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ABSTRACT: High-throughput screening and subsequent hit optimization identified 1-piperidinyl-
benzimidazoles, exemplified by compound 1, as TRPV4 inhibitors. Lead optimization identified potent
TRPV4 blocker 19, which has good target activity and pharmacokinetic properties. Inhibitor 19 was
then profiled in an in vivo rat model, demonstrating its ability to inhibit TRPV4-mediated pulmonary
edema.
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TRPV4 (transient receptor potential vanilloid receptor 4) is
a member of the vanilloid family of transient receptor

potential (TRP) ligand-gated ion channels. TRPV4 channels
are tetrameric with each monomeric unit comprising six trans-
membrane domains. The pore region, located between TM5
and TM6, mediates Ca2+ and Na+ entry across cell membranes
in response to pressure, stretch, temperature, hypotonicity, and
ligand activation.1

TRPV4 is expressed in many organs including lung, kidney,
brain, bladder, liver, choclea, retina, heart, and the vascula-
ture.2,3 Its abundant expression in vascular endothelium and
sensitivity to pressure and stretch have prompted studies to
determine if TRPV4 is implicated in regulating lung
permeability and the formation of pulmonary edema. TRPV4
was linked to elevated pulmonary vascular pressure-mediated
Ca2+ uptake by lung endothelium and subsequent acute lung
injury.4−6 Disruption of endothelial integrity at the alveolar
septal barrier in the lung is a hallmark of acute lung injury in
both respiratory distress syndrome and lung congestion
associated with heart failure. In heart failure patients, elevated
pulmonary venous pressures lead to lung congestion, resulting
in fatigue and shortness of breath (dyspnea).7,8

Direct implication of TRPV4 activity in lung injury was
accomplished by studying the effects of TRPV4 agonists on
lung permeability in rats and wild-type and TRPV4 knockout
mice.9 4αPDD and 5,6-EET, both selective TRPV4 agonists,
were found to increase lung permeability in a dose-dependent
manner in isolated rat lungs. This agonist effect was blocked in
rats pretreated with Ruthenium Red, a nonselective TRP
antagonist. Agonist-induced increases in lung permeability were

observed in wild-type mice but notably absent in TRPV4
knockout mice.
Similar studies were conducted in mouse models evaluating

the effects of heightened pulmonary venous pressure, as occurs
during heart failure.4 Isolated lung preparations from wild-type
mice showed significant increases in lung permeability and
subsequent pulmonary edema in response to elevated
pulmonary venous pressures. This response was substantially
attenuated in TRPV4 knockout mice and wild-type mice
pretreated with the TRPV4 antagonist Ruthenium Red. These
studies make a compelling argument for the discovery and
development of selective TRPV4 antagonists as a treatment for
lung congestion in the heart failure patient.
Previously, our group identified a series of orally active

quinoline carboxamide TRPV4 antagonists capable of attenuat-
ing pulmonary edema in heart failure models.10−12 To further
strengthen this proposed mechanism of action, we sought to
replicate the prior observation of protection against pulmonary
edema via TRPV4 blockade with a novel chemotype. To this
end, 1-(4-piperidinyl)-benzimidazoles were identified from
early hit-to-lead chemistry as having promising TRPV4
antagonist activity (Table 1). In addition to its potency, the
piperidine moiety provided a handle for robust chemical
tractability. A survey of standard amine functionalization
realized that sulfonamides, ureas, and amides had low
micromolar activity (5−7), while the N-phenylpiperidine, 1,
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was identified as being the most potent TRPV4 inhibitor in the
series. Interestingly, analogue 3 was synthesized to evaluate
subtle changes in amine disposition and showed a modest
decrease (∼3-fold) in TRPV4 potency. Given these results,
additional N-arylpiperidines based on lead compound 1 were
evaluated.
Additional structure−activity relationship (SAR) focused on

functionalization of the 2-amino group and the N,N-
dimethylamide. The isopropylamino moiety was found to be
optimal in the 2-position of the benzimidazole with amine
moieties larger than isopropylamine having a substantial loss in
TRPV4 potency. A survey of alternative amide group
substitution also revealed that amides other than N,N-
dimethylamide were not tolerated for TRPV4 activity. As a
result, these residues were conserved with further optimization
focused on surveying SAR at the N-arylpiperidine.
Compounds were synthesized by first preparing 2-nitroani-

line, 8, by SNAr2 addition of 1-tert-butoxycarbonyl (BOC)-4-
aminopiperidine into the requisite 2-fluoronitrobenzene
(Scheme 1). An iron reduction of the nitro group followed
by condensation of the phenylenediamine intermediate with
isopropylisothiocyanate provided benzimidazole 9. The N,N-
dimethylamide group was installed via selective deprotonation
at the C4-position of the benzimidazole followed by alkylation
of the aryl lithium with ethylchloroformate. The resulting ethyl
ester was subject to hydrolysis conditions to afford acid 10.
Subsequent amide coupling with dimethylamine followed by
BOC deprotection yielded the piperidine substrate required for
surveying the N-aryl moiety. This was accomplished through a
palladium-catalyzed coupling of an arylbromide to afford the N-
arylpiperidine generically exemplified by 11.
A survey of N-arylpiperidine groups indicated that a wide

variety of substitution was tolerated for TRPV4 activity (Table
2). In addition, favorable pharmacokinetic properties could be
realized as exemplified by early analogue 12. It became evident
that incorporating large hydrophobic groups in the aryl group’s
para-position achieved the highest levels of TRPV4 potency,

but this often resulted in decreased oral exposure in the rat as
exemplified by analogue 15. Interestingly, ester 17 was devised
in an effort to maintain the potency of tert-butyl analogue 14
and incorporate a synthetic handle for further functionalization
and was found to have excellent potency. Unfortunately, this
compound proved to be highly unstable in vivo in the rat, with
no quantifiable concentrations observed following either iv or
oral administration. Analysis of plasma samples did reveal the

Table 1. Lead Identification of Benzimidazole 113 Scheme 1. Synthetic Routea

aReagents and conditions: (a) Na2CO3, MeCN, 25 °C. (b) Fe,
NH4Cl, EtOH/H2O, 70 °C. (c) Isopropylisothiocyanate, pyridine, 70
°C, then EDC. (d) sec-BuLi, THF, −78 °C, then ClCO2Et. (e) KOH,
THF/EtOH/H2O, 70 °C. (f) Me2NH, T3P, (

iPr)2NEt, DCM, 0 °C.
(g) 1 N HCl, DCM, 25 °C. (h) Aryl bromide, Pd(OAc)2, (ortho-
biphenyl)(tBu)2P, Cs2CO3, 1,4-dioxane, 100 °C.

Table 2. Potency and PK Profiles for N-Aryl Piperidine
Analogues18

aClearance measurements derived from iv leg in units of mL/min/kg;
T1/2 derived from oral leg measured in hours. bNot quatifiable: target
compounds were not observed at detectable levels in isolated rat
plasma samples.
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presence of the corresponding carboxylic acid, 18. Believing
ester hydrolysis to be the principle clearance mechanism,
carboxylic acid 18 was surveyed and found to have no activity
against TRPV4. We hypothesized that the improved potency of
ester 17 was due to the incorporation of a hydrogen bond
acceptor and reasoned that the combination of the gem-
dimethyl group and a metabolically stable H-bond acceptor
would lead to an optimized inhibitor. To this end, nitriles 19
and 20 were surveyed and found to have excellent in vitro
potency with acceptable rat PK profiles for evaluating TRPV4
activity in vivo.
In an effort to establish a connection between TRPV4

activity and pulmonary edema, a rat in vivo model was
developed, whereby lung wet weights and mean arterial
pressure are measured with iv administration of a selective
TRPV4 agonist, GSK1016790A.14,15 Thirty minutes prior to
challenge with the agonist, animals were pretreated with
vehicle, 3 or 10 mg/kg iv of TRPV4 inhibitor 19.
GSK1016790A in the vehicle-treated group demonstrated a
dramatic dose-dependent decrease in mean arterial pressure
(MAP) and a significant increase in pulmonary edema (as
assessed by wet lung weight/body weight ratio) (Figure 1).
Nitrile 19 was evaluated in this study as it represents a good
tool compound; typical to this chemical series, its antagonist
activity in the rat (IC50 = 32 nM) is identical to its measured
human activity and does not have any TRPV4 agonist activity
in either species. In addition, ion channel selectivity for 19 is
excellent with no observed activity at concentrations greater
than 10 μM for the human Ca v1.2 (L-type), K v1.5, or Na v1.5
ion channels.16

Nitrile 19 dosed at 3 and 10 mg/kg providing plasma
concentrations of 1.26 (42 nM free) and 3.39 μM (112 nM
free), respectively.17 A dose-dependent decrease in agonist-
induced MAP decrease was observed with complete blockade
of the agonist affect with 10 mg/kg of compound 19. No effect
on MAP was observed in the pretreatment phase prior to
agonist challenge. While no effect on the lung/body weight
ratio was observed at 3 mg/kg, a significant decrease in wet
lung weight was observed at the 10 mg/kg dose as compared to
vehicle-treated rats. These results indicate that compound 19 is
active in vivo and able to inhibit TRPV4 activity, consistent
with prior observations.10−12

In conclusion, a novel series of small molecules have been
identified with potent TRPV4 antagonist activity and good ion
channel selectivity. In addition, many compounds in this series
demonstrate good DMPK properties, making this series useful
in studying the pharmacology of TRPV4 activity in vivo. To
this end, compound 19 demonstrated protection against
TRPV4-mediated pulmonary edema in the rat. These
preliminary results showing in vivo activity with a second
chemical class of TRPV4 antagonists compliment our previous
studies.10−12 Together, this body of data adds weight to the
evidence that lung permeability is closely linked to TRPV4
activity and that future TRPV4 antagonists have the potential to
alleviate respiratory distress in patients suffering from heart
failure.
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Figure 1. Effect of TRPV4 agonists and antagonists on rat MAP and lung wet weights.18
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