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Abstract

The intrarenal renin-angiotensin-system (RAS) plays a critical role in the pathogenesis and
progression of hypertension. In angiotensin (Ang) Il1-dependent hypertension, collecting duct renin
synthesis and secretion are stimulated despite suppression of juxtaglomerular (JG) renin. This
effect is mediated by Ang Il type 1 receptor (AT1R) independently of blood pressure. While the
regulation of JG renin has been extensively studied, the mechanisms by which renin is regulated in
the collecting duct remain unclear. The augmentation of renin synthesis and activity in the
collecting duct may provide a pathway for additional generation of intrarenal and intratubular
Angll formation due to the presence of angiotensinogen substrate and angiotensin converting
enzyme in the nephron. The recently described (pro)renin receptor ((P)RR) binds renin or prorenin
enhancing renin activity and fully activating the biologically inactive prorenin peptide. We have
recently described that renin and (P)RR, are augmented in the renal inner medulla and urine in rats
infused with Ang Il. However, the functional contribution of (P)RR to enhance renin activity in
the collecting duct, and the contribution to increased intrarenal Ang Il content and development of
hypertension, have not been elucidated. In this review we will focus on the recent evidence
demonstrating the mechanism by which renin is regulated in the collecting ducts and its
interaction with the (P)RR. Recent evidence suggests that renin and (P)RR interact to contribute to
Ang Il formation and the stimulation of intracellular pathways in the renal collecting duct which
may contribute to the development and progression of hypertension.
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Introduction

The renin-angiotensin system (RAS) plays a major role in the blood pressure and fluid
volume control; however, it also potentially contributes to the development and progression
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of fibrotic and hypertrophic diseases. Beside the systemic RAS, which is mainly controlled
by the production and release of renin from the kidneys into the circulation, locally acting
RAS present in a variety of organs are also important particularly in the kidney. Renin is
primarily synthesized in the juxtaglomerular (JG) cells where is stimulated by a number of
signals that increase intracellular cyclic AMP (cAMP) levels and activation of protein kinase
A (PKA). The 5’-flanking non-coding region of the renin gene (1;2) plays a central role in
regulating renin expression in all species. This region is considered as a classical promoter.
The presence of a functional cAMP response element (CRE) is a characteristic feature of the
renin promoter in all species; CAMP binds to the two regulatory subunits of PKA to release
two catalytic subunits from the inactive PKA tetramer complex. The free catalytic subunits
(referred to as activated PKA) translocate to the nucleus and phosphorylate transcription
factors of the cAMP response element binding protein/activating transcription factor CREB.
In contrast to the stimulatory function of cAMP, hormones such as Ang Il and endothelin
inhibit renin gene expression and secretion from JG cells by increasing the cytosolic calcium
and/or activation of PKC (3).

New evidence from at least 10 years, demonstrated the presence of prorenin and renin in
renal collecting ducts (4-11). Furthermore, it has been reported that Ang Il increases renin
expression in the collecting duct cells in vitro and in vivo via PKC pathway (12). This is
opposite to what has been observed in JG cells (3). This observation was relevant in the
view that angiotensinogen (AGT) and angiotensin converting enzyme (ACE) are also
present along the nephron and upregulated by Ang Il-infusions (13;14), indicating that
augmented collecting duct renin may contribute to further intratubular Ang Il formation.

Recently, a new member of the RAS has been described: the (pro)renin receptor ((P)RR),
which is able to bind renin enhancing renin activity and fully activating the biologically
inactive prorenin (15;16), which may lead to a further Ang Il formation inside the kidneys
(17). Additionally, binding of prorenin and renin to the membrane bound (P)RR triggers
intracellular pathways which have been related to tissue damage (18;19). In this review, we
will describe evidence demonstrating that collecting duct principal cells synthesize renin and
prorenin and that this cell type respond to Ang Il increasing renin/prorenin synthesis and
release. We suggest that renin/prorenin - (P)RR interaction may have a key role in the
formation of intrarenal Ang Il.

Intratubular RAS along the nephron

The concentrations of Ang | and Ang Il in the proximal tubule fluid are in the range of 5-10
pmol/ml (20-22), which are similar to renal interstitial fluid concentrations (23) and remain
elevated in infused hypertensive rats (24) suggesting their sustained actions on proximal
reabsorption rate. The presence of AT1R on luminal membranes of proximal and distal
nephron segments suggested that Ang Il concentrations are able to activate AT1R (25;26).
In mice, AT1aR are essential for normal blood pressure regulation and for mediating the
hypertensive response to Ang Il infusions (27). These recent studies indicate that distal
nephron Ang Il is formed locally in the tubules at concentrations that are sufficiently high to
influence distal nephron transport function (25;26). Angiotensinogen (AGT) mRNA has
been described in proximal tubules (13;28;29). This observation generated interest about its
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function. A breakthrough was the publication of several reports describing the augmentation
of mRNA and urinary excretion in chronic Ang Il infusion model (28;29). This effect is
mediated via activation of AT1R, since AT1R blockers were able to prevent AGT
upregulation (30). Similar observations were made in vitro using proximal tubule cell
cultures (31). The mechanism by which Ang Il stimulates AGT mRNA and protein is
complex and appears to require interactions with inflammatory factors including interleukin
(32), and increased oxidative stress (33;34). Augmented AGT may serve as substrate for
Ang | formation by the action of renin in the collecting duct.

Renin in the collecting duct

Although renin is primarily synthesized and secreted by the JG cells, renin mRNA and
protein expression is also present in renal tubules (5-7;10;11). Figure 1A shows renin
expression in JG cells and collecting ducts. Renin synthesis is augmented in the principal
cells of connecting tubules and cortical and medullary collecting ducts of chronic Ang 11-
infused rats (Figure 1, B, C, D) and mice, Cyplal-Ren2 transgenic rats, and in both kidneys
of two-kidney one clip Goldblatt hypertensive rats. (5-7;10;11). In contrast to the inhibitory
effect that Ang Il exerts on JG renin, Ang Il stimulates renin in the principal collecting duct
cells via a mechanism mediated by the AT1R independent of changes in blood pressure
(5-7). Activation of AT1R suppresses renin synthesis in JG cells via protein kinase C (PKC)
and Ca*2 (35); however, we demonstrated that augmentation of renin synthesis in rat inner
medullary collecting duct cells is mediated directly by AT1R via a PKC pathway (12). The
PKC activator, PMA (Phorbol 12-myristate 13-acetate) stimulated renin levels and
concomitant treatment of 10~/M Ang 1l and PKC inhibition with calphostin C prevented the
stimulatory effect of Ang Il on collecting duct renin in inner medullary collecting duct
(IMCD) cells (35).

Because AGT and angiotensin converting enzyme (ACE) are present along the nephron, the
augmented of renin levels in the collecting duct from Ang l1-dependent hypertensive rats
may explain why newly Ang Il is formed intratubularly in this animal model of
hypertension. Furthermore, there is recent evidence suggesting that high intrarenal Ang I1
levels can be explained not only by uptake of existing Ang Il but also by newly formed Ang
I1 (36;37). These mechanisms are explained by the presence of all the components required
to form Ang Il inside the kidneys, like angiotensinogen, renin and angiotensin converting
enzyme (9). More importantly, these observations suggest that intra-renal and intratubular
Ang Il can act directly to enhance sodium reabsorption thus contributing to the development
and maintenance of hypertension (25;26).

The (Pro)renin receptor

The discovery of a receptor for renin and prorenin, the prorenin receptor ((P)RR) brings a
new perspective of the possible role of (P)RR in a setting of activated intra-renal RAS. The
(P)RR is expressed in the kidneys particularly in mesangial cells, podocytes, and
intercalated type-A cells of distal nephron segments (38-41). The (P)RR was described as an
associated protein with the v-ATPase (vacuolar H+-ATPase), giving the name to the gene
ATP6AP2 (ATPase 6 accessory protein 2/(P)RR). The (P)RR binds renin and prorenin with
an affinity in the nanomolar range and their binding triggers a range of cellular events like
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mitogen activated kinases (MAPKSs) extracellular-signal-regulated kinases (ERK 1/2).
Importantly, the actions of the (P)RR has been linked to diabetes nephropathy (42). Despite
the low levels of renin in patients with diabetic nephropathy, high levels of prorenin is
detected in these patients associated with occurrence of microvascular complications,
microalbuminuria and retinopathy (43). The (P)RR can activate inflammatory responses in
diabetic kidneys, for example overexpression of (P)RR leads to augmentation of COX-2
(44). Blockade of prorenin binding to the (P)RR is able to prevent and even reverse diabetic
nephropathy (45). Synthesis of prorenin is also augmented in the collecting ducts in diabetic
nephropathy, leading to activation of signalling pathways that can promote tubular damage
(46). All this new evidence suggest the interaction between the (P)RR and renin or prorenin
in plasma, interstitial space or in tubular fluids where they may contribute to the generation
of additional Ang Il levels. In fact, prorenin levels in the plasma are not correlated with
plasma renin activity in some diseases (43), which suggest complex interactions depending
on the status of prorenin or (P)RR expression. We have demonstrated that the (P)RR is
augmented in the collecting ducts of rats infused with Ang Il during 14 days (41), however
the pattern between mRNA and post-transcriptional events seems to be different, making the
(P)RR-renin/prorenin interaction complex especially in diabetic nephropathy and
hypertension.

Interestingly, binding of renin and prorenin to the (P)RR can induces a four-fold increase in
the catalytic efficiency of angiotensinogen conversion to Ang | (18;47). Thus, renin/prorenin
interaction with its receptor may provide a novel mechanism for tissue Ang | generation on
the cell surface. As shown in Figure 2A, (P)RR (apical) is co-expressed with the anion
exchanger type 1 (AE-1; basolateral membrane) in intercalated cells while renin is expressed
in principal cells (Figure 2B)

Expression of Renin and (P)RR in collecting duct cells

We have demonstrated that urines collected from Ang Il infused rats incubated with
recombinant prorenin showed high Ang | formation that correlates with the augmentation of
the soluble form of the (P)RR (s(P)RR) and the augmentation of the (P)RR mRNA levels
(41). This suggests that the augmented renin synthesis and release in the principal cells of
the collecting ducts can stimulate the membrane located (P)RR leading to both, Ang |
formation and/or activating (P)RR-dependent signalling pathways. Using a mouse cortical
collecting duct cell line, M-1 cells, we detected the presence of renin in principal cells and
(P)RR in intercalated cells (Figure 3). We also reported that (P)RR mRNA and protein
expression are increased in the renal medulla of Ang ll-infused rats and CyplalRen2
transgenic rat model (inducible form of Ang Il-dependent malignant hypertension) (48). In
addition, we also demonstrated that the soluble form of the (P)RR (s(P)RR) which is the
extracellular cleaved form of the full length protein, is augmented in inner medullary tissues
and in the urine of rats with Ang Il-dependent hypertension (Figure 4), and more
importantly that, the soluble form is functionally active in the urine (41). The s(P)RR is part
of the extracellular domain of the (P)RR and corresponds to the cleaved form of the full
length (37 kDa) protein and can be detected at around 28 kDa. In vitro evidence have
demonstrated that activation of furin (a protease) is responsible of the cleavage of the full

Clin Exp Pharmacol Physiol. Author manuscript; available in PMC 2016 January 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gonzalez and Prieto

Page 5

length form of the (P)RR, since furin specific inhibitors abolish this effect. The soluble form
of the (P)RR can be detected in plasma and urine as we previously reported (41;49).

The increases in collecting duct renin, (P)RR gene expression and s(P)RR activity may have
a key role in mediating local augmentation of intrarenal angiotensin peptides content and
intratubular Ang Il de novo generation, since there is plenty angiotensin converting enzyme
activity in the distal nephron segments and urine (26;50;51) Importantly, increased
intrarenal Ang Il content contributes to the pathogenesis of chronic hypertension through
sustained stimulation of Na+ reabsorption, renal vasoconstriction, and development of renal
injury (9). We have suggested that (P)RR activation could be an effect of the agonist action
of CD prorenin/renin which is also locally augmented by Ang Il (Ref? I think you can cite
here the Pflugler article).

The evidence of the secretion of the s(P)RR reported by us (41) and the in vitro data
showing that the extracellular domain can be released by a furin-mediated mechanism (49),
suggest that s(P)RR can bind renin secreted by the principal collecting duct cells and trigger
additional formation of Ang I. Increased mRNA and protein levels of prorenin reported in
freshly isolated rat primary cultures of rat inner medullary collecting duct cells in response
to Ang Il stimulation (12) and the evidence showing upregulation of s(P)RR, suggest that
interaction between these two components (41).

(P)RR and Cyclooxygenase-2

Due to the demonstrations that (P)RR activation upregulates cyclooxygenase type 2
(COX-2) via ERK 1/2 pathways (44) contributing to inflammatory process in renal cortex, is
it also important to evaluate what are the effects of (P)RR stimulation and overexpression in
distal nephron segments and interstitial cells. We have recently reported that activation of
the (P)RR) using a recombinant prorenin is able to increase ERK %2 phosphorylation in
primary cultured inner medullary cells composed of principal collecting duct cells,
intercalated cells and interstitial cells (52). We have also shown that (P)RR activation
increases COX-2 expression (Ref). This is important in the view that the inner medulla
COX-2 metabolites play a crucial role in the maintenance of sodium/water balance and
appropriate vascular tone responses during RAS activations, thus, activation of COX-2 and
synthesis of COX-2 metabolites may have a role not only in inflammatory responses but
also in the maintenance of the buffer mechanism against the anti-natriuretic effects of RAS
activation.

As hypothesized in Figure 5, activation of (P)RR in intercalated cells and interstitial cells by
augmented secretion of prorenin and renin from the principal cells of the collecting increases
intracellular pathways leading to COX-2 upregulation (Ref). Furthermore, due to the high
expression of intrarenal ACE (53) and the presence of AGT (13;54)in proximal tubules, it is
possible that augmented renin expression due to AT1R activation will result in a positive
loop increasing intratubular Ang Il de novo formation.
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Discussion

The present data and our previous reports demonstrate the close related interaction between
(pro)renin, renin and the (P)RR and their role during Ang Il-dependent hypertension.
Angiotensin Il for 14 days in male Sprague-Dawley rats resulted in increases in renal (P)RR
transcript levels in the collecting duct, as well as augmentation of the soluble form in renal
inner medullary tissues and urine. In addition, we have shown that (P)RR immunoreactivity
was detected not only at the apical aspect of the type A intercalated cells, but also on the
nonA-nonB intercalated cells. These observations in vivo are of relevance in light of recent
demonstrations of renin upregulation in distal nephron segments of Ang Il-dependent
hypertensive rats (5-7), and renin and/or (pro)renin secretion by collecting duct cells (12);
altogether providing a mechanistic basis for enhanced tubular Angiotensin 11 formation in
hypertension.

Besides the reported augmentation of angiotensinogen in proximal tubules, renin and
prorenin/renin in the collecting ducts, and Ang Il levels in kidney tissues during Ang 11-
dependent hypertension, the (P)RRs seems to be a new member candidate for targeting the
intrarenal RAS dysregulation. Nguyen and associates originally reported the presence of
(P)RR predominantly in glomerular mesangial cells and in vascular smooth muscle cells of
renal arteries using immunofluorescence on frozen kidney tissues (55). Our findings
confirms demonstrate the predominant immunoexpression of (P)RR on the apical side of
type A intercalated cells of cortical and medullary collecting ducts, based upon its
colocalization in cells that express anion exchanger type 1 (Figure 2). Specific
immunoexpression of (P)RR by the intercalated type A cells was reported previously (56).
We showed specific (P)RR immunoreactivity on the apical aspect of intercalated cells at the
initial part of the cortical collecting duct and connecting tubule, co-localizing with
glycoprotein ammonia transporter glycoprotein C and B (Rhcg, and Rhbg) expressed at the
basolateral cell-side of type nonA-nonB intercalated cells (Figure 6). The co-localization
and homology of (P)RR with an accessory protein of the H+ -ATPase along with the
demonstration that Ang Il may activate vacuolar H+ -ATPase, thereby being able to add H+
into the urine at the end of the nephron; have led to suggest that the (P)RR might be
involved in H+ transport via a local Ang 11-dependent mechanism. Thus, the presence of
(P)RR in the intercalated cells may not only contribute to the pool of angiotensin Il content
but also to urine acidification.

Although we did not visualize (P)RR immunoexpression at the interstitial side (basolateral
membrane) of the intercalated cells in vivo, Nguyen et al., described the immunoexpression
of the (P)RR on the basolateral side of distal tubular cells as well as in macula densa cells
(17). This particular cell-side localization of the (P)RR might be also important for
regulating Ang Il levels in the renal interstitium. Increases in renal interstitial fluid
angiotensin Il levels have been reported in several models of Ang Il-dependent hypertension
(57;58). Because it has been suggested that local regulation of Ang Il formation in the renal
interstitial compartment as well as enhanced production of interstitial Ang Il might be
secondary to specialized Ang I1-forming pathways or accumulation mechanisms, the role of
(P)RR in the regulation of renal interstitial fluid Ang Il may be also important.

Clin Exp Pharmacol Physiol. Author manuscript; available in PMC 2016 January 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gonzalez and Prieto

Page 7

We have been also demonstrated by immunoblotting analysis that the protein levels of the
full length (P)RR (37 kDa band) are substantially decreased in the renal medulla of chronic
Ang ll-infused rats (41). In contrast, these rats exhibited increased protein levels of the
s(P)RR in these tissues, suggesting that post transcriptional changes in the intracellular
processing of the (P)RR can be induced by a mechanism dependent on Ang Il (41).
Recently, it has been shown that s(P)RR can be subcellularly generated by a furin-mediated
cleavage (49). Indeed, we demonstrated that furin protein levels were increased in the renal
medulla of chronic Ang ll-infused rats, indicating that in this model of experimental
hypertension, the cleavage and apical secretion of the s(P)RR can be induced. These
observations were also confirmed in in vitro experiments were Ang Il was able to increase
the s(P)RR in culture media, suggesting that this is an intracellular mechanism activated by
ATIR (41).

The present review supports the notion that in the chronic Ang ll-dependent hypertensive
rats the physical interaction between (P)RR and renin expressed in neighbour principal and
intercalated cells on the collecting duct contribute to increase intratubular Ang Il due to its
location at the apical aspect of the intercalated cells by binding renin or prorenin produced
and secreted by the neighbouring principal cell, anchoring renin and/or prorenin at the cell
surface helping to prevent or minimize renin washout into the urine and also increasing
renin activity and the secretion of the s(P)RR form into the urine where it may bind renin,
thereby enhancing even further the intraluminal conversion of angiotensinogen to Ang I, and
ultimately to Ang II.

As shown by our co-immunoprecipitation studies, the s(P)RR form is bound to renin in the
urine of rats chronically infused; providing in vivo functional evidence that the s(P)RR in
the lumen of distal segments by binding renin may enhance the endogenous intratubular
production of Ang Il. Indeed, we found that the chronic Ang Il-infused rats exhibited higher
urinary renin activity and Ang Il levels than controls. Recently, Shao et al., reported that
increased Ang Il levels in the kidneys and urine of rats during chronic Ang Il infusion
involved stimulation of endogenous intrarenal Ang Il formation since intrarenal and urine
lleS-Ang 11 contents were greater in Val®>-Ang ll-infused rats than in sham-operated rats;
indicating that in this model of hypertension there is stimulation of endogenous Ang |1
formation which contributes to overall augmentation of intrarenal Ang Il (36;37).

Conclusions

The existence of an inducible form of the (P)RR in renal medullary tissues and urine and the
augmented synthesis and secretion of renin in chronic Ang ll-infused rats support further the
importance that this interaction may have on the enhancement of intratubular renin activity
during pathophysiological conditions. The recent in vivo demonstrations that increased
urinary Ang Il concentrations in mice infused chronically with Ang Il enhance distal sodium
reabsorption (59;60) emphasize further the importance that renin and (P)RR interaction may
have in the distal nephron segments for the increases in intratubular Ang Il formation, thus
allowing for a greater distal tubular sodium reabsorption and leading to progression of
hypertension. Further studies are necessary to establish the mechanisms by which Ang 11
enhances (P)RR synthesis and postranscriptional processing, as well as to elucidate the real
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ntribution of the full length and the soluble form of the (P)RR to the increases of

intrarenal Ang Il generation.
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Figure 1.
A. Renin expression in juxtaglomerular cells (insert in red and arrow) and in collecting ducts

(red). Brown color indicates aquaporin-2 (AQP-2) immunostaining, which is a specific
marker for principal cells of the collecting duct. B. Renin immunolabeling in collecting
ducts of a control rat; C. Renin is augmented in collecting ducts of Ang Il infused rats. D. In
Angiotensin Il infused rats AT1 receptor antagonist blunted this effect. (modified from
Prieto-Carrasquero et al., 2004; 2005).
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Figure 2.
Prorenin receptor, Anion Exchanger-1 and renin in normal rat kidney tissues. A. (Pro)renin

receptor (arrows, green; apical cell side) is co-expressed with anion exchanger type 1 (arrow
head, red; basolateral cell side), a marker for intercalated cells. B. (Pro)renin receptor is
present in intercalated cells (green) while renin is expressed in principal cells (red, as
noticed by the positive control of positive renin juxtaglomerular cells, arrow). Augmented
renin/prorenin and (pro)renin receptor in Ang ll1-dependent hypertensive rats suggest that an
interaction between both components may contribute to intratubular Ang | and Ang Il
formation and activation of PRR signaling pathways. Blue: DAPI; 4/,6-diamidino-2-
phenylindole, nuclei marker.
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Figure 3.
Immunocytochemical evidence of the expression of renin in principal cells (red) and

(pro)renin receptor (green) in intercalated cells in M-1 collecting duct cell line. Blue (DAPI,
4’ 6-diamidino-2-phenylindole) is a nuclei marker. The image demonstrates close interaction
between principal cells; the source of renin and prorenin and intercalated cells that
expressing the (pro)renin receptor.
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Sham Ang Il

Figure4.
Expression of the (P)RR in medullary collecting ducts in normal rats (A) and Ang Il infused

rats for 14 days. Ang Il infusion causes a decrease in the number of positive cells. Despite
decrease in cells with immunoreactivity for (pro)renin receptor bound to the membrane, the
soluble cleaved form of the (pro)renin receptor was augmented in medullary tissues and
importantly detected in the urine of the Ang Il infused rats (C). Ang Il infusion for 14 days
also causes the augmentation of renin and prorenin in the collecting ducts suggesting that
(pro)renin receptor and renin can interact to contribute to Ang I formation and further Ang Il
generation (modified from Gonzalez et al., 2011).
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Hypothetic role the (pro)renin receptor in collecting ducts and intercalated cells in response
to Ang Il. Ang Il stimulates prorenin and renin synthesis in principal cells of the collecting
ducts as well as (P)RR levels. The (P)RR activates ERK 1/2 pathways stimulating COX-2

expression.
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Figure®6.
Specific cell type localization of the (P)RR in the collecting ducts of rat kidneys. (P)RR

positive cells showed specific immunostaining at the apical side (A) in green color, the
absence of merging colors (C) indicates that (P)RR receptor is not co-localized with
aquaporin-2 (B; red). The co-localization of apical (pro)renin receptor (D, G, J; green,) with
apical Rhcg (E, H; red) or with basolateral Rhbg (K; red) is demonstrated in panels F, | and
L, respectively. D, E, F: cortex; G, H, I, J, K, L: medulla.
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