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Abstract High salt (NaCl) intake promotes the development
of vascular diseases independent of a rise in blood pressure,
whereas reduction of salt consumption has beneficial effects
for the arterial system. This article summarizes our current
understanding of the molecular mechanisms of high salt-
induced alterations of the endothelial phenotype, the impact
of the individual endothelial genotype, and the overall vascu-
lar phenotype. We focus on the endothelial Na+ channel
(EnNaC)-controlled nanomechanical properties of the endo-
thelium, since high Na+ leads to an EnNaC-induced Na+-
influx and subsequent stiffening of endothelial cells. The
mechanical stiffness of the endothelial cell (i.e., the endothe-
lial phenotype) plays a crucial role as it controls the produc-
tion of the endothelium-derived vasodilator nitric oxide (NO)
which directly affects the tone of the vascular smooth muscle
cells. In contrast to soft endothelial cells, stiff endothelial cells
release reduced amounts of NO, the hallmark of endothelial
dysfunction. This endothelium-born process is followed by
the development of arterial stiffness (i.e., the vascular pheno-
type), predicting the development of vascular end-organ dam-
age such as myocardial infarction, stroke, and renal impair-
ment. In this context, we outline the potential clinical impli-
cation of direct (amiloride) and indirect (spironolactone)
EnNaC inhibition on vascular function. However, interindi-
vidual differences exist in the response to high salt intake

which involves different endothelial genotypes. Thus, selected
genes and genetic variants contributing to the development of
salt-induced endothelial dysfunction and hypertension are
discussed. In this review, we focus on the role of salt in
endothelial and vascular (dys)function and the link between
salt-induced changes of the endothelial and vascular pheno-
type and its clinical implications.
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Salt and endothelial phenotype

Salt-induced endothelial stiffening

The daily moderate intake of salt (sodium chloride, NaCl) is
essential for life in that it maintains a proper homeostasis of
extracellular fluid volume and blood pressure. However, in
clinical trials, it was demonstrated that the intake of 6 g salt
leads to an acute increase in blood pressure that correlates with
acute increases in plasma Na+ concentrations: a 1 mmol/l
increase is associated with a 1.9 mmHg increase in systolic
blood pressure [45, 123]. Thus, excessive salt intake may lead
to the manifestation and aggravation of arterial hypertension.
In addition, salt excess has harmful effects on the cardiovas-
cular system (e.g., stroke, coronary heart disease, stiffening of
conduit arteries, and thickening and narrowing of resistance
arteries) which has also been observed independent of the rise
in blood pressure [45, 75, 121].

During the last years, considerable effort has been made to
reveal the underlying cellular mechanisms which are respon-
sible for these deleterious systemic effects of salt excess. In
this regard, the endothelial cortex, a functional region 50–
150 nm beneath the plasma membrane, has been detected as
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important target of salt. A small rise in Na+ concentration
(>140 mM) alters the nanomechanical properties of endothe-
lial cells (i.e., the phenotype of the cell) in that the endothelial
cortex stiffens. Stiffness is a mechanical property which re-
flects the physiological state of the endothelial cell. The de-
gree of stiffness is important for physiological functions as
cellular responses to biochemical and biophysical signals [96].
Themechanical properties of the endothelial cortex are mainly
determined by actin which builds a dynamic network beneath
the plasma membrane. This peripheral actin is composed of
cross-linked actin filaments (F-actin), globular actin (G-actin),
and embedded proteins [38, 98]. High Na+ apparently stabi-
lizes F-actin by conformational changes, e.g., strengthening
the inter-subunit contacts of the protein, a process which
might explain the Na+-induced stiffening of the endothelial
cortex [89]. Recently, Koltsova et al. [55] reported that an
elevation of intracellular [Na+] affects the expression of many
genes. This might contribute to salt-induced changes of
the endothelial transcriptome and thus the endothelial
phenotype.

The endothelial sodium channel (EnNaC) was recognized
as mediator of the Na+-dependent cortical stiffening [59], and
thus the phenotype of the endothelium. The term “EnNaC”
was recently introduced by David Warnock [134] with the
intention to distinguish it from the epithelial sodium channel
(ENaC) which is well defined in epithelial tissues since its first
description in 1995 by Canessa et al. [15]. By using geneti-
cally modified cell lines and state of the art mouse models, a
positive correlation between EnNaC membrane abundance
and mechanical stiffness of the cellular cortex has been found,
i.e., the more EnNaC, the stiffer the endothelial cortex [48, 59,
135]. EnNaC is regulated byNa+ in that high extracellular Na+

concentrations increase the abundance of EnNaC compared to
low Na+ concentrations, thereby enabling Na+ influx into the
cell, followed by stiffening of the endothelial cortex. A mech-
anism called “feedforward activation” of EnNaC by Na+ [56]
(Fig. 1). EnNaC-mediated endothelial stiffening likely occurs
via interaction of the α-subunit C-terminus with F-actin in the
cortical cytoskeleton [42, 73]. Na+-dependent EnNaC accu-
mulation in the plasma membrane leads to an enhanced Na+

influx into the cell, stabilization of F-actin, and thus rigidity of
the EnNaC-F-actin complexes.

The mineralocorticoid receptor is a mediator of salt-induced
endothelial stiffening

In vascular endothelial cells, the mineralocorticoid hormone
aldosterone, the major regulator of ENaC and EnNaC [60,
112], modifies the endothelial phenotype similar to Na+: it
swells and stiffens endothelial cells [86, 88]. This indicates a
concerted action of both hormone and ion. Classically, aldo-
sterone binds to its cytosolic mineralocorticoid receptor (MR)
causing dissociation of chaperones and formation of MR

dimers. These dimers then translocate into the nucleus and
act as transcription factors to influence the expression of target
genes. Several genes have been identified as being directly or
indirectly regulated by aldosterone, for example Na+/K+-
ATPase, serum and glucocorticoid-dependent kinase (SGK)
1, and the renal outer medullary potassium channel (ROMK),
all of them concerned with electrolyte and volume regulation.
SGK1 regulates ENaC in that it phosphorylates NEDD4-2 and
prevents ubiquitylation and degradation of ENaC (for review,
see [112]). The MR as well as NEDD4-2 could also be
detected in non-epithelial cells indicating that major prerequi-
sites for the regulation of EnNaC along this pathway are given
in endothelial cells [16, 79, 139]. Interestingly, in the absence
of aldosterone, high salt significantly increases the transcrip-
tion of the MR [56] which is in agreement with the observa-
tion that salt loading decreases serum aldosterone, whereas
MR activation in the target tissue is augmented [78]. In
addition, the importance of the MR was demonstrated by the
fact that aldosterone antagonism can prevent the effects of
high Na+ [56, 87].

Mutations in ENaC which impair the MR-dependent reg-
ulation of the channel have been identified in some genetically
defined forms of arterial hypertension [1]. One of the classical
examples is Liddle’s syndrome [118], which results from
mutations in the PY-motif of the ENaCβ- or γ-subunit. These
mutations prevent degradation of the ion channel by the
ubiquitin ligase NEDD4-2, causing an increased channel sur-
face density and thus augmented Na+ influx via ENaC in
collecting duct epithelial cells resulting in severe hypertension
[104, 105, 120].Whether this mechanism alone is sufficient to
explain the disease pathology was questioned: it has been
proposed that dysregulation of the vascular tone contributes
to the development and maintenance of hypertension, inde-
pendent of actions resulting from increased blood pressure
[79, 108]. By using an appropriate mouse model, it could be
shown that known ENaC mutations causing Liddle’s syn-
drome also induce an increased EnNaC surface expression
and a concomitantly elevated cortical stiffness in the endothe-
lium, indicating that EnNaC dysregulation (increased Na+

influx) participates in the pathology of Liddle’s syndrome.
Thus, a general contribution of EnNaC- and Na+-mediated
changes of the endothelial phenotype to hypertension can be
concluded. In addition to its extrarenal effects, aldosterone
andMR regulate ion channel expression and Na+ homeostasis
which might explain the vasoprotective effects of MR
antagonism [33].

Salt-induced damage of the endothelial glycocalyx

The endothelial glycocalyx (eGC), a negatively charged bio-
polymer, is located on top of endothelial cells. The eGC
mainly consists of proteoglycans, especially those of the
syndecan family, to which glycosaminoglycans (GAG,
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mainly heparan and chondroitin sulfates) and hyaluronan are
attached [100, 103]. The eGC has been identified as being an
important shear stress sensor, in that changes in blood flow
affects the conformation of the eGC with subsequent inward
signal transduction through intracellular domains of the eGC
to the cortical cytoskeleton. GAGs in particular have been
extensively studied in regard to their ability to function as a
mechanotransducer [119, 124]. Beyond its function as shear
stress sensor, the eGC was recognized as effective Na+ buffer
[83]. Due to the high charge density of Na+, the ion is attracted
by the negative charges of the eGC surface and accumulates in
the mesh-like structure [19, 84]. After exposure to excessive
Na+ intake over time, the capacity of the eGC to buffer Na+ is
found diminished, leading to conformational changes of the
negatively charged heparan sulfate residues in the eGC [85].
Since the eGC is connected with proteins of the cortical web,
changes of the eGC conformation influences the signal trans-
duction into the interior of the cell and thus its function. In
other words, high Na+ leads to collapse and stiffening of the
eGC, a process which contributes to signal transduction pro-
cesses into the cell and thus the overall Na+-induced changes
of the mechanical properties of the endothelium [38] (Fig. 2).
Hence, high Na+ not only changes the phenotype of the
endothelial cortex, but also the phenotype of the eGC. Taken
together, Na+ excess might lead over time to a damage of
the eGC barrier, cortical stiffening, and might trigger
endothelial dysfunction. Thus, the (Na+-dependent) endo-
thelial phenotype reflects the functional status and quality of
the vascular endothelium.

Salt intake affects endothelial function

One of the precursors leading to salt-induced cardiovascular
pathologies is endothelial dysfunction, which can be defined
as systemic pathological state of the endothelium derived from
an imbalance between vasodilating and vasoconstricting sub-
stances released from the endothelium. More than 30 years
ago, Furchgott and Zawadzki [39] introduced the term “endo-
thelial dysfunction” upon identification of the endothelium-
derived relaxing factor as being the vasodilating gas nitric
oxide (NO). Endothelial cells are exposed to the shear forces
of the streaming blood which deform the endothelial cell at the
very surface. These rhythmical traction forces control the
activity of the endothelial nitric oxide synthase (eNOS) and
thus the synthesis and release of NO which diffuses to adja-
cent vascular smooth muscle cells where it triggers vasodila-
tion via cGMP-dependent pathways [117]. Hence, endothelial
cells control vascular function by yielding the release of NO.
A reduction in NO is strongly associated with increased levels
of reactive oxygen species (ROS) generated by NAD(P)H
oxidase, xanthine oxidase, or uncoupled eNOS within the
vascular wall, leading not only to scavenging of NO but also
to disruption of some signaling pathways that mediate its
production [11]. Thus, a reduced NO secretion is a hallmark
of endothelial dysfunction.

Endothelial dysfunction, due to high salt intake, is related
to disturbed NO synthesis by the endothelium [12, 80, 87]. As
a consequence, endothelium-dependent vasodilation is im-
paired in Dahl-R rats fed with a high-salt diet, and it has been

Fig. 1 High salt induces
increased EnNaC membrane
abundance and cortical stiffness.
a Under low salt conditions,
EnNaC membrane abundance is
moderate and the endothelial
cortex is soft. b In the case of high
extracellular salt concentrations,
the membrane abundance of
EnNaC is increased and Na+

influx into the cell facilitated,
leading to a stiff cortex. Thus, the
number of EnNaC molecules in
the plasma membrane of
endothelial cells determines its
mechanical properties. EnNaC
endothelial Na+ channel
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concluded that high salt intake compromises the responsive-
ness of endothelial cells to shear stress [9, 10, 70]. Studies in
humans confirmed what has been learned from animal
models: a high-Na+ diet (300–350 mmol/day) led to an in-
crease in plasma [Na+] of 2–4mmol/l and thus to a loss of NO-
dependent vasodilation [32, 123].

These observations are linked to the mechanical properties
of endothelial cells: cortical stiffness and NO release are
tightly coupled in that a soft endothelial cell cortex is easily
deformable by the streaming blood and thus the endothelial
cell releases increased amounts of NO in contrast to a stiff cell
cortex [37, 87]. Li et al. [66] reported that a small increase in
Na+ concentration (from 137 to 142 mM) suppresses eNOS
activity. An explanation might involve active EnNaC which is
likely to inhibit eNOS phosphorylation via a blockade of the
phosphoinositide 3-kinase (PI3K)/Akt pathway leading to
reduced NO release and thus vasoconstriction [94]. Based
on these data, the following sequence of events can be postu-
lated: The Na+-dependent incorporation of EnNaC into the
endothelial plasma membrane stiffens the cortex altering the
release of NO and thus endothelial function. The amount of
released NO in turn is responsible for either relaxing or
contraction of the vascular smoothmuscle cells and thus blood
vessel function (Fig. 3). Hence, cortical stiffening, triggered
by high-Na+ concentrations, results in a reduced NO release
which is the hallmark of endothelial dysfunction, also termed
“stiff endothelial cell syndrome” (SECS) [61]. This apparently
local mechanism might contribute to pathophysiological con-
ditions such as increased overall arterial stiffness, an early step

in the pathogenesis of atherosclerosis and hypertension
(Fig. 4).

Beyond its pathophysiological implications, Na+-induced
stiffening seems to trigger a “physiological” response in that it
transiently reduces NO release which increases vascular
smooth muscle tone and thus may prevent any deleterious
decrease in arterial blood pressure. If, however, the rise in
plasma Na+ persists, the stiffness of the endothelial cells
remains increased and the release of NO is chronically re-
duced, a pathophysiological response which finally leads to a
transition from endothelial function to endothelial dysfunction
[61], accompanied by structural damage of the endothelium.

Salt and endothelial genotype/genetic aspects

Salt intake, blood pressure response, and individual genotype

The physiologic response to dietary salt in humans is hetero-
geneous. This has led to the classification that individuals are
either salt-sensitive or salt-resistant. Most prominently, dietary
salt restriction is not effective in reducing blood pressure of all
hypertensive patients. First studies on the heritability of salt
sensitivity including observations in genetically identical
twins in the late 1980s revealed that genetic variance influ-
ences the response of the renin-angiotensin-aldosterone-
system (RAAS), the sympathetic nervous system, and thus
the glomerular filtration rate on salt intake [69]. Since then,

Fig. 2 High salt deteriorates the
endothelial glycocalyx. a Under
low salt conditions, the
endothelial cell is protected by a
well-developed glycocalyx with
an optimum of negatively charged
proteoglycans and a low number
of EnNaC in the plasma mem-
brane. Thus, plasma Na+ is buff-
ered and the access of Na+ to the
respective channels of the endo-
thelium is limited, resulting in a
soft cortex. b In the case of high
salt concentrations, a poorly-
developed glycocalyx with a re-
duced number of negatively
charged proteoglycans can be
found while the number of
EnNaC is increased. Thus, plasma
Na+ has facilitated access to the
sodium channels of the endothe-
lium and cortical stiffening oc-
curs. EnNaC endothelial Na+

channel, eGC endothelial
glycocalyx
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several attempts have been made to identify genotype-
phenotype associations in salt sensitivity and how genes and
dietary Na+ interact. Initially, these investigations were driven
by knowledge on physiological mechanisms and monogenic
blood pressure disorders including animal models [35, 67, 75]
but become strongly supported by the emerging field of -
omics, the field of large-scale data-rich biology [13]. More
recently, the vascular endothelium has been identified as pri-
mary target for deleterious salt effects [87], and subclinical
endothelial salt sensitivity may lead to endothelial stiffness
and dysfunction [109]. Accordingly, several studies suggest
that the endothelial response to dietary salt is modulated by
individual genetic predispositions.

Genetic associations with salt sensitivity

The Genetic Epidemiology Network of Salt Sensitivity
(GenSalt) Study, one of the largest family-based genome-wide
linkage scan studies introduced to analyze the genetic deter-
minants of salt sensitivity of blood pressure, identified a
region on chromosome 2 (2p24.3–2p24.1) to be significantly
associated with diastolic blood pressure (DBP) and mean
arterial pressure (MAP) responses to high-Na+ interventions
[74]. The identified genomic region had previously been
reported in an analysis based on a genome-wide discovery
and follow-up study in over 120,000 individuals by the Inter-
national Consortium of Blood Pressure Genome-Wide Asso-
ciation Studies (ICBP-GWAS) to influence pulse pressure and

MAP [133]. The locus harbors FIGN encoding fidgetin, a
molecular chaperone of the AAA protein family [22]. Besides
the fact that very little is known about the underlying mech-
anism of how the identified locus may affect pulse pressure
and MAP, the independent and robust association with blood
pressure phenotypes and blood pressure response to high Na+

interventions suggests that genetic determinants of both traits
might include an overlap of genes.

Genes of the endothelial system

The same dataset based on GenSalt Study participants receiv-
ing a 7-day low-Na+ diet (51.3 mmol of sodium/day) followed
by a 7-day high-Na+ diet (307.8 mmol of sodium/day) has
been used to examine the association of endothelial genes
with blood pressure response to Na+ intake [25]. The study
identified genetic variants of the DDAH1, VWF, COL18A1,
and SELE locus to be associated with systolic blood pressure
(SBP), DBP, or MAP, respectively. The identification of the
DDAH1 gene is of considerable interest as it encodes the
dimethylarginine dimethylaminohydrolase 1 which is in-
volved in the regulation of vascular NO levels [28] and has
been suggested to be almost exclusively expressed in the
vascular endothelium [46]. NO synthesis is inhibited by asym-
metrical dimethylarginine (ADMA), an endogenous arginine
analogue, and ADMA is eliminated from the body by renal
excretion and DDAH-dependent hydrolysis [64]. Consistent-
ly, elevated ADMA levels have been observed in different

Fig. 3 High salt impairs
endothelial function. a Under low
salt conditions, the soft
endothelial cortex is easily
deformable, the amount of shear
stress-induced NO release is high,
and the vascular smooth muscle
cells relaxed. b In the case of high
salt-induced cortical stiffening,
the NO release is reduced, leading
to contracted smooth muscle cells
and vasoconstriction. EnNaC en-
dothelial Na+ channel, eGC en-
dothelial glycocalyx, VSMC vas-
cular smooth muscle cells
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disease states such as stroke, atherosclerosis, hypertension,
renal disease, and endothelial dysfunction [64]. Notably,
ADMA has been shown to increase after salt loading [127]
andDDAH1 variants have independently been associatedwith
circulating ADMA levels [64].

The GenSalt Study also identified the known hypertension
susceptibility VWF locus to be associated with SBP, DBP, and
MAP and dietary sodium intervention [25]. Endothelium-
derived von Willebrand Factor (vWF) is released by damaged
endothelial cells, promoting coagulation and platelet activa-
tion. Most recently, a direct link between production and
secretion of vWF and high NaCl levels has been proposed
[29]. High NaCl was shown to increase the expression of
tonicity-regulated transcription factor NFAT5 and subsequent
vWF promoter binding, suggesting the involvement of hyper-
tonic signaling in vWF regulation [29]. Data from the

Atherosclerosis Risk in Communities (ARIC) Study sug-
gested that plasma Na+ is positively associated with circulat-
ing vWF levels in blood and an increased risk of stroke [29].

In addition, the reported association ofCOL18A1with SBP
andMAP responses to high-Na+ intake has linked plasma Na+

to extracellular matrix proteoglycans. COL18A1 is a major
basement membrane heparan sulfate proteoglycan with anti-
angiogenic effects [47]. Col18 deficiency leads to increased
vascular permeability of small and large vessels and thicken-
ing of basement membranes in the heart and kidney [7].
Degradation of COL18A1 leads to endostatin, a C-terminal
fragment of COL18A1 [47], with vasodilative and anti-
angiogenic properties [7].

In correspondence to its association with salt sensitivity, the
SELE locus has been reported in blood pressure regulation and
hypertension. SELE encodes E-selectin, also called endothe-
lial leukocyte adhesion molecule-1, which was originally
detected on the surfaces of cytokine-activated endothelial cells
[5]. Genetic variants of the SELE gene have also been associ-
ated with a higher risk for early severe atherosclerosis [137].

Data from Kelly et al. [51] supported a role for guanine
nucleotide-binding protein beta polypeptide 3 (GNB3) in salt-
sensitive hypertension as GNB3 rs1129649 was significantly
predictive of MAP response to low-Na+ intervention. The
study also investigated GNB3 rs2301339 which is in perfect
linkage disequilibrium with the C825T polymorphism and
identified an association with SBP response to high Na+.
Although the rs2301339 variant of GNB3 did not retain sig-
nificance after adjustment for multiple testing, the report es-
tablishes a link with other findings of the GNB3 C825T
polymorphism [50]. The 825T allele has been shown to be
associated with an increased intracellular signal transduction
on stimulation of different G protein-coupled receptors [53].
Carriers of the 825T allele present enhanced vasoconstriction
to endothelin-1, angiotensin II, and noradrenaline in the skin
microcirculation [138], and hypertensive 825T allele carriers
show large blood pressure reductions under thiazide diuretics
[53]. In addition, the 825T allele has been associated with
arterial stiffness in young healthy males as T allele carriers
presented significantly higher values for pulse wave velocity
(PWV) and augmentation index compared to homozygous C
allele carriers [81]. Endothelial processes affected by high
plasma Na+ which involve the large group of G protein-
coupled receptors might also be affected in 825Tallele carriers.

Salt sensitivity also appears to be modulated by genetic
variants in the eNOS gene as an interaction between the eNOS
T-786C variant and Na+ intake on blood pressure has been
identified [76].

Genes of the aldosterone-MR axis

In 622 subjects from the European Project on Genes in Hy-
pertension (EPOGH),Wojciechowska et al. [141] investigated

Fig. 4 Link between salt intake, endothelial phenotype, and arterial
phenotype Excess dietary salt intake increases the plasma Na+

concentration whereupon the phenotype of endothelial cells is shifted
toward cortical stiffening. This in turn reduces the release of nitric oxide
(NO), the hallmark for endothelial dysfunction. Since NO serves as a
general vasodilator, a reduced NO release might be accompanied by
peripheral vasoconstriction and arterial stiffening predicting the
development of vascular end-organ damage such as myocardial infarc-
tion, stroke, and renal impairment. This process is modified by interindi-
vidual different genetic profiles
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whether the cytochrome P450 (CYP)11B2 C-344T variant
influenced arterial wave reflections as a measure of vascular
stiffness. CYP11B2 encodes for the aldosterone synthase
which generates aldosterone mainly in the adrenal gland.
However, aldosterone is also produced in endothelial cells
with the potential to influence vascular structure and function
locally [26, 57]. The peripheral and central augmentation
indices were significantly higher in CYP11B2-344C allele
carriers compared toCYP11B2-344T homozygotes. However,
this effect of the CYP11B2 variant was only detected in
subjects with a higher than median urinary sodium excretion
(210 mmol/day), suggesting a salt-modifying effect in the
CYP11B2-344C allele carriers.

As recent studies reported, the induction of SGK1 expres-
sion by Na+, the associations between SGK1, and SBP, DBP,
and MAP responses to high Na+ is of considerable interest
[65, 102]. As SGK1 is involved in the regulation of both,
ENaC and EnNaC, a genetic interaction of variants of the
SGK1 locus and E(n)NaC subunit genes may exist. Zhao
et al. [142] identified six variants in the SCNN1G gene
encoding the ENaC-gamma subunit to be associated with
SBP response to low Na+. Synergistic interactions of SGK1
and ENaC variants in the endotheliummight lead to enhanced
ENaC expression and thus salt sensitivity leading to the “stiff
endothelial cell syndrome.”

Alpha-adducin and actin-based cytoskeleton dynamics

Alpha-adducin (ADD1) is a substrate for protein kinase C
(PKC) and Rho-associated kinase, promotes spectrin-actin
interaction, and has modulatory effects on actin cytoskeleton
dynamics [128, 129]. Carriers of the ADD1 460Trp (rs4961)
amino acid residue showed higher rates of renal tubular Na+

reabsorption [113], and 460Trp has been associated with
hypertension and salt sensitivity, while 460Trp carriers also
show a better response to diuretics than wild-type homozy-
gotes [23].ADD1-associated blood pressure changes with Na+

have also been observed to interact synergistically with the
ACE ID gene polymorphism on blood pressure, increasing
with the Na+ load [4]. Interestingly, physiological interactions
between ADD1 and the ubiquitin protein ligase NEDD4L
have been reported, and synergistic effects of genetic variants
in both genes may exist on renal Na+ handling [72]. The
NEDD4L rs4149601 G>A substitution leads to an alternative
splice site and a NEDD4L protein lacking the Ca2+-dependent
lipid-binding domain. This isoform downregulates ENaC
more potently, suggesting that carriers of the NEDD4L G
allele have higher ENaC levels than carriers of the A allele
[72], which could make the endothelium more sensitive for
elevated salt concentrations. Besides the findings on ADD1
genetic variants on renal sodium handling and associated
cardiovascular disease, ADD1 variants have also been linked
directly to vascular phenotypes. Investigations of the EPOGH

project provided evidence that peripheral and central pulse
pressures were elevated in carriers of the ADD1Trp amino
acid [24] while the association of brachial diameter was de-
tected in a multiple-gene analyses of ADD1 wt homozygotes
and the ADD3 G allele (rs3731566) [116]. The group of Cusi
[95] reported for the first time that 460Trp was associated with
blunted endothelium-dependent vasodilation in a group of
untreated patients with essential hypertension.

Genes involved in Ca2+ homeostasis

Additional genes involved in salt-sensitive vasoconstriction/
vasodilation have been identified using acute salt loading tests
and a low-density genome-wide genotyping array [18]. The
group identified PRKG1 (rs7897633), SLC24A3 (rs3790261),
and SLC8A1 (rs11893826, rs434082), all involved in Ca2+

homeostasis, and their interaction to be associated with salt-
dependent blood pressure changes. PRKG1 encodes for the
type 1 cGMP-dependent protein kinase (cGKI), a vasodilator
effector that has been shown to mediate vascular smooth
muscle cell relaxation by lowering intracellular Ca2+ levels
[136]. SLC24A3 encodes for the NCKX3, the potassium-
dependent Na+/K+/Ca2+ exchanger type 3, an important regu-
lator of intracellular calcium homeostasis while SLC8A1 en-
codes for the NCX1 transporter, which is involved in hyper-
tension and Na+-sensitivity [8]. Altogether, the identified
genes involved in Ca2+ signal transduction may modify endo-
thelial stiffness, potentially by affecting Ca2+-dependent actin-
binding proteins.

Is there a (cellular) salt memory?

Only recently, Oguchi et al. [90] reported long-lasting effects
on blood pressure after the temporary exposure to a high-salt
diet in Dahl salt-sensitive rats, a phenomenon which they
termed “salt memory.” In their study, they explained the
persisting rise in blood pressure by deleterious renal micro-
vascular changes. Besides these obvious changes in the vas-
culature after temporary salt exposure, chromosomal alter-
ations in form of epigenetic reprogramming might determine
a cellular “salt memory.” During the last years, environmental
and dietary factors have been shown to have epigenetic effects
on gene expression with important impact on the manifesta-
tion and progression of cardiovascular diseases/hypertension
[21, 43]. These epigenetic changes mostly occur via alter-
ations of chromatin packaging and the accessibility of DNA
for regulatory proteins [17]. Most importantly, epigenetic
information can be inherited to the next generation. Some
reports have proposed epigenetic mechanisms to exist also
for dietary salt intake. Using the well-established model of
Dahl salt-sensitive rats, the group of Liu et al. [68] observed
broad changes of 5-methylcytosine in several hundred CpG
dinucleotides throughout the genome when analyzing the
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renal outer medulla after exposure to a high-salt diet. This
observation was associated with profound changes in mRNA
levels suggesting a substantial and potentially long-lasting
impact of salt consumption on gene expression [68]. An
additional independent report identified the lysine-specific
demethylase 1 (LSD-1), which regulates gene expression by
histone methylation, to be involved in salt-sensitive hyperten-
sion [97]. In a subsequent animal study, mice on a high-salt
diet showed decreased LSD-1 expression levels compared to
mice with lower salt intake [140]. Similar to LSD-1+/− mice,
African-American and Hispanic minor allele carriers of two
LSD-1 SNPs displayed greater changes in systolic blood
pressure in response to dietary salt change. The identified
mechanisms may also be of relevance for salt-dependent
epigenetic changes in the vascular endothelium.

Salt and vascular phenotype—what is the clinical
relevance?

Salt-induced cardiovascular morbidity and mortality

Tuomilehto et al. [130] analyzed a large adult population of
1173 Finnish men and 1263 women with complete data on
24 h urinary sodium excretion and concluded that high salt
intake predicted mortality and risk of coronary heart disease
(CHD), independent of other cardiovascular risk factors, in-
cluding blood pressure. In a long-term follow-up of two
lifestyle intervention trials—the trials of hypertension preven-
tion phase I (TOHP I) and II (TOHP II)—prehypertensive
subjects assigned to a sodium reduction intervention had a 25–
30 % lower risk of cardiovascular outcomes in the 10 to
15 years after the trial [20]. Using the Coronary Heart Disease
(CHD) Policy Model, the potential health benefits of daily
dietary salt reductions of up to 3 g (1.2 g sodium) were
quantified, and the data allowed for an estimation of a princi-
pal reduction of the annual number of incidences with respect
to CHD by 60,000 to 120,000, stroke by 32,000 to 66,000,
and myocardial infarction by 54,000 to 99,000, which may
correspond to an annual reduction of deaths from any cause by
44,000 to 92,000 [6]. In a very recent current global survey,
Mozaffarian et al. [77] reported that approximately 1.65 mil-
lion cardiovascular deaths in 2010 were due to a daily sodium
consumption above a reference level of 2.0 g, which is of
major relevance for global health authorities.

As current data reveal an average daily consumption of 3 to
6 g of sodium, corresponding to 7.5 to 15.0 g of salt across
populations [99], mostly assigned to the use of processed
foods [52], recent global and American guidelines on cardio-
vascular disease prevention recommend a maximum daily
sodium intake of 1.5 to 2.4 g (3.75 to 6.0 g of salt) [34, 41,
58]. A daily salt restriction to 5–6 g is also recommended by

the European Society of Hypertension (ESH) and the Europe-
an Society of Cardiology (ESC) [71].

The mechanisms of how salt intake triggers the develop-
ment of vascular disease phenotypes are manifold and go
beyond its sole impact on blood pressure regulation (which
is the subject of another review in this issue of Pflügers
Archiv). To only refer to one landmark study in this field,
Rakova et al. [101] performed a nutritional intervention study
during space flight simulations in an enclosed habitat
consisting of hermetically sealed interconnecting modules.
In 12 healthy young men followed 105 or 520 days
(Mars105/Mars520), blood pressure decreased when daily salt
intake was reduced stepwise from 12 to 9 g to 6 g/day and
increased with re-exposition to the 12 g/day salt diet. Signif-
icant positive association between sodium intake and pulse
pressure [14, 31] provides further evidence for the current
concept linking sodium to rise in blood pressure through
stiffening processes of the arteries [106].

Arterial stiffness and impact of salt

Increased arterial stiffness has been documented to predict the
development of cardiovascular disease (CVD) such as myo-
cardial and cerebral infarction, heart failure, as well as renal
impairment, and is an independent predictor of CVDmortality
[107, 131, 132]. Several noninvasive methods are currently in
clinical use to assess vascular stiffness [62]. Carotid–femoral
pulse wave velocity (cfPWV) is considered the gold standard
for measuring central arterial stiffness, and is an independent
predictor of cardiovascular mortality and morbidity. Although
the relationship between aortic stiffness and cardiovascular
events is continuous, a PWV threshold of 10m/s, above which
there is an increased risk for cardiovascular events, has been
proposed by a recent expert consensus statement [131] and the
2013 ESH/ESC Guidelines as an estimate of significant alter-
ations of aortic function in middle-aged hypertensive patients
[71]. The additive value of PWV for risk prediction above and
beyond traditional cardiovascular risk factors has been quan-
tified by several studies [114, 115].

Vascular stiffening is induced by alterations of the vessel
wall [143, 63], which are amplified by “extrinsic factors” such
as dietary salt consumption, and comorbidities such as hyper-
tension, hyperlipidemia, diabetes mellitus, or the process of
aging itself. Previous pathophysiological reports linked high
dietary salt intake to arterial wall stiffness, in particular via
vascular hypertrophy as well as increased collagen fibers and
decreased elastin fibers and hyaluronan contents in the extra-
cellular matrix [36, 92]. Recently, Sanders [109] summarized
the pathophysiological link between high salt consumption,
endothelial stiffness/dysfunction, and end-organ damage in-
duced by altered vascular structure and function. High salt
consumption induces endothelial dysfunction with altered
endothelial NO production. NO has vasodilator properties
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and inhibits endothelial TGF-β1 production. In the patho-
physiologic condition of endothelial dysfunction, TGF-β1 is
not sufficiently blocked. TGF-β1-mediated fibrogenesis con-
tributes to an increased arterial stiffness, and the vasoconstric-
tive effect of TGF-β1 promotes the development of hyperten-
sion, finally leading to clinical relevant vascular end-organ
damage. Taking into account that NO release depends on the
mechanical properties of endothelial cells, it can be concluded
that salt-induced endothelial stiffening leads to arterial stiff-
ening and if, however, the rise in plasma Na+ persists, to end-
organ damage (Fig. 4).

High salt intake has been shown to aggravate age-related
changes in the vasculature [3], and salt restriction has a ben-
eficial effect in improving distensibility of the central aorta
and large peripheral arteries, which is independent of its
antihypertensive action [2, 40], demonstrating again that also
pressure-independent mechanisms impact on the arterial wall
(reviewed in [93]). Both short- and long-term sodium restric-
tions have been reported to increase arterial compliance [2,
40]. PWV decreased in African-Americans in response to salt
reduction [44]. Other studies showed that salt reduction im-
proved endothelium-dependent vasodilation in normotensive
subjects independently, again suggesting additional
vasoprotective effects of salt reduction beyond blood pressure
reduction [27].

The exact mechanism of the progression from endothelial
stiffness to arterial stiffness remains to be further investigated.
One of the determinants might be that EnNaC and thus Na+

influx into the endothelial cell increases with age and induces
mechanical stiffening. Older endothelial cells are stiffer and
showed higher increments in stiffness due to Na+ load indi-
cating an increase in salt sensitivity in the process of aging
[91]. Since stiff endothelial cells release less NO than soft
endothelial cells, old endothelial cells might reach a status of
SECS and endothelial dysfunction which contributes to arte-
rial stiffness. In vitro as well as ex vivo, it could be shown that
direct EnNaC inhibition with amiloride as well as indirect
EnNaC inhibition with the aldosterone receptor antagonist
spironolactone prevented the salt-induced changes of the en-
dothelial phenotype over time [30, 91].

Beneficial effects of mineralocorticoid receptor antagonists
and amiloride on vascular function

For decades, the role of aldosterone was thought to be limited
to salt and water homeostasis control [49]. This traditional
view of its action restricted to Na+ reabsorption in epithelial
tissues must be renewed. Clinical studies show that aldoste-
rone, high salt intake, or both, could be responsible for the
development of arterial hypertension but also for direct harm-
ful effects on the cardiovascular system, even independent of
any significant rise in blood pressure [75, 126]. Aldosterone
interacts with mineralocorticoid receptors, promoting

endothelial dysfunction and impaired vascular compliance,
finally leading to end-organ damage in the vasculature, heart,
and kidneys [122]. In this context, aldosterone is a mediator of
the damaging effects of angiotensin II. From a clinical point of
view, angiotensin-converting enzyme (ACE) inhibitors and
angiotensin II receptor blockers are important vasoprotective
drugs. Initially, they reduce aldosterone plasma levels, but
“aldosterone escape” or “breakthrough” is well known during
long-term therapy [110, 111]. Consequently, aldosterone
blockade using mineralocorticoid receptor antagonists
(MRAs) is required to reduce the risk of progressive end-
organ damage. This may be achieved non-selectively with
spironolactone or with the use of selective MRA eplerenone.
While both drugs have been demonstrated to be effective
antihypertensive agents, eplerenone may produce improved
target organ protection without the antiandrogenic and pro-
gestational effects commonly observed with spironolactone.
The search for novel generations of MRA with the ultimate
goal of a more tissue-selective mode of action may require
novel compounds that are differentiated with respect to the
binding mode to the MR [54]. With respect to the
vasoprotective potential of ENaC blockade [125, 134] besides
the already used potassium-sparing amiloride, amiloride ana-
logues are currently under investigation for clinical use [82].

Conclusion

As summarized in Fig. 4, high salt directly targets vascular
endothelial cells which respond with mechanical stiffening
and a reduced release of NO. This salt-induced condition of
the endothelium is an important determinant of the vascular
phenotype and might lead to end-organ damage such as myo-
cardial infarction, stroke, and chronic kidney disease. The
endothelial genotype has a high impact in these processes.
Local events such as salt-induced EnNaC activation may
result in considerable systemic effects. This pathophysiologi-
cal, and thus one-sided view, requires an extension to physi-
ological considerations. Taking into account that the salt-
induced endothelial stiffening is a transient event due to a loss
of extracellular volume and thus an increase of plasma Na+,
this mechanism might be helpful for the stabilization of the
blood pressure. When this persists over time, the above de-
scribed pathophysiological processes are the result. Thus,
early identification of gene-associated salt sensitivity and
t rea tment wi th d i rec t (ami lo r ide ) and ind i rec t
(spironolactone) EnNaC inhibitors might gain importance in
the treatment and prevention of cardiovascular diseases.
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