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Renin Inhibition: What
Are the Clinical Perspectives?

Norman K. Hollenberg, MD, PhD

Summary: Evidence that renin system blockade is useful in many patients with hypertension
is overwhelming. Two recent lines of investigation have suggested that more complete
blockade leads to improved clinical outcomes. One line of investigation involves the use of a
combination of an angiotensin-converting enzyme inhibitor with an angiotensin-receptor
blocker. The second line of investigation involves the use of very high dose angiotensin-
receptor blocker. The interaction of renin with substrate is the rate-limiting step in the renin
cascade; thus, the recent development of a powerful renin inhibitor also favors more
complete blockade of the system. In many patients, this is likely to lead to improved
treatment.
Semin Nephrol 27:511-518 © 2007 Elsevier Inc. All rights reserved.
Keywords: Aliskiren, angiotensin converting enzyme inhibitors, AT1 receptor blockers,
hypertension
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he large number of recent reviews on
renin inhibition suggests strongly that
the equally recent development of pow-

rful renin inhibitors is likely to have an impor-
ant clinical impact.1-8 The first mention of
lockade of the renin system was made by
keggs et al9 in their description of angiotensin-
onverting enzyme (ACE) in which they argued
hat, “as renin is the initial and rate-limiting
ubstance in the renin-angiotensin-system (RAS),
t would seem that renin inhibition would be the

ost likely to succeed.” In fact, the development
f renin inhibitors lagged well behind blockade
t the level of the ACE step or the angiotensin I
AT1) receptor.

No pharmacologist would have chosen the
CE step as part of a planned approach to

nterrupting the renin system.2 The develop-
ent of ACE inhibitors was an unexpected by-
roduct of snake venom toxicology. The devel-
pment of AT1-receptor blockers was more
lanned, but its inception was accidental—a
roduct of high throughput screening that
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dentified AT1-receptor blockade in an unlikely
olecule, an imidazole derivative.
In the hierarchy of evidence that supports

he interesting notion of evidence-based medi-
ine, the large randomized controlled clinical
rial stands at the top. These trials provide the
ost compelling evidence for similarity or dif-

erence in responses to drugs. The only com-
arative studies involving renin inhibition in-
olve blood pressure response compared with
n ACE or an angiotensin-receptor blocker
ARB) inhibitor (reviewed later). In the absence
f information, the hierarchy turns to informa-
ion from randomized controlled trials consid-
ration of mechanism, the pharmacology of the
rugs, the pathophysiology of the disease, epi-
emiology and genetics, and the tolerability of
he agents available. These themes are devel-
ped in this article.

HE ANTIHYPERTENSIVE EFFECT

imilar to the ACE inhibitors and ARBs, renin
nhibitors have been developed as antihyper-
ensive agents. From the perspective of a com-
any dealing with regulatory agencies, blood
ressure reduction as a goal is very attractive.
he reduction in blood pressure can be docu-

ented in months in studies involving hun-
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512 N.K. Hollenberg
reds of patients. Documenting change in
atural history involves the assessment of thou-
ands of patients in studies that extend over
ears.

The blood pressure effects of Aliskiren are
ompared with responses to an ARB in Figure 1.
liskiren shows a dose-related blood pressure
ecrease that exceeds the response to placebo
nd matches the response to a full dose of the
RB.10 The optimal Aliskiren dose is 300 mg to

nduce a blood pressure decrease: increasing
he dose does not add to the antihypertensive
ffect. Similar studies have been reported in
omparison with graded dose of Aliskiren
ith losartan,11 ramipril,12 hydrochlorothia-

ide, alone and in combination,13 amlodipine,14

nd lisinopril.15 In each case, Aliskiren matched
ut does not exceed the comparator, and in
ach case 300 mg proved to be the optimal
liskiren dose.
If the blood pressure decrease associated with

enin inhibition does not exceed that induced by
CE inhibitors or ARBs, which are very well stud-

ed and very well tolerated agents, and agents that
ither already are generic or soon will be, why
hould we be interested in renin inhibition?
he answer lies not in the blood pressure ef-

ect, but in the potential for greater efficacy at
he tissue level, and it is at the tissue level that
issue protection will occur.

The interaction of renin with its substrate is

igure 1. Blood pressure responses to graded doses of
liskiren and to an ARB in patients with mild to moder-
te essential hypertension. The optimal Aliskiren dose
as 300 mg/d. ***P � .0001 vs placebo. Reprinted with
ermission from Gradman et al.10
ate-limiting, which interested Skeggs et al.9 N
hat does the term rate-limiting actually
ean?

HE RATE-LIMITING STEP

here are 3 locations in the renin-angiotensin
ascade that are available for blockade. First,
here is the interaction of renin with its sub-
trate, angiotensinogen (Figure 2). Next is the
CE step, responsible for conversion of angio-

ensin (Ang) I to Ang II. Finally, there is the AT1

eceptor. Some would add the reduction in
enin release induced by �-adrenergic blocking
gents to the list.

An enzyme cascade consists of several com-
onent steps, which may limit the rate of over-
ll reaction to a different extent. Each step is
haracterized by a rate constant, and the lowest
ate constant is rate limiting, as the determinant
f the rate of overall reaction in most, but not
ll, circumstances.2 For example, a change in
onditions may influence the specific activity of
ifferent enzymatic reactions differently. It has
een argued as an alternative that the rate-lim-

ting step is actually the most sensitive step, the
tep that can cause the largest change in overall
elocity if perturbed. Unfortunately, most of us
annot translate a rate constant into a physically

igure 2. The renin cascade and the rate-limiting step.
he concentrations of angiotensinogen, Ang I, and Ang

I are shown in the boxes. Note that the concentration of
ng I exceeds that of Ang II by about 2-fold. The con-
entration of angiotensinogen, the renin substrate, ex-
eeds the concentration of Ang I by 5,000-fold. That is
he rate-limiting step. Reprinted with permission from

avar et al.16
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Renin inhibition 513
eaningful model. As an alternative approach,
avar et al16 included in their description of the

enin cascade not only the steps, but also the
oncentration of the various substrates and
roducts along the way (Figure 2). Although
he data in the figure represent findings in the
at, the findings in human beings are very sim-
lar. The concentration of Ang II, the powerful
asoconstrictor and stimulus to aldosterone
elease, was in the range of 30 to 70 fmol/mL.
he concentration of Ang I, the substrate for
CE and the precursor to Ang II, was about
ouble the concentration of Ang II, at 50 to 100
mol/mL. The concentration of the substrate
ngiotensinogen was in the neighborhood of
00 to 600 pmol/mL. Thus, the renin-catalyzed
tep from substrate to Ang I is favored by a
,000-fold concentration gradient. Clearly, if
ou want to block the system, the renin step
hould be the prime target.

ODELS

t is reasonable to ask what the expected re-
ponses are to blocking at each of the steps in
he cascade. To a major degree the expecta-
ions are determined by the model that one
ses for understanding the system and the path-
ays and metabolic products represented in

hat model.
For example, if one accepts the classic

iew of the renin-angiotensin system as a sys-
em defined by concentrations of the relevant
ediators in the circulation, as still is be-

ieved by some, then blockade at the renin
tep, the ACE step, and the AT1 receptor
hould induce an equivalent response. In-
eed, that is the finding when arterial blood
ressure is used as the marker. It would be
easonable to argue in this regard that per-
aps this classic view provides an adequate
escription of the relation between blood
ressure and the renin system. Although
here is substantial debate about whether or
ot different classes of antihypertensives in-
uence natural history differently, no one
eems to debate the efficacy of these various
lasses of drug on blood pressure because
hey are very similar.17,18 Thus, if there is to
e a difference, it is going to be at the tissue
evel, at which more effective blockade can c
ave an influence on natural history of dis-
ase that goes beyond blood pressure.

There are a number of models that differ
rom the classic model. As one example,
here have been arguments made for signifi-
ant non-ACE pathways in the generation of
ng II.19 Should non-ACE pathways be impor-

ant, then blockade induced by an AT1-recep-
or blocker or renin inhibitor might induce a
esponse substantially larger than that in-
uced by an ACE inhibitor. That possibility is
eviewed later for the kidney. Others have
rgued for a wide range of products of Ang I
etabolism, each with a distinctive pharma-

ology.20 This fascinating area remains con-
roversial, with little evidence as yet for an
mportant role in human beings. Another po-
entially important model involves prorenin.
ndeed, as evidence for an important role in
athology for prorenin accumulates, and be-
ause of its implications for renin blockade,
he prorenin story merits special review.

RORENIN

y the mid 1990s it had become clear that
rorenin was associated, very powerfully, with
he genesis of microvascular disease (nephrop-
thy and retinopathy) in patients with diabetes
ellitus.21 Prorenin is present in the circulation

n human beings in very high concentrations,
bout 10 times greater than the concentration
f renin. Because prorenin seemed to have no
ction on blood pressure, blood vessels, or al-
osterone release, it was thought to be meta-
olic waste. For that reason, it was considered
o be a marker of disease, rather than being
nvolved in a mechanistic fashion. On the other
and, the concordance between plasma prore-
in concentration and microvascular disease
as so very powerful that it was difficult to

void thinking about a mechanistic relation-
hip, but the responsible pathway had not been
dentified.

In 2002, that situation changed dramatically
ith the identification of a receptor, isolated

rom cultured human mesangial cells, that
inds renin very avidly.22 This receptor not only
inds renin, it binds prorenin equally well. Sur-
risingly, binding to the receptor increases the

atalytic activity of renin 5-fold and provides



p
h
i
c
b
c
t
v
p
i
a
e

t
h
m
w
t
c
i
b
w
a
i
t
n
c
b
i
l
p
c
s
i
p
s
i
i
m
u
v

a
l
p
o
r
q
t

R

M
m
t
s
h
a
p
t
l
s
r
s
o
t
t
w
s
c
e
r
t
o
b
l
t
d
r
s
o
c
d
a
i
f
o
d
a
t
s
d
3
a
t
s
p
w
s
5

514 N.K. Hollenberg
rorenin with complete catalytic activity. Per-
aps even more surprising is accumulating ev-

dence that activation of this receptor, now
alled the prorenin receptor, not only is capa-
le of generating Ang I and Ang II, but also is
apable of activating potentially important in-
racellular pathways without an intervening in-
olvement of Ang I or Ang II.22-24 Because these
athways lead to the release of agents that are

mportant in the development of tissue fibrosis,
n obvious link to disease pathogenesis now
xists.23,24

Recently, Huang et al24 confirmed and ex-
ended this line of investigation by testing the
ypothesis that renin, independent of is enzy-
atic action to enhance angiotensin synthesis,
ould lead to the release of important media-

ors of fibrosis. Renin in vitro in relatively low
oncentrations induced unambiguous increases
n transforming growth factor-�1 that were
oth dose- and time-dependent. The responses
ere not altered by adding the Ang II receptor

ntagonist losartan or by adding the ACE inhib-
tor enalapril in high concentration, nor were
hey influenced by a direct renin inhibitor. Re-
in in vitro also led to an increase in Pai-1 and
ollagen-1 messenger RNA, a response partially
locked by neutralizing antibodies to transform-

ng growth factor-�. Tissue Ang I and Ang II
evels were extremely low. Perhaps most im-
ortantly, they used RNA interference to de-
rease expression of the renin receptor and
howed blockade of the induction of transform-
ng growth factor-� in vitro. Although studies
erformed in vitro are a long way from the
ituation of patients in the clinic, it is difficult to
gnore this emerging story. It also is difficult to
gnore their overall conclusion, “Thus, renin

ay contribute to renal fibrotic disease, partic-
larly when therapeutic Ang II blockade ele-
ates plasma renin.”24

Treatment of patients with ACE inhibitors
nd ARBs, probably via the short feedback loop,
eads to a sharp increase in renin release and
lasma renin concentration. The only blocker
f the system that can render it quiescent is
enin inhibition. Whether this also will render
uiescent actions via the prorenin receptor is

he important next question. m
ESPONSES AT THE TISSUE LEVEL

ultiple observations in multiple tissues and
odels have provided compelling evidence

hat when agents that block the renin-angioten-
in system are effective in changing the natural
istory of disease, their action occurs primarily
t the tissue level.1 Species differences in the
athways for Ang II generation made it crucial
hat studies be performed in human beings. The
ogic used for studying the human kidney was
traightforward: if all of the Ang II acting on the
enal circulation was formed through the clas-
ic pathway with Ang I conversion to Ang II
ccurring only in the transit of blood through
he lung, one would anticipate that ACE inhibi-
ion, renin inhibition, and Ang II antagonists
ould induce an identical renal response mea-

ured as an increase in renal plasma flow.25 We
hose renin inhibition as the initial pathway for
xploring the control mechanism for several
easons. The remarkable substrate specificity of
he renin reaction made mechanistic specificity
f the renin inhibitor very likely. Moreover,
ecause both ACE and renin inhibition would

ead to a decrease in plasma Ang II concentra-
ion this would facilitate comparison of the
egree of blockade achieved. Our anticipated
esult was that the renal hemodynamic re-
ponse to ACE inhibition in healthy volunteers
n a low-salt diet would reflect not only a de-
rease in local Ang II formation, but also re-
uced kinin degradation. The result would be
n accumulation of vasodilator products includ-
ng bradykinin, kinin-dependent prostaglandin
ormation, and activation of endothelial nitric
xide release. To our surprise, the renal vaso-
ilator response to the renin inhibitor available
t that time, Enalkiren, exceeded the response
o the ACE inhibitor, captopril. Because of our
urprise, we performed a more elaborate study,
ouble-blind, in which volunteers were studied
times. On one day they received placebo, on

nother day Enalkiren, and captopril on the
hird day—in random order. The placebo in this
tudy did nothing. Captopril increased renal
lasma flow by 90 to 100 mL/min/1.73 m2,
hich essentially was identical to the earlier

tudy (Figure 3). The renin inhibitor produced a
0% larger response of around 140 to 150 mL/

in/1.73 m2. Although renin is a fastidious en-
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Renin inhibition 515
yme with great substrate specificity, one pos-
ible interpretation of these findings was that
enin inhibitors acted via a mechanism unre-
ated to renin. Against this possibility is our
nding that a high-salt diet blunted the renal
esponse to renin inhibition. In that context,
he development of the Ang II antagonist class
reated the possibility of a tie breaker. If the
enin inhibitor acted via an alternative non–
ngiotensin-dependent mechanism, one would
nticipate that Ang II antagonists would pro-
ide a different renovascular response under
he conditions of our study. Conversely, if the
enin inhibitor acted only through blockade of
enin-dependent Ang II formation, one would
nticipate an identical response. We went on to
tudy several angiotensin antagonists: at the top
f the dose-response relationship, the Ang II

igure 3. Meta-analysis of renovascular response to
harmacologic interruption of the renin system in
ealthy young men who are in balance on a 10-mEq
odium intake. Each agent was studied at the top of its
ose–renal vascular relationship. From the ratio of flow

ncrease induced by ACE inhibition, approximately two
hirds of Ang II formation under these conditions is ACE
ependent, and one third is generated by alternative,
on-ACE pathways. There is no evidence for non–renin-
ependent generation of angiotensin. Reprinted with
ermission from Hollenberg et al.19
ntagonist induced a response similar to or l
lightly less than the response to the renin in-
ibitor.
In that study, we probably underestimated

he response to renin inhibition because we
eported findings only during the first several
ours of administration. In a follow-up study we

earned that a response to the renin inhibitor
howed a continued increase over several
ours, and so we probably underestimated the
eak.26

OMBINATION THERAPY

or a number of reasons, after the introduction
f ARBs there has been an outpouring of re-
orts on the influence on the kidney of ACE:
RB combinations. A recent review described
0 studies on combination therapy in patients
ith diabetic nephropathy and an additional 8

tudies in patients with nephropathy unrelated
o diabetes.27 This outpouring of reports re-
ected a number of factors. First, although ACE

nhibitors unambiguously are effective, very of-
en in individual patients their effect was less
han satisfactory. Second, there was a major
thical problem in dealing with 2 closely re-
ated drug classes. In view of the unambiguous
fficacy of ACE inhibition, how could we justify
ithholding ACE inhibitors as part of a thera-
eutic trial? Industry made their contribution,
nthusiastically endorsing the notion of combi-
ation treatment. One need not be cynical to
ealize that this maneuver increases market
ize.

All of the studies reported were deeply
awed because insufficient attention had been
iven to the issue of drug dose. In a proper
tudy, at least 1 of the 2 agents used in combi-
ation should be administered in a dose docu-
ented to achieve a maximal response. Other-
ise, the studies are not interpretable.
Is there a rationale for combination treat-

ent if both involved the same final pathway—
lockade of angiotensin production or its ac-
ion? The answer is a somewhat tentative “yes.”
he sigmoid shape of dose-response relation-
hips is actually the integral of a normal distri-
ution.28 One of the features of that distribution

s a predictable relation between dose and mag-
itude of response: the response will increase
inearly over the range 16% of maximum to 84%
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516 N.K. Hollenberg
f maximum. The inflection point in dose-
esponse relationships occurs at these 2 points.
o move from the 84% to near the 100% of
aximum response requires a very large in-

rease in dose. Thus, one could argue that par-
imony dictates that the 2 agents be adminis-
ered at the dose required to achieve a response
4% of maximum. This will reduce the drug

oad and presumably the cost. Unfortunately,
or none of the drugs involved do we have any
dea of the maximum response and the dose to
each 84% of maximum.

In this area, the combination of a renin in-
ibitor with either an ACE or an ARB is more
ttractive than ACE:ARB combinations because
f the short feedback loop and the reactive
enin response to ACE inhibition and ARBs
ited earlier. There is a reasonable chance that
he renin response to blockade contributes to
isease pathogenesis, especially in the case of
he kidney.24 Only renin inhibition renders the
ystem quiescent.

OLERABILITY

nother important issue involves tolerability.
ndeed, it has been an important theme in the
volution of renin system blockade. When the
CE inhibitors came along, it was clear that

hey were better tolerated than the agents avail-
ble up to that time: �-blockers, methyldopa,
nd diuretics. Within a few years, studies on
uality-of-life measures made it clear that the
CE inhibitors were much better tolerated than

he agents available hitherto. The earlier agents
ere responsible for a great deal of fatigue,

ubstantial depression, and a very striking fre-
uency of sexual difficulties. The quality-of-life
easures focused on these areas and showed

hat the ACE inhibitors were much better toler-
ted. Not that the ACE inhibitors were free of
dverse effects. Cough was frequent and very
nnoying. A rash was almost as frequent. Per-
aps most importantly, the sporadic appear-
nce of angioneurotic edema was potentially
evastating.

When the ARBs came along, it was their
olerability that made them such an attractive
dvance. Their use in patients was free of
ough, free of rash, and free of angioneurotic

dema. Given the fact that these agents are h
midazole derivatives and given the rather dra-
atic pharmacology of this chemical class, one
ould have anticipated a rather substantial fre-
uency of adverse effects. In fact, there have
een none. Probably this factor alone accounts
or the remarkable growth in their use, which
ntedated substantially the appearance of data
n natural history.

Given the remarkable specificity of renin,
hich has only a single substrate and a single
roduct, one would anticipate that the adverse
ffects associated with renin inhibition would
e minimal. To date, they have been and they
ppear to be similar to the ARBs in this regard.

NANSWERED QUESTIONS

e already know that Aliskiren—the first orally
ffective renin inhibitor—is well tolerated from a
eries of clinical trials.1-8,10-15 We also know from
hose studies in patients with uncomplicated mild
o moderate essential hypertension that the blood
ressure response to Aliskiren does not differ

rom the response induced by ARBs and ACE
nhibitors. We do not yet know the response to
his agent in patients who are likely to be espe-
ially responsive, including subclasses of patients
ith hypertension who are difficult to treat, or

ssociated with diabetes mellitus, or obesity, or
dvanced atherosclerosis.

The early evolution of the role of captopril
rovides an excellent example. The first human
xposure to captopril occurred late in 1976.
ull-scale clinical investigation began in 1977.
he drug was approved for the management of
ifficult hypertension in 1981, the shortest time
or any agent in the antihypertensive area.

hy? Captopril was found to be remarkably
ffective in patients with difficult hypertension
ho had responded poorly to standard triple

herapy: a combination of a diuretic, a �-
locker, and a vasodilator. With clear evidence
hat captopril met a hitherto unmet need, it was
asy for the regulatory agency to provide an
ccelerated review and early acceptance.

Tissue protection is crucial. It is easy to for-
et that we treat high blood pressure not to
educe the blood pressure number but rather to
hange the natural history of disease. There are
ompelling reasons, reviewed previously, to

ope that renin inhibition—providing a degree
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Renin inhibition 517
f blockade of the system not achieved easily
ith alternative agents—will result in improved

issue protection. The obvious candidate is re-
al injury, but ultimately the logic extends to
ascular injury, myocardial infarction, heart fail-
re, and stroke.

A role for interference with the renin recep-
or and in that way the contribution of prorenin
epresents an equally attractive target.

Although we do not yet have the answers,
he studies required to address these issues al-
eady are under way. What shall we do in the
nterim until the relevant data become avail-
ble? Most of us are likely to do what we have
one in the past. There are patients for whom
he construct developed in this article is espe-
ially attractive, in particular if they are doing
oorly on current therapy. We do not have the
ption of telling patients who are currently in
eed to come back in 3 years when we have the
ata required for a definitive decision. In our
linical practice we have to act now to deal
ith problems now, and very often we have to
o our best with the best available information.
he introduction of renin inhibition is no ex-
eption. In the patient with type 1 diabetes
ellitus and proteinuria, for example, in whom

here is an inadequate response to an ACE in-
ibitor, it is entirely reasonable to try renin

nhibition, monitoring the influence on protein-
ria. It probably is equally appropriate to add
he renin inhibitor to the ACE inhibitor. Based
n identical logic, captopril was used widely for
he patient with proteinuria well before the
ppearance of the compelling evidence re-
uired for regulatory approval.29

Fortunately, based on the earlier experience
f success with ACE inhibition and AT1-recep-
or blockade, we will have the information re-
uired on the influence of the renin inhibitor
uch earlier in its development.
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