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1. Summary 
For this bachelor thesis, a literature study has been performed. Salt has had huge influences on 

humankind, but modern intake rates unfortunately have some adverse effects. Sodium as well as 

chloride are important electrolytes for the body. This thesis focuses on sodium. Sodium enters the 

body through the diet and is mostly excreted through the urine. There are a lot of hormones 

responsible for the maintenance of the sodium contents of the body. These act on different signals, 

where the change of sodium contents sometimes is merely an effect instead of the main goal. For a 

long time, high intake of salt was associated with the retention of water. However, Titze et al proved 

that this was not the only way that the body handles sodium levels. They found that the body is 

capable of storing the sodium in an osmotically inactive way. This is done with proteoglycans, 

negatively charged molecules in the extracellular matrix. To be able to store the salt, new 

proteoglycans are synthesized and the sulphation patterns change. The osmotically inactive sodium 

storage is associated with a higher risk of autoimmune diseases, but it also functions as a microbial 

barrier and prevents increase in blood pressure. Salt sensitive people are less capable of this kind of 

sodium storage compared to salt resistant people. The mechanisms of osmotically inactive sodium 

storage are partially understood, as well as what happens to chloride during this storage. When the 

mechanisms will be fully understood, this could have great clinical implications in for example the 

treatment of hypertension or autoimmune diseases.  

2. Introduction 
This review will discuss the way the body handles salt. The functions both sodium and chloride have 

in the body will be explained first. Thereafter, the way the body absorbs and excretes sodium will be 

discussed. Recently a new way of storing sodium in the body is discovered, namely the osmotically 

inactive storage. This will be reviewed and because proteoglycans play a major role in this process, 

they will be discussed afterwards. This sodium storage by proteoglycans has major consequences, 

which will be reviewed next. Finally a conclusion is drawn.   

 

Salt is composed of the positive charged Na+ and the negative charged Cl- ions. There are two main 

sources of salt, namely sea water and rock salt. Salt has been an important substance throughout 

history. Due to it’s never decaying property, it was a symbol for immortality. It’s antibacterial 

properties, ionic strength and ability to induces osmosis were considered to have healing properties1. 

Salt has influenced our society greatly. For example, the French word ‘salut’, a greating, comes from 

the word salt and is originally used to wish someone health. In ancient Rome, salt was used as an 

equivalent of money. This is also where our word ‘salary’ derives from1. Salt hunger is proposed to be 

the reason some wildlife could be tamed into cattle. This wildlife was drawn towards human 

settlements for the salt in the human urine1.    

 

Salt intake differs throughout time and location. Ancient Romans used on average 25 grams of salt a 

day. In France around 1725, 13-15 grams of salt a day were consumed. In Scandinavian countries, salt 

intake was high. In the 16th century, 50 grams a day was consumed in Denmark and up to 100 grams 

a day in Sweden. This salt intake derived mainly from the intake of salted fish and meats1. Nowadays, 

the average adult consumes about 9-12 grams of salt a day2,3. This intake is constant over 5 decades 

and represents 49 countries, using 69,011 participants3. The intakes vary between countries. Lowest 

salt intakes of less than 3 gram were measured in remote populations such as Papua New Guinea 
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Highlanders, Luo in rural Kenya or Xingu Indians of Brazil2. The highest recorded salt intake was in 

Tianjin, China of 14.4 grams. The overall salt consumption is much more than the advised maximum 

of 5 grams a day, by the World Health Organisation (WHO)4, and the physiological need of 1.2 grams 

a day5. The major part of the salt intake derives from processed foods6. Only 15 % of the salt intake 

comes from the use of table salt or during cooking and 10 % from natural occurring salts in 

unprocessed food.  

 

High intake of salt is related to several diseases.  The best known condition correlating with high salt 

intake is a raise in blood pressure7. Dietary salt increases arterial constriction and peripheral vascular 

resistance. Hereby the blood pressure is raised. Salt sensitivity and salt resistance are conditions 

present in humans. For salt-sensitive individuals, blood pressure rises with a high salt intake whereas 

salt-resistance individuals show no increase in blood pressure due to increased salt intake8. Salt-

sensitive individuals show, amongst others, a decreased glomerular filtration rate and a reduced 

natriuresis8Other pathological conditions are associated with high levels of calcium in the urine 

(hypercalciura) and low levels of citrate in the urine (hypocitraturia)9. Citrate in the urine helps 

dissolve calcium to prevent stone formation10. High salt intake thus increases the risk of 

nephrolithiasis (calcium stone formation)9. High salt intake is also associated with an increased risk of 

gastric cancer by increasing the risk of a Helicobacter pylori infection. Salt can also act synergistically 

(synergy means two components together have a greater influence then the two apart, also known 

as 1 + 1 = 3) to further increase the risk of developing gastric cancer11.  

 

It may be clear a high salt intake is associated with several diseases. Therefore, the way sodium acts 

in the human body is very important. The main questions in this thesis are: How does the body 

handle salt, how is sodium stored and what are the consequences of this storage? 

3. Salt handling 
Sodium as well as chloride exert different functions in the human body. These will be shortly 

highlighted. The absorption as well as the secretion will be explained. The sodium concentrations 

remain under hormonal control, which will be shortly explained. The classical view of the way the 

sodium status of the body is seen will be explained, as well as some indications this view may be 

wrong.  

Osmosis 
Diffusion and osmosis are important processes to the body. They are both based on the need for 

communicating solutions to be equal. Diffusion describes the movement of particles from a relatively 

high concentration to a relatively low concentration. Osmosis occurs when two compartments are 

divided by a membrane permeable to water, but not to the solutes. Osmosis therefore describes the 

movement of water from a compartment with a relatively low concentration of osmotically active 

particles to a compartment with a relatively high concentration of osmotically active particles. The 

amount of osmotically active particles is described as osmoles per liter, osmol/L or OsM. Tonicity is a 

term to describe how a solution would affect the cell if a cell was placed in this solution. An isotonic 

solution has the same osmolarity as the cell. The human body has a osmolarity of 280-296 mOsM. 

Under physiological conditions, osmolarity inside and outside the cell is about equal. However, the 

Gibbs-Donnan effect causes an uneven distribution of small ions with a small excess in the plasma 
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compared to the interstitial fluid and intracellular fluid of 0.5 mOsM12. The Gibbs Donnan effect is 

caused by negatively charged proteins in the vascular compartment, creating an electrical charge13. 

 

Sodium and chloride are both nonpenetrating solutes, meaning they cannot pass the cell membrane 

passively without specific ion channels. Therefore they can induce osmosis. Sodium is mostly found 

in the extracellular fluid (ECF) (range 135-145 mM), and less in the intracellular fluid (ICF) (15 mM). 

Chloride is also mostly found in the ECF (range 100-108 mM versus 5-15 mM for ICF). This means if 

the osmolarity in the cells is higher than in the ECF, the cells would shrink, and if it is less, the cells 

would swell up. 

Na+ and Cl- in the body 
Sodium and chloride are important ions to the human body. The most important function of sodium 

is regulating the blood pressure, which will be explained in chapter 6. They exert different functions, 

of which a few examples will be given below: 

 

Example 1: action potential 

Sodium and chloride together with calcium (Ca2+), which is mostly present in the extracellular 

fluid, and potassium (K+), which is mostly present in the intracellular fluid, a membrane 

potential is created. For neurons, this potential is -70 mV. This means the inside of the cell is 

more negative compared to the outside. This potential is needed to conduct an action 

potential in a neuron to pass on a signal (Fig. 1).14 

 
Figure 1: Action potential in a neuron14.This figure describes the movement of ions and the 

membrane potential throughout an action potential.  

 

At first, a neuron has a resting membrane potential of -70 mV. A stimulus depolarizes the 

membrane until the threshold of -55 mV. After this threshold the voltage-gated sodium 

channels open and sodium can enter the cell. This causes a rapid entry of sodium, due to the 

concentration difference between the ECF and ICF and the negative membrane potential 

inside the cell. At the same time, voltage-gated potassium channels start to open, but these 

open slower compared to the sodium channels. The rapid entry of sodium causes the cell to 
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depolarize and even reverse polarity to a potential of +30 mV. This is called an overshoot. At 

the top of the peak, the sodium channels close and the potassium channels are opened. This 

causes potassium to move out of the cell, due to the high concentration in the ICF compared 

to the ECF and the positive potential at this point. The potential eventually reaches the -70 mV 

state again, but at that point the potassium permeability has not returned to its resting state. 

Potassium continues to leak out of the cell to generate a hyperpolarisation of -90 mV, the 

undershoot. After the undershoot, the voltage-gated potassium channels close and some 

potassium enters the cell through leak channels. Hereafter, the cell returns to its resting 

membrane potential and ion permeability. The ions are restored to their original 

compartments through the Na+-K+-ATPase. This is a pump that uses ATP to exchange 

intracellular sodium for extracellular potassium.14 

 

Example 2: gastric acid 

The stomach has three different functions: storage, digestion, and protection14. The stomach 

protects the body from pathogens swallowed by secreting gastric acid (HCl). The parietal cells 

lie deep in the gastric glands and secrete gastric acid. Gastric acid denaturates proteins by 

breaking the hydrogen bonds. It also kills bacteria and other microorganisms. The pH in the 

lumen of the stomach can be as low as 1. The H+-K+-ATPase secretes H+ in exchanges for 

potassium. Cl-  passively follows14.  

 

Example 3: chloride shift 

CO2 from oxidation in the body diffuses out of the tissue into the blood and then into the red 

blood cell14. Carbonic anhydrase convertes it into HCO3
- by the following reaction: CO2 + H2O <-

> H+ + HCO3
-. HCO3

- is removed from the cell into the blood by the chloride shift, an antiport 

protein exchanges HCO3
- for Cl-. In the pulmonary capillaries the process is reversed. Cl- is 

exchanged for HCO3
-. The reaction is performed to create CO2 again, which will diffuse out of 

the red blood cell into the alveoli14. These mechanisms can also compensate in case of 

metabolic alkalosis or acidosis. 

 

The dietary advisements for chloride are equal to that of sodium, because both derive mostly from 

dietary salt ingestion15. There are indications that chloride, along with sodium, plays a role in the 

pathologies caused by salt, and may even be more important than sodium in the onset of 

hypertension16-21. Even though there are indications for its importance, the effects of chloride are far 

less studied. Therefore, this thesis will only consider the effects of sodium.   

Absorption, secretion and excretion of sodium  
The total amount of sodium in the body of a 70 kilogram man is around 4000 mmol13. 3000 mmol is 

exchangeable: 2000 mmol is found in the ECF, 700 mmol in the bone and 300 mmol in the ICF. The 

remaining 1000 mmol is probably bound in crystal structures in the bone and therefore not 

exchangeable13. There are also indications sodium could be stored in the connective tissue of the 

skin, tendon and cartilage22. Sodium is largely excreted trough the urine, for about 90-95%. The rest 

is lost through the faeces. Sodium can also be lost through sweating, the amount which is lost 

through sweat depends on the amount of sweat produced13.  
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Absorption 

Sodium enters the human body through the diet. Under normal conditions, the human body is 

capable of absorbing up to 1 mol (58 g NaCl) of sodium. Less than 20% of this sodium derives from 

the diet, the rest is sodium secreted into the lumen13. In the duodenum, the acid from the stomach, 

as discussed in example 2, has to be neutralized. The acid is neutralized by the base bicarbonate. 

Bicarbonate is secreted in the form of NaHCO3 
14. There is also an isotonic NaCl solution secreted in 

the small intestine and colon that mixes with the mucus to help lubricate the lumen14. The 

absorption of sodium occurs for about 90% in the small intestine, the rest is absorbed in the large 

intestine13. The absorption in the small intestine from the lumen to the cell is in exchange for H+ or 

cotransported with organic molecules (glucose or amino-acids)13. Then the sodium is actively 

transported from the cell to the interstial fluid. In the large intestine, sodium absorption occurs 

mainly through selective channels. These channels are up regulated by aldosterone13.  

Secretion and excretion 

The major part of sodium is thus excreted into the urine. This is regulated by the kidney. The kidney 

consists of nephrons, which are the functional units (smallest unit to be able to exert its function) of 

the kidney (Fig. 2)14.  

 
Figure 2: schematic display of a nephron

14 edited
. F = Filtration: movement from blood to lumen, R = 

Reabsorption: from lumen to blood, S = Secretion, from blood to lumen, E = Excretion: from lumen to outside 

of the body.  

 



9 

 

 

The tubuli of all nephrons modify the fluid volume and osmolarity. As seen in Fig.2, the osmolarity of 

the urine can greatly differ from 50-1200 mOsM. Everyday about 180 litres of fluid is filtered. The 

majority of this fluid is reabsorbed again. The rate of filtration in the glomerulus depends on pre- and 

post-glomerular pressures. The pressure which forces fluid to leave the circulation is the blood 

pressure (hydrostatic pressure, PH). Opposing pressures are the colloid osmotic pressure gradient 

due to proteins in plasma but not in Bowman’s capsule (π) and the fluid pressure created by fluid in 

the Bowman’s capsule (Pfluid). This gives the formula: net filtration pressure = PH – π – Pfluid = 55 – 30 – 

15 = 10 mmHg. The blood pressure of an individual varies throughout the day. For a healthy 

individual, in general, if the blood pressure varies between 80 and 180 mm Hg, the glomerular 

filtration rate (GFR) stays at 180 litre a day. Afferent vasoconstriction decreases the GFR where as 

efferent vasoconstriction increases the GFR. Within the kidney, in each nephron, the distal tubule 

turns back in between the afferent and efferent arteriole of its own glomerulus. Here is the macula 

densa located, which contains granular cells. If the NaCl delivery passing the macula densa increases 

as a result of increased GFR, the cells secrete a paracrine message to the afferent arteriole, inducing 

its constriction14.  

 

The reabsorption in the nephron can occur because of osmosis14. As seen in Fig. 2, the osmolarity of 

the fluid in the lumen changes over the course of the nephron. The fluid in the Bowman’s capsule 

and the proximal tubule is isosmotic (Fig. 3). This means the osmolarity is equal to the osmolarity of 

the surroundings (actual 280-296 mOsM, 300 mOsM for easier reference). The loop of Henle and the 

collecting duct are located in the medulla instead of the cortex. The cortex is isosmotic to the plasma, 

but the medulla is more concentrated towards the centre of the kidney. In the descending limb, fluid 

leaves the proximal tubule due to osmosis. The ascending limb is not permeable to water, so no 

osmosis occurs. Solute is removed from the fluid to create hyposmotic (osmolarity of about 100 

mOsM) fluid. In the distal tubule and the collecting duct, the permeability of water is under 

hormonal control. Some additional solutes can be obtained from the collecting duct, further reducing 

the osmolarity to 50 mOsM. At maximum water permeability, a lot of water is reabsorbed and the 

osmolarity can rise up to 1200 mOsM, equal to its surroundings14.  
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Figure 3: osmolarity changes through the nephron

14
.  

Hormonal control of sodium and water 

Vasopressin 

The hormone vasopressin (also called arginine vasopressin of antidiuretic hormone) controls the 

permeability of the distal tubule and the collecting duct14. Vasopressin induces the translocation of 

aquaporines (water pores) from the cytosol towards the plasma membrane, where they are inserted. 

Vasopressin is released from the posterior pituitary. There are 3 important triggers for vasopressin 

release, namely:  

1. Decreased blood pressure, measured by the carotid and aortic baroreceptors 

2. Decreased arterial stretch due to low blood volume, measured by the arterial stretch 

receptor 

3. Plasma osmolarity greater than 280 mOsM, measured by the hypothalamic osmoreceptors. 

This is the most important stimulus.  

Aldosterone and RAAS pathway 

The absorption of sodium in the distal tubule and the collecting duct is regulated by aldosterone14. 

More aldosterone equals more absorption of sodium. One of the targets of aldosterone is the Na+-K+-

ATPase. This means more aldosterone equals more potassium secretion. Aldosterone is secreted by 

the adrenal cortex. A low blood pressure activates the renin-angiotensin system (RAS) pathway 

which induces aldosterone secretion. A high potassium concentration also induces aldosterone 

secretion and a very high osmolarity inhibits aldosterone secretion.  

 

The RAAS pathway is a quite complex system, see Fig. 4. It is stimulated by a low blood pressure14. It 

starts when cells in the afferent arterioles of a nephron secrete renin (an enzyme). In converts the 
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inactive plasma protein angiotensinogen into angiotensin I (ANG I). ANG I in the blood is converted to 

angiotensin II (ANG II) by the angiotensin-converting enzyme (ACE). ANG II has many effects: 

1. Increases vasopressin secretion 

2. Stimulated thirst 

3. Vasoconstriction 

4. Increases sympathetic output to the heart and blood vessels 

5. Increases proximal tubule sodium reabsorption.  

 
Figure 4: regulation of the RAAS pathway

14 edited 

Arterial natriuretic peptide (ANP) 

The last important hormone for sodium regulation is the arterial natriuretic peptide (ANP, also 

known as atriopeptin), produced by myocardial cells in response to arterial stretch14. Increased blood 

volume induces the production of ANP. ANP also has different functions, all to increase sodium and 

water secretion: 

1. Directly influences the sodium and water secretion 

2. Suppressing the release of renin 
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Figure 5: sodium intake, weight and excretion
23

. The 

upper graph shows the weight change if a person 

abruptly changes its diet from a sodium intake of 25 

mmol/day (1.4 gram salt a day) to 150 mmol/day (8.8 

gram salt a day). The lower graph shows the intake and 

the accompanying excretion (thick blue line and shaded 

area’s) 

3. Suppressing the release of aldosterone 

4. Suppressing the release of vasopressin 

 

Altogether, the body has a complex Na+ and water regulatory system, which is meant to keep the 

milieu interior as constant as possible. 

Classical view 
The way clinicians think about sodium excretion is mostly based on the classical view23. This view is 

displayed in Fig. 5. It is assumed that if someone would consume a high level of salt for a certain 

amount of time, the excretion of sodium would slowly increase. This increase of excretion, shown as 

a stair in Fig. 5, does not match the intake for 

a few days. In this example, the excretion 

matches the intake after 5 days. The excretion 

equals the intake for the time the high intake 

continues, suggesting some sodium must 

remain in the body. When the intake 

decreases to the original level, the excretion 

slowly decreases to match intake again.  At 

this point, the remaining sodium is excreted. 

During the higher sodium intake, body weight 

is increased, due to water retention. According 

to the two compartment model, sodium is 

largely confined to the extracellular space, 

counteracted by potassium in the 

intercellular space24. These balance the 

amounts of water in each compartment 

other by osmosis. This can be displayed in a 

formula: (               
   

   
              

   
 )24. 

This indicates that an increase in extracellular sodium amounts will increase the amount of the ECF. A 

total body sodium content increase of 140 mmol sodium would lead to 1 litre water retention 25.  

Indications against the classical view 
Heer et al26 challenged this classical view. They controlled the salt intake in the subjects by assigning 

them different salt intake levels. They found a dose-effect relation between salt intake and plasma 

volume. The increase in salt intake did not influence the extracellular fluid compartment as would be 

expected by the formula.  

 

To test if the classical view indeed is wrong, Titze et al performed a terrestrial space study27. For 135 

days, three subjects had a free choice of food. On average they consumed 267 mmol sodium (21.7 

gram salt) a day. Urine samples were taken and total body sodium contents were calculated. During 

the study, subjects had accumulated 2,973, 6,180, and 7,324 mmol of sodium. In all of the subjects 

body weight increased. For two subjects this was solely fat and for the third it was largely fat and 

little water. So for all the three subjects, the total body sodium contents were increased whereas 

virtually no water was retained, contrary to the classical view. Titze et al deemed it possible the 

subjects stored the sodium in an osmotic inactive way 27.  
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In an actual space study, Rakova et al28 controlled the salt intake of subjects on a space flight for 105 

or 205 days. They also found no relationship between extracellular fluid and sodium intake. They 

state that if they only did this experiment for one week, the classical view would be applicable here. 

There are other studies which suggest that the retention of sodium is not in balance with water 

retention, suggesting the formula of the classical view is incorrect29,30. 

4. Osmotically inactive sodium storage 

Discovery of osmotically inactive sodium storage 
Titze et al wanted to further examine the possibility of osmotically inactive sodium storage. They fed 

male salt-sensitive (SS) Dahl rats, salt-

resistance (SR) Dahl rats and normal 

Sprague-Dawley (SD) rats a high (8% NaCl) or 

salt-free diet (<0.1% NaCl)31. Salt-sensitive 

Dahl rats develop hypertension when fed a 

high salt diet whereas salt-resistance Dahl 

rats do not develop hypertension under the 

same conditions32. After sacrificing the 

animals, total body water (TBW) content and 

total body sodium (TBS) content was 

determined. From the TBW, the portion 

sodium which would have been active could 

be calculated (TBSa) and the osmotically inactive 

sodium content (TBSi) could be calculated with 

the formula: TBSi = TBS-TBSa. The TBS was 

significantly increased in the SS strain, compared to the SR or SD strains. They found osmotically 

inactive sodium in all the strains. The amount of osmotically inactive sodium differs between them, 

see Fig 6. The portion sodium of TBS in the bone increased in SS Dahl rats, but not in the SR or SD 

rats. Although sodium is largely 

stored in the bone, the sodium 

contents in the bone are not 

responsible for the differences 

between the different strains.  

 

If the bone is not responsible for the 

osmotically inactive sodium storage, 

another compartment must be. The 

attention from Titze et al got 

focussed on the skin. Therefore, he 

performed a study where he fed 

male, female and ovariectomized 

(OVX) female rats a high or low salt 

diet33. After menopause, women are 

Figure 6: TBS distribution in different strains
31

. 

Results are from rats fed with a high salt diet.  

Figure 7: osmotically active and inactive sodium storage in the 

skin
33

. Fertile: fertile female rats, OVX: ovariectomized female 

rats, male: male rats.  
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more sensitive to hypertension caused by dietary salt than before menopause34. Therfore they also 

used ovariectomized female rats. After eight weeks they sacrificed the rats and determined the 

osmotically inactive sodium contents of the skin. He found that sodium is osmotically inactively 

stored in the skin, but only in male and fertile female rats. The OVX female rats displayed no 

osmotically inactive sodium storage, see Fig 7. The fertile rats had a shift towards skin sodium.  

 

In hindsight, reviewing the results of their previous experiment27, both the SS and SR Dahl strains 

were not capable of inducing osmotically inactive sodium storage in the skin. The increased amount 

of sodium in the body in SS rats must be distributed in the osmotically active compartments.  

 

At this point, it is unknown which structure is responsible for the osmotically inactive sodium 

storage. Proteoglycans (chapter 4) (anchoring molecules present in the extracellular matrix, amongst 

others in the skin and cartilage) are negatively charged and therefore attract cations and repel 

anions35. This results in a concentration of 250-350 mmol/L sodium in cartilage. Titze et al therefore 

proposed proteoglycans  as responsible for the increased osmotically inactive sodium storage in the 

skin36. They fed female Sprague-Dawley rats a high or a low salt diet for eight weeks. They found no 

osmotically inactive skin sodium in the rats fed a low salt diet and they did found osmotically inactive 

skin sodium in the rats fed a high salt diet. They then performed a Western Blot (technique to 

determine different protein contents of a sample) on skin and cartilage samples from rats with low, 

medium and high skin sodium contents and a control. The results revealed that a higher skin sodium 

content correlated with higher proteoglycan contents in skin and cartilage36.  

 

At this point, not everyone is willing to accept this theory. Seeliger et al performed a study to test 

this hypothesis37. They used female beagle dogs and fed them diets with different salt amounts. They 

found changes in the total body weight of the dogs, corresponding with changes in salt intake. This 

supports the idea that the body adjust the total body weight according to the sodium and potassium 

concentration. High sodium excretion is correlated with low potassium excretion and vice versa25. 

Seeliger suggests that it is possible that Titze did not consider the total body potassium and therefore 

misinterpreted his results37. In his next study, Seeliger specifically searched for osmotically inactive 

sodium storage38. Again, he found a strong correlation of total body sodium and total body weight. 

Therefore he again concluded that sodium is not stored in an osmotically inactive form, but in an 

active form.   

Characteristics of osmotically inactive sodium storage 
In the mean time, Titze continued his investigation of the osmotically inactive sodium storage. If 

sodium were to be stored osmotically inactive, regulatory mechanisms would be available39. High 

levels of cortisol induce the apparent mineralocorticoid excess (AME) syndrome40. This induces 

sodium retention, hypokalemia and hypertension. This phenomenon is used to induce hypertension 

in laboratory animals. This is done by implanting DOCA (deoxycorticosterone acetate, a precursor of 

mineralocorticoids, these induce more aldosterone release) pellets with or without increasing the 

salt intake41.  DOCA pellets only induce transient sodium retention, a phenomenon also called 

‘mineralocorticoid escape’ 42. Laboratory animals quickly achieve a sodium balance without further 

sodium retention. This escape is external. Titze et al suggested an internal escape in the form of 

osmotically inactive sodium storage might exist39. They gave female Sprague-Dawley rats DOCA or no 

DOCA pellets, tap or saline water. In the DOCA-salt rats they found osmotically inactively stored 
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Figure 8: 
23

Na magnetic resonance 

imaging (
23

Na-MRI) of tissue Na
+  45

. A: 
23

Na-MRI of a 24 year-old healthy male and 

a 85 year-old man with hypertension. 

Lower circles are tubes with solutions of 

10, 20, 30, and 40 mmol/L of NaCl, allowing 

tissue sodium to be calibrated. B: tissue 

water in the same subjects.  

sodium in the skin and in the muscle as well. This implies an ‘internal escape’ for sodium. They also 

found that the increase in total body sodium was associated with potassium loss, described as an 

osmotically neutral Na+/K+ exchange. As a result, the Na+ + K+-to-water ratio remained unchanged in 

bone and slightly changed in muscle and skin, meaning more sodium is gained compared to the 

potassium lost39.  

 

Titze et al did not consider the non-sodium and non-potassium solutes which are osmotically active. 

If these would decrease during the presumed osmotically inactive sodium storage, it is possible there 

is no such storage43. Their group calculated the amount of osmotically active sodium and potassium 

on the concentration of these solutes in the serum33,36,39. Therefore, due to osmosis, they assume 

these concentrations are equal to the concentrations in ICF and interstitial fluid (ISF). Continuing on 

this idea, they would also assume:  

                             

   
                

but it is already known that the serum concentration of sodium + potassium is greater than the 

concentration in the ICF and ISF43, due to the Gibbs Donnan effect.  

 

High salt intake is associated with an increase in the proteoglycan contents of skin and cartilage36. 

Long-term salt deprivation is associated with a decreased negative charge density of the GAGs in the 

skin44. The total body sodium content can change without concomitant changes in the serum sodium 

concentration. Growth leads to the mobilization of 

osmotically inactively stored sodium in the bone and the 

skinned and deboned carcasses, but not in the skin and 

is not balanced out by potassium44. Dietary salt intake 

influences the osmotically inactive sodium content of 

the skin. A high salt intake is associated with less 

unsulfated GAGs, compared to a low salt intake44. 

 

Osmotically inactive sodium in the muscle and skin is 

found in men as well. The sodium amount in the skin 

and muscle of the calf increases with age45,46 . The 

amount of water does not increase between the same 

subjects, meaning sodium is osmotically inactively 

stored (Fig. 8)45. This age dependent increase occurs 

inside or directly under the keratinocyte layer of the 

skin46,47. Active sodium transport is likely involved in 

the storage of sodium in the skin47. In men, increasing 

skin sodium contents is also associated with increasing 

glycosaminoglycans content in the skin. Dietary salt 

loading is associated with increased chondroitin 

synthase mRNA content45. 
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5. Proteoglycans 
Proteoglycans seem to be the molecules mainly responsible for osmotically inactive sodium storage. 

To get a better understanding of these molecules, they will be discussed in this chapter.  

Function of proteoglycans  
Animal cells lack a cell wall, which is present in the cell of plants49. To compensate for this lack, 

animal cells have an elaborate extracellular matrix (ECM). For years it was thought that the ECMs 

only function was to keep the cells together. Evidence now shows that the ECM plays a vital role in 

may physiological processes such as growth, development and cell death14. The ECM consists of 

glycoproteins (proteins with covalently bound polysaccharide) and other carbohydrate-containing 

molecules, which are secreted by cells. The most abundant molecule is collagen. This forms strong 

fibers outside the cells. The collagen fibers are embedded in a network of proteoglycans. A 

proteoglycan is a glycoprotein molecule and consists of a backbone (core protein, Fig. 9) with many 

carbohydrate chains covalently attached49. These carbohydrate chains are called glycosaminoglycans 

(GAGs)50. One of the two sugars is always an amino sugar50. In most cases, GAGs are sulphated. They 

are also strongly hydrophilic, so the proteoglycan proteins form a gel-like substance. These proteins 

in connective tissue are produced by fibroblasts. In cartilage, the cells are called chondrocytes and 

osteoblasts form bone tissue50. There are four main groups of GAGs: (1) hyaluronan,(2) chondroitin 

sulphate and dermatan sulphate, (3) heparan sulphate and heparin,  and (4) keratan sulphate. These 

differ in their sugars and type of linkage between the sugars50. The polysaccharides are stiff, this 

means they make up a lot of volume relative to their mass. All GAGs (except hyaluronan) are 

conjugated to a core-protein in the Golgi apparatus of the cell and released by exocytosis50 or 

embedded in the plasma membrane.  

 

 
Figure 9: structure of proteoglycans

51
. A: microscopical image of a proteoglycan. B: structure of a proteoglycan 

with different GAGs shown. C: example of the repeating units of several common GAGs.  

 

Different types of proteoglycans can assembly to form even bigger aggregates50. For instance, 

molecules of aggrecan can bind with hyaluronan to form aggregates as big as bacteria. Because 

proteoglycans are so divers, they can exert different functions. They can form gels and regulate the 

traffic of molecules and cells according to their size and charge. They also influence the chemical 
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signaling between cells. They bind secreted molecules, such as growth factors and in this way control 

the diffusion through the matrix, the range of action and the lifetime of the molecules. They can also 

enhance of inhibit the signal. During an inflammatory response, heparan sulphate proteoglycans 

immobilize secreted chemokines on the endothelial surface of a blood vessel. This way the 

chemokines stay here, causing the white blood cells to leave the bloodstream and migrate into the 

tissue. Heparan sulphate proteoglycans can also bind fibroblast growth factor (FGF), which stimulates 

different cell types to proliferate. Signal molecules such as TGF-β can be bound by proteoglycans. 

Vascular endothelial growth factor (VEGF) can be bound by fibronectin50.  

 

Instead of being part of the ECM, proteoglycans can also be integral components of plasma 

membranes50. They have their core protein attached to or through the membrane. Some 

proteoglycans act as a coreceptor. The syndecans are the best-characterized plasma membrane 

proteoglycans. Among others, syndecans are located on the surface of epithilial cells and fibroblasts. 

In fibroblast they modulate integrin function by interacting with fibronectin on the cell surface. They 

also bind FGFs and present them to a receptor on the same cell. Betaglycan can do the same for 

TGFβ50.   

 

The best characterized proteoglycans are those present in the cartilage52, which consists mainly of 

aggrecan. Aggregan has three globular domains, between domains 2 and 3 are chondroitin sulphate 

and keratan sulphate bound. The first domain is noncovalently bound to hyaluronan52. See Fig. 10 

 
Figure 10: structure of proteoglycan from cartilage

52
. A: electron micrograph of a proteoglycan from cartilage 

(colour added). B: schematic representation 

Biochemical properties of proteoglycans 
The sugar molecules in the proteoglycans are attached either to the oxygen atom in the side chain of 

serine or threonine (O-linkage) or to the amide nitrogen atom in the side chain of asparagines (N-

linkage)(Fig 11)52. Which sides are glycosylated depend on the other aspects, such as protein 
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structure and on the cell type in which the protein is expressed. 

 
Figure 11: N-linkage and O-linkage

52 

 

Proteoglycans are highly negatively charged, Fig. 12. The negative charge is located on the COO- 

and/or OSO3
- (sulphated) groups. The amount of negative charges depends on the type of GAG. For 

instance, heparin is strongly negative compared to hyaluronate or keratan sulphate. These negative 

charges attract cations, such as Na+ 50. Due to the negative charge, large amounts of water are 

attracted. This creates turgor (swelling pressure) and enables the matrix to withstands great forces, 

for example in cartilage matrix.  

 

 
Figure 12: repeating units in glycosaminoglycans

52
. Structural formulas for the five most common GAGs. The 

negative charges are displayed in red, aminogroups are shown in blue. For clarity, hydrogen atoms have been 

omitted.  

Proteoglycans and osmotically inactive sodium storage 
During high dietary salt intake, sodium is osmotically inactively stored. This storages is coupled with 

increased proteoglycan and GAG content in the skin, higher sulphation rate of the GAGs and 

increased chondroitin synthase44,45. Together, these factors create a higher negative charged density 

in the skin. This negative charge can attract and trap cations. One condition for molecules to induce 

osmosis is the ability to freely move in a solution14. If sodium ions are trapped by proteoglycans, they 

cannot move freely anymore and therefore cannot induce osmosis, meaning they are osmotically 

inactive.  
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6. Consequences of osmotically inactive sodium storage  
The osmotically inactive sodium storage has effects on the human body. 

Immuno modulation 
 Osmotically inactive sodium storage modulates different components of the immune system.  

 

High sodium concentrations in the skin induce serum glucocorticoid kinase 1 (SGK1) expression53. 

SGK1 is a downstream target of TonEBP54 (which regulates osmoprotective genes in response to 

osmotic stress55) and NFAT556 (which regulates osmoprotective genes as well). SGK1 induces the 

proliferation of pro-inflammatory Th17 cells. These Th17 cells are associated with several 

autoimmune diseases57. Mice fed a high salt diet develop a more severe form of experimental 

autoimmune encephalomyelitis (EAE), an animal model for multiple sclerosis (MS)56. Through this 

pathway, high dietary salt intake could be an environmental risk factor for the development of 

autoimmune diseases54.  

 

High dietary salt intake leads to a two-fold increase in lymph capillary number in the skin58 (Fig. 13). 

The diameter of the lymph capillary was increased as well. This increase in lymph capillary density 

was associated with an increase in mononuclear phagocyte system (MPS) cell infiltration (MPS cells 

include: monocytes and macrophages14). Macrophages migrate towards NaCl in a dose-dependent 

fashion, suggesting NaCl-dependent chemotaxis59. 50% of these MPS cells expresses dendritic cell 

markers and 90% is VEGF-C positive58. VEGF-C (vascular endothelial growth factor C) induces 

lymphatic endothelial proliferation and vessel enlargement, but not that of vascular60. Treatment 

with clodronate (induces macrophage apoptosis) resulted in no VEGF-C positive MPS cell infiltration 

and lymph capillary hyperplasia58. The same relationship was present for expression of the 

transcription factor TonEBP and eNOS58, a vascular relaxation agent14. MPS cells decrease salt 

induced hypertension and water retention58. High levels of sodium accumulation in the skin is found 

in bacterial skin infections61. Osmotic stress in the skin, due to sodium accumulation boosts the 

antimicrobial defence of the host and thereby strengthens the anti-infectious barrier function of the 

skin61. This function is possibly due to the increase in macrophage activity in the skin, induced by 

osmotically inactive sodium storage61.  
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Figure 13: osmotically inactively stored sodium causes an increase in lymphatic vessel density

62
. Left is the 

normal situation, with a normal salt intake. Right is the situation of a high salt intake. More sodium is 

osmotically inactively stored in the skin, inducing a higher 

expression of TonEBP in macrophages. These release VEGF-C, 

which causes an increase in lymphatic vessel density and a 

decrease in blood pressure.  

Blood pressure 
High salt intake is associated with an elevated blood 

pressure, hypertension7. Although the exact mechanisms 

are poorly understood, it is known salt increased the 

blood pressure through different mechanisms63: 

- a reduced endothelial function64. The production 

of NO (vasodilator) is reduced by a high salt diet, 

thus less vasodilatation and more 

vasoconstriction occurs.  

- an increased arterial stiffness65. TGF-β is 

upregulated (due to low NO levels) and has 

profibrotic effects, increasing the arterial 

stiffness 66. 

- a more sensitized sympathetic nervous system67, 

activating the ‘fight-or-flight’ reaction14. Dietary 

salt sensitizes the neurons in the rostral 

ventrolateral medulla (RVLM), a site which is 

critical in for several sympathetic reflexes68 

Figure 14: summary of the mechanisms 

through which high salt intake elevates 

blood pressure
63

.These effects occur as 

a result of a high salt intake, not as a 

result of a high blood pressure (Blood 

pressure independent).  
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- an increased left ventricular hypertrophy 69, which can cause hypertension70. This is a result 

of the increased sympathetic nervous system activation71. 

- a decreased glomerular filtration rate and an increased protein excretion72. 

These mechanisms occur independent of blood pressure, meaning the blood pressure does not cause 

these effects, but the hypertension is the result. They are summarized in Fig. 14. 

 

The osmotically inactive sodium storage also has its effects on the blood pressure. Th17 cells, which 

are present in the skin as a result of osmotically inactive sodium storage, produces IL-1773. IL-17 is a 

critical mediator of angiotensin-II- induced hypertension and vascular dysfunction74. Originally, body 

fluids were considered to be divided over two compartments, according to the two-compartments 

model75. The lymph capillary in the skin create a third compartment to buffer the impact of sodium 

accumulation on intravascular volume and blood pressure58. 

Salt sensitivity versus resistance 
Titze et al studied whether salt sensitive Dahl rats are as much capable of osmotically inactive 

sodium storage as salt resistant Dahl rats are31. Salt sensitive rats were less capable of storing sodium 

osmotically inactive and showed a higher blood pressure. This could be the case in humans as well. 

7. Discussion 
The sodium balance is quite complicated. It contains many hormones, which are regulated by 

different factors, such as blood pressure of water content of the body. The classical view of sodium 

balance could be seen as outdated and should be renewed. This seems to be recognized by Heer et al 

in 200026 and later developed by Titze et al in 200227 and later confirmed by Noakes et al29, Palacios 

et al30, and Rakova et al28. Titze has developed the new view of the osmotically inactive sodium 

storage. The exact mechanisms are yet unknown, but it is a promising view. Proteoglycans play a 

major role in this process. This storage has it effects on the human body. It may promote the 

occurrence of autoimmune diseases, but also provides a microbiological barrier, protecting the body 

against bacteria etcetera. This storage could be the link in human salt sensitivity and salt resistance 

and therefore have huge medical implications. If the mechanisms of osmotically inactive sodium 

storage will be known, they could potentially be clinically induced to convert salt sensitive patients to 

salt resistant patients. It could also be used to reduce blood pressure by creating a new fluid 

compartment. It could even have implications in the battle against bacterial infections, as shown by 

Jantsch et al61. As previously illustrated, sodium storage in the skin is linked to autoimmune diseases. 

This could have implications in the fight against these autoimmune diseases. If the mechanisms of 

clearing the sodium stored in the skin are known, this could potentially be induced to reduce the 

severeness of the autoimmune disease. 

 

In line with the notion that chloride may be important for the clinical consequences of a high salt 

intake, what happens to the chloride when this sodium storage occurs, should be investigated.  

The effects of chloride on the body seem to be largely underestimated. Most studies focus on the 

effects of sodium, without paying attention to chloride. Potassium chloride is a salt used to reduce 

the sodium intake. The apparent importance of chloride raises the question whether this substitute 

is beneficial or harmful to health.  
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Classical studies, such as the INTERSALT study of salt intake, have based their calculated intake on 

the sodium contents of the urine collected over 24 hours76. The existence of a storage of sodium in 

the body may indicate that the estimations of the intake are wrong. Besides, the excretion of sodium 

through the urine display a circaseptan (weekly) rhythm, evenly indicating the estimations are 

wrong77.  

 

Around the world, people consume too much salt. Most of this salt comes from processed foods, 

even you would not necessarily expect them in, like breakfast cereals, biscuits and cakes78. Salt 

decreases the taste perception of bitterness and increases the perception of a sweet taste. Reducing 

the salt contents in processed food will have flavour consequences, for instance: decreased salty and 

sweet taste and decreased appetitive aromas associated with salty and sweet taste , increased bitter 

taste and increased aversive aromas associated with bitter taste78. Recently, the adverse effects of 

salt is more and more recognized and great efforts are made worldwide to reduce salt intake to an 

acceptable level of 6 grams a day79. However, no country has achieved this level of salt intake yet.  
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