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Introduction

Hypertensive Cardiovascular Renal Disease (HCVRD) continuum
can be viewed as a disorder of growth and development in higher
animals - a non-tumorous proliferative disorder [1]. A higher
incidence of cancer in populations with hypertension has been well
documented [2].

Peptide growth factors (PGF’s) are potent regulators of cell growth
from unicellular to complex multicellular organisms. Through a
combination of autocrine, paracrine, and endocrine modes of action,
PGF’s control the activity of all other growth modulators including
classical hormones, such as the Renin-Angiotensin-Aldosterone
(RAA) system, which they predate on the evolutionary scale [3].
Epidermal growth factor (EGF) and its epidermal growth factor
receptor (EGFR), when present, dominate this control through a
process of extensive cross talk and transactivation.

The hypothesis for the genesis of HCVRD is first presented in
summary form, followed by a brief accounting of supporting evidence.
The hypothesis, although evidence based, amply employs a theoretical
license. A review of the vast literature on the elusive etiology of
HCVRD is beyond the present scope. Hence the citation of the
selective references is kept to a minimum and limited to those that
relate to the hypothesis. It should be emphasized at the outset that the
article is not a literature review of the subject, but is a comprehensive
articulation of a hypothesis on the complex subject of the initiation of
HCVRD.

Preamble
A credible hypothesis on the etiology of HCVRD must be in full

accord with the well documented “Primacy of the Kidney”. It must
explain how the kidney is the essential initiating organ as proposed by
Guyton [4]. It must identify the unknown “ Subtle renal injury” [5] as
the fundamental fault which has genetic basis but can also be
influenced by several environmental factors, and can be reproduced in
several forms of secondary hypertension - including Goldblatt models
and mineralocorticoid excess syndromes.

The hypothesis should identify the mechanism by which a kidney
from a genetic hypertensive model can induce hypertension when
transplanted into a normal animal [6]. It also must unravel the unique
virtue of a normal kidney to reverse hypertension when transplanted
into appropriate models of genetic, as well as, Goldblatt hypertension.
The hypothesis presented below achieves all that.

Enunciation of the Hypothesis
The EGFR system is unique among the PGF’s in that there exists a

potent functional antagonism, during health and disease, between the
receptor EGFR and its principal, albeitnotthe sole, agonist - the growth

factor EGF. Accordingly, HCVRD can be initiated along two major
pathways, which later converge to produce the same result.

In pathway one HCVRD is initiated by increased expression of
EGFR in renal tissue. Increased EGFR expression in the kidney (with
intact neural and blood supply) is mandatory to start the process;
other cardiovascular tissues are influenced secondarily. EGFR when
over expressed exerts “agonist independent actions” [7] in which
EGFR can lend its tyrosine kinase activity to structurally different
receptors, prominently to G protein coupled (GPC) receptors which
importantly include angiotensin one receptor (AT1r). EGFR and AT1r
also promote mineralocorticoid receptor (MR) to channel all actions
of aldosterone (for contrast see below). In order to initiate HCVRD,
EGFR excess must overcome the physiological antagonistic and
protective actions of EGF.

Increased renal EGFR expression has been documented in the adult
spontaneously hypertensive rat (SHR) compared to Wistar-Kyoto
(WKY) rats [8]. There is a failure to suppress the normally elevated
levels of EGFR observed in all young animals as the SHR grows into
adulthood, concomitant with the development of hypertension.
Increased renal EGFR mediates the development of hypertension in
adult animals of other models of genetic hypertension, including the
salt sensitive Dahl strain [9].

Recent reports of beneficial effects of renal sympathetic denervation
in treatment of resistant hypertension provide a rationale to propose
that renal sympathetic nerve activity is involved in the maintenance of
increased renal EGFR expression. It is further proposed that renal
denervation should have beneficial effects on cardiac hypertrophy and
cardiac failure associated with hypertension, and that this beneficial
effect would be mediated by decreased EGFR expression. It is
proposed that human hypertension development follows this pathway.
This genetic tendency to maintain elevated renal EGFR expression
levels can be amplified by other postnatal aberrations of growth and
development (see below). Mineralocorticoid and catecholamine excess
models of secondary hypertension also utilize this pathway. Both are
known to stimulate renal EGFR expression [10].

The second pathway to start the HCVRD continuum is initiated by
a primary decline of the EGF supply released from the kidney,
resulting in the loss of the physiological function to maintain salt and
water balance, as well as the loss of an array of protective mechanisms
normally mediated by EGF (see below). Loss of EGF actions leads to
functional excess of EGFR actions. The speed and severity of
hypertension development in this pathway is dependent on the
quantitative loss of EGF (one kidney vs. both kidneys). Hypertension
development and actions of EGFR excess take somewhat longer in the
presence of an unclipped kidney. Unilateral loss of renal EGF however
is not innocuous. Collecting duct renin is up regulated in both kidneys
of 2K-1C Goldblatt rats, independently of blood pressure levels,
resulting in increased sodium reabsorption from the collecting duct
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[11]. It is proposed that this hypertensinogenic effect is mediated by a
decline in the normal endocrine action of EGF to inhibit renin as well
as to inhibit sodium reabsorption locally into the collecting duct (see
below). Furthermore the long term safety of unilateral nephrectomy in
normal animals has been questioned [12]. Uninephrectomized rats,
long term, develop increased blood pressure, creatinine, and evidence
for proteinuria, salt sensitivity, and signs of renal injury [13]. All these
effects are explained by a decline in EGF and increase in EGFR actions.

Renal EGF is released in response to adequate renal perfusion
pressure and optimal interstitial tissue compliance (discussed below).
This pathway to initiate HCVRD is used by all Goldblatt models
(decline in renal perfusion pressure), excess salt loading models (salt
suppresses EGF) and by experimental conditions such as renal
decapsulation and wrapping the kidney in cellophane (which
interferes with tissue compliance).

The two pathways converge to produce the combined effects of
EGFR excess and deficiency of EGF. This convergence by itself does
not result in systo-diastolic hypertension, but initiates a syndrome of
“prehypertension” causing alterations in cardiovascular-renal
structure and metabolic deviations. The development of systolic or
diastolic hypertension is the next step (described later).

The demarcation between prehypertension and its progression is
not always clear cut, but is treated as such for the purpose of
description. The structural changes in prehypertension - such as
stiffening and thickening of large arteries, including coronary vessels,
vasa recta and arcuate arteries in the kidney and pancreatic vessels, as
well as the initial cardiac stiffness and hypertrophy, all represent the
combined effects of a decline in EGF’s normal function of maintaining
tissue compliance (see below) and EGFR’s stimulation of transforming
growth factor beta (TGF-β1) and fibroblast growth factor. EGFR is
strongly mitogenic for both, a process normally inhibited by EGF.
Metabolic deviations in prehypertension also result from the
combined actions of EGFR coupled with a deficiency of EFG as
described later.

The critical role of mechanotransduction of signals in health and
disease has not been well recognized. Reference made here is confined
to the cardiovascular-renal tissues.

Under Physiological Conditions
In the heart, cardiac contraction is regulated on a subsecond scale in

response to changes in filling pressure (Starlings Law). The present
hypothesis proposes that a similar major principal or law of renal
physiology has been missed, and hitherto unidentified. In the kidney, a
moment to moment control of sodium and water excretion is exerted
by EGF released from its precursor Pre-Pro EGF, in response to
variations in the renal interstitial pressure. This mechanism of EGF
release, elaborated below, constitutes the basis of “Pressure
Natriuresis” which has hitherto defied mechanistic explanation. Renal
perfusion pressure has long been quantitatively linked to the level of
sodium excretion [14]. Guyton’s principal of Primacy of the Kidney in
control of sodium excretion, volume, and hence blood pressure, is
based on operative pressure natriuresis [4]. And the primacy of the
kidney in this regard is explained by the fact that the kidney is the sole
source of EGF available for endocrine function. A moment to moment
relationship between systemic arterial pressure and renal interstitial
hydrostatic pressure to influence sodium excretion has recently been
described [15]. The characteristics described of their relationship and
their essential independence from autonomic nervous system and

renin angiotensin system support the proposal that the mechanism is
operated through mechanotransduction of signals - in this case the
release of renal EGF.

The molecular mechanisms of mechanotransduction in the kidney
are not well understood. Whereas in the heart the contractile proteins
respond to the mechanical load by strengthening the contractility of
the muscle, in the kidney tissues, application of mechanical pressure
leads to unfolding of proteins and reorientation of molecules to favour
and promote critical enzymatic reactions. Such a mechanism for
mechanotransduction in principal has been proposed [16].

Changes in the conformation of mechanosensitive proteins, such as
integrins and cadherins, are the routinely observed effects of
mechanical force.

Global force applied to tissues such as renal perfusion pressure and
renal interstitial tissue pressure can be transmitted at the cellular level
to alter protein conformation to induce changes in specific enzymatic
activity [16].

The present hypothesis further proposes that optimal tissue
compliance is necessary for the mechanotransduction of signals. In the
kidney, an encapsulated organ in direct line of the transmission of
aortic pressure, a concept of optimal turgidity and distensibility is
introduced as a prerequisite to the proper transmission of renal
perfusion pressure to the renal interstitial pressure, and hence the
mechanotransduction of signals.

Following a long line of investigations Floyer et al. concluded that
an unidentified substance released from the kidney maintains normal
tissue compliance in renal as well as extra renal tissues [17]. The
present hypothesis proposes that this substance is EGF. It further
confirms the thesis of primacy of the kidney in the maintenance of
normotension and production of hypertension. The rapid reversal of
hypertension on declipping a Goldblatt kidney (about 100 minutes) is
accounted by EGF normalizing tissue compliance. The accompanying
hormonal changes and salt and water excretion have a longer time
course [18]. As eluded to earlier, interference with EGF release is the
mechanism of hypertension due to renal wrapping and decapsulation.
The same logic applies to the genesis of hypertension associated with
renal parenchymal disease, renal tumors and renal stones.

It is proposed that an unidentified enzymatic reaction (perhaps an
arginase) operates in response to mechanotransduction to cleave EGF
from its precursor. In addition, other significant enzymes such as
aminopeptidases and carboxypeptidases are released physiologically in
response to optimal renal interstitial pressure and thus compliment
the normal protective mechanisms associated with EGF release.
Aminopeptidase generates angiotensin 2-8, heptapeptide and the
mono-carboxypeptidase produces angiotensin 1-7, heptapeptide. The
protective cardiovascular-renal effects of these heptapeptides have
been extensively described in recent literature.

Mechanotransduction under conditions of EGFR Excess
The state of primary excess of EGFR (eg: Prehypertension) has the

effect of antagonizing and weakening the normal functions supported
by mechanotransduction, such as the Starling Principle in the heart
and the release of EGF and EGF mediated functions in the kidney,
alluded to earlier. Growth factors have a significant influence on the
dispersal of specialized adhesive structures; the clustering of which is
normally regulated by GTP-binding protein RhoA [19]. Other
members of the Rho family such as Rac and Cdc42 also participate but
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their precise role is less clear. They are more involved in the dispersal
of adhesive complexes and their actions are in general opposite to Rho
A, and they are stimulated by growth factors such as EGFR, PDGF and
Insulin. Growth factors thus weaken the strength of positive
reinforcement of adhesive structures which normally occurs with the
application of mechanical force.

Furthermore, growth factors have a prominent role in the
remodelling of cardiovascular-renal tissues. The nature and character
of remodelling is critical to the development of hypertension.

Remodelling of Cardiovascular Renal Tissues
The old controversy continues, whether structural changes are the

result of hypertension or its cause. Elegant descriptions are presented
of tissue remodelling caused by increased blood pressure and altered
blood flow in hypertension [20]. The possibility that structural
changes may contribute to the genesis of hypertension has been
considered, but no schema has been offered. The hypothesis proposes
that initial cardiovascular structural changes develop, as described
below, independent of blood pressure elevations, and are indeed the
cause of hypertension. Once hypertension is established additional
structural changes secondary to elevated blood pressure develop as
part of the continuing target organ damage.

The initial phase 1 of remodelling, which accompanies the stage of
prehypertension, is caused by EGFR excess coupled with EGF
deficiency including nitric oxide (NO) synthesis and is independent of
blood pressure levels. EGFR stimulates TGF-β1 and Fibroblast growth
factor to produce structural changes in connective and interstitial
tissues.

It is the second phase of cardiovascular-renal remodelling described
below that is the essential precursor of hypertension development. The
critical step is the alterations in “mechanosensitivity” in the
remodelling tissues such that the application of mechanical force is
now linked to local EGFR transactivation. Essential mediators of this
step are the matrix metalloproteinases (MMP) (see below). Focal
adhesion kinase (FAK) and non-receptor tyrosine kinase (Src) have
also been implicated in the adhesion mediated mechanosensitivity
[2,22] and both enzymes are also known to be early initiators of EGFR
transactivation [22, 23]. Also, generation of heparin binding EGF (HB-
EGF), through MMP action, causing EGFR transactivation has been
shown to be essential for the development of cardiac hypertrophy [24].
MMP action has thus, an essential role in causing alterations in
mechanosensitivity in remodelling tissues. MMP-2 mediates the
process in the vascular tissues (including renal) and MMP-7 with
alpha converting enzyme (TACE) mediates cardiac hypertrophy and
also stimulates MMP-2 [25,26].

In MMP-2 knockout animals, hypertension does not develop. The
absence of MMP-7 prevents cardiac hypertrophy as well as
hypertension. Accordingly, at this stage genesis of cardiac hypertrophy
is independent of, albeit in parallel with, hypertension. This fact
provides an explanation for the observations that the young SHR may
show evidence of cardiac hypertrophy before clear evidence of elevated
blood pressure. But the appearance time of the two comorbidities is
usually so close in experimental models, that it is difficult to exclude
the primacy of blood pressure elevation, which once established, is the
causal factor for the progression of cardiac hypertrophy. However, the
requirement of two different MMP’s supports the notion that the
nature of tissue remodelling producing changes in mechanosensitivity
is likely to be somewhat different in the heart versus the blood vessels.

The importance of this proposal relates to the development of the
design of future therapeutic agents for hypertension and heart failure.

Proposed Schema for the Progression of Prehypertension to
Systolo-Diastolic Hypertension

Changes in mechanosensitivity of remodelling tissue allow
quantitative linking of mechanotransduction to EGFR transactivation
at borderline blood pressure levels of prehypertension.

EGFR transactivation promotes the cardiovascular-renal action of
several G-protein coupled receptor agonists such as Angiotensin
(AT1r), endothelin I, and sympathetic vasopressors to initiate blood
pressure elevation.

The process lends to positive feedback reinforcement (Folkow) and
elevation of blood pressure is fuelled by increasing
mechanotransduction as well as EGFR transactivation.

Accordingly with progression of CVRD the level of blood pressure
and accompanying EGFR transactivation are the principal causative
factors for target organ damage [27].

The therapeutic implications of these considerations are discussed
below.

Intensive Targeted Treatment of Prehypertension – A
Road to Primary Prevention of CVRD

It is proposed that prehypertension should be vigorously treated to
inhibit further progression of the disease. Clinical trials should be
conducted to prove the point. In keeping with the present hypothesis,
definitive preventive therapy at this stage will require effective
inhibition of EGFR actions and EGFR expression, as well as additional
supply of EGF and promotion of its protective effects. Antagonists and
inhibitors of EGFR have been synthesized for use in the treatment of
malignant tumors. Toxicity of these agents, however, is considerable
and has not been critically examined for use in non-cancerous
proliferative disorders. Development of less toxic analogues now has a
strong rationale. Inhibition of EGFR by itself is expected to increase
the opposite effects of EGF. Additional therapeutic measures to be
examined are: a) to stimulate the endogenous release of renal EGF and
b) the feasibility of providing exogenous synthetic EGF in a form
suitable for endocrine action.

In addition the following two processes crucial to the development
of hypertension should be targeted by future therapeutic regimens:

A critical role for specific MMP’s has been described above.
Evidence is available on certain factors (other than long term EGFR
excess) that mediate stimulation of MMP’s: Aldosterone stimulates
production of MMP’s in the cardiac muscle [28]. The actions of
MMP-7 in promoting cardiovascular fibrosis are identical with EGFR
excess. Stimulation of MMP2 has been linked to actions of angiotensin
through AT1r and a lack of AT2 [29].

Accordingly a trial of aldosterone antagonists combined with
angiotensin antagonists for vigorous therapy of prehypertension is
recommended. The object of such therapy is not to lower blood
pressure levels per se but to retard the progression of hypertension.
Although, a narrowing pulse pressure is likely to have a salutary effect
of reducing the remodelling stimulus in the cardiovascular tissues.

The second crucial process to be therapeutically targeted is the
EGFR transactivation in the local tissues. In addition to the use of
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EGFR antagonists, the enzymes that initiate EGFR transactivation
(alluded to above) FAK and Src should be targeted.

Implications on Therapy of Established Hypertension
A debate in recent years has continued whether the benefits of

antihypertensive treatment depend upon a selection of specific drugs,
old vs. new, or do the benefits depend largely upon the effective
lowering of blood pressure by any antihypertensive regimen [30]. The
hypothesis articulated above supports the latter. Blood pressure
lowering is the paramount requisite for lowering of the long-term
target organ damage. A reduction of mechanical pressure forces,
achieved by any effective agent, leads to reduction in
mechanotransduction of signals that initiate EGFR transactivation and
the accompanying remodelling of the tissues to alter their
mechanosensitivity (see above).

This statement, however, does not take into consideration the long-
term negative side effects of particular drugs or the special benefits
anticipated with the use of certain agents, such as antagonists of
angiotensin and aldosterone as alluded to above. Multiple clinical trials
in recent years have established that effective antihypertensive
treatment of moderate to severe hypertension significantly retards the
long-term target organ damage and the progression of HCVRD. It is
also established that the benefits in this regard are never absolute and
are, at best, partial. The present hypothesis submits that the use of
appropriate EGFR antagonists coupled with EGF protagonists can
achieve a goal of closer to “curative” treatment. These agents should
also prove effective in resistant hypertension, defined as being
unresponsive to combined therapy with maximal doses of current
antihypertensive drugs [31].

Cardiovascular–Renal Protective Actions of EGF
opposing EGFR

There is a strong teleological rational for an inbuilt system to
antagonize and limit the growth potential of EGFR after its mission of
early growth in the organism is completed. The rationale remains valid
in the adult animal because EGFR retains the ability to exert agonist
independent actions [7] when transactivated, most importantly, by G-
protein coupled receptors such as AT1r.

A potent physiological protective system antagonist to EGFR is
provided by it agonist EGF. The system has remained unidentified and
constitutes the central theme of the present hypothesis. The system is
engineered through tailor made molecules and a unique mode of rapid
and low intensity (RapLo) contact of EGF to its binding site as
described below. It is important to emphasize that the RapLo design of
EGF binding is not easily duplicated in vitro or in vivo experimental
studies on EGF which as a result do not distinguish direct actions of
EGF from those mediated through EGFR [32].

EGF, a single polypeptide of fifty three residues, structurally stable,
and resistant to proteolysis, is suitable for endocrine action. It is
excreted unchanged in the urine (radioimmunoassay) and the excreted
amount grossly reflects active EGF available to the tissues. Urinary
EGF is higher in children than the adult, declines further in the elderly,
is higher in women than in men, and higher in Caucasians than
African American [33,34]. Six disulphide bonds (cysteine residues)
represent a highly conserved characteristic of the molecule which is
crucial to its anchoring to the membrane domain and binding to the
extracellular domain (ECD) of EGFR.

The EGF molecule is synthesized as a large precursor in most
tissues, as Pre-ProEGF (1200 residues) and is abundantly present in
the convoluted portion of distal nephron (10% of total cell protein) as
well as in the thick ascending limb of Loop of Henle [35]. The
precursor is an N-glycosylated membrane protein containing several
EGF like sequences with the mature EGF molecule at the C-terminal
flanked by arginine-asparagine at its C-terminus and by arginine-
histidine at the N-terminal end. The mechanism of EGF release has
been described earlier. It was proposed that the prevailing level of the
interstitial pressure in the renal tissues mechanotransduces a
proportional amount of arginine specific endopeptidase. The
precursor molecule is otherwise resistant to proteolysis, with the
potential of being a soluble protein transferable from kidney to other
tissues and may act as a transient receptor for AT2r (see below).

Extracellular Domain (ECD) of EGFR
ECD exerts a potent inhibitory action on EGFR activity. Deletion of

ECD results in constitutive activation of receptor kinase, independent
of agonist binding [36]. ECD as the N-terminal of EGFR consists of
671 amino acids, containing 51 cysteine residues which constitute 10%
of the total mass. The glycosylated portion of the molecule, at 11
asparagine residues, amounts to 40% of the total mass. These
structural features confer a high degree of thermodynamic stability
and resistance to proteolysis, which if cleaved (mechanotransduction)
at the transmembrane segment, has the potential of acting as a “serum
receptor”.

The cysteine content is localized in two regions of ECD which are
folded around an area in-between the folds, juxtaposed to a single
membrane spanning hydrophobic sequence in the entire EGF
molecule. This design favors the rapid ligand binding at low density
(Rap Lo), and is responsible for the fact that one molecule of EGF is
capable of responding only once to its ligand [37]. This is in contrast
to the seven transmembrane GPCR’s, including AT1r.

It has been recognized that the intracellular third loop domain of
Angiotensin receptors has an important role in mediating signal
transduction and cellular function [38], and that the amino acid
sequence of the domain is significantly different in AT1r vs. AT2r [39].
In the present context, however, there is another area showing a
striking structural difference between the molecules of AT1r and AT2r
- the carboxyl terminal tail [40], which mediates their differing cross
talk and association with other receptors. In AT1r the C-terminal
structure, including a YiiP sequence, provides mechanisms for signal
transduction leading to the transactivation of EGFR [40]. In sharp
contrast, AT2r has five consensus sites for N-glycosylation and 14
conserved cysteine residues. It is proposed that these structural
features in the AT2r molecule dictate its association with Pre-Pro EGF
and EGF, as well as the ECD of EGFR.

Receptor Independent Actions of EGF
Agonist EGF regulates the expression and activity of EGFR via the

mode of its binding to the ECD of the receptor. The effects of binding
are dependent on concentration and the time of exposure [41]. EGF
(10^10-10^11 mol/L) was shown to down regulate EGFR protein
expression in cell cultures. Higher concentrations of EGF (10^7 to
10^8 mol/L) increased EGFR expression, and prolonged exposure to
EGF was required to stimulate proliferation. For a cell to commit to
mitogenesis, presence of EGF is needed for longer than 6 hours [42].
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Accordingly, it is proposed that the Rap Lo mode of binding is the
salient physiological mechanism employed by EGF to antagonize and
inhibit EGFR actions and to exert its anti-hypertensive, anti-
proliferative and anti-atherogenic effects. Under physiologic condition
RapLo binding of EGF blocks the mitogenic signals from
extracellularly regulated kinases (ERK ½) to MAPK pathway by
inhibiting the activation of an essential intermediate step, the
phosphorylation of MEK (also called MAPK kinase kinase) which is
mediated through Raf proteins. Activation of Raf is inhibited by
cAMP-dependent protein kinase which is stimulated by RapLo EGF
binding as well as by AT2r, [43] and Rap Lo NG Aldo receptor
(defined below). With longer term binding at higher concentrations,
EGF signalling pathway can proceed from ERK ½ onward to stimulate
mitogen activated protein kinase (MAPK) pathways and also stimulate
the latent transcription factors.

It is proposed that one of the most important roles of RapLo EGF
binding is to induce the local expression of two important receptors
which mediate the “receptor independent actions” of EGF under
physiological conditions. The two receptors, as shown in Fig. I, are
AT2r and a receptor for non-genomic actions of aldosterone with
RapLo characteristics similar to EGF termed as “RapLo NG Aldo”
(Figure 1).

Figure 1: Simplified outline of principal signal transduction for
EGF-EGFR.

In Pathway 1: Rapid binding of EGF at low concentrations (RapLo)
is the physiological mechanism in which signal transduction of EGF,
AT2r and membrane receptor for aldosterone is dominant and
signaling thru EGFR is minimized. In Pathway 2: The signal
transduction of Pathway 1 is inhibited and EGFR, AT1r and MR
directly connect to the mitogenic pathway through MAPK system.

Inhibition of these two receptors is essential to allow EGFR to exert
pathological actions, as will be discussed below.

Functional cross talk between Ang II receptors and EGFR is well
documented [44].

AT1r activity stimulates signal transduction directly leading to
mitogenic (MAPK) pathways, but concomitant stimulation of AT2r
inhibits transduction beyond ERK ½ [44]. Mechanisms of antagonistic
interaction between AT1r and AT2r have been described in detail [43,
45]. Regulation of AT2r expression in tissues, however, is not fully

understood. Several growth factors have been shown to modulate its
activity [46]. It is proposed that Rap Lo binding of EGF is the principal
regulator of the local tissue expression of AT2r, which mediates many
of its anti EGFR actions. Sodium depletion has been shown to
stimulate AT2r expression [47] in the kidney. It is proposed that the
effect is mediated through the influence of sodium balance on EGF
activity – sodium loading suppresses and sodium depletion elevates
EGF levels (see below). Also consistent with the effects of RapLo
binding of EGF pathways are the observations that infusions of low
dose angiotensin II stimulate AT2r to decrease arterial pressure in
normal animals. The effect is expressed and enhanced in the presence
of estrogens and is opposed by androgens [48].

The proposal of a separate receptor for the rapid non-genomic
actions of aldosterone as shown in Fig. I (RapLo NG Aldo), impacts
upon the unresolved issue of how to explain the dual nature of
aldosterone actions (salutary and deleterious). The topic has been
actively debated in recent years and remains conflicting and
inconclusive. Two major unanswered questions remain:

The identity and functional characteristics of aldosterone receptor
or receptors.

The mechanisms which determine whether aldosterone receptor
binding results in salutary or deleterious actions on target tissues.

The existence of a “non-classical” membrane receptor for thenon-
genomic actions of aldosterone separate from the classical
mineralocorticoid receptor (MR) has been postulated [49], but none
has been identified or characterized. On the other hand attempts made
to explain all actions of aldosterone through its binding to MR have
not been convincing [50,51]. Before it can be proposed how the
present hypothesis reconciles the unresolved issues, it is necessary to
delineate the two different pathways which EGF binding to ECD of
EGFR can generate.

Pathway 1 (Figure I) Physiological
RapLo EGF binding → AT2r + RapLo NG Aldo R → ERK ½ → Block

Thus, under most physiological conditions, a potentially mitogenic
signal (Pathway 2) is blocked. In Pathway, the extracellularly regulated
kinases (ERK ½) do not link with MAPK pathway.

In addition there are other significant sites at which Pathway 1
exerts inhibitory influence on Pathway 2.

The extracellular signal in both pathways (EGF binding) leads to the
activation of the receptor tyrosine kinase (RTK) of EGFR. The next
first link on the cytoplasmic side of the cell membrane in both
pathways is the activation of non-receptor Tyrosine Kinase (NRTK)
and Src is the prototype. The activity of Src is regulated positively by
autophosphorylation at tyrosine 416 in the catalytic domain, and
negatively by phosphorylation at tyrosine 527 in the C-terminal via C-
terminal Src kinase. Src can be activated also by dephosphorylation at
the inhibitory site 527.

Also, the SH2 and SH3 domains in Src structure regulate its activity.
SH2 domain can increase Src activity by binding to phosphotyrosine
527, and thus removing the negative regulatory influence. Significant
increase in Src activity (AT1r mediated) occurs in Pathway 2 [52].
Conversely, Pathway 1potentiates the negative influence of SH3
domain in Src activity. The function of Src in the mitogenic pathway is
to link the signals from RTK’s to Ras proteins. NRTK’s also serve to
link RTK’s to the metabolism of phosphatidylinositides. Ras proteins
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include the large groups of guanine nucleotide binding proteins (G
proteins) that mediate coupling of cell surface hormonal receptors to
their intracellular effectors. RTK’s and GPCR’s are linked by common
activation of the same second messenger systems.

The link between the actions of Ras and GPCR’s is of major
pathophysiological importance as a gateway for transactivation of
EGFR by GPCR’s (characteristically seven transmembrane domains),
importantly including angiotensin, but also serotonin, adrenogenic
receptors, endothelin, and muscarinic acetyl choline receptors. As
discussed below, at this stepEGFR transactivation is facilitated in
Pathway 2 and is inhibited in Pathway 1. Ras proteins are inactivated
(Ras to GPD) via GTPase activating proteins (GAP) which contain
SH2 and SH3 domains. These bind to phosphotyrosine and thus act as
negative regulators of Ras activity. On the other hand, activation of
Ras to GTP is mediated by guanine nucleotide exchange factors
(GEF’s) which function as a positive control.

A critical activator of Ras (SOS, a GEF) requires an adapter link
(Grb2) for its action. Grb2 itself contains SH2 and SH3 domains and
thus is subject to negative regulation by EGF (Pathway 1), and positive
influence by Pathway 2 (EGFR). There are numerous positive and
negative regulators of the actions of EGFR which have been amply
documented in the literature [7,23,53-55]. However, a clear
recognition of the central issue of crucial importance has been missing
which is that the negative regulators are under the direct or indirect
influence of EGF dominated Pathway, whereas the EGFR dominated
Pathway 2 reinforces the positive influence.

A few examples relevant to the Ras step along the mitogenic
pathway are listed below.

Opposing actions of Rab proteins regulate vesicular transport in
secretory and endocytic pathways

Opposing actions influence small sized proteins (Rho) which
regulate cytoskeleton and participate in mechanotransduction – the
important subject discussed previously.

Bradykinin mediates dual actions:

Bradykinin stimulation of PKC can generate the positive signals in
Pathway 2, or negative stimuli in Pathway 1 through cAMP.

Bradykinin induces stimulation of α unit of G proteins (hydrolysis
of GDP to GTP) which is mediated through GPCR’s and EGFR
(Pathway 2) but is prevented by EGF in Pathway 1 via cAMP.

Ras proteins provide an essential link between signalling controlled
by RTK’s to downstream signalling controlled by protein – serine/
threonine kinases (PSTK’s) such as Raf proteins and MAPK kinase
system. The link to PSTK’s is also critical for the operation of several
metabolic pathways. PSTK’s constitute effectors of metabolic
processor initiated by GPCR’s and Ras proteins including: cAMP
dependent protein kinase (hormonalmetabolism) phosphorylase
kinase (conversion of glycogen to glucose), protein kinase C activated
by diacylglycerol (hydrolysis of inositol phospholipids) and calcium
calmodulin dependent protein kinases (release of calcium from
intracellular stores).

These metabolic processes thus are placed under the opposing
influences of EGF vs. EGFR (Pathway 1 vs. Pathway 2).

Ras proteins activate Raf proteins (binding to the inhibitory amino
terminal). Activated Raf kinase phosphorylates and activates mitogen
activated protein kinase (MARK) a cascade of PSTK’s which constitute

the next and final mitogenic pathway in the cytoplasm, linking it to the
nucleus. The opposing actions of Pathway 1 vs. Pathway 2 continue.

Inhibition of MEK, the link between Raf and MAPK, as well as the
blocking of ERK ½, have already been described. Both EGF and AT2r
can induce this inhibition and cAMP dependent kinase mediates the
action.

Pathway 1 can shift MAPK system to increase production of
cyclooxygenase COX 2 production, which through prostaglandins and
cAMP protein kinase opposes the stimulatory action of Pathway 2 on
cell growth.

Induction of C-fos is mediated by dual pathways – MAPK and
independently by STAT, which is a protein containing SH2 domains
and thus can represent a direct target of RTK of EGFR, bypassing the
signalling cascade leading to MAP kinases. EGF in Pathway 1 can
induce an inhibitory enzyme to block STAT.

Under certain condition GPCR’s have the ability to directly activate
MAP kinases (without intermediate steps) through stimulation of
protein kinase C or through βγ subunits of some G-proteins, an action
that reinforces Pathway 2. On the other hand phosphorylation by
cAMP dependent protein kinase (induced by Pathway 1) opposes this
action [7, 23, 53-55].

In Pathway, adrenomedullin, a vasodilator, antihypertensive and
natriuretic peptide widely distributed in tissues, including vascular
smooth muscle, endothelial cells, and renomedullary interstitial cells,
is released [35,56] by EGF receptor action and through
mechanotransduction. Adrenomedullin effects are mediated through
G protein receptor which produces cAMP and cGMP and nitric oxide.

In Pathway 2, angiotensin II (AT1r) opposes adrenomedullin
actions.

Operative Dominance of Pathway 1 vs. 2 Determines
the Functional Behaviour of Receptors that Interact
with EGF-EGFR

Several studies have reported (see below) that the receptor types of
angiotensin and aldosterone do not always behave in a “predictable”
manner under all conditions when expected to transduce salutary vs.
deleterious effects. These findings are puzzling only if one assumes
that the inherent nature of a receptor alone dictates the result.

The reality, on the other hand, is that the mediation of salutary vs.
deleterious effects is entirely dependent upon whether the agonist
activated receptor is allowed to employ Pathway, or forced to use
Pathway2; whichever is dominant under the conditions. Pathway 1 is
operative physiologically but Pathway 2 takes over and is dominant
under pathological conditions such as hypertension, heart failure,
cardiac hypertrophy, ischemia, and exposure to high salt. Signal
switching from one pathway to the other is brought about by second
messengers.

Also, there has been misplaced emphasis on the role of the
concentrations of the agonists (aldosterone or angiotensin) in
mediating the receptor effects. Surely exposure to higher
concentrations for longer periods aggravates the target organ damage.
However, normal levels of the agonists are entirely capable of
transducing deleterious effects through their respective receptors
employing Pathway 2. Conversely, the use of receptor antagonists as
treatment is beneficial even if agonist levels were normal.
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Thus, it is not the agonist concentration, nor the receptor type
above, which determines the deleterious vs. salutary effects; instead,
more importantly, it is whether Pathway 1 or 2 is being used for signal
transduction.

Angiotensin Receptors
Angiotensin receptors tend to form physical complexes with EGFR

[57]. AT1r forms complexes with the C-terminal part of EGFR [58].
And, in the case of AT2r, it is proposed that structural similarities
discussed previously favor a complex formulation with ECD of EGFR
and that EGF binding (RapLo) initiates it.

The complex formation activates the receptors and removes
specificity requirements for their agonists to transduce downstream
signals. In case of AT1r, the transactivation of EGFR and stimulation
of MAPK is brought about by a variety of mediators [55,59],
independently of a specific agonist. The same is true of AT2r and the
production of nitric oxide, the essential end mediator of its effects,
does not always require the selective agonist angiotensin II [60].
Instead it can be accomplished by agonists with partial specificity by
acting upon different segments of the pathway such as cAMP, cGMP
or eNOS expression. The list also includes biologically active
fragments of angiotensin and adrenomedullin receptor [56], RapLo
Aldo receptor, (see below) and compound 21 [61]. The process is
potentiated by association of AT2r (heterodimerization) with
bradykinin B2 receptor [62]. As indicated before, AT2r requires an
operational Pathway 1 in order to exert its cardio protective and anti
AT1r effect.

In experiments in vitro on cardiomyocytes stimulated to
hypertrophy [63], the conditions precluded the existence of a
functional Pathway, whereas a robust Pathway 2 is dominant. Under
these conditions AT2r is not only unable to transduce it’s protective
and anti AT1r effects but is actually recruited to enhance the effects of
the dominant Pathway 2 [63], and the action is agonist independent
[64]. According to the above schema, AT2r will be allowed to function
only under normal conditions and will be rendered ineffective or even
detrimental under pathological conditions when Pathway 2 is
dominant. This contention, however, is not supported by facts.

AT2r does exert its effects in early stages of pathological conditions,
as long as Pathway 1 is still operative. In later stages when Pathway 2
becomes dominant AT2r recruits the actions of biologically active
fragments of angiotensin – principally the two heptapeptides.

Heptapeptide Ang (1-7), sans phenylalanine from octapeptide Ang
II, has been shown to be a central component of a powerful
“vasoprotective axis” constituted by ACE/2 – Ang (1-7) and mas
receptor (65). ACE/2 generating Ang (1-7) is a monopeptidyl carboxy
peptidase as opposed to the dipeptidyl carboxy peptidase ACE. The
expression of ACE/2 is down regulated in genetic hypertensive
models, but is up regulated in heart failure. The mas receptor has
varying degrees of affinity for all angiotensin peptides but maximal for
Ang (1-7). The “vasoprotective axis” certainly employs the
vasoprotective machinery of AT2r including NO production and anti
AT1r effects [65, 66].

It is unclear if components of the axis have independent effects
[67,68]. Ang (1-7) induces mas receptor internalization [69] and
possibly of AT2r along with.

The second heptapeptide, des-aspartyl Ang II (created via an
aminopeptidase) Ang (2-8) has been shown to be the predominant

agonist for AT2r in mediating the inhibition of sodium reabsorption
from the proximal tubule in the kidney [70].

Ang (2-8) heptapeptide compared to octapeptide Ang II is known
to be much weaker as a pressor agent, but almost equipotent in
releasing aldosterone from adrenal cortical cells.

Aldosterone Receptors
Since the recognition of the non-genomic actions of aldosterone

[49], more questions than answers have arisen about the identity and
behaviour of its receptors and the mechanisms of aldosterone actions
onnonepithelial tissues. A critical review of the vast and conflicting
literature on the subject is far beyond the present scope. Instead the
relevant elements of the present hypothesis are enunciated to address
the unanswered questions.

The Receptors
There are two receptors for aldosterone, the classical

mineralocorticoid receptor (MR) and the membrane receptor (Rap Lo
NG Aldo R) shown in figure 1. The latter responds only to rapid
actions of aldosterone at low concentrations and its actions are
characterized as follows:

Not blocked by spironolactone

Not blocked by inhibitors of protein synthesis

Is present in MR null mice

Is inhibited by blockers of NO synthesis

Rap Lo NG Aldo R is an integral part of Pathway 1 with other
components participating in mediation of its actions, such as to share
intracellular actions with EGF (increased pH and mobilization of Ca+
+). Both EGF and AT2r share intermediate effectors (cAMP), as well
as the final effector of NO production with Rap Lo Aldo R. There are
two actions of fundamental importance, however, in which Rap Lo
Aldo R takes the lead:

Antagonism of the genomic actions of MR on sodium reabsorption
in the kidney [49].

Activation of MR for transmission of the non-genomic actions of
aldosterone at concentrations and time of exposure higher than those
that can be mediated through Rap Lo Aldo R under the prevailing
conditions

This mode of MR activation explains important unanswered
questions [50] (see below). Rap Lo NG Aldo R actions are salutary
when transmitted through Pathway 1. The membrane receptor,
however, can produce deleterious effects under conditions of the
dominance of Pathway 2.

In ischemic canine hearts (Pathway 2) rapid non-genomic actions
of aldosterone (spironolactone insensitive) were shown to worsen
ischemia [7,72]. The same pattern of salutary effects through Pathway,
and deleterious effects through Pathway 2, holds true for the activated
MR [73].

In sodium deficiency, elevated aldosterone mediates vasodilation of
renal vessels through MR. Inhibition of vasoconstriction of renal
afferent arterials caused by aldosterone is mediated through MR and
therefore sensitive to spironolactone [74]. It is in the area of
deleterious effects of aldosterone mediated through MR that the
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present hypothesis provides clarification for the following two major
unanswered and much debated questions:

Activation of MR by Low Normal doses of aldosterone via
Rap Lo NG Aldo R

MR, having multiple agonist including glucocorticoids, lacks strict
specificity for aldosterone and it is the function of Rap Lo NG Also R
to provide the specificity and activate MR at low normal levels. This
results in target organ damage when mediated through Pathway 2,
such as in heart failure and hypertension, as demonstrated by the
efficacy of spironolactone treatment in several clinical studies
including the randomized Aldactone Evaluation Study [50]. As noted
earlier, there has been a misplaced emphasis on the requirement of
aldosterone levels to be elevated to cause activation of MR and target
organ damage. Higher aldosterone levels do cause greater and more
rapid damage, but low normal aldosterone levels cause damage
through activated MR, which can occur at lower than normal
aldosterone levels in heart failure.

The proposed model of MR activation also gives credence to
suggestions of long ago (Genest) that modest but sustained elevations
of circulating levels of aldosterone can cause hypertension.

Mechanism of Greater Target Organ Damage in
Aldosteronism than in Essential Hypertension

In a well-controlled study, cardiovascular complication associated
with primary aldosteronism was greater than those in essential
hypertension [75]. Left ventricular hypertrophy in patients with
primary aldosteronism was shown to be disproportionate to the
hemodynamic load and level of blood pressure [76]. Possible
mechanisms have been discussed without identification of the specific
cause [77]. The mediation by EGFR of the cardiovascular damage
caused by mineralocorticoidshas been recognized [78-80]. Also renal
damage in primary aldosteronism has been well documented to be
greater than in essential hypertension [81].

The missing link has been the recognition that aldosterone is
known to increase the expression of EGFR [10] which accounts for its
disproportionate effects on target organ damage. Furthermore, the
same mechanism of aldosterone stimulating EGFR expression is
responsible for metabolic dysfunction associated with aldosterone.
Plasma aldosterone has been shown to be independently associated
with metabolic syndrome [82] and the cause of this association has
been hitherto unexplained.

Salt and Aldosterone
It has been amply demonstrated that aldosterone in the presence of

high salt diet leads to cardiovascular [83] and renal damage [84] in
patients with hypertension, and that low salt diet is capable of
reversing these effects [83-85]. The mechanisms underlying this
important observation of fundamental relevance have not been
adequately explained.

High salt diet has a powerful inhibitory effect on the function of
Pathway 1. High salt diet has been shown to inhibit the expression of
AT2r [86] and it is proposed that EGF release from its precursor via
mechanotransduction is less efficient in the presence of high salt
intake. The inhibition of Pathway 1 leads to the dominance of Pathway
2 (AT1r). Low salt diet, on the other hand, has the opposite effect of
stimulating the function of Pathway 1 and to reverse the dominance of

Pathway 2, and hence lower target organ damage, so long as
aldosterone is not elevated.

It is recognized that salt and aldosterone act in concert to produce a
combined effect on target organ damage [83,85]. High salt intake
requires elevated aldosterone to produce target organ damage and
conversely low salt intake requires aldosterone to be normal for the
full expression of its salutary effects. This latter half of the equation has
not been adequately emphasized when considering sever degrees of
dietary salt restriction in patients with cardiovascular disease. Benefits
of sever restriction of dietary salt in these patients are counterbalanced
with the effects of low salt on the stimulation of aldosterone levels.

Indeed the existence of an unexplained “J” shaped relationship has
been reported between dietary salt intake and the incidence of
cardiovascular disease in large population studies [87]. It is proposed
that the deleterious effects of elevated aldosterone in response to sever
degrees of salt restriction accounts for the observed “J” shaped curve.

Prorenin-Renin Receptors ((P)RR)
The subject is aptly called a moving target at this time. Recent

reviews [88-90] emphasize the gaps in the knowledge, including a
definition of physiopathologic significance [91]. Comments here are
limited to a brief look at the selected data through the prism of the
present hypothesis.

EGF is a potent inhibitor of renin and prorenin [92]. EGF also
inhibits the expression of (P)RR as evidenced by its upregulation in the
clipped kidney of Goldblatt hypertensive rats given antihypertensive
therapy [93]. A lowering of renal perfusion pressure diminishes EGF
release and thus decreases the inhibitory influences of EGF on (P)RR
expression.

Also AT2r has been shown to inhibit renin biosynthesis [94].
Accordingly it can be proposed that under physiological conditions,
Pathway 1 (EGF and AT2r) keeps the interaction of prorenin and
renin with (P)RR to a minimum. Conversely, AT1r (Pathway 2) up
regulates (P)RR expression as observed in stroke prone SHR (89).
(P)RR in its soluble form is up regulated in the collecting duct and
urine of rats made hypertensive with chronic Ang II administration
[95].

Binding of prorenin to (P)RR produces a conformational change,
leading to signalling through MAPK and to pathological changes such
as glomerulosclerosis [89]. It is proposed EGFR transactivation
mediates these changes. A suggestion to the contrary [96] does not
rule out the possibility.

Studies on genetically induced elevations of (P)RR [88, 89] have
revealed the existence of a trend showing that higher rates of (P)RR
expression are required to produce hypertension which was
accompanied with unexplained elevations of plasma aldosterone [89].
Animals with lower levels of (P)RR expression did not develop
hypertension but showed evidence of renal damage.

This pattern conforms to the clinical course proposed by the
present hypothesis. “Prehypertension” with some target organ damage
precedes the development of hypertension which requires structural
remodelling of cardiovascular tissues. It is proposed that elevated
aldosterone mediates the remodelling of tissues [28]. Recent clinical
studies in high risk patients, renin inhibitor therapy was added to
complete renin angiotensin blockage and was shown to produce
adverse effects [97]. Multiple mechanisms have been discussed that
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may potentially be responsible [97]. It is proposed that elevated
aldosterone mediates some of the adverse effects of the renin inhibitor
in this setting.

Physiological Role of Pathway 1 to Inhibit Renal
Sodium Reabsorption

Enhanced renal sodium reabsorption is a requirement for the
development of hypertension and EGFR transactivation in Pathway 2
mediates the process. Chronic infusions of angiotensin enhance
sodium reabsorption in the distal nephron [98]. Aldosterone
maintains enhanced reabsorption through its genomic action via MR.
Endothelin is known to participate in regulation of salt balance in
hypertension [99]. Enhanced AT1r activity in hypertension not only
promotes sodium reabsorption through ETA receptors [100] but also
alters the action of ETB receptors to cause increased sodium
transportation in the proximal renal tubules, whereas ETB receptors
normally inhibit renal sodium reabsorption [101]. All of the above
actions of Pathway 2 are physiologically antagonized and inhibited by
Pathway 1. Although all elements of Pathway 1participate (see below)
in this important function, yet EGF takes the lead.

EGF receptor signalling in the kidney has been recognized as a
major regulator of electrolyte (including magnesium) homeostasis
[102]. It is proposed that this function is performed by the receptor
independent actions of EGF (Figure 1). EGF inhibits sodium transport
in the cortical collecting ducts. Calcium influx across basolateral
membranes and increased free cytosolic Ca+ were deemed to mediate
this action [103]. In addition EGF has been known to inhibit
amilioride sensitive sodium reabsorption [104] in renal collecting
ducts. Also, receptor tyrosine kinases in the distal nephron have been
shown to mediate inhibition of epithelial sodium channel by EGF
[105].

It has been suggested that rapid non genomic actions of aldosterone
(Rap Lo NG Aldo R) potentiate the inhibitory actions of EGF on
sodium reabsorption [49] and EGF signalling has been viewed as a
negative feedback control of aldosterone induced Na+ reabsorption
[106]. The other important component of Pathway, AT2r inhibits Na+
reabsorption in the proximal tubule via mediation of angiotensin III
[70]. N-Aspartyl aminopeptidase required to generate angiotensin III
may have a mechanism of release in the kidney common with EGF
(mechanotransduction) as proposed in a previous section. A recently
proposed functional role for ETB receptors in the relationship of renal
perfusion pressure and natriuresis [107], brings up the question of
cross talk with EGF, especially because both ETB as well as EGF are
richly distributed in the thick ascending limb of the loop of Henle and
the collecting ducts. ETB receptor function in pressure natriuresis,
which is only observed in the presence of high salt, may complement
the EGF function described earlier.

Accordingly, EGF, employing multiple mechanisms, plays a
dominant role in the complex process of the control of sodium
reabsorption in health as well as disease. The dynamics of EGF release
from the kidney have not been studied in hypertensive patients during
the progression of the disease. It is proposed that EGF release is
enhanced in the early stages of hypertension, and declines with its
progression. The reason for the decline of EGF release in patients with
the moderate to severe hypertension may be the development of
cardiovascular renal rigidity with loss of tissue compliance which may
interfere with optimal mechanotransduction. Also, the supplies of Pre-
Pro EGF may become limiting.

If this pattern of EGF release is confirmed in mild, moderate and
severe grades of hypertension it will have profound implication on the
classical renin sodium profiling in hypertensive populations.

EGF and Renin Sodium Profiling
Renin sodium profiling of hypertensive patients (Laragh), classified

groups with low, normal and high plasma renin and causally related
the same to high, normal and low urinary sodium excretion
respectively. It has been somewhat of an enigma how the measured
plasma renin which, although does not faithfully reflect the circulating
levels of the effector compound angiotensin much less the production
of angiotensin at the tissue level, can display a discernible inverse
relationship with urinary sodium excretion and more surprisingly with
the incidence of events resulting from target organ damage in
hypertensive population [108]. It is proposed that several dominant
properties of EGF are responsible for the observed relationships
which, hitherto, have been spuriously attributed to measured plasma
renin. As noted previously, EGF is a potent inhibitor of renin release
[92] and a potent inhibitor of renal sodium reabsorption. Thus the
measured renin levels in the groups actually inversely represent EGF
levels (Figure 2). In the low renin group the suppressed renin is due to
higher levels of EGF (preserved response to higher renal perfusion
pressure) which also accounts for greater inhibition of sodium
reabsorption and the observed rates of higher urinary sodium
excretion. More importantly, the higher levels of EGF account for the
lower incidence of target organ damage as articulated in this
hypothesis.

Figure 2: The reported relationship of urinary sodium excretion
with plasma renin activity (shown as a schematic) is mediated by
the level of suppressive action of EGF on Renin. Urinary sodium
corresponds to the inhibitory action of EGF on sodium
reabsorption.

EGF Actions Explain Relationships between Renin
Profiling, Calcium Metabolism, and Sodium Sensitivity
and Resistance in Hypertensive Subjects

In providing a rationale for dietary calcium and magnesium therapy
for patients with hypertension, several parameters related to calcium
metabolism were correlated with low, normal and high renin
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subgroups of hypertensive patients [109]. Serum ionized calcium and
calcitonin levels showed a direct relationship by being low in the low
renin group. On the other hand, Vitamin D, parathormone and serum
magnesium levels exhibited an inverse correlation, being higher in the
low renin group. Therapy with calcium channel blockers and short
term oral calcium supplements were shown to be more effective in
hypertensive subjects with low renin compared with those with high
renin. Strong calcium-sodium interactions were demonstrated in salt
sensitive hypertensive subjects. Increased dietary salt reduced serum
calcium and elevated blood pressure. Oral calcium supplementation
blunted salt induced hypertension [109]. It is proposed that EGF
actions listed below constitute the basis for the relationships described
above.

EGF inhibits phosphate uptake as well as Na++/phosphate co-
transporter in the renal proximal tubule and this inhibition is dose
dependent [110]. Accordingly the inhibition is more potent in the low
renin group of hypertensive patients in whom EGF levels are higher.

As previously noted, EGF inhibition of sodium transport in renal
cortical collecting ducts [103] is mediated by calcium influx across
basolateral membranes resulting in increased cytosolic free Ca++. EGF
activates Ca++ ionic channels resulting in increased Ca++ influx and
also activates Ca++ dependent K+ channels [111].

Along with increased Ca++ influx, EGF stimulates Na+/H+
antiport activity leading to alkalization of the cell [112].

EGF is known to regulate magnesium homeostasis [103]. Serum
magnesium levels are higher in the low renin group of hypertensives
[109].

The present hypothesis proposes that available levels of EGF
determine the patterns of salt sensitivity and resistance in hypertensive
as well as in normal subjects.

When EGF levels are low, such as in high renin groups of
hypertensives or low volume and sodium depleted normal subjects
(low renal perfusion pressure), the given sodium loads are not well
excreted and blood pressure rises. Conversely in low renin group of
hypertensive subjects with higher levels of EGF or volume expanded
normal subjects (with optimal renal profusion pressure) sodium loads
are efficiently excreted and blood pressure is unchanged or lower.

The concept of sensitivity or resistance to salt derived its legitimacy
from inbred genetic models of Dahl’s salt sensitive or resistant strains.
The hope, however, that a genetic tendency on a similar basis might
reflect two distinct populations in essential hypertensive subjects has
not been realized. Nor has the concept been helpful in identifying
subjects for any specific therapy including salt restriction. The use of
salt restriction or diuretics has not been particularly helpful in
identifying salt sensitive subjects. However, the characteristics of
suppressed renin responsiveness to these measures have been
associated, with some consistency, with salt sensitivity (a better blood
pressure lowering response in black or older subjects). This
observation is consistent with the hypothesis proposing that the
diminished renin responsiveness is a feature of EGF action. Indeed it is
proposed that the genetic basis for the Dahl’s inbred salt sensitive and
resistant strain lies in a deficiency of the synthesis or release of EGF.

Cause and Consequence of Increased EGFR Expression
in the Kidney

Enunciated earlier as the hypothesis, Hypertensive Cardiovascular
Renal Disease continuum is caused by increased renal expression of
EGFR. The cause of increased renal EGFR can be classified into three
categories (Figure 3):

Genetic

Epigenetic

Non-genetic

In the normal adult animal, EGF receptors are found in glomeruli,
in the basement membranes of proximal tubule, in the collecting duct
and in the medullary interstitial cells of the kidney [35]. The
distribution of EGFR under condition of increased expression or in
hypertensive animals has not been reported.

In genetic as well as epigenetic causes, increased renal EGFR
expression represents a failure of the mandatory increased expression
during early growth period to downgrade to normal in adulthood,
when requirements of growth period are complete. In the non-genetic
category, stimulation of EGFR expression is independent of genetic
mechanisms but may be amplified because of them.

Increased Renal EGFR Expression as a Genetic Trait
Since the description of inbred hypertensive strains in the rat

[113,114], it has never been identified what trait actually is inbred
which later manifests itself as hypertension. The present hypothesis
proposes for the first time that the said trait in the SHR is the increased
renal EGFR expression continued from infancy to adulthood [8,9]. It is
further proposed that the trait is expressed in subjects with essential
hypertension as a Gaussian distribution curve (Figure 3), thus
conforming to the thesis of Pickering [115,116], and discounts the
proposal of a bimodal distribution by Platt [117]. The genetic trait
maintains increased EGFR expression through gene amplification.

Figure 3: Distribution (schematic) of the genetic, epigenetic and
non-genetic hypertensive factors in the general population

Epigenetic – Alterations in Patterns of Growth and
Development

A number of conditions have been identified starting from
intrauterine life to adolescence which result in hypertension in later
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life but have in common the propensity to alter the normal pattern of
growth and development and place a continued demand, akin to early
growth period, on the organism achieving adulthood. Understandably
a great deal of attention has been focused on these conditions to
discover a connection with causation of hypertension [118,119].

Elegant concepts have been advanced on the role of fetal
programming and developmental plasticity to suggest that adverse
intrauterine events can alter the subsequent road map of growth and
development and cause changes in the kidney (reduced nephron
number and fibrosis) that may later result in hypertension [120]. Also,
early onset of puberty has been related to the later appearance of
hypertension, promoting the concept that the age at puberty may be a
marker for growth trajectory [121]. Similarly a low birth weight has
been correlated with the subsequent incidence of hypertension
[122,123]. The data on the subject, however, has been conflicting and
it appears the adiposity in the post natal period rather than the weight
at birth shows a better correlation with the incidence of hypertension
[124-126].

Despite these credible and promising “correlates” of the appearance
of hypertension, the cause for the genesis of hypertension has not been
revealed. The present hypotheses proposes that all of the “correlates”
have one salient feature in common, which is to place a demand for
continued growth of the organism reaching adulthood and thus
interfere with the downgrading and normalizing renal EGFR
expression. It is the continued increased EGFR expression which later
results in hypertension. The proposal gets strong support and
confirmation from the observations made in large scale studies [127]
showing that hypertension in the young has a high incidence of
adiposity in the youth and is accompanied by metabolic deviations, as
well as in the “prehypertension syndrome”, in the same fashion as
described earlier for genetic and essential hypertension [127-129].
Again, it is the continued increased expression of EGFR which is
responsible for the genesis of metabolic deviations, the
prehypertension syndrome, and the later onset of hypertension.

It has been suggested that the above referenced epigenetic factors
transmit an intergenerational influence through non-genetic
mechanisms of inheritance [12, 130]. It is likely that the epigenetic
category contributes significantly to the incidence of hypertension in
modern populations (Figure 3).

Non-Genetic Causes
The non-genetic causes which can stimulate EGFR expression

include gamma radiation, osmotic shock, membrane depolarization,
and exposure to radical generating agents such as hydrogen peroxide
and certain heavy metal ions [7]. Also included in this category are
certain cytokines such as growth hormone (acromegaly associated
hypertension). The quantitative contribution of these factors to the
incidence of hypertension is unknown but appears to be considerable.

A Potential for Primary Prevention Using Early
Treatment with ACE Inhibitors

The general principals of Primary prevention have been discussed
earlier. The concept receives strong support from specific examples
here. If the young SHR in the prehypertensive stage are treated with
ACE inhibitors for an optimal period, the long-term blood pressure
remains reduced when the hypertensive phase sets in the adult SHR.
And the long-term target organ damage is also reduced in the SHR
receiving early treatment. The findings were not reproducible if other

blood pressure lowering drugs not related to angiotensin were
employed for early treatment as controls [131]. This significant
observation failed to receive due recognition because the mode of
action of ACE inhibition in the experiment was not fully appreciated.
It is proposed that blood pressure lowering effect of ACE inhibition is
not relevant (other anti-hypertensive agents do not achieve the same
results) and that the salutary effects are entirely due to a reduction of
the level of EGFR expression produced by a reduction of the agonist
action of angiotensin and AT1r on EGFR transactivation. The
proposal is supported by observations showing that treatment with
ACE inhibitors or AT1r blockers exhibits anti-growth properties in
cancer cells [132] and anti-proliferative efficacy in cancer patients
[133]. Some clinical trials were initiated [132].

Considering the high value target of primary prevention, and
proven relative lack of toxicity of ACE inhibitors and angiotensin
receptor blockers, combined with an acceptable tolerance by a
majority of treated subjects, it is mandatory that large scale
randomized clinical trials should be organized. In the meantime the
following improvements in the design of the said trials should be
actively sought:

To devise a quantitative measure to monitor the effects of treatment
on EGFR expression levels using samples of blood, serum, urine and
skin biopsies.

To design and test new drugs such as:

Analogs of anti-angiotensin agents which lack the blood pressure
lowering activity but exhibit enhanced anti-EGFR potency.

Anti-EGFR agents with reduced toxicity than those currently
available

A combination therapy with anti-angiotensin and anti-EGFR agents

To refine the clinical parameters of treatment protocol considering
the:

Selection of subjects for treatment

Age to start treatment

Length of treatment

Who should be treated
If effective and well tolerated anti-EGFR agents were available and

clinically applicable, and reliable methods existed to monitor EGFR
expression during treatment, a case could be made to treat everyone at
risk of developing hypertension. And indeed, when increased EGFR
expression is fully proven and accepted as the fundamental fault in
hypertension the concept of a “vaccine” in childhood will become a
valid objective to pursue; which will protect against “excessive”
expression of EGFR.

Regarding the selection of subjects for clinical trials, it should be
noted that in the genetic and non-genetic categories shown in Figure
3, the selection from general population of those who may eventually
become hypertensive can be subject to error. Features of
prehypertension, such as borderline elevation of systolic blood
pressure or metabolic deviations, when present, are helpful indicators
to identify those who should be treated.

In sharp contrast, the category labelled as “epigenetic” (Figure 3) is
eminently suitable for clinical trials on primary prevention of
hypertension because a well-defined sample suitable as the target of
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treatment is already available. All of the “epigenetic” markers such as
intrauterine events, a low birth weight, childhood obesity and early
onset of puberty are indications for early treatment.

Consequences of EGFR Overexpression
Effects of EGFR overexpression have been studied in relation to

cancer but not in the context of non-tumorous proliferative disorders,
which the present hypothesis classifies the HCVRD continuum to be.
Increased EGFR expression has profound effects on signalling
pathways. High receptor density promotes its dimerization, which
controls receptor endocytosis [134], which is further regulated by
GPCR’s [135] prominently via a mutual interaction with AT1r [57].

Increased EGFR expression causes sequestration of ERK’s and
selective attenuation of specific EGF mediated signal pathways [136,
137]. Most importantly it alters the nature of EGF binding from the
normal “Lo Rapid” binding to a higher concentration and prolonged
binding mode [138]. These alterations cause fundamental changes in
EGF-EGFR function in the context of the hypothesis as follows:

The loss of “Rapid Lo” binding of EGF attenuates Pathway 1 and
thus the availability of AT2r and Rap Lo NG Aldo R.

The dominant operative pathway now becomes Pathway 2, in which
AT1r and MR take over and mediate the function of angiotensin and
aldosterone respectively.

Increased EGFR expression, as previously discussed, initiates the
syndrome of “prehypertension”.

Prehypertension
A survey of the vast literature on the subject is outside the present

scope. Instead arguments are summarized (with minimum citation of
references) to support the thesis that prehypertension and its
manifestations owe their genesis entirely to the increased expression of
EGFR and consequent decline of EGF function. Levels of concomitant
blood pressure and hormones such as angiotensin, aldosterone and
catecholamines, at this stage, do not contribute to the genesis of
prehypertension. These factors, however, influence the manifestations
of prehypertension, but do so by their interaction and effect on
increased expression of EGFR (see below). Following are the salient
accompaniments of prehypertension syndrome.

Hyperuricemia (HYRU)

Causation
Elimination of uric acid and other organic anions require an

essential step of basolateral anion uptake in the proximal renal tubule
mediated by EGF, which also recruits PGE2 via protein kinase A
[139,140]. This critical step is countered by EGFR overexpression
resulting in compromised elimination of organic anions, including
uric acid.

Clinical Correlates
Uric acid elimination shows a remarkable quantitative relationship

with prevailing levels of EGFR activity, thus rendering elevated serum
uric acid as a faithful marker of EGFR overactivity and its
consequences. Serum uric acid levels are strongly correlated with
albuminuria in prehypertensive (non-diabetic) subjects [141]. New

onset of hypertension (prospectively in a large population) shows a
strong relationship with the development of hypertension,
independent of other factors [142].

In established hypertension HYRU is an independent predictor of
LVH, carotid abnormalities and other indices of target organ damage
and cardiovascular-renal risk and disease [143,144]. The above
described strong relationships with HYRU [141-144] have raised the
question if uric acid is directly involved in the pathogenesis of
hypertension. The present hypothesis provides a clear answer to that
question. Uric acid levels are a strong, reliable and independent
marker of EGFR over activity. A weaker correlation of serum uric acid
with indices of cardiovascular–renal disease, observed in hypertensive
women compared with men, is explained by the negative effect of
estrogens on EGFR signal transduction [145].

Microalbuminuria (MALB)

Causation
It is proposed that an important endocrine function of EGF is to

maintain tight junction sealings between epithelial cells along the
entire nephron [146]. EGF action controls the amount and
distribution of occludins and claudins, by translocating these proteins
from cytoplasm to within intercellular contacts [147]. It is proposed
that the glomerular membrane requires a higher concentration of EFG
to ensure its integrity than the epithelial cells of the nephron. It is
proposed that the objective is achieved by the design of macula densa
in having the EGF rich distal tubules in close proximity to the
glomerulus.

Juxtaglomerular (JG) Apparatus – A Teleological Rational
for its Structure

The old, seemingly attractive concept, proposing that renin
secretion from JG cells is regulated by sodium concentration or load in
the distal tubule, has never been validated. Indeed it has been
disproven, but has survived as conventional wisdom. It has been
conclusively shown that JG cells are capable of releasing renin in the
absence of sodium delivery to the maculadensa [148]. Multiple factors
control renin secretion [149]. The structural closeness of distal tubular
cells (lacking basement membranes) with the cells of macula densa, is
not a design required for ionic transport, but rather speaks for
facilitating the transport of peptides and proteins. It is proposed that
the teleological rationale of the design is to provide EGF from the
distal tubule to the glomerular membrane in much higher
concentrations than available in plasma or glomerular filtrate.
Increased EGFR expression opposes this normal function and leads to
“leaky” membranes.

Clinical Correlates
A great deal of investigative effort has been devoted to

microalbumin (MALB). Several huge prospective population studies
have focused on correlating the course of MALB with concomitant
levels of blood pressure, blood sugar, renal function and therapeutic
effects of relevant hormone receptor antagonists. Yet the pathogenic
cause of MALB has not been revealed. It is submitted that the available
data, however, supports the proposed hypothesis that MALB
originates as a deficiency of EGF function and later quantitatively
promoted by increasing levels of EGFR expression.
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Unlike HYRU, which is a mirror reflection index of EGFR activity,
multiple factors overlap the role of EGFR in case of MALB.
Nevertheless the progression of MALB closely parallels the course of
HYRU [141] and a reduction in MALB parallels a reduction in
cardiovascular events in hypertensive patients [150]. MALB (defined
as albumin excretion of >5 ug/min) correlates with incidences of new
coronary heart disease and death [151]. Genesis of MALB is
independent of blood pressure levels and a dissociation between blood
pressure reduction and a fall in MALB with treatment has been shown
in several studies [152].

Conclusive evidence in favor of increased EGFR activity being the
quantitative cause of MALB comes from treatment studies with
antagonists of hormone receptors such as angiotensin [153],
aldosterone [154] and adrenergic hormones [155]. The resulting
reduction in MALB is independent of the blood levels of those
hormones or their cellular effects. The hormone receptors (GPCR’s)
are known to transactivate EGFR and their antagonists suppress EGFR
activity. Strong experimental support for the concept has been
provided in the case of AT1r. Using antisense oligonucleotides against
AT1r, it was demonstrated that a decrease in renal AT1r protein leads
to a parallel decrease in MALB, independently of changes in blood
pressure and circulating levels of A II [156]. The concept is further
supported by an observation that the effects of these diverse hormone
receptor antagonists can be additive when used in combination.

Long term sustained glycaemia with increasing levels of blood sugar
in hypertensive patients have been linked to the development of
MALB [157]. Higher levels of sustained glycaemia have been known to
stimulate renal EGFR expression.

Stiffening of Conduit Arteries
Stiffening of large conduit arteries (partly discussed in a previous

section) is the dominant feature of prehypertension, causing
significant pathology in multiple organ circulations, and producing its
hallmark hemodynamic pattern of a wide pulse pressure and an
accelerated pulse wave velocity - features that have been utilized to
clinically diagnose the condition.

Causation
Similar to the other manifestations of prehypertension, the

unrecognized cause of arterial stiffening is the blocking of the normal
actions of EGF and Pathway 1(Figure 1) and over activity of EGFR and
Pathway 2. In normal humans, endothelial function and bioavailability
of NO relate directly (independent of other factors) to the range of
pulse pressure as well as the pulse wave velocity. Direct measurements
of intra- arterial pulse wave velocity confirm that local availability of
NO modulates the distensibility of human conduit arteries without
alterations in systemic arterial pressure [158].

EGF and Pathway 1 play a vital role in regulating NO
bioavailability. NO production is stimulated by cellular actions of EGF
through increase in the intracellular pH via Na+/H+ exchange
(discussed previously). NO mediated phosphorylations require the
presence of EGF [159]. As discussed earlier, AT2r stimulates
phosphorylation of NO synthesis through Bradykinin B2 receptor
pathway and this action requires the presence of EGF to mediate the
phosphorylation. The aldosterone membrane receptor (Figure 1) also
stimulates NO production mediated thru AT2r.

In addition EGF participates in the maintenance of normal
compliance of arterial system thru its action on Ca++ and K channels
[111]. EGFR and Pathway 2 oppose these normal functions, and as
stated earlier, stimulate the expression and actions of TGF-β1 and
fibroblasts.

AT1r in Pathway 2 mediates cardiovascular-renal damage (LVH
and MALB) thru stimulation of TGF-β, which also stimulates collagen
type I [160]. Biochemical tissue analysis in myocardial fibrosis revealed
collagen type I [161]. Inflammatory changes in cardiovascular tissues,
resulting from chronic inhibition of NO synthesis (Pathway 1), are
linked to TGF-β1 [162]. In later stages, TGF-β1 participates in the
progression of heart failure [163]. Most significantly, AT1r has been
shown to stimulate the expression of TGF-β1 (thru upregulation of its
receptor subtype endoglin) in the coronary endothelial cells, leading to
proliferative changes via MAPK signalling [164].

Clinical Correlates
In the prehypertensive phase, the above-described changes are

independent of blood pressure levels. It is proposed:

The fibrotic stiffening of coronary arteries (non-atherosclerotic at
this stage) leads to ischemic changes in the coronary circulation.

The stiffening and fibrosis of myocardium leads to incipient
hypertrophy and deviations in diastolic filling and systolic
dysfunction.

The thickening of vasa recta and arcuate arteries in the kidney
contribute to mild disregulation of auto regulation, glomerular tubular
balance, and salt and water handling.

Thickening of pancreatic vessels may contribute to deviation in
insulin sensitivity and resistance.

The proposed genesis of fibrotic and proliferative changes in
cardiovascular-renal tissues, independently of blood pressure levels in
prehypertension (before the onset of systole-diastolic hypertension)
provides answers to some age old enigmas and controversies:

The old controversy, with vast literature, on the question of whether
structural changes in the vasculature always result from hypertension
or can be the cause of it also, can now be answered.

The observation in the SHR describing the appearance of mild
cardiac hypertrophy before the onset of hypertension can now be
explained.

Incipient abnormalities in renal handling of salt and water excretion
can occur before the onset of established hypertension.

Importantly, the incidence of ischemic coronary disease, before the
onset of hypertension, finally explains the enigmatic results of the
original VA Trials on the treatment of hypertension showing that
reduction of blood pressure by anti-hypertensive treatment prevented
the pressure dependent complications of hypertension, but did not
significantly alter the incidence of coronary artery disease.

Perspectives
This is not an attempt at the impossible task to review the vast

literature on the etiology of the hypertensive cardiovascular-renal
disease. Only selected references are cited to support the evidence
based hypothesis, which we believe is the first of its kind in scope. The
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multiple forms of Erb receptors, as well as the multiple agonists for the
EGFR, are not discussed as their differential or specific role in health
and disease are not well explored.

Scientific truth is not revealed in the armchair it has to be sought by
investigative inquiry. Nevertheless, it is submitted that a
comprehensive hypothesis, howsoever imperfect, can be an enormous
stimulus for further research on a complex subject – an avenue we
believe has not been exploited sufficiently.

The proposal that an enhanced level of agonist independent actions
of EGFR can mediate the initiation and progression of HCVRD by
causing non-tumorous proliferative changes in cardiovascular-renal
tissues has ample support in the biochemical, if not the clinical
literature [7,23,53-55,165]. The validity of the hypothesis, however,
depends upon the vital physiological role which the hypothesis assigns
to the agonist EGF and which has not been, hitherto, recognized or
articulated.

If the proposed role for EGF is confirmed in essential detail, the
hypothesis can answer questions that investigators in the field have
been searching for more than 200 years. If not, this will not be the first
“swan song” of an emeritus to die its own death.
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