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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
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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
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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).
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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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