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Abstract

We evaluated the acute effects of ibuprofen and salicylic
acid on cAMP-mediated CI~ secretion (I.) in both colonic
and airway epithelia. In T84 cells, ibuprofen inhibited the
forskolin-dependent I in a concentration-dependent man-
ner, having an apparent K; of 142 pM. Salicylic acid inhib-
ited I, with an apparent K; of 646 pM. We determined
whether ibuprofen would also inhibit the forskolin-stimu-
lated I, in primary cultures of mouse trachea epithelia
(MTE) and human bronchial epithelia (HBE). Similar to
our results in T84 cells, ibuprofen (500 M) inhibited the
forskolin-induced I, in MTEs and HBEs by 59+4% (n =
11) and 39+t6% (n = 8), respectively. Nystatin was em-
ployed to selectively permeabilize the basolateral or apical
membrane to determine the effect of ibuprofen on apical
Cl~ (I) and basolateral K* (Ix) currents after stimulation
by forskolin. After forskolin stimulation, ibuprofen (500
pM) reduced both the I, and I; reducing I, and Iy by 60
and 15%, respectively. To determine whether this inhibition
of I; was due to the inhibition of CFTR, the effects of ibu-
profen and salicylic acid on CFTR CI1~ channels in excised,
inside-out patches from L-cells were evaluated. Ibuprofen
(300 M) reduced CFTR CI1~ current by 60+16% and this
was explained by a short-lived block (~ 1.2 ms) which
causes an apparent reduction in single channel amplitude
from 1.07+0.04 pA to 0.59=0.04 pA (n = 3). Similarly, sali-
cylic acid (3 mM) reduced CFTR CI™ current by 50+8%
with an apparent reduction in single channel amplitude
from 1.08+0.03 pA to 0.480.06 pA (n = 4). Based on these
results, we conclude that the NSAIDs ibuprofen and sali-
cylic acid inhibit cAMP-mediated Cl~ secretion in human
colonic and airway epithelia via a direct inhibition of CFTR
CI™ channels as well as basolateral membrane K* channels.
This may reduce their efficacy in conjunction with other
therapeutic strategies designed to increase CFTR expres-
sion and/or function in secretory epithelia. (J. Clin. Invest.
1998. 102:679-687.) Key words: CFTR . chloride secretion «
intestine « airway « ibuprofen
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Introduction

Cystic fibrosis (CF)! is characterized by persistent Pseudomo-
nas aeruginosa colonization of the conducting airways leading
to the migration of inflammatory cells, including polymorpho-
nuclear leukocytes (PMNs), into the airways of CF patients. It
is known that PMNs release the potent chemokinetic and
chemoattractant, leukotriene B during an inflammatory re-
sponse (1) resulting in the further migration of inflammatory
cells. Cromwell et al. (2) have demonstrated the existence of
the leukotrienes in the sputum of CF patients. In addition to
the migrating granulocytes themselves potentially causing
damage to the airway epithelium, Metchnikoff first hypothe-
sized in 1887 that the products released from the invading
granulocytes might be capable of injuring the host tissue as
well (3). More recently, the oxidative metabolites of arachi-
donic acid and the inflammatory cell-derived proteases have
been implicated in the destruction and shedding of the airway
epithelia observed in CF (3-7). Based on these observations, it
has been proposed that anti-inflammatory drugs might be use-
ful in CF therapy. The nonsteroidal anti-inflammatory drug
(NSAID) ibuprofen is known to inhibit 5-lipoxygenase and
hence leukotriene formation (8) suggesting that ibuprofen
may be useful in the treatment of CF. Ibuprofen was initially
shown to attenuate the inflammatory response to P. aerugi-
nosa challenge in both a mouse (9) and rat (10) model without
affecting the clearance or pulmonary burden of the pathogen.
These results led to a clinical trial in CF patients where it was
shown that high-dose (50-100 wg/ml plasma) ibuprofen
slowed the annual rate of change in forced expiratory volume
in one second (FEV,) in patients with mild lung disease while
having no apparent adverse effects (11). In a second clinical
trial to assess pharmacokinetics and cohort therapy experi-
ence, plasma ibuprofen concentrations as high as 150 pg/ml
were reported (12).

While NSAIDs are widely used over-the-counter medica-
tions, their use is known to result in intestinal inflammation
and injury (13-15). This effect is believed to be caused by an
increased mucosal permeability (16). Paradoxically, it has been
speculated that this is due to the inhibition of the cyclooxygen-
ase-dependent oxidation of arachidonic acid resulting in the
depletion of endogenous prostaglandins (13). In addition to
their effects on the cyclooxygenase- and lipoxygenase-depen-
dent oxidation of arachidonic acid, the NSAIDs are structur-
ally related to the known CI~ channel blockers, diphenyl-

1. Abbreviations used in this paper: 293B, trans-6-cyano-4-(N-ethyl-
sulphonyl-N-methylamino)-3-hydroxy-2,2-dimethyl-chromane; CF, cys-
tic fibrosis; CFTR, cystic fibrosis transmembrane conductance regula-
tor; FEV,, forced expiratory volume in one second; HBE, human
bronchial epithelium; HPC, human placental collagen; I, Cl™ cur-
rents; Iy, K* currents; I, short circuit current; MTE, murine tracheal
epithelium; NSAID, nonsteroidal anti-inflammatory drug; PD,., trans-
epithelial potential difference; PKA, protein kinase A; PMNSs, poly-
morphonuclear leukocytes.
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amine-2-carboxylate and 5-nitro-2-(3-phenylpropylamino)-
benzoate (17). Also, the NSAIDs, niflumic acid and flufenamic
acid are known inhibitors of the Ca>*-dependent CI~ channel
in Xenopus oocytes (18). These results suggested that the
structurally related NSAID ibuprofen may similarly affect ion
transport across epithelia. Thus, we determined the effect of
ibuprofen on Cl~ secretion in both human colonic and airway
epithelia. We demonstrate that ibuprofen, at a pharmacologi-
cally relevant concentration, inhibits cAMP-dependent CI” se-
cretion across human colonic and airway epithelia and that this
inhibition is due at least in part to the blocking of the cystic fi-
brosis transmembrane conductance regulator (CFTR) CI”
channel.

Methods

T84 cell culture. T84 cells were grown in DME and Ham’s F-12 (1:1)
supplemented with 15 mM Hepes, 14 mM NaHCO;, and 10% FBS.
The cells were incubated in a humidified atmosphere containing 5%
CO, at 37°C. For measurements of short-circuit current (I,) T84 cells
were seeded onto Costar transwell cell culture inserts (0.33 cm? Co-
star Corp., Cambridge, MA) and the culture media changed every 48 h.
I, measurements were performed on filters after 14-21 d in culture.

L cell culture. L cells, a murine fibroblast cell line stably express-
ing human CFTR (19), were grown in DME supplemented with 10%
FBS, 100 U/ml penicillin, and 100 pg/ml streptomycin. For patch-
clamp experiments the cells were plated onto human placental col-
lagen (HPC, type VI; Sigma Chemical Co., St. Louis, MO)-coated
plastic coverslips 24-48 h before use.

Primary cultures of murine tracheal epithelium. CD-1 mice (Charles
River Laboratories, Wilmington, MA) were killed by cervical disloca-
tion, the trachea was removed and cleaned of adherent tissues, and
opened longitudinally. The tracheas were incubated overnight at 4°C
in MEM containing 0.1% protease XIV, 0.01% deoxyribonuclease,
and 1% FBS. The epithelial cells were isolated by centrifugation and
resuspended in Ham’s F-12 media supplemented with 1 pg/ml insulin,
7.5 pg/ml transferrin, 1 wM hydrocortisone, 30 nM 3,5,3'-triiodothy-
ronine (T;), 1 ng/ml cholera toxin, 2.5 ng/ml epidermal growth factor,
and 10 ng/ml endothelial cell growth substance. This was combined
1:1 with 3T3 fibroblast conditioned DME containing 2% FBS. The
cells were seeded onto Costar Corp. transwell cell culture filter in-
serts, and after 4 d in culture, the media bathing the apical surface
was removed to establish an air interface. Measurements of I, were
performed after approximately 10 additional d in culture.

Primary cultures of human bronchial epithelium. Tissue was ob-
tained from pathology specimens after lung transplantation for a vari-
ety of pathologic conditions including emphysema, chronic obstruc-
tive pulmonary disease, scleroderma, and «j-antitrypsin disease
under a protocol approved by the University of Pittsburgh Human
Experimentation Committee. The mainstem bronchi were removed,
cleaned of adherent tissues and opened longitudinally. The bronchi
were incubated overnight at 4°C in MEM containing 0.1% protease
XIV, 0.01% deoxyribonuclease, and 1% FBS. The epithelial cells
were removed from the underlying musculature by blunt dissection,
isolated by centrifugation and washed in MEM containing 5% FBS.
After centrifugation, the cells were resuspended in bronchial epithe-
lial growth media, supplemented with 26 wg/ml bovine pituitary ex-
tract, 10 pg/ml insulin, 1 ng/ml epidermal growth factor, 13 ng/ml Tj,
20 pg/ml transferrin, 0.2 ng/ml retinoic acid, 1 pg/ml hydrocortisone,
100 pg/ml gentamycin, and 100 ng/ml amphotericin (catalog No. CC-
3170; Clonetics Corporation, San Diego, CA). The cells were then
plated into HPC-treated t-25 tissue culture flasks. Upon reaching 80—
90% confluence, the cells were trypsinized (0.1%), resuspended in
MEM plus 5% FBS and seeded onto HPC-coated Costar Transwell
filters (0.33 cm?) at a density of approximately 2 X 10%cm?. After 24 h,
the media was changed to DME/F12 (1:1) plus 2% Ultroser G (Bio-
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Sepra, Inc., Cedex, France) and an air interface at the apical mem-
brane established. The media bathing the basolateral surface was
changed every 48 h. Measurements of I, were performed after ~ 10—
20 additional days in culture.

I, measurements. Costar transwell cell culture inserts were
mounted in an Ussing chamber (Jim’s Instruments, lowa City, 1A)
and the monolayers continuously short-circuited (University of Iowa,
Department of Bioengineering, Iowa City, IA). Transepithelial resis-
tance was measured by periodically applying a 5-mV pulse, and the
resistance calculated using Ohm’s law. The bath solution contained
(in mM): 120 NaCl, 25 NaHCOs;, 3.3 KH,PO,, 0.8 K,HPO,, 1.2
MgCl,, 1.2 CaCl,, and 10 glucose. The pH of this solution was 7.4
when gassed with a mixture of 95% O,-5% CO, at 37°C. The effects
of forskolin, ibuprofen, and glibenclamide on apical membrane CI~
currents (I) were assessed after permeabilization of the serosal
membrane with nystatin (360 pg/ml), and the establishment of a mu-
cosa-to-serosa Cl~ concentration gradient. Serosal NaCl was replaced
by equimolar Na-gluconate. Nystatin was added to the serosal mem-
brane 15-30 min before the addition of drugs (20). Successful perme-
abilization of the basolateral membrane was based upon the record-
ing of a negative Cl~ current as described previously (20). The effects
of forskolin, ibuprofen, and trans-6-cyano-4-(N-ethylsulphonyl-
N-methylamino)-3-hydroxy-2,2-dimethyl-chromane (293B) on basolat-
eral membrane K* currents (Ix) were assessed after permeabilization
of the apical membrane with nystatin (180 wg/ml) for 15-30 min, and
establishment of a mucosa-to-serosa K* concentration gradient. For
measurements of Iy, mucosal NaCl was replaced by equimolar K-glu-
conate, while serosal NaCl was substituted with equimolar Na-glu-
conate. Chloride was removed from these solutions to prevent cell
swelling that may be associated with the limited Cl~ permeability of
the nystatin pore. In all gluconate solutions the CaCl, was increased
to 4 mM to compensate for the Ca?* buffering capacity of the gluco-
nate anion. Forskolin, ibuprofen, salicylic acid, and glibenclamide were
added to both sides of the monolayers at the indicated concentra-
tions. Bumetanide and 293B were added only to the serosal bathing
solution while amiloride was added only to the mucosal bathing solu-
tion. Changes in I are calculated as a difference current between the
sustained phase of the response and respective baseline values.

Single channel recording. Channels were identified as CFTR
based upon the channel amplitude at -80 mV (1.07+0.06 pA), a lin-
ear current—voltage relationship with a slope conductance of 11.8 pS
(data not shown), stimulation of channel gating by forskolin when in
the cell-attached configuration, stimulation of channel gating by the
catalytic subunit of protein kinase A (PKA) when in the excised, in-
side-out configuration and the ongoing requirement for ATP subse-
quent to PKA-dependent activation. Such channels are routinely ob-
served in cells transfected with the CFTR gene but not in parental or
mock-transfected cells (19). Additionally, kinetic behavior of the
channels in control conditions (see Figs. 4 and 5) was indistinguish-
able from our previous characterization of CFTR when evaluated in
this system (21, 22).

Data were acquired from excised membrane patches and ana-
lyzed as described previously (21, 23) with minor modifications. Be-
fore changing solution composition at the cytosolic face of an excised
membrane patch, CFTR channel gating was recorded for a control
period in excess of 80 s to insure steady state kinetic activity. The
0.75-ml bath was refreshed at a rate of four bath volumes per minute
and maintained at 34-37°C throughout all experiments. The pipette so-
lution contained (in mM): 140 N-methyl-D-glucamine-HCl (NMDG-
Cl), 1 CaCl,, 2 MgCl,, 10 1,3-bis[tris(hydroxymethyl)-methylamino]pro-
pane-HCI (BTP); pH was adjusted to 7.35 with HCL. The standard
bathing solution contained (in mM): 150 NaCl, 2 MgCl,, 10 NaF, 0.5
EGTA, 0.26 CaCl,, and 10 BTP, pH 7.35 (adjusted with HCI). Free
Ca’* concentration was calculated to be 100 nM (24). F~ was included
as a nonspecific inhibitor of phosphatases that might be active on
patch excision and can lead to channel inactivation (25). The pH of
bath solutions containing either ibuprofen or salicylic acid was ad-
justed as necessary with BTP before patch exposure.



Single channel amplitude (i), mean current (I), and number of
channels (N) present in the patch were determined as described pre-
viously (21). For macroscopic current analysis (i.e., / in the presence
of various concentrations of NSAIDs expressed as a percent of / in
the absence of NSAIDs; I/I,,,) and fluctuation analysis, recordings
85-170 s in length were analyzed for each control or experimental
condition with Bio-Patch software (version 3.21; Molecular Kinetics,
Inc., Pullman, WA) as described previously (21).

Chemicals. 293B was a generous gift from Dr. Rainer Greger (Al-
bert-Ludwigs-Universitat, Freiberg, Germany). Nystatin was a gener-
ous gift from Dr. S. Lucania (Bristol Meyers-Squibb, Princeton, NJ).
Bumetanide, ibuprofen, salicylic acid, acetylsalicylic acid and glib-
enclamide were obtained from Sigma Chemical Co. Forskolin was ob-
tained from Calbiochem Corp. (La Jolla, CA). Na,ATP was obtained
from Boehringer Mannheim Biochemicals (Indianapolis, IN). The
catalytic subunit of PKA was obtained from Promega Corp. (Madi-
son, WI). Forskolin, bumetanide and ibuprofen were made as 1,000-fold
stock solutions in ethanol. Salicylic acid was dissolved in the appro-
priate experimental buffer. Cell culture medium was obtained from
GIBCO BRL (Gaithersburg, MD) unless otherwise noted above.

Data analysis. All data are presented as means=SEM, where n
indicates the number of experiments. Nonlinear curve fitting was
completed using SigmaPlot (version 4.14; Jandel Scientific, San
Rafael, CA). Statistical analyses were performed using Student’s ¢
test. A value of P < 0.05 was considered statistically significant.

T84 Cells

10 uM
Forskolin

500 uM 3X
Ibuprofen Wash

20 uM
Bumetanide

%)

I (A/em
3
|

Results

Effect of ibuprofen and salicylic acid on cAMP-dependent Cl~
secretion in T84 cells. In initial experiments, we determined
the effect of ibuprofen on the model CI” secretory epithelium,
T84. As shown in Fig. 1 (fop), forskolin stimulated a sustained
CI™ secretory response (1) in these cells. Subsequent to forsko-
lin, ibuprofen (500 wM) caused a rapid and reversible inhibi-
tion of I .. After washout of ibuprofen and relief of associated
inhibition, the I was inhibited by bumetanide, confirming the
Cl™ secretory nature of the response. In seven experiments,
forskolin (10 pM) increased I, by 674 pA/cm? and this was
inhibited 46+4% by ibuprofen (500 wM). A concentration—
response curve for the ibuprofen-dependent inhibition of for-
skolin-induced L is shown in Fig. 1 (bottom, circles). Forskolin
(10 uM) increased I, 71=8 pA/cm? and this was subsequently
inhibited in a concentration-dependent fashion with ibupro-
fen. The data were fitted by a Michaelis-Menten relation with
an apparent K; of 142+32 uM (n = 5) and a predicted maximal
inhibition of 68%. Similar inhibition was observed in the pres-
ence of bovine serum albumin (0.4 g/liter) suggesting that the
effect of ibuprofen on epithelial CI~ secretion would not be
significantly affected in vivo by plasma protein binding (data

15 p.A/cm2 |

5 min.

Figure 1. (Top) Effect of ibuprofen (500 wM)
on a forskolin-stimulated Cl~ secretory re-
sponse (1) in T84 monolayers. Ibuprofen
(mucosa and serosa addition) inhibited I, and
this was reversed upon washout of the ibupro-
fen (3X wash). Bumetanide (20 M) inhibited
the remainder of the I.. Current pulses repre-
sent response to voltage pulses of +5mV (5's
duration) to measure tissue conductance. The
dashed line indicates the zero (0) current level.
(Bottom) Average concentration-response
curve for inhibition of the forskolin-stimulated
I, by ibuprofen (circles; n = 5) and salicylic
acid (triangles; n = 5). The data were fitted by

0 - i I I
C 001 0.1 1
[NSAID] (mM)

1 a Michaelis-Menten function using a Hill coef-
10 ficient of 1.0. Apparent K; values were 142+32
M for ibuprofen and 64632 wM for salicylic
acid. C, control.
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not shown). These data demonstrate that the NSAID ibupro-
fen inhibits cAMP-mediated Cl~ secretion within the pharma-
cological range currently being tested in clinical trails for CF
therapy (200-400 uM plasma levels; reference 11).

The effect of salicylic acid on the forskolin-induced I, was
also determined. Forskolin (10 uM) increased I, 817 pA/
cm? (n = 15) and this was inhibited by salicylic acid in a con-
centration-dependent manner with an apparent K; of 646+32
M and a predicted maximal inhibition of 74% (Fig. 1, bottom,
triangles). We also evaluated the effect of acetylsalicylic acid
(aspirin) on forskolin-induced I.. At both 500 uM and 1 mM,
aspirin was less efficacious, inhibiting I by only 15£1% (n =
4) and 23*2% (n = 4), respectively.

Effect of ibuprofen on cAMP-dependent Cl~ secretion in
primary cultures of murine tracheal and human bronchial epi-
thelia. Our studies from colonic cells were extended to deter-
mine whether ibuprofen would similarly inhibit the forskolin-
stimulated I in both primary cultures of murine tracheal
epithelia (MTE) and human bronchial epithelia (HBE). As
shown for one MTE monolayer in Fig. 2 (top), after inhibition
of basal Na* absorption with amiloride (10 uM), forskolin (10
M) induced a sustained increase in L. The subsequent addi-
tion of ibuprofen (500 wM) induced a rapid inhibition of L.
Upon removal of the ibuprofen this inhibition was partially re-
versible, consistent with our data from T84 cells (Fig. 1). Glib-
enclamide (150 uM) inhibited the remaining current suggest-
ing the current is being carried across the apical membrane via
CFTR. In 11 monolayers the baseline I, was 32+5 pA/cm?
and this was reduced to 8+5 pA/cm? in the presence of
amiloride. The subsequent addition of forskolin increased I
by 2924 pA/em? and this was subsequently inhibited 59+4%
by ibuprofen. Addition of glibenclamide returned I to base-
line (82 pA/cm?).

The effect of ibuprofen on forskolin stimulated L. in HBE
is shown in Fig. 2 (bottom). The monolayer was initially ex-
posed to mucosal amiloride (10 wM) to inhibit basal Na* ab-
sorption. Subsequently, forskolin (10 pM) induced a transient
increase in I followed by a sustained plateau. Ibuprofen (500
M) partially inhibited this sustained I response with bumet-
anide (20 pM) further inhibiting I.. Bumetanide reduced I, to
below the amiloride-induced I level suggesting that a portion
of the I, remaining after amiloride is due to basal CI” secre-
tion as previously described (26). In eight monolayers, the
basal I, averaged 29.4+8.3 p.A/cm? with an open-circuit trans-
epithelial potential difference (PD,) of —10.5+3.7 mV. This
PD, is similar to what has been reported for in vivo measure-
ments of nasal PD,, (27). Amiloride reduced I to 16.8+4.5
pA/cm? with forskolin subsequently inducing an initial peak
increase in I of 21.7+3.9 pA/cm? with the sustained plateau
phase being 15.8+3.9 wA/cm? above the amiloride-induced
baseline. Ibuprofen inhibited the sustained phase 39+6%. Bu-
metanide further inhibited I, to below baseline (14.3+2.9 pA/
cm?). Taken together, our results from the MTEs and HBEs
demonstrate that ibuprofen inhibits cAMP-dependent CI” se-
cretion across airway epithelia.

Transepithelial ClI~ and K* current measurements. Our re-
sults suggest that ibuprofen is inhibiting CI~ secretion by di-
rectly altering the apical membrane CI~ conductance (Gg) or
by altering the electrochemical driving force for Cl™ secretion,
an effect that might occur via modulation of a basolateral
membrane K* conductance (G). To further resolve the con-
ductance pathways inhibited, the pore-forming antibiotic nys-
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Murine Tracheal Epithelium

25 pA/cem’ |

5 min.
10 uM 10 uM 500 uM 3X 150 uM
Amiloride Forskolin Ibuprofen Wash Glibenclamide

Human Bronchial Epithelium

S pA/cm’

5 min.

10 uM 10 M
Amiloride Forskolin

500 pM
Ibuprofen

20 uyM.
Bumetanide

Figure 2. (Top) Effect of ibuprofen (500 uM) on the forskolin-stimu-
lated I in murine tracheal epithelia. Amiloride (10 wM; mucosal)
was added to inhibit the basal Na™ absorption in this tissue. Subse-
quently, forskolin (10 pM) increased L. and this was reversibly inhib-
ited by ibuprofen (mucosal and serosal). After washout of the ibupro-
fen, the current was inhibited by glibenclamide (150 wM; mucosal and
serosal) suggesting that CFTR mediates Cl~ secretion in this tissue.
(Bottom) Effect of ibuprofen (500 wM) on the forskolin-stimulated I,
in human bronchial epithelia. Amiloride (10 wM; mucosal) was added
to inhibit the basal Na* absorption in this tissue. Subsequently, for-
skolin (10 pM) increased I, and this was inhibited by ibuprofen (mu-
cosal and serosal). Bumetanide (20 uM; serosal) caused a further re-
duction in I.

tatin was used to selectively permeabilize either the basolat-
eral or apical membrane, and the appropriate transepithelial
ion gradients established to measure I or Ik, respectively (see
Methods). In Fig. 3, the effects of ibuprofen on I and Ik after
stimulation by forskolin are shown. After establishment of a
mucosa-to-serosa Cl~ gradient and permeabilization of the ba-
solateral membrane with nystatin, forskolin stimulated an in-
ward current, as expected for the imposed CI™ gradient (Fig. 3,
top). Ibuprofen (500 wM) inhibited this cAMP-mediated I
The subsequent addition of glibenclamide (100 pM) further
inhibited the current, confirming that CFTR was the conduc-
tive pathway at the apical membrane. Note that in the pres-
ence of glibenclamide, both the nystatin- and forskolin-induced



Nystatin

o
Apical &=

Forskolin

Ibuprofen  Glibenclamide

v v

25 pA /e’

5 min.

Nystatin

293B

Forskolin Ibuprofen

Figure 3. (Top) Effect of ibuprofen (mucosal and serosal) on the forskolin (10 wM)-induced apical membrane Cl~ current after establishment of
a mucosa-to-serosa Cl~ gradient and permeabilization of the basolateral (BL) membrane with nystatin (see Methods). Forskolin induced an in-
crease in inward current; consistent with an absorptive Cl~ flow. Ibuprofen (500) inhibited the I¢;. The subsequent addition of glibenclamide (100
wM) further inhibited the I¢. (Bottom) Effect of ibuprofen (500 uM) on the forskolin-induced K* current (I) after establishment of a mucosa-
to-serosa K* gradient and permeabilization of the mucosal membrane with nystatin (see Methods). Ibuprofen modestly inhibited the forskolin-
induced K* current while the subsequent addition of 293B (100 uM) further blocked the response. The monolayer illustrations indicates the direction
of the ion gradient and the membrane that was permeabilized with nystatin (dashed line in monolayer illustration). The dashed line indicates the

zero current level.

I was inhibited suggesting that the basal conductance induced
by nystatin is due to CFTR as well, similar to what we have re-
ported previously (20, 26, 28). In five monolayers, nystatin in-
creased I an average of 453 pA/cm? and this was further in-
creased 48+6 pA/cm? in the presence of forskolin (10 pM).
The addition of ibuprofen reduced I, an average of 54+3 pA/
cm? and this was further inhibited 35+6 wA/cm? by glibencla-
mide. In previous studies we found no evidence for either a
Ca?*-activated Cl~ channel, an outwardly-rectifying CI~ chan-
nel or CIC CI™ channels in the apical membrane of confluent
T84 cells suggesting that CFTR is the dominant conductance
under our recording conditions (20, 28). This suggests that ibu-
profen inhibits ~ 60% of the CFTR Cl~ conductance in these
experiments, in agreement with our I, measurements.

After establishment of a mucosa-to-serosa K* gradient and
permeabilization of the mucosal membrane with nystatin, for-
skolin increased I as reported previously (Fig. 3, bottom; ref-

erences 26, 29). Ibuprofen induced a small but reproducible in-
hibition of Ix. The subsequent addition of 293B further
inhibited Ix. Lohrman et al. (30) previously characterized 293B
as an inhibitor of the cAMP-dependent K* conductance in rat
colon. Further, we demonstrated that forskolin-dependent CI”
secretion in T84 cells is inhibited by 293B and that 293B inhib-
its the forskolin-stimulated Iy in these cells (29). Again, note
that 293B reduced I below the level induced by nystatin con-
sistent with our previous report (29). This suggests that a por-
tion of the nystatin-induced Iy is due to the presence of a
cAMP-dependent K* conductance. In six experiments, nysta-
tin increased Ix 41+3 wA/cm? and this was further increased
12+3 wA/cm? by forskolin (10 wM). The addition of ibuprofen
reduced Ix by 5+1 wA/cm?. The subsequent addition of 293B
further reduced Ig by 12+2 pA/cm?. In the absence of forsko-
lin, ibuprofen had no effect on Gx. We demonstrated previ-
ously that the nystatin-induced I is blocked by both 293B and
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Ba?* in an additive fashion (29) with both inhibitors reducing
Ix by an equal amount. If we assume that 293B inhibits ~ 50%
of the basal K* conductance then this suggests that ibuprofen
inhibits ~ 15% of the total basolateral K conductance.

Effect of ibuprofen on CFTR in excised, inside-out patches.
The results above demonstrate that ibuprofen inhibits CFTR-
dependent CI~ current. To determine the mechanism of this
inhibition, the effect of ibuprofen on CFTR CI” channels in
excised, inside-out patches from mouse L cells recombinantly
expressing CFTR (19) was determined. We characterized pre-
viously the kinetics of nucleotide-dependent gating (21, 22)
and sulfonylurea-dependent block of CFTR (23, 31) in these
cells in detail. The results of one experiment with ibuprofen

Control

0.3 mM Ibuprofen

are shown in Fig. 4. Ibuprofen (300 pM) dramatically reduced
mean current (/) from 2.2 pA to 1.5 pA and this was associated
with an apparent reduction in single channel amplitude from
1.07 pA to 0.52 pA (i; compare amplitude histograms for con-
trol and ibuprofen in Fig. 4). Increasing the concentration of
ibuprofen to 1 mM further reduced 7 to 0.94 pA and transitions
between open and closed states of the channels could no
longer be resolved. In three patches, 300 wM ibuprofen re-
duced I by 60*+16% while causing an apparent reduction in i
from 1.07£0.04 pA to 0.59+0.04 pA. Note that, when filtered
at 200 Hz, complete closures of the channels are not resolved
in the presence of ibuprofen (Fig. 4, top) resulting in the ap-
pearance of a change in baseline. However, when filtered at
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Figure 4. Ibuprofen inhibits CFTR-mediated Cl~ current in membrane patches excised from L cells. (Top) The changes in gating characteristics
and reduction in patch current caused by increasing concentrations of ibuprofen as indicated. Average current was 2.2, 1.5, and 0.9 pA in the
three conditions, respectively. Current records were filtered (8 pole Bessel filter) at 100 Hz and plotted at 200 Hz. (Middle) Expanded records of
current traces from the top panels. Records were filtered at 800 Hz and plotted at 2 kHz. (Bottom left) Amplitude histograms of the data pre-
sented in the top panels. In control conditions, the mean single channel amplitude was 1.06 pA. Single channel amplitude was reduced to 0.52 pA
by 0.3 mM ibuprofen and could not be determined in the presence of 1.0 mM ibuprofen. 1 min of data, filtered at 50 Hz, were used to construct
each histogram. (Bottom right) The power density spectra and associated multi-Lorentzian fits of current recordings made in presence or ab-
sence of 0.3 mM ibuprofen. The data show that ibuprofen introduces high-frequency transitions (f, = 410 Hz; S, = 5.9 X 1072 A%) not seen in
the control conditions and causes a reduction in power and frequency associated with nucleotide-dependent gating (control, f,; = 2.4 Hz, S, =
2.6 X 1072 A%, and f,, = 87 Hz, S, = 4.5 X 10728 A’; ibuprofen, f,; = 2.7 Hz, S, = 3.7 X 1072 A%s and f,, = 31 Hz, S, = 1.4 X 10~%" A%). Data
were filtered at 800 Hz and sampled at 2 kHz. 23 and 35 nonoverlapping segments (4.096 s) were used to construct control and ibuprofen power
density spectra, respectively. Lorentzian components could not be resolved in this frequency domain in the presence of 1 mM ibuprofen.
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800 Hz, the baseline was not affected by addition of ibuprofen
(Fig. 4, middle). These results are consistent with a short-lived
block of CFTR by ibuprofen. Further evidence of high fre-
quency block is presented in the lower right panel of Fig. 4.
Power density spectra were constructed from data recorded in
the absence and presence of 300 wM ibuprofen. In control con-
ditions, and similar to previous reports from our laboratory
(21-23, 31), the data were well fitted by two Lorentzian com-
ponents; a low frequency component (f, = 2.4 Hz) which has
been associated with nucleotide-dependent bursts and a higher
frequency component (f, = 87 Hz) associated with short-lived
closures within a burst. Addition of ibuprofen resulted in a re-
duction of the power associated with each of these transitions
and the introduction of a new set of transitions with f, = 410
Hz. If one assumes a simple open-blocked mechanism as we

Control

3.0 mM Salicylic Acid

previously reported for glibenclamide (23) and tolbutamide
(31), these results suggest a k,, of 5.8 uM~!s™! and k. of 810
s~ resulting in a predicted K, of 140 uM. The predicted kg or
Tooek (1.2 ms) is consistent with our ability to resolve blocked
events when filtered at 800 Hz, but not at 200 Hz. More com-
plex kinetic schemes could be envisioned; however, these pre-
dictions can account for all of the data presented in Fig. 4 and
the concentration dependency reported in Fig. 1 (bottom).
Similar results were obtained from additional experiments
to evaluate the effects of salicylic acid (3 mM) on CFTR chan-
nel activity. As shown in Fig. 5, salicylic acid dramatically and
reversibly reduced CFTR-mediated CI™ current. In this patch,
salicylic acid caused a reduction in / from 3.5 to 1.4 pA and the
apparent single channel amplitude was reduced from 1.1 to 0.4
pA. Fluctuation analysis revealed that salicylic acid reduced
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Figure 5. Salicylic acid reversibly inhibits CFTR-mediated Cl~ current in membrane patches excised from L cells. (Top) The reversible, salicylic
acid-induced changes in gating characteristics and reduction in patch current caused by 3.0 mM salicylic acid. Average current was 3.5, 1.4, and
2.1 pA in the three conditions, respectively. Current records were filtered at 100 Hz (8 pole Bessel filter) and plotted at 200 Hz. (Middle) Ex-
panded records of current traces from the top panels. Records were filtered at 800 Hz and plotted at 2 kHz. (Bottom left) Amplitude histograms
of the data presented in the top panels. In control conditions and after washout, the mean single channel amplitude was 1.1 pA. Single channel
amplitude was reduced to 0.38 pA by 3.0 mM salicylic acid. 1 min of data, filtered at 50 Hz, were used to construct each histogram. (Bottom right)
The power density spectra and associated multi-Lorentzian fits of current recordings made in presence or absence of salicylic acid. The data
show that salicylic acid causes a reduction in power and corner frequency associated with nucleotide-dependent gating (control, f,; = 1.9 Hz; S, =
5.8 X 107% A% and f,, = 95 Hz, S, = 9.3 X 1072 AZ; salicylic acid, f,; = 1.7 Hz, S, = 8.8 X 1072 A% and f., = 93 Hz, S, = 2.5 X 1072 A%; wash-
out, f.; = 2.1 Hz; S, = 3.3 X 1072 A% and f,, = 95 Hz, S, = 6.1 X 1072% A%). Data were filtered at 800 Hz and sampled at 2 kHz. 22 or more non-
overlapping segments (4.096 s) were used to construct each power density spectra.
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the power associated with nucleotide-dependent gating; how-
ever, a salicylic acid-induced Lorentzian component was not
observed in this frequency domain. Upon removal of the sali-
cylic acid, I increased to 2.1 pA, i returned to 1.1 pA and the
power density spectra approximated that observed in control
conditions. On average, CFTR CI~ current was reduced by
50+8% with an apparent reduction in single channel ampli-
tude from 1.08+0.03 pA to 0.48+0.06 pA (n = 4). These re-
sults demonstrate that the NSAIDs ibuprofen and salicylic
acid inhibit the CFTR CI” channel and that this inhibition
likely explains the NSAID-dependent inhibition of cAMP-medi-
ated Cl~ secretion in colonic and airway epithelia.

Discussion

While two of the hallmarks of CF are chronic inflammation
and persistent bacterial colonization, there remains the open
question of whether inflammation precedes bacterial coloniza-
tion in the etiology of the disease. Resolution of this question
is important in determining the role of anti-inflammatory
agents in CF therapy. Based on these findings, the use of anti-
inflammatory agents has been proposed in CF (3, 5). Indeed,
results from an initial clinical trial using prednisone demon-
strated improved physical (e.g., height, weight) and respiratory
(e.g., FEV)) parameters (32). Unfortunately, a second, larger
clinical trial uncovered adverse effects that resulted in a pre-
mature termination of the trial (33). However, these earlier re-
sults confirmed that anti-inflammatory agents may be useful in
CF therapy. This led to the more recent clinical trials in which
it was demonstrated that the NSAID ibuprofen resulted in a
slowing of the rate of loss in FEV, in CF patients with mild
lung disease (11, 34).

While the above results suggest that NSAIDs may be use-
ful in CF therapy, they do not address the mechanism by which
these compounds improve lung function. CF is caused by a
mutation in the CFTR CI™ channel resulting in an absent or di-
minished Cl~ secretory function of the airway in response to
cAMP-mediated agonists. Thus, in an attempt to determine
whether an improved Cl~ secretory function underlies the
NSAID-induced improved respiratory function, we evaluated
the acute effect of the NSAIDs ibuprofen, salicylic acid, and
aspirin on ClI~ secretory current in colonic and airway epithe-
lia. We demonstrate that these NSAIDs inhibit, rather than
augment, cAMP-mediated Cl~ secretion in the human colonic
cell line, T84 as well as in primary cultures of murine tracheal
and human bronchial epithelia. In addition, we demonstrate
that this inhibition is due to the ability of these NSAIDs to di-
rectly modulate CFTR CI~ currents in excised membrane
patches. This inhibition is due to the introduction of a short-
lived blocked state that, when filtered at low frequency, ap-
pears as a reduction in single channel amplitude. However,
given the ability of these NSAIDs to readily cross the plasma
membrane, our studies do not allow us to determine whether
the observed inhibition of CFTR is due to an interaction with
the intracellular or extracellular side of the channel. Also,
while we are unable to directly evaluate the potential pH ef-
fects of NSAIDs on ClI™ secretion, our intact epithelium and
excised patch—-clamp experiments demonstrate that the effect
of ibuprofen and salicylic acid on CFTR occur at physiologi-
cally relevant pH (7.3-7.4). Finally, our results also indicate
that ibuprofen induces a small inhibition of the cAMP-depen-
dent basolateral membrane K* conductance in T84 cells. This
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cAMP-dependent Gg has not been identified at the single
channel level in T84 cells. In total, our results demonstrate that
the NSAID-dependent inhibition of CI™ secretion primarily is
due to inhibition of CFTR although a lesser effect on basolat-
eral Gg is also apparent.

Our results in Ussing chambers are similar to what has
been reported (35) using primary cultures of canine trachea.
However, these authors did not determine the effect of ibupro-
fen on CI~ secretion in their studies. Also, Mochizuki et al.
(35) found that aspirin had a higher affinity than salicylic acid
for inhibition of cAMP-dependent CI~ secretion. In contrast,
we find that aspirin is less efficacious in inhibiting CI” secre-
tion in the colonic cell line, T84. Currently, it is unclear why we
observe these differences; however, this may be explained by
either differences between colonic and airway epithelia or spe-
cies differences in the CFTR protein. An additional possibility
is that the NSAIDs may be interacting preferentially with a
given regulated (kinetic) state of CFTR. As the canine trachea
is primarily a Cl~ secretory epithelium whereas the human air-
way is primarily Na* absorptive, the regulation of CFTR in
these two tissues, and hence the interaction with a blocker,
may be somewhat different. In any event, our results confirm
and extend those of Mochizuki et al. (35) by demonstrating
that the NSAIDs acutely inhibit cAMP-dependent CI™ secre-
tion in human colonic and airway epithelia and that this inhibi-
tion of transepithelial current is due to block of CFTR CI”
channels.

In addition to the acute effects detailed in this study, these
NSAIDs may also have long-term effects that are more influ-
ential to the beneficial effect seen in CF. For example, salicy-
late is known to partially induce the heat shock response (36,
37) and heat shock proteins are known to act as chaperones for
CFTR (38). Also, aspirin has been shown to induce the expres-
sion of eicosanoids, which are potent inhibitors of leukotriene
B,-mediated PMN migration (39), and is thus anti-inflamma-
tory. Finally, both salicylate and aspirin have been shown to in-
hibit the activation of NF-kB, a transcription factor critical for
the inducible expression of gene products involved in the in-
flammatory response (40). NF-kB has been shown to be acti-
vated as part of the endoplasmic reticulum overload response
(41). As AF508 CFTR is trapped in the ER (42) this may lead
to the activation of NF-«B. Indeed, we have found that in pri-
mary cultures of HBE homozygous for the AF508 CFTR mu-
tation, there is an activation and nuclear translocation of NF-
kB (Bradbury, N.A., W. Walker, and D.C. Devor, unpublished
observations). Thus, it is important to determine the long-term
effect of NSAIDs on CFTR. In a preliminary report, Legros et
al. (43) found that NSAIDs, including ibuprofen, salicylic acid,
and aspirin decreased CFTR mRNA expression. We have
found that incubation of T84 cells in ibuprofen or salicylic acid
(72 h) results in a reduced level of forskolin-stimulated I, (De-
vor, D.C., unpublished observations). After ibuprofen expo-
sure during cell culture, forskolin-stimulated L could be inhib-
ited to a similar extent by the acute addition of ibuprofen
(Devor, D.C., unpublished observations). These results sug-
gest that chronic exposure to ibuprofen results in reduced
CFTR expression whereas acute exposure results in reduced
CI™ conductance through CFTR.

In conclusion, we demonstrate that ibuprofen inhibits
CFTR-dependent CI~ secretion in both colonic and airway ep-
ithelia (see Figs. 1 and 2). This is due to both a direct inhibition
of the CFTR CI™ channel as well as a lesser effect on basolat-



eral Gg (see Figs. 3-5). The concentrations used in this study
were within the range of plasma levels previously reported to
be beneficial in CF patients (11). These results coupled with
the recent results of Edelman and colleagues (43) suggest that
the beneficial effect of NSAIDs in CF therapy are unrelated to
their effects on CFTR. However, the direct effects of NSAIDs
on CFTR described herein are of critical importance because
the efficacy of therapeutic strategies designed to increase ei-
ther CFTR expression (e.g., gene therapy, chemical chaper-
ones) and/or function (e.g., pharmacological openers of CFTR)
in secretory epithelia may be adversely affected by concomi-
tant NSAID treatment. Furthermore, the treatment of CF pa-
tients expressing mild mutations with NSAIDs may likewise
be contraindicated because of an anticipated reduction in
CFTR CI™ conductance.
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