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Abstract

Purpose of Review To review the data supporting the use of aminopeptidase A (APA) inhibitor prodrugs as centrally acting
antihypertensive agents.

Recent Findings Brain renin—angiotensin system (RAS) hyperactivity has been implicated in the development and maintenance
of hypertension. Angiotensin III, generated by APA, one of the main effector peptides of the brain RAS, exerts a tonic stimulatory
control over blood pressure in hypertensive rats. This identified brain APA as a potential therapeutic target for the treatment of
hypertension, leading to the development of RB150/firibastat, an orally active prodrug of the specific and selective APA inhibitor,
EC33. When given orally, RB150/firibastat crosses the gastrointestinal and blood—brain barriers, enters the brain, and generates
two active molecules of EC33 which inhibit brain APA activity, blocking brain angiotensin III formation, and decrease blood
pressure for several hours in hypertensive rats.

Summary Orally active APA inhibitor prodrugs, by blocking brain RAS activity, represent promising novel strategy for treating

hypertension.
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Introduction

Hypertension affects one third of the adult population and is
one of the most important risk factors of cardiovascular dis-
eases [1]. Several pharmacological treatments are available for
effective blood pressure (BP) control [2]. Moreover, mono-
therapy for hypertension treatment is ineffective in more than
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50% of all cases and most hypertensive patients require two or
more antihypertensive drugs [3—5]. However, the overall inci-
dence of resistant hypertension to at least three antihyperten-
sive drugs (including a diuretic) has been estimated at 15% of
the hypertensive population in the USA [6], highlighting the
need to develop new classes of antihypertensive agents acting
on new targets, with diversified modes of action, to improve
BP control.

Several studies have implicated brain renin—angiotensin
system (RAS) hyperactivity in the development and mainte-
nance of hypertension [7-10]. All known components of the
systemic RAS, including the precursor and enzymes required
for the production and metabolism of angiotensin peptides and
specific angiotensin II type 1 and type 2 receptors (AT;R and
AT,R), have been identified in the brain [11]. Among the
effector peptides of the brain RAS, angiotensin II (Angll)
and angiotensin III (AnglIl) display similar affinities for
AT/ Rs and AT,Rs. By acting on AT R, both peptides equally
increase BP and arginine-vasopressin (AVP) release [12]. We
previously reported that the brain aminopeptidase A (APA,
EC 3.4.11.7), a membrane-bound zinc metalloprotease,
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generates Anglll from Angll and that aminopeptidase N
(APN, EC 3.4.11.2), another zinc metalloprotease, metabo-
lizes Anglll into angiotensin IV (AnglV) [13].

Identification of the In Vivo Metabolic
Pathways of Brain Angll and Anglil

Among the enzymes potentially able to hydrolyze Angll and
AngllIl, two membrane-bound zinc metallopeptidases
[14-16], aminopeptidase A (APA: EC3.4.11.7) and amino-
peptidase N (APN: EC 3.4.11.2), are particularly good candi-
dates for this function. It is well established that, in vitro,
purified APA hydrolyzes the N-terminal Asp of Angll to gen-
erate Anglll (reviewed in [17]), whereas purified APN hydro-
lyzes the N-terminal Arg of Anglll to generate AngIV [18].
Specific and selective APA and APN inhibitors were designed
to determine whether APA and/or APN hydrolyze in vivo
brain Angll and/or AngllI: the specific and selective APA
inhibitor, EC33 (3S)-3-amino-4-sulfanyl-butane- 1-sulfonic
acid, in which the carboxylate of the side chain of the gluta-
mate thiol is replaced by a sulfonate [15], and the APN inhib-
itor, PC18 (2-amino-4-methylsulfonyl butane thiol) [14].

Studies in vitro with purified APA and APN showed that
EC33 inhibited APA almost 100 times more strongly than it
inhibited APN, whereas PC18 inhibited APN 2150 times
more strongly than it inhibited APA.

These compounds were used in vivo by Zini et al. [13] and
Reaux et al. [18] to study the metabolism of brain angioten-
sins. Conscious mice were injected intracerebroventricularly
with radiolabeled angiotensins in the presence or absence of
EC33 or PC18, and the kinetics of the appearance and disap-
pearance of radiolabeled Anglll in the hypothalamus were
evaluated. EC33 completely blocked the formation of
[*H]AnglIl, whereas PC18 increased the half-life of
[*H]AngIII 3.9-fold. These studies provided the demonstra-
tion that APA is involved in vivo in the formation of brain
Anglll from Angll, whereas APN metabolizes Anglll into
AnglV (Fig. 1).

Brain Anglll in the Control of Blood Pressure
Either Angll or AnglIl injected centrally causes dose-

dependent pressor responses [11, 19-21] by three mecha-
nisms: (i) an increase in sympathetic nerve activity, (ii)
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Fig. 1 Metabolic pathways of angiotensin II and angiotensin III in the
brain involving the zinc metalloproteases, aminopeptidase A (APA), and
aminopeptidase N (APN), and effects of intracerebroventricular (i.c.v.) or
intravenous (i.v.) or per os (p.o.) administration of the APA inhibitor
EC33 and its prodrug RB150 on mean arterial blood pressure (MABP)
in normotensive and hypertensive DOCA—salt rats. We observed that
i.c.v. injection of EC33 and RB150 significantly decrease MABP in
hypertensive DOCA-salt rats. This a central but not a peripheral effect
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since, even at a high dose of 45 mg/kg, the APA inhibitor EC33 injected
by i.v. route does not modify MABP. However, the APA inhibitor prodrug
RB150 given by oral route crosses the intestinal, hepatic, and blood—brain
barriers; enters the brain; and generates two active molecules of EC33
which inhibit brain APA activity, resulting in a dose-dependent decrease
in MABP. No decrease in MABP was observed in normotensive rats after
i.c.v. injection of EC33 or RB150, suggesting EC33 is an
antihypertensive agent and not a hypotensive agent
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synaptic inhibition of the baroreflex in the nucleus of the
tractus solitarius, and (iii) a release of AVP into the blood-
stream [21]. Several studies have tried to determine the respec-
tive roles of Angll and Anglll in the central control of BP
[22-26]. However, these results do not differentiate between
Angll and AngllI as the possible effector peptide responsible
for the increase in BP.

To provide new insight into this issue, we investigated the
effects of Angll and Anglll, injected i.c.v., on BP in hyper-
tensive rats in the absence and presence of APA or APN in-
hibitors, EC33 and PC18 respectively. Two experimental
models of hypertension were used: the SHR, a genetic model
of hypertension sensitive to systemic RAS blockers, and the
DOCA-salt rat, a salt- and volume-dependent but renin-
independent (low plasma renin levels) model of hypertension
resistant to systemic RAS blockers. We demonstrated that the
i.c.v. injection of EC33 leads to an immediate and total inhi-
bition of brain APA activity, thus blocking in the brain the
conversion of Angll to AngllII and inducing an antihyperten-
sive effect in these two experimental models of hypertension,
SHR [17] and DOCA-salt rats [16]. In contrast, a high intra-
venous dose of EC33 did not modify BP of hypertensive rats,
demonstrating that the i.c.v. EC33-induced decrease in BP is
not due to a systemic effect [16]. Consistent with these data,
other groups showed that, despite the high molecular mass of
APA and APN (approximately 120-130 kDa for the mono-
mer), the i.c.v. infusion of APA produces a significant increase
in BP [26], whereas the i.c.v. infusion of APN in SHR rats
decreases BP [27]. The pressor effect probably results from a
higher level of production of brain Anglll, whereas the hypo-
tensive effect might be related to an increase in AnglII
metabolism.

Brain APA, the enzyme responsible for generating brain
Anglll, therefore constitutes a promising target for hyperten-
sion treatment, justifying the development of potent and selec-
tive APA inhibitors as centrally acting antihypertensive agents.

Orally Active Aminopeptidase A Inhibitor
Prodrugs as Centrally Acting Agents

for the Treatment of Hypertension in Animal
Experimental Models

For APA inhibitors to be used as central antihypertensive agents,
they must be able to cross the blood—brain barrier (BBB) and
inhibit the activity of brain APA after their oral administration.
The central bioavailability of thiol inhibitors of zinc
metallopeptidases, such as neutral endopeptidase 24.11 (NEP)
and APN, has been shown to be enhanced by designing prodrugs
in which the compound is dimerized by the formation of a disul-
fide bridge [28]. We applied a similar approach to increase the
bioavailability of the APA inhibitor EC33 by dimerization in-
volving a disulfide bond, to generate the prodrug RB150 (4,4-

dithio {bis[(3S)-3-aminobutyl sulfonic acid]}) [16, 29]. Orally
administered RB150 crosses the intestinal, hepatic, and blood—
brain barriers, entering the brain, where the disulfide bridge is
immediately cleaved by brain reductases to generate two active
molecules of EC33, which inhibit brain APA activity, block the
formation of brain Anglll, and decrease BP and AVP release in
alert hypertensive rats [16, 30-32]. The RB150-induced BP de-
crease began 2 h after administration, was maximal between 5
and 9 h, remained after 15 h but not significantly, and disap-
peared after 24 h [30] (Fig. 1). This effect is due to decrease in
AVP release into the bloodstream, a reduction in sympathetic
tone, and an improvement in baroreflex function [16, 30-32].

However, the high dose of orally active RB150 required to
decrease BP in SHR and DOCA-salt rats [30, 32] led us to
develop new more potent and selective APA inhibitor
prodrugs with greater bioavailability for inhibiting brain
APA activity. We recently reported the development of a novel
central acting APA inhibitor prodrug obtained by disulfide
bridge-mediated dimerization of NI1929 ((3S,4S)-3-amino-4-
mercapto-6-phenyl-hexane-1-sulfonic acid), a non-peptidic
APA inhibitor that is 10 times more potent than EC33 at
inhibiting recombinant mouse APA activity in vitro (K; value
of 30 nM) [29]. We showed the high potency of oral NI956/
QGCO006 treatment for normalizing brain APA hyperactivity
and BP for 10 h after a single administration, decreasing plas-
ma AVP levels, and increasing diuresis and natriuresis, with-
out affecting plasma sodium and potassium concentrations, at
a dose one tenth of that required for RB150, in an experimen-
tal salt-dependent model of hypertension [33e¢] (Table 1).
Therefore, NI956/QGC006 is a “best-in-class” central acting
APA inhibitor prodrug, belonging to the same drug class as
RB150, supporting the development of treatments targeting
brain APA for hypertension treatment.

In conclusion, these studies demonstrated that orally active
APA inhibitor prodrugs could act as novel antihypertensive
agents.

Orally Active Brain-Penetrating
Aminopeptidase A Inhibitor Prodrugs
in Clinical Trials

RB150, renamed firibastat by the WHO, was selected for clin-
ical development. In a first-in-human study, the safety, tolera-
bility, pharmacokinetics, and pharmacodynamic effects of sin-
gle ascending doses of RB150/firibastat (phase Ia) were deter-
mined in humans [35]. Single oral administration of RB150/
firibastat up to 2000 mg in healthy volunteers was shown to be
safe and well tolerated [35]. As in animal experiments, in nor-
motensive subjects, RB150/firibastat had no effect on BP and
HR, either on the systemic RAS parameters or on plasma
copeptin concentrations, a marker of AVP release. These results
support further evaluation of multiple oral doses of RB150/
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Table 1 In vitro and in vivo characteristics of the two aminopeptidase A inhibitor prodrugs, RB150/firibastat and N1956/QGC006, in normotensive

WKY and hypertensive DOCA—salt rats

In vitro parameters
Mode of binding to APA active site
Inhibitory potency (K;) on APA

In vivo parameters (change)

Brain APA activity DOCA-salt rat
MABP DOCA-salt rat
WKY rat
Plasma AVP levels DOCA-salt rat
WKY rat
Diuresis DOCA-salt rat
WKY rat
Natriuresis DOCA-salt rat
WKY rat

Plasma sodium and potassium concentrations
WKY rat

DOCA-salt rat

RB150/firibastat
S1 subsite [34]

20£02x107 MJ16]

RB150/firibastat
(50 mg/kg) [30]

—34% 3.5
h after treatment

—49+10 mmHg5
h after treatment

No change

—32% 3.5
h after treatment

No change

+146% 5
h after treatment

No change

+61% 5
h after treatment

No change
No change
No change

NI956/QGC006 [33]
S1 and S1’ subsites
3.1+05x10° M

NI956/QGC006
4 mgkg) [33]

—38% 4
h after treatment

—44+13 mmHg5
h after treatment

No change

-41% 4
h after treatment

No change

+86% 5
h after treatment

No change

+93% 5
h after treatment

No change
No change
No change

firibastat in human volunteers. In a second clinical study (phase
Ib), the safety and the tolerability of a multiple oral doses up to
at least 2 x 750 mg/day for 7 days of RB150/firibastat were
confirmed in healthy adult subjects (F. Balavoine, M. Azizi,
D. Bergerot, N. De Mota, R. Patouret, B. P. Roques, and C.
Llorens-Cortes, unpublished work).

Then, a pilot multicenter double-blind randomized
placebo-controlled crossover pharmacodynamic study (phase
IIa) was conducted to evaluate the BP and the hormonal ef-
fects of RB150/firibastat, in patients with hypertension [36e¢].
After a 2-week run-in period, 34 patients (with daytime am-
bulatory BP of at least 135/85 mmHg and less than 170/
105 mmHg) were randomly assigned to receive either
RB150/firibastat (250 mg b.i.d. for 1 week uptitrated to
500 mg b.i.d. for 3 weeks) and then placebo for 4 weeks each
or vice versa, with a 2-week washout period on placebo. The
results of this pharmacodynamic study showed that brain APA
inhibition with a 4-week RB150/firibastat treatment, in pa-
tients with mild hypertension, tended to decrease daytime am-
bulatory and office systolic BP relative to placebo [36e¢]. The
more the basal daytime ambulatory systolic BP is elevated, the
more the RB150/firibastat-induced systolic BP decrease is
majored. This is in agreement with the observation that, in
experimental models of hypertension, RB150/firibastat acted
as an antihypertensive agent and not as a hypotensive agent,
knowing that this compound decreased BP in hypertensive but
not in normotensive rats [30-32]. Importantly, there were no
major safety events. In addition, RB150/firibastat did not
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modify the activity of the systemic RAS, in patients with
hypertension.

These results were subsequently used to guide the design of a
large clinical trial phase IIb in the USA called NEW-HOPE
(ClinicalTrials.gov Identifier: NCT03198793) [37]. Two hun-
dred and fifty-six overweight hypertensive patients were recruit-
ed, including a high proportion of African-American and
Hispanic patients which showed a significant BP-lowering effi-
cacy and a safe tolerability profile. They received an 8-week
treatment with RB150/firibastat: 250 mg b.i.d. orally for 2 weeks
and then 500 mg b.i.d for 6 weeks. Safe tolerability and efficacy
of RB150/firibastat in lowering BP was proven in all subgroup
analyses, including age, sex, ethnic origin, and weight [38],
supporting the development of RB150/firibastat for hypertension
in patients for whom optimal BP control is difficult to obtain with
currently available antihypertensive treatments.

Potential New Directions for Orally Active
Aminopeptidase A Inhibitor Prodrugs

There is evidence that the brain RAS plays a key role in the
progression of heart failure (HF) after myocardial infarction
(MI). In fact, the hyperactivity of the brain RAS post-MI leads
to an increase in sympathetic neuron activity and AVP release,
contributing to left ventricular (LV) remodeling and dysfunc-
tion [39-41]. Central and systemic AT ;R blockade with
losartan prevents sympathetic hyperactivity and markedly
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attenuates cardiac fibrosis and lowers LV end-diastolic pres-
sure (LVEDP) post-MI [42, 43]. However, only central infu-
sion of losartan improves LV systolic function, relative to
systemic infusion [42, 43], suggesting that inhibition of brain
APA may counteracts LV dilation and dysfunction post-MI.
Since RB150 treatment blocks brain RAS hyperactivity,
Huang et al. evaluate the effects of such a treatment on the
development of HF post-MI [44]. Continuous i.c.v. infusion
of RB150 for 4 weeks after M1 in rats attenuates sympathetic
hyperactivity, normalizes brain APA hyperactivity, improves
baroreflex function, and prevents cardiac dysfunction [44].
With a view to the potential clinical use of RB150 for HF
treatment, we recently investigated the effects of brain APA
inhibition by chronic oral treatment with RB150 for 4 weeks,
comparing the effects on LV remodeling of this treatment and
systemic ACE inhibition by enalapril in mice post-MI [45¢].
Our data suggest that chronic oral RB150 treatment in mice
post-MI normalizes brain APA hyperactivity, thereby normal-
izing brain RAS and sympathetic hyperactivity, whilst
preventing cardiac dysfunction and attenuating cardiac hyper-
trophy and fibrosis [45¢]. Moreover, RB150 treatment was as
effective as enalapril treatment [45¢]. Similar data were ob-
tained in rats post-MI orally treated with RB150 for 4 weeks
after MI [46]. In conclusion, orally active APA inhibitor
prodrugs may, therefore, constitute a potential new class of
therapeutic agents for the treatment of post-MI HF. A phase
IIb clinical trial in Europe and the USA, called QUORUM,
sponsored by Quantum Genomics, aimed to evaluate the effi-
cacy and safety of RB150/firibastat compared to ramipril in
HF patients after acute M1 [47]. This study should constitute a
proof-of-concept in a disease needing new therapeutic ap-
proaches to reduce the morbidity and mortality of post-MI HF.

Hyperactivity of RAS is associated with the pathogenesis
of Alzheimer’s disease believed to be mediated by the activa-
tion of AT Rs by Angll and/or AnglIlII since both peptides
have the same affinity for AT|Rs [48]. The group of J. Scott
Miners measured in human postmortem mid-frontal cortex in
a cohort of Alzheimer’s disease patients and age-matched
non-demented controls, Angll and AngllI levels, and APA
and APN expression [49]. They found that both brain Angll
and Anglll levels were significantly higher in Alzheimer’s
disease patients compared to age-matched controls and that
brain Anglll variations were strongly associated with those
of amyloid beta peptide and tau levels, the core pathological
components of Alzheimer’s disease. The authors proposed
that the increase in brain AnglII levels was due to an increase
in the conversion of brain Angll in Anglll by APA together
with a reduction in the metabolism of brain AngllIl in AnglV
by APN [49]. These data suggest that elevated brain AnglIl
levels could contribute to the pathogenesis of Alzheimer’s
disease. Therefore, blocking brain AnglIl formation with an
orally active APA inhibitor prodrug in animal models of
Alzheimer’s disease could prevent progression of the disease.

Conclusion

Development of selective and specific APA inhibitors and their
prodrugs have led to the demonstration that brain Anglll, gen-
erated by APA, is a major effector peptide of the brain RAS,
exerting central tonic stimulatory control over BP in hyperten-
sive rats, and that the inhibition of brain APA leads to a large
and sustained decrease in BP via inhibition of systemic AVP
release, sympathetic neuron activity, and improvement of the
baroreflex function in conscious hypertensive animals. A large
clinical trial phase IIb in overweight hypertensive patients of
whom 50% were African- or Hispanic Americans, showed a
significant BP-lowering efficacy and a safe tolerability profile
of 8-week treatment with RB150/firibastat, underlining the ad-
equacy between pre-clinical and clinical studies. Therefore, the
focus on drugs causing effective blockade of brain APA consti-
tutes new directions for BP control.
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