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The entry tries to summarize our current understanding of the role of aminopeptidases in the control of blood
pressure, through their effects on kidney function. Their possible role as biomarkers on acute or chronic kidney injury is
also analyzed.
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| 1. Aminopeptidases in the Renin-Angiotensin System

The renin—angiotensin system (RAS) plays an essential role in blood pressure (BP) control, via vascular, renal, brain,
and other mechanisms. Abnormalities in RAS activity may lead to the development of arterial hypertension and other
cardiovascular and renal diseases. Blockade of this system is an effective therapeutic measure against numerous
diseases, and RAS compounds have been found in the kidney, brain, and other tissues. Over recent years, our
knowledge of the components of the RAS has increased, including numerous angiotensin peptides with diverse biological
activities mediated by different receptor subtypes 2],

The enzymatic cascade of the RAS is depicted in Figure 1. It is initiated by angiotensinogen, an alfa 2 globulin of

hepatic origin, which generates angiotensin | (Angl) through the enzymatic action of renin on the extreme amino-terminus.
The decapeptide Angl is a substrate for angiotensin-converting enzyme (ACE), which splits the dipeptide His-Leu from the
extreme carboxy-terminus to generate the octapeptide Angll &, the major effector peptide of the RAS, which bind to two
major receptors, AT1 and AT2, that generally oppose each other.
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Figure 1. The renin—angiotensin system.

Action of glutamyl aminopeptidase (APA) on Angll removes the Asp residue N-terminus to generate the heptapeptide
Anglll. Anglll can also be generated by an Angll-independent pathway via the nonapeptide [des-Aspl1]Angl, produced
from Angl by AspAP, which is converted to Anglll via ACE. APA also patrticipates in the formation of Ang(1-7), which can
also be transformed into Ang(2-7) through cleaving of the Asp-Arg bond.

In the extreme N-terminus, membrane alanyl aminopeptidase N (APN) removes Arg to give hexapeptide angiotensin
IV (AnglV). AnglV is also transformed into Ang(3-7) by carboxypeptidase P (Carb-P) and propyl oligopeptidase through
scission of the Pro-Phe carboxy-terminus.



ACE2 can also transform Angll into Ang(1-7) through hydrolysis of Phe by Carb-P or through scission of the dipeptide
Phe-His from Ang(1-9) [LI2IEIAT

Aminopeptidase B (APB), also known as arginine aminopeptidase (Arg-AP), cleaves basic amino acids at the N-
terminus. It participates in the conversion of Anglll to AnglV.

Although not part of the RAS, both neuropeptides oxytocin and vasopressin are cleaved at the N-terminus of cysteine
next to tyrosine by cystinyl aminopeptidase (CAP), a rat homolog of insulin-regulated AP (IRAP) &I,

All these enzymes are globally called “angiotensinases” because they are responsible for the generation of systemic
and local peptides (angiotensins) related to the regulation of BP and the excretion of sodium and water. These enzymes
determine the proportions of bioactive compounds.

Angl is biologically inactive, but Angll and Anglll act as agonists for AT1 and AT2 receptors, thereby mediating pressor
and dipsogenic effects B, AnglV has a low affinity for AT1 and AT2 receptors but high affinity and specificity for the AT4
receptor subtype. Interaction with the AT1 receptor subtype reduces the pressor effect of AnglV. A counterregulatory
system to the Angll-Anglll/AT1 receptor system is composed of ACE2 and Ang(1-7), which activate the Mas receptor El7]
[8, This system induces vasodilatory, antifibrotic, antihypertrophic, and antiproliferative effects.

| 2. Aminopeptidases in Arterial Hypertension

A list of the most common aminopeptidases with their enzyme commission (EC) numbers and their main
abbreviations is shown in Table 1. As was introduced in the previous paragraph, aminopeptidases (Aps) generate the
active compounds of the RAS and play an essential role in BP control and sodium handling 2. APs can also degrade
certain peptidergic hormones or neuropeptides such as vasopressin, cholecystokinin, and enkephalins 24, For this
reason, APs have been analyzed in plasma, kidney, and other tissues related to BP control in several rat models of
hypertension.

Table 1. Types of aminopeptidases showing their most common abbreviations.

Enzyme EC Number Abbreviations
Leucyl AP 3.4.11.1 LAP
Membrane alanyl AP 3.4.11.2 APN, AlaAP
Cystinyl AP 3.4.11.3 CysAP, CAP
Prolyl AP 3.4.11.5 PIP
Aminopeptidase B 3.4.11.6 APB, ArgAP
Glutamyl AP 3.4.11.7 APA, GIuAP, EAP
Aminopeptidase P 3.4.11.9 APP
Cytosol alanyl AP 3.4.11.14 AAP, AlaAP
Methionyl AP 3.4.11.18 eMetAP
Aspartyl AP 3.4.11.21 AspAP, DNPEP
Arginyl AP 3.4.22.16 iRAP, APR

Thus, reduced renal membrane-bound APA, iRAP, and APN activities were observed in a reduced renal mass saline
model, and reduced APA activity was detected in a two-kidney one-clip Goldblatt hypertension model 4. In the low renal
mass model, a positive correlation was found in both soluble CAP and APN activities between the neurohypophysis and
the adrenal gland, but this was not observed in the normotensive rats (12,

The relationship between APs and arterial hypertension has been explored with greater precision. For instance, it has
been proposed that endoplasmic reticulum AP 1 (ERAP1) and ERAP2 regulate BP by inactivation of Angll, and these two
APs, which also hydrolyze amino acids from the N-terminus of various human antigens and peptide hormones, are widely
expressed in human tissues, including heart, endothelial cells, and kidney (13]241[15] | vitro, ERAP1 transforms Angll into
Anglll and AnglV 24l while ERAP2 converts Anglll to AnglV 281, ERAP 1 was initially identified as a placental leucine AP
that degrades Angll and Ill and transforms kallidin into bradykinin in vitro, thus has a role in BP regulation 24!,



In this sense, several interesting papers have been published. In an in vivo study, an increase in circulating levels of
ERAP1 was found to reduce BP and Angll levels 1€, In a genetic study, an association was detected between variants of
the gene encoding Arg528 and the development of essential hypertension in a Japanese population 1. In an
investigation of 45 genetic variants of ERAP1 and ERAP2 in 17,255 Caucasian females from the Women’s Genome
Health Study, ERAP1 was found to be related to increased BP 8. The ERAP1 genotype also appears to be involved in
the reduction of left ventricular mass produced by some antihypertensive treatments . Thus, all these data indicate a
possible role for ERAP1 in BP regulation and ventricular remodeling. Finally, other genetic studies have associated
variants of ERAP1 and ERAP2 genes with preeclampsia 2%, hemolytic uremia 2, and hypertension 7.,

Aminopeptidases after Antihypertensive Therapy

Various systemic antihypertensive treatments can alter the activities of brain and systemic APs associated with effects
on BP. Thus, in a rat study by Banegas et al. 22, unilateral brain lesions in the nigrostriatal system produced simultaneous
and paralleled changes in BP and in brain and plasma AP activities. Later, the same group 23 examined the participation
of APs in the metabolism of some angiotensins, vasopressin, cholecystokinin, and enkephalins in the plasma and
hypothalamus of spontaneous hypertensive (SHR) rats under normal conditions and after beta-blocker treatment with
propranolol. In this rat strain, AP activity in response to propranolol administration differed between plasma and
hypothalamus, thus suggesting an interaction between APs and the autonomic nervous system. Moreover, these authors
also reported that treatment with ACE inhibitors captopril, propranolol, or the nitric oxide synthesis inhibitor L-NAME,
induced a marked modification of brain patterns of neuropeptidase activity in SHR rats [24],

The BP-lowering effect of a diet enriched in extra virgin olive oil in rats was analyzed by Villarejo et al. 23 who
observed that rats receiving this diet showed augmented APN and AspAP activity in the renal cortex, suggesting a greater
degradation of Anglll and AnglV and an increased generation of the antihypertensive Ang(2-10). Hence, the glomerular
formation of Ang(2-10) might compensate the well-known pressor effects of Angll on the glomerular vasculature in this
model of hypertension.

Taken together, the data reported in this section indicate that BP changes induced by antihypertensive or
prohypertensive drugs are associated with modifications in AP activity. However, no definitive conclusions can be drawn
about the functional role of APs in the pathogenesis of hypertension.

3. Therapeutic Strategies to Treat Arterial Hypertension with
Aminopeptidases

The vast majority of studies on the control of BP and treatment of hypertension have addressed the blockade of Angll
or its receptors, and there has been less research on the regulation of other angiotensin peptides. Thus, blockade of the
brain RAS has been found to simultaneously decrease sympathetic tone, vasopressin release, and baroreflex activity,
thereby reducing cardiac output and peripheral resistance 28],

An action on central or peripheral APs represents a new approach to the treatment of hypertension. Thus, new
antihypertensive treatments have been developed based on potent orally-active inhibitors of APA or activators of aspartyl-
aminopeptidase (DNPEP), since brain aspartyl aminopeptidase exerts BP-lowering effects by transforming Angl into
angiotensin 2-10. Currently, the search for new antihypertensive compounds that affect the RAS multi-enzyme cascade is
an important line of research.

3.1. Inhibition of APA

The icv administration of EC33, a specific APA inhibitor, prevented the BP increase produced by the icv administration
of Angll in SHR animals, indicating that the central response to Angll requires its transformation into Anglll by APA. A
marked BP decrease has also been observed in conscious SHR and DOCA-salt hypertensive rats after the icv infusion of
EC33 [27[28] |n contrast, the peripheral iv infusion of EC33 did not reduce BP, indicating that EC33 does not cross the
blood-brain barrier and/or is inactive in systemic circulation.

The BP of SHR rats increased after the central icv administration of APA 22 probably due to an increased
endogenous generation of Anglll, whereas APA blockade with an antiserum attenuated the pressor response to Angll by
around 60% [29]. It is interesting to note that a selective APA inhibitor (RB150) with antihypertensive properties can be
given either intravenously 28! or orally 2% because it can cross the blood-brain barrier.



The peripheral activity of the AT1 receptor depends on the transformation of Angll into Anglll by APA B, Thus,
antihypertensive effects were observed in SHR rats after the systemic administration of recombinant APA 2 at a dose
that was one-tenth of the usual candesartan dose 22l the joint i.v. administration of APA and APN attenuated the pressor
effect of Angll in normal rats and treatment with APA reduced the BP of SHR rats to normal levels 4],

Considered together, these data clearly demonstrate that APA reduces BP, while abnormalities in APA activity
promote hypertension, as supported by the lower renal APA activity in SHR versus WKY rats B2, The administration of
APA has therefore been proposed for the treatment of acute heart failure, acute hypertensive crisis, preeclampsia, and
hypertensive encephalopathy, among other hypertensive emergencies 281371,

3.2. APN Blockade in the Treatment of Hypertension

The administration of PC18, an inhibitor of APN, generates a pressor response through the accumulation of
endogenous Anglll, which is mediated via the AT1 receptor. In this way, pretreatment with the AT1 blocker losartan can
suppress the pressor response, while the AT2 antagonist PD123319 is unable to prevent the BP increase 28, The
enhanced proximal tubular sodium reabsorption of SHR rats is prevented by the intrarenal infusion of PC18 B9l This
finding indicates that the blockade of Anglll degradation achieved by APN inhibition improved sodium excretion in the
proximal tubule of these rats when it was administered in the renal interstitium ¥9. Hence, the transformation of Angll into
Anglll is required for this natriuretic response, which is not affected by the AT1 blocker candesartan. Research on the
usefulness of APN inhibitors to treat hypertensive patients is at an early stage, and further studies are required.

| 4. APs as Urinary Biomarkers of Renal Injury

Serum creatinine and blood urea nitrogen (BUN) are widely used markers of renal disease, but their sensitivity and
specificity are limited, and they are not useful in distinguishing the stages of acute kidney injury (AKI) B, They lack
sensitivity because they increase only when the renal lesion is evident. Thus, serum creatinine levels rise gradually, and
the kidneys have already lost half of their functionality by the time normal levels are doubled 4243, Besides, normal levels
of these markers can be affected by protein-rich diets, intestinal bleeding, muscle disease, and dehydration, generating
false positives in the diagnosis of renal disease. There is a need for biomarkers to allow an earlier diagnosis of AKI, a
better prediction of renal disease severity, and an improved assessment of adverse effects in drug development 441,

Various urinary biomarkers for the early detection of AKI have emerged over recent years #2431 including tubular
enzymes that are increased in urine after damage to the tubular epithelium 43, which can precede or even trigger renal
dysfunction. Major advantages of urinary markers include the non-invasiveness of the sampling and their usefulness to
elucidate the size and localization of tubular cell lesions and to detect the presence of necrosis or other alterations that
evoke renal dysfunction 4. The measurement of urinary enzymes and other urinary biomarkers may therefore be a
valuable tool to obtain an early diagnosis during initial stages of renal disease and to follow its progression or regression,
facilitating prediction of the prognosis. Urinary APs are considered promising and useful biomarkers of renal disease of
different pathophysiological origin, and an automated photometric assay has been developed for their measurement 421,

APA, APN, and CAP are present in the brush border membrane of renal tubular cells (48] have molecular weights
above 140 kDa, and are highly organ-specific. These conditions ensure the tubular origin of these urinary enzymes, which
cannot pass easily into the urine through the glomerular barrier (Eigure 2).
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Figure 2. Main aminopeptidases studied as biomarkers of acute and chronic kidney injury.

APs participate in Angll metabolism, forming part of the renal renin-angiotensin-aldosterone system (RAAS) 47,
which is elevated in renal diseases. One of these enzymes, alanine aminopeptidase (APN), is a brush border enzyme that
was proposed in the early 1970s as a urinary marker of renal disease 8. Later, Marchewka et al. 42 demonstrated that



the measurement of APN and its isoforms was of diagnostic relevance in nephrolithiasis. They also observed significantly
higher APN excretion in patients with glomerulonephritis than in controls and a positive correlation between urinary protein
concentrations and APN activity B9, Their findings supported the association between proteinuria and elevated activity of
renal tubular brush border enzymes reported in other studies of chronic glomerulonephritis 1. As an explanation of this
association, these authors B proposed that the protein present in the ultrafiltrate produces a release of APN from the
external membrane of renal tubule microvilli. Because of its external localization, its release into the urine can be caused
by a weak destructive action and is not necessarily linked to disruption of the integrity of kidney tubule cells B2,

Jung et al. 58] reported that the urinary excretion of APN, alkaline phosphatase, y-glutamyltransferase, and N-acetyl-
B-D-glucosaminidase is age-dependent in humans. These enzymes were determined in random morning urine samples
from 442 individuals aged from 5 days to 58 years, and their creatinine-normalized activity significantly decreased with
increasing age. APN activity has also been proposed as a biomarker of the nephrotoxicity induced by vancomycin 52 or
amphotericin B 4 in experimental models and in several human diseases, such as glomerulopathy B2 |gA nephropathy
58] and diabetes B4. However, conflicting results have been published on its usefulness as a biomarker of renal function
in kidney transplantation patients 281591,

Acute Kidney Injury

AKIl is defined by an abrupt increase in serum creatinine during the 48 h period after an insult responsible for
functional or structural changes in the kidney, and it is mainly caused by the acute apoptosis or necrosis of renal tubular
cells 89, The early detection of AKI is a current preclinical and clinical research priority. The administration of nephrotoxic
drugs that alter tubular function is the most common experimental model to relate the excretion of different biomarkers to
renal dysfunction. Cisplatin is an antineoplastic drug with a potent nephrotoxic effect, mainly due to its action on the
proximal tubule, causing AKI in experimental animal models and patients 162, |ts administration induces tubular and
glomerular disturbances that lead to the development of interstitial fibrosis €31,

Our group investigated whether urinary activities of APN, APA, and CAP could serve as biomarkers of renal
dysfunction by using a rat model of cisplatin-induced nephrotoxicity 4. Their activity was determined in urine samples
collected at 24, 48, and 72 h after cisplatin injection. Their urinary activity at 24 h post-injection was correlated with two
renal function indicators (plasma creatinine and creatinine clearance) and their activity at two weeks post-injection was
correlated with two indicators of structural damage (renal hypertrophy and interstitial fibrosis). A comparative analysis was
also performed with other proposed urinary biomarkers of kidney injury, i.e., albumin, proteinuria, NAG, and NGAL. The
area under the curve (AUC) was calculated to quantify the sensitivity and specificity of each marker to distinguish
cisplatin-treated from control rats at 24 h post-injection (Eigure 3). APN, APA, CAP, and DNPEP had an AUC value greater
than 0.5, indicating that these enzymes are early biomarkers of kidney injury in cisplatin-treated rats. The greatest
specificity and sensitivity values were observed for APN, which was the best variable to discriminate between treated and
untreated animals, whereas an AUC value below 0.5 was observed for NAG and NGAL at this time point. A significant
correlation was also found between AP activities at day 1 post-injection and functional and structural variables at day 14. It
can therefore be concluded that the urinary activities of these APs may serve as early and predictive biomarkers of
cisplatin-induced renal dysfunction. The measurement of urinary AP activities can be useful in preclinical research for the
early detection and follow-up of renal damage and for the evaluation of drug nephrotoxicity, and it may offer a useful
prognostic and diagnostic tool for renal diseases in the clinical setting.
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Figure 3. ROC curves showing specificity and sensitivity for APN (AlaAp) (A), APA (GluAp) (B), proteinuria (C),
albuminuria (D), N-acetyl-B-D-glucosaminidase (NAG) (E), and neutrophil gelatinase-associated lipocalin (NGAL) (F) to
differentiate cisplatin-treated rats from control rats 24 h after injection of saline, 3.5 or 7 mg/kg of cisplatin (n = 8 each
group). All cisplatin-treated rats displayed tubular dysplasia and interstitial fibrosis 14 days after injection. Urinary markers
were expressed in daily total activity or excretion per 100 g of body weight. AUC = area under the curve. SENS 95 % =
calculated sensitivity at 95 % of specificity.
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