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The renin–angiotensin system (RAS) is essential for the 
regulation of blood pressure and extracellular fluid vol-
ume and composition1. However, when inappropriately 
activated it contributes to the development and progres-
sion of hypertension, inflammation and tissue injury2. 
The systemic RAS is primarily controlled by the pro-
duction of renin by juxtaglomerular cells in the kidney, 
which acts on angiotensinogen (AGT) produced by the 
liver to initiate a tightly regulated enzymatic cascade, 
resulting in the production of angiotensin II (ANGII)3. 
However, in the kidneys of human, rat and mouse, renin 
is also synthesized by mesangial cells, arteriolar smooth 
muscle cells, pericytes and tubuloepithelial cells4,5. In 
addition, the proenzyme prorenin is produced by the 
principal cells of the connecting tubule and collecting 
duct of the adult human, rat and mouse kidney6,7. In this 
Review, we refer to prorenin produced in the collecting 
duct as ‘collecting duct-derived renin’.

The mechanisms that regulate the production of 
collecting duct-derived renin differ from those that 

control juxtaglomerular-derived renin. An increasing 
body of evidence indicates that the production of collect-
ing duct-derived renin is regulated by hormones that tar-
get the distal nephron segments8–11 but is not influenced 
by blood pressure12. Rather, studies in animal models sug-
gest that collecting duct-derived renin might enhance the 
ability of the kidneys to conserve sodium and is upreg-
ulated in pathophysiological models of ANGII-induced 
hypertension, 2K1C Goldblatt hypertension and type 1 dia-
betes mellitus13–16. The expression of the prorenin receptor 
(PRR) by cells of the collecting duct enhances the forma-
tion of intratubular ANGII by activating prorenin and 
increasing local renin catalytic activity17, leading to the 
activation of signals that mediate kidney fibrosis, at least 
partially via mechanisms that are independent of ANGII18. 
In this Review, we discuss the key mechanisms that reg-
ulate the production of collecting duct-derived renin and 
describe the local interactions between renin and the PRR 
that underlie the contributions of the distal nephron RAS 
to the pathogenesis of hypertension and kidney injury.  
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Abstract | The intrarenal renin–angiotensin system is critical for the regulation of tubule sodium 
reabsorption, renal haemodynamics and blood pressure. The excretion of renin in urine can result 
from its increased filtration, the inhibition of renin reabsorption by megalin in the proximal tubule, 
or its secretion by the principal cells of the collecting duct. Modest increases in circulating or 
intrarenal angiotensin II (ANGII) stimulate the synthesis and secretion of angiotensinogen in the 
proximal tubule, which provides sufficient substrate for collecting duct-derived renin to form 
angiotensin I (ANGI). In models of ANGII-dependent hypertension, ANGII suppresses plasma renin, 
suggesting that urinary renin is not likely to be the result of increased filtered load. In the collecting 
duct, ANGII stimulates the synthesis and secretion of prorenin and renin through the activation of 
ANGII type 1 receptor (AT1R) expressed primarily by principal cells. The stimulation of collecting 
duct-derived renin is enhanced by paracrine factors including vasopressin, prostaglandin E2 and 
bradykinin. Furthermore, binding of prorenin and renin to the prorenin receptor in the collecting 
duct evokes a number of responses, including the non-proteolytic enzymatic activation of prorenin 
to produce ANGI from proximal tubule-derived angiotensinogen, which is then converted into 
ANGII by luminal angiotensin-converting enzyme; stimulation of the epithelial sodium channel 
(ENaC) in principal cells; and activation of intracellular pathways linked to the upregulation  
of cyclooxygenase 2 and profibrotic genes. These findings suggest that dysregulation of the  
renin–angiotensin system in the collecting duct contributes to the development of hypertension  
by enhancing sodium reabsorption and the progression of kidney injury.
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The novel roles of renin and PRR beyond their hyper-
tensive effects and fibrosis-inducing mechanisms, such 
as in kidney development, urine concentration and 
inflammation, are also considered.

Renin in the kidney
Juxtaglomerular-derived renin
Renin synthesis by juxtaglomerular cells is regulated by 
the actions of Gs protein-coupled receptors, including 
prostaglandin E2 (PGE2) receptor EP4 and β1 adrenergic  
receptor, resulting in the activation of protein kinase A  
(PKA), phosphorylation of cAMP response element 
binding protein, and the induction of cAMP response 
element (CRE) on the renin gene19 (Fig. 1). Renin syn-
thesis and secretion by juxtaglomerular cells involves the 
processing of the non-active proenzyme, prorenin, to 
active renin by enzymes such as cathepsin G, kallikrein 
and tonin19. Although both prorenin and renin are 
secreted by juxtaglomerular cells, only the active serine  
protease renin can cleave AGT to form biologically 
inactive ANGI19. Activation of ANGI requires its con-
version to the octapeptide, ANGII, by the action of 
angiotensin-converting enzyme (ACE), which is abun-
dantly produced by the endothelial cells of many organs, 
including the endothelial cells of the lungs19. Increased 
circulating levels of ANGII inhibit further renin synthe-
sis by juxtaglomerular cells through activation of ANGII 
type 1 receptors (AT1Rs) via protein kinase C (PKC) and 
cytosolic Ca2+, which decrease cAMP synthesis and pro-
mote its degradation. By contrast, the effects of ANGII 
on AT1R in the collecting duct are the opposite, acting 
to stimulate renin, as described in detail later20,21. The 
activation of AT1R by ANGII also induces aldosterone 
release from adrenal glands22. Fine tuning of sodium 
reabsorption and homeostasis then occurs in the distal 
nephron via activation of the aldosterone-dependent 
mineralocorticoid receptor (MR), which stimulates the 
expression of the sodium chloride symporter (NCC) 
and the epithelial sodium channel (ENaC), thereby pro-
moting sodium reabsorption by the kidneys23 (Fig. 1).  

ANGII also acts on ANGII type 2 receptors (AT2Rs), 
which are abundantly expressed during kidney develop-
ment but are markedly reduced in the adult kidney24 and 
exert diuretic and anti-proliferative effects25.

Collecting duct-derived renin
In contrast to the regulation of juxtaglomerular-derived 
renin, which has been extensively studied, the mecha-
nisms regulating collecting duct-derived renin are less  
well understood. All components of the RAS are expressed  
in the kidney26–29. Specifically, in the collecting duct, 
AT1R are widely expressed on the luminal as well as 
the basolateral sides of principal and intercalated cells30, 
and may have a role in canonical regulation of the REN  
gene in the principal cells (Fig. 2). In contrast to the 
inhibitory effects of ANGII on juxtaglomerular-derived 
renin, in vitro studies of collecting duct cells have shown 
that ANGII directly increases expression levels of REN, 
protein levels of prorenin and renin, as well as renin 
activity in cell culture supernatant9,31,32. Furthermore, 
in vivo studies have demonstrated that ANGII upreg-
ulates renin protein levels in collecting duct cells inde-
pendent of changes in blood pressure12, distal sodium 
reabsorption or mineralocorticoid receptor activation9. 
In Goldblatt rats with 2K1C ANGII-dependent hyper-
tension, perfusion pressure is elevated only in the 
non-clipped kidney, whereas it is low or normal in  
the clipped kidney33. Despite the differences in kid-
ney perfusion pressure, upregulation of collecting 
duct-derived renin occurs in both the clipped and the 
non-clipped kidneys12. Moreover, administration of  
the ENaC inhibitor amiloride to Sprague-Dawley rats 
chronically infused with ANGII attenuated the increase 
in blood pressure without affecting the ANGII-associated 
induction of collecting duct-derived Ren mRNA levels 
in the renal inner medulla, which is devoid of juxtaglo-
merular–renin component9. In addition to the effects of 
ANGII on aldosterone release and mineralocorticoid 
receptor-mediated Na+ reabsorption22, activation of 
AT1R in the distal nephron also increases Na+ reabsorp-
tion via the direct stimulation of ENaC22,34–37 (Figs 1,2). 
Although AT1R activation increases the open probabil-
ity of ENaC independent of aldosterone34,36, the finding 
that ENaC inhibition with amiloride does not alter the 
synthesis of ANGII-induced renin synthesis by col-
lecting duct cells, despite attenuated increases in blood 
pressure, supports the hypothesis that the AT1R stimu-
lates the synthesis of collecting duct-derived renin inde-
pendent of aldosterone9. This finding is relevant because 
renin protein expression in the connecting tubule and 
collecting duct is not influenced by a high salt diet38. By 
contrast, a low-salt diet for 7 days increases Ren mRNA 
and renin protein levels in the renal inner medulla in 
parallel with increases in plasma and intrarenal ANGII 
levels39. Thus, it seems that AT1R in the collecting duct 
contributes to the regulation of sodium homeostasis 
under conditions of low salt intake and chronic ANGII 
infusions39. The exact mechanisms responsible for the 
regulation of collecting duct-derived renin synthesis 
remain unclear and seem to involve complex intra-
cellular signalling pathways other than ENaC and/or  
mineralocorticoid receptor activation.

Key points

•	Renin-expressing cells are present in various components of the nephron, including 
the juxtaglomerular apparatus, glomeruli, proximal tubules, connecting tubules and 
collecting ducts.

•	Collecting duct-derived renin is stimulated by a number of factors, including 
angiotensin II, prostaglandin E2, bradykinin and vasopressin, which contribute 	
to the paracrine control of sodium reabsorption in the distal nephron.

•	Binding of prorenin and renin to the prorenin receptor, expressed by collecting 	
duct cells, enhances the formation of intratubular angiotensin II and promotes 	
kidney fibrosis.

•	In models of angiotensin II-dependent hypertension, components of the renin–
angiotensin system, including proximal tubule-derived angiotensinogen, collecting 
duct-derived renin and the prorenin receptor expressed in the collecting duct, 
together facilitate the sustained formation of intratubular angiotensin II and 
stimulation of profibrotic factors leading to kidney tubule damage.

•	Circulating renin that is filtered and not reabsorbed by megalin in the proximal tubule 
may also contribute to renin in the urine.

•	The renin–angiotensin system in the distal nephron is complex and not fully understood 
but seems to involve coordinated actions to regulate intrarenal and intratubular 
angiotensin II, sodium reabsorption, blood pressure and fluid–electrolyte homeostasis.

2K1C Goldblatt 
hypertension
The two-kidney, one-clip 
(2K1C) Goldblatt hypertensive 
rat is an experimental model 
for studying renovascular 
hypertension, whereby one 
renal artery is clipped to 
decrease renal blood flow,  
and the other kidney remains 
unaffected.
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Regulation by angiotensin II
As described above, the effects of ANGII on renin 
synthesis in the collecting duct are contrary to the 
well-known inhibitory effect of ANGII–AT1R signalling 
on renin synthesis in juxtaglomerular cells19. Whereas 
AT1R activation inhibits renin expression via PKC and 
Ca2+ in juxtaglomerular cells21, in the collecting duct, the 
same mechanisms act to promote renin expression31.  
In collecting duct cells, the activation of AT1R by 
ANGII stimulates PKC and enhances cAMP–PKA–
CREB signalling10,40. In freshly isolated rat inner med-
ullary collecting duct (IMCD) cells, activation of PKC 
with PMA (Phorbol 12-myristate 13-acetate) stimulates 
renin synthesis, whereas inhibition of PKC with cal-
phostin C blunts this effect9. Similarly, in M-1 cells31 —  
a mouse epithelial cortical collecting duct cell line that 
contains mainly principal cells — the inhibition of PKC 
and depletion of Ca2+ impaired ANGII-mediated CREB 
phosphorylation and upregulation of renin41. Adenylyl 
cyclase type 6 (AC6), the main isoform expressed in col-
lecting duct cells, is required in this process. In M-1 cells, 
forskolin stimulates AC6-dependent cAMP production 
and upregulates renin expression, whereas small interfer-
ing RNA (siRNA)-mediated inhibition of AC6 partially 

prevents ANGII-mediated upregulation of Ren1c31. 
PKC-dependent accumulation of cAMP has also been 
described in Chinese hamster ovary (CHO) cells trans-
fected with AT1R and the arginine–vasopressin (AVP) 
V2 receptor (V2R), as discussed later42.

Renin enzymatic activity is required to cleave AGT 
to form ANGI. An extensive body of evidence demon-
strates that the liver is the predominant source of AGT 
in the kidney43. Increased Agt mRNA levels in proximal 
tubule cells contribute to the maintenance of endo
genous intrarenal ANGII formation in ANGII-infused 
hypertensive rats44. Indeed, the increase in AGT filtra-
tion underlies the enhanced synthesis of intratubular 
ANGII that is observed in models of glomerular per-
meability, such as nephrotic syndrome45. This notion 
is further supported by studies in NEP25 mice —  
a model of podocyte injury and progressive glomerular 
sclerosis — in which increased glomerular permeability 
enhanced AGT filtration and the formation of intrare-
nal ANGII46. Treatment of hypertensive rat models with 
liver-directed antisense oligonucleotides against AGT led 
to a robust and durable reduction in blood pressure47,48. 
Similarly, maximal blockade of the RAS with valsartan 
plus administration of a liver-targeted siRNA against 
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Fig. 1 | The regulation of renin in juxtaglomerular cells. In juxtaglomerular cells, renin expression is induced by activation 
of Gs-coupled receptors, such as the prostaglandin receptor EP4R and the β1 adrenergic receptor (β1AR), which increase 
adenylate cyclase (AC) activity, thereby increasing cAMP levels and protein kinase A (PKA) activity, which in turn activates 
CREB to induce expression of Ren. The encoded protein, renin, is secreted into blood and cleaves angiotensinogen (AGT) 
secreted by the liver to form angiotensin I (ANGI), which is subsequently converted to angiotensin II (ANGII) by the 
angiotensin-converting enzyme (ACE). ANGII is the main effector of the renin–angiotensin system, promoting aldosterone 
release from the adrenal glands, which stimulates sodium reabsorption by the sodium chloride symporter NCC in the distal 
connecting tubule (DCT) and the epithelial sodium channel ENaC in the collecting duct. ANGII also stimulates ENaC in  
the collecting duct. ANGII-mediated activation of ANGII type 1 receptor (AT1R) in juxtaglomerular cells suppresses Ren1c 
expression via activation of protein kinase C (PKC) and Ca2+. MR, mineralocorticoid receptor.

Antisense oligonucleotides
Short DNA or RNA molecules 
that regulate gene expression 
by blocking the transcription  
or translation of target genes.
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AGT yielded a greater reduction in blood pressure and 
cardiac hypertrophy in spontaneously hypertensive rats, 
than AGT-lowering or conventional RAS inhibition 
alone49. Of note, inhibition of the endocytic receptor, 
megalin, by antisense oligonucleotides reduced lev-
els of AGT and renin within proximal tubule cells of 
mice, whereas urinary levels of AGT were increased50. 
Together, these findings suggest that liver-derived AGT 
is a key source of AGT in the kidney and that its levels 
in the kidney are dependent on glomerular permeability 
and uptake by megalin.

The formation of AGT by proximal tubule cells 
is stimulated by glucose entry via sodium–glucose 
cotransporter 2 (SGLT2), independent of the AT1R51. 
These findings are supported by a study of mice with 
high fat diet-induced type 2 diabetes mellitus, in which 
augmented urinary excretion of AGT occurred prior to 
the development of the diabetes, and in the absence of 
microalbuminuria or other markers of kidney damage52. 
The augmentation of AGT in those mice paralleled 
increases in systolic blood pressure as measured by 
telemetry52. Thus, the formation of de novo intratu-
bular ANGII is the result of concomitant increases 
in AGT derived from both the kidney and the liver 

and its subsequent cleavage by intrarenal renin. This 
process is of relevance because in rodent models of 
ANGII-dependent hypertension, newly formed ANGII 
in the lumen of distal nephron segments53,54 directly 
stimulates local sodium reabsorption, contributing to 
the development and maintenance of hypertension34–36. 
Under conditions of low salt intake, renin levels in the 
kidney are increased in both juxtaglomerular cells and 
collecting duct principal cells; however, despite elevated 
plasma and intrarenal levels of ANGII, urinary AGT and 
ANGII excretion rates are not augmented39. Moreover, 
despite the fact that AGT formation is stimulated by 
chronic ANGII infusion27, elevations of plasma and 
intrarenal ANGII levels caused by physiological stimu-
lation of the RAS in response to low salt intake neither 
stimulate AGT formation in the proximal tubules nor 
increase urinary excretion of AGT or ANGII39,55.

ANGII levels in the kidney are the result of glomer-
ular filtration, luminal internalization of the ligand–
AT1R complex in the proximal tubule cells, and de novo 
synthesis53. The localization and cellular processing of 
RAS components supports the concept of a self-contained 
renal RAS within the proximal tubules56 and distal 
nephron57–60. In various models of ANGII-dependent 
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Fig. 2 | The regulation of renin in the collecting ducts. In the collecting ducts, angiotensin II (ANGII) activates ANGII 
type 1 receptors (AT1Rs) on the apical and basolateral sides of principal cells, stimulating the expression of prorenin  
and renin via protein kinase C (PKC)-dependent activation of the cAMP–protein kinase A (PKA)–CREB pathway. Other 
hormones, such as prostaglandin E2 (PGE2), bradykinin (BK) and arginine vasopressin (AVP) also induce renin expression  
via activation of the EP1 receptor, the bradykinin type 2 receptor (via B2R-dependent PKC and nitric oxide (NO)–cGMP 
pathway activation) and the AVP type 2 receptor (V2R), respectively. The prorenin receptor (PRR), which is expressed 
predominantly on the luminal side of intercalated cells, binds prorenin and renin to fully activate prorenin and enhance 
the enzymatic activity of renin. Prorenin and renin binding to PRR also stimulates cyclooxygenase 2 (COX2) expression via 
activation of ERK1/2 in the intercalated cells, leading to PGE2 synthesis. Furthermore, ANGII and PGE2 also stimulate PRR 
gene expression via AT1R. The presence of renin, angiotensin-converting enzyme (ACE) in the collecting ducts, and the 
spill-over of angiotensinogen (AGT) from proximal tubules promote the formation of intratubular ANGII formation and 
distal luminal sodium reabsorption by activation of the epithelial sodium channel (ENaC). AC, adenylate cyclase type 6.
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hypertension, intrarenal levels of ANGII increase sub-
stantially more than circulating levels, and despite 
the decreased synthesis of juxtaglomerular-derived 
renin53,61–63. This dissociation between the circulating and 
intrarenal RAS during the development and maintenance 
of ANGII-dependent hypertension could potentially be 
advantageous by conserving Na+ and water during long 
periods of water deprivation to ensure an euvolaemic sta-
tus. However, increased circulating and intrarenal ANGII 
in the context of hypertension elicits deleterious effects, 
including vasoconstriction of renal arteries and enhanced 
tubular sodium reabsorption, thereby propagating the 
hypertensive response and promoting the development 
of kidney injury. The enhanced intrarenal ANGII activ-
ity seen in experimental models of ANGII-dependent 
hypertension is the result of both AT1R-mediated uptake 
of filtered ANGII as well as AT1R-mediated synthesis 
and secretion of AGT in proximal tubule cells and liver. 
Thus, ANGII-dependent augmentation of AGT excretion 
in urine to some extent represents an index of intrare-
nal RAS activation. In human studies, increased urinary 
excretion of AGT has been demonstrated in patients with 
hypertension27,64, type 1 and type 2 diabetes mellitus65, 
and chronic kidney disease66. Stimulation of renin pro-
duction by cells of the collecting duct in response to 
AT1R activation would further favour the cleavage of 
AGT derived from the proximal tubule to promote the 
formation of ANGI, providing further substrate for  
conversion into ANGII by local ACE.

As mentioned above, and in contrast to the inhibitory 
effect of ANGII–AT1R signalling on juxtaglomerular- 
derived renin, ANGII stimulates renin production  
and secretion by principal cells of the collecting duct and 
contributes to the formation of intratubular ANGII7,12,28. 
Although renin can be freely filtered by the glomerulus 
and reabsorbed by the proximal tubule via megalin13, 
experimental models of ANGII-dependent hyper-
tension, including rodent models of chronic ANGII 
infusion, 2K1C-induced hypertension and the trans-
genic Ren2 (Cyp1a1-Ren2) rat, show increased urinary 
renin despite suppression of plasma renin activity (PRA) 
owing to the inhibition of juxtaglomerular-derived 
renin7,12,28,32. This finding suggests that low levels of 
filtered juxtaglomerular-derived renin are unlikely to 
markedly contribute to the increase in intratubular renin 
in these models16,32. In support of a physiological role 
for collecting duct-derived renin, mice deficient in col-
lecting duct-derived renin demonstrated an attenuated 
hypertensive response to dietary salt and chronic infu-
sion of ANGII compared with that of similarly treated 
wild-type mice; this attenuated response in the trans-
genic mice was associated with decreased expression  
of ENaC67.

Further complexity arises in the context of diabetes 
mellitus. A study of patients with and without type 2 dia-
betes mellitus reported that prorenin was undetectable in 
the urine of patients with diabetes and that increased lev-
els of urinary renin more closely reflected intrarenal RAS 
activity than did urinary AGT or aldosterone15. Given 
that principal cells of the collecting duct predominantly 
release prorenin16,32, it is possible that prorenin is either 
taken up by tubule cells after binding to the PRR, thereby 

allowing selective secretion of renin in urine, and/or 
that collecting duct-derived prorenin is converted to 
renin before it is excreted in urine15. The co-expression 
of Ren1c gene with Aqp2 in kidney sections from mice 
indicates that renin is expressed exclusively by principal 
cells31 but not by intercalated cells — which is the main 
cell type that expresses PRR in the distal nephron68,69.

Regulation of renin by other hormones
Various hormones that are involved in blood pressure 
regulation and body fluid homeostasis also contribute to 
the regulation of collecting duct-derived renin. In addi-
tion, renin synthesis and release within the collecting 
duct are also regulated by prostaglandin E2 (PGE2) via 
E prostanoid receptors (EPs) (Fig. 2).

Prostaglandin E2
Four EP receptor subtypes are expressed in the differ-
ent regions of the kidney70. EP4 receptors are mainly 
expressed by macula densa cells, EP3 receptors are 
more abundant in cells of the thick ascending limb71, 
whereas the collecting duct expresses primarily EP1 
and EP4 receptors71. EP1 and EP4 differ by the type of 
intracellular signals they evoke when activated. EP1 
is a Gq protein-coupled receptor that activates PKC 
and increases intracellular Ca2+, EP2 and EP4 are Gs 
protein-coupled receptors and increase cAMP lev-
els, whereas EP3 is a Gi protein-coupled receptor that 
decreases cAMP levels70,71. Treatment of M-1 cells 
(which express EP1, EP3 and EP4 but not EP2 recep-
tors) with PGE2 increases Ren1c transcript levels, as well 
as the abundance of prorenin and renin proteins in a 
dose-dependent manner, responses that are blunted by 
EP1 receptor antagonists72. These findings further sup-
port the concept that PKC activity in collecting duct cells 
stimulates intracellular renin content in contrast to the 
inhibitory effect that PKC exerts on renin in juxtaglo-
merular cells. The effect of PGE2 might be of relevance 
during the first 3‒5 days of chronic ANGII infusion 
(the early phase) in Sprague-Dawley rats, as reflected by 
increases in urine PGE2 concentration over this time73. 
After 7 days of ANGII infusion (late phase), the expres-
sion of PGE2 and its upstream regulator, cyclooxygenase 2  
(COX2), returns to basal levels in urine and kidney tis-
sues. Available evidence suggests that during the early 
phase of ANGII-induced hypertension, PGE2 stimu-
lates prorenin synthesis and secretion by the principal 
cells of the collecting duct via the PKC–cAMP–CREB 
pathway, which subsequently boosts the formation of 
intratubular ANGII8,74. The presence of PRR in inter-
calated cells of the collecting duct further influences the 
ability of prorenin and renin to form ANGII and thereby 
enhances the effects of PGE2 signal transduction8,74.

Chronic infusions of ANGII also increase urinary 
renin activity and total renin content in the renal medulla 
via EP4-dependent upregulation of the PRR via a mech-
anism mediated by the ERK1/2 pathway75. These find-
ings are intriguing because EP4 receptors also mediate 
PGE2 vasodilatory responses by coupling with eNOS76 
and promote salt and water excretion by reducing the 
activity of the Na-K-2Cl (NKCC2) transporter when 
NCC and ENaC transporters are blocked77. The net 
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result of EP4 receptor activation in the collecting duct 
cells therefore likely depends on the balance between 
its prohypertensive and antihypertensive actions75. 
Furthermore, ANGII upregulates COX2 in the renal 
medulla69, which, together with PGE2, might stimulate 
the production of renin in the collecting duct via acti-
vation of the EP1–PKC–cAMP–CREB pathway8,78. The 
local production of renin by activation of the PRR may 
further stimulate COX2 synthesis by the neighbouring 
intercalated cells72, thus maintaining PGE2 production 
and the activation of PRR via EP4-mediated signalling79. 
Moreover, newly formed intrarenal ANGII stimulates 
ENaC-dependent sodium transport in the collecting 
duct36. Accordingly, PGE2 may act not only to buffer  
the effects of ANGII but also to temporally stimulate the 
production of collecting duct-derived renin.

Vasopressin
The antidiuretic hormone AVP also regulates renin 
production by principal cells of the collecting duct. 
The activation of luminal V2R by AVP in rat IMCD 
cells induces the PKA–CREB pathway to regulate water 
reabsorption80. Treatment of M-1 cells with the V1R and 
V2R agonist desmopressin induced a marked increase in 
CREB phosphorylation followed by renin upregulation. 
This effect is prevented by the selective V2R antago-
nist tolvaptan, supporting a role for V2R–PKA–CREB 
signalling in the production of collecting duct-derived 
renin10. Mice deprived of water for 48 h to increase AVP 
levels augmented prorenin and renin production in renal 
inner medullary tissues, even during concomitant RAS 
blockade10.

Crosstalk between AT1R and V2R signalling has been 
described in CHO cells, vascular smooth muscle cells  
and fibroblasts42. In CHO cells transfected with AT1R and  
V2R cDNA, concomitant treatment with ANGII  
and AVP potentiated the production of cAMP by V2R 
in the presence of intracellular Ca2+. However, concom-
itant treatment of these cells with ANGII and forskolin 
did not modify the production of cAMP42. Moreover, 
activation of PKC by administration of PMA in AT1R 
and V2R-transfected CHO cells emulated the effect of 
concomitant ANGII and AVP treatment on intracel-
lular cAMP accumulation, but inhibition of PKC by 
staurosporine partially prevented cAMP accumulation. 
Therefore, PKC contributes to the cross-talk between 
AT1R and V2R, in which activation of AT1R by ANGII 
potentiates the effects of V2R signalling through an intra-
cellular signalling pathway involving Ca2+-dependent 
PKC activation coupled to adenylyl cyclase42.

Bradykinin
Bradykinin, the main effector of the kallikrein–kinin 
system, is also involved in the regulation of collecting 
duct-derived renin. The kallikrein–kinin system and 
RAS interact in multiple physiological and pathologi-
cal conditions, including the regulation of blood pres-
sure and sodium reabsorption. Bradykinin acts via B2 
receptor (B2R), which is linked to the Gq/G11, Gs, and 
Gi/Go heterotrimeric G proteins11. In M-1 cells, acti-
vation of B2Rs by bradykinin promotes renin synthe-
sis via stimulation of diacylglycerol‐dependent PKC 

signalling and nitric oxide release; inhibition of nitric oxide  
production blunted renin synthesis11.

Natriuretic versus anti-natriuretic regulation
Renin in the collecting duct likely contributes to the reg-
ulation of volume homeostasis and blood pressure con-
trol. However, the production of collecting duct-derived 
renin can be stimulated by both natriuretic (PGE2 and 
bradykinin) and anti-natriuretic (ANGII and AVP) 
hormones. The response of renin to these two types  
of hormone in the collecting duct likely reflects under-
lying physiological processes. For example, the collect-
ing duct harbours feed-forward mechanisms to sustain 
renin production in which ANGII–AT1R is the main 
regulator of its synthesis and secretion, whereas other 
hormone-mediated pathways, including AVP–V2R, 
PGE2–EP1 receptor and bradykinin –B2R signalling, act-
ing through similar intracellular pathways, can modulate 
crosstalk between PKC–Ca2+ and cAMP–PKA–CREB 
pathways (Fig. 2). Ostensibly, the anti-natriuretic mech-
anisms of renin production serve to further increase 
ANGII formation through the stimulation of renin syn-
thesis, whereas natriuretic hormones seem to be linked 
to renin and prorenin-mediated production of PRR and 
COX2, primarily in the early phases of hypertension69,81.

The prorenin receptor
The PRR, encoded by ATP6AP2, was first identified 
as an accessory subunit of the H+-ATPase and was ini-
tially thought to have a primary role in enhancing RAS 
activity82. However, an increasing body of evidence sug-
gests that the PRR has important roles beyond the regula-
tion of RAS activity, including the regulation of acid–base 
balance, kidney development and lysosomal function83.

The PRR protein is expressed in brain, lung, pla-
centa, pancreas and kidney82. In the kidney, the PRR is 
expressed in the macula densa, mesangial cells, podo-
cytes, interstitium, proximal tubule and cells of the col-
lecting duct68,69,82,84. In the collecting duct, the PRR is 
primarily expressed on the luminal side of type-A inter-
calated cells where it has a vital role in regulating intracel-
lular pH and cell survival68. Mutation of ATP6AP2 causes 
functional alterations in the H+-ATPase, which results 
in intracellular pH imbalance, podocyte anomalies, pro-
teinuria, and abnormal nephron development55,73,85 as a 
result of altered Wnt–β-catenin signalling86. However, 
the PRR might also contribute to kidney sodium and 
water balance by regulating the expression of AQP2 
channels in principal cells59. Water deprivation in mice 
induces sequential activation of the EP4 receptor and 
PRR, leading to upregulation of AQP2 (ref.79). Although 
the PRR is primarily expressed in intercalated cells, it 
is also expressed in principal cells (in which AQP2 is 
expressed) at lower, but sufficient levels to influence 
AQP2 expression68,87 (Fig. 2); however, further studies 
are needed to elucidate the mechanisms underlying the 
regulation of AQP2 by the PRR.

Renin and PRR in kidney development
The PRR is essential for proper embryonic develop-
ment and nephrogenesis, and is critical for normal kid-
ney function. During kidney development, the nephric 
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duct elongates to form the ureteric bud, which leads to 
the formation of the renal collecting duct, pelvis and 
ureters. Loss of PRR during development leads to func-
tional alterations in the H+-ATPase, as well as intracel-
lular pH imbalances, podocyte anomalies, abnormal 
nephron development and proteinuria in the adult 
mice88. Furthermore, the ablation of PRR in mouse Six2+ 
nephron progenitor cells leads to reduced numbers of 
developing nephrons, small cystic kidneys and podo-
cyte anomalies, resulting in reduced kidney function 
and massive proteinuria in adult mice83. These findings 
are important because emerging evidence shows that the 
PRR is required for acidification through Wnt–β-catenin 
signalling during embryonic development86.

PRR activation and kidney injury
Studies in rats with streptozotocin-induced diabetes 
suggest that the renoprotective effects of AT1R block-
ade are in part mediated through suppression of PRR 
activity89. PRR is thought to contribute to the develop-
ment of diabetic kidney disease not only by enhancing 
inflammation90 and renal ANGII formation91 but also 
through activation of ANGII-independent MAPK 
pathways and profibrotic genes, as discussed below. 
Mice with collecting duct-specific knockout of PRR  
demonstrate reduced ANGII content in urine92.

In addition to stimulating intrarenal ANGII content, 
rats fed a low-salt diet also demonstrate augmented 
expression of the PRR in glomeruli, proximal tubules 
and medullary collecting duct cells, via cGMP-mediated 
activation of PKG93,94. In addition, IMCD cells cultured 
under low-salt conditions, display PRR upregulation via 
the activation of the GSK–3β–NFAT5–SIRT1 pathway95 
suggesting that PRR is induced by low salt through 
two independent mechanisms. Also of note is the find-
ing that the upregulation of PRR by low salt is further 
enhanced in response to ANGII treatment93, which 
induces PRR signalling following the upregulation of 
profibrotic genes such as fibronectin, type I collagen 
and connecting tissue growth factor (CTGF)18,89,96,97, 
thus likely contributing to the development of kidney 
fibrosis. In male Sprague-Dawley rats fed a low-salt 
diet, the augmentation of intrarenal ANGII content 
was associated with collagen deposition in the absence 
of other markers of kidney injury39. An excessively 
low-salt diet also accelerates cardiac fibrosis via the 
ERK1/2–p-HSP27–p-38MAPK and TGFβ1 pathways, 
in which PRR is downstream98.

On the other hand, rats fed a high-salt diet for 4 weeks  
also display PRR upregulation in glomeruli, proxi-
mal tubules and medullary collecting duct cells99. The 
upregulation of PRR in response to a high-salt diet is 
mediated via activation of NF-κB100, and may contribute 
to the activation of prorenin in principal cells. In this 
scenario, ANGII is expected to upregulate PRR through 
the production of COX2 and PGE2 and activation of 
EP4 and EP1 receptors in the renal inner medulla75,79 
(Fig. 2). Collectively, the paracrine interactions involv-
ing PRR–COX2–PGE2–renin signalling contribute to a 
feed-forward amplification mechanism that regulates 
the synthesis and release of collecting duct-derived renin 
under physiological and pathological conditions.

In addition to the membrane-bound form of the PRR, 
a soluble form (sPRR) results from the cleavage of PRR by  
several intracellular proteases: site-1 protease (S1P), 
a disintegrin and metalloprotease 19 (ADAM19) and 
furin101–104. The sPRR is present in kidney tissues, urine17 
and plasma102, and plasma levels of sPRR are elevated in 
patients with kidney damage, gestational diabetes, essen-
tial hypertension and preeclampsia60,105–107. The sPRR con-
tributes to intratubular activation of the RAS in chronic 
ANGII-infused hypertensive rats by enhancing distal 
tubule renin activity and ANGII levels, as measured by 
urinary levels of ANGII17. In vitro studies of renal medul-
lary collecting duct cells show that recombinant sPRR also 
increases AQP2 protein expression via sequential activa-
tion of the frizzled 8–β-catenin pathway and activation 
of cAMP-PKA108. In addition to the influence of PRR and 
sPRR on AQP2 regulation, emerging evidence suggests 
that PRR and sPRR are involved in regulating vasopressin 
signalling in the collecting duct, as demonstrated by the 
ability of recombinant sPRR to attenuate the nephrogenic 
diabetes insipidus induced by V2R antagonism, but not 
by lithium, in mice109. The central and renal actions of 
PRR and sPRR in regulating vasopressin provide insights 
into the roles of PRR in central and nephrogenic diabe-
tes insipidus and urine concentration. However, further 
understanding of the signalling pathways activated by the  
sPRR is needed to better understand the relevance of  
the sPRR to cardiovascular and renal pathophysiology.

Renin and PRR in fibrosis and inflammation. Activation 
of ERK1/2–PI3K–AKT signalling following stimulation 
of membrane-bound PRR promotes cell proliferation 
and fibrosis via the induction of transforming growth 
factor-β1 (TGFβ1), plasminogen-activator inhibitor 1 
(PAI1), CTGF, fibronectin, type I collagen and COX2 
(refs72,97,110,111) (Fig. 3). In mice chronically infused with 
prorenin, the induction of profibrotic factors and ROS 
is dependent on COX2-derived PGE2 and activation of 
EP4 and Smad97. PRR knockdown in clipped kidneys 
during ischaemia–reperfusion significantly reduces the 
expression of PRR, TNF, COX2, p-NF-κB, MCP1 and 
type I collagen, supporting the concept that PRR has a 
relevant role in inflammation and fibrosis during renal 
ischaemia112.

In line with the profibrotic role of PRR, treatment of 
M-1 cells with nanomolar concentrations of recombi-
nant prorenin induces epithelial-to-mesenchymal tran-
sition and the formation of ROS along with upregulation 
of CTGF, α-smooth muscle actin (αSMA) and PAI1, and 
phosphorylation of ERK1/2 (ref.18). These responses are 
blunted by ROS scavengers and inhibition of the ERK1/2 
pathway. Thus, nanomolar concentrations of prorenin 
might contribute to tubuloepithelial cell damage via PRR 
activation18. Nonetheless, one study found that physio-
logical augmentation of renin in a mouse model of PRR 
overexpression did not induce cardiac tissue damage in 
the presence of AT1R blockade113. Of note, the concentra-
tions of prorenin used in in vitro studies are in the nano-
molar range, which are higher than those in systemic 
circulation (in the picomolar range)58,114 and lower than 
the pharmacological threshold for PRR activation115. 
However, as mentioned earlier, pathophysiological 
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conditions such as ANGII-dependent hypertension 
stimulate the production of prorenin and renin in 
principal cells of the collecting duct12,28 and upregu-
late PRR expression in intercalated cells of the collect-
ing duct69. It is possible that under these pathological 
conditions, intratubular levels of prorenin could be 
high enough to activate the PRR in the distal nephron.  
In support of this notion, physical interaction between 
renin or prorenin and sPRR has been demonstrated in 
co-immunoprecipitation studies using urine samples 
from rats with chronic ANGII-induced hypertension17. 
Although similar interactions between intrarenal renin 
and/or prorenin with the PRR or sPRR may occur in 
the diabetic kidney16,116, increased glomerular filtration 
of plasma prorenin and renin is likely to occur in this 
setting13,117,118, making it difficult to determine the ori-
gin of intrarenal renin. Filtered prorenin and renin is 
normally fully reabsorbed by megalin in the proximal 
tubule119. However, impairment of megalin-mediated 
endocytic uptake is a hallmark of many forms of kidney 
diseases, including diabetic kidney disease120, and is also 
likely to affect the amount of filtered renin reaching the 
distal tubule.

Renin and PRR in hypertension. Available evidence 
suggests that augmentation of intrarenal ANGII lev-
els may contribute to the development and mainte-
nance of hypertension. In models of experimental 
hypertension121,122, the stimulation of PRR75,99 favours the 
formation of ANGI92, which is converted into ANGII 
by ACE26,123.

A body of evidence supports a functional role of col-
lecting duct-derived renin in the regulation of blood 
pressure. Levels of sPRR and renin are augmented in 
the urine of ANGII-infused rats9, and transgenic mice 
with collecting duct-specific overexpression of renin 
have elevated blood pressure compared with controls 
on a high-sodium diet124. Furthermore, mice with dis-
tal nephron-specific deletion of renin demonstrate an 
attenuated response to ANGII-induced hypertension 
through a reduction in ENaC expression67. These find-
ings indicate that collecting duct-derived renin might 
be as important as juxtaglomerular-derived renin in 
the development of hypertension. However, studies 
that have used rodent models with deletion of PRR 
suggest that the PRR exerts pleiotropic effects on the 
regulation of RAS, blood pressure and the renal han-
dling of sodium and water87,125. Mice with inducible 
panepithelial cell deletion of PRR using a PAX8 pro-
moter developed interstitial hypotonicity in response 
to chronic ANGII infusion (1,000 ng/kg/min for 
14 days), with impaired countercurrent multiplication 
and autophagic defects in the epithelial cells of med-
ullary tubules126. However, these mice did not show 
alterations in intrarenal ANGII production or blood 
pressure126. Conversely, another study that used similar 
PRR-null mice with recombinase activity driven by the 
PAX8 promoter demonstrated reduced Na+ retention 
and an attenuated hypertensive response to chronic 
ANGII infusion (600 ng/kg/min)127. Moreover, mice 
with specific deletion of PRR in collecting duct cells 
have alterations in kidney function, such as their ability 
to concentrate the urine and an attenuated hypertensive 
response to chronic ANGII infusion (400 ng/kg/min),  
associated with reduced Na+ retention92. These col-
lecting duct-specific PRR-null mice exhibited atten-
uated systolic and diastolic blood pressure responses, 
diminished expression of a cleaved α-ENaC isoform 
and decreased ANGII and renin contents in urine. 
Interestingly, patch clamp studies in freshly isolated 
collecting ducts from these mice demonstrated reduced 
ANGII-dependent stimulation of ENaC activity owing 
to the presence of fewer active channels and lower  
open probabilities92. The different responses of these 
transgenic models to ANGII infusion could be due  
to differences in the doses of ANGII infused. A 2010 
study demonstrated that modest, but not excessive, 
increases in circulating ANGII stimulated intrarenal 
ANGII, associated with augmentation of intrarenal AGT  
and the production of RAS components along the 
nephron128. Together, however, these data suggest that 
the PRR in the collecting duct cells may be important 
for kidney function and the regulation of blood pressure 
responses during chronic ANGII infusion by enhancing 
renin activity, increasing ANGII and activating ENaC 
in the distal nephron segments.

Interstitium

LumenACERenin
ANGI ANGII

Principal
cell

Intercalated
cell

↑ PRR

AT1R

ANGII

EP4R
↑ PGE2

↑ COX2

PRR

AGT

ROS
sPRR

PI3K

AKT

ERK1/2

Smad

• CTGF
• TGFβ1
• PAI1

Ren

Prorenin

• Fibronectin
• Type I collagen

• Fibronectin
• Type I collagen

Fig. 3 | The prr and renin interactions in distal nephron segments enhance profibrotic 
pathways and the formation of intratubular ANgII. Chronic activation of angiotensin II 
(ANGII) type 1 receptor (AT1R) upregulates prorenin receptor (PRR) expression in 
intercalated cells, prorenin and renin in principal cells but also increases the expression of 
fibronectin and collagen I. Binding of prorenin or renin to PRR promotes cell proliferation 
and the induction of profibrotic factors, including transforming growth factor-β1 (TGFβ1), 
plasminogen-activator inhibitor 1 (PAI1), connecting tissue growth factor (CTGF), 
fibronectin, type I collagen and cyclooxygenase 2 (COX2), and increases the formation  
of reactive oxygen species (ROS) via activation of ERK1/2, MAPK, PI3K and AKT. The 
prostaglandin receptor EP4R also increases Smad activity to increase expression of  
the above-mentioned profibrotic proteins. The soluble form of the PRR, sPRR, is formed  
by the cleavage of PRR by a disintegrin and metalloproteinase domain-containing  
protein 19 (ADAM19), site-1 protease (S1P) and furin, and is secreted into the tubular lumen 
where it activates prorenin and enhances renin catalytic activity. These actions contribute 
to the cleavage of liver and proximal tubule-derived AGT to form angiotensin I (ANGI), 
which further contributes to the formation of ANGII formation by angiotensin-converting 
enzyme (ACE), present in the collecting duct.
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As mentioned earlier, PRR in the collecting duct is 
primarily expressed by intercalated cells; however, low 
levels of Atp6ap2 have been detected in principal cells87. 
Deletion of Atp6ap2 specifically in principal cells reduced 
Na+ and water reabsorption in the distal tubule through 
altered regulation of ENaC activity87. The regulatory 
effect of PRR on ENaC may be mediated by enhanced 
distal luminal production of ANGII and activation of 
AT1R53,92 or via a direct effect on ENaC. Other mech-
anisms that regulate PRR-dependent ENaC activity 
include the activation of PKA–Akt signalling, NADPH 
oxidase-dependent stimulation of H2O2 (ref.129) and 
activation of SGK1–NEDD4-2 pathways95. In addition, 
single-cell transcriptomics and lineage-tracing analyses 
have highlighted the role of Notch signalling in regulat-
ing the interconversion of intercalated cells and princi-
pal cells130, suggesting that collecting duct cell plasticity 
might also contribute to differences in PRR signalling 
observed in the different PRR-knockout mouse models.

Overexpression of PRR in the kidney leads to kid-
ney injury131. However, the extent to which plasma 
prorenin can reach and activate collecting duct PRR is 
unclear114. Studies using the PRR blocker, handle region 
peptide (HRP), have shown conflicting results in mod-
els of cardiovascular and kidney diseases. The HRP is 
a peptide composed of 10 amino acids132 that inhibits 
the binding of prorenin to PRR85,133, and decreases the 
formation of intrarenal ANGI and ANGII in diabetic 
rats131,134. Nonetheless, the effects of augmented intra-
renal ANGII on blood pressure have been questioned 
by studies showing that HRP does not mitigate kidney 
injury in rats with renovascular hypertension135 and does 
not improve the effects of renin inhibition when used 
concomitantly with aliskiren in spontaneously hyper-
tensive rats73. Furthermore, in diabetic hypertensive rats, 
renin inhibition with aliskiren improved vascular dys-
function, whereas HRP did not136. A newer PRR antago-
nist, PRO20, which is composed of 20 amino acids137, was 
effective in reducing kidney inflammation and injury in a 
model of chronic ANGII-dependent hypertension75. The 
conflicting results achieved using HRP and PRO20 could 
be due to technical inconsistences in the experimental 
approaches, such as differences in delivery routes, which 
might affect their concentration and ability to reach the 
apical side of the collecting duct cell to block the actions 
of prorenin and renin, or could be due to differences 
in their mechanisms of actions. Further studies are 
needed to enhance our knowledge of the mechanism of 
action and the pharmacokinetic properties of this novel 
antagonist.

Remaining controversies
The availability of knockout animal models in which 
a particular component of the RAS can be eliminated 
either globally or in a specific segment of the kidney 
has provided insights into the roles and interactions 
of these components in a model system. These stud-
ies support the concept that excessive activity of the 
intrarenal RAS leads to a deleterious cycle that perpet-
uates the progression of hypertension and kidney dis-
eases such as diabetic kidney disease. However, human 
studies are in general limited to measurements of RAS 

components in plasma and urine15. Patients with type 1  
and type 2 diabetes treated with either ACE inhibi-
tors or AT1R blockers exhibit an increase in PRA and 
decreased plasma AGT levels in the absence of alter-
ations in plasma aldosterone levels. These drugs also 
decrease urinary renin and aldosterone levels without 
affecting urinary AGT excretion, suggesting that urinary 
renin more closely reflects renal RAS activity than uri-
nary AGT or aldosterone15. The observation that AGT 
excretion parallels albuminuria in humans but that uri-
nary renin levels relative to albumin excretion are much 
higher than urinary AGT, suggests that urinary renin 
levels reflect not only the release of renin by the collect-
ing duct but also renin that is filtered and incompletely 
reabsorbed by the proximal tubules138. Under normal 
circumstances, the reabsorption of renin and prorenin 
by the proximal tubule is extensive — potentially close 
to 100% — suggesting that very little filtered renin and 
prorenin escapes into the urine139. Given this extensive 
reabsorption of renin and prorenin by the proximal 
tubule, the finding that prorenin is not detectable in 
urine15,116, despite the fact that renin and prorenin are 
filtered in larger amounts than albumin, indicates that 
urinary renin may not reflect the conversion of prorenin 
to renin in tubular fluid and rather reflects intrarenal 
renin production119,139. One study13 showed that renin 
was increased in the urine of patients with type 1 dia-
betes mellitus and kidney disease, as well in mice with 
streptozotocin-induced diabetes13. The lack of difference 
in Ren1c transcript levels in microdissected collecting 
duct led to the conclusion that the increased urinary 
renin in diabetic mice is attributable to increased renin 
filtration and impaired proximal tubular reabsorption, 
as evidenced by a reduction in megalin mRNA in the 
kidney cortex13. Unfortunately, commercially available 
ELISA kits rely on prorenin as their standard, and do 
not provide reliable measurements of renin levels140. The 
extent to which these assays may have contributed to 
contradictory findings in the field is unknown.

Conclusions
The discovery that renin is produced and secreted by 
principal cells of the collecting duct where it interacts 
with the local PRR, which is expressed mainly by inter-
calated cells, has contributed to a better understanding 
of the regulation of blood pressure by the collecting duct. 
Many studies have attempted to unravel the mechanisms 
that regulate renin synthesis and release and the impact 
of its interaction with the PRR in the collecting duct. 
These mechanisms are more complex than anticipated 
as a consequence of the various hormones and recep-
tors that target distal transport and interact with RAS 
components. In this part of the nephron, increased lumi-
nal ANGII leads to the upregulation of renin and PRR, 
which contributes to further increases in intratubular 
ANGII formation. In states of high intrarenal ANGII, 
despite PRA suppression, upregulation of renin and PRR 
occurs in the collecting duct, which enables the de novo 
formation of intratubular ANGII. In addition to the 
activation of PRR by its natural agonists, prorenin and 
renin, PRR may contribute to the stimulation of profi-
brotic factors, independent of ANGII. Thus, targeting 
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the PRR could be beneficial in the prevention of tubulo
interstitial fibrosis in the context of hypertension and 
diabetic kidney disease. In addition, the interactions of 
RAS components with paracrine hormones within the 
collecting duct enables tubular compartmentalization 
of the RAS to orchestrate complex mechanisms under-
lying increases in intratubular ANGII concentrations, 

augmented Na+ reabsorption and increased blood pres-
sure. New therapeutic modalities that target renin and/or  
the PRR in the collecting duct have the potential to 
decrease the intratubular ANGII concentration and its 
impact on pathological processes such as kidney fibrosis.
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