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I. Probable Cau sa l Mechani sms of Primary Hypertension 

A. Increased sodium, decreased potassium intake 
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C. Genetic predisposition 
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III. The Presumed Role of Natriuretic Hormones 

IV . An Integrated Scheme for the Pathogenesis of Primary Hypertension 

V. The Sites of Action of Antihypertensive Agents 

VI. The Potential for Prevention 

11 If too much salt is used in food the pulse hardens .... When the 
heart pulse beats vigorously and the strokes are markedly prolonged , the 
corresponding illness makes the tongue curl up and the patient unabl e to 
speak. 11 

The Yellow Emperor 1 s Classic in Internal Medicine, 2600 B.C. 

11 Evidence that sodium consumption is a major factor in causing 
hypertension is not fully conclusive. The evidence is strong enough, 
however , for most members of the medical and scientific community to 
conclude that a substantial protion of th U.S. popuiation which is 
predisposed to hypertension would benefit from reduction in sodium. 11 

Preamble to FDA 1 s proposed 1982 sodium regulation . 

11 General, moderate reduction in dietary salt intake cannot 
predictably be anticipated to decrease the development of hypertension. 
The role of the diet in the cause or prevention of hypertension has not 
yet been defined. 

W.J. Darby in Contemp. Nutr. 5:1, 1980 

11 Among patients with systolic hypertension , one finds an unu sual 
frequency of those who as directors of big enterprises had a great deal 
of responsibility and who after a long period of psychic overwork, 
became nervous. 11 

W. Geisback in Dtsch. Arch. Klin. Med. 83:363-374, 1905 

11 1 confess I am inclined to believe that the kidney i s the chief 
promotor of the other derangements . 11 

R. Bright in Guys Hosp. Rep. 1:380, 1836 
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Over the past f ew years, a large amount of new experimental 
evidence ha s engendered enthusiasm over the prospect that the 
pathogenesis of primary (essential) hypertension may finally be 
understood. These observations have not been coordinated into a proved 
pathogenetic scheme, but at least some of them have been combined into 
logical hypotheses (Haddy and Overbeck, 1976; Blaustein, 1977; de 
Wardener and MacGregor, 1980) . Though some of the pieces and 
connections remain unproved, there are enough so lid data to warrant a 
review of the current evidence and the presentation of a more inclusive 
pathogenetic scheme. What follows may be a premature and overly 
enthusiastic acceptance of preliminary data in the hope that the mystery 
of primary hypertension may soon be revealed. Even if it all doesn't 
hold together, the hypothesis has such broad explanatory power that it 
will almost certainly gain primacy in the hierarchy of hypotheses. 

As it is presented, it will be obvious that some of the previously 
held concepts are excluded. These include autoregulation (starting with 
an elevated cardiac output), mineralocorticoid excess and disturbed 
renin profiles. With no firm evidence for their role, there seems no 
need to carve a place for them, particularly since the hypothesi s holds 
together well without them. 

I . Probable Causal Mechanisms of Primary Hypertension 

On the basis of more and more long -term observations, primary 
hypertension can be characterized as a slowly progressive, markedly 
variable rise in both systolic and diastolic blood pressure, often 
beginning in early childhood though usually not obvious until mid-life . 
If hypertension is defined as the level of blood pressure beyond which 
the benefits from treatment outweigh the risks of non-treatment, a 
sustained average level of 140/90 for those below age 40 and 150/95 for 
those beyond seem to be reasonable criteria. If primary (essential) 
hypertension is defined by the absence of recognizable features of 
specific secondary mechanisms, almost 95 per cent of those with an 
elevated blood pressure have "primary" hyperten sion. 

The need to recognize its causes and thereby apply preventive 
measu res is obvious: it has a high frequency, about 15% of the adult 
population; it .poses significant risks for premature cardiovascular 
disease, and there are potential hazards of currently available 
antihypertensive drug therapy, as discussed in my Grand Rounds of 
April 30, 1981 and elsewhere (Kaplan, 1982). In this Rounds, the three 
causa l mechanisms for which there is greatest support will be covered . 

A. Increased Sodium, Decreased Potassium Intake 

The first known presentation of the idea that dietary sodium causes 
hypertension is found in The Yel low Emperor's Classic in Internal 
Medicine, written in 2600 B.C. (Veith, 1966) (see page 1). 

The idea keeps coming back , and over the past 10 years, it has 
received increasing support. A decrease of potassium intake almost 
always accompanies an increase in sodium intake and some believe the 
decrease in potassium is as important as the increase in sodium (Men ee ly 



-3-

and Battarbee, 1976; Lever et al, 1981). Lewis Dahl was the most 
persistent advocate, and his life-long work is only now receiving 
widespread acceptance (Dahl, 1972; Bulpitt, 1981). 

l. Historical evidence of change in diet 

Our nomadic ancestors, who ate meat when their hunt was successful , 
likely had an average daily intake of about 60 mmol of sodium and 200 
mmol of potassium. When agriculture developed, the intake of sodium 
by herbivorous people likely fell to an average of 10 mmol/day. Bunge 
in 1902 postulated that the appetite for sodium arose from the need of 
herbivorous people to more effectively excrete their large load s of 
potassium. 

However, the best anthropological data suggest that cultural 
habits, not physiologic needs, were the main determinants of man's 
appetite for sodium (Fregley, 1980) . Groups who remain primitive 
continue to subsist on a very low sodium-high potassium diet. Some, 
such as the Yanomamo Indians in South America, often run 50 miles a day 
in a tropical climate while ingesting an extremely low sodium diet, 
reflected in 24 hour urines containing an average of l .5 mmol of sodium 
(Oliver et al, 1975). 

With domestication, the need to preserve food that was hunted or 
gathered "in season" became desirable and the use of sodium chloride 
increased. Thereby, the taste for sodium was acquired. Those who do 
not use it dislike it when it is first introduced but, in a relatively 
short time, habituation develops in a manner ana lagous to the use of 
tobacco, coffee and alcohol (Hollenberg, 1980). About 2400 years ago, 
Job asked "Can that which is unsavory be eaten without salt?" 

We have no certain knowledge of any changes in sodium intake in 
more recent times or of changes in the incidence of hypertension. But 
we are clearly ingesting 5 to 20 times more sodium than our ancestors 
did and we have more than enough hypertension. With the increased use of 
processed foods over the past 50 years, our diets have very likely 
become higher in sodium and lower in potassium (Tabl e l) 

Table l: Comparison of Sodium and Potassium in Processed 
and Unprocessed Foods (mg/lOOg) 

Un~rocessed foods Na K Processed Foods Na K 

Flour, wheat 2 95 White bread 503 100 
Rice, raw brown 8 210 Rice, instant 270 trace 
Peas, uncooked 2 316 Peas, canned 236 96 
Ham, fresh lean 71 288 Ham, cured lean l 'll 0 340 
Beef, lean flank 65 360 Beef, corned 1 '31 0 60 
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Some have argued that we need these large amounts of sod ium to 
prevent rapid sodium depletion and vascular collapse. However, excess 
dietary sodium cannot be stored and there is no evidence that those who 
are on a lesser intake are any more susceptible to depletion during 
times of increased external losses. 

Even during heavy exercise in hot, humid climates, acclimitization 
minimizes the need for sodium to a few millimoles per day (Conn, 1949). 
Hollenberg has argued persuasively for a 11 Set-point for sodium 
homeostasi s that lies normally at that total body sodium content where 
an individual not ingesting sodium has no sodium excretion in the 
absence of renal or extrarenal losses 11 (Hollenberg, 1980). 

The case has been well stated by Derek Denton: 

''High salt intake is essentially a new nutritional situation of the 
past hundred years or so of civilization. This can be set again~t the 
fact that the physiological character of the appetite and regulatory 
metabolic systems of primates and man have evolved over millions of 
years under conditions where dietetic Na+ intake has been low and K+ 
intake high .... perhaps the high salt intake from infancy to middle age 
of a large segment of the population in Western communities is an 
important factor in the causal expression of .... the hypertensive state 
(Denton, 1976). 

One additional point: 11 Evolution cannot operate to preserve 
Darwinian fitness if a new environmental factor does not produce 
manifest disability or death until late middle age 11 (Trowell , 1980). 
Therefore, if the excess sodium we now ingest is harmful, it's unlikely 
to lead to evolutionary changes in 11 regulatory metabolic systems 11 or to 
genetic outbreeding since it doesn't affect reproductive capacity or 
survival into middle age. 

2. The blood pressure of low sodium, high potassium population s 

Table 2 is a partial listing of the population s scattered over the 
earth who have been eating low sodium, high potassium diets. Without 
exception, they have very little if any hypertension or rise in blood 
pressure with aging. Most are primitive and are different in many other 
ways from acculturated societies. Pickering attributed their low blood 
pressures to the 11 Certainty of behavior in a society ruled by ritual and 
taboo 11

, versus 11 the uncertainty in western societies in which life is a 
series of individual choices and decisions 11 (Pickering, 1980). One can 
only wonder if life in primitive times was less stressful than ours. 
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Table 2: Sodium Intake of Population Characterized 
by Low Blood Pressure 

Sodium 
Society (mEq/24 hr) 

Yanomamo Indians, Brazil 
Tukisenta, New Guinea 
Kwaio, Baegu, Aita, Solomon 

Islands 
Pukapuka, Cook Islands 
Samburu, Uganda 
Ontong Java, Solomon Islands 
Tarahumura, Mexico 

'\, 1. 5 
-vl5 
10-20 

-v65 
-v50 

50 
-v85 

However, primitive people, such as the Qash'gai nomads of Iran, who 
eat lots of salt have as much hypertension as acculturated people (Page , 
1979). Among equally primitive people, blood pressure varies with 
sodium intake: two Solomon island groups are very comparable in 
lifestyle but the Lau cook their food in sea water and have an average 
sodium intake of 150 to 230 mmol/day and a 9% frequency of hypertension; 
the Aita use fresh water, have an average sodium intake of 10 to 30 
mmol/day and no hypertension (Page et al, 1974). 

3. The correlation between sodium and blood pressure (Figure l) 

• 
• 
• 

50 100 150 200 250 300 350 400 

Daily Sodium Intake -(mEq) of Population 

Figure 1: Mean arterial pressure 
(MAP) vs dietary sodium intake in 
30 populations as reported in the 
literature. MAP is the average of 
men and women; whenever reported, 
the 50-59 year old age group is 
portrayed (From: McCarron et al, 
1982) . 

Depending on how you look at the data, the correlation can be 
considered strong or weak. More to the point, those populations who 
consume a fairly high sodium diet have more hypertension than those who 
consume less than 50 to 75 mmol per day. The sodium intake in almost 
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all acculturated soc ieti es is suffic i ently high to be a necessa ry, 
though not, in itself, sufficient caus e of hypertension. Additi ona l 
factors, presumably some genetic, must be present to cause a significant 
minority of those who eat sufficient sodium to become hypertensive. 
Therefore, no tight correlation should be ex pec ted i f everyone i s beyond 
the threshold level. 

No such data relating potassium intake to blood pressure are 
available, but in general, potassium intake will vary inversely with 
sodium intake . 

4. Effects of sodium excess in man 

Most studies of the effect of large amounts of sodium upon the 
blood pressure in man are of such short duration as to be of very 
doubtful pathophysiological significance though some show cl ea r rises in 
BP in borderline hypertension (Sullivan et al, 1980) . Howev er , studi es 
done in Fred Bartter's lab suggest a variable degree of sodium 
sensitivity (Figure 2) (Fujita et al ,1980). Those whose pressures rose 
on the higher sodium intake had greater sodium retention and a higher 
degree of sympathetic nervous system drive . 

"l ··:J - ....... s. ... ~ •• 

Low-.... --- ..... -..... 

Fig. 2: The change in mean blood pressure 
in a group of hypertensives from their level 
while on a 9 mmol per day (low sodium) diet 
to that while on a 249 mmol per day (high 
sodium) diet (From: Fujita et al, 1980). 
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5. Effects of decreasing sodium or increasing potassium intake 

A lower sodium intake has been used to treat hypertension 
since at least 1904 (Chapman ahd Gibbons, 1949). Most trials prior to 
1960 used very low sodium diets, the Kempner rice-fruit protocol having 
the greatest notoriety. Despite its unpleasantness, it worked (Kempner , 
1948). However, the need for a markedly reduced sodium intake (below 30 
mmol per day) to achieve an antihypertensive effect was widely quoted. 
When diuretics became available in the late 50's, the use of such 
rigidly restricted diets was quickly discarded . 

Only recently have proper studies of a more moderately restricted 
sodium intake been performed (Table 3). Perhaps the best is the 
randomized, double-blind cross-over trial by MacGregor et al, 1982) 
(Figure 3). 

TABLE 3: Modest Sodium Restriction in Hypertension 

Sodium Excretion Duration Blood Pressure 
Reference No. Pre Post Pre Po st 

(mmol/da.z) (mm/Hg) 

Parij s 1973 17 191 93 4 wks 147/98 -9/6 

Carney 1975 19 205 >120 ~ 3) 8 wks 163/106 - 15/7 
<120 12) 

Magnani 1976 37 15-21 mo 166/105 - 14/14 

Mo rgan 1978 28 191 157 24 mo 160/97 DBP <95 
in 55% 

DBP DPB 
Morgan and 12M <105 197 78 8 wks 97 FS7 

Myers 1981 l2F <105 146 58 95 89 
12~1 >105 171 85 115 103 
12M >105 125 64 lll l 0 l 

~1ac Gre gor 1982 19 191 86 4 wks 156/98 - 12/6 
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Fig. 3: Average systolic and diastolic blood 
blood pressure and urinary sodium excretion 
on normal diet, two weeks on dietary sodium 
restriction alone, and at two-weekly i ntervals 
during the randomized crossover trial of 
sodi um capsu l es (slow sodium ) versus placebo 
(From: MacGregor et al, 1982 ) . 

The modest but significant l owering of the bl ood pressure observed 
(from 156/98 to 144/92 ) is what should be obtainable from the practical, 
easily attainable reduction of sodium intake to 2000 mg sodium (88 mmol) 
per day. That degree of BP reduction would, if applied to all of · those 
at risk from hypertension, save more lives than the effective therapy of 
all patients with significant hypertension (Rose, 1981) . 

Another randomized trial demonstrated the ability to achieve better 
control of the BP while reducing the need for antihypertensive therapy 
(Beard, et al, 1982 ) (Table 4) . 

TABLE 4: RANDOMIZED CONTROLLED 12 WEEK TRIAL OF LOVJ SODIUM DIET 

Antih~~ertensives 
Diuretics Others 

Urine Sodium Blood Pressure (Tablets / day) 
~Jeek: 0 12 0 12 0 12 0 12 

Control 175 ~ 61 139/ 86 133/ 83 32 27 111 112 

Diet 150 37 142/ 88 131 / 82 32 127 74 

~~r~e di~t group reported feeling happier and less depressed. Two
thlrds 1ntend to condinue diet indefinitie1y. 11 

(from: Beard et a1.: Lancet 2:455, August 28, 1982 ) 
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Much le ss data arc avi1ildlJlt ~ on the p ffect of rldd iLiondl f.JoLa~;s iUIII 
intake (Table 5) and the effect may be mediated through a sodium 
diuresis. The combination of a lower sodium and higher pota ss ium 
intake resulted in no greater effect than a lower sodium diet alone 
(Holly et al, 1981). 

Table 5: Increased Potassium Intake and Blood Pressure 
(20 hypertensives on 280 mmol sodium; 10 day periods) 

K = 75 K = 175 

~lean BP 114 103 
Body Weig ht (kg) 61.4 59.9 
Mean UNa (10 days) 158 183 
Total Exchangeable Na+ 13.6 ll. 7 

(from Iimura et al: Clin Sci 61 : 77 s • l 981 ) 

Evidence incriminating a possible role for lower intake of 
potassium comes from the correlative studies done by the MRC Blood 
Pressure Unit in Glasgow: significant inverse correlations between 
plasma potassium, exchangeable and total body potassium levels with 
blood pressure were found in hypertensives below age 35, wherea s 
significant positive correlations with exchangeable sodium were found 
for those over age 50 (Beretta-Piccoli, et al, 1982). 

6 . Animal Studies 

Multiple strains of rats have been found to be sensitive to sodi um , 
the Dahl strain being the most widely studied. These animals, afte r 
only three generations of in -b reeding , are either resistant (R) or 
sens itive (S) to a high sodium intake, developing more hypertension the 
earlier in life the exposure begins. As we shall see, their genetic 
fault resides in their kidneys. 

At least partial protection from sodium induced hypertension can be 
obtained by feeding extra potassium (Dahl, et al, 1972). This may 
reflect an increased excretion of sodium. A similar effect of increased 
dietary calcium has been shown in spontaneously hypertensive rat s 
( Ay a chi , l 9 7 9 ) . 

The last and perhaps most impressive piece of evidence is the 
presence of increased concentrations of sodium within cells of animals 
and people with primary hypertension . That evidence will be examined 
later . 
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Summary: 

lh<• rciJL"ion ship l>ctw(~< ~ n sod ·iu111 dYid blood pre ss ure cdnnot lw 
conclusively proved to be causal but there is no convincing Evidence to 
disprove the connection. Though the evidence is circumstantial, it i s 
enough to convince most who work in the field. Pickering ~as a notable 
except ion having great fun at banquets of meetings on hypertension in 
literally pouring salt on his food. But it's likely that most of us 
could do the same with no more harm (Sir George died in 1980 at the age 
of 76, presumably normotensive). Without a certain way to predict who 
is "sodium-sensitive" however, the wisest course may be to recognize the 
potential hazard and advise moderation for all, hopefully protecting the 
20% who are susceptible, while not harming the rest of us. If one's 
blood pressure is normal after age 45, it's unlikely that primary 
hypertension will subsequently develop, so that even moderate sodium 
restriction would no longer be needed- - but by then the desire for sodium 
may have been so blunted that it would no longer matter. 

The evidence concerning potassium is less convincing, mainly 
because les s study has been made of its role. Much of what is claimed 
to be the effect of increased sodium may, however , be more properly laid 
to the effect of decreased potassium. 

B. Stress 

The evidence incriminating stress as an instigator of hypertension 
is smaller in amount and weaker in content than that for high sodium- low 
potassium. However, it too has grown considerably in the last few 
years. The higher prevalence of hypertension in blacks has been 
attributed to an increased level of suppressed anger and social stresses 
(Gentry, et al, 1982). Whites who are poor or less educated also have 
more hypertension (Dyer, et al, 1976). · 

l . Blood pressure in low stress societies 

At least 22 populations who live in small, cohesive, protected 
circumstances have been found to have low blood pre ss ures which do not 
rise with aging (Cassel, 1974). Those who abandon such an environment 
and migrate to more urbanized, disorganized social structures have 
higher blood pressures which rise with aging (Sever et al, 1980). 
Obviously, other environmental factors, e.g. sodium intake and obesity, 
may be involved, but in some the association between hypertension and 
the stresses of social disorganization seems strong. 

2. Hyperresponsiveness to stress in pre-hypertensive man 

a. Blood Pressure 

Years ago, quantitative responses to stress, e . g. the cold-pre ssor 
test, were used in an attempt to predict the development of hypertension 
but they were not discriminatory. Only recently have more subtle 
st resses been applied and the res ul ts are at least suggestive. As an 
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example, the stress of mental arithmetic caused a sign ificantly greater 
rise in the blood pressure of 33 normoten si ve adolescents with a 
positive family history (+FH) of hypertens ion than seen in 25 
normotensive adolescents with a negative family history (Falkner et al, 
1979). 

An even greater rise in blood pressure after mental arithmetic was 
observed after the +FH adolescents ingested 10 grams of extra sodium 
chloride for two weeks (Falkner et al, 1981). This apparent interaction 
between sodium and stress may reflect a heig htened sympathet ic nervou s 
ac tiv ation: whereas normals given sodium loads suppress their plasma 
norepinephrine levels, salt-sensitive hyperten si ves do not (Campese et 
al , 1982 ) ; increasing sodium intake potentiates the pressor response to 
exogenous norepinephrine, perhaps reflecti ng an in crease in the number 
of va scular receptors induced by a high sodium diet (Nadea u et al, 
1980). 

b. Rena 1 flood flow 

During mental stress, normotensi ves with a positive family history 
of hypertension had a greater decrease in renal blood f l ow (RBF) than 
did normotensives with a negative family hi story (Hollenberg et al, 
198l)(Figure 4). 
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Figure 4 The response of renal blood flow 
(RBF) to the mild emotional stress provoked by 
performing a nonverbal IQ test. Raven's Pro
gressive Matrices. (From Hollenberg NK, Wil
liams GH and Adams OF: Hypertension 3:11. 
1981 .) 

This study enlarges upon Hollenberg et al 's earlier findings of a 
reduced RBF in early hypertension (Holl enberg et al, 1978) . Using 
radioxenon mea surements of RBF, they found an average 20 per cent lower 
RBF in about two-thirds of 65 hypertensives, all under 35 year s of age 
and mos t known to have hyperten s ion for less than 2 years, as compared 
to the l evels in 119 normotensives of similar age. The reduced RBF was 
mediated through the sympathetic nerves since it was rapidly reversibl e 
with phentolamine . Such a decrease in RBF, in the prese nc e of a normal 
GFR, has been assumed to reflect relatively greater constriction of 
renal efferent arterioles than afferent arterioles and thereby ha s been 
held responsible for resett ing of the pressure-natriures i s rela t ion ship 
in hyperten s ion . 
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3. Pla sma cat(;cholarnincs 

Of 32 studies, 13 have shown significantly higher plasma 
norepinephrine levels in hypertensive s than in age-matched normotensives 
(Goldstein, 1981). Young hypertensives have been found to have a 
super-normal rise in plasma NE after stress (Robertson et al, 1979) and 
normotensive siblings of hypertensives also may have higher resting 
plasma NE levels (McCrory et al, 1982). Since so little of the 
norepinephrine that is released at postganglionic adrenergic nerve 
endings enters the plasma, plasma epinephrine level s may be a better 
reflection of overall sympathetic nervous activity and they tend to be 
higher in hypertensives (Buhler et al, 1980). 

4. Vascular responses to exogenous catechols 

Young hypertensives, with normal l evels of plasma norepinephrine , 
have an increased pre sso r response to exogenous norepinephrine (Figure 
5). Such enhanced vascular responsiveness was also seen with exogenous 
angiotensin, so the effect may be a non-specific heightened reactivity 
of vesse ls that are structually thicker. However, the first degree 
normotensive relatives of hypertensives were found to have an enhanced 
pressor reactivity to exogenous norepinephrine (Doyle and Fraser, 1961) 
so there may be other factors involved. 
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Figure 5 Pressor doses of norepinephrine 
or angiotensin II, and preinfusion plasma nor
epinephrine or renin levels in normal subjects 
(Nl and patients with borderline hypertension 
(BH). The values are the mean ± SE. (From 
Meier A. Weidmann P, Grimm M, Kausch G. 
Gluck Z, Minder I, Zieg ler WH: Hypertension 
3:367,1981 .) 

The arterial mu sc les of spontaneously hypertens ive rats di sp lay 
increased sensitivity to norepinephrine which may reflect altered 
membrane potential electrogenesis, in turn triggered by a trophic factor 
of the sympathetic nervous system (Hermsmeyer et al, 1982) 
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Rats may develop hypertension in response to stress as a protection 
against more immediately bothersome consequences of the stress. When 
the blood pressure of rats was raised, they decrea sed their avoidance 
response to noxious stimuli by a baroreceptor-mediated reduction in 
cerebral arousal (Dworkin et al, 1979). 

Folkow has reviewed the large amount of experimental data, mainly 
on rats who spontaneously develop hypertension, that show, even before 
the pressure has become elevated, an enhanced central autonomic 
discharge after psychological stimuli (Folkow, 1982). He has proposed 
this seq uence: stress + genetically determined autonomic nervous 
overactivity + intermittent rise in blood pres sure + structural changes 
in re s i stance vessels + permanent hypertension . Abboud (1982 ) has 
summar i zed the evidence for a rol e of the sympathetic nervous system in 
hypertension in both animals and man. 

C. Genetic Predisposition (Table 6) 

l. Famili al correlations 

Until large surveys showed that there was no distinct boundary 
between normotensive and hypertensive people, hypertension was believed 
to be inherited in a simple Mendelian manner . Blood pres sure is now 
known to aggregate in families in a manner consistent with a polygenic 
mode of inheritance, which accounts for about half of the population 
variance (Havlick and Feinleib, 1982). Similarities between relatives 
resemble such continuous traits as height rather than such discrete 
traits as blood groups. 

Taole 6 
Familial Correlations for Blood Pressure 

Relationship 

Adult siblings 
Parents and offspring 
Identical twins 
Fraternal twins 
Spouses 
Adopted children 

2. Inherited differences 

Correlations for Blood 
Pressure 

0.20 
0.15 
0 .55 
0.25 
Insignificant 
None 

As noted previously, normotensive relatives of hypertensive people 
often have greater vascular reactions to stress and exogenous catechols 
which may be heightened by high sodium intake. The most likely spec ific 
defect involve s sod ium transport, either in the kidney alone or in other 
ce lls as well. 
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a. Renal sodium excretion 

In numerous strains of rats that develop hypertension when given a 
high sodium diet, the fault appears to be in their kidneys. 
Transplantation experiments show that the blood pressure follows the 
kidney: when a kidney from a normotensive (R) donor is transplanted to 
a hypertensive (S) host, the blood press ure of the host falls to normal 
(Figure 6). And the reverse also is true: when a hypertensive (S) 
donor's kidney is transplanted into a normotensive (R) host, the host 
becomes hypertensive. Bianchi, et al (1975) showed that the kidney from 
a rat from a young s-usceptible donor, removed prior to the onset of 
hypertension, would cause a normoten s ive rat to develop hypertension. 
Sodium retention accompanied the rise in the pressure. 
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Figure 6 The effect of transplanting a 
"normotensive" kidney from the Donor R (re
sistant) rats to hypertensive Host S (sensitive) 
rats. The resultant blood pressure levels at a 
median time of 1 7 weeks after surgery are on 
the right. The mean blood pressure ± SE is 
indicated for each group . (Reproduced from 
Dahl LK, Heine M. Circ Res 36:692, 1975.) 

Human studies such as this might be feasible if human donor 
recipients could be followed long enough. (A recent paper reports that 
human kidney recipients seldom develop much hypertension despite high 
dietary sodium intake (Kalbfleish et al, 1982), but the donors were 
almost certainly normotensive, thereby providing further evidence that 
both a high sodium intake and a genetic defect are needed.) Lacking 
such evidence, we must depend on much l ess direct evidence of renal 
retention of sodium. This revolves around the theoretical construct of 
Guyton and others that, in simple terms, states: for the blood pressure 
to become and remain elevated, the kidneys must re-set their normal 
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tendency to excrete sodium and water whenever the pressure begins to 
rise. There is no evidence for an inherited mechanism for the reset 
11 pressure-natriuresis 11 relation. As noted earlier, many believe this 
re-setting could reflect a sympathetically mediated renal efferent 
arteriolar vasoconstriction, which would decrease renal blood blow (RBF) 
more than glomerular filtration (GFR), thereby increasing the fraction 
of blood that is filtered, leading to an increase in peritubular oncotic 
pressure and an increase in sodium reabsorption. 

Once hypertension develops the excretion of sodium loads is not 
inhibited but rather is faster than normal, i.e . exaggerated 
natriuresis. Some of the normotensive children of hypertensive parents 
have an exaggerated rate of sodium excretion (Wiggins, et al, 1978). 
But, as we shall see; this may arise secondary to the underlying defect 
in renal sodium excretion. 

b. Sodium movement across cell membranes 

Though there is no direct evidence for an inherited defect in renal 
sodium excretion, there is an increasing body of evidence that one or 
more of the mechanisms controlling sodium movement across cell membranes 
may be defective in hypertensives and in some of their normotensive 
children. 

The extracellular concentration of sodium is 140 mmol/L, whereas 
the intracellular concentration is 7 to 10 mmol/L. There is normally a 
steady leak of sodium into the cell and of potassium out. This passive 
influx of sodium into cells is continually compensated for by active 
mechanisms which extrude sodium against the concentration gradient . At 
least 6 separate mechanisms for sodium transport have been identified in 
human red blood cells, the most easily studied cell membrane (Toteson, 
1981 ). Four of these are shown schematically in Figure 7. The most 
active and physiologically important mechanism is the energy-requiring 
sodium-potassium pump that extrudes 3 intracellular sodium ions in 
exchange for 2 extracellular potassium ions. This Na-K pump obtains its 
energy from the hydrolysis of ATP by the activity of Na,K- ATPase and is 
selectively inhibited by ouabain. 

Counter- No 
Transport Ll 

Co· transport 
No K 

K 
Ouabain· Sens1t1ve 

Na-K-ATPoae pump 

No 
K Passwe 

Movement 
Co 

Figure 7 A schematic representation of 
four sodium transport mechanisms that have 
been demonstrated in red blood cells. 
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Studies on all of these transport mechanisms have been performed. 
Garay and Meyer measured the co-tranport (flux) of labelled sodium and 
potassium across red cells that have been treated to raise their 
sodium and lower their potassium content. The net Na/K flux ratio was 
lower in red cells of patients with primary (essential) hypertension 
than in normotensive subjects (Figure 8). The ratio was not lower in 
patients with secondary forms of hypertension, so the decrease does not 
simply follow the rise in blood pressure. Of great interest, half of 
the normotensive children of hypertensive parents had a low ratio. 
Subsequently, this lab has reported a pattern of abnormal Na/K flux in 
normotensive children that fits beautifully with a single autosomal 
dominant type of inheritance (Table 7). They have also found the same 
defect in red cells of 3 varieties of genetically hypertensive rats, 
including young animals before their blood pressure becomes elevated 
(DeMendonca et al, 1980). 
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Figure 8 Histograms of erythrocyte so
dium-potassium net flux ratios in normotensive 
controls with normotensive parents, young nor
motensive subjects with hypertensi•;e parents, 
subjects with essential hypertension, and sub
jects with secondary hypertension and normo
tensive parents. The distribution of the patients 
with essential hypertension is distinctly different 
from that of the normotensive controls and the 
patients with secondary hypertension. The 
young normotensive subjects with hypertensive 
parents seem to be equally distributed among 
the two populations (From Garay RP, Elghozi J
L, Oagher G, Meyer P: N Eng/ J Med 302:769, 
1980.) 
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Table 7 
Abnormal Erythrocyte Na+ ;K+ Flux Test in 
Normotensive Children of Normotensive or 
Hypertensive Parents a 

Number of children 
Number with + test 
Per cent + test 
Per cent expected 

with autosomal 
dominant gene 

Parents· Blood Pressure 

Both One Hy- Both 
Normo- perten· Hyper-
tensive sive tensivo 

86 97 
3 52 
3.5% 53.6% 
0 50.0% 

19 
14 
73.6% 
75.0% 

aoata from Meyer et al, 1981 

II. The Presence of Increased Intracellular Sodium 

The abnormal flux ratio shown in Figure 8 reflects a decreased 
eff lux of sodium out of the red cells. Long before this f inding , ce ll s 
from hypertensives had been shown to contain more sodium than normal 
ce ll s. The first such report came from work done in the old 
So uthwestern shacks by Louis Tobian and John Binion (1952), who found an 
increased sodium concentration in the renal arteries obtained from 
hype rtensive patients at nec ropsy. 

In 1960, Los se et al fir st reported that RBC 1 s from hypertensives 
had an increased sodium co ncentration. Since then, white blood ce lls 
have also been shown to have an increased sodium conte nt (Edmundson et 
al , 1975). 

Table : 8 
Transport Defects in Red and White Blood Cells Reported in Patients with Hypertension 

Measurement 

Red Blood Cells 
Intracellular Na content 
Passive Na influx 
Na efflux (ouabain-resistant) 
Na-K cotransport 
Na-Li countertransport 
K-Na countertransport 
Na-K pump (ouabain-sensitive) 

(Rb uptake) 
White Blood Cells 

Intracellular Na content 
Na-K pump (ouabain-sensitive) 
Membrane permeability 

Increased 
Increased 
Increased 

Defect 

Decreased efflux of Na" 
Increased rate• 
Increased K efflux 
Increased Ab influxa 

Increased 
Decreased Na+ effiiJX 
Increased 

Reference 

Losse et al. . 1 960 
Wessels et al.. 1 967 
Postnov et al., 1 977 
Garay and Meyer, 1979 
Canessa et al., 1 980 
Adragna et al. , 1981 a 
Woods et al., 1981 

Edmundson et al., 1975 
Edmundson et al., 1975 
Forrester and Alleyne, 1981 

• Defect also found in normotensive relatives of patients with primary hypertension . 
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Numerous studies have examined sodium and potassium transport in 
both red and white cells of patients with primary hypertens ion. At 
present, defects have been shown in all 4 mechanisms shown in Figure 7 
(Table 8). Of even greater interest, various defects have been 
demonstrated in red cells from at least some normotensive children of 

. hypertensive parents, including: 

--decreased Na-K cotransport (Meyer et al, 1981) 
--an increased rate of Na-Li countertransport (Canessa et al, 

1980 ; Clegg et al, 1982; Woods et al, 1982) 
--an increased uptake of rubidium-86, which is handled 

similarly to potassium but is eas ier to measure (Woods 
e t a 1 , 1981 ) 

--a n increased sodium-22 influx (Henningsen and Nelson, 
1981 ) 

--a decreased total sodium efflux rate constant in leucocytes, 
owing to reduced ouabain -sensitive sodium pump activity 
Heagerty et al, 1982) 

The literature as to which of these or other pathways is involved in 
primary hypertension continues to expand. As of now, there are 
conflicting data from different labs and no one defect has been 
uniformly found in all with primary hypertension. Some have not found 
clear differences in one or another of these in vitro measurements of 
sodium transport (Swarts et al, 1981; Ibsen et al, 1982), whereas a 
reduced Na,K- ATPase activity has also been found in obese Pima Indians 
(Klimes et al, 1982). Moreover , patients with primary hypertension may 
turn out to have different defects and the temptation to lump them under 
one mechanism may be inappropriate. Those hyperten sives with a positive 
family history of hypertension and those without such a family history 
may be different: an increased sodium-dependent lithium efflux on 
average in hypertensives with a +FH but a normal lithium efflux in those 
with a negative FH has been reported from three labs (Cusi et al, 1981; 
Canali et al, 1981; Clegg et al, 1982). At this time, the presence on 
the average of increased intracellular sodium content of RBC's and WBC's 
from hypertensives seems well substantiated. And there are strong data 
that the passive influx of sodium is increased (Birks and Langlois, 
1982) and that the active pumping of sodium out of cells through the 
ouabain-sensitive Na,K- ATPase pump mechanism is decreased (Edmundson , 
1975). 

Suc h defects in red and white cells are presumably only markers Qr, 
more hopefully, reflections of similar defects in vascular smooth muscle 
cells. The old data of Tobian and Binion showed more sodium in vascular 
tissue. Whether it gets there by defects in one or another of these 
transport systems remains unknown. 

III. The Presumed Role of Natriuretic Hormone 

The story now need s to go back to pick up links in another causal 
chain for which there is considerable ex perimental evidence. This 
involves the same Na,K- ATPas e act ive pump mechanism but invokes an 
acquired inhibition of its activity by a humoral factor. 
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The fir st sugg es tion that t he blood of hypertens ives contains a 
humoral sub stance whi ch can rai se t ht' blood prcssun~ in normoten s iv cs 
seems to have bee n 111ade by Dahl and co-worker s (Uahl d al, 1967). When 
they connected a salt-sensitive (S) rat by parabiosi s to a 
nephrectomized salt-resistant (R) rat, the blood pressure of the R rat 
slowly rose (Dahl et al, 1967). This rise was interpreted to reflect 
the presence of a 11 hypertensinogenic 11 circulating substance made in the 
salt-sensitive rat in an attempt to increase its sodium excretion. i.e. 
a natriuretic factor (Dahl et al, 1969). In 1972, Mizukoshi and 
Michelakis reported that the injection of 15 microliters of plasma from 
hypertensive patients increased the vascular reactivity of rats to 
norepinephrine and angiotensin, whereas plasma from normotensives did 
not. 

The first direct evidence that plasma from hypertensives contains a 
natriuretic hormone came from Haddy and Overbeck 1 s observations 
published in 1976 on variou s animal models of hypertension which 
involved sodium expansion. They found reduced activity of Na,K- ATPase 
and sodium pump activities in both cardiac and va scular smooth muscle of 
animals made hypertensive by volume ex pan sion, which they interpreted to 
reflect the ac tion of a circulating ouabain - like agent. When cardiac 
glycosides are given to normals, cardiac contractility increases and the 
blood pressure rises (particularly if a diuresis cannot occur) and 
peripheral vessels constrict (DeMots et al, 1978) . The Na,K- ATPase 
enzyme is inhibited by ouabain, so the finding of reduced Na,K- ATPase 
activity was logically assumed to reflect an ouabain-like substance that 
appeared after volume expansion and which could be responsible for the 
hypertension.* 

The search for a natriuretic hormone goes back at least to 1961 
when de Wardener et al were trying to explain the sodium diuresis after 
saline loading in dogs. Welt et al in 1964 found evidence for such a 
factor in patients with renal failure and numerous attempts have been 
made to isolate and identify such a 11 third factor . 11 Recently 
investigators at the Bowman-Gray School of Medicine have found a 
material in plasma of volume -expanded dogs (Plunkett et al, 1982) and 
hypertensive monkeys (Gruber et al, 1981) which binds specifically to 
ant ibodies against digoxin and inhibits Na,K- ATPas e acti vity. They 
have called the yet to be isolated substance 11 endoxin. 11 

1. The source for natriuretic hormone 

Assuming that such a hormone ex ists, its source appears to be from 
the brain. In rats, selective lesions in the periventricular tissue of 
the anterior and ventral portion of the third ventricle (AV3V) will 

*A decreased concentration of potassium will also inhibit the Na,K
ATPase pump, providing another biochemical mechanism for the 
hypertensive potential of hypokalemia or reduced ECF potassium content. 
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prevent the development of volume-expansion hypertension and the 
inhibition of Na,K- ATPase that accompani es the hypertension (Songu -M ize 
et al, 1982). 

A few people with hypothalamic lesion s have been reported to have 
11 es sentia l hypernatremi a 11 which could be caused by an inability to 
excrete sodium from a lack of natriuretic hormone (Ro ss and Christie, 
1969). 

There is also evidence for a natriuretic hormone which comes from 
cardiac atrial tissue which could be involved in the natriuretic 
respon se to an increase in central blood volume, as after water 
immersion (Epstein, 1978). Thi s hormone has a direct natriuretic effect 
upon the kidney into which it is injected (Keeler, 1982). 

2. The actions of natriuretic hormone(s) 

The physiologic effects of a natriuretic hormone are thought to 
reflects its inhibition of the Na,K- ATPase enzyme which is responsible 
for the active extrusion of sodium from cells. In the renal tubule, 
this would reduce the reabsorption of sodium, giving rise to a 
natriuresis. Thereby both the initial volume expansio n would be 
reversed and there would be an exaggerated natriuresis after a sodium 
1 oad. 

In the vascular smooth muscle, the inhibi t ion of Na,K- ATPase 
would, as we have seen, increase intracellular sodium concentration. 
There is now fairly good evidence that the plasma of hypertensive 
patients contains an inhibitor of Na,K- ATPase that will increase the 
sodium concentration of normal red and white blood cells to the same 
level as found in hypert~nsive cells (de Ward ene r and MacGregor, 1982 ) . 
Perhaps the most convincing evicence for such a circulating inhibitor of 
Na,K- ATPase in patients with primary hyperten sion comes from 
Blaustein 1 S lab (Hamlyn et al, l982)(Figures 9 and 10). 
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Fig. 10: Relationship between mean arterial blood 
pressure and the % inhibition of Na,K- ATPase by 
plasma samples from normotensives (open circle) and 
hypertensi ves (clo sed circles) . The filled circles 
and crossed-c ircles correspond to 6 hour integrated 
samples; open circles, single samples from normo
tensives (From: Hamlyn et al, 1982) . 

Additional evidence includes these observations: 

l . Wh en white blood cells from normotensive subjects were 
incubated in serum obtained from patients with primary hypertension , the 
cells developed the same impairment in sodium eff lux rate that is found 
in the white cells of hypertensive pat i ent s (Poston et al , l98lb). 
The se res ults show that at the least this defect in sodi um transport 
ne ed not be inherited since it can be induced by ex posure to se rum from 
hypertensive patients . 

2. The greatest impairment of the sodium efflux rate from white 
blood cells was seen in those hypertensives with the lowest plasma renin 
levels (Edmundson and MacGregor, 1981). Such patients are likely the 
most volume expanded and would be expected to have the highest level of 
natriuretic hormone. 

3. When the white cells of normotensives were incubated with 
fractions of urine obtained after volume expansion by saline infusion, 
which would be expected to increase the level s of natriuret ic hormone, 
the mean Na-efflux rate was significantly depressed (Poston et al, 
1982). 

4. When hypertensives were treated with diuretics and presumably 
had their need for natriuretic hormon e diminished by the shrinkage of 
fluid volume, the Na -K transport defects in their white cells were 
corrected (Poston et al, l98la) . 



-22-

To recapitulate, according to the hypothesi s proposed by de 
Wardener and MacGregor (1980), "Essential hypertension in man is due to 
an inherited variability in the ability of the kidney to eliminate 
sodium . This variability becomes increasingly obvious the greater the 
sodium intake. The difficulty in eliminating sodium increases the 
concentration of a circulating sodium- transport inhibitor. Thi s 
substance affects sodium transport across cell membranes. In the 
kidney, it adju sts urinary sodium excretion so that sodium balance is 
near that of normal subjects on the same intake of sodium, thus making 
it difficult to demonstrate an increa se in extracellular fluid volume . 
In the arteriole , it causes a rise in intracellular sodium 
concentration , which in turn raises the intracellular calcium 
concentration and thus increases vascul ar reactivity." 

IV. An Integrated Scheme for the Pathogenesis of Primary Hypertension 

The last part of de Wardener and MacGregor 1 s summation brings us to 
the last part of the "sodium- transport" hypothesis. So far, we have 
seen how either an inherited defect in sodium transport or an acquired 
defect (via renal sodium retention + expanded vascular volume + 

natriureti c hormone + inhibition of Na , K-ATPa se) could re sult in an 
increased intracellular sodium and, further, that such an increased 
intracellular sodium has been found in cells from many patients with 
primary hypertension. 

A. The increase in intracellular calcium 
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The most likely mechanism for the translation of an increased 
intracellular sodium into a hyperten sinogenic fo rce wa s first 
hypothesized by Mordecai Blaustein (1977). The concept propose s that 
the increased intracellular sodium would directly increase intracellular 
calcium, through a number of pathways (Figure ll): 

l. An inhibition of Na-K exchange pumps, shown as l in Figure ll, 
would depolarize the muscle fiber and thereby increase Ca entry through 
voltage-sensitive Ca channels, shown at the bottom left of Figure ll. 

2. An increase in intracellular sodium will result in a smaller Na 
electrochemical gradient between the sarcoplasm and external medium, 
thereby decreasing the extrusion of Ca from the cell via the Na-Ca 
exchange which derives its energy from this gradient, shown as 2 in 
Figure 11. 

3. An increase in intracellular sodium in the presynaptic 
terminals of sympathetic neurons promotes Ca -dependent norepinephrine 
release . The norepinephrine releases Ca from intracellular stores, 
shown as 3 in Figure ll . 

In whatever manner the higher intracellular sodium acts to increase 
the concentration of intracellular calcium, a very small rise in 
intracellular sodium can, by theoretical calculations, be shown to cause 
enough of a rise in intracellular calcium to increase the resting tone 
of vascular smooth muscle by about 50% (Blaustein, 1977). 

Other mechanisms may be responsible for higher intracellular 
calcium in hypertension: l) the inner side of RBC membranes from 
hypertensive patients was found to have a reduced capacity to bind Ca, 
thereby increasing free Ca within the cell (Orlov and Postnov, 1982); 2) 
passive Ca influx was increased; and 3) ATP-dependent calcium extrusion 
was reduced in red cells from SHR rats (Devynck et al, 1981). 

In summary, vascular smooth muscle intracellular calcium is likely 
elevated in primary hypertension. Since intracellular calcium directly 
controls vascular contraction and relaxation, the connection to 
hypertension is obvious. Increased vascular tone and reactivity are 
likely responsible for much of the increased total peripheral vascular 
resistance (TPR) that is the primary mechanism of sustained 
hypertension. 

B. An integrated scheme (Figure 12) 
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Fig 12: An integrated scheme for the pathogenesis of primary (essential) 
hypertension. 

Figure 12 attempts to put all of the preceding (and a bit more that 
hasn't been directly covered) into an integrated scheme. As shown, the 
rise in intracellular sodium could ari se from an inhibition of 
Na -K-ATPase, in turn mediated by defici ent dietary potassium or one or 
another natriuretic hormones, with or without the intercession of 
stress-induced activation of the sympathetic nervous system. And, as 
another path to the higher cellular sodium, an inherited defect in 
sodium influx could act directly , to the exclusion of all of the above. 

Which of these (or other) mechanisms turns out to be responsible 
remains to be seen. Presumably none would be effective without the 
concomitant presence of "excess" dietary sodium, a necessary but not in 
itself significant part of the pathogenetic scheme. 

For completeness, I will refer to some recent papers by David 
McCarron and co-workers who find reduced level s of plasma ioniied 
calcium and decreased dietary intake of calcium in hyperten sive animals 
and people along with increased urinary calcium excretion (McCarron, 
1982; McCarron et al, 1982). The increased ca l cium excretion could 
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reflect an increased dietary sodium intake (Bre s lau et al, 1982) but the 
remainder of McCarron's data cannot very easily be put into the sc heme 
here proposed. However, with the assumption that a reduced calcium 
intake may somehow be involved, caution is advised in curtailing dietary 
sources of calcium such as milk and cheese in an attempt to reduce 
dietary sodium intake. 

V. The Sites of Action of Antihypertensive Agents 

It's easy to show that the various antihypertensive agents work on 
one or another portion of the integrated scheme. Of particular interest 
is the pivotal role of intracellular calcium, suggesting a major 
potential for calcium-entry blockers in the treatment of hyperten s ion. 
They lower the blood pressure, s ignificantly more in hypertensives than 
in normotensives by causing greater vasodilation , wherea s the 
vasodilator response to nitropru sside was r educed in hypertensives 
(Robinson et al, 1982). Such a selective response further sugges ts a 
role for increased intracellular calcium in the etiology of 
hypertension. 

VI. The Potential for Prevention 

Far better than life- long drug treatment, even if it were 
specifically aimed at a fundamental defect, would be prevention . The 
various non-drug modalities which may lower an elevated blood 
pressure --weight loss, sodium restriction, relief of stress by one one 
or another relaxation techniques- -may prevent the pressure from rising 
in the first place. No adequate trials of prevention have been done and 
none may be feasible, but all of these modaliti es are safe and practical 
and therefore their use should be encouraged, particularly in those with 
a positive family history of hypertension. 

Though prevention and correction of obesity and stress may be 
worthwhile, they would be more difficult to accomplish than a general 
reduction in dietary sodium intake. In view of the evidence portrayed 
in this presentation the need to proceed with sodium restriction, even 
in the absence of definitive proof that it will prevent hypertension , 
seems to me to be appropriate and rather urgent, particularly in view of 
the ever more widespread use of life- long drug therapy . Here the words 
of Geoffrey Rose (1981) seem appropriate: 

11 As doctors we are trained to feel responsible for patients-- that 
is, to care for the sick; and from that position accepting 
responsibility for those with major risk factors is no t too difficult a 
transition . They are almost patients. A general practitioner, say, 
makes a routine measurement of a man's blood pressure and finds it 
raised. Thereafter both the man and the doctor will say that he 
11 SUffers 11 from high blood pressure. He walked in a healthy man but he 
walk s out a patient, and his new-found status is confirmed by the giving 
and receiving of tablets. An inappropriate label has been accepted 
becau se both public and profe ss ion feel that if the man were not a 
patient the doctor would have no business treating him . In rea lity the 
care of the symptomless hypertensive person is preventive medicine, not 
therapeutics ... 
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11 If a preventive measure expo ses many people to a small risk, then 
the harm it does may readily--as in the case of clofibrate--outweigh the 
benefits since these are received by relatively few .... We may thus be 
unable to identify that small level of harm to individuals from 
long-term intervention that would be sufficient to make that line of 
prevention unprofitable or even harmful. Consequently we cannot accept 
long-term mass preventive medicine 11 (Rose, 1981). 

The widespread adoption of a diet moderately restricted in sodium, 
to a level around 2000 mg (88 mmol) per day should be practical. The 
increasing availability of processed foods lower in sodium content and 
the increasing labelling of foods so that the consumer can know what 
is in the container will certainly help. It may not achieve the goal of 
preventing hypertension, but it can do no harm. As Rose indicates: 
11 All the life-saving benefits achieved by current antihypertensive 
treatment might be equalled by a downward shift of the whole blood 
pressure distribution in the population by a mere 2-3 mm ~lg. The 
benefits from a mass approach in which everybody receives a small 
benefit may be unexpectedly large 11 (Rose, 1981 ). Therefore, the 
moderation of sodium intake should be encouraged, certainly for therapy 
and, I believe, for prevention as well . 

The author wishes to acknowledge the help of Elizabeth L. 
Narkiewicz, Alfred E. Carnegie, M.D. and Donna Odle. 
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