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REVIEW

The increase in renin during renin inhibition: does it
result in harmful effects by the (pro)renin receptor?

AH Jan Danser

Renin inhibitors, similar to all renin-angiotensin system (RAS) blockers, increase the plasma concentration of renin because
they attenuate the negative feedback effect of angiotensin (Ang) Il on renin release. The increase in renin has been suggested to
be higher than that during other types of RAS blockade. This could potentially limit the effectiveness of renin inhibition, either
because Ang Il generation might occur again (‘Ang Il escape’), possibly even at the levels above baseline, as has been described
before for angiotensin-converting enzyme inhibitors, or because high levels of renin will stimulate the recently discovered
(pro)renin receptor, and thus induce effects in an Ang-independent manner. This review shows first that the cause(s) of the renin

increase during treatment with the renin inhibitor aliskiren is the consequence of a combination of factors, including an assay
artifact, allowing the detection of prorenin as renin, and a change in renin half-life. When correcting for these phenomena the
increase is unlikely to be as excessive as originally thought. The review then critically describes the consequence(s) of such a
increase, concluding (i) that an Ang Il escape is highly unlikely, given the [aliskiren]/[renin] stoichiometry, and (ii) that renin and
prorenin downregulate their receptor (similar to many agonists). On the basis of the latter, one could even speculate that this
will be more substantial when the renin and prorenin levels are higher. Thus, from this point of view the larger increase in renin
during renin inhibition will cause a stronger reduction in (pro)renin receptor expression, and a greater suppression of (pro)renin

receptor-mediated effects than other renin—-Ang blockers.
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INTRODUCTION

Renin inhibitors, similar to all renin—angiotensin system (RAS)
blockers, increase the plasma concentration of renin because they
attenuate the negative feedback effect of angiotensin (Ang) II on renin
release. The increase in renin has been suggested to be higher than that
during other types of RAS blockade.! This statement is based on the
results of immunoreactive renin assays. Such direct assays still allow
the quantification of renin in the presence of a renin inhibitor, unlike
the indirect, enzymatic assays that rely on the measurement of renin
activity (that is, renin’s capacity to generate Ang I).

An excessive increase in renin could potentially limit the effective-
ness of renin inhibition, either because Ang II generation might occur
again (‘Ang II escape’), possibly even at levels above baseline, as has
been described before for angiotensin-converting enzyme (ACE)
inhibitors,”™ or because high levels of renin will stimulate the recently
discovered (pro)renin receptor, and thus induce effects in an Ang-
independent manner.>® This review first focuses on the cause(s) of
the renin increase during renin inhibition. It then critically reviews the
consequence(s) of such an increase, if any.

WHY DOES RENIN INCREASE ‘EXCESSIVELY’ DURING RENIN
INHIBITION?

Given the interference with the negative feedback loop, as mentioned
above, it is not surprising that renin increases during RAS blockade. In
fact, it has been suggested that the increase in renin is a reflection of
the degree of RAS blockade, that is, that a higher increase in renin
reflects superior RAS blockade.” Thus, the simplest explanation for the
excessive increase in renin during renin inhibition is that renin
inhibitors provide better RAS blockade than ACE inhibitors and/or
Ang II type 1 (AT;) receptor blockers. In support of this concept, the
renin inhibitor aliskiren exerted additional effects in heart (a further
decrease in brain natriuretic peptide!®) and kidney (a further decrease
in albuminuria!!) when given on top of what is currently considered
‘optimal’ RAS blockade (with ACE inihibitors and/or AT receptor
blockers) in subjects with heart failure or nephropathy, respectively.
Aliskiren also induced additional blood pressure-lowering effects on
top of other RAS blockers,'? and its effects on renal plasma flow were
double than that of an ACE inhibitor.!? Yet, it did not promote left
ventricular mass regression on top of AT receptor blockade with
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losartan.!* This could relate to the use of additional (non-RAS-
related) antihypertensive medication in this trial, resulting in similar
blood pressure reductions in all treatment arms.

A second reason why the renin increase is higher than normal may
relate to an alteration in renin clearance. Renin clearance largely
depends on its glycosylation pattern, as the carbohydrate moieties
determine its uptake by Kupffer cells in the liver.!> The responsible
clearance receptors are, among others, mannose 6-phosphate recep-
tors.!618 These receptors bind and internalize both renin and its
inactive precursor, prorenin, and the two enzymes are subsequently
degraded intracellularly with a half-life of several hours. Renin
inhibitors alter the three-dimensional structure of renin.!® As
a consequence renin might become more resistant against metaboliz-
ing enzymes. Indeed, when bound to aliskiren the half-life of intra-
cellular renin increased two- to threefold.”’ The same applied to
prorenin. This effect occurred in a concentration-dependent manner,
starting at aliskiren concentrations in the low pmolar range. Such
concentrations do occur in blood during aliskiren treatment,! and,
thus, assuming that this aliskiren-induced stabilization of renin and
prorenin affects all clearance pathways of renin and prorenin in vivo, it
is likely that this phenomenon contributes to the increase in renin
after renin inhibition. The effect might be particularly apparent when
combining renin inhibitors with other drugs that also stimulate renin,
such as diuretics, ACE inhibitors and AT receptor antagonists.' It is
important to note that aliskiren binding did not affect the binding
and internalization of renin/prorenin by mannose 6-phosphate
receptors.??

Third, the renin increase may be an assay artifact, because renin
inhibitors ‘activate’ renin’s precursor, prorenin (Figure 1).%2 This
‘activation’ is due to the fact that the prorenin prosegment is capable
of unfolding from the enzymatic cleft, in a pH- and temperature-
dependent manner, thereby resulting in two prorenin conformations:
a ‘closed’, inactive form, and an ‘open’ form that displays full
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enzymatic activity.?> Under physiological conditions, <2% of pro-
renin is in the open conformation.?* Renin inhibitors will bind to
prorenin in the open conformation. Consequently, due to the presence
of the renin inhibitor, the inactivation step (that is, the return to the
closed conformation) is now no longer possible, and thus, the
equilibrium between the closed and open conformation will shift
into the direction of the open conformation. Eventually, depending on
the concentration of the inhibitor, a significant proportion of prorenin
may be open (‘non-proteolytic activation’), allowing its recognition by
the active site-directed antibodies used in the above-mentioned direct
renin assays, despite the fact that the prosegment is still present
(Figure 1).20222526 This is quantitatively of major importance, as
prorenin levels are normally ~ 10-fold higher than those of renin,?’
and thus even if only a small percentage (for example, 10%) of
prorenin is recognized as renin, this will already double the immuno-
reactive ‘renin’ levels.

To determine to what degree the renin increase in humans post-
aliskiren actually represents prorenin, one needs a specific prorenin
immunoreactive assay, based on the recognition of the proseg-
ment.!®?" Such an assay allows the direct detection of prorenin,
without requiring its conversion into renin (Figure 1). Indeed, a
comparison of renin and prorenin measurements in blood samples
obtained from human volunteers treated with aliskiren, both
before and after prorenin activation, revealed that up to 30% of
prorenin was detected in renin-specific assays (Figure 2).2! This was
not an ex vivo phenomenon as a consequence of aliskiren binding to
prorenin during storage and handling of the samples, because the
aliskiren effect was most apparent at 24 and 48 h after drug intake, and
not at 5h after intake, when the plasma aliskiren levels were
highest (and when the largest consequences of this phenomenon,
if solely occurring during storage, should have occurred). Thus,
aliskiren binding to prorenin in vivo may falsely lead to the detection
of high ‘renin’ levels.

non-proteolytic ‘activation’
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Figure 1 Scheme depicting proteolytic and non-proteolytic prorenin activation, the various prorenin configurations and the three types of assays that currently
exist. Classically, prorenin is determined by subtracting the renin measurement before prorenin activation from that after prorenin activation. A prosegment
assay allows the direct detection of prorenin, on the basis of its prosegment. The prosegment can only be recognized when prorenin is in the ‘open’
conformation. Low temperatures and low pH shift the equilibrium between closed and open prorenin into the direction of the latter. A renin inhibitor (RI)
is capable of binding to open prorenin, thereby preventing its return to the closed conformation. See text for further explanation. Adopted from Krop et al.21
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Figure 2 Renin (top) and prorenin (bottom) levels in plasma in 20 subjects
on a low sodium diet after aliskiren exposure (75-600 mg), measured with
the active site-directed Cisbio renin immunoradiometric assay (‘Cisbio’
(pro)renin)) and/or a prosegment-directed assay (‘true’ (pro)renin)). See
Figure 1 for assay characteristics. ‘True’ renin levels were determined by
subtracting the prorenin levels measured with the prosegment assay from
the total renin levels measured with the Cisbio assay. For doses greater
than 75mg, time O usually occurred 48h after previous dose. Data
are meants.e.m. #P<0.05 vs. Cisbio (pro)renin; *P<0.01 vs. Cisbio
(pro)renin. Adopted from Krop et al.?!

In conclusion, the renin increase during aliskiren treatment is the
consequence of a combination of factors, including an assay artifact,
allowing the detection of prorenin as renin, and a change in renin half-
life. When correcting for these phenomena the increase is unlikely to
be as excessive as originally thought.

DOES THE RENIN INCREASE DURING ALISKIREN RESULT IN
AN ANG Il ESCAPE?

Irrespective of the cause of the renin increase and whether this increase
is exaggerated or not, an aspect which merits consideration is the
renin/aliskiren stoichiometry. Is the number of aliskiren molecules in
blood after aliskiren sufficient to block all renin molecules, even when
renin has increased several-fold? Unfortunately, immunoreactive
renin measurements do not distinguish aliskiren-bound and ‘free’
renin, that is, they recognize aliskiren-bound renin and free renin
equally well.

To address this question, we have therefore made use of the
plasma measurements of renin (concentration and activity) and
aliskiren in 20 healthy subjects on a low-sodium diet receiving
three out of four escalating doses of aliskiren (75, 150, 300 or
600 mg).!3 Each subsequent aliskiren dose was given 2 days after the
previous dose.
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Figure 3 Plasma renin, aliskiren/renin concentration ratio, percentage renin
inhibition, plasma renin activity and plasma angiotensin Il at 5h following
during exposure of 20 healthy subjects to escalating doses of aliskiren (75,
150, 300 or 600mg) on separate study days. Each subsequent aliskiren
dose was given 2 days after the previous dose. Data are obtained from
Fisher et al.13 and Danser et a/.28

Figure 3 shows the dose-dependent increases in renin and aliskiren
(two top panels). It also shows that the [aliskiren]/[renin] ratio
increases with each subsequent aliskiren dose up to 300 mg, reaching
a ratio of almost 20.000 after 5h. At 600 mg, the ratio no longer
increases, indicating that the increase in renin now matches the
increase in aliskiren.

The percentage of renin inhibition was subsequently calculated on
the basis of the aliskiren concentration, using the formula 100x
[aliskiren]/([aliskiren]+[ICs¢]), where [ICsq] represents the aliskiren
concentration (0.6nmoll~!) that is required to inhibit 50% of the
renin molecules (middle panel, Figure 3). The data show that renin



inhibition is >99% at 5 h after the 300 and 600 mg aliskiren doses. In
fact, it was still >95% at 24h after these doses.?® The inhibition
percentages reached after 150 mg aliskiren were only marginally
smaller, and correcting for the 50% of aliskiren that has been
estimated to be protein-bound in plasma did not make a difference
(data not shown).

Obviously, when using aliskiren in the clinically available once-daily
doses of 150 and 300 mg, the steady-state aliskiren levels will be even
higher than the levels reached here. Clearly, therefore, the circulating
aliskiren levels during regular aliskiren treatment are more than
sufficient to obtain (near-)complete renin blockade, even at trough.

The aliskiren-induced increase in renin is well below the 20-100-
fold increase required to overcome 95 or 99% of renin inhibition.!?
In agreement with this concept, plasma renin activity decreased after
aliskiren exposure (fourth panel, Figure 3), despite the increase in
renin concentration. In parallel with this decrease in renin activity,
aliskiren also suppressed plasma Ang II (bottom panel, Figure 3). This
is in full agreement with an earlier study on the effect of aliskiren on
circulating Ang I and II levels in salt-depleted volunteers.?’ Therefore,
an increase in Ang II during aliskiren treatment indeed does not occur:
it is the stoichiometry that counts, and not the increase in renin!

Without a increase in Ang II, it is also unlikely that (some) patients
might display a increase in blood pressure during aliskiren treatment,
as suggested by Sealey and Laragh.>*" In fact, both Stanton et al.*! and
Nussberger et al.3? have demonstrated that the greatest blood pressure-
lowering effect of aliskiren occurred in patients with high baseline
plasma renin activity, and the least effect in patients with low baseline
plasma renin activity.>">3? Therefore, at most, low-renin patients may
be resistant to aliskiren, but under no circumstances is an increase in
blood pressure to be expected with aliskiren.31-*3

ANGIOTENSIN-INDEPENDENT EFFECTS OF (PRO)RENIN:
ACTIVATION OF THE (PRO)RENIN RECEPTOR?

Angiotensin production in organs that do not synthesize renin locally
(such as the heart and vessel wall) depends on circulating (that is,
kidney-derived) renin.>*-3¢ Renin sequestration may occur by simple
diffusion into the interstitium and/or binding to a receptor.’’—’
Alternatively, prorenin, the inactive precursor of renin, might con-
tribute to tissue Ang production, particularly because its plasma levels
are much higher than those of renin.?” If true, a local prorenin—renin-
converting mechanism should exist, to allow prorenin to display
activity at tissue sites.

Recently, a (pro)renin receptor was described,” which not only
bound renin and prorenin, but which was also capable of activating
prorenin: binding induced a conformational change in the prorenin
molecule, allowing it to display full enzymatic activity without under-
going proteolytic cleavage to renin.>?%?440 Surprisingly, renin and
prorenin also acted as agonists for this receptor, inducing effects in an
Ang-independent manner.>%8:41

The (pro)renin receptor is a 350-amino acid protein with a single
transmembrane domain. Although it was first described on cultured
human mesangial cells,” the C-terminal part of the receptor had been
described earlier as an 8.9kDa fragment being associated with a
vacuolar H™-ATPase.#? Interestingly, (pro)renin receptor expression
appeared to be upregulated under pathological conditions, for exam-
ple, at cardiac tissue sites of stroke-prone spontaneously hypertensive
rats on a high salt diet,** and in the clipped kidneys of Goldblatt rats.**

The human (pro)renin receptor, when expressed in rat vascular
smooth muscle cells, bound prorenin with a K4 of 6 nmol 1~L. Renin
binding occurred with much lower affinity (K420 nmol1~1).20:2440
Binding was not apparent at 4 °C, most likely because the majority

Renin inhibition and (pro)renin receptor activation
AHJ Danser

(>90%) of the (pro)renin receptors is located intracellularly,” whereas
cycling between the intracellular compartment and the cell surface
occurs at 37 °C only. The binding affinities of prorenin and renin for
their receptor are 3—4 orders of magnitude above the normal levels of
prorenin and renin in blood plasma (&5 and 0.5 pmol1~!).?” Thus,
significant prorenin binding to the (pro)renin receptor in vivo will
most likely only occur at tissue sites where (pro)renin is produced
locally, that is, in the kidney, ovaries, testis, adrenal and eye.45

Given the higher affinity of prorenin (vs. renin) for the human
(pro)renin receptor, it seems reasonable to assume that the proseg-
ment facilitates binding, although this is clearly not the only binding
determinant. Peptidic antagonists have been designed based on the
idea that the prosegment of prorenin contains a ‘handle region’ which
binds to the receptor, allowing prorenin to become catalytically
active.*® These ‘handle region peptides’ (HRPs), mimic the handle
region and thus will bind competitively to the receptor, thereby
preventing receptor-mediated prorenin activation and reducing tissue
RAS activity. In support of this, HRP infusion normalized the elevated
renal Ang II content in diabetic rats,*® as well as the cardiac Ang II
content in stroke-prone spontaneously hypertensive rats, without
affecting blood pressure.*> However, HRP did not affect prorenin
binding in vascular smooth muscle cells overexpressing the human
(pro)renin receptor, nor the prorenin-induced Ang I generation in
these cells,>* even when used at a concentrations of 1 pmoll‘l.
Apparently, HRP is either a relatively weak antagonist, requiring
concentrations >1pmoll~! to exert blocking effects in vascular
smooth muscle cells, or the in vivo Ang-reducing effects with this
drug are exerted in an alternative, as yet unknown manner, not (only)
involving the (pro)renin receptor.

(Pro)renin binding triggers activation of the mitogen-activated
protein kinase (MAPK)—extracellular signal-regulated kinase (ERK)-
1/2 signaling pathway.> Subsequent studies after this initial discovery
confirmed ERK1/2 phosphorylation and showed that it was due to
ERK kinase and provoked Ets-like (Elk) gene phosphorylation.®841:47
Moreover, ERK1/2 activation resulted in the upregulation of trans-
forming growth factor-f; gene expression, the subsequent upregula-
tion of genes coding for profibrotic molecules such as plasminogen-
activator inhibitor-1, fibronectin and collagens, and the induction of
mesangial cell proliferation.>*! The ERK1/2 pathway is not the only
signaling pathway linked to the (pro)renin receptor, as the receptor
also appears to activate the MAP kinase p38-heat-shock protein 27
cascade”*® and the PI3K—p85 pathway.*® Importantly, the latter results
in the nuclear translocation of the promyelocytic zinc-finger tran-
scription factor, which downregulates the expression of the (pro)renin
receptor itself.4>>" In other words, high (pro)renin levels will suppress
(pro)renin receptor expression, thereby preventing excessive receptor
activation.

Interestingly, the vacuolar H"-ATPase inhibitor, bafilomycin, pre-
vented the renin- and prorenin-induced ERK1/2 phosphorylation in
cultured collecting duct/distal tubule lineage Madin-Darby canine
kidney cells.’! This suggests that ERK1/2 phosphorylation depends
on vacuolar H*-ATPase activity. Ang II also increases the activity of
vacuolar H*-ATPase in renal proximal tubule cells, mainly by increas-
ing the apical plasma membrane expression of vacuolar H'-ATPase.>?
This most likely relates to the observation that the vacuolar H'-
ATPase-B subunit contains binding sites to F-actin, so that an
interaction between vacuolar H*-ATPase and actin filaments allows
trafficking between the cytosol and the cell surface. As the p38 MAP
kinase inhibitor, SB203580, inhibited such trafﬁcking,52 it appears that
p38 MAPK, following its activation by Ang I, has a role in the control
of cytoskeleton proteins. The prorenin-induced stimulation of the
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Figure 4 Schematic overview of the prorenin—(pro)renin receptor ((P)RR)-vacuolar H*-ATPase-transforming growth factor-B; (TGF-B;) axis. (Pro)renin
receptor-binding induces a conformational change in the prorenin molecule, allowing prorenin, like renin, to generate angiotensin (Ang) | from
angiotensinogen (Aog), despite the fact that the prosegment is still present. In addition, renin/prorenin binding per se (that is, independently of angiotensin
generation) activates intracellular signal-transduction pathways. The latter will not be blocked by a renin inhibitor. Ang Il, among others, activates the same
pathway. See text for further explanation. ACE, angiotensin-converting enzyme; AT{R, Ang Il type 1 receptor; PAI-1, plasminogen-activator inhibitor-1.

Adopted from Danser.53

p38—-MAPK pathway also resulted in alterations in actin filament
dynamics.” Therefore, a unifying concept might be that the ERK1/2
activation by renin/prorenin is the consequence of the following order
of affairs (Figure 4): renin/prorenin binding to (pro)renin receptor —
p38 MAPK activation — actin filament trafficking — vacuolar
H*-ATPase activity T — ERK1/2 phosphorylation.”

Results from in vivo studies in transgenic rats overexpressing the
human (pro)renin receptor are in agreement with the concept of
(pro)renin-induced, Ang-independent effects.**>> The human (pro)-
renin receptor binds, but does not activate rat prorenin,54 and thus rat
prorenin will only induce signaling by the human (pro)renin receptor.
Indeed, the plasma and tissue Ang levels of transgenic rats over-
expressing the human (pro)renin receptor were unaltered. Yet, these
animals displayed increased levels of aldosterone in blood plasma®*>
and of cyclooxygenase-2 in the renal cortex.>* Moreover, from the age
of 7 months, they developed hypertension,55 proteinuria54 and/or
glomerulosclerosis.>* The latter was accompanied by increased MAPK
p42/p44 phosphorylation and transforming growth factor-f; expres-
sion. HRP prevented the development of glomerulosclerosis.>*

In contrast with these observations, glomerulosclerosis did not
occur in transgenic rats with inducible prorenin expression, despite
the fact that such rats, after induction, displayed a 200-fold increase in
plasma prorenin and were hypertensive.®® Moreover, HRP did not
block (pro)renin-induced signaling in U937 monocytes.® It was also
ineffective in transgenic mice with 13- to 66-fold increases in circulat-
ing prorenin, although captopril rapidly normalized the hypertension
in these animals. Of note, active site-mutated prorenin did not raise
blood pressure in this mouse model. These data suggest that the
primary consequence of chronic elevations in circulating prorenin is
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an Ang II-dependent increase in blood pressure. They do not support
a role for prorenin as the primary causative agent in renal glomerular
injury. Therefore, at present it is uncertain to what degree (pro)renin
receptor overexpression truly results in (pro)renin-induced effects and
whether the beneficial in vivo effects of HRP are solely due to prorenin
blockade.

So far, in vitro studies do not reveal any blocking effects of aliskiren
toward the direct effects of renin/prorenin by their receptor. Aliskiren
neither affected the binding of renin/prorenin to the receptor,
nor their signaling cascade after receptor activation.®2%%7 Aliskiren,
however, did block Ang generation by receptor-bound prorenin.?
In addition, as discussed above, renin inhibitors cause the largest
increase in renin of all RAS blockers. They also cause a modest
increase in prorenin.’® One might argue that such an increase
would result in increased (pro)renin receptor activation, thus poten-
tially causing (detrimental) effects. Yet, no such detrimental effects
have been observed during any of the many clinical trials with RAS
blockers. This may relate to the (pro)renin receptor downregulation
by high (pro)renin levels described by Schefe et al.4* In fact, in full
agreement with this feedback mechanism, diabetic rats treated with
aliskiren showed a decrease in (pro)renin receptor expression.”’
However, not all studies describe low (pro)renin receptor expression
in the face of high (pro)renin levels,*#8 possibly because other factors
(for example, Ang I1*°) affect (pro)renin receptor expression as well.

CONCLUSIONS/PERSPECTIVES

Both renin and prorenin increase during renin inhibition. The renin
increase is larger than that seen during other types of RAS blockade.
Although this could point to better RAS suppression during renin



inhibition, two more likely reasons for this large increase are a
methodological artifact (the recognition of aliskiren-bound prorenin
as renin) and a change in renin half-life after its binding to aliskiren.
Irrespective of the cause of the increase in renin, the aliskiren levels in
blood are high enough to suppress the Ang I-generating capacity of
renin, even when it has increased 10- to 20-fold, by >99% at 5h after
intake and still by >95% after 24h. Aliskiren will also block the
enzymatic activity of prorenin when bound to the (pro)renin receptor.
Therefore, it is highly unlikely that the increase in renin/prorenin will
result in substantial Ang II generation, and as a consequence, an
increase in blood pressure.

Aliskiren does not prevent the binding of renin/prorenin to
their receptor, or the subsequent activation of intracellular signaling
cascades. In other words, both renin and prorenin will still bind to the
receptor when associated with aliskiren, although obviously their
enzymatic activity is zero under those circumstances. Nevertheless,
it should be realized that renin and prorenin also downregulate their
receptor (similar to many agonists). One could even speculate that this
will be more substantial when the renin and prorenin levels are higher.
Thus, from this point of view the larger increase in renin during renin
inhibition will cause a stronger reduction in (pro)renin receptor
expression. If true, renin inhibitors would have an advantage over
other types of RAS blockers, as they not only suppress Ang generation
but also more strongly reduce effects mediated by the (pro)renin
receptor. Studies investigating the consequences of the three types of
RAS blockade under standardized conditions might address this issue.
Alternatively, (pro)renin receptor blockers might display additional
effects on top of RAS blockade.
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