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Americans to develop end-stage renal disease. TheIntroduction
mechanisms responsible for these pathophysiological
changes remain unexplained.Hypertension is more prevalent among blacks and it

carries a worse cardiovascular and renal prognosis
than in whites. Data from the United States Renal
Data System (USRDS) show that over the past decade, Hypothesis
the incidence of ESRD has steadily increased, more in
blacks than in whites. In 1982, 102 new cases per The hypothesis we propose is that in their original
million blacks were reported to develop ESRD from environment black individuals may have modified their
hypertension, compared with less than 20 new cases genome to adapt to an environment low in NaCl and
per million whites. By 1987, the number of blacks with in calories. Thus, they overexpress Na+-retaining
ESRD from hypertension had increased to 143 new mechanisms (such as increased renal sympathetic activ-
cases per million compared with 22 new cases per ity, hyperinsulinaemia, faster renal Na+ transport),
million whites, and by 1991 the rates were 217 and 36 and underexpress Na+-excretory mechanisms (such as
per million, respectively [1]. This phenomenon is par- dopamine, kallikrein, prostaglandins, and atrial natriu-
ticularly striking when one considers that definite pro- retic factor). The ‘rapid’ change to an environment
gress has been made in the treatment of established rich in NaCl and calories may have resulted in Na+
hypertension and in the prevention of other cardiovas- retention, obesity and hypertension (Figure 1).
cular complications in this and other ethnic groups. Blacks evolved in an environment low in Na+ and

The mechanisms responsible for the greater preval- in caloric intake. In this environment, genetic mechan-
ence of hypertension and renal disease in blacks are isms may have evolved aimed at preserving sodium
largely unknown. The extent of our knowledge is that and calories. Since blood pressure is regulated by a
Na+ homeostasis and the haemodynamic adaptation multitude of mechanisms (and therefore genes), muta-
of the renal circulation to high NaCl intake are differ- tions (or lack of ) of several of these genes may have
ent in hypertensive blacks and whites. Blacks have occurred for the purpose of preserving the species in
greater prevalence of ‘salt-sensitivity’ and excrete a an unfavourable environment. This may have led to
NaCl load more slowly and less completely than Whites gene selection favouring Na+-retaining over Na+-
[2,3]. In salt-sensitive hypertensive patients, the slope excretory mechanisms. With the slave trade and colon-
of the renal function (pressure-natriuresis) curve is ization of Africa, blacks were ‘suddenly’ exposed to
lower than in salt-resistant patients [4], suggesting a an environment rich in Na+. This may have led to
disturbance in renal tubular Na+ reabsorption. maladaptive changes characterized by Na+ retention
Hypertensive blacks have more severe nephrosclerosis, and hypertension. Caloric deprivation may also have
involving primarily the arcuate renal arteries [5], and played a role. Populations subjected to periodic caloric
greater reduction of renal blood flow (RBF) than deprivation, such as the Pima Indians, Micronesians,
whites [6]. During high NaCl intake, RBF increases Polynesians, and Asian Indians have developed mech-
and filtration fraction decreases in salt-resistant anisms aimed at avidly storing energy to survive
patients, whereas RBF decreases and filtration fraction periods of famine. Hyperinsulinaemia may represent
and intraglomerular pressure increases in salt-sensitive the deleterious expression of a trait which in the past
patients [7]. The sodium-dependent rise in intra- had selective advantage, as first proposed by Neel in
glomerular pressure may be in part responsible for the ‘thrifty genotype hypothesis’ [8 ]. Exposure to an
the increased propensity of hypertensive African environment rich in calories, may lead to obesity,

dyslipidaemia, and eventually to diabetes mellitus.
Because of the frequent coexistence of these two envir-Correspondence and offprint requests to: Vito M. Campese MD,
onmental factors (high sodium and high calories) theDivision of Nephrology, LAC/USC Medical Center, 2025 Zonal

Ave., Los Angeles, CA 90033, USA. corresponding traits also may have developed in paral-
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Fig. 1.

lel. This may explain the frequent association of pheno- difference in obesity does not fully explain the excess
insulin resistance and hyperinsulinaemia [10].types such as salt sensitivity and hyperinsulinaemia.

These traits are less frequent in the Western civilization Hyperinsulinaemia could provide the stimulus for
hypertensive mechanisms such as sodium retention,because of the more gradual and prolonged adaptation

to the same environment. stimulation of the sympathetic nervous system, and
alteration of cation transport.

Na+-retaining mechanisms The renin–angiotensin system

The renin–angiotensin system plays an important roleIncreased activity of the sympathetic nervous system
in the regulation of the sodium/volume status and

Increased activity of the sympathetic nervous system blood pressure. Thus, alterations of this system can
inhibits Na+ excretion and may cause Na+ retention. lead to hypertension. The role of the renin–angiotensin
We were the first to show that salt-sensitive patients system in blacks remains uncertain because they usually
with essential hypertension display an abnormal rela- have low renin. This, however, does not rule out the
tionship between urinary sodium excretion and plasma possibility that local renal production of renin might
noradrenaline levels. A high NaCl diet was accompan- shift the relationship between pressure and natriuresis
ied by a decrease in plasma concentrations of nor- and cause hypertension.
adrenaline in normal subjects and in salt-resistant
patients, but by a rise, no change, or a decrease in Alterations of ion transport
salt-sensitive patients [9]. This has been confirmed

The greater prevalence of hypertension and salt-by others.
sensitivity in African Americans could be due to
intrinsic alterations of ion transport. Several mechan-Hyperinsulinaemia and/or insulin resistance isms that regulate cellular ion transport have been
evaluated in hypertensive patients with conflictingAfrican-Americans are more hyperinsulinaemic and

insulin resistant than whites. This is in part due to results. A classic hypothesis suggests that hypertension
in salt-sensitive patients may be due to a faster renalgreater prevalence of obesity among them, but the
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Na+ reabsorption and reduced ability of the kidney to membrane of blood vessels and renal tubules may play
a role in the pathophysiology of hypertension. Severalexcrete a Na+ load. The subsequent volume expansion

stimulates the secretion of a ouabain-like substance cell types from hypertensive patients and rats exhibit
increased Na+/H+ exchanger activity [20]. An increase[11]. This substance would inhibit Na+, K+-ATPase

in the kidney and maintain Na+ balance, albeit at in the activity of the Na+/H+ exchanger could be due
to systemic hormonal or metabolic factors (such ashigher levels. The inhibition of Na+, K+-ATPase activ-

ity in vascular smooth-muscle cells and in the central increased insulin, or high NaCl intake), to intracellular
factors (such as Ca2+-calmodulin, protein kinase C )nervous system would result in hypertension. This

notion is supported by evidence that prolonged admin- [21], or to overexpression, mutation, or postransl-
ational modification. Immortalized lymphocytes fromistration of ouabain induces hypertension in normal

rats [12]. Many investigators have measured circulating hypertensive patients express enhanced Na+/H+
exchanger activity under different experimental condi-levels of this ouabain-like compound with conflicting

and inconclusive results. Dichtchekenian et al. [13] tions [22]. However, this does not appear to be due to
overexpression of the protein nor to a mutation in theobserved higher serum levels of digoxin-like factor in

salt-sensitive than in salt-resistant hypertensive patients Na+/H+ exchanger gene sequence [23]. Thus, one has
to conclude that the enhanced Na+/H+ exchangerand a significant correlation between plasma digoxin-

like factor and blood pressure. However, high NaCl activity in primary hypertension can best be explained
by alteration of the intracellular regulation. We havediet failed to increase serum levels of the digoxin-like

factor in both groups. Lasker et al. [14] showed lower previously shown that a high dietary Na+ intake
increases Ca2+ in lymphocytes of salt-sensitive but notNa+, K+-ATPase activity and density and higher

intracellular Na+ in erythrocytes of blacks compared of salt-resistant patients with hypertension [24].
Resnick et al. [25] have shown that high NaCl intakewith whites.

There is no conclusive evidence that genetic muta- increases [Ca2+]i and decreases pHi in salt-sensitive
subjects. The increase in Ca2+ could alter the activitytions of the Na+-pump subunits are implicated in the

pathogenesis of hypertension. Shull et al. [15] in their of the Na+/H+ exchanger.
study of three families consisting of 18 white members,
11 of whom were hypertensive, observed a discordant

Na+-excretory mechanismssegregation of Na+, K+-ATPase alleles with hyperten-
sion. In a study of 293 members of 74 randomly
selected families, Perusse et al. [16 ] showed linkage Hypertension and salt sensitivity in African-Americans

may be in part secondary to genetic or acquiredbetween the b locus of Na+, K+-ATPase and changes
of blood pressure with age. alterations of mechanisms to facilitate Na+ excretion.

These may include the followingAn alternative possibility is that a mutation of the
adducin a and b subunits affects the actin-based cyto- Prostaglandins. Several major classes of eicosanoids

are synthesized and released from vascular tissue andskeleton and the activity of the Na+ pump. Adducin
is an a/b and c heterodimer involved in cellular signal the kidney. These include the cyclo-oxygenase products

(PGE2, prostacyclin (PGI2) and thromboxane), prod-transduction, probably through a modulation of actin
cytoskeleton. Point mutations in rat adducin a ucts of the 12 and 15-lipoxygenase pathways, including

12 and 15 hydroxyeicosatetraenoic acid (12- and(F316Y ) and b (Q529R) subunits are responsible for
up to 50% blood pressure difference between MHS 15-HETE) and eicosanoids derived from the

cytochrome P-450 epoxygenase pathway. Vasodilatorand MNS [17]. The adducin isoforms differentially
modulate the actin assembly in rat kidney epithelial PGs such as PGE2 and PGI2 play an important role

as protective modulators of renal blood flow andcells and Na+ pump activity at Vmax (this would be
faster with the mutated isoforms) [18]. In a case- sodium excretion during states of hypovolaemia or

enhanced pressor activity [26 ]. Thus, reduced renalcontrol study of patients with essential hypertension,
an association was found between the alleles of four production of PGE2 may result in Na+ retention and

volume expansion and be an important mediator ofpolymorphic markers located at different distances
from the a-adducin locus (from 20 to 2000 Kb) and salt-sensitive hypertension. We have observed lower

urinary PGE2 in salt-sensitive than in salt-resistanthypertension [19]. The same group has shown a sig-
nificant linkage for three DNA markers mapping black patients (personal observation).

Dopamine. Dopamine participates in the homeostaticat different distances from the a-adducin locus
(20–2500 Kb) in 137 hypertensive sib-pairs. The excess regulation of Na+ balance. Urinary dopamine excre-

tion increases during dietary Na+ loading, and admin-shared alleles as well as the significance level for linkage
decreased with increasing distance from the a-addu- istration of dopamine causes natriuresis [27,28].

Reduced dopamine secretion may cause Na+ retentioncin locus.
Taken together these studies suggest that a mutation and hypertension. In a group of largely white salt-

sensitive patients, Gill et al. [29] showed decreasedof the a-adducin gene may affect the assembly of the
actin-based cytoskeleton and the structure or function urinary dopamine/NE ratio, and an abnormal conver-

sion of DOPA to dopamine, a product of decarb-of the Na+ pump. This could alter Na+ transport, and
cause hypertension. oxylation of DOPA. We have confirmed the same

defect in salt-sensitive blacks [30].Elevated rates of Na+/H+exchanger (NHE) in cell
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Kallikrein. Urinary kallikrein excretion is lower in derangements, that may potentially increase the risk
hypertensive individuals and is lower in black than in of renal failure and of cardiovascular diseases.
white patients with essential hypertension [31]. A
blunted activity of the renal kallikrein–kinin sys-
tem could be partially responsible for Na+ retention Acknowledgements. Supported in part by NIH National Center for
and could participate to the pathophysiology of Research Resources of the General Clinical Research Centers, Grant
hypertension. MO1 RR-43, and by NIH Grants 1 RO1 HL 47881.

Atrial natriuretic factor (ANF). ANF is a vasodilator
and natriuretic hormone. A reduction of ANF secre-
tion could result in Na+ retention and in salt-sensitive
hypertension. This possibility is supported by studies
showing that a disruption of the pro-ANF gene in References
mice causes salt-sensitive hypertension [32].

1. US Renal Data System USRDS 1994 Annual Data Report. TheMeasurements of plasma ANF levels in patients with
National Institute of Health, National Institute of Diabetes andessential hypertension have provided conflicting
Digestive and Kidney Diseases, Bethesda, MD, July 1994results. Some have shown low to normal plasma ANF 2. Dustan HP, Valdes G, Bravo EL, Tarazi RC. Excessive Na+

levels [33], others have shown increased levels [34]. retention as a characteristic of salt-sensitive hypertension. Am
J Med Sci 1986; 29: 67–74Sagnella et al. [35] showed increased plasma ANF

3. Weinberger MH, Miller JZ, Luft FC, Grim CE, Fineberg NS.levels during high Na+ intake in patients with essential
Definitions and characteristics of Na+ sensitivity and bloodhypertension and Kohno et al. [36] showed that Na+
pressure resistance. Hypertension 1986; 8: II 127–II 134

loading increased plasma ANF more in salt-sensitive 4. Campese VM. Effects of calcium antagonists on deranged modu-
than in salt-resistant patients. On the contrary, Nimura lation of the renal function curve in salt-sensitive patients with

essential hypertension. Am J Cardiol 1988; 62: 85G–91G[37] observed a blunted increase in plasma ANF in
5. Levy SB, Talner LB, Coel MN, Holle R, Stone RA. Renalresponse to high dietary NaCl intake in salt-sensitive

vasculature in essential hypertension: racial differences. Anncompared with salt-resistant patients. We also observed Intern Med 1978; 88: 12–16
a paradoxical decrease in plasma ANF in response to 6. Messerli FH, DeCarvalho J, Christie B, Frohlich ED. Essential
high dietary NaCl in salt-sensitive black individuals, hypertension in black and white subjects. Hemodynamic findings

and fluid volume state. Am J Med 1979; 67: 27–31whereas no changes occurred in salt-resistant black
7. Campese VM, Parise M, Karubian F, Bigazzi R. Abnormalindividuals [38]. Ferrari et al. [39] also observed lower

renal hemodynamics in black salt-sensitive patients with hyper-plasma ANF during high Na+ intake in the offspring tension. Hypertension 1991; 18: 805–812
of hypertensive parents compared with the offspring 8. Neel JV. Diabetes melitus: a ‘thrifthy’ genotype rendered detri-
of normotensive parents, suggesting that a relative mental by ‘progress’? Am J Hum Genet 1962; 14: 353–362

9. Campese VM, Romoff MS, Levitan D, Saglikes Y, FriedlerANF deficiency may predispose to the development of
RM, Massry SG. Abnormal relationship between Na+ intakehypertension.
and sympathetic nervous system activity in salt-sensitive patients
with essential hypertension. Kidney Int 1982; 21: 371–378

10. Haffner SM, D’Agostino R, Saad MF et al. Increased insulin
resistance and insulin secretion in non-diabetic African-

Salt-sensitivity as a cardiovascular risk factor? Americans and hispanics compared with non-hispanic whites.
The insulin resistance arterosclerosis study. Diabetes 1996; 45:
742–748Schmieder et al. [40] observed a positive correlation 11. Blaustein M, Hamlyn JM. Sodium transport inhibition, cell

between NaCl ingestion and left ventricular mass calcium, and hypertension. The natriuretic hormone/Na+-
Ca2+ exchange/hypertension hypothesis. Am J Med 1984; 77:(LVM) in patients with essential hypertension.
45–57In normotensive and hypertensive rats the myocard-

12. Manunta P, Rogowski AC, Hamilton BP, Hamlyn JM. Ouabain-ial hypertrophy caused by high NaCl intake occurs
induced hypertension in the rat: relationships among circulating

independently of haemodynamic effects [41]. In both and tissue ouabain and blood pressure. J Hypertens 1994;
rats and human subjects, dietary NaCl increases left 12: 549–560

13. Dichtchekenian V, Gigiser S, Quental I, Santos SRCJ,ventricular wall thickness, resembling pressure over-
Marcondes M, Heimann JC. Higher salt consumption, digoxin-load rather than volume overload. Heimann et al. [42]
like factor, and nifedipine response are associated with saltshowed a higher LVM in a small number of salt- sensitivity in essential hypertension. Am J Hypertens 1992;

sensitive compared with salt-resistant hypertensive 5: 707–712
patients. 14. Lasker N, Hopp L, Grossman S, Bamforth R, Aviv A. Race

and sex differences in eythrocyte Na+, K+, and Na+-K+-The mechanisms for the myocardial actions of NaCl
adenosine triphosphatase. J Clin Invest 1985; 75: 1813–1820are not clear, but several possibilities have to be

15. Shull MM, Hassenbein D, Loggie J et al. Discordant segregationconsidered: (1) this could be the result of increased of Na+, K+-adenosine triphosphatase alleles and essential
activity of the sympathetic nervous system; (2) hyperin- hypertension. J Hypertens 1992; 10: 1005–1010
sulinaemia and/or insulin resistance; (3) abnormal 16. Perusse L, Deriaz O, Dionne FT, Bouchard C. Association and

linkage analyses of the alpha and beta genes of the sodium-serum lipoprotein levels [43].
potassium ATPase with age-related changes in blood pressure.Since an increase in LVM, hyperinsulinaemia, and
Am J Hum Genet 1994; 55: 199Ahyperlipidaemia are now considered major cardiovas- 17. Bianchi G, Tripodi G, Casari G et al. Two point mutations

cular risk factors, salt-sensitive patients with essential within the adducin genes are involved in blood pressure vari-
ations. Proc Natl Acad Sci USA 1994; 91: 3999–4003hypertension manifest a cluster of renal and metabolic



Salt-sensitivity in hypertension 403

18. Tripodi G, Valtorta F, Torielli L et al. Hypertension-associated catecholamines in black salt-sensitive patients with essential
hypertension. JASN 1994; 5: 558Apoint mutation in the adducin a and b subunits affect actin

cytoskeleton and ion transport. J Clin Invest (in press) 31. Holland OB, Chud JM, Braunstein H. Urinary kallikrein excre-
tion in essential and mineralocorticoid hypertension. J Clin19. Casari G, Barlassina C, Cusi D et al. Association of the

a-adducin locus with essential hypertension. Hypertension 1995; Invest 1980; 65: 347–356
32. John SWM, Krege JH, Oliver PM et al. Genetic decreases in25: 320–326

20. Berk BC, Vallega G, Muslin AJ, Gordon HM, Canessa M, atrial natriuretic peptide and salt-sensitive hypertension. Science
1995; 267: 679–681Alexander RW. Spontaneously hypertensive vascular smooth

muscle in culture exhibits increased growth and Na+/H+ 33. Talartschik J, Eisenhauer T, Schrader J, Schoel G, Buhr-
Schinner H, Scheler F. Low atrial natriuretic peptide plasmaexchange. J Clin Invest 1989; 83: 822–829

21. Kimura M, Aviv A. Regulation of the cytosolic pH set point concentrations in 100 patients with essential hypertension. Am
J Hypertens 1990; 3: 45–47for activation of the Na+/H+ antiport in human platelets: the

roles of the Na+/Ca2+ exchange, the Na+-K+-2Cl− cotransport 34. Montorsi P, Tonolo G, Polonia J, Hepburn D, Richards M.
Correlates of plasma atrial natriuretic factor in health andand cellular volume. Pflugers Arch 1993; 422: 585–590

22. Rosskopf D, Fromter E, Siffert W. Hypertensive sodium–proton hypertension. Hypertension 1987; 10: 570–576
35. Sagnella GA, Markandu ND, Buckley MG et al. Atrial natriur-exchanger phenotype perists in immortalized lymphoblasts from

essential hypertensive patients: a cell colture model for human etic peptides in essential hypertension: basal plasma levels and
relationship to sodium balance. Can J Physiol Pharmacol 1991;hypertension. J Clin Invest 1993; 92: 2553–2559

23. Lifton RP, Hunt SC, Williams RR, Pouyssegur J, Lalouel JM. 69: 1592–1600
36. Kohno M, Yasunari K, Murakawa K, Matsuura T, Takeda T.Exclusion of the Na+, H+ antiporter as a candidate gene in

human essential hypertension. Hypertension 1991; 17: 8–14 Effects of high-sodium and low-sodium intake on circulating
atrial natriuretic peptides in salt-sensitive patients with essential24. Alexiewicz JM, Gaciong Z, Parise M, Karubian F, Massry SG,

Campese VM. Effect of dietary sodium intake on intracellular hypertension. Am J Cardiol 1987; 59: 1212–1213
37. Nimura S. Attenuated release of atrial natriuretic factor due tocalcium in lymphocytes of salt-sensitive hypertensive patients.

Am J Hypertens 1992; 5: 536–541 sodium loading in salt-sensitive essential hypertension. Jpn Heart
J 1991; 32: 167–17825. Resnick LM, Gupta RK, DiFabio B, Barbagallo M, Marion R,

Laragh JH. Intracellular ionic consequences of dietary salt 38. Campese VM, Tawadrous M, Bigazzi R et al. Salt intake and
plasma atrial natriuretic peptide and nitric oxide in hypertension.loading in essential hypertension: relation to blood pressure and

effects of calcium channel blockade. J Clin Invest 1994; 94: Hypertension (in press)
39. Ferrari P, Weidmann P, Ferrier C et al. Dysregulation of atrial1269–1276

26. Terragno N, Terragno A, McGiff J. Contributions of prosta- natriuretic factor in hypertension-prone man. J Clin Endocrinol
Metab 1990; 71: 944–951glandins to the renal circulation in conscious, anesthetized,

laparotomized dogs. Circ Res 1977; 40: 590–595 40. Schmieder RE, Messerli FH, Garavaglia GE, Nunez BD. Dietary
salt intake. A determinant of cardiac involvement in essential27. Levinson PD, Goldstein DS, Munson PJ et al. Endocrine, renal,

and hemodynamic responses to graded dopamine infusions in hypertension. Circulation 1988; 78: 951–956
41. Harmsen E, Leenen FH. Dietary sodium induced cardiac hyper-normal subjects. J Clin Endocrinol Metab 1985; 60: 821–826

28. Alexander RW, Gill JR, Yamabe H et al. Effects of dietary trophy. Can J Physiol Pharmacol 1992; 70: 580–586
42. Heimann JC, Drumond S, Alves ATR, Barbato AJ,sodium and of acute saline infusion on the inter-relationship

between dopamine excretion and adrenergic activity in man. Dichtchekenian V, Marcondes M. Left ventricular hypertrophy
is more marked in salt-sensitive than in salt-resistant hypertensiveJ Clin Invest 1974; 54: 194–200

29. Gill JR, Grossman E, Goldstein DS. High urinary dopa and patients. J Cardiovasc Pharmacol 1991; 17 [Suppl 2]: S122–S124
43. Bigazzi R, Bianchi S, Baldari G, Campese VM. Clustering oflow urinary dopamine-to-dopa ratio in salt-sensitive hyperten-

sion. Hypertension 1991; 18: 614–621 cardiovascular risk factors in salt-sensitive patients with essential
hypertension: role of insulin. Am J Hypertens 1996; 9: 24–3230. Campese VM, Tawadrous M, Chervu I, Goldstein D. Urinary


