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The Angiotensin-(1-7) Axis: Formation
and Metabolism Pathways

Mark C. Chappell

Introduction

The renin-angiotensin system (RAS) was originally characterized as a circulating
endocrine system initiated by the protease renin to hydrolyze angiotensinogen to
the inactive peptide Angiotensin I (Ang I) and the subsequent conversion to Ang
II by angiotensin-converting enzyme (ACE) (Fig. 1). Ang II recognizes the angio-
tensin type 1 receptor (ATR) to invoke both peripheral and central mechanisms in
the regulation of blood pressure. Chronic activation of the ACE-Ang II-ATR path-
way may also be associated with various pathological responses including fibrosis,
inflammation, metabolic dysregulation, heart failure, cancer, aging, and diabetic
injury [1-6]. Although the blockade of the Ang II axis through ACE inhibitors or
AT R receptor antagonists are effective therapies for the treatment of cardiovas-
cular disease, there is now abundant evidence for alternative pathways within the
RAS that may contribute to the beneficial actions of conventional RAS blockade.
Indeed, our original identification and quantification of the endogenous expression
of Ang-(1-7) in the brain, circulation, and peripheral tissues provided a compel-
ling case for a functional non-classical RAS pathway [7]. Subsequent studies in
both experimental models and humans that ACE inhibition augments the circulating
levels of Ang-(1-7) further supported the concept that Ang-(1-7) may oppose the
actions of the Ang II-AT,R pathway [8]. Blockade of the AT R also increases the
formation of Ang-(1-7) through ACE2-dependent conversion of Ang II, as well as
shunts Ang II to the AT,R pathway that shares similar properties to the Ang-(1-7)
system [9—11]. As the functional actions of the RAS now reflect a far more complex
array of peptide ligands and distinct receptors than previously envisaged, we present
a comprehensive review of the enzymatic pathways involved in the formation and
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Fig. 1 Processing cascade for Angiotensin-(1-7). Renin cleaves angiotensinogen to angiotensin I
(Ang I), which is further processed to the biologically active peptide Ang II by angiotensin-
converting enzyme (ACE). Ang II undergoes further processing by the carboxypeptidase ACE2 to
form Ang-(1-7). Ang-(1-7) is also formed through non-Ang II pathways by the direct processing
of Ang I by the endopeptidases neprilysin (NEP) and thimet oligopeptidase (TOP). Ang-(1-7) is
subsequently metabolized by ACE to Ang-(1-5), dipeptidyl peptidase 3 (DPP3) to Ang-(3-7) and
Ang-(5-7), or by aminopeptidase A (APA) to Ang-(2-7). (Adapted from Chappell [89])

metabolism of the Ang-(1-7) axis in the circulation, central and peripheral tissues
as well as cerebrospinal fluid (CSF) and urine. The review includes the roles of
renin and ACE in regard to the generation of Ang I and Ang II as substrates for the
subsequent processing to Ang-(1-7), as well as the influence of ACE and dipeptidyl
peptidase I (DPP3) to metabolize Ang-(1-7). The pathways for the generation of the
novel analog [Ala']-Ang-(1-7) (alamandine) whereby the aspartic acid is decarbox-
ylated to alanine and the functional consequences of this substitution are discussed
in Chap. 2.

Angiotensin-(1-7) Forming Pathways
Renin

Renin [EC 3.4.23.15, 35 kDa] belongs to the class of aspartyl-type acid proteases
but exhibits a more neutral pH optima [6.5-8.0] than other proteases in this group.
The only known substrate for renin is angiotensinogen and the enzyme hydrolyzes
the Leu'%-Leu!!/Val'! bond of the precursor protein to form the inactive peptide Ang
I. Renin-dependent formation of Ang I is considered the enzymatic initiator of the
RAS cascade to ultimately generate Ang II (Fig. 1). The enzyme is synthesized
predominantly in the juxtaglomerular (JG) cells of the kidney and is stored in both
inactive (pro-renin) and active forms for the regulated release of the protease into
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the circulation. The collecting duct (CD) cells are another source of renin within the
kidney that primarily secretes the active form of renin into the tubular fluid [12—14].
The tubular secretion of renin may contribute to the processing of angiotensinogen
and subsequent Ang II and Ang-(1-7) formation to influence distal nephron func-
tion. The regulation of JG renin appears to be quite distinct from CD renin; Ang II
negatively regulates JG renin release through inhibition of cAMP levels that consti-
tutes the short negative feedback loop while CD renin release is stimulated by Ang
II that may reflect increased protein kinase C (PKC) activity [14].

In regard to the generation of Ang-(1-7), renin is required for the formation of
the peptide via the processing of Ang I or Ang II. Since renin is typically secreted
from the kidney and other tissues, the formation of Ang-(1-7) is likely to occur in
the extracellular compartments including the blood, interstitial fluid, renal tubular
fluid, and CSF. However, there is evidence for alternative renin isoforms in the kid-
ney, brain, heart, and adrenal gland [15-17]. The renin isoform lacks the pre-pro
domain of the protein that includes the secretory signal, thus the isoform should
reside within the cell. Peters and colleagues originally reported that truncated renin
localized to the mitochondria and that the renin isoform was internalized by the
mitochondria [18-21]. We recently reported the presence of active renin in a puri-
fied preparation of mitochondria from the sheep renal cortex, as well as evidence
for mitochondrial Ang II and Ang-(1-7) [50-60 fmol/mg protein] [22]. Moreover,
the endopeptidases neprilysin and thimet oligopeptidase processed Ang I directly
to Ang-(1-7) in mitochondria suggesting an Ang I-dependent pathway for the intra-
cellular formation of Ang-(1-7) (see Neprilysin and Thimet Oligopeptidase sec-
tions). In renal NRK-52 epithelial cells, immunocytochemical staining for renin
with the Inagami antibody was evident in the nucleus of these cells and active
renin was confirmed by aliskerin-sensitive conversion of angiotensinogen to Ang
I. Isolated nuclei also contained Ang I, Ang II, and Ang-(1-7) [5-20 fmol/mg pro-
tein]; however, the processing pathways within the nuclear compartment remain to
be defined [23]. Ishigami et al. reported a truncated renin transcript expressed in
the proximal tubules of the mouse kidney [17]. Targeted expression of this renin
isoform within the proximal tubules was associated with a sustained elevation in
blood pressure, but no change in the circulating levels of renin [17]. Although the
intracellular localization of the renin isoform or tubular content of angiotensins
were not determined, overexpression of renin in tubules augmented blood pressure
that suggests the primary intracellular generation of Ang II rather than Ang-(1-7).
Indeed, Zhou and colleagues find that the intracellular expression of Ang II in the
proximal tubules also resulted in a sustained increase in blood pressure [24] that is
consistent with the demonstration of the intracellular AT R and a local RAS within
the kidney [25-28].

Non-renin pathways for the processing of angiotensinogen to Ang I or Ang II
include tonin, cathepsin G, and cathepsin A; however, the participation of these
enzymes in the endogenous generation of angiotensins has yet to be firmly estab-
lished [29]. Moreover, it is not known whether there is a direct pathway for the
formation of Ang-(1-7) from angiotensinogen and whether this contributes to
the intracellular content of the peptide. Non-renin pathways for the formation of
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Ang-(1-7) (or Ang II) may also potentially occur through the processing of Ang-
(1-12), a novel precursor peptide originally identified in rat urine by Nagata and
colleagues [30]. In this regard, neprilysin converts Ang-(1-12) to Ang-(1-7) in renal
cortical membranes and by recombinant forms of both human and mouse neprilysin
by a two-step process that involves Ang I as an intermediate product; however, the
role of Ang-(1-12) in the generation of endogenous Ang-(1-7) in the circulation and
tissues is presently unknown [31].

Endopeptidases
Neprilysin

Neprilysin (EC 3.4.24.11; 95 kDa) is a metalloendopeptidase of the type II
membrane-anchored family of enzymes [32]. The peptidase was initially charac-
terized in brain homogenates or membrane preparations to hydrolyze the opiate
pentapeptide enkephalin which explained its original characterization as an “enkeph-
alinase.” Inhibitors against neprilysin were originally developed to prolong the anal-
gesic actions of the opiate peptides, although neprilysin was subsequently found to be
expressed in a number of peripheral tissues [32]. Cardiovascular interest in neprilysin
initially reflected its ability to metabolize the family of natriuretic peptides including
ANP, BNP, and uroguanylin. Moreover, McKinnie et al. report that neprilysin inacti-
vates apelin, suggesting that beneficial cardiovascular effects of neprilysin inhibition
may also reflect the protection of endogenous apelin [33]. Neprilysin inhibitors were
considered a potential therapeutic approach to prolong the natriuretic and vasore-
laxant properties of these peptides; however, Ang II is also a substrate for nepri-
lysin hydrolysis of the Tyr*-Ile’ bond to form Ang-(1-4) and combined inhibitors
to neprilysin and ACE termed vasopeptidase inhibitors were developed to prevent
the potential increase in circulating and renal Ang II by neprilysin inhibitors alone
[34-36]. Although the vasopeptidase inhibitors were potent agents to lower blood
pressure and reduce cardiac and renal damage, the first clinical agent omapatrilat was
withdrawn due to a greater incidence of angioedema in patients. Subsequently, a new
generation of agents have been developed that combine a neprilysin inhibitor and
an AT,R antagonist to obviate the inhibitory effects on ACE, yet maintain blockade
of the Ang II-AT R axis. Indeed, the combined neprilysin/AT R blockade may be a
promising therapeutic approach for the treatment of heart failure [37].

Neprilysin is located on the vascular surface of blood vessels and is respon-
sible for the direct conversion of Ang I to Ang-(1-7) in the circulation, particularly
under conditions of chronic ACE inhibition (Fig. 1) [32]. Neprilysin hydrolyzes
the Pro’-Phe® bond of Ang I to generate Ang-(1-7), as well as the Tyr*-Ile’ bond to
form Ang-(1-4) that is consistent with the enzyme’s preference for aromatic and
hydrophobic residues [38]. The generation of circulating Ang-(1-7) from infused
Ang I in ACE-blocked Wistar Kyoto (WKY) and spontaneously hypertensive rats
(SHR) was abolished by the potent and selective neprilysin inhibitor SCH39370
[39]. We further demonstrated that administration of another selective neprilysin
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inhibitor CGS24592 partially attenuated the blood pressure-lowering effects of the
ACE inhibitor lisinopril in the SHR [40]. The neprilysin inhibitor SCH39370 also
reduced Ang-(1-7) levels in the rat hindlimb preparation perfused with Krebs buf-
fer containing the ACE inhibitor lisinopril [41]. Finally, Campbell and colleagues
found that a dual ACE/neprilysin inhibitor lowered circulating levels of Ang-(1-7)
in the SHR using a combined HPLC-RIA approach to quantify an array of angio-
tensins using an N-terminally directed antibody [42].

Neprilysin is also highly expressed on the apical surface of proximal tubules
within the kidney [32]. We demonstrated a neprilysin-dependent pathway in isolated
proximal tubules from sheep kidney and rat cortical membranes for Ang I processing
to Ang-(1-7) (Fig. 2) [44, 45]. In isolated tubules, we note that neprilysin blockade
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Fig. 2 Ang I processing to Ang-(1-7) and Ang II in sheep proximal tubules. '*I-Ang I (AI) was
incubated with 50 pg of proximal tubules membranes for 30 minutes at 37 °C and the metabolites
identified by HPLC. Panel a: Quantification of the peptidase activities for '’I-AIl 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 aminopepti-
dase, carboxypeptidase, chymase, cysteine proteases); +NEP-I (addition of neprilysin inhibitor);
+ACE-I (addition of ACE inhibitor); +ACE2-I (addition of ACE2 inhibitor). Panel b: Metabolism
pathway for Ang I to Ang-(1-7), Ang II and degradation products in sheep proximal tubules. Data
shown are mean values; n = 5. (Adapted from Shaltout et al. [43])
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did not abolish the formation of Ang-(1-7) as ACE-dependent generation of Ang II
contributed to Ang-(1-7) via the ACE2 pathway (Fig. 2). Velez and colleagues applied
HPLC-MS analysis of Ang I processing in rat glomeruli, isolated mouse podocytes,
and human glomerular endothelial cells to reveal the predominant conversion of Ang
I to Ang-(1-7) by neprilysin [46—48]. Poglitsch and colleagues recently show that
the renal levels of Ang-(1-7) were significantly reduced in mice chronically treated
with the neprilysin inhibitor LBQ657, but increased in ACE2-deficient mice utiliz-
ing UHPLC-MS to quantify angiotensins in the kidney [43]. Moreover, the nepri-
lysin inhibitor markedly reduced Ang I to Ang-(1-7) conversion in both mouse and
human kidney homogenates [43]. Indeed, these studies support our earlier findings
that despite almost complete depletion of renal Ang II in ACE knockout mice, kidney
levels of Ang-(1-7) were not diminished supporting an ACE (Ang II)-independent
pathway for the generation of Ang-(1-7) in this tissue [49]. Finally, neprilysin activity
in isolated mitochondria from the sheep kidney was partially responsible for conver-
sion of Ang I to Ang-(1-7), and was the sole Ang-(1-7) forming activity in a 100,000
xg membrane fraction consistent with the membrane-anchored form of the peptidase
[22].

Thimet Oligopeptidase

Thimet oligopeptidase (EC 3.4.24.15, 80 kDa) is a soluble metalloendopeptidase
that resides within intracellular compartments of the cell. Similar to neprilysin, thi-
met oligopeptidase is an endopeptidase that prefers aromatic and hydrophobic resi-
dues and cleaves multiple peptide substrates [50]. Thimet oligopeptidase hydrolyzes
Ang 1 exclusively at the Pro’-Phe® bond to form Ang-(1-7) (Fig. 1). In contrast to
neprilysin, thimet oligopeptidase does not process Ang I to Ang-(1-4), although the
peptidase does cleave Ang II to Ang-(1-4) (Fig. 1). The current data suggest that
thimet oligopeptidase may be responsible for the intracellular processing of Ang
I to Ang-(1-7). Pereira et al. find that thimet oligopeptidase was the primary activ-
ity in tissue homogenates of brain medulla that processed Ang I to Ang-(1-7) [51].
Both neprilysin and thimet oligopeptidase contributed to the processing of Ang I
to Ang-(1-7) within isolated mitochondria, and thimet oligopeptidase was the sole
Ang-(1-7) forming activity in the 100,000 xg soluble fraction of renal mitochondria
[22]. In human proximal tubule HK-2 cells, cytosolic thimet oligopeptidase was the
primary activity responsible for the generation of Ang-(1-7) from exogenous Ang I
[52]. Chronic treatment of the HK-2 cells with the cell-permeable metallopeptidase
inhibitor JMV-390 reduced the intracellular levels of Ang-(1-7) which may reflect
the inhibition of thimet oligopeptidase, although the JMV inhibitor may target other
metallopeptidases or cell mechanisms that influence the intracellular expression of
the peptide [53]. Moreover, thimet oligopeptidase activity in isolated nuclei of NRK-
52 renal epithelial cells processed Ang I exclusively to Ang-(1-7) and this peptidase
may contribute to the nuclear levels of Ang-(1-7) within the cell [23]. Suski et al.
reported that Ang I was primarily converted to Ang-(1-7) in vascular smooth muscle
cells (VSMC) as characterized by HPLC-MS analysis [54]; these data confirm our
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earlier study that thimet oligopeptidase directly processed Ang I to Ang-(1-7) in rat
VSMC by HPLC characterization [55]. Although the RAS was originally character-
ized as a classic endocrine or circulating system, there is compelling evidence for
the intracellular expression of angiotensins and angiotensin receptors that include
Ang-(1-7) and the MasR [9, 56-61]. The mechanisms for intracellular expression of
Ang-(1-7) are currently unknown; however, thimet oligopeptidase should be consid-
ered as one candidate processing enzyme in the cellular Ang-(1-7) axis.

Prolyl Oligopeptidase

Prolyl oligopeptidase (EC 3.4.24.16, 75 kDa), also known as prolyl endopeptidase
(PEP), is a soluble intracellular serine peptidase that cleaves the Pro’-Phe® bond of
both Ang I and Ang II to form Ang-(1-7). Thus, prolyl oligopeptidase may func-
tion as both an endopeptidase and a monocarboxypeptidase in the processing of
angiotensins, as well as the hydrolysis of other peptides that contain a Pro-XX motif
including TRH, substance P, oxytocin, bradykinin and vasopressin [62]. Although
prolyl oligopeptidase is considered a cytosolic peptidase, membrane and nuclear
forms of the enzyme have been described in both central and peripheral cells sug-
gesting a role for the enzyme in the intracellular expression of peptides [62]. Santos
et al. report that prolyl oligopeptidase activity was involved in the extracellular con-
version of Ang I to Ang-(1-7) in human aortic endothelial cells, although it remains
unclear as to whether the peptidase was secreted into the media or that the peptidase
resides on the plasma membrane of endothelial cells [63]. Domenig et al. found that
although neprilysin was the predominant Ang-(1-7) forming activity in the kidney,
prolyl oligopeptidase activity contributed approximately 20% and 10% to Ang-(1-
7) in the mouse and human kidney, respectively, based on the inhibition by Z-prolyl
prolinal (ZPP) [43]. Prolyl oligopeptidase would appear to be an ideal enzymatic
candidate for the processing of both Ang I and Ang II to Ang-(1-7); however, treat-
ment approaches with more selective inhibitors against the peptidase have gener-
ally revealed beneficial effects that contrast with the expected actions of Ang-(1-7),
particularly regarding inflammation [62, 64, 65].

Carboxypeptidases
Angiotensin-Converting Enzyme 2

ACE2 is a membrane-bound monocarboxypeptidase (EC 3.4.17.23; 90-120 kDa)
that converts Ang II directly to Ang-(1-7) (Fig. 1). ACE2 was initially characterized
as an ACE homolog (~40% homology) that cleaved Ang I to the nonapeptide Ang-
(1-9), but not directly to Ang II [66]. Subsequent studies found that Ang II exhibits
far better kinetic values as a substrate for human ACE?2 that would favor processing
of Ang II over that of Ang I [67]. Among a number of peptide substrates (> 100) that
were screened for human ACE2, Vickers et al. reported that only apelin 13 exhibited
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comparable kinetic values to that of Ang II [68]. In the murine heart, Ang II was
primarily converted to Ang-(1-7) by ACE2 and that in the presence of the ACE2
inhibitor MLN-4760 or in ACE2 null mice there was little metabolism of Ang II
[68]. In contrast, under identical kinetic conditions, Ang I was primarily converted
to Ang-(1-9) by carboxypeptidase A and not ACE2 in both the wild-type and ACE2
knockout mice [68].

In comparison to ACE, the circulating levels of ACE2 are typically quite low and
the extent this reflects a reduced degree of shedding or simply the lower vascular
expression of the peptidase is not clear. Rice et al. reported that the molar concen-
tration of ACE in human serum at 7 nM while ACE2 content was >200-fold lower
at 33 pM and detectable in <10% of their patient population [69]. In comparison,
circulating neprilysin content (290 pM) was also lower than ACE and evident in
<30% of these patients [69]. Serum and urinary ACE2 activities are elevated in dia-
betes, heart failure, and hypertension [70-72]. Circulating ACE2 activity increased
approximately three-fold in the diabetic hypertensive mRen2.Lewis rat; however,
serum ACE activity also increased in the diabetic rats and may mitigate against the
elevated levels of ACE2 (Fig. 3) [70]. As measured under identical kinetic condi-
tions, serum ACE activity for Ang I was far higher than ACE2 for Ang II suggesting
that the capacity to generate Ang II [or metabolize Ang-(1-7)] remains greater than
the capability to form Ang-(1-7) from Ang II (Fig. 3) [70]. Moreover, the serum
ACE:ACE2 ratio in both male and female normotensive Lewis and female mRen2.
Leiws essentially reflected the ratio found in human plasma [69, 70]. Serum ACE2
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Fig. 3 Diabetes increases both circulating ACE and ACE2 activities in the hypertensive mRen2.
Lewis rat. Comparison of circulating ACE2 and ACE activities in female and male normotensive
Lewis, hypertensive mRen2.Lewis, and diabetic (DB) mRen2.Lewis rats. Data are mean = SEM;
5-6 per group *P < 0.05 versus non-diabetic mRen2.Lewis; *P < 0.05 versus ACE2; *P < 0.05
versus female mRen2.Lewis. Activities are expressed as fmol/minute/ml serum. (Adapted from
Yamaleyeva et al. [71])
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activity in the male hypertensive mRen2.Lewis was significantly higher than that in
the females, despite higher blood pressure and greater circulating levels of Ang II in
the males [70]. Whether the higher serum levels of ACE2 in the male mRen2.Lewis
reflect a compensatory effect to reduce hypertension and vascular damage or that
shedding away from the vascular wall (and attenuated local metabolism of Ang II)
contributes to the increase in blood pressure is currently not known [70].

ACE2 constitutes a key enzymatic component of the RAS as a single catalytic
step efficiently metabolizes Ang II to attenuate the Ang II-AT R pathway, and gener-
ates Ang-(1-7) that would activate the Ang-(1-7)-AT;/MasR axis (Fig. 1). In isolated
proximal tubules, Ang II is processed to Ang-(1-7), Ang-(1-4), Ang-(1-5), and Ang-
(3-4) (Fig. 4) [44]. The selective neprilysin inhibitor SCH39370 essentially abol-
ished Ang-(1-4) confirming a role for neprilysin to metabolize Ang II. Subsequent
addition of an ACE inhibitor attenuates Ang-(1-5) and reveals higher levels of Ang-
(1-7) that emphasize the importance of the ACE pathway to metabolize Ang-(1-7)
in the kidney (Fig. 4a) [44]. Finally, Ang-(1-7) formation is essentially abolished by
the ACE2 inhibitor MLN4760 (Fig. 4a). We also show that the MLN4760 (MLN)
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Fig. 4 Ang II processing to Ang-(1-7) and other metabolites in sheep proximal tubules. '*I-Ang
II (AII) was incubated with 50 pg of proximal tubules membranes for 30 minutes at 37 °C and the
metabolites identified by HPLC. Panel a: Quantification of the peptidase activities for '>I-AlIl
metabolism from the sheep proximal tubule membranes expressed as the rate of metabolism prod-
ucts formed (fmol/mg/min). Conditions: Control (no inhibitors); +AP,CYS,CHM-I (inhibitors for
aminopeptidase, carboxypeptidase, chymase, cysteine proteases); +NEP-I (addition of neprilysin
inhibitor); +ACE-I (addition of ACE inhibitor); +ACE2-I (addition of ACE2 inhibitor). Panel b:
Influence of ACE2 inhibition on half-life (t,) of '*I-Ang IT (AII) in proximal tubules. Conditions:
Control (no inhibitors); +MLN (only the ACE2 inhibitor). Data are mean values; n = 5; %P < 0.05
versus Control. Panel ¢: Metabolism pathway for Ang II to Ang-(1-7) and degradation products in
sheep proximal tubules. (Adapted from Shaltout et al. [43])
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Fig. 4 (continued)

alone significantly attenuates Ang II metabolism by the isolated proximal tubules
and increases the peptide’s half-life by >2.5-fold, although it clearly does not abol-
ish Ang II metabolism by other peptidases (Fig. 4b) [44]. Moreover, ACE2 protein
expression and activity (Ang II to Ang-(1-7) conversion) is markedly reduced in the
renal tubules, circulation, and brain medulla in a sheep model of fetal programming;
the downregulation of this key peptidase may contribute to an altered ratio of Ang
IT to Ang-(1-7) in these important cardiovascular tissues that reflect fetal program-
ming events [73]. Indeed, our findings are consistent with studies that demonstrate
an exaggerated response to exogenous Ang II or in conditions of an activated RAS
in ACE2-deficient animals [72-77]. Overexpression of ACE2 or administration of
the soluble form of the peptidase which retains full enzymatic activity attenuates
the Ang II-dependent increase in blood pressure and indices of target organ injury
[78-86]. The premise of ACE2 supplementation is that sufficiently high levels of
ACE2 are administered to reduce the Ang II: Ang-(1-7) ratio thereby attenuating
the actions of Ang II-AT R axis while amplifying those of the Ang-(1-7)-AT,/MasR
effects (Fig. 5). Oudit and colleagues find that chronic administration of soluble
ACE2 attenuated various indices of cardiac and renal injury, inflammation, and
fibrosis in both type 1 and type 2 diabetic mice [79, 80]. Surprisingly, the adminis-
tration of ACE2 reduced tissue levels of Ang II in the heart and kidney and increased
the tissue contents of Ang-(1-7) [79]. Scholey and colleagues also report that ACE
2 given subcutaneously by an osmotic pump attenuated several indices of renal
damage in the transgenic Col4A3-/- mouse, a model of Alport syndrome, as well as
tended to lower blood pressure [87]. The renal protective effects of soluble ACE2
treatment were associated with a marked reduction in the ratio of Ang II: Ang-(1-7)
in the kidney [87]. However, Wysocki et al. observed that neither the administra-
tion of ACE2 nor the chronic overexpression of the soluble peptidase by minicircle
DNA conveyed any protective effects against diabetic nephropathy in diabetic mice
[88]. In this study, plasma angiotensin peptides were quantified by UHPLC-MS
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Fig. 5 Scheme depicting the influence of exogenous ACE2 on the ratio of Ang II to Ang-(1-7).
Upper panel: Predominance of ACE activity results in a higher ratio of Ang II to Ang-(1-7) that
may contribute to increased blood pressure (+BP), oxidative stress (ROS), fibrosis, and inflamma-
tion, but reduced levels of nitric oxide (-NO). Lower panel: Treatment with a soluble form of
recombinant ACE2 (rACE2) or overexpression of the peptidase reduces the Ang II to Ang-(1-7)
ratio that may lower BP, ROS, fibrosis and inflammation, but increase levels of NO

with sufficient sensitivity to detect peptides in the low pM range and resolve related
N-terminal metabolites of Ang I, Ang II, and Ang-(1-7) that include Ang-(2-10),
Ang-(2-8), Ang-(3-8), Ang-(2-7), and Ang-(3-7), respectively; these metabolites
are not distinguished by direct RIAs or ELISAs unless coupled to HPLC/UHPLC
separation prior to immunoassay. This analysis revealed that chronic ACE2 treat-
ment reduced the total plasma ratio of Ang II: Ang-(1-7) approximately four-fold
in the diabetic mice; however, the effect of ACE2 on renal peptide content was not
addressed [88]. Moreover, it should be noted that the N-terminal metabolites Ang-
(2-10), Ang-(2-8) or Ang III and Ang-(2-7) were the major components in plasma
in this study that contrasts with the accepted profile of angiotensins in both the
circulation and tissues [89].

In regard to the benefits of an activated ACE2 pathway, several compounds have
been identified that may act as allosteric activators of ACE2 including xanthenone
(XNT) and diminazene aceturate (DIZE) to promote a higher ratio of Ang-(1-7)
to Ang II (89) [1]. Chronic treatment with DIZE ameliorated the extent of pul-
monary hypertension and fibrosis, renal tissue injury, and myocardial infarction
consistent with enhanced levels of Ang-(1-7) and a reduction in Ang II [90-93].
Interestingly, DIZE treatment was also associated with increased mRNA levels of
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ACE2 suggesting that DIZE may exhibit actions apart from the direct activation of
the peptidase. However, the stimulatory effects of DIZE on either ACE2 activity
or expression have not been confirmed by others. Haber et al. found no effect of
DIZE on soluble ACE2 activity or an influence on Ang II-dependent hypertension
using similar doses of DIZE as previously reported [94]. Velkosa et al. also show
no direct effect of various concentrations of DIZE on renal ACE2 activity ex vivo,
as well as no in vivo effect on cardiac ACE2 activity or Ang-(1-7) content in the 5/6
nephrectomized rat following a 2-week administration of DIZE [95]. Indeed, this
study reported that DIZE normalized the marked increase in cardiac ACE activity
and Ang II suggesting that ACE may be a more relevant target than ACE2 to impact
the cardiac RAS [95]. DIZE also failed to increase ACE2 activity or enhance the
local vascular actions of Ang-(1-7) in a preparation of isolated pig coronary arter-
ies [96].

Conceptually, the use of ACE2 as a therapeutic agent to chronically alter the bal-
ance of Ang II and Ang-(1-7) is challenging. ACE activity in the circulation and the
vasculature surface is significant with a very high capacity to generate Ang II. This
reflects not simply the abundance of ACE but the marked capability of angioten-
sinogen and renin to generate the ACE substrate Ang I. Moreover, reduced Ang 11
levels by exogenous ACE2 should stimulate the generation of Ang II that reflects
inactivation of negative feedback mechanisms on renin. Therefore, it is difficult
to conceive that sufficiently high levels of ACE2 can be achieved to chronically
reduce Ang II and increase Ang-(1-7) except with the possible addition of an ACE
inhibitor. In this case, supplementation of ACE2 may degrade residual levels of Ang
IT and the circulating levels of Ang-(1-7) may be augmented, particularly as the
Ang-(1-7)-degrading pathway in the circulation is attenuated by the ACE inhibitor.
In this regard, it is worth noting that Jin and colleagues have recently developed
a Fc fusion protein to ACE2 that markedly prolongs the activity of the enzyme
by reducing its clearance; however, the ACE2-fusion protein was assessed in an
Ang II-infusion model that has suppressed endogenous Ang II, and other models of
hypertension need to be examined [97].

It is presently unclear how increased circulating ACE2 augments Ang-(1-7) tis-
sue levels as the intracellular mechanisms for Ang-(1-7) generation are not known.
One possibility is that administered ACE2 increases circulating levels of Ang-(1-7)
and the peptide is subsequently internalized by the MasR into a stable or protected
intracellular compartment. Indeed, Gironacci and colleagues describe internaliza-
tion of the Mas receptor following stimulation by Ang-(1-7); however, the assess-
ment of intracellular Ang-(1-7) was not determined [98]. Alternatively, ACE2
treatment may alter that intracellular signaling milieu to attenuate oxidative stress
or inflammation that impacts the local generation of Ang II and Ang-(1-7). Similar
to neprilysin and ACE, ACE2 is primarily expressed as an ectocellular membrane-
anchored peptidase that should readily access circulating or interstitial levels of
Ang II. We observed that isolated nuclei from sheep renal cortex expressed ACE2
activity that converted Ang II to Ang-(1-7) and that the ACE2 inhibitor MLN4760
increased the oxidative stress response to Ang II suggesting that intracellular ACE2
may regulate the cellular balance of Ang II and Ang-(1-7) [99]. Tikellis et al. show
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that the renal content of Ang-(1-7) was reduced in ACE2” mice to a similar extent
as that following chronic treatment with the potent ACE inhibitor perindopril
[72]. Lavrentyev and colleagues also found that siRNA treatment against ACE2
reduced cellular levels of Ang-(1-7) in rat aortic smooth muscle cells [100]. Finally,
Mompeon et al. recently demonstrate that estradiol increased the cellular levels of
Ang-(1-7) that was associated with higher levels of both ACE and ACE2 by activa-
tion of the ERa subtype in human umbilical vein endothelial cells [101]. Overall,
these studies suggest that intracellular expression of Ang-(1-7) is dependent in part
on the processing of Ang II by ACE2 either intracellularly or extracellular conver-
sion with the subsequent uptake of Ang-(1-7) by the Mas receptor.

Prolyl Carboxypeptidase

Prolyl carboxypeptidase is a monocarboxypeptidase [EC 3.4.16.2, Angiotensinase
C, 58 kDa] with specificity for the C-terminal hydrolysis of the Pro-X bond where
X is a hydrophobic residue [102]. The enzyme is capable of converting Ang II to
Ang-(1-7), as well as degrading a-MSH, but activating the pre-kallikrein protease.
In contrast to prolyl oligopeptidase and ACE2, the pH optima for prolyl carboxy-
peptidase is in the more acidic range of pH 4-5. Indeed, Grobe et al. find that pro-
lyl carboxypeptidase was responsible for Ang II to Ang-(1-7) conversion in mouse
renal cortex and urine at pH < 6.0 while ACE2 was predominant at pH >7.0 [103].
Velez et al. report that the mixed prolyl oligopeptidase/prolyl carboxypeptidase
inhibitor ZPP partially blocked Ang II to Ang-(1-7) conversion, but had no effect
on Ang I metabolism and concluded that the Ang-(1-7) forming enzymes from Ang
IT in human glomerular endothelial cells were prolyl carboxypeptidase and ACE2
[46]. Xu et al. find increased plasma levels of prolyl carboxypeptidase by ELISA in
a cohort of obese diabetic patients; however, the circulating levels of Ang IT or Ang-
(1-7) were not evaluated in this study [104]. Interestingly, prolyl carboxypeptidase
knockout mice exhibit higher blood pressure, increased oxidative stress, reduced
vascular eNOS expression, renal damage, and cardiac dysfunction; however, neither
circulating nor cardiac levels of Ang Il and Ang-(1-7) were altered in this transgenic
mouse as compared to wild-type [105, 106]. Finally, Jeong et al. report the prolyl
carboxypeptidase knockout mice were protected against the metabolic effects of
diet-induced obesity which runs counter to the expected effects of a higher Ang
II: Ang-(1-7) ratio and suggest non-RAS targets of prolyl carboxypeptidase [107].

Angiotensin-(1-7) Degrading Pathways
Angiotensin-Converting Enzyme
The predominant pathway of the classical RAS for the conversion of Ang I to the

bioactive peptide Ang II is catalyzed by the metallopeptidase ACE [EC 3.4.15.1],
a dipeptidyl carboxypeptidase that cleaves two residues from the carboxy terminus
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of Ang I (Fig. 1) [108]. The peptidase is a membrane-bound, glycosylated pro-
tein (120-180 kDa) that is expressed in multiple tissues [108]. Soluble forms of
the enzyme are present in the circulation, CSF, lymph fluid, and urine that retain
peptidase activity [108]. The soluble form of ACE arises from the hydrolysis of
the membrane-anchoring or stalk region of the protein that may reflect the process-
ing by A Disintegrin and Metalloproteinase (ADAM) family of metallo-enzymes,
although the precise role of ACE shedding in cardiovascular disease is presently
unclear. Somatic ACE is characterized by two active sites termed N and C terminal
domains that likely arose from the gene duplication of germinal or testicular ACE
that contains only the single C terminal active site. In addition to forming Ang II,
ACE degrades a number of other peptides that exhibit cardiovascular actions includ-
ing bradykinin, substance P, and acetyl-SDKP [108]. Indeed, the cardioprotective
effects of ACE inhibitors may reflect the protection of these peptides from metabo-
lism, as well as the inhibitory effects on Ang II generation. In lieu of the increased
circulating levels of Ang-(1-7) to ACE inhibitors, we postulated that Ang-(1-7) may
be an endogenous substrate for ACE and demonstrated that ACE hydrolyzes Ang-
(1-7) at the Ile’>-His® bond to yield the pentapeptide Ang-(1-5) and the dipeptide
His-Pro (Fig. 1) [109]. Treatment with the potent ACE inhibitor lisinopril markedly
reduced the clearance of the peptide and addition of the ACE inhibitor was required
to demonstrate the accumulation of Ang-(1-7) derived from either Ang II or Ang I
in isolated proximal tubules and following infusion of Ang I in SHR and WKY [44,
110]. Thus, the reduced metabolism of Ang-(1-7) likely contributes to the eleva-
tion in circulating levels of Ang-(1-7) following the chronic treatment with ACE
inhibitors in experimental animals and in humans. These data suggest a pivotal role
for ACE to regulate the balance of Ang II and Ang-(1-7) tone as the two peptides
exhibit strikingly different actions from one another.

Dipeptidyl Peptidase 3

ACE clearly plays a role in the metabolism of Ang-(1-7), but there are other poten-
tial pathways that may regulate endogenous levels of the peptide [8]. Marshall
and colleagues reported that ACE and a second peptidase activity in the sheep
cerebrospinal fluid (CSF) degraded Ang-(1-7) [111-113]. Interestingly, the non-
ACE degrading activity (subsequently identified as dipeptidyl peptidase 3, DPP3)
accounted for a greater contribution of the metabolism of Ang-(1-7) than ACE
[113]. Moreover, this activity was inversely correlated to CSF levels of Ang-(1-7)
in control and betamethasone-exposed sheep, a model of fetal programming that
exhibits elevated blood pressure and an attenuated baroreflex (Fig. 6). The Ang-
(1-7)-degrading activity was also evident in sheep brain and kidney cortex, as well
as in the human proximal tubule HK-2 cell line [52, 113]. The enzyme activity
exhibited unusual characteristics as Ang I and other peptides equal to or greater than
10 residues were not substrates for the peptidase [52, 113]. Moreover, the inhibi-
tor JM V-390, originally developed to block the metallo-endopeptidases neprilysin,
thimet oligopeptidase and neurolysin, potently inhibited the Ang-(1-7)-degrading
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Fig. 6 Betamethasone-exposed (BMS) offspring exhibit higher mean arterial pressure (MAP)
and greater CSF dipeptidyl aminopeptidase (DPP 3) activity than non-exposed sheep. MAP was
higher in BMS animals at 6 months of age (a). CSF Ang-(1-7) peptide levels were lower in BMS
animals (b). CSF DPP 3 was two-fold higher in BMS animals as compared to controls (¢). Ang-
(1-7) peptide levels negatively correlate with DPP 3 activity in the CSF (r = —0.81, P =0.01) (d).
Data are mean + SEM; 4-5 per group; P < 0.05 or #xxP < 0.001 vs. controls. (Adapted from
Marshall et al. [113])

activity in the brain and kidney [ICs, < 1 nM]. Conversely, specific inhibitors against
the three endopeptidases did not attenuate the Ang-(1-7) degrading activity [113].
Interestingly, the peptidase activity accounted for the sole degradative pathway in
the cytosolic fraction and the media of the HK-2 cells while thimet oligopeptidase
was responsible for intracellular generation of Ang-(1-7) from Ang I [52]. Utilizing
the HK-2 cells as the source of the Ang-(1-7) degrading activity, we purified the
peptidase from the cell cytosol by ion exchange and hydrophobic interaction chro-
matography and identified the enzyme as dipeptidyl peptidase 3 (EC 3.4.14.4, 85
kDa) [53].

DPP 3 belongs to a family of metallo-aminopeptidases that sequentially cleave
2 residues from the N-terminus of peptides <8 residues in length that explains
our previous results that Ang I, apelin-13 and neurotensin were not substrates
for the Ang-(1-7)-degrading activity in the CSF and brain [113]. We obtained a
human recombinant form of DPP 3 that hydrolyzed Ang-(1-7) in two steps [55].
DPP 3 initially cleaved Ang-(1-7) at the Arg?-Val® bond to form Ang-(3-7) and the
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dipeptide Arg!-Asp® Ang-(3-7) is then very rapidly cut at Tyr*-Ile’ to form Ang-
(5-7) and Val>-Tyr*. The kinetic analysis of DPP 3 hydrolysis revealed a higher
efficiency constant [kcat/Km] for Ang-(3-7) than Ang-(1-7) [53]. The preferred
hydrolysis of Ang-(3-7) by DPP 3 explains the inability to demonstrate the accu-
mulation of Ang-(3-7) following the initial metabolism of Ang-(1-7). In regard to
an in vivo role for DPP 3 to modulate Ang-(1-7), human HK-2 cells were treated
with varying doses of the JIMV-390 inhibitor and we assessed both the endogenous
content of Ang-(1-7) and the intracellular DPP-3/Ang-(1-7) degrading activity in
the cells. Treatment with 20 nM and 200 nM JM V-390 reduced DPP3 activity by
>30% and > 80%, respectively, as compared to control suggesting that the inhibitor
effectively penetrates the cells [53]. The lower dose of JIMV increased the cellular
content Ang-(1-7) approximately two-fold, although this did not reach statistical
significance. The higher dose of JMV, however, significantly reduced the intracel-
lular levels of the peptide [53]. The higher IMV dose may block other peptidases
including thimet oligopeptidase that may be involved in the intracellular genera-
tion of Ang-(1-7) in the renal cells [53]. Thus, the blockade of Ang-(1-7)-forming
enzymes by the high-dose JMV may override any protective effects of DPP 3
inhibition.

Aminopeptidase A

Both Ang II and Ang-(1-7) share the same N-terminal sequence and are likely
substrates for N-terminal directed metabolism. Aminopeptidase A [EC 3.4.11.7,
50 kDa] was characterized as a classic angiotensinase that hydrolyzed the Asp!-
Arg? bond to Ang II to form Ang-(2-8) or Ang III [114]. Grobe and colleagues
applied “in situ” MALDI to characterize both renal and cardiac metabolism of
exogenous Ang II and Ang-(1-7) [115, 116]. Ang-(1-7) was the primary product
from Ang Il in the renal cortex while Ang III was the major metabolite in the medulla
[115]. In the heart, Ang III and Ang-(1-7) were products of Ang II metabolism
catalyzed by Aminopeptidase A and ACE2, respectively [116]. These data confirm
earlier HPLC-based studies on the contribution of ACE2 to Ang-(1-7) formation
in the mouse and human heart [68, 117]. In mouse podocytes, Aminopeptidase
A contributed to the metabolism of Ang-(1-7) to Ang-(2-7) and the subsequent
conversion to Ang-(3-7) by arginine aminopeptidase (EC 3.4.11.6) — an identi-
cal pathway for the metabolism of Ang II to Ang III and Ang-(3-8) [46, 114].
Aminopeptidase A is widely distributed in tissues predominantly in a membrane-
bound form, although soluble forms are present in the circulation, urine, and CSF
[114]. Aminopeptidase A knockout mice show an increase in blood pressure, an
enhanced pressor response to Ang II and greater susceptibility to glomeruli injury
that would be consistent with a role of the peptidase in the metabolism of Ang II;
however, it is not known the extent that circulating endogenous levels of Ang-(1-7)
are altered to potentially mitigate against the cardiovascular effects of higher Ang
II[118, 119].
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AGE-Induced Peptidase

The progression of epithelial to mesenchymal transition (EMT) in renal injury is
an important process that leads to increased fibrosis and loss of epithelial function
[120-122]. We assessed the role of Ang-(1-7) in EMT of renal epithelial NRK-52¢
cells provoked by either advanced glycation end products (AGEs) or TGF- [123].
Treatment with Ang-(1-7) abolished EMT in the NRK-52¢ cells by the inhibition of
the non-canonical ERK 1/2 signaling pathway stimulated by AGE [123]. In addition
to stimulating EMT, AGE exposure reduced the intracellular levels of Ang-(1-7), but
not Ang II (Fig. 7a, b, respectively). The intracellular processing of Ang I to Ang-
(1-7) by thimet oligopeptidase tended to be reduced by AGE; however, Ang-(1-7)
metabolism was significantly increased by AGE exposure (Fig. 7c, d, respectively).
AGE-induced EMT may reflect lower Ang-(1-7) expression in the renal epithelial
cells that may be permissive for the progression of EMT and increased fibrosis
[120]. Although our data suggest that DPP 3 is not responsible for the AGE-induced
metabolism of Ang-(1-7) in the NRK-52 cells, a distinct endopeptidase activity may
participate in the cellular metabolism of the peptide [123].
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Fig.7 Advanced glycation end products (AGEs) reduce cellular expression of Ang-(1-7) in NRK-
52e renal epithelial cells. The AGE methyl glyoxal albumin (MGA) reduces Ang-(1-7) content (a)
but not Ang II levels (b) in NRK-52e cells. MGA tended to reduce processing of Ang I to Ang-
(1-7) (c), but significantly increased the metabolism of Ang-(1-7) (d) in the 100,000 xg cytosolic
fraction of NRK-52e cells. Data are means = SEM; n = 5. %P < 0.05 versus Control. Activities are
expressed as fmol/minute/mg protein. (Adapted from Alzayadneh and Chappell [124])
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Conclusion

Accumulating evidence from multiple laboratories clearly indicates that activation
of the Ang-(1-7)-AT,/MasR axis appears to be a potentially important therapeutic
target in the treatment of cardiovascular disease and other pathologies [125]. In lieu
of the described peptidases that degrade Ang-(1-7) and the apparent reliance on Ang
II as an endogenous substrate for the generation of the peptide in several tissues, the
development of selective non-peptide analogs of Ang-(1-7) that target both the Mas
receptor and the newly described Mas-related receptor D (MRG-D) [125] may be
of particular benefit in terms of their oral availability, greater resistance to peptidase
metabolism, improved selectivity, their potential ability to accumulate within the
cell and to cross the blood-brain barrier.

A functional intracellular AT,/MasR was first identified on isolated nuclei from
the ovine kidney that was linked to NO generation following exposure to low pM
doses of Ang-(1-7) [124]. These findings were recently corroborated in the brain
that revealed evidence of the MasR on nuclei and mitochondria, as well as Ang-
(1-7)-dependent stimulation of NO [126]. Moreover, AT,/MasR binding on renal
nuclei and the Ang-(1-7)-evoked NO response were attenuated in aged sheep and
in adult sheep exposed to betamethasone in utero as compared to the younger non-
exposed animals [9, 99]. Conversely, intracellular levels of the AT|R that were
associated with stimulation of oxidative stress on isolated nuclei were increased
in the older animals and in the betamethasone-exposed sheep [9, 98]. Abadir
et al. originally reported an increased ratio of AT,R: AT,R receptors in isolated
renal mitochondrial of aging mice [127]. Valenzuela et al. also find reduced an
increased AT R:AT,R ratio in brain mitochondria of aging mice that may lead to
higher cellular levels of oxidative stress [128, 129]. Overall, these novel findings
of nuclear and mitochondrial angiotensin receptors support extensive evidence for
an intracellular RAS within various tissues although the exact role of an activated
intracellular RAS to influence cardiovascular disease and other pathologies is not
resolved and requires further study. Nevertheless, peptidase-resistant and cell-
permeable agonists of the Ang-(1-7) axis may provide additional cardioprotective
effects to conventional approaches to block the RAS and may expand the targeted
therapies required to combat cardiovascular disease.
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