hemodynamic response to a shift in sodium intake

is correlated to BMI in healthy young men, with larger increases in GFR and FF in subjects

with a higher BMI. As a consequence, a relationship between higher BMI and higher GFR and

FF was present only during high, but not during LS intake. When analyzed by a break-up by

BMI ≥ 25 kg/m
2
, the renal hemodynamic response to HS was significantly larger in subjects

with BMI ≥ 25 kg/m
2
, and consequently, a hyperfiltration pattern was observed in these subjects

during HS intake only. These results were unaltered after exclusion of the only two subjects

with overt obesity, and thus appear to pertain to the overweight range.

The impact of higher BMI as a risk factor for renal damage is increasingly recognized. Earlier

studies reported deleterious long-term renal effect of overt obesity in diverse renal conditions(1-
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3). More recent large epidemiological studies confirmed the increased risk for long-term renal

damage in overt obesity, that is, a BMI over 30 kg/m
2
, and moreover demonstrated that less

severe weight excess, that is, a BMI ≥ 25 kg/m
2

was associated with a significantly increased

long-term risk for end-stage renal disease as well (8;9). This risk was apparent for subjects

with renal parenchymal disease, hypertension, or diabetes, but also in the absence of these

conditions.

These data prompt for elucidating the underlying mechanisms that predispose to long-term

renal damage in subjects with a higher BMI. Studies in overt obesity support a role for renal

hemodynamic factors, with hyperfiltration in morbidly obese and obese subjects. These are

usually associated with hypertension and impaired glucose tolerance (9;10;12), but have also

been observed independently of these factors(14). Moreover, BMI-associated hyperfiltration

has been reported in the absence of overt obesity, diabetes, or hypertension (11). Together,

these data point toward an independent effect of BMI in the overweight range on renal

hemodynamics.

Our current study is in line with these prior data. It provides additional insights by

demonstrating that a shift in sodium intake modifies the association between BMI and renal

hemodynamics by eliciting the BMI-associated hyperfiltration pattern during HS, and

ameliorating it during sodium restriction in the same subjects. If indeed renal hemodynamic

factors contribute to the long-term risk conferred by a higher BMI, our data might implicate

that sodium restriction could exert a beneficial effect on long-term renal risk, but obviously

long-term studies would be required to substantiate such an assumption. At any rate, we took

care to study a range of sodium intake that bears clinical relevance, as neither the HS intake,

nor the LS intake was extreme.

What could be the mechanisms underlying the effect of BMI on the renal response to HS?

First, it should be noted that our study was not designed to address mechanisms, as we

performed no intervention in candidate pathways. The effect of HS on renal hemodynamics in

our subjects with a higher BMI showed a remarkable parallel to studies by ourselves and

others in sodium-sensitive hypertensives, demonstrating a change toward hyperfiltration elicited

by HS (17;19;26;27). Inappropriate activity of the renin–angiotensin system (RAS) during HS

was shown to be involved in this unfavorable renal hemodynamic profile (28). In obesity,

several lines of evidence support inappropriate intrarenal RAS activity as well. In an animal

model, Barton et al (29) found increased intrarenal angiotensin-converting enzyme associated

with obesity, mediated by endothelin. In human, interestingly, in follow-up on an earlier

observation on the renal response to RAS blockade and BMI in type II diabetes,(30) recently

a strong correlation was reported between a higher BMI and a larger renal vasodilator response

to angiotensin-converting enzyme of angiotensin receptor blocker in healthy subjects on an
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HS intake (31). The association was best described by a quadratic fit, with a steeper

relationship between vasodilator response to RAS blockade and BMI in the obese and morbidly

obese range. However, also in subjects with a BMI 25–30 kg/m
2
, a renal vasodilator response

to RAS blockade was apparent, whereas this was non-significant in lean subjects. These data

in the overweight range can be considered in line with our present data, suggesting increased

angiotensin II dependent control of renal hemodynamics in overweight as compared to lean

subjects. Such effects of angiotensin II could well be implicated in our findings. If so, our

findings suggest that inappropriate RAS activity is apparently relevant to renal hemodynamics

during HS, that is, a condition where RAS activity should normally be suppressed, but not

during LS, where it is appropriate for the RAS to be activated. In our study, BMI had no effect

on circulating parameters of RAS activity, which is in line with the above studies. However,

circulating parameters do not adequately reflect intrarenal RAS activity. Whereas inappropriate

RAS activity thus may be involved in our findings, other neuro-humoral pathways such as the

renal sympathetic nervous system (32) and endothelin (33) could also be involved. 

Several lines of evidence suggest a link between obesity, insulin resistance, and RAS activity.

A higher BMI is associated with increasing insulin resistance (34;35). Hepatic production of

angiotensinogen is enhanced by higher plasma insulin levels(36;37). In addition, increased

insulin resistance was reported during HS in rats (38) and in healthy normotensive males (39).

Thus, the combination of overweight and HS could induce inappropriate RAS activation by

elevated insulin levels. In contrast to prior reports in healthy subjects (40) and in type II diabetes

(41), however, in our population no differences in insulin between LS and HS could be

demonstrated, which renders this possible mechanism less likely.

For our study, we selected young healthy volunteers, to avoid the effects of subclinical renal

target organ damage or of hypertension on the renal response to HS. However, by these

selection criteria, our population might well include subjects that will develop hypertension at

middle age, be it in association with sodium sensitivity or not, with the corresponding renal

hemodynamic risk profile. It would be of interest to see whether the current renal response to

sodium predicts hypertension on long-term follow-up, but attempts to identify individuals prone

to develop hypertension based on the current data would be too speculative. At any rate, the

renal response to HS in the present study was not associated with the sodium sensitivity of

blood pressure in these normotensive individuals.

What are the clinical implications of our findings? The impact of excess sodium intake as a

renal risk factor was emphasized recently (42;43). Our data are in line with the alleged role of

excess sodium as a renal risk factor, and provide a possible mechanism underlying the

interaction between BMI and HS on renal risk that was observed in epidemiological studies.

Our subjects were young and the observed effects of BMI were apparently not explained by
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overt obesity. In young adults, overt obesity is still relatively rare and overweight is much more

frequent, as also shown by the distribution of BMI in our population. As a BMI ≥ 25 kg/m
2

is

already associated with an increased long-term risk for end-stage renal disease, on a

population basis the long-term renal impact of the interaction between sodium status and BMI

can potentially be substantial, but longitudinal data would be needed to support this

assumption. 

As a possible marker of subclinical renal risk, we measured UAE. As expected, this was

normal in all subjects, and in fact it was below the level of detection in many cases, so in only

53 subjects we were able to compare UAE on LS versus HS. These restrictions taken in mind,

it is nevertheless remarkable that UAE was higher on HS. This observation has not been made

in healthy subjects before, but is in line with prior cross-sectional observations in

epidemiological studies (15) and with studies in type II diabetics with microalbuminuria (44).

We did not detect an interaction between BMI and sodium intake on UAE, but obviously the

power of our study to detect such an interaction was insufficient.

A limitation of our study is that that we measured renal hemodynamics after only 1 week of

diet. Whereas this time frame is sufficient to restore sodium balance after a change of diet, it

is not sure whether renal hemodynamics remain similar during long-term changes in sodium

status. For between-individual comparison, renal hemodynamics are usually expressed per

1.73m
2

body surface area. However, a rise in BMI elicits a rise in body surface area. Hence,

indexing for body surface area will bias analyses that address effects of BMI (24;25). Therefore,

we present the non-indexed data, but additionally repeated the analyses after indexing for

height, with similar results. Moreover, our data on the individual sodium-induced changes in

renal hemodynamics are independent of indexing, and thus are robust against assumptions

about the appropriate adjustment.

This is the first study to show that BMI is an important determinant of the renal hemodynamic

adaptation to an HS intake in young healthy men. Moreover, our data show that HS elicits a

hyperfiltration pattern in subjects with a BMI ≥ 25 kg/m
2
, which is absent during LS. These

data suggest that renal hemodynamic factors may be involved in the interaction between BMI

and sodium intake on the kidney that was observed in prior epidemiological studies, and

prompt to explore the role of sodium intake as a modifier of the long-term renal risk associated

with weight excess(15;42).
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Abstract

A high sodium (HS) intake is associated with increased cardiovascular and renal risk,

especially in overweight subjects. We hypothesized that abnormal sodium and fluid handling

is involved, independent of hypertension or insulin resistance. 

Therefore, we studied the relation between BMI and sodium-induced changes in extracellular

fluid volume (ECFV; distribution volume of 125I-iothalamate) in 78 healthy men, not selected

for BMI. A total of 78 subjects with a median BMI of 22.5 (range: 19.2–33.9 kg/m
2
) were studied

after 1 week on a low sodium (LS) diet (50 mmol Na
+
/24h) and after 1 week on HS (200 mmol

Na
+
/24h). 

The change from LS to HS resulted in an increase in ECFV of 1.2 ± 1.8 L. Individual changes

in ECFV were correlated to BMI (R = 0.361, P < 0.01). Furthermore, in response to HS, a higher

BMI was associated to a higher rise in filtered load of sodium (FLNa
+

= [Na+] × GFR, R =

0.281, P < 0.05). 

Thus, a shift to HS leads to a larger rise in ECFV in healthy subjects with higher BMI,

associated with an elevated FLNa
+

during HS. Although no hypertension occurred in these

healthy subjects, our data provide a potential explanation for the interaction of sodium intake

and BMI on cardiovascular and renal risk. Exaggerated fluid retention may be an early

pathogenic factor in the cardiorenal complications of overweight.
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Introduction

Several lines of evidence suggest an interaction between weight excess and high sodium

(HS) intake on cardiovascular and renal risk profile. First, epidemiological studies have shown

an association between high dietary sodium intake and an increased cardiovascular morbidity

and mortality (1-3), that appears to be absent in lean subjects (4;5). In line, in the Prevention

of Renal and Vascular Endstage Disease study an association between sodium intake and

the cardiovascular and renal risk marker micro-albuminuria was found that was strong in

overweight, and particularly obese subjects, but absent in lean subjects (6). Moreover, weight

excess is well-known to be associated with the sodium sensitivity of blood pressure (7;8).

Finally, we recently reported that HS elicits a renal hyperfiltration profile in overweight, but not

lean young men (9). Together, these data suggest that weight excess modulates the adverse

effects of excess sodium intake on cardiorenal risk profile. 

The mechanism underlying this interaction has not been well established, but effects of

weight excess on renal sodium handling and volume homeostasis are likely. In obese subjects

with the metabolic syndrome tubular sodium reabsorption is increased (10). Moreover,

hypertensive obese subjects have a higher extracellular fluid volume (ECFV) than non-obese

subjects without hypertension (11). Metabolic syndrome and insulin resistance may well be

involved in the association between weight excess and volume homeostasis (12), but data

from our group demonstrate that renal effects of weight excess also occur independent of the

metabolic syndrome and/or hypertension (9;13). Of note, the effects of BMI on renal risk profile

are not limited to overt or morbid obesity, but extend well into the overweight range, i.e., a

BMI between 25 and 30 kg/m
2
, and perhaps even lower, thus extending to a considerable

proportion of the population. To test the hypothesis that BMI is a determinant of volume

homeostasis in healthy subjects we studied renal sodium handling and ECFV in 78 normal

subjects in balance on low and high dietary sodium intake, respectively, and analyzed for a

possible interaction between BMI and sodium homeostasis. 

Materials and Methods

This study is a post hoc analysis from a larger study published earlier on the impact of BMI

on the renal hemodynamic adaptation to HS intake (9). Recently, we showed that renal function

assessment with the specific tracer 
125

I-iothalamate could also be used for estimation of EFCV

(14). The assessment of ECFV needs a single additional urine sampling that is not needed for

glomerular filtration rate (GFR) assessment, to assess urinary excretion of 
125

I-iothalamate

during the run-in period. This additional sampling was available in 78/95 subjects, in whom,
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accordingly, ECFV could be estimated. Only these 78 healthy men were included in the current

analyses. The subset of 78 subjects was not different to the total population of 95 subjects in

age, blood pressure, body weight, length, BMI, or ECFV (all P > 0.5). The study was approved

by the local medical ethics committee, in accord with the Declaration of Helsinki Principles,

and all participants gave written informed consent.

Study protocol

Subjects were studied at the end of two different 7-day periods, during which they used a

low sodium (LS) diet (50 mmol Na
+
/24h) and an HS diet (200 mmol Na

+
/24h), respectively.

Potassium intake was standardized at 80 mmol/24h. Otherwise, the subjects continued their

usual food habits. For assessment of dietary compliance and sodium balance, 24-h urine was

collected at day 4 and day 6 during each period. During both periods, the subjects were

ambulant and continued their normal activities. 

At day 7 of both study periods, the subjects reported at the research unit at 8 am hours,

after having abstained from food and alcohol overnight. Height and body weight were

measured at the start of this day. During the study day, subjects remained in a semisupine

position except during voiding. One intravenous cannula was inserted in each forearm. One

was used for infusion of tracers and the other for infusion of fluids and blood sample withdrawal.

Blood was collected for fasting glucose and insulin determination. At 11 am, blood was

withdrawn for determination of plasma renin activity and aldosterone. Sodium intake during

the day was adjusted according to the actual diet in the concerning diet period. To ensure

sufficient urine output, 250 mL of 5% glucose solution was administered in the right antecubital

vein and subjects were provided with 250 mL of oral fluids every hour. After a 2 h run-in period,

GFR and effective renal plasma flow were measured as the clearances of constantly infused

125
I-iothalamate and 

131
I-hippuran, respectively. In this set-up, GFR is measured as the urinary

clearance of 
125

I-iothalamate, and corrected for voiding errors by the ratio of plasma to urinary

clearance of 
131

I-hippuran (15;16). ECFV is measured as the distribution volume of 
125

I-

iothalamate during steady state, as described in more detail recently. Briefly, the distribution

volume of 
125

I-iothalamalate is calculated from the plasma level of 
125

I-iothalamate divided by

the total amount of 
125

I-iothalamate in the body, which equals the amount infused minus the

amount excreted. It is calculated as sum(I × V) + Bolus - sum(U × V)/P, and expressed as

ECFV/ body surface area (BSA), i.e., L/1.73 m
2

BSA. GFR, effective renal plasma flow, and

ECFV measured as outlined above, has a day-to-day variation of 2.5, 5 and 9.2 %, respectively

(14;16).

Blood pressure was assessed with an automatic device (Dinamap; GE Medical Systems,
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Milwaukee, WI) at 15-min intervals. Mean arterial pressure was calculated as diastolic pressure

plus one-third of the pulse pressure. Data on sodium handling were calculated as the mean

of the two 1-h clearance periods, simultaneously with the GFR measurements. Fractional

excretion of sodium was calculated as U × V/P of sodium divided by GFR and expressed as

%. Filtered load (FLNa
+
) was calculated as [Na

+
] × GFR and tubular reabsorption of sodium

(TRNa
+

) as FLNa
+

minus urinary excretion; both were expressed in mmol/min.

Calculation of BSA and BMI

BSA and BMI were calculated from data obtained after a 1-week LS diet. BMI was calculated

as body weight (in kg) divided by the square of height (m
2
). BSA was calculated according to

Dubois and Dubois: 0.007184 × height (cm)
0.725

× body weight (kg)
0.425

(17). ECFV is given

indexed to 1.73 × BSA, to make comparison between subjects possible.

Chemical analysis of urine and blood samples

Urinary concentrations of sodium and potassium and blood concentrations of sodium and

lipids (fasting) were measured by standard auto-analyser technique (MEGA; Merck, Darmstadt,

Germany). Insulin was determined on an AxSym with a threshold of 1.0 µU/ml and intra-assay

and interassay coefficients of variation of 2.6 and 4.3%, respectively (Abbott, Amstelveen, the

Netherlands). Plasma glucose was determined by glucose-oxidase method (YSI 2300 Stat

plus; Yellow Springs Instruments, Yellow Springs, OH, USA). Plasma renin activity was

determined in terms of angiotensin I generation using a radioimmunoassay (18). Aldosterone

was measured with a commercially available radioimmunoassay kit (Diagnostic Products, Los

Angeles, CA). As a measure for insulin resistance, the homeostatic model assessment index

was calculated as  (insulin (fasting plasma level) × glucose (fasting plasma level))/22.5 (19).

Data analysis

Data were analyzed using SPSS 14.0 (SPSS, Chicago, IL). Data were expressed as mean

± s.d. in text and tables and as mean ± s.e.m. in figure 1. Simple Pearson’s parametric

correlation was used for continuous analysis. Furthermore, the paired sample t-test was used

for paired analyses (LS vs. HS), the independent samples’ t-test for other parametric data and

a Wilcoxon’s signed rank test for other nonparametric data. Data on ECFV were analyzed both

as crude values and after normalization for BSA. Since no essential differences between the

two analyses were found, ECFV is only given normalized to BSA. A multivariate linear regression

analysis was performed to asses whether BMI was determinant of ECFV independent of blood

pressure, age, and renal hemodynamics.
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Results

The study population consisted of 78 nonsmoking healthy normotensive white men, age 23

(21–25) years, (median (interquartile range)) not selected for BMI. All subjects had normal

blood pressure, with a systolic blood pressure < 140 mmHg and diastolic blood pressure <

90 mmHg, both after LS and HS diet. All medical histories were without significant disease,

and results of physical examination were unremarkable. In none of the subjects signs of

diabetes or the metabolic syndrome were present. Height was 185 ± 7 cm; body weight during

LS 79.0 ± 10.4 kg. Median BMI was 22.5, ranging from 19.0 to 33.7 kg/m
2
.

Subject characteristics by BMI: effect of sodium intake

In table 1, subject characteristics are shown for measurements after 1-week LS and 1-week

HS diet, and by a break-up by median BMI. Age was 23 (21–26) years and 23 (21–25) years

for the low and high BMI group, respectively. No differences in blood pressure, fasting glucose,

insulin, homeostatic model assessment index, serum cholesterol, high-density lipoprotein

cholesterol, low-density lipoprotein cholesterol, or triglycerides were found between the

subgroups with highest and lowest BMI. Blood pressure rose significantly when shifting from

LS to HS (mean arterial pressure: 86 ± 7 vs. 88 ± 7 mmHg, respectively, P <0.01), however,

without differences between the BMI groups. 

Adherence to the sodium diet was good and equal between the BMI groups. Serum [Na
+
]

rose significantly when shifting from LS to HS (138 ± 3 vs. 139 ± 3 mmol/L respectively, p =

0.01), without differences between the BMI groups. During LS intake, all parameters of renal

function and sodium handling, as well as ECFV/1.73 m
2
, were similar between the groups.

However, during HS, significant differences in renal sodium handling and volume status

emerged between the groups. ECFV/1.73 m
2

was significantly higher in the higher BMI group,

i.e., 16.7 ± 1.4 vs. 18.1 ± 1.6 L/m
2

(P < 0.001) as also illustrated in figure 1. Renal sodium

handling was different between the groups during HS only, with a higher FLNa
+

in the higher

BMI group, mainly related to the significantly higher GFR. TRNa
+

was higher as well; FENa
+

was lower in the higher BMI group, but this difference did not reach statistical significance (p

= 0.1).

In table 2, the sodium-induced changes in renal sodium handling and ECFV are summarized.

The shift from low to HS elicited a modest rise in ECFV (P <0.05) in the lower BMI group with

a significantly larger rise in ECFV (p <0.01 low vs. high BMI group) in the higher BMI group.

FLNa
+

increased more in the higher BMI group, reflecting a larger rise in GFR (+12.3 ± 9.8 vs.

+6.7 ± 12.0 mL/min in the lower BMI group, p = 0.02) and larger rise in FF (+0.97 ± 2 vs. -0.16

± 2%, p = 0.03) in that group. TRNa
+
, expressed in mmol/min also increased more in the
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highest BMI group. Thus, the sodium induced increase in TRNa
+

was, in parallel to the increase

in FLNa
+
, higher in the highest BMI group. As a measure for relative blunting of tubular

reabsorption, FENa
+

rose less in the highest BMI group, but this finding did not reach statistical

significance (p = 0.12).

Low sodium intake High sodium intake

BMI < median BMI > median BMI < median BMI > median

MAP (mmHg) 85 ± 6 88 ± 8 87 ± 7 89 ± 6

Body Weight (kg) 73.4 ± 6.2 84.5 ± 10.8* 74.6 ± 6.4 86.0 ± 10.9*

Height (cm) 186 ± 6 185 ± 7 - -

BMI (kg/m
2
) 21.1 ± 0.9 24.6 ± 2.5* 21.5 ± 0.9 25.0 ± 2.5*

Glucose (mmol/L) 4.7 ± 0.7 4.6 ± 0.7 4.6 ± 0.6 4.5 ± 0.5

Insulin (mU/L) 11.1 ± 6.7 10.2 ± 4.9 9.4 ± 4.3 9.9 ± 5.3

HOMA 2.4 ± 1.7 2.1 ± 1.1 1.9 ± 1.0 2.0 ± 1.2

Total cholesterol (mmol/L) 4.3 ± 0.8 4.2 ± 0.6 4.1 ± 0.8 4.2 ± 0.7

Triglycerides (mmol/L) 1.2 ± 0.6 1.2 ± 0.6 1.1 ± 0.6 1.1 ± 0.5

HDL-cholesterol (mmol/L) 1.3 ± 0.3 1.3 ± 0.3 1.3 ± 0.3 1.3 ± 0.3

LDL-cholesterol (mmol/L) 2.6 ± 0.6 2.5 ± 0.6 2.4 ± 0.6 2.6 ± 0.6

Na
+

excretion (mmol/24h) 38 ±25 37 ±21 241 ±68 243 ±61

Serum [Na
+
] (mmol/L) 138 ± 3 139 ± 3 139 ± 3 140 ± 3

ECFV (L*m
-2 

*1.73) 16.3 ± 1.8 16.7 ± 1.4 16.7 ± 1.4 18.1 ± 1.6*

FLNa+ (mmol/min) 17.4 ± 2.2 18.4 ± 2.6 18.5 ± 2.3 20.2 ± 2.7*

TRNa+ (mmol/min) 17.3 ± 2.2 18.3 ± 2.6 18.1 ± 2.3 19.9 ± 2.8*

FENa+ (%) 0.51 ± 0.4 0.45 ± 0.4 1.75 ± 0.6 1.52 ± 0.7

GFR (ml/min) 125 ± 16 132 ± 18 131 ± 15 145 ± 18*

PRA (ng Ang-I/mL/h) 6.4 ± 3.2 6.5 ± 3.6 2.3 ± 1.2 2.3 ± 1.2

Aldosterone (ng/L) 135 ± 71 160 ± 104 46 ± 26 42 ± 28

Table 1: Characteristics after 1-week low sodium and 1-week high sodium diet according to median

BMI

Abbreviations: ECFV: extra cellular fluid volume, GFR: glomerular filtration rate, FENa
+
: fractional excretion of sodium,

FLNa
+
: filtered load of sodium, HOMA: homeostatic model assessment, MAP: mean arterial pressure, PRA: plasma

renin activity, TRNa
+
: tubular reabsorption of sodium. *p < 0.01 low vs. high BMI group.
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BMI as a determinant of ECFV during HS intake

A higher BMI significantly correlated to a larger rise in ECFV (R = 0.361, P <0.01) as shown

in figure 2 and table 2, right column. The correlation was still significant after exclusion of the

two subjects with a BMI >30 kg/m
2

(n = 76; R = 0.328, p<0.01). These univariate data were

confirmed on multivariate analysis. In the model, with an R
2

of 0.131, BMI was the only

significant predictor of the change in ECFV (β = 0.361, p < 0.01) as dependent variable; forced

entry of blood pressure, age, and renal hemodynamics did not improve the model. Furthermore,

Figure 1: Values for extra cellular fluid volume (ECFV), for respectively low and high dietary sodium

intake shown for a break-up according to median BMI. *p < 0.01 low vs. high sodium intake. #p < 0.01

BMI below vs. above median. HS, high sodium; LS, low sodium. 

sodium induced changes
Correlation (R) with BMI

BMI < median BMI > median

∆ ECFV (L*m-2*1.73) 0.5 ± 1.6 1.5 ± 1.5* 0.361**

∆ FLNa
+

(mmol/min) 1.0 ± 1.6 1.9 ± 1.3* 0.329**

∆ TRNa
+

(mmol/min) 0.8 ± 1.6 1.7 ± 1.2* 0.341**

∆ FENa
+

(%) 1.25 ± 0.6 1.12 ± 0.6 -0.210

Table 2: Sodium-induced changes shown according to median BMI with in the right column the correlation

coefficient (R) for the univariate correlation with BMI

ECFV: extra cellular fluid volume, FENa
+
: fractional excretion of sodium, FLNa

+
: filtered load of sodium, TRNa

+
: tubular

reabsorption of sodium.*p < 0.05 low vs. high BMI group. **p < 0.05 for continuous univariate correlation with BMI.
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Figure 2: Scatterplot for the shift in extra cellular fluid volume (ECFV) from low sodium to high sodium

intake vs. BMI. R = 0.361, P < 0.01.

as shown in table 2, BMI correlated with a larger sodium-induced change in FLNa
+

(R = 0.281,

p < 0.05) and in TRNa
+

(R= 0.293, p < 0.05), but not to the change in [Na
+
] or mean arterial

pressure. Correlations with the changes in FENa
+

did not reach statistical significance. During

LS diet, FLNa
+
, TRNa

+
, and FENa

+
did not correlate to BMI. During HS however, a higher

FLNa
+

(0.356, p < 0.01), a higher TRNa
+

(R = 0.373, p < 0.01), and a lower FENa
+

(R = -0.263,

p < 0.05) was significantly correlated to a higher BMI.

Results on correlations between BMI and sodium-induced renal hemodynamic changes

presented in earlier report (9) were reproduced in the subset used for this study, namely a

correlation between BMI and a sodium-induced rise in GFR (R = 0.233, p < 0.05) and in FF

(R = 0.274, p < 0.05); BMI was not related to the sodium-induced rise in effective renal plasma

flow.

Discussion

This study is the first to demonstrate that BMI determines the response of ECFV to a rise in

sodium intake in healthy young adults. The rise in ECFV in response to an HS diet was larger

in subjects with a higher BMI, even in the absence of overt obesity, or hypertension. As a

consequence, during HS intake ECFV/BSA was significantly higher in overweight subjects

than in lean subjects, whereas during LS diet it was not different. Our data suggest that effects
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of BMI on volume regulation may be involved in the combined effects of weight excess and

sodium intake in long-term cardiovascular risk in epidemiological studies. 

Our study was performed in healthy young men. To be able to dissect the effects of a higher

BMI as such from those of its complications, hypertension and diabetes were exclusion criteria.

Moreover, none of the subjects in our study met the criteria of the metabolic syndrome, and

homeostatic model assessment was normal in all subjects, suggesting that insulin resistance

was not involved. The effects on sodium homeostasis thus appear to be related to the higher

BMI per se rather than to any of its complications. Our population was not selected for weight

excess, median BMI was 22.5 kg/m
2
, and only two subjects were obese. Thus, the weight

excess in our population was not particularly prominent and it is remarkable that clear-cut

effects on volume status could nevertheless be observed. Yet, this is consistent with data

demonstrating that the association between young adult BMI, metabolic risk factors, and long-

term risk also extends to the range of BMI <25 (9;13;20;21).

Altered sodium handling and volume excess have been reported previously in overt obesity

and the metabolic syndrome (11;12;22-25). In the Olivetti study, obesity and the metabolic

syndrome were associated with increased tubular sodium reabsorption as well as hypertension

(10;12), and Chagnac reported altered tubular sodium handling in severely obese subjects

(24;25). Our study is the first to demonstrate BMI-dependent altered volume homeostasis in

the absence of overt obesity, i.e., in the overweight range, in healthy young adults. Apparently,

overt obesity or presence of the metabolic syndrome is not a prerequisite for BMI-dependent

alterations in sodium status. This is consistent with the assumption that abnormal renal sodium

may be a causal factor in overweight-associated morbidity rather than a consequence.

In our study, the effects of BMI on volume status were not associated with an effect on blood

pressure. Apparently in these normotensive subjects, blood pressure was not volume-

dependent - at least not over the range of volume change investigated here - and peripheral

vasodilatation accounted for a stable blood pressure despite a higher ECFV. The absence of

an association with higher blood pressure allows to conclude that the altered sodium handling

was not secondary to the presence of hypertension in subjects with higher BMI. This is relevant

to note, as most observations on altered sodium handling in obesity were made in hypertensive

conditions, be it in animal studies or in humans (10;12;22;24-27).

What could be the clinical relevance of an effect on sodium status without a blood pressure

effect? Several lines of evidence support adverse effects of HS intake that are independent

of blood pressure. For instance, the association between HS intake and left ventricular

hypertrophy is only partly dependent on blood pressure (28). Moreover, several

epidemiological studies have shown an association between sodium intake and cardiovascular
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morbidity and mortality that is independent of blood pressure (2;3). Remarkably, this also

accounts for the combined effects of BMI and sodium intake on long-term outcome (4;5).

Excess expansion of ECFV, and its consequent volume load for the heart would be a plausible

candidate mechanism underlying blood pressure independent effects of HS intake. As ECFV

is not usually measured, however, data to directly support this assumption are lacking.

It would be interesting to know whether regulation of ECFV is also involved in normal weight

sodium sensitive hypertension. Moreover, salt sensitivity of blood pressure is associated with

altered renal sodium handling (29) and with a rise in filtration fraction and glomerular

hypertension elicited by HS diet, which is remarkably similar to our prior findings in overweight

subjects (9). Unfortunately, as mentioned above, ECFV is not usually measured in studies on

sodium sensitivity. Moreover, although salt sensitivity is strongly associated with overweight

(7;8), in most studies BMI is either not reported or not considered in the data analysis (30;31).

Therefore, is it difficult at this point in time to establish whether sodium sensitivity as such,

independent of BMI, is associated with volume expansion, leaving this issue unsolved, yet, it

would be an important issue to address in future studies.

We previously reported on the effect of BMI on the renal hemodynamic response to HS

intake (9). Our current report addresses the concomitant effects on ECFV in a large subset of

this population. The effects on renal hemodynamics in this subset were fully in line with those

of the whole population, namely a more pronounced rise in GFR in the subjects with the higher

BMI. In fact, the impact of BMI on the responses of GFR and ECFV to HS was strikingly similar,

suggesting that the more pronounced rise in GFR in the overweight subjects might be due to

the more pronounced rise in ECFV. In this concept, overweight associated hampered

suppression of tubular reabsorption would be the primary phenomenon, and the exaggerated

rise in ECFV and GFR its consequence, allowing the achievement of sodium balance by a

larger increase in filtered load.

This study has several limitations. First, we used BMI as a measure for adipose tissue,

although it is only an indirect assessment. Second, we approximated renal sodium handling

by measuring the fractional excretion of sodium. However, these data do not allow us to dissect

between proximal and distal tubular sodium handling. Moreover, it should be mentioned that

ECFV is directly related to body dimensions. Thus, differences between individuals should be

interpreted with caution as these are less robust than those on the within-individual sodium-

induced changes. Furthermore, in this study only young male subjects were included.

Therefore, extrapolation to female subjects may not be warranted. Finally it should be

mentioned that we investigated ECFV after only 1 week of altered sodium intake. Whereas this

was sufficiently long to achieve sodium balance again, it is unknown whether the differences

observed here persist during long-term follow-up.
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From our data, it could be hypothesized that an LS intake could have the potential to prevent

part of the cardiovascular and/or morbidity associated with weight excess, but long-term data

would be needed to substantiate this assumption. We conclude that in young healthy men a

higher BMI is associated with a larger increase in ECFV during HS intake. These data suggest

that altered sodium and fluid handling may be an early phenomenon in the pathophysiological

consequences of weight excess, and that dietary sodium restriction may have preventive

potential in overweight subjects.
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Abstract

We aimed to determine the effect of short-term dietary sodium restriction on plasma total

cholesterol, LDL-C, HDL-C, triglycerides, apolipoprotein (apo) A-I, apo B and high molecular

weight (HMW) adiponectin in non-obese, normotensive young men. Glomerular filtration rate

(GFR), effective renal plasma flow (ERPF), plasma renin activity (PRA) and aldosterone were

also measured.

Sixty-five men, aged 23 ± 7 years, were randomly studied on a high sodium intake (HS, 228

± 77 mmol Na
+
/24hr) and a low sodium intake (LS, 36 ± 27 mmol Na

+
/24hr), each period lasting

1 week. LS decreased GFR and ERPF and increased PRA and aldosterone (p<0.0001 for all).

LS also induced a decrease in HDL-C (3.8 ± 10.8 %), apo A-I (3.7 ± 6.5 %) and HMW-

adiponectin (13.6 ± 40.5 %) (p<0.05 for all), but plasma total cholesterol, LDL-C, triglycerides

and apo B did not significantly change. The changes in HDL-C and apo A-I were correlated

negatively to the changes in effective renal plasma flow (p<0.05), whereas the changes in

HMW adiponectin were correlated negatively to the changes in PRA and aldosterone (p<0.05

for both). 

Short term sodium restriction modestly decreases HDL-C, apo A-I and HMW-adiponectin

in healthy men. Changes in GFR and ERPF and in the renin-angiotensin-aldosterone system

as induced by LS may be involved in these responses.P
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Introduction

High dietary sodium intake is increasingly recognized to contribute to the pathogenesis of

cardiovascular and renal disease (1-4). Whereas the harmful effects of a high sodium intake

have been predominantly linked to a higher blood pressure per se (5;6), evidence is

accumulating that a higher intake of sodium is associated with increased cardiovascular

mortality independent of effects on blood pressure (3). Furthermore, a high sodium intake is

associated with a higher degree of albuminuria in healthy subjects and the general population

(2;7), and has been found to be accompanied by a higher degree of urinary protein loss (8)

in renal patients. Therefore, reduction of dietary sodium intake has been advocated in the

management of cardiovascular and renal disease (1;9).

In addition to a reduction in blood pressure, the beneficial effects of dietary sodium restriction

are considered to be attributable to improvement of renal hyperfiltration, and -in patients with

glomerular disease- to a decrease in proteinuria (7;8). Furthermore, in healthy subjects, the

excretion of urinary albumin is significantly decreased by a low sodium diet (7). However,

these beneficial effects of dietary sodium restriction on cardiovascular and renal disease are

potentially modified by adverse effects on plasma lipid and lipoprotein levels, including

increases in plasma total cholesterol and low density lipoprotein cholesterol (LDL-C) (10).

Additionally, some studies also demonstrated lowering of high density lipoprotein cholesterol

(HDL-C) in subjects with essential hypertension after 2 to 12 weeks of dietary sodium restriction

(11-13). 

The present study was initiated to determine the effect of short-term dietary sodium restriction

on serum total cholesterol, LDL-C and HDL-C, as well as apolipoprotein (apo) A-I , apo B and

triglycerides in a homogeneous population of young, non-obese, normotensive men. Moreover,

in view of recent findings showing regulation of the anti-atherogenic adipokine, adiponectin,

by angiotensin-II (14;15), we also evaluated the effect of sodium intake on the high molecular

weight (HMW) fraction of this adiponectin. 

Subjects and Methods

Subjects

The study was approved by the local medical ethics committee and all subjects gave written

informed consent. The study population consisted of 65 healthy, non-obese men. All subjects

were normotensive, having a sitting systolic blood pressure <140 mmHg and diastolic blood
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pressure < 90 mmHg measured by Dinamap
®
. The medical histories of the participants were

without significant disease, and physical examination did not reveal any abnormalities; men

with a body mass index > 30 kg/m
2

(calculated as the ratio of body weight (kg) and the square

of height (m)) at screening were excluded, as were subjects taking any medications. We also

did not include women to avoid effects of gonadal steroids on plasma lipid levels (16). 

Study protocol 

The study protocol consisted of two consecutive 7-day periods in which the participants

used a low sodium (aimed at 50 mmol/24h) and a liberal sodium diet (aimed at 200 mmol/24h),

in random order. A sodium intake of 200 mmol/24h corresponds to the average habitual dietary

intake of sodium in Western societies (17), and is also observed in our region (2). Potassium

intake was standardized at 80 mmol/24h. Otherwise the subjects were advised to continue

their usual dietary habits with respect to total calorie, protein, carbohydrate and fat intakes.

At day 4 and day 6 of each period subjects collected 24h urine to assess dietary compliance.

At day 7 of each period the participants were studied at the research unit at 8.00 a.m. after

having abstained from food and alcohol overnight. Height and body weight were measured

at the start of each study day. Baseline values for blood pressure were obtained from 10 to

12 a.m. and were determined by Dinamap
®
; (GE medical systems, Milwaukee, WI, USA) at

15 min. intervals. Mean arterial pressure (MAP) was calculated as one-third of systolic pressure

plus two-thirds of diastolic pressure. Blood samples for determination of plasma lipids,

apolipoproteins, HMW-adiponectin and electrolytes were obtained at 8.00 am at the end of

the liberal sodium and low sodium diet periods. During the study days, oral sodium intake

during the study days was adjusted according to the diet prescribed for the actual period and

subjects remained in a semi-supine position after a light standardized breakfast in a quiet

room. At 11.00 a.m. blood was obtained for determination of aldosterone and plasma renin

activity (PRA). 

To ensure sufficient urine output, 250 mL of 5% glucose solution was infused and subjects

were provided with 250 mL of oral fluids every hour. After a run-in period, glomerular filtration

rate (GFR) and effective renal plasma flow (ERPF) were measured as the clearances of

continuously infused 
125

I-Iothalamate and 
131

I-Hippuran, respectively. In our center, this

procedure has been the standard method of renal function measurement. Applying this method

the simultaneous clearance of 
125

I-Iothalamate and 
131

I-Hippuran is measured and calculated

as (U*V)/P
iot

and (I*V)/P
hipp

, respectively. U*V represent the urinary excretion of the tracer; I*V

represents the infusion rate of the tracer, which equals the clearance from the plasma during

steady state. P represents the tracer values in plasma. The plasma clearance (I*V)/P
hipp

equals
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its urinary clearance as there is no extrarenal clearance of this tracer. Thus, when plasma

levels are in steady state (I*V)/P
hipp

equals ERPF. GFR is calculated as the urinary clearance

of 
125

I-Iothalamate, corrected for voiding errors. As urinary clearance of 
131

I-Hippuran equals

plasma clearance in case of perfect urine collection, we routinely use the ratio of plasma-to-

urinary clearance of 
131

I-Hippuran to correct urinary clearance of 
125

I-Iothalamate for voiding

errors and dead space. By this method, coefficient of variation for GFR is 2.5% and for ERPF

5%; the average voiding error is estimated to be 3 +/- 16% (18-20). 

Blood sampling and analysis

Venous blood samples for measurement of plasma aldosterone, plasma renin activity (PRA),

total cholesterol, LDL-C, HDL-C, triglycerides, apo A-I, apo B, and HMW-adiponectin were

collected into EDTA-containing tubes (1.5 mg /mL), and were immediately placed on ice.

Plasma was obtained by centrifugation at 1400 g for 15 min at 4˚C. Samples were kept frozen

at -80˚C until analysis.

Plasma cholesterol and triglycerides were assayed by routine enzymatic methods (Randox,

Westburg, Leusden, The Netherlands; total cholesterol kit number: CH-200; triglycerides kit

number: TR-213). HDL-C and LDL-C was measured with a homogeneous enzymatic

colorimetric test (WAKO, Daiichi, Japan). Apo A-I and apo B were measured by

immunonephelometric assay (WAKO, Daiichi Japan). All analyses were performed on a Cobas

Mira autoanalyzer (Roche, Basel, Switzerland). HMW-adiponectin was measured by enzyme-

linked immunosorbent assay (ELISA) using a commercially available kit (Millipore, EZHMWA-

64K) with an inter- and intra-assay coefficients of variation of <6.5 % and <9 %, respectively.

Statistical analysis

Data were analyzed using SPSS 16.0 (SPSS Inc. Chicago, IL, USA). Variables with a normal

distribution are expressed as mean ± SD. Non-parametric data are expressed as median

(interquartile range). The effect of the change in sodium intake was assessed by a paired

sample t-test for parametric data and a Wilcoxon’s signed rank test for non-parametric data.

Spearman’s rank correlation analysis was used to analyze the correlation between the change

in plasma lipids and the change in HMW-adiponectin and renal hemodynamics. A two-sided

p-value <0.05 was considered statistically significant.
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Sodium intake

% change

high low

MAP (mmHg) 87 ± 7 86 ± 7 -1.1 ± 6.7

Body weight (kg) 81 ± 10 79 ± 10 * -1.8 ± 1.2

GFR (mL/min) 136 ± 20 127 ± 17 * -6.4 ± 8.7

ERPF (mL/min) 589 ± 102 550 ± 88 * -6.0 ± 9.7

PRA (ng Ang-I/mL/h) 2.1 (1.4-3.2) 5.7 (3.9-8.0) * 158 (69-297)

Aldosterone (ng/L) 40 (24-57) 132 (81-173) * 243 (87-416)

UNaV (mmol/24h) 228 ± 77 36 ± 27 * -82 ± 16

UKV (mmol/24h) 80 ± 27 81 ± 35 7 ± 46

UUrV (mmol/24h) 405 ± 105 383 ± 104 -2 ± 28

Table 1: Blood pressure, body weight, renal hemodynamics, PRA, aldosterone and 24 h urine excretion

of sodium, potassium and urea during high and low sodium intake.

Abbreviations: MAP: mean arterial pressure, GFR: glomerular filtration rate, ERPF: effective renal plasma flow, FF:

filtration fraction, PRA: plasma renin activity. UNaV: 24h urinary excretion of sodium, UKV: 24h urinary excretion of

potassium, UUrV: 24h urinary excretion of urea.  * p< 0.00001 vs high sodium intake.

Results

Mean age was 23.2 ± 7 years. BMI during liberal sodium intake was 23.4 ± 2.5 kg/m
2
. Diet

adherence was considered to be adequate, since sodium intake, as inferred from 24 h urinary

sodium excretion (UNaV), averaged 36 ± 27 mmol/24h during LS and amounted to 228 ± 77

during HS (table1). Table 1 also shows body weight, MAP, renal hemodynamic parameters,

plasma renin activity, aldosterone, 24h urinary excretion of potassium and urea (UKV and

UUrV) during HS and LS. MAP was not significantly affected by sodium intake. Body weight

was significantly decreased by LS, being consistent with a negative volume balance. As

expected GFR and ERPF were significantly lower during LS, whereas PRA and aldosterone

were significantly upregulated by LS. There was no significant impact of variation in sodium

intake on UKV and UUrV. 

Mean plasma levels of total cholesterol, LDL-C HDL-C, apo A-I and apo B, the

cholesterol/HDL-C ratio and the apo B/apo A-I ratio and HMW-adiponectin during HS and LS

are provided in figure 1. LS induced a decrease in HDL-C by 3.8 ± 10.8% from 1.31 ± 0.26 to

1.26 ± 0.27 mmol/L (p=0.005) and decreased apo A-I by 3.7 ± 6.5% from 1.77 ± 0.21 to 1.70

± 0.17 g/L (p<0.0001). No significant effects on plasma cholesterol, LDL-C, triglycerides (HS:
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Figure 1: Changes in plasma lipids, apolipoptoteins (apos) and high molecular weight (HMW) adiponectin

during high sodium (open bars) compared to low sodium (closed bars) diet. Data are presented in

mean ± SD. * p<0.001, # p<0.01, † p<0.05
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Abbreviations: apo A-I: apolipoprotein A-I, PRA: plasma renin activity, MAP: mean arterial pressure, ERPF: effective

renal plasma flow, GFR: glomerular filtration rate, UNaV: 24hr excretion of sodium. *p<0.001, # p<0.05

∆ HDL-C ∆ Apo A-I ∆ HMW-adiponectin

∆ HDL-C - r=0.52 * r=0.02

∆ Apo A-I r=0.52 * - r=-0.03

∆ PRA r=0.058 r=0.002 r=-0.24 #

∆ Aldosterone r=-0.03 r=-0.02 r=-0.27 #

∆ MAP r=0.06 r=0.14 r=0.12

∆ ERPF r=-0.25 # r=-0.26 # r=-0.02

∆ GFR r=-0.25 # r=-0.15 r=0.12

∆ UNaV r=-0.04 r=-0.07 r=-0.03

Table 2: Spearman’s correlation coefficients between low sodium diet-induced changes in HDL-C, apo

A-I, HMW-adiponectin and PRA, aldosterone, MAP, renal hemodynamics and UNaV

median (IQ range) 1.00 (0.73-1.34) mmol/L vs LS 0.93 (0.72-1.27) mmol/L) and apo B levels

were observed. Consequently, the total cholesterol/HDL-C ratio and the apo B/apo A-I ratios

were significantly increased during LS from 3.11 ± 0.82 to 3.30 ± 0.96 and from 0.40 ± 0.12 to

0.42 ± 0.12, respectively (p=0.001 for both). LS also induced a significant 13.6 ± 40.5 %

decrease from 2.99 ± 1.69 to 2.67 ± 1.44 µg/mL in HMW-adiponectin (p=0.014). 

HDL-C was correlated positively with apo A-I levels during HS (r=0.73, p<0.001) and LS

(R=0.75, p<0.001). The relationship of HDL-C with HMW-adiponectin was borderline significant

during HS (R=0.23, p =0.06) and was significant during LS (r=0.25, p<0.05) respectively).

There was no significant correlation between HMW adiponectin and apo A-I during either

sodium intake (R=0.13, p=0.31 and R=0.04, p=0.75 during HS and LS respectively). During

each diet period, there was no significant correlation between 24h urinary sodium excretion

and the plasma level of HDL-C, Apo-AI, HMW-adiponectin, MAP, ERPF and GFR (p>0.10 for

all, data not shown). Furthermore, during the separate diets, HMW-adiponectin was unrelated

to plasma aldosterone and plasma renin activity (PRA) (p>0.10, for both data not shown). As

anticipated, there were negative correlations between 24h urinary sodium excretion and the

level of plasma aldosterone and PRA during each diet period (p < 0.01 to p = 0.07, data not

shown). 

As shown in table 2, the decrease in HDL-C as induced by LS was correlated to the decrease

in apo A-I, but was not significantly related to the change in HMW-adiponectin. Also, the
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Figure 2: Scatterplot depicting the correlations between the change in ERPF and HDL-C (upper panel,

a) and Apo A-I (lower panel, b) as induced by LS. R (Spearman) = -0.25, p < 0.05 and R = -0.26, p <

0.05.

decrease in apo A-I was unrelated to the change in HMW-adiponectin. The decrease in HMW-

adiponectin in response to LS was correlated with the increase in PRA and in plasma

aldosterone. Furthermore, the changes in HDL-C and apo A-I, as induced by LS, were

correlated negatively with the changes in ERPF. This indicates that the larger the drop in ERPF

in response to LS was, the smaller were the decreases in HDL-C and apo A-I (figure 2). The

decrease in HDL-C was also negatively correlated with the change in GFR. The changes in

HDL-C, apo A-I and HMW-adiponectin were not significantly correlated with the changes in

urinary sodium excretion (table 2).
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Discussion

This study has demonstrated that in healthy young men short-term sodium restriction elicits

a modest decrease in HDL-C together with a drop in apo A-I, its major apolipoprotein

constituent. Plasma total cholesterol, LDL-C and plasma apo B levels remained unchanged.

Consequently, the total cholesterol/HDL-C ratio and the apo B/apo A-I ratio increased in

response to low sodium diet. Furthermore, the drop in HDL-C was correlated inversely to

concurrent decreases in ERPF and GFR, which raises the possibility that renal hemodynamic

factors may be involved in alterations in HDL metabolism during sodium restriction. The present

study also showed-to our knowledge for the first time- a decrease in HMW-adiponectin in

response to low sodium intake, which was related to increases in PRA and aldosterone. This

observation thus suggests that low sodium diet-induced stimulation of the renin-angiotensin-

aldosterone system (RAAS) contributes to regulation of this form of adiponectin.

Importantly, several individual reports have suggested that sodium restriction unfavorably

affects the plasma lipid profile (12;13;21-27). Accordingly, a recent Cochrane systematic

review and meta-analysis has demonstrated that plasma total cholesterol and LDL-C are

decreased in response to a low sodium diet (10). Of note, the interpretation of this analysis is

hampered by considerable differences in the populations studied, varying from healthy

subjects to patients with severe hypertension and type 2 diabetes mellitus. Furthermore, the

duration of sodium restriction was variable, ranging from 1 to 12 weeks. Moreover, the achieved

difference in sodium intake between the high and low sodium intake differed between over

250 mmol Na+/24 hr to less than 100 mmol Na+/24 hr. We chose to examine a homogeneous

group of young, non-obese and normotensive men. Thus, possible confounding variables

related to concomitant disorders had been excluded as much as possible. Women were

excluded to avoid gonadal steroid effects on plasma lipoproteins (16). Obviously, the exclusion

criteria applied make that our current findings do not necessarily hold true for hypertensive,

overweight or diabetic populations and for women.

Long-term restriction of dietary sodium intake has a clinically relevant impact on

cardiovascular disease, with reduction in risk being estimated to amount to up to 25 % (9), as

reinforced recently (28). We demonstrated that HDL-C decreased by 0.05 mmol/l in response

to sodium restriction. A meta-analysis of prospective observational studies has demonstrated

that mortality from ischemic heart disease is 33 % higher for each 0.33 mmol/l lower HDL-C

(29). Extrapolating these data (29) to the present findings and assuming that the decrease in

HDLC is sustained with long-term sodium restriction could translate into a modest 5 % increase

in risk, which seems unlikely to outweigh the risk reduction attributable to long-term low sodium

intake.
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It has been proposed that the kidney plays a major role in HDL metabolism (30). This process

probably involves tubular handling of filtered HDL apolipoprotein constituents, such as apo

A-I, via the cubulin-megalin-amnionless system (30). Urinary apo A-I excretion is indeed grossly

increased in patients with proximal tubular reabsorption deficiency due to Fanconi syndrome

(31), Of potential interest, we recently observed an inverse relationship of HDL-C and ApoA-

I with estimated GFR in a cohort of subjects without severe chronic kidney disease (32).

Remarkably, in the present study, the decrease in HDL-C and apo A-I, as induced by low

sodium diet, was inversely correlated to the decrease in ERPF; the decrease in HDL-C was

also correlated inversely to the decrease in GFR. Thus, the smallest decrease in HDL-C after

sodium restriction was observed in those subjects with the largest decline in renal

hemodynamics. This finding would agree with the hypothesis that diminished glomerular

filtration of HDL apolipoproteins contributes to slower HDL catabolism. 

Several isoforms of adiponectin are present in plasma. The HMW multimeric isoform of

adiponectin, which consists of 12-18 subunits is regarded to be the most active form of this

adipokine (33) (34), although this isoform may be cleaved into smaller subunits which may be

also highly active (35). HMW-adiponectin levels may be more specifically associated with

glucose metabolism (35), insulin sensitivity and central obesity (36), as well as with extent of

coronary artery disease (37). It seems therefore relevant to document the effect of interventions

on HMW-adiponectin notwithstanding the strong correlation between plasma total and HMW-

adiponectin as demonstrated previously (33). Evidence is accumulating that the endogenous

RAAS plays an important role in regulating plasma adiponectin. Angiotensin II decreases

circulating adiponectin levels in rats (14.). We have also demonstrated that plasma total

adiponectin levels decrease after sodium restriction in humans (15). The present study extends

these recent findings by showing that the decrease in HMW-adiponectin in response to low

sodium diet is related to the increase in PRA and aldosterone. Many reports have shown a

positive correlation of HDL-C with plasma total adiponectin (37-41), but such a relation with

HMW-adiponectin, as presently confirmed, has been documented in only a few earlier studies

(33;37;42). Adiponectin may contribute to hepatic apo A-I synthesis in vitro (43;44), whereas

plasma total adiponectin is a determinant of apo A-I fractional catabolic rate in vivo (39;40).

Since these findings suggest a causal implication of adiponectin in HDL metabolism, we also

tested relationships between changes in HDL-C, apo A-I and HMW-adiponectin in response

to sodium restriction. Although the decrease in HDL-C was strongly correlated to the decrease

in apo A-I, no significant relationship between the decrease in apo A-I and HDL-C and the

decrease in HMW-adiponectin, as induced by low sodium diet, was found. This clearly

questions whether the effect of low sodium diet on HMW-adiponectin contributes to the

decrease in HDL-C and apo A-I, although it cannot be excluded that the modest decreases
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in all these variables could have obscured statistically significant relationships. Moreover, a

potential limitation of the present study is that plasma total adiponectin was not measured.

Conclusions

Low intake of dietary sodium modestly decreases HDL-C and its main apolipoprotein

constituent, apo A-I, in young healthy male subjects. Furthermore, short term sodium restriction

is associated with a decrease in plasma HMW-adiponectin, probably via up-regulation of the

RAAS. Our results raise the possibility that renal hemodynamic factors may contribute in

changes regulation of HDL metabolism elicited by low sodium diet.
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Abstract

Adiponectin has antiinflammatory and vascular protective effects and may improve insulin

sensitivity. Animal data suggest a role of the renin-angiotensin aldosterone system (RAAS) in

the regulation of adiponectin. Our objective was to investigate the role of the RAAS in regulation

of adiponectin in humans in vivo. To this purpose we studied the effects of physiological

(change in sodium status) and pharmacological modulation of RAAS activity (angiotensin II

infusion and enalapril treatment) on plasma adiponectin.

Thirty-five healthy male volunteers (aged 26 ± 9 yr) were studied after two 7-d periods: one

on a low sodium diet (LS, 50 mmol Na
+
/24h) and one on a high-sodium diet (HS, 200 mmol

Na
+
/24h). At the end of each period, adiponectin was measured, and its response to

angiotensin II infusion (0.3, 1, and 3 ng/kg/min all during 1 h) was determined. Additionally,

all subjects received 1 wk treatment of enalapril 20 mg once daily (angiotensin converting

enzyme inhibition) during the HS. We measured plasma adiponectin concentrations during

LS and HS and in response to angiotensin II infusion.

The suppression of the RAAS by HS elicited a significant rise in adiponectin (LS baseline,

11.9 (8.3-16.2)µg/L; HS baseline, 14.4 (11.2-20.4) µg/L; p < 0.05). All doses of angiotensin II

elicited a profound decrease in adiponectin during both conditions (LS 3 ng/kg/min, 7.4 (6.3-

8.9) µg/l; HS 3 ng/kg/min, 8.4 (7.3-9.9) µg/l; both p < 0.001 vs. baseline). Angiotensin

converting enzyme inhibition induced a significant rise in adiponectin (16.6 (10.6-20.9) µg/L,

p < 0.05 vs. HS).

Physiological and pharmacological modulation of RAAS affects plasma adiponectin with

lower concentrations during the high angiotensin II conditions. The therapeutic potential of

RAAS blockade as a tool to correct hypoadiponectinemia should be explored further.
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Introduction

Adiponectin is specifically and abundantly produced in adipose tissue and has direct effects

on glucose and lipid metabolism (1). The antiinflammatory and cardioprotective properties of

this adipokine are increasingly recognized. Adiponectin circulates in plasma at high

concentrations (2). Plasma adiponectin concentrations are inversely associated with insulin

resistance and obesity. Furthermore, lower concentrations of adiponectin have been described

in type 2 diabetes mellitus. Low adiponectin concentrations have also been documented in

subjects with essential hypertension and may predict incident cardiovascular disease. 

Furthermore, lower concentrations of adiponectin are associated with an increased risk for

the development of diabetes (3;4), essential hypertension (5), and myocardial infarction (6).

These associations are attributed to antiatherogenic actions of adiponectin as well as its

favorable effects on insulin sensitivity (7).

The mechanisms involved in the regulation of plasma adiponectin are of considerable interest

but are largely unknown. Several factors have been proposed to determine plasma adiponectin,

such as its renal clearance (8) and activation of the peroxisome proliferator-activated receptor-

γ (9). Plasma adiponectin concentrations have been shown to be up-regulated by

thiazolidinediones (10). They have been proposed to ameliorate insulin resistance by binding

and activating peroxisome proliferator-activated receptor-γ in adipose tissue, thereby

promoting adipocyte differentiation and increasing the number of small adipocytes that are

more sensitive to insulin (11).

Interestingly, in diabetic (12) and hypertensive patients (13), inhibition of the renin-

angiotensin aldosterone system (RAAS) by angiotensin receptor type 1 blockade or angiotensin

converting enzyme inhibition (ACEi) increases plasma adiponectin. Moreover, very recently

infusion of angiotensin II (ang II) in rats was shown to decrease adiponectin concentrations,

and this response was prevented by ang II receptor blockade (14). These observations elicit

the hypothesis that the RAAS is involved in regulation of adiponectin in humans. 

To test this hypothesis, we studied the effects of physiological and pharmacological

modulation of the RAAS on plasma adiponectin in healthy subjects. Physiological modulation

of RAAS activity was induced by a shift in dietary sodium intake. Pharmacological modulation

was achieved by infusion of exogenous ang II (stimulation) on both high and low sodium intake

and angiotensin converting enzyme inhibition (ACEi) during high sodium intake.
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Materials and Methods

Subjects

Thirty-five healthy men (age, 26 ± 9 yr, mean ± sd) were recruited for the study. They were

normotensive, defined as sitting systolic blood pressure less than 140 mmHg and diastolic

blood pressure less than 80 mmHg. All subjects underwent normal routine physical

examination. Exclusion criteria were any abnormalities during routine physical examination, a

body mass index more than 30 kg/m
2
, diabetes mellitus, and drug use. Written informed

consent was obtained from each subject after a full explanation of the study. The study protocol

was approved by the Ethics Committee of the University Medical Center Groningen. 

Study protocol

The protocol consisted of two periods in which all the subjects were first studied after a 7-

d period on a low-sodium diet (LS, with an aim of 50 mmol/24h) and afterwards a 7-d period

on a high-sodium diet (HS, with an aim of 200 mmol/24h). The diets were based on personal

food habits. We achieved differences in sodium intake by replacing sodium rich products with

a low-sodium product of the product group to remain isocaloric with a similar balance between

protein, carbohydrate, and fat. On day 4 and 6 of each dietary period, subjects collected 24h

urine to assess dietary compliance and achievement of a stable sodium balance.

On day 7, the subjects reported to the research unit at 8 am after an overnight fast. Body

weight, length, waist, and hip values were measured. An intravenous canula was inserted into

each forearm, one for drawing blood samples, the other for infusion of ang II and renal function

tracers. Subjects remained in a semi supine position after a light standardized breakfast in a

quiet room for 3 h to standardize their activities and posture before the ang II infusion and

blood sampling. We measured blood pressure at 15-min intervals using a noninvasive device

(Dinamap; GE Medical Systems, Milwaukee, WI).

Glomerular filtration rate (GFR)

GFR was measured by constant infusion of radioactive-labeled tracers 
125

I-Iothalamate (Tyco

Health Care, Petten, The Netherlands) and 
131

I-Hippuran (QOL Medical, Woodinvill, WA),

respectively, as previously described (15). After drawing a blank blood sample, a priming

solution containing 0.4 mL/kg body weight of the infusion solution (0.04 MBq of 
125

I-Iothalamate

and 0.03 MBq of 
131

I-Hippuran plus an extra of 0.6 MBq of 
125

I-Iothalamate was given at 8 am,

followed by infusion at 12 mL/h. To attain stable plasma concentration of both tracers, a 2h
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stabilization period followed, after which baseline measurements started at 10 am. The

clearances were calculated as (U*V)/P and (I*V)/P, respectively, where U*V represents the

urinary excretion of the tracer, I*V represents the infusion rate of the tracer, and P represents

the tracer value in plasma at the end of each clearance period. This method corrects for

incomplete bladder emptying and dead space by multiplying the urinary clearance of 
125

I-

Iothalamate with the ratio of the plasma and urinary clearance of 
131

I-Hippuran (15).

Ang II infusion

Baseline values for blood pressure were obtained from 10-12 am. Between 12 am and 3

pm, ang II (Clinalfa; Merck Biosciences AG, Läufelfingen, Switzerland) was administered in

the left antecubital vein. Between 12 and 1 pm, ang II was infused at a constant rate in a dose

of 0.3 ng/kg/min. Thereafter, ang II was infused at a constant rate of 1 ng/kg/min and 3

ng/kg/min each for 1 h. At the end of each infusion step (at 1, 2, and 3 pm), blood samples

were drawn. During the ang II infusions, blood pressure was measured at 5-min intervals.

ACEi

Additionally all subjects received 1 wk of enalapril 20 mg once daily (ACEi) while on HS

(200 mmol/24h). At the end of the week, blood samples were drawn for adiponectin

measurement, and blood pressure was measured by Dinamap.

Blood sampling and analysis

Blood samples for baseline assessment of adiponectin were drawn at 11am. Samples were

drawn in semisupine position in prechilled tubes and immediately centrifuged at 4 C. Plasma

and serum for measurement of adiponectin, aldosterone, renin activity, and insulin was stored

at -20 °C until analysis. Aldosterone was measured with a commercially available RIA kit

(Diagnostic Products Corp., Los Angeles, CA). Plasma renin activity (PRA) was measured as

described previously with a RIA that detects the amount of angiotensin I produced per hour

in the presence of excess angiotensinogen (nanograms of angiotensin I produced per milliliter

of plasma per hour). This assay measures the enzymatic activity of active plasma renin in the

presence of an exogenous excess of its substrate (16). Fasting serum insulin was determined

using a radioactive immunoassay (DSL-1600; Diagnostic Systems Laboratories, Webster, TX).

Plasma glucose was determined by the glucose oxidase method (YSI 2300 Stat plus; YSI,

Yellow Springs, OH). Homeostasis model assessment (HOMA) was calculated by (glucose

(in millimoles per liter) * insulin (in microunits per milliliter)/22.5).
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Blood samples for determination of ang II were drawn in cold, standard 3-mL vacuum tubes

containing 5.4 µg K3EDTA and an additional 0.2 mL ACE inhibitor cocktail containing 1.704

µg phenanthroline, 0.16 mg enalapril, 1 mL ethanol, and 4 mg neomycin. After centrifugation

at 4 °C, the plasma for determination of ang II was snap-frozen and stored at -80 °C until

analysis. Plasma concentration of ang II was measured by a specific RIA after Sep-Pak

extraction of plasma samples and HPLC separation (17). Plasma adiponectin and leptin were

measured by ELISAs using a kit from Linco Research Inc. (St. Charles, MO; catalog no.

EZHADP-61K). Within-assay coefficients of variation for adiponectin and leptin were 3.4 and

3.7%, respectively.

Data analysis

Mean values and sd were calculated for parametric variables after checking for normality.

Medians and quartiles were computed for variables with a non-parametric distribution. After

testing for normality, we used Student’s paired t test or Wilcoxon signed rank test to compare

values between the different periods, each subject being its own control. A value of p< 0.05

was considered to be statistically significant.

Results

Effects of altered sodium status

The 35 healthy male subjects had a BMI of 22.5 (21.2–24.4) kg/m
2

and waist circumference

was 81 (76–85) cm. Urinary sodium excretion was consistent with good dietary compliance

at both sodium intakes, as shown in table 1. HS induced a small but significant rise in weight

and blood pressure. HS also elicited an increase in GFR. The effects on PRA and aldosterone

are given in table 2. The shift from LS to HS intake suppressed PRA and aldosterone

concentration significantly to approximately one third of the values on LS. The shift in sodium

intake did not affect glucose or insulin concentration or the HOMA index. The shift from LS to

HS suppressed ang II concentration in proportion to the decreases in PRA and aldosterone

(Fig. 1, left y-axis). HS elicited a significant rise in adiponectin by 21% from 11.9 (8.3–16.2) to

14.4 (11.2–20.4) µg/L (Fig. 1, right y-axis). During baseline, ang II levels did not correlate with

adiponectin levels. The changes in circulating ang II concentrations were thus mirrored by

those in adiponectin.
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Low Sodium High Sodium

UNa24 (mmol/24h) 40 ± 25 219 ± 56*

Body weight (kg) 79.1 ± 9.4 80.4 ± 9.5*

MAP (mmHg) 85 ± 7 88 ± 8*

GFR (mL/min•1.73m
2
) 103 (99-113) 110 (104-120)*

Low sodium High sodium

PRA (ng ang I/mL/h) 5.9 (4.4-8.1) 2.5 (1.6-3.5)*

Aldosterone (ng/L) 130 (81-174) 43 (24-57)*

Glucose (mg/dL) 4.5 (4.1-4.9) 4.5 (4.2-4.8)

Insulin (µU/mL) 8.3 (6.1-13.5) 8.0 (6.3-11.6)

HOMA 1.7 (1.3-2.5) 1.6 (1.2-2.4)

Table 1: Clinical parameters

UNa24: 24 h urinary sodium excretion, MAP: mean arterial pressure, GFR: glomerular filtration rate. Data are expressed

as mean ± SD or median (25th and 75th percentile). * P < 0.05 for LS vs. HS 

Table 2: Circulating values of RAAS components, glucose, insulin and HOMA

PRA: plasma renin activity, HOMA: homeostasis model assesement. Data are expressed as median (25th–75th

percentile. HOMA was calculated as [glucose * insulin /22.5] * P < 0.05 for low vs. high sodium 

Figure 1: Plasma ang II and adiponectin. Data are expressed as median (25th and 75th percentile). 

*  P < 0.05 for low sodium vs. high sodium. (Wilcoxon signed rank test)
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Figure 2: MAP and median adiponectin concentrations during acute ang II infusion in healthy man. 

Left panel: Dose-dependent increase in MAP during ang II infusion during low sodium (solid lines) and high sodium

(dashed lines) (mean values are given)

Right panel: decrease in adiponectin during ang II infusion during low sodium (solid lines) and high sodium (dashed

lines) (median values are given). 

High sodium: * vs. baseline; ** vs. baseline and 0.3 ang II ng/kg/min; ***, vs. baseline, 0.3, and 1 ang II ng/kg/min,

P < 0.05. 

Low sodium:  #  vs. baseline and 0.3 ang II ng/kg/min, ## vs. baseline, 0.3, and 1 ang II ng/kg/min, P < 0.05

Ang II infusion

Ang II infusion induced a dose-dependent significant increase in mean arterial pressure

(MAP) (Fig. 2, left panel) during both LS and HS. During LS, the lowest dose of ang II did not

induce a significant rise in MAP (LS baseline vs. 0.3 ng ang II, p = 0.45). During both LS and

HS, all other doses of ang II induced a significant rise in MAP compared with the MAP at the

preceding lower rate of infusion (p < 0.001). Plasma adiponectin concentrations (Fig. 2, right

panel) decreased significantly (LS/HS baseline vs. 0.3, 1, and 3 ng, p < 0.001) during all steps

of ang II infusion compared with baseline, during both LS and HS, with a prominent decrease

during the lowest dose of ang II already. Figure 3 shows the changes from baseline in blood

pressure and adiponectin during ang II infusion (3 ng/kg/min) on the two different sodium

intakes, allowing a comparison of the ang II responses on LS and HS. As anticipated, the
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Figure 3: Ang II-induced change in MAP and plasma adiponectin.

Left: change in MAP from baseline to 3 ng/kg/min. The blood pressure change is greater during a HS. 

The blood pressure sensitivity for ang II is modulated by sodium intake. 

Right: change in adiponectin from baseline to 3 ng/kg/min. The adiponectin decrease during ang II infusion

was higher during HS. Data are expressed as median (25th and 75th percentile). * p < 0.05 for LS vs. HS.

Figure 4: Plasma leptin concentrations at baseline and during ang II infusion. Data are expressed as

median (25th and 75th percentile). * p < 0.05 for LS vs. HS, ns: not significant.

overall blood pressure response to ang II was higher during HS (∆ MAP, LS vs. HS, p < 0.05).

Likewise, the overall decrease in adiponectin was larger during HS as well (∆ adiponectin,

LS vs. HS, p < 0.05).

ACEi

MAP decreased significantly during ACEi (88 ± 8 vs. 83 ± 8 mmHg, P < 0.05). ACEi induced

a significant rise in adiponectin (14.4 (11.2–20.4) vs. 16.6 (10.6 –20.9) µg/L, p <0.05).
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Leptin

Sodium intake did not significantly affect leptin concentrations (Fig. 4). During LS, ang II

infusion did not influence leptin concentrations. However, during HS, there was a small but

significant decrease in leptin concentrations during ang II infusion.

Discussion

This is the first study that shows that physiological suppression of ang II by HS and ACEi is

associated with an increase in plasma adiponectin concentrations. Moreover, plasma

adiponectin is profoundly decreased by infusion of exogenous ang II. Thus, physiological and

pharmacological modulation of ang II is associated with reciprocal changes in adiponectin

concentrations. Together, these findings support the hypothesis that the RAAS contributes to

a relevant extent in plasma adiponectin regulation in humans in vivo, most likely via ang II.

The shift in sodium intake, a physiological modifier of the endogenous RAAS activity, affected

adiponectin. The changes in circulating RAAS parameters, renin, aldosterone, and ang II,

mirrored the changes in plasma adiponectin. This suggests that the influence of the RAAS on

adiponectin is likely to be physiologically relevant and is not limited to pharmacological

interventions. This holds all the more true because the range of sodium intake that we studied

was not excessive and is well within the range encountered in the normal population (18). Our

observations are in line with preliminary data, published in abstract form, showing a decrease

in adiponectin concentration after 3 d of sodium restriction (19). It seems unlikely that an effect

on renal elimination contributed to changes in circulating adiponectin in response to

modification of sodium intake, because a HS was accompanied by an increase rather than

by a decrease in GFR. To assess the possible clinical relevance of our findings, long-term

studies in patients would be needed. We studied the effect of ACEi during HS, combining

both physiological and pharmacological blockade of the RAAS. There was a small but

significant increase in adiponectin during ACEi. This is in line with earlier data from others in

type 2 diabetic and hypertensive patients (13;20). However, this has not been shown previously

in healthy subjects.

We found that exogenous ang II suppressed adiponectin, supporting a role for the RAAS

in regulation of adiponectin in human. These data extend recent data in rats (14;21). We found

that the suppressor effect on adiponectin was present during both LS and HS and was already

present at nonpressor doses of ang II. Because ang II elicited a pronounced drop in

adiponectin even at the lowest dose used here, we were not able to identify a threshold dose.

During both conditions, after 3 h of ang II infusion, the plasma adiponectin concentrations

were approximately half of the baseline concentrations. The estimated half-life of adiponectin
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is 2.5 h (22). Taken together, these findings thus suggest that the release of adiponectin from

adipocytes may to a considerable extent be blocked by ang II.

Which mechanisms could be involved in the effects of ang II on adiponectin? Clasen et al.

(23) showed that blockade of the ang II type I receptor can induce stimulation of adiponectin

mRNA expression in adipocytes, suggesting that the ang II type I receptor is involved. Recent

data from Kurata et al. (24) show that olmesartan, an ang II type 1 receptor blocker, attenuates

hypoadiponectinemia consequent to obesity and aging in mice. This is in line with observations

in rats by Ran et al. (14) who found decreased adiponectin concentrations during ang II

infusion that were restored by the olmesartan. They observed changes in adiponectin

concentrations after chronic infusion of ang II. However, we observed changes in adiponectin

concentrations already after 1 h of infusion of ang II. The ang II type I receptor is expressed

in adipocytes (25). Therefore, a possible mechanism could be that stimulation of the ang II

type I receptor blocks the release of adiponectin from adipose tissue. However, we don’t have

direct proof of a role of the ang II type 1 receptor, because we did not study the effects of ang

II infusion on adiponectin in combination with an angiotensin receptor type 1 blockade. Analysis

of the changes in adiponectin during ang II infusion in relation to sodium status reveals a

parallel between the responses of blood pressure and adiponectin. The blood pressure

response to ang II was increased during HS, which is in line with previous observations that

HS potentiates the pressor response to ang II (26). The mechanism of the potentiation of the

pressor response to ang II by HS is assumed to be both lower receptor occupancy as well as

up-regulation of the ang II type I receptor (27). Interestingly, in our study, the response of

adiponectin to exogenous ang II was enhanced by HS, which parallels the potentiation of the

pressor response. Additional studies into the role of the ang II type I receptor in the regulation

of adiponectin on local adipose tissue level (28) and the impact on plasma concentration are

obviously warranted.

Another possible mechanism by which our results could be explained is the sympathetic

nervous system. It is known that both dietary sodium restriction and ang II infusion lead to an

increased activity of the sympathetic nervous system activity (29;30). Other studies have shown

that α-adrenergic stimulation inhibits adiponectin gene expression (31). Moreover, Nowak et

al. (32) show that central sympathetic blockade with rilmenidine increases adiponectin

concentration. Further elucidation of the interrelationships between ang II, the sympathetic

nervous system, and adiponectin are necessary.

What could be the implications of an effect of ang II on circulating adiponectin? Several

studies reported increased insulin sensitivity on HS (33;34), and our findings raise the possibility

that effects on adiponectin may be involved. However, we did not find any changes in insulin

and glucose concentrations or in the HOMA index, as a measure of insulin sensitivity, in
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response to HS. This lack of effect on parameters of glucose homeostasis could be attributable

to the time span of HS as well as to the magnitude of changes in sodium balance elicited by

our diet intervention. Therefore, these assumptions need further substantiation. Moreover, the

anti-inflammatory and vascular protective effects of adiponectin would provide an attractive

additional mechanism to explain why RAAS blockade may exert therapeutic effects in

conditions where the prior activity of the endogenous RAAS is low, i.e. during HS and volume

excess.

To investigate whether plasma concentration of other adipokines were also affected by

sodium intake and ang II infusion, we determined plasma leptin concentration at baseline and

during the highest dose of ang II infusion. We observed a small increase of leptin during HS.

However, this was not significant, albeit in the same direction as adiponectin. Previously, a

moderate decrease of plasma leptin concentration by dietary sodium restriction has been

described (35). During HS, ang II infusion induced a small but significant decrease in leptin.

Compared with the changes of adiponectin during ang II infusion, the leptin changes were

less pronounced (with ang II at 3 ng/kg/min, there was a 35% adiponectin decrease and 15%

leptin decrease). Previous in vitro studies showed that ang II increases leptin secretion (36;37).

However, Cassis et al. (38) showed in rats that locally produced ang II directly increases leptin

release from adipocytes but that chronic infusion of ang II in rats decreases plasma leptin

concentrations. This study shows the complexity of studying adipokines, depending on the

physiological and experimental setting used. Of note is that the leptin concentrations are very

low, most probably related to our healthy population.

A possible limitation of our study is that we did not measure high molecular weight (HMW)

adiponectin, which is assumed to be the active form of the protein (39). However, recently,

Aso et al. (40) showed that there is very strong correlation (R = 0.969) between total adiponectin

and HMW adiponectin concentrations in type 2 diabetic patients. Moreover, both total and

HMW adiponectin concentrations are independent risk factors for the development of type 2

diabetes (39).

In summary, plasma adiponectin is inhibited during acute infusion of ang II in healthy men.

Moreover, adiponectin increased during physiological suppression of the RAAS by HS. Thus,

adiponectin may provide a link between the RAAS and metabolic status. Further elucidation

of the interrelationships between ang II and adiponectin might provide a basis for better

intervention in the cardiovascular complications of insulin-resistant states.
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Abstract

Dyslipidemia contributes to increased cardiovascular risk in nephrotic syndrome. We

questioned whether reduction in proteinuria not only lowers low-density lipoprotein cholesterol

(LDL-C), but also high-density lipoprotein cholesterol (HDL-C) and cholesteryl ester transfer

protein (CETP) mass and whether changes in HDL-C were related to changes in plasma

adiponectin. 

Thirty-two non-diabetic proteinuric patients (12 on statin therapy), were followed during two

double blind 6-week periods of placebo and treatment (low sodium + 100 mg losartan + 25

mg hydrochlorothiazide). 

With placebo HDL-C was lower but LDL-C and CETP were not different in proteinuric patients

compared with matched controls. LDL-C, HDL-C and CETP decreased upon proteinuria

reduction. The decrease in LDL-C correlated with the drop in CETP and the degree of

proteinuria reduction. HDL-C also decreased in proportion to proteinuria lowering. Individual

changes in HDL-C were correlated with changes in adiponectin. 

LDL-C lowering upon robust reduction of proteinuria may be affected by changes in plasma

CETP mass, but this treatment also decreases HDL-C in relation to the degree of proteinuria

reduction. This adverse effect on HDL-C may in part be attributable to changes in adiponectin.
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Introduction

The risk of myocardial infarction is more than five times higher whereas the risk of coronary

death is almost three times elevated in non-diabetic patients with proteinuria (1;2). This

increased cardiovascular risk can probably at least in part be attributed to the dyslipidemia

accompanying heavy proteinuria. High plasma total cholesterol and low-density lipoprotein

cholesterol (LDL-C) and elevated triglycerides are well documented in such patients (3;4).

Nonetheless, the effects of proteinuria on high-density lipoprotein cholesterol (HDL-C) are

inconsistent, with levels being lower, unchanged or even higher compared with control subjects

(3;5;6).

Upon anti-proteinuric therapy, total cholesterol and LDL-C are decreased (6-9). This lowering

effect on apolipoprotein B (apo B)-containing lipoproteins is closely linked to the efficacy of

antiproteinuric therapy (8;10), irrespective of the way by which proteinuria is reduced, be it

with inhibitors of the renin angiotensin aldosterone system (RAAS) or non steroidal anti-

inflammatory drugs (NSAID’s)(2).  Interestingly, some studies have suggested that proteinuria

lowering may also be associated with a decrease in HDL-C (7;9), an effect which could possibly

blunt the beneficial effect of such treatment on cardiovascular risk.

Among other factors, cholesteryl ester transfer protein (CETP), which has the ability to

transfer cholesteryl esters from HDL towards apo B-containing lipoproteins (11-13), plays a

pivotal role in lipoprotein metabolism. Thus, abnormalities in the plasma cholesteryl ester

transfer process are likely to contribute to the dyslipidemia associated with proteinuria. Indeed,

previous studies have demonstrated high plasma CETP mass and activity in subjects with

proteinuria of diabetic (14;15) or non- diabetic origin (4;6;16;17). Plasma CETP mass is also

higher in childhood idiopathic nephrotic syndrome (18). Furthermore, the plasma CETP level

is lower during glucocorticoid treatment of the underlying kidney disease (17;18), but CETP

activity does not respond to a 40% decrease in proteinuria with angiotensin converting enzyme

inhibition alone (6). These findings (6;17;18), therefore, suggest that the magnitude of

proteinuria response determines whether CETP is decreased. Remarkably, no longitudinal

data are available with respect to the effect of robust anti-proteinuric regimens on the plasma

CETP level in adult subjects with non-diabetic renal disease. 

The mechanisms behind this possible effect of anti-proteinuric therapy on HDL-C lowering

are poorly understood. Importantly, recent in vitro data suggest a direct regulatory role of

adiponectin in the synthesis of apo A-I, which is the main apolipoprotein constituent of HDL-

C (19;20). In humans, a high plasma adiponectin level is a major determinant of low apo A-I

catabolism (21). Both findings probably contribute to the positive relationship between HDL-

C and adiponectin. Furthermore, we have recently shown that a low sodium intake, resulting
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in endogenous stimulation of the RAAS, as well as exogenous angiotensin II (ang II) infusion

decrease plasma adiponectin levels (22). These findings suggest a direct interaction between

the RAAS and adiponectin, which is probably mediated by ang II. Thus, a lower HDL-C through

intervention in the RAAS could in part be attributed to effects on circulating adiponectin.

The present study aimed to document the LDL-C, HDL-C and CETP responses to rigorous

anti-proteinuric treatment, and to establish whether plasma CETP predicts the levels of these

lipoproteins during anti-proteinuric therapy. Also, in a subset of patients, we investigated

whether changes in HDL-C during maximal anti-proteinuiric therapy are related to changes in

plasma adiponectin levels.

Materials and Methods

Subjects

The study population consisted of 32 patients with proteinuria of non-diabetic origin and 32

healthy non-diabetic age- and sex-matched controls. This cohort of non-diabetic proteinuric

patients has been described elsewhere (23). The study protocol was approved by the local

ethical committee and conducted according to the guidelines for good clinical practice and

the declaration of Helsinki. Written informed consent was obtained from each subject before

inclusion. 

Proteinuric patients were allowed to participate if they met the following inclusion criteria:

stable proteinuria > 2 g/day and < 10 g/day, stable renal function (24 h creatinine clearance

> 30 mL/min and < 6 mL/min/year decline), age between 18 and 70 years. Diabetes mellitus,

uncontrolled hypertension (diastolic blood pressure > 100 mmHg), serum potassium > 5.5

mmol/L, cardiovascular events within 6 months prior to inclusion, contraindication for

angiotensin 1 (AT-1) receptor antagonists or diuretic use, as well as the regular use of NSAID’s

(> 2 doses per week) were exclusion criteria. Antihypertensive drugs except for RAAS-blocking

agents or diuretics were allowed during the study for additional blood pressure control. These

drugs were continued during the study period. Twelve out of the 32 proteinuric patients were

on long-term statin treatment, and this medication was kept unchanged during the study. 

Control subjects were recruited by advertisement in local newspapers. None of these subjects

used any medication except for oral contraceptives or had previously diagnosed renal disease

or hypertension. Serum creatinine was within reference limits in all of them, and they did not

have microalbuminuria (urinary albumin < 10 mg/L). They were studied while consuming  their

habitual diet.
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Protocol

The original study protocol was a prospective, randomized, placebo-controlled, crossover

protocol in which patients were treated for 6-week periods with placebo, losartan (LST; 100

mg) and LST plus hydrochlorothiazide (HCT) (100 and 25 mg respectively) in random order.

In addition patients were randomized to either a high-sodium (200 mmol Na
+

/24h) or a low-

sodium diet (50 mmol Na
+

/24h). To test the hypothesis of the present study the data from two

out of the six treatment periods, high-sodium placebo (placebo) and maximal antiproteinuric

therapy with low sodium +, losartan + HCT (treatment) were compared. 

A sodium intake of 200 mmol/24h corresponds to the average habitual dietary intake of sodium

in the Western societies (24), and is also observed in our region (25). During the whole study,

patients were closely counseled by a dietician in order to achieve the target intake of sodium.

Patients were furthermore instructed to keep a stable intake of protein (1.1 g/kg/day),

carbohydrate and fat. Every two weeks, patients collected 24-h urine in order to monitor dietary

compliance. Blood pressure was measured at one-minute intervals for 15 min under

standardized conditions with the patient in a semi-supine position. The mean of the last four

readings was used for further analysis. Mean arterial pressure (MAP) was calculated as

diastolic pressure plus one-third of the pulse pressure. Body mass index (BMI, in kg/m2) was

calculated as body weight divided by length squared. On each occasion, all subjects were

studied after an overnight fast for measurement of plasma lipids and CETP. Plasma adiponectin

was measured in a subset of proteinuric patients from whom previously unthawed samples

were available.

Laboratory analysis

Urinary protein was determined using the pyrogallol red-molybdate method. Urinary sodium

and creatinine were measured with an automated multi-analyser (MEGA, Merck). Plasma for

determination of lipids, CETP and adiponectin was frozen at -80°C until analysis. Cholesterol

and triglycerides were assayed by routine enzymatic methods (Roche/Hitachi catalogue

numbers 1187023 and 11875540 respectively) HDL-C was measured with a homogenous

enzymatic caloric test (Roche/Hitachi catalogue number 03030024). Plasma CETP was

analyzed using a double-antibody sandwich ELISA (26). A combination of monoclonal

antibodies TP1 and TP2 was employed as coating antibodies and monoclonal antibody TP20,

labeled with digoxigenine, as the secondary antibody. The CETP control samples were

validated using a radioimmunoassay (carried out by Dr RM McPherson, Montreal, Canada).

Plasma CETP mass is closely correlated with CETP activity measured using an exogenous

substrate assay (26;27). Plasma adiponectin was measured by enzyme linked immunosorbent
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assay using a kit from Linco Research (catalogue number EZHADP-61K) with an within assay

coefficient of variation of 3.4%.

Statistical analysis

All statistical analyses were performed using SPSS 16.0. Parametric data are expressed as

mean and standard deviation (SD). Non-parametric data are expressed as median and

interquartile range. Differences between the two treatment periods were analyzed with a paired

t -test for parametric data and Wilcoxon’s signed rank test for non-parametric data. Healthy

controls were compared with the proteinuric subjects (high-sodium–placebo period) using

Student’s t–tests or Mann–Whitney tests where appropriate.

To assess the effect of baseline CETP-mass on the total cholesterol, LDL-C, HDL-C and

triglyceride before and during antiproteinuric therapy, the data were divided according to

tertiles of CETP as measured during placebo. Differences between these tertiles were analysed

using an ANOVA and the Kruskall–Wallis test for parametric and non-parametric data,

respectively. 

The effect of CETP-mass and proteinuria response to treatment on the response of cholesterol

and lipoproteins was assessed by Spearman’s rank correlation analysis. Multivariate analysis

was performed to assess possible confounding by statin-use. A two-sided p-value < 0.05 was

considered statistically significant.

Results

Subject characteristics, dietary compliance, blood pressure and proteinuria

Thirty-two proteinuric patients (24 male, 8 females) and 32 healthy controls (24 males, 8

females) were included in the study (p = 1.0). All subjects were of Caucasian descent. Mean

age (range) was 50 (23 - 69) years in the proteinuric patients and 52 (29 - 69) years in control

subjects (p = 0.591). BMI was 27.5 ± 4.5 and 27.0 ± 4.4 kg/m
2

in patients and control subjects,

respectively. Proteinuric patients had a higher MAP, 105 ± 15, compared with 98 ± 11 mmHg

in control subjects (p = 0.024).

Renal diagnosis in proteinuric patients were: membranous glomerulopathy (n = 7), focal

segmental glomerular sclerosis (n = 6), hypertensive nephropathy (n = 5), IgA nephropathy

(n = 5), membranoproliferatiive glomerulonephritis (n = 2), minimal change disease with

secondary glomerulosclerosis (n = 2), Alport syndrome (n = 1) and non-conclusive diagnosis
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placebo treatment

Body weight (kg) 91 ± 17 89 ± 16 *

Mean arterial pressure (mmHg) 105 ± 15 90 ± 8 *

Serum creatinine (µmol/L) 125 ± 44 140 ± 56 *

Serum albumin (g/L) 39 ± 4 41 ± 3 *

Creatinine clearance (mL/min) 89 ± 27 76 ± 30 #

Urinary sodium excretion (mmol/24h) 200 ± 57 93 ± 44 *

Urinary protein excretion (g/24h) 3.7 (1.9-5.5) 0.9 (0.5-1.4) *

Table 1: Clinical characteristics, serum creatinine, serum albumin and proteinuria during anti-proteinuric

treatment (low sodium diet + losartan + hydrochlorothiazide) in 32 patients with non-diabetic proteinuria.

* p < 0.001 versus placebo, # p < 0.01.

(n = 4). Twelve out of the 32 proteinuric subjects were on statin treatment (atorvastatin 20 - 80

mg/day, n = 5; simvastatin 20 - 40 mg/day, n = 3; pravastatin, 10 - 40 mg/day, n = 4) during

the study period. There were no significant differences in total cholesterol, LDL-C, HDL-C,

triglycerides and CETP mass during either treatment period between the statin and non-statin

user subjects (p > 0.13 for all, data not shown). Moreover, no significant differences in response

to antiproteinuric therapy were observed (p > 0.20, data not shown). We, therefore, analyzed

all proteinuric patients together.

In table 1 body weight, blood pressure, kidney function and urinary excretion of sodium and

protein during placebo and treatment are shown. The table shows first that body weight was

significantly reduced by treatment, consistent with a negative volume balance. The data on

urinary sodium excretion indicate that our subjects achieved an adequate compliance to the

low sodium diet. Treatment resulted in a significant decrease in MAP and proteinuria. This

effect was accompanied by a decrease in creatinine clearance and a slight rise in serum

albumin, indicating an improvement of systemic nephrosis.

Total cholesterol, LDL-C, HDL-C, triglycerides and CETP

Figure 1, shows total cholesterol, LDL-C, HDL-C, triglycerides and CETP mass levels in healthy

controls and in the proteinuric patients during placebo and treatment. There were no significant

differences in total cholesterol, LDL-C and CETP-mass between controls and proteinuric

subjects during placebo administration. In contrast, HDL-C was lower and triglycerides were

higher in proteinuric patients.

Antiproteinuric treatment resulted in an average reduction in total cholesterol of 8% (figure
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Figure 1: Serum levels of total cholesterol (chol), low-density lipoprotein cholesterol (LDL-C), high-density

lipoprotein cholesterol (HDL-C), triglycerides and cholesteryl ester transfer protein (CETP). *p < 0.05

versus proteinuric patients during placebo. # p < 0.05 during treatment (low sodium diet + losartan +

hydrochlorothiazide) versus placebo.

1A), in LDL-C of 10% (figure 1B), in HDL-C of 11% (figure 1C) and in CETP of 10% (figure

1E). No effect on triglycerides (figure 1D) was observed. The plasma total cholesterol:HDL–C

ratio did not change during treatment being 5.4 ± 1.6 and 5.5 ± 1.4 during placebo and

treatment respectively (p > 0.40).

To investigate the influence of plasma CETP levels as measured during placebo administration

on the response of cholesterol, LDL-C, HDL-C and triglycerides to treatment, the data were

divided according to tertiles of CETP during placebo (Table 2). The table demonstrates that

a higher CETP during placebo was associated with a higher CETP during treatment. It is further

shown that a higher CETP was associated with a higher total cholesterol and LDL-C during

both treatment regimens. There were no significant relationships of HDL-C and triglycerides

P
a
rt

 t
w

o

97

Chapter 5

proefschrift_Opmaak 1  19-4-2010  14:55  Pagina 97



Tertiles of CETP mass placebo
P

1 2 3

CETP mass placebo ( range, mg/L)

Mean ± SD (mg/L)

1.24-1.75

1.56 ± 0.18

1.78-2.28

2.02 ± 0.11

2.22-3.29

2.71 ± 0.38
by default

CETP mass treatment (mg/L) 1.43 ± 0.20 1.92 ± 0.25 2.27 ± 0.41 0.000

Total cholesterol placebo (mmol/L) 4.54 ± 0.94 5.53 ± 1.15 6.53 ± 1.27 0.002

Total cholesterol  treatment (mmol/L) 4.33 ± 0.62 5.07 ± 0.94 5.90 ± 1.35 0.006

LDL-C placebo (mmol/L) 2.57 ± 0.65 3.36 ± 1.27 4.34 ± 1.29 0.005

LDL-C treatment  (mmol/L) 2.25 ± 0.51 3.04 ± 0.82 3.90 ± 1.29 0.002

HDL-C placebo (mmol/L) 0.94 ± 0.32 1.19 ± 0.48 1.18 ± 0.40 0.304

HDL-C treatment (mmol/L) 0.87 ± 024 1.05 ± 0.32 1.03 ± 0.28 0.290

Triglycerides placebo (mmol/L) 2.27 ± 1.01 2.20 ± 1.36 2.24 ± 0.74 0.988

Triglycerides treatment (mmol/L) 2.68 ± 1.23 2.16 ± 0.97 2.17 ± 0.58 0.384

Table 2: Cholesteryl ester transfer protein (CETP) mass, total cholesterol, low-density lipoprotein

cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C) and triglycerides during placebo and

antiproteinuric treatment (low sodium diet + losartan + hydrochlorothiazide) according to CETP tertiles

measured during placebo administration.

during placebo or treatment with CETP mass during placebo.

Spearman’s correlation coefficients of the changes in total cholesterol, LDL-C, HDL-C and

triglycerides with the changes in CETP and UP are provided in table 3. The decreases in total

cholesterol and LDL-C, but not those in HDL-C were correlated with the decrease in CETP.

On multivariate analysis the correlation between the decrease in CETP and the decrease in

total cholesterol and LDL-C was unaffected by statin use (p = 0.48 and p = 0.84 respectively).

Table 3 also shows that the decreases in total cholesterol, LDL-C and HDL-C were related to

the proteinuria response. Figure 2 demonstrates the positive relationship of the relative

decrease in HDL-C with the relative decrease in urinary protein excretion in response to

treatment (R = 0.492, p < 0.01). Changes in triglycerides were not related to the drop in

proteinuria and in CETP. Changes in plasma CETP were not correlated with changes in

proteinuria (R = 0.286, p = 0.12).

Adiponectin

In 17 patients adiponectin was measured. Median adiponectin levels were 18 (12 - 21) µg/mL
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∆ CETP ∆ UP

∆ Total cholesterol 0.63, p<0.001 0.38, p<0.05

∆ LDL-C 0.53, p<0.01 0.39, p<0.05

∆ HDL-C 0.28, p=0.13 0.40, p<0.05

∆ Triglycerides -0.01, p=0.98 -0.24, p=0.120

Table 3: Relationship between changes in total cholesterol, low-density lipoprotein cholesterol (LDL-

C), high-density lipoprotein cholesterol (HDL-C) and triglycerides with changes in cholesteryl ester

transfer protein (CETP) mass and proteinuria (UP) during antiproteinuric treatment (low sodium diet +

losartan + hydrochlorothiazide) compared with placebo.

Figure 2: Correlation of changes in high-density lipoprotein cholesterol (HDL-C) with changes in

proteinuria (UP) during antiproteinuric treatment (R = 0.492, p < 0.01).

with high-sodium and 15 (13 - 19) µg/mL with low sodium, losartan + HCT (p > 0.40). The

change in adiponectin upon treatment was unrelated to the change in total cholesterol (R =

0.20, p = 0.43), LDL-C (R = 0.04, p = 0.88) and triglycerides (R = 0.02, p = 0.93). There was

no correlation between the change in adiponectin and the response of proteinuria upon

treatment (R = 0.37, p = 0.13). Figure 3 shows that there was a positive relationship between

the change in HDL-C and adiponectin as induced by treatment (R = 0.670, p < 0.001).

Multivariate analysis revealed that this relationship was independent of statin use (p = 0.21).
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Figure 3: Correlation of changes in high-density lipoprotein cholesterol (HDL-C) with changes in

adiponectin during antiproteinuric treatment (R = 0.670, p < 0.01).

Discussion

This study has demonstrated a decrease in plasma total cholesterol and LDL-C upon

rigourous anti-proteinuric therapy in patients with non-diabetic nephrotic range proteinuria,

even though their plasma cholesterol at baseline was not higher compared with control

subjects. The magnitude of this drop in apolipoprotein B-containing lipoproteins was

significantly related to the decrease in urinary protein excretion. Anti-proteinuric treatment

also resulted in a decrease in HDL-C, which was correlated with the decrease in proteinuria

as well. Thus, the degree of proteinuria reduction determines lowering of both atherogenic

and anti-atherogenic lipoproteins, thereby suggesting that beneficial effects on LDL-C lowering

may be offset by a decrease in the HDL fraction. Accordingly, there was no change in the

plasma total cholesterol/HDL-C ratio.

In the currently studied proteinuric patients, HDL-C levels were lower and plasma

triglycerides were higher, but plasma total cholesterol and LDL-C were similar compared with

age- and sex-matched control subjects. Twelve out of the 32 patients with nephrotic-range

proteinuria were on long-term statin treatment before entry into our protocol, and it was

considered clinically necessary to continue this medication during the study. It is conceivable

that statin treatment had been preferentially given to those subjects with the most pronounced
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elevations in atherogenic plasma lipoproteins. Therefore, the chronic use of statin therapy by

a considerable number of patients most probably explains why plasma total cholesterol and

LDL-C were not elevated in our cohort of proteinuric patients compared with age- and sex

matched control subjects. In this context it is also relevant that statin treatment lowers plasma

CETP mass and activity (12;26) via down regulation of CETP gene expression (28). This

probably provides an explanation why plasma CETP mass was not elevated in the presently

studied proteinuric patients. The concomitant use of statins in a subset of patients could be

considered to be a limitation of our study. However, no differences in proteinuria reduction

nor in any of the plasma lipoprotein and CETP effects of anti-proteinuric therapy were present

between patients with and without receiving statin treatment, thus improving generalization of

our findings.

High plasma levels of LDL and triglyceride-rich lipoproteins in nephrotic range proteinuria

are commonly attributed to abnormalities in hepatic lipoprotein production and lipoprotein

clearance (8), but the responsible mechanisms are still not fully understood. As expected, we

showed that the degree of proteinuria reduction in response to treatment, predicted the drop

in plasma total cholesterol and LDL-C (8). This study, furthermore, demonstrates that the

plasma CETP level predicts plasma total cholesterol and LDL-C concentrations both before

and during anti-proteinuric intervention. A potentially important novel observation is that anti-

proteinuric treatment decreased plasma CETP mass, and that the decrease in LDL-C was

related to the drop in plasma CETP. The CETP-mediated cholesteryl ester transfer process

provides an important metabolic intermediate between a high cholesterol content in apo B-

containing lipoproteins and a low HDL cholesterol (12;13). This process is influenced by the

composition and concentration of lipoproteins involved in this reaction as well as by the CETP

level itself (29). This raises the possibility that plasma CETP lowering may have contributed to

the decrease in LDL-C during amelioration of proteinuria.

To our knowledge, this report is the first to demonstrate that the magnitude of the HDL-C

decrease is determined by the degree of proteinuria reduction during treatment. It therefore

appears that lowering of HDL-C is inherent to rigorous inhibition of urinary protein excretion.

In our study, a trend towards lower HDL-C at higher plasma CETP was observed, but the

difference in HDL-C levels across plasma CETP mass tertiles did not reach significance before

as well as during treatment. The drop in HDL-C was unrelated to the decrease in plasma CETP

during anti-proteinuric treatment, as can be predicted considering the effect of this lipid transfer

protein on promoting transfer of cholesteryl esters out of HDL particles (12). Interestingly, a

clear positive relationship was observed between the individual changes in HDL-C and the

changes in adiponectin levels, albeit in a subset of participants. Evidence is accumulating

that adiponectin is regulated by RAAS components (22), in such a way that endogenous RAAS
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activation by lowering dietary sodium intake decreases plasma adiponectin (22). Conversely

pharmacological inhibition of the RAAS increases plasma levels of this adipokine (22). As a

result, median plasma adiponectin levels did not change significantly during anti-proteinuric

intervention combining low sodium diet with hydrochlorothiazide and losartan, although large

interindividual differences in responses were observed. In view of recent data showing that

adiponectin may play a direct regulatory role in apo A-I metabolism (19;20), our data suggest

that the adverse HDL-C response to antiproteinuric therapy, may be in part be ascribed to

changes in adiponectin levels, as induced by intervention in the RAAS.

The present results suggest that HDL-C lowering is inherent to robust anti-proteinuric therapy

when combining low-sodium diet with diuretic and angiotensin-II inhibitor treatment. Plasma

CETP mass predicted LDL-C levels during treatment. Moreover, the decrease in LDL-C was

strongly correlated to the decrease in CETP, possibly implicating effects of the cholesteryl

ester transfer process on lowering of atherogenic lipoproteins upon anti-proteinuric intervention.
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Abstract

The blood pressure increase associated with the cholesteryl ester transfer protein (CETP)

inhibitor, torcetrapib is probably attributable to an off-target effect but it is unknown whether

activation of the renin–angiotensin–aldosterone system (RAAS) may be related to variation in

the plasma CETP level. We questioned whether the plasma CETP level would affect RAAS

responsiveness to low sodium diet and the blood pressure response to angiotensin-II infusion

in healthy subjects. 

RAAS parameters and blood pressure were determined during liberal sodium diet (200

mmol/24 h) and low sodium diet (50 mmol/24 h) in 67 healthy men. Blood pressure response

to incremental angiotensin-II infusion was assessed in 34 subjects during liberal sodium diet.

Correlation analysis was performed to test whether RAAS responsiveness and blood pressure

were related to plasma CETP mass, high-density lipoprotein-cholesterol (HDL-C),and

apolipoprotein A-I measured during liberal sodium diet. 

CETP mass ranged from 1.29 to 2.95 mg/L. No significant differences in (changes) in mean

arterial pressure, aldosterone and plasma renin activity in response to low sodium were

observed between the lowest and highest tertiles of CETP mass, HDL-C and apolipoprotein

A-I. These outcome variables were also not significantly correlated with CETP, HDL-C and

apolipoprotein A-I, except for a modest relation of aldosterone measured during low sodium

with apolipoprotein A-I (R = 0.28, p = 0.022). Blood pressure response to angiotensin-II was

similar between CETP tertiles. 

Mineralocorticoid and blood pressure responsiveness to dietary salt intake are not

significantly related to physiological interindividual differences in plasma CETP. We suggest

that a lower CETP mass does not exert adverse effects on blood pressure regulation.
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Introduction

The well-established cardioprotective effects of high-density lipoproteins (HDL) (1-3) and

the recognition that there remains a high residual incidence of cardiovascular disease, even

after aggressive low-density lipoprotein-cholesterol (LDL-C) lowering therapy (3), has intensified

interest in the development of pharmacological interventions that are aimed at increasing HDL-

cholesterol (HDL-C)(4).

Cholesteryl ester transfer protein (CETP) transfers cholesteryl esters from HDL towards

triglyceride-rich lipoproteins, thereby contributing to an atherogenic lipoprotein profile (5).

Moreover, HDL-C is markedly elevated in subjects with (partial) genetic CETP deficiency (6).

In view of its key role in HDL metabolism, CETP has been considered to be a therapeutic

target (4;7;8). Several CETP inhibitors including JTT 705, torcetrapib and more recently

anacetrapib have been developed, which are able to elicit a marked rise in HDL-C in humans

(9-11). Of note, the development program of one of the CETP inhibitors, torcetrapib, has been

discontinued because when combined with atorvastatin administration of this agent has been

shown to result in increased cardiovascular morbidity and mortality when compared to

atorvastatin treatment alone (12). Several clinical trials have shown that torcetrapib

administration results in an increase in systemic blood pressure (13), leading to the hypothesis

that torcetrapib could evoke mineralocorticoid excess (12). It is likely that the blood pressure

increase, associated with its use, is attributable to an off-target effect of torcetrapib (7).

However, it is uncertain whether other mechanisms consequent to lower levels of active CETP

could be involved. In this respect it may be relevant that systolic blood pressure is decreased

in genetically modified Dahl salt-sensitive hypertensive rats that express human CETP (14),

although blood pressure is not increased in humans with rare (partial) CETP deficiency (15).

In one preliminary report, plasma aldosterone was found to be highest in subjects with the

lowest plasma CETP concentration (16). Therefore, a hitherto unrecognized interaction between

CETP and mineralocorticoid regulation can be anticipated to have important consequences

for the further development of CETP inhibiting strategies.

We, therefore, carried out a study in healthy subjects aiming to determine whether the

responsiveness of the renin–angiotensin–aldosterone system (RAAS) is related to interindividual

differences in the plasma CETP level. To this purpose, we tested both endogenous stimulation

of the RAAS, elicited by low sodium diet, and the blood pressure response to exogenous

stimulation by infusion of angiotensin-II.
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Materials and Methods

Subjects

The study was approved by the local medical ethics committee and all subjects gave written

informed consent. The study population consisted of 67 healthy men. All subjects were

normotensive, having a sitting systolic blood pressure < 140 mmHg and diastolic blood

pressure < 90 mmHg measured by Dinamap 
®

(GE medical systems, Milwaukee, WI, USA).

The medical histories of the participants were without significant disease, and physical

examination did not reveal any abnormalities.

Study protocol

The study protocol consisted of two consecutive 7-day periods in which the subjects used

a low sodium (LS, 50 mmol/24h) and a high sodium diet, (HS, 200 mmol/24h) in random order.

A sodium intake of 200 mmol/24 h corresponds to the average habitual dietary intake of sodium

in the Western societies (17), and is also observed in our region (18). Potassium intake was

standardized at 80 mmol/24h. Otherwise the subjects continued their usual dietary habits. At

day 4 and day 6 of each period, subjects collected 24h urine for assessment of dietary

compliance.

At day 7 of each period the participants were studied at the research unit at 8 am after

having abstained from food and alcohol overnight. Height and body weight were measured

at the start of this day, and BMI (body mass index) was calculated as the ratio of body weight

(kg) and the square of height (m). Baseline values for blood pressure were obtained from 10

to 12 am and were determined by Dinamap at 15 min intervals. Mean arterial pressure was

calculated as diastolic pressure plus one-third of the pulse pressure. Blood samples for

determination of plasma RAAS components and electrolytes were obtained at 8 am at the end

of the HS and LS diet periods. Fasting plasma lipids, apolipoprotein A-I (apoA-I), CETP-mass

and glucose were determined at the end of the HS period in the expectation that this most

closely reflects the usual dietary habits of the participants. 

During the study day, subjects remained in a semisupine position after a light standardized

breakfast in a quiet room for 4 h. At 11 am blood was withdrawn for determination of aldosterone

and plasma renin activity (PRA).

Angiotensin-II infusion

In a subset of 34 subjects we did extra measurements of blood pressure during infusion of
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angiotensin-II. Between 12 am and 3 pm angiotensin-II (Clinalfa, Merck Biosciences AG,

Läufelfingen, Switzerland) was infused at a constant rate of 0.3, 1 and 3 ng/kg/min, each for

a 1-h period, in a consecutive manner. During the infusion of angiotensin-II blood pressure

was determined at 5 min intervals.

Blood sampling and analysis

Venous blood samples for measurement of aldosterone, PRA, electrolytes, total cholesterol,

HDL-C, apoA-I, triglycerides and CETP concentration were collected into EDTA-containing

tubes (1.5 mg/mL), and were immediately placed on ice. Plasma was obtained by

centrifugation at 1400 g for 15 min at 4 ° C. Samples were kept frozen at -80 °C until analysis. 

Plasma cholesterol and triglycerides were assayed by routine enzymatic methods (Randox,

Westburg, Leusden, The Netherlands: total cholesterol kit number: CH-200; triglycerides kit

number: TR-213). HDL-C was measured with a homogeneous enzymatic colorimetric test

(WAKO, Daiichi, Japan). ApoA-I was measured by immunonephelometric assay (WAKO). All

analyses were performed on a Cobas Mira autoanalyzer (Roche, Basel, Switzerland). Plasma

CETP was analyzed using a double-antibody sandwich ELISA (19). A combination of

monoclonal antibodies TP1 and TP2 was used as coating antibodies and monoclonal antibody

TP20, labeled with digoxigenine, as the secondary antibody. The CETP control samples were

validated using a radioimmunoassay (carried out by Dr RM McPherson, Montreal, Canada).

PRA was determined in terms of angiotensin-I generation using a radioimmunoassay (20).

Aldosterone was measured with a commercially available radioimmunoassay kit (Diagnostic

Products Corp., Los Angeles, CA, USA).

Data analysis

Data were analyzed using SPSS 14.0 (SPSS, Inc., Chicago, IL, USA). Variables with a normal

distribution are expressed as mean ± s.d. Non-parametric data are expressed as median

(interquartile range). The effect of CETP mass, HDL-C and apoA-I on the response of circulating

parameters of the RAAS and blood pressure elicited by LS intake, as well as the blood pressure

response to angiotensin-II infusion were analyzed by dividing these parameters into tertiles.

Differences between these tertiles were analyzed using ANOVA (analysis of the variance) for

parametric data and Kruskal–Wallis test for non-parametric data. Spearman’s rank correlation

analysis was used for continuous analysis of the influence of CETP mass, HDL-C and apoA-I

on blood pressure and RAAS responsiveness to LS. A two-sided p value < 0.05 was considered

to be significant.
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Tertiles of CETP-mass during liberal sodium intake

P1

n=22

2

n=23

3

n=22

Range of CETP mass HS (mg/L) 1.29-1.73 1.77-2.11 2.13-2.95

HDL-C LS (mmol/L) 1.24 ± 0.27 1.24 ± 0.23 1.31 ± 0.28 0.206

ApoA-I HS (g/L) 1.77 ± 0.17 1.70 ± 0.17 1.84 ± 0.26 0.095

HDL/apoA-I ratio HS (mmol/g) 0.78 ± 0.13 0.72 ± 0.08 0.71 ± 0.09 0.048

MAP HS (mmHg) 88.9 ± 7.0 86.8 ± 7.2 86.0 ± 7.3 0.400

MAP LS (mmHg) 86.6 ± 8.7 86.7 ± 6.9 84.5 ± 6.1 0.519

MAP (mmHg) -2.3 ± 4.4 -0.1 ± 6.5 -1.6 ± 6.0 0.644

Na HS (mmol/L) 139 ± 3 141 ± 3 139 ± 4 0.145

Na LS (mmol/L) 138 ± 4 139 ± 3 138 ± 3 0.276

K HS (mmol/L) 4.0 ± 0.2 4.1 ± 0.4 4.0 ± 0.3 0.173

K LS (mmol/L) 4.0 ± 0.2 4.1 ± 0.3 4.1 ± 0.4 0.109

Aldosterone HS (nmol/L) 0.09 (0.07-0.13) 0.12 (0.06-0.21) 0.13 (0.07-0.19) 0.235

Aldosterone LS (nmol/L) 0.35 (0.22-0.54) 0.36 (0.21-0.47) 0.36 (0.24-0.45) 0.946

∆ Aldosterone (nmol/L) 0.28 (0.14-0.41) 0.15 (0.08-0.40) 0.22 (0.13-0.33) 0.475

PRA HS (ng Ang-I/ml/h) 1.74 (1.20-2.65) 2.49 (1.07-3.39) 2.29 (1.49-3.23) 0.329

PRA LS (ng Ang-I/ml/h) 5.15 (4.13-7.28) 6.90 (3.31-8.90) 5.75 (3.21-8.10) 0.636

∆ PRA (ng Ang-I/ml/h) 3.58 (2.74-4.99) 4.17 (1.30-5.90) 3.10 (1.77-5.20) 0.674

Table 1: Cholesteryl ester transfer protein (CETP) mass, HDL cholesterol (HDL-C), apolipoprotein (apo)

A-I, HDL-C/apo A-I ratio, blood pressure and serum sodium and potassium, circulating renin-angiotensin-

aldosterone parameters according to tertiles of CETP mass, measured during high sodium diet.

Data in mean ± SD or in median (interquartile range). PRA: plasma renin activity, HS: high sodium diet, LS: low

sodium diet, MAP: mean arterial pressure, ∆: difference between HS and LS diets.

Results

In the whole group (n = 67), age was 25 ± 7 years, BMI was 23.3 ± 2.5 kg/m
2

and fasting

plasma glucose during HS was 4.6 ± 0.6 mmol/L. Urinary sodium excretion decreased from

228 ± 77 mmol/24h during HS intake to 36 ± 27 mmol/24h during LS (p < 0.001). Serum sodium

decreased from 140 ± 3 mmol/L during HS to 138 ± 3 mmol/L during LS (p < 0.01). Serum

potassium was not significantly different between the diets (4.0 ± 0.3 and 4.1 ± 0.3 mmol/L
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Tertiles of HDL-C during HS

P1

n=22

2

n=23

3

n=23

Range of HDL-C (mmol/L) during HS 0.70-1.19 1.20-1.40 1.41-2.02

MAP HS (mmHg) 85.8 ± 6.7 87.6 ± 8.0 88.2 ± 6.8 0.505

MAP LS (mmHg) 83.1 ± 5.7 87.3 ± 8.1 87.4 ± 7.2 0.074

∆ MAP (mmHg) -2.7 ± 5.9 -0.3 ± 5.9 -0.8 ± 5.2 0.342

Aldosterone HS(nmol/L) 0.11 (0.06-0.17) 0.09 (0.07-0.14) 0.12 (0.07-0.18) 0.570

Aldosterone LS (nmol/L) 0.29 (0.19-0.45) 0.38 (0.23-0.54) 0.35 (0.24-0.50) 0.307

∆ Aldosterone (nmol/L) 0.18 (0.10-0.29) 0.29 (0.12-0.46) 0.26 (0.10-0.38) 0.305

PRA HS (ng Ang-I/mL/h) 2.08 (1.41-3.03) 2.59 (1.57-3.40) 1.75 (1.04-3.05) 0.288

PRA LS (ng Ang-I/mL/h) 5.85 (3.29-7.52) 6.50 (4.50-8.10) 4.82 (3.78-7.73) 0.484

∆ PRA (ng Ang-I/mL/h) 3.51 (1.65-5.42) 3.50 (1.80-5.40) 3.58 (1.90-5.30) 0.941

Table 2: Blood pressure and circulating renin-angiotensin-aldosterone parameters according to tertiles

of HDL- cholesterol (HDL-C), measured during high sodium diet. 

Data in mean ± SD or in median (interquartile range). PRA: plasma renin activity, HS: high sodium diet, LS: low

sodium diet, MAP: mean arterial pressure, ∆: difference between HS and LS diets.

during HS and LS, respectively, p = 0.70). Mean arterial pressure decreased from 88 ± 7

during HS to 86 ± 8 mmHg during LS (p < 0.05). As expected, in the whole group, aldosterone

and PRA levels were significantly suppressed during HS from 0.36 (0.22 – 0.47) to 0.11 (0.07

– 0.16) nmol/L and from 5.7 (3.9 – 7.8) to 2.1 (1.4 – 3.1) ng Ang-I/mL/h, respectively (both p

< 0.001). During HS, plasma total cholesterol was 3.96 ± 0.78 mmol/L, HDL-C was 1.31 ± 0.27

mmol/L, apoA-I was 1.77 ± 0.21 g/L and the median plasma triglyceride concentration was

1.02 (0.73 – 1.34) mmol/L. Plasma CETP mass was 1.94 ± 0.37 mg/L, ranging from 1.29 to

2.95 mg/L.

In Table 1 , HDL-C, apoA-I, the HDL-C:apoA-I ratio during HS, as well blood pressure, serum

sodium, serum potassium and circulating RAAS parameters during HS and LS are given,

divided according to tertiles of CETP mass, as measured during HS. There were no significant

differences in HDL-C and apoA-I across the CETP tertiles but the HDL-C:apoA-I ratio varied

inversely with plasma CETP mass. No significant associations of CETP mass with blood

pressure, serum sodium, serum potassium, aldosterone and PRA obtained during HS and LS

were found. The responses in these parameters were also unrelated to plasma CETP. Table

2 shows that blood pressure and RAAS parameters and their response to LS did not vary
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Tertiles of ApoA-I during HS

P1

n=22

2

n=23

3

n=22

Range of apo A-I (g/L) during HS 1.39-1.65 1.68-1.83 1.84-2.48

MAP HS (mmHg) 85.8 ± 6.8 88.2 ± 7.4 87.6 ± 7.5 0.531

MAP LS (mmHg) 83.6 ± 5.8 87.5 ± 6.9 86.6 ± 8.5 0.179

∆ MAP (mmHg) -2.2 ± 6.1 -0.7 ± 4.9 -1.0 ± 6.2 0.648

Aldosterone HS (nmol/L) 0.10 (0.06-0.14) 0.07 (0.07-0.13) 0.14 (0.10-0.19) 0.017

Aldosterone LS (nmol/L) 0.32 (0.21-0.52) 0.37 (0.26-0.44) 0.37 (0.23-0.50) 0.847

∆ Aldosterone (nmol/L) 0.20 (0.10-0.44) 0.24 (0.15-0.37) 0.23 (0.08-0.37) 0.533

PRA HS (ng Ang-I/mL/h) 1.75 (1.35-3.00) 2.06 (1.57-3.40) 2.48 (1.43-3.23) 0.600

PRA LS (ng Ang-I/mL/h) 5.55 (3.29-8.22) 6.94 (4.91-7.73) 4.99 (3.70-7.93) 0.600

∆ PRA (ng Ang-I/mL/h) 3.05 (1.66-5.46) 4.20 (2.60-5.40) 2.94 (1.54-5.36) 0.425

Table 3: Blood pressure and circulating renin-angiotensin-aldosterone parameters according to tertiles

of apolipoprotein (apo) A-I, measured during high sodium diet.

Data in mean ± SD or in median (interquartile range). PRA: plasma renin activity, HS: high sodium diet, LS: low

sodium diet, MAP: mean arterial pressure, ∆: difference between HS and LS diets

when the data were divided according to HDL-C tertiles, as measured during HS. Likewise,

these parameters were not different between apoA-I tertiles, except for plasma aldosterone

during HS, which was lower in the middle apoA-I tertile compared to the highest apoA-I tertile

(Table 3 , p < 0.05). Table 4 provides univariate correlations among CETP-mass, HDL-C,

apoA-I and blood pressure, serum sodium, potassium, aldosterone and PRA, respectively.

No significant correlations were present, except for a modest correlation between apoA-I and

aldosterone during HS.

Figure 1 demonstrates the blood pressure response to incremental doses of angiotensin-II

infusion according to CETP tertiles (n = 34). The increase in mean arterial pressure was similar

for the increasing tertiles of CETP during HS, being 1 ± 4, 2 ± 4 and 1 ± 4 mmHg at 0.3

ng/kg/min (p = 0.783), 7 ± 4, 9 ± 7 and 11 ± 7 mmHg at 1 ng/kg/min (p = 0.303) and 16 ± 6,

18 ± 8 and 18 ± 7 mmHg at 3 ng/kg/min (p = 0.568). When the blood pressure responses

were divided according to HDL-C and apoA-I tertiles again no differences were observed (p

> 0.30 for all comparisons between the tertiles at every dose of angiotensin-II).
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CETP mass HDL-C Apo A-I

MAP HS -0.138 0.061 0.029

MAP LS -0.112 0.234 0.179

∆ MAP -0.018 -0.137 -0.154

Na HS 0.003 -0.061 -0.082

Na LS 0.076 0.036 0.066

K HS -0.121 -0.195 -0.084

K LS 0.144 -0.234 -0.012

Aldosterone HS 0.166 0.039 0.280 #

Aldosterone LS -0.088 0.156 0.090

∆ aldosterone -0.159 0.151 0.002

PRA HS 0.088 -0.109 0.073

PRA LS -0.092 0.003 -0.005

∆ PRA -0.167 0.075 0.004

Table 4: Spearman’s correlation coefficients of CETP mass, HDL cholesterol (HDL-C) and apolipoprotein

(apo) A-I (measured during high sodium diet) with mean arterial pressure (MAP), serum sodium,

potassium, aldosterone and plasma renin activity (PRA) during HS and LS. # p<0.05

Apo: Apolipoprotein, CETP: cholesteryl ester transfer protein, HDL-C: high density lipoprotein cholesterol, HS: high

sodium diet, LS: low sodium diet, MAP: mean arterial pressure, PRA: plasma renin activity. * P < 0.05

Discussion

In this study, we have demonstrated that in healthy male subjects endogenous activation

of the RAAS, as elicited by a low dietary sodium intake, is not related to interindividual

differences in plasma CETP mass. Furthermore, the systemic blood pressure response to

angiotensin-II infusion was also not associated with the plasma CETP level. The presently

observed lack of effect of circulating CETP on the dynamics of the RAAS, therefore, does not

support the possibility that there is an important physiological interaction among circulating

levels of CETP, mineralocorticoid regulation and blood pressure responsiveness to angiotensin-

II. 

The current study has been driven by the recent observation that torcetrapib, a potent CETP

inhibitor that raises HDL-C considerably, causes a substantial increase in blood pressure

(12;13;21;22), possibly contributing to an increased cardiovascular risk (12). Based on post

hoc laboratory analyses, showing a decrease in potassium and an increase in bicarbonate
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Figure 1: Response of mean arterial pressure during incremental doses of angiotensin-II infusion

according to increasing tertiles of CETP mass during HS intake. The lines represent the mean values,

according to CETP tertiles. CETP: Cholesteryl ester transfer protein.

and the aldosterone levels, it was hypothesized that torcetrapib may promote mineralocorticoid

secretion in susceptible individuals (12). In a group of middle-aged men and women, we have

recently observed that serum aldosterone was modestly higher in subjects with a lower CETP

concentration, in accordance with the notion that there could be some interaction between

low CETP and mineralocorticoid excess (16). In that preliminary report, sodium intake was not

standardized nor prospectively modulated (16), which is likely to explain the discrepancy with

the present study. Another difference is that we studied exclusively men in this present report,

avoiding bias due to effects of the menstrual cycle on plasma lipids (23). 

Aldosterone originates from cholesterol, which is either synthesized by the adrenal cortex

itself or is derived from circulating cholesterol that is taken up by the adrenal gland through

the low-density lipoprotein receptor and through scavenger receptor class B type 1 (SR-BI),

an important HDL receptor (24-26). SR-BI interacts with mature HDL particles and this pathway

probably becomes more important when cholesterol availability through HDL is enhanced

(24;25). Furthermore, angiotensin-II is able to stimulate SR-BI expression in adrenocortical

cells, thereby stimulating HDL derived cholesteryl ester uptake and aldosterone synthesis

(26;27). Based on these data, a diminished CETP-mediated transfer of cholesteryl esters out

of HDL, resulting in a high cholesterol content of HDL particles, may enhance cholesterol

uptake by the adrenal cortex through the HDL-SR-BI pathway. Thus, the cholesteryl ester
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transfer process could affect adrenal aldosterone secretion indirectly through effects on HDL.

In this context, we also evaluated whether renin–aldosterone responsiveness was associated

with the HDL-C and the apoA-I concentration. However, the aldosterone response to a low

sodium diet was found to be unrelated to HDL-C and plasma apoA-I concentrations. In

comparison, circulating aldosterone has been shown to be higher in obesity, which in turn is

a determinant of lower HDL-C (28;29).

This study is initiated to reveal whether in healthy subjects physiological variations in

mineralocorticoid responsiveness elicited by manipulation in dietary sodium intake could be

related to variations in circulating CETP mass. In the interpretation of our results it is important

to note that it has been consistently demonstrated that under physiological circumstances

plasma CETP activity is strongly correlated with plasma CETP mass (30-33). Thus, the CETP

mass levels provided in this report closely correspond to plasma levels of active CETP, which

contrasts the decrease in CETP activity and the increase in CETP mass elicited by

pharmacological CETP inhibition (5;9). In our study, plasma CETP mass varied about twofold

between individuals, and these differences were large enough to affect the HDL-C:apoA-I

ratio, a measure of HDL particle size and of the HDL particle cholesterol content (34;35).

Obviously, the effects of pharmacological CETP inhibition on HDL composition are greater

(5;9;10) than those related to normally occurring variations in plasma CETP (36). Thus, it cannot

be completely excluded that increased mineralocorticoid responsiveness could be associated

with a more extreme decrease in plasma CETP activity. Importantly, recent animal experiments

have shown torcetrapib increases the release of aldosterone from primary adrenocortical cells

in vitro , whereas such effects are not observed with anacetrapib (37). These results clearly

favor an off-target effect of torcetrapib by itself on blood pressure regulation. Nonetheless, it

may be relevant that the promoter of both the renin and the CETP gene contain an liver X

receptor responsive element (38;39). Thus, it seems possible that interactions between genes

involved in the expression of CETP and RAAS or gene-environment interactions could explain

why torcetrapib elicits a rise in blood pressure increase in only a subset of subjects [12] . 

This study indicates that it is unlikely that mineralocorticoid responsiveness to a low sodium

diet is associated with physiological interindividual variations in the plasma CETP level. We

surmise that a decrease in the plasma CETP level by itself does not exert adverse effects on

blood pressure regulation.
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Abstract 

Differences in NT-proBNP levels in the normal range bear prognostic impact for long term

mortality. The determinants of NT-proBNP in healthy subjects however are unknown. The

natriuretic peptide axis and the renin-angiotensin-aldosterone system (RAAS) play opposite

roles in the regulation of volume homeostasis. We therefore tested the hypothesis that individual

differences in NT-proBNP level are related to differences in RAAS-activity. 

Thirty-five healthy men (age: 24 (21-27) years) completed a double blind placebo controlled

protocol of two two-week periods. Both periods were one week on a low (low sodium, LS, 50

mmol/24h) and one week on a high sodium diet (HS, 200 mmol/24h), during placebo and

during RAAS blockade (ACE-inhibition), respectively. RAAS-parameters, renal hemodynamics,

extracellular volume (ECV) and the renal response to angiotensin II were measured at the end

of each week and related to NT-proBNP levels, continuously, and according to a break-up by

NT-proBNP below or above group median. 

HS induced a decrease in plasma renin activity and a rise in NT-proBNP, effective renal

plasma flow (ERPF) and ECV. Except for NT-proBNP, all parameters were similar between

subjects with NT-proBNP above versus below the group median during LS. Subjects with an

NT-proBNP above group median however had a blunted ERPF response to sodium (5 ± 45

vs. 73 ± 50 mL/min, p<0.001) and consequently, a lower ERPF during HS (542 ± 85 vs. 618 ±

76 mL/min, p<0.01), along with a blunted PRA suppression. The renal response to ang II/kg/min

was blunted in subjects with higher NT-proBNP (-164 ± 44 vs. -223 ± 47 mL/min decrease in

ERPF, p<0.001). In subjects with a higher NT-proBNP ACEi induced a rise in ERPF during HS

(from 542 ± 85 to 579 ± 108 mL/min, p<0.05) that was absent in the lower NT-proBNP group.

ECV was not different between subjects with higher or lower NT-proBNP on either sodium

intake. 

A higher NT-proBNP level in the normal range is associated with blunted responses of ERPF

and PRA to HS, and to exogenous angII, and an exaggerated response to ACEi during HS.

Together, these data indicate that higher NT-proBNP in the normal range reflects less effective

suppression of the RAAS during HS.
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Introduction

Elevated NT-proBNP levels predict a worse cardiovascular (CV) outcome in populations

with CV disease (1). Remarkably, higher NT-proBNP levels within the normal range bear

prognostic impact as well, as shown in general population cohorts (2). Whereas sodium status

(3-5) and genetic factors (6) are known to influence NT-proBNP levels, the determinants of

individual differences in NT-proBNP within the normal range, have not been well-established. 

The natriuretic peptide axis and the renin-angiotensin-aldosterone system (RAAS) play

opposite roles in volume homeostasis. During volume depletion the RAAS is activated, leading

to systemic and renal vasoconstriction and renal sodium retention, thus ensuring stability of

blood pressure and glomerular filtration and restoration of extracellular volume. Concomitantly

low natriuretic peptide levels facilitate the anti-natriuretic actions of the RAAS. During volume

expansion on the other hand, RAAS activity is suppressed and natriuretic peptide levels

increase, to ensure adequate renal excretion of larger amounts of sodium.

Considering the opposite roles of the natriuretic peptide axis and the RAAS in volume

homeostasis, we hypothesized that individual differences in NT-proBNP levels in the normal

range might be related to individual differences in regulation of RAAS-activity. To test this

hypothesis, in the current study we studied healthy men during low and high sodium intake,

and studied the association of NT-proBNP levels with the circulating plasma renin-activity as

well as with parameters of intrarenal RAAS-activity, i.e the responses of effective renal plasma

flow to high sodium intake, to RAAS-blockade by ACE-inhibition, and to exogenous angiotensin

II.  

Methods

Subjects

Thirty-five healthy male volunteers were recruited for the study. They were all normotensive,

having a sitting systolic blood pressure < 140 mmHg and diastolic blood pressure < 80 mmHg.

All subjects underwent routine physical examination which revealed no significant

abnormalities. Written informed consent was obtained after thorough explanation of the study.

The study was approved by the local medical ethics committee and meets all criteria of the

declaration of Helsinki.
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Study protocol

The protocol consisted of two different two week periods separated by a wash-out period

of minimum 6 weeks. Each period, subjects adhered to a low sodium diet for 7 days (50 mmol

Na
+
/24h) followed by a week on a high sodium intake (200 mmol Na

+
/24h). Subjects used

enalapril (20 mg/ day) or placebo for two weeks both, in randomized order. Diets were based

on personal food habits and differences in sodium intake were achieved by replacing sodium-

rich products with low-sodium products in the same food category in order to remain isocaloric

with a similar balance between protein, carbohydrate and fat. Potassium intake was

standardized at 80 mmol/24h. On day 4 and day 6 of each week, subjects collected 24h-urine

samples to assess dietary compliance.

At day 7 of each study period, the subjects reported at the research unit at 8.00h am, after

having abstained from food and alcohol overnight. Height and body weight was measured at

the start of this day and BMI was calculated as the ratio of body weight (kg) and the square

of height (m). During the study day, subjects remained in a semi-supine position except during

voiding.

Sodium intake during the day was adjusted according to the actual diet in the concerning

period. To ensure sufficient urine output, 250 mL of 5% glucose solution was infused and

subjects were provided with 250 mL of oral fluids every hour. After a run-in period, glomerular

filtration rate (GFR) and effective renal plasma flow (ERPF) were measured as the clearances

of continuously infused 
125

I - Iothalamate and 
131

I – Hippuran, respectively. In this setup, GFR

is measured as the urinary clearance of 
125

I- Iothalamate, and corrected for voiding errors by

the ratio of plasma to urinary clearance of 
131

I- Hippuran, as described in more detail previously

(7;8). The coefficient of variation of this method is 2.5% for GFR and 5% for ERPF. FF was

calculated as the ratio of GFR and ERPF and expressed as percentage (%). Extracellular

volume (ECV) was determined as the distribution volume of 
125

I- Iothalamate during steady

state, as described in more detail previously (9). Briefly, ECV was calculated as [sum (I*V +

(B*V) – sum (U*V)]/P
Iothalamate

during steady state. B*V represents the total amount of bolus

infusion of the tracer. Sum (U*V) is the total amount of 
125

I-Iothalamate excreted in the urine.

Sum (I*V) is the total infused amount of 
125

I-Iothalamate. Blood pressure was assessed with

an automatic device (Dinamap) at 15 min intervals. Mean arterial pressure was calculated as

diastolic pressure plus one-third of the pulse pressure. 

Angiotensin II infusion

Baseline values for blood pressure, GFR and ERPF were obtained from 10 to 12 am. Between

12 am and 3 pm angiotensin II (angII)(Clinalfa, Merck Bioscience AG, Läufelfingen, Switserland)
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was administered at a constant rate of 0.3, 1 and 3 ng/kg/min, each for a 1-h period, in a

consecutive manner. During ang II infusion, blood pressure was measured at 5 minute intervals. 

Chemical analysis of urine and blood samples

Urinary concentration of sodium, potassium and urea was measured by standard auto-

analyser technique (MEGA, Merck, Darmstadt, Germany). Plasma renin activity (PRA) was

determined in terms of angiotensin I generation using a radioimmunoassay (10). Aldosterone

was measured with a commercially available radioimmunoassay kit (Diagnostic Products

Corporation, Los Angeles, California, USA). Plasma glucose was determined by glucose-

oxidase method (YSI 2300 Stat plus, Yellow Springs, OH). NT-proBNP measurements were

performed in serum at the core laboratory of our center, on an Elecsys 2010 analyser, a

commercially available electrochemiluminescent sandwich immunoassay (Elecsys proBNP,

Roche Diagnostics, Mannheim, Germany). The intra- and interassay coefficients of variation

were 1.2-1.5% and 4.4-5.0%, respectively, with an analytical range of 5-35.000 pg/mL.

Data analysis

Data were analyzed using SPSS 16.0 (SPSS Inc. Chicago, IL, USA). Data with a normal

distribution are expressed as mean ± standard deviation (SD). Non-parametric parameters

are given as median (interquartile range). The effect of ACEi and sodium diet was assessed

by paired sample T-test for parametric data and Wilcoxons signed rank test for non-parametric

data. The effect of NT-proBNP on the renal hemodynamic response to ACEi was analyzed

according to NT-proBNP split-up by median and by continuous analysis. Differences in renal

hemodynamic response to ACEi between NT-proBNP > and < median were analyzed by

Student’s T-test. Continuous analysis was performed with Spearmens rank correlation analysis.

A two-sided p-value <0.05 was considered to be significant. 

Results

Median (interquartile range) age was 24 (21-27) years. Mean BMI was 23.0 ± 2.3 kg/m
2
.

Table 1 displays characteristics of the subjects during the four periods. It shows first that the

differences in diets resulted in the expected differences in 24-h sodium excretion (UNaV),

reflecting a good compliance to the diet. The 24-h excretion of potassium (UKV) was around

the target excretion of 80 mmol/24h with a slight but significantly lower excretion during the

HS-ACEi period. The high sodium diet resulted in a significant increase in body weight and

7

126

NT-proBNP is a marker of increased intrarenal RAAS-activity

proefschrift_Opmaak 1  19-4-2010  14:56  Pagina 126



placebo
p

ACEi
p

LS HS LS HS

UNaV (mmol/ 24h) 37 ± 23 219 ± 56 <0.001 49 ± 22 # 222 ± 72 <0.001

UKV (mmol/24h) 83 ± 27 78 ± 20 ns 88 ± 26 74 ± 22 0.001

Weight (kg) 79.1 ± 9.4 80.4 ± 9.5 <0.001 78.4 ± 9.0 80.3 ± 9.4 <0.001

ECV (L) 19.1 ± 2.9 20.4 ±3.0 <0.01 18.4 ± 2.6 20.2 ± 3.2 <0.001

NT-proBNP (ng/L) 26 (15-34) 36 (28-50) <0.001 11 (7-15) ** 28 (17-47) <0.001

MAP (kg) 85 ± 7 88 ± 8 <0.05 82 ± 8 * 82 ± 8 ** ns

GFR (mL/min) 124 ± 17 134 ± 20 0.001 128 ± 18 # 135 ± 19 0.001

ERPF (mL/min) 541 ± 82 579 ± 88 <0.001 595 ± 90 ** 605 ± 93 * ns

FF (%) 23.2 ± 2.6 23.2 ± 2.3 ns 21.7 ± 2.0 ** 22.5 ± 1.9 # <0.05

Tabel 1: body weight, MAP, renal hemodynamics, UNaV and UKV during the four treatment periods

Abbreviations: LS: low sodium diet, HS: high sodium diet, ACEi: ACEi inhibition, MAP: mean arterial pressure, ERPF:

effective renal plasma flow, GFR: glomerular filtration rate, FF: filtration fraction, UNaV: 24h urinary sodium excretion,

UKV: 24h urinary potassium excretion, ECV: extra cellular volume,  # p<0.05 vs placebo- same diet, * p<0.01 vs

placebo same diet, ** p<0.001 vs placebo same diet

NT-proBNP during LS
p

< median > median

NT-proBNP (ng/L) 15 (11-23) 34 (29-47) by default

ERPF LS (mL/min) 544 ± 68 537 ± 94 ns

ERPF HS (mL/min) 618 ± 76 542 ± 85 <0.01

ERPF LS-ACEi (mL/min) 618 ± 75 573 ± 99 ns

ERPF HS-ACEi (mL/min) 632 ± 66 579 ± 108 ns

PRA LS (ng ang-I/mL/hr) 5.9 (4.3-8.5) 6.4 (4.5-8.1) ns

PRA HS (ng ang-I/mL/hr) 1.8 (1.2-3.2) 3.1 (2.0-4.1) <0.05

Aldosterone LS (ng/L) 130 (85-192) 132 (79-167) ns

Aldosterone HS (ng/L) 38 (24-50) 45 (29-80) ns

Table 2: ERPF, PRA and aldosterone according to a split-up by median NT-proBNP during LS 

Abbreviations: ERPF: effective renal plasma flow, PRA: plasma renin activity, LS: low sodium, HS: high sodium, ACEi:

ACE- inhibition
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ECV both during placebo and during ACEi, consistent with a positive volume balance. Along

with an increase in ECV, HS induced a significantly higher NT-proBNP during placebo and

during ACEi. Furthermore, ACEi significantly reduced NT-proBNP during LS, but not during

HS. During placebo but not during ACEi, HS significantly increased MAP. As expected, MAP

was significantly decreased by ACEi. During placebo ERPF and GFR were significantly

increased by HS. There was no effect of sodium intake on FF. ACEi significantly increased

ERPF during both diets. GFR was increased by ACEi only during LS. FF was significantly

decreased by ACEi during both sodium intakes with the lowest value during ACEi-LS (p<0.05

vs ACEi-HS). 

NT-proBNP, ERPF and circulating RAAS parameters

In table 2 ERPF during al four conditions and serum aldosterone and PRA during LS and

HS are displayed according to NT-proBNP during LS split-up by median. The table shows

that during LS ERPF was similar in both NT-proBNP groups. On HS ERPF was significantly

lower in the high NT-proBNP group. ACEi blunted the difference in ERPF between the two

groups. Subjects in the high NT-proBNP group had a blunted suppression of PRA during HS.

There were no differences in aldosterone between the two groups on either sodium intake.

Renal vasodilator response to HS and ACEi

Figure 1a shows the relative change in ERPF (∆ERPF) from its value during LS, again split-

up according to median NT-proBNP during LS. It shows that the renal vasodilator response

to HS was almost completely blunted in the high NT-proBNP group (solid line), whereas ACEi,

in combination with either sodium intake, induced an increase in ERPF as compared to LS. In

the low NT-proBNP-group (dotted line), ACEi had no additional vasodilator effect to HS. 

On continuous analysis, NT-proBNP was significantly correlated to the change in ERPF as

induced by HS (R=-0.57, p<0.001).

In figure 1b the relative change of ERPF (∆ERPF) as induced by ACEi during HS is displayed.

Again data are split–up according to median NT-proBNP during LS. The figure shows that in

the high NT-proBNP group ACEi induced a significant increase in ERPF, whereas this increase

was absent in the low NT-proBNP group.

ERPF response to angiotensin II

The decrease in ERPF (∆ERPF) as induced by infusion of 3 ng ang II/kg/min during the four

treatment periods are displayed in figure 1c. Again data are split-up according to median NT-
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Figure 1 (left page): Responses of ERPF to HS, ACEi and angiotensin II, data split-up according to

median NT-proBNP during LS (dotted line; NT-proBNP<median, solid line; NT-proBNP>median)

a: change in ERPF from value on LS as induced by a HS, LS-ACEi and HS-ACEi 

b: change in ERPF as induced by ACEi during HS 

c; decrease in ERPF as induced by exogenous angiotensin II during the four study periods 

abbreviations: ERPF: effective renal plasma flow, HS: high sodium diet, LS: low sodium diet, ACEi: ACE-

inhibition. * p<0.05 between NT-proBNP above and below median. # p<0.05 vs HS 

proBNP during LS. On LS no differences in ang II induced decrease in ERPF occurred between

the two groups. In contrast, on HS the decrease in ERPF as induced by ang II was significantly

blunted in the high NT-proBNP group. During ACEi (both sodium diets), there were no

differences in ∆ERPF between the groups. During HS, NT-proBNP was significantly correlated

to the response of ERPF to ang II infusion at a rate of 3 ng/kg/min (R=-0.52, p<0.01).

Also at HS, at the rate of 0.3 ng/kg/min and 1 ng/kg/min infusion of ang II the decrease in

ERPF was significantly blunted in the higher NT-proBNP group, being -75 ± 53 and -34 ± 40

mL/min (p<0.05) at 0.3 ng/kg/min and -153 ± 36 and -99 ± 49 mL/min (p=0.001), respectively.

During LS, LS-ACEi and HS-ACEi the decrease in ERPF as induced by 0.3 ng/kg/min and 1

ng/kg/min ang II was similar in the two groups (data not shown). 

Discussion

Our study examined the relationship between NT-proBNP and the circulating parameters

of the RAAS as well as parameters of intrarenal RAAS activity. High NT-proBNP was associated

with a blunted suppression of PRA and a blunted renal vasodilator response to HS. Moreover,

during HS, the response to ACEi was significantly enhanced in the high NT-proBNP group. In

addition, during HS, when the greatest impact of NT-proBNP on ERPF was observed, the

response of ERPF to exogenous ang II was significantly higher in the lower NT-proBNP group.

The present study demonstrates that activity of intrarenal RAAS is related to NT-proBNP. It

suggests that next to sodium intake and genetic factors, activity of the (intrarenal) RAAS is an

important determinant of NT-proBNP in healthy subjects. 

The role of the RAAS in determining renal perfusion has been the focus of different studies

in the past mainly performed by Hollenberg and colleagues. In particular, an increased activity

of the intrarenal RAAS is a consistently characterized trait which may be associated with (the

development of) salt sensitive hypertension and kidney damage (11). Increased intrarenal

RAAS activity is characterized by a blunted renal vasodilator response to a high sodium intake
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(12;13), a blunted response to exogenous angiotensin II (12;13) and a more pronounced renal

hemodynamic response to RAAS blockade (14). 

The cardiac natriuretic system is the physiologic reciprocal acting counterpart of the RAAS.

The interaction of both systems in determining renal perfusion has never been investigated.

We assessed the renal hemodynamic response according to NT-proBNP during LS, split–up

by median. During LS, no difference in renal perfusion was apparent between the two groups.

Strikingly, the renal vasodilator response to HS was almost completely blunted in the higher

NT-proBNP group leading to a significantly lower ERPF in the higher NT-proBNP group during

HS. During ACEi (LS and HS), the difference in ERPF between the two groups was not

significant, indicating that the inability of the renal vasculature to respond to a higher sodium

intake in the higher NT-proBNP can at least partly be restored by ACEi. We assessed the renal

vasoconstrictor response to exogenous angiotensin II as an indirect estimate of intrarenal

RAAS–activity. On group level the renal vasoconstrictor response to angiotensin II was

enhanced by HS. Noticeable, in the higher NT-proBNP group, the vasoconstrictor response

to angiotensin II was significantly smaller than the response in the lower NT-proBNP group.

Moreover, this difference could be fully restored by ACEi. These findings clearly indicate that

the subjects in the higher NT-proBNP group, having a blunted vasodilator response to HS

and a blunted vasoconstrictor response to angiotensin II, have an increased intrarenal RAAS

activity (12;13). Another characteristic of increased intrarenal RAAS activity is the pronounced

renal vasodilator response to RAAS-blockade during HS (12;14). We could only detect a

significant increase in ERPF in response to ACEi in the higher NT-proBNP group whereas the

response in the low NT-proBNP was non significant (p=0.26). The increase in ERPF in response

to ACEi during HS was 14 ± 51 mL/min and 36 ± 60 for the lower and higher NT-proBNP group.

Unfortunately, this difference did not reach statistical significance (p=0.25), which might most

probably be due to the small number of subjects in the study. 

The phenotype of increased intrarenal RAAS activity has been most extensively studied in

patients with essential hypertension. In these subjects, increased intrarenal RAAS activity has

been coupled to salt sensitivity of blood pressure (15) . The inability of these subjects to

increase their renal blood flow in response to HS probably hampers a sufficient sodium

excretion. Consequently, extra cellular volume piles up until sodium balance is restored, albeit

with increased blood pressure. In line with this theory, it seems quite plausible that an inability

to excrete sufficient amounts of sodium is compensated by an increase in activity of the cardiac

natriuretic system. 

Increased intrarenal RAAS activity has also been observed in obesity (16), which is

associated with sodium sensitive hypertension (17) and type II diabetes (16;18). Even in healthy

normotensive subjects with sodium sensitivity of blood pressure, an increased activity of the
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intrarenal RAAS has been observed (19). In this study we only included subjects who were

healthy, young, normotensive and non-obese. Therefore, there were no differences in age and

BMI between the two groups. 

This study has a number of limitations. Currently, no longitudinal data are available regarding

the meaning of an increased intrarenal RAAS activity. As our subjects were healthy and had

no signs of an underlying pathology, long term prospective data are needed to assess whether

an increased intrarenal RAAS activity at a young age predicts the development of hypertension

or kidney damage. We studied our subjects in different diet periods lasting a week. Although

sodium balance is restored within this period, we have no information about the long term

effects of the diet. We included only male subjects in this study, as the menstrual cycle has

considerable impact on renal hemodynamics (20). Therefore straightforward extrapolation of

our data to female subjects is not warranted. 

In conclusion, our study demonstrates that a higher NT-proBNP in healthy subjects is

associated with a blunted renal vasodilator response to HS. Moreover, these subjects had a

blunted renal response to exogenous Ang II which was restored by ACEi. These data suggest

that a higher NT-proBNP indicates an inappropriate activity of the intrarenal RAAS. Whether

this phenomenon is involved in the increased cardiovascular risk of higher NT-proBNP should

be subject of future prospective studies. 
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Abstract

Hemopexin (Hx), an acute phase protein, can inactivate the angiotensin II type 1 receptor

(AT1-R) in vitro. Whether Hx  is involved in the responsiveness to angiotensin II (ang II) in vivo

is unknown. Therefore, we tested whether variations in endogenous Hx-activity are associated

with the responsiveness of blood pressure to ang II in humans. 

Healthy men (n=33, age 26±9) were studied in balance on low sodium (LS, 50 mmol Na
+
/day)

and high sodium (HS, 200 mmol Na
+
/day) diet, respectively. After baseline measurements of

blood pressure, ang II was infused at 0.3, 1 and 3 ng/kg/min for one hour/dose. Hx-activity

was measured at baseline in EDTA-plasma samples by an amidolytic assay with a chromogenic

substrate suitable for Hx-activity evaluation (S2302; Chromogenix).

During HS Hx-activity was lower; 1.6•10
5

(0.6•10
5

– 4.7•10
5
) versus 2.8•10

5
(1.1•10

5
-

5.1•10
5
) arbitrary units (p<0.01) and the pressor response to 3 ng ang II/kg/min larger than

during LS (17.6 ± 6.5 vs 14.6 ± 6.9 mmHg, p<0.01).

Between-individual differences in Hx-activity negatively correlated with the pressor response

to ang II during both sodium intakes (HS: R
2
=0.18, p<0.05; LS: R

2
=0.12, p<0.05). 

These in vivo data support recent in vitro data showing that active Hx down regulates the

availability of the AT1-R. Therefore, activated Hx might be an intermediate factor in ang II

mediated increments in blood pressure and renal damage by modulating AT1-R availability.
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Introduction

Various lines of evidence indicate a main role for angiotensin II (ang II) in the pathogenesis

of renal and cardiovascular damage, mainly by its effects on the angiotensin II type I receptor.

(AT1-R)(1). Recent in vitro data show that active hemopexin (Hx), an acute phase protein, is

able to inactivate the AT1-R on human monocytes and endothelial cells, suggesting that Hx-

activity modulates the (patho-) physiological effects of ang II (2;3), Whether this is the case in

vivo is unknown. A major role of ang II is its effect on systemic vasoconstriction. Data in

preeclampsia support a role for Hx-activity on ang II responsiveness in vivo. 

In normal pregnancy ang II levels are relatively high (4) but do not lead to hypertension,

since the vascular responsiveness for ang II is decreased (5). This is associated with increased

Hx-activity (2). However, in preeclamptic women, the physiological decrease of vascular

sensitivity for ang II is blunted (5;6), as a possible mechanism for the associated hypertension.

This is associated with absence of the normal pregnancy-induced rise in Hx-activity (2). 

Ang II responsiveness differs widely between individuals, and is modulated by dietary

sodium intake (7;8). To test whether endogenous Hx-activity is involved in the normal variability

of ang II responsiveness, we investigated whether variations of endogenous Hx-activity are

associated with the pressor responses to exogenous ang II in young healthy normotensive

men during two different sodium intakes, namely 50 mmol Na+/ 24 h (low sodium, LS) and

200 mmol Na+/24h (high sodium, HS). 

Methods

Subjects

The study population consisted of 33 healthy normotensive Caucasian men with a median

(interquartile range) age of 24 (21-27) and a mean BMI over both periods of 23.1 ± 2.3 kg/m
2
.

Normal blood pressure was confirmed by repeated non invasive automatic blood pressure

assessment (Dinamap
®
) and defined as systolic blood pressure < 140 mmHg and diastolic

blood pressure < 90 mmHg. The study was approved by the local medical ethics committee,

in accordance with the declaration of Helsinki, and all participants gave written informed

consent. All medical histories were without significant disease, and routine physical examination

did not reveal any abnormalities.

8

138

Hemopexin associated with angiotensin II responsiveness

proefschrift_Opmaak 1  19-4-2010  14:56  Pagina 138



Study protocol

Subjects were studied at the end of two seven-day periods, during which they used a low

sodium diet (50 mmol Na
+
/day) and a high sodium diet (200 mmol Na

+
/day), respectively.

Potassium intake was standardized at 80 mmol/day. Otherwise, the subjects continued their

usual food habits. For assessment of dietary compliance and sodium balance 24h urine was

collected at day 4 and day 6 during each period. During both periods the subjects were

ambulant and continued their normal activities.

At day 7 of both study periods, the subjects reported at the research unit at 8 am, after

having abstained from food and alcohol overnight. Height and body weight were measured

at the start of this day and body mass index (BMI) was calculated as the ratio of body weight

(kg) and the square of height (m). 

At 11 am, blood was withdrawn for determination of plasma renin activity(PRA) and

aldosterone. Sodium intake during the day was adjusted according to the actual diet in the

concerning diet period. Baseline blood pressure was assessed with an automatic device

(Dinamap; GE Medical Systems, Milwaukee, WI) at 15 min intervals. Mean arterial pressure

(MAP) was calculated as diastolic pressure plus one third of the pulse pressure. 

Angiotensin II infusion

Baseline values of blood pressure were obtained between 10 and 12 am. Between 12 am

and 3 pm ang II (Clinalfa, Merck biosciences AG, Läufelfingen, Switserland) was administered

in the left antecubital vein. Between 12 am and 1 pm ang II was infused at a constant rate of

0.3 ng/kg/min. Thereupon ang II was infused at a constant rate of 1 ng/kg/min and 3 ng/kg/min,

each during one hour. During the ang II infusions blood pressure was determined at 5 minute

intervals. 

Blood and urine sampling and analysis

Blood samples for measurement of plasma Hx-activity were drawn at 8 am. Samples for

measurement of plasma renin activity (PRA) and aldosterone were drawn at 11 am in semi

supine position and stored at - 20 °C until analysis. 

Aldosterone was measured with a commercially available radioimmunoassay kit (diagnostic

products corporation, Los Angeles, CA, USA). Plasma renin activity was measured as

described previously with a radioimmunoassay that detects the amount of angiotensin I

produced per hour in the presence of excess angiotensinogen (nanograms of angiotensin I

produced per milliliter of plasma per hour)(9).
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Urinary and serum concentrations of sodium and potassium were measured by standard

auto- analyzer technique (MEGA, Merck, Darmstadt, Germany).

Blood samples for determination of ang II were drawn at 11 am in pre-chilled 3mL vacuum

tubes containing 5.4 µg K3EDTA and an additional 0.2 mL ACE inhibitor cocktail; containing

1.704 µg phenantroline, 0.16 mg enaprilat, 1 mL ethanol and 4 mg neomycin. After

centrifugation at 4 °C, the plasma for determination of ang II was snap-frozen and stored at 

-80 °C until analysis. Plasma concentration of ang II was measured by a specific

radioimmunoassay after SepPak extraction of plasma samples and HPLC separation (10). 

Hx-activity was measured in EDTA-plasma with a standard amidolytic assay with the artificial

substrate S2302 (H-D-Pro-Phe-Arg-pNA.2HCl) (Chromogenix, Milano, Italy) as described

previously (11). This assay has been shown to match with the extracellular matrix (ECM)

stripping assay whereby loss of glomerular apyrase expression after incubation of kidney

sections with Hx, with or without anti Hx IgG, was quantified as a standard for Hx-activity (11).

As previous pilot studies indicated that the protease activity of the samples could not be

inhibited by α-2-macroglobulin, it is unlikely that plasma kallikrein activity occurs in the samples

tested. 

Data analysis

Mean values and standard deviations were calculated for parametric variables. Medians

and quartiles were computed for non-parametric data. Paired sample T-test (parametric data)

and Wilcoxon Signed rank test (non-parametric data) was used to compare values between

the HS and LS periods, each subjects being its own control. Data on Hx-activity were first

logarithmically transformed and tested for normality. Simple Pearson parametric correlation

was then used for continuous analysis of the influence of Hx-activity on ang II responsiveness. 

Results

In table 1 parameters on dietary compliance, body weight and circulating RAAS parameters

on both diets are displayed. It shows, first, that the change in sodium intake resulted in the

expected differences in sodium excretion. Furthermore, the urinary excretion of potassium

was close to the target intake of 80 mmol/24h. The high sodium intake induced a slight but

significant rise in body weight, consistent with a positive volume balance. Serum concentration

of potassium was not influenced by the shift in sodium intake, whereas the serum concentration

of sodium was slightly but significantly higher during HS. As expected, PRA, ang II and
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sodium intake
p

50 mmol/24h 200 mmol/24h

UNaV (mmol/24-h) 36 ± 22 220 ± 57 <0.01

UKV (mmol/24-h) 86 ± 35 84 ± 27 n.s.

Serum K (mmol/L) 3.9 ± 0.2 3.9 ± 0.3 n.s.

Serum Na (mmol/L) 137 ± 3 138 ± 3 <0.05

Body weight (kg) 80 ± 9 81 ± 10 <0.01

PRA (ng ang-I/mL/h) 6.5 (4.8-8.2) 3.0 (1.5-3.6) <0.01

Aldosterone (ng/L) 130 (82-186) 43 (24-58) <0.01

Ang II (pmol/L) 10.6 (4.3-13.7) 3.3 (1.2-10.5) <0.05

Table 1: 24-h excretion of sodium and potassium, serum potassium, body weight, active plasma renin

concentration, aldosterone and plasma angiotensin II during low and high sodium intake.

Data are expressed as mean ± SD and median (range). Abbreviations: UNaV: 24h urine excretion of Na
+
, UKV: 24h

urine excretion of K
+
, PRA: plasma renin activity, Ang II: angiotensin II. 

Figure 1: Individual values of hemopexin (Hx) activity during low sodium and high sodium intake.

* p < 0.001
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sodium intake
p

50 mmol/24h 200 mmol/24h

Hx-activity (arbitrary units) 2.8•10
5

(1.1•10
5

- 5.1•10
5
) 1.6•10

5
(0.6•10

5
– 4.7•10

5
) <0.001

SBP (mmHg) baseline 117 ± 10 121 ± 11 <0.01

DBP (mmHg) baseline 69 ± 8 71 ± 7 n.s.

MAP (mmHg) baseline 85 ± 7 87 ± 8 <0.05

∆ MAP (mmHg) 0.3 ng/kg/min 0.1 ± 7.1 1.5 ± 3.8 n.s

∆ MAP (mmHg) 1 ng/kg/min 7.1 ± 5.6 9.1 ± 6.1 <0.05

∆ MAP (mmHg) 3 ng/kg/min 14.6 ± 6.9 17.6 ± 6.5 <0.01

Table 2: Baseline hemopexin (Hx)-activity, and mean arterial pressure (MAP) before and during

incremental dosis of angiotensin II, during low and high sodium intake.

Data are expressed as mean ± SD, Hemopexin activity is in median (range). Abbreviations: SBP: systolic blood

pressure, DBP: diastolic blood pressure, MAP: mean arterial pressure, ∆: respons to exogenous angiotensin II, 

aldosterone were suppressed during HS.

In figure 1, the individual values of Hx-activity on both diets are displayed. It shows that,

Hx-activity was slightly but significantly lower during HS. There was a strong correlation

between individual values of Hx-activity on LS and HS (R
2

= 0.80, p<0.00001). Table 2 displays

Hx-activity on both diets, mean arterial pressure (MAP) before and during incremental doses

of ang II and heart rate at baseline and during ang II infusion. Baseline MAP was slightly but

significantly higher during high sodium. Ang II induced a dose-dependent rise in MAP during

both sodium intakes. As anticipated, the pressor responses to ang II were larger during HS

as compared to LS: this difference reached statistical significance at the infusion rates of 1

and 3 ng/kg/min. Also, the responses of diastolic and systolic blood pressure to the incremental

doses of ang II were higher during HS. However, this did only reach statistical significance

during the infusion rate of 3 ng ang II/kg/min (p<0.01 and p<0.05 respectively). 

For individual patients the correlation between Hx-activity and the pressor response (MAP)

to ang II on HS (upper panel) and LS (lower panel) is given in figure 2 (data for 3 ng/kg/min

dose). It shows that a higher Hx-activity is associated with a significantly lower pressor response

to ang II on both sodium intakes. 
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Figure 2a and 2b: Relationship between hemopexin (Hx)-activity and increase in mean arterial pressure

(∆MAP) in response to angiotensin II (3ng/kg/min), during high sodium (left panel) and low sodium (right

panel).

Discussion

The present study is the first to provide evidence for a role of Hx-activity as a modulator of

the pressor responsiveness to ang II in vivo in human.  At group level the increase in ang II

responses induced by high sodium intake was mirrored by a lower Hx-activity during high

sodium. In line with this interrelationship at group level, individual differences in pressor

responsiveness to ang II at a given sodium intake were significantly correlated with Hx-activity

on either sodium intake, with a higher responsiveness in subjects with lower endogenous Hx-

activity. 

Our results are in line with earlier in vitro data, demonstrating that active Hx induces down

regulation of AT-1R protein expression on human monocytes and endothelial cells, and blunts

the ang II induced vascular contraction in isolated rat aortic rings (3). Therefore, our data

support the assumption that plasma Hx-activity is a determinant of responsiveness to ang II

in human. 

In line with prior data (12;13) the responses of blood pressure to ang II were less pronounced

on low sodium. This blunted sensitivity has been attributed to down regulation of the AT1-R
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and/or an increased receptor occupancy by endogenous ang II (12;14;15). This agonist-

induced down regulation of the AT1-R has been studied extensively in the past and is a main

regulatory pathway of the AT1-R (16-19). Ang II can down regulate its own receptor by inducing

internalization of the receptor-ligand complex and by inhibiting both transcriptional as post-

transcriptional assembling of the receptor. More recent evidence has indicated that the

formation of AT1-R dimers and ang II independent pathways are important in determining

AT1-R availability. Our recent in vitro work has added another mechanism of AT-R regulation,

namely shedding of the receptor by activated Hx (3).

Hx was originally discovered as a glycoprotein, belonging to the family of acute phase

proteins with a molecular weight between 55 and 80 kD. Its major function is to protect the

body from the oxidizing effects of free heme by scavenging and binding of this molecule.

However, we found that plasma Hx also displays significant protease activity (20), which

property is probably responsible for its vasodilating and proteinuria inducing capacity in

experimental animals. In vitro, active Hx can be inhibited by protease inhibitors. Also

nucleotides like ATP or ADP are able to inhibit the protease activity of Hx. It has been shown

that Hx  which is inactivated by ATP can be reactivated by endothelial ecto apyrase (CD 39)

(21). This suggests that an intact endothelium is crucial to maintain local Hx-activity in vivo.

Different lines of evidence suggest that a high sodium intake can be associated with certain

characteristics of endothelial dysfunction (22;23). Accordingly, it is conceivable that during

high sodium, due to endothelial dysfunction, CD39 expression is affected leading to down

regulation of local activation of Hx. 

Our results show that high sodium intake is associated with lower Hx-activity. This does not

prove a causal role for the lower Hx-activity in up regulation of the AT1-R during high sodium

as it might be an epiphenomenon. For individual patients, the change in Hx activity induced

by the switch in sodium diet was not correlated to the change in ang II responsiveness.

However, Hx-activity accounted for only 18 and 12% of the variability in ang II responsiveness

during high and low sodium intake, respectively. Accordingly, the sensitivity to detect such a

quantitive association was low as the pressor response to ang II is multifactorial. Nevertheless,

the finding of enhanced ang II responsiveness in association with low Hx-activity during high

sodium is remarkably consistent with the findings on between-individual differences in ang II

responses in relation to their prevalent Hx-activity, with more pronounced responses in subjects

with lower circulating Hx-activity. This was observed on two different sodium intakes, supporting

the robustness of our finding which is consistent with a role of Hx in the regulation of ang II

responsiveness under physiological conditions. 

Between-individual differences in Hx-activity were relatively large on either sodium intake.

We did not investigate the possible mechanisms underlying these differences. The strong
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correlation between Hx-activity on both diets shows that individual values of Hx-activity are

highly consistent within our study population. Indeed, high sodium induces a decrease in Hx-

activity, but as figure 1 showed, subjects with relative low Hx-activity on one diet, have a

relatively low Hx-activity on the other diet as well. This pattern of a high within subject correlation

at different conditions suggest that, in addition  to environmental factors, individual factors,

such as for instance genetic variations in the hemopexin gene are involved in determining the

level of Hx-activity (24). However, it should be mentioned, that the determinants of the regulation

of Hx-activity are poorly understood. The main limitation of our study is the lack of specific

intervention in Hx, as no such intervention is available for human use. Accordingly, the evidence

is by association only. Furthermore, the duration of the diets periods was only one week.

Although this time frame is sufficient to re-establish steady state sodium balance and alter

ang II response, this does not necessarily reflect the homestatic response adjustments to

altered sodium intake on the long-term. Therefore, it is not inconceivable that in the long run

the effect of sodium intake on Hx-activity may differ from the effects we observed. 

What could be the relevance of our findings? First, our data extend prior in vitro findings on

a role of Hx-activity in regulation of the AT1-R to the in vivo setting in human. The setting of a

shift in sodium status in healthy young men represents normal physiology, so our data do not

have direct bearing on disease conditions. Yet, our current findings, albeit obtained in men,

corroborate prior hypotheses on the role of Hx as a contributing factor in the pathogenesis of

preeclampsia. Next, considering the importance of ang II in the pathogenesis of hypertension

and renal damage, lower Hx-activity associated with higher sodium intake may influence the

effect of ang II in hypertension and renal damage by modulating the availability of AT1-R. 

In conclusion, endogenous Hx-activity is a determinant of ang II responsiveness in vivo in

human. Our results support prior hypotheses on a role for Hx-activity in the pathogenesis of

preeclampsia and suggest that Hx-activity is an intermediate factor in ang II mediated

hypertension and renal damage by decreasing AT1-R availability. Better understanding of the

regulation of Hx activity might provide novel clues on the pathogenesis of ang II driven

hypertension and renal and cardiovascular damage and lead to the exploration of new

therapeutical means. P
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Introduction

The studies described in this thesis aimed to explore the interaction between sodium intake

and metabolic factors. We were interested in this interaction, as both factors are involved in

renal and cardiovascular risk profile in the general population and in renal patients. Usually

however, they are considered separately. Prior evidence of interaction between sodium status

and metabolic factors prompted us to explore this in a more systematic way, as the combined

effects of sodium status and metabolic factors, including their interaction, might well be more

relevant to clinical risk profile and patient outcome than the isolated effects of a single factor.

Thus, this thesis pursues to offer a more integrated perspective on the combined effects of

sodium intake and metabolic factors and their interaction, to contribute to further improvement

of preventive measures in healthy subjects as well as renal patients.

In this final section of the thesis the main findings of our studies will be presented and put

into the perspective of dietary sodium restriction as a tool for the management of chronic

kidney disease. Special attention will be given to interaction of the metabolic status of a subject

on the one hand and sodium intake on the other. 

Dietary sodium: a blind spot in science and in clinical care

In chronic kidney disease (CKD) prevention of progressive renal function loss and its

cardiovascular (CV) complications are main treatment aims. Reduction of elevated blood

pressure and proteinuria are the cornerstones of intervention. Animal data, short-term studies

in CKD patients, and hard endpoint studies in the general population and in CV patients

support the role of excess sodium intake as a potent risk factor, mainly by its effects on blood

pressure and proteinuria. As sodium intake is a modifiable risk factor one might anticipate

reduction of sodium intake to be a main target in intervention in CKD. Unfortunately, despite

the recommendation in current guidelines to reduce dietary sodium intake to 3-5 g NaCl/ day

(1), this is not the case. Hard end point studies on the impact of sodium intake on renal and

CV events in CKD patients are strikingly absent. Moreover, most of the large hard end point

intervention studies in diabetic and non-diabetic CKD (i.e Reduction of Endpoints in NIDDM

with the Angiotensin II Antagonist Losartan (RENAAL), Irbesartan Diabetic Nephropathy Trial

(IDNT), Irbesartan in Patients with Diabetes and Microalbuminuria (IRMA), Aliskiren in the

Evaluation of Proteinuria in Diabetes (AVOID), African American Study of Kidney Disease and

Hypertension (AASK), modification of diet in renal disease (MDRD)) fail to report 24h sodium

excretion (UNaV), even when 24h urine was available for assessment of proteinuria (2-9), with

exception of the (Ramipril Efficacy In Nephropathy) REIN study. In the REIN I (10) and II (11)
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cohorts baseline UNaV was approximately 200 and 170 mmol/24h, respectively. Somewhat

lower values were reported in Italian CKD patients from routine nephrology care (±150

mmol/24h) (12) and in the Dutch Masterplan cohort (155 mmol/24h) (13) with values close to

those in general population cohorts where the mean UNaV is 170 mmol/day (14-16). This

should be a matter of substantial concern, as it suggests that measures to restrict dietary

sodium are absent or ineffective. In fact, in the Masterplan cohort, only 17 % of CKD patients

reached the target for sodium excretion. Of all other stated treatment goals, sodium target

was lived up to by the lowest amount of patients. The rise in sodium intake in children that has

been documented over the last years suggests that excess sodium intake may become an

even larger problem in the future (17;18). 

High sodium intake affects blood pressure, proteinuria and glomerular hemodynamics, has

direct renal and cardiac profibrotic effects (figure 1) and blunts the response to renoprotective

intervention in hypertension and CKD. 

Impact of sodium intake on cardiovascular and renal outcome: hard end points

Large cohort studies have demonstrated an association between excess sodium intake and

long term CV and overall mortality in the general population and in patients with CV disease.

The effect is partly attributed to an association between sodium intake and blood pressure,

but blood-pressure-independent effects are present as well (14;19). It has been argued that

low sodium intake is associated with an increased risk for CV disease, attributed to excess

stimulation of the renin-angiotensin-aldosterone-system (RAAS) (20). However, this was based

on data obtained by dietary recall which is notoriously unreliable (21). Cook et al. recently

High 
Sodium 

Direct effects

Blood pressure

Proteinuria

Renal hemodynamics

Renal damage

Figure 1: proposed relationships between high sodium intake and renal damage
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reported landmark data on the long term effects of a dietary sodium restriction program (22).

Strikingly, dietary counseling for 18 months only, leading to reduction of around 30% to 100

mmol/day in subjects at risk for hypertension during the counseling period, but without further

follow-up, led to a 25% reduction in CV events documented 13 years after the original study,

supporting the feasibility of sodium intervention programs to modify long term outcome. 

Impact of sodium intake on intermediate renal end-points

Renal outcome is invariably worse during high sodium intake in animal models of renal

disease (23;24). In human, however there is no information on the effect of high sodium intake

on hard renal end points. Nonetheless, there is substantial information available regarding the

effect of sodium intake on intermediate renal end-points. 

Blood pressure 

The response of blood pressure to reduction in sodium intake, the so-called sodium-

sensitivity of blood pressure, varies between individuals. Whereas in healthy subjects only a

minority is sodium-sensitive (25), blood pressure generally responds to low sodium intake in

CKD patients (26;27) in proteinuric patients (28) in overweight and diabetic subjects (29), and

in old age (30). Sodium sensitivity is related to the extent of structural renal damage in

experimental models (31) and in renal patients (32;33), which underlines the intricate

association between renal disease, sodium handling and sodium sensitivity of blood pressure. 

Proteinuria/albuminuria 

Proteinuria consistently predicts the long term protective effects on renal and CV damage

and thus is the main prognostic marker in CKD. 

Restriction of dietary sodium consistently reduces urinary excretion of protein or albumin

(27;28;34;35). In white salt sensitive hypertensive subjects, high sodium intake (250 mmol/day)

was associated with an almost 35% increase in albumin excretion as compared to low sodium

intake (20 mmol/day)(34). The antiproteinuric effect in black (mostly salt sensitive)

hypertensives was 19% when reducing dietary sodium intake (35). In IgA nephropathy

reduction of dietary sodium from 12 to ± 5 g/day reduced urinary protein by ~30 to 50% (32),

and in patients with non-diabetic proteinuria dietary sodium restriction (UNaV from 200 to 90

mmol/24h) reduced proteinuria from 3.9 to 2.7 g/24h (-31%)(28). In these studies in

hypertension and CKD the reduction in proteinuria during low sodium intake was generally
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but not invariably associated with a lower blood pressure. On the other hand, as we addressed

in chapter 1, in healthy subjects, reduction of dietary sodium from 200 to 50 mmol/24h

significantly reduced urinary albumin excretion within the normal range, independent of blood

pressure, indicating specific renoprotective effects of dietary sodium restriction (figure 3, panel

d) (36;37). This is in line with the blood-pressure independent association between UNaV and

albuminuria in the general population (15). 

The study by Vogt et al allowed head-to-head comparison of the effect of sodium restriction

with pharmacological intervention (fig 2c). Remarkably, the effect of sodium restriction to ~90

mmol/24h on proteinuria was similar to the effect of losartan 100 mg in the same patients. Of

note, this is the same range as the effects of RAAS-blockade in large hard end point studies

such as the RENAAL study (-35%), the IRMA study (-24 and -38% with 150 and 300 mg

irbesartan, respectively) and the AVOID study (20% reduction in alb/creat ratio) (6-8) where

no specific attempt to reduce sodium intake was made. 

Glomerular hyperfiltration

Abundant evidence in animal studies (38) as well as sparsely available human data (39-

41) support a pathogenic role of glomerular hyperfiltration in progressive renal damage. High

sodium intake induces glomerular hyperfiltration in essential hypertension (27) and, as

described in chapter 1, this phenotype is also apparent in normotensive, young, but overweight

men. The pathogenic relevance of sodium-induced hyperfiltration is supported by the parallel

rise in urinary protein in hypertensive subjects (27;32). In hypertensive subjects sodium-

induced hyperfiltration was associated with a rise in blood pressure. In the overweight subjects

blood pressure remained normal during high sodium intake, but an exaggerated rise in

extracellular volume was observed (described in chapter 2). Patients with overt diabetes might

be an exception to this rule, showing a paradoxical increase in filtration fraction during low

sodium intake (42) possibly due to dysregulation of tubuloglomerular feedback (43).

The early renal phenotype: when does physiology pass into pathophysiology?

Weight excess, an emerging risk factor for renal damage (44-47), potentiates the effect of

excess sodium intake in many clinical settings. First, weight excess and sodium excess both

contribute to hypertension. Obesity is associated with sodium sensitivity of blood pressure

which can be ameliorated by weight loss (48). Even more importantly, the long term impact of

high sodium intake on cardiovascular prognosis and on kidney damage is particularly present

in overweight or obese subjects (15;49;50), which can only partly be attributed to blood
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pressure. Recent data support an adverse effect of high sodium intake on obesity-associated

renal risk (41;51). Glomerular hyperfiltration is likely to be involved in the long term adverse

effects of weight excess on the kidney (40). 

In line with this observation, studies in this thesis demonstrated subtle, though distinct

deviations in renal physiology in young overweight subjects, which were unmasked by a high

sodium intake. In chapter 1 we described, in a group of 95 healthy, normotensive young men,

the renal hemodynamic effects of switching dietary sodium intake from low (50 mmol Na
+
/ 24

hr) to a high sodium intake (200 mmol Na
+
/ 24 hr). These levels were chosen to reflect a level

of sodium intake corresponding to a well-kept dietary sodium restriction, and a level somewhat

above the average population level, so, liberal but not extreme. We stratified our analysis for

the presence of overweight. It shows that, in the overweight group, with an average body

mass index (BMI) of only 27 kg/m
2

a high sodium intake induced a hyperfiltration-like renal

hemodynamic profile, with a high glomerular filtration rate (GFR) and filtration fraction, whereas

this effect was absent in their lean counterparts (figure 2). In chapter 2 we demonstrated, in

a subset of the subjects described in chapter 1, that the higher GFR and FF in response to

high sodium in subjects with a higher BMI was associated with an exaggerated rise in extra

cellular fluid volume (ECFV). What could be the relevance of this finding? It is important to

realize here that BMI increases gradually with age and displays so-called tracking, and

accordingly a higher BMI in young adults predicts overweight and obesity in later life (52).

Subjects at risk for complications of weight excess can thus with a reasonable reliability be

identified long before the end-organ damage is established, providing a window of opportunity

for prevention in younger overweight subjects. So, weight excess will progress with ageing

and the susceptible individuals will develop hypertension and diabetes at middle age. By that

time, the kidney has been exposed to BMI-dependent glomerular hypertension for many years,

which may (partly) explain the substantial proportion of subjects with renal damage at diagnosis

of type 2 diabetes (53). Thus, in the sequence of events of the complications of weight excess,

the renal abnormalities can occur before hypertension and diabetes, as also supported by

the predictive effect of micro-albuminuria for subsequent hypertension and diabetes (54;55).

Of note, a higher FF is associated with blunted sodium excretion by its effects on peri-tubular

starling forces (56), which may explain the elevated ECFV in our overweight subjects, and

which can well be involved in the development of (obesity-) hypertension over time.

The renal hemodynamic response to a high sodium intake in overweight subjects, i.e.

hyperfiltration, reported in chapter 1 is remarkably similar to studies in sodium sensitive

hypertensive subjects (27;34;57). This unfavorable renal hemodynamic profile in situations of

a high sodium intake is associated with inappropriately high activity of the renal RAS (58).

This phenomenon has been studied extensively in the past and, like in salt sensitive
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hypertensives, has been observed in obesity and type II diabetes (59;60), conditions which

often go along with salt sensitive hypertension. Even in salt-sensitive normotensive young

men, increased activity of the renal RAAS has been observed (25). Inappropriate high activity

of the renal RAAS during sodium loading is associated with an insufficient renal vasodilator

response, probably hampering sufficient excretion of sodium and expansion of ECFV. This

led us to the hypothesis that the body can compensate for this by increasing activity of

natriuretic peptide axis, which acts reciprocally to RAAS by its effect on natriuresis. In chapter

7 we tested this hypothesis, by relating the level of N-terminal pro brain natriuretic peptide

(NT-proBNP) to activity of the renal RAAS. The results confirmed our hypothesis: young healthy

subjects with the highest levels of NT-proBNP (within the normal range), showed evidence of

an increased activity of the intrarenal RAAS, namely, blunted response of the effective renal

plasma flow to a high sodium intake corrected by inhibition of angiotensin converting enzyme

(ACE) and a blunted renal response to exogenous angiotensin II (61). These findings suggest

that already at a early state, long before kidney damage occurs, subtle deviations in normal

physiology can be identified. It furthermore may indicate that in the early stages of inappropriate

high renal RAAS activity, the body can compensate for this by increasing natriuretic activity

in order to stay euvolemic. 

Figure 2: Filtration Fraction (FF) for lean versus overweight subjects during low sodium (LS) and high

sodium (HS) intakes. During LS FF is similar in lean (BMI < 25 kg/m2) and overweight (BMI > 25 kg/m2)

subjects. During HS, a rise in FF occurs in overweight subjects only, resulting in a significantly higher

FF than in lean subjects. * p < 0.05 versus LS and versus LS and HS in lean subjects. Adapted from

the results in chapter 1. 
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Impact of sodium intake on the response to renoprotective intervention, in particular

RAAS-blockade

It has long been known that dietary sodium restriction is needed to optimize the effect of

several classes of antihypertensives (62;63), and in fact, the classical vasodilators were

ineffective without sodium restriction. Blockade of the RAAS by either angiotensin converting

enzyme inhibition (ACEi) inhibition, or angiotensin II receptor blockade (ARB) is evidence-

based first-line therapy in diabetic and non-diabetic CKD (4;6;7;10). The efficacy of ACEi and

ARB on blood pressure and urinary protein leakage is consistently potentiated by restriction

of dietary sodium to 3-5 g/day, in essential hypertension (35;64) and in diabetic and non-

diabetic CKD (28;37;65;66). It is important to note that low sodium intake increases the

maximum dose-response for proteinuria and blood pressure (67), rather than shifting it to the

right. Thus, sodium restriction increases the maximum therapeutic gain of RAAS-blockade. It

is of clinical interest that during RAAS-blockade, due to blunting of RAAS-dependent

homeostatic responses, blood pressure becomes responsive to dietary sodium restriction also

in patients that did not respond to low sodium intake in the untreated condition (64). Better

awareness of this effect of RAAS-blockade among clinicians and patients might be helpful to

optimize patient motivation for dietary compliance. The other way around, high sodium intake

is a determinant of resistance to RAAS-blockade (28;36;37;65;66). No data are available so

far on the impact of sodium intake on improvement of hard renal end points during RAAS-

blockade in CKD, but data on RAAS-blockade in isolated micro-albuminuria in the general

population support the presence of such an effect (68).

Large interindividual differences in the responses of blood pressure and proteinuria to RAAS

blockade have been reported, with a poor antiproteinuric response predicting poor long term

outcome (69). Interestingly, restriction of dietary sodium (28), or addition of a diuretic (36)

improves the individual therapy response particularly in patients with a poor response to

monotherapy RAAS-blockade. These observations were made despite standardization of

sodium intake, suggesting that for a given sodium intake some patients have inappropriate

volume expansion. Of note, volume expansion is common in renal patients, even in the absence

of edema. (70). The effect of dietary sodium restriction with or without RAAS-blockade is

illustrated in figure 3 that summarizes different studies including the effects of sodium intake

on albuminuria in healthy subjects as described in chapter 1 (28;36;37). During RAAS-

blockade, low sodium diet induced an additional fall in proteinuria from ~30 % to ~50-60 %

from baseline, with a further fall to ~80 % from baseline during low sodium diet combined with

diuretic (figure 3, panel a, c). The effect of adding low sodium diet or a diuretic to RAAS-

blockade was more or less equivalent (panel b and c). However, combination of the two is

required to obtain the optimal effect (28). Thus, diuretic treatment cannot replace lack of dietary
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measures to reduce dietary sodium! 

Thus, excess sodium intake leads to resistance to RAAS-blockade. However, it is not the

only determinant of therapy-responsiveness. The extent of pre-existent structural renal damage

at onset of therapy limits the antiproteinuric effects of RAAS-blockade, as shown retrospectively

in human (71), and prospectively in rats (72) – with less antiproteinuric effect in individuals

with more interstitial (pre-) fibrotic lesions. Sodium restriction, however, can overcome this

blunting of the antiproteinuric response by interstitial changes (73). Thus, presence of renal

lesions is not a reason to withhold RAAS-blockade but rather to intensify RAAS-blockade-
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Figure 3: Urinary protein (UP) or albumin (UAE) excretion (bars, right y-axes) and mean arterial pressure

(MAP, lines, left y-axes) in four clinical studies in proteinuric patients (panel a-c) and healthy volunteers

(panel d) during high sodium diet (HS, open bars) and low sodium diet (LS, grey bars). Dashed bars

are as add-on therapy to RAAS-blockade. HCT=hydrochlorothiazide. # p<0.05 as compared to HS for

both MAP and UP. * p<0.05 vs HS for UAE, no effect of sodium intake on MAP. Adapted from (37)

panel a, (36) panel b, (28) panel c and (chapter 1) panel d.
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based treatment (74). In experimental animals, adverse renal effects of a very low sodium

intake during ACEi have been observed, namely renal interstitial fibrosis, probably due to

clinically significant hypotension (75). Such extreme hypotension however not usually occurs

in renal patients, even during maximal RAAS-blockade with low sodium diet, unless volume

depletion by intercurrent pathology ensues. It is reasonable to assume that absence of

symptomatic hypotension in patients indicates a sufficient renal perfusion pressure.

Mechanisms of resistance to RAAS blockade during high sodium intake

High sodium intake suppresses renin release, and hence activity of the RAAS. It would

seem self-evident that blockade of a non-active system does not result in clear-cut therapeutic

effects. However, this fails to explain why high sodium intake as a suppressor of the RAAS is

devoid of therapeutic effects. 

Effects of high sodium intake on tissue ACE activity might explain this seeming discrepancy.

High sodium intake increases renal ACE activity in healthy and proteinuric rats (76), untreated

or during ACEi, along with a rise in proteinuria. The lack of effect on plasma ACE activity (76),

also in human (77), may be reason that this has not caught attention so far. However, it is well-

established that tissue ACE activity is more relevant to the pathogenesis of end-organ damage

than plasma ACE activity (78). Higher renal ACE activity predicts renal damage in rat models

of renal disease (79;80), and blunts renal efficacy of ACEi and ARB (81). Experimental data

support the functional impact of the sodium-induced rise in tissue ACE.  In rats maintenance

treatment ACEi only inhibited vascular conversion of angiotensin I when low sodium diet was

given concomitantly. (82) (figure 4). 

The sparsely available human data suggest that high sodium intake increases vascular ACE

activity in human as well. High sodium intake increased the peripheral vascular conversion of

exogenously infused angI to angII (83). This is in line with similar data by van der Kleij (77),

that additionally showed that the sodium-induced rise in tissue ACE is modified by the ACE

(I/D) genotype, being particularly present in subjects with one or two D-alleles (77). This

suggests that the benefits of sodium restriction might be particularly present in the ACE (DD)

genotype, as supported by retrospective data in proteinuric patients (84). Of note, renal ACE

activity is also modified by ACE (I/D) genotype (85) and upregulated in human kidney disease

(86).
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Direct mechanisms of sodium induced organ damage

In addition to effects on hemodynamics, high sodium intake exerts direct tissue effects of

possible relevance to progressive renal damage and its complications, as summarized in two

excellent reviews (87;88). Briefly, high sodium intake can affect endothelial function by effects

on transforming growth factor-β1 (TGF- β1) via nitric oxide (NO)(87), as well as by NO

independent endothelial effects (89). Also high sodium intake increases renal TGF-β1 (90).

Recent data showed that high sodium intake stimulates cardiotonic steroids, in particular

marinobufagenin that facilitates sodium excretion, but also exerts profibrotic effects (91).

Moreover, high sodium intake can induce paradoxical activation of the aldosterone receptor

and accordingly induce renal and cardiac damage via the profibrotic properties of aldosterone

(92;93). The common denominator of these sodium-induced pathways appears to be their

long term pro-fibrotic effects.

In chapter 8 of this thesis we presented a novel interesting view describing the link between

hemopexin (Hx), an acute phase protein, sodium intake and angiotensin II related organ

damage. We demonstrated that the level of Hx-activity is negatively correlated to the response

of blood pressure to exogenous angiotensin II. Furthermore during a high sodium diet, Hx-

activity was decreased, enhancing the blood pressure response to angiotensin II. These data

are in line with in vitro data, indicating that active Hx inactivates the angiotensin II type I (AT1)

Figure 4: Concentration response curves for Ang I and Ang II in isolated rat aortic rings after 3 weeks

of ACEi treatment during low sodium (left panel) and high sodium diet (right panel). * p < 0.05 for

difference in EC50 between Ang I and Ang II; more Ang I than Ang II is needed for 50% of maximum

contraction to Ang I and Ang II, after ACEi during low sodium, indicating inhibition of vascular AngI

conversion. After similar ACEi treatment during high sodium diet, however, vascular Ang conversion is

not significantly inhibited. Adapted from (82).
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receptor (94). Angiotensin II is thought to play a key role in cardiovascular and kidney damage,

mainly by affecting the AT1-receptor (95). Together, these data provide a possible mechanism

in which a high sodium intake can, by means of a lower Hx-activity, lead to cardiovascular

and kidney damage by increasing the bio- availability of the AT1-receptor. 

Metabolic effects of sodium restriction

The beneficial effects of dietary sodium restriction range from its effect on systemic blood

pressure and renal hemodynamics to a lower urinary excretion of protein. Even bone

metabolism can be positively affected by lowering the intake of dietary sodium (96). In contrast,

sodium intake has been demonstrated to have adverse metabolic effects too, which can

potentially hamper its beneficial effects. Next to its unfavorable influence on the ratio between

pro- and anti- artherogenic lipids, sodium restriction has also been linked to increased insulin

resistance (97-99). An extensive meta-analysis by the Cochrane Collaboration revealed that

in general, a low sodium intake is associated with an increase in total cholesterol and low

density lipoprotein cholesterol (LDL-C)(100). However, interpretation of this analysis is

hampered by considerable differences in the populations studied, varying from healthy

subjects to patients with severe hypertension and type 2 diabetes mellitus. Furthermore, the

duration of sodium restriction was variable, ranging from one to 12 weeks. Moreover, the

achieved difference in sodium intake between the high and low sodium intake differed between

over 250 mmol Na
+
/24 hr to less than 100 mmol Na

+
/24 hr. In order to get a better

understanding of the physiologic effects of sodium restriction on plasma lipid profile we studied

the effects of dietary sodium restriction (50 mmol Na
+
/24 hr) in a homogenous group of young,

healthy, non-obese and normotensive men. The results of this study were presented in chapter

3 of this thesis. It demonstrates that in these subjects a low sodium intake goes along with a

decrease in high density lipoprotein cholesterol (HDL-C) and its main apolipoprotein constituent

Apo A-1. There was no effect on total cholesterol, LDL-C and triglycerides. 

In terms of glucose and lipid metabolism, among others determining the artherogenic profile

of a subject, recently the fat cell itself has been recognized as an important regulatory organ,

secreting active adipokines as leptin and adiponectin. Adiponectin is believed to have direct

effects on glucose and lipid metabolism and has anti-inflammatory and cardioprotective

properties. Hypoadiponectemia is linked to development of diabetes (101;102), essential

hypertension (103) and myocardial infarction (104). Chapter 4 of this thesis sheds new light

on how the level of adiponectin is regulated. We observed that a high sodium intake, i.e.

physiologic suppression of the RAAS, increased the level of circulating adiponectin. Infusion
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of exogenous angiotensin II suppressed the level of adiponectin, supporting a link between

RAAS activity and metabolic status. Animal as well as human data increasingly points to

adiponectin as a key player in the metabolism of HDL-C and Apo A-1 (105;106). This suggest

that the decrease in HDL-C and Apo A-1 as induced by low sodium as described in chapter

3 might be attributed to a decrease in adiponectin. Therefore in this chapter we correlated

the change in HDL-C and Apo A-1 to the change in adiponectin. Because most of the actions

of adiponectin are performed by the high molecular weight fraction of the molecule (107), in

this study we choose to measure HMW-adiponectin instead of total adiponectin. Apparently,

pathways other than that linked to adiponectin are involved in the sodium induced decrease

in HDL-C and Apo A-1, as these changes were unrelated to the change in HMW-adiponectin. 

As described earlier, restriction of dietary sodium, alone or in combination with RAAS

inhibition, is a potent measure to reduce urinary protein excretion in renal patients. Anti-

proteinuric therapy is optimal when RAAS blockade is combined with maximal volume depletion

which can be reached by a combining sodium restriction and a diuretic in addition to RAAS-

blockade (28). As part of the nephrotic syndrome, severe proteinuria often goes along with

disturbance in the plasma lipid profile including an elevated total cholesterol, LDL-C and

triglycerides and inconsistent effects on HDL-C with levels lower, unchanged or even higher

compared to controls (108-110). In chapter 5 of this thesis we describe the effects of maximal

antiproteinuric therapy on the lipid profile of 32 patients with proteinuria of non diabetic origin.

Therapy consisted of a combination of ACE inhibition, hydrochlorothiazide and a low sodium

diet. We demonstrated that in addition to a decrease in total and LDL-C, HDL-C was decrease

by 11% upon therapy. A lower HDL-C is prognostically unfavorable in many conditions (111),

but whether this also applies to the reduction in HDL-C observed here, is not established. The

extent of HDL-C decrease was correlated to the extent of proteinuria reduction, suggesting

that it might be due to the reduction of proteinuria as such, and not the specific intervention

by which it was obtained. However, the effect of antiproteinuric therapy on HDL-C in this study

correlated to a decrease in adiponectin. Our findings in chapter 4, demonstrating the regulation

of circulating adiponectin by RAAS activity, suggest that the decrease in HDL-C during

reduction of proteinuria may in part be ascribed to changes in adiponectin as induced by

intervention in RAAS activity. Remarkably, upon antiproteinuric therapy there was also a

decrease in cholesteryl ester transfer protein (CETP) mass. CETP which has the ability to

transfer cholesteryl ester from HDL-C towards apo B containing lipoproteins, plays a key role

in lipoprotein metabolism (112-114). The decrease in CETP was strongly correlated to the

decrease in LDL-C, suggesting that effects in the reverse cholesterol transport are involved

in the decrease of atherogenic lipoproteins upon anti-proteinuric intervention. 

The findings we presented in chapter 3-5 of this thesis suggest an interaction between
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metabolic status and activity of the RAAS. In chapter 6 of this thesis we investigated the

possible link between CETP-mass and the responsiveness of the RAAS to dietary sodium

restriction. The ratio for this originated from the observation that when CETP is inhibited with

torcetrapib, a marked improvement of the lipid profile is observed. Torcetrapib as combined

with atorvastatin indeed resulted in a 70% increase in HDL-C compared to atorvastatin alone,

but unfortunately was also associated with increased cardiovascular mortality (115) in high

risk patients. Furthermore, CETP inhibition was associated with increased blood pressure and

higher aldosterone levels, suggesting an interaction between CETP and regulation of RAAS

activity. We therefore hypothesized that the individual level of CETP might be predictive of the

regulation of the RAAS by sodium restriction. However, we could not detect such an effect. In

healthy subjects, individual levels of CETP were unrelated to the response of the circulating

RAAS parameters (plasma renin activity and aldosterone) to sodium restriction. Therefore, the

adverse effects of torcetrapib, are likely to be related to an unexpected off-target effect specific

to torcetrapib, rather than to in CETP-inhibition per se. 

Conclusive remarks and future directions

Ample evidence supports the beneficial effects of sodium restriction in CKD, as recognized

by its recommendation in current guidelines. So far, however, in clinical practice the

management of dietary sodium intake in the renal patient is largely ineffective. This is partly

due to the practical difficulties of implementing sodium restriction because most of the dietary

salt is not added, but present in pre-manufactured food products (116). This relic from the

times that salt was needed as a preservative is no longer needed in our era of refrigerators.

This issue should be taken up by health authorities and the food industry, as strongly promoted

by the World Action on Salt and Health (WASH)-initiative (117), which deserves firm support

from the nephrology community. 

Importantly, over the last decennia the kidney is increasingly threatened by obesity, an

emerging epidemic, now and in the future. Obesity is an important independent risk factor for

kidney damage (44) and is highly prevalent in renal patients. Furthermore, once kidney damage

has ensued, excess of weight is related to further deterioration of renal function and eventually

progression to ESRD (51;118;119). 

As illustrated throughout the different chapters in this thesis, there is a mutual interaction

between sodium intake and metabolic factors in determining renal and cardiovascular damage.

First, as demonstrated in the first part of the thesis, the effects of a high sodium intake on the

glomerular filtration rate and the ECFV are increased by overweight. Second, as illustrated in
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the second part of the thesis, sodium restriction in itself can have a considerable impact on

different metabolic processes, which are not always right away beneficial. It would be important

therefore, to establish whether such short term metabolic adverse effects might limit the

favorable effects of lower sodium intake on long term morbidity and mortality. Accordingly,

there is evidence for an intriguing interaction between sodium intake and RAAS activity on

the one hand and overweight and lipid metabolism on the other hand in the overall renal and

cardiovascular risk profile. This is of great importance as both sides of this alliance are

potentially modifiable and can serve as a target for intervention. Therefore, closer monitoring

of body weight and dietary intake of sodium in the general population as well as in patients is

warranted to improve prevention of renal and cardiovascular disease. In line with the second

part of the thesis, there is need for a thorough further investigation on how the complex

metabolism of lipids and apolipoproteins is affected by sodium intake and RAAS activity. 

At the practical level, it is a matter of concern that the prevalence of obesity in the general

population as well as in renal patients is high and is still increasing (120). Furthermore,

monitoring of dietary sodium by 24h urine collection seems to get into disregard, and has in

fact been incriminated as burdensome and unreliable (121). In the pursuit of renal awareness,

simple screening for CKD is recommended by the combination of eGFR and spot urine for

albuminuria. However, spot urine cannot provide information on dietary sodium (or protein)

intake, depriving patient and health professionals from dietary awareness and from proper

feedback on efforts to implement dietary advices. It is important to realize that the trade-off

between burden and benefits of collecting 24h urine depends on the severity of the renal

condition, and thus is different for screening purposes in low risk populations and for individual

management of patients with a grim prognosis. For patients with proteinuric CKD, all possible

efforts should be made to reduce blood pressure and proteinuria, and the benefits of sodium

restriction simply cannot be missed in the therapeutic arsenal. Sodium restriction to the

recommended level of 50-85 mmol/24h lowers proteinuria by ~30% on top of RAAS-blockade,

and even on top of RAAS-blockade combined with a diuretic. Based on the association

between proteinuria reduction and long term outcome (6), it is reasonable to expect of ~25%

in renal and cardiovascular endpoints from better dietary sodium management. In addition to

a consistent reduction of proteinuria and albuminuria in response to dietary sodium restriction,

a recent meta-analysis showed that weight loss, by any means, is also a potent measure to

reduce proteinuria and albuminuria (122). Therefore, whereas hard endpoint data are still

urgently needed on both points, nephrologists should not wait to put much more effort into

reducing dietary sodium intake and reduce overweight. 
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Inleiding

Zout is een belangrijk bestanddeel van ons voedsel. Het speelt een belangrijke rol in de

functie van onze cellen en het in stand houden van de bloeddruk. Onder normale

omstandigheden is een inname van minder dan 1 gram zout per dag voldoende om in leven

te blijven. 

Totdat men 10.000 jaar geleden zout ging toevoegen aan voedsel ter voorkoming van bederf

was de gemiddelde hoeveelheid zout die een mens binnenkreeg erg laag: ongeveer 0,7 gram

per dag. Met de komst van de koelkast is het toevoegen van zout als conserveringsmiddel

echter onnodig geworden. Desalniettemin is de gemiddelde hoeveelheid zout die een persoon

in de Westerse samenleving binnenkrijgt erg hoog: rond 10 gram per dag. Daar waar de

maximum, door de World Health Organization, aanbevolen hoeveelheid tussen de 5-7 gram

per dag ligt.

Meer en meer wordt duidelijk dat teveel zout in onze voeding een nadelig effect heeft op

de volksgezondheid. Diverse grote bevolkingsonderzoeken hebben aangetoond dat een te

hoge zoutinname sterk samenhangt met het ontstaan van hart- en vaatziekten, beroertes en

nierschade op latere leeftijd. Het beperken van de hoeveelheid zout in onze voeding tot een

gezond niveau is dus letterlijk van levensbelang en verdient topprioriteit bij de preventie van

hart- en vaatziekten. 

Maar waarom is het eten van teveel zout slecht voor het lichaam? Hierbij is het belangrijk

te beseffen dat de zoutinname direct samenhangt met de regulatie van het watervolume in

het lichaam. Wanneer iemand te veel zout eet gaat dit gepaard met het vasthouden van vocht.

Een toename van de hoeveelheid vocht in het lichaam zorgt voor een toenemende belasting

van hart en bloedvaten. De gedachte is dat op langere termijn deze continue belasting

overgaat in schade. Dit ziet men terug in de toename van het aantal hartinfarcten en beroertes

en het aantal patiënten dat nierschade oploopt. 

Zoutbeperking is echter geen doel op zich: er zijn immers ook andere risicofactoren voor

hart- en vaatziekten en nierschade, zoals bijvoorbeeld overgewicht, diabetes en

hyperlipidemie. Voor een vruchtbare toepassing bij de preventie van eindorgaanschade is

het daarom belangrijk om de effecten van verandering in zout-status te bestuderen in

samenhang met die andere factoren. In de studies in dit proefschrift benaderen we de

samenhang van zout-status en metabole factoren op verschillende wijzen: in deel 1 bestuderen

we bij gezonde vrijwilligers het effect van overgewicht op volume regulatie. In deel twee

onderzoeken we de effecten van verandering in zout- en volumestatus op verschillende

aspecten van vethuishouding en metabolisme. In deel 3 tenslotte, bespreken we enkele nieuwe

factoren betrokken bij volume huishouding.  
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Deel 1: Het effect van overgewicht op volumeregulatie

De kans op schade door de inname van te veel zout is groter in personen met overgewicht.

Het exacte mechanisme hierachter is niet duidelijk. We weten dat bij een stijging van de

zoutinname het lichaam meer vocht gaat  vasthouden. Met andere woorden: personen met

een hoge zoutinname hebben een toegenomen hoeveelheid vocht in hun lichaam. Een deel

daarvan wordt opgenomen door de cellen. Het gedeelte van het lichaamsvocht dat zich buiten

de cellen bevindt is het extracellulaire volume (ECV); dit is een belangrijke factor in de

bloedsomloop. 

In het eerste deel van dit proefschrift laten we zien dat de toename van het ECV als reactie

op een toegenomen zoutinname sterker is in personen met overgewicht dan bij slanke

proefpersonen: van het extra zout dat wordt geconsumeerd blijft bij personen met overgewicht

een groter deel achter, wat leidt tot een sterkere stijging van ECV. Dit hebben we aangetoond

door 95 gezonde jonge mannen gedurende twee weken te bestuderen, één week tijdens een

hoog zoutdieet en een week tijdens een laag zoutdieet. Het hoog zoutdieet bevatte 12 gram

keukenzout per dag, het laag zoutdieet 3 gram per dag: een tamelijk strikte zoutbeperking

dus. Gedurende beide perioden werd het ECV gemeten. 

Als door een toegenomen hoeveelheid zout in het dieet de hoeveelheid zout in het lichaam

(en dus het ECV) is toegenomen, treden allerlei compensatiemechanismen in werking om de

uitscheiding van zout weer in evenwicht te brengen met de inname. Eén daarvan is een

toename van de uitscheiding van zout in de urine via de nieren. 

Parallel aan bovengenoemde meting werd in dezelfde proefpersonen tijdens beide diëten

de nierdoorbloeding en de druk in de nier gemeten; twee factoren die de filtratie - en daarmee

nierfunctie - bepalen. Het bleek dat bij mensen met overgewicht de druk in de nier tijdens het

hoog zoutdieet meer toenam dan bij de mensen met een normaal gewicht. Het hebben van

een hoge druk in de nier is een risicofactor voor het krijgen van nierschade op latere leeftijd.

Ook leidde het hoog zout dieet tot een stijging van de hoeveelheid eiwit in de urine, hetgeen

beschouwd wordt als een risico voor nierschade, al bleef dit wel binnen het normale bereik. 

Zowel de toename van het  ECV, dat kan leiden tot hoge bloeddruk en belasting van het

hart, als de hogere filtratiedruk in de nier tijdens een hoog zoutdieet betreffen subtiele

veranderingen, die voor de persoon zelf niet te merken zijn. Het is echter belangrijk om te

bedenken dat schade aan hart, bloedvaten en nieren zich ontwikkelen over een beloop van

tientallen jaren, en dat juist de subtiele veranderingen op jongere leeftijd de basis leggen voor

de manifeste eindorgaanschade op middelbare en oudere leeftijd.  Dit  ongunstige samenspel

van zout en overgewicht was tot dusverre alleen aangetoond in patiënten met hypertensie en

hartfalen, en in oudere bevolkingsgroepen. Dat het ook al optreedt in gezonde jongeren is

opmerkelijk. Omdat  de gemiddelde zoutinname in de Westerse wereld hoog is, en ook
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overgewicht steeds meer voorkomt, zou dit ongunstige samenspel van te veel zout en

overgewicht in de nabije toekomst een van de belangrijkste factoren kunnen worden bij het

risico op hart- en vaatziekten en nierschade. 

Deel 2: De invloed van zoutinname op de vetstofwisseling 

In het eerste deel van dit proefschrift komt aan bod hoe mensen met en zonder overgewicht

omgaan met een verandering in zoutinname. De reden van deze verschillende reacties op

zoutinname is niet bekend, maar het lijkt waarschijnlijk dat verschillen in de functie van het

vetweefsel (dit functioneert anders bij mensen met overgewicht) hier mee te maken hebben.

Andersom, in het tweede deel van dit proefschrift, laten we zien dat een zoutbeperking - dus

ingrijpen in de volume balans - an sich ook invloed heeft op de vetstofwisseling. 

Allereerst laten we zien dat bij gezonde mannen tijdens een laag zoutdieet een lichte

verlaging in het HDL-cholesterol (het ‘goede cholesterol’) optreedt. Ook het gehalte aan

apolipoproteine A, het belangrijkste eiwitbestanddeel van HDL-cholesterol, daalt tijdens een

laag zoutdieet. Het betreft in dit geval dus een potentieel ongunstig effect van een

zoutbeperking. Immers, een hoog HDL-cholesterol verlaagt de kans op het krijgen van hart-

en vaatziekten. In hoeverre dit effect opweegt tegen de eerder genoemde gunstige effecten

van een lage zoutinname is niet bekend en zal nader moeten worden onderzocht. Echter,

benadrukt dient te worden dat het gaat om buitengewoon subtiele effecten op het cholesterol. 

Recent werd ontdekt dat vetweefsel geen passief weefsel is, maar een actieve rol speelt in

allerlei lichaamsprocessen door het uitscheiden van verschillende eiwitten. Eén van de eiwitten

die door de vetcellen wordt uitgescheiden is adiponectine. Adiponectine heeft een gunstig

effect op het hart en de bloedvaten en helpt aderverkalking tegen te gaan. Tevens speelt het

een belangrijke rol in de stofwisseling van suikers en vetten. Zo hebben mensen met een

lagere adiponectine spiegel in het bloed een verhoogde kans op het ontwikkelen van

suikerziekte. Daarnaast speelt adiponectine een belangrijke rol bij het op peil houden van

HDL-cholesterol in het bloed. In het tweede deel van dit proefschrift vonden we dat

zoutbeperking ook gepaard gaat met een verlaging van het adiponectine in het bloed. Ook

wanneer angiotensine II, een lichaamseigen stof die vrijkomt tijdens een laag zoutdieet, aan

een proefpersoon in hoge dosering wordt toegediend, daalt het adiponectine. We

veronderstellen daarom dat de effecten van angiotensine II verantwoordelijk zijn voor de

verlaging van adiponectine tijdens zoutbeperking

Patiënten met uitgebreide nierschade hebben niet alleen de neiging vocht vast te houden.

Ze  verliezen daarnaast veel eiwit via de urine doordat het ‘nierfilter’ kapot is. Dit eiwitverlies

gaat gepaard met een verhoging van het totaal cholesterol, het HDL en het LDL cholesterol.

Het eiwitverlies wordt behandeld met bloeddruk-verlagers, plastabletten en met een laag
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zoutdieet: hierdoor dalen zowel de bloeddruk als het ECV. Deze behandeling vermindert  het

eiwitverlies in de urine, hetgeen een beschermend effect heeft op de nier. De daling van het

eiwitverlies gaat gepaard met een verlaging van het totale cholesterol, het HDL-cholesterol

en het LDL-cholesterol (het ‘slechte cholesterol’). Hoe beter het eiwitverlies wordt behandeld,

hoe meer het cholesterol daalt. Daling van het cholesterol is dus inherent aan een adequate

behandeling van de nierziekte. 

Samenvattend laten wij in deel 2 van het proefschrift  zien dat een ingreep in de zoutinname

(die zoals eerder uitgelegd mag worden beschouwd als een ingreep in de vochthuishouding)

gepaard gaat met effecten op de vetstofwisseling. De aard van die effecten verschilt tussen

gezonde proefpersonen en patiënten met nierziekte.  Het benadrukt de ingewikkelde interactie

tussen de vochthuishouding enerzijds en de vetstofwisseling anderzijds. 

Deel 3: Hemopexine en natriuretische peptides: nieuwe spelers in de

volumehuishouding 

In deel 1 van dit proefschrift werd duidelijk dat de combinatie van een hoge zoutinname en

het hebben van overgewicht kan leiden tot het vasthouden van vocht en een toename van de

filtratiedruk in de nier. Als dit jaren achtereen bestaat, leidt dit tot hart- en vaatziekten en

nierschade. De reden waarom juist mensen met overgewicht gevoelig zijn voor de effecten

van een hoge zoutinname zijn niet volledig duidelijk. Eén van de mechanismen zou een

toegenomen activiteit van het renine-angiotensine-aldosteron-systeem (RAAS) kunnen zijn.

Het RAAS is een lichaamseigen hormoonsysteem, dat actief is in de circulatie en ook lokaal

in de nier en ten doel heeft zout (en dus ook vocht) vast te houden in het lichaam. Bij een

hoge zoutinname is het RAAS normaal gesproken minder actief dan bij lage zoutinname. In

het verleden is gebleken dat toegenomen activiteit van het RAAS in situaties waarbij dit niet

nodig is (zoals tijdens een hoge zoutinname) kan leiden tot hart- en vaatziekten en nierschade. 

In het laatste deel van dit proefschrift laten wij eerst zien dat een toegenomen RAAS-activiteit

in de nier wordt gekenmerkt door een toegenomen spiegel van het hormoon afbraak product

NT-proBNP. Dit weerspiegelt de activiteit van de zogenaamde natriuretische peptides. De

werking daarvan is precies tegengesteld aan die van het RAAS. Als het lichaam veel vocht

vasthoudt, is de activiteit van natriuretische peptides hoog, teneinde het overtollige vocht af

te drijven. Als het lichaam een relatief vochttekort heeft, is daarentegen de activiteit van

natriuretische peptides laag. Wij tonen aan dat wanneer het RAAS onnodig actief is tijdens

een hoge zoutinname, dat gecompenseerd wordt door een hogere activiteit van natriuretische

peptides. De spiegel van het NT-proBNP in het bloed kan bovendien gebruikt worden als

indicator voor een toegenomen RAAS-activiteit in de nier. 

Als de inname van zout hoog is treden dus normaal gesproken een aantal
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compensatiemechanismen in werking: de activiteit van het RAAS gaat omlaag en de activiteit

van NT-proBNP gaat omhoog. Daarnaast bestaat er tussen verschillende personen een verschil

in hoeverre zij gevoelig zijn voor de activiteit van het RAAS. In deel drie van dit proefschrift

leggen wij een relatie tussen de activiteit van het hormoon hemopexine, de aktiviteit van het

RAAS en de individuele gevoeligheid voor het RAAS. Bij gezonde proefpersonen werd de

activiteit van het RAAS gemanipuleerd door verandering van de hoeveelheid zout in het dieet.

Hierbij bleek hoge activiteit van hemopexine gepaard te gaan met een lage gevoeligheid voor

het RAAS: op grond van eerdere experimentele waarnemingen lijkt het waarschijnlijk dat

hemopexine een rol speelt bij het inactiveren van de receptor voor het angiotensine II. Dit

onderzoek toont aan dat de lichaamseigen stof hemopexine mogelijk een rol speelt in de

relatie tussen een hoge activiteit van het RAAS en hart- en vaatzieken en nierschade. Hoe dit

precies met elkaar samenhangt, is nog niet bekend en zal verder onderzocht moeten worden.

Conclusie

Dit proefschrift toont aan dat er wisselwerking bestaat tussen de zout-en-volumehuishouding

enerzijds en metabole factoren  anderzijds. Dit bevestigt ons uitgangspunt dat het belangrijk

is om de verschillende factoren die betrokken zijn bij hart-,vaat- en nierschade in hun

samenhang te bestuderen. We vonden een ongunstig samenspel van hoge zoutinname en

overgewicht bij jonge mensen, dat mogelijk een rol speelt bij het feit juist de combinatie van

een hoge zoutinname en overgewicht het risico op hart- en vaatziekten en nierschade op

latere leeftijd doet toenemen. Onze gegevens suggereren dat zoutbeperking van nut kan zijn

bij vroege preventie van de gevolgen van overgewicht. Strikte zoutbeperking had echter

uiteenlopende metabole effecten bij gezonden en nierpatiënten, verder onderzoek moet

uitwijzen wat daarvan de klinische betekenis is. 
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Het schrijven van het dankwoord betekend dat het boekje bijna af is, jahoe! Als slotstuk

van ieder proefschrift, het meest gelezen onderdeel. Iedereen gaat na het ontvangen van een

proefschrift naarstig op zoek of hij of zij genoemd staat. Zoals iedere rechtgeaarde

promovendus probeer ook ik zo volledig mogelijk te zijn in mijn dankbetuigingen. Echter,

mocht ik onverhoopt dan toch iemand vergeten zijn: sorry, het spijt me, zo had ik het niet

bedoeld en natuurlijk, jij of u wordt ook van harte bedankt bij het tot stand komen van dit

proefschrift.

Rond de kerst van 2003 liep ik voor het eerst op de toenmalige Kidney Alley rond.

Nietsvermoedend toen, niet doorhebbende dat die eerste stap in de wereld van de nier zes

en een half jaar later uit zou monden in een heus proefschrift. De eerste die daarom bedankt

moet worden is natuurlijk Prof. Dr. Gerjan Navis, mijn promotor. Beste Gerjan, bedankt dat je

mij in die eerste tijd met zoveel enthousiasme begeleidde en bovendien later als arts-

onderzoeker een aanstelling aanbood. Je creatieve geest, je ontembaar enthousiasme als we

een mooie ontdekking hadden gedaan, en de grote vrijheid zelf ‘projectjes’ te ontplooien heb

ik erg in je gewaardeerd. De laatste jaren ben je wel steeds drukker geworden, maar je

enthousiasme voor naar ik denk dat je ‘hobbies’ zijn: zout, het RAAS en renale hemodynamiek

is altijd gebleven. Bedankt!

Dan mijn copromotores Dr. Robin Dullaart en Dr. Stephan Bakker. Robin, jou kwam ik pas

wat later in mijn onderzoeksperiode tegen. Desalniettemin heeft onze samenwerking

geresulteerd in vier inmiddels gepubliceerde artikelen, waarvan er drie in mijn boekje zijn

opgenomen. Ik heb je effectiviteit en goede feedback erg gewaardeerd. Onze SPSS “freubel-

sessies” waren niet alleen erg nuttig voor het volgende artikel, ik heb ook steeds veel gelachen

als jij je niet-zo-handige computerkunsten vertoonde. Stephan, de man met de grote glimlach,

dank voor je inbreng bij de verschillende artikelen en je altijd verassende ideeën over nieuwe

ingewikkelde stofjes. Ik vond het fijn dat ik altijd bij je binnen kon lopen en dat je abstracts en

artikelen vaak snel van goed commentaar voorzag.

Prof. Zietse wil ik hartelijk danken voor het beoordelen van mijn proefschrift. I would like to

thank prof. dr. Strazzullo and dr. Chagnac for the taking part in the thesis committee. 

Naast mijn werkzaamheden in het UMCG reed ik twee jaar, bijna elke maandagochtend,

dapper naar het Twenteborgziekenhuis in Almelo. Ondanks het vaak vroege opstaan was de

onderzoekspoli daar een welkome afwisseling: eindelijk weer een beetje dokter spelen. Ik wil

Arend-Jan Woittiez hartelijk bedanken voor zijn enthousiasme en gastvrijheid. Ik hoop dat de

DiNaMO mooie resultaten op gaat leveren! De samenwerking had nooit zo soepel kunnen
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verlopen zonder Marja (†), helaas kan ik jou niet meer bedanken.

Als je lang op een afdeling rondloopt betekend dat dat je ook een hoop verschillende aio’s

meemaakt. Door de jaren heen maakte ik deel uit van verschillende ‘generaties’ aio’s. Ik wil

iedereen van harte bedanken voor een fantastische tijd. Door de vele uitjes en borrels heb ik

mijn onderzoekstijd ervaren als een soort verlengde studententijd. Zonder jullie was dat niet

mogelijk geweest. Uit de begintijd wil ik Andrea, Aiko, Auke en Menno bedanken. Liffert: dank

voor de tijd als kamergenoot, je adviezen over de woelige onderzoekswereld en de mooie

discussies over van alles en nog wat. Titia, naast de gezelligheid en de borrels, wil ik jou

bedanken voor de begeleiding in de beginfase, bovendien gaan we binnenkort weer

samenwerken aan het hemopexine-stuk. Je bent een fijne collega. Femke en Mieneke: jullie

zijn beide lange tijd mijn roommates geweest. Dank voor de vele drankjes, de goede grappen

en de gezellige sfeer. Mieneke, dank je wel voor dat je altijd een uitweg wist als ik weer eens

een computerprobleem had. Femke, ik hoop dat we in de toekomst nog veel meer gaan

discussiëren over schimmels en allerlei gekke syndromen. Folkert alias ‘ik heb het super druk,

maar ik heb nog steeds geen stress’. Wij delen een gezamenlijke hobby: fysiologie. Ik denk

dat we met elkaar vele uren hebben besteed aan het fysiologisch aan elkaar redeneren van

onderzoeksresultaten. Dank je wel voor alle gezelligheid, ik hoop dat we nog eens een biertje

gaan drinken in de toekomst.

Naast roommates zijn er natuurlijk ook mensen bij wie je altijd binnenloopt; de buren op de

andere AIO-kamer. Leendert: als partners in crime deden we het beiden in de broek toen we

een praatje moesten houden in Philadelphia, maar we hebben ons er mooi doorheen geslagen.

Dank je voor alle gezelligheid. Rutger: volgens mij hebben we heel wat (onderzoeks)frustraties

aan elkaar uitgewisseld. Dank je voor de vele grappen en grollen. Dank voor al je mooie

portretten en onthoud: Hemopexine rules! Ennuh, zullen we Ron nog eens vertellen van die

sinaasappel? Tegenwoordig zitten Solly en Maartje in de ‘buurkamer’. Ook jullie wil ik bedanken

voor een mooie tijd en succes wensen met jullie eigen promotie. 

Ferdau, Dorien, Else en Steef, ook jullie wil ik bedanken. Het feit dat we samen op wintersport

zijn geweest zegt denk ik genoeg, bedankt! Ferdau, we moeten snel nog maar wat ‘cola’s’

gaan drinken samen. Else, ik vond de ritjes naar Almelo altijd erg gezellig. Dank voor alle

zoetigheid die je meenam, de goede gesprekken en de soms gevraagde en soms

ongevraagde adviezen. Dorien, jij bent altijd in voor de nodige ‘onderzoeks’ uitjes, dank je

voor de gezelligheid. Steef, fijn dat je mijn paranimf wil zijn. Je bent een goede gozer. Met jou

kon ik heerlijk ouwehoeren over van alles: onderzoeks- en niet onderzoeksgebonden. ECV,

daar kun je verder mee !?

Arjan, mijn opvolger in Almelo, ik zie dat je voortvarend van start bent gegaan met de
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DiNaMO, ik hoop dat het mooie resultaten oplevert. Succes daar in het oosten! 

‘Achteraf hadden we langer in Chicago moeten blijven’. Wat mij betreft gaat dit nog steeds

op. Esther en Maurits, ik vind het geweldig dat we een wild plan ook daadwerkelijk tot uitvoer

hebben gebracht. Chicago was echt super! Maurits, misschien is het goed dat we wat verder

uit elkaar wonen. Anders zouden we zeker meer kannetjes binnenkrijgen dan gezond voor

ons zou zijn. Esther, dank je voor de vele borrel- en koffiesessies en voor alle gezelligheid.

Ons samenwerkingsproject heeft helaas niet zoveel opgeleverd, misschien dat we in de

toekomst nog eens samen kunnen werken aan een ander project. Succes met de laatste

loodjes van jouw proefschrift. 

Natuurlijk zijn er nog een hoop andere collega-onderzoekers die ik nog niet genoemd heb,

maar wel belangrijk zijn geweest, in willekeurige volgorde; Allaa, Jacoline, Nynke, Martin, Inge,

Wynand, Eelke, Pauline, Astrid, Pramod, Anna, Kiran, Jelena, Wendy, Merel, Lieneke, Mirjan,

Miriam, Sacha, Janna, Marije, Heleen, Hiddo, Martine, Guiseppe(†), Gemma, Carolien, Judith,

Michel, Kevin en Jeffrey.

Elke AIO die werk gedaan heeft in de nierfunctiekamer hoort een aparte paragraaf te wijden

aan de nierfunctiedames. Zo ook ik. Roelie, Marian en Dirkina; hartelijk dank voor alle hulp bij

de vele soms onmogelijke projectjes. Dank ook voor de gezelligheid en de koffie tijdens mijn

bijna dagelijkse bezoek om de pompformulieren te berekenen. Winie, jou wil ik bedanken voor

al je hulp bij allerlei moeilijke administratieve zaken. Bovendien ben je een prettig mens, heerlijk

om even bij jou op de kamer binnen te lopen. Theo, bedankt voor het bepalen van de

hemopexine.

Als hoofd van de afdeling wil ik jou, Paul, bedanken voor de gastvrijheid en je altijd nuttige

commentaar tijdens de werkbesprekingen, refereerlunches en congressen. Daarnaast wil ik

de andere stafleden van de afdelingen nefrologie en pathologie waar ik op één of andere

manier mee samengewerkt heb bedanken voor een mooie tijd. Ron Gansevoort, Willem van

Son, Harry van Goor, Casper Franssen, Jaap van den Born en Winston Bakker bedankt!

Winston, ondanks de korte samenwerking heb ik genoten van je enthousiasme en

bevlogenheid wat betreft ons hemopexine stuk. Ik ga er van uit dat het met de nieuwe data

op komst een nog mooier verhaal wordt. Ook Akin, Jan-Stephan, Goos, Peter, Kwok-Wei en

Pauline, de verschillende NIO’s door de jaren heen wil ik bedanken voor een mooie tijd. 

Sander, Marko, Allart, Joris, Jan, Mahir en Hans. Jullie waren dan wel niet direct betrokken

bij het onderzoek, echter, de vele borrels, etentjes, ouwehoer-sessies, uitjes en vakanties

hebben wel bijgedragen aan een fantastische tijd naast het onderzoek. Bedankt jongens, ik

hoop dat we binnenkort weer eens op pad gaan met z´n allen. Sander, top dat naast mij in

een apenpakje de corona gaat aanschouwen. Succes ook met jouw laatste lootjes. Ulco, dank
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je wel voor de sportieve afleiding op het badmintonveld.

Rebekka en Annebet, samen met Sander vormden wij de harde kern van verschillende

ISCOMS-besturen. Ik wil jullie hartelijk danken voor de gezelligheid tijdens onze vele etentjes.

Rebekka, goed dat we elkaar weer vaker gaan zien als je straks weer terug bent uit the Big

Apple. Dank voor de mooie foto´s die de kaft van dit proefschrift sieren. 

Bram, Martin en Lukas; de overgebleven maatjes uit Emmen; bedankt voor alles. We moeten

elkaar weer meer gaan zien in de toekomst….

Beste familie Tent, Bert en Wija, Hans en Marjanne, Alf en Eva, Tante Roelie, kleine Renée

en Oscar, dank voor alle gekkig- en gezelligheid!

Mijn familie mag ik natuurlijk niet vergeten. Lieve pap en mam, Janneke, Baukje en Theo,

dank voor jullie steun in alles wat ik doe en gedaan heb. Zonder jullie was dit boekje er niet

geweest. Bart en Elisa, lief neefje en nichtje, ik hoop jullie vaak te zien in de toekomst. 

Hilde, lief klein tentje, je bent super, ik heb zin in onze toekomst!

Jan 14-04-2010
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