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Structural basis for specificity and potency of xanthine derivatives
as activators of the CFTR chloride channel
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1 On the basis of their structure, we compared the ability of 35 xanthine derivatives to activate the
cystic fibrosis transmembrane conductance regulator (CFTR) chloride channel stably expressed in
chinese hamster ovary (CHO) cells using the cell-attached patch clamp and iodide efflux techniques.

2 Activation of CFTR channels was obtained with 3-mono, 1,3-di or 1,3,7-tri-substituted alkyl
xanthine derivatives (enprofylline, theophylline, aminophylline, IBMX, DPMX and pentoxifylline). By
contrast, xanthine derivatives substituted at the C8- or N9-position failed to open CFTR channels.

3 The CFTR chloride channel activity was blocked by glibenclamide (100 uM) but not by DIDS
(100 um).

4 Activation of CFTR by xanthines was not mimicked by the calcium ionophore A23187, adenosine,
UTP, ATP or the specific phosphodiesterase inhibitors rolipram, Ro 20-1724 and milrinone. In addition,
we found no correlation between the effect of xanthines on CFTR and on the cellular cyclic AMP or
ATP levels.

5 We then synthesized a series of 3,7-dimethyl-1-alkyl xanthine derivatives; among them, 3,7-dimethyl-
I-propyl xanthine and 3,7-dimethyl-1-isobutyl xanthine both activated CFTR channels without
increasing the intracellular cyclic AMP level, while the structurally related 3,7-dimethyl-1-(2-propenyl)
xanthine and 3,7-dimethyl-1-(oxiranyl methyl) xanthine were inactive.

6 Our findings delineate a novel function for xanthine compounds and identify the molecular features
that enable xanthine activation of CFTR. These results may be useful in the development of new

molecules for studying the pharmacology of chloride channels.
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Introduction

The importance and diversity of chloride channels in cell
membranes are widely recognized, particularly now that
defective chloride channels are known to underlie cystic
fibrosis (CF) (Riordan et al., 1989; Tsui & Buchwald, 1991),
Dent’s disease (Steinmeyer et al., 1995) and myotonia (Koch et
al., 1992). Despite our growing knowledge about their
molecular structures, biophysical properties and regulation,
their pharmacologies remain poorly developed and few specific
openers and blockers of chloride channels have been identified
so far.

Cystic fibrosis is characterized by defective adenosine
3":5'-cyclic monophosphate (cyclic AMP)-dependent chloride
conductance in epithelial cells and is caused by a defect in
the targeting of the chloride channel CFTR (CF transmem-
brane conductance regulator) to the plasma membrane, and
to channel dysfunction at the cell surface (Riordan et al.,
1989; Tsui & Buchwald, 1991; Dalemans et al., 1991;
Hanrahan et al., 1995). In the presence of forskolin, the
methylxanthine drug IBMX (1-methyl-3-isobutyl xanthine)
has been shown to activate normal and mutated CFTR
chloride channels in epithelia (Hanrahan er al, 1995),
Xenopus oocytes (Drumm et al., 1991) and transfected cells
(Becq et al., 1994). Activation of CFTR channels with
IBMX or theophylline in the absence of forskolin has also

4 Author for correspondence at: Laboratoire de Physiologie des
Régulations Cellulaires, UMR 6558, Université de Poitiers, 40,
avenue du Recteur Pineau, 86022 Poitiers, France.

been demonstrated in human pancreatic duct (Becq et al.,
1993a) and tracheo-bronchial gland cells (Becq er al.,
1993b). These observations were initially attributed to
inhibition by xanthines of phosphodiesterase (PDE) activity,
which would elevate cyclic AMP by inhibiting its degrada-
tion. However, other mechanisms are likely to contribute to
the activation of CFTR. In particular, substituted xanthines
inhibit alkaline phosphatase (Croce et al., 1979; Becq et al.,
1993a) and antagonize adenosine receptors A (Bruns er al.,
1983). Using CF pancreatic duct cells, Eidelman et al. (1992)
have shown that chloride current can be elicited by CPX
(1,3-dimethyl-8-cyclopentyl xanthine) a potent A, adenosine-
receptor antagonist.

The role of CFTR in the chloride conductance of several
tissues (e.g. in the heart, nephron or exocrine pancreas) may be
clarified by the use of specific activators. The main goal of this
study was to design openers of CFTR channels from the
xanthine family. We have studied the effect on CFTR of
chemical modifications of the xanthine skeleton (see Figure 1a)
using 35 alkyl-substituted xanthine derivatives. The results
show a correlation between the potency of a series of 1,3,7
trialkyl xanthine derivatives and the opening of the CFTR
chloride channel. Moreover, xanthines substituted at the
nitrogen N9 or at the carbon C8 failed to open CFTR,
indicating that the mechanism of CFTR opening by xanthines
required both 1,3,7-trialkyl substitution and non-substituted
C8- and N9-positions. We also showed that both active and
inactive forms of a given CFTR channel opener could be
synthesized by manipulating the nature of the chemical group
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at N1. Some of these results have been published in a
preliminary form (Becq et al., 1996a).

Methods

Chemicals and solutions

Tables 1, 2 and 3 present the xanthine derivatives used in this
study. Compounds X-02, 03, 04, 05, 07, 08, 09, 12, 15, 16, 20,
22, 23, 24, 25, 26 and 35 were from Research Biochemicals
International (RBI, Natick, MA, U.S.A.). Compounds X-01,
06, 10, 11, 13, 14, 17, 18, 19 and 21 were from Sigma (St Louis,
MO). Forskolin, milrinone and 8-methoxymethyl IBMX were
from Calbiochem. Rolipram and Ro 20-1724 (4-[(3-butoxy-4-
methoxyphenyl)methyl]-2-imidazolidinone) were from RBI.
Other chemicals were from Sigma. All xanthine derivatives
were prepared freshly before the experiment and dissolved in
dimethyl sulphoxide (DMSO). The final concentration of
DMSO in the experiment was less than 0.1% and was found to
have no significant effect on iodide efflux or membrane
currents.

Cell culture

Chinese hamster ovary (CHO-K1) cells stably transfected with
either pNUT vector alone (CFTR (—) CHO cells) or pNUT
containing wild type CFTR (CFTR(+) CHO cells) were
provided by J.R. Riordan and X.-B. Chang, Scottsdale, AZ,
U.S.A. (Tabcharani et al., 1991; Chang et al., 1993). Cells
cultured at 37°C in 5% CO, were maintained in «MEM
containing 7% foetal bovine serum, antibiotics (50 iu
penicillin ml=" and 50 ug ml~!' streptomycin) and 100 um
methotrexate (all from Sigma, St Louis, MO). Detailed
procedures for culture and transfection appeared elsewhere
(Tabcharani et al., 1991; Chang et al., 1993; Becq et al., 1994).

Isotopic iodide efflux

CFTR chloride channel activity was assayed by measuring
iodide (**1) efflux from transfected CHO cells as described
previously (Becq et al., 1996b). All experiments were
performed at 37°C. CHO cells grown for four days in 12-well
plates were washed twice with 2 ml of modified Earle’s salt
solution (solution B) containing (in mMm): NaCl 137, KCl 5.36,
MgCl, 0.8, CaCl, 1.8, glucose 5.5 and HEPES 10, pH 7.4. Cells
were then incubated in B medium containing 1 umM KI
(1 uCi Na'I ml~', NEN, Boston, MA) for 30 min at 37°C
to permit the iodide to reach equilibrium. Cells were washed
three times with 1 ml of B medium. After one min, the B
medium was removed to be counted and quickly replaced by
1 ml of the same medium. This procedure was repeated every
min for 11 min. The first two aliquots were used to establish a
stable base line in efflux buffer alone. B medium containing the
appropriate drug was used for the remaining aliquots. At the
end of the incubation, the medium was collected and cells were
solubilized in 1 N NaOH. The radioactivity was determined by
use of a gamma counter (Kontron). The total amount of '*°I
(in c.p.m.) at time 0 was calculated as the sum of c.p.m.
counted in each 1 min sample plus the c.p.m. in the NaOH
fraction. Efflux curves were constructed by plotting the % of
cellular content accumulated in the medium versus time. The
cumulative efflux at 5 min (noted TS) was further used to
compare the efficiency of drug with the control. Data are
presented as the mean+s.d. of n separate experiments.
Statistics were determined by use of the Statgraphics software

with two-sample analysis and ¢ test. *P<0.05; **P<0.01;
***P<0.001.

Single-channel patch-clamp recording

CHO cells were plated on 35 mm Petri dishes and cultured at
37°C in 5% CO, for 1-4 days before use. Single-channel
currents were recorded from cell-attached patches. Cells were
stimulated with forskolin or appropriate xanthines at the
concentrations indicated in the text (dissolved in dimethyl
sulphoxide DMSO; final DMSO concentration: 0.1%).
Experiments were performed at room temperature. Results
were displayed conventionally with inward currents (outward
flow of anions) indicated by downward deflections. In all the
figures, dashed lines give the zero current baselines when the
channels were in the closed state. Potentials were expressed as
the bath potential minus the patch electrode potential. The
pipette solution contained (in mMm): NaCl 150, MgCl, 2 and
TES 10 (pH 7.4); the bath contained (in mM): NaCl 145, KCl
4, MgCl, 2 and TES 10 (pH 7.4). Other details appeared
elsewhere (Becq er al., 1993b). Data are presented as the
mean +s.d. of n separate experiments.

Measurement of cellular cyclic AMP

CHO cells grown for four days in 12-well plates were washed
twice with 2 ml of B medium. 0.5 ml of B medium containing
the test compound was added to each well. After a 5 min
incubation period at 37°C, the reaction was stopped by adding
55 ul of 11 N perchloric acid. Cells were frozen for later cyclic
AMP determination by use of a radioimmuno assay kit
(RIANEN kit, NEN). Cyclic AMP levels were expressed as
pmol/well.

Measurement of cellular ATP

ATP was measured with the luciferin-luciferase method. A
bioluminescent kit (CLS Test Combination from Boehringer,
Mannheim, GmbH) was used for determination (in triplicate)
of cellular ATP. In order to compare the effect of different
drugs, test data are expressed as % of ATP content of cells
incubated in the absence of drugs.

General procedure for the synthesis of compounds X-27
to X-34

Our procedure for the synthesis of xanthines was adapted from
Cottam et al. (1996). The starting material was IBMX (1.13 g,
5 mM) for compounds X-27 to X-29; xanthine (0.76 g, 5 mMm)
for X-30; and theobromine (0.9 g, 5 mMm) for X-31 to X-34.
The respective solution in dry dimethylformamide (DMF,
75 ml) was stirred under nitrogen before the addition of NaH
(5.5 mMm). The mixture was then brought to 75°C for 30 min
before the addition of the appropriate alkylhalide (5.5 mM).
After 4—10 h at 75°C, the reaction mixture was allowed to
cool and then 1 ml H,O was added. The solvent and H,O were
removed in vacuo, and the dry residue was extracted with
methylene chloride. The solution was dried over Na,SO, and
chromatographed on silica gel and eluted with chloroform or
ethyl acetate. The product was purified further by sublimation.
'"H n.m.r. spectra, IR spectra and elemental analyses were
consistent with the assigned structures. X-27: 1,7-dimethyl-3-
isobutyl xanthine; white powder, 1.04 g (88%), melting point
(mp) 99-100°C; X-28: 1-methyl-7-propyl-3-isobutyl xanthine;
white powder, 1.16 g (88%), mp 102—103°C; X-29: 1-methyl-
3-isobutyl-7-cyclopentyl xanthine; white powder, 0091 g
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(63%), mp 93°C; X-30: 1,3,7-triisobutyl xanthine; white
powder, 0.09 g (6%), mp 81°C; X-31: 3,7-dimethyl-1-(oxiranyl
methyl) xanthine; white powder, 0.55 g (47%), mp 140°C; X-
32: 3,7-dimethyl-1-propyl xanthine; white powder, 1.04 g
(94%); mp 138°C (Daly et al., 1986); X-33: 3,7-dimethyl-1-
isobutyl xanthine; white powder, 0.75 g (63%); mp 145°C; X-
34: 3,7-dimethyl-1-(2-propenyl) xanthine); white powder,
0.75 g (68%); mp 143°C (Daly et al., 1986).

Results

Stimulation of CFTR channels by xanthine derivatives

We have previously characterized the activation of CFTR
chloride channels by cyclic AMP agonists using CHO cells
stably expressing the CFTR protein and the iodide efflux
technique (Hanrahan et al., 1995; Becq et al., 1996b). Basal
effluxes (cumulative effluxes at 5 min, noted hereafter TS in %)
from CFTR(—) and CFTR(+) CHO cells were 444+7%
(n=06) and 49+5% (n=32, Table 1) of the initial cellular
content, respectively. No calcium-dependent chloride con-
ductance was detected in these cells by use of A23187 (5 um,
n=4) or ionomycin (5 uM, n=4) as calcium agonists (not
shown). In the presence of adenosine (100 uM) the cumulative
efflux (T5=48+1%, n=4) was not statistically different from
the control value (49+5%, n=32). As expected, the iodide
efflux was significantly increased (P<0.001) by forskolin
(5 uM) only in the CFTR(+) CHO cells (CFTR(—) CHO,
T5=47+1%, n=4; CFTR(+) CHO, T5=88+4%, n=14).
We then examined the effect of 35 substituted xanthines on
the activation of CFTR chloride channels with CFTR(+)
CHO cells. Tables 1-3 show the chemical structure of the
xanthine derivatives tested (see Figure la for nomenclature of
N and C atoms) and the cumulative efflux measured 5 min
after stimulation with 500 uM of the xanthine of interest.
Xanthine itself (X-01) did not activate CFTR channel
(Figure 1b and Table 1). Compounds having a single methyl
group at either N1, N3, N7 or N9 also failed to activate CFTR
(X-02 to X-05, Table 1). Activation of CFTR channels was
obtained with dimethyl xanthines but this depended on the
position of the substituents in the xanthine skeleton. When
methyl groups were placed at N9 and either N1, N3 or N7 (X-
07 to X-09) the compound had no effect (Table 1). By contrast,

Table 1 Structure of methylxanthine derivatives and their effect
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Figure 1 Comparison of xanthine- and theophylline-stimulated

iodide efflux. (a) Chemical structure of xanthine showing the possible
substitutable positions N1, N3, N7, C8 and N9. (b) and (c) '*°I efflux
from CFTR(+) CHO cells in the presence or absence (basal) of
500 um xanthine (b) or theophylline (c). Effluxes are expressed as %
of cellular content as described in the methods section and are noted
iodide efflux on vertical axis. The compounds were added at time
zero. The chemical structure of the compounds is given.

on the activation of CFTR chloride channels

No. Chemical structure R1 R3
Basal

Forskolin

X-01 Xanthine —H —H
X-02 1-Methylxanthine —CH; —H
X-03 3-Methylxanthine —H —CH;
X-04 7-Methylxanthine —H —H
X-05 9-Methylxanthine —H —H
X-06 1,3-Dimethylxanthine —CH; —CH;
X-07 1,9-Dimethylxanthine —CH; —H
X-08 3,9-Dimethylxanthine —H —CH;
X-09 7,9-Dimethylxanthine —H —H
X-10 3,7-Dimethylxanthine —H —CH;
X-11 1,3,7-Trimethylxanthine —CH; —CHj;
X-12 1,3,9-Trimethylxanthine —CHj; —CHj;

lodide
R7 RS R9 eflux n  t-test

49+5 32

88+4 14  xx*
—H —H —H 48+4 4 NS
—H —H —H 4842 4 NS
—H —H —H 47+4 5 NS
—CH; —H —H 49+3 4 NS
—H —H —CH; 51+2 4 NS
—H —H —H 6816 8
—H —H —CH; 50+9 2 NS
—H —H —CH; 53+2 4 NS
—CH; —H —CH; 4541 4 NS
—CH; —H —H 51+2 4 NS
—CH; —H —H 5616 6  **
—H —H —CH; 46+3 4 NS

The activity of CFTR channels was evaluated by use of the iodide efflux method. Experiments were performed with CFTR(+) CHO
cells. For each compound tested, the iodide efflux after 5 min (T5% +s.d.) is presented with the number of experiments. ¢ test:
** P<0.01; *** P<0.001; NS, no significant differences. Statistical differences are given compared to the basal iodide efflux (no
compound added, n=32). The iodide efflux in the presence of 5 uM forskolin is given for comparison (n=14).
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drugs with methyl groups at N3 and N1, theophylline (1,3-
dimethyl xanthine, X-06, Figure 1c and Table 1) or aminophyl-
line (theophylline ethylenediamine, T5=59+5%, n=6,
P<0.01) activated CFTR. Finally, the trimethylation at N1,
N3 and N7 (caffeine, X-11) or N1, N3 and N9 (isocaffeine, X-
12) had a minor effect (Table 1). Therefore among the methyl
xanthine derivatives tested, only compounds doubly substi-
tuted by methyl at N1 and N3 were able to activate CFTR.
Xanthines substituted by a single methyl or by three methyl
groups had no effect.

In the following experiments, we analysed the effect on
CFTR of alkyl substitutions in the xanthine skeleton.
Among the compounds tested (Table 2), pentoxifylline
bearing a 1-(5-oxo-hexyl) doubly substituted by 1,3-dipropyl
(X-24), 3-n-propyl xanthine (enprofylline, X-14), IBMX
(X-17) and 7-methyl-1,3-dipropylxanthine (DPMX, X-25)
activated CFTR (Table 2). Both the time course and
magnitude of the iodide efflux in response to IBMX or
DPMX were similar to those observed with 5 uM forskolin
(see Figure 2a).

Table 2 Structure of alkylxanthine derivatives and their effect on the activation of CFTR chloride channels

Iodide

No. Chemical structure RI1 R3 R7 RS R9 efflux n t-test

X-14  3-n-Propylxanthine —H —(CH,),CH; —H —H —H 60+1 6 **

X-15  7-n-Propylxanthine —H —H —(CH,),CH; —H —H 5541 4 NS

X-16  9-n-Propylxanthine —H —H —H —H —(CH,),CH; 51+2 3 NS

X-17  1-Methyl-3-isobutyl- —CH; —CH,-CH (CH3), —H —H —H 87+5 21 ***
xanthine

X-18  1,3-Dimethyl-7-(2- —CH; —CH; —CH,COOH —H —H 56+2 4 **
carboxyethyl) xanthine

X-19  1,3-Dimethyl-8- —CH; —CH; —H —CeHs —H 5546 4 NS
phenyl xanthine

X-20  1,3-Diethyl-8- —CH,CH; —CH,CH; —H —Cg¢Hs —H 56+5 4 NS
phenyl xanthine

X-21  1,3-Dimethyl-8 (3- —CH; —CH; —H —(CH,),COOH —H 48+2 4 NS
carboxypropyl) xanthine

X-22  1,3-Dimethyl-8- —CH; —CH; —H —CsHy —H 49+2 4 NS
cyclopentyl xanthine

X-23  1,3-Dipropyl-8- —(CH,),CH; —(CH,),CH; —H —CsHy —H 52+4 4 NS
cyclopentyl xanthine

X-24  3,7-Dimethyl-1-(5-oxo- —(CH,)4COCH; —CH; —CH; —H —H 63+4 S5 **
hexyl) xanthine

X-25  7-Methyl-1,3- —(CH»),CH; —(CH,),CH; —CH; —H —H 8245 8 H¥*

dipropyl xanthine

Experiments were performed with CFTR(+) CHO cells. The activity of CFTR channels was evaluated by use of the iodide efflux
method. Values of iodide efflux are given as described in the legend of Table 1. Iodide efflux after 5 min (T5) is presented % +s.d. with
the number of experiments. ¢ test: ** P<0.01; *** P<0.001; NS, no significant differences. Statistical differences are given compared to

the basal iodide efflux.

Table 3 Structure of alkylxanthine derivatives and their effect on the activation of CFTR chloride channel

Todide

No Chemical structure RI R3 R7 RS efflux n t test

X-17  1-Methyl-3-isobutyl —CH; —CH, —CH (CH;), —H —H 87+5 21 **
xanthine

X-26  1-Methyl-8-methoxy-3- —CH; —CH, —CH (CH;), —H —OCH; 5543 4 NS
isobutyl xanthine

X-27 1,7-Dimethyl-3- —CHj3; —CH, —CH (CH;), —CH;3; —H 5242 4 NS
isobutyl xanthine

X-28  1-Methyl-7-propyl-3- —CHj; —CH, —CH (CH;), —(CH,),CH; —H 50+1 4 NS
isobutyl xanthine

X-29  1-Methyl-3-isobutyl —CHj; —CH, —CH (CHj;), —CsHyg —H 38+5 2wk
-7-cylopentyl xanthine

X-30 1,3,7 -Triisobutyl —CH,—CH (CH;); —CH, —CH (CH3), —CH,—CH (CH3), —H 41+1 4 **
xanthine 0>

X-31  3,7-Dimethyl-1- CH,—CH-CH, —CHj3; —CH; —H 5144 3 NS
(oxiranyl methyl) xanthine

X-32  3,7-Dimethyl-1-propyl —(CH,),CH; —CHj; —CH; —H 7143 6 **
xanthine

X-33  3,7-Dimethyl-1-isobutyl —CH,—CH (CH;), —CHj; —CH; —H 7544 6 ***
xanthine

X-34  3,7-Dimethyl-1-(2- —CH, —CH=CH, —CHj3; —CH3; —H 44+2 6 *
propenyl) xanthine

X-35  3,7-Dimethyl-1- —CH,C=CH —CHj; —CH; —H 53+2 4 NS

propargyl xanthine

Experiments were performed with CFTR(+) CHO cells. The activity of CFTR channels was evaluated by use of the iodide efflux
method. Values of iodide efflux are given as described in the legend of Table 1. Iodide efflux after 5 min (T5) is presented % +s.d. The
number of experiments is given. ¢ test: * P<0.05; ** P<0.01; *** P<0.001; NS, no significant differences. Statistical differences are

given compared to the basal iodide efflux.
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The stimulation of iodide efflux by forskolin, IBMX or
DPMX was concentration-dependent with a half-maximal
effect at 0.5 uM, ~ 100 uM and =250 uM, respectively. The
stimulation of the iodide efflux by forskolin (5 um), DPMX
(500 pm) or IBMX (500 uM) was reduced to the basal level by
100 uM glibenclamide (Table 4). By contrast, the maximal
effect of forskolin, IBMX or DPMX was not affected by
100 um DIDS (Table 4), indicating that CFTR was indeed the
only chloride channel activated by these compounds in
CFTR(+) CHO cells. Other chloride channels (high-con-
ductance anion channels and outwardly rectifying chloride
channels) endogenously expressed in CHO cells, are both
sensitive to DIDS (F. Becq, unpublished single channel data).

To confirm iodide efflux data, we also performed cell-
attached patch-clamp experiments to characterize the
xanthine-activated channel. In control patch-clamp experi-
ments with CFTR(+) CHO cells, i.e. in the absence of cyclic
AMP agonists, no spontaneous channel activity was recorded
in the cell-attached configuration (n=30). As shown in Figure
2b, addition to the bath of 10 uMm forskolin to a previously
silent cell-attached patch (Figure 2b) caused progressive
opening of multiple CFTR channels within 2 min. The
current-voltage relationship and unitary conductance

(6.8+0.21 pS, n=6, Figure 2e) were similar to those already
described for this preparation (Tabcharani ez al., 1991; Becq
1994).

et al, Openings of CFTR channels were also
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Figure 2 Activation of CFTR channels by 7-methyl-1,3-dipropylxanthine (DPMX). (a) '*I efflux from CFTR(+) CHO cells in
resting state (basal) or in the presence of 500 um DPMX or 5 uM forskolin. The compounds were added at time zero. The chemical
structure of DPMX is shown. (b) Representative recording of CFTR channels in a cell-attached patch (— Vyipee = —30 mV) in the
presence of 10 uMm forskolin (bottom trace); note the absence of channel activity before drug addition (upper trace). (c) Evolution of
NP, (N: number of channels per patch, P,: open probability) as a function of time from a cell-attached patch stimulated with
500 um DPMX. Time zero indicates when DPMX was added. (d) Seven continuous traces showing the progressive activation of
CFTR channels in the cell-attached configuration (— Vipeie = —30 mV) in the presence of 500 uv DPMX (added at the beginning
of the first top trace); note the absence of channel activity at the beginning of the recording and the progressive opening of three
channels. DPMX was present throughout the recordings. (¢) Current-voltage relationship of CFTR channels activated by DPMX
and forskolin in the cell-attached configuration as indicated. V(mV) represents — Vpipere in mV.
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Table 4 Effect of DIDS and glibenclamide on CFTR
activity

Control DIDS Glib
Basal 48+5 3242 4347
Forskolin 87+2 87+2.5 54+3
DPMX (X-25) 77435 6842 4543
IBMX (X-17) 78 +1 75+1 56+2

Experiments were performed by use of the iodide efflux
method. CFTR(+) CHO cells were exposed to DIDS
(100 um) or glibenclamide (100 uM) in the presence of
forskolin (5 um), 7-methyl-1,3-dipropyl xanthine (DPMX,
250 um) or l-methyl-3-isobutyl xanthine (IBMX, 250 um).
Data are presented as iodide efflux (T5% +s.d.) for four to
siX separate experiments.

consistently observed following addition of 500 uMm DPMX
(X-25, n="7) to the bath as shown in Figure 2c and d. The
current-voltage relationship and unitary conductance
(6.9+0.1 pS, n=7) of DPMX-stimulated CFTR channels
was again similar to that obtained during forskolin
stimulation (Figure 2e). Similar activation was observed with
IBMX, theophylline, aminophylline, and 3-n-propyl xanthine
(not shown). By contrast, 1,3,7-trimethyl xanthine (X-11,
n=6), and 8-substituted xanthine derivatives (X-19, n=38; X-
20, n=4; and X-23, n=12) all failed to open CFTR channels
in the cell-attached configuration, confirming the efflux data.
In CFTR(—) CHO cells, neither forskolin nor xanthines have
a detectable effect on either the membrane current or the
iodide efflux (not shown).

From the efflux data presented in Tables 1 and 2 and the
patch-clamp experiments, it can be concluded that compounds
substituted at C8 (X-19 to X-23) or N9 (X-05, X-07, X-08, X-
09, X-12 and X-16) failed to open CFTR. Moreover, whereas
theophylline opened CFTR, an additional substitution at the
C8 (X-19, X-21 and X-22) abolished the potency of the
compound (Table 2). A similar observation was made by
comparing DPMX (X-25), a potent activator of CFTR, and
CPX (X-23), which was not able to open CFTR (Table 2).

Structure-activity relationship of alkylxanthines

On the basis of the above structure-activity relationships, we
anticipated that xanthines substituted at N1, N3 and N7
should be able to open CFTR channels. To test this hypothesis
we synthesized 1,3,7-trialkylxanthines and evaluated their
capability as activator of CFTR. Table 3 shows the chemical
structure of 8 synthesized xanthines (X-27 to X-34) compared
to IBMX (X-17) and two commercial xanthines (X-26 and X-
35). Modification of IBMX either by substitution at C8 (X-26),
N7 (X-27, X-28, and X-29), or N1 and N7 (X-30) abolished the
potency of the compound (i.e. of IBMX, Table 3).

Then, we decided to stabilize two positions, N3 and N7,
with a methyl group and to study the effect of various
substitutions at N1. As shown in the Table 3 only X-32 or X-33
stimulated the activity of CFTR. The iodide efflux observed in
the presence of these two compounds (Figure 3a and b) was
similar to that observed with DPMX (X-25) or forskolin (see
Figure 2a). Interestingly, a slight modification of the
substituent group at N1 abolished the effect on CFTR
(compare the structure of X-31, X-34 and X-35 with that of
X-32 or X-33, Table 3). These data indicate that xanthine
activation of CFTR depends not only on the position, but also
the nature of the substituent, since the presence of a double
bond (X-34, Figure 3c), a triple bond (X-35), or an epoxy

group (X-31) all resulted in inactive compounds. Although not
activators of CFTR, X-29, X-30 and X-34 appeared to inhibit
slightly the iodide efflux (Table 3).

The iodide efflux data were also matched by single channel
recordings. As shown in Figure 3d and e, openings of CFTR
channels in the cell-attached configuration were observed
following addition to the bath of 3,7-dimethyl-1-propyl
xanthine (X-32, 500 uM, n=7) and 3,7-dimethyl-1-isobutyl
xanthine (X-33, 500 uM, n=6). Again, the current-voltage
relationships of X-32- or X-33-stimulated CFTR channels
(Figure 3g) were similar to that obtained with forskolin (Figure
2e). Finally, Figure 3f shows that the xanthine derivative 3,7-
dimethyl-1-(2-propenyl) xanthine (X-34, 500 uM, n=4) failed
to open CFTR channels in the cell-attached configuration, as
expected from the macroscopic flux experiments shown in the
Figure 3c.

Effect of forskolin and xanthines on intracellular cyclic
AMP

Because CFTR is a cyclic AMP-dependent chloride channel
(for review see Hanrahan et al., 1995), we tested the possibility
that activation by xanthine might be due to elevation of cyclic
AMP. In resting CFTR(+ ) CHO cells, the cellular cyclic AMP
content was 1.4+0.3 pmol cyclic AMP/well (n=6). Rolipram
(a specific cyclic AMP-dependent phosphodiesterase inhibitor,
100 uM, n=3) and forskolin (5 uM, n=4) increased the cyclic
AMP levels measured after 5 min to 6.2+0.2 pmol cyclic
AMP/well and 25+1.7 pmol cyclic AMP/well, respectively
(Figure 4a). Forskolin caused a dose-dependent elevation of
cyclic AMP in CFTR(+) CHO cells with an ECsox~ 0.5 uM
(not shown). Both IBMX and rolipram induced a similar rise
in the cellular cyclic AMP level after 5 min (IBMX, 500 uM,
7.8+ 1.0 pmol cyclic AMP/well, n=4, Figure 4b). The
corresponding cyclic AMP level in the presence of 8-
phenyltheophylline, caffeine, pentoxifylline and DPMX (n=3
for all compounds at 500 uM) is presented in Figure 4b
(4.7+0.2, 2.3+0.9, 42+1.2 and 6.8+ 1.8 pmol cyclic AMP/
well, respectively).

We then reasoned that if xanthine derivatives open CFTR
channels by inhibiting phosphodiesterase (PDE) activity (i.e.
though a cyclic AMP-dependent mechanism), more specific
PDE inhibitors should also activate CFTR. However, using
both cell-attached patch-clamp recording (not shown) or iodide
efflux (Figure 5), we failed to detect any activation of CFTR
chloride channels in CFTR(+) CHO cells by the PDE inhibitors
rolipram, Ro 20-1724, milrinone and 8-methoxymethyl IBMX.
Since activation of CFTR was not mimicked by various specific
non-xanthine phosphodiesterase inhibitors, this implies that
xanthine derivatives activate CFTR by a cyclic AMP-
independent mechanism. This was further confirmed by
observing that X-31, X-32, X-33 and X-34 (500 uM) had
minimal effects on cellular cyclic AMP levels in CFTR(+) cells
(4.2+2,1.740.5,2.6 +£0.5,and 2.3 4+ 1.6 pmol cyclic AMP/well,
respectively, Figure 4b) as compared to the effect of forskolin
(see Figure 4a). Thus, after 5 min when the xanthine-stimulated
iodide efflux rate was maximal, little change in the cellular cyclic
AMP was observed. These results argue against a role for cyclic
AMP in mediating the xanthine activation of CFTR.

Effect of forskolin and xanthines on intracellular ATP
content

Since CFTR channel activity is dependent on the interaction of
ATP with the nucleotide binding folds (NBF, for review see
Hanrahan et al., 1995), we compared the effect of forskolin and
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various substituted xanthines on the ATP content of
CFTR(+) CHO cells. In resting cells, the level of ATP was
51+ 5 nmol mg~"' protein (n=6). The effect of forskolin or
xanthine derivatives is expressed as % of ATP content of cells
incubated in the absence of drugs. Forskolin (5 uM, 96 +8%,

n=4) or the following xanthines (500 uMm) IBMX (X-17,
102+ 6%, n=4), theophylline (X-06, 118 +5%, n=2), caffeine
(X-11, 108 £1%, n=2), enprofylline (X-14, 128+ 5%, n=2),
DPX (X-20, 100+11%, n=2), 8-phenyltheophylline (X-19,
117+19%, n=4), DPMX (X-25, 113+19%, n=4) have no
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Figure 3 Synthesized xanthines stimulated iodide efflux and opened CFTR channels. (a), (b), and (c) Chemical structure of the xanthines tested
and "1 efflux as a function of time from CFTR(+) CHO cells in the presence or absence (basal) of 500 um xanthines as indicated. (a) 3,7-
dimethyl-1-propylxanthine (X-32); (b) 3,7-dimethyl-1-isobutylxanthine (X-33); (c¢) 3,7-dimethyl-1-(2-propenyl) xanthine (X-34); note that X-34
failed to stimulate the iodide efflux. (d) and (e) Representative recordings of CFTR channels in the cell-attached configuration

(_ Vpipcnc =

—30 mV) activated by 500 um xanthine as indicated (bottom trace); note the absence of channel activity before drug addition

(noted basal, upper trace for each panel). (f) The xanthine derivative X-34 (500 um) failed to activate CFTR in the cell-attached configuration

( Vplpette
— Viipette in mV.

—30 mV). (g) Corresponding current-voltage relationship for channels activated by X-32 and X-33 as indicated. V represents
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Figure 4 Intracellular cyclic AMP in CFTR(+) CHO cells. (a)
Intracellular cyclic AMP content in resting cells (basal) and during
stimulation with forskolin (5 uM) or rolipram (100 um). (b) Summary
of cyclic AMP contents in the presence of various xanthine
derivatives as indicated (all xanthines at 500 uM). Data are expressed
as pmol cyclic AMP/well and are presented as mean+s.d. for 3
separate determinations. Basal cellular cyclic AMP content was
1.4+0.3 pmol cyclic AMP/well.

effect on the ATP content of CHO cells. Although we only
determined the total cellular ATP content of CFTR(+) CHO
cells and did not take into consideration possible subcellular
pools, these data suggest that forskolin and xanthines do not
stimulate CFTR channels through modulation of cellular
ATP. In addition, extracellular ATP (100 um) or UTP
(100 um) did not activate the iodide efflux from CFTR(+)
CHO cells (Figure 5), or stimulate CFTR channels in the cell-
attached configuration (not shown).

Discussion

In the present study we used a rapid assay to screen a series of
modified xanthines and found a correlation between their

100
80
S
X 60
:__? e il .l
()
T 40 V
S
o
20
. 2% | ) )
T K £ X o o E ¥ o X
@ 3 3 3> k5 g N § =
n < 0 o ¢ £ o
< 5 S R = 3
w X o =2 £
@ 3]
3
X
o
=
(3]
>
o

Figure 5 Lack of stimulation of iodide efflux by nucleotides and
phosphodiesterase inhibitors. Summary of cumulative iodide efflux
after 5 min (T5) from CFTR(+) CHO cells in the presence of the
calcium ionophore A23187 (10 pm), forskolin (5 um), IBMX
(500 um), ATP or UTP (both at 100 um) and the cyclic AMP-
dependent phosphodiesterase (PDE) inhibitors rolipram (100 uM) or
Ro 20-1724 (100 um), the cyclic GMP-dependent PDE inhibitor
milrinone (100 um) or the calcium-calmodulin-dependent PDE
inhibitor 8-methoxymethyl IBMX (100 um).

potency as CFTR activators and the position and nature of the
substituents in the xanthine skeleton. Xanthines are interesting
pharmacological tools because they are amenable to detailed
structure-activity studies (Croce et al., 1979; Bruns et al., 1980;
1983; Snyder et al., 1981; Sakai et al., 1992; Miyamoto et al.,
1993) and because they are potent activators of CFTR channel
activity in a variety of cell types (Becq et al., 1993a; 1994) as
well as in Xenopus oocytes injected with ¢cRNA-CFTR
(Drumm et al., 1991).

We have identified DPMX, pentoxifylline as novel and
potent activators of CFTR chloride channels. DPMX also
stimulates CFTR channel activity in reverted CFPAC cells (D.
Escande, I. Baro and F. Becq, unpublished data), in the
colonic cell line HT29, and in CFTR-expressing oocytes (F.
Becq and B. Verrier, unpublished data). Interestingly, in vivo
administration of theophylline, aminophylline or pentoxifyl-
line (three activators of CFTR) has proven to be of benefit (as
bronchodilators) in the treatment of pulmonary infection of
CF patients (Larsen et al., 1980; Isles et al., 1983; Knoppert et
al., 1988; Pan et al., 1989). Moreover, pentoxifylline may have
efficacy as a therapeutic agent for CF lung disease because of
its effects on neutrophils (Aronoff et al., 1994). Our results
showing that these agents also activate the CFTR channel is
intriguing and requires further investigation as to the role of
CFTR in pulmonary infection.

Substituted xanthines have been used previously as
inhibitors of phosphodiesterases (PDE) (Ukena et al., 1993;
Miyamoto et al., 1995), and alkaline phosphatases (Croce et
al., 1979), and as adenosine-receptors antagonists (Bruns et al.,
1980; 1983; Snyder et al., 1981; Ukena et al., 1993). The
structure-activity relationship depends on whether a xanthine
is used as a CFTR activator, PDE inhibitor or adenosine
receptor antagonist. The novel structure-activity described in
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this study for xanthine compounds as activators of CFTR may
be useful for the design and synthesis of potent CFTR chloride
channel openers.

Lack of correlation between phosphodiesterase inhibition
and CFTR opening

The following findings show that activation of CFTR by
xanthines is not correlated with phosphodiesterase inhibition:
(i) the specific PDE inhibitors rolipram, Ro 20-1724 and
milrinone failed to open CFTR channels, (i) among the non-
specific PDE inhibitors IBMX, theophylline, caffeine, 8-
cyclopentyl theophylline, 1,3-diethyl-8-phenyl-xanthine and
DPMX (ECs,=10-600 uM, Evoniuk et al., 1987; Ukena et
al., 1993) only IBMX, theophylline and DPMX were able to
open CFTR, and (iii) the ability of xanthines to increase cyclic
AMP concentration was not correlated with their ability to
open CFTR. For example, rolipram and DPMX increased the
cyclic AMP concentration to a similar level, but only DPMX
opened CFTR. These results strongly suggest that xanthine-
induced activation of CFTR does not involve inhibition of
PDE. A similar conclusion was drawn by Simasko & Yan
(1993), who showed that IBMX activates voltage-dependent
calcium currents by a cyclic AMP-independent mechanism in
endocrine cells. Similarly, the effect of IBMX or theophylline
on the voltage-activated chloride current of toad skin cannot
be explained solely by inhibition of PDE (Katz & Nagel, 1995).

Our data show that rolipram clearly elevates cyclic AMP in
CFTR(+) CHO cells; since it is known that CFTR is activated
by increases in cyclic AMP and PKA-dependent phosphoryla-
tion (see Hanrahan ez al., 1995), why is there no detectable
increase in CFTR activity? One would predict a cyclic AMP
effect and an additional direct xanthine effect. Since many
investigators have used mixtures containing IBMX to increase
cyclic AMP levels, might such manipulations be primarily due
to a direct xanthine-stimulation of CFTR? Since it has also
been proposed that IBMX, theophylline and more specific
phosphatase inhibitors activate CFTR through the inhibition
of membrane associated phosphatases (Tabcharani et al., 1991;
Becq et al., 1994; 1996b), more likely explanations for the effect
of X-32, X-33 and the other xanthine derivatives identified as
activators of CFTR would be either a direct effect on CFTR or
an indirect action via some channel-associated phosphatases.
In both cases, a pure cyclic AMP effect does not explain by
itself the activation of CFTR by these drugs. Indeed, Logan et
al. (1993) showed that IBMX can bind on the first nucleotide
binding domain of CFTR. Direct interaction of IBMX with a
potassium channel has also been proposed in a study on rat
sensory neurones (Usachev et al., 1995).

Lack of correlation between adenosine-receptor
antagonist and CFTR opening

Substitution at C8 of xanthine is important to obtain highly
potent and specific adenosine receptors antagonists (Bruns et
al., 1980; 1983; Snyder et al., 1981). On the contrary, we
found that this position must be kept free for CFTR
activation. Indeed the xanthines X-19, X-20, X-22 and X-23
are potent adenosine receptors antagonists but all failed to
stimulate CFTR. Thus by manipulating the 8-position of
xanthine, we can readily discriminate between the two
functions, i.e. activation of CFTR or A-receptor antagonism.
Moreover, the CHO-K1 cell used in this study does not
express endogenous A receptors (Hill et al., 1997). In
agreement with our conclusion, Jacobson er al. (1995)
recently concluded from a structure-activity study that the

activation of mutant CFTR by CPX (X-23 in this study) does
not involve adenosine receptors.

Varying alkyl substitutions in the xanthine skeleton
correlate with CFTR activation

Based on the present results, two families of xanthine
compounds can be defined. The first family comprised 1,3-
dialkyl xanthine derivatives (theophylline, IBMX and amino-
phyline). Small changes in the chemical structure of the
activator theophylline produced significant pharmacological
changes; e.g. demethylation produced the inactive 3-methyl
xanthine. Additional substitution at N7 of theophylline yielded
caffeine which is inactive on CFTR. Any substitution at C8
abolished the effect of the xanthine on CFTR, although 8-
substituted xanthines are highly potent adenosine receptor
antagonists (Bruns et al., 1980; 1983; Snyder et al., 1981;
Jacobson et al., 1993). The second family is composed of 1,3,7-
trialkyl xanthines (DPMX, pentoxifylline, X-32 and X-33).
Slight chemical modification of the alkyl group at NI
abolished the potency of the compound as activator of CFTR.
For example, switching a propyl group at N1 (X-32) to a
propenyl group (X-34) prevented activation of CFTR.

Design and synthesis of novel openers of CFTR chloride
channels

The goal of our study was to examine possible strategies for
constructing an opener of the CFTR channel. For example,
based on a structure activity relationship study, the develop-
ment of safer xanthine drugs has been explored for the
treatment of obstructive airway disease (Persson, 1986). Here,
we present a structure-activity relationship study on activators
of CFTR, and describe the successful activation of CFTR by a
series of novel synthesized trialkyl xanthines (X-32 and X-33)
which act without altering the cellular cyclic AMP level.
Moreover, manipulating the nature and position of the
substituents yielded both the active and inactive forms of the
derivative (X-31 is the inactive form of X-32). Based on this
analysis, a summary of xanthine derivatives of CFTR
activators is presented in Figure 6. Non-substituted C8 and
N9 positions are required. Substitutions at positions N1, N3
and N7 are crucial for CFTR activations. This scheme should
help the design of more potent CFTR activators which may

Alkyl substitution at N1 is required for
CFTR activation
propargyl=oxiranyl=allyl<<oxohexyl=
methyl<propyl=isobutyl

Substitution at N7
may be important
for the activation
of CFTR

Inhibitory position.
No activation of
CFTR with
substituted C8

Alkyl substitution

at N3 is required for

CFTR activation
methyl<propyl=isobutyl

No activation of
CFTR with
substituted N9

Figure 6 Summary of the structural basis for specificity and potency
of xanthine derivatives as activators of CFTR. Substitution at both
N1 and N3 are essential for CFTR channel activation. The nature of
the chemical group located at the N1 or N3 is also an important
determinant of potency. Substituting N7 may be important in
activating CFTR, except when methyl groups are located at N1
and N3 (see text for details). Occupancy of the C8 or N9 generates
inactive derivatives.
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provide convenient tools for studying chloride channels in
native tissues.

The authors would like to thank J.R. Riordan and X.-B. Chang for
providing the CHO cell lines, A. Aouane, G, Jacquet and P. Flores
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