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In recent years the role of sodium and calcium in
the pathogenesis of essential hypertension has been
extensively investigated. In this manuscript we will
review the evidence pointing to a role of sodium and
the controversies surrounding the role of calcium in
the pathogenesis of essential hypertension.

1. SALT AND HYPERTENSION

Epidemiologic S;udies

Several epidemiologic cross-sectional studies of
isolated populations have shown a relationship bet-
ween dietary sodium intake and the prevalence of
hypertension '"'*."On the other hand, most studies of
individuals within populations have failed to show a
causal relationship between sodium intake and blood
pressure '>'7. This may be due to the small number
of individual studied, the large day-to-day variation
of sodium intake and the limited range of sodium in-
take. Indeed, studies of populations with a larger ran-
ge of salt intake, such as the Japanese, the Koreans
and Indians, have shown a relationship between the
.daily urinary sodium excretion and blood pres-
surels, 18, 19'

More recently, the Intersalt Study has evaluated
10,079 men and women from 29 to 59 years of age,
sampled from 52 centers around the world 2°. This

study has shown a weak, albeit significant, correla-’

tion between, 24-hr urinary sodium excretion and
blood pressure, even when age, body mass index
and alcohol consumption were taken into account.
Intervention studies add further support to the no-
tion of a causal relationship between sodium intake
and hypertension. Moderate sodium restriction to a
level of 60-90 mmol/day lowers blood pressure in a

large number of patients and the degree of fall in .

blood pressure is related to pretreatment blood pres-
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sure levels: the greater the baseline blood pressure,
the §1reater the decrease following sodium restric-
tion<'.

In Belgium and Japan extensive educational cam-
paigns aimed at reducing the daily salt consumption
have resulted in a decrease in the prevalence of hy-
pertension and cerebrovascular accidents 2 23.

Very recently, it has been suggested that the chlori-
de ion may be equally important. Kurtz et al. 2* have
compared the effects of sodium chloride and sodium
citrate on blood pressure in a double-blind, placebo
controlled, cross-over trial in 5 men with hyperten-
sion. The administration of 240 mmol of sodium
chloride per day for one week induced a significant
expansion of plasma volume and an increase in
blood pressure, whereas the administration of an
equimolar amount of sodium as sodium citrate resul-
ted in no change in plasma volume and in blood
pressure.

Salt-Sensitivity and Salt-Resistance

Kawasaki et al. 2> were the first to study the effect

of a very low, (10 mEqg/day) or of a high
(200 mEq/day) dietary sodium intake on blood pres-
sure in patients with essential hypertension kept on a
metabolic ward. They observed that approximately
half of their patients displayed a rise in blood pressu-
re greater than 10 % when fed a high dietary sodium
intake. We also found that in only 60 % of patients
with essential hypertension a high dietary sodium in-
take increases blood pressure more than 10 % (salt-
sensitive), whereas blood pressure remained unchan-
ged in the remaining patients (salt-resistant) 26,

The mechanisms. linking sodium intake with hyper-
tension are complex. Some have postulated a genetic
defect involving the ability of the kidney to excrete a
sodium load. As consequence of this defect, when
susceptible subjects are exposed to a high dietary so-
dium intake, they would retain sodium and expand
their blood volume. This, in turn, would stimulate
the secretion of an inhibitor of the sodium pump
which, on one hand, it would cause natriuresis and
re-establish sodium balance, on the other hand

~ would enhance sodium entry into smooth muscle
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cells and into sympathetic nerve terminals, causing:

increased vascular contraction and increased norepi-
nephrine release 2’

Several lines of evudence point to a primacy of the
kidney in the genesis of hypertension. Renal cross-
transplant studies in different strains of genetically hy-
pertensive rats, have shown that hypertension is
transferred with the “hypertensive kidney” 2839, Iso-
lated kidneys from Dahl’s salt-sensitive pre-
hypertensive rats excrete sodlum much slower than
kidneys from resistant rats3'. Moreover, Na, K-
ATPase activity was increased in 5 week old SHR
compared with WKY 32, Transplantation of kidneys
from normotensive donors resulted in normalization
of blood pressure in hypertensive recipient pa-
tients 3. Finally, normotensive siblings of hypertensi-
ve patlents excrete an acute salt Ioad more slowly
than siblings of normotensive patients 34

On the other hand, ample evidence is available
both in human subjects as well as in animals, to sup-
port the notion that the renal defect in sodium excre-
tion and the rise in blood pressure in response to so-
dium loading, may be related to enhanced activity of
the sympathetic nervous system. An inverse relations-
hip between urinary sodium excretion and plasma le-
vels of norepinephrine was present in normal but not
in hypertensive subjects3>. Plasma norepinephrine
concentrations were not different among normal
subjects, salt-resistant and salt-sensitive patients whi-
le ingesting a low-sodium diet. However, plasma no-
repinephrine concentration decreased in normal
subjects and in salt-resistant patients, but not in salt-
sensitive patients during high salt intake. A significant
correlation was found between the changes in plas-
ma norepinephrine and the chan§es in blood pressu-
re observed during the 2 diets?®, The data suggest
that the response of the sympathetlc nervous system
to high dietary sodium intake is abnormal in salt-
sensitive patients and that it may contribute to the
genesis of hypertension in this subset of patients. Evi-
dence from animal studies, also support this con-
cept 3°

The mechanisms responsible for the greater activa-
tion of the sympathetic nervous system during high
dietary sodium intake are not clear. Winternitz and
Opanl 39 have shown increased norepinephrine con-
tent in the dorsomedial and anterior hypothalamic
nuclei su7ggesting a central mechanism. Kopke and
DiBona?
ted the increase in renal sympathetic nerve activity
and the decrease in urinary sodium excretion resul-
‘ting from air-stress in conscious SHR, suggesting a
“centrally mediated facilitation of sympathetlc neural
outflow to the kidney. Chen et al.*® have recently
shown that high dietary sodium intake in salt-
sensitive SHR may elevate blood pressure by redu-
cing neuroadrenergic input to depressor neurons in
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observed that high sodium intake potentia- -

the anterior hypothalamus and by increasing noradre-
nergic input to neurons in the pons.

Dietz et al.*' observed that high dietary sodium
intake caused a reduction in norepinephrine uptake
in the sympathetic nerve terminals of stroke-prone
SHR, pointing to a peripheral mechanism of activa-
tion of the sympathetic nervous system:

We have recently proposed that salt sensitivity may
be related to a deranged modulation of the sympathe-
tic and of the renin-angiotensin- aldosterone systems
in reponse to a high dietary sodium intake *2. In nor-
mal subjects, normal sodium balance is mamtained
by increased activity of the renin-angiotensin and the
sympathetic nervous systems during a low sodium
diet and by decreased activity of these two systems
during high dietary sodium intake. Blood pressure,
under those circumstances, does not change.

In salt-resistant hypertensive patients, the modula-
tory influence of dietary sodium on the renin-

. angiotensin and the sympathetic nervous systems re-

mains unchanged, albeit it is reset to a greater level
of blood pressure. This reset is probably dependent
upon an increase in renal vascular resistance. In salt-
sensitive patients, the increase in renal vascular resis-
tance causes a similar shift to the right of the pressu-
re-natriuresis curve. However, these patients also dis-
play abnormalities in tubular reabsorption of sodium
causing a depression of the slope of the pressure-
natriuresis curve. The cause of this derangement in
salt-sensitive patients is probably related to an abnor-
mal modulation of the sympathetic and renin-
angiotensin systems in response to changes in dietary
sodium. In response to a low dietary sodium intake,
salt-sensitive patients display a blunted increase in
plasma norepinephrine and renin, leading to less so-
dium retention and to more negative sodium balan-
ce. During ingestion of excessive sodium, these pa-
tients have less suppression of plasma renin and an
increase, rather than a decrease, in plasma norepi-
nephrine levels, leading to blunted natriuresis, to a
positive sodium balance, and to a further rise in
blood pressure.

2. CALCIUM AND HYPERTENSION

Calcium is an important mediator of the activity of
several hormones on the cardiovascular system, thus
contributing to blood pressure regulation.

In recent years, evidence has been accumulating to
suggest that abnormalities of calcium metabolism
may play an important role in the pathogenesis of es-
sential hypertension.

A wide range of abnormalities of calcium metabo-
lism have been shown both in human subjects, as
well in rats with spontaneous hypertension. These
derangments include: hypercalciuria, decreased in-




testinal absorption of calcium, low calcium intake,
reduced serum ionized calcium, increased cytosolic
calcium, increased serum levels of parathyroid hor-
mone, reduced serum levels of Vitamine D3, and ab-
normalities in cell membrane transport of calcium.

Hypercalciuria has been shown both in patients
with essential hypertension, as well as in SHR 3-8,
McCarron *? suggested that hypercalciuria may be se-
condary to renal tubular calcium leak. Hypercalciu-
ria, in fact, seems to occur independently of urinary
sodium excretion #°.

However, some investigators have suggested that
hypercalciuria may be secondary to volume expan-
sion since it occurs in the animal model of DOCA-
salt hypertension and it persists even when urinary
sodium excretion reaches steady-state >°.

Intestinal calcium absorption in SHR has been
found to be reduced in.some studies>' 32, but nor-
mal or even increased in others>3* >4 We have re-
cently evaluated intestinal calcium absorption in a
group of patients with essential hypertension and we
were unable to detect any abnormality of intestinal
calcium absorption in this group of patients 5.

Recently, based on an analysis of the U. S. Natio-
nal Health and Nutrition Examination Survey | (NHA-
NES 1), it has been proposed that the lesser the dieta-
ry intake of calcium in a given population, the grea-
ter is the probability of developing hypertension °®.
Other investigators, however, have analyzed the sa-
me data and reached different conclusions. Feinleb et
al.*” found no difference in dietary calcium intake
between normotensive and hypertensive subjects
when corrections were made for age and body
weight. Harlan et al. °® found an inverse relationship
between dietary calcium intake and diastolic blood
pressure in women, but a direct correlation with sys-
tolic blood pressure in men.

Two other epidemiologic studies have failed to
show a significant correlation between dietary cal-
cium intake and the prevalence of hyperten-
sion * €0 witteman et al. ®', on the other hand, sur-
veyed 58,000 U. S. females and found an inverse re-
lationship between dietary calcium intake and preva-
lence of hypertension even when age, body weight
and alcohol consumption was taken into account.

Severe calcium restriction (0.25-0.5 %) aggravates
hypertension in SHR, whereas mild calcium restric-
tion has no effect on the development of hyperten-
sion in these animals®2, It must be pointed out that
severe dietary calcium restriction also results in defi-
ciency of other dietary constituents, such as magne-
sium, and in increased levels of parathyroid hormo-
nes which, per se, can result in aggravation of blood
pressure 53 64,

Hypocalcemia has been described both in human
subjects with essential hypertension, as well as in
SHR 4% €5 McCarron ®® was the first to describe de-
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creased serum ionized calcium in human subjects
with essential hypertension. Resnick et al. ®¢, on the
other hand, observed decreased serum ionized cal-
cium only in patients with low renin, but not in those
with normal or high renin. Other investigators have
been unable to confirm these findings, even when re-
nin levels were taken into consideration 67-%°. Total
serum calcium is usually normal® or even in-
creased 70 in patients with essential hypertension.
Inconsistencies on serum ionized calcium are also
present in animal studies. Some investigators have
observed reduced serum ionized calcium in SHR*?;
wereas, others have found increased levels when se-
rum ionized calcium was measured at midnight, after
the animals had ingested their meals*’.
Hypocalcemia has also been observed in other
forms of experimentally induced hypertension, such

“as in_the DOCA-salt and in the 5/6 nephrectomy mo-

dels 7°, suggesting that hypocalcemia may be a se-
condary rather than a primary phenomenon.

Effect of calcium supplementation on blood pressu-
re. The ultimate proof for a role of calcium deficiency
in hypertension should derive from intervention stu-
dies. If the abnormalities of calcium metabolism in
hypertension .were related to calcium deficiency,
adequate calcium supplementations capable of main-
taining a positive calcium balance should result in
normalization or in improvement of blood pressure.

Experiments in several animal models of hyperten-
sion appear to support this notion. Calcium supple-
mentations reduce blood pressure in SHR*% 7', in
Dahl’s salt-sensitive rats’2, in DOCA-salt hypertensi-
ve rats”3, and in the two-kidney-one-clip model of
renovascular hypertension’, SHR pups fostered at
birth to high-calcium (2 %) SHR dams developed sig-
nificantly lower levels of blood pressure that pups
fostered to low-calcium (0.0t %) dams 7>,

Less convincing are the results from intervention
trials in human subjects with essential hypertension.
Belizan et al. ¢ have shown that calcium supplemen-
tations (1 g/day) significantly reduced blood pressure
in normal subjects.

McCarron and Morris’’, however, showed no ef-
fect of calcium supplementation (1 g/day for 8 weeks)
on blood pressure in normal subjects, but a signifi-
cant decrease in patients with essential hypertension.

The decrease in blood pressure was significant on-
ly during the upright posture.

Several other investigators have evaluated the ef-
fect of calcium supplementations on blood pressure
in patients with essential hypertension reaching con-
flicting conclusions. Some have found a significant
reduction in blood pressure’®7%, wereas others
could not find any significant beneficial effect of this
intervention 883, Resnick et al.  observed a signifi-
cant reduction in blood pressure in patients with low,
but not in those with normal or high renin. Zemel et
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al. %> found that calcium supplementatins reversed
the rise in blood pressure caused by high dietary so-
dium intake in six black hypertensive patients.

In this study, the antihypertensive action of cal-
cium supplementation was attributed to natriuresis
and to a reduction in blood volume.

In conclusion, the available data indicate that the
antihypertensive action of calcium in human subjects
is minimal and possibly limited to salt-sensitive pa-
tients with essential hypertension.

3. POSSIBLE RELATION BETWEEN
ABNORMALITIES OF SODIUM AND CALCIUM
METABOLISM IN ESSENTIAL -

HYPERTENSION

The abnormalities of calcium metabolism and the

antihypertensive efficacy of calcium supplementa-
tions appear to be evident primarely in salt-sensitive
patients with essential hypertension. This raises the
possibility that there may be a link between the ab-
normalities of sodium and those of calcium metabo-
lism in essential hypertension.

A current hypothesis to explain the link between
high dietary sodium intake and hypertension suggest
the presence of a defect in sodium-linked cellular
calcium transport, perhaps medlated by an inhibitor
of the Na-K-ATPase pump?’. This derangement of
cellular sodium and calcium transport may result in
shift of calcium inside the cells, when a patient ingest
a diet with high sodium content. This could possibly
explain the decrease in serum ionized calcium in
salt-sensitive patients. Moreover, an increase in intra-
cellular calcium in the juxtaglomerular cells may
lead to inhibition of release of renin, since calcium is
an mhlbltory second messenger in the renin secretory
process 8. An increase of cytosolic calcium in the
sympathetlc nerve terminals cduld stimulate norepi-
neprine release®” 88, and it couId potentiate vascu-
lar response to pressor agonists %% (Fig. 2).
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