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Abstract

The renin-angiotensin-system (RAS) constitutes one of the most important hormonal systems in

the physiological regulation of blood pressure through renal and non-renal mechanisms. Indeed,

dysregulation of the RAS is considered a major factor in the development of cardiovascular

pathologies including kidney injury and blockade of this system by the inhibition of angiotensin

converting enzyme (ACE) or blockade of the angiotensin type 1 receptor (AT1R) by selective

antagonists constitutes an effective therapeutic regimen. It is now apparent with the identification

of multiple components of the RAS within the kidney and other tissues that the system is actually

composed of different angiotensin peptides with diverse biological actions mediated by distinct

receptor subtypes. The classic RAS can be defined as the ACE-Ang II AT1R axis that promotes

vasoconstriction, water intake, sodium retention and other mechanisms to maintain blood pressure,

as well as increase oxidative stress, fibrosis, cellular growth and inflammation in pathological

conditions. In contrast, the non-classical RAS composed primarily of the AngII/Ang III–AT2R

pathway and the ACE2-Ang-(1-7)-AT7R axis generally opposes the actions of a stimulated Ang

II-AT1R axis through an increase in nitric oxide and prostaglandins and mediates vasodilation,

natriuresis, diuresis, and a reduced oxidative stress. Moreover, increasing evidence suggests that

these non-classical RAS components contribute to the therapeutic blockade of the classical system

to reduce blood pressure and attenuate various indices of renal injury, as well as contribute to

normal renal function.

Introduction

From the early pioneering studies of Tigerstedt and Bergman (144) that described “renin-

like” activity in the canine kidney over 100 years ago to the identification of vasoactive

peptide angiotensin II (Ang II) by Page, Braun-Menendez and their colleagues 50 years later

(21; 22), the characterization of the renin-angiotensin system (RAS) within the kidney and

other tissues continues unabated broadening our understanding of the functional aspects of

this important hormonal system in blood pressure regulation and cardiovascular pathologies.

Coupled with the discovery of angiotensin I converting enzyme (ACE) as the primary

enzyme that forms Ang II in the circulation and tissue and the molecular identification of the

Ang II type 1 receptor (AT1R) that confers the predominant actions of Ang II, the

“classical” RAS was long-viewed as a sequential endocrine system to form the active

peptide Ang II in the overall maintenance of blood pressure through various mechanisms

including constriction of the renal vasculature and the reabsorption of sodium. Our current
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view now encompasses the RAS as a tissue system whose protein and peptide components

are expressed in essentially every organ and whose actions are implicated in numerous

physiological events that influence renal, neuronal, cardiac, pancreatic, vascular, adrenal,

pituitary, cognitive, aging, inflammatory and reproductive functions (104). However, there

is overwhelming evidence for a “non-classical” RAS that results in the formation of novel

peptide products with functional properties distinct from that of the ACE-Ang II-AT1R

pathway normally associated with maintenance of arterial pressure through renal

hemodynamic and tubular mechanisms (20; 24; 27; 94; 125; 137). Indeed, our identification

of Ang-(1-7) over 20 years ago as an endogenous and biologically active angiotensin peptide

expressed in the circulation, kidney, brain, heart, and other tissues (29), as well as the

subsequent discovery of angiotensin converting enzyme 2 (ACE2) (37; 41; 145) the Ang-

(1-7)[AT7R] or Mas receptor (127) that are both evident within the kidney has revealed a far

more complex system contributing to renal function than previously imagined (Figures 1 &
2). The current review considers the tenet that the components of the non-classical or

alternative RAS influence renal function, as well as to attenuate the actions of an activated

ACE-Ang II-AT1R axis within the kidney (Figure 2).

RENAL SOURCE OF ANGIOTENSINS

Renin

The precursor for all angiotensin peptides is angiotensinogen, a 453 amino acid glycosylated

protein that is primarily synthesized and secreted by the liver and other tissues to provide a

significant circulating source of the protein. Within the kidney, angiotensinogen is

synthesized and released into the tubular fluid by proximal tubule epithelial cells, although

recent evidence importantly suggests the cellular uptake of the protein as well (108). The

precursor protein is hydrolyzed between residues 10 and 11 (Leu10-Leu11 for rat, mouse,

sheep, dog and Leu10-Ile11 for human) by the aspartyl protease renin to form the inactive

peptide angiotensin-(1-10) (Ang I) and (des-Ang I)-angiotensinogen (Figure 1). The N-

terminal region of angiotensinogen containing residues His6-Pro7-Phe8 is also highly

conserved among species and is critical in the appropriate recognition by renin to form Ang

I (92). Angiotensinogen is the only known substrate for renin; however, other proteases

including tonin, kallikrein and cathepsin D are capable of metabolizing the precursor to Ang

I or Ang II (104). The exact role these non-renin pathways contribute to an activated renal

RAS is equivocal, although their participation may be important given the recent

development of non-peptide inhibitors of renin such as aliskserin for the clinical treatment of

hypertension (42; 54; 79). The catalytic function of renin involves the hydrolysis of

angiotensinogen to Ang I has been well established; however, a receptor protein for prorenin

was cloned by Nyguen and colleagues and found to be expressed in the kidney as well as

other tissues (95). Receptor-bound prorenin exhibits increased proteolytic activity leading to

Ang I formation (13), but prorenin may also induce distinct signaling pathways following

binding and renin inhibitors such as aliskiren do not attenuate prorenin binding (121).

Indeed, the prorenin-prorenin receptor pathway itself may be regarded as distinct component

of the non-classical RAS within the kidney. Sakoda et al. (121) find that prorenin activated

the MAP kinase pathway in human smooth muscle cells – actions similar to that for Ang II-

AT1R activation (Figure 2). In isolated mesangial cells, exogenous renin increased TGF-β
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expression and the matrix proteins plasminogen activator inhibitor (PAI-1) and fibronectin

that were not dependent on the formation of Ang II (68; 73). Increased expression of PAI-1

and other matrix proteins by prorenin may lead to progressive renal damage, which would

not be inhibited by traditional agents that block the RAS such as ACE-inhibitors or AT1R

antagonists. Moreover, prorenin is the major form of circulating and tissue forms of renin,

and may further increase in pathological conditions. However, the actions of the prorenin

receptor or following blockade of the protein with the “hinge peptide” were not confirmed

and other issues regarding the localization and identify of the receptor remain (89; 113).

Indeed, the cellular localization of the receptor is controversial particularly as several studies

demonstrate the predominant intracellular distribution of the prorenin receptor in the

perinuclear area (128). In this regard, the intracellular receptor may interact with

internalized renin (106) or non-secreted forms of the enzyme (34). There is substantial

evidence for an intracellular RAS, particularly within the kidney, and the predominant

perinuclear distribution of the prorenin receptor may portend for intracellular actions of the

protein (44; 55). Although the initial report on the prorenin receptor suggested the protein to

be unique, the receptor is homologous with the protein ATP6AP2 that comprises the

vacuolar +H-ATPase complex, a protein essential in the acidification of lysosomal vesicles

and endosomes (11). ATP6AP2 is widely expressed within the kidney, particularly in the

collecting duct where the +H-ATPase complex contributes to the acidification of urine (11).

Thus, the nature of the interaction of prorenin or its blocking peptide with ATP6AP2 within

the kidney is far from resolved at this time.

ACE

The inactive peptide Ang I is further processed by the metallopeptidase ACE to directly

yield the active peptide Ang II. ACE is primarily characterized as a dipeptidyl

carboxypeptidase that cleaves the Phe8-His9 bond of Ang I to form Ang II and the dipeptide

His-Leu (Figure 1) (114; 148). Within the kidney, ACE is localized to various cell types

including the tubular epithelial cells, vascular endothelial cells and glomerular mesangial

cells. Although ACE is clearly critical to the generation of Ang II, the peptidase contributes

to the metabolism of several vasoactive peptides within the kidney including bradykinin and

Ang-(1-7) (27; 31). Shaltout et al. (129) demonstrate that ACE inhibition increases Ang-

(1-7) and attenuates ACE dependent formation of the metabolite Ang-(1-5) in isolated

proximal tubules from sheep (see Figures 1 & 3). This latter study emphasizes the

alternative role of ACE to influence the metabolism of Ang-(1-7) in the kidney and

circulation (27; 32). ACE likely represents the predominant Ang II-forming enzyme in the

kidney under physiologic conditions; however, other peptidases including mast cell and

smooth muscle chymases may contribute to tissue levels of Ang II in pathological states

including Goldblatt hypertension (120). Harrison-Bernard and colleagues demonstrate that a

chymase-like enzyme (chymostatin sensitive) resistant to ACE inhibitors accounted for the

vascular conversion of Ang I to Ang II in the isolated afferent arterioles of the type II

diabetic db/db mouse; however, ACE was the sole activity responsible for Ang II formation

in the nondiabetic mice (103).
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Aminopeptidases

Following the generation of Ang II, the peptide can undergo further metabolism at either the

amino (N-terminus) or carboxyl (C-terminus) regions of the peptide (Figure 1).

Aminopeptidase A (AP) activity is high in the kidney and converts Ang II directly to Ang-

(2-8) or Ang III (3; 63; 78; 135; 158). AP is primarily localized to the glomerular (mesangial

and endothelial cells) and brush border compartments of the kidney (77). In contrast,

aminopeptidase N (AN) has preference for basic residues such as the N-terminal arginine

and converts Ang III to Ang-(3-8) or Ang IV (78; 102). Although Ang III was shown to

stimulate an AT1R-dependent increase of Ca++ in various tubular elements of the rat kidney

(69), Carey and colleagues have presented additional findings that Ang III may be the

endogenous ligand for the AT2 receptor within the rat kidney (99-101). Further N-terminal

processing of Ang III by AN or direct conversion of Ang II by dipeptidyl aminopeptidase IV

(DAP IV) yields another vasoactive peptide Ang-(3-8) (Ang IV) that convey biological

actions not through a classical G-protein coupled receptor but by interacting with the

insulin-regulated aminopeptidase (IRAP) to stimulate NO (6; 76). IRAP is membrane

spanning protein of the M1 family of aminopeptidases (7). The enzyme is widely distributed

in the kidney predominantly localized to the apical aspects of proximal tubules and thick

ascending limbs in the cortex, as well as the principal cells of the medulla (8).

ACE2

Distinct from the amino terminal metabolism of Ang II by aminopeptidases, the octapeptide

is also processed on the C-terminus by a homolog of ACE termed ACE2 within the kidney

(Figures 1 & 3). ACE2 is a metallopeptidase similar to ACE, but exhibits carboxypeptidase

activity cleaving the Pro7-Phe8 bond of Ang II to generate Ang-(1-7). ACE2 also hydrolyzes

the His9-Leu10 bond of Ang I to form Ang-(1-9); however, the ratio of the catalytic to the

Michelis-Menten constant (kcat/Km, efficiency constant) is approximately 500 fold greater

for the conversion of Ang II to Ang-(1-7) (152); ACE2 exhibits the highest kcat/Km among

a number of enzymes that convert Ang I, Ang II or Ang-(1-9) directly to Ang-(1-7).

Furthermore, the abundance of these peptidases within the kidney in addition to their

catalytic properties and cellular access to peptide substrates will determine the extent that

they may participate in the formation of Ang-(1-7). As observed for ACE, the homologue

ACE2 is found in both soluble and membrane-associated forms within a number of tissues

including the kidney, heart, brain, lung and testes (27). In the kidney, ACE2 is primarily

localized to the apical side of the proximal tubules with expression also evident in the

podocytes of the glomerulus (111; 150; 153; 163). ACE2 is the primary enzyme responsible

for the conversion of Ang II to Ang-(1-7) in the sheep proximal tubules (Figure 3) and

isolated podocytes from rat (129; 150). It has become increasingly apparent that ACE2

influences the expression of Ang II and Ang-(1-7) within the kidney as well as other tissues

ultimately impacting the functional output of the RAS (96; 159; 163). Indeed, the

augmentation of ACE2 by administration of the active peptidase may constitute a novel and

effective therapy to lower blood pressure and reduce renal injury by enhancing the Ang-

(1-7) to Ang II peptide ratio (97; 165; 166).
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Endopeptidases

Endopeptidases such as neprilysin, prolyl oligopeptidase and thimet oligopeptidase utilize

Ang I as substrate to generate Ang-(1-7) that is independent of Ang II formation within the

kidney (9; 28; 30; 151; 161) (Figure 1). Neprilysin is a metallopeptidase that is richly

expressed on the brush border of the proximal tubules within the kidney and exhibits high

catalytic activity for the conversion of Ang I to Ang-(1-7), a well as other vasoactive

peptides including kinins, endothelins, ANP and BNP (114). Although the kidney expresses

multiple peptidases that potentially form Ang-(1-7), the issue of whether Ang-(1-7) is

derived directly from Ang I or Ang II remains equivocal. In ACE2 knockout mice, renal

content of Ang-(1-7) is reduced but clearly not abolished (96). Moreover, our findings in the

tissue ACE knockout (tisACE−/−) mice, originally developed by Bernstein and colleagues

that deleted the membrane spanning region of the enzyme, revealed an 80% reduction in

renal Ang II; Ang-(1-7) tissue content and urinary levels were surprisingly unchanged (88)

(Figure 4). These studies suggest that the renal formation of Ang-(1-7) is not entirely

dependent on ACE2 or other carboxypeptidase-like enzymes and alternative pathways for

Ang-(1-7) generation are functionally present in the kidney. Interestingly, the tisACE−/−

mice cannot adequately concentrate urine and do not respond to subsequent Ang II treatment

to conserve water or sodium which may reflect the increased ratio of Ang-(1-7) to Ang II in

this model (45; 74).

In lieu of the data supporting Ang II-independent formation of Ang-(1-7), it should be noted

that Nagata and colleagues have isolated and identified a novel endogenous angiotensin

peptide termed Ang-(1-12) that contains the first 12 amino acids of the N-terminal sequence

of the secreted form of angiotensinogen (90). Utilizing antibodies to the N and C-terminal

sequences of Ang-(1-12), these investigators found that Ang-(1-12) was expressed in

essentially all tissues that contain Ang II with the highest peptide concentrations in the

intestine, heart, plasma and kidney (90). Differential expression of Ang-(1-12) was recently

demonstrated in the heart and kidney of the spontaneously hypertensive rat (SHR) and the

normotensive control Wistar Kyoto strain (WKY) (72). The site of hydrolysis rat for

formation of Ang-(1-12) from angiotensinogen occurs at residues Tyr12-Tyr13 which is

distinct from the Leu10-Leu11 sequence cleaved by renin to form Ang I. Thus, the generation

of Ang-(1-12) is likely through a non-renin dependent pathway and may be particularly

apparent in conditions of low or suppressed renin activity, and particularly with the clinical

use of selective renin inhibitors (49; 53). Studies to date suggest that Ang-(1-12) is

processed to Ang II by ACE or chymase; however, our preliminary data find that neprilysin

converts Ang-(1-12) directly to Ang-(1-7) in kidney tissues (4; 26; 90; 146). Moreover,

circulating or renal renin does not appear to participate in the metabolism of Ang-(1-12)

suggesting that the peptide is not a substrate for renin (26). The conversion of Ang-(1-12) to

Ang II by ACE in the circulation is consistent with the acute increase in blood pressure

following an infusion of Ang-(1-12) in normotensive rats, as well as the blockade of the

pressor response by either an ACE inhibitor or AT1R antagonist (90). Therefore, Ang-(1-12)

is likely not biologically active, but may serve as an intermediate precursor to Ang II or

Ang-(1-7) via a renin-independent mechanism. Clearly, additional studies are required to

evaluate the role of this novel peptide in the processing of Ang II or Ang-(−7), identify the
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enzyme(s) that catalyze the formation of Ang-(1-12) and importantly, determine whether

Ang-(1-12) is a constituent of the human RAS within the kidney and circulation.

RENAL ACTIONS

The Ang II/Ang III – AT2R axis

Signaling pathways—Ang II primarily interacts with two G-protein coupled receptors

identified as the AT1 and AT2 subtypes. Intense research has focused on the signaling

mechanisms of Ang II-AT1R receptor axis with more recent attention to the generation of

reactive oxygen species (ROS) that underlies the vasoconstrictor and sodium retaining

actions of this pathway. In contrast to the AT1R, Ang II dependent activation of the AT2R

subtype is closely linked to the stimulation of NO and the activation of cellular phosphatases

(50; 86; 130; 133; 140). Within the adult kidney, the AT2R is expressed primarily on the

interlobular arterioles and other vascular elements, as well as in the tubular portions of the

nephron but glomerular expression was neglible (57; 87; 98). As shown in Figure 5, we

demonstrate AT2 sites primarily in the tubulointerstial areas of both the fetal and adult sheep

kidney by autoradiography binding of the non-selective antagonist 125I-[Sar1,Thre8]-Ang II

binding that is sensitive to the AT2R antagonist PD123319. In the adult renal cortex, the

glomerular binding sites were primarily blocked by the AT1R antagonist losartan (Figure
5).

Hemodynamic actions—The majority of studies suggest that the AT2R exhibits

vasorelaxant actions within the kidney. Genetic studies of global AT2R knockout mice find

a mild increase in blood pressure, but an exaggerated pressure response to Ang II

administration suggesting a modulatory influence on AT1R-dependent vasoconstriction.

Indeed, there is good evidence that the AT2R may contribute to the blood pressure and

vasorelaxant actions of AT1R receptor blockade, particularly in hypertensive models (12;

18; 83). The vasorelaxant actions of the AT2R appear primarily dependent on the generation

of NO, although dilation of pre-constricted afferent arterioles may reflect an NO-

independent mechanism (75). Additional studies support a role for bradykinin activation

and/or release in the functional actions of the AT2R, although AT2-dependent effects remain

in the B2R knockout mouse suggesting that at least a subset of actions are not kinin

dependent and directly increase cGMP and cGMP kinase (1; 133; 147).

Tubular actions—In addition to alterations in blood pressure, the pressure-natriuresis

relationship is shifted rightward in the AT2R null mice. Activation of the AT2R primarily

invokes a natriuretic response that likely involves the generation of NO and cGMP (100;

131). A potential target for the tubular actions of AT2R is the direct inhibition of the Na+,K

+,ATPase activity on the proximal tubules (60). Moreover, concomitant blockade of

oxidative stress potentiates the natriuretic response to the AT2R agonist CGP42112A (118).

Pathological conditions such as hypertension or obesity are associated with upregulation of

the AT2R within the kidney and potentially suggest a greater role of the receptor to offset

the actions of an activated Ang II- AT1R axis within the RAS that include an increase in

oxidative stress (117). In contrast to the AT1R, intracellular pools of the AT2R are evident

within the tubules that await stimulation and insertion into the plasma membrane to promote
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activation of the AT2R pathway (101). These AT2R pools may function in the conjunction

with the renal dopaminergic system to promote tubular natriuresis and diuresis (122).

Similar to the other components of the RAS that may compromise an intracellular system

within the kidney, there is evidence for AT2R on cortical nuclei and mitochondria within the

kidney (2; 57). We find that nuclear AT2R are coupled to the generation of NO and co-

localize with nuclear endothelial NOS (eNOS) and soluble guanylate cyclase that may

generate intracellular or nuclear cGMP (57).

Renoprotective actions—Accumulating evidence suggests a renoprotective role of the

AT2R that is associated with reduced inflammation and cytokine production (14; 91; 115;

132; 155). Benndorf and colleagues show that AT2R deletion in the FVB/N mouse strain

(that do not exhibit developmental abnormalities) markedly exacerbates renal injury in the

5/6 nephrectomy model of progressive injury (14). Moreover, deletion of the AT2R in this

model significantly increases the mortality rate; however, the renal phenotype was not

associated with altered AT1R or eNOS expression (14). More recent studies have taken

advantage of a new non-peptide agonist for the AT2R to establish the protective actions of

the receptor without relying on Ang II as the ligand in conjunction with AT1R blockade or

following treatment with the AT2R antagonist PD12319, which may exhibit other properties

(136; 155). Indeed, the AT2R agonist compound 21 (C21) reduces a number of indices for

renal damage in the stroke-prone spontaneously hypertensive rat (SP-SHR) independent of

changes in blood pressure. Interestingly, the AT2R agonist significantly reduced plasma

renin activity supporting earlier data that the AT2R activation may reduce renin release

and/or synthesis (70; 133). In early Goldblatt hypertension, Siragy and colleagues also find

that the AT2R agonist C21 is renoprotective. The C21 agonist increased NO and cGMP

content in the non-clipped kidney, as well as reduced expression of key inflammatory and

fibrotic cytokines TNFα, TGF-β and IL6 (85).

The Ang-(1-7) – AT7R axis

Peptide expression—Ang-(1-7) is endogenously expressed within the kidney of various

species at tissue levels that are comparable to that of Ang II (105; 109; 143). In the

hypertensive mRen2.Lewis congenics that exhibit significant sex differences in blood

pressure and renal injury, cortical levels of Ang-(1-7) are significantly lower in the male

congenics than their female littermates while cortical content of Ang II is higher in males

(Figure 6). However, cortical ACE2 activity is higher in males that may reflect a

compensatory response to the higher pressure and extent of injury in the male kidney (105).

In contrast, the female mRen2 congenic exhibit significantly higher neprilysin content and

activity than the males that may contribute to both greater Ang-(1-7) formation and Ang II

metabolism (Figure 6). Sullivan and colleagues also find higher renal Ang-(1-7) content in

female SHRs and that treatment with the Ang-(1-7) antagonist abolishes differences in the

blood pressure response to Ang II (139). Furthermore, the development of Goldblatt

hypertension in male rats is associated with a lower ratio of Ang-(1-7) to Ang II as well as

ACE2/ACE activities in the kidney (109). Similar to Ang II, significant levels of Ang-(1-7)

are found in the urine and are found to increase with either ACE inhibition or AT1R

blockade (35; 47; 160). The source of urinary Ang-(1-7) and Ang II may reflect either

release from renal epithelial cells such as the proximal tubule or the processing of tubular
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fluid angiotensinogen that may arise from tubular secretion or glomerular filtration, the latter

mechanism may be particularly important in pathologies associated with glomerular injury

(35; 93). Clinical studies demonstrate lower excretion of Ang-(1-7) in hypertensive patients

as compared to the normotensive cohort (48). Moreover, diabetes-induced renal injury is

associated with a marked reduction in the renal content of Ang-(1-7), and chronic inhibition

of ACE2 exacerbates indices of damage injury, as well as attenuates the protective effects of

ACE inhibitor treatment (134; 143; 159).

Signaling pathways—The evidence to-date suggests that the Ang-(1-7)–AT7R axis and

its associated signaling pathways may antagonize the actions of Ang II-AT1R pathway (27;

46). Similar to the AT2R, Ang-(1-7) stimulates NO production via enhanced

phosphorylation of Akt and increased levels of cGMP that may or may not depend on the

release of bradykinin (123; 154). Ang-(1-7) also activates cellular phosphatases including

the dual specificity phosphatase MKP-1 in various cells that attenuates MAP kinase activity

(124; 138). In addition, Ang-(1-7) directly increases the production of prostaglandin species

that likely contribute to the vasodilatory and natriuretic actions of the peptide (71). Recent

studies by Benter and colleagues reveal that Ang-(1-7) attenuates the transactivation of the

EGF receptor (EGFR) following exposure to Ang II or high glucose; however, the

intracellular mechanism for attenuated EGFR phosphorylation is not known (5). In contrast

to either AT1R or AT2R subtypes, which bind Ang II with high affinity, Ang-(1-7) activates

at least one other unique receptor protein (126). Originally cloned as an orphan receptor, the

G-protein coupled Mas protein exhibits little affinity for Ang II, but mediates a number of

actions associated with Ang-(1-7) (27). In addition, a nonpeptide agonist (AVE9971) and

two peptide antagonists [D-Ala7-Ang-(1-7) or A779; D-Pro7-Ang-(1-7)] selective for the

AT7R are available that generally do not antagonize the actions of Ang II at either AT1 or

AT2 receptor sites. Several selective antibodies that recognize the Mas receptor in various

species have facilitated studies on the expression and distribution of the protein within the

kidney of the rat and sheep (38; 59). As shown in Figure 7, Mas protein staining was

evident in the proximal tubules and cortical collecting ducts of the cortex, the thick

ascending limb of Henle and the vasa recta of the medullary area of adult male sheep (59).

The selective pattern of the Mas receptor within kidney is consistent with the hemodynamic

and tubular actions of the Ang-(1-7) AT7R axis. A similar pattern for Mas expression is also

evident in the rat kidney, although following acute renal ischemia/reperfusion, the

glomerular expression of the receptor was markedly more robust suggesting the dynamic

regulation of the Mas receptor following renal injury and the potential amelioratory effects

of Ang-(1-7) in pathological conditions (38). As evident for both AT1 and AT2 receptors,

the intracellular or nuclear localization AT7R was also reported in the kidney (59). Similar

to the AT2R, the nuclear AT7/Mas receptor is coupled to the formation of NO; however, we

find that far lower concentrations of Ang-(1-7) are required to stimulate NO than that for

Ang II acting at the AT2R (56; 58; 59) (Figure 8A). Furthermore, significant intracellular or

nuclear activities for the processing enzymes ACE, ACE2 and neprilysin as well as

immunoreactive angiotensinogen and renin are evident within proximal tubules and

mesangial cells suggesting the potential for intracellular generation of Ang-(1-7), as well as

for Ang II (23; 56; 58; 59). Indeed, we show that blockade of either ACE2 with the ACE2

inhibitor MLN or the AT7R significantly augments the Ang II-dependent formation of ROS
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within renal cortical nuclei, as well as abolishes the conversion of Ang II to Ang-(1-7)

(Figure 8B-8C).

Hemodynamic actions—For Ang-(1-7), the majority of the renal actions of the peptide

are in opposition to those of Ang II. Acute infusion of Ang-(1-7) generally increases GFR

and increases renal blood flow. In contrast to Ang II, the increase in GFR by Ang-(1-7)

likely reflects the vasorelaxant properties of the peptide. In pre-constricted afferent arterioles

of the rabbit kidney, Ang-(1-7) induces vasodilation that is dependent on the release of NO

(112). In higher species including dog and sheep, administration of Ang-(1-7) increases

renal blood flow (65; 141). The vascular response was absent in adult sheep exposed to

glucocorticoids during fetal development and the lack of a renal Ang-(1-7) response may

contribute to the sustained elevation in blood pressure in the ovine model of fetal

programming (141; 141). The vasorelaxant effects of Ang-(1-7) within the kidney are

consistent with the actions of the peptide on other vascular beds and the ability of the

peptide to acutely stimulate the formation of NO (64; 156). In endothelial cells, Ang-(1-7)

stimulates the phosphorylation of eNOS and the associated kinase Akt (123). Inhibition of

phosphoinositol 3 (PI3) kinase attenuates the Ang-(1-7)/NO response suggesting that Ang-

(1-7) shares a similar pathway with other vasodilatory peptides such as bradykinin that

release NO. As to the chronic actions of Ang-(1-7), long-term administration of the peptide

is associated with the enhanced expression of eNOS in pre glomerular afferent arterioles of

the ApoE knockout mice but not in the wildtype littermates (40). Ang-(1-7) treatment also

reduced components of the NAD(P)H oxidase complex (p47phox, NOX2) in the afferent

vessels that was associated with lower cortical ROS (H2O2) and 8-isoprostance excretion

(40). Importantly, the long-term effects of Ang-(1-7) were abolished by the AT7R antagonist

D-Ala7-Ang-(1-7) (40). These studies support the initial work by Benter and colleagues in

the diabetic SHR kidney where chronic Ang-(1-7) treatment attenuated NAD(P)H oxidase

activity and NOX4 expression, the most abundant NAD(P)H isoform in the kidney (16).

Thus, the vascular actions of may reflect the stimulation of NO and the attenuation of

oxidative stress that ultimately increases the bioavailability of NO within the renal

vasculature. In addition to the influence on NO, the vasorelaxant actions of Ang-(1-7) may

also reflect the ability of the peptide to release vasoactive prostaglandins including

prostacyclin and PGE2 (31). In the perfused rat kidney, the Ang-(1-7)-dependent increase in

prostacyclin was attenuated by the cyclooxygenase inhibitor indomethacin (67). Finally,

genetic studies in the Mas knockout model support the contribution of Ang-(1-7) to the renal

vasculature as these mice exhibit increased vascular resistance and reduced renal blood flow

(107). In turn, genetic overexpression of circulating Ang-(1-7) in the rat results in a

sustained increase in renal blood flow and a reduction in renal vascular resistance (19).

Tubular Actions—Infusion of Ang-(1-7) into the renal artery leads to diuresis and

natriuresis accompanied by a modest increase in glomerular filtration rate (GFR) (39; 62;

65-67; 149). The natriuretic actions of Ang-(1-7) likely involve the influence of the peptide

on the activity of various sodium channels. Indeed, immunocytochemical studies of the

AT7R/Mas localize the protein primarily to tubular elements of the kidney including the

proximal tubule and thick ascending limb of Henle (38; 59). Ang-(1-7) inhibits Na+,K+-

ATPase activity in isolated convoluted proximal tubules and homogenates of the renal
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cortex (61; 62; 84). Ang-(1-7) also inhibits the transcellular flux of sodium in renal tubular

epithelial cells which is associated with activation of phospholipase A2 and the release of

arachidonic acid (10). Low picomolar doses of Ang-(1-7) stimulate phosphatidylcholine

incorporation in the renal cortex, providing a potential mechanism for the arachidonic acid

substrate in the kidney (25; 52; 64). Furthermore, the inhibition of sodium transport by Ang

I is markedly potentiated by ACE inhibitor captopril suggesting either a shift to Ang-(1-7)

formation or reduced metabolism of the peptide in the proximal tubules of the kidney (10).

Actions at the Na+/H+ exchanger may also occur (10). The potent vasopeptidase inhibitor

omapatrilat produces a chronic and pronounced diuresis associated with large increases in

urinary excretion of Ang-(1-7) and enhanced immunocytochemical staining of the peptide as

well as ACE2 in the kidney of the SHR (28; 47). The omapatrilat-induced diuresis consists

of dilute urine and is consistent with the localization of the Ang-(1-7) in all segments of the

renal tubules (47). In sheep, low systemic doses of Ang-(1-7) induce rapid natriuresis

without overall changes in systemic blood pressure and the response is blocked by the AT7

antagonist D-Ala7-Ang-(1-7) (142). However, the acute natriuretic response to Ang-(1-7) is

absent in the female offspring of maternal sheep exposed to antenatal glucocorticoids, a

model of fetal programming (Figure 7). Moreover, the NO response to Ang-(1-7) is reduced

and the Ang II-dependent stimulation of oxidative stress is enhanced in renal cortical nuclei

of the glucocorticoid exposed sheep (58). These studies again emphasize the divergent

actions of these two pathways within the RAS and that an altered Ang II to Ang-(1-7)

response may contribute to fetal programmed events within the kidney. The genetic studies

in Mas knockout mouse also support the overall natriuretic and diuretic properties of the

Ang-(1-7). Deletion of the Mas protein results in the reduction of the fractional excretion of

sodium and lower urine volume, as well reduced renal blood flow and increased renal

vascular resistance; however, there was no overall change in mean arterial blood pressure in

this model (107).

Renoprotective Actions—The sustained activation of the ACE-Ang II-AT1R axis within

the kidney leads to chronic renal inflammation and fibrosis that is likely mediated by

increases in oxidative stress (116; 119; 157). In contrast, Ang-(1-7) opposes this pathway

and generally exhibits anti-inflammatory and anti-fibrotic effects to attenuate tissue injury

within the kidney that are in certain instances independent of an overall change in blood

pressure (15; 17). In young Mas knockout mice (9-10 weeks of age), the extent of urinary

albumin excretion was significantly higher in comparison to the male wildtype littermates

(107). Consistent with the anti-fibrotic actions of Ang-(1-7), the Mas null mice exhibit an

increase in collagen and fibronectin deposition in both cortical and medullary areas of the

kidney, as well as enhanced gene expression of the cytokine TGF-β and the AT1R that may

promote the progression of fibrosis (107). Inducing renal hypertension in the Mas knockout

mice exacerbates the increase in blood pressure but reduces excretion of urinary nitrate/

nitrite ratio which was reversed by antioxidant treatment with the NAD(P)H inhibitor

Apocynin or the SOD mimetic tempol (110). These data again emphasize the functional role

of the Ang-(1-7)-AT7R axis to influence NO tone within the kidney. Chronic administration

of Ang-(1-7) in the stroke-prone SHR corrected a number of renal indices of renal damage

including fibrosis and proteinuria that was associated with the normalization of nephrin

expression, a key component in the integrity of the glomerular barrier (51). Ang-(1-7)
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treatment also reduced glomerular expression for the pro-inflammatory cytokines IL-6 and

TNF-α, as well as normalized the early transcriptional response protein NFkB that is

commonly associated with inflammatory events (51). In these studies, Ang-(1-7)

significantly reduced blood pressure in the SP-SHR; however, it is not clear to what extent

the improvement in renal injury contributes to the sustained reduction in pressure in this

model. In diabetic SHR, Benter and colleagues demonstrated that administration of Ang-

(1-7) improved proteinuria and increased the H2O2 scavenging enzyme catalase, but reduced

NAD(P)H oxidase activity (16; 40). In this case, the renoprotective effects of Ang-(1-7)

were associated with the increased expression of the PPAR-γ, the therapeutic target for the

class of thiazolidenone activators that improve cardiovascular and renovascular pathologies

(40). Additional studies in the anti-Thy-1 model of glomerulonephritis reveal that chronic

Ang-(1-7) treatment significantly attenuated the extent of proteinuria although the peptide

did not completely normalize protein excretion to the control group (164). Associated with

the reduction in proteinuria, Ang-(1-7) reduced the glomerular expression of the cytokines

plasminogen activating inhibitor-1 (PAI-1) and TGF-β1, as well as the extracellular matrix

protein collagen and fibronectin (164). Ang-(1-7) also exhibited anti-inflammatory actions

in this model by reducing the presence of ED-1 positive cells within the glomerulus.

Interestingly, Ang-(1-7) treatment in the anti-Thy-1 model significantly augmented plasma

renin activity as well as glomerular renin gene expression, but tended to further lower ACE2

gene levels (164). The mechanism for the renin response is not known; however, the

increase may reflect downregulation of the AT1R as reported by Clark and colleagues in

renal cortical slices perfused with Ang-(1-7) and the subsequent disinhibiton of the AT1R

negative feedback loop (33). These studies potentially reveal an important consequence of

the Ang-(1-7)-AT7R axis regarding the long-term regulation of the AT1R within the kidney.

Indeed, the activation of circulating and glomerular renin by Ang-(1-7) may limit the

renoprotective actions of the peptide such that additional therapies to block the ACE-Ang II-

AT1R axis are required. The ex vivo studies in cultured mesangial cells revealed similar

effects of Ang-(1-7) that were attenuated by the AT7R antagonist D-Ala7-Ang-(1-7)

suggesting direct actions of the peptide to reduce glomerular inflammation, fibrosis and

cytokine production (164). The intracellular pathways involved in the Ang-(1-7)-dependent

protective actions within mesangial cells remains to be established.

The Ang IV – AT4R/IRAP axis

The role of Ang-(3-8) or Ang IV within the kidney is quite controversial at this time. An

initial report demonstrated that the peptide increased renal blood flow by an increase in NO

within the cortex that was independent of either AT1 or AT2 receptors (36). Subsequent

binding studies suggested that Ang IV does not interact with a conventional receptor, but the

insulin-regulated aminopeptidase or IRAP (80). However, more recent reports find that Ang

IV increases renal vascular resistance and the vasoconstriction is abolished by an AT1R

antagonist (43; 81; 162). Receptor binding studies by Zhuo and colleagues also demonstrate

that Ang IV effectively competes for 125I-[Sar1,Ile8]-Ang II binding at AT1R sites within the

kidney (167; 168). Moreover, Ang IV stimulates similar signaling pathways common to the

Ang II-AT1R pathway including an increase in intracellular Ca++ and MAP kinase

activation in various renal cells types (168). Indeed, Ang IV stimulation of the MAP kinase

ERK1/2 in mesangial cells was abolished by an AT1R antagonist (81; 82; 168). At this
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point, the contribution of the Ang IV IRAP pathway to renal function or under pathological

conditions is far from resolved.

Concluding Remarks

The vast literature of the RAS clearly supports a dominant role of the ACE-Ang II- AT1R

axis within the kidney to maintain blood pressure through hemodynamic and tubular

processes. So too, does activation of this axis participate in pathological conditions

including hypertension, diabetes and salt sensitivity that contribute to the progression of

renal injury and blockade of ACE or the AT1R are effective therapies to attenuate renal

damage, as well as manage blood pressure. However, these therapeutic approaches result in

the activation of other components of the non-classical RAS that may oppose those

pathways stimulated by the Ang II- AT1R axis. The extent that the alternative pathways

within the RAS contribute to normal renal function is best supported by genetic studies on

the AT7R and AT2R studies that reveal increases in blood pressure and altered renal

parameters. Cleary, the significant expression of an Ang-(1-7) receptor distinct from the

AT1 or AT2 subtypes and arguably a specific Ang-(1-7) converting enzyme such as ACE2

of multiple species strengthens a physiological role for the ACE2-Ang-(1-7)-AT7R axis

within the kidney and in other tissues, as well as the potential for novel therapeutic

approaches that target this pathway in conjunction with blockade of the ACE-Ang II- AT1R

arm of the RAS. Indeed, the novel experimental approach for overexpression of ACE2 or

administration of the active form of the enzyme has now established the cardiovascular

benefit of increasing the hormonal ratio of Ang-(1-7) to Ang II.
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Figure 1. Enzymatic cascade of angiotensin peptide formation and metabolism
Renin cleaves the precursor protein angiotensinogen (Aogen) at the Leu10-Leu11 bond to

angiotensin-(1-10) (Ang I) which is further processed to the biologically active peptides

Ang-(1-8) (Ang II) by angiotensin converting enzyme (ACE) and Ang-(1-7) by

endopeptidases such as neprilysin (NEP). Ang II undergoes further processing at the

carboxy terminus by the carboxypeptidase ACE2 to yield Ang-(1-7) and at the amino

terminus by aminopeptidase A (APA) to form Ang-(2-8) or Ang III. Ang-(1-7) is

metabolized by ACE to form Ang-(1-5) and Ang III is further hydrolyzed by

aminopeptidase N (APN) to yield Ang-(3-8) or Ang IV. Ang II can be directly cleaved by

dipeptidyl aminopeptidase IV (DAP) to Ang IV. The novel peptide Ang-(1-12) is derived

from the hydrolysis of the Tyr12-Tyr12 bond of Aogen although the identity of the enzyme

that forms the peptides is not known to date. Adapted from Chappell (27).
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Figure 2. Renal actions of the classical and non-classical components of the reninangiotensin
system
Ang II interacts with the AT1 receptor (AT1R) to increase renal vasoconstriction, sodium

reabsorption and promote inflammation and fibrosis. Ang IV may stimulate vasoconstriction

through an interaction with the AT1R. Renin or prorenin binds to the prorenin receptor

(PRR) to directly promote oxidative stress, fibrosis and inflammation. Ang II or Ang III

stimulates vasodilation, reduced vascular resistance and natriuresis through activation of the

AT2R and the generation of nitric oxide. Ang-(1-7) recognizes the AT7R to stimulate

vasodilation, diuresis and natriuresis, but reduce inflammation and fibrosis through

increased generation of nitric oxide and prostaglandins. Ang IV may interact with the insulin

regulated aminopeptidase (IRAP) to reduce vascular resistance through an increase in nitric

oxide.
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Figure 3. Enzymatic metabolism of 125I-Ang II in isolated sheep proximal tubules
125I-Ang II (AII) was incubated with 50 Qg of proximal tubules membranes for 30 minutes

at 37°C and the metabolites separated by HPLC. Panel A: Quantification of the peptidase

activities for 125I-AII metabolism from the sheep proximal tubule membranes expressed as

the rate of metabolism products formed (fmol/mg/min). Conditions: Control (no inhibitors);

+AP,CYS,CHM-I (inhibitors for aminopeptidase, chymase, cysteine proteases); +NEP-I

(addition of neprilysin inhibitor); +ACE-I (addition of ACE inhibitor); +ACE2-I (addition of

ACE2 inhibitor). Data are means; n=4. Panel B: Influence of ACE2 inhibition on half-life

(t1/2) of 125I-Ang II (AII) in proximal tubules. Conditions: Control (no inhibitors); +MLN

(only the ACE2 inhibitor). Data are means; n=5; *P < 0.05 vs Control. Panel C: Metabolism

pathway for Ang II and Ang-(1-7) in sheep proximal tubules. Adapted from Shaltout et al

(129).
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Figure 4. Deletion of tissue ACE significantly reduces levels of Ang II but not Ang-(1-7) in mouse
kidney
HPLC/RIA analysis of pooled mouse kidney samples from Wildtype (upper panel) and

tissue ACE knockout (tisACE−/−) mice (lower panel). The HPLC fractions were measured

with Ang-(1-7) (fractions 1-20) and Ang II (fractions 21-40) RIAs, respectively. The arrows

indicate the elution peak times for Ang-(1-7), Ang-(4-8) and Ang II. Inset: intrarenal

concentration of Ang II and Ang-(1-7) expressed as fmol/mg protein in Wildtype and

tisACE−/− mice, n = 8 per group; *P < 0.001 vs Wildtype. Adapted from Modrall et al. (88).
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Figure 5. Autoradiography of Ang II binding sites in the fetal and adult sheep kidney
Frozen-thawed kidney sections were incubated with receptor antagonists to the AT2 receptor

(PD123319) or the AT1 receptor (losartan) in the presence of the non-selective

antagonist 125I Sarthran (0.2 nM). Nonspecific labeling was obtained by pre-incubation with

the unlabeled Sarthran antagonist (5 VM). Adapted from Gwathmey et al (57).

Chappell Page 27

Compr Physiol. Author manuscript; available in PMC 2014 October 06.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 6. Sex differences in systolic blood pressure, proteinuria and components of the renin-
angiotensin system in the renal cortex of mRen2.Lewis congenic rats
Systolic blood pressure is expressed in mm Hg and proteinuria as mg per kilogram body

weight per day (mg/kg/day). Intrarenal concentrations of Ang II and Ang-(1-7) are

expressed as fmol peptide per mg protein (fmol/mg) and enzyme activities as fmol product

per mg protein per min (fmol/mg/min) in 15 week old hemizygous mRen2.Lewis, n = 5-8

per group; **P < 0.01 or *P < 0.01. Adapted from Pendergrass et al. (105).
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Figure 7. Immunocytochemical distribution of the Mas receptor in the adult sheep kidney and
natriuretic influence of Ang-(1-7).
Upper panel: Signal for Mas receptor in proximal tubules (PT) and distal tubules but not

glomerulus in renal cortex (A); positive staining of collecting ducts in cortex (B); Mas

staining of thick ascending limb of Henle (TAL) and vasa recta (VR) in renal medulla;

antigenic peptide for primary antibody abolishes Mas staining in adjacent tissue sections (D-

F). Binding of the primary antibody against the Mas receptor protein was followed by the

secondary antibody conjugated to Alexa Fluor 488 (green fluorescence) and the nuclear

marker stain DAPI (blue). Adapted from Gwathmey et al. (59).
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Lower panel: Ang-(1-7) infusion increases sodium excretion (% of an acute sodium load) in

control sheep as compared to saline infusion (Vehicle). The natriuretic response to Ang-

(1-7) was absent in sheep prenatally exposed to the glucocorticoid betamethasone (Beta).

Data are means, n=11-12 sheep. Adapted from Tang et al (142).
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Figure 8. Ang-(1-7) increases nitric oxide and attenuates Ang II-dependent increase in reactive
oxygen species in isolated nuclei from renal cortex.
Panel A: Ang-(1-7) exhibits greater potency than Ang II at the AT2R to stimulate nitric

oxide (NO) as detected by diaminofluorescein [DAF; *P<0.05 vs. Ang-(1-7)]. Panel B: The

AT1R antagonist losartan (LOS) blocks the Ang II stimulation of ROS; the AT7R antagonist

D-Ala7-Ang-(1-7) (DALA) and ACE2 inhibitor MLN4760 (MLN) exacerbate the Ang II

response (δ P<0.05 vs. Ang II); the AT2R antagonist PD had no effect. Panel C: HPLC

chromatograph of conversion of Ang II to Ang-(1-7) [Ang7] in isolated nuclei from sheep
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proximal tubules and inhibition by the ACE2 inhibitor MLN. Adapted from Gwathmey et al

(56).
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Figure 9. Scheme for the attenuation of the Ang II-AT1 receptor signaling by Ang-(1-7)
Ang II stimulates various signaling pathways including reactive oxygen species (ROS) that

culminates in the activation of intracellular kinases (MAPK). Attenuation of Ang II

signaling within the kidney occurs through amino and carboxy terminal metabolism to Ang

III and Ang-(1-7) by aminopeptidase A (APN) and ACE2, respectively. Formation of Ang-

(1-7) will stimulate the generation of nitric oxide (NO) and cGMP that may antagonize the

actions of Ang II, as well as complex superoxide (O2
−) to form peroxynitrite (ONOO−). In

addition, Ang-(1-7) may activate intracellular phosphatases (PTP) to attenuate the Ang II-

induced phosphorylation of kinases. ACE may abrogate Ang-(1-7) signaling by enzymatic

conversion to Ang-(1-5) which likely does not interact with the AT7/Mas receptor. Although

not depicted, generation of Ang III from Ang II may contribute to increased formation of

NO by stimulation of the AT2 receptor pathway. Additional abbreviations: calcium (Ca++);

diacylglycerol (DAG); phosphoinositol 3 kinase (PI3 kinase); protein kinase C (PKC);

endothelial NO synthase (eNOS); soluble guanylate cyclase (sGC). Adapted from Chappell

(27).
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