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ABSTRACT
Salt resistance/sensitivity refers speciﬁcally to the effect of dietary sodium chloride
(salt) intake on BP. Increased dietary salt intake promotes an early and uniform expansion of extracellular ﬂuid volume and increased cardiac output. To compensate for
these hemodynamic changes and maintain constant BP in salt resistance, renal and
peripheral vascular resistance falls and is associated with an increase in production of
nitric oxide. In contrast, the decline in peripheral vascular resistance and the increase in
nitric oxide are impaired or absent in salt sensitivity, promoting an increase in BP in
these individuals. Endothelial dysfunction may pose a particularly signiﬁcant risk factor
in the development of salt sensitivity and subsequent hypertension. Vulnerable saltsensitive populations may have in common underlying endothelial dysfunction due to
genetic or environmental inﬂuences. These individuals may be very sensitive to the
hemodynamic stress of increased effective blood volume, setting in motion untoward
molecular and biochemical events that lead to overproduction of TGF-b, oxidative
stress, and limited bioavailable nitric oxide. Finally, chronic high-salt ingestion produces endothelial dysfunction, even in salt-resistant subjects. Thus, the complex syndrome of salt sensitivity may be a function of the endothelium, which is integrally
involved in the vascular responses to high salt intake.
J Am Soc Nephrol 28: 1362–1369, 2017. doi: https://doi.org/10.1681/ASN.2016080927

The year 2016 marks the 25th anniversary
of the initial publication1 that explored the
hypothesis that nitric oxide (NO) participates in the BP response to changes in dietary intake of sodium chloride (referred
to as salt here). The research focused on
Dahl/Rapp rats, which were derived from
the Sprague–Dawley line. For more than a
half-century, these interesting animals
have been a source of inspiration in understanding salt-sensitive (SS) hypertension.2,3 The inbred Dahl/Rapp SS strain
showed exquisite BP sensitivity to increased dietary salt intake, whereas the
Dahl/Rapp salt-resistant (SR) rats were
an inbred strain with BP that did not
change with changes in dietary salt intake.
The use of NG-monomethyl-L-arginine
as an inhibitor of NO production showed
that an increase in dietary salt intake
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increased NO in the SR strain and Sprague–Dawley rats but failed to do so in the
SS rats (Figure 1). The subsequent explosion of investigations from multiple laboratories included conﬁrmatory evidence
of the role of NO in the BP response to
dietary salt intake4,5 and the marked impairment in the ability of Dahl SS rats to
respond to increased dietary salt with an
increase in NO production.6–8
Despite these and other remarkable
advances in vascular biology, the pathogenesis of SS hypertension has remained
elusive, but animal and human studies
have supported an underlying alteration
in peripheral vascular resistance (PVR)
that manifests in the setting of excess salt
intake. In a series of carefully performed
studies, Greene et al.9 clearly showed that
increased dietary salt intake expanded

blood volume and increased cardiac output (CO) in the Brookhaven strains of
both Dahl SS and SR rats, but only in
the SS rats did BP increase. By Ohm
law, in response to increased salt intake,
PVR, therefore, fell in SR but not SS rats
(Figure 2). When blood volume expansion was prevented by use of a servocontrol system, BP of the SS rats did not
increase over the 3-day study, which
has been shown by the authors 9 and
us1 to be sufﬁcient time for salt-induced
increases in BP to develop in this strain.
These 3-day studies also found that increases in plasma sodium concentration
alone did not increase BP in this strain.9
In the servocontrolled experiments, normotensive Sprague–Dawley rats responded to increases in serum sodium
concentration by lowering BP, whereas
the SS rats did not, further suggesting
an abnormal vascular response in SS
rats.9
Studies with human volunteers have
shown similar hemodynamic responses
to dietary salt. Luft et al.10 showed that
high salt intake increased CO and decreased PVR in normotensive men.
Schmidlin et al. 11 also observed the
same ﬁndings in SR men, but in contrast,
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Figure 1. High salt–induced production of
NO is impaired in the Dahl/Rapp SS rat.
Infusion of NG -monomethyl- L-arginine
(L-NMMA) was used to determine the
component of mean arterial pressure (MAP)
that was dependent on NO production in
young animals. Increased dietary salt intake
increased the BP responses to L-NMMA in
Dahl/Rapp SR and Sprague–Dawley rats but
not in Dahl/Rapp SS rats. In these experiments, rats were fed for 2 weeks a diet that
contained 0.3% NaCl, 8.0% NaCl, or 8.0%
NaCl with either D-arginine as a control,
because it cannot be used to produce NO,
or L-arginine in the drinking water. SD,
Sprague–Dawley. Modiﬁed from ref. 1, with
permission.

SS men volunteers did not show the
anticipated decrease in PVR, and BP
increased during high salt intake (270–
281 mmol NaCl/d or estimated 6.2–
6.5 g Na+/d) (Figure 3). In this study,
the increase in CO was related to increased stroke volume and not related
to heart rate; persistently high salt intake
actually promoted a decline in heart rate
that reduced the stroke volume–induced
elevation in CO.11 A clue to the underlying etiology of the defect in vasodilation in this particular population was the
demonstration that high salt intake increased asymmetric dimethylarginine
(ADMA) speciﬁcally in the SS volunteers. ADMA is a naturally occurring arginine analog that has an asymmetrically
substituted dimethyl group on a guanidinium nitrogen. ADMA seemed to be
equipotent to NG-monomethyl-L-arginine
in inhibiting NO production in vitro,12
and as anticipated, infusion of ADMA
increased PVR and BP in healthy volunteers.13 Schmidlin et al.11 also showed
that plasma levels of ADMA observed
on day 2 of the study predicted changes
in PVR and mean arterial pressure.11
J Am Soc Nephrol 28: 1362–1369, 2017

Figure 2. The hemodynamic effects of dietary salt intake differed between Dahl SS (dashed
lines) and SR (solid lines) rats. Despite similar increases in extracellular ﬂuid volume and CO
(middle panel), mean arterial pressure (MAP; top panel) increased only in the SS strain. TPR
(bottom panel) fell within 8 hours of starting the high-salt (8.0% NaCl) diet in the SR strain
but did not change in SS rats. *different than control; †differences between SS and SR. TPR,
total peripheral resistance. Modiﬁed from ref. 9, with permission.

Because plasma levels of symmetric dimethylarginine did not change with salt
intake in this SS population, the authors
further suggested that dietary salt intake altered the function of dimethylarginine dimethylaminohydrolase, the
enzyme known to metabolize ADMA.13
In a separate study, Hoffmann et al.14
observed an association between a
gene polymorphism of nitric oxide synthase 3 (NOS3), reduced levels of NO
metabolites, and larger BP lowering
with dietary sodium restriction. These
clinical observations comport well with

the preclinical studies of Chen and
Sanders,1,6 Chen et al.,1,6,7 and Greene
et al.9 and suggest an important vasodilatory role for NO and particularly,
the endothelium in determining the
BP responses to increased dietary salt
intake.
Dietary salt and potassium intake
have profound effects on endothelial
function. Multiple studies in rats have
observed that macrovascular endothelial
function was altered independently of the
serum sodium concentration and before
the development of hypertension.15–28
Hemodynamic Effect of Dietary Salt
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Figure 3. The hemodynamic effects of chronic high salt intake differed between SS and SR
volunteers. Despite similar increases in CO (row 3) and cumulative sodium balance (row 4),
SS but not SR patients manifested salt-induced increases in mean arterial pressure (row 1).
The SR volunteers showed rapid reductions in calculated systemic vascular resistance (SVR;
row 2), whereas SVR did not decline and actually increased over time in the SS patients. It is
worth noting that SVR also increased with continued high salt ingestion in SR patients
(arrow). *P,0.01; †P,0.05; §§P,0.001, compared with period of low salt intake. ns, not
signiﬁcant. Modiﬁed from ref. 71, with permission.
1364
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The cell signaling pathways activated
by dietary salt are reminiscent of endothelial cell mechanoreceptor signaling,
likely directly related to the expansion
of blood volume during high salt intake.
Early studies also focused on TGF-b, in
part because Ohno et al. 29 initially
showed that induction of ﬂuid shear
stress opened a potassium channel on
endothelial cells in culture and thereby,
provoked the production of TGF-b.
Indeed, high salt intake increased the
vascular and renal production of active
TGF-b in vivo through a complex signaling mechanism that was initiated by opening of a potassium channel.15–17,20,22–26
Yu et al.30 conﬁrmed the effect of high
salt intake on TGF-b production and
further showed the associated functional consequences of kidney and cardiac ﬁbrosis in normotensive as well as
hypertensive rats. TGF-b also ﬁgures
prominently in the pathogenesis of end
organ damage in the Dahl SS rat.31 For
Dahl SS rats, salt-induced increases in
CO along with signiﬁcant increases in
both systolic and diastolic pressures
should have promoted even higher shear
forces on the endothelium. The selective
failure of the endothelium to respond
with a concomitant increase in NO production, therefore, was a unique feature
of these animals.21
These studies identiﬁed a paradigm
that featured not only an intrinsic role
of the endothelium in the vascular regulation of TGF-b but also, an autacoid
function for TGF-b in endothelial function during changes in dietary salt and
potassium intake. 15,21,22,24,26 Active
TGF-b produced in the setting of high
salt intake increased endothelial NOS
(NOS3).15,17,21,22,24,26 A direct relationship existed between active TGF-b1 and
NO metabolites in both SS and SR rats,
but key to the underlying pathophysiology was the ﬁnding that production of
TGF-b1 relative to NO was increased in
prehypertensive SS rats and further exaggerated with the increase in dietary salt
intake21 (Figure 4). These ﬁndings were
further clariﬁed by the identiﬁcation of
response elements for TGF-b in the promoter region of NOS3 and the observation that addition of active TGF-b
J Am Soc Nephrol 28: 1362–1369, 2017
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Figure 4. Production of active TGF-b1 and
NO metabolites (NOx) by aortic ring preparations from both Dahl/Rapp SS (black
squares) and Dahl/Rapp SR (white circles)
rats were tightly coordinated. At every level
of NOx production, however, the relative
amount of vascular TGF-b1 production was
increased in SS rats compared with SR rats.
Modiﬁed from ref. 21, with permission.

increased NOS3 expression, which was
associated with an increase in production of NO, in bovine aortic endothelial
cells.32 Interestingly, NO also provided a
negative feedback of TGF-b signaling
potentially by accelerating the degradation of activated Smad2 in endothelium 33 and activating dynamin-2 to
decrease surface expression of TGF-b
type 1 receptor on vascular smooth muscle cells.28 The role of potassium is interesting, because unlike sodium, the
effect seemed to depend on the concentration of potassium and was not due to
induction of mechanotransduction signaling.25 Increases in potassium mitigated the salt-mediated production of
TGF-b in vivo24 and in vitro.25 An integral role for this pleiotropic growth factor in endothelial function and BP
regulation has been observed in mice
lacking essential components that regulate this pathway. Increased activity of
TGF-b accounted for the development
of hypertension in mice lacking elastin
microﬁbril interfacer 1, which regulates
TGF-b in the vasculature.34 Mice haploinsufﬁcient for endoglin, which is constitutively expressed on endothelial cells
and facilitates TGF-b–mediated signaling through ALK5, showed marked
impairment in NOS3 function. 35,36
Transgenic mice that overexpressed
S-endoglin, an alternative splice form
J Am Soc Nephrol 28: 1362–1369, 2017

of endoglin that preferentially promoted
endothelial TGF-b/ALK5 signaling,
were hypertensive. 37 The combined
ﬁndings suggested that a dynamic balance between NO and TGF-b serves to
regulate the BP, especially during increased salt intake, and that perturbation
of this interaction may result in hypertension.
Endothelial dysfunction (ED) has
been shown to be predictive of subsequent cardiovascular events and
death. 3 8 – 4 0 Recent studies clearly
showed that continuous administration
of a high salt (300–350 mmol Na+/d or
6.9–8.0 g Na+/d) diet for 1 week impaired forearm endothelium-dependent
vasodilation41 and cutaneous microvascular function42 independent of BP and
serum sodium concentration. High salt
intake has been shown to generate oxidative stress, reducing bioavailable NO
and endothelium-dependent dilation in
humans,42 mice,43 and rats.44,45 In normotensive Sprague–Dawley rats, a diet
high in salt content stimulated an
ALK5-dependent increase in endothelial
NADPH oxidase-445 and a generation
of H 2 O 2 (P.W. Sanders, unpublished
observations), which is the principal
product of this enzyme.46 These data
were consistent with those in the work
by Thannickal et al.,47 which showed
that TGF-b1 increased production of
H2O2 and reduced cellular glutathione
stores in endothelial cells in culture.
Boulden et al. 4 8 also showed that
H2O2 promoted ED by decreasing tetrahydrobiopterin and bioavailable NO.
Cowley et al. 49 recently showed that
Dahl SS rats lacking NADPH oxidase4 exhibited reductions in dietary salt–
induced hypertension and associated
kidney injury, indicating an important
effect of this enzyme on BP regulation
in these animals. Although TGF-b facilitated NOS3 expression and NO production during high salt intake, other effects,
which included TGF-b–dependent
NADPH oxidase-4 expression, can mitigate this effect chronically and ultimately
produced ED and subsequent increases
in BP in Sprague–Dawley rats, which
are typically resistant to the effects of
salt on BP. These effects were mediated
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through TGF-b–dependent ALK5 signaling. 45 Meneely and Ball 50 showed
that continued high salt intake promoted
hypertension, arteriolosclerosis, and a
dose-dependent reduction in lifespan in
Sprague–Dawley rats. Finally, recent
work reviewed elsewhere51 has suggested
that excess salt intake induced changes in
immune function sufﬁcient to exaggerate
sympathetic activity, T lymphocyte responses, and dendritic cell–mediated
lymphangiogenesis and extravascular
storage of sodium in the interstitium.
These effects may also alter endothelial
function through direct or indirect interactions, such as reduction in effective
blood volume through the expansion of
vascular capacity,52 elaboration of cytokines/chemokines, or perhaps, a direct
effect of sodium storage in promoting
vascular dysfunction.53
In a recent review, Hall54 considered
the important role of the kidney in saltinduced hypertension. All of the currently identiﬁed monogenic forms of
human hypertension directly involved
renal sodium handling, although
genome-wide association studies have
found other potentially relevant genetic
variants not obviously involved in
kidney function55 as well as NOS3.56 In
addition to regulation of PVR, two excellent reviews have discussed the effects
of NO on renal epithelial cell regulation
of salt and water balance57 and renal hemodynamics58 and the relationship with
arterial pressure. Roman 59 showed a
rightward shift in the pressure-natriuresis
curve in prehypertensive Dahl SS rats;
this defect in pressure-natriuresis was
repaired by chronic administration of
L-arginine.60 For Dahl SS rats, therefore,
the defect in arterial vasodilation blunted the expected normal salt-induced
vasodilatory responses in both extrarenal and renal vasculature. During high
salt intake, patients who had SS hypertension also showed impaired renal vasodilation with reduction in renal blood
ﬂow rates compared with SR volunteers.61,62 Accordingly, genetic or acquired defects in the extrarenal and renal
vasodilatory responses to high salt intake
as well as renal epithelial sodium handling may promote SS hypertension
Hemodynamic Effect of Dietary Salt
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through involvement of not only the peripheral vasculature but also, the kidney.
The conclusion that BP is determined
by two factors—CO and PVR—is important, but the underlying biology that dictates the hemodynamic responses to high
salt intake is complex and may include an
increase in adrenergic drive, such that an
increase in heart rate drives the augmentation in CO rather than purely an increase in heart stroke volume (Figure 5).
Both preclinical and clinical data supported the hypothesis that altered responses
of the vasculature to a high-salt diet
seemed necessary to generate SS hypertension. The demonstration of direct effects of dietary salt on endothelium of
normotensive rats provided one explanation for acquired ED and a subsequent
loss of vasodilation, which was also observed in both SS and SR volunteers
when a higher salt intake (estimated
6.2–6.5 g Na +/d) was maintained for
7 days (Figure 3).11 For rodents, the local production of TGF-b in response to
increased salt intake plays a critical role
in this process.45
The heritability of the BP response to
high salt intake has been estimated to be
0.49–0.51,63 and therefore, the remaining one half is related to environment or
other factors. For example, aging,
obesity, diabetes mellitus, and CKD generally are acquired risk factors that associate with salt sensitivity,51,64–66 but also,
they are known to promote ED.64,67,68
The risk of chronic high salt intake
may be particularly important in these
vulnerable SS populations, where there
is little reserve in normal homeostatic
balance of NO production. Thus, the hemodynamic stress of increased effective
blood volume could set in motion untoward endothelial molecular/biochemical
events that reduce the ability of the vasculature to vasodilate in response to
higher salt intake (Figure 5). Regardless,
even in SR volunteers, continuous high
salt intake (300–350 mmol Na+/d or 6.9–
8.0 g Na+/d) for 1 week was sufﬁcient to
produce ED.41,42 These ﬁndings correlated with data showing that, compared
with a reference group that had an estimated sodium excretion rate of 4–5.99
g Na+/d, the group excreting $7 g Na+/d
1366

Figure 5. Endothelial responses to high salt intake affect arteriolar vasodilation and BP.
Endothelium-speciﬁc responses are shown in red. Increased salt intake expands extracellular ﬂuid (ECF) volume and increases CO. In response, normally functioning endothelium increases NO production to promote arteriolar vasodilation, which reduces PVR,
and the net effect is unchanged BP. A decrease in renal vascular resistance (RVR) facilitates
natriuresis and subsequent return to salt balance. The increase in NO production is facilitated by production and activation of TGF-b. However, TGF-b–dependent ALK5 signaling
also increases endothelial NADPH oxidase-4 (NOX4),45 an enzyme that produces hydrogen peroxide, which limits NO bioavailability and ultimately promotes increased BP.48 As
reviewed in detail by Laffer et al.,53 the recently described extravascular storage of sodium
may mitigate the hemodynamic effects of higher salt intake by increasing effective vascular
capacity and limiting expansion of ECF volume. This paradigm partially shows the complexity of the pathophysiology of high salt intake and potentially how disruption of any of
the pathways may result in salt sensitivity.

had an increased risk of composite outcome of death and major cardiovascular
events.69 If participants with cardiovascular events in the ﬁrst 2 years of the
study were excluded, the association of
higher sodium excretion rates (6–6.99
g Na+/d) with the composite outcome
was also signiﬁcant. Participants with
hypertension at baseline were particularly sensitive to the cardiovascular
effects of higher salt intake.69 Another
important environmental factor was dietary potassium content, which seemed
to modify the effects of salt on BP.70
O’Donnell et al.69 postulated that increased potassium intake reduced the
risk of death and cardiovascular disease
through effects on BP or perhaps, is
simply a marker of healthy dietary patterns that are rich in potassium (e.g., high
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consumption of fruit and vegetables). Alternatively, our studies have uncovered a
novel mitigating inﬂuence of potassium
on dietary salt–induced effects on endothelial function.24,25 The data showed that
salt sensitivity is not a single disease but an
entity that is superimposed on a constellation of disorders.3 We posit that a central
feature may be the delicate balance of endothelial homeostatic function in
response to extracellular ﬂuid volume expansion (Figure 5). Multiple inherited and
acquired disorders of the endothelium or
perhaps, chronic ingestion of a high-salt
diet alone or in combination with low
potassium intake disrupt the endothelial
responses to high salt intake and promote
the complex syndrome of salt sensitivity.
Certainly, more work is needed to understand the underlying pathobiology of
J Am Soc Nephrol 28: 1362–1369, 2017
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acute and chronic effects of high salt
itself on the vasculature in the context
of SS hypertension, and also, we must
raise the question, especially in the
free salt Western diet, of the possibility
of inducing ED in the otherwise non-SS
population.
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