
Introduction

The daily usual sodium consumption is almost 
2-fold higher than the World Health Organization 
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Abstract

Excessive salt intake is a modifiable risk factor for arterial hypertension and cardiovascular diseases – the main cause 
of death worldwide. However, the underlying mechanisms still lack full comprehension, as novel hypotheses challenge 
the fundamental Guytonian view of hypertension, according to which salt-sensitive sustained hypertension occurs 
only if there is a certain degree of sodium excretion impairment. According to the vasodysfunction theory, it is rather 
the aberrant vascular resistance that initiates arterial hypertension in response to salt loading. The 3-compartment 
model of sodium distribution was also proposed to mediate salt-induced hypertension: the skin seems to mimic 
the renal countercurrent system, with sodium deposition and hypertonicity mediated by the macrophages, thus 
supporting the homeostatic and blood pressure (BP) regulatory functions of the immune cells. New perspectives 
brought into light the glucocorticoid-driven catabolic state in salt-sensitive hypertension, which ensures the 
osmotic gradient necessary for solitary sodium excretion without significant change in urine volume. Further on, 
salt consumption increases plasma sodium concentration and osmolarity, which in turn raises the blood pressure 
via copeptin and vasopressin. Extracellular overhydration in most hypertensive patients is subtle and clinically 
silent, while a negative hydration status improves vascular and cardiac parameters, even in non-CKD patients. We 
showed that salt negatively impacts blood pressure via arterial stiffness. Finally, the relationship between salt and 
cardiovascular disease appears U-shaped, demonstrating once again that lowering sodium diet does not follow the 
“one size fits it all”. Ultimately this endorses using a patient –personalized approach to treat hypertension. 
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(WHO) – recommended 2.0 g per day for the 
general population (corresponding to 5 g of salt 
daily) [1,2]. At the same time, excessive salt intake 
is a modifiable risk factor for arterial hypertension 
and cardiovascular diseases. In turn, these are the 
highest causes of mortality worldwide [2]. 

Strong evidence supports the beneficial effect 
of low dietary sodium intake for lowering blood 
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by sympathetic nervous system depression and a 
decrease in peripheral arterial resistance due to the 
vasodilator stretching effect of the initially elevated 
BP [9]. Further on, baroreceptors start to adapt, 
leading to the recovery of sympathetic activity, 
while the long-term excessive blood flow leads 
to constriction and increased peripheral artery 
resistance, all favoring BP increase [9]. This is when 
the fundamental role of the kidney is revealed: 
pressure natriuresis promotes sodium excretion, 
leading to extracellular fluid contraction and return 
of the BP to the homeostatic point. 

Thus, Guyton salt-sensitive sustained 
hypertension occurs only if there is a certain 
degree of sodium excretion impairment (the 
“natriuretic handicap”[13]): genetic or acquired 
kidney dysfunction requests higher BP values in 
order to maintain efficient pressure natriuresis and 
sodium homeostasis [14,15]. The sodium balance 
is maintained at the expense of increased renal 
perfusion pressure, leading to end-organ damage [16]. 

This fundamental model has recently been 
challenged by data demonstrating a pivotal role for 
the vascular response to salt, the existence of a third 
salt-storage compartment, by novel mechanisms of salt 
excretion or by the sodium-osmolality-hypertension 
theory (Figure 2), as discussed below [14]. 

Changing landscape

1. The renal vaso-dysfunction theory
The natriuretic dysfunction theory has recently 

been challenged by Kurtis et al. [17], starting 
from the simple observation that salt-sensitive 

pressure (BP) values (3.4 to 3.8 mm Hg for systolic 
and 1.5 mm Hg for diastolic BP, respectively) [1,3]. 
Conversely, sodium/salt intake above recommended 
thresholds independently increases the risk of death 
due to cardiovascular events (coronary heart disease 
and stroke) [1,3,4], and it is also linked to new-onset 
atrial fibrillation [5] and chronic kidney disease 
(CKD) [6]. As such, a 30% reduction in mean sodium 
intake is one of the nine global targets established 
by WHO [2] and a trial evaluating the efficacy of 
a mobile app promoting low-sodium food-items in 
hypertensive patients is currently ongoing [7]. 

Surprisingly, the bona fide association between 
salt, – hypertension and cardiovascular – (CV) 
disease, is still not completely understood. How 
does salt increase BP? While impaired natriuresis 
may lead to hypertension [8], recent re-analyses call 
this into question. Numerous critiques have been 
raised regarding the classic Guytonian [9] view of 
hypertension, according to which sodium excretion 
by the kidney eventually sets the rules for long-term 
changes in BP. This review aims to address recent 
novel theories in salt-sensitive hypertension.

The classic Guytonian model

Sodium is the main extracellular cation with a 
critical role in body fluid regulation. The sodium 
and water balance homeostasis is maintained 
by: [1] thirst/antidiuretic hormone, [2] the renin-
angiotensin-aldosterone system with vasoactive 
properties and [3] the kidney – via natriuresis [10]. 
Fluid balance determines the cardiac output, one 
of the two definers of arterial BP (the other being 
represented by peripheral resistance) [11]. 

In 1972, Guyton [9] proposed a rigorous, 
calculus-based mathematical model for circulatory 
and kidney dynamics, according to which renal 
pressure natriuresis is the crucial event in the 
genesis of salt-induced hypertension (Figure 1). It 
is still considered a cornerstone of hypertension 
pathogenesis [12]: excessive salt intake stimulates 
thirst-induced high fluid intake, thus leading to an 
increased blood volume and high cardiac output 
[9]. These transient changes are not accompanied, 
however, by a proportional increase in arterial 
pressure, due to compensatory mechanisms that 
come into play: baroreceptor activation followed 

Figure 1. Guytonian model of salt-sensitive hypertension
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Figure 2. Changing landscape – novel theories regarding salt-sensitive hypertension

hypertensive subjects usually do not have impaired 
sodium excretion. Therefore, these patients have 
greater cumulative sodium retention compared to 
normotensive salt-resistant controls [18,19]. Moreover, 
there seem to be no significant differences in terms 
of cardiac output between salt-sensitive hypertensives 
and normal salt-resistant controls [17]. Salt has proven 
to be independently linked to cardiovascular events, 
suggesting a detrimental vascular effect beyond 
those mediated by salt-sensitive high BP [4,13]. These 
observations are the foundation of the vaso-dysfunction 
theory proposed by Kurtz et al. [13,17], focusing on 
the aberrant vascular resistance that initiates arterial 
hypertension in response to salt loading, rather than 
the subnormal sodium excretion [20]. 

It is still the kidney that initiates the vicious cycle, 
this time through an impairment of renal vasodilation. 

Indeed, renal vascular resistance is abnormally 
increased in salt-sensitive hypertensive subjects 
compared to normal BP salt-resistant individuals 
[17] and also directly related to the rise in BP values. 
Moreover, renal vascular dysfunction increases the 
systemic vascular resistance, initiating salt-induced 
hypertension according to Kurtz et al. [13]. 

Animal models have demonstrated a salt-
mediated impairment of nitric oxide (NO) synthesis, 
with activation of the endothelin system and renal 
vasoconstriction [21]. The role of salt-induced NO 
impairment was confirmed by Hoffmann et al. [22], 
who demonstrated that NO polymorphism synthase 
increases BP sensitivity to salt in susceptible 
individuals [22]. Salt may also interfere with the 
metabolism of asymmetric dimethylarginine 
(ADMA), which in turn inhibits NO production 
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3-compartment model. Thus, electrolyte balance 
also relies on extrarenal regulatory pathways that 
do not respect the traditional general belief that 
electrolyte concentrations are equilibrated between 
blood and the interstitium [14]. The skin seems 
to mimic the renal countercurrent system, with 
sodium deposition and hypertonicity [35–37]. In 
response to sodium overload, macrophages act as 
local osmosensors and activate tonicity-responsive 
enhancer-binding protein (TONEBP/NFAT5) – a 
transcription factor for vascular endothelial growth 
factor C (VEGFC), which in turn reconstitutes 
the local lymphatic capillary network in order to 
increase electrolyte clearance and also promotes NO 
synthesis [37]. In TONEBP or VEGFC – deficient 
models, the exposure to a high-salt diet increases BP 
values [37,38]. This theory supports the homeostatic 
and BP regulatory functions of the immune cells. 
Interestingly, age is associated with decreased 
VEGFC circulating levels in hemodialysis patients. 
Moreover, older hemodialysis patients proved to 
have higher skin and muscle sodium storage and 
lower VEGFC concentrations compared to age-
matched healthy controls. Hemodialysis was more 
efficient in removing sodium from the skin in 
patients that had higher VEGFC levels [39].

Laffer et al.[40] observed that salt-sensitive 
normotensives not only have an impaired 
vasodilator response to sodium loading, but also 
gain weight and fail to fully correct water retention 
after salt deprivation. On the contrary, salt-resistant 
normotensives do not exhibit weight gain [40]. 
Hence, salt and water retention in the interstitial 
compartment may relate to vascular dysfunction in 
salt-sensitive hypertension; this mechanism may be 
more meaningful in men, as they tend to store more 
sodium in the skin compared to women [14,40,41].

Moreover, sodium and water kinetics are highly 
variable between patients, depending on osmotic 
set point and diet [41]. Following hypertonic saline 
infusion in healthy individuals, approximately 
one half of the sodium is excreted in the urine, 
the remainder being stored in skin and muscle 
[42]. In the dialysis population, a perfect model 
for sodium and water assessment (see below), 
prescribing individualized dialysis sodium improves 
not only dry weight and blood pressure, but also 
the clinical perception, with diminished thirst and 
salt and water intake in these patients [41,43,44]. 

and thus promotes vascular dysfunction and BP rise 
[19,23–25]. Last but not least, the plasma sodium 
increase augments the activity of sodium channels 
in the endothelial cells, leading to endothelial cell 
stiffness and impaired NO bioavailability [13,26,27]. 

In support of the central role of the kidney in 
the genesis of hypertension lies the older theory 
according to which “kidney transplantation 
transfers hypertension”. According to the kidney 
cross-transplantation studies performed by Dahl 
on salt-sensitive and salt-resistant rats, the pro-
hypertensive genotype of the donor kidney 
will determine a significant BP increment in a 
genetically normotensive recipient and vice versa: 
the transplantation of a “normotensive” kidney will 
successfully cure hypertension in the recipient [28]. 
The post-transplantation pressor effect of the kidney 
is caused by an increase in sodium reabsorption in 
the proximal tubule together with an increased 
vascular resistance in the preglomerular vessels [29]. 
Although much harder to prove in humans, old 
clinical studies support this observation in human 
kidney transplant recipients, also [30]. As BP in 
recipients themselves may rise due to numerous 
factors after transplantation, Guidi et al.[31] 
compared kidney graft recipients according to their 
family history of hypertension. In patients with a 
familial “normotensive” kidney, the transplantation 
of a “hypertensive” kidney increased by 10-fold the 
requirement of anti-hypertensive medication. 

Although the kidney hypertension transplantation 
hypothesis was afterwards revisited by Churchill et al. 
who demonstrated that extrarenal genotype variants 
also contribute to the inherited BP regulation 
[32], recent data still support the correction of 
hypertension after transplantation if the renal graft 
is received from an unrelated donor [33]. 

Finally, the renal vasodysfunction theory 
does not preclude increased sodium load and 
cardiac output – which appear to be physiological 
consequences of an excessive sodium diet in 
both salt-sensitive hypertensive patients and in 
normotensive salt-resistant subjects [13].

2. A third salt-storage compartment: 
the skin
Classical sodium homeostasis was challenged 

by Titze et al.[34], who demonstrated that 
sodium storage takes place in the skin – the 
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to low sodium diets. Salt may play a role in 
acutely elevating BP through its effects on plasma 
osmolarity, as a 1mmol/L increase in plasma 
sodium increases systolic BP (SBP) by at least 1.91 
mm Hg in the linear regression performed by 
Suckling et al.[49]. To confirm this hypothesis, a 
recent study investigated whether the acute effect 
of salt on BP is blunted by maintaining a stable 
osmolarity through concomitant water ingestion: 
patients receiving 3 g of salt with and without water 
were compared [50]. Patients receiving soup with 3 
g of salt showed a 6mOsm/L change in osmolarity, 
a 2.5 mmol/l increase in plasma sodium and a 10 
mm Hg increase SBP after 2 hours. When on the 
next visit the same patients drank the same salty 
soup but with water loading this time, the foreseen 
changes in plasma osmolarity, plasma sodium 
and BP were prevented. Thus, the central event 
in salt-induced raise of BP seems to be the change 
in plasma osmolarity, rather than the amount of 
salt. Copeptin, a marker of vasopressin release, 
increases when osmolarity is high and is supposed 
to mediate the salt-osmolarity-hypertension 
triangle. An argument is the blunted effect of salty 
soup and water ingestion compared with only salty 
soup on copeptin secretion. Therefore, attention 
must be paid to the concomitant water ingestion 
when assessing the association between salt and 
hypertension [50]. 

Salt and water matter and the dialysis 
population is the perfect model to demonstrate 
this by combining anuria, the absence of functional 
kidneys and the removal of sodium/water during 
hemodialysis sessions. In a large cohort study of 
39 566 incident end-stage renal disease (ESRD) 
patients from the EuCliD5 database, baseline 
overhydration was associated with an increased 
mortality risk, no matter the BP category [51]. 
Moreover, there was a linear relationship between 
the decrease in fluid overload and the decrease 
in SBP before dialysis (r=0.55, p<0.001) [52]. The 
EuroBCM study cohort also demonstrated a high 
frequency of hypervolemia among peritoneal 
dialysis patients and the misleading interpretation 
of BP values in evaluating volume status. In this 
context, dietary measures along with individualized 
dialysis prescription should be part of the routine 
medical care in order to avoid hypervolemia [53]. 
A pilot randomized controlled trial performed in 

In this regard, 23NaMRI is currently developing as 
an experimental tool to quantify tissue sodium in 
dialysis patients [41].

3. How do the kidneys excrete 
salt when the intake is high? New 
perspectives
A 6g/day dietary salt increase leads to a 

reduction of free water excretion with subsequent 
water retention [45]. This may be explained by the 
increased circulating cortisol in salt-sensitive subjects, 
compared to normotensive salt-resistant individuals 
who have decreased plasma cortisol [46]. An increase 
in sodium concentration of the cerebrospinal fluid 
triggers the secretion of oubain-like substances in 
the hypothalamus, consequently activating the 
adrenals and also the sympathetic nervous system 
[41]. The glucocorticoid-driven catabolic state 
increases urea production and recycling in order to 
ensure the osmotic gradient necessary for the renal 
concentration mechanism, allowing solitary sodium 
excretion without significant changes in urine volume. 
Glucocorticoid action also promotes metabolic water 
production, leading to water retention [47].

At constant salt intake, urinary sodium excretion 
exhibits an about-weekly pattern and is associated with 
intermittent sodium storage [48]. However, total body 
sodium is associated with longer infradian rhythm 
periods that are not accompanied by significant 
differences in weight and extracellular fluid. Total 
body sodium variability is rather under rhythmic 
hormonal control, related to urinary aldosterone 
and cortisol excretion [48]. Aldosterone exhibits salt-
independent about-half-weekly rhythmical secretion, 
promoting renal concentration-mediated free water 
reabsorption. This mechanism is counterbalanced 
by the salt-independent semiseptan rhythmical 
secretion of cortisol, which promotes urine dilution 
and water surplus excretion. This cyclic generation 
of a water excess under hormonal control that is 
exerted through the renal concentration and dilution 
processes demonstrates in a unique manner the 
autonomous component of body fluid homeostasis 
[45,48]. 

4. Sodium – osmolarity –  
hypertension 
Salty meals significantly increase plasma 

sodium concentration and osmolarity, compared 
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of the total effect of urinary sodium upon SBP in 
hypertensive patients [58]. These relationships were 
somewhat similar in normotensive patients, but the 
effect was less pronounced in normotensive patients 
[58].

Treatment considerations

A 4.4 g of salt (1.75 g of sodium) reduction in daily 
intake is associated with a mean 4.2/2.1 mm Hg 
reduction in SBP/diastolic BP (DBP) in the general 
population, as demonstrated by a meta-analysis 
of 34 trials [59]. The effect of salt restriction is 
more pronounced in the elderly (>45 years), in 
hypertensives compared with normotensives (-5.4/-
2.8 mm Hg change in SBP/DBP), in patients with 
medication-resistant hypertension (-22.7/-9.1 mm 
Hg change in SBP/DBP) and in diabetics (-5 mm 
Hg change in SBP) [59–62]. 

A very recent network meta-analysis 
performed on 25 studies comparing the efficacy 
of antihypertensive agents in salt-sensitive 
hypertension found that in the case of non-obese 
salt-sensitive hypertensive patients, calcium channel 
blockers combined with thiazides and moderate salt 
intake was the optimal choice for reducing BP. On 
the other side, in obese salt-sensitive hypertensives, 
calcium channel blockers together with metformin 
and moderate salt intake was the optimal therapy 
for decreasing BP [63].

Sodium restriction helps improve day and night 
SBP, proteinuria and hydration status in CKD 
patients as well [64,65]. When comparing the salt 
restriction only regimen (strict salt restriction and 
insistent ultrafiltration) to anti-hypertensive based 
strategies in hemodialysis patients, BP values were 
similar, but left ventricular systolic and diastolic 
functions were better preserved with the salt 
restriction regimen [66].

According to the SEPHAR III study, salt intake 
is significantly higher in newly diagnosed and in 
known but untreated/uncontrolled hypertension 
[67]. By lowering BP and preventing hypertension, 
sodium reduction should theoretically reduce 
cardiovascular disease, especially in the light of an 
independent relationship between excessive sodium 
consumption and adverse cardiovascular events 
[1,3,4]. However, the effect of reduced dietary sodium 

our center showed that bioimpedance-guidance is 
superior to clinical judgement-guided ultrafiltration 
for strict volume control in terms of improving 
arterial stiffness and systolic BP in hemodialysis 
patients [54]. 

High BP values are associated with bioimpedance-
proven increased extracellular water in the general 
population, too [55]. Negative hydration status 
leads to significantly lower systolic and diastolic BP 
values, decreased carotid intima-media thickness, 
higher flow-mediated dilation arteries and lower left 
ventricular mass index and end-diastolic diameter 
in primary non-CKD hypertensive patients [56].

As extracellular overhydration in most 
hypertensive patients is subtle and clinically 
unapparent, our group proposed a new paradigm 
for the routine management of hypertension: office 
BP measurement with concurrent bioimpedance 
volume assessment. Our algorithm stratifies patients 
into four categories depending on volume and BP, 
thus allowing tailored antihypertensive treatment 
in order to minimize end-organ damage [57]. 

5. Sodium, arterial stiffness, renal 
function
Salt-sensitive individuals are unable to 

modulate peripheral vascular resistance in response 
to salt loading (vasodilation) and depletion 
(vasoconstriction), possibly due to the high ratio 
between alfa- and beta-adrenoreceptors that occurs 
secondary to high sodium intake or due to the 
increased interstitial compartment sodium storage 
in these subjects (see above) [41]. 

As already discussed above, rigorous salt and 
water restriction ameliorates arterial stiffness in 
both ESRD and primary hypertensive non-CKD 
patients [54,55]. We tested whether the effect of 
sodium upon SBP is mediated by arterial stiffness or 
by the estimated glomerular filtration rate (eGFR) 
on 1599 adults without CKD from the SEPHAR III 
study. In this study, urinary sodium excretion was 
found to influence SBP both directly and indirectly: 
the pulse wave velocity (PWV) – mediated effect of 
urinary sodium upon BP accounts for 23.9% of the 
total effect in hypertensive patients. Furthermore, 
PWV also impacts the eGFR and has its own 
effects on the SBP. When taking this into account, 
the overall indirect effect mediated by PWV and 
PWV-induced eGFR changes accounts for 27.7% 
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contextual mobile app intervention to reduce sodium 
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randomized controlled trial (LowSalt4Life Trial). JMIR 
Res Protoc. 2018; 7(12):e11282. doi: 10.2196/11282
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592(18):3955–67. doi: 10.1113/jphysiol.2014.271676

9. 	 Guyton AC, Coleman TG, Granger HJ. Circula-
tion: Overall Regulation. Annu Rev Physiol. 1972; 
34(1):13–44. doi:10.1146/annurev.ph.34.030172.000305

10. 	Stolarz-Skrzypek K, Bednarski A, Czarnecka D, Kawec-
ka-Jaszcz K, Staessen JA. Sodium and potassium and 
the pathogenesis of hypertension. Curr Hypertens Rep. 
2013; 15(2):122–30. doi: 10.1007/s11906-013-0331-x.

11. 	Rust P, Ekmekcioglu C. Impact of salt intake on the 
pathogenesis and treatment of hypertension. 2016; 
956: 61–84. doi: 10.1007/5584_2016_147

12. 	Oparil S, Zaman A, Calhoun DA. Pathogenesis of hy-
pertension. Ann Intern Med. 2003; 139:761-776. 

13. 	Kurtz TW, DiCarlo SE, Pravenec M, Morris RC. 
Changing views on the common physiologic abnor-
mality that mediates salt sensitivity and initiation of 
salt-induced hypertension: Japanese research under-
pinning the vasodysfunction theory of salt sensitivity. 
Hypertens Res. 2019; 42(1):6–18. doi:10.1038/s41440-
018-0122-5

14. 	Titze J, Luft FC. Speculations on salt and the genesis of 
arterial hypertension. Kidney Int. 2017;91(6):1324–35. 
doi: 10.1016/j.kint.2017.02.034

15. 	Pao AC. Update on the Guytonian view of hypertension. 
Curr Opin Nephrol Hypertens. 2014; 23(4):391–8. doi: 
10.1097/01.mnh.0000450777.17698.8e
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on cardiovascular events remains unclear: a pooled 
analysis of 133118 individuals from 49 countries in 
four prospective studies demonstrated that a urinary 
excretion of both more than 7g/day and less than 
3g/day were associated with an increased risk of 
mortality and cardiovascular events in hypertensive 
patients, suggesting a U-curve phenomenon. 
Interestingly, in the normotensive population, only 
the reduced sodium excretion was associated with 
an increased cardiovascular risk [68]. Thus, lowering 
sodium diet does not follow the “one size fits it all” 
and confirms our theory regarding prescribing a 
tailored regimen to lower BP.

Conclusions

Guyton’s vision of the kidney as a central player in 
blood pressure regulation has stood the test of time, 
however as mechanisms of sodium homeostasis are 
better understood, portions of Guyton’s work may 
not fully explain pathophysiology sufficient for 
modern hypertensive patients. This review covered 
three main concepts that aim to enhance upon 
Guyton’s work; the sodium-endothelial dysfunction 
mechanism, the three compartment theory, and the 
sodium-osmolarity-hypertension or sodium-arterial 
stiffness-renal function theory. Further studies will 
ultimately determine which of these mechanisms 
are accepted in the treatment of this challenging 
disease process. 
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