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T

he fact that salt (sodium chloride) is essential for life has
been recognized for millennia. Historically, the exchange value of salt played
an important role in establishing trade routes, securing alliances, and provoking revolutions. Homer referred to salt as a divine substance, and Plato described it
as especially dear to the gods. Salt has been associated with sexual potency, fertility, and immortality.
In sodium-deficient states, salt consumption is driven by salt appetite — an
innate and motivated behavioral response that drives a human or animal to seek
and ingest salt-containing foods and fluids.1 However, under usual circumstances,
the ambient salt diet is in excess of physiological need, and in humans, it has been
difficult to distinguish innate salt appetite and salt need from salt preference.2 The
hunger for salt is also influenced by taste, culture, social custom, the widespread
availability of salt, and habit independent of the need for salt.3 Despite its historical
value and physiological importance, high salt consumption has been recognized as
detrimental to health. In this article, we provide an overview of the current understanding of the relation of salt consumption to hypertension and cardiovascular
disease.
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S A LT C ONSUMP T ION A ND A R TER I A L PR E SSUR E
A high-salt diet convincingly contributes to elevated arterial pressure in numerous
animal species, including genetic and acquired models of experimental hypertension.
People living in nonindustrial, unacculturated communities with low salt intake have
low average blood pressures that increase little with age. Blood pressure increases
when such populations adopt modern lifestyles.
Within populations, either slight but significant correlations or insignificant correlations between blood pressure and dietary salt have been observed.4,5 A relatively
constricted range of sodium intakes — in particular, high sodium intakes — may
contribute to the underestimation of the association between blood-pressure level
and sodium intake within populations. Studies across populations provide more
convincing evidence than within-population studies of the association of salt intake
with both blood pressure and the age-related rise of blood pressure in adults.6-8
There is also a modest association between higher salt intake and higher blood
pressure in children and adolescents.9 Low dietary intake of potassium may increase the effect of sodium on blood pressure, and the relationship between sodium and blood pressure becomes stronger if the urinary sodium:potassium ratio,
rather than simply the sodium excretion rate, is considered.7
Clinical trials provide definitive evidence of a direct cause-and-effect relation-
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Table 1. Meta-Analyses of the Effect of Salt Reduction on Blood Pressure.*
Study

Persons with Hypertension
Reduction
No. of No. of in Sodium
Trials Persons
Intake
mmol/day

Reduction
in Systolic
Pressure

Persons with Normal Blood Pressure
Reduction
in Diastolic
Pressure

Reduction
No. of No. of in Sodium
Trials Persons
Intake

mm Hg

Reduction
in Systolic
Pressure

mmol/day

Reduction
in Diastolic
Pressure

mm Hg

Midgley et al.10

28

1131

95

3.7†

0.9

28

2374

125

1.0†

0.1

Cutler et al.11

22

1043

77

4.8†

2.5†

12

1689

76

2.3†

1.4†

Graudal et al.

58

2161

118

3.9†

1.9†

56

2581

160

1.2†

0.3

He and MacGregor13

17

734

78

5.0†

2.7†

11

2220

74

2.0†

1.0†

12

* The numbers in the sodium intake and blood pressure columns are average reductions. An amount of 17 mmol of sodium is equivalent to
400 mg of sodium or 1.0 g of sodium chloride.
† The reduction in the blood-pressure value was significant.

ship between salt consumption and blood pressure. Although meta-analyses are potentially
subject to criticism owing to variations in the
inclusion and exclusion criteria of the trials and
other variations among the study protocols, several meta-analyses of randomized clinical trials
have consistently shown that persons with hypertension have a greater response to a reduced
salt intake than do persons with normal blood
pressure10-13 (Table 1). In a meta-analysis of 10
controlled trials involving a total of 966 children
(median age, 13 years; range, 8 to 16), a 42%
reduction in salt intake was associated with
small but significant reductions of both systolic
pressure (−1.17 mm Hg; 95% confidence interval
[CI], −1.78 to −0.56) and diastolic pressure
(−1.29 mm Hg; 95% CI, −1.94 to −0.65).14
Trials involving abrupt and severe salt restriction have shown significant increases in plasma
renin activity, serum aldosterone, and plasma
levels of noradrenaline and adrenaline, total
cholesterol, and triglycerides.12,15 The implication
is that these neural and hormonal responses may
have adverse cardiovascular consequences. Studies assessing a long-term (>6 months) modest
reduction of salt intake have shown only small
increases in renin activity and little or no change
in sympathetic tone or plasma lipid levels.

not a binary, trait, depending on the methods
used for assessment and the definition of salt
sensitivity, approximately 30 to 50% of persons
with hypertension and a smaller percentage of
persons with normal blood pressure are thought
to have salt-sensitive blood pressure.16 Phenotypes associated with salt-sensitive blood pressure include low-renin hypertension, older age,
African American ethnicity, obesity, and the metabolic syndrome.17,18
Blood-pressure responses to salt may be modified by other components of the diet. Low dietary
intakes of potassium and calcium potentiate the
salt sensitivity of blood pressure.19 Conversely,
high dietary intakes of potassium and calcium
attenuate the development of salt-induced hypertension in several animal models. In genetic experimental models of hypertension, blood-pressure
responses to salt are modulated by the protein,
carbohydrate, and fat composition of the diet. In
addition, the full expression of salt-sensitive hypertension depends on the concomitant intake of
sodium and chloride, rather than sodium with
some other anion.20 However, in usual diets, it
has been estimated that more than 85% of sodium is consumed as sodium chloride.
Experimental models of hypertension provide
convincing evidence of a genetic susceptibility to
salt sensitivity. The most intensely studied experimental model of salt-sensitive hypertension has
“S A LT SENSI T I V I T Y ”
been the Dahl rat, developed by Lewis K. Dahl
OF BL O OD PR E SSUR E
nearly 50 years ago and inbred by John Rapp. In
Blood-pressure responses to salt are heteroge- consomic rats (in which otherwise genetically
neous and are normally distributed within popu- identical animals differ by one chromosome),
lations. Although salt sensitivity is a continuous, transfer of any one of several chromosomes from
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normotensive Brown Norway rats into Dahl saltsensitive rats attenuates or abolishes salt-induced
hypertension and proteinuria.21 Knockout mice
lacking genes for γ melanocyte–stimulating hormone, atrial natriuretic peptide and its receptor,
the prostaglandin EP2 receptor, or the bradykinin
receptor all have salt-sensitive hypertension. The
heritability of salt-induced increases in blood
pressure may also be unrelated to genetic polymorphisms. In the normotensive Sprague–Dawley rat,
either a high or a low salt intake during pregnancy
is associated with a reduced number of renal
glomeruli and proteinuria in the offspring,22 and
animals with a reduced number of nephrons become progressively more salt-sensitive with age
in terms of blood pressure.
Limited clinical data are available concerning
the heritability of salt sensitivity. As compared with
whites with normal blood pressure, blacks with
normal blood pressure have slower sodium excretion after intravenous administration of a sodium
load and have greater increases in blood pressure
in response to an extremely high salt intake.23
Among both black families and white families,
the blood-pressure response to sodium loading
and sodium restriction is highly heritable.24,25 In
addition, among white twins with normal blood
pressure, there is a strong heritable influence on
plasma renin activity, the plasma aldosterone concentration, and the efficiency of sodium excretion
after infusion of a saline load.26
Monogenic renal tubular disorders resulting in
either sodium retention or renal sodium wasting
are associated with hypertension and hypotension, respectively.27 However, the causative mutations of these monogenic syndromes of sodium
retention are not applicable to the general population or to the vast majority of persons with
hypertension. A number of rare alleles in several
genes that alter renal salt handling are associated with blood-pressure variation in the general
population.28 Preliminary evidence in various patient populations has identified a number of DNA
polymorphisms associated with salt sensitivity in
genes that may contribute to the regulation of renal sodium transport.29,30 Salt sensitivity is also
reportedly associated with single-nucleotide polymorphisms in at least a dozen genes that have
no apparent physiological basis for the regulation of arterial pressure or sodium balance. For
the most part, these observations await confirmation.
n engl j med 368;13

S A LT C ONSUMP T ION
A ND C A R DIOVA SCUL A R DISE A SE
It has been projected that a reduction in dietary
salt intake by 3 g per day (on the basis of the current average consumption in the United States)
would reduce the annual number of new cases of
coronary heart disease by 60,000 to 120,000,
cases of stroke by 32,000 to 66,000, and cases of
myocardial infarction by 54,000 to 99,000 and
would reduce the annual number of deaths from
all causes by 44,000 to 92,000.31 With notable
exceptions, results of observational studies generally support an association of high salt intake
with cardiovascular end points. In a 2009 metaanalysis of 19 independent cohort samples from
13 studies involving a total of 177,025 participants
(follow-up, 3.5 to 19 years) and 11,000 cardiovascular events, Strazzullo et al. reported that a high
salt intake is associated with increased risks of
stroke and total cardiovascular disease,32 although
an inverse trend with respect to the association
between salt intake and the risk of cardiovascular
disease was observed in three cohorts. Results
from several recent observational studies are consistent with the overall conclusions of the metaanalysis by Strazzullo et al.33-35
In contrast, a limited number of observational
studies have suggested either no association of
cardiovascular disease with salt intake or an increased prevalence of cardiovascular disease with
low salt intake.36 On the basis of a post hoc analysis of two populations enrolled in drug trials,
O’Donnell et al. reported that both high and low
sodium intakes were associated with increased
cardiovascular events in a J-shaped curve (24-hour
sodium excretion was estimated on the basis of
the measured sodium concentration in a fasting
morning urine sample).37 As compared with participants who had a baseline sodium excretion of
4 to 6 g per day (10 to 15 g per day of sodium
chloride), participants who excreted more than
6 g of sodium (15 g of sodium chloride) per day
and those who excreted less than 4 g of sodium
(10 g of sodium chloride) per day in that study
showed an increase in cardiovascular deaths,
strokes, or heart attacks. Studies with negative or
paradoxical outcomes have been criticized for a
number of methodologic deficiencies, including
confounding variables (e.g., coexisting conditions and diuretic therapy) and a short duration
of follow-up.
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Results of epidemiologic studies and randomized trials suggest that potassium consumption
influences the effect of sodium on blood pressure and the risk of cardiovascular disease. Low
potassium intake is associated with an increased
risk of hypertension, and a high ratio of sodium
intake to potassium intake is a more potent risk
factor for hypertension and cardiovascular disease than each factor alone.34,38 A high potassium intake offers the greatest benefit when sodium intake is high.
All observational studies share intrinsic weaknesses and methodologic limitations. None were
designed to address the relation between daily sodium intake and the risk of cardiovascular disease.
In several long-term, prospective, randomized
clinical trials, reduced salt intake was reported to
result in a decreased incidence of cardiovascular
events.39-41 In contrast, on the basis of a metaanalysis of seven randomized trials (involving a
total of 6250 participants) with at least 6 months
of follow-up, a 2011 Cochrane analysis concluded that reducing dietary salt intake did not decrease the risk of death or cardiovascular disease.42 One of the trials in the analysis included
patients with heart failure who were simultaneously receiving aggressive treatment with diuretic
agents. In addition, trials involving persons with
normal blood pressure and those involving persons with hypertension were analyzed separately,
potentially resulting in lack of statistical power.
On the basis of a meta-analysis that excluded the
study in which patients received concomitant diuretic therapy and that combined the normotensive and hypertensive study populations, He and
MacGregor concluded that decreased salt intake
was associated with a significant reduction in
cardiovascular events and a nonsignificant reduction in all-cause mortality.43
Results from trials in discrete patient populations suggest that caution is warranted in recommending rigorous sodium restriction for
specific patient groups. An observational study
involving 2807 adults with type 1 diabetes (mean
age, 39 years) showed that dietary sodium was
inversely associated with all-cause mortality and
the development of end-stage renal disease (median follow-up, 10 years).44 In that study, reduced
survival was also observed among adults with
high sodium intakes. In a related study involving
638 patients with long-standing type 2 diabetes
(mean age, 64 years), low urinary sodium excre1232
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tion was associated with increased all-cause and
cardiovascular mortality (median follow-up, 9.9
years).45 Notably, the patients in that study had
multiple coexisting conditions, including renal
impairment and cardiovascular disease, at baseline. Clinical trials of a low-sodium diet in combination with high-dose diuretic agents and
fluid restriction in patients with congestive heart
failure have been reported to show an increase
in hospital readmissions and deaths.46,47 However, in patients with chronic kidney disease,
modest salt reduction is associated with improved clinical outcomes and greater reductions
in blood pressure in response to pharmacologic
inhibition of the renin–angiotensin system.48

MECH A NISMS OF S A LT-INDUCED
H Y PER TENSION A ND TA RGE T- ORG A N
DA M AGE
In parallel with these observational studies and
clinical trials, mechanisms by which a high salt
intake may increase blood pressure and lead to
adverse cardiovascular outcomes have been studied
in the laboratory. Hypertension can be produced in
response to a high dietary sodium intake in a number of well-recognized experimentally induced
conditions, all of which have the common denominator of a diminution in the renal capacity to
excrete sodium.49 This “natriuretic handicap” may
be due to an intrinsic renal defect. Alternatively,
stimuli that result in increased renal tubular reabsorption of sodium chloride may reset the kidneys so that a higher level of renal-arterial perfusion pressure is required to maintain a net
sodium balance.
As suggested by Guyton (cited in Cowley’s
review50), impaired natriuresis may result in a
small increase in blood volume, and in response,
whole body autoregulation may explain the rise
of total peripheral resistance. Whether this sequence of events occurs in either the Dahl saltsensitive rat or in humans with salt-sensitive
hypertension is not clear. What is clear, however,
is that salt can activate a number of neural, endocrine or paracrine, and vascular mechanisms,
all of which have the potential to increase arterial pressure (Table 2); for a list of relevant
references, see the Supplementary Appendix,
available with the full text of this article at
NEJM.org.
In rats, a high-salt diet leads to accumulation
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of hypertonic sodium in the interstitial space.51
This hypertonicity is sensed by macrophages,
which produce an angiogenic protein, vascular
endothelial growth factor, in the skin that stimulates lymphatic-vessel growth, creating a third
fluid compartment that buffers sodium-induced
increases in vascular volume. It has been suggested
that failure of this extrarenal regulatory mechanism may lead to salt sensitivity in rats with
deoxycorticosterone acetate–salt hypertension.52
However, this hypothesis remains speculative because there is no evidence that altering the distribution of salt and body fluids would by itself
affect the long-term regulation of arterial pressure.
Independently of its effect on arterial pressure,
prolonged salt loading in the rat causes alterations of vascular endothelial-cell function and
promotes organ damage (Fig. 1).53-55 Administration of excess dietary salt in rats with spontaneous hypertension causes perivascular fibrosis of
the coronary arteries, fibrosis of the noncardiac
ventricular interstitial matrix, ischemia of both
ventricles, and ventricular diastolic dysfunction.56
Severe proteinuria and end-stage renal failure
develop within 3 weeks and are associated with
interstitial fibrosis, renal arteriolar damage, increased glomerular hydrostatic pressure, and glomerular hyalinization.57 Although treatment with
an angiotensin-receptor antagonist does not reduce arterial pressure in these rats, it prevents or
attenuates the salt-induced structural and functional changes in the heart and kidney.58,59 High
salt intake also results in decreased elasticity and
fibrosis of large arteries, potentially worsening
hypertension and exacerbating cardiovascular
risk.60 Like salt excess, high levels of aldosterone
are associated with alterations of myocardial and
renal structure and function, owing to oxidative
stress and vascular inflammation.61 The proinflammatory effects of aldosterone are amplified
by salt, and clinically, target-organ damage has
been related to the interdependence of aldosterone and dietary salt.62-65
The most frequent causes of hospitalization
among older persons in industrialized societies
are cardiac failure and end-stage renal disease.
Such target-organ disease may result from longterm consumption of excess salt. Salt intake is an
independent predictor of left ventricular mass,
and left ventricular mass decreases in response to
dietary salt restriction.66,67 In patients with hypertension, a high salt intake amplifies the effect of
n engl j med 368;13

Table 2. Interrelated Salt-Induced Alterations That May Impair Sodium
Excretion and Promote Vasoconstriction.*
Kidney
Increased activity of the sympathetic nervous system
Decreased renal medullary blood flow
Increased formation of reactive oxygen species
Low bioavailability of nitric oxide
Defective dopamine-receptor function
Enhanced vasoconstrictor effects of angiotensin II and vasopressin
Increased intrarenal generation of angiotensin II
Overexpression of angiotensinogen in proximal tubule
Increased expression of aldosterone synthetase
Activation of the mineralocorticoid receptor
Decreased production of 20-hydroxyeicosatetraenoic acid, an arachidonic
acid metabolite
Failure of atrial natriuretic peptide to potentiate marinobufagenin-induced
inhibition of Na+/K+–ATPase
Nervous system
Increased sympathetic nervous system activity triggered by sodium concentration in cerebrospinal fluid
Enhanced response of vasomotor neurons of the rostral ventrolateral medulla
to excitatory amino acids
Decreased release of nitric oxide in the paraventricular nucleus
Activation of glutamate receptors in the paraventricular nucleus
Decreased baroreceptor sensitivity
Increased oxidative stress in the brain
Production of a ouabain-like compound by the brain
Up-regulation of mineralocorticoid receptors in the central nervous system
Blood vessels
Reduced production of nitric oxide and impaired nitric oxide–dependent
vasodilation
Increased production of reactive oxygen species
Reduced scavenging of free radicals by superoxide dismutase
Failure of atrial natriuretic peptide to potentiate marinobufagenin-induced
inhibition of Na+/K+–ATPase
Potential vascular effect of salt-induced autoimmune inflammatory response
* For a list of relevant references, see the Supplementary Appendix, available at
NEJM.org. Na+/K+–ATPase denotes the sodium–potassium pump.

arterial pressure on target-organ damage, including cardiac hypertrophy and microalbuminuria.68
Furthermore, in patients who have hypertension
with compensated heart failure and a normal
ejection fraction, dietary-salt restriction reduces
arterial pressure, arterial stiffness, and oxidative
stress.69 Multifactorial causation of prolonged
salt excess, including an interaction with tissue
renin–angiotensin systems, may contribute to major target-organ impairment.
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Figure 1. Target-Organ Damage Due to High Intake of Sodium
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In view of the association of a high salt intake
with hypertension and cardiovascular and renal
disease, many countries have introduced population-based recommendations and initiatives to
reduce salt consumption.70 Beginning in the early 1970s, Finland implemented population-wide
initiatives to reduce salt intake.71 Between 1979
and 2002, the average 24-hour urinary sodium
excretion decreased from more than 5200 mg
per day (13.0 g of sodium chloride) to less than
4000 mg per day (10.0 g of sodium chloride) in
Finnish men and from nearly 4200 mg per day
(10.5 g of sodium chloride) to less than 3000 mg
per day (7.5 g of sodium chloride) in Finnish
women.72 Along with this reduction in sodium
intake, there has been a reduction of more than
10 mm Hg in both systolic and diastolic blood
pressure and a corresponding decrease of 75 to
80% in the rate of death due to stroke and coronary heart disease.71 In 2004, with the voluntary
engagement of the food industry, the British government introduced a population-based salt-reduction program with the use of a media campaign to
increase public awareness and demand for change.73
Sodium intake decreased from 3800 mg per day

1234
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(9.5 g of sodium chloride) in 2001 to 3440 mg
per day (8.6 g of sodium chloride) in 2008.
In 2005, the U.S. Department of Health and
Human Services recommended that adults in the
United States consume no more than 2300 mg
of sodium per day (5.8 g of sodium chloride) and
that those in specific groups (persons 51 years
of age or older, persons with hypertension, diabetes, or chronic kidney disease, and persons of
African-American ethnicity) consume no more
than 1500 mg per day (3.8 g of sodium chloride).74 The 1500-mg recommendation applies to
about half the U.S. population. The same recommendations were endorsed as part of the Dietary
Guidelines issued in 2011 by the U.S. Department
of Agriculture and the Department of Health and
Human Services.75 Numerous professional societies, including the American Heart Association,
have also endorsed recommendations to reduce
sodium intake to less than 1500 mg per day.76 In
England and Wales, the government-recommended target was 2400 mg of sodium per day (6.0 g
of sodium chloride) by 2012.73 The global goal
set by the World Health Organization is to reduce sodium intake to less than 2000 mg per
day (5 g of sodium chloride) per person by 2025,
with some countries aiming for even lower levels
in the long term.73
Despite these recommendations, initiatives,
and early successes, sodium intake remains high.
Data from the National Health and Nutrition Examination Survey suggest that, for over a decade,
sodium consumption has been relatively constant in the United States and well above recommended amounts (Fig. 2). Currently, Americans
consume a mean of approximately 3400 mg of
sodium per day (8.5 g of sodium chloride), with
77% of the sodium coming from packaged, processed, and restaurant foods.77 In 2010, the Institute of Medicine recommended that sodium intake be reduced gradually, and emphasized that
voluntary approaches for reducing sodium levels
in the food supply have not been successful.78
Nevertheless, reflecting the difficulty of translating science into public policy,79 there remain
outspoken critics of these population-based recommendations to reduce sodium consumption.80-83
Several specific concerns have been expressed.
Critics point out that the influence of salt intake
on blood pressure is generally too small to mandate policy decisions and that there is substan-
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C ONCLUSIONS
Although it has been difficult to separate salt
need from salt preference, current levels of salt
consumption exceed salt need and are associated
with adverse clinical outcomes. High salt intake
is associated with high blood pressure and increased rates of cardiovascular disease. Experimental studies continue to provide information
about mechanisms for these adverse effects of
salt. In clinical trials, a reduction in salt intake is
associated with reduced blood pressure, more so
in persons with hypertension than in those with
normal blood pressure. Although not discussed
in the present review, it should be noted that reduced salt intake is associated with greater blood-
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tial variation from one person to another in the
blood-pressure response to salt reduction. In addition, critics note that results of studies of the
relationship of reduced sodium intake to morbidity and mortality have been inconsistent and
that population-based estimates of the reduction
in cardiovascular disease that is related to an
effect of salt reduction on blood pressure are
based on a “surrogate” end point. They also note
that a reduction in sodium intake may have an
adverse effect on other end points, such as level of
lipids, catecholamines, renin, and aldosterone, and
that in the general population, a J-shaped curve
may characterize the relationship between salt
consumption and cardiovascular morbidity and
mortality. Critics also note that low salt intake
increases the risk of cardiovascular events in specific patient groups (e.g., patients with congestive
heart failure who are aggressively treated with
diuretic agents and patients with diabetes). In
response to concerns that a low level of sodium
intake may adversely affect blood lipids, insulin
resistance, and the risk of cardiovascular disease, the Institute of Medicine is undertaking a
study to “evaluate the results, study design, and
methodological approaches that have been used
to assess the relationship between sodium and
health outcomes.”84

Figure 2. Average Daily Sodium Consumption in the United States, 1999–2010.
Data are from the National Health and Nutrition Examination Survey. Current
recommendations of the U.S. Department of Health and Human Services
for the general population and various subgroups are shown.

pressure responses to antihypertensive drug therapy, including drug therapy in patients with
resistant hypertension.85,86 Most, but not all, clinical trials have shown that reduced salt intake is
also associated with decreased risks of cardiovascular events and death. Consequently, recommendations for reducing the currently high levels
of salt consumption in the general population
seem justifiable, although in terms of safety, the
lower limit of salt consumption has not been
clearly identified. It may be premature to discount the apparently paradoxical cardiovascular
outcomes associated with low salt intake, particularly in specific clinical conditions (e.g., type
1 or type 2 diabetes and congestive heart failure
that is aggressively treated with diuretic agents).
Less-rigorous targets for salt reduction may be
appropriate for these and other patient groups.
No potential conflict of interest relevant to this article was
reported.
Disclosure forms provided by the authors are available with
the full text of this article at NEJM.org.

REFERENCES
1. Daniels D, Fluharty SJ. Salt appetite: a

neurohormonal viewpoint. Physiol Behav
2004;81:319-37.
2. Morris MJ, Na ES, Johnson AK. Salt
craving: the psychobiology of pathogenic

sodium intake. Physiol Behav 2008;94:
709-21.
3. Leshem M. Biobehavior of the human
love of salt. Neurosci Biobehav Rev 2009;
33:1-17.

n engl j med 368;13

nejm.org

4. Frost CD, Law MR, Wald NJ. By how

much does dietary salt reduction lower
blood pressure? Analysis of observational
data within populations. BMJ 1991;302:
815-8.

march 28, 2013

1235

The New England Journal of Medicine
Downloaded from nejm.org at <h4><b>Bibliothek der MedUni Wien</b></h4> on August 13, 2014. For personal use only. No other uses without permission.
Copyright © 2013 Massachusetts Medical Society. All rights reserved.

The

n e w e ng l a n d j o u r na l

5. Simpson FO. Blood pressure and so-

dium intake. In: Laragh JH, Brenner BM,
eds. Hypertension: pathology, diagnosis,
and management. New York: Raven Press,
1990:205-15.
6. Law MR, Frost CD, Wald NJ. By how
much does dietary salt reduction lower
blood pressure? Analysis of observationaldata among populations. BMJ 1991;302
811-5.
7. Intersalt Cooperative Research Group.
Intersalt: an international study of electrolyte excretion and blood pressure: results of 24-hour urinary sodium and potassium. BMJ 1988;297:319-28.
8. Elliot P, Stamler J, Nichols R, et al.
Intersalt revisited: further analyses of 24
hour sodium excretion and blood pressure
within and across populations. BMJ 1996;
312:1249-53.
9. Simons-Morton DG, Obarzanek E.
Diet and blood pressure in children and
adolescents. Pediatr Nephrol 1997;11:
244-9.
10. Midgley JP, Matthew AG, Greenwood
CM, Logan AG. Effect of reduced dietary
sodium on blood pressure: a meta-analysis of randomized controlled trials. JAMA
1996;275:1590-7.
11. Cutler JA, Follmann D, Allender PS.
Randomized trials of sodium reduction:
an overview. Am J Clin Nutr 1997;65:
Suppl:643S-651S.
12. Graudal NA, Galløe AM, Garred P. Effects of sodium restriction on blood pressure, renin, aldosterone, catecholamines,
cholesterols, and triglyceride: a metaanalysis. JAMA 1998;279:1383-91.
13. He FJ, MacGregor GA. Effect of modest salt reduction on blood pressure: a
meta-analysis of randomized trials. J Hum
Hypertens 2002;16:761-70.
14. Idem. Importance of salt in determining blood pressure in children: metaanalysis of controlled trials. Hypertension
2006;48:861-9.
15. Graudal NA, Hubeck-Graudal T, Jürgens G. Effects of low-sodium diet vs.
high-sodium diet on blood pressure, renin, aldosterone, catecholamines, cholesterol, and triglyceride (Cochrane Review).
Am J Hypertens 2012;25:1-15.
16. Weinberger MH, Miller JZ, Luft FC,
Grim CE, Fineberg NS. Definitions and
characteristics of sodium sensitivity and
blood pressure resistance. Hypertension
1986;8:Suppl II:II-127–II-134.
17. Hall JE, Mizelle GH, Hildebrandt DA,
Brands MW. Abnormal pressure natriuresis: a cause or a consequence of hypertension? Hypertension 1990;15:547-59.
18. Fujita T. Mineralocorticoid receptors,
salt-sensitive hypertension, and metabolic
syndrome. Hypertension 2010;55:813-8.
19. Kotchen TA, Kotchen JM. Nutrition,
diet, and hypertension. In: Shils ME,
Shike M, Ross AC, Caballero B, Cousins
RJ, eds. Modern nutrition in health and
disease. 10th ed. Philadelphia: Lippincott
Williams & Wilkins, 2006:1095-107.

1236

of

m e dic i n e

20. Boegehold MA, Kotchen TA. Impor-

tance of dietary chloride for salt sensitivity of blood pressure. Hypertension 1991;
17:Suppl I:I-158–I-161.
21. Mattson DL, Dwinell MR, Greene AS,
et al. Chromosome substitution reveals the
genetic basis of Dahl salt-sensitive hypertension and renal disease. Am J Physiol
Renal Physiol 2008;295:F837-F842.
22. Koleganova N, Piecha A, Ritz E, et al.
Both high and low maternal salt intake in
pregnancy alter kidney development in the
offspring. Am J Physiol Renal Physiol 2011;
301:F344-F354.
23. Luft FC, Rankin LI, Bloch R, et al.
Cardiovascular and humoral responses to
extremes of sodium intake in normal black
and white men. Circulation 1979;60:697706.
24. Svetkey LP, McKeown SP, Wilson AF.
Heritability of salt sensitivity in black
Americans. Hypertension 1996;28:854-8.
25. Miller JZ, Weinberger MH, Christian
JC, Daugherty SA. Familial resemblance in
the blood pressure response to sodium restriction. Am J Epidemiol 1987;126:822-30.
26. Grim CE, Miller JZ, Luft FC, Christian
JC, Weinberger MH. Genetic influences on
renin, aldosterone, and the renal excretion of sodium and potassium following
volume expansion and contraction in normal man. Hypertension 1979;1:583-90.
27. Lifton RP. Molecular genetics of human blood pressure variation. Science
1996;272:676-80.
28. Ji W, Foo JN, O’Roak BJ, et al. Rare
independent mutations in renal salt handling genes contribute to blood pressure
variation. Nat Genet 2008;40:592-9.
29. Beeks E, Kessels AGH, Kroon AA, van
der Klauw MM, de Leeuw PW. Genetic predisposition to salt-sensitivity: a systematic
review. J Hypertens 2004;22:1243-9.
30. Carey RM, Schoeffel CD, Gildea JJ, et
al. Salt sensitivity of blood pressure is associated with polymorphisms in the sodium-bicarbonate cotransporter. Hypertension 2012;60:1359-66.
31. Bibbins-Domingo K, Chertow GM,
Coxson PG, et al. Projected effect of dietary
salt reductions on future cardiovascular
disease. N Engl J Med 2010;362:590-9.
32. Strazzullo P, D’Elia L, Kandala NB
Cappuccio FP. Salt intake, stroke, and cardiovascular disease: meta-analysis of prospective studies. BMJ 2009;339:b4567.
33. Takachi R, Inoue M, Shimazu T, et al.
Consumption of sodium and salted foods
in relation to cancer and cardiovascular
disease: the Japan Public Health Centerbased Prospective Study. Am J Clin Nutr
2010;91:456-64.
34. Yang Q, Liu T, Kuklina EV, et al. Sodium and potassium intake and mortality
among US adults: prospective data from
the third National Health and Nutrition
Examination Survey. Arch Intern Med
2011;171:1183-91.
35. Gardener H, Rundek T, Wright CB,
Elkind MS, Sacco RL. Dietary sodium and

n engl j med 368;13

nejm.org

risk of stroke in the Northern Manhattan
Study. Stroke 2012;43:1200-5.
36. Stolarz-Skrzypek K, Kuznetsova T,
Thijs L, et al. Fatal and nonfatal outcomes,
incidence of hypertension, and blood pressure changes in relation to urinary sodium excretion. JAMA 2011;305:1777-85.
37. O’Donnell MJ, Yusuf S, Mente A, et al.
Urinary sodium and potassium excretion
and risk of cardiovascular events. JAMA
2011;306:2229-38.
38. Umesawa M, Iso H, Date C, et al.
Relations between dietary sodium and
potassium intakes and mortality from
cardiovascular disease: the Japan Collaborative Cohort Study for Evaluation of Cancer Risks. Am J Clin Nutr 2008;88:195-202.
39. Cook NR, Cutler JA, Obarzanek E, et
al. Long term effects of dietary sodium
reduction on cardiovascular disease outcomes: observational follow-up of the Trials of Hypertension Prevention (TOHP).
BMJ 2007;334:885-8.
40. Chang H-Y, Hu Y-W, Yue C-SJ, et al.
Effect of potassium enriched salt on cardiovascular mortality and medical expenses of elderly men. Am J Clin Nutr
2006;83:1289-96.
41. Whelton PK, Appel LJ, Espeland MA,
et al. Sodium reduction and weight loss in
the treatment of hypertension in older
persons: a randomized controlled Trial of
Nonpharmacologic Interventions in the
Elderly (TONE). JAMA 1998;279:839-46.
[Erratum, JAMA 1998;279:1954.]
42. Taylor RS, Ashton KE, Moxham T,
Hooper L, Ebrahim S. Reduced dietary
salt for the prevention of cardiovascular
disease: a meta-analysis of randomized
control trials (Cochrane Review). Am J
Hypertens 2011;24:843-53.
43. He FJ, MacGregor GA. Salt reduction
lowers cardiovascular risk: meta-analysis
of outcome trials. Lancet 2011;378:380-2.
44. Thomas MC, Morgan J, Forsblom C, et
al. The association between dietary sodium intake, ESRD, and all-cause mortality
in patients with type 1 diabetes. Diabetes
Care 2011;34:861-6.
45. Ekinci EI, Clarke S, Thomas MC, et al.
Dietary salt intake and mortality in patients with type 2 diabetes. Diabetes Care
2011;34:703-9.
46. Paterna S, Gaspare P, Fasullo S, Sarullo FM, Di Pasquale P. Normal-sodium
diet compared with low-sodium diet in
compensated congestive heart failure: is
sodium an old enemy or a new friend?
Clin Sci 2008;114:221-30.
47. Paterna S, Parrinello G, Cannizzaro S,
et al. Medium term effects of different
dosage of diuretic, sodium, and fluid administration on neurohormonal and clinical outcome in patients with recently
compensated heart failure. Am J Cardiol
2009;103:93-102.
48. Lambers Heerspink HJ, Navis G, Ritz
E. Salt intake in kidney disease — a
missed therapeutic opportunity? Nephrol
Dial Transplant 2012;27:3435-42.

march 28, 2013

The New England Journal of Medicine
Downloaded from nejm.org at <h4><b>Bibliothek der MedUni Wien</b></h4> on August 13, 2014. For personal use only. No other uses without permission.
Copyright © 2013 Massachusetts Medical Society. All rights reserved.

Medical Progress
49. Cowley AW Jr, Roman R. The role of

the kidney in hypertension. JAMA 1996;
275:1581-9.
50. Cowley AW Jr. Long-term control of
arterial blood pressure. Physiol Rev 1992;
72:231-300.
51. Machnik A, Neuhofer W, Jantsch J, et
al. Macrophages regulate salt-dependent
volume and blood pressure by a vascular
endothelial growth factor-C-dependent
buffering mechanism. Nat Med 2009;15:
545-52.
52. Machnik A, Dahlmann A, Kopp C, et
al. Mononuclear phagocytes system depletion blocks interstitial tonicity-responsive enhancer binding protein/vascular
endothelial growth factor C expression
and induces salt-sensitive hypertension in
rats. Hypertension 2010;55:755-61.
53. Sanders PW. Vascular consequences
of dietary salt intake. Am J Physiol Renal
Physiol 2009;297:F237-F243.
54. Frohlich ED, Susic D. Sodium and its
multiorgan targets. Circulation 2011;124:
1882-5.
55. Liu Y, Rusch NJ, Lombard JH. Loss of
endothelium and receptor-mediated dilation in pial arteries of rats fed a shortterm high salt diet. Hypertension 1999;33:
686-8.
56. Varagic J, Frohlich ED, Diez J, et al.
Myocardial fibrosis, impaired coronary hemodynamics, and biventricular dysfunction in salt-loaded SHR. Am J Physiol
Heart Circ Physiol 2006;290:H1503-H1509.
57. Matavelli LC, Zhou X, Varagic J, Susic
D, Frohlich ED. Salt loading produces severe renal hemodynamic dysfunction independent of arterial pressure in spontaneously hypertensive rats. Am J Physiol
Heart Circ Physiol 2007;292:H814-H819.
58. Varagic J, Frohlich ED, Susic D, et al.
AT1 receptor antagonism attenuates target organ effects of salt excess in SHRs
without affecting pressure. Am J Physiol
Heart Circ Physiol 2008;294:H853-H858.
59. Susic D, Frohlich ED, Kobori H, Shao
W, Seth D, Navar LG. Salt-induced renal
injury in SHRs is mediated by AT1 receptor activation. J Hypertens 2011;29:716-23.
60. Safar ME, Temmar M, Kakou A,
Lacolley P, Thornton SN. Sodium intake
and vascular stiffness in hypertension.
Hypertension 2009;54:203-9.
61. Kotchen TA. Sodium chloride and aldosterone: harbingers of hypertensionrelated cardiovascular disease. Hypertension 2009;54:449-50.

62. Acelajado MC, Pimenta E, Calhoun

DA. Salt and aldosterone: a concert of bad
effects. Hypertension 2010;56:804-5.
63. Pimenta E, Gaddam KK, Pratt-Ubunama MN, et al. Relation of dietary salt and
aldosterone to urinary protein excretion
in subjects with resistant hypertension.
Hypertension 2008;51:339-44.
64. Jin Y, Kuznetsova T, Maillard M, et al.
Independent relations of left ventricular
structure with the 24-hour urinary excretion of sodium and aldosterone. Hypertension 2009;54:489-95.
65. du Cailar G, Fesler P, Ribstein J, Mimran A. Dietary sodium, aldosterone, and
left ventricular mass changes during longterm inhibition of the renin-angiotensin
system. Hypertension 2010;56:865-70.
66. Ott C, Tietze SI, Schwarz TK, et al.
High sodium intake modulates left ventricular mass in patients with G expression of +1675 G/A angiotensin II receptor
type 2 gene. J Hypertens 2007;25:1627-32.
67. Vaidya A, Bentley-Lewis R, Jeunemaitre
X, Adler GK, Williams JS. Dietary sodium
alters the prevalence of electrocardiogram
determined left ventricular hypertrophy
in hypertension. Am J Hypertens 2009;22:
669-73.
68. Du Cailar G, Ribstein J, Mimran A.
Dietary sodium and target organ damage
in essential hypertension. Am J Hypertens
2002;15:222-9.
69. Hummel SL, Seymour EM, Brook RD,
et al. Low-sodium Dietary Approaches to
Stop Hypertension diet reduces blood
pressure, arterial stiffness, and oxidative
stress in hypertensive heart failure with
preserved ejection fraction. Hypertension
2012;60:1200-6.
70. He FJ, MacGregor GA. A comprehensive review on salt and health and current
experience of worldwide salt reduction
programmes. J Hum Hypertens 2009;23:
363-84.
71. Karppanen H, Mervaala E. Sodium
intake and hypertension. Prog Cardiovasc
Dis 2006;49:59-75.
72. Laatikainen T, Pietinen P, Valsta L,
Sundvall J, Reinivuo H, Tuomilehto J. Sodium in the Finnish diet: 20-year trends
in urinary sodium excretion among the
adult population. Eur J Clin Nutr 2006;60:
965-70.
73. Cappuccio FP, Capewell S, Lincoln P,
McPherson K. Policy options to reduce
population salt intake. BMJ 2011;343:
d4995.

74. Dietary guidelines for Americans. 6th

ed. Washington, DC: Department of
Health and Human Services, Department
of Agriculture, 2005.
75. Department of Agriculture, Department of Health and Human Services. Dietary guidelines for Americans, 2010. 7th
ed. Washington, DC: Government Printing Office, December 2010.
76. Whelton PK, Appel LJ, Sacco RL, et al.
Sodium, blood pressure and cardiovascular disease: further evidence supporting
the American Heart Association sodium
reduction recommendations. Circulation
2012;126:2880-9.
77. Sodium intake among adults — United
States, 2005–2006. MMWR Morb Mortal
Wkly Rep 2010;59:746-9.
78. Institute of Medicine. Strategies to
reduce sodium intake in the United
States. Washington, DC: National Academies Press, 2010.
79. Bayer R, Johns DM, Galea S. Salt and
public health: contested science and the
challenge of evidence-based decision
making. Health Aff (Millwood) 2012;31:
2738-46.
80. Nicholls MG. Population-wide dietary
sodium restriction: a cautious view. Curr
Hypertens Rep 2011;13:325-7.
81. Heagerty AM. Community sodium reduction: is it worth the effort? Am J Hypertens 2012;25:22.
82. Alderman MH, Cohen HW. Dietary
sodium intake and cardiovascular mortality: controversy resolved? Curr Hypertens Rep 2012;14:193-201.
83. Furberg CD. Public health policies: no
place for surrogates. Am J Hypertens
2012;25:21.
84. Institute of Medicine. Committee
on the consequences of sodium reduction
in populations (http://www.iom.edu/
Activities/Nutrition/Consequences
SodiumReduction.aspx).
85. Siagman MC, Waanders F, Hemmelder MH, et al. Moderate dietary sodium restriction added to angiotensin converting enzyme inhibition compared with
dual blockade in lowering proteinuria and
blood pressure: randomized controlled
trial. BMJ 2011;343:d4366.
86. Pimenta E, Gaddam KK, Oparil S, et
al. Effects of dietary sodium reduction on
blood pressure in subjects with resistant
hypertension: results from a randomized
trial. Hypertension 2009;54:475-81.
Copyright © 2013 Massachusetts Medical Society.

images in clinical medicine

The Journal welcomes consideration of new submissions for Images in Clinical
Medicine. Instructions for authors and procedures for submissions can be found
on the Journal’s website at NEJM.org. At the discretion of the editor, images that
are accepted for publication may appear in the print version of the Journal,
the electronic version, or both.

n engl j med 368;13

nejm.org

march 28, 2013

1237

The New England Journal of Medicine
Downloaded from nejm.org at <h4><b>Bibliothek der MedUni Wien</b></h4> on August 13, 2014. For personal use only. No other uses without permission.
Copyright © 2013 Massachusetts Medical Society. All rights reserved.

