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Abstract

Recently, the focus of interest on the role of the renin angiotensin system in the pathophysiology of
hypertension has shifted towards greater emphasis on new developments in local renin angiotensin
systems in specific tissues. We have focused our recent investigations on the role of the intrarenal-
intratubular RAS in hypertension. All of the components needed for angiotensin 11 generation are
present within the various compartments in the kidney. This brief review is focused on recent
evidence that inappropriate activation of renin in distal nephron segments, by acting on
angiotensinogen generated in the proximal tubule cells and delivered to the distal nephron may
contribute to increased distal intrarenal angiotensin Il formation, sodium retention and development
and progression of hypertension.
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Introduction

The renin angiotensin system (RAS) plays a pivotal role in regulating renal sodium and water
excretion and, therefore, in maintaining body sodium and fluid balance. It has generally been
held that renin produced by the kidney cleaves liver-derived angiotensinogen (AGT) to form
angiotensin (Ang) | in circulating blood which is then converted into Ang Il by angiotensin
converting enzyme (ACE) located at the luminal side of the endothelium in many tissues. More
recently, an ACE homolog, ACE2, has been shown to cleave a single amino acid from Ang |
to form Ang 1-9 and from Ang Il to form Ang 1-7. (8;9;15)

The kidney possesses all the necessary RAS components to generate Ang 11, as evidenced by
the fact that its tissues contain much greater Ang Il levels than the plasma (75;80) Indeed,
intrarenal Ang Il contributes to the regulation of transport function and renal hemodynamics.
(24;27;%0;66;74) The major fraction of Ang Il present in the renal tissues is generated from
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AGT delivered to the kidney as well as from AGT locally produced by proximal tubule cells.
(32;34) Although Ang | delivered to the kidney can also be converted into Ang Il within the
kidney (37;70), the secretion of renin from juxtaglomerular (JG) cells and its delivery to the
interstitium and microcirculation can form de novo Ang | in the renal interstitium. (20)
Furthermore, the presence of AGT in proximal tubule cells (31) also provides a source for local
generation of Ang I in the early part of the nephron. (44;52) In addition, the localization of
renin protein and mMRNA expression in principal cells of collecting ducts (29;63;69) along with
the evidence of AGT in urine (32) and ACE in the distal nephron segments (5;67) indicate that
the late part of the nephron is a likely site for intrarenal Ang Il formation. Although, the
intratubular concentrations of Ang Il in the distal nephron remains undetermined, several
studies support an important role of Ang Il in the regulation of distal nephron sodium
reabsorption via activation of AT1 receptors (AT1R) located on the apical aspects of the distal
tubules and collecting ducts. (1;37;61) The demonstration of a direct action of Ang Il on the
luminal amiloride-sensitive epithelial sodium channel (37;61) favors the scenario for a
maintained stimulation of sodium reabsorption in the collecting duct and may help to explain
the attenuation of the pressure-natriuretic in response to elevations in arterial blood pressure
and the development and maintenance of hypertension during Ang I1-dependent hypertension.
(19;23;45) In this review, we summarize our current understanding of independent regulation
of the intrarenal RAS, and discuss the hypothesis that inappropriate activation of renin in distal
nephron segments and AGT synthesized and secreted by proximal tubules cells coordinate
their actions to increase the formation of angiotensin peptides in the distal nephron segments,
and thereby play a role in the development and progression of hypertension.

Augmentation of Intrarenal AGT and Ang Il in Hypertension

The proximal tubule is a very active segment that participates in the reabsorption, degradation
and secretion of small peptides and bigger molecules such as AGT. Zou et al. demonstrated
accumulation of Ang Il in the whole kidney that is prevented by treatment with AT1R blockers.
(77) The internalization of Ang Il in the PT can occur via AT1R into endosomes and
intermicrovillar cleft vesicles (76) and mediated by megalin (17) which targets Ang Il to
degradation protecting the cell against Ang Il accumulation. Thus it has been proposed that a
balance between these two pathways will ultimately determine intracellular Ang Il levels.
(17) Chronic Ang Il infusions lead to increased intrarenal Ang Il content in the rat and mouse
Ang ll-infused models of hypertension; (79) (18) however local de novo Ang Il formation due
to enhanced intrarenal AGT production also contributes to the overall Ang Il levels in the
kidneys. (32;34) In vivo and in vitro studies have shown that Ang Il stimulates intrarenal AGT
mRNA and protein levels in proximal tubule (PT) cells (26;31;71). Chronic Ang ll-infused
rats have increases in renal AGT mRNA (31) and protein (30), as well as an enhancement of
urinary excretion rate of AGT (32) which occurs in time- and dose-dependent manners.(34)
This amplification mechanism may be responsible for the sustained or enhanced generation of
AGT leading to continued intrarenal production of Ang Il under conditions of elevated
circulating Ang 1l concentrations. Intrarenally formed Ang Il may exert an additive effect with
the Ang Il that is internalized via AT1R both contributing to the overall increased intrarenal
Ang Il content. AGT urinary excretion rate is closely correlated with systolic blood pressure
and kidney Ang Il content, but not with plasma Ang Il concentration. (32;34) In addition, the
increased urinary AGT is not just due to increased proteinuria or the development of
hypertension since urinary protein excretion in volume-dependent hypertensive rats was
significantly increased more than in Ang Il-dependent hypertensive rats. (34) In contrast,
urinary AGT excretion was significantly lower in volume-dependent hypertensive rats than in
Ang l1-dependent hypertensive rats. (34) Furthermore, the finding of intact AGT in urine
suggests its presence throughout the nephron and, to the extent that renin and ACE are available
along the nephron, there may be continued Ang | generation and Ang |1 conversion in segments
beyond the proximal tubule. (11;12;69)
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Kobori et al (33) also examined the relationship between urinary excretion of AGT and kidney
AGT levels in Dahl salt sensitive rats (DS). Although this model is characterized by a low
activity of circulating RAS, Ang I-converting enzyme inhibitors and AT1R antagonists
ameliorate renal dysfunction in DS rats under a high salt diet. (35;57). Kidney AGT levels were
significantly increased in DS rats fed a high salt diet compared to DS fed a low salt diet or Dahl
salt resistant rats on either high or low salt diets. Urinary excretion of AGT was paradoxically
increased in DS rats fed a high salt diet demonstrating an inappropriate response to increases
in salt intake. These findings suggest that the intrarenal RAS, when inappropriately activated,
contributes to the development of hypertension in DS rats. Thus, the hypertension that results
when DS rats are fed a HS diet may be due, in part, to inappropriate and paradoxical increases
in intrarenal AGT levels.

When intrarenal AGT formation is increased, some of the AGT is secreted into the tubular
fluid and spills over into the distal tubule and eventually into the urine. (32;34) The presence
of substrate allows for continued Ang Il generation at distal nephron sites dependent on
availability of renin and ACE. This issue has raised our interest in a more detailed investigation
of renin present at distal nephron segments and on its role in Ang Il-dependent hypertension.

Enhancement of Collecting Duct Renin in Ang ll-dependent Hypertension

Renin in distal nephron segments may provide a possible pathway for Ang I generation from
proximally delivered AGT. Although it is well established that plasma renin is primarily
derived from the cells of the juxtaglomerular (JG) apparatus; renin transcript and protein have
also been detected in renal tubular segments. (13;25;53:69;73) Renin is expressed in principal
cells of connecting tubules and cortical and medullary collecting ducts of kidneys of normal
rats and Ang Il-dependent hypertensive rats (Figure 1). Several studies have shown that renin
expressed by the tubular segments is differentially regulated renin synthesized in JG cells
(22;29:%6:63;69). CD renin protein and message are upregulated in chronic Ang Il infused rats
(63) and these increases are prevented by AT1R blockers (ARB) indicating an AT1R-mediated
mechanism. (64) More recently, Kang et al (29) confirmed these findings using M-1 cells, a
cortical collecting duct cell line of mouse origin, treated with Ang 1l and an AT1R blocker,
olmesartan. These authors suggested that ARB treatment may exerts a dual beneficial effect,
by permitting stimulation of renin production at its JG cells localization while inhibiting Ang
I1-mediated renin stimulation at the CD cells. (29)

Immunohistochemistry studies specifically localized renin in the principal cells of CD but not
in intercalated cells. The presence of renin immunoexpression as well as its transcript has been
identified exclusively in principal cells of cortical and medullary CD and connecting tubules.
(29;64;69) Using a sophisticated confocal imagine technique with multiphoton excitation
fluorescence microscopy, Peti-Peterdi and associates reported quinacrine-labeled renin
granular content in JG cells and CD cells. (59;60) Using this approach these authors reported
the visualization of renin exocytosis was visualized in real time and at the individual renin
granule level in response to a number of stimuli including Ang Il. (29) Moreover, Rohrwasser
et al. suggested in vitro renin secretion by isolated connecting tubules (69) and demonstrated
renin and prorenin in urine from mice treated with high salt diet and amiloride. (68) Because
of its small molecular size, renin can be partially filtered through the glomerular membrane
and most of the filtered load is reabsorbed by the proximal tubule cells under normal
physiological conditions. (41) Although plasma renin concentration seems to parallel renin
urinary excretion, (42) it has been suggested that this depends on the balance between the
filtered load and the Ty, for renin reabsorption in the proximal tubule. In addition, Lalouel and
associates have proposed that during manipulation of dietary sodium the renin excretion is
inversely related to more moderated changes in plasma renin content, (39) therefore, they
suggested that the presence of significant amounts of prorenin and renin in final urine indicates
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that renin and/or prorenin can be secreted through apical side of the cells into the lumen of
distal nephron segments. (68)

The presence of renin mMRNA in the renal medullary tissues of Ang Il-dependent hypertensive
rats also supports local synthesis. (64;65) We found in renal medullary tissues of chronic Ang
I1-infused rats (64) and in 2K1C Goldblatt hypertensive rats (65) increased renin transcript
levels compared to control rats. However, it cannot be ruled out that some renin protein uptake
by the CD cells may also contribute to the increased renin in CD cells. One possibility that
could be implicated in mediating renin or prorenin uptake by CD cells is the recently cloned
prorenin receptor -(P)RR- which has been demonstrated in mesangial cells, cortical renal
arteries, and distal tubules of the kidney. (6;10;54). Muller et al (48) demonstrated the presence
of (P)RR in kidneys of 2K1C Goldblatt hypertensive rats but there were no changes in (P)RR
expression in either of the two kidneys compared to control. Therefore it is more likely that
the upregulation of CD renin in both kidneys of 2K1C rats is due to an increased formation as
suggested by the increased renin mRNA. (65) Nevertheless, the presence of (P)RR would be
expected to increase Ang Il tissue generation by binding either renin or prorenin and increasing
the catalytic efficiency. (10;38;54) Along with the increased renin synthesis and secretion from
the principal cells of the collecting ducts, (29;65) it is possible that (P)RR located in the distal
nephron segments (62) may play a pivotal role to increase the efficiency of intratubular
angiotensin peptide generation by anchoring renin or prorenin synthesized and released by
principal cells. Nevertheless, accordingly with Nguyen et al., it is still an issue whether the
affinity of the (P)RR is sufficient for binding renin in picomolar concentration ranges, given
the fact that only =1% of soluble renin is expected to bind to the receptor. (4;54) Nguyen et al
(53) described the immunoexpression of this receptor on the basolateral side of distal tubular
cells as well as macula densa cells which may be particularly significant in regulating interstitial
Ang Il levels. Increases in renal interstitial fluid Ang Il levels have been reported for two
models of hypertension. Siragy and Carey (72) found that renal interstitial Ang Il is increased
in the wrapped kidney of rats with two-kidney, one-wrap Grollman hypertension. Nishiyama
et al (55;56) reported that renal interstitial fluid Ang Il concentrations are increased in rats
infused with Ang Il for 2 weeks. Because the renal interstitial values are greater than can be
explained on the basis of equilibration with the plasma concentrations, it seems likely that local
regulation of Ang Il formation in the renal interstitial compartment and enhanced production
of interstitial Ang Il might be secondary to specialized Ang ll-forming pathways or
accumulation mechanisms. (55) The presence of (P)RR at the basolateral side of distal tubular
segments cells may contribute to the pool of Ang Il in this renal compartment.

Regulation of Renin in the Collecting Duct during Ang ll-dependent
Hypertension

The mechanisms responsible for the upregulation of renin in the CD during Ang Il-dependent
hypertension remain unclear. We have examined the gene expression of renin in the CD cells
of different models of Ang Il-dependent hypertension. (63-65) In chronic Ang Il-infused rats,
renin expressed by principal cells of cortical connecting tubules and cortical and medullary
CD is augmented. (63) The increases in CD renin transcript as well as enzymatic activity in
the medullary tissues of these rats indicates local synthesis and an adequate source of the
enzyme available for cleaving AGT delivered into the tubular fluid from the proximal tubule
segment. (64;65) Importantly, the coexistence of suppressions of JG renin and PRA in the
chronic Ang ll-infused rat model argues against a recapture effect being the major determinant
of augmented renin in medullary regions. Thus in contrast to the inhibitory effect that Ang Il
exerts on JG renin, chronic Ang Il infusions stimulate renin in the CD cells. (29;63)

Treatment with AT1R blockers also reduces arterial pressure; thus, data from the chronic Ang
I1-infused rats treated with ARB do not distinguish between the stimulatory effects of Ang Il
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versus those due to the associated increases in arterial blood pressure. To determine the
potential effects of arterial pressure, the two-kidney, one-clip (2K1C) Goldblatt hypertensive
rat model was used to dissect the effects of high Ang 11 levels, which are present in both kidneys
of 2K1C rats, from the effects of exposure to elevated arterial pressure, which is restricted to
the non-clipped kidney (NCK). During 2K1C Goldblatt hypertension, a cascade of events
initiated by the increased renin secretion from the clipped kidney (CK) and followed by early
increases in circulating Ang 11, leads to an increased blood pressure and inhibition of JG renin
synthesis and release in the NCK. The elevated circulating Ang Il levels return back towards
normal after 2-3 weeks of renal unilateral clipping. (19) Recent studies demonstrated that there
is augmented gene expression of renin in the collecting ducts of inner medullary tissues from
both kidneys in 2K1C Goldblatt hypertensive rats indicating that the enhancement of local
synthesis and stimulation of renin in the distal nephron segments occurs independently of blood
pressure. The observation that the NCK is highly Ang 11 dependent even when circulating Ang
Il levels returned towards normal suggests that there is dissociation between the circulating
Ang Il levels and the renal Ang 1l dependency. Importantly, the fact that the Ang Il content of
the NCK is elevated even at a time when JG renin content and its transcript levels are markedly
decreased (19;43;47) suggests a unique mechanism responsible for the enhanced intrarenal
Ang Il in NCK.

It is unlikely that circulating Ang Il sustains the upregulation of distal nephron renin since
plasma Ang Il concentrations in 2K1C hypertensive rats return towards control levels. (19)
However, because increases in plasma Ang Il concentration occur during the early phases
following renal unilateral clipping, (75) this could play a role in initiating the increases in
intrarenal Ang Il by augmentation of intrarenal AGT (30) and AT1R-mediated uptake. (78)
Accordingly, the initial event caused by unilateral renal artery clipping may initiate the cascade
responsible for intrarenal Ang Il augmentation in the NCK. (7;19) Furthermore, it is also
unlikely that circulating renin or prorenin is the stimulus for the upregulation of renin in the
CD cells since chronic Ang ll-infused rats exhibit stimulation of renin in distal nephron
segments in a setting of marked suppression of PRA.(63) It is conceivable that the local
amplification mechanism of intrarenal Ang 11 on distal nephron renin may allow a moderate
increase in Ang Il to further augment the intratubular and interstitial Ang Il levels in order to
achieve rapid homeostatic regulation of sodium balance as needed in a setting of volume
depletion. Although this effect appears to be a positive feedback under pathologic conditions,
the physiologic consequences of this mechanism would be to prevent or minimize volume and
sodium depletion by enhancing sodium reabsorption to re-establish sodium balance and
ultimately, to allow renin to return to normal levels. Thus, we have suggested (65) that in
physiological conditions, this represents a feed forward mechanism that anticipates and
prevents volume depletion. However, during overactivation of the RAS such as following
unilateral renal artery clipping, or chronic exogenous infusions of Ang II; this stimulus would
be sustained leading to further increases in local Ang Il levels through the coordinated actions
of AGT in the proximal tubule cells and renin in the distal nephron segments. We recognize
that other possible downstream mediators such as distal nephron sodium reabsorption, changes
in distal sodium delivery, and aldosterone might also be involved in the regulation of CD renin
during Ang Il-dependent hypertension.

Potential Role of Enhanced Collecting Duct Renin in Ang ll-dependent
Hypertension

There is evidence for a compartmentalized and regional distribution of Ang Il within the
kidney. (49;55) Renal interstitial fluid concentrations of Ang | and Ang Il are much higher
than in plasma. (2;55) Early studies showed that medullary Ang 11 levels are higher than the
cortical levels in normal rats. (51) This concentrations increase even further in Ang ll-infused
hypertensive rats (Figure 2). It has been suggested that increases in Ang 11 content in association
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with high density of AT1 receptors may account for major actions of Ang Il in regulating
hemodynamics and tubular function in the renal medulla (21;58) Increased Ang Il content in
the renal medulla suggest a particular Ang Il-forming pathway, or accumulation mechanism
in medullary tissues that are subject to local regulation. We have hypothesized that the
enhancement of renin gene and protein expression as well as its activity in the collecting duct
cells is a driving force to increase intrarenal Ang Il content in the medullary regions. (65) In
human and rat kidneys it has been shown that ACE2, a homolog of ACE that metabolizes Ang
Il to generate Ang 1-7, is predominantly distributed in the deep renal cortex and outer medulla.
(3;40) Angiotensin 1-7 opposes the actions of Ang 1. (14) Recent evidence demonstrating that
Ang Il upregulates ACE and downregulates ACE2 in vitro and in vivo (16;28;36) highlights
the importance of upregulated renin in the CD cells in the increased formation of Ang I and
ultimately Ang Il in the distal tubular segments. A reduction in ACE2 has been reported in
hypertensive animal models such as the Sabra hypertensive rat and the spontaneously
hypertensive rat. (9) Thereby, during Ang ll-dependent hypertension, it is likely that the
downregulation of ACE2 will decrease Ang Il degradation and further increase intrarenal
content of Ang Il in the renal medulla. The promotion of an imbalance in the angiotensin peptide
intrarenal content of Ang Il and Ang 1-7 will contribute further to the progression of high blood
pressure during hypertension. More studies using specific renin inhibitors during upregulation
of CD renin conditions or specific targeting of the renin gene at the principal cells of the CD
will help to elucidate the functional role of renin in the distal nephron segments during Ang
I1-dependent hypertension.

Concluding Comments

Emerging data indicate that collecting duct renin can be regulated independently from blood
pressure. In the Figure 3) These data help to explain how, even during states of JG renin
suppression, the non-clipped kidney can still maintain de novo intrarenal Ang Il formation.
From a functional perspective, enhanced AGT in urine of Ang Il dependent hypertensive rats
reflects spillover of AGT from proximal nephron segments and substrate availability
throughout the nephron. Thus, augmented renin in the collecting ducts along with the local
presence of the (P)RR and increased levels of Ang I suggest that distal nephron renin provides
a pathway to increase the generation of this peptide from proximally delivery AGT. The
presence of (P)RR at the surface of the collecting duct cells by increasing the catalytic activity
for Ang I generation and anchoring renin may reduce washout of prorenin or renin into the
urine. The availability of ACE in distal nephron segments along with reduction in ACE2
supports subsequent enhanced formation of Ang Il. The enhancement of renin in the collecting
ducts along with the presence of (P)RR lead to increased intrarenal Ang Il formation and
consequently decrease its degradation by favoring the downregulation of ACE2. Accordingly,
in Ang lI-dependent hypertension, renin and ACE in distal nephron segments may provide a
critical final mechanism for Ang Il formation which can act on transport systems to stimulate
sodium reabsorption and consequently play a major role in the development and maintenance
of high blood pressure.
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Figure 1. Renin Immunoreactivity in Cortical and Medullary Collecting Ducts of Rat Kidneys
Panels A-F show the cortex (Panels A, C, and E) and medulla (Panels B and D) of kidney
sections (3 um) with specific renin immunostaining in sham rats (panels A-B), chronic Ang
Il-infused rats (panels C-D) and 2K1C Goldblatt hypertensive rats (panels E-F). Arrows show
renin immunoreactivity in juxtaglomerular cells localization (DAB chromogen) in a sham
(panel A), chronic Ang Il-infused rat (panel C) and in the clipped kidney (panel E) and non-
clipped kidney (panel F) from Goldblatt rats. Higher renin immunoreactivity (asterisks; DAB
chromogen) are shown in the collecting ducts of the renal cortexes of chronic Ang Il-infused
rats (panel C) and both, clipped (panel E) and non-clipped (panel F) kidneys relative to sham
kidney section (panel A). Glom: Glomerulus.
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Figure 2. Angiotensin 11 levels in rat plasma and kidney cortex and medulla tissues

The levels of Ang Il were measured by radioimmunoanalysis in plasma and kidney cortex and
medulla samples from sham rats (n=8) and chronic Ang ll-infused rats (n=8). Values are
expressed in fmol/mL (plasma) or fmol/g (tissue). Values are means + S.E. * p< 0.05 versus
sham. # p< 0.05 kidney cortex versus kidney medulla.
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