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BACKGROUND AND PURPOSE
Inhaled amiloride, a blocker of the epithelial sodium channel (ENaC), enhances mucociliary clearance (MCC) in cystic fibrosis
(CF) patients. However, the dose of amiloride is limited by the mechanism-based side effect of hyperkalaemia resulting from
renal ENaC blockade. Inhaled ENaC blockers with a reduced potential to induce hyperkalaemia provide a therapeutic strategy
to improve mucosal hydration and MCC in the lungs of CF patients. The present study describes the preclinical profile of a
novel ENaC blocker, NVP-QBE170, designed for inhaled delivery, with a reduced potential to induce hyperkalaemia.

EXPERIMENTAL APPROACH
The in vitro potency and duration of action of NVP-QBE170 were compared with amiloride and a newer ENaC blocker,
P552-02, in primary human bronchial epithelial cells (HBECs) by short-circuit current. In vivo efficacy and safety were assessed
in guinea pig (tracheal potential difference/hyperkalaemia), rat (hyperkalaemia) and sheep (MCC).

KEY RESULTS
In vitro, NVP-QBE170 potently inhibited ENaC function in HBEC and showed a longer duration of action to comparator
molecules. In vivo, intratracheal (i.t.) instillation of NVP-QBE170 attenuated ENaC activity in the guinea pig airways with
greater potency and duration of action than that of amiloride without inducing hyperkalaemia in either guinea pig or rat. Dry
powder inhalation of NVP-QBE170 by conscious sheep increased MCC and was better than inhaled hypertonic saline in terms
of efficacy and duration of action.

CONCLUSIONS AND IMPLICATIONS
NVP-QBE170 highlights the potential for inhaled ENaC blockers to exhibit efficacy in the airways with a reduced risk of
hyperkalaemia, relative to existing compounds.
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Abbreviations
P552-02, N-(3,5-diamino-6-chloropyrazine-2-carbonyl)-N’-4-[4-(2,3-dihydroxypropoxy)phenyl] butyl-guanidine; CF,
cystic fibrosis; EIPA, 5-(N-Ethyl-N-isopropyl) amiloride; ENaC, epithelial sodium channel; FRT, Fisher rat thyroid; HBEC,
human bronchial epithelial cell; ISC, short-circuit current; MCC, mucociliary clearance; NHE, sodium hydrogen
exchanger; NVP-QBE170, 1,4-Di-{4-[N’-(3,5-Diamino-6-chloro-pyrazine-2-carbonyl)-guanidino]-piperidine-1-
carbonyl}-benzene; PHA, pseudohypoaldosteronism; TPD, tracheal potential difference

Introduction
The epithelial sodium channel (ENaC) is composed of three
subunits (αβγ) (Canessa et al., 1993) that are expressed in the
apical membrane of several fluid absorptive epithelia includ-
ing cortical collecting duct, colon and airway (Kellenberger
and Schild, 2002). ENaC has been recognized as a drug target
for the treatment of cystic fibrosis (CF) for approximately 30
years (Boucher, 2007). In the lungs, ENaC is responsible for
the reabsorption of sodium ions out of the airway and with
its osmotically obliged water (Knowles et al., 1981; Matsui
et al., 1998). Airway mucosal hydration is critical for the
formation of a mucus gel that can be transported by muco-
ciliary clearance (MCC) and cough clearance, critical compo-
nents of innate host defence in the lung (Boucher, 2007). In
CF, there is a deficit of hydration in the airway resulting from
either impaired or absent functioning of the CF transmem-
brane conductance regulator that is responsible for the secre-
tion of both chloride and bicarbonate ions (Boucher et al.,
1988; Quinton, 1989; Riordan et al., 1989; Matsui et al.,
1998). As a consequence of this, mucus adheres to epithelial
surfaces and MCC fails. Some studies have also suggested that
ENaC activity is enhanced in the airway epithelium of CF
patients although the interpretations of the data are contro-
versial (Knowles et al., 1981; Boucher et al., 1988; Chen et al.,
2010; Itani et al., 2011). Irrespective of whether ENaC is
hyperactive in the CF airway, a blocker would be predicted to
improve hydration and mucus clearance (Hirsh, 2002).

In support of this hypothesis, loss of function mutations
in ENaC subunits can lead to the salt wasting disorder pseu-
dohypoaldosteronism type 1 (PHA) (Chang et al., 1996;
Strautnieks et al., 1996). PHA patients present with systemic
electrolyte disturbances as a result of the loss of ENaC func-
tion in the kidney, but also show an airway MCC rate that is

three- to fourfold the rate of a normal healthy individual
(Kerem et al., 1999). Conversely, a transgenic mouse that
over-expresses the β-subunit of ENaC on a lung-specific pro-
moter develops a lung phenotype that includes plugging of
the airways with mucus that fails to clear (Mall et al., 2004).
In addition, the administration of topical amiloride to the
airways of the newborn ENaC transgenics prevents the devel-
opment of the mucus obstruction and subsequent lung
inflammation and damage (Zhou et al., 2008). Together, these
data support the central role that ENaC plays in the airway
epithelium in regulating hydration and thereby affecting a
critical component of innate host defence. Furthermore, a
safe and well-tolerated ENaC blocker would be predicted to
enhance innate defence in the CF lung and be of clinical
benefit.

The potassium sparing diuretic amiloride (Figure 1A), an
ENaC blocker, was demonstrated to enhance MCC in CF
patients following inhalation (Köhler et al., 1986; App et al.,
1990), although reports of clinical benefit have been variable
between studies (Knowles et al., 1990; Graham et al., 1993;
Bowler et al., 1995; Pons et al., 2000). It has been proposed
that amiloride lacks the required potency and duration of
action in the airway (Hofmann et al., 1997; Noone et al.,
1997; Hirsh, 2002), properties that cannot be compensated
for by simply increasing the dose as it is rapidly cleared by the
kidney where target engagement induces hyperkalaemia
(Perazella, 2000). When ENaC is blocked in the renal cortical
collecting duct, sodium ions are no longer absorbed and
potassium accumulates in the body. Two new ENaC blockers,
P552-02 (Parion Sciences, Figure 1B) and GS9411 (Parion
Sciences/Gilead, structure not disclosed), both amiloride ana-
logues, have been specifically designed for inhaled dosing
and show increased in vitro potency over amiloride (Hirsh
et al., 2008). However, development of both candidates
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appears to have halted, with GS9411 having been reported to
induce hyperkalaemia in clinical studies (O’Riordan et al.,
2014).

The goals of the present study were therefore to develop a
novel class of ENaC blockers with substantially different
properties to those previously described. Interesting com-
pounds would retain potent activity in vitro, block airway
ENaC and enhance MCC following inhalation in vivo and
show evidence of a reduced potential to induce hyperkalae-
mia compared with amiloride and P552-02. To this end,
we report on the preclinical properties of NVP-QBE170
(Figure 1C), a dimeric-amiloride derivative that shows a
potent and selective block of ENaC both in vitro and in vivo
with a significantly enhanced safety window over existing
ENaC blockers, in terms of hyperkalaemia.

Methods

All animal care and experimental procedures were in accord-
ance with the guidelines of the United Kingdom Home Office
on the Operation of the Animals (Scientific Procedures) Act
1986 and were approved by the local Ethical Review Process
or Swiss Animal Welfare law. Sheep studies were approved by
the Mount Sinai Medical Center Animal Research Commit-
tee. The results of all studies involving animals are reported in
accordance with the ARRIVE guidelines (Kilkenny et al., 2010;
McGrath et al., 2010). A total of 228 animals were used in the
experiments described here.

Male Dunkin Hartley guinea pigs (300–650 g) and male
Sprague-Dawley rats (250–450 g) (Harlan, UK) were used
during the course of these studies. Animals were acclimatized
for a minimum of 7 days before study, maintained on a 12 h
light-dark cycle at a temperature of 21 ± 2°C and humidity of

55 ± 5%. Animals were allowed food (guinea pigs: FD1 pellets,
SDS, UK; rats: RM1P, Lillico, Aylesford, UK), hay (autoclavable
hay bales, Lillico) and water ad libitum.

Cell culture
Human bronchial epithelial cell (HBEC) culture. HBECs (Lonza,
Slough, UK) were cultured at an air-liquid interface (ALI) as
previously described (Coote et al., 2008). From the first day
of establishment of an ALI, HBECs were fed with a
DMEM : HAMS F-12 (1:1) media containing 2% Ultroser G
(Pall BioSepra, Cergy, France) with gentamicin (50 μg·mL−1)
and amphotericin B (50 ng·mL−1). Cells were used for short-
circuit current (ISC) assay between days 14 and 21 after the
establishment of the ALI.

Transiently transfected human, rat and guinea pig ENaC in Fisher
rat thyroid (FRT) cells. FRT cells were cultured in T162 cm2

flasks with F-12 Ham nutrient mix supplemented with 10%
FBS, 100 U·mL−1 penicillin and 100 μg·mL−1 streptomycin
(growth media) at 37°C in a humidified atmosphere of 5%
CO2 (Sheppard et al., 1994). FRT cells were transiently trans-
fected with the plasmids encoding either rat or guinea pig
ENaC subunits using Fugene 6 (Roche Biosciences, Burgess
Hill, UK) as previously described (Coote et al., 2008). For
human ENaC subunits, either wild type or mutants encoding
for modifications of key amiloride-binding sites (αβG525Aγ
and αβγG537C) were transfected (Schild et al., 1997). Trans-
fections were performed in growth media further supple-
mented with amiloride (10 μM). After overnight transfection,
the FRT cells were trypsinized and seeded onto filter inserts
(1.65 × 105 cells per insert) using growth media supplemented
with dexamethasone (30 nM) and amiloride (10 μM). The
inserts were fed on both the apical and the basolateral sides
on day 1 post seeding. Cells were used for ISC assays on day 2.

Figure 1
Chemical structures of amiloride (A) and the related ENaC blockers P552-02 (B) and NVP-QBE170 (C).
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ISC and patch clamp assays
ISC assay. At the stated time in culture, the ion transport
properties of HBEC or transfected FRT cells were examined
using the ISC technique. Cells on Snapwell inserts were
mounted on Vertical Diffusion Chambers (Harvard Appara-
tus, Cambridge, UK) and were bathed with continuously
gassed Ringer solution (5% CO2 in O2; pH 7.4) maintained at
37°C containing (in mM): 120 NaCl, 25 NaHCO3, 3.3 KH2PO4,
0.8 K2HPO4, 1.2 CaCl2, 1.2 MgCl2 and 10 glucose. The solu-
tion osmolality was always between 280 and 300 mosmol·kg–1

H2O for all physiological salt solutions used. Cells were
voltage clamped to 0 mV (model EVC4000; WPI, Hitchin,
UK) and the ISC was measured. Transepithelial resistance (RT)
was measured by applying a 1 or 2 mV pulse at 30 s intervals
and calculating RT by Ohm’s law. Data were recorded using a
PowerLab workstation (ADInstruments, Oxford, UK). Direct
ENaC blocker compounds were added to the apical chamber
from a 1000-fold stock solution (prepared in DMSO) to
achieve a cumulative concentration response in terms of the
inhibition of the basal ISC. At the completion of the concen-
tration response, a supra-maximal concentration of amiloride
(10 μM human; 30 μM guinea pig or rat) was added. IC50

values were calculated assuming that the cumulative current
inhibition achieved with the test compound and supra-
maximal amiloride reflected the total ENaC-mediated ISC.

Washout assay. HBECs were mounted in Ussing chambers
and short circuited as described above. Amiloride (20 μM) was
then added to the apical chamber to establish the magnitude
of the ENaC-mediated ISC. Following a 2 min incubation, the
apical chamber was perfused with fresh Ringers solution
(5 mL·min−1) and the ISC recovered to the pre-amiloride level.
At this time, the perfusion was stopped and the test ENaC
blocker was added to the apical chamber at approximately
100× IC50 value (amiloride: 20 μM, NVP-QBE170: 700 nM,
P552-02: 250 nM). Compounds were incubated with the
HBEC for either 2 or 10 min and then the apical perfusion
was restarted (washout) and recovery of the ISC was measured.
Washout of test compounds was quantified as the % recovery
of the ENaC-mediated ISC at 300 s after initiation of the apical
perfusion.

Patch clamp assay. The sheep ENaC α1, β1 and γ1 subunit
cDNAs were subcloned in the pXOON expression vector
(Jespersen et al., 2002) and were transfected using Fugene 6
(Roche Biosciences). The intra- and extracellular solutions
used for whole-cell patch clamp studies were Na+ ion
selective, employing a Cs+-based intracellular solution to
remove potentially contaminating K+ currents, as described
by Staruschenko et al. (2006). Test compounds were con-
stantly perfused in the extracellular solution and an IC50

value for the inhibition of the ENaC current was estab-
lished. Additional methods are provided in the Supporting
Information.

Guinea pig tracheal potential difference (TPD)
The methods for intratracheal (i.t.) dosing of guinea pigs
and measurement of TPD have been previously described
(Coote et al., 2008). In brief, animals were placed under
short-acting anaesthesia [halothane (Merial, Harlow, UK)/

N2O] to enable the i.t. instillation of test compounds or
vehicle (0.2 mL in 5% dextrose). At either 1 or 4 h after
compound dosing, animals were placed under surgical
anaesthesia. Guinea pigs were first treated with 1 mL·kg−1

(i.p.) Hypnovel® (5 mg·mL−1 midazolam; Roche, Welwyn,
UK) as a pre-anaesthetic agent followed 10 min later by a
1 mL·kg−1 (i.p.) injection of Narketan10® (100 mg·mL−1 keta-
mine; Vetoquinol, Buckingham, UK) and Rompun®

(25 mg·mL−1 xylazine; Bayer, Newbury, UK) in Water for
Injections (Baxter Healthcare, Newbury, UK) mixed at a
ratio of 2:1:1 respectively. The trachea was then exposed
and an agar bridge electrode was placed into the lumen
with a reference electrode placed into the soft tissue adja-
cent to the trachea. Potential difference measurements were
taken via an IsoMil (WPI) through a PowerLab 16/S, and
recorded on data capture software Chart for Windows (Pow-
erLab, ADInstruments). At the completion of TPD measure-
ments, a terminal blood sample was taken from the vena
cava and blood potassium levels were measured using an
IRMA TruPoint (LDH, UK; Abaxis, Dunnington, UK) with
H3 cuvettes (LDH). Data are expressed as mean absolute
potential difference or blood potassium values ± SEM.

Rat hyperkalaemia
Male Sprague-Dawley rats (250–350 g) were placed under
short-acting anaesthesia and treated with test compounds
by i.t. administration as described for guinea pigs (above).
Blood samples were collected from the tail vein prior to
compound administration and then at 6, 24 and 48 h after
dosing. Blood potassium levels were measured immediately
after sampling using the IRMA TruPoint system described
above. To account for putative differences in the time
course of blood potassium changes, the maximum level
reached for each animal after compound administration was
determined and compared with the equivalent maximum
level for the vehicle-treated control group. In parallel
studies, the pharmacokinetic profiles of NVP-QBE170 and
P552-02 were studied. Briefly, rats were surgically implanted
with a jugular vein cannula 48 h before drug administra-
tion. Test compounds (1 mg·kg−1) were given i.v. and
animals were placed in metabolism cages to collect urine. At
defined time points up to 24 h after dosing, serial blood
samples (300 μL) were collected into EDTA blood tubes via
the implanted cannula. Following each blood sample, an
equal volume of heparinized saline (10 IU·mL−1 in normal
saline) was infused back into the animal via the jugular vein
cannula. Blood samples were centrifuged to separate plasma
and 100 μL aliquots transferred to microtitre plates and
then stored at −20°C until analysis by LC-MS/MS. For some
studies, 14C labelled NVP-QBE170 was utilized.

Sheep MCC
MCC was measured in conscious sheep as previously
described (Hirsh et al., 2008; Coote et al., 2009). Briefly, adult
ewes (25–45 kg, Florida Native; 1–4 years old; Fair Meadows
Farm, Ocala, FL, USA) were restrained in an upright position
and were nasally intubated. Test compounds were delivered
as dry powder lactose blends (Respitose SV003; DMV-
Fonterra, Goch, Germany) using a Spinhaler device (Rhone-
Poulenc Rorer Ltd., Dublin, Ireland). Hypertonic saline (7%)
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and water control were administered to the sheep via the
endotracheal tube by nebulization (3 mL). All aerosols were
generated using a Raindrop Nebulizer (Nellcor Puritan
Bennett, Carlsbad, CA, USA) which produces a droplet with a
mass median aerodynamic diameter of approximately
1.1 μm. Aerosolized technetium labelled sulphur colloid
(99mTc-SC; 20 mCi) was used to measure the effects of the
various doses of test compounds or control on MCC by
gamma scintigraphy. Animals were administered 99mTc-SC at
the stated times following administration of test substances.
Serial images were then obtained over a 2 h period at 5 min
intervals for the first hour and then every 15 min for the next
hours. Counts from the right lung were corrected for decay
and expressed as a percentage of radioactivity cleared relative
to the baseline image (% cleared). Differences in clearance of
99mTc-SC were compared at both 60 and 120 min after radio-
aerosol administration. Additional methods are provided in
the Supporting Information.

Data analyses
Unless stated otherwise, data sets were compared using a
one-way ANOVA with a post hoc Dunnett’s test for compari-
sons of compound effects to a single, common control
group, with significance assumed when P < 0.05. Dose-
response data were fitted using GraphPad Prism (GraphPad
Software Inc., La Jolla, San Diego, CA, USA) and the con-
centration (IC50) or dose (ED50) required to induce 50%
of the compound effect was calculated. Mean 99mTc-SC
retention data were compared using a one-way ANOVA. A

significant difference between groups was followed up with
a Student–Newman–Keuls test to determine pairwise differ-
ences with significance assumed when P < 0.05.

Results

In vitro activity
NVP-QBE170 attenuated the amiloride-sensitive ISC in HBEC
with an IC50 of 6.9 nM (n = 12) (Supporting Information
Fig. S1). Activity was also confirmed on guinea pig (30 nM)
and rat (29 nM) ENaC following transient transfection into
FRT cells and ISC assay (Table 1). Sheep ENaC was transiently
expressed in CHO cells and the IC50 for NVP-QBE170 was
established using conventional patch clamp. Amiloride and
P552-02 likewise attenuated ENaC function across species
with potency values, comparable to published data (Coote
et al., 2008; Hirsh et al., 2008).

Mutations of the human ENaC channel at sites reported
to be important determinants of amiloride binding also
shifted the potency of NVP-QBE170 (Table 2). αβG525Aγ and
αβγG537C mutants shifted the amiloride IC50 by >1200- and
442-fold respectively (relative to wild-type channels). The
NVP-QBE170 IC50 value was similarly shifted by >100-fold by
both of these mutants, consistent with these residues playing
a key role in the binding of the dimeric-amiloride derivative.

To determine the duration of action in vitro, HBECs in
Ussing chambers were incubated with the ENaC blockers for

Table 1
In vitro potency of ENaC blockers

Compound

pIC50

Human Guinea pig Rat Sheep

Amiloride 6.64 ± 0.14 (59) 6.53 ± 0.13 (27) 6.40 ± 0.15 (41) 6.73 ± 0.17 (3)

NVP-QBE170 8.27 ± 0.32 (12) 7.60 ± 0.27 (5) 7.57 ± 0.20 (4) 8.55 ± 0.31 (3)

P552-02 8.62 ± 0.15 (12)* 8.42 ± 0.31 (32)* 8.46 ± 0.18 (14)* 8.45 ± 0.42 (4)

Mean pIC50 data ± SD (n) for selected ENaC blockers on human ENaC (bronchial epithelial cells), guinea pig, or rat ENaC (transiently
transfected into FRT cells) and sheep ENaC (transiently transfected into CHO cells). Values were calculated from ISC assays (human, guinea pig
and rat) or from patch clamp studies (sheep). *Data previously reported in Coote et al. (2008).

Table 2
The effects of amiloride-binding site mutations in human ENaC subunits on the potency of NVP-QBE170

Compound

Wild type (αβγ) αβG525Aγ αβγG537C

pIC50 pIC50 Fold shift pIC50 Fold shift

Amiloride 6.85 ± 0.15 (3) 3.74 ± 0.04 (4) 1243 4.21 ± 0.17 (5) 445

NVP-QBE170 7.24 ± 0.15 (7) 5.26 ± 0.38 (5) 113 5.21 ± 0.26 (5) 116

P552-02 8.85 ± 0.19 (4) 5.21 ± 0.16 (6) 4316 6.19 ± 0.10 (7) 435

Mean pIC50 data ± SD (n) for selected ENaC blockers on both wild-type and mutated human ENaC (transiently transfected into FRT cells).
Fold shifts are calculated using the mean IC50 for the defined mutant divided by the mean IC50 determined for the wild-type channel.
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either 2 or 10 min at a concentration 100× their IC50 and then
an apical perfusion was activated to remove the compound
(see Figure 2 for protocol). At 300 s following the start of
perfusion, the blocking effect of amiloride on the ISC had
essentially disappeared, i.e., ISC had recovered, after either a 2
or 10 min incubation (Figure 2; Table 3). In the case of NVP-
QBE170, the block of ENaC was more persistent and ISC recov-
ery was related to the length of the incubation with the
blocker (Table 3; P < 0.05 compared with time-matched ami-
loride controls). Compound P552-02 showed an intermediate
duration of block, that was significantly different to both
amiloride and NVP-QBE170 (Table 3; P < 0.05). See Support-
ing Information Fig. S2 for sample raw data traces.

In vivo activity profile
Guinea pig TPD. Intratracheal administration of NVP-
QBE170 as a solution attenuated the TPD with an ED50 of
1.7 μg·kg−1, when measured at 1 h after dosing (Table 4). We
have previously reported ED50 values for amiloride
(16 μg·kg−1) and P552-02 (0.2 μg·kg−1) in the identical model
system 1 h after i.t. administration of the compounds as
solutions (Coote et al., 2008). We next extended these
studies to examine the durability of the effects. In separate
groups of animals, each of the three compounds was again
given by i.t. administration but with the TPD assessment
performed 4 h after dosing (Table 4 and Figure 3). Amiloride
with doses of up to the maximum that could be formulated as
a solution (5000 μg·kg−1) failed to show any residual airway
activity by 4 h after dosing. However, in the same animals,
amiloride at doses ≥1670 μg·kg−1 did induce a significant
elevation of blood potassium levels (P < 0.05; Figure 3D).
NVP-QBE170 and P552-02 both showed residual airway
effects at 4 h after dosing with ED50 values of 410 and
128 μg·kg−1 respectively (Figure 3B and C). In these same
animals, P552-02 also significantly elevated blood potassium
levels at doses ≥60 μg·kg−1 (Figure 3F). In contrast to both
amiloride and P552-02, NVP-QBE170 did not change
blood potassium levels up to and including the highest dose
that could be formulated as a solution, 2000 μg·kg−1

(Figure 3E).

Rat model of hyperkalaemia. Intratracheal dosing of ENaC
blockers induced dose-dependent increases in blood potas-

Figure 2
Duration of action of ENaC blockers on primary HBECs. ENaC-
mediated ISC was blocked with the test compounds and recovery of
the current was measured during washout of compound from the
apical side of the Ussing chamber. A sample raw data trace (A)
illustrates the protocol whereby the magnitude of the ENaC-
mediated ISC was first established with amiloride (20 μM) that was
then washed out of the chamber. The vertical arrow illustrates the
100% value for ENaC block. A supra-maximal concentration of the
test compound (100× IC50) was then added to the apical bath and
incubated for either 2 or 10 min (a 2 min incubation is shown). The
compound was then removed from the apical bath by constant
perfusion and the duration of compound activity is measured as the
recovery of the ISC. Finally, amiloride was reintroduced to the apical
bath to confirm that the recovered ISC was ENaC mediated. Panels (B)
and (C) illustrate mean % recovery data ± SEM (n = 6 independent
experiments per compound) following either a 2 or 10 min incuba-
tion with test compound respectively.

▶
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sium levels in rats that generally peaked at either 6 or 24 h
after administration. To account for variability in the time of
the peak increase, the maximum potassium level reached by
each individual animal was used for quantification. Ami-
loride and P552-02 induced significant increases in blood
potassium levels at doses of 2000 and 600 μg·kg−1 respectively
(Table 5; Figure 4A and C). In contrast, NVP-QBE170 failed to
induce an elevation of blood potassium levels at doses
≤3297 μg·kg−1 (Table 5; Figure 4B), the highest dose studied.
When dosed by the i.t. route, once daily for 10 consecutive
days, NVP-QBE170 again failed to induce a change in blood
potassium levels (Figure 4D) at the highest dose studied
(1000 μg·kg−1·day−1).

Sheep model of MCC. NVP-QBE170 was formulated as a dry
powder blend in lactose (0–15% blends) and was adminis-
tered to free-breathing adult ewes using a Spinhaler device.

When MCC was assessed at 1 h after dosing lactose
(Figure 5A), the animals cleared the 99mTc-SC between 0 and
60 min after which time clearance appeared to halt. NVP-
QBE170-treated animals showed a dose-dependent increase
in the rate of clearance between 0 and 60 min after adminis-
tration of 99mTc-SC with the maximal efficacy observed in the
region of 1.5–3.0 mg. When 99mTc-SC clearance was assessed
at 4 h after compound dosing (Figure 5B), the effect of NVP-
QBE170 was apparent at doses ≥3 mg, with the greatest clear-
ance observed at the highest dose studied, 12 mg. Blood K+

levels were measured between 0 and 24 h after administration
of NVP-QBE170 and were not significantly changed from the
lactose control group (Supporting Information Fig. S3). The
efficacy of inhaled hypertonic saline (7%) was also assessed in
the MCC system (Figure 5C). When measured immediately
after inhalation of 7% saline, MCC was significantly
enhanced when compared with the water control. By 4 h
after dosing, there was no residual effect of the hypertonic
saline.

Pharmacokinetic profiles of NVP-QBE170
and P552-02
In rats, NVP-QBE170 showed a moderate volume of distribu-
tion (2.2 L·kg−1) and was rapidly cleared with an elimination
t1/2 of 0.9 h (Table 6). P552-02 displayed a longer t1/2 of 3.8 h
and higher volume of distribution (19.7 L·kg−1). Urinary
elimination of the two compounds was also different with
0.97% and 33.3% of the administered doses of NVP-QBE170
and P552-02 being cleared by this route (as parent com-
pound) respectively.

Table 3
The effects of compound washout on the recovery of ENaC-
mediated ISC in cultured HBECs

Compound
Incubation
time (min)

% recovery
of ISC at 300 s

Amiloride 2 97.3 ± 3.4

10 127.1 ± 8.8

NVP-QBE170 2 28.7 ± 3.9*

10 14.4 ± 1.8*

P552-02 2 73.7 ± 2.7*

10 82.9 ± 9.9*

Mean % recovery data ± SEM are shown. The % recovery was
calculated based upon the recovery of the test compound-
mediated decrease in ISC (see Figure 2A). *P < 0.05, significantly
different from amiloride at the same incubation time; one-way
ANOVA with post hoc Dunnett’s test; n = 6–9 independent experi-
ments per compound.

Table 4
The in vivo effects of ENaC blockers on guinea pig TPD and blood
potassium levels following i.t. dosing

Compound

ED50 (μg·kg−1) Max
non-hyperkalaemic
dose (μg·kg−1)a1 h 4 h

Amiloride 16b >5000 500

NVP-QBE170 1.7 410 ≥2000

P552-02 0.2b 128 <60

The effects of ENaC blockers were evaluated for effects on the
TPD in guinea pigs both at 1 and 4 h after i.t. instillation of a
solution dose. Each study comprised group sizes of 4–10 animals
within each treatment group. aIndicates the highest dose level
that failed to induce a significant rise in blood K+ levels above the
vehicle control group. bIndicates data previously reported in
Coote et al. (2008).

Table 5
The effects of ENaC blockers on blood potassium levels in rats fol-
lowing i.t. dosing

Compound
Dose
(μg·kg−1)

Maximum blood potassium
level achieved following
dosing (mmol·L−1)

Vehicle – 5.75 ± 0.06

Amiloride 200 5.78 ± 0.09

2000 6.09 ± 0.15*

6000 6.82 ± 0.15*

NVP-QBE170 330 5.50 ± 0.12

1099 5.66 ± 0.11

3297 5.66 ± 0.08

P552-02 200 5.93 ± 0.20

600 6.53 ± 0.08*

2000 6.95 ± 0.18*

Blood potassium levels are expressed as the mean of the
maximum level reached over the 48 h period after a single dose
with either vehicle (5% dextrose) or test compound at the
specified doses. *P < 0.05, significantly different from vehicle
control; one-way ANOVA with post hoc Dunnett’s test; n = 6–24
animals per group.
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Discussion

The combination of functional studies from PHA type 1
patients (Kerem et al., 1999) and compound data with
inhaled amiloride (Köhler et al., 1986; App et al., 1990) and
P552-02 (Donaldson et al., 2005) suggests that block of ENaC
in the airways increases MCC and thereby has the potential
to enhance innate host defence. However, it is yet to be
convincingly tested that airway ENaC block can provide
clinical benefit in diseases characterized by impaired MCC,
such as CF (Knowles et al., 1990; Graham et al., 1993; Bowler
et al., 1995). It has been proposed that amiloride failed to
show robust clinical efficacy because of the combination of a
short duration of action in the lung and the dose-limiting
side effect of hyperkalaemia (Hirsh et al., 2004). To enable the
validity of the ENaC hypothesis to be tested therapeutically,
ENaC blockers that are characterized by an improved dura-
tion of action in the lung and a reduced potential to induce
hyperkalaemia will need to be developed. The recent termi-
nation of GS-9411 highlights the pressing need for such mol-
ecules (O’Riordan et al., 2014).

NVP-QBE170 was designed as a potent ENaC blocker that
could ultimately be delivered to the airways by inhalation as

a dry powder. In addition to potency (>10-fold that of ami-
loride), key selection criteria were (i) evidence for an
extended duration of action relative to amiloride, (ii) good
species cross-reactivity to enable functional in vivo profiling;
and (iii) a reduced potential to induce hyperkalaemia, again
relative to amiloride. To achieve these criteria in the com-
pound series, properties such as molecular weight (>600) and
lipophilicity (LogD > 0.5) were used to guide compound
design as they were considered to offer advantages in terms of
reducing renal clearance and potentially enhancing lung resi-
dence time following inhalation.

NVP-QBE170 potently blocked the amiloride-sensitive
ISC in cultured human airway epithelial cells with an IC50

value of ∼7 nM (>30-fold more potent than amiloride).
Washout studies using primary HBEC cultures highlighted
an extended duration of action of NVP-QBE170 relative
to both P552-02 and amiloride. Of note, the duration of
action of NVP-QBE170 was extended when the incubation
time was increased (28.7% and 14.4% recovery following
either a 2 or 10 min incubation respectively). Although
a binding interaction between NVP-QBE170 and ENaC
seems likely, in view of the potency shift in the presence
of the αβG525Aγ or αβγG537C mutations (Schild et al.,

Figure 3
The in vivo effects of ENaC blockers on guinea pig TPD and blood potassium levels following i.t. dosing. TPD and blood potassium levels were
measured in anaesthetized guinea pigs at 4 h after i.t. dosing with test compounds or vehicle. Absolute values for TPD and blood potassium are
shown for amiloride (A and D), NVP-QBE170 (B and E), and P552-02 (C and F). +ve refers to the positive control compound in the study (P552-02,
2000 μg·kg−1). * P < 0.05, significantly different from vehicle (compound dose = 0 μg·kg-1); one-way ANOVA with post hoc Dunnett’s test; n = 4–10
animals per group.
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1997), whether the extended duration of action relates to
altered kinetics on the channel or to membrane association of
the compound and the maintenance of a high local concen-
tration close to the target remains to be established. On this
final point, Hirsh et al. (2008) reported a reduced off-rate
from ENaC with P552-02 relative to amiloride using a patch
clamp-based technique. This observation is consistent with
the potential to design ENaC blockers with an extended dura-
tion of on-target engagement.

Further ISC studies in HBEC confirmed that the forskolin
and UTP-stimulated anion-secretory responses of the epithe-
lium were similar irrespective of pretreatment with the ENaC
blockers (Supporting Information Table S1). This is important
considering that the related compound phenamil (Hirsh
et al., 2004) has been reported to attenuate the activity of the
Na+K+-ATPase pump in the basolateral membrane, and
thereby can suppress active ion transport processes. Ami-
loride analogues, such as 5-(N-ethyl-N-isopropyl) amiloride
(EIPA) can also block the Na+H+ exchanger, NHE1 (Frelin
et al., 1988). None of the ENaC blockers tested showed any
activity at NHE1 in two to three independent experiments,
although autofluorescence of NVP-QBE170 prevented con-
centrations >3 μM being tested. EIPA did demonstrate
activity in this assay as predicted (Supporting Information
Table S2).

The excellent species cross-reactivity observed in the ami-
loride series of ENaC blockers enabled the use of in vivo
models to begin to address salient questions relating to dura-
tion of action in the lung and hyperkalaemia following sys-
temic exposure. We have previously reported that P552-02
(0.2 μg·kg−1) and amiloride (16 μg·kg−1) can acutely (1 h after
dosing) block airway ENaC activity in the guinea pig using
TPD as the readout (Coote et al., 2008). Similarly, NVP-
QBE170 also attenuated the TPD at 1 h after i.t. instillation
with an ED50 value of 1.7 μg·kg−1. NVP-QBE170 is ∼6-fold less
potent than P552-02 on guinea pig ENaC in vitro (Table 1),
consistent with their respective in vivo profiles. In a separate
series of studies, TPD was measured at 4 h after dosing to
examine the duration of compound effects. In these studies,
both NVP-QBE170 and P552-02 still showed effects at 4 h
(Figure 3B and C) that was in contrast to amiloride where
there was no residual activity up to the highest dose that
could be formulated (Figure 3A). It is likely that the extended
duration of activity of NVP-QBE170 and P552-02 relative to
amiloride in vivo is due to the combination of (i) greater
on-target potency and therefore the ability to deliver a larger
relative dose; and (ii) the greater duration of action relative to
amiloride observed both in the present washout studies
(Figure 2B and C) plus the reported patch clamp kinetic study
for P552-02 (Hirsh et al., 2008).

Figure 4
The effects of ENaC blockers on blood potassium levels in rats following i.t. dosing. Male Sprague-Dawley rats were dosed with test compounds
or vehicle by i.t. administration. In addition to a pre-dose baseline level of blood potassium, samples were taken at 6, 24 and 48 h. The effects
of a single dose of amiloride (A), NVP-QBE170 (B) and P552-02 (C) were studied as well as repeated daily dosing of NVP-QBE170 (D) for 10 days.
Mean absolute data ± SEM for blood potassium levels are shown. Group sizes of four to six animals were used.
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Inhibition of ENaC function in the renal cortical collect-
ing duct leads to natriuresis and the accumulation of systemic
potassium leading to hyperkalaemia, a potentially fatal con-
dition (Perazella, 2000). As such, we also measured blood

potassium levels in the 4 h animals to gain an early insight
into the relative side effect liability of the test compounds. An
early peak in potassium levels (∼4 h after dosing) was reported
in clinical studies with inhaled GS-9411 that would add rel-
evance to the selection of this time point in a preclinical
model (O’Riordan et al., 2014). Considering that amiloride
was originally designed as a potassium sparing diuretic, the
observed elevation in potassium levels (Figure 3D) was not
surprising, even after airway administration, as absorption
into the systemic circulation and renal clearance are rapid
(Hofmann et al., 1997; Noone et al., 1997). P552-02 also
induced a dose-dependent elevation in potassium levels
(Figure 3F) that would be consistent with exposure of the
kidney to the parent compound and/or active metabolites. In
contrast, NVP-QBE170 failed to induce a change in potassium
levels at the time and doses tested (Figure 3E).

To test whether the relative lack of hyperkalaemia that
was associated with NVP-QBE170 in the guinea pig was either
species or time dependent, we established a model of hyper-
kalaemia in the rat. Similar to the observations in the guinea
pig, amiloride and P552-02 induced hyperkalaemia in rats
when given by i.t. instillation (Table 5). In contrast to both
amiloride and P552-02, a single administration of NVP-
QBE170 did not significantly elevate blood potassium levels
up to the highest dose that could be formulated. To test the
hypothesis that the reduced hyperkalaemia with NVP-
QBE170 was due to reduced renal exposure, NVP-QBE170 and
P552-02 were given i.v. to guarantee full systemic exposure to
the administered dose and urinary elimination was assessed.
These studies showed a greater degree of urinary elimination
for P552-02 than for NVP-QBE170. The renal clearance of
neutral and basic compounds is correlated with their physi-
ochemical properties and degree of plasma protein binding
(Varma et al., 2009; Kusama et al., 2010). A preference for
renal clearance is associated with lower molecular weight
(<600), lower LogD (<0.5) and lower plasma protein binding
(<80%). The molecular weight and plasma protein binding of
NVP-QBE170 (Supporting Information Table S3) fall outside
of the preferred range for renal clearance while the lipophi-
licity (LogD) is borderline. Metabolite identification studies
failed to detect significant levels of any NVP-QBE170 metabo-
lites (data not shown). Biliary excretion of the parent mol-
ecule has been subsequently identified as the major route of
elimination (data not shown). By contrast, the lower molecu-
lar weight and plasma protein binding of P552-02 (Support-
ing Information Table S3) are compatible with renal
clearance, although the LogD is higher than typically
observed with renally cleared drugs. Together, these data are

Figure 5
The effects of inhaled NVP-QBE170 and HS on MCC in conscious
sheep. Mean retention of 99mTc labelled sulphur colloid ± SEM was
measured by gamma scintigraphy in conscious sheep following
administration of either inhaled NVP-QBE170 or HS. The assessment
of clearance was started at either 1 h (A) or 4 h (B) after dosing with
dry powder NVP-QBE170. The effect of inhaled 7% saline was
assessed either immediately after inhalation of the osmolyte or at 4 h
after dosing (C). Group sizes of three to five sheep per dose were
used. *P < 0.05, significantly different from from vehicle control at
either 60 or 120 min after 99mTc administration.
◀
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consistent with a reduced urinary elimination (i.e. less renal
exposure) of NVP-QBE170 driving the reduced potential to
induce hyperkalaemia in rats.

Finally, we compared the efficacy and duration of action
of dry powder NVP-QBE170 with hypertonic saline (7%) in a
sheep model of MCC. The efficacy of novel mucokinetics
relative to hypertonic saline is important as hypertonic saline
has demonstrated clinical efficacy in several studies and is
used by many patients with reported benefit. Specifically,
hypertonic saline enhanced MCC and FEV1 in a 4 week CF
study (Donaldson et al., 2006), and also reduced the exacer-
bation frequency in a 1 year study (Elkins et al., 2006). In
sheep, NVP-QBE170 induced a dose-dependent increase in
MCC that could be sustained out to at least 4 h at higher
doses (≥3 mg), without inducing hyperkalaemia. The efficacy
was similar to that previously reported with P552-02 in this
model (Hirsh et al., 2008). Hypertonic saline induced an
acute enhancement in MCC that was apparent when assessed
immediately after the completion of dosing (i.e. no 1 h lag
time between compound dosing and MCC assessment). The
maximum efficacy of this dose of was however less than that
of NVP-QBE170, and had totally disappeared by 4 h after the
completion of dosing. Together, these data would be consist-
ent with hypertonic saline providing a lower maximum effect
and duration of action, relative to NVP-QBE170. A key ques-
tion is whether the findings from the sheep model will trans-
late into equivalent clinical efficacy, especially in view of the
differences between the mechanism of action of an ENaC
blocker and hypertonic saline, in addition to inherent differ-
ences between healthy sheep and the damaged airways of
many CF patients. However, the efficacy of amiloride (in
terms of enhanced MCC) did translate from healthy sheep to
CF patients (Köhler et al., 1986; App et al., 1990; Hirsh et al.,
2004). In addition to providing the osmotic driving force to
move water into the airway lumen, hypertonic saline is also
an irritant and induces coughing in many patients which
may be beneficial in helping to clear mucus out of the lungs.
An inhaled ENaC blocker would not be expected to induce
cough so it is likely to provide a different efficacy profile.
Furthermore, hypertonic saline will act predominantly in the
larger airways due to early deposition of the aerosol, as the
droplets osmotically swell in the humidity of the airways.
Inhaled ENaC blockers may therefore offer the potential to
penetrate deeper into the airway tree providing effects across
a broader spectrum of airway sizes that may provide addi-
tional benefit beyond that of hypertonic saline.

In summary, NVP-QBE170 exhibits many of the features
that will be required in an inhaled ENaC blocker to appropri-

ately address the question of clinical efficacy with this thera-
peutic target. Long-term safety studies have halted the
clinical development of NVP-QBE170, as 28-day inhalation
safety studies revealed the potential for NVP-QBE170 to
induce a local irritancy response in the airways. However, this
molecule does highlight the potential of this design
approach, enabling (i) potent and long-lasting block of ENaC
relative to amiloride; (ii) greater efficacy and duration of
action than with inhaled 7% saline in vivo; and (iii) the
potential to diminish the risk of hyperkalaemia through the
avoidance of renal clearance mechanisms.
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Table 6
Rat in vivo pharmacokinetic parameters for ENaC blockers

Compound CL (mL·min−1·kg−1) Vss (L·kg−1) t1/2 (h)
Urinary clearance
(% dose)

NVP-QBE170 (i.v.) 75.0 ± 37.7 2.2 ± 0.2 0.9 ± 0.48 0.97 ± (0–96 h)

P552-02 (i.v.) 149 ± 19 19.7 ± 4.9 3.8 ± 0.8 33.7 ± 7.3 (0–24 h)

Mean ± SEM clearance (CL), volume of distribution at steady state (Vss), elimination t1/2 and the urinary clearance of parent compound were
calculated from independent studies using 14C labelled NVP-QBE170 and unlabelled 552-02. n = 3 animals per compound.
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