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Context: We describe the clinical investigation of the first
generation aldosterone synthase inhibitor, LCI699, in
patients with essential, uncontrolled, resistant, or
secondary hypertension. LCI699 competitively reduced
blood pressure at lower doses yet counterintuitive effects
were observed at higher doses.

Objective and method: An extensive endocrine
biomarker analysis was performed to better understand
the pharmacological mechanism of the drug.

Results: The interference of LCI699 in the renin–
angiotensin–aldosterone system occurred with limited
target selectivity, as a dose-dependent compensatory
stimulation of the hypothalamic-pituitary-adrenal feedback
axis was discovered. Thus, LCI699 affected two endocrine
feedback loops that converged at a single point, inhibiting
the 11b-hydroxylase reaction in the adrenal gland, leading
to supraphysiological levels of 11-deoxycortiscosterone.
The accumulation of this potent mineralocorticoid may
explain the blunted blood pressure response to LCI699.

Conclusion: Future aldosterone synthase inhibitors may
improve their target selectivity by sparing the 11b-
hydroxylase reaction and preferentially inhibiting one of
the two other enzymatic reactions mediated by
aldosterone synthase.

Keywords: aldosterone synthase, endocrine, feedback,
hypertension, hypothalamo-hypophyseal system

Abbreviations: ABPM, ambulatory blood pressure
monitoring; ACTH, adrenocorticotropic hormone; ASBP,
ambulatory SBP; BP, blood pressure; HPA, hypothalamic-
pituitary-adrenal; LC-MS/MS, liquid chromatography/
tandem mass spectrometry; MSDBP, mean sitting DBP;
MSSBP, mean sitting SBP; RAAS, renin–angiotensin–
aldosterone system
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nhibition of the effects of aldosterone represents
an important objective for cardiovascular disease
management. The mineralocorticoid receptor block-

ers, spironolactone and eplerenone, demonstrated impres-
sive outcome benefits in heart failure [1–4]. However,
blockade of the mineralocorticoid receptors leads to a
reactive increase of aldosterone secretion that may enhance
Copyright © Lippincott Williams & Wilkins. Unauth
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nongenomic effects reported to regulate the contractility of
the heart and coronary arteries [5,6]; affect tissues not
protected by the receptor blocker such as the brain;
and require compensatory higher doses of the blocker.
Therefore, at least conceptually, the inhibition of aldo-
sterone synthesis, similar to the successful development
of aromatase inhibitors for estrogen suppression and
hormone-dependent breast cancer prevention, would
appear to represent a preferable alternative to receptor
blockade [7].

Indeed, the concept of aldosterone synthase inhibition
originated from the development of the nonsteroidal
aromatase inhibitor fadrozole (CGS16949), which in a
dose-escalation study revealed aldosterone-suppressing
activity [8,9]. LCI699 is a proprietary, first-generation
aldosterone synthase inhibitor that was structurally derived
from FAD286, the enantiomer of fadrozole that harbors
minimal aromatase activity while retaining potent aldo-
sterone synthase inhibitory activity [10].

Aldosterone secretion from the adrenal gland, like
blood pressure (BP) control, is circadian and governed
by several factors that exert complex regulatory inter-
actions. In humans, the circadian pacemaker activity medi-
ates the secretion of adrenocorticotropic hormone (ACTH)
and renin in the early morning, which controls the release
of aldosterone with a peak level around waking (Fig. 1b–
d). Subsequently, the renin–angiotensin–aldosterone
system (RAAS) and potassium are the major regulators of
aldosterone synthesis in the adrenal gland, whereas ACTH
and sodium remain as minor modulators. In contrast, ACTH
tightly controls the release of cortisol [11].

The synthesis of aldosterone is controlled by the
biosynthetic activity of the adrenal gland in general and
the activity of the rate-limiting enzyme aldosterone
orized reproduction of this article is prohibited.
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FIGURE 1 (a) Regulatory endocrine feedback loops that control early and late adrenal steroidogenesis. (b–e) Diurnal variation of aldosterone secretion. Baseline hormone
peak times of melatonin (b), plasma renin activity (PRA) (c), aldosterone (d), and cortisol (e) [11,12]. 11b-OHase, 11b-hydroxylase; 11-DC, 11-deoxycortisol; 11-DOC, 11-
deoxycorticosterone; 17-OH-Preg, 17-hydroxypregnenolone; 17-OH-Prog, 17-hydroxyprogesterone; 18-OH-corticosterone, 18-hydroxycorticosterone; A4, androstenedione;
ACTH, adrenocorticotropin; Ang, angiotensin; Chol, cholesterol; CMO, corticosterone methyl oxidase; CRH, corticotropin-releasing hormone; DHEA, dehydroepiandroster-
one; K, potassium; Na, sodium; Preg, pregnenolone; Prog, progesterone; PVN, paraventricular nucleus; RAAS, renin–angiotensin–aldosterone system. Figure 1b–e repro-
duced with permission [11].
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synthase in particular. Specifically, aldosterone production
can be regulated by modulating either one or both of two
biosynthetic steps [12]. The early step is the conversion of
cholesterol to pregnenolone and the late step is the con-
version of deoxycorticosterone to aldosterone (Fig. 1a).
The late step converts the three substrates of aldosterone
synthase [cytochrome p450 (CYP) 11B2], 11-deoxycorti-
costerone, corticosterone, and 18-hydroxycorticosterone
to aldosterone via three distinct reactions: an 11b-hydroxyl-
ase followed by an 18-hydroxylase and a final 18-isomerase
reaction. In contrast, the late synthetic step from 11-deoxy-
cortisol to cortisol is only mediated by an 11b-hydroxylase
reaction (CYP11B1). As the pharmacological target
CYP11B2 shares an enzymatic 11b-hydroxylase reaction
and, therefore, a high sequence homology with CYP11B1,
a dose-dependent and time-dependent monitoring of
the mediators of the aldosterone and cortisol endocrine
feedback loops was necessary to determine the selectivity,
efficacy, and safety of LCI699.

Careful investigation of a new hormonal therapy
provides an opportunity to analyze the components of
the affected endocrine systems in order to characterize
the mode of action of the drug, its target and potential
related off-target pharmacodynamic properties as well as
the short- and long-term adaptations of these systems that
may affect the efficacy and the safety of the therapy. Given
that eplerenone has a plasma half-life similar to LCI699,
Copyright © Lippincott Williams & Wilkins. Unauth
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it was believed that evaluating both once-daily and twice-
daily applications of LCI699 was warranted. Indeed, a
twice-daily application of LCI699 may better prevent the
circadian morning surge of aldosterone. The therapeutic
responsiveness of a disease condition characterized by
an absolute or relative aldosterone excess (i.e., relative to
the renin activity) or even in the absence of an apparent
excess was matter of conceptual debate. Therefore, the
pharmacological profile of LCI699 was explored in
four clinical phase II studies in patients with primary
aldosteronism (absolute excess), resistant and uncontrolled
hypertension (relative excess), and in essential hyper-
tension (no apparent excess).

PATIENTS ANDMETHODS
Four clinical phase II studies with LCI699 in patients
with hypertension have been sponsored by Novartis
Pharma AG in Basel and are registered at http://www.
clinicaltrials.gov. For all studies, the study was described
by a nurse, co-ordinator, or investigator and informed
consent was obtained from each participant in writing
before randomization.

Study CLCI699A2201
Study CLCI699A2201 is a placebo and active controlled dose-
finding study to evaluate the efficacy and safety of LCI699 in
orized reproduction of this article is prohibited.
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Inhibition of aldosterone synthase
patients with essential hypertension (NCT00758524) [13].
This was a multicenter, randomized, double-blind,
placebo-controlled and active-controlled, parallel group
study to evaluate the efficacy and safety of LCI699 compared
with placebo after 8 weeks’ treatment in patients with essen-
tial hypertension, and the methods have been presented
elsewhere in more detail [13]. The primary objective was to
evaluate the reduction inmean sittingDBP (MSDBP)23–26h
postdose (11–14h after twice-daily dosing).

Study CLCI699A2206
Study CLCI699A2206 is a proof-of-concept study for
the aldosterone synthase inhibitor LCI699 in patients with
primary hyperaldosteronism (NCT00732771) [14]. This was
a 4-week treatment single-blind, placebo-controlled,
sequential, and forced-titration study in 14 patients
(18–70 years) diagnosed with primary aldosteronism
within the past 3 years, and the methods have been pre-
sented elsewhere in more detail [14]. The main objectives of
the study were to determine whether LCI699 would decrease
aldosteroneproduction, lower the mean 24-h ambulatory BP
monitoring (ABPM), and increase the plasma potassium
concentration compared with baseline. Plasma electrolytes
and blood hormone levels were measured after patients had
rested in the supine position for 1 h.

Study CLCI699A2215
Study CLCI699A2215 is an evaluation of the effects
of LCI699 on cortisol in patients with hypertension
(NCT00817414) [15]. This was a 6-week prospective,
randomized, double-blind, placebo-controlled study
of LCI699 in patients (18–75 years) with an established
diagnosis of hypertension (>140/90 mmHg and <180/
110 mmHg) and taking at least one antihypertensive
treatment [15]. The primary objective of this study was to
determine the maximally tolerated dose of LCI699 with
respect to cortisol suppression following ACTH stimulation
in patients with hypertension. The secondary objectives
were to characterize the LCI699 exposure–response
relationship on cortisol levels following ACTH stimulation.

Study CLCI699A2216
Study CLCI699A2216 is an evaluation of the effects of
LCI699 on safety and efficacy in individuals with resistant
hypertension (NCT00817635) [16]. This was a randomized,
double-blind, placebo and active controlled, parallel-
group, multicenter, dose-ranging study to evaluate the
efficacy and safety of LCI699 compared with placebo
and eplerenone after 8 weeks’ treatment in patients
(18–75 years) with resistant hypertension [elevated mean
sitting SBP (MSSBP) �140 and �180 mmHg taking three or
more antihypertensive drugs, including a nonpotassium-
sparing diuretic, at optimal doses] [16]. The primary objec-
tive of this study was to explore the efficacy of three LCI699
dose regimens with respect to the change from baseline in
MSSBP compared with placebo.

Blood sampling and biomarker analysis
In order to further characterize the target and off-target
pharmacodynamic effects of LCI699 in these studies,
and to assess the response of endocrine feedback to
Copyright © Lippincott Williams & Wilkins. Unauth
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the exposure of LCI699, morning plasma samples were
subjected to an extensive biomarker analysis. Blood
samples in all four clinical studies were drawn in the
morning between 0700 and 1000 h from patients who
had fasted overnight and after resting in seated position
for approximately 15min. The blood samples were sent to a
central laboratory for analysis of biochemical markers,
such as sodium and potassium, as well as hormonal
markers, such as cortisol, 11-deoxycortisol, 11-deoxy-
corticosterone, ACTH, aldosterone, plasma renin concen-
tration, or plasma renin activity. Cortisol, 11-deoxycortisol,
and 11-deoxycorticosterone were measured using a
standardized high performance liquid chromatography/
tandem mass spectrometry (LC-MS/MS) method. Aldoster-
one, ACTH, renin concentration, and renin activity
were measured using radioimmunoassay systems. Descrip-
tive statistics for biochemical and hormonal markers were
provided for all studies. The means and descriptive
measures displayed here were obtained from the corre-
sponding tables prepared for study reports.

RESULTS

Study CLCI699A2201: LCI699 in essential
hypertension
LCI699 treatment resulted in both diastolic and systolic
office BP reductions that were statistically significant
compared with placebo [13]. Furthermore, LCI699 once
daily showed a dose-dependent lowering in MSSBP with
placebo-subtracted reductions of 6.07� 2.07 mmHg for the
0.25 mg dose (two-sided P value for change from baseline
of 0.0035), 7.76� 1.87 for the 0.5 mg dose (P<0.0001),
and 9.01� 2.11 for the 1mg dose (P<0.0001). The 1mg
once-daily LCI699 dose was numerically noninferior to
eplerenone at 50mg twice daily and resulted in a placebo-
subtracted reduction in MSSBP of 10.42� 2.28 mmHg
(P<0.0001). Surprisingly, the placebo-subtracted MSSBP
reduction of 6.19� 2.26 mmHg (P¼ 0.0063) achieved with
LCI699 0.5 mg twice daily appeared to be inferior to
dosing of 1.0 and 0.5 mg once daily, even though plasma
aldosterone levels were further suppressed with this dose.
As expected, the LCI699 twice-daily regimen effectively
lowered plasma aldosterone levels in contrast to
eplerenone, which raised plasma aldosterone levels due
to its pharmacological mechanism of action (Fig. 2a). In
addition, the other plasma biomarkers characterizing
the aldosterone endocrine feedback loop showed the
anticipated pharmacologically induced changes within
reported reference values: that is, raised plasma renin
activity, raised serum potassium, and decreased serum
sodium, similar to treatment with eplerenone (Fig. 2b–d).

The assessment of the hypothalamic-pituitary-adrenal
(HPA) feedback axis revealed stable plasma cortisol levels
(Fig. 2e). These values most likely reflect a compensatory
endocrine feedback mechanism as LCI699 dose-depend-
ently inhibits 11b-hydroxylase, as revealed by increasing
enzymatic substrate levels of 11-deoxycortisol. The dose-
dependent rise in ACTH levels confirms the induction of
an endocrine feedback loop that results in the stimulation
of adrenal steroidogenesis to compensate for the impaired
cortisol synthesis. However, the adrenal compensation in
orized reproduction of this article is prohibited.
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the presence of LCI699 leads to a significant elevation of
circulating 11-deoxycorticosterone beyond the normal
reference values for this substrate of aldosterone synthase.
Not surprisingly, in view of the ACTH response, the LCI699-
induced increase of 11-deoxycorticosterone showed a clear
dose–response relationship with 0.5 mg twice-daily dosing
superior to 1.0 mg once-daily dosing (Fig. 2h).

Study CLCI699A2206: LCI699 in primary
hyperaldosteronism
The primary endpoint of BP reduction was met, although
BP reductions were modest [14]. The mean 24-h and
day-time ambulatory SBP (ASBP) was reduced by only
4.2 mmHg (P¼ 0.0441 and P¼ 0.0355) compared with
baseline. The anticipated marked BP reduction was not
observed in spite of the complete normalization of the
excessive plasma aldosterone levels and the normalization
of hypokalemia (Supplemental digital content: Fig. 1,
http://links.lww.com/HJH/A269). The increase in renin
activity and a slight decrease in serum sodium further
reflected the inhibitory effect on aldosterone synthesis.

The assessment of the HPA feedback axis revealed stable
plasma cortisol values yet increased 11-deoxycortisol and
ACTH values again indicating inhibition of 11b-hydroxyl-
ase and compensatory induction of the endocrine feedback
loop (Supplemental digital content: Fig. 1, http://links.
lww.com/HJH/A269). In the presence of LCI699, the stimu-
lated adrenal steroidogenesis led to a dramatic increase
of the aldosterone synthase substrate, 11-deoxycorti-
costerone. The excessive values for deoxycorticosterone
returned to normal within a week of LCI699 withdrawal
(Supplemental digital content: Fig. 1, http://links.lww.com/
HJH/A269).
Study CLCI699A2215: LCI699 on cortisol in
hypertension
The study showed a clear dose-dependence of the ACTH
stress test for LCI699 and indicated a time-dependence
for the maximal onset and reversal [15]. Furthermore, a
dose-dependent treatment effect on BP was apparent for
once-daily dosing (mean change in MSSBP from baseline to
day 43 were –11.2, –12.4, –14.9, and –13.3 mmHg for
LCI699 0.5 mg once daily, 1.0 mg once daily, 1.0 mg twice
daily, and 2.0 mg once daily, respectively, vs.–2.4 mmHg
with placebo). The plasma biomarkers for aldosterone,
serum potassium, plasma renin activity, and serum sodium
revealed pharmacologically induced changes consistent
with an inhibition of aldosterone synthase (Supplemental
digital content: Fig. 2, http://links.lww.com/HJH/A269).

Once again, the changes in the HPA feedback axis
reflected the observed dose-dependent impairment
of the ACTH stress test (Supplemental digital content:
Fig. 1, http://links.lww.com/HJH/A269). The increased
11-deoxycortisol levels in the presence of stable cortisol
values are indicative of an inhibitory effect on 11b-
hydroxylase and explain the inferior cortisol excursions
upon exogenous ACTH stimulation. The compensatory
induction of endogenous ACTH stimulates adrenal
steroidogenesis and mediates the accumulation of 11-deoxy-
corticosterone in the presence of aldosterone synthase
Copyright © Lippincott Williams & Wilkins. Unauth
Journal of Hypertension
inhibition. The administration of LCI699 1mg twice daily
induced increases in 11-deoxycorticosterone, 11-deoxy-
cortisol, and ACTH beyond the normal reference ranges
(Supplemental digital content: Fig. 2, http://links.lww.com/
HJH/A269).

Study CLCI699A2216: LCI699 in resistant
hypertension
In this study, the reported BP-lowering effects of LCI699
were inferior to eplerenone (change from baseline MSSBP:
LCI699 0.25 mg twice daily, –11.4 mmHg; 0.5/1.0 mg
twice daily, –12.5 mmHg; 1.0 mg once daily, –13.1 mmHg;
eplerenone 50mg twice daily, –18.7 mmHg; placebo –
8.8 mmHg) [16]. The plasma biomarkers for potassium,
renin activity, and sodium revealed pharmacologically
induced changes similar to eplerenone (Fig. 3b–d). How-
ever, plasma aldosterone levels decreased upon LCI699
treatment, which was in contrast to eplerenone exposure
(Fig. 3a). The biomarker assessment of the HPA axis
confirmed an inhibitory effect on 11b-hydroxylase and a
compensatory stimulation of adrenal steroidogenesis
leading to the excessive accumulation of 11-deoxycorti-
costerone (Fig. 3e–h).

Summary
The four phase II clinical studies in patients with various
forms of hypertension revealed a consistent interference of
LCI699 in the aldosterone and HPA endocrine feedback
loops. The accumulation of 11-deoxycorticosterone
was excessive beyond the normal reference ranges and
shows a clear dose-dependence, with enhanced sensitivity
to twice-daily dosing regimens (Fig. 4). An indirect com-
parison of LCI699 on the induction of 11-deoxycorti-
costerone and reduction of plasma aldosterone levels
with fadrozole shows that treatment of healthy volunteers
with fadrozole 2mg twice daily for 2 weeks impaired
aldosterone synthase, clearly reduced plasma aldosterone,
and only slightly increased substrate values [17]. However,
the increase of 11-deoxycorticosterone upon fadrozole
exposure was markedly less than the levels observed with
the administration of LCI699 at relatively similar levels of
aldosterone suppression.

DISCUSSION
LCI699 established a consistent pharmacological profile
across all four hypertension studies demonstrating a
dose-dependent and administration-dependent (once or
twice daily) reduction in BP. However, further investigation
revealed interference with two endocrine feedback loops
that converge at the adrenal gland: the RAAS and the HPA
axis. Inhibition of aldosterone synthase and the resulting
suppression of aldosterone levels was demonstrated by
the expected stimulation of the RAAS feedback axis with
a slight decrease in plasma sodium and an increase in
plasma potassium levels as well as stimulation of the
plasma renin concentration and activity. Unfortunately,
the observed increase in 11-deoxycortisol levels indicated
off-target inhibition of the 11b-hydroxylase activity of
CYP11B1 that resulted in the stimulation of the HPA feed-
back axis. The resulting increase in ACTH levels stimulated
orized reproduction of this article is prohibited.
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EPL, eplerenone 50 mg twice daily; LCI, LCI699 applied at 0.25 mg twice daily, 1.0 mg once daily, 0.5 mg/1.0 mg twice daily from left to right; PBO, placebo; REF, clinical
reference value.
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FIGURE 4 LCI699, in contrast to fadrozole, is primarily an 11b-hydroxylase inhibitor. X indicates the suspected enzyme inhibitory step for LCI699. The comparison of
LCI699 with fadrozole is a dose compilation of clinical studies with LCI699 described herein and fadrozole reference data. BL, baseline value for the respective adjacent
LCI699 study arm to the right; Fadr, fadrozole applied at 2.0 mg twice daily (derived from a healthy volunteer study published by Trunet et al. 1992 [17]); LCI, LCI699
applied at 0.25 mg twice daily (derived from study CLCI6992216), 0.5 mg twice daily (derived from study CLCI699A2201), and 1.0 mg twice daily (derived from study
CLCI699A2215); PBO, placebo control for the fadrozole study arm; REF, clinical reference value.

Inhibition of aldosterone synthase
adrenal steroidogenesis to compensate for the inhibited
cortisol secretion. The consequences of an ACTH-stimu-
lated adrenal gland in the presence of a pharmacologically
inhibited aldosterone synthase, thus, produced a supra-
physiological increase of the aldosterone synthase
substrate, 11-deoxycorticosterone.

The biological activity of steroid hormones can be
explained by their unbound availability. At physiological
concentration, 96% of circulating cortisol or 11-dexocorti-
costerone is protein-bound. Conversely, aldosterone is
weakly protein bound (63%) and most of the rest is free
[18,19]. The steroid-binding plasma proteins determine
the biological hormone activity as the intracellular steroid
concentration – and therefore the induced transcriptional
activity – is proportional to the free steroid in the plasma
and not the total [12]. As such, the total (free and protein-
bound) plasma concentration of aldosterone is in the range
of 11-deoxycorticosterone, yet significantly lower than
the concentration of corticosterone. If one compares the
free plasma steroid fractions, aldosterone dominates the
level of 11-deoxycorticosterone yet remains lower than
corticosterone. However, the biological activity of corti-
costerone is limited by its weak mineralocorticoid activity,
which is likely two orders of magnitude lower than
Copyright © Lippincott Williams & Wilkins. Unauth
Journal of Hypertension
aldosterone and 11-deoxycorticosterone. Therefore,
the biological activity of aldosterone is assured by the
tight protein binding of the potent mineralocorticoid
11-deoxycorticosterone and the weak mineralocorticoid
activity of corticosterone [20,21].

The 11-deoxycorticosterone plasma levels induced by
LCI699 increased up to 10-fold from baseline. Should the
free steroid fraction remain constant, LCI699 would induce
significant levels of biologically active 11-deoxycortico-
sterone. The relative mineralocorticoid receptor stimulation
of 11-deoxycorticosterone would further increase in the
presence of reduced aldosterone levels. The unselective
steroidogenesis inhibitor metyrapone, used for Cushing’s
disease, has been reported to increase 11-deoxycorti-
costerone levels, and this has been associated with BP
increases and the occurrence of hypokalemia [22,23]. Thus,
the LCI699-induced increase in 11-deoxycorticosterone
levels may very well explain the observed disappointing
BP reductions achieved with the compound at higher
doses and particularly upon twice-daily administration.
The potassium-sparing activity of LCI699, however, seems
less affected by increasing 11-deoxycorticosterone levels.
Consistently, the lower and once-daily applied doses
of LCI699, despite modest plasma aldosterone reductions,
orized reproduction of this article is prohibited.
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resulted in relatively better BP reductions as observed in
study CLCI699A2201 in untreated patients with essential
hypertension.

The fact that urinary sodium and potassium excretion
was not measured to quantitate the overall mineralocorti-
coid effect might be considered a certain limitation of these
efficacy trials. However, under steady state conditions,
when the present measurements were carried out, electro-
lytes in the urine may predominantly reflect the amount of
sodium and potassium ingested rather than the prevailing
mineralocorticoid effect. Careful cumulative balance
studies would have been required to quantitate the overall
mineralocorticoid effect and these were not possible in the
framework of these investigations.

What mechanistic profile should an aldosterone
inhibitor ideally exhibit to be therapeutically successful?
We propose the following features based on the clinical
studies with LCI699 in hypertension, the mechanistic
observations with fadrozole in a dose-escalation study,
and two genetic inborn errors in the terminal step of
aldosterone synthesis.

First, the clinical data with LCI699 clearly indicate
that a compound must exhibit a significant separation
between aldosterone synthase inhibition on CYP11B2
and 11b-hydroxylase inhibition on CYP11B1. Even without
apparent changes in plasma cortisol levels, increasing
concentrations of the enzyme substrate 11-deoxycortisol
indicate 11b-hydroxylase inhibitory activity and sub-
sequent induction of the HPA feedback axis to compensate
for an impairment of cortisol synthesis via stimulation
of adrenal steroidogenesis. Because ACTH stimulates the
first enzymatic steps in adrenal steroidogenesis, it stimulates
the synthesis of glucocorticoids, mineralocorticoids, as well
as adrenal androgens and long-term hypertrophy of the
adrenal gland (Fig. 1).

Second, an aldosterone synthase inhibitor should have a
longer plasma elimination half-life than LCI699, as the
aldosterone wake surge should be suppressed with either
an evening or a morning drug administration. In addition, a
compound with a longer half-life allows the establishment
of narrower therapeutic drug plasma levels; that is, it avoids
high peak–trough drug level ranges that affect the com-
pound selectivity at the peak level and the compound
efficacy at the trough level.

Third, an ideal aldosterone synthesis inhibitor would
inhibit the conversion of a weak mineralocorticoid precursor
into aldosterone. As aldosterone synthase catalyzes three
enzymatic steps, the enzyme offers potentially three target
sites for an enzyme inhibitor with different substrate:
product ratios. Fadrozole treatment increased the ratios of
plasma 18-hydroxycorticosterone/aldosterone as well
as urinary 18-hydroxy-tetrahydroaldosterone/tetrahydro-
aldosterone [24]. As these ratio alterations were nearly
identical to those previously observed in members of a
family with corticosterone methyloxidase type II defect,
the authors concluded that fadrozole inhibits aldosterone
synthesis primarily via inhibition of the 18-isomerase
reaction (corticosterone methyloxidase type II). In this
case, the conversion of an enzyme substrate of weak
mineralocorticoid activity is inhibited with fadrozole. There-
fore, we conclude that a pharmacological agent for
Copyright © Lippincott Williams & Wilkins. Unauth
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aldosterone synthase inhibition should preferentially inhibit
the 18-isomerase step in order to build up the weak min-
eralocorticoids18-hydroxycorticosterone
and corticosterone.

Has the objective of selective aldosterone synthesis
inhibition been achieved? Unfortunately not yet, as
LCI699 has demonstrated its limitations. However, based
on the observations made with LCI699, fadrozole, and
FAD286, the therapeutic strategy remains viable and tech-
nically feasible. A selective aldosterone synthesis inhibitor
may be complementary or an alternative to spironolactone
for the treatment of conditions that require high spirono-
lactone doses, such as in primary aldosteronism or hepatic
cirrhosis as doses beyond 50mg per day have been clearly
associated with endocrine side-effects. A selective aldo-
sterone synthase inhibitor in conditions treated with lower
doses of spironolactone or eplerenone, such as chronic
heart failure and hypertension, may allow a better dose-
dependent normalization of aldosterone and potassium
levels.
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Reviewers’ Summary Evaluations

Referee 1
Schumacher et al. describe the clinical investigation of a
first generation aldosterone synthase inhibitor (LCI699) in
patients with essential hypertension, primary aldosteronism
and resistant arterial hypertension. The inhibition of
aldosterone synthase is an interesting approach in order
to interfere with aldosterone effects on the cardiovascular
system, reduce nongenomic effects on target organ, and
protect tissues potentially without the known limitations of
mineralocorticoid receptor blockers. Unfortunately, LCI699
was found to indirectly affect the hypothalamic-pituitary-
adrenal axis thus leading to compensatory accumulation of
ACTH and 11-deoxycortisterone. As a consequence of this,
the lower, once daily administered dose of LCI699 resulted
in grater BP reductions.

Referee 2
This is an interesting hypothesis-generating analysis of
clinical studies of an aldosterone synthase inhibitor. The
authors provide evidence that 11-deoxycorticosterone
accumulates when LCI699 is given twice a day and hypo-
thesize that activation of the mineralocorticoid receptor
by this precursor could reduce the beneficial effects
of decreased aldosterone formation. The study would have
been strengthened by inclusion of urinary sodium and
potassium data.
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