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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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