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The time course of salt-induced hypertension, and why
it matters
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The epidemiology of salt-induced hypertension has been explored in detail in animal studies, in some cases involving exposures
to excess dietary salt for much of the animal’s lifespan. The results of these studies demonstrate the presence of two distinct time
courses of the blood pressure response to a high salt intake: an acute (rapid) blood pressure response occurring over days to
weeks, and a slow and progressive blood pressure response that develops over extremely long periods of time, amounting to a
significant fraction of the lifespan in normal individuals. The acute form of salt sensitivity is well known in humans, having often
been demonstrated as a fall in blood pressure during the period of salt restriction. The slow and progressive form of salt
sensitivity has been demonstrated directly in rats and chimpanzees and is also evident in analyses of human cross-population
data as a salt dependency of age-associated changes of blood pressure. This slow and progressive component of salt-induced
hypertension may be attributable, at least in part, to a progressive rise in the acute salt sensitivity of blood pressure during
sustained exposure to high salt. However, a progressively irreversible or ‘self sustaining’ component of salt-induced hypertension
has also been demonstrated in rat studies. This irreversible component has not been completely characterized, but its presence
raises the possibility that blood pressure responses to salt restriction may not fully reveal the contribution of salt to blood
pressure or the epidemiology of hypertension. These various components of salt sensitivity (acute vs slow, reversible vs
irreversible) should be considered in any comprehensive explanation of the effects of salt on blood pressure and especially in
experimental studies of the genetic and physiological mechanisms underlying salt-induced hypertension.
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Introduction Analysis of the diet of economically undeveloped ‘hunter-
gatherer’ human societies suggests that our Paleolithic ances-
tors evolved on a diet containing relatively modest amounts of
sodium (<50mmolday !)."* In contrast, average sodium
intakes of 100-200 mmol per day are common in contempor-
ary Western societies (Figure 1), the precise level varying by
country, year and among individuals (intakes tending to be
higher in male participants and young adults). Recent
estimates of average sodium intake (mmol Na per
day in adult male participant/female participant) include
179/131 in America,'® 170/117 in Finland'® and 156/116 in
Canada.'” It should be kept in mind that the distribution of
intakes is skewed and that values well above the mean occur in

Cardiovascular disease is now considered an epidemic
because of the human and financial burden it presents. In
countries such as Canada, it is responsible for more than half
of total mortality above the age of 50 years.! Hypertension is
a major risk factor for cardiovascular disease and, although
most hypertension have no obvious direct cause, dietary salt
(or sodium) has been suggested to be an important
etiological factor.?™ In addition to its effects on blood
pressure, excess salt intake has been demonstrated to have
blood pressure-independent effects on the heart and blood
vessels.®”!! Thus, the consequences of excess salt intake and

benefits of salt restriction are becoming increasingly
clear,'>!3 and it is highly appropriate to consider salt in this
symposium on ‘dysfunctional’ foods.
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certain sub-populations and individuals. For example, in the
1988-1994 National Health and Nutrition Examination Survey,
the median sodium intake among young (19-30 years old)
male non-Hispanic American blacks was estimated to be
202 mmol per day, with the 90th and 99th percentiles reaching
303 and 410 mmol day ', respectively.'® Clearly, sodium intake
in contemporary Western societies exceeds that of our
ancestors, and by an extreme amount in many individuals.
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Figure 1 Estimated daily sodium intakes in the adult US population (male
participants and female participants, 20-74 years of age) over the past three
decades. Data are from the National Health and Nutrition Examination

Surveys'® and represent estimates based on food sources and sodium used in
food preparation, but not salt added to the food at the table.

The purpose of this review is to develop a general picture
of how dietary salt may influence blood pressure in humans,
relying heavily on fundamental characteristics of salt-
induced hypertension revealed in the animal literature.
Although one needs to be familiar with only a small number
of studies to appreciate how the effects of salt may be
manifested, these key studies are distributed among a vast
literature spanning more than half a century and are easily
overlooked. The main emphasis of this review is that salt
affects blood pressure in (at least) two distinct ways, one
being a relatively acute effect spanning days or weeks and
the other occurring over a much longer time span (decades
in humans). It is our belief that distinguishing these two
forms of salt sensitivity is the first and the most important
step in understanding the impact of salt on blood pressure,
in addressing the mechanisms underlying this effect, and in
considering how to best reduce the impact of salt on our
health.

Acute salt sensitivity of blood pressure

Salt-induced increases in blood pressure have often been
observed to occur within a period of several days to weeks, a
time course approximately paralleling the re-establishment
of salt balance. Herein, we refer to salt-induced changes
of this time course as ‘acute’ to distinguish them from
much slower salt-induced effects discussed in subsequent
sections. Acute salt sensitivity of blood pressure has been
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Figure 2 Time course of changes in 24-h mean arterial pressure (BP) during
a 7-day exposure to a high-salt (8% NaCl) diet in male Sprague-Dawley rats.
Open circles represent the mean of 11 animals. The small filled circles
represent the results of individual animals. The diet during the control and
recovery period contained 0.15% NaCl (BN Van Vliet, unpublished).

demonstrated in experiments involving a number of species
including chickens,!*?° dogs,?!2* green monkeys,>® mice,?®
pigs,?’ rabbits,?®?? rats®** and spider monkeys.>>*> An
example of the time course of the blood pressure response to
a high-salt diet in regular Sprague-Dawley rats is shown in
Figure 2. In the case of humans, salt loading has long been
known to be capable of affecting blood pressure on this time
scale.3®3” However, ‘normal’ salt intake is already quite high
in many individuals in Western societies, and a moderate salt
restriction is associated with a fall in blood pressure in some
individuals (for example, Figure 3). A recent meta-analysis of
salt-restriction trials affirmed that the blood pressure
response to salt restriction is ‘dose-dependent’, more
pronounced for systolic than diastolic pressure, and greater
in hypertensive than normotensive individuals.'? The degree
of blood pressure response to salt loading and restriction has
been widely used to classify individuals as salt sensitive or
salt resistant®®3° and to investigate the characteristics
associated with these states.***?

Acute salt sensitivity and the steady-state relationship between
salt intake and blood pressure

A theoretical framework for understanding acute salt
sensitivity arose as part of a systems analysis of the
regulation of blood pressure and fluid volume conducted
by Arthur Guyton and co-workers.***° In their analysis, salt
sensitivity of blood pressure was defined in terms of the
steady-state relationship between blood pressure and salt
excretion (Figure 4), the so-called ‘chronic pressure-natriur-
esis relationship’ (also known in older literature as the ‘renal
function curve’). This relationship is usually assessed by
imposing a level of salt intake on a subject for several days
until salt balance is established (excretion ~intake) and then
measuring the resultant levels of blood pressure and renal
salt excretion. This process is repeated for one or more
additional levels of salt intake, each level of salt intake
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Figure 3 Time course of ambulatory blood pressure response during 4

weeks of dietary sodium restriction in humans. Data are averages from 12

individuals of either sex over 50 years of age (mean age ~ 64 years). From

Gates et al.'® with permission. *P<0.05 for baseline vs low salt (L1—L4).
TP<0.05 for low salt (L1-L4) vs corresponding normal salt (N1—N4).

contributing an additional point on the curve. As ‘steady-
state’ conditions are specified, the relationship represents
the performance of the entire system after the various
control mechanisms that affect renal function and blood
pressure have exerted their influence, after salt balance has
been established and after blood pressure has stabilized.**
When the chronic pressure-natriuresis relationship is
plotted in this traditional manner (that is, with blood
pressure on the x axis**), the salt sensitivity of blood pressure
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Figure 4 Effect of salt sensitivity vs resistance of blood pressure on chronic
pressure—natriuresis curves. The curves represent the relationship between salt
intake and blood pressure under steady-state conditions (at which point salt
intake and excretion are highly similar). In individuals in which the re-
establishment of salt balance at a new level of salt intake is associated with a
corresponding change in the steady-state level of blood pressure (‘salt-
sensitive’ individuals, solid curve), the relationship is characterized by a
shallow slope over at least some part of its range. In contrast, the relationship
is relatively steep in salt-resistant individuals in which changes in salt balance
are accompanied by little change in the steady-state blood pressure level.
Modified from Guyton.**

is inversely proportional to the slope of the relationship.
Thus, a chronic pressure-natriuresis relationship with shal-
low slope predicts that the re-establishment of salt balance at
a higher level of intake will be accompanied by an increase in
the blood pressure level. Conversely, a relatively steep slope
of the relationship indicates a state in which blood pressure
is relatively salt resistant (Figure 4).

The shape and slope of the chronic pressure-natriuresis
relationship is influenced by a number of factors, essentially
all regulatory mechanisms that influence the steady-state
level of blood pressure and/or renal sodium excretion. One
mechanism of particular importance is the influence of renal
perfusion pressure (that is, blood pressure) on renal sodium
excretion, a phenomenon referred to as ‘pressure-natriur-
esis.’>%2 This phenomenon refers to the increase in urinary
sodium excretion induced by an elevation of renal perfusion
pressure and the corresponding fall in urinary sodium
excretion that can be produced by reducing renal perfusion
pressure. This relationship between renal perfusion pressure
and urinary sodium excretion (the acute pressure-natriuresis
relationship) is often used to define the salt-excreting
capacity of the kidney at a given point of time and has been
assessed in isolated perfused kidneys>>** as well as those of
intact anesthetized®> and conscious animals.>® Pressure—
natriuresis provides an important mechanistic link between
blood pressure and salt excretion, and contributes to the
regulation of both of these variables. Nevertheless, our blood
pressure would be markedly sensitive to the level of salt
intake if this were the only mechanism regulating renal
sodium excretion. This is because the short-term pressure—
natriuresis relationship has a slope or sensitivity that is
relatively modest, such that a considerable change in blood
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pressure would be required to adjust urinary sodium
excretion to meet a new level of sodium intake.

The reason for the salt balance being usually re-established
without large changes in blood pressure is that additional
mechanisms normally help adjust renal sodium excretion to
meet the new level of intake with minimal volume changes
and without the need to rely on the effect of a large change in
blood pressure on sodium excretion.***® Ultimately, under-
standing the acute salt sensitivity of blood pressure amounts
to understanding the factors that restrict or impair the normal
adjustment of renal excretory capacity during a change in salt
intake (thereby resulting in larger volume and pressure
changes). For example, the renin-angiotensin-aldosterone
system is a powerful modulator of the acute pressure—
natriuresis relationship, and its participation is thought to
be important in maintaining a relative salt resistance of blood
pressure.*®57:58 Treatments that prevent or limit the response
of this system (for example, administration of a mineralo-
corticoid agonist such as desoxycorticosterone acetate, infu-
sion of exogenous angiotensin II or removal of kidney mass,
which limits the upper range of renal salt-excreting capacity)
have often been used to increase the acute salt sensitivity of
experimental animals. In a similar manner, the impairment of
any other system that normally contributes to the ability of
renal sodium excretion to adapt to a new level of salt intake
(for example, atrial natriuretic peptide,®® sympathetic activ-
ity®®%% and nitric oxide®*) is also expected to promote salt
sensitivity of blood pressure.

Progressive salt-induced hypertension

In contrast with acute salt sensitivity of blood pressure, a
fundamentally different effect of salt on blood pressure has
been directly demonstrated in a small number of animal
studies. The distinguishing feature of this effect of salt on
blood pressure is its slow and progressive time course, often
developing on a time scale corresponding with a consider-
able fraction of the animal’s lifespan.

Evidence for progressive salt-induced hypertension in rats

Much of our current understanding of the time course of the
slow and progressive phase of salt-induced hypertension
comes from a series of systematic investigations of the
subject by Meneely and colleagues in the 1950s.%>%7 In their
experiments, the effects of dietary salt were investigated in
more than 600 male outbred (Sprague-Dawley) rats followed
over their lifespan (up to 30 months). Although many levels
of dietary salt were investigated, results obtained for a
moderately high salt (2.8% NaCl) diet and control (0.15%
NaCl) diet are of particular relevance. The 2.8% NaCl diet
was considered to be roughly comparable with a 14 g NaCl
(240 mmol Na) intake in humans (assuming a 500g dry
weight daily food intake).®>%” Such an intake is above the
average sodium intake in Western societies but nevertheless
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Figure 5 Time course and dose dependency of the effects of excess dietary
salt on tail systolic blood pressure in rats (male outbred rats, Sprague-Dawley)
exposed to a high-salt diet for up to 14 months. Top: interaction between
time (8-14 months) and dose (0.01-9.8% NaCl in diet). Bottom: responses of
individual rats at 12 months of high salt exposure. Reproduced (with minor
modification) from Meneely et al.° with permission (copyright 1953, The
Rockefeller University Press).

corresponds with the normal level of sodium intakes in
many individuals (for example, it corresponds with the
sodium intake of >5% of the American population as a
whole and with the intake of ~25% of young American male
individuals'®). Using the same assumptions, the 0.15% NaCl
control diet corresponds with a 0.75g NaCl (13 mmol Na)
intake; that is, within the range of levels found in hunter-
gatherer societies.!*

Meneely’s studies demonstrated that, over time, an excess
dietary salt intake led to dose-dependent increases in blood
pressure, renal and vascular damage, left ventricular hyper-
trophy, abnormal electrocardiograms and premature mortal-
ity. The effects of salt on tail-cuff systolic blood pressure were
time dependent, requiring many months for hypertension to
become evident on the moderately high (2.8%) salt diet
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Figure 6 Effects of salt restriction on tail systolic pressure in rats (female
Sprague-Dawley) with long-standing salt-induced hypertension. Hyperten-
sion was originally induced by 12-13 months of an 8% salt diet. Salt
restriction consisted of 2 months on a very low salt diet (0.025% NaCl)
followed by an additional 2 months on a regular salt diet (0.5-0.75% NaCl).
Systolic pressure in rats maintained on a normal salt diet is approximately
130 mm Hg. Data from Dahl.®®

(Figure 5). However, given sufficient time (12 months or
more), the blood pressure of virtually all animals was affected
(Figure 95).

A similar interaction between dose and time was also
evident for other variables such as heart weight and
mortality.®” In contrast with the early appearance of cardiac
hypertrophy in rats exposed to very high salt levels, cardiac
weights in the 2.8% NaCl group remained normal until the
later stages of life, with cardiac hypertrophy becoming
evident only among rats surviving for at least 20 months.
Similarly, the effect on mortality was also delayed in the
2.8% NaCl group, becoming evident only after ~16 months
of age, whereas mortality occurred earlier at higher salt
levels.

A number of additional observations of the effects of a
high dietary salt intake (typically 8% NaCl) on tail systolic
blood pressure of Sprague-Dawley rats were performed by
Lewis Dahl.®®7! In addition to confirming Meneely’s
observation of progressive salt-induced hypertension, Dahl
also observed that the responses to excess salt were greater in
males than in females and greater in young rats (for example,
at weaning) than in old. Dahl®® also provided an important
observation concerning the reversibility of salt-induced
hypertension in female Sprague-Dawley rats made hyper-
tensive by feeding a high-salt diet (8% NaCl or 11.6% sea salt
containing 7.3% NaCl) for 12-13 months. When these rats
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Figure 7 Time course of tail systolic pressure responses to an 8% NaCl diet
in the Dahl-S strain of salt-sensitive rats. The greatest response is for rats
starting with high salt at weaning. Less response is seen in rats started on high
salt 3 and 6 months after weaning. The lowest curve illustrates the data of
control animals maintained on a regular salt diet. From Dahl et al.”? with
permission.

were subjected to a 4-month period of salt restriction
(2 months of 0.025% NaCl feed followed by 2 months of
regular (0.5-0.75% NaCl) feed), the fall in blood pressure
varied markedly between individuals, with the hypertension,
in many animals, being virtually unaffected by salt restric-
tion at this point (Figure 6). On average, the change in
systolic blood pressure of the group was negligible (Figure 6),
and in no case did the systolic pressure fall to a level typical
of control animals®® (<130 mm Hg).

In subsequent studies, Lewis Dahl selectively bred Spra-
gue-Dawley rats for the trait of progressive salt-induced
hypertension. After many generations of selective breeding,
the resultant strain of rats (‘Dahl-S’ or ‘DS’ rats) exhibited a
heightened and accelerated progression of salt-induced
hypertension’? (Figure 7). Dahl also selectively bred a
separate strain of rats (Dahl-R rats) the blood pressure of
which was resistant to the effects of a high-salt diet.
However, subsequent studies have demonstrated that in
these ‘salt-resistant’ rats (as in several other experimental
models®'"), a high-salt diet can lead to structural changes in
the heart and vasculature despite the absence of any effect
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Figure 8 Time course of hypertension induced by a high-salt (8%) diet in
Dahl salt-sensitive rats (S), Dahl salt-resistant rats (R) and the progeny of cross-
breeding (F1 =S x R; F2=F1 x F1; BS=S x F1; BR=R x F1). Reproduced from
Knudsen et al.”? (copyright 1970, The Rockefeller University Press).

on blood pressure.!! Cross-breeding of the salt-sensitive and
salt-resistance strains results in a full spectrum of rates of
progressive salt-induced hypertension’? (Figure 8).

Dahl’s studies helped establish the concept that blood
pressure is genetically determined and continue to serve as
an important illustration of the interaction between the
genetic and environmental determinants of blood pressure.
Descendents of Dahl’s original strains are still widely used,
particularly for investigation of the mechanisms underlying
salt sensitivity of blood pressure. These rats are currently
available as inbred (JR, also known as Rapp) and genetic-
ally homogenous (MCW) strains. A number of congenic/
consomic variations are also available for the MCW strain.”*
In addition, a Sabra strain of salt-sensitive and salt-resistant
rats was also developed in a manner similar to that of
the Dahl strains.”>’® Although the swift progression of
salt-induced hypertension in these specialized strains greatly
facilitates investigation of the mechanisms underlying
salt-induced hypertension, it is important to keep in mind
how slow the effects of excess salt are in the ordinary rats
from which these strains were originally derived. That is, in
regular outbred rats, hypertension and cardiovascular
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Figure 9 Detailed time course of blood pressure response to a 4% salt diet in
Dahl salt-sensitive rats. The time course suggests the presence of two distinct
phases, one rapid (acute salt sensitivity) and the other, slow (progressive salt-
induced hypertension). Data up to day 42 are from Van Vliet et al.>* Recovery
data are from BN Van Vliet (unpublished).

morbidity produced by moderately high levels of salt intake
are slow phenomena that develop progressively on a time
scale approaching that of the animal’s lifespan (Figure 5).

Components of salt-induced hypertension in Dahl
salt-sensitive rats

Although acute salt sensitivity and progressive salt-induced
hypertension occur on quite different time scales, the
distinction between them has seldom been formally made
or explored. This is not surprising as relatively few studies
have investigated the very slow and progressive effects of salt
on blood pressure, and those that have made use of
intermittent measurements of blood pressure incapable of
revealing rapid events that might accompany a change in
salt intake. Furthermore, when progressive salt-induced
hypertension has been investigated in the highly salt-
sensitive Dahl-S rat model on very high salt (8%) diets, the
time course of its progressive phase of salt-induced hyperten-
sion is often so accelerated that it is difficult to distinguish
from any initial acute response.

To explore the distinction between acute salt sensitivity
and progressive salt-induced hypertension, the detailed time
course of salt-induced changes in blood pressure was
investigated in the Dahl-S salt-sensitive rat strain.>* In this
series of experiments, the rate of progressive salt-induced
hypertension was slowed by using older rats (and subse-
quently, also hybrid rats) in which the rate of progressive
blood pressure changes is known to be reduced and by
limiting dietary salt to moderately high (4% NacCl) levels. In
this manner, it was hoped that the slow and progressive
increase in blood pressure could be clearly distinguished
from any initial changes in blood pressure that might occur.
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induced hypertension in Dahl salt-sensitive (Dahl-S) rats. Bottom: the
corresponding chronic pressure-natriuresis relationship. The relationship in
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Continued exposure to high (4%) salt leads to a further reduction in slope and
a progressive rightward shift of the relationship to higher blood pressure
levels. From Van Vliet et al.>* (copyright to Lippincott, Williams and Wilkins,
2006).

As shown in Figure 9, Dahl-S rats exhibited two distinct
phases in the time course of salt-induced changes in their
blood pressure. The first phase required approximately 4
days for blood pressure to stabilize at its new value and
corresponds well with the examples of acute salt sensitivity
discussed above (for example, Figure 2). The second phase
began by the end of the first week of high-salt exposure, with
blood pressure rising slowly and progressively with time.
Two distinct phases were also apparent in hybrid rats.>*
In this case, however, the initial salt-induced blood pressure
response was relatively consistent among the hybrid rats,
whereas the slow progression of salt-induced hyper-
tension varied markedly between individuals. This difference
in the variation of these two phases suggests that they
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Figure 11 lllustration of the possible components of salt-induced hyperten-
sion (acute vs progressive, reversible vs irreversible) based on studies in the
Dahl-S rat strain.?® The components consist of salt-induced increases in blood
pressure due to (A) pre-existing acute salt sensitivity (reversible), (B) a salt-

induced increase in acute salt sensitivity (reversible) and (C) a progressive and
irreversible salt-induced increase in the blood pressure level.

are controlled by distinct genetic and physiological
mechanisms.

It is notable in these experiments that while blood pressure
did fall when salt intake was returned to the control level,
the blood pressure did not return all the way to the baseline.
Thus, these Dahl-S rats exhibited a ‘self-sustaining’ form of
salt-induced hypertension similar to that described by Lewis
Dahl® in Sprague-Dawley rats (Figure 6, see above). An
irreversibility of salt-induced hypertension has also been
described for hybrids of the Dahl-S strain, for which the
degree of the reversal of hypertension (induced by 4.5 weeks
of 8% NaCl diet) varied markedly between individuals.””
When reversibility of salt-induced changes in blood pressure
was investigated as a function of time in Dahl-S rats,** a
progressively irreversible component was observed, develop-
ing in parallel with the slow rise in blood pressure (Figure 10,
top). Graphical analysis of this data (Figure 10, bottom)
revealed that although the acute response to a change in salt
intake corresponded with an altered slope of the chronic
pressure-natriuresis relationship, the slower phase of salt-
induced hypertension was quite different and consisted of a
progressive (and irreversible) rightward shift of this relation-
ship to higher blood pressure levels and a further reduction
in its slope. These results emphasize that the acute
and progressive forms of salt-induced changes in blood
pressure are distinct and likely involve different underlying
mechanisms.

In summary, results obtained using the Dahl strain of
genetically salt-sensitive rats illustrate that up to three
components of salt-induced hypertension can be distin-
guished (Figure 11). One component (labeled A in Figure 11)
is simply the increase in blood pressure that will occur when
individuals with acute salt sensitivity of blood pressure
consume a high dietary salt intake. This is presumed to be a
reversible component that is responsive to salt restriction.

International Journal of Obesity
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A second component (labeled B in Figure 11) is the increase
in blood pressure caused by a progressive induced worsening
of acute salt sensitivity. This component is also presumed to
be reversible and responsive to salt restriction. A final
component (labeled C in Figure 11) is the salt-induced
increase in blood pressure that is both progressive and
irreversible. Being irreversible, this component would not be
revealed by acute salt-restriction studies.

Evidence for progressive salt-induced hypertension in primates
The results of a small number of long-term studies suggest that
primates may also exhibit the slow and progressive effects of
salt on blood pressure that have earlier been described in rats.

A slow and progressive effect of salt intake on blood pressure
is evident in a study of salt-induced hypertension in baboons.”®
The increased salt intake (~1.5gkg ' body weight per day vs
~0.06 gkg 'day ! in controls) was achieved by adding salt to
both the feed and the drinking water. Blood pressures were
found to be significantly increased by salt in each of the three
experimental groups investigated. The progressive nature of the
hypertension was evident in the increase in blood pressure
during the final year of a 2.5-year exposure to high salt intake
(from 3 to 5.5 years of age, systolic/diastolic pressure in the last
year increased from 166/104 to 187/107 in males and 148/92 to
154/94 in females).”®

Far more graphic evidence of an effect of excess salt intake
to cause a progressive increase in blood pressure was
subsequently reported in chimpanzees by Denton et al.”®
(Figure 12). In this study, the blood pressure of chimpanzees
(~50kg, either sex, various ages) maintained on a regular
low-salt diet (vegetables and fruits, associated with urinary
sodium excretion <25mmol Na per day) remained stable
over a 20-month period, whereas blood pressure rose
progressively with time in individuals receiving a daily salt
supplement of ~256 mmol Na per day (Figure 12). Systolic
pressure and pulse pressure were affected to a far greater
degree than were diastolic or mean blood pressure
(Figure 12). In chimpanzees maintained on a monkey chow
containing 0.24% Na for which daily sodium consumption
was estimated to be 100-200 mmol per day (see comments in
Denton et al.”®), blood pressure was reported to rise
progressively with age at a rate of ~1.8 mm Hg per year over
their 30- to 40-year lifespan.®°

Recently, the results of two additional protocols confirm
the impact of long-term (8-24 months) changes in dietary
salt on blood pressure in chimpanzees.®! As with the earlier
study, the effects appeared greater in the case of systolic than
diastolic pressure. The magnitude of the effect amounted to
~9mm Hg (or slightly higher) in systolic pressure for each
100mmolday~! change in sodium intake (8.9 mm Hg per
100 mmol (unadjusted difference from the control group) for
a change from 248 to 126 mmolday ', 9.2mmHg per
100mmol for a change from 35 to 120mmolday ! and
13.3mmHg per 100mmol for a change from 75 to
35mmolday !). Regression analysis suggested that in this
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Figure 12 Salt-induced increases in blood pressure over a 20-month period
in chimpanzees. The diet of the experimental group (filled symbols) was
supplemented with ~256 mmol Na per day. Control animals maintained on a
regular fruit diet (open symbols) exhibited no change in blood pressure. From
Denton et al.”® with permission (copyright 1995, Macmillan Publishers Ltd,
Nature Publishing Group). *(P<0.05), **(P<0.01), and ***(P<0.001)
indicate significant differences from the initial baseline. +(P<0.05) and
+ +(P<0.001) indicate significant differences between the control and
experimental group.

case, larger effects of salt on blood pressure were associated
with female sex, higher body weight and higher baseline
blood pressure levels.

The above observations confirm in two primate species
that a high salt intake can cause a slow and progressive form
of salt-induced hypertension similar to that which had
previously been described in rats (see above). The obser-
vation of this phenomenon in chimpanzees establishes this
effect of salt in a species that is similar to humans not only
genetically, but also in terms of nutrition (both likely to
consume a similar low-sodium high-potassium diet under
wild conditions), size (chimpanzees are approximately two-
thirds of human size) and lifespan (that of chimpanzees is
50-75% of that in humans).

Evidence for progressive salt-induced hypertension in other
animals

A few studies have been published concerning the long-term
effects of excess salt consumption on blood pressure in



species and strains other than those noted above. Dahl®®

investigated the effect of excess dietary salt administered to
Beagles over a 4-year period. In this study, systolic blood
pressure of dogs maintained on drinking water containing
1% NaCl or a diet supplemented with 2 or 6% NaCl did not
differ from that of a control group.®® This finding is
consistent with the suggestion that, as a species, the dog is
relatively capable of accommodating large dietary salt
loads.®? Although dogs have been widely used for the study
of salt-loading hypertension, such studies have relied on
special measures to cause or promote salt sensitivity (as are
also often used in other species), such as an extreme salt load
(>2gkg 'day ') provided alone or in combination with
salted drinking water, reduced renal mass or administration
of a mineralocorticoid.?"?*?*

In other species, the long-term effects of excess salt have
not been investigated in detail in the few studies that have
appeared, conclusions are limited because of the short
duration of salt exposure, the lack of time course data or
the reliance on special measures to induce or amplify salt
sensitivity of blood pressure. In rabbits, for example,
addition of 5gday ! NaCl for 8 months was associated with
significant increases in blood pressure, but the time course
data presented suggest that the increase in blood pressure
was not progressive, with blood pressure stabilizing within
the first 6 weeks or s0.28 In chickens, the addition of salt (0.9
or 1.2%) to drinking water was shown to raise the blood
pressure level, but each intervention was limited to a 3- to
4-week period.°

Although the salt sensitivity of blood pressure has been
described in a number of knockout mouse models, and in
response to experimental treatments (for example, desoxy-
corticosterone acetate), the long-term effects of excess salt do
not appear to have been well investigated in ‘normal’ mice
and the few relevant studies that have been conducted have
been limited to the C57Bl/6] inbred strain. In 3-month-old
male C57Bl/6] mice outfitted with blood pressure telemeters,
switching to an 8% salt diet caused the mean arterial
pressure level to promptly increase 6 mm Hg, but the peak
increase occurred on the second day of salt and did not
progress beyond this point over the following 6-week
period?® or after a total of 14 weeks on 8% salt in subsequent
studies.®?

Evidence for progressive salt-induced hypertension in humans

As described above, under highly controlled conditions,
animal studies have directly demonstrated that an increased
dietary salt intake alone is sufficient to cause an increased
blood pressure, cardiovascular target organ damage and
premature death. Importantly, the effects of salt on blood
pressure appear to be of two forms: (i) an acute salt
sensitivity of blood pressure with a time course of days to
weeks, approximately paralleling the re-establishment of salt
balance and (ii) a progressive salt-induced hypertension that
normally develops over a long time period corresponding to
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Figure 13 The relationship between systolic blood pressure and sodium
intake in analyses of large cross-population data sets in humans. The
relationship is plotted for different age ranges (top to bottom graphs) and
different levels of economic development (developed = upper lines with solid
symbols; undeveloped = lower lines with open symbols). From Law et al.®*
with permission.

a significant fraction of the animal’s lifespan. We have
already alluded to the presence of an acute form of salt
sensitivity of blood pressure in some human individuals
(Figure 3). Is the slow and progressive form of salt-induced
hypertension directly observed in animals also present in
humans?

The effect of salt to cause a slow and progressive increase in
blood pressure in humans has not been investigated directly.
However, a strong support for the effect of salt to promote
age-associated increases in human blood pressure has come
from detailed analyses of cross-population data. The first
major analysis was of a collection of previously published
cross-cultural data involving a total of 47000 individuals
across 24 communities.®* The data were used to construct
a regression model relating blood pressure to salt intake,
including the effects of age and economic development
(Figure 13). Some of the major conclusions of the analysis
were

(i) there was a highly significant association between
sodium intake and blood pressure;

(ii) the effect of sodium increased with age, the effect on
systolic pressure rising from 5 mm Hg per 100 mmol Na
intake at ages 20-29 years to 10.3 mm Hg per 100 mmol
at ages 60-69 years (the corresponding diastolic effect
being 2.6 and 4.3mmHg per 100mmol Na, respec-
tively). These effects increased ~50% in individuals of
the upper Sth percentile of the blood pressure distribu-
tion and were reduced by ~50% in individuals of the
lower 5th percentile of blood pressure;
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(iii) the effect of sodium on blood pressure was similar in
economically developed and undeveloped cultures and

(iv) economic development was associated with an additional
sodium-independent effect of age on blood pressure.

An additional support for the effect of dietary salt on
age-associated increases in blood pressure has come from the
analysis of blood pressure and urinary sodium excretion data
collected in 10074 individuals in 52 centers in 32 countries
during the course of the INTERSALT study.®> Analyses of
these data revealed that, in addition to a general association
of blood pressure with salt intake, the rise in systolic blood
pressure with age between the third and sixth decades of life
increases in a sodium-dependent manner amounting to 10—
11 mm Hg for each 100 mmol increment in sodium intake.
The corresponding increase in diastolic pressure over 30
years amounted to 6 mm Hg per 100 mmol.

These two analyses suggest that the progressive form of
salt-induced hypertension that has been directly observed in
animal studies is also present in human populations and
that, as in animals, its progression occurs over a sizable
fraction of the lifespan of the species. Depending on the
analysis used, dietary salt appears to cause a progressive
increase in systolic pressure by 0.13-0.35 mm Hg per year for
each 100 mmol of sodium intake. At a sodium intake typical
of Western societies (for example, 180 mmol Na per day), this
would correspond with a 10-25 mm Hg increase in systolic
blood pressure between 20 and 60 years of age. It is
important to realize that such estimates are for the average
effect in a population, with greater and lesser responses
expected among individuals. Furthermore, it is quite possible
that this slow and progressive effect of sodium may extend
into the later decades of life, leading to an even greater total
effect of the lifetime exposure to sodium on the blood
pressure of the elderly.

Mechanisms underlying the slow and progressive effects of salt
on blood pressure

The results of both animal and human studies suggest that
excess dietary salt intake promotes a progressive salt-induced
increase in blood pressure over the lifespan of the individual,
one that is so very slow that it can easily be mistaken for the
well-known effect of aging on blood pressure.®¢ There is little
consensus, however, concerning the mechanisms by which
salt may promote this slow and progressive increase in blood
pressure. In humans, the acute blood pressure response to
salt restriction increases with age,3° and this age-depen-
dent increase in acute salt sensitivity has been suggested to
account for the association of salt intake with age-dependent
blood pressure changes.”® However, the observed effects of
long-term salt exposure on blood pressure in rats suggest that
progressive salt-induced hypertension can also include an
irreversible or ‘self sustaining’ component. In regular
Sprague-Dawley rats fed a high-salt diet for 12-13 months
(and also in the Dahl-S salt-sensitive and hybrid rat strains
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fed a high-salt diet for shorter periods of time3*’7), blood
pressure remained partially elevated at the end of the
exposure period despite the lowering of dietary salt to low
levels (Figure 6). There is little information on the reversi-
bility of such long-term salt-induced hypertension in other
animal studies. In Denton’s study of chimpanzees,”® salt-
induced increases in blood pressure produced by feeding a
high-salt diet over 20 months (~ 5% of the animal’s lifespan)
appeared to be reversible, suggesting that the progressive
hypertension may have simply been due to increases in the
acute salt sensitivity of blood pressure. At this point, it
remains unclear whether the irreversible component of
progressive salt-induced hypertension varies from species to
species or whether it may simply vary with the extent and
duration of exposure to excess salt (for example, possibly
being pronounced in regular rats exposed to high-salt diets
for ~40% of their lifespan® but absent in chimpanzees
exposed to high-salt diets for ~ 5% of their lifespan’®). This is
an especially important matter in humans, in which our
vulnerability to salt is often evaluated in terms of the acute
response to salt restriction. As observed by Dahl many years
ago, the production of self-sustaining hypertension by salt
feeding ‘...suggests that the lack of response to (acute) salt
restriction does not rule out an etiological relationship
between salt intake and the development of hypertension’.”!
Unfortunately, because of the long time frame and tremen-
dous resources that would be required, the reversibility of
long-standing salt-induced hypertension is unlikely to be
investigated directly in humans.

A large number of specific mechanisms have been
implicated in the cascade of events underlying the slow
and progressive forms of salt-induced hypertension,62-6%91.92
and this broad subject is beyond the scope of the current
review. However, it is worth pointing out that a variety of
renal structural changes have been associated with the
progressive form of salt-induced hypertension and likely
contribute to its irreversible component.”>% In particular,
an increase in the resistance of the preglomerular renal
vasculature would be expected to account for a rightward
shift of the chronic pressure-natriuresis curve in the manner
that has been associated with progressive salt-induced
hypertension.**¢ A variety of subtle forms of renal injury,
including inflammation and modest structural changes,
have also been associated with the development of acute
salt sensitivity in response to experimental interven-
tions.””?8 It is possible that similar changes could contribute
to the increase in acute salt sensitivity associated with aging
in humans,3%° or that which accompanies progressive
salt-induced hypertension in Dahl-S rats.>*

Finally, it is also worth considering the potential contribu-
tion of salt-induced changes in vascular dynamics to the
slow and progressive effects of salt on blood pressure. As the
observed effects of salt on blood pressure are often more
pronounced for systolic and pulse pressure than diastolic
pressure (for example, Figure 12), it is possible that this effect
of salt on blood pressure could be due, in part, to a reduction



in large artery compliance and its attendant effects on wave
propagation and arterial pressure pulses. High salt intake has
been associated with stiffening of the large central arteries in
both animals®® and humans.!°*!°! If a component of this
were due to structural changes that were not rapidly
reversible (that is, similar to those that have been associated
with hypertension and aging!'°?-1%%), this could contribute to
the effect of salt to cause a slow and irreversible increase in
blood pressure.

Summary and conclusions

In addition to the relatively rapid effects of salt on blood
pressure that occur with a time course similar to the re-
establishment of salt balance, salt also has actions that are so
remarkably slow that they may require a sizable fraction of
the lifespan of an individual to become evident. These slow
actions of salt could easily be mistaken for simply an effect of
aging and it is indeed possible that they represent a salt
dependency of the mechanisms underlying age-associated
blood pressure changes. Both rapid and slow effects of salt
will each contribute to the burden of salt-induced hyper-
tension, and both effects should be considered in any
comprehensive explanation of the epidemiology of salt-
induced hypertension. The demonstration of an irreversible
component of progressive salt-induced hypertension in rat
studies is of particular interest for several reasons including
the unique mechanisms that may underlie this component,
the inherent difficulty in demonstrating such a component
in long-lived species such as humans, and its implications for
dealing with salt-induced hypertension (since once mani-
fested, this component could not be reversed by salt
restriction). Finally, it is important that these multiple
components of salt sensitivity (rapid vs slow, reversible vs
irreversible) be distinguished in mechanistic studies, as they
are likely to have different genetic and physiological
explanations. Such distinctions may be made by simple
considerations in the design and timing of salt exposure
protocols (for example, Figures 9 and 10).
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