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Hypertension is a complex trait determined by both genetic and environmental
factors and is a major public health problem due to its high prevalence and
concomitant increase in the risk for cardiovascular disease. With the recent
large increase of dietary salt intake in most developed countries, the prevalence of hypertension increases tremendously which is about 30% of the world
population. There is substantial evidence that suggests some people can effectively excrete high dietary salt intake without an increase in arterial BP, and
another people cannot excrete effectively without an increase in arterial BP.
Salt sensitivity of BP refers to the BP responses for changes in dietary salt intake
to produce meaningful BP increases or decreases. The underlying mechanisms
that promote salt sensitivity are complex and range from genetic to environmental influences. The phenotype of salt sensitivity is therefore heterogeneous
with multiple mechanisms that potentially link high salt intake to increases in
blood pressure. Moreover, excess salt intake has functional and pathological
effects on the vasculature that are independent of blood pressure. Epidemiologic
data demonstrate the role of high dietary salt intake in mediating cardiovascular
and renal morbidity and mortality. Almost five decades ago, Guyton and Coleman proposed that whenever arterial pressure is elevated, pressure natriuresis
enhances the excretion of sodium and water until blood volume is reduced sufficiently to return arterial pressure to control values. According to this hypothesis,
hypertension can develop only when something impairs the excretory ability of
sodium in the kidney. However, recent studies suggest that nonosmotic salt
accumulation in the skin interstitium and the endothelial dysfunction which
might be caused by the deterioration of vascular endothelial glycocalyx layer
(EGL) and the epithelial sodium channel on the endothelial luminal surface
(EnNaC) also play an important role in nonosmotic storage of salt. These new
concepts emphasize that sodium homeostasis and salt sensitivity seem to be
related not only to the kidney malfunction but also to the endothelial dysfunction.
Further investigations will be needed to assess the extent to which changes
in the sodium buffering capacity of the skin interstitium and develop the treatment strategy for modulating the endothelial dysfunction.
Key Words: Salt, Sensitivity, Hypertension, Kidney malfunction, Endothelial
dysfunction
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Introduction
Hypertension is a complex trait determined by both

genetic and environmental factors and is a major public
health problem due to its high prevalence and concomitant increase in the risk for cardiovascular disease.
Among environmental factors, dietary salt intake is the
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most common and important risk factor for hypertension.
Salt is an essential electrolyte to the living of human beings
and is used universally in cooking, seasoning, and preserving manufactured foodstuffs around the world. For
several million years, human ancestors ate a diet that contained less than 1 g of salt per day. In Hunter-gathering
periods, nomads hunted and ate the meat within a few
hours of the kill. They do not eat salt with their food.
In the mean times, population growth led to the introduction of agriculture and during the first few thousand years
after the advent of agriculture, the intake of meat declined
and the intake of vegetable food increased up to 90%.
In this period, salt consumption in humans rose steeply.
With the recent large increase of dietary salt intake in
most developed countries in the world, the prevalence
of hypertension increases tremendously which is about
1)
30% of the world population .
2,3)
4-6)
Evidence from clinical observations , animal studies ,
7-12)
shows a causal relation between dietary
clinical trials
salt intake and hypertension. Many epidemiologic studies
have also demonstrated that a high salt intake is associated
13-16)
with an increased risk of cardiovascular disease . There
is substantial evidence suggesting that blood pressure (BP)
responses to dietary salt intake vary considerably among
individuals which is a phenomenon described as salt sensitivity of blood pressure17-19).
Although salt sensitivity is a well established phenomena
in experimental and human hypertension, the pathophysiologic mechanisms remain unclear. It has been suggested
that abnormalities in the renin angiotensin aldosterone
20,21)
22)
system , the sympathetic nervous system , renal trans23)
membrane sodium transport , the kallikrein-kinin system, the nitric oxide (NO) system, eicosanoids, and the
24,25)
vascular endothelium
are all involved in the pathogenesis of salt sensitive hypertension. In the evolutionary
aspects, human kidneys are well-equipped with a salt retaining function and have less efficient salt excretory functions when challenged with large amounts of salt loads.
If salt intake exceeds the kidney’s ability to excrete salt,
26)
then it is accumulated in the body . One of the main
organ systems vulnerable to the adverse effects of excessive salt intake in the diet is the cardiovascular system.

Excess dietary salt intake usually affects heart, blood vessels, and the kidneys. It is well documented recently that
the effect of salt on BP and BP independent target organ
27)
damage goes beyond the well-known concept of Guyton .
Until recently, salt sensitivity of blood pressure was thought
to be the result of delayed salt excretion by kidney malfunc26)
tion. According to the classic concept of Guyton , high
salt intake increases in circulating volume, which leads to
a rise in perfusion pressure of the kidneys and a natriuresis
that tends to restore the increased circulating volume to
normal. This pressure-natriuresis mechanism prevents the
increase in BP that could arise from transient increase
of circulating volume. However, recent studies have added some new insights into the pathophysiologic mechanisms of salt sensitive hypertension and questioned the
classic view of salt sensitivity. In this brief review, some
new pieces of research related to salt sensitivity are presented28).

The Concept of Salt Sensitivity of Blood
Pressure
There is substantial evidence that blood pressure responses to dietary salt intake vary among individuals with
hypertension and even with normotensive individuals.
Some people can effectively excrete high dietary salt intake without an increase in arterial BP and others cannot
excrete effectively without an increase in arterial BP.
Former individuals who can excrete salt intake effectively
are called “salt sensitive” and latter individuals who cannot are called “salt insensitive”. An earlier study by Strauss
29)
et al. in 1958 showed that the daily relation between
dietary sodium intake and renal sodium excretion was
determined in humans subjected to a step increase of salt
intake from 10 to 150 mmol/day. In this study, about 5
days were required before the rate of renal sodium excretion became equal to the rate of sodium intake (ie, until
sodium balance was achieved). Salt sensitivity is characterized by an alteration of kidney function that necessitates higher arterial pressure to excrete a given amount
of sodium and is expressed as a reduction in the slope
of the pressure-natriuresis relationship. It was shown that
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the amount of sodium and water retained with such
an increase of sodium intake leads to a body weight in30)
crease . Unfortunately, however, there is no universal
definition of salt sensitivity and the method to assess salt
sensitivity varies from one study to another. In most studies, salt sensitivity is defined as the acute blood pressure
change in mean blood pressure corresponding to a decrease or increase of sodium intake. In animal studies,
this can be readily determined experimentally, but such
measurements in humans are very difficult to perform
practically. Usually, salt sensitivity is arbitrarily defined
as an increase in blood pressure of 10% or greater during
a high salt diet than that during a low salt diet.
5)
In 1962, Dahl demonstrated variability in blood pressure response to salt loading in normal rats. By inbreeding
rats with the highest blood pressure response with rats
with the lowest blood pressure response to a high-sodium
intake, Dahl was able to develop two strains of rats: a
salt-sensitive (SS) strain and a salt-resistant (SR) strain.
The former strain becomes hypertensive with time after
receiving an 8% sodium chloride diet; the latter strain
does not develop hypertension in response to a high-so5)
dium diet . Similar animal study has been performed on
chimpanzees, our closest relatives on a genetic basis. Chimpanzees normally consume a diet low in salt, but when
their salt intake increases to that of present-day humans
(~15 g/day) for 20 months, they develop hypertension.
Like humans, some chimpanzees do not develop high
blood pressure on a high salt diet. The rise in blood pressure was gradual and it was still rising 18 months after
they started the high salt diet. Moreover, when the salt
was reduced from the diet containing ~15 g salt/day to
0.5 g salt/day, blood pressure levels fell back to the original level after 6 months. It was also obvious that some
chimpanzees reacted more than others to these changes
of the salt intake; 60% of the cohort became hypertensive,
whereas 40% remained resistant to high salt intake. Experiments in chimpanzees strongly suggested that essential
6)
hypertension is due to high salt intake .
In humans, Kawasaki et al. in 197817) were among the
first to recognize a great variability in blood pressure response to sodium loading in a group of patients with

9

essential hypertension. They studied 19 hypertensive subjects who were observed after a “normal” (109 mmol/d),
“low” (9 mmol/d), and then “high” (249 mmol/d) sodium
intake. Blood pressure fell significantly (p<0.05) in the
entire population with a dietary salt restriction and increased significantly (p<0.05) back to baseline levels after
the high salt phase. When individual blood pressure responses to the low and high salt periods alone were compared, all but one subject demonstrated an increase. The
investigators then arbitrarily separated the population
into two groups, identifying one as salt sensitive (n=9),
those who demonstrated at least a 10% increase in mean
arterial pressure when the low and high salt intake periods were compared, and the other as non-salt sensitive
(n=10), those having smaller increases in blood pressure
with salt loading. On the basis of this response, patients
with hypertension were classified as either salt sensitive
or not salt sensitive.
Next year, these observations in hypertensive patients
were extended to the normotensive population by studies
in individuals who were subjected to an incremental range
18)
of sodium intake from 10 to 1,500 mmol/day . Luft et
18)
al. in the study of 16 normotensive young men, blood
pressure was measured after a 7-day period of 10 mmol/d
sodium and then successive 3-day periods of 300, 600
or 800, and 1,200 or 1,500 mmol/day. Systolic and diastolic pressure increased from 113±2/69±2 mmHg (SEM)
at the 10 mEq/24 hr level of sodium intake to 131±4/
85±3 mmHg at the 1,500 mEq/24 hr level of sodium intake (p<0.001). Cardiac index increased conco- mitantly
2
from 2.6±0.1 to 3.6±0.3 l/min/m (p<0.001). Linear and
quadratic regression analysis of the relationship of UNaV
and blood pressure revealed that blacks had higher blood
pressures with sodium loading than whites. Sodium loading
caused a significant kaliuresis that was greater in whites than
blacks. Six subjects were restudied while receiving potassium replacement. Compared with initial responses, blood
pressure was elevated to a lesser degree (p<0.02) and a
greater natriuresis appeared at a level of 1,500 mEq/24
hr of sodium intake (p<0.02). The data suggest that blacks
have an intrinsic reduction in the ability to excrete sodium
compared with whites.
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Later on, Weinberger et al. evaluated in 378 normotensive and 198 hypertensive humans by two approaches.
Blood pressure was measured after an intravenous infusion of 2 L of normal saline (0.9%) and after sodium and
volume depletion induced by a low sodium diet and furosemide administration. They arbitrarily separated the
population into two groups, those in whom mean arterial
blood pressure decreased by at least 10 mmHg after sodium and volume depletion were considered sodium-sensitive, and those with a decrease of 5 mmHg or less (including an increase in pressure) were considered sodiumresistant. The second study utilized the blood pressure
response to modest dietary sodium restriction in 74 normotensive subjects to identify sodium sensitivity and resistance. In both studies the responses were heterogeneous.
In the first study significantly more hypertensive subjects
were sodium-sensitive, as compared with those in the normotensive group (p<0.001). Plasma renin activity (low,
normal, or high) did not predict sodium responses. In
both groups sodium-sensitive individuals were significantly older (p<0.001) and had lower baseline renin values
than sodium-resistant subjects. Factors related to the change
in mean arterial blood pressure after sodium and volume
depletion included baseline pressure (r=-0.54, p<0.001)
and age (r=-0.16, p=0.002 in the normotensive group;
r=-0.28, p<0.001 in the hypertensive group). The response to dietary sodium restriction was also correlated
with baseline pressure (r=0.61, p less than 0.001) and
the initial urinary sodium excretion (r=0.27, p<0.01).
Using the above criteria, 51% of hypertensives and 26%
of normotensives were found to be sodium sensitive in
this study. They also conducted this protocol twice within
12 months in additional subjects and observed the blood
31)
pressure responses . The blood pressure response was
reproducible in 28 subjects studied twice (r=0.56, p<
0.002). Four subjects changed salt-responsiveness status
and six were indeterminate on restudy. In a subsequent
study these investigators also showed that the blood pressure response to the volume expansion-contraction protocol significantly correlated with the changes in blood pres32)
sure observed in response to a low-sodium diet . This

is the only published study to have compared two different
techniques for the assessment of salt responses of blood
pressure in the same persons. They concluded that salt
sensitivity is a reproducible phenomenon that is related
to the age-associated increase in blood pressure. Since
then, a variety of protocols have been used to test for the
salt sensitivity of BP in humans, including the examination
of the BP response to an acute protocol in which patients
are salt-loaded with an intravenous infusion of saline and
33,34)
salt-depleted by administration of furosemide .
35)
In the GenSalt study , participants received a low-sodium diet (3 g of salt or 51.3 mmol of sodium per day)
for 7 days followed by a high-sodium diet (18 g of salt
or 307.8 mmol of sodium per day) for 7 days, with BP
measured three times during the last 3 days of each intervention phase. BP responses to chronic low- and high-sodium dietary interventions, usually lasting 5-14 days, were
also measured. The overall objective of this study is to
identify susceptibility genes that influence individual BP
responses to dietary sodium and potassium intake in human populations. BP response to dietary sodium intake
varies among individuals- a phenomenon described as salt
sensitivity- and the heterogeneity of this effect is far from
17,33)
. Previous prospective
being completely understood
cohort studies have also indicated that salt sensitivity is
a strong predictor for CVD and total mortality in hyper36,37)
. The GenSalt
tensive and normotensive participants
study group examined BP responses to dietary sodium
and potassium interventions by sex, age, and baseline BP
subgroups among 1906 Chinese men and women aged
16 years or older who participated in the Genetic Epide38)
miology Network of Salt Sensitivity (GenSalt) . This
study showed that female gender, older age, and elevated
baseline BP levels increase BP responses to dietary sodium
intervention. In addition, elevated baseline BP levels increase BP responses to dietary potassium intervention. Therefore, a diet low in sodium and high in potassium should
be especially effective in reducing BP among persons with
hypertension or prehypertension, whereas a diet low in
sodium may be more effective in reducing BP among wom38)
en and the elderly . Six years later, Gu et al. in their
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GenSalt study, retested BP responses to dietary sodium
and potassium interventions among previous 487 partici39)
pants . This is the first study to investigate the long-term
reproducibility of salt sensitivity of BP. The identical dietary intervention protocol, which included a 7-day low-sodium feeding (51.3 mmol/d), a 7-day high- sodium feeding (307.8 mmol/d), and a 7-day high-sodium feeding
with oral potassium supplementation (60.0 mmol/ d), was
applied in both the initial and repeated studies. Three
blood pressure measurements were obtained during each
of the 3 days of baseline observation and on days 5, 6,
and 7 of each intervention period. The results from the
24-hour urinary excretion of sodium and potassium showed excellent compliance with the study diet. Blood pressure responses to dietary intervention in the original and
repeated studies were highly correlated. The correlation
coefficients (95% confidence interval) for systolic blood
pressure levels were 0.77 (0.73-0.80) at baseline, 0.79
(0.75-0.82) during low sodium, 0.80 (0.77-0.83) during
high sodium, and 0.82 (0.79-0.85) during high sodium
and potassium supplementation interventions (all, p<
0.0001). The correlation coefficients for systolic blood
pressure changes were 0.37 (0.29-0.44) from baseline to
low sodium, 0.37 (0.29-0.44) from low to high sodium,
and 0.28 (0.20-0.36) from high sodium to high sodium
plus potassium supplementation (all, p<0.0001). These
data indicate that blood pressure responses to dietary
sodium and potassium interventions have long-term repro
ducibility and stable characteristics in the general popu40)
lation. However, de Leeuw and Kroon in their editorial comment argue that the correlation coefficients for
the pressure changes at the beginning and the end of the
study were very low. The initial test results can only explain about 20% of the results from the retest.

Pathophysiologic Mechanisms of Salt
Sensitivity of Blood Pressure
Traditional views
A considerable amount of work has accumulated and

11

decades of research uncovered a myriad of mechanisms
and the pivotal role of the kidney in its pathogenesis of
hypertension.
41)
In 1963, Borst and Borst-de Geus postulated that “hypertension is part of a homeostatic reaction to deficient
renal sodium output.” Various mechanisms relating to salt
intake and blood pressure elevation have been proposed
over the last several decades. In the 1970s, animal experiments by Dahl on rats suggested that hypertension associated with increased dietary sodium intake reflected an
intrinsic defect in the renal excretion of sodium. When
the kidney from a salt-sensitive rat was transplanted into
a salt-resistant rat, the recipient developed hypertension.
Conversely, when a kidney from a salt-resistant rat was
transplanted into a salt-sensitive rat, the hypertension re42)
solved . Salt sensitivity of BP refers to the BP responses
to changes in dietary salt intake to produce meaningful
BP increases or decreases.
43)
Nearly five decades ago, Guyton and Coleman proposed that if an increase in arterial pressure could produce
sustained elevations in urine flow and sodium excretion
through the mechanism of pressure diuresis, then the system would have an infinite gain for the long-term control
of arterial pressure by regulating blood volume. Whenever
arterial pressure is elevated, pressure natriuresis enhances
the excretion of sodium and water until blood volume
is reduced sufficiently to return arterial pressure to control
values. According to this hypothesis, hypertension can develop only when something impairs the excretory ability
of the kidney and shifts the relation between sodium ex44)
cretion and arterial pressure toward higher values . They
showed the integral role of kidney in blood pressure regulation. Recently, a genetic cause for salt sensitivity has
been vigorously pursued with a particular focus on the
kidney and indeed, mutations in a large number of genes
related to salt transport in the kidney have been shown
45)
to cause monogenic forms of hypertension .
The molecular mechanism of renal handling of salt-sensitive hypertension has been also newly developed. Fugita
46,47)
recently identified two novel pathways in saltet al.
sensitive hypertension: the β2-adrenergic stimulant-gluco-

Copyright © 2015 The Korean Society of Electrolyte Metabolism

12

HY Choi, et al

•

Salt Sensitivity and Hypertension

corticoid receptor (GR)-with-no-lysine kinase (WNK)4+
Na -Cl cotransporter pathway, which is active in distal
convoluted tubule (DCT)1, and the Ras-related C3 botulinum toxin substrate (Rac)1-mineralocorticoid receptor
pathway, which is active in DCT2, connecting tubules,
and collecting ducts. They suggested that these new pathways might be novel therapeutic targets for the treatment
of salt-sensitive hypertension and new diagnostic tools for
determining the salt sensitivity of hypertensive patients.

Nonosmotic Sodium Accumulation and
Salt Sensitivity
On the contrary to Guyton’s traditional view, Heer
et al. in 2,000 performed a controlled randomized study
including 32 healthy males. Study subjects were randomized into four groups, each ingesting 50, 200, 400, and
550 mEq/day of NaCl for 7 days. In this study, plasma
volume dose dependently increased but total body water
did not. They concluded that in contrast to the traditional
view, high sodium intake does not induce total body water
storage but induces a relative fluid shift from the interstitial into the intravascular space48). Dietary salt intake
and extracellular fluid volume expansion is traditionally
seen as a balance between salt intake and excretion, and
the osmotic balance between the extracellular and intracellular spaces. This paradigm assumes that sodium and
its accompanying anion are osmotically active and retained
with water in amounts that leave osmolality unchanged.
However, Heer et al.’s results were not fit for traditional
view and led the authors to consider a nonosmotic sodium
storage occurring in the subjects ingesting high salt intakes.
Recently, Titze et al. in their rat experiment have shown
that sodium may accumulate without accompanying water retention and that the skin is a major site for osmotically inactive sodium storage49). Negatively charged glycosaminoglycans under the skin function as sodium binders50). Nonosmotic sodium accumulation in the interstitium explains the observations of positive sodium balance
without concomitant osmotic volume expansion. Nonosmotic sodium accumulation occurs acutely and is presum-

ably followed by increased removal from skin via the newly developed lymphatics for ultimate renal excretion. Machnik et al. showed that mice and rats receiving a high-salt
diet developed hypertonicity of the skin interstitium, which
triggered a series of mechanisms to keep interstitial vol51,52)
. The hypertonic sodium accumulation
ume constant
resulted in the activation of the tonicityresponsive enhancer binding protein (TonEBP) present in mononuclear cells infiltrating the skin. As a consequence, these
skin macrophages secreted vascular endothelial growth
factor (VEGF)-C resulting in increased density and hyperplasia of the skin lymphocapillary network and increased
endothelial nitric oxide synthase (eNOS). Our traditional
view of sodium handling has been challenged by these
49-52)
.
studies

Endothelial Surface Layer - Another Important
Sodium Barrier and Storage Site
Recently, the endothelial surface layer facing the blood
stream may be another important non-osmotic sodium
storage compartment. This soft surface layer, termed endothelial glycocalyx layer (EGL) that coats the luminal
surface of endothelium, is a negatively charged biopolymer known to preferentially bind sodium. At present,
the sodium binding capacity of the EGL is not known.
However, the negative charge of the entire vascular EGL
in humans have been calculated to be able to inactivate
about 700 mg of sodium, which is about the amount con53)
tained in a single meal . These calculations are on the
basis of in vitro experiments and most likely underestimate EGL dimensions. In vivo, the actual EGL volume
has 7-30 times larger than in vitro experiments. Under
normal physiologic conditions, the EGL may be able to
inactivate more sodium than in vitro calculated sodium
54,55)
. Oberleithner et al. showed that sodium examount
cess leads to the deterioration of the EGL, and the damaged EGL facilitates sodium entry into the endothelial
56)
cells . These results could explain endothelial dysfunction and arterial hypertension observed in sodium abuse.
This study suggested that the sodium buffering capacity
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of the endothelial glycocalyx is severely damaged by excessive sodium intake over time, leading to a signifi- cant
reduction of the negatively charged heparan sulphate resi56)
dues in the endothelial glycocalyx . A plasma sodium
concentration in the high physiological range (>140 mM)
reduces the negatively charged heparan sulphate residues
of the endothelial glycocalyx, increasing the amount of
sodium reaching the endothelial sodium channels, which
57,58)
.
in turn makes the channels more active
Endothelial surface layer also has been reported to influence on the availability of NO production via mediating the epithelial sodium channel on the endothelial luminal surface (EnNaC). When the plasma sodium was increased, the density of EnNaC has been shown to be increased to leading to increasing sodium uptake, stiffen
the endothelial cellular cortex, and diminishing NO production. Taken together, an increase of sodium delivery
to the endothelial cell resulted in an increase in vascular
58,59)
. Recent study showed that the inhibitory feedtone
back mechanism of sodium on ENaC activity in kidney
and the feedforward mechanism of sodium on EnNaC
in vascular endothelium could be complementary proc+
esses for Na homeostasis and blood pressure regulation.
In the vascular endothelium, an acute increase of extracellular sodium concentration could induce a fast aldosterone- and mineralocorticoid receptor-dependent insertion of
EnNaC into the plasma membrane which led to reduce
NO release. However, when the rise in plasma sodium/aldosterone might persist, a pathophysiological response which
the vascular stiffness was increased and the release of NO
was diminished finally led to endothelial dysfunction ac60,61)
companied by structural damage of the endothelium .

Conclusions
It is well known that excess salt intake is definitely associated with hypertension in some but not all individuals.
Salt sensitivity of BP refers to the BP responses for changes
in dietary salt intake to produce meaningful BP increases
or decreases. The underlying mechanisms that promote
salt sensitivity are complex and range from genetic to environmental influences. The phenotype of salt sensitivity is
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therefore heterogeneous with multiple mechanisms that
potentially link high salt intake to increases in blood pressure. Moreover, excess salt intake has functional and
pathological effects on the vasculature that are independent of blood pressure. Epidemiologic data demonstrate
the role of high dietary salt intake in mediating cardiovascular and renal morbidity and mortality.
43)
Almost five decades ago, Guyton and Coleman proposed salt sensitivity to be the result of kidney malfunction.
However, recent studies suggest that nonosmotic salt accumulation in the skin interstitium and changes in endothelial surface layer characteristics which lead to alteration
of endothelial cell function also play an important role
in nonosmotic storage of salt. These new concepts emphasize that sodium homeostasis and salt sensitivity seem to
be related not only the kidney malfunction but also the
endothelial dysfunction.
Further investigations will be needed to assess the extent to which changes in the sodium buffering capacity
of the skin interstitium and develop the treatment strategy
for the amelioration of endothelial dysfunction.
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