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summary The successiul introduction of angiotensin converting enzyme (ACE) inhibi-

tors 1n the treatment of patients with essential hypertension or heart failure has
increased interest in the (patho)physiological role of the renin-angiotensin system
(RAS). ACE is not only involved in the formation of angiotensin II from angio-
tensin I, but also inactivates vasoactive substances such as bradykinin and sub-
stance P, Accumulation of these substances during treatment with ACE inhibitors
may contribute to both their therapeutic action and certain adverse effects as§0-
clated with their use, such as cough and angioneurotic oedema,

Renin inhibitors ofler an alternative approach to inhibit the RAS. The major
advantage of these, still experimental, drugs 1s their high specificity for the RAS
since angiotensinogen is the only known substrate of renin. The currently avail-
able rentn inhibitors are pseudopeptides that are rapidly taken up by the liver and
excreted in the bile. Consequently, these drugs are subjected to a considerable
first pass effect which limits their oral bioavailability. Additionally, plasma elim-
ination half-life times are short and the duration of action is limited. Despite these
shortcomings, single oral or intravenous administration results in a 80 to 90%
inhibition of plasma renin activity and a slight reduction in blood pressure in
patients with hypertension. The extent of blood pressure reduction is dependent
on the patient’s salt balance.

After 1 week of oral treatment with the renin inhibitor remikiren, the antihy-
pertensive effect was reduced in salt-repleted hypertensive patients, Subsequent
intravenous administration of the drug did not further affect blood pressure, in-
dicating that it was not the first pass effect that was limiting the efficacy of
remikiren. The reactive increase in immunoreactive renin, alternative routes of
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angiotensin 1l formation and counteracting blood pressure regulating mecha-
nisms may also be involved in the limited haemodynamic response (o renin

inhibitors.

1. The Renin-Angiotensin System

The renin-angtotensin system (RAS) plays an
important role in cardiovascular function and reg-
ulation of water and salt excretion, Angiotensin I
s the etlector molecule of the RAS system. Angio-
tensin IT is a potent vasoconstrictor, mediates renal
sodium reabsorption, has growth stimulating prop-
erties, and stimulates aldosterone and vasopressin
release from the adrenal cortex and hypophysis,
respectively. Angiotensin Il is formed by enzy-
matic breakdown of angiotensinogen. Several en-
zymes are involved in this conversion of which re-
nin and the angiotensin converting enzyme (ACE)
are probably the most important (fig. 1).!! Renin
calalyses the formation of angiotensin I from
angiotensinogen. Indeed, at present angiotensino-
gen is the only known substrate of renin. ACE ca-
talyses the formation of angiotensin I from angio-
tensin 1. The functional significance ot the other
enzymes that are able to catalyse the formation of
angiotensin 11 is not exactly known.

The renin-mediated conversion ol angiotensin-
ogen to angiotensin I is the rate-limiting step of the
RAS and the plasma level of renin ts increased 1n
conditions of an activated sympathelic nervous
system, hypovolaemia, salt depletion and reduced
intrarenal blood pressure. Circulating renin pri-
nmarily originates from the kidney, where 1t 1s re-
leased from the juxtaglomerular cells. = Circulat-
ing renin is primarily eliminated by the liver and Lo
a lesser extent by the kidney W Circulating angio-
tensinogen originates (rom the liver.!®! ACE is pri-
marily formed in the pulmonary vascular bed, but
it is also Tormed in other vascular beds. The essen-
Lial components of the RAS (i.c. angiotensinogen,
renin and ACE) are not only present in blood but
also in the vascular wall and in several organs, in-
cluding the heart and the kidneys.

Components of the tissue RAS may originate

2 Adlls International Limitad. All rights raserved.

from the circulation. This is probably the case lor
renin since it has rapid access to the extravascular
space where it can be trapped by renin-binding pro-
teins.! 81 Apart Irom extraction [rom the circula-
tion, local production of renin in the heart, kidneys
and the vascular wall has been demonstrated by
molecular techniques. Also for anglotensinogen
and ACE, local production has been observed inthe
important effector organs of the RAS.1 At present,
the primary site of angiotensin [ formation is
thought to be in the extravascular compartment. 0
The relevance of this phenomenon is that measure-
ment of circulating renin or angiotensin Il does not
necessarily reflect the amount of angiotensin 1I at
the receptor level. Indeed, differences between
plasma and cardiac angiotensin [l formation have
heen observed in animal models of congestive
heart failure.!'!]

ACE 15 not only involved in the formation of
angiotensin I1, but also metabolises substances like
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Fig. 1. Schemaltic representation of enzymatic degradation of
angiotensinogen to angiotensin (i, Angiotensin I is formed {rom
angiotensinogen by 2 distinct metabolic routes. a renin- and
angiotensin-converting anzyme (ACE)-cspendent routo; and a
direct renin- and ACE-independent route,
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bradykinin and substance P.l'?! Thus, ACE inhibi-
tion not only inhibits the formation of angiotensin
11, but also results in accumulation of these endog-
enous compounds.!!215] Both bradykinin and sub-
stance P are well known stimulators of the release
of endothelium-derived relaxing factors like nitric
oxide and prostaglandins.!'®!7} Apart from their ef-
fect on vascular tone, these endothelium-derived
factors inhibit smooth muscle cell proliferation and
inhibit thrombocyte aggregation.[!®1%] Therefore,
the RAS-independent effects of ACE inhibition
may provide a therapeutic advantage in patients
with cardiovascular disease.

Pharmacological inhibition of the RAS can be
achieved at the level of renin, ACE or angiotensin
II receptors. ACE inhibitors have been proven to
be potent therapeutic agents in cardiovascular dis-
eases such as hypertension and congestive heart
failure,!**22 Inhibition of the RAS with renin in-
hibitors or angiotensin i receptor antagonists have
the potential advantage of selectivity. This review
will focus on renin inhibitors and, in particular, on
those that have been used in human research.

2. Methods to Reduce Renin Activity

In theory, there are several ways to inhibit renin
activity:

o remn bilosynthesis can be reduced at the DNA
level or by inhibition of renin formation from
prorenin

e renin release can be attenuated

o the activity of released renin can be inhibited.
Renin release can be inhibited by B-adrenocep-

tor antagonists, but this is not a specific effect of

these drugs.!*3) Some recently developed renin in-
hibitors are able to attenuate the expression of the
kidney renin gene and to inhibit renin release (see

section 4).1%4
In animals, 2 main approaches have been adopted

tor inhibition of the renin-angiotensinogen reac-

tion.!*>] The first is an immunological approach by
passive immunisation with anti-angiotensinogen
or anti-renin antibodies or by active immunisation
against renin. With this approach, a blood pressure
drop could be observed in rats. In humans. this

© Adls International Lirited. All ights reserved.
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method has never been used because of the poten-
tial induction of antigen-antibody precipitation
with deleterious consequences.

The second approach started with the minimal
substrate of renin. By a small alteration 1n this octa-
peptide at the cleavage site (the so-called ‘scissile
bond’), a substrate analogue was obtained with renin-
inhibiting properties.[26! Statine is thought to play
an important role in the inhibitory mechanism of
pepstatin, a general inhibitor of aspertyl proteases
and a weak inhibitor of renin.t?7] Substitution of the
unusual amino acid statine or its variants at the
scissile-bond, resulted in more potent and selective
renin inhibitors. Hydrolysis by renin was prevented
by scissile-bond modifications with nonhydrolys-
able pseudopeptides. The inhibitory potency was
further increased by modifications at the carboxyl
and amino termini of the substrate-analogue struc-
ture.[?8] This approach resulted in several small
pseudopeptides (fig. 2) that are able to inhibit
renin specifically at low concentrations [concen-
ration mhibiting 50% of activity (ICsg): 0.7 to 14
nmol/L].

3. Pharmacokinetics of Renin Inhibitors

The Renin Inhibitory Peptide (RIP) was the first
renin inhibitor administered intravenously to normo-
tenstve human volunteers. It reduced blood pres-
sure. Upright tilting resulted in exaggerated hypo-
tension and pronounced bradycardia, suggesting
an aspecific action of this particular substance.!!
At present, at least 7 specific renin inhibitors have
been used in human research.30-37! For 4 of these
agents, human pharmacokinetic data are available
(table I).53-38-43) A1l 4 peptidomimetic compounds
are transition-state analogues of the cleavage site
of human angiotensinogen!4dl (fig. 2). Apact from
enalkiren, the drugs have comparable in vitro po-
tencies to inhibit renin activity. The ICs values
in table I were obtained from purified renin. In
plasma, ICsy values are increased because of con-
siderable protein binding resulting in a reduced
free drug concentration. For example, protein bind-
ing has been reported to be 94% in the case of en-
alkiren.’*0 When the potency is measured in hu-

Clin. Pharmacokinet, 29 (1) 1995
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Fig. 2. Structural formulae of the 4 renin inhibitors that have been most extensivaly studied in humans, and the site of cleavage of
angiotensinogen,

B
i

man plasma under almost phystological condi-  other proteases like ACL, indicating the high spece-
lions, the potency of remikiren, enalkiren and CGP - ificity of these drugs for renin, 4549

385060 was 7-, 20, and 35-fold lower, respectively,
than the inhibitory potency against purtfied re-
nin.*7! These compounds do not inhibit other as- In general, the oral biocavailability of all 4 com-
pertyl proteases like pepsin and cathepsin D or  pounds is poor and highly variable. The main rea-

3.1 Oral Bioavailability

@ Acils Internctional Limited. All righis reservedd. Cln. Pharmacokingt, 29 (1) 1064
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Table |. Pharmacokinetic data for renin inhibitors in healthy volunteers

Renin inhibitor |ICsoa Oral bicavaitability
{(nmol/L.) (%a)

Hemikiren (Ro 425892) 0.8 1-2

CGP 38560 0.7 <1

ES 8891 1.1 NAD

Enalkiren (A 64662) 14 undetectable

Plasma half-life (h) vd

first phase second phass (L/kg)

0.1 9.4+ 4.1 0.9

0.13 1.056 In marmosets the Vd Is
similar to plasma volume

? 0.95 & 0.31

0.25 i O.1r 1.60 £ 0.43 0.2

pielierru inki

a  For human renin,

P alPrrel i —— — ] ¥ e

b Oral bicavaltability cannot be assessed sincs this drug cannot be administered intravenously. Absorption indexes suggest a 10 times

higher otal absorption as compared with CGP 38560.

Abbreviations and symbol: 1Csp = concentration required to produce 50% inhibition; NA = not available; Vd = volume of distribution; ? = unknown.

sons for this poor oral bioavailability are a low de-
gree of intestinal absorption and a considerable
first pass effect, ! L30SH Boy yemikiren, the high he-
patic Tirst-pass has been assumed to be the main rea-
son or the low oral bioavailability in humansg.[?8]
Several methods are currently under investigation
to solve this major problem hindering the clinical
application of renin inhibitors. Several derivatives
ol enalkiren have been developed that might have
a better bioavailability than enalkiren itself. How-
ever, oral bioavailability of these analogues still
remains below 10% in monkeys.[*!-32] The use of
emulston formulations increased oral bioavailabil-
ity in rats from 0.3 t0 5.1% in case of a lipid soluble
renin inhibitor,!53!

The ntrapulmonary route of administration
may be a promising alternative to oral delivery as
shown in rats.** For the renin inhibitor U77436,
32% of the intratracheal injected drug was ab-
sorbed compared with 6 to 16% after oral admin-
Istration in rats. Pulmonary absorption appeared to
be slower than its ntestinal counterpart in these
rats resulting in a sustained release of the drug de-
livered by the intrapulmonary route. In this con-
text, an intravenous study with remikiren in hu-
mans is ol interest, suggesting that a sustained
release of this renin inhibitor results in a more ef-
fective inhibition of the RAS than 1s achieved by
rapid release of the same amount of drug, 155!

3.2 Volume of Distribution

Volumes of distribution differ considerably be-
tween the varying renin inhibitors. For remikiren,

@ Adls Internatlonal Limited. All dghts reserved.

the volume of distribution is considerably higher
than the plasma volume. This implies that remi-
kiren diffuses into the extravascular compartment
where it may affect the tissue RAS. This is further
supported by the observation that the remikiren-
induced blood pressure reduction is temporarily
dissociated {from the inhibition of circulating
RAS.P8 Differences in tissue penetration and sub-
sequent inhibition of tissue RAS may account for
ditferences in efficacy between the varying renin
inhibitors to reduce blood pressure, as has recently
been observed in primates,[47]

3.3 Ellmination

The liver plays an important role in the rapid
elimination of renin inhibitors. A carrier mediated
ATP-dependent transport system 1s involved in
the hepatocellular uptake of hydrophilic renin-
inhibiting peptides.'%>!l Subsequently, the renin
inhibitor and its metabolites are excreted in the
bile.[*’! For remikiren, there is no indication that
active metabolites are formed.*®! The longer elim-
ination half-lite of remikiren compared with the
other renin inhibitors is probably due to its large
volume of distribution since high systemic plasma
clearance, which approaches liver plasma flow,
was found.*®l During the elimination phase, a shifl
of remrkiren from the extravascular compartment
probably results in the prolonged elimination half-
life 1n plasma. As a result of the short elimination
half-Iives ot the currently available renin inhibi-
tors, one single oral dosage per day does not result
in drug accumulation nor is it enough to inhibit

Clin. Pharrnacokinet, 29 (1) 1995
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plasma renin activity continuously as has been
demonstrated in recent clinical trials with remi-
kiren,[?7." 8]

4. Biochemical and
Haemodynamic Effects

To date, no adverse effects have been observed
with renin inhibitors. The efficacy of renin inhibi-
tors can be expressed in terms of biochemical and
haemodynamic effects. Although reduction in
mortality and morbidity in patients with cardiovas-
cular disease 1s the ultimate goal of treatment with
renin inhibitors, the currently available clinical
data do not allow any conclusions to be made with
regard to these effect parameters. Therefore, we
will confine ourselves to the biochemical and
haemodynamic effects of renin inhibitors.

Several biochemical parameters are available to
assess RAS inhibition of which plasma renin activ-
ity (PRA), plasma angiotensin I and II levels and
plasma immunoreactive renin level are the most
important, With regard to plasma renin activity,
analysis 1s difficult when a routine assay in non-
acidified plasma is used in the presence of
phenylmethylsulphonyl fluoride and &-hydroxy-
quiroline sulphate. These agents can cause ex vivo
displacement of a protein-bound renin inhibitor,
thereby increasing its free concentration and re-
sulting in an overestimation of drug-induced in-
hibition of PRA, This problem has been solved by
using angiotensin [ antiserum as a trapping re-
agent. 179001 Using this modified PRA assay, intra-
venous administration of CGP 38560, remikiren or
enalkiren results in 80 to 90% inhibition of PRA,
Parallel to the inhibition of PRA, the plasma an-
giotensin II level is reduced by 90% and amount
of immunoreactive renin is increased by 200 to
4009 131:.34,35,57.64]

The incrcase in immunoreactive renin levels
shows an interruption of the negative leedback reg-
ulation of renin release, caused by a reduction in
angiotensin I1 levels. 101921 After oral administra-
tion of remikiren, similar effects on PRA were ob-
served as compared with intravenous administra-
tion, but immunoreactive renin concentrations

€ Adls Infermnational Limited, All rights reserved,
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increased only by 70 to 90%.1°7-8! Plasma remi-
kiren concentrations in these experiments were 20
times higher after intravenous administration than
those achieved after oral administration. Neverthe-
less, comparable reductions in PRA were ob-
served, indicating that it is not the low bioavaila-
bility but rather the associated increase In
immunoreactive renin levels that is the limiting
factor inhibiting plasma renin activity.*’! In this
context, the property of the renin inhibitor ES 8891
to inhibit renal renin synthesis and release in mar-
mosets is of interest.BHOES 8891 has also been
administered to healthy volunteers. [ Its adminis-
tration has resulted in a significant reduction in
PRA and plasma levels of angiotensin 1. Simulta-
neously measured immunoreactive renin was not
affected, suggesting that this compound inhibits
renal renin release in humans.!o*!

With respect to the haemodynamic effects of re-
nin inhibitors, blood pressure and heart rate are the
most important parameters that have been studied
at present. In healthy salt-repleted volunteers, re-
nin inhibition does not result in a significant reduc-
tion in blood pressure, resembling the effect of
ACE inhibitors,F43844631 Ty patients with essential
hypertension, the blood pressure response to renin
appears to be related to sodium intake. During sait
depletion, as induced by diuretic treatment or re-
duced sodium intake, blood pressure homoeostasis
is more dependent on the RAS. Therefore, the
acute inhibition of renin results in a profound re-
duction in blood pressure without a concomitant
increase in beart rate 0600 Thig effect on blood
pressure has been observed both after intravenous
and oral administration of remikiren.!*’I The reduc-
tion in blood pressure is not diminished alter one
week of intravenous treatment.!%8! In patients with
heart faiture, a condition that is also associated
with an activatcd RAS, single intravenous admin-
istration of enalkiren appeared to reduce intra-ar-
lerial blood pressure.[®?)

[n salt-repleted patients with essential hyperten-
sion, the situation is more complex, A single oral
or intravenous dose of remikiren reduced blood
pressure, but to a lesser extent than the same dose

Clin, Pharmacokinet. 29 (1) 1995
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administered to salt-depleted patients, After one
week of oral treatment with remikiren, the reduc-
tion in blood pressure was diminished and sub-
sequent intravenous administration of the renin in-
hibitor did not result in a further reduction it blood
pressure, This suggests that the mode of action, and
not the low bioavailability, was the limiting factor
for the reduced elficacy of the drug after prolonged
treatment, 7,901

5. Conclusions and Future Perspectives

The theoretical advantage of renin inhibtiors in
comparison with ACE inhibitors is the selectivity
of the tormer drugs to inhibit the RAS. This is rel-
evant in pathophysiological studies where renin in-
hibitors can be used as a tool to elucidate the pre-
cise role of the RAS in cardiovascular disease. In
a clinical setting, renin inhibitors could replace
the successful ACE inhibitors, the use of which is
restricted because of adverse reactions such as
cough or angioneurotic oedema that result from ac-
cumulation of substrates of ACE other than angio-
tensin 1,170 |

The currently developed peptidomimetic renin
inhibitors have a high in vitro and in vivo potency
and specificity to inhibit circulating renin. The
high volume of distribution of remikiren indicates
significant tissue penetration. The temporal disso-
ctation between the inhibition of circulating renin
activity or angiotensin II ievels and blood pressure
reduction further suggests that the tissue RAS is
also inhibited by this compound.

From a pharmacokinetic point of view, currently
available renin inhibitors are far from ideal antihy-
pertensive drugs because of their low oral bioavail-
ability and rapid elimination. However, the low
bioavailability cannot totally account for the disap-
pointing etfect of repeated oral administration of
renin 1nhibitors on blood pressure in salt-repleted
hypertensive patients.

From a pharmacodynamic point of view, inhibi-
tion of renin results in an increased release of active
renin, The increase in plasma immunoreactive re-
nin concentrations limits the maximal reduction in
PR A that can be achieved by inhibition of renin. A

®© Adis Intematlonal Limited. All rights reserved.
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direct renin-independent tormation of angiotensin
[T from angiotensinogen has been suggested (see
also fig. 1), which might further decrease the ef-
ficacy of renin inhibitors to reduce the concentra-
tion of angiotensin 1. Finally, blood pressure reg-
ulating mechanisms other than the RAS may
contribute to the maintenance of elevated blood
pressures during renin inhibition in patients with
essential hypertension.

Further research ts needed to develop renin in-
hibitors with a reproducible and high bioavailabil-
ify, resulting in sustained effective plasma drug
concentrations. High tissue penetration is neces-
sary Tor an optimal therapeutic effect. The problem
of renin release 1n response to renin inhibition can
be solved by using compounds that also inhibit re-
nin synthesis and release. The efficacy of renin in-
hibition in terms of blood pressure reduction can
be angmented by reductions in salt intake or con-
comitant treatment with diuretics. The combina-
tion of ACE- and renin inhibitors may be of poten-
tial benefit.l’!l Whether these improvements result
in renin inhibitors that can compete with ACE in-
hibitors in the treatment of patients with hyperten-
sion or heart failure 18 a question that remains to be
answered. |
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