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BACKGROUND AND PURPOSE
Lubiprostone, a prostaglandin E1 derivative, is reported to activate ClC-2 chloride channels located in the apical membranes of
a number of transporting epithelia. Lack of functioning CFTR chloride channels in epithelia is responsible for the genetic
disease cystic fibrosis, therefore, surrogate channels that can operate independently of CFTR are of interest. This study
explores the target receptor(s) for lubiprostone in airway epithelium.

EXPERIMENTAL APPROACH
All experiments were performed on the ventral tracheal epithelium of sheep. Epithelia were used to measure anion secretion
from the apical surface as short circuit current or as fluid secretion from individual airway submucosal glands, using an optical
method.

KEY RESULTS
The EP4 antagonists L-161982 and GW627368 inhibited short circuit current responses to lubiprostone, while EP1,2&3 receptor
antagonists were without effect. Similarly, lubiprostone induced secretion in airway submucosal glands was inhibited by
L-161982. L-161982 effectively competed with lubiprostone with a Kd value of 0.058 mM, close to its value for binding to
human EP4 receptors (0.024 mM). The selective EP4 agonist L-902688 and lubiprostone behaved similarly with respect to EP4

receptor antagonists. Results of experiments with H89, a protein kinase A inhibitor, were consistent with lubiprostone acting
through a Gs-protein coupled EP4 receptor/cAMP cascade.

CONCLUSIONS AND IMPLICATIONS
Lubiprostone-induced short-circuit currents and submucosal gland secretions were inhibited by selective EP4 receptor
antagonists. The results suggest EP4 receptor activation by lubiprostone triggers cAMP production necessary for CFTR
activation and the secretory responses, a possibility precluded in CF tissues.

Abbreviations
AH 6809, 6-isopropoxy-9-oxoxanthene-2-carboxylic acid; ap, apical; ASL, airway surface liquid; bl, basolateral; CFTR,
cystic fibrosis transmembrane conductance regulator; GW627368X,((N-{2-[4-(4,49-diethoxy-1-oxo-1,3-dihydro-2H-
benzo[f]isoindol-2-yl)phenyl]acetyl}benzene sulphonamide); KHS,Krebs-Henseleit solution; L-161982,N-[[4’-[[3-butyl-
1,5-dihydro-5-oxo-1-[2-(trifluoromethyl)phenyl]-4H-1,2,4-triazol-4-yl]methyl][1,1’-biphenyl]-2yl]-3-methyl-2-
thiophenecarboxamide; L-902688, 5R-[(1E)-4,4-difluoro-3R-hydroxy-4-phenylbut-1-en-1-1-yl]-1-[6-(1H-tetrazol-5-
yl)hexyl]pyrrolidin-2-one; SC-19220, 1-acetyl-2-(8-chloro-10,11-dihydrodibenz[b,f][1,4]oxazepine-10-carbonyl)hydrazine;
SCC, short circuit current

Introduction
Lubiprostone, a bicyclic fatty acid prostaglandin E1 deriva-
tive, was introduced into clinical medicine as a novel treat-

ment for chronic idiopathic constipation and irritable bowel
syndrome (IBS) with constipation (Ueno et al., 2004). Given
orally, it increased the bulk of secreted fluid in the intestine
and colon sufficient to distend the gut and ease the passage of
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contents. At the molecular level, it was considered to act
specifically on the chloride channels ClC-2 found on the
apical surface of epithelial cells lining the gut, as indicated by
studies using T84 monolayers (Cuppoletti et al., 2004). It
seems the macroscopic mechanism for the anti-constipatory
effect of the drug is correct; however, there is controversy
about lubiprostone’s actions at the molecular level. One
implication of the proposed molecular mechanism is that
anion-led electrogenic salt transport across the epithelia
lining the gut can be stimulated independently of the cystic
fibrosis transmembrane conductance regulator (CFTR) as the
ClC-2 channel provides an alternative pathway for anion exit
from the epithelial cells. If this were so then other epithelia
bearing apical ClC-2 channels may also respond similarly,
even if CFTR is absent or dysfunctional, as in cystic fibrosis
(CF). Airway dysfunction is the major cause of morbidity and
mortality in CF, due in the main to a paucity of airway surface
liquid (ASL) caused by a failure of anion secretion in the
surface epithelium and by the serous acini of the submucosal
glands, together with an up regulation of absorptive processes
in the surface epithelia. Expression of ClC-2 channels in HEK
cells was used to show their sensitivity to lubiprostone (Cup-
poletti et al., 2004), a sensitivity that disappeared when the
siRNA for ClC-2 channels was simultaneously expressed
(Cuppoletti et al., 2008). Thus, there is little doubt that lubi-
prostone is able to activate ClC-2 channels. In amphibian
epithelial A6 cells, lubiprostone activates ClC-2 channels at
low lubiprostone concentrations, but at higher concentra-
tions directly activates CFTR, but without involving adeny-
late cyclase or the generation of cAMP (Bao et al., 2008). Yet
other studies showed that prostaglandin EP4 receptors are the
target for lubiprostone in epithelial tissues of the gut, activa-
tion leading to cAMP generation and CFTR activation
(Bijvelds et al., 2009), but these findings were not confirmed
when investigated using the same approach in a different
species (Fei et al., 2009). Lipecka et al. (2002) used imunob-
lotting to discover the distribution of ClC-2 channels in
the airways and concluded ‘The distribution of ClC-2 in
airways is consistent with participation of ClC-2 channels
in Cl- secretion’.

Recently, it was shown, using tracheal airway epithelia
from sheep, pigs and humans, that all these epithelia
responded to lubiprostone (Joo et al., 2009). Lubiprostone is
extremely potent and, when applied apically to sheep
trachea, has a Kd of 10.5 nM and a Hill slope of 1.08. The
maximally effective concentration is c. 200 nM. The prostone
increased anion secretion from both the surface epithelium
and the airway submucosal glands. A few samples of human
CF tracheal epithelia were also examined, which showed very
low, non-significant levels of secretion to lubiprostone. No
definitive conclusion about the target for lubiprostone was
reached, as different aspects of the data supported different
interpretations. For example, responses to lubiprostone in
airway epithelia were inhibited by cadmium ions and gland
secretions were not prevented when tissues were pre-exposed
to high concentrations of forskolin, both findings suggesting
that a non-CFTR dependent target was involved. However,
the opposite view is supported by the ability of the CFTR
channel blocker, GlyH-101, to inhibit lubiprostone in the
sheep and the poor responses to lubiprostone in human CF
airway tissue. Nevertheless, in Calu-3 epithelial monolayers,

derived from the serous cells of human airway submucosal
glands, responses to lubiprostone were unaffected after CFTR
had been permanently down-regulated by 95% using siRNA
technology or by high concentrations of GlyH-101 (MacVin-
ish et al., 2007). While the CF mouse is not a good model for
the human condition, changes in nasal epithelial potential
difference measurements with lubiprostone were considered
to result from non-CFTR dependent respiratory epithelial
chloride secretion, an effect that disappeared in ClC-2 knock-
out mice. (MacDonald et al., 2008).

In this study, the hypothesis that prostaglandin receptors,
rather than ClC-2 channels, are the target for lubiprostone in
airway tissues is examined. It is concluded that EP4 receptors
in the sheep are a major target for lubiprostone leading to
activation of the adenylate cyclase/cAMP cascade and conse-
quent anion secretion from both the surface epithelium and
airway submucosal glands.

Methods

Airway tissues
All the experiments reported here have been made with epi-
thelia dissected from the tracheas of sheep, obtained from an
abattoir, in cooled oxygenated Krebs-Henseleit solution (KHS;
for composition see below) containing indomethacin, 3 mM,
to prevent prostaglandin formation and were used immedi-
ately after collection. The initial procedure for either short
circuit current (SCC) recording or for optical measurements
was the same. Short lengths of trachea (3–4 cartilage rings)
were opened along the dorsal groove, pinned upon a dissect-
ing block and a small sheet of the ventral epithelium
(approximately 1.5 cm2) dissected free.

Epithelia were mounted either in Ussing chambers
(window area 0.64 cm2) or used to measure submucosal gland
secretion. Preparations of epithelium were stretched as close
as possible to their original size during mounting.

SCC recording
SCC recording was made using the following protocol. Non-
polarizable voltage sensing electrodes were introduced into
ports in each Ussing half-chamber as close as possible to the
epithelial surfaces. Similar current-passing electrodes were
introduced into ports in each half-chamber as far as possible
from the tissue. Both sides of the tissues were bathed in 5 mL
of KHS that was continuously warmed at 37°C and circulated
using a gas lift of 95% O2–5% CO2. Once the transepithelial
potential became steady, tissues were voltage-clamped at zero
potential using a WPI Dual Voltage Clamp-1000 (World Pre-
cision Instruments, Stevenage, UK). Fluid resistance compen-
sation was used throughout. SCCs were continuously
recorded using an ADInstruments PowerLab/8SP (AD Instru-
ments, Chalgrove, Oxon, UK) and displayed on screen and
stored for later analysis.

Amiloride, 10 mM was added to the apical bathing solu-
tion in all experiments in which short-circuited sheep tra-
cheal epithelia were used and remained present for the
duration of the experiments. This effectively eliminates alter-
ations in electrogenic sodium absorption from affecting cur-
rents. As indicated above, indomethacin, 3 mM, was present
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in all solutions to which the tissues were exposed. Therefore,
SCC measurements were made against a background of
residual anion secretion, namely electrogenic chloride/
bicarbonate secretion (Joo et al., 2009).

Optical measurements
To measure secretion from individual submucosal glands, the
optical method described previously was followed (Joo et al.,
2001). Briefly, epithelia were mounted in a small chamber so
that the basolateral side was bathed in KHS at 37°C while the
apical surface, after cleaning and drying, was covered with a
thin layer of water-saturated mineral oil. The chamber was
superfused with 95% O2–5% CO2. Gland secretions formed
spherical bubbles at the exits from each gland. Images of the
surface were captured every few minutes and the digital
images stored, and later analyzed to give secretion rates of
individual glands, using Image J software (National Institutes
of Health, Bethesda, MD, USA). Addition and removal of
agents was only achievable by changing the solution bathing
the basolateral side of the mucosa.

Solutions
KHS had the following composition (in mM): 117 NaCl, 4.7
KCl, 2.5 CaCl2, 1.2 MgSO4, 1.2 KH2PO4, 25 NaHCO3 and 10
glucose. This solution had a pH of 7.4 after bubbling with
95% O2–5% CO2.

Data analysis
Data are shown as means � s.e. mean. When statistical com-
parisons were made, a standard Student’s t-test was used
throughout. P < 0.05 was considered to be significant.

Materials
Amiloride, H-89 and carbachol were obtained from Sigma
(Gillingham, UK), GlyH-101 from Calbiochem and lubipros-
tone (Amitiza) was from Takeda Pharmaceuticals America
(Lincolnshire, IL, USA). L-161982, and PGE2 were from Enzo
Life Sciences (Exeter, UK), while AH6809, GW627368X and
SC-19220 were from Cayman Chemicals (Cambridge, UK).

L-902688 was a kind gift from Merck Frosst Canada Ltd
(Quebec, Canada). Poorly soluble drugs were dissolved at
high concentration (20 mM), in either dimethyl sulphoxide
or dimethyl formamide. The low concentrations of solvents
to which tissues were exposed (max 0.1%) were without
effect. The receptor and channel nomenclature used in the
paper follows Alexander et al. (2009).

Results

Effects of selective EP4 antagonists on
responses to lubiprostone
Initial experiments were designed to examine the sidedness
of action of the selective EP4 antagonist, L-161982. L-161982,
0.5 mM caused about 80% inhibition of the response to a
maximally effective concentration (200 nM) of lubiprostone,
when both agents were added to the apical bathing solution.
(Figure 1A,B). Responses to basolaterally applied lubiprostone
were slow to reach maximal values. Basolaterally added
L-161982 was without effect on the responses to lubipros-
tone, while apical addition of the antagonist caused a rapid
reduction in current (Figure 2A,B). A typical response to baso-
lateral application of lubiprostone, 500 nM, is shown in
Figure 2A. Note that the response takes around 1000 s to
reach steady state, slow when compared with the rapidity of
the response to apical application (Figure 1A). Thus, while
lubiprostone can reach its target(s) from either the apical or
basolateral side of the tissue, the antagonist apparently can
only gain access from the apical side.

To further test the hypothesis that EP4 receptors are a target
for lubiprostone a second EP4 receptor antagonist, namely
GW627368X (Wilson et al., 2006) was investigated. The
responses in seven epithelia to GW627368X, 10 mM, following
200 nM lubiprostone are shown in Figure 3A, both agents
added apically. All seven responses are shown because of the
considerable variability in response from no effect to complete
inhibition and with some tissues showing various degrees of
recovery after the antagonist. Overall, there was a significant
inhibition of the lubiprostone response (Figure 3B).

Figure 1
Effects of the EP4 receptor antagonist L-161982 on SCC responses to lubiprostone in sheep tracheal epithelium. Record showing response to
lubiprostone, 200 nM, applied apically, after amiloride and before addition of L-161982, 0.5 mM, also applied apically (A). Cumulative data (B)
show that responses to lubiprostone (lubi) were significantly reduced after L-161982 was added. Data are from seven preparations from four
tracheas. The values of the plateau responses were measured at the moment the antagonist was added.
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Other prostanoid receptor antagonists selective for EP1

receptors (SC-19220, 30 mM) (Rakovska and Milenov, 1984)
and a non-selective antagonist that inhibits EP1,2&3 receptors
(AH 6809, 30 mM) (Woodward et al., 1995) were investigated

for their effects on the responses to lubiprostone (200 nM)
when applied afterwards to the apical surface of short-
circuited epithelia. Neither of these compounds had any
effect on the SCC responses to lubiprostone (data not shown).

Figure 2
Sidedness of action of lubiprostone and L-161982. (A) shows response to lubiprostone, 500 nM, applied basolaterally (bl) after amiloride and
subsequent addition of L-161982, 2.5 mM, initially basolaterally and then apically (ap). Cumulative data from five identical experiments from two
tracheas are given in (B).

Figure 3
Effects of the EP4 receptor antagonist GW627368X on SCC responses to lubiprostone on tracheal epithelium (A). Responses to lubiprostone (L;
200 nM) applied apically after amiloride (A; 10 mM), are shown, followed by GW627368X (GW; 10 mM) also added apically. Plateau values are
the SCC increases at the time the GW compound was added. Note the variation in response to the GW compound from no inhibition, incomplete
inhibition to complete inhibition. The number at the beginning of each record gives the basal SSC (mA·cm-2) before amiloride (A) was added.
Cumulative data from seven preparations from three sheep (i and ii) (iii, iv and v) and (vi and vii) are shown at the right (B).
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Thus far the results support the hypothesis that lubiprostone
specifically targets the EP4 receptor to the exclusion of EP1.2or3

receptors. It is, of course, necessary to show that the action of
PGE2 on the EP4 receptor is linked to an increase in the
transporting activity of isolated sheep tracheal epithelium
and that its effects too are sensitive to L-161982. Figure 4A,B
shows an example of a paired experiment in which EP recep-
tor antagonists were added before or after obtaining partial
concentration response curves to PGE2. Data from four paired
experiments are provided in Figure 4C. Together they show
that at least part of the SCC response to PGE2 is due to an
effect on EP4 receptors since L-161982 alone partially inhibits
the response. However, actions at one or more of the other EP
receptors also contributed to the overall current increase. To
focus more specifically on the EP4 receptor a specific EP4

agonist (Billot et al., 2003) was required. The EP4 selective
agonist L-902688 was found to be maximally effective on

SCC at around 1 mM, with a Kd of 85 � 27 nM (n = 6) (data not
shown). Figure 5A,B shows that neither SC-19220 nor AH
6809 had any significant effect on the agonist response, while
L-161982 is an effective antagonist. Detailed information
about prostanoid receptor antagonists can be found in Jones
et al. (2009).

Determining the affinity constant for
L-161982 using lubiprostone and L-902688
as competing agonists
Concentration response curves to lubiprostone were deter-
mined by the cumulative addition of lubiprostone to the
apical face of voltage-clamped tracheal epithelia in the
absence or presence of a low concentration of L-161982
(Figure 6). Near parallel plots were obtained in which
responses in the presence of the antagonist were moved to
the right. The antagonism appeared to be surmountable.

Figure 4
Partial concentration response curves to PGE2 are shown in the presence and absence of prostanoid receptor antagonists and after amiloride
inhibition of sodium absorption. In (A), the EP4 receptor antagonist L-161982, the mixed EP receptor antagonist AH6809 and the EP2 receptor
antagonist SC-19220 were added in sequence after the plateau response to PGE2, 1 mM was achieved. In (B) the antagonists were added first. Both
the experiments were repeated a further three times, but as SC-19220 produced no additional inhibition to that of L-161982 and AH6809 combined,
only the former two were used (mean data given in C). All agents were added apically to the tracheal epithelia (four pairs from three sheep).
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From mass action considerations the dose ratio (DR) is related
to the antagonist concentration (A) by the equation (DR-1) =
[A]Ki where Ki is the affinity constant of the antagonist. The
two determinations of Ki represented in Figure 6C,D gave
identical values for DR measured at the 50% response level,
yielding a value of 17.1 ¥ 106 M-1 for Ki (0.058 mM Kd) or
alternatively pA2 = 7.24.

A further estimate for the affinity constant for L-161982
was made using a second agonist, namely the EP4 selective
agonist, L-902688, as shown in Figure 7. Applying the same
formulation as above the Ki value for L-161982 was 8.3 ¥
106M-1 (0.12 mM Kd) or alternatively pA2 = 6.9.

A further example of the antagonism of L-902688 by
L-161982 is given in Figure 8. These data are included as they
illustrate potential inaccuracies affecting the determination
of binding constants using the above method. After the
control response curve had been obtained (Figure 8A),
L-161982 2 mM was added to the apical side of the epithe-
lium, resulting in the complete loss of agonist response. This
implies that in the presence of L-161982, 2 mM no response to
L-902688 will be seen until its concentration rises to above
1000 nM; clearly, that was not so (Figure 8B).

Also, the addition of L-161982 to the apical bathing solu-
tion after amiloride caused, in some instances, a small
decrease in SSC (Figures 6,7). This was not an invariable
finding (Figures 4,10). The mean change in SCC to L-161982
(1–10 mM) given after amiloride was -4.4 � 1.1 mA·cm-2 (n =
16) and did not appear to be concentration-dependent or due
to the solvent used. Thus, it cannot be known what fraction

of the response to L-161982 in Figure 8A is due to the antago-
nism of L-902688 or due to its independent effect on SCC.
The consequences of these findings on the determination of
binding constants are discussed later.

Evidence for involvement of adenylate cyclase
in responses to lubiprostone
EP4 receptors are known to couple to Gs leading to cAMP
generation and in turn to activation of protein kinase A (PKA)
that, in turn, can phosphorylate essential sites on CFTR,
resulting in channel opening (Sugimoto and Narumiya, 2007).
To examine if this scenario was part of the lubiprostone-
activated cascade, the PKA inhibitor H89 was used to examine
if it affected responses to lubiprostone. One each of paired
preparations was incubated with H89 for 30 min after the
initial application of amiloride. Data from these experiments
are presented in Figure 9A,B where it is shown that H89
significantly inhibited the response to lubiprostone, irrespec-
tive of whether the peak response, the plateau response or
charge transfer over 500 s is taken as a measure of the response
to lubiprostone. This suggests that the target for lubiprostone
is coupled to the adenylate cyclase system.

Are EP4 receptors involved in submucosal
gland secretion due to lubiprostone?
Thus far, only SSC measurements have been used to obtain
evidence about mechanisms of lubiprostone action. This tech-
nique basically measures electrogenic transport generated by

Figure 5
Effects of prostanoid receptor antagonists on responses to the selective EP4 receptor agonist L-902688. The example shows the effects of addition
of amiloride, followed by SC-19220 (EP2 receptor antagonist), AH 6809 (the non-selective EP1-3 receptor antagonist) and L-161982 on the SCC
response to L-902688, all agents added apically (A). Data from five identical experiments are shown in (B).
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the surface epithelium. However, secretion from submucosal
glands is a major contributor to the formation of airway
surface liquid. The secretion rate from submucosal glands
cannot be measured electrically, but an optical method can be
used where secretions from individual glands collect as small
spheres of aqueous fluid (mucus) at the orifices of the glands
when the apical surface is coated with a thin layer of oil.
Measurement of the size of the spheres at intervals allows the
secretion rate of individual glands to be calculated.

However, there are methodological problems that need to
be overcome before the effect of EP4 receptor antagonists on
lubiprostone responses can be investigated. These difficulties
arise from the fact that the apical surface is not available for
drug addition when gland secretions are being measured
since it is covered with oil. This is not a problem with lubi-
prostone as it is clear that it can act from the basolateral face
of the tissue, even though the response is slow in onset.
However, the antagonist, L-161982, needs to be added api-

cally to be effective (as shown earlier, Figure 2) Therefore,
preliminary experiments, measuring SCC, were carried out to
determine the persistence of the antagonist effect of L-161982
after removal. As shown in Figure 10A L-161982, 10 mM was
added apically for 10 min after which recording was tempo-
rarily stopped, the apical solution was removed and replaced
with fresh bathing solution containing only amiloride. This
procedure virtually eliminated the response to lubiprostone,
added basolaterally, however maintained tissue viability was
demonstrated by the transient response to carbachol, added
basolaterally. The general pattern indicated in Figure 10A is
corroborated by the cumulative data given in Figure 10B.

Therefore, it appeared that if the epithelium was exposed
to a high concentration of L-161982 before the apical surface
was dried and covered with oil, the blocking effect on
lubiprostone-induced gland secretion could be tested. Adja-
cent pieces of tracheal epithelium, one of which was pre-
exposed to L-161982, 10 mM for 10 min prior to preparation

Figure 6
Concentration-response records to lubiprostone in two tracheal preparations in the absence (A) and presence of L-161982, 1 mM (B). Cumulative
concentrations of lubiprostone were added until the maximal response was achieved. All agents, including amiloride, were added to the apical
bathing solutions. Responses were converted to percentage of the maximal response and the data plotted on a semi-log scale (C). A second
identical experiment gave similar data (D).
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for recording, gave the data shown in Figure 11. The secretion
rates of six separate glands in each tissue were followed, both
before and after lubiprostone was added basolaterally. Secre-
tion rates are plotted as nl·min-1 per gland. Secretion rates in
the presence of lubiprostone are significantly reduced follow-
ing exposure to L-161982, indicating gland secretions in
response to lubiprostone are similarly sensitive, as are SCC
responses. Furthermore, basal secretion was virtually abol-
ished in the presence of L-161982. Nevertheless, both treated
and untreated tissues were able to respond to the non-CFTR
dependent signal by basolateral exposure to carbachol. Mea-
surements using exactly the same protocol with further

paired pieces of tracheal epithelium gave similar results. Here,
basal secretion was reduced from 0.18 � 0.05 nl·min-1 per
gland to zero by L-161982 exposure; and, after lubiprostone,
the secretion rate of 0.39 � 07 nl·min-1 per gland was reduced
to 0.07 � 0.02 nl·min-1 per gland (P < 0.002) in the presence
of L-161982. All values were for groups of six glands. Thus,
both secretion from submucosal glands and the surface epi-
thelium appear to involve EP4 receptors. As a further check on
this conclusion, it was expected that the EP4 agonist L-902688
would be active in causing secretion from submucosal glands.
As with lubiprostone, L-902688 needed to be added from
the basolateral side in these experiments, where it was less

Figure 7
Concentration-response records to L-902688 in two tracheal preparations in the absence (A) and presence of L-161982, 1 mM (B). Cumulative
concentrations of L-902688 were added until the maximal response was achieved. All agents, including amiloride, were added to the apical
bathing solutions. Responses were converted to percentage of the maximal response and the data plotted on a semi-log scale (C). Note lack of
effect of DMSO and change in SCC upon addition of L-161982.
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effective than with mucosal application. L-902688 (10 mM)
increased the mean secretion from six glands from 0.26 �

0.04 nl·min-1 per gland to 0.83 � 0.13 nl·min-1 per gland (P <
0.002). The experiments in which glandular secretion is mea-
sured were the only ones in this study where amiloride was
not present on the apical face of the epithelium. However,
others have found no evidence for functional effects of ENaC
channels in airway submucosal glands (Joo et al., 2006).

Discussion

The main purpose of this study was to discover the nature of
the receptor or receptors for lubiprostone that, when acti-
vated, produced secretion from either or both of the surface
epithelium and submucosal glands of ovine airways. No clear

answer to this question came from earlier studies, where
some findings indicated secretion was independent of CFTR
while others pointed to its involvement (see Introduction). The
importance of the question relates to the lethal genetic
disease CF, in which electrogenic secretion of anions, chloride
and bicarbonate, is a crucial part of the process of maintain-
ing healthy airways. In its absence, accumulation of mucus
and bacterial infection supervene with a consequent loss of
lung function. If lubiprostone could activate effective non-
CFTR dependent mechanisms, it is possible that the genetic
lesion could be bypassed.

Work with intestinal epithelia from wild type and CF
mice and intestinal epithelia from CF patients and from con-
trols produced evidence that in these tissues lubiprostone
acted upon prostanoid receptors, specifically EP4 receptors
(Bijvelds et al., 2009). Since EP4 receptors couple to Gs to

Figure 8
Concentration-response records to L-902688 in two tracheal preparations in the absence (A) and presence of L-161982, 2 mM (B). In (A) when
the maximal response had been achieved L-161982, 2 mM was added. All agents, including amiloride, were added to the apical bathing solutions.

Figure 9
Effects of the protein kinase A inhibitor (H89) on responses to lubiprostone. One each of three matched pairs of epithelia from two sheep was
exposed to H89 (40 mM, both sides) for 30 min. All tissues were then exposed to lubiprostone (200 nM ap) (A). The basal SCC, before amiloride
was added is given at the beginning of each record. Peak and plateau responses, together with charge transfer during 500 s, were all significantly
inhibited by about 50% in the presence of H89, using a paired t-test (B).
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mediate increases in cAMP concentration (Sugimoto and
Narumiya, 2007) that can activate CFTR, it was concluded
that lubiprostone-induced secretion was dependent on CFTR.
However, another study with intestinal epithelia (ileum and
colon) of guinea pig found that PG antagonists failed to
inhibit lubiprostone induced secretion, neither were its
effects blocked by the CFTR channel blocker CFTRinh-172
(Fei et al., 2009).

In the present study, the selective EP4 receptor antagonist
L-161982 was a potent inhibitor of lubiprostone induced SCC
increase, known to be due to increased anion secretion. High
concentrations of other EP receptor antagonists that block
EP1,2and3 receptors (AH 6809 and SC-19220) were without any
effect on lubiprostone-induced SCC increases. Further, PGE2

activated chloride secretion in the trachea and part, at least,
of the response was coupled to EP4 receptors as it too was
sensitive to L-161982.

Further testing for the involvement of EP4 receptors was
made with GW627368X (Wilson et al., 2006), another selec-
tive EP4 receptor antagonist. This too caused a significant
inhibition of lubiprostone-induced SCC, often with some
partial reversal of response with time, possibly due to its
uptake into submucosal fat deposits.

Perhaps the strongest evidence that lubiprostone targets
EP4 receptors comes from measurement of the binding con-
stant for L-161982 using lubiprostone as the competing
agonist. Figure 12A shows the binding constants (Kd) for
L-161982 from competitive binding experiments using HEK
293 cell membranes from cells expressing individual human

prostanoid receptors (Machwate et al., 2001). In Figure 12B,
part of the data are re-plotted on an expanded scale and
include two additional values, namely those from the func-
tional assays presented earlier in the results. Using either
lubiprostone or the selective EP4 receptor agonist L-902688,
the value of Kd for the antagonist was closer to the value for
hEP4 receptors than to any other prostanoid receptor.

In assessing possible errors in binding constant measure-
ments, it appeared that L-161982 was a more effective antago-
nist of L-902688 when it was applied after rather than before
the agonist (Figure 8A,B), a discrepancy that was also noted
with lubiprostone (data not shown). Not the whole of this
difference is likely due to the small inhibitory effect on SCC
sometimes shown by L-161982. A simple explanation is that,
during the course of the experiment, the effective concentra-
tion of the antagonist falls slightly by partitioning, while this
is not seen with acute administration. If this is so then the
estimates of Kd for the antagonist may be even closer to those
for hEP4 receptors, although there is no requirement that
ovine and human values should be identical. Overall, the
conclusion reached in this study is in general agreement with
the findings of Bijvelds et al. (2009) on intestinal tissues.
However, on occasions, they used very high concentrations
of L-161982 (20 mM) that would have interfered with effects
on other prostanoid receptors.

To discover whether EP4 receptors were also involved in
gland secretion, a special methodology was required. While it
was shown that lubiprostone could increase transport when
added to the basolateral side of the epithelium, L-161982 was

Figure 10
Persistence of blockade of lubiprostone by L-161982 after its removal. In (A) amiloride, 10 mM and L-161982, 10 mM were added apically (ap) to
a short circuited tracheal epithelium for 10 min, after which recording was halted and the apical solution replaced, now containing only amiloride.
Subsequent addition of lubiprostone, 500 nM basolaterally (bl), gave only a small increase in current. Data from six experiments confirmed
responses to basolaterally applied lubiprostone are significantly smaller after pre-exposure to L-161982 (B).
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only effective when added apically. Therefore, pre-exposure
to L-161982 was used before the surface was dried and
covered with oil. This approach was justified by showing that
the effects of basolaterally applied lubiprostone on SCC
remained inhibited for some time after the antagonist was
withdrawn. Adopting this protocol to the measurement of

submucosal gland secretion, it was shown that secretion was
inhibited by L-161982. Thus, the tentative conclusion is that
both surface and glandular secretion by lubiprostone is medi-
ated by EP4 receptors.

It is noted that both basal SCC and basal submucosal
gland secretions can be reduced by L-161982. It is not known
whether this is a direct effect of the antagonist or the antago-
nism of some unknown autacoid released by the tissue; the
lack of concentration dependence perhaps favours the latter.

The sensitivity of the PGE2 induced current to AH6809 in
the presence of a high concentration of L-161982 indicates
more than one type of prostanoid receptor is coupled to ion
transport stimulation in the airways, possibly EP2 as this
receptor too is linked to cAMP generation (Sugimoto and
Narumiya, 2007) (Figure 4). However, lubiprostone responses
were unaffected by antagonists of EP1,2,and3 receptors, as were
responses to the selective EP4 agonist L-902688 (Figure 5).
These data strengthen the view that the actions of lubipros-
tone and L-902688 are confined in the airways to EP4 receptors,
where activation leads to cAMP generation, a necessary trigger
for CFTR activation of anion secretion. Evidence that the
coupling of EP4 receptors to the adenylate cyclase-PKA cascade
operates in the trachea is given by the effects of the protein
kinase inhibitor H89, on responses to lubiprostone (Figure 9).

Many of the figures illustrating this report show that
electrogenic, amiloride-sensitive, sodium absorption is the
major component of the SCC in ovine trachea, while electro-
genic anion secretion is a lesser component which can be
increased by lubiprostone (Joo et al., 2009). In CF, the dys-
regulation of ENaC channels (Donaldson and Boucher, 2007)
further emphasizes the discrepancy between these two pro-
cesses. However, the balance between absorptive and secre-
tory processes must be such, in healthy airways, as to
maintain an adequate airway surface liquid (ASL) layer so that
the mucociliary escalator can function. Without this, mucus
accumulates and bacterial infection supervenes, leading
eventually to a loss in lung function. It is argued that airway
submucosal glands make a major contribution to the
secretory process but are not involved in ENaC-dependent

Figure 11
Mean secretion rates of tracheal submucosal glands in response to
lubiprostone in the presence and absence of L-161982. Mean rates of
secretion (as nl·min-1 per gland) are given for 6 glands from both
control and test tissues, measured during a basal period (15 min),
following addition of lubiprostone (500 nM bl) (30 min) and follow-
ing addition of carbachol (CCh, 100 mM bl) (15 min). Note that
pre-exposure to L-161982 significantly reduces the basal, as well as
the lubiprostone-induced, secretion rate, compared with controls.

Figure 12
Equilibrium binding constants (mM) for L-161982 with recombinant human prostanoid receptors (from Machwate et al., 2001) (A), plus values
from functional studies using lubiprostone and L-902688 as agonists (B).
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absorptive processes (Joo et al., 2006). Indeed, it has been
shown that removal of the surface epithelium in porcine
bronchi barely alters the overall secretion rate (Ballard et al.,
1999). In this way, both the surface epithelium and the sub-
mucosal glands contribute to maintain the ASL layer at the
correct level (Verkman et al., 2003). Thus, any compound
that can cause a CFTR-independent chloride secretion from
either or both of the surface epithelium or submucosal glands
might be useful in CF. As shown here, the action of lubipro-
stone is apparently CFTR-dependent for its effects on both
the surface epithelium and submucosal glands.

It is worth pausing to ask why the early literature consid-
ered ClC-2 channels as a major target for lubiprostone. In this
laboratory, we found that Xenopus oocytes expressing hClC-2
responded to lubiprostone while water injected oocytes failed
to respond (Cuthbert and Murthy, unpublished). Similar
results were found with HEK-293 cells, and ClC-2 mRNA and
protein were demonstrated in epithelial tissues (Cuppoletti
et al., 2004). Further examples are given in the Introduction.
If ClC-2 channels are involved in ion transport not only do
they need to be present but also to be correctly located. For
example, Catalan et al. (2004) found ClC-2 channels in colon
epithelia but located basolaterally, and therefore, unable to
support chloride secretion. In contrast, Bear and her col-
leagues (Gyomorey et al., 2000) described ClC-2 like channels
in the ileal epithelium of CF knockout mice that could main-
tain a small chloride current of around 5 mA·cm-2. It was also
shown that ClC-2 channels were located mainly at the tight
junction complexes in the murine ileum, as was also shown
for T84 monolayers (Cuppoletti et al., 2004) and for the
porcine ileum and colon, where there is evidence that acti-
vation leads to an increase in transepithelial resistance (Blik-
slager et al., 2007). How this specific apical location for ClC-2
channels might affect transepithelial anion secretion is
unknown. Unfortunately, there is no information about the
presence or location of ClC-2 channels in ovine airways.

It has been argued that sheep airways are an excellent
model for the human organs (Harris, 1997) and we have
previously shown (Joo et al., 2009) that lubiprostone has
similar activity on human trachea as in sheep. Assuming this
similarity extends to actions of EP4 antagonists, then it will
imply that lubiprostone’s actions are CFTR-dependent in
both species. In consequence, lubiprostone may find applica-
tion in airway disease where airway surface liquid is deficient,
as in various types of chronic obstructive pulmonary disease,
but it is unlikely to be useful in CF.
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