
Discovery of Triazole CYP11B2 Inhibitors with in Vivo Activity in
Rhesus Monkeys
Scott B. Hoyt,*,† Whitney Petrilli,† Clare London,† Gui-Bai Liang,† Jim Tata,† Qingzhong Hu,‡

Lina Yin,‡,§ Chris J. van Koppen,§ Rolf W. Hartmann,‡ Mary Struthers,† Tom Wisniewski,† Ning Ren,†

Charlene Bopp,† Andrea Sok,† Tian-Quan Cai,† Sloan Stribling,† Lee-Yuh Pai,† Xiuying Ma,†

Joe Metzger,† Andreas Verras,† Daniel McMasters,† Qing Chen,† Elaine Tung,† Wei Tang,†

Gino Salituro,† Nicole Buist,† Joe Clemas,† Gaochao Zhou,† Jack Gibson,† Carrie Ann Maxwell,†

Mike Lassman,† Theresa McLaughlin,† Jose Castro-Perez,† Daphne Szeto,† Gail Forrest,† Richard Hajdu,†

Mark Rosenbach,† and Yusheng Xiong†

†Merck Research Laboratories, Rahway, New Jersey 07065, United States
‡Department of Pharmaceutical and Medicinal Chemistry, Saarland University and Helmholtz Institute for Pharmaceutical Research
Saarland (HIPS), Campus C2-3, D-66123 Saarbrücken, Germany
§ElexoPharm GmbH, Im Stadtwald, D-66123 Saarbrücken, Germany

*S Supporting Information

ABSTRACT: Hit-to-lead efforts resulted in the discovery of compound 19, a potent CYP11B2
inhibitor that displays high selectivity vs related CYPs, good pharmacokinetic properties in rat and
rhesus, and lead-like physical properties. In a rhesus pharmacodynamic model, compound 19 displays
robust, dose-dependent aldosterone lowering efficacy, with no apparent effect on cortisol levels.
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Aldosterone is a steroid hormone produced in the adrenal
zona glomerulosa, and is one of several endogenous ligands

that bind the mineralocorticoid receptor (MR).1,2 Binding of
aldosterone to MR yields a complex that can activate gene
transcription, ultimately leading to the production of proteins
such as ENaC, the epithelial sodium channel responsible for
reabsorption of sodium in the kidney. Classically, this sodium
reabsorption and its attendant water retention and blood
volume increase were thought to drive aldosterone’s known
ability to increase blood pressure. However, more recent
studies indicate that aldosterone raises blood pressure primarily
by promoting vasoconstriction, and by acting in the CNS to
increase central sympathetic drive.3 In addition to its effects on
blood pressure (BP), aldosterone is also known to produce BP-
independent organ damage via inflammatory and pro-fibrotic
pathways, and to play a role in insulin resistance.4

Aldosterone synthase (CYP11B2) is a mitochondrial
cytochrome P450 (CYP) enzyme that catalyzes the final
three steps of aldosterone biosynthesis. Compounds that inhibit
CYP11B2 should thus inhibit the formation of aldosterone, and
may be useful as treatments for hypertension, heart failure, and
diabetes. Small molecule CYP11B2 inhibitors have been
reported in the literature, and one, LCI-699, has recently
been shown to lower blood pressure in the clinic, thus
providing validation for the use of CYP11B2 inhibitors as
treatments for hypertension.5−10

Steroid-11β-hydroxylase (CYP11B1) is a related enzyme that
catalyzes the formation of glucocorticoids such as cortisol, an
important regulator of glucose metabolism. Human CYP11B2
and CYP11B1 are >93% homologous, and given the
physiological importance of cortisol, selectivity for inhibition
of CYP11B2 vs 11B1 is required. LCI-699 displays only ∼4-fold
selectivity for inhibition of human CYP11B2 vs 11B1 in cell-
based in vitro assays.7 In the clinic, doses of LCI-699 higher
than 0.5 mg elicited suppression of cortisol levels, presumably
as a result of CYP11B1 inhibition. Selectivity greater than that
exhibited by LCI-699 would thus be desired to derisk the
potential for adverse effects resulting from cortisol suppression.
Related CYPs 17 and 19, though less homologous to

CYP11B2, play important roles in the conversion of steroidal
precursors such as pregnenelone and progesterone to end
products such as estrone and testosterone. Selectivity with
regard to these CYPs as well as the major hepatic CYPs
involved in drug metabolism is also required.
Our goal is to discover selective CYP11B2 inhibitors as

treatments for hypertension. Previous studies by part of our
team identified a range of attractive starting points for hit-to-
lead studies.8 Of these, the pyridyl lactams first reported by the
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Hartmann group appeared particularly promising.10 Subsequent
work in a related triazole series, described herein, has led to the
discovery of potent CYP11B2 inhibitors that display selectivity
vs related CYPs, good pharmacokinetic profiles, and robust
aldosterone lowering in a rhesus pharmacodynamic model.
Triazole compounds were synthesized as described in the

Supporting Information section, and were tested for inhibition
of human CYP11B2 and CYP11B1. The preparation of these
compounds has also been reported previously.11

The pyridyl lactams originally reported by Hartmann and co-
workers displayed potent and selective inhibition of CYP11B2,
but modest PK profiles. In an effort to improve both PK
properties and structural novelty, we converted the bicyclic
lactam to a tricyclic triazole. Compounds in this triazole series
were optimized with respect to CYP11B2 potency, selectivity vs
CYP11B1 and other CYPs, lipophilic ligand efficiency (LLE),
and PK properties.12 We began by synthesizing a variety of
triazoles bearing an attached pyridine. As shown in Table 1, the

unsubstituted triazole 1 displayed moderately potent CYP11B2
inhibition. Triazoles substituted with small- or medium-sized
alkyl groups such as 2−4 displayed similar potencies, with LLE
decreasing as the lipophilicity of the triazole R group increased.
Incorporation of larger alkyl groups such as cyclohexyl
(compound 5) or tert-butyl (not shown) afforded less potent
analogs. When compared to cyclohexyl derivative 5, the
sterically similar phenyl analogue 6 proved to be considerably
more potent, suggesting a beneficial pi-type interaction between
6 and the target. Unfortunately, while 6 displayed the most
potent CYP11B2 inhibition in this series, it was an even more
potent inhibitor of CYP17 and CYP19 (see Table 6 for details).
Additional analogs were prepared that contained substituted
phenyl or heteroaromatic R groups (not shown), but like 6,
these also displayed potent CYP17 and CYP19 inhibition. On
the basis of these data, the unsubstituted and methyl-
substituted triazoles appeared to provide the best combination
of CYP11B2 inhibition, B2/B1 selectivity, and lipophilic ligand
efficiency, and thus were featured in subsequent studies.
With optimized triazole substituents in hand, we next

examined the effects of substitution on the pyridine ring, the
presumed site of heme binding. Prior work had established that
substitution of the 2- or 6-positions adjacent to the pyridine
nitrogen was not tolerated. Indeed, substitution at either of

those sites with even a methyl group typically abolished all
activity. We thus focused our efforts at the 4- and 5-positions,
with an emphasis on substituents that had previously proven
optimal. As shown in Table 2, substitution of the 5-position

with lipophilic electron-withdrawing groups such as fluoro
(compound 7) or trifluoromethyl (compound 8) afforded no
improvement in potency or B2/B1 selectivity relative to
unsubstituted parent compound 2. In contrast, substitution
with a methyl ester as in 9 yielded improvements in both
potency and LLE. Unfortunately, ester replacements that might
be more stable in vivo such as amides 10 and 11 or methyl
sulfone 12 were inactive. Phenyl sulfone 13 displayed potent
CYP11B2 inhibition, but its lower LLE relative to compounds
like 9 reflects an undesired increase in lipophilicity. Substitution
of the 5-position with a tertiary alcohol as in 14 gave a
compound with reduced potency, but an improved PK profile
(see Table 3). Conversion of alcohol 14 to the corresponding

methyl ether 15 afforded a 10-fold improvement in potency
and an attendant increase in LLE. Tertiary methyl ester 16
matched the potency of 15, but as with 9−12 above, more
metabolically stable ester replacements, including a variety of
amides and heterocycles, typically proved less potent (data not
shown). Finally, isoquinoline 17 delivered the best combination

Table 1. Effect of Triazole Substitution on CYP11B2 and B1
Inhibition and LLE

Cpd R
CYP11B2a

(IC50, nM)
CYP11B1a

(IC50, nM) B1/B2b LLEc

1 H 300 >10000 >33 4.59
2 Me 423 >10000 >24 4.18
3 c-Pr 487 >10000 >21 3.36
4 CF3 506 >8333 >16 3.02
5 Cy 2400 >8333 >3 1.30
6 Ph 103 1357 13 3.13

aIC50s calculated from n ≥ 2, see Supporting Information for details.
bRatio of hCYP11B1 IC50/hCYP11B2 IC50.

cLigand lipophilic
efficiency; LLE = pIC50 − aLogP98.

Table 2. Effect of Pyridine Substitution on CYP11B2 and B1
Inhibition and LLE

Cpd R
hCYP11B2a

(IC50, nM)
hCYP11B1a

(IC50, nM) LLEb

7 F 558 >10000 3.86
8 CF3 486 >10000 3.18
9 CO2CH3 58 2198 5.19
10 C(O)NHCH3 >8333 >8333 <3.68
11 C(O)N(CH3)2 >8333 >8333 <3.47
12 SO2CH3 >8333 >8333 <3.36
13 SO2Ph 40 1501 4.10
14 C(CH3)2OH 283 >8333 4.38
15 C(CH3)2OCH3 19 219 5.14
16 C(CH3)2 CO2CH3 19 317 4.76
17 5 407 5.20

aIC50s calculated from n ≥ 2, see Supporting Information for details.
bLigand lipophilic efficiency; LLE = pIC50 − aLogP98.

Table 3. Rat Pharmacokinetic Profiles of Selected
Compoundsa

Cpd Mic Clint
b F (%)c AUCN (po)d Clp

e t1/2
f

2 55 6 0.10 38 0.2
14 <20 19 0.19 50 1.5
15 107 10 0.03 177 0.3
17 33 75 0.27 150 0.4

aSee Supporting Information for experimental details. bIntrinsic
clearance in rat liver microsomes (mL/min/kg). cBioavailability.
dArea under the curve, normalized for dose (μM·h·kg/mg). ePlasma
clearance (mL/min/kg). fHalf-life (h).
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of CYP11B2 inhibition, B2/B1 selectivity, and LLE observed in
this series. Taken together, these results provided several
promising starting points for subsequent lead optimization, and
suggested that further exploration of substitution at the 4- and
5-positions was warranted.
Selected triazoles were profiled in a rat pharmacokinetic

assay, and in assays that determined rat plasma protein binding
and intrinsic clearance in rat liver microsomes.13 The parent
methyl triazole 2 displayed a weak profile, with moderate
intrinsic and plasma clearance, and low oral bioavailability and
exposure (Table 3). A metabolite identification study, wherein
compound 2 was incubated with rat liver microsomes and the
products of oxidative metabolism identified by mass spectrom-
etry, implicated conversion of the pyridine to a pyridine N-
oxide as the primary form of oxidative metabolism. With that in
mind, we next profiled triazole 14, which contained a bulky
tertiary alcohol group that could potentially block enzymatic
access to the pyridine. Compound 14 did in fact display lower
intrinsic clearance than 2 in rat liver microsomes, as well as
improved oral bioavailability and exposure. Somewhat surpris-
ingly, it also displayed higher plasma clearance, indicating the
involvement of non-CYP-mediated clearance pathways. These
might involve, among other things, aldehyde oxidase (AO)-
mediated oxidation of the pyridine or phase II conjugation of
the tertiary alcohol. Alternatively, as 14 exhibits a low logD of
0.6 and good aqueous solubility, it might be cleared renally as
intact parent. Compound 15, the methyl ether derivative of 14,
was submitted for PK determination, but it displayed
significantly higher intrinsic and plasma clearance, suggesting
the ether methyl as a site of metabolism. Finally, potent triazole
17 was also profiled, but it too suffered high plasma clearance
and, like 14, exhibited a disconnect between its intrinsic and
plasma clearance rates. In this case, as isoquinolines are known
substrates for AO, the higher plasma clearance of 17 might be
explained by AO-mediated oxidation of its isoquinoline
domain.14

Compound 14 displayed an initial profile that was promising,
but suffered from non-CYP-mediated clearance that limited its
potential. We speculated that its low lipophilicity (logD = 0.6)
might underlie undesired renal clearance of water-soluble
parent compound, and/or suboptimal absorption through cell
membranes. If that were true, we would be in the somewhat
unusual (yet easily remedied) position of needing to increase
the lipophilicity of our compounds. To test this hypothesis, we
prepared analogs of 14 that replaced a methyl group at the R,1

R2, or R3 position with a more lipophilic trifluoromethyl group.
As shown in Table 4, replacement of the triazole R1 methyl
with a trifluoromethyl gave 18, a compound with a logD nearly
a full unit higher than that of 14. Unfortunately, compound 18
displayed only modest CYP11B2 inhibition and low B2/B1
selectivity. Replacement of the R2 or R3 methyl groups with
trifluoromethyl was more productive, affording a pair of
enantiomers, 19 and 20, that were more potent and selective
than either 18 or 14.15 In fact, since the R3 trifluoromethyl of
19 confers added potency, compound 19 is able to maintain an
LLE equal to 14’s despite its higher lipophilicity. Finally,
replacement of both the R1 and R3 methyls or the R1 and R2

methyls with trifluoromethyl yielded enantiomers 21 and 22.
While the lipophilicities of these compounds fall well within
what is often considered to be the ideal range (logD = 1−3),
their modest potencies and B2/B1 selectivities prevented them
from receiving further consideration.
By increasing lipophilicity, we were able to significantly

improve pharmacokinetic properties in this series. When tested
in rats, trifluoromethylated compounds 18 and 19 showed
reduced plasma clearance and significantly higher oral
bioavailability and exposure relative to compound 14 (Table
5). In the case of compound 19, the improvement in plasma

clearance may be attributable to the reduction in free fraction,
but in the case of compound 18, additional factors may
contribute. The improvements in oral exposure observed with
18 and 19 exceed what would be expected based on the
reductions in plasma clearance, and indicate improved
absorption for these compounds as well. Notably, key
compound 19 displays a strong PK profile in both rat and

Table 4. Effects of Trifluoromethylation at R1, R2, and R3

Cpd * R1 R2 R3 hCYP11B2a (IC50, nM) hCYP11B1a (IC50, nM) B1/B2b LLEc logDd

14 CH3 CH3 CH3 283 >8333 29 4.38 0.6
18 CF3 CH3 CH3 526 1473 3 3.02 1.5
19 (S) CH3 CH3 CF3 64 4402 69 4.36 1.2
20 (R) CH3 CF3 CH3 109 >8333 76 4.13 1.2
21 (S) CF3 CH3 CF3 461 887 2 2.42 2.2
22 (R) CF3 CF3 CH3 476 >8333 >18 2.41 2.2

aIC50s calculated from n ≥ 2, see Supporting Information for details. bRatio of hCYP11B1 IC50/hCYP11B2 IC50.
cLigand lipophilic efficiency; LLE =

pIC50 − aLogP98.
dDetermined experimentally by HPLC.

Table 5. Rat and Rhesus Pharmacokinetic Profiles of
Selected Compoundsa

Cpd logDb species PPBc
Mic
Clint

d F (%)e
AUCN
(po)f Clp

g t1/2
h

14 0.6 rat 67 <20 19 0.19 50 1.5
19 1.2 rat 25 <20 87 1.88 21 1.2
18 1.5 rat 30 <20 83 3.87 10 2.9
19 1.2 rhesus 31 <20 100 16.26 3 7.8

aAssay details reported in Supporting Information. bDetermined
experimentally by HPLC. cPlasma protein binding, reported as % free
compound. dIntrinsic clearance in liver microsomes (mL/min/kg).
eBioavailability. fArea under the curve, normalized for dose (μM·h·kg/
mg). gPlasma clearance (mL/min/kg). hHalf-life (h).
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rhesus, with low intrinsic and plasma clearance, a significant
free fraction, high oral exposure, and in rhesus, a half-life of 7.8
h.
Compounds from this series exhibited high selectivity versus

related CYP targets. As exemplified by the representatives in
Table 6, triazoles typically displayed high selectivity for

inhibition of CYP11B2 vs mitochondrial CYPs 17 and 19,
and hepatic CYPs 3A4, 2C9, and 2D6 (data for 2C9 and 2D6
not shown). Aryl substituted triazoles such as compound 6
were the exception, as these showed potent and undesirable
inhibition of CYPs 17 and 19.
A benchmark compound from this series also displayed high

selectivity versus a broad range of additional targets.
Compound 19 was tested against a panel of 37 enzymes,
receptors and ion channels, and at a concentration of 10 μM,
displayed <40% activity against all targets in the screen.
Compound 19 was also tested in assays that measure block of
ion channels important for cardiac functioning. Specifically, it
was tested in a binding assay that measures displacement of 35S-
labeled MK-0499, a known hERG blocker, and in functional
assays that measure block of Nav1.5 and Cav1.2.16 In each of
these assays, compound 20 exhibited an IC50 > 30 μM,
indicating minimal risk for cardiovascular adverse effects.
Compounds from this series were potent inhibitors of human

and rhesus CYP11B2 (Table 7), but were typically much less

potent inhibitors of rat CYP11B2 (data not shown). Given the
low identity/homology between human and rat CYP11B2
(∼80%), and the higher homology between human and rhesus
CYP11B2 (∼95%), this is perhaps not surprising. As a result,
key compounds could not be evaluated for aldosterone
lowering efficacy in previously described rat models, and were
instead evaluated in a rhesus pharmacodynamic model.
Compound 19 displayed robust, dose-dependent aldosterone

lowering efficacy when dosed i.v. in a rhesus pharmacodynamic
model. Details of the experimental protocol employed in this
model have been recently described.17 In this model, monkeys
are anesthetized to maintain stable baseline levels of
aldosterone. Thus, even though compound 19 displays a PK
profile suitable for oral dosing, the use of anesthetized animals
necessitated i.v. dosing. Compound 19 was administered to
anesthetized rhesus monkeys at i.v. doses of 0.003, 0.01, 0.03,

0.1, 0.3, and 1.0 mg/kg. Plasma levels of aldosterone and 11-
deoxycortisol (11-DOC), a biosynthetic precursor of cortisol,
were quantified by LC−MS at various time points up to 180
min postdose, allowing the determination of AUCs for
aldosterone and 11-DOC over that time course. Plasma
concentrations of compound 19 were measured at 90 min
postdose, and free (unbound) concentrations were calculated
based on 19’s 31% free fraction in rhesus plasma.
When dosed i.v. at 0.1, 0.3, and 1.0 mg/kg, compound 19

produced statistically significant reductions in aldosterone AUC
of 48%, 71%, and 98%, respectively, when compared to baseline
(Figure 1). Compound 19 achieved these effects at free plasma
concentrations 90 min postdose of 19, 73, and 279 nM,
respectively. The reduction in aldosterone AUC effected by a
1.0 mg/kg dose of compound 19 is comparable to that
produced by a 1.0 mg/kg i.v. dose of Fadrozole, a potent but
poorly selective CYP19/CYP11B2/CYP11B1 inhibitor that has
been shown to reduce blood pressure in rodent preclinical
models of hypertension.18−20 Additionally, at doses up to 1.0
mg/kg, compound 19 does not produce an increase in 11-DOC
AUC, suggesting that CYP11B1, the enzyme that converts 11-
DOC to cortisol, has not been significantly inhibited. In
contrast, a 1.0 mg/kg dose of Fadrozole, which displays potent
inhibition of both CYP11B2 and CYP11B1, elicits a significant
increase in 11-DOC AUC. These data demonstrate that, in an
acute setting, compound 19 is capable of producing significant
reductions in rhesus plasma aldosterone levels with no apparent
effect on cortisol levels.
In these initial experiments, compound 19 displays good

agreement between in vitro and in vivo assay results. At a free
plasma concentration of 19 nM, compound 19 produces a 48%
reduction in aldosterone AUC, which is consistent with its
potent inhibition of rhesus CYP11B2 (IC50 = 12 nM).
Additionally, at free plasma concentrations up to 279 nM, no
reduction in 11-DOC AUC and no apparent inhibition of
CYP11B1 are observed, which would be expected given
compound 19’s weaker inhibition of rhesus CYP11B1 (IC50
= 3483 nM).
Aldosterone is a clinically validated biomarker for blood

pressure, which itself is a strongly validated biomarker for
cardiovascular morbidity and mortality. In a large (n = 524)
Phase II clinical trial, 0.5 mg of LCI-699 dosed twice daily
produced a mean 34% reduction in plasma aldosterone, along
with significant reductions in mean systolic (−9.7 mmHg) and
diastolic (−4.7 mmHg) blood pressure at 8 weeks.5 Compound
19’s profound ability to reduce plasma aldosterone levels
(>95%) in rhesus thus suggests that a compound from this
series with a suitable profile would be efficacious at reducing
blood pressure in a clinical setting.
In summary, we have reported the discovery and hit-to-lead

optimization of a novel series of triazole CYP11B2 inhibitors. A
benchmark compound from this series, compound 19, displays
potent inhibition of human and rhesus CYP11B2, high
selectivity versus related CYP targets, and a good pharmaco-
kinetic profile in rat and rhesus. In a rhesus pharmacodynamic
model, compound 19 exhibits robust, dose-dependent
aldosterone lowering efficacy. At doses and plasma levels that
produce a 98% reduction in plasma aldosterone AUC,
compound 19 elicits no increase in the AUC of 11-
deoxycortisol, a biosynthetic precursor of cortisol. Additional
lead optimization in this series has been completed, and will be
reported in due course.

Table 6. Activity of Selected Compounds at Related Human
CYP Enzyme Targets

Cpd
hCYP11B2a

(IC50, nM)
hCYP17a

(IC50, nM)
hCYP19a

(IC50, nM)
hCYP3A4a

(IC50, nM)

6 103 84 21 36510
9 58 >10000 >10000 >50000
15 19 >10000 11160 >50000
19 64 >10000 >30000 >50000

aIC50s calculated from n ≥ 2, see Supporting Information for details.

Table 7. Activity of Selected Compounds at Human and
Rhesus CYP11B2

Cpd hCYP11B2a (IC50, nM) rhCYP11B2a (IC50, nM)

14 283 34
15 19 3
19 64 12

aIC50s calculated from n ≥ 2, see Supporting Information for details.
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Figure 1. Effects of compound 19 on plasma AUCs of aldosterone and 11-deoxycortisol (11-DOC) in rhesus monkeys.
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