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The effect of a shift in sodium

intake on renal hemodynamics

is determined by body mass

index in healthy young men
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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

30

BMI modifies the renal hemodynamic response to sodium
1

proefschrift_Opmaak 1  19-4-2010  14:52  Pagina 30



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).

P
a
rt

 o
n
e

37

Chapter 1

proefschrift_Opmaak 1  19-4-2010  14:53  Pagina 37



Acknowledgements

We greatly acknowledge the technical assistance of Mrs MC Vroom-Dallinga and Mrs R

Karsten-Barelds in the renal functionmeasurements.

38

BMI modifies the renal hemodynamic response to sodium
1

proefschrift_Opmaak 1  19-4-2010  14:53  Pagina 38



Reference List

1 Praga M, Hernandez E, Herrero JC, Morales E, Revilla Y, Diaz-Gonzalez R, et al. Influence of obesity on the 

appearance of proteinuria and renal insufficiency after unilateral nephrectomy. Kidney Int 2000 Nov;58(5):2111-

8.

2 Meier-Kriesche HU, Arndorfer JA, Kaplan B. The impact of body mass index on renal transplant outcomes: a 

significant independent risk factor for graft failure and patient death. Transplantation 2002 Jan 15;73(1):70-4.

3 Bonnet F, Deprele C, Sassolas A, Moulin P, Alamartine E, Berthezene F, et al. Excessive body weight as a new

independent risk factor for clinical and pathological progression in primary IgA nephritis. Am J Kidney Dis 2001

Apr;37(4):720-7.

4 Pinto-Sietsma SJ, Navis G, Janssen WM, de Zeeuw D, Gans RO, de Jong PE. A central body fat distribution 

is related to renal function impairment, even in lean subjects. Am J Kidney Dis 2003 Apr;41(4):733-41.

5 Iseki K, Ikemiya Y, Kinjo K, Inoue T, Iseki C, Takishita S. Body mass index and the risk of development of 

end-stage renal disease in a screened cohort. Kidney Int 2004 May;65(5):1870-6.

6 Iseki K, Ikemiya Y, Iseki C, Takishita S. Proteinuria and the risk of developing end-stage renal disease. 

Kidney Int 2003 Apr;63(4):1468-74.

7 Tozawa M, Iseki K, Iseki C, Oshiro S, Ikemiya Y, Takishita S. Influence of smoking and obesity on the 

development of proteinuria. Kidney Int 2002 Sep;62(3):956-62.

8 Hsu CY, McCulloch CE, Iribarren C, Darbinian J, Go AS. Body mass index and risk for end-stage renal 

disease. Ann Intern Med 2006 Jan 3;144(1):21-8.

9 Ribstein J, du Cailar G, Mimran A. Combined renal effects of overweight and hypertension. Hypertension 

1995 Oct;26(4):610-5.

10 Dengel DR, Goldberg AP, Mayuga RS, Kairis GM, Weir MR. Insulin resistance, elevated glomerular filtration 

fraction, and renal injury. Hypertension 1996 Jul;28(1):127-32.

11 Bosma RJ, van der Heide JJ, Oosterop EJ, de Jong PE, Navis G. Body mass index is associated with altered 

renal hemodynamics in non-obese healthy subjects. Kidney Int 2004 Jan;65(1):259-65.

12 Chagnac A, Weinstein T, Korzets A, Ramadan E, Hirsch J, Gafter U. Glomerular hemodynamics in severe 

obesity. Am J Physiol Renal Physiol 2000 May;278(5):F817-F822.

13 Bosma RJ, Krikken JA, Homan van der Heide JJ, de Jong PE, Navis G. Obesity and Renal Hemodynamics. 

Contrib Nephrol. 151, 184-202. 2006. 

14 Cirillo M, Senigalliesi L, Laurenzi M, Alfieri R, Stamler J, Stamler R, et al. Microalbuminuria in nondiabetic 

adults: relation of blood pressure, body mass index, plasma cholesterol levels, and smoking: The Gubbio 

Population Study. Arch Intern Med 1998 Sep 28;158(17):1933-9.

15 Verhave JC, Hillege HL, Burgerhof JG, Janssen WM, Gansevoort RT, Navis GJ, et al. Sodium intake affects 

urinary albumin excretion especially in overweight subjects. J Intern Med 2004 Oct;256(4):324-30.

16 du Cailar G, Ribstein J, Mimran A. Dietary sodium and target organ damage in essential hypertension. Am J 

Hypertens 2002 Mar;15(3):222-9.

17 Bigazzi R, Bianchi S, Baldari D, Sgherri G, Baldari G, Campese VM. Microalbuminuria in salt-sensitive 

patients. A marker for renal and cardiovascular risk factors. Hypertension 1994 Feb;23(2):195-9.

18 Bruun NE, Skott P, Damkjaer Nielsen M, Rasmussen S, Schutten HJ, Leth A, et al. Normal renal tubular 

response to changes of sodium intake in hypertensive man. J Hypertens 1990 Mar;8(3):219-27.

19 Campese VM, Parise M, Karubian F, Bigazzi R. Abnormal renal hemodynamics in black salt-sensitive 

patients with hypertension. Hypertension 1991 Dec;18(6):805-12.

20 Mallamaci F, Leonardis D, Bellizzi V, Zoccali C. Does high salt intake cause hyperfiltration in patients with 

P
a
rt

 o
n
e

39

Chapter 1

proefschrift_Opmaak 1  19-4-2010  14:53  Pagina 39



essential hypertension? J Hum Hypertens 1996 Mar;10(3):157-61.

21 Barba G, Cappuccio FP, Russo L, Stinga F, Iacone R, Strazzullo P. Renal function and blood pressure 

response to dietary salt restriction in normotensive men. Hypertension 1996 May;27(5):1160-4.

22 Apperloo AJ, de Zeeuw D, Donker AJ, de Jong PE. Precision of glomerular filtration rate determinations for l

long-term slope calculations is improved by simultaneous infusion of 125I-iothalamate and 131I-hippuran. J 

Am Soc Nephrol 1996 Apr;7(4):567-72.

23 Derkx FH, Tan-Tjiong L, Wenting GJ, Boomsma F, Man in 't Veld AJ, Schalekamp MA. Asynchronous 

changes in prorenin and renin secretion after captopril in patients with renal artery stenosis. Hypertension 

1983 Mar;5(2):244-56.

24 Anastasio P, Spitali L, Frangiosa A, Molino D, Stellato D, Cirillo E, et al. Glomerular filtration rate in severely 

overweight normotensive humans. Am J Kidney Dis 2000 Jun;35(6):1144-8.

25 Schmieder RE, Beil AH, Weihprecht H, Messerli FH. How should renal hemodynamic data be indexed in 

obesity? J Am Soc Nephrol 1995 Mar;5(9):1709-13.

26 Rocchini AP, Key J, Bondie D, Chico R, Moorehead C, Katch V, et al. The effect of weight loss on the 

sensitivity of blood pressure to sodium in obese adolescents. N Engl J Med 1989 Aug 31;321(9):580-5.

27 Weir MR, Dengel DR, Behrens MT, Goldberg AP. Salt-induced increases in systolic blood pressure affect 

renal hemodynamics and proteinuria. Hypertension 1995 Jun;25(6):1339-44.

28 van Paassen P, de Zeeuw D, Navis G, de Jong PE. Does the renin-angiotensin system determine the renal 

and systemic hemodynamic response to sodium in patients with essential hypertension? Hypertension 1996 

Feb;27(2):202-8.

29 Barton M, Carmona R, Morawietz H, d'Uscio LV, Goettsch W, Hillen H, et al. Obesity is associated with 

tissue-specific activation of renal angiotensin-converting enzyme in vivo: evidence for a regulatory role of 

endothelin. Hypertension 2000 Jan;35(1 Pt 2):329-36.

30 Price DA, Lansang MC, Osei SY, Fisher ND, Laffel LM, Hollenberg NK. Type 2 diabetes, obesity, and the 

renal response to blocking the renin system with irbesartan. Diabet Med 2002 Oct;19(10):858-61.

31 Ahmed SB, Fisher ND, Stevanovic R, Hollenberg NK. Body mass index and angiotensin-dependent control of

the renal circulation in healthy humans. Hypertension 2005 Dec;46(6):1316-20.

32 Esler M, Rumantir M, Wiesner G, Kaye D, Hastings J, Lambert G. Sympathetic nervous system and insulin 

resistance: from obesity to diabetes. Am J Hypertens 2001 Nov;14(11 Pt 2):304S-9S.

33 Hofman C, Francis B, Rosenthal T, Winaver J, Rubinstein I, Abassi Z. Effects of Endothelin-1 on Systemic and

Renal Hemodynamics in Hypertensive-Diabetic Rats (CRDH), Diabetic Rats (CDR), and Hypertensive Rats 

(SHR). J Cardiovasc Pharmacol 2004 Nov;44:S191-S194.

34 Ferrannini E, Natali A, Bell P, Cavallo-Perin P, Lalic N, Mingrone G. Insulin resistance and hypersecretion in 

obesity. European Group for the Study of Insulin Resistance (EGIR). J Clin Invest 1997 Sep 1;100(5):1166-73.

35 Abbasi F, Brown BW, Jr., Lamendola C, McLaughlin T, Reaven GM. Relationship between obesity, insulin 

resistance, and coronary heart disease risk. J Am Coll Cardiol 2002 Sep 4;40(5):937-43.

36 Murakami E, Hiwada K, Kokubu T. Effects of insulin and glucagon on production of renin substrate by the 

isolated rat liver. J Endocrinol 1980 Apr;85(1):151-3.

37 Cassis LA. Downregulation of the renin-angiotensin system in streptozotocin-diabetic rats. Am J Physiol 1992

Jan;262(1 Pt 1):E105-E109.

38 Ogihara T, Asano T, Ando K, Chiba Y, Sekine N, Sakoda H, et al. Insulin resistance with enhanced insulin 

signaling in high-salt diet-fed rats. Diabetes 2001 Mar;50(3):573-83.

39 Donovan DS, Solomon CG, Seely EW, Williams GH, Simonson DC. Effect of sodium intake on insulin 

40

BMI modifies the renal hemodynamic response to sodium
1

proefschrift_Opmaak 1  19-4-2010  14:53  Pagina 40



sensitivity. Am J Physiol 1993 May;264(5 Pt 1):E730-E734.

40 Fliser D, Fode P, Arnold U, Nowicki M, Kohl B, Ritz E. The effect of dietary salt on insulin sensitivity. Eur J Clin

Invest 1995 Jan;25(1):39-43.

41 Petrie JR, Morris AD, Minamisawa K, Hilditch TE, Elliott HL, Small M, et al. Dietary sodium restriction impairs 

insulin sensitivity in noninsulin-dependent diabetes mellitus. J Clin Endocrinol Metab 1998 May;83(5):1552-7.

42 Ritz E. Salt-the forgotten renal risk factor. J Am Soc Nephrol 2005;16:567-73.

43 Aviv A, Hollenberg NK, Weder AB. Sodium glomerulopathy: tubuloglomerular feedback and renal injury in 

African Americans. Kidney Int 2004 Feb;65(2):361-8.

44 Vedovato M, Lepore G, Coracina A, Dodesini AR, Jori E, Tiengo A, et al. Effect of sodium intake on blood 

pressure and albuminuria in Type 2 diabetic patients: the role of insulin resistance. Diabetologia 2004 

Feb;47(2):300-3.

P
a
rt

 o
n
e

41

Chapter 1

proefschrift_Opmaak 1  19-4-2010  14:53  Pagina 41


