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Abstract

Since its first identification in the late 1800s, a variety of etiologies for essential hypertension have
been proposed. In this paper we review the primary proposed hypotheses in the context of both the
time in which they were proposed as well as the subsequent studies performed over the years. From
these various insights, we propose a current paradigm to explain the renal mechanisms underlying
the hypertension epidemic today. Specifically, we propose that hypertension is initiated by agents
that cause systemic and intrarenal vasoconstriction. Over time intrarenal injury develops with
microvascular disease, interstitial T cell and macrophage recruitment with the induction of an
autoimmune response, with local angiotensin Il formation and oxidant generation. These changes
maintain intrarenal vasoconstriction and hypoxia with a change in local vasoconstrictor-vasodilator
balance favoring sodium retention. Both genetic and congenital (nephron number) mechanisms have
profound influence on this pathway. As blood pressure rises, renal ischemia is ameliorated and
sodium balance restored completely (in salt-resistant) or partially (in salt-sensitive) hypertension,
but at the expense of a rightward shift in the pressure natriuresis curve and persistent hypertension.
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Introduction

Blood pressure varies markedly, with minute to minute variations largely determined by the
tone of the sympathetic nervous system (SNS) and the parasympathetic nervous system [1].
Studies using continuous blood pressure measurements have documented that the range of
blood pressure readings in any given day can be marked [2,3] and presents a characteristic
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circadian rhythm, in which blood pressure falls during the night or while sleeping,
corresponding to a decrease in SNS tone.

Although there is marked lability in normal blood pressure, most authorities have defined
elevated blood pressure (hypertension) as systolic blood pressure of > 140 mmHg or diastolic
blood pressure >90 mmHg, or both, taken in the relaxed, sitting position. For ambulatory blood
pressure monitoring, hypertension is usually defined when blood pressures are > 140/90 mmHg
for more than 25% of the readings for any given 24 h period [4]. The cutoff of 140/90 mmHg
was selected in the early 1900s based on the fact that only 5-10% of the US population had
blood pressures in that range [5]. In addition, it was recognized from the start that blood
pressures in the hypertensive range were almost inevitably accompanied by small vessel
disease of the arterioles (arteriolosclerosis) as well as kidneys that were grossly contracted and
‘granular’ in appearance, with glomerular, and more commonly tubular, changes on
microscopic examination [6,7]. This suggests that hyper-tension should not simply be defined
by an elevation in blood pressure but rather should be considered a syndrome in which
microvascular disease and renal involvement are also key components.

In this review, we summarize the major hypotheses on the etiology of hypertension with special
focus on renal mechanisms leading to sodium retention. We will first review how the various
paradigms and hypotheses developed, and then summarize the three major currently viewed
pathways.

The development of paradigms

The common observation of the triad of high blood pressure, arteriolosclerosis, and renal
involvement led to controversies in the nineteenth century as to the pathogenesis of the
hypertensive condition. One favored hypothesis, led by Gull and Sutton [8], was that the
arteriolar injury was primary, and that this raised the vascular resistance, leading to strain on
the heart (cardiac hypertrophy) and kidneys. This hypothesis was later adapted by Folkow
[9], who argued that systemic vascular changes resulting in a reduction in the luminal diameter
of small vessels could be a primary cause of the elevation in peripheral vascular resistance that
is characteristic of most cases of essential hypertension. A second hypothesis, promoted by Sir
George ‘Kidney’ Johnson [10], was that the kidney was the culprit, and that intrarenal disease
slowed blood flow and raised systemic pressures that led to secondary vascular and cardiac
involvement. This hypothesis was fuelled by earlier observations made by Bright [11] and
others that hypertension not only accompanied chronic renal disease but was also one of its
earliest manifestations. A third hypothesis was promoted by Mahomed [12] from Guy's
Hospital, who had suggested that hypertension was caused by a ‘blood poison’, such as lead
or uric acid, and that this led to a rise in blood pressure that then had secondary effects on the
kidney, blood vessels and heart.

By the early twentieth century the introduction of the cuff sphygmomanometer by Riva Rocci,
coupled with refinements and standardization of measurements by Korotkoff, Faught, and
others, led not only to the acceptance of blood pressure measurement as a standard medical
practice, but also to multiple studies investigating the frequency of hypertension in different
populations. This led to the discovery that hypertension was primarily a condition observed in
the United States and in Europe, and was extremely rare in other parts of the world, including
Africa, Asia, Oceania, Australia, and South America [13]. The observation that many cases of
hypertension had no clinical evidence of kidney disease and was often asymptomatic led to the
term ‘benign’ hypertension to characterize those individuals [14]. In this context, some
authorities suggested that the rise in blood pressure might be necessary or ‘essential’ in order
to provide blood supply to its destination sites through the thickened blood vessels [15].
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Additional hypotheses then developed to explain the development of hypertension. One of the
major debates raged over whether hypertension might be genetically based, because an
increased frequency of hypertension was noted in the families of index patients. The hypothesis
of Platt [16] that there was a single gene locus was quickly dispelled by the concept that there
was probably the cumulative effect of multiple genes (‘polygenic’) [17]. The concept of
multiple mechanisms including genetic and environmental factors (*‘mosaic hypothesis’) was
also entertained [18]. This led Pickering [17] to suggest that hypertension might simply reflect
the right end of a normal Gaussian curve for blood pressure in the population, and thus might
not be a true “‘disease’. Nevertheless, it was clear that elevated blood pressure, although often
presenting as a benign condition, was associated with a marked increased frequency of
vascular, renal, and cardiac disease, as well as an increased risk of death.

In contrast to Pickering [17], others continued to focus on the potential role of the vascular and
renal changes as a mechanism for the development of hypertension. Volhard [19] suggested
that there were two forms of hypertension, one ‘red” or benign form that was observed in robust,
plethoric individuals who remained asymptomatic until they presented with strokes or
cardiovascular disease, and a second ‘pale’ or malignant form associated with a vasoconstricted
state and a more fulminating course. Volhard [19], working partly with renal pathologist Fahr
[20], believed the benign form resulted from activation of the SNS that secondarily led to renal
and systemic arteriolosclerotic changes that raised blood pressure, whereas the pale, malignant
form was caused by vasoconstrictive substances released from the kidney. This latter concept
was championed by Goldblatt [21], who thought that the cause of essential hypertension was
primary disease of the preglomerular renal arterioles, leading to ischemic renal injury and the
release of factors (such as renin) that would raise systemic vascular resistance and pressure. In
support of his claim was the observation that the vast majority of individuals (> 90%) with
essential hypertension had variable degrees of renal arteriolosclerosis and tubular changes
consistent with ischemia [7]. Hypertension was strongly correlated with arteriolar changes in
the kidney as opposed to other organs such as the spleen [7]. Furthermore, whereas Goldblatt
[21] did not have a mechanism to induce renal microvascular disease experimentally, he was
able to reduce renal blood flow by clamping the renal artery of dogs and demonstrate the rapid
development of hypertension [22].

Although the hypothesis of Goldblatt [21] was attractive, several major problems led to its
dismissal. First was the problem that Goldblatt [21] could provide no mechanism for why renal
arteriolar disease would develop spontaneously. Second, during the 1940s there was a short
period of time in which thoracolumbar sympathectomy was used as a treatment for
hypertension. Although blood pressure did initially fall, in most cases this was transient, and
thus the procedure was abandoned. Two of the main proponents of this procedure, Castleman
and Smithwick [23], obtained a large collection of renal biopsies (> 1200) during this time of
patients with essential hypertension of various duration and severity. They reported that as
many as 10% of patients with essential hypertension had either no or only minimal evidence
of renal arteriolosclerosis even though almost all had changes consistent with tubular ischemia
[24]. Whereas Goldblatt [21] tried to rebut this observation by suggesting that it could reflect
sampling error, the data nevertheless suggested that the arteriolar changes might be secondary.
This latter concept was further supported by a study by Perrera [25], who showed that renal
arteriolar changes became progressively more severe the longer and higher the blood pressure.

Another major area of research revolved around the potential for neural mechanisms to be

responsible for hypertension. Following Volhard's suggestion that activation of the SNS might
play arole in initiating essential hypertension [26], a number of studies demonstrated that many
patients displayed evidence of an activated SNS (and a reduction in parasympathetic activity),
including higher basal heart rate, increased blood pressure in response to stimuli (mental stress,
exercise, or cold pressor test) and elevated plasma catecholamines [27-29]. The mechanisms
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responsible for this activation appear to be diverse, and include defective baroreceptor
autoregulation [29], increased hypothalamic response to environmental stimuli [30],
stimulation of renal afferent sympathetics that activate central nervous system (CNS)
adrenergic pathways [31], and elevated thoracolumbar sympathetic activity [32].

Other vasoactive systems have also been proposed to play a key role in the hypertensive
process. Systemic mediator systems have included evidence for inappropriate activation of the
renin-angiotensin system relative to the volume (sodium) status of the patient, perhaps
triggered by heterogeneous perfusion within the kidney [33]. Endothelial dysfunction
associated with impaired nitric oxide release resulting in inadequate vasodilation of resistance
vessels has also been shown to be present in many patients with hypertension [34]. An increase
in intrarenal vasoconstrictors, such as angiotension Il [35] and endothelin—endothelin A
receptor [36] pathways, or a reduction in intrarenal vasodilators (kallikrein—-bradykinin,
endothelin—endothelin B receptor, endothelial-derived hyperpolarizing factor,
epoxyeicosayrenoic acids, dopamine) have also been shown in some cases of experimental and
human hypertension [37-42].

Guyton and the role of the kidney in salt-sensitive hypertension

Although the hypothesis of Goldblatt [21] was dismissed in the 1950s, the concept that the
kidney might still be involved had not been abandoned. Studies by Allen [43] in the 1920s had
shown that hypertension could be improved by sodium restriction, and this, coupled with the
common presence of hypertension in patients with chronic renal disease, led to the theory that
hypertension might relate to a defect in sodium excretion. This concept was led in particular
by Dahl [44], who reported that the prevalence of hypertension in various populations often
correlated with the amount of sodium ingested. While not all epidemiological studies were able
to confirm a direct correlation, meta-analyses have clearly shown that sodium restriction can
result in lower blood pressure, particularly in certain groups such as the African-American or
aging population [45]. Furthermore, modest sodium restriction has also been shown to provide
long-term cardiac benefit in the general population [46]. Some individuals with essential
hypertension will have a greater fall in blood pressure with salt restriction than others, and this
has led to the concept that hypertension may be further categorized as ‘salt sensitive’ or ‘salt
resistant’ [47].

Additional insights came from studies addressing the relationship of sodium intake and
excretion with blood pressure. It had been known for some time that an acute rise in blood
pressure is accompanied by a reflex increase in urinary sodium excretion “pressure natriuresis’,
and so it was proposed that hypertension might be caused by a defect in this pressure natriuresis
mechanism [48,49]. Although this was first suggested by Borst and Borst-De Geus [48], it was
Guyton and colleagues [49] who developed this concept into a viable hypothesis. Using
mathematical and computer modeling, Guyton et al. [49] suggested that most systems that
would raise blood pressure, such as activation of the SNS, would result in only transient
elevations, and that permanent increases in blood pressure would require a resetting of the
pressure natriuresis curve. The authors further proposed that both salt-resistant and salt-
sensitive hypertension were renal dependent, but that they resulted in different types of pressure
natriuresis curves (Fig. 1). Salt-resistant hyper-tension would result in a parallel shift in the
pressure natriuresis curve such that sodium handling would be similar to that observed in
normal individuals except that it occurs at a higher baseline blood pressure; in contrast, salt-
sensitive hypertension would be associated with an exaggerated increase or decrease in blood
pressure with an increased or decreased intake in sodium, respectively.

Studies by Cowley and Roman [50], Hall et al. [51] and Wang et al. [52] have since largely
confirmed Guyton's paradigm. Further support for a key role for the kidney in the pathogenesis
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of hypertension has come from transplant studies in experimental models of hypertension
[53-55] and in humans [56]. Dahl and Heine [54] demonstrated that the transplantation of a
kidney from a rat with salt-sensitive hypertension to a normotensive rat will transfer the salt
sensitivity. Curtis et al. [56] also showed that in humans with hypertension-induced end-stage
renal disease, the transplantation of a kidney from a normotensive donor could cure the
hypertension. This latter finding, as well as more recent studies [57], demonstrated that
systemic vascular disease cannot be the cause of hypertension, and thus effectively rebutted
the original hypotheses of Gull and Sutton [8] and Folkow [9].

The observation of the primary importance of the kidney in essential hypertension does not
negate the role of non-renal mechanisms in the process. For example, the elevation in peripheral
vascular resistance is mediated by vasoconstriction that is dependent on angiotensin type |
receptors [58] and other mediator systems. Persistent activation of the SNS may also cause
chronic hypertension. One of the best examples is caused by neurovascular compression of the
brain stem, such as from an enlarged posterior inferior cerebellar artery [59]. This was probably
one of the causes of hypertension in the series of case reports provided by Mosenthal [14] in
a study performed in the 1920s. A decrease in vascular compliance, such as occurs with aging
in larger blood vessels such as the aorta, may also contribute to the development of isolated
systolic hypertension. Even in these conditions, however, it is quite possible that the kidney
plays a role in maintaining the hypertensive response [60].

In recent years much attention has focused on the renal mechanisms that underlie the defect in
pressure natriuresis in essential hypertension. Furthermore, it is becoming increasingly
apparent that the pathogenesis of most forms of hypertension (including primary and
secondary) involve an important role of the kidney. We propose that three basic renal
mechanisms explain most etiologies. We will not discuss how salt retention leads to
hypertension, but several excellent reviews on the sodium-dependent and volume-dependent
mechanisms have been published [61-64].

The three primary renal mechanisms of hypertension

Pathway 1: glomerular filtration rate-dependent (renoprival mechanism)

After the introduction of blood pressure measurements, a strong association with acute and
chronic kidney disease was observed. Hypertension was so strongly associated with kidney
disease that the observation that it could occur in the absence of clinically evident renal disease
was considered a major discovery [65]. Subsequent studies demonstrated that animals in which
kidneys were removed (‘renoprival’) or injured rapidly developed hypertension. Similarly, an
increase in the frequency of hypertension can be shown in humans as the glomerular filtration
rate (GFR) falls, and this occurs even with mild dysfunction (corresponding to a GFR of 30
—90 ml/min) [66].

The mechanism of hypertension in this condition is probably caused by the reduction in GFR
resulting in sodium retention and volume expansion. A reduction in the filtered sodium load
by itself, except with extreme reductions of GFR, should be compensated by reduced tubular
sodium reabsorption in a normal functioning kidney. Therefore, one must postulate that
reduced GFR must be linked with an impairment in tubular sodium handling. Potential
mechanisms that could account for these effects include activation of the renal sympathetic
system, the release of vasoconstrictive substances, and the loss of vasodepressor substances
produced by the kidney [67,68]. Interestingly, the correction of blood volume by dialysis is
often associated with a lag period before blood pressure normalizes [69]. It seems likely that
this may be a result of the stimulation of vasoconstrictive substances (such as digitalis-like
factors) induced by the volume expanded state [69].
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Itis likely that the GFR-dependent mechanisms may play an important role in the hypertension
observed with acute and chronic kidney disease, with diabetes, and with aging.

Pathway 2: transport mechanisms (stimulation of sodium reabsorption in the collecting duct)

In 1955 Conn [70] reported several cases of hypertension caused by aldosterone-secreting
tumors. Aldosterone’s primary action is to increase sodium reabsorption via the epithelial
sodium channel in the collecting duct, although it also has direct effects on vascular cells and
the heart. In addition to aldosterone-secreting tumors, aldosterone may also be involved in
some forms of low renin hypertension, particularly associated with obesity. For example, in
addition to the regulation of aldosterone by angiotensin Il and potassium, it has recently been
shown that oxidized derivatives of linoleic acid can stimulate aldosterone production, and these
oxidized fatty acids and aldosterone are elevated in some obese individuals with essential
hypertension [71,72].

The epithelial sodium channel in the collecting duct in the pathogenesis of hypertension has
also been shown to be involved in the etiology of several rare genetic forms of hypertension
[73]. Hypertension was thus shown to be a consequence of a mutation resulting in elevated
aldosterone levels (glucocorticoid remedial aldosteronism), of a mutation resulting in enhanced
binding of the mineralocorticoid receptor on the collecting duct (syndrome of apparent
mineralocorticoid excess) or the result of the increased expression of the aldosterone-
regulatable epithelial sodium channel [73]. All of these conditions result in enhanced sodium
reabsorption at the collecting duct.

Normally, there are extensive mechanisms for regulating sodium excretion in the kidney. The
final regulation is at the level of the collecting duct. Whereas alterations in more proximal parts
of the nephron may result in compensatory mechanisms to maintain sodium balance, dys-
regulation of sodium transport at the collecting duct may result in the least ability to regulate
sodium handling. It is perhaps not surprising that genetic mutations involving sodium
reabsorption at this site are strongly associated with hypertension.

The best evidence that genetic mechanisms involving the collecting duct epithelial sodium
channel are involved in essential hypertension relate to the recent discovery that certain G
protein polymorphisms involved in the regulation of this channel are strongly linked with
hypertension [74]. Interestingly, these polymorphisms have a higher frequency in populations
living in the tropics and decrease with increasing latitude [74]; this is exactly the opposite of
what has been observed for blood pressure, in that mean population blood pressures historically
tended to be lower at the equator and rose with increasing latitude [75]. If one controls for
latitude, however, then a strong relationship between the G protein polymorphism and blood
pressure can be shown. The authors have attributed this latitude effect to negative selection
because rising latitude might be associated with less sweating, more sodium retention, and
higher blood pressures with greater mortality [74].

In addition to genetic alterations in epithelial sodium activity that can increase the risk of
hypertension, there are also genetic alterations that could lead to reduced activity of the
epithelial sodium channel that may have opposing effects [73,76]. Upregulation of the
collecting duct epithelial sodium channel by intrarenal mechanisms could be another potential
mechanism for hypertension, and has been shown in the spontaneously hypertensive rat [77].

Pathway 3: renal ischemia (vasoconstriction, oxidative stress and inflammation)

Although hypertension can result from a reduction in GFR, in most cases of essential
hypertension the GFR is either normal or only minimally depressed. Furthermore, whereas
genetic mechanisms are likely to influence the overall hypertensive phenotype [78], most
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studies suggest that genetics can only account for approximately 20% of the hypertension
variance [79]. In addition, during the last century there has been a dramatic increase in the
prevalence of hypertension, which now affects 31% of the population in the United States
[80]. Thisis not simply because the population is living longer, as the increase in the prevalence
of hypertension can be documented when controlling for age and sex [79,81]. Furthermore,
the increase in hypertension has also occurred throughout the world, where it is fast
approaching, and in some cases exceeding, the prevalence in the United States [82]. The
increase in the frequency of hypertension from near absence in the early 1900s to rates of 30%
or more after only a few generations suggests a major environmental mechanism [83].

This led us to hypothesize that hypertension might represent an acquired form of renal disease
that would have an effect to limit sodium excretion [59]. Following a large series of studies
involving numerous animal models, strong evidence for a specific pathway was found (Fig. 2)
[84-86]. In particular, the initiating mechanism in most cases appears to be renal
vasoconstriction. The dominant site is the afferent arteriole. Modlinger et al. [87] and Wilcox
[88] have shown that the vasoconstriction is mediated by a number of mechanisms, including
oxidative stress, thromboxane, nitric oxide deficiency, and angiotensin II.

We have demonstrated that the engagement of this pathway can result from a hyperactive SNS
[89], activation of the renin—angiotensin system [90], endothelial dysfunction with impaired
release of nitric oxide [91], hypokalemia [92], and by drugs such as cyclosporine [93]. During
this early phase the kidney appears normal except for mild tubular ischemia and inflammation,
and hypertension is mediated both by the effects of these vasoconstrictor systems to mediate
systemic vasoconstriction as well as by mechanisms related to renal ischemia (such as renin
release and enhanced sodium reabsorption). Pathologically, the kidney would appear similar
to the 10% of cases noted by Castleman and Smithwick [23], in which no renal microvascular
disease is present. Physiologically this is a form of salt-resistant hypertension as proposed by
Guyton et al. [49], in that the rise in systemic pressure will eventually act to relieve renal
ischemia and allow sodium handling to return to normal, but at the expense of an elevated
blood pressure (Fig. 1).

Over time the recurrent episodes of renal vasoconstriction, particularly if coupled with local
angiotensin |1 stimulation, can lead to the development of renal arteriolar disease. Numerous
groups have noted a strong association of afferent arteriolar disease with a reduction in the
lumen in individuals with hypertension [7,94]. The observation that preglomerular arteriolar
disease resembling arteriolosclerosis could be rapidly induced by either angiotensin 11 infusion
or by blocking endothelial nitric oxide synthesis [91,93] provided the long sought mechanism
by Goldblatt [21] for how this vascular lesion could develop.

Intricately associated with the vascular lesion is an infiltration into the interstitium of
inflammatory cells consisting of T cells and macrophages, many of which are producing
oxidants and angiotensin Il [89-93,95]. The important role of the immune system in mediating
hypertension had previously been shown in the desoxycorticosterone acetate salt hypertensive
model by Svendsen [96], who had reported that the thymus was necessary for the late salt-
dependent phase. This pathway was not rediscovered until Rodriguez-Iturbe et al. [93]
demonstrated that the reduction in intrarenal T cells and macrophages could also block salt-
sensitive hypertension in the post angiotensin 1l model, and this has been subsequently shown
in multiple other models by this group and others.

The mechanism by which the interstitial T cells contribute to hypertension has been shown to
involve local angiotensin Il generation and oxidant generation, the latter being able to reduce
local nitric oxide [89-93,95,97,98]. It is likely that the intrarenal injury may also activate
afferent sympathetics that activate CNS sympathetics [31]. In turn, dietary salt intake may
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further stimulate CNS sympathetics, activate renal efferent nerves and augment renal
vasoconstriction [99,100]. Whether these intrarenal changes alter other intrarenal
vasoconstrictors or vasodilators has not been well studied. Nevertheless, these changes may
augment renal vasoconstriction and facilitate sodium retention (by both reducing single
nephron GFR and Kf, and by stimulating sodium reabsorption) [101]. Because microvascular
disease is non-uniform, the rise in systemic pressure results in some nephrons being
overperfused whereas others are underperfused. Peritubular capillaries may also be damaged.
The net effect is that ischemia is not completely relieved, and this leads to continued stimulation
of sodium reabsorptive mechanisms by renin-dependent [33] and renin-independent
mechanisms (engaging pathway 2). As a consequence, the pressure natriuresis curve is shifted
to the right and flattened, and the hypertension is salt sensitive (Fig. 1). Furthermore, over time
a fall in GFR may occur, thus engaging pathway 1.

As discussed, one of the key drivers of salt-sensitive hypertension appears to be the infiltrating
T cells and macrophages within the renal interstitium. If the number of infiltrating cells is
prevented by immunosuppressive therapy with mycophenolate mofetil (MMF) [91,93,
101-103], or by blocking their activation with inhibitors of the signaling molecule nuclear
factor kappa B [104], then salt-sensitive hypertension can be prevented. Whereas renal
ischemia appears to be the primary mechanism leading to the accumulation of these cells,
proteinuria may also play a role [105]. In the nephropathy induced by repeated injections of
bovine serum albumin (“protein overload model’), salt sensitivity develops in concert with an
interstitial inflammatory infiltrate, and both the inflammation and hypertension are blocked by
MMF therapy [106].

This pathway is similar to that proposed by Goldblatt in the 1930s. A key difference is that
there are two phases. The first phase is driven by agents that cause systemic and intrarenal
vasoconstriction such as by endothelial dysfunction, activation of the renin—angiotensin
system, or a hyperactive SNS. Initially these agents only cause hypertension when they are
activated (such as intermittent or continuous activation of the SNS). Over time a second phase
occurs in which renal microvascular disease and inflammation perpetuates the
vasoconstriction. Mechanistically this provides the explanation for why the arterioles can be
normal in the early phases of hypertension. It should also be noted that not all individuals would
be expected to pass from one phase to the second. We have thus found that catecholamine
infusion does not induce the afferent arteriolar lesion (unpublished), whereas models driven
by angiotensin Il (such as those caused by angiotensin 1l infusion, the blockade of endothelial
nitric oxide release, and cyclosporine use) are associated with the development of
arteriolopathy [91,93,95,101,102]. This may be because angiotensin Il but not catecholamines
stimulate nicotinamide adenine dinucleotide phosphate, reduced form, oxidase and local
oxidants in vascular smooth muscle cells [107], which appears to be critical in the afferent
vasoconstriction and disease that occurs in models of hypertension [108]. From those studies
we would suggest that individuals whose hypertension is solely driven by a hyperactive SNS
may be less likely to progress to a salt-sensitive state.

To date, this pathway of subtle renal injury as a mechanism for the development of salt-sensitive
hypertension has been shown in many models of hypertension (Fig. 3). Observational studies
have also suggested that MMF may be able to control hypertension in humans [109]. Future
studies examining this pathway may be of extreme value in identifying how to prevent or cure
this disease.
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Low nephron numbers: arisk factor that engages renal microvascular injury
and intrarenal inflammation (pathway 3)

A favored hypothesis for how hypertension may develop is that it is driven by in-utero events
(fetal programming or “‘Barker—Brenner” hypothesis) [110,111]. Epidemiological studies have
found that low birth weight infants are at higher risk of developing hypertension, obesity/
metabolic syndrome, and diabetes as adults [110,112]. Experimental studies in rats have
confirmed that maternal malnutrition will lead to small birth weight pups that have an increased
risk of developing hypertension and salt sensitivity as adults [113]. Brenner and colleagues
[111] proposed this was caused by congenitally low nephron numbers, as this is commonly
observed in low birth weight infants or those suffering from intrauterine growth retardation
[114]. Studies in the experimental maternal malnutrition model [113] and in humans [115,
116] have confirmed that hypertension is associated with lower nephron numbers.

Until recently the mechanism by which a low nephron number might cause hypertension had
not been well understood. Whereas GFR could be a component, studies of individuals who
have donated kidneys for transplantation have not shown any dramatic increase in the
frequency of hypertension [117]. It is known that animals with reduced nephron numbers
develop preglomerular arteriolar disease and tubulointerstitial inflammation [118]. This has
also been shown in the maternal malnutrition model in which rat pups are born with low
nephron numbers. Furthermore, in this model if the tubulointerstitial inflammation is blocked
with MMF, the rats fail to develop hypertension despite the reduction in nephrons [119].

Similarly, the spontaneous hypertensive rat (SHR) has a low nephron number and this has been
proposed to mediate the hypertensive response [113]. However, the SHR also has a congenital
reduction in the afferent arteriolar lumen, and this is associated with renal hypoxia and
tubulointerstitial inflammation [102,120]. Treatment with MMF can reduce the intrarenal
inflammation and improve blood pressure [103]. Furthermore, when SHR are crossed with
Wistar—Kyoto rats, the F, hybrids can be separated with relation to either afferent arteriolar
diameter or to nephron numbers. When this is done, the hypertension tracks with arteriolar
narrowing, not with nephron number [121,122].

These studies suggest that low nephron numbers probably lead to hypertension because of its
propensity to cause renal microvascular disease and inflammation (pathway 3). Nephron
number is thus a risk factor that accelerates an underlying mechanism (renal microvascular
disease) as opposed to being a cause by itself. It has recently been shown that young Caucasian
individuals with essential hypertension have only half the number of nephrons compared with
age-matched controls [116], whereas no relationship can be shown between glomerular number
and hypertension in African Americans [115]. This may well be because in younger
individuals, and particularly Caucasian individuals, the low nephron number may be a
particularly strong risk factor, whereas in African American individuals other more overriding
mechanisms are present.

What is causing the current epidemic of hypertension?

Currently one-third of the US population is hypertensive, representing a three to six-fold
increase since the early 1900s [13]. Essential hypertension is now also common in the pediatric
population, where it tracks with rising frequencies of obesity and metabolic syndrome. The
marked increase in prevalence worldwide is too rapid to be accounted for solely by genetic
mechanisms or by changing trends in birth weights. As such, there is probably a major
environmental component driving this process.
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The most likely reason for the dramatic increase in the frequency of hypertension is the marked
increase in obesity. Obesity has increased from 3 to 5% of the US population in 1900 to over
30% today [123]. In turn, obesity has been shown to be associated with many prohypertensive
mechanisms, including SNS activation, insulin and leptin resistance, endothelial dysfunction,
elevations in plasma aldosterone, and intrarenal fat accumulation [72,124]. Many of these
findings can be associated with acquired renal microvascular and inter-stitial injury, including
endothelial dysfunction [91], SNS stimulation [89], and activation of the renin-angiotensin
axis [93].

Our group has also suggested that specific dietary factors may also be involved in the epidemic,
particularly the ingestion of fructose present in sugar and other sweeteners [125]. Fructose
ingestion parallels the epidemic of obesity and hypertension [124], and fructose can cause
features of the metabolic syndrome in animals [126]. Although fructose ingestion acutely
causes more of a ‘white coat’ type of hypertension [127-130], it also causes microvascular
disease and tubulointerstitial inflammation [131] and thus is likely to engage pathway 3.
Whereas some have challenged the animal studies as they typically use high doses of fructose,
this is a common experimental method to accelerate the development of a condition, and low
doses of fructose also cause insulin resistance but over a greater period of time [132]. Clinical
studies in humans have also shown that fructose can induce features of the metabolic syndrome
rapidly if large doses are administered [133-136].

Our studies also suggest that one of the mechanisms by which fructose may cause hypertension
and the metabolic syndrome is via its unique ability as a sugar to raise uric acid levels [137].
Fructose entry into cells is followed by unregulated phosphorylation by the enzyme
fructokinase, resulting in rapid adenosine triphosphate depletion, cell ischemia, and uric acid
generation [138]. Whereas uric acid acutely functions as an antioxidant, we have found that
chronic elevations in uric acid can inhibit endothelial function, activate the renin-angiotensin
system, and cause blood pressure elevation in animals [139-143]. Lowering uric acid not only
prevents these hemo-dynamic and histological changes but also prevents most of the features
of the metabolic syndrome, including the development of hypertension, hyperinsulinemia,
hyper-triglyceridemia, and obesity [137]. Furthermore, over time elevated uric acid also causes
microvascular disease and interstitial inflammation with the development of salt sensitivity
(pathway 3) [143].

Studies in humans have also shown that serum uric acid levels are increasing within the
population and correlate with the rise in the obesity and hypertension rates [13]. Elevated uric
acid also predicts [144-146] and is commonly present in early hypertension [4], and pilot
studies have suggested that lowering uric acid may lower blood pressure in new onset
hypertensive subjects [147]. An ongoing clinical trial is in process to test this hypothesis (D.I.
Feig, R.J. Johnson, in preparation).

The mechanism by which uric acid mediates hypertension and the metabolic syndrome is under
study. Uric acid has multiple effects on endothelial cells, vascular smooth muscle cells, and
adipocytes. Some of the effects include the inhibition of endothelial nitric oxide levels, the
stimulation of inflammatory pathways including C-reactive protein, the stimulation of local
angiotensin Il production, the stimulation of nicotinamide adenine dinucleotide phosphate,
oxidase, and the inhibition of adipokines [139,140,148,149]. These effects require the entry of
urate into the cell. While the mechanism remains unclear, recent studies have suggested that
it may involve the reaction of urate with reactive oxygen or nitrogen species with the formation
of radicals. Further studies to investigate this pathway are ongoing.
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Conclusion

The kidney may cause hypertension by three mechanisms that alter the physiological balance
between sodium retention and sodium excretion: a reduced GFR that limits sodium excretion
(first mechanism); humoral or genetic disorders resulting in the stimulation of sodium
reabsorption in the distal nephron (second mechanism); or acquired mechanisms involving
renal ischemia, oxidative stress and inflammation (third mechanism), or varying combinations
of all three pathways. Whereas much remains to be learned, a verdict can finally be reached in
relation to the original hypotheses by Gull and Sutton [8] (arteriolosclerosis hypothesis),
Johnson [10] (kidney hypothesis) and Mahomed [12] (circulating factor hypothesis); all were
right.
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The effect of the hypertensive phenotype on the pressure natriuresis curve.
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A pathway for the development of salt-resistant and salt-sensitive hypertension. ADMA,
Asymmetric dimethyl arginine; BP, blood pressure; CSA, cyclosporin A, HTN, hypertension;
K, potassium; Na, sodium; RAS, renin—-angiotensin system; SNS, sympathetic nervous system.
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Fig. 3.
Models of salt-sensitive hypertension mediated by interstitial immune cells. BSA, bovine
serum albumin; .-NAME, nitro-.-arginine methyl ester.
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