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1 It was postulated that swelling dependent chloride channels are involved in the proton secretion
of parietal cells. Since omeprazole, lansoprazole and its acid activated sulphenamide form AG2000
are structurally related to phenol derivatives known to block swelling dependent chloride channels,
we set out to test, whether these substances — which are known to block the H,K-ATPase — could
also lead to an inhibition of swelling-dependent chloride channels. Swelling-dependent chloride
channels — characterized in many different cell types — show highly conserved biophysical and
pharmacological features, therefore we investigated the effect of omeprazole, lansoprazole and its
acid activated sulphenamide form AG2000 on swelling-dependent chloride channels elicited in
fibroblasts, after the reduction of the extracellular osmolarity.

2 Omeprazole, lansoprazole and its acid activated sulphenamide form AG2000 are able to block
swelling-dependent chloride channels (IClswell).

3 Lansoprazole and its protonated metabolite AG2000 act on at least two different sites of the
IClswell protein: on an extracellular site which seems to be in a functional proximity to the
nucleotide binding site, and on an intracellular site which allows the formation of disulfide-bridges.
4 The inhibition of the proton pump and the simultaneous blocking of chloride channels by
omeprazole, lansoprazole and its acid activated sulphenamide form AG2000, as described here could
be an effective mode to restrict proton secretion in parietal cells.
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AG2000, 4-methyl-3-(2,2,2-trifluoroethoxy)-SH-pyrido[1’, 2":4, 5][1, 2, 4] thiadiazino [2, 3-a] benzimidazole-13-
ium tetrafluoroborate; DMEM, Dulbecco’s modified Eagle’s medium; DTT, dithiothreitol; EGTA,
ethyleneglycol-bis (f-aminoethylether)-N,N,N'N’-tetraacetic acid; HEPES, N-2-hydroxyethylpiperazine-N'-2-
ethanesulphonic acid; IClswell, swelling-dependent chloride channels; lansoprazole, 2-[[[3-methyl-4-(2,2,2-

trifluoroethoxy)-2-pyridyljmethyl]sulfinyl]-1H-benzimidazole;

omeprazole, 5-methoxy-2-[[(4-methoxy-3, 5-di-

methyl-2-pyridinyl)methyl] sulfinyl]-1H-benzimidazole; RVD, regulatory volume decrease

Introduction

The secretion of hydrochloric acid by gastric parietal cells is
effected by the concerted action of several ion-conducting
mechanisms. Beside the H,K-ATPase, an electroneutral H*/
K™ antiporter (Hersey & Sachs, 1995; Sachs et al., 1995; Shull
& Lingrel, 1986) which can be blocked by benzimidazoles
(Barradell et al., 1992; McTavish et al., 1991; Ritter et al.,
1998), a chloride extrusion mechanism on the apical side of
parietal cells seems to be needed for the effective hydrochloric
acid secretion (Asano et al., 1987; Cuppoletti & Sachs, 1984;
Demarest et al., 1989). Cuppoletti and coworkers (Malinowska
et al., 1995) proposed that a protein they had cloned, showing
a 93% homology to CIC-2, is a molecular candidate for the
chloride channel involved in gastric acid secretion. The CIC-2
chloride channel was originally cloned by Jentsch and
coworkers (Grinder et al., 1992) and was shown to be
associated with regulatory volume decrease (RVD). Therefore
we set out to test whether volume-dependent chloride currents
could be directly modulated by benzimidazoles.

*Author for correspondence; E-mail: markus.paulmichl@uibk.ac.at
SCurrent address: Department of Biochemistry, MRC Immunochem-
istry Unit, South Parks Road, Oxford QX1 3QU.

Increase of the cytoplasmatic volume leads in a variety of
different cells to the activation of volume-dependent chloride
currents, which are outwardly rectifying, inactivating at
holding potentials more positive than +40 mV and sensitive
to chloride channel blockers like anthracene-9-COOH or
nucleotides (Okada, 1997). We have extensively characterized
these volume-dependent chloride currents in NIH3T3 fibro-
blasts in which they are paramount for effecting RVD
(Gschwentner et al., 1996; 1995a,b).

Here we show that lansoprazole and its active metabolite
AG2000, as well as omeprazole are able to block the swelling
dependent chloride channel (ICIswell) in NIH3T3 fibroblasts
at micromolar concentrations.

Methods

Electrophysiology and cell culture

Fibroblasts (NIH3T3) were grown on glass cover slips in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% foetal calf serum at 37°C, 5% CO,/95% air.
Experiments were performed 24—48 h after splitting and re-
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culturing the cells. For whole-cell voltage-clamp experiments
the method described by Marty & Neher (1983) was chosen to
measure swelling-induced chloride currents (Gschwentner et
al., 1996). These experiments were carried out at room
temperature. Bath and pipette solutions were chosen to enable
chloride current measurements, which were only accepted with
series resistances of 2.5—12 MQ. The isotonic extracellular
solution used was composed of (in mM): NaCl 125, CaCl, 2.5,
MgCl, 2.5, N-2-hydroxyethylpiperazine-N'-2-ethanesulphonic
acid (HEPES) 10, mannitol 50, pH 7.2 (adjusted with NaOH;
measured osmolality 304+0.5 mmol kg='). To reduce extra-
cellular osmolarity, mannitol was omitted. One to two minutes
after confirming whole-cell configuration, hypotonic condi-
tions were established and the activated chloride current
determined. To define the relative selectivity of SCN~,I~ and
gluconate for the induced chloride current, we exchanged
NaCl for the corresponding sodium salt in the extracellular
solution after 2—3 min of hypotonic stimulation. The current
measurements were made by calculating the mean current over
the interval of 400 ms for voltage steps from 0 mV to
+40 mV. Fast exchange of the bath solution was obtained
using a perfusion system with a flow rate of 10 ml min~! and a
bath volume of 200 ul. The filling solution of the patch pipette
was (in mM): CsCl 125, MgCl, 5, ethyleneglycol-bis (f3-
aminoethylether)-N,N,N’,N'-tetraacetic acid (EGTA) 11, raffi-
nose 50, HEPES 10, pH 7.2 (adjusted with CsOH; measured
osmolality 314+0.5 mmol kg='). In order to determine the
dose-response curve for the different drugs, each concentration
was tested individually on different cells. The formula used for
the dose-response curves (% block) is 100 — (£ /Imax100). The
ICs, values were obtained using Graphpad Prism 2.0 software
(U.S.A)). For data acquisition and analysis an Axopatch 200A
(Axon Instruments, U.S.A.) amplifier was used, controlled by
an Apple computer, needed to run the amplifier and the

program for analysis (HEKA, Germany). All current
measurements were filtered at 1 kHz (analogue 4-pole
BESSEL).
Chemicals

All chemicals used are of pro analysi grade. Omeprazole (5-
methoxy-2-[[(4-methoxy-3,5-dimethyl-2-pyridinyl)methyl] sul-
finyl]-1H-benzimidazole) was obtained from Astra (Austria).
Takeda Pharmaceutical (Japan) kindly provided lansoprazole
(2-[[[3-methyl-4 -(2,2,2 -trifluoroethoxy) -2-pyridylJmethyl]sulfi-
nyl]-1H-benzimidazole) and AG2000 (4-methyl-3-(2,2,2-tri-
fluoroethoxy)-SH-pyrido[1',2": 4, 5][1, 2, 4]thiadiazino [2, 3-
a]benzimidazole-13-ium tetrafluoroborate).

Statistical analysis

Where applicable, data are expressed as arithmetic mean +
standard error of the mean (s.e.mean). Statistical analysis was
made by #-test, where appropriate. Significant difference was
assumed at P<0.05, indicated by one asterisk for
0.01 < P<0.05 and two asterisks for P<0.01.

Results

Lansoprazole and its active metabolite AG2000 as well
as omeprazole block swelling-dependent chloride
channels

Under isotonic conditions in NIH3T3 fibroblasts a whole-cell
chloride current density of 1.98+0.16 pA/pF (n=145) can be

measured, using a voltage-step protocol from 0 mV (holding
potential) to +40 mV. After a time interval of 180 s the
reduction of the extracellular osmolarity by the omission of
50 mM mannitol leads to a significant increase in the chloride
current density to 34.00+1.74 pA/pF (n=145) when using the
same voltage-step procedure. In the presence of extracellular
sodium chloride this swelling-induced current reverses at
+1.15+0.3 mV (n=15) i.e. close to the calculated equilibrium
potential for chloride of 0 mV (Figure 1).

Substituting chloride with SCN 1~ and gluconate shifts the
reversal potential to the expected values of —16.18+0.4 mV
(n=35), —7.89+0.8 mV (n=3) and +40.42+4.0 mV (n=7)
respectively (Figure 1), indicating that the elicited current is
mainly an anion selective current (Woll et al., 1996). This
swelling-induced chloride current (IClswell) is outwardly
rectifying (Figures 1 and 2) and shows a voltage-dependent
inactivation at potentials more positive than +40 mV,
characteristics that are typical of IClswell in numerous cells.
As shown in Figures 2 and 3, the ‘pro-drug’ lansoprazole as well
as its active metabolite AG2000 are able to block IClswell if
added to the extracellular fluid. Original tracings are shown for
lansoprazole in Figure 2a and for AG2000 in Figure 2c at
increasing concentrations. In Figure 2b and d, the current
density/voltage relation of IClswell is illustrated before and
after the addition of the maximal concentration tested for each
drug. After a time interval of 180 s, the drugs were omitted and
the recovery of the current measured. The current elicited
following the omission of lansoprazole (0.5 mM) was partially
reversible (62.9+20.7%, n="7, of the current prior to the
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Figure 1 Relative permeabilities of swelling-dependent chloride
currents for SCN™—, I, CI™ and gluconate (gluc™) anions. (a) The
cells were held at 0 mV, and voltage ramps were made between — 120

and +100 mV for 500 ms. (b) The summary of the reversal
potentials (E,.,) in the presence of the different anions is given.
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addition of the drug), whereas the current after the omission of
AG2000 (100 um) was further reduced and therefore not
reversible (16.8+9.5%, s.d. n=2, of the current prior to the
addition of the drug; Figure 2b and d). This finding is in
accordance with earlier reports describing that AG2000 also
produces an irreversible block on the H,K-ATPase (Hersey &
Sachs, 1995; Sachs et al., 1995). At a concentration of 0.25 mM,
the effect of lansoprazole proved to be completely reversible
(101.74+13.5%, n=38, of the current prior to the addition of the
drug).

The half-maximal concentration (ICsy) that is required to
block IClswell is ~22 um for AG2000 and ~160 um for
lansoprazole (Figure 3). Additionally, we tested omeprazole,
which proved to be significantly less active in blocking IClswell
(Figure 3b) when compared with lansoprazole, to which it is
structurally related (Figure 3a). At a concentration of 0.5 mM
the blocking effected by lansoprazole was 78.8 +3.4% (n=17),
whereas the blocking effected by omeprazole at the same
concentration was significantly lower, measuring only
32.94+7.1% (n=9).

If added to the extracellular solution, lansoprazole blocks
IClswell faster than AG2000. As shown in Figure 4, the time
constant for the block of IClswell was twice as fast for
lansoprazole compared with its metabolite AG2000. The
respective t’s are 57.9+8.6 s (n=7) for lansoprazole and
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104.6+5.2 s (n=15) for AG2000. The addition of lansoprazole
to the pipette solution at a concentration of 160 uM is not able
to block IClswell, however, the addition of 22 um AG2000
does lead to a significant reduction of IClswell (Figure 5).

Thymidine 5'-diphosphate (TDP) modifies the effect of
lansoprazole, but has no effect on the blockage of
IClswell by AG2000

We have shown that TDP is able to modify the effect of
nucleoside analogues on IClswell (Gschwentner et al., 1995b).
The inhibitory effect of AZT was abolished in the presence of
100 um TDP (which per se is not able to reduce IClswell;
Figure 6). We therefore concluded that TDP is competing with
the binding site(s) for the nucleosides, thus leading to a
competitive block of the IClswell inhibition. In order to test
whether the putative extracellular binding site(s) for lansopra-
zole and/or AG2000 are similarly related to the TDP binding
site(s), we tested the effect of both substances in the presence of
100 um TDP. The effect of AG2000 (22 uMm; ICs, calculated
from Figure 3) can not be blocked by TDP (Figure 7b),
whereas the effect of lansoprazole (160 um; ICs, calculated
from Figure 3) is annihilated when 100 um TDP is present
(Figure 7a). This compares with the effect produced by TDP in
the presence of nucleoside analogues or phenol derivatives.
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Figure 2 Lansoprazole and AG2000 are able to block IClswell in a dose-dependent manner. (a) At a concentration of 0.1 mm,
lansoprazole led to a slight inhibition of IClswell in four out of eight experiments. In the presence of 0.5 mm, IClswell is blocked by
78.8+3.4% (n=7). Each concentration was tested individually, and therefore the original readings of two different cells are shown.
The holding potential for both experiments was 0 mV. Repetitive voltage steps were made up to a potential of +40 mV for 400 ms.
(b) The current-density/voltage relation is given for the current under isotonic (iso) conditions, after reduction of the extracellular
osmolarity (hypo), under hypotonic conditions in the presence of 0.5 mM lansoprazole (lanso 0.5 mM) and 180 s after washing out
the drug (wash). (c) The same experimental procedure as described in (a) is used for AG2000. At a concentration of 20 um, AG2000
led to a moderate block of IClswell in five out of six experiments. At a concentration of 100 um, AG2000 blocks IClswell by
70.4+9.5% (n=35). (d) According to (b), the current-density/voltage relation is given in the absence and presence of 100 uM
AG2000. Note that the effect of AG2000 (100 uMm) is not reversible, since 180 s after washing out the drug a further reduction of the

current can be measured.
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Figure 3 Lansoprazole and AG2000 as well as omeprazole block
IClswell at different concentrations. (a) The molecular structures of
omeprazole and lansoprazole are given. The substituted benzimida-
zole lansoprazole is rearranged after protonization to form a sulfenic
acid that is further rearranged to a sulphenamide. The sulphenamide
of lansoprazole is termed AG2000, and it interacts covalently with
sulfhydryl groups of the membrane spanning H,K-ATPase. (b) The
half-maximal concentration required to block IClswell (ICsq) is
~22 uMm for AG2000 and ~160 uMm for lansoprazole (the holding
potential is 0 mV and repetitive voltage steps to +40 mV are made).
Omeprazole is significantly less active in blocking IClswell compared
with lansoprazole.
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Figure 4 At the maximal concentration tested, lansoprazole and
AG2000 block ICIswell with different time constants. The block with
lansoprazole is significantly faster (z is 57.9+8.6 s; n="7) compared
to AG2000 (z is 104.6+5.2 s; n=>5).
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Figure 5 Intracellular (pipette) effect of lansoprazole (160 pum) and
AG2000 (22 um). The swelling-dependent chloride current (hypo
(control)) can be blocked by intracellular AG2000, but not by
lansoprazole (lanso).
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Figure 6 Dose-response curve of TDP on swelling-dependent
chloride currents. No block can be observed at different concentra-
tions tested.

Interestingly enough, following an increase of the lansoprazole
concentration from 160 uM to 0.5 mM, the time constant 7 for
the block of IClswell is faster (33.3+5.2 s; n=7) compared to
the time constant for the block of IClIswell in the absence of
TDP for the same drug (57.9+8.6 s; n="17).

Intracellular dithiothreitol modifies the AG2000 effect on
IClswell

The sulphenamide AG2000 leads to an irreversible inhibition
of the H,K-ATPase by interacting covalently with the
sulfhydryl groups (Hersey & Sachs, 1995; Sachs et al., 1995).
Dithiothreitol (DTT) is able to interfere with this reaction
(Nagaya et al, 1990). At a concentration of 0.1 mMm
extracellular AG2000 is able to reduce IClswell by
70.5+9.5% (n=>5; Figure 8a). The prior addition (>1 min)
of 1 mM DTT to the extracellular solution does not alter this
value significantly, however, the prior adding of the same
concentration of DTT to the cytoplasm (pipette solution)
significantly reduces the block of AG2000 from 70.5+9.5%,
(n=5)1t0 45.34+5.5% (n=16) (Figure 8a). DTT alone does not
have a significant effect on IClswell, if added on either side of
the membrane (Figure 8b).

British Journal of Pharmacology, vol 129 (3)
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Figure 7 Effect of lansoprazole (lanso) and AG2000 in the presence
of 0.1 mm TDP. (a) The block effected by lansoprazole (160 um) is
reduced in the presence of 0.1 mMm TDP. (b) The block of AG2000
(22 uM) remains unaffected by the presence of 0.1 mm TDP.

Discussion

The H,K-ATPase and apical chloride channels in parietal cells
are functionally linked (Asano et al., 1987; Cuppoletti & Sachs,
1984; Demarest et al., 1989; McGreevy et al., 1986; Reenstra et
al., 1987, Starlinger et al., 1986). It has been suggested that the
chloride channels in parietal cells involved in proton secretion
are closely related to swelling-dependent chloride channels
(Malinowska et al., 1995) since they resemble several features
of those channels (Cuppoletti et al., 1993; Okada, 1997), e.g.
sensitivity to anthracene-9-COOH (Cuppoletti & Sachs, 1984)
and a permeability sequence of I~ >Br~ >Cl~ (Saccomani et
al., 1991). In addition, it has been shown for gastric glands
isolated from rabbit stomach that hypotonicity is indeed able
to stimulate acid secretion. This stimulation appears within the
same time frame which is necessary for the stimulation of
IClswell (Sernka, 1990). This, however, does not rule out the
involvement of additional chloride channels in the ion
conducting process of acid secretion.

Here we show that swelling-dependent chloride channels
(IClswell) are sensitive to the benzimidazoles lansoprazole and,
to a lesser extent, omeprazole. These substances have been
described as direct inhibitors of the H,K-ATPase of parietal
cells (Hersey & Sachs, 1995; Sachs et al., 1995). Both ‘pro-
drugs’ need to be protonated in an acidic environment in order
to be able to restrict proton secretion (Sachs et al., 1995). In
humans this protonization can only be substantially effected in
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Figure 8 The effect of DTT in the presence and in the absence of
AG2000. (a) The block effected by AG2000 (control) can be
significantly reduced in the presence of 1 mm intracellular (pipette)
DTT, but can not be reduced by adding DTT to the extracellular
(bath) side (the cells were preincubated at least 1 min with DTT
before adding AG2000). (b) DTT at a concentration of 1 mM is not
able to block swelling-dependent chloride channels when added to
either side.

the acid environment of the stomach (Sachs et al., 1995).
Lansoprazole as well as AG2000 — the latter being the acid
activated sulphenamide form of the ‘pro-drug’ — are able to
block IClswell. The ICs, value of the ‘pro-drug’ is eight times
higher compared with that of AG2000 when added to the
extracellular solutions. The ICs, values for blocking IClswell in
our experiments were tested at room temperature and within
2—5 min after the addition of the drugs. In order to estimate
the therapeutic relevance of these ICs, values, the higher
temperature and the much higher extent of availability in vivo
of these drugs must be considered. In addition it must be kept
in mind that we performed our experiments using fibroblasts,
which are presumably not able to accumulate the activated
sulphenamides a 1000 fold as it was shown for parietal cells.
Due to these differences, the ICs, values for blocking IClswell
in vivo in parietal cells are probably lower, and therefore close
to the ICsy values measured for the blocking of acid secretion
in these cells. It is important to mention that the block effected
by lansoprlazole is much faster compared to the block by
AG2000 (both drugs are added extracellularly). One explana-
tion for these findings could be the existence of binding site(s)
for lansoprazole on the extracellular side of the chloride
channel and reaction site(s) for AG2000 at the cytoplasmic side
of the channel protein. The intracellular site(s) appear to
favour AG2000 over lansoprazole — since lansoprazole is
ineffective if added to the cytoplasmic (pipette) side. The
binding of AG2000 to the intracellular reaction site(s), which is

British Journal of Pharmacology, vol 129 (3)
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followed by the blocking of IClswell, seems to involve the
formation of disulfide-bridges — since the addition of DTT,
which can interfere with the disulfide-bridge formation
between sulfhydryl groups and the sulphenamide AG2000 is
able to impair the effect of AG2000. Our experiments indicate
that the site(s) for the disulfide-bridge formation between
AG2000 and the IClswell protein is/are located intracellularly,
whereas the disulfide-bridging between benzimidazoles and the
H,K-ATPase was found to be on the extracytoplasmatic side
(Hersey & Sachs, 1995).

The extracellular binding site(s) seem/s to be functionally
related to the nucleotide-binding site(s), since the effect of
lansoprazole is modified in the presence of TDP. Similarly,
the effect of nucleoside analogues and phenol derivatives
(Gschwentner et al., 1996; 1995b) on swelling dependent
chloride channels in fibroblasts can be altered by the
presence of TDP. A possible explanation for these
observations might be that TDP is able to bind to
nucleotide binding site(s) located at the outer mouth of
swelling-dependent chloride channels without blocking the
current while competing with other substances, which use
the same binding site(s) (AZT or a closely related one
(gossypol) which are both able to block IClswell). If the
concentration of lansoprazole is increased from 160 uM to
0.5 mM in the presence of TDP, the time constant for the
blockage becomes much faster. Our results therefore,
suggest that there is a functional relationship between the
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