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Salt, Hypertension, and Cardiovascular Diseases
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I ABSTRACT |

The relationship between salt and hypertension is well established, and salt restriction is widely recommended in the
management of hypertension. However, people living in northeast Asia have consumed large amount of salt, and the
prevalence of hypertension and the incidence of stroke have been high in that area. Mechanisms of salt-induced
hypertension may be complex, but volume expansion in the presence of impaired natriuretic capacity of the kidney and
action on the central nervous system and neurohormoral pathways seem to be important. Salt is also involved in changes in
blood pressure (BP) caused by other factors, such as weight gain, stress, exercise, potassium, catecholamines, angiotensin,
and aldosterone. The interaction between sodium and aldosterone appears to play a critical role in the development of organ
damage. The depressor effect of salt restriction in hypertensive patients is well demonstrated although the response of BP
varies widely among individuals. Salt restriction decreases BP throughout 24 hours, and its effect may be greater during
night compared to daytime in salt-sensitive nondippers. Although excess salt consumption can cause cardiovascular diseases
through its effect on BP, recent studied have shown that the association of salt consumption and cardiovascular diseases,
such as stroke and heart failure, is independent of BP. Salt reduction is important in the prevention of cardiovascular
diseases, however, the effect and safety of aggressive salt restriction remain to be clarified. It is difficult to accomplish and
maintain the salt reduction. Both population strategy and individualized approach are important to reduce salt consumption.
(J Korean Soc Hypertens 2012;18(2):53-62)
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Introduction

Dietary salt intake is well known to be involved in the
regulation of body fluid and cardiovascular system."? As
excess consumption of salt elevates blood pressure (BP)
and causes hypertension, salt reduction is widely recom-

mended in the management of hypertension.” The
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amount of salt intake as well as the prevalence of hyper-
tension has been traditionally high in northeast Asia, such
as Japan, Korea, and northern China.*” 1t is obvious that
restriction of salt intake effectively lowers BP in hyper-
tensive patients, and also in normotensive subjects.®”
However, many hypertensive patients still consume more
salt than the level recommended by guidelines.'” It has
also been shown that excess intake of salt exerts adverse
effects on the cardiovascular system and may be an in-

dependent risk factor for several cardiovascular diseases

such as stroke and heart failure.!"'® The reduction in salt
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intake may prevent the number of cardiovascular events
and may save the medical cost effectively,"'? although
the results of observation and intervention studies have
not been consistent.'>'”

In this review, I will summarize the role of salt in hy-
pertension and cardiovascular diseases and the effects of
salt reduction on those disorders. The main component of
this article was presented in the plenary lecture at the

Autumn Scientific Meeting of Korean Society of

Hypertension in Busan, 2011.

Salt and hypertension

1. Relationship between salt intake and
hypertension

A number of epidemiological, experimental, and clin-
ical studies have clearly demonstrated that excessive salt
intake is related to increases in BP and the progression
of hypertension. For example, amount of salt intake was
positively correlated with the level of BP in the
INTERSALT study® (Fig. 1). In this study, BP was low
in groups with very low salt intake, and there was little
age-related increase in BP in those groups. In contrast,

average level of BP and the prevalence of hypertension
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Fig. 1. Relationship between salt intake and systolic blood
pressure (BP) (Modified from Intersalt Cooperative Research
Group, BMJ, 1988;297:319-28) %
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were high in groups with high salt consumption.

Many but not all models of experimental hypertension
are salt-dependent. The models of salt-dependent hyper-
tension include deoxycorticosterone-salt hypertension in
rats, Dahl salt-sensitive rats, and reduced renal mass
hypertension. Blunted natriuretic capacity of the kidney
in combination with high salt intake appears to be the
main mechanism of hypertension in those models, al-
though neurohormonal factors may also play a role in the
development of hypertension.'?

Clinical studies also have shown the elevation of BP
with a high-salt diet and the reduction in BP with salt
restriction.>®*'>!'” However, the increase in BP due to
excessive salt intake varies widely among individuals,
and hypertensive patients are often classified as salt-sen-
sitive and non-salt-sensitive patients. Many factors in-
cluding race, genes, renal function, the rennin-angiotensin
-aldosterone system, and the sympathetic nervous system

are involved in the salt sensitivity of BP.

2. Salt intake in northeast Asia

As shown in the INTERSALT and other studies, the
amount of salt intake has been traditionally high in north-
east Asia. In the INTERSALT study, salt consumption in
Tianjin (northern China), Korea, and Toyama (northern
Japan) were the highest in the world® (Fig. 1). The high
salt consumption in northeast Asia was also observed in
the INTERMAP study that collected dietary data from 17
populations in China, Japan, UK, and USA.” In this study,
salt intake was relatively high in China and Japan, and
relatively low in UK and USA. It also showed that most
dietary sodium was from salt added in home cooking in
China, and was from soy sauce, processed seafood, salted
soups, and preserved vegetables in Japan.'® Processed
foods contributed heavily to sodium intake in UK and
USA.
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Fig. 2. Recent trend of salt consumption in Japan
(Modified from Anderson, et al. J Am Diet Assoc,
2010;110:736-45, with permission from)."®

However, the amount of salt consumption has been de-
creasing at least in Japan. Fig. 2 shows recent trend of
dietary salt intake in Japan according to the national sur-
vey of health and nutrition."” The average salt con-
sumption in Japanese was 11.7 g/day in 2003, but was
10.6 g/day in 2010. Men consumed more salt than wom-
en, however, this difference appears to be due to the
amount of food intake. It has been shown that the gender
difference of salt intake disappears after adjustment for
body weight. Although dietary salt intake has decreased
in Japan, the average amount still exceeds 10 g/day.
Further effort is required to reduce salt intake to the level
of the government guidelines for general citizens (less

than 9 g/day for men and less than 7.5 g/day for women).

3. Salt intake in hypertensive patients

Restriction of salt intake is widely recommended in the
management of hypertension, and most hypertensive pa-
tients are aware of the importance of the reduction in di-
etary salt intake. However, adherence to salt reduction in
hypertensive patients has been suboptimal and many pa-
tients still consume excessive salt in daily life. Fig. 3

shows the distribution of daily salt intake in hypertensive
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Fig, 3. Distribution of estimated salt intake in treated
hypertensive patients at the Hypertension Clinic of National
Cerebral and Cardiovascular Center in 2007,

patients treated at the hypertension clinic of our institute
in 2007. Salt intake was estimated from sodium and crea-
tinine concentrations in spot urine using a reported
formula.”” Average salt intake in our hypertensive pa-
tients was 8.8 g/day, that was less than average salt con-
sumption in general Japanese population but was higher
than the level recommended by the Japanese Society of
Hypertension (less than 6 g/day).” Only 10% of patients
followed the recommended salt restriction.

Ohta et al.'” assessed the amount of salt intake in
salt-conscious and non-salt-conscious patients with hyper-
tension using 24-hour urine collection. In their study,
average salt intake in salt-conscious patients (9.4 g/day)
was lower than that in non-salt-conscious patients (10.6
g/day). However, the difference was not so remarkable,
and most salt-conscious patients consumed more than 6
g of salt per day. These results showed that the salt re-
striction is suboptimal in hypertensive patients regardless
of their awareness of the importance of salt reduction to
control BP. Because many salt-conscious patients con-
sume excessive amount of salt, assessment of salt intake
in each patient is important in the management of

hypertension.”"
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4. Mechanisms of salt-induced blood pressure
elevation

It is generally considered that salt elevates BP through
an increase in blood volume.” Blood volume expansion
associated with high salt intake is caused by an increase
in water intake due to the stimulation of thirst center in
the brain and the shift of body fluid due to the osmotic
gradient (Table 1). The increase in blood volume in-
creases cardiac output and raises BP. The elevated BP
acts on the kidney to promote sodium and water ex-
cretion, then body fluid homeostasis is restored at a new
set point of BP. In animals and humans with normal re-
nal function, the elevation in BP with high salt intake is
small. However, higher BP is necessary to maintain body
fluid homeostasis in the case of impaired natriuretic ca-
pacity of the kidney. The increase in cardiac output is in-
itially responsible for the BP elevation, but the chronic
phase of salt-induced hypertension is maintained mostly
by the increase in vascular resistance.

Another mechanism of the salt-induced BP elevation is
through an increase in sodium concentration in the blood,
cerebrospinal fluid (CSF), and brain tissue (Table 1).
Intracerebroventricular injection of hypertonic sodium
chloride increases BP via activation of the sympathetic
nervous system.” An increase in vasopressin release may
also play a role in this hypertensive response. Chronic in-

tracerebroventricular infusion of hypertonic sodium chlor-

Table 1. Mechanisms of salt—induced blood pressure elevation

Blood volume expansion associated with salt intake
Increase in water intake and shift of body fluid
Increase in cardiac output due to volume expansion
Critical role of the kidney (impaired natriuresis)

Increase in sodium concentration associated with salt intake
Increases in sodium concentration in blood and cerebrospinal fluid
Actions of sodium on the brain and the sympathetic nervous system
Role of digitalis—like substance and vasopressin

ide is also able to cause sustained BP elevation, although
the hypertensive effect is moderate in animals with intact
kidneys.”” Endogenous digitalis like substance(s) that
cause vasoconstriction and natriuresis may play an im-
portant role in the salt-induced hypertension.”’ The changes
in sodium concentration in the blood and CSF occur dur-
ing physiological changes in salt intake. We observed
that the levels of serum and CSF sodium were higher
during high salt intake than low salt period in hyper-
tensive patients, although the differences were not differ-

ent between salt-sensitive and non-salt-sensitive patients.”®

5. Role of salt in blood pressure elevation and
reduction by other factors

Salt plays an important role in the elevation and reduc-
tion in BP caused by many other factors (Table 2).
Hypertension in renal dysfunction is caused by sodium
retention due to impaired natriuretic capacity of the
kidney. Angiotensin and aldosterone act on the renal tu-
bules to stimulate sodium reabsorption.””*® The sym-
pathetic nervous system and catecholamines except dop-
amine promote sodium retention by actions on the renal
vasculature and tubules, and renin release.”” Sodium re-
tention is also involved in the BP elevation by weight

gain and stress.’”

Table 2. Role of sodium in blood pressure elevation and
reduction caused by other factors

Blood pressure elevation
Renal dysfunction: Na retention
Angiotensin: Na retention
Aldosterone: Na retention
Catecholamines, sympathetic nervous system: Na retention
Obesity (sympathetic nervous system, insulin): Na retention
Stress (sympathetic nervous system): Na retention
Blood pressure reduction
Potassium, calcium: natriuresis
Exercise: natriuresis
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On the other hand, natriuresis from the kidney contrib-
utes to the depressor effect of exercise and increasing in-
takes of potassium and calcium.’'?? Natriuresis also
plays a role in the BP reduction by weight loss and stress

management.

6. Effects of salt reduction on blood pressure

A number of studies have demonstrated that the reduc-
tion of salt intake decreases BP in humans.*” The de-
pressor effect of salt reduction is greater in hypertensive
patients than normotensive subjects. In a meta-analysis of
randomized studies of moderate salt reduction, BP in hy-
pertensive patients decreased by 5.0/2.7 mm Hg with re-
striction of dietary salt from 9.5 g/day to 5.1 g/day® (Fig.
4). In normotensive subjects, the decrease in BP is about
a half of that in hypertensive patients. Therefore, systolic
BP decreases about 1 mm Hg in hypertensive patients and
about 0.5 mm Hg in normotensive subjects for each 1
g/day of salt reduction.

However, there are large variations in the salt sensi-
tivity of BP among hypertensive patients as well as in
normotensive subjects. Many factors, such as race, genes,
renal function, the rennin-angiotensin-aldosterone system,
and the sympathetic nervous system, are involved in the
salt sensitivity of BP.” Subjects with severe hypertension,

older age, black race, renal dysfunction, low plasma ren-
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Blood
pressure
(mm Hg)

-4

Fig. 4. Effects of moderate salt reduction on blood
pressureBP according to a meta—analysis of randomized
clinical trials (From He and MacGregor, J Hum Hypertens,
2002;16:761-70, with permission from).®
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nin activity, and high plasma aldosterone are generally
salt sensitive.”*” The salt sensitivity of Oriental subjects
seems to be intermediate between black and white
subjects. Recent studies have shown that several genetic
variants in the rennin-angiotensin-aldosterone system,
CYP 345 gene, and ABCBI gene are involved in the salt
sensitivity of BP.*>*®

The depressor effect of salt reduction is apparent
throughout the day, and the reductions in BP during day-
time and nighttime are usually similar in hypertensive
patients.’” However, the effect may be greater during
nighttime than during daytime in some hypertensive
patients. It was reported that salt reduction converted
nondippers to dippers in salt-sensitive patients with
hypertension.*” The effect on nighttime BP may have
clinical relevance since the nondipping status is asso-
ciated with poor cardiovascular outcome.*"

Salt reduction is important for both untreated and treat-
ed hypertensive patients as well as for subjects with high
normal BP. However, effects of salt reduction on BP are
different according to administered antihypertensive drugs.
The depressor effect is small in patients taking diuretics,
moderate in those taking calcium antagonists, greater in
those taking sympatholytic agents, and the greatest in pa-
tients treated with inhibitors of the renin-angiotensin
system. A recent study demonstrated that moderate salt
reduction is more effective than an angiotensin receptor
blocker in patients treated with an angiotensin converting
enzyme inhibitor.*” It has also been shown that salt re-
duction markedly lowers BP in patients with resistant

hypertension.*

Salt and cardiovascular disease

1. Salt and organ damage

It is obvious that excessive salt intake promotes car-
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Table 3, Adverse effects of excess salt consumption

Cardiovascular system

Blood pressure elevation, hypertension

Cardiac hypertrophy, vascular damage, renal damage

Heart failure, ischemic heart disease, stroke, renal failure
Non—cardiovascular system

Urolithiasis, osteoporosis

Gastric cancer

Bronchial asthma

diovascular damage through an increase in BP. However,
it has been shown that dietary salt exerts adverse effects
on the cardiovascular system independently of BP and is
also related to several non-cardiovascular diseases’'?
(Table 3).

Excessive salt intake causes left ventricular hypertrophy
and fibrosis, resulting in cardiac dysfunction. An in-
dependent association of dietary sodium intake with left
ventricular mass index has been observed in epidemio-
logical studies.***> In an experimental study, salt loading
increased left ventricular mass and caused ventricular fib-
rosis, systolic and diastolic dysfunction, and heart failure
in spontaneously hypertensive rats.*®

Regarding vascular damage, it has been shown that
high dietary salt decreases plasma nitrate and nitrite and
impairs endothelial function in humans.””*® The salt-in-
duced endothelial dysfunction and damage may promote
structural changes in arteries and kidney disease.”” High
sodium intake has been associated with increased carotid
intima-media thickness in obese subjects, and with cen-
tral pulse pressure and augmentation index in hyper-
tensive patients.’*’"

Experimental studies have shown that aldosterone is
necessary in salt-induced organ damage.®*? It has also
been shown that salt is necessary in aldosterone-induced

organ damage.”®*? Therefore, interaction between salt

and aldosterone appears to play an important in the de-
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velopment of organ damage and cardiovascular disease.
Although plasma level of aldosterone is suppressed by
high salt intake, cardiovascular level of aldosterone may

increase with sodium loading.*

2. Salt and cardiovascular diseases

Salt is related to cardiovascular diseases through its BP
increasing effect, but the association of dietary salt intake
with several cardiovascular diseases has been shown to
be independent of BP. In a prospective study in Finland,
mortality from ischemic heart disease, stroke, and all
cause increased with increases in salt intake after correc-
tion of BP and other factors.>® Other studies also showed
that salt intake was independent risk factor of heart fail-
ure and stroke (Fig. 5).>°® In a meta-analysis of pro-
spective studies, high salt intake was associated with in-
creased risk of stroke and total cardiovascular disease.'”
Therefore, salt excess is considered to confer a greater
risk of cardiovascular diseases that would be expected by
a mere increase in BP.

However, several studies did not support the beneficial
effect of low salt intake in the prevention of car-

159

diovascular diseases. Alderman et al observed an asso-

ciation of low urinary sodium with greater risk of my-
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Fig. 5. Salt intake and stroke mortality in Japanese
men and women (From Nagata, et al, Stroke,
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ocardial infarction among treated hypertensive patients.
In a combined analysis of two population-based cohort in
Europe, low sodium excretion was associated with higher
cardiovascular mortality.'” In an observational analyses
of two cohort included in Ongoing Telmisartan Alone
and in Combination with Ramipril Global Endpoint Trial
and Telmisartan Randomized Assessment Study in
Angiotensin-converting Enzyme Intolerant Subjects with
Cardiovascular Disease Trial, the association between es-
timated sodium excretion and cardiovascular events was
J-shaped with a nadir of 4 to 6 g/day.”®

There are few randomized clinical trials that examined
the effect of salt reduction on cardiovascular morbidity
and mortality as primary end points. In an observational
follow-up study of the trials of hypertension prevention,
risk of a cardiovascular event was lower in salt reduction
intervention group than control group.”¥ In a recent
meta-analysis of randomized trials, the beneficial effect
of salt restriction on cardiovascular morbidity or all-cause
mortality was not significant, and salt restriction in-
creased the risk of all-cause mortality in those with heart
failure.® However, He and MacGregor® criticized this
meta-analysis and showed significant reduction in the risk
of cardiovascular events with salt reduction in combining
hypertensive and normotensive subjects.’”

Taken together, it is obvious that excessive dietary salt
intake increases the risk of cardiovascular diseases and
salt reduction may decrease cardiovascular morbidity and
mortality. However, the effect and safety of aggressive

salt restriction remain to be clarified.

Conclusion and perspective

Dietary salt intake is closely related to hypertension,
and salt reduction is important in the prevention and
management of hypertension. However, people living in

northeast Asia traditionally consumed large amount of

Yuhei Kawano

salt, and the prevalence of hypertension has been high in
that area. The depressor effect of salt restriction is well
demonstrated although the response of BP varies among
individuals. Salt restriction decreases BP throughout 24
hours, and its effect may be greater during night compared
to daytime in salt-sensitive nondippers. Mechanisms of
salt-induced hypertension include blood volume ex-
pansion and action on the central nervous system. The
impairment of natriuretic capacity of the kidney may play
a critical role in salt-induced hypertension. Salt is also in-
volved in increase or decrease in BP caused by other fac-
tors, such as weight gain, stress, exercise, potassium, cat-
echolamines, angiotensin, and aldosterone. The inter-
action between sodium and aldosterone appears to be im-
portant in the development of organ damage. Although
excess salt consumption can cause cardiovascular dis-
eases through its effect on BP, the association of salt and
cardiovascular diseases, such as stroke and heart failure,
may be independent of BP. Therefore, salt reduction is
important in the prevention of cardiovascular diseases,
however, the effect and safety of aggressive salt re-
striction remain to be clarified.

It has been suggested that population-wide reduction in
salt intake prevents a number of cardiovascular events
and saves quite large amount of medical cost.'¥ To re-
duce salt consumption at the population level, strategies
targeting government, industry, general persons, and
whole hypertensive patients are primarily important.
Activities such as World Action on Salt and Health will
help to reduce dietary salt worldwide.®” However, there
are difficulties to accomplish and maintain salt reduction
in hypertensive patients. One reason is the lack of assess-
ment of individual salt intake in usual hypertension care.
The individual assessment of salt intake may be helpful
to both hypertensive patients and their physicians for ef-

fective salt reduction. The Salt Reduction Working Group
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of the Japanese Society of Hypertension published a re-
port regarding assessment of salt intake in the manage-
ment of hypertension.””’ With both population strategy
and individualized approach, salt consumption in north-
east Asia will decrease further, resulting in BP reduction
in normotensive subjects and hypertensive patients, and

the decrease in cardiovascular diseases in that area.
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