Annu. Rev. Nutr. 2006.26:343-365. Downloaded from www.annualreviews.org
by Texas State University - San Marcos on 01/04/12. For personal use only.

Annu. Rev. Nutr. 2006. 26:343-65

doi: 10.1146/annurev.nutr.26.061505.111316

Copyright (© 2006 by Annual Reviews. All rights reserved

First published online as a Review in Advance on February 28, 2006

SALT HANDLING AND HYPERTENSION

Kevin M. O’Shaughnessy' and Fiona E. Karet**

! Clinical Pharmacology Unit, >Department of Medical Genetics, and > Division of Renal
Medicine, University of Cambridge, Cambridge, United Kingdom;
email: fek1000@ cam.ac.uk

Key Words sodium, kidney, animal models, blood pressure, stroke

B Abstract The kidney plays a central role in our ability to maintain an appropriate
sodium balance, which is critical for the determination of blood pressure. The kid-
ney’s capacity for salt conservation may not be widely appreciated, and in general we
consume vastly more salt than we need. Here we consider the socioeconomics of salt
consumption, outline current knowledge of renal salt handling at the molecular level,
describe some of the disease entities associated with abnormal sodium handling, give
an overview of some of the animal models and their relevance to human disease, and
examine the evidence that lowering our salt intake can help combat hypertension and
cardiovascular disease.
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INTRODUCTION

The worldwide epidemic of hypertension has had a major effect on health spend-
ing and therefore has become a frontline item on health agendas. The clinical
impact of hypertension is very wide, varying from silent damage to blood vessels,
through stroke or myocardial ischemia, to a sometimes-fatal syndrome of severe
uncontrolled elevation of blood pressure (malignant hypertension) where acute
renal failure, heart failure, and blindness are features.

Salt (sodium chloride) is of central importance to both our physiology and eco-
nomics, so it is perhaps unsurprising that its consumption is a controversial topic,
especially among medical epidemiologists, health policy makers, and lobbyists
for the salt industry (85, 86). The modern literature concerning the relationship
between salt and blood pressure in humans really begins in the 1960s with the work
of Lewis Dahl. He correlated the prevalence of hypertension in five geographically
distinct populations with their average daily salt intakes, and proposed that blood
pressure rises linearly with salt consumption (26). Some populations display a
higher-than-average susceptibility to hypertension, including African Americans
and Bahamians, but in general, larger epidemiological studies have confirmed that
blood pressure among societies correlates with salt consumption (31).

Experiments as far back as the late 1920s showed that loading hypertensive in-
dividuals with sodium bicarbonate did not have the same pressor effect as sodium
chloride (8). This observation has been confirmed in more recent studies using cit-
rate or phosphate as the counter-anion (47, 73). Loading with equivalent amounts of
sodium salts causes similar degrees of sodium retention, weight gain, and suppres-
sion of the hormones renin and aldosterone, but curiously, only sodium chloride
causes an expansion of plasma volume and a rise in blood pressure. Why chloride
should have this unique property against other sodium salts is not clear, but from
a dietary viewpoint, it makes little difference, since the bulk of the sodium we
consume is in the form of sodium chloride.

THE SOCIOECONOMICS OF SALT

A low salt intake (<1 g/day) was inevitable for our ancestors, who evolved over
several million years in a hot savannah environment remote from the sea. Our
genome has almost certainly been shaped by the need to conserve bodily salt at this
point in our evolution. Even today, hypertension is unknown in nonindustrialized
and isolated tribal populations that have maintained a low-salt diet (<3 g/day).
These same populations also lack the age-related rise in blood pressure that is
a feature of modern industrialized societies (31). Salt only became an important
commodity with the development of agriculture some 10,000 years ago, which
produced food surpluses that could be accommodated by salt preservation. Since
the Industrial Revolution there has been further intensification of the use of salt as
food processing came of age. Recent globalization has meant this trend has spread
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widely, so that typical salt intake in industrialized populations now exceeds 10
g/day and has reached as high as 60 g/day in some parts of northern Japan. This
should be viewed in the context of a recent World Health Organization (WHO)
recommendation that we should have a daily salt intake of no more than 5 g (1).

The economic importance of salt has had a profound impact throughout our
history. Greek slave traders bartered with salt (hence “to be worth one’s salt”)
and the Romans paid their legionnaires a salarium (hence “salary”) to buy salt.
But governments were raising revenues from salt long before this: The Chinese
emperor Hsia Yu imposed the first recorded salt tax in 2200 BC. Revenues from
salt monopolies have brought considerable wealth and shaped, for example, the
rise of the Venetian empire. Not surprisingly, wars have been fought over salt, even
as recently as the late nineteenth century in the 1877 Texas Salt War.

The burden of salt taxation has also been an important force for political change.
Resentment of the French salt tax called the “Gabelle” helped fuel the French
Revolution, and opposition to the British Salt Tax in India contributed to Gandhi’s
creation of a free state. The salt industry is still important economically, with
sales exceeding $1.3 billion in 2004 (http://www.saltinstitute.org), equating to a
per capita usage in the United States of some 500 g/day. Most of this goes onto
highways or into manufacturing, but the importance of the small minority (<5%)
that we consume through our diet has increased, thanks to trends in our eating
behavior. In the past few decades, this has shifted markedly in favor of energy-
and salt-rich snack foods, with parallel changes in the consumption of soft drinks
to slake our thirst.

This is the nub of the current problem: Salt consumption is closely wedded to the
processed food industry and to its highly lucrative fast food and soft drinks elements
in particular. Hence, it is not difficult to see why there has been considerable
opposition to revising national salt consumption downward. Although there may
be cogent reasons to do this as a public health maneuver, it has huge financial
repercussions for some of the most powerful multinational players in the food
industry. Their possibly predictable response has been to obfuscate the data and
undermine the antisalt lobby. In Europe, there are signs that food manufacturers
are beginning to reduce the salt content of processed food, but there is a long way
to go to achieve a target salt intake of 5—6 g/day.

MOLECULAR PHYSIOLOGY OF RENAL SALT HANDLING

Although the body has several means of maintaining a normal blood pressure
(including neurologic and hormonal responses), the kidney’s contribution to regu-
lation of blood pressure by controlling sodium homeostasis is crucial. Prior to the
elucidation of the molecular contributors to both renal sodium reabsorption and its
linked functions, particularly of potassium and chloride handling, it was clear that
the kidney was centrally involved in blood pressure determination. For example, it
was demonstrated in the 1980s that transplantation of a kidney from a normotensive
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donor into a hypertensive recipient corrects the hypertension, provided that the na-
tive kidneys are resected (25).

While it is true that the relationship between sodium homeostasis and final
blood pressure is complex and involves intricate interactions with hormones such
as dopamine, aldosterone, angiotensin II and ANP, the nephron’s handling of
filtered sodium is of central importance. As displayed in Figure 1, reabsorption
of filtered sodium takes place at various sites along the nephron and involves
several different types of transporter. In the context of normal renal function,
about 25 moles per day of sodium ions pass across the glomerular filter into
the nascent urine. The vast majority of this is reabsorbed. Around 60% of this
reabsorption occurs in the proximal tubule, 25% in Henle’s loop, 10% in the distal
convoluted tubule, and the final 2% to 3% in the collecting duct (Figure la).
This last step confers the tight regulation characteristic of normal renal function,
and the result is a normal fractional excretion of sodium of less than 1%. In all
segments, the electrogenic drive for sodium conservation is the basolateral activity
of the Na-K-ATPase (Figure 1b), which is a P-type ATPase consisting of o and 3
subunits.

Proximal Tubule

The sodium-hydrogen exchanger NHE3 that is responsible for electroneutral api-
cal sodium movement in the proximal tubule (Figure 1c) is an ATP-dependent
protein with 12 transmembrane domains, a long intracellular C-terminal tail, and
two extracellular glycosylation sites (10). It is located on the apical membrane with
a fraction residing in subapical vesicles, suggestive of membrane recycling. NHE3
activity is at least partly regulated by interaction with the PDZ protein NHERF1
(91). NHES3 is sensitive to dopamine, and unlike some other renal sodium trans-
porters, it is also found in intestinal epithelial cells. This accounts for the finding
that Nhe3-null mice are not only hypotensive, hyperkalemic, and acidotic, but also
have diarrhea (70). The potassium- and proton-handling abnormalities are due to
the overwhelming of more distal nephron segments with the excess sodium and
fluid still present in the proximal tubule.

On the basolateral surface, cotransport of sodium and bicarbonate occurs via
the sodium-bicarbonate cotransporter NBC1. This is an electrogenic process with
an apparent stoichiometry of three bicarbonate ions per sodium ion (67).

Loop of Henle

The electroneutral sodium-potassium-chloride cotransporter (NKCC2), which is
expressed apically in the thick ascending limb of Henle’s loop (Figure 1c), is the
target for loop diuretics (e.g., furosemide). NKCC2 function is dependent on the
recycling of K ions back into the tubular fluid via ROMK, the inward-rectifier
renal outer medullary K channel. ROMK is in turn regulated by the serine-threonine
kinase WNK4 in a manner that is independent of its kinase activity (44).
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Distal Convoluted Tubule

In the distal convoluted tubule, some 7% to 10% of overall sodium reabsorption
takes place electroneutrally through renal tubular Na-Cl cotransporter (NCCT),
the sodium chloride cotransporter that is the target of thiazide diuretics (e.g., ben-
droflumethiazide). NCCT function is regulated by the kinase WNK4, and here
the action is kinase dependent (cf. ROMK). It is not known if NCCT is itself
the phosphorylation target of WNK4, but the closely related serine/threonine ki-
nase, WNKI1, is able to block the action of WNK4, suggesting the WNKs form a
regulatory complex with NCCT.

Collecting Duct

Electrogenic sodium channels known as ENaCs (epithelial Na channels) are ex-
pressed at the apical surface of collecting duct principal cells and are composed
of at least three subunits: «, 3, and v (14). ENaC activity appears to be reg-
ulated by variation in the number of channels present at the cell surface. Nor-
mally, removal of ENaCs occurs following an interaction between a conserved PY
motif in the C-terminal tail of one of its subunits and the E3 ligase Nedd4-2
(79, 81), resulting in ubiquitination, internalization, and proteasome-mediated
degradation. Nedd4-2 is phosphorylated via the action of serum and glucocor-
ticoid kinase 1 (SGK1), the function of which is up-regulated by aldosterone
(18, 62), making ENaCs aldosterone-sensitive. When Nedd4-2 is phosphory-
lated, it loses the ability to interact with ENaCs, which results in the observed
increase in activity. Pharmacological antagonists of ENaCs are the so-called K-
sparing diuretics (e.g., amiloride, which blocks the ion channel) because the ENaC
function is obligately coupled to potassium secretion into the urine via ROMK
(Figure 1c).

HUMAN GENETICS AND RENAL SALT HANDLING:
THE SINGLE-GENE DISORDERS

Inheritance undoubtedly contributes to the occurrence of hypertension. Heritability
is generally estimated in the range of 30% to ~60%, depending on the population
studied (2, 78, 90), and it is generally accepted that in any individual, at least
five or six genes contribute to the final arterial pressure level, which reflects a
complex network of gene-gene and gene-environment interactions. In some in-
dividuals, however, rare single-gene defects can cause marked abnormalities of
blood pressure. The genetic causes of almost all of these rare Mendelian forms
of hypertension and hypotension have now been discovered, and remarkably, they
converge upon a final common pathway: the renal regulation of sodium reabsorp-
tion outlined above. Mutations that increase renal sodium reabsorption increase
blood pressure, whereas those that decrease renal sodium reabsorption serve to
decrease it. This analysis has had a major impact in advancing our understanding
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of renal homeostatic mechanisms and reminds us of the importance of salt in
determining blood pressure (51).

The following sections outline some of these Mendelian disorders; those serving
to lower blood pressure by virtue of renal salt wasting are included.

Liddle Syndrome

In the 1960s, Grant Liddle described a three-generation kindred with autosomal
dominant inheritance of early-onset hypertension and low potassium and alkalosis
associated with suppressed levels of aldosterone (50). At first suspected to be
an adrenal disorder, the renal seat of the hypertension was confirmed when the
index patient received a cadaveric renal transplant in 1989, following which her
hypertension and biochemical derangements resolved (13).

Liddle syndrome is best treated by a low-salt diet plus the K-sparing diuretics
amiloride or triamterene, which suggested a problem with the ENaC. Reduction
in salt consumption is an important adjunct to the drug therapy, because sodium
competes for drug binding at the channel.

Mutations in either the {3- or y-subunit of the nonvoltage-gated ENaC gene can
cause Liddle syndrome (37, 72). Mostly, these mutations result in truncations of
the cytoplasmic C-terminal tail of the relevant subunit. These are associated with
a gain-of-function in the ENaC, which is consistent with the dominant inheritance
pattern.

In the kidney, functional Liddle syndrome mutations all affect the PY motif
described above, either point mutations within the motif or frameshifts leading to
its truncation, resulting in constitutive ENaC expression and therefore increased
sodium reabsorption. Thus, patients with Liddle syndrome behave as if they were
consuming and retaining excessive amounts of salt.

Pseudohypoaldosteronism Type 1

Pseudohypoaldosteronism type 1 (PHA1) represents the clinical inverse of Liddle
syndrome. It is a rare inherited disorder characterized by renal salt wasting and
metabolic acidosis with high potassium levels, despite markedly elevated renin and
aldosterone, in the setting of otherwise normal renal and adrenal function (17). This
gives a clinical picture of renal resistance to mineralocorticoids. Clinically distinct
autosomal recessive and autosomal dominant forms of the disease are recognized.
Both generally present in the first weeks of life, with dehydration, sodium wasting
leading to low serum sodium, and hyperkalemic metabolic acidosis. In recessive
PHAI, patients have severe sodium wasting from the colon, sweat, and salivary
glands as well as the kidney. These children have recurrent life-threatening episodes
of salt wasting as well as hyperkalemia thatis very severe, requiring lifelong sodium
supplementation and treatment with potassium-binding resins.

Recessive PHAL is caused by homozygous loss-of-function mutations in any
one of the ENaC subunits (16, 82), leading to a marked reduction of sodium re-
absorption in the cortical collecting duct. The linked secretions of potassium and
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hydrogen ions in this segment are blocked as well. The ensuing hyperkalemic,
volume-depleted state stimulates the renin-angiotensin system, resulting in ele-
vated aldosterone levels and maximal activation of the mineralocorticoid receptor
(MR). Due to the absence of a functional ENaC, the MR is unable to stimulate
sodium reabsorption, ensuring that sodium wasting and hyperkalemic acidosis
persists.

The severity of the clinical course of recessive PHA1 patients highlights the cru-
cial role of ENaCs in sodium homeostasis, even in individuals ingesting a high-salt
diet. There is some variability in their prognosis. For patients with homozygous-
null mutations, the prognosis is often very poor. Even minor illness can bring on
rapid deterioration with hypotension and hyperkalemia; nausea and vomiting often
herald and then accelerate the clinical decline.

In the dominant form of PHAI, sodium wasting occurs primarily from the
kidney. The reason for this is not clear, but the phenotype is much milder; although
children may be quite ill at birth, they generally respond to salt supplementation.
They may even be able to discontinue treatment after the first few years of life.
Heterozygous loss-of-function mutations in the MR gene cause this form of the
disease (45).

Inherited Metabolic Alkaloses: Bartter
and Gitelman Syndromes

Bartter and Gitelman syndromes were originally described as variations of a single
disease process (7, 33) and together constitute a group of hypokalemic metabolic
alkaloses. More recent biochemical and latterly genetic studies have permitted
their separation into distinct disorders, with separable phenotypic characteristics.
The genetic defects involve either the salt transporters that are targets for diuretics
or other transporters that are their essential cellular partners. In both diseases,
the mode of inheritance is autosomal recessive. To date, four genes have been
implicated in the pathogenesis of Bartter syndrome in different kindreds, whereas
all cases of Gitelman syndrome studied, now numbering several hundred, are
accounted for by mutations in a single gene. In all these variants, the net effect is
renal salt wasting, leading to low blood pressure, reduced serum potassium, and
an activated renin-angiotensin system.

Features that differentiate Bartter and Gitelman syndromes are concerned with
renal calcium handling and deposition, serum magnesium, and clinical presentation
(9). In Bartter syndrome, affected individuals may present in infancy or early child-
hood with severe volume depletion and failure to thrive. Prematurity and maternal
polyhydramnios are common. The metabolic dysfunction is usually accompanied
by hypercalciuria with normal serum magnesium and calcium levels. Renal tract
calcification is very common and may be present even in neonates. Nephrocalci-
nosis in infancy suggests type I or II Bartter syndrome. Hyperprostaglandinuria
and a therapeutic response to indomethacin are features of type II disease. By con-
trast, those with type Il Bartter syndrome may well be normocalciuric and mildly
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hypomagnesemic, and devoid of renal calcium deposition. Type IV patients are
deaf.

The biochemical picture in untreated Bartter syndrome is reminiscent of that
occasionally seen in otherwise normal people on long-term loop diuretic therapy.
The target for loop diuretics being NKCC2, it is perhaps unsurprising in retrospect
that defects in the gene encoding NKCC2 cause type I Bartter syndrome (75).
Subsequently, two further defective genes that result in loss of NKCC2 function
have been identified in different kindreds. These are ROMK (type II Bartter syn-
drome) (76) and CLCNKB, which encodes the basolateral chloride channel in the
same loop of Henle cells (type III) (74). Most recently, type IV Bartter syndrome
has been attributed to loss of function in a novel protein, Barttin, an essential co-
factor for CLC-KB function both in the kidney and inner ear, which explains the
concomitant deafness (12, 32).

By far, the majority of patients suspected of having Bartter syndrome in fact
have the much commoner Gitelman syndrome. The phenotype here is often very
much milder and is usually identified in late childhood or even in adulthood. Some
affected individuals are asymptomatic, but others may be more severely affected,
with growth problems and, not uncommonly, joint problems, tetany, and/or other
neuromuscular abnormalities. A survey of presenting symptoms (24) highlights the
differences in perception between patients and their physicians; although doctors
often consider Gitelman syndrome to be asymptomatic, most patients disagree.
Anecdotally, it is reported that affected individuals may note a longstanding pref-
erence for salty over sweet foods and snacks. Biochemically, Gitelman syndrome
is characterized by hypocalciuria and hypomagnesemia with renal magnesium
wasting.

Gitelman syndrome patients display many of the biochemical changes seen in
individuals on thiazide diuretics; indeed, the surreptitious abuse of diuretics (or
laxatives) remains the commonest differential diagnosis. All cases of Gitelman
syndrome are due to loss of function of the thiazide’s drug target, NCCT (77)
(Figure 1c).

The treatment of Bartter and Gitelman syndromes can be difficult because the
degree of salt wasting may be severe. Aggressive replacement of salt and K*
in particular are essential. Some patients respond well to the administration of
indomethacin, especially in type Il Bartter syndrome. Magnesium supplementation
is also usually required in Gitelman syndrome, where very large doses may be
needed.

Gordon Syndrome

The clinical inverse of Gitelman syndrome is that bearing Richard Gordon’s name
(34), also known as pseudohypoaldosteronism type 2. Here, hypertension is asso-
ciated with chloride-dependent sodium retention, plus elevated serum potassium
and acidosis. Despite the clinical indication of overactivity of NCCT, linkage to
this gene was formally excluded in favor of at least three other loci (29, 56). Two re-
sponsible genes have now been identified, encoding the “with no lysine” (WNK)
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kinases WNK1 and WNK4 (93). WNKI1 is expressed ubiquitously, and is par-
ticularly associated with chloride-transporting epithelia at all sites (20), whereas
WNK4 expression is largely limited to the distal nephron. Of particular interest
here is recent evidence that disease-causing WNK4 mutations exert their effects by
relieving the normal WNK4 inhibition of NCCT expression, leading to transporter
overactivity (94, 95). These same mutations actually increase inhibition of ROMK
channel activity, which within the collecting duct could explain the hyperkalemia
that accompanies the syndrome (44). WNK4 therefore represents an intriguing
potential antihypertensive target.

MOVING FROM MOLECULAR GENETICS
TO THE POPULATION

Clearly, the majority of hypertensive individuals do not have such severe genetic
defects as those outlined above. The single-gene disorders may be rare, but they do
highlight an important relationship between salt, the renin-angiotensin-aldosterone
axis, and blood pressure. In an extension of the important physiological insights
provided by these disorders, the population- or cohort-based genetic studies de-
signed to identify genes implicated in faulty blood pressure regulation currently
number several hundreds (see 38, 43). These studies are of two main types: associ-
ation studies, which usually compare polymorphisms (or occasionally haplotypes)
in or near particular candidate genes, and genome-wide linkage analyses, which
seek disease-causing genetic loci. Despite enormous efforts to find genes in the
wider hypertensive population, the results have often been rather mixed. However,
afew genes for which the majority of data from human studies are positive do stand
out: AGT, encoding angiotensinogen, and that encoding the 3-subunit of the ENaC
(reviewed in 23). For both of these, there were functional consequences to the ge-
netic findings that suggest a subtle alteration in sodium handling in affected individ-
uals. These results from human genetic and physiologic investigations have gained
further credence by supporting information from animal models (see below).

Another gene that has excited interest is that encoding «-adducin. This is in fact
a cytoskeletal protein, but it is thought to modulate the activity of the basolateral
Na/K-ATPase that plays a key role in electrogenic movement of salt through cells
along the nephron (Figure 1) (87). Studies both of sibling pairs and at the population
level have supported linkage (reviewed in 58).

A general conclusion, at least, can be drawn from population-based studies
reported in the past decade. Rather than supporting a model of a few genes exerting
relatively large effects in a hypertensive individual, they point to a model in which
there are many genes, each exerting a relatively small effect. Thus, sample sizes for
future studies will need to be very much larger (probably 10,000 subjects or more)
to have sufficient power to observe these effects. Other reasons for the lack of
major progress from many other association-based and genome-wide approaches
have been offered. These frequently include criticisms of statistical methodology
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or of the subset of individuals selected for study. Hidden stratification within
populations is a recurrent concern, which may not be resolved by meta-analysis,
since combining genome-wide scans taken from very different populations is just
as likely to confound as to enhance the power of this approach (65).

CONTRIBUTIONS FROM ANIMAL STUDIES

Given the enormous background genetic variability of the human species, lab-
oratory animals have been an obvious choice to test hypotheses concerning the
relationship between salt and blood pressure, both at the dietary level and more
recently by means of genetic manipulation. Gene-targeting experiments in mice
have both confirmed the observations of humans with single-gene disorders and
extended them. For example, expression of one to four copies of a transgene en-
coding angiotensinogen results in a gene dose-dependent increase in a mouse’s
blood pressure (46).

A variety of clinical studies in different species, including rats, baboons, pigs,
African green monkeys, and chimpanzees, have all confirmed that there is a positive
association between the absolute level of salt consumption and blood pressure (5,
11, 19,22, 28, 80). Critics of the now classical Dahl strain of salt-sensitive rat (27),
however, point to the levels of salt intake required to increase blood pressure as
being vastly in excess of the human dietetic range; the Dahl rat was typically given
8% saline to drink. Although this may translate into >20-30 g/day of salt for a rat
(well within current human extremes of intake), a study in the chimpanzee showed
that this animal’s blood pressure could be raised incrementally by elevating salt
intake from a baseline of just 0.5 g/day to 5, 10, and 15 g/day (28). As we share
98.4% of our genome with the chimpanzee, this can be viewed as a robust and
relevant model for humans.

In addition, in several of these animal studies, a defined period of increased
salt intake that produced the predicted blood pressure increases was followed by
a second period where salt consumption reverted to lower levels. In each case, the
blood pressure fell again.

The Barker hypothesis states that in humans, birth weight and adult blood pres-
sure are reciprocally related (6). This finding has had a considerable impact on
how we now view exposure to factors in utero or early in postnatal life, especially
the long-term effects on gene expression that may result (30). It is conceivable that
our scrutiny of salt intake in adults is partly misplaced, and we should instead be
addressing salt intake in infancy and/or early childhood for maximal benefit, par-
ticularly since human breast milk contains only 11 mmol/l of sodium, and modern
societies tend to wean at a younger age. Animal studies have confirmed, and indeed
extended, Barker’s findings concerning the materno-fetal origins of blood pressure
elevation. In strains of rat with genetically determined blood pressure, the severity
of adult hypertension is strongly influenced by the genotype of the mother. Hence,
if pups from the spontaneously hypertensive or salt-sensitive Dahl strains are
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fostered within two weeks of birth by mothers from normotensive control strains,
they have a 20-30 mm Hg lower blood pressure as adults when compared with
pups fostered by their biological mothers (21, 59). It is interesting that this effect
does not work in reverse; pups from normotensive strains raised by spontaneously
hypertensive rat mothers do not show a rise in blood pressure as adults. For a given
strain to show this fostering effect, it appears that it must first have genetic sensitiv-
ity to dietary salt. Rats from the New Zealand GH strain, which show no increase
in body sodium or salt appetite, do show a small transient hypotensive effect of
fostering, but blood pressure in the adult GH rat is not affected by its fostering
history (49). Thus, it appears that in salt-sensitive rat strains, fostering can modify
the programming of the neonatal kidney so that it can excrete more sodium (35).

HUMAN POPULATION AND INTERVENTION STUDIES

The results of human population studies, as alluded to above, have often been
conflicting. For example, the 1988 INTERSALT study sponsored by the National
Heart, Lung, and Blood Institute, the largest study of its kind, was drawn from 52
centers in 32 countries and contained more than 10,000 individuals (42). Despite its
apparent breadth of recruitment, it failed to find any correlation unless four apparent
“outliers” with very low salt intakes were included. But without their inclusion,
the range of salt intakes across the centers telescoped from 0.12-14 g/day to just
6-14 g/day. With hindsight, the goal of demonstrating a significant dose-response
within this narrow range was probably unrealistic. However, this study did report
that in populations with a high salt intake, the relation between blood pressure and
age was steeper than in populations with a low salt intake: Between the ages of 25
and 55, the slope was approximately 0.9 mm Hg higher for each 10 mmol (0.6 g)
difference in salt intake.

A problem with interpopulation-based studies is their openness to ecological
confounders, in the sense that the salt content of the diet is not the only difference
between so-called low- and high-salt populations. Like spot blood pressure mea-
surements, single measurements of 24-hour sodium excretion are also notoriously
variable. This renders studies like INTERSALT susceptible to the statistical effect
of dilutional regression bias that may reduce (or inflate) any real association of
salt intake and hypertension. Indeed, the final credibility of the INTERSALT study
was heavily undermined by attempts to “correct” for this phenomenon to produce
much larger estimates of the pressor effect of salt (31).

An alternative to population-based trials is the intervention trial. Dozens of
these have been published, though they are often small and have subsequently
been combined by meta-analysis. The difficulty with this approach is that many
trials are included that have flawed design—they are often unblinded or include
treated hypertensives. Nevertheless, the meta-analysis by Law et al. (48), which
focused on studies that lasted more than five weeks, reported an average fall in
systolic blood pressure of 5 mm Hg resulting from a 50 mmol (~3 g/day) reduction
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in salt intake. This is very close to the figures published in a more recent meta-
analysis that again focused on the longer-term intervention trials (Figure 2) (39).

Perhaps the single and most convincing intervention trial to date has been the
Dietary Approaches to Stop Hypertension (DASH) study, or more correctly, its
substudy, DASH-sodium (68). In this study, 412 individuals were assigned either to
a“normal American” diet or to the DASH diet (high in fruit and vegetables and low-
fat dairy products) and one of three different levels of saltintake: high, intermediate,
and low; approximating 9, 6, or 3 g/day of salt, respectively. Participants were kept
on these diets for 30 days, and the blood pressure reductions were as shown in
Figure 3. Blood pressure reduction was again in keeping with the values from
the meta-analyses above, but the effect of the DASH diet was at least as great.
This effect of diet can be explained partly by the well-established interplay of
dietary cations. For example, intake of calcium dictated by water hardness is
inversely related to cardiovascular mortality, and calciuresis is a feature of salt
loading (52, 63). Similarly, potassium supplementation is hypotensive (15), and
may even protect against stroke independently of its effect on blood pressure (4).
Different levels of dietary folic acid and antioxidant vitamins (C and E) may also
be relevant, since they may affect blood pressure through effects on endothelial
function and bioavailable nitric oxide levels within the vasculature (66, 89). It is
therefore becoming clear that the dietary context in which salt restriction occurs
can be as crucial as the restriction itself.

The differences between the population and interventional studies on salt in-
take can also be partly explained by interindividual variation in susceptibility to the
pressor effect of salt loading. This heterogeneity in response to salt was obvious
in the original human intervention studies (55) and in the recent salt-loading study
in chimpanzees discussed above (28). Salt sensitivity is affected by age, race, and
disease state and hence is more common in the elderly, in Afro-Caribbean races,
and among type II diabetics. There is a definable genetic influence within families
(53). However, there is no universal definition of salt sensitivity, and therefore
studies resort to arbitrary cutoffs to define salt “responders” and “nonrespon-
ders.” This has not perturbed the intense trawls for susceptibility genotypes even
within the well-characterized DASH cohort itself (83). Until simple molecular
markers like these become available, it will be impossible to identify easily those
individuals in the general population who would benefit most from dietary salt
restriction.

Using a double-blind placebo-controlled approach, a recent interesting study
by MacGregor’s group (84) has shown that modest restriction of salt to ~5 g/day
(in keeping with WHO recommendations) can reduce blood pressure in black
hypertensive subjects. Subjects were randomized to slow sodium tablets or to
placebo for four weeks and then crossed over. The switch to placebo reduced
urinary sodium excretion from 169 £ 73 to 89 + 52 mmol/24 hours with a
corresponding fall in blood pressure of 8/3 mm Hg (p < 0.01). This reduction was
comparable to that caused by a single antihypertensive agent (57). There was also
a small but very significant fall in excretion of urinary protein: 93 + 48 mg to
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Figure 2 Dose-dependent effect of salt restriction on blood pressure (BP) and 24-hour
urinary sodium excretion. This meta-analysis included 17 trials that showed randomized entry
and lasted at least four weeks. Open circles, normotensives; solid circles, hypertensives. The
size of each circle is proportional to the weight of that trial. The dose-dependent reduction
in BP was largest among hypertensive subjects, with predicted falls of 3.6/1.9, 7.1/3.9, and
10.7/5.8 mm Hg (systolic/diastolic) for a 3, 6, and 9 g/day reduction in intake. Reproduced
with permission from Hypertension (39).
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75 £ 30 mg per 24 hours (p < 0.008). These outcomes are particularly important
given the burden of stroke and end-stage renal disease that hypertension causes in
black Americans.

PUBLIC HEALTH IMPLICATIONS OF DIETARY
SALT RESTRICTION

It is interesting that in 2004, the U.S. Institute of Medicine issued a strong across-
the-board recommendation that salt consumption be approximately halved—which
may be difficult to achieve in these fast-food days—and also advised a significant
increase in potassium intake “to lower blood pressure and blunt the effects of
salt,” among other benefits (41). But given the consistent body of data linking salt
intake and blood pressure, is there actually evidence that salt intake also affects
the rates of cardiovascular disease? Perry & Beevers (64) showed originally that
across Europe death rates from stroke correlated very significantly with the salt
intake recorded in the INTERSALT study (Figure 4). In fact, despite the difference
in salt intake being modest across countries (~3 g/day), the benefits were large,
with a fourfold difference in the stroke death rate. They showed that the effect
of salt intake was independent of BMI, and they observed that it was a stronger
correlation than that of stroke and systolic blood pressure. This supports other
evidence suggesting that a high salt intake has detrimental effects in addition to
simply elevating blood pressure. Increased arterial stiffness and left ventricular
mass and platelet aggregability have all been associated independently with salt
intake and would be expected to affect cardiovascular risk (36, 69, 96). Analysis of
the NHANES I epidemiologic follow-up study also showed that a high salt intake
was an independent predictor of cardiovascular disease and all-cause mortality in
obese men and women (BMI >27.8 and >27.3 kg/m?, respectively) (40). A 6 g/day
increase in salt intake in this study increased not only the incidence of stroke
and CHD, but also their mortality (89% and 61%, respectively). These studies
were of course performed retrospectively, but two recent prospective studies have
confirmed that salt intake is an independent predictor of cardiovascular death. The
first, from Japan, followed up more than 29,000 men and women between 1992
and 1999 and reported that death from ischemic stroke or intracerebral hemorrhage
was strongly associated with an individual’s tertile of salt intake at entry (61). The
second study, from Finland, quantified salt intake with a 24-hour urine collection
and found that both the frequency and death rate from coronary artery disease
rose with increasing salt intake. A 6 g/day rise in salt intake within the study
group increased the frequency of acute coronary events 1.34 fold (1.07-1.68)
(88). The authors also noted a significant interaction of obesity and salt intake
in determining cardiovascular risk, which emphasizes the same findings from the
NHANES I analysis.

It is possible to estimate the impact of a reduced salt intake on cardiovascular
disease based on the expected fall in blood pressure, although the relation of



Annu. Rev. Nutr. 2006.26:343-365. Downloaded from www.annualreviews.org
by Texas State University - San Marcos on 01/04/12. For personal use only.

358

O’SHAUGHNESSY ® KARET

2100 -
Portugal

r = 0.83, p<0.001
Finland

—_ —_ e —_ —_

= wW a ~ ©

o o o o o

o o o o o
L L L L L

ltaly m® Spain
900 - ) [
Belgiuma Germany
700 { Denmark ® Holland

Stroke Death Rate (per 100,000/yr)

500 T T ]
7.5 8.5 9.5 10.5

Urinary Salt Excretion (g/d)

Figure 4 Regression line for death rate from stroke versus urinary salt excretion
recorded in European countries taking part in the INTERSALT study. Reproduced
with permission from the Journal of Human Hypertension (64).

cardiovascular disease and blood pressure is not linear, but exponential, and the
relationship is steeper for stroke than for myocardial infarction. The benefit of
reducing saltintake by a modest 3 g/day has been estimated to reduce the prevalence
of stroke and myocardial infarction by 22% and 16%, respectively (48). Based on
their more recent meta-analysis, He & MacGregor (39) estimated the effect of a
DASH-like reduction in salt intake from 12-3 g/day for the U.K. population. This
analysis suggests if the current WHO target of 5-6 g/day could be achieved in
the United Kingdom, ~15,000 deaths from stroke and a further ~30,000 from
myocardial infarction would be prevented. Impressive as the figures are, they
may actually underestimate the benefit, since during DASH-sodium and other
intervention studies the falls in blood pressure were larger than the meta-analysis
results themselves.

A recent analysis has emphasized just how cost-effective nonpersonal health
interventions can be to governments in preventing cardiovascular disease. Such
interventions could include a national reduction in salt intake via processed food
(60). It was estimated that around 20 million disability life-years could be saved
worldwide by this approach. Nonetheless, governments have been slow in address-
ing the public health importance of a lowered salt intake. The United Kingdom has
recently taken a lead in this with their Food Standards Agency, which set a goal
of reaching a 6 g/day target by 2010 (http://www.salt.gov.uk/index.shtml). How-
ever, even this modest goal is only going to be achieved with the active support
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of the food industry, as ~80% of our dietary salt is “hidden” within prepared and
processed food. This poses a particular bar to the prospect of reducing intake still
further to 3 g/day, where cardiovascular benefits are even larger. Labeling food
products with their sodium content would seem an important good starting point,
but even here a consensus is still lacking (71). Assuming this can be surmounted,
a reasonable strategy would be to reduce salt intake through processed food in
annual small steps. This would produce no noticeable change in the taste of our
processed food nor confound food technologists who rely on salt to enhance its
succulence and shelf life.

Critics have argued that implementation of a public health initiative to lower salt
intake, especially if it is to happen with food industry support, requires evidence
from an outcome trial. Yet other dietary and lifestyle changes have been adopted
without this evidence. There are no outcome trials, for example, showing that stop-
ping cigarette smoking, increasing fruit and vegetable intake, exercising, or losing
weight affect coronary disease mortality. What should convince us of the need to
reduce our salt intake is the size and consistency of the evidence base that it will
affect both our blood pressure and reduce our risk of cardiovascular disease. This
evidence comes from epidemiology, migration, intervention, animal, and genetic
studies and dwarfs the evidence available to support any other lifestyle change.

That said, salt restriction is always worthwhile in subjects taking specific an-
tihypertensive agents. For example, dietary manipulation of patients receiving
amiloride or triamterene should be beneficial, because these act competitively with
sodium for transport via ENaC. In addition, there is evidence that reducing salt in-
take increases the efficacy of angiotensin-converting enzyme inhibitors because of
the renin-angiotensin-aldosterone axis activation that salt depletion induces (92).

CONCLUSIONS

Overall it seems very clear that the body’s handling of salt is key to our cardio-
vascular health, and recent evidence strongly supports the use of saliuretics (as
prescription thiazide diuretics) for first-line therapy of hypertension and hence
the prevention of coronary heart disease (3). The real controversy is not whether
salt affects blood pressure, but rather whether the current body of evidence sup-
ports a reduction in salt intake in the general population. Dietary manipulations
tend to have poor compliance rates in the long term (54), but given the increasing
prevalence of hypertension and the steep relation between stroke risk and blood
pressure, any strategy that reduces stroke burden in the general population must be
taken very seriously. The public health and budgetary implications are surely irre-
sistible. We could invest more effort in clinical, biochemical, and pharmacologic
phenotyping of hypertensive subjects to identify those who will derive most benefit
from a low salt intake. Alternatively, the simpler strategy is to target the ~80% of
dietary salt that comes to us through food processing, to achieve a population-wide
salt intake of 5-6 g/day. It does not seem reasonable that implementing this should
require outcome data from randomized intervention trials—even supposing it were
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still ethical and fundable. Other lifestyle changes have been accepted on vastly in-
ferior evidence, but the gulf separating the “pro” and “anti” low-salt camps still
needs to be closed. This will take either further reasoned argument or public and

government pressure.
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