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ABSTRACT

Phloretin, which is the aglucon of phloridzin, has been widely used as an
mhibitor of glucose transporter. Since we have recently found that phloretin
inhibits a regulatory volume decrease after osmotic swelling in a human
epithelial cell line, in the present study, 1 investigated the effects of
phloretin on volume-sensitive Cl° channels using three different epithelial
cell lines by the whole-cell patch-clamp technique. Extracellular
application of phloretin (over 10 uM) was found to inhibit, in a
concentration-dependent manner (IC,, ~ 20 uM), the volume-sensitive Cl
current activated by a hypotonic challenge in human epithelial T84 and
Intestine 407 cells as well as in mouse epithehial C127/CFTR cells. In
contrast, at a low concentration (30 uM), phloretin failed to inhibit CFTR
CI" currents activated by cAMP stimulation in T84 and C127/CFTR cells.
At a high concentration (300 uM), however, partial inhibition by phloretin
was observed in the CFTR CI° currents in both cell types. At 30 and 300
uM, on the other hand, phloretin showed no inhibitory effect on Ca**-
activated CI" currents induced by ionomycin in human T84 cells but rather
| reactivated them after inactivation during stimulation with ionomycin. It is
concluded that phloretin is a novel inhibitor of volume-sensitive CI
channel, and that at low concentrations phloretin specifically blocks this
channel without inhibiting both cAMP-activated and Ca*-activated CI

channels in epithelial cells.



INTRODUCTION

Cell volume regulation is of fundamental importance in mammalian cells
under anisotonic conditions, for keeping cell structural integrity and a
variety of cellular functions (Okada, 1998; Lang, 1998). In response to a
hypotonic external solution, cells swell and then gradually recover their
original volume. This process, known as a regulatory volume decrease
(RVD), involves the effluxes of KCI as well as organic solutes including.
some amino acids (for reviews see Okada, 1997; Strange et al., 1996). As
intracellular solutes are lost, water follows passively according to the
osmotic gradient across cell membranes. Different pathways have been
proposed for the efflux of KCI in different types of cells (see Okada, 1997).
As those for anions, three types of chloride channels have lately attracted
considerable attention. A volume-sensitive CI° channel, which is thought to
be the most important anion channel for RVD in many cell types, has been
extensively studied, and its electrophysiological characteristics, such as
outward rectification and voltage-depeﬁdent Inactivation, are well
described since ten years ago (see Okada, 1997). However, its molecular
identity and activation mechanism are still unclear (Okada, 1997; Okada et
al., 1998), though a CIC-3 gene of the CIC family of voltage-gated Cl
channels was reported to encode a volume-sensitive CI° channel (Duan et
al.,, 1997). The cloning of the gene encoding this CI' channel has been quite
difficult, because most cell types express endogenously this channel
thereby preventing the expression cloning, and because ovcrcxprCSSiOH) of

candidate genes or proteins often upregulates the activity of endogenous



anion channels (see Okada, 1997). Thus, it would be greatly helpful for the
cloning if a highly specific blocker, which is useful for the protein
purification, of this channel were discovered.

In epithelial cells, there exist two other major types of anion channels,
cAMP-activated and Ca**-activated CI' channels, in addition to volume-
sensitive CI channels. The phenotypical characteristics of these three types
are summarized in Table 1. CFTR (cystic fibrosis transmembrane
conductance regulator) was found as the product of the cystic fibrosis gene

at first. It is now known as a multifunctional protein, a member of the ATP-

- binding cassette (ABC) superfamily of membrane proteins, that functions

not only as a cAMP-activated epithelial CI" channel but also as a regulator
of other channels and transporters (see Kunzelmann & Schreiber, 1999;
Schwiebert et al., 1999). This channel can be activated by phosphorylation
of its regulatory domain. In cardiac myocytes, activation of CFTR under
stimulation of B-adrenergic receptors was reported to be responsible for CI
efflux during the RVD (Wang et al., 1997). However, under physiological
conditions, 1t 1s not precisely determined which is a main anion pathway,
CFTR or volume-sensitive CI" channel for RVD in CFTR-expressing cells.
In many cell types, an increase in intracellular free Ca®* has been observed
under hypotonic conditions (see McCarty & O’Neil, 1992; Okada, 1997). It
is well known that strongly outwardly rectifying Cl' currents can be
activated by elevation of intracellular Ca® concentration in many cell types
(Findlary & Petersen, 1985; Evans & Marty, 1986; Welsh, 1986; Taleb et
al., 1988, Chff & Frizzell, 1990; Krause & Welsh, 1990: Zygmunt &
Gibbons, 1991; Kunzelmann et al., 1992; Pedersen et al., 1998). Little is



known about an .involvement of Ca**-activated CI" channel in RVD so far.
In CI' secreting epithelial cells both CFTR and Ca**-activated Cl° channels
are known to be operating in concert for Cl" and fluid secretion. It is also
known that a Ca®*-activated secretory pathway for CI may act as a
substitute for CFTR in various tissues of cystic fibrosis patients and CFTR
knockout mice (Wagner et al., 1992; Rozmahel et al., 1996). However, it is
not known whether volume-sensitive Cl' channels are, if any, involved in
epithelial anion secretion under physiological or pathological conditions.
Therefore, it would be very useful if a highly specific blocker for each
channel were available to discriminate functionally from each other.
However, no specific blocker is known for volume-sensitive CI channels,
as summarized in Table 1.

Phloretin is the aglucon of phlorizin (Table 2), a sap-soluble pigment
extracted from the root bark of apple trees (Seshadri, 1951), which is
known to inhibit Na*-independent glucose transmembrance transport
(Sahagian, 1965; Betz et al., 1975; Kasahara & Kasahara, 1996) as well as
protein kinase C (PKC) (Gschwendt et al., 1984) and to cause apoptosis in
B16 mouse melanoma cells (Kobori et al., 1997). Moreover, it has recently
been reported that this compound is an inhibitor of aquaporin-3 water
channel and urea transporter (Ishibashi et al., 1994; Echevarria et al., 1996).
As to cation channels, phioretin was also found to block L-type Ca®*
channels in pituitary adenoma cells (Prevarskaya et al., 1994) but enhance
endogenous Ca™-activated K* channels in amphibian myelinated nerve
fibers (Koh et al., 1994) and the cloned Sio channels (Gribkoff et al., 1996).

Activation of Ca**-dependent K' channels is known to be one of the causal



factors leading to RVD in many epithelial cells (see Okada, 1997), as
originally demonstrated in Intestine 407 cells (Hazama & Okada, 1988).
Our recent study (Fan et al., 2000) by a high-speed automatic image
analyzing technique (Morishima et al., 1998), however, showed that
phloretin (300 pM) completely inhibited the RVD of Intestine 407 cells
under hypotonic conditions (Fig. 1). Thus, there is a possibility that
phloretin inhibits the RVD in Intestine 407 cells by impairing the CI
pathway. Phloretin was shown to have no effect on the Ca®*-activated CI
conductance in T84 cells at 50 pM (Worrell & Frizzell, 1991) and on the
cAMP-activated CI current in CFTR-expressing Xenopus oocytes at 350
BM (Schreiber et al., 1997). However, whether phloretin specificaily
inhibits the volume-sensitive Cl" channel is still a riddle.

In the present study, thus, I investigated the effects of phloretin on
volume-sensitive CI" channels as well as cAMP-activated and Ca®*-
activated CI" channels in human colonic T84 cells which are known to
express these three types of Cl' channels (Worrell et al., 1989; Cliff &
Frizzell, 1990; Chang et al., 1992; Merlin et al., 1998), using the whole-cell
patch-clamp technique. Since there may be a possibility that phloretin
exhibits different effects on these channels in different cell types, I
employed two other epithelial cell lines: human Intestine 407 cells, in
which properties of volume-sensitive CI channels were most extensively
studied (Kubo & Okada, 1992; Tominaga et al., 1995; Tsumura et al., 1996;
L et al., 1998; Hazama et al.,, 1999) and mouse mammary C127 cells
stably transfected with cDNA for CFTR (C127/CFTR cells), which express

not only cAMP-activated Cl' channels but also volume-sensitive CI



channels (Hazama ct al., 2000).
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MATERIALS AND METHODS

Cell culture

T84 cells were obtained from the American Type Culture Collection
(ATCC No. CCL-248, Rockville, MD., USA) and grown at 37°C in a 25
cm’ flask gassed with 95% O, and 5% CO,. The monolayers were cultured
in ATCC medium composed of a 95% 1:1 mixture of Ham’s F12 medium
and Dulbecco’s modified Eagle’s medium supplemented with 2.5 mM L-
glutamine and 5% fetal bovine serum, as reported previously (Arreola et al.,
1995). For patch clamp studies, cells were dispersed by incubating them for
20 min with Ca™- and Mg**-free Dulbecco’s phosphate buffered saline
(Ca’*-, Mg*-free PBS). Cells on 10 mm diameter glasscover slips
(Matsunami Glass Ind., LTD) were studied 1-3 days after planting.

A human intestinal epithelial cell line, Intestine 407, was cultured in
monolayer in Fischer medium supplemented with 10% newbom calf serum
under a 95% O,-5% CO, atmosphere, as described previously (Kubo &
Okada, 1992). Before patch-clamp experiments, the monolayer of cells was
isolated to single spherical cells by pipetting, and was cultured in
suspension with agitation for 15-240 min.

A stable transtectant of CI127i, which is a mouse mammary
adenocarcinoma cell line, with the ¢cDNA for human CFTR (C127/CFTR)
was a kind gift of Dr. M. J. Welsh (University of lowa). C127/CFTR cells
were cultured in monolayer in Dulbecco’s modified Eagle’s medium
(DMEM, High Glucose) with 10% fetal bovine serum (FBS) and 200

pg/ml geneticin. Single cells were prepared by washing the monolayer with



Ca®- and Mg**-frec Hanks’ balanced salt solution (Ca**-, Mg®*-free HBSS)
twice then incubating with 0.25% trypsin-EDTA/PBS solution, and
cultured in suspension with agitation for 10~180 min before using in patch-

clamp experiments.

Patch-clamp whole-cell recordings

Whole-cell recordings were performed with wide-tipped electrodes (around
2 ML) fabricated from haematocrit capillaries by Brown-Flaming
Micropipette Puller (Model P-97, Sutter Instrument Co., USA), as reported
previously (Kubo & Okada, 1992; Liu et al., 1998; Hazama et al., 2000).
Series resistance (<5 M) was compensated (about 75%) to minimizé
voltage errors in experiments on volume-sensitive CI° currents. The time
course of current activation and recovery was monitored by repetitively
applying (every 15 s) altenating step pulses (2-s duration) from a holding
potential of 0 mV to x40 (or +80) mV for volume-sensitive and Ca*-
activated CI" currents, and ramp pulses from a holding potential of 0 mV to
+100 (or £80) mV for cAMP-activated CI” currents in C127/CFTR cells. As
to cAMP-activated CI” currents in T84 cells, the membrane potential was
held at —20 mV and altemating step pulses to 0 mV and —84 mV were
repetitively applied to monitor the time course of current activation and
recovery. To monitor the time and voltage dependence of volume-sensitive
Cl currents, the membrane potential was held at ~80 mV and step pulses
(2-s duration) were applied from a pre-potential at —100 mV (0.2-s
duration) to test potentials of —100 to +100 (or +80) mV in 20-mV

increments. For recordings of cAMP-activated and Ca®*-activated CI




currents, the membrane potential was held at 0 mV and step pulses (1-s
duration) from —100 to +100 mV in 20-mV increments were applied.

Currents were recorded using an Axopatch 200A amplifier (Axon
Instruments, Foster City, CA). Current signals were filtered at 1 kHz using
a 4-pole Bessel-filter and digitized at 4 kHz. The pCLAMP software
(version 6.0.2; Axon Instruments) was used for command control, data
acquisition and analysis.

Bath solution was maintained at 37°C in experiments on cAMP-activated
CI" currents in T84 cells. All other experiments were carried out at room
temperature (23-26°C). Data are given as means + SE. Statistical
differences of the data were evaluated by Student’s -test and were

considered significant at P < 0.05.

Solution and chemicals

For experiments on volume-sensitive Cl™ currents, isotonic bath solution
(osmolality 330 mosmol/kgH,0) contained (in mM) 110 CsCl, 5 MgSQO,,
100 mannitol, 12 HEPES, and 8 tris(hydroxymethy)amino-methane (Tris),
adjusted to pH 7.4 with H,SO,. Hypotonic bath solution (osmolality 270
mosmol/kgH,0) was prepared by reducing mannitol to 40 mM. In some
experiments, the CsCl concentration was reduced to 11 mM by replacing
with mannitol. Pipette solution (osmolality 300 mosmol/kgH,0) contained
(in mM) 110 CsCl, 2 MgSO,, | EGTA, | Na,-ATP, 50 mannitol, and 15 Na-
HEPES, adjusted to pH 7.4 with H,SO,. For the experiments on ¢cAMP-
activated CI" currents in CI127/CFTR cells, osmolality of isotonic bath

solution was maintained at 310 mosmol/kgH,O by reducing mannitol to 80
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mM, and the concentrations of Na,-ATP and mannitol in the pipette
solution were changed to 2 mM and 47 mM, respectively.

The solutions employed in experiments on cAMP-activated Cl° currents
with T84 cells were as those described previously (Chff & Frizzell, 1990).
Bath solution contained (in mM): 115 NaCl, 40 N-methyl-D-glucamine
(NMDG) glutamate, 5 potassium glutamate, 2 MgCl,, 1 CaCl,, and 5
HEPES, adjusted to pH 7.3 with NaOH (osmolality 330 mosmol/kgH,0).
Pipette solution (osmolality 300 mosmol/kgH,O) contained (in mM): 115
KCl, 25 NMDG glutamate, 0.5 EGTA, 0.19 CaCl,, 2 MgCl,, 2 Na,ATP,
0.05 Na;GTP, and 5 HEPES, adjusted to pH 7.3 with KOH. Na*- and K*-
free solution containing NMDG"* was used in the experiments on Ca**-
activated Cl” currents in T84 cells. In some experiments, Na* and K* were
replaced with NMDG?, and a part of CI' was replaced with glutamate to
change the equilibrium potential to CI.

The composition of Ca**-, Mg**-free HBSS was (in mM): 5.36 KClI,
0.441 KH,PO,, 136.7 NaCl, 4.17 NaHCO,, 0.385 Na,HPO,, 5.55 D-

glucose (pH 7.3).
Trypsin-EDTA/PBS solution was (in mM): 113 Na,HPO,, 1.69 KH,PO,,

0.2% EDTA, 0.25% trypsin (pH 7.3).

Forskolin, N° O’-dibutyryl adenosine 3’, 5’-cyclic monophosphate
sodium salt (dbcAMP) and calphostin C were obtained from Wako
Chemicals (Osaka, Japan), and other chemicals were from Sigma (St. Louis,
MO). Stock solutions of phloretin, calphostin C and 3-isobutyl-1-
methylxanthine (IBMX) in dimethyl sulfoxide (DMSQO), and those of

forskolin, 1onomycin and phloridzin in ethanol were diluted to the desired
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final concentrations just before use. DMSQO or cthanol concentration never

exceeded 0.1% and had no effect on whole-cell currents.
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RESULTS

Effects of phloretin and phloridzin on volume-sensitive Cl
currents

Whole-cell currents recorded in T84 cells under isotonic bath solution were
trifling. Upon exposure to 82% hypotonic bath solution, activation of
outwardly rectifying currents (Fig. 2A), that exhibited time-dependent
inactivation at large positive potentials (Fig. 2B), was observed in T84 cells.
As shown in Fig. 3, the reversal potential was shifted by about +40 mV
(41.4 + 3.6 mV, n=4), when the bath Cl concentration was reduced from
110 mM to 11 mM. Thus, activated currents are considered to be volume-
sensitive CI” currents, as reported previously (Worrell et al., 1989).
Extracellular application of phloretin at the concentration of 30 uM
significantly suppressed the currents, and 300 puM phloretin almost
completely inhibited the volume-sensitive Cl* currents (Fig. 2) in the entire
voltage range examined (Fig. 4). The effect of phloretin was rapid in onset
and reversible (Fig. 2). There was no obvious voltage dependence of the
inhibitory effect of phloretin, as the inward and outward currents were
inhibited to the essentially same degree (Fig. 5).

The time course of inactivation observed upon large depolarization could
be fitted by a double exponential function (Fig. 6A), as was the case of
Intestine 407 cells (Tsumura et al., 1996; Liu et al., 1998). Both the fast (ty)
and slow time constants (t,) were not significantly affected by 30 uM
phloretin (Fig. 6B).

The nhibitory effect of phloretin was further investigated in Intestine



407 cells, which do not possess CFTR mRNA (Hazama et al., 1998) and
Ca®*-activated CI currents (Tilly et al., 1994). As observed in T84 cells,
extracellular phloretin suppressed the volume-sensitive CI™ current in
Intestine 407 cells in a concentration-dependent manner (Fig. 7). The
concentration for half-maximal inhibition (IC,) was estimated to be 20.4 +
5.9 uM by a sigmoidal fitting (Fig. 8). The inhibiting effect in In-testine 407
cells was also a voltage-independence (data not shown, n=10), as that
observed in T84 cells. On the contrary, when incorporated in the pipette
(intracellular) solution, phloretin failed to inhibit the volume-sensitive Cl
current even at a high concentration (300 uM) (Fig. 9).

Similar anion currents could also be activated by hypotonic stress in
C127 mouse mammary epithelial cells stably transfected with CFTR
(C127/CFTR cells) under hypotonic conditions (Fig. 10A). Reduction of
bath Cl" from 110 mM to 11 mM by replacement with mannitol induced a
shift of E_, by 40.1 + 3.2 mV (n=3), confirming that these currents were
anion selective (Fig. 10B). Phloretin also inhibited the volume-sensitive Cl
current in C127/CFTR cells (Fig. 10A) in a voltage-independent manner
(Fig. 11). The inhibitory effect of phloretin on the volume-sensitive CI°
current i CI27/CFTR cells was also reversible (data not shown, n=2).
Concentration dependence of the phloretin effect in C127/CFTR cells (Fig.
11) was similar to that in T84 cells (Fig. 4) and Intestine 407 cells (Fig. 8).

In contrast to phloretin, extracellular phloridzin, a glucoside of phloretin,
showed no effect on the volume-sensitive Cl' current even though at a
concentration as high as 1 mM in T84 cells (data not shown, n=3) and

Intestine 407 cells (Fig. 12). PKC is known to be inhibited not only by
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phloretin (Gschwendt et al., 1984) but also by phloridzin (Shoji et al.,
1997). Therefore, it is unlikely that the phloretin effect on volume-sensitive
CI" currents was mediated by inhibition of PKC. Actually, calphostin C
(500 nM), which is a specific inhibitor of PKC with an IC, of 50 nM
(Kobayashi et al., 1989), did not affect the volume-sensitive CI° current in

Intestine 407 cells under hypotonic conditions (Fig. 13).

Effects of phloretin on Ca**-activated CI currents

In T84 (but not Intestine 407 and C127/CFTR) cells whole-cell current
were activated rapidly by adding a Ca® ionophore, ionomycin (1-2.5 puM),
to isotonic bath solution containing 1 mM Ca®* in a reversible manner (Fig.
14A). After reaching the maximum amplitude the activated current
gradually run down and soon reached a plateau level (Fig. 14A). The
ionomycin-induced current showed marked outward rectification and
unique time-dependent behavior (Fig. 14B). The currents exhibited time-
dependent activation at positive potentials and inactivation Kinetics at
negative potentials. The reversal potential was shifted by 31.1 + 0.9 mM
(n=5), when the bath CI' concentration was reduced from 121 mM to 19
mM, the fact indicating the anionic nature (Fig. 14C). When 30 uM
phloretin was applied to bath solution after ionomycin-induced currents had
attained the steady-state level, inhibition of the current was never observed
but consistently caused a significant increase in the amplitude of the
currents (Fig. 15A). The reactivated current in the presence of phloretin
also exhibited similar voltage-dependent inactivation and activation

kinetics (Fig. 15B) and outward rectification (Fig. 15C). Furthermore,



reduction of bath CI" concentration from 121 mM to 19 mM, the reversal
potential shifted according to a change in the equilibrium potential to CI
(E) (data not shown, n=3). Essentially same effects on Ca®"-activated CI
currents were observed with 300 uM phloretin (data not shown, n=2). In
the absence of ionomycin, no current was activated by 30 pM phloretin
added to thé bath solution containing 1 mM Ca”™ (Fig. 16A). Prominent
activation of currents was thereafter induced by ionomycin (Fig. 16A).
Ionomycin-induced activation of Cl' currents was sustained for a longer
time in the presence of phloretin than that in the absence of phloretin.
However, the peak amplitude of ionomycin-induced currents in the
presence of 30 uM phloretin was not significantly larger than those in the

absence of phloretin (Fig. 16B).

Effects of phloretin on cAMP-activated Cl currents

A cocktail of forskolin (10 uM), dbcAMP (500 uM) and IBMX (400 uM)
induced rapidly activation of currents in a reversible manner in T84 cells
(Fig. 17A). Current responses to step pulses demonstrated no time-
dependent activation and inactivation (Fig. 17B). The current-voltage (I-V)
curve showed a linear relationship over the voltage range between —100
mV and +100 mV, and the reversal potential was close to (0 mV, as expected
for a CI" current (Fig. 17C). Furthermore, the reversal potential was shifted
by 45.8 + 4.4 mV (n=4), when the bath CI" concentration was reduced from
110 mM to 11 mM. On the other hand, the cocktail activated the current at
-84 mV which was equal to the equilibrium potential to K* (E,), whereas

no current activation was induced at 0 mV which was cqual to E; (Fig.
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17A). These results indicate that the cAMP-activated current has
characteristic of the CFIR-type Cl" current. No effect of phloretin was
observed at 30 uM on the cAMP-activated current (Fig. 17). However,
when the phloretin concentration was increased to 300 pM, the inward
component of cAMP-activated CI' currents was significantly inhibited,
without producing significant changes in the outward component (Fig. 18).
Even at 600 puM phloretin-induced inhibition of cAMP-activated CI
currents was not complete and was voltage-dependent (Fig. 19). The IC,, of
phloretin was 252.0 + 20.7 uM for the inward component and 474.7 + 24.5
uM for the outward component of the CI current. On the contrary, such
mnhibitory effects were not caused by intracellular application of 300 pM
phloretin (Fig. 20).

In C127/CFTR (but not Intestine 407) cells, whole-cell CFTR-type CI'
currents could also be activated by the cocktail of forskolin (10 uM),
dbcAMP (500 uM) and IBMX (400 uM), as reported previously (Hazama
et al., 2000). Application of 30 pM phloretin showed no effect on both the
inward and outward components of cAMP-activated CI" currents (Fig. 21).
However, 300 puM phloretin, though in part, suppressed the cAMP-
activated CI' currents in CI127/CFTR cells (Fig. 22). The outward
component was also significantly diminished by 300 uM phloretin,
although this inhibition was less marked than the inhibition of the inward
component. In contrast, calphostin C (500 nM) failed to affect cAMP-

induced current in C127/CF1R cells (Fig. 23).
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DISCUSSION

Phloretin 1s a well-known inhibitor of Na'-independent glucose transporter
(glucose uniporter: GLUT) (Betz et al., 1975; Krupka, 1985; Sahagian,
1965), whereas phloridzin, a glucoside of phloretin, is a specific inhibitor
of Na'-dependent glucose transporter (Na'-glucose symporter: SGLT)
(Betz et al., 1975, Loo et al., 1999; Sahagian, 1965). The present study
demonstrated that phloretin, but not phloridzin, is a potent inhibitor of
volume-sensitive CI" channels in eptthelial cells. This fact can well explain
our previous finding that phloretin (300 uM) inhibits the RVD of Intestine
407 cells after osmotic swelling (Fan et al., 2000). However, this fact may
not exclude the possibility that phloretin inhibits other channels which are
involved in the RVD mechanism. In Intestine 407 cells, the RVD is known
to be attained by operation of the following channels in concert: volume-
sensitive CI' channels (Kubo & Okada, 1992), Ca*-activated K* channels
(Hazama & Okada, 1988), Ca**-permeable non-selectivé cation channels
(Okada et al., 1990) and water channels (Kida et al., 1998). However,
phloretin has been reported to enhance, but not suppress, Ca**-activated K*
channels in other cell types (Koh et al., 1994; Gribkott et al., 1996). Since a
swelling-induced increase in cytosolic Ca®*, which is known to be triggered
by Ca™ influx through non-selective cation channels in Intestine 407 cells
(Okada et al., 1990), was still observed in the presence of phloretin in our
preliminary fura-2 study in Intestine 407 celis (K. Dezaki, H.-T. Fan and Y.
Okada, unpublished observations), it is unlikely that phloretin inhibits

swelling-induced activation of Ca®'-permeable non-selective  cation
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channels. Phioretin was reported to inhibit the aquaporin-3 (AQP3) water
channel expressed in Xenopus oocytes (Ishibashi et al., 1994). As seen in
Fig. 1, actually, the rate of osmotic swelling was found to be markedly
suppressed by phloretin at 10 and 300 pM in Intestine 407 cells (Fan et al.,
2000). However, the RVD was never blocked by phloretin at 10 uM. This
result suggests that the phloretin-sensitive sub-type(s) of water channels is
not essentially involved in the RVD mechanism.

At 30 to 300 pM, phloretin never inhibited Ca®*-activated CI" currents in
T84 cells (Fig. 15). These results are in good agreement with previous
observations with 50 uM phloretin (Worrell & Frizzell, 1991). Ionomycin-
induced activation of Ca** -dependent CI currents persisted only for a short
time but decayed soon even during persistent stimulation with jonomycin
(Fig. 14). This decay may not be due to the decline of cytosolic Ca®* level,
because an increase in cytosolic Ca** was found to be sustained during
stimulation with ionomycin (K. Dezaki, H.-T. Fan and Y. Okada,
unpublished observations). A similar decay of Ca®*-activated Cl' currents
before the cytosolic Ca®™ decline was found in equine tracheal smooth
muscle cells and reported to be due to phosphorylation mediated by
Ca**/calmodulin-dependent kinase 11 (CaMK II) (Wang & Kotlikoff, 1997).
The present study showed that Ca**-activated Cl currents became
reactivated when phloretin was applied after inactivation or rundown of the
current (Fig. 15). The exact mechanism of phloretin-induced reactivation of
the Ca**-activated CI' current is unknown. However, it s noted that
phloretin enhanced the ionomycin-induced rise of intracellular Ca?* level,

although phloretin alone never affected the cytosolic Ca** concentration in
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Intesune 407 cells (K. Dezaki, H.-T. Fan and Y. Okada, unpublished
observations).

At 30 uM, phloretin exhibited no inhibitory effect on cAMP-activated
CFTR CI' currents in both T84 cells (Fig. 17) and C127/CFTR cells (Fig.
21). However, at high concentrations (over 100 pM), phloretin suppressed
preferentially inward components of cAMP-activated CI” currents (Figs. 18,
19 & 22). These results are in contrast to the previous observations of no
detectable effeét of 350 uM phloretin on CFTR CI' currents expressed in
Xenopus oocytes (Schreiber et al., 1997). The activity of CFTR CI' channel
is known to be dependent on phosphorylation by PKC (Tabcharani et al.,
1991; Winpenny et al., 1995; Jia et al., 1997). Phloretin was reported to
inhibit PKC (Gschwendt et al., 1984). However, an involvement of PKC in
phloretin-induced suppression of cAMP-activated Cl' currents is unlikely
because: 1) the phloretin effect was voltage-dependent (Figs. 18, 19 & 22),
2) phloretin was ineftective when applied from the intracellular side (Fig.
20), and 3) a PKC inhibitor, calphostin C, failed to inhibit cAMP-activated
CI currents (Fig. 23).

At much lower concentrations, phloretin inhibited, in a voltage-
independent manner, volume-sensitive Cl* currents in three different cell
types (Figs. 2, 4,7, 8, 10 & 11). This effect should also be independent of
PKC for the following reasons: 1) Phloretin failed to exert an mhibitory
action when added to the intracellular solution (Fig. 9). 2) Volume-sensitive
CI” currents were never affected by phloridzin (Fig. 12), which is known to
act as a PKC inhibitor (Shoji et al., 1997). 3) In Intestine 407 cells, the

activity of volume-sensitive Cl” channel was found to be insensitive to non-
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specific PKC blockers, polymixin B (Kubo & Okada, 1992) and H-7
(Okada et al., 1994). 4) A PKC-specific inhibitor, calphostin C, also never
exhibited any inhibitory effect on volume-sensitive CI" currents (Fig. 13).
Thus, it is most likely that phloretin exerts a direct inhibitory action from
the extracellular side.

A part of the chemical formula of phloretin molecule resembles a
stilbene-derivative CI' channel blocker (SITS or DIDS), especially in two
benzene nuclei. However, the blocking mechanism of phloretin was distinct
from that of SITS or DIDS which shows voltage-dependent (open-channel
block-like) inhibition for volume-sensitive Cl" channels in many cell types
(see Okada, 1997). Since phloridzin was totally ineffective, the hydroxyl
residue, at which D-glucose binds to a benzene nucleus of phloridzin (Table
2), would play an essential role in phloretin-induced blocking action.
Phloretin has been reported to exhibit inhibitory effects on GLUT1 with
ICs, of 50 to 60 uM (Kasahara & Kasahara, 1996) and on AQP3 at a
concentration around 350 uM (Ishibashi et al., 1994). The present study
showed that phloretin can inhibit volume-sensitive Cl” channels at lower
concentrations with ICy, of around 20 pM (Fig. 8). Although phloretin was
shown to inhibit partially cAMP-activated CI currents as well, much higher
concentrations (ICs; of 252.2 pM for inward currents and 474.7 uM for
outward currents; Fig. 19) were required. Thus, at lower concentrations,
phloretin may serve as a specific blocker for volume-sensitive Cl channels,
for which no specific blockers have been available so far. It is also
expected that a more selective derivative of phloretin, if it were discovered,

might offer a promising tool for purification of the volume-sensitive CI
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channel protein, the gene of which has not been cloned as yet (sce Okada,
1997; Okada et al., 1998)

In summary, phloretin, a well-known inhibitor of glucose uniporters,
inhibits volume-sensitive CI” channels in a voltage-independent manner at
low concentrations (10 ~ 100 uM) in epithelial cells, whéreas the drug
partially inhibits cAMP-cativated CFTR CI" channels in a voltage-
dependent manner at higher concentrations (over 100 uM). In contrast,
phloretin never inhibited Ca®**-activated CI" channels. It is concluded that
phloretin 1s a novel type of Cl' channel blocker, specifically for volume-

sensitive CI" channels at concentrations below 100 uM.
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Figure Legend

Figure 1. Volume regulation of Intestine 407 cells after cxposure to
hypotonic solution in the absence (control) or presence of phloretin (10 or
300 pM). Cell volume was measured by high-speed automatic image

analysis. (Data from Fan et al., 2000).

Figure 2. Effects of extracellular phloretin on volume-sensitive whole-cell
CI" currents in T84 cells. A: typical record before and after osmotic cell
swelling in the absence or presence of phloretin at different concentrations
(indicated by horizontal lines) in bath solution during application of
alternating pulses from 0 to +40 mV or of step pulses from —100 mV to
+100 mV in 20-mV increments (at a, b & ¢). B: expanded traces of current
responses (a, b & ¢ in A) to step pulses, the protocol of which is shown in

inset, in the absence (a) or presence of phloretin at 30 uM (b) or 300 uM
(c).

Figure 3. Effects of changes in the extracellular Cl' concentration on the
current-voltage relationship measured by ramp voltage clamp in T84 cells.
Ramp pulses from —100 mV to +100 mV were applied after the steady
current activation was observed. ClI' gradients are indicated on current

traces in mM/mM.

Figure 4. Eflects of extracellular phloretin on the current-voltage

relationship of volume-sensitive CI7 currents in T84 cells. Upper panel
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shows the instantaneous current-voltage curves, and the steady-state
current-voltage curves are shown in the bottom. Each symbol represents the
mean current {(with the SEM: vertical bars) of 8 to 12 experiments
performed in the absence (control: filled circles) or presence of phloretin at
30 pM (open circles) or 300 uM (squares). * indicates significant
differences (P<0.05) from control experiments. ** indicates statistical
significance (P<().05) between the values of experiments in the presence of

phloretin at 30 uM and 300 pM.

Figure 5. Voltage independence of phloretin-induced inhibition of volume-
sensitive Cl” currents (top: instantaneous currents; bottom: steady-state
currents) in T84 cells. Each symbol represents the ratio of the current
density in the presence of 30 uM phloretin to that in the absence of

phloretin (control values in Figure 4).

Figure 6. Effects of phloretin on depolarization-induced inactivation
kinetics of volume-sensitive Cl™ currents in T84 cells. A: inactivation time
courses during application of steps to +100 mV in the absence (control) or
presence of 30 uM phloretin. Red curves are biexponential fits. B: fast (t;)
and slow (t) time constants for inactivation of volume-sensitive CI
currents in the absence (control) or presence of 30 pM phloretin at +100
mV (means * SEM, n=8). Differences between values of control
experiments and those with phloretin are not statistically significant (P >

0.05).
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Figure 7. Effects of extracellular phloretin on volume-sensitive whole-cell
CI currents in Intestine 407 cells. A: typical record before and after osmotic
cell swelling in the absence or presence of phloretin at different
concentrations (indicated by horizontal hines) in bath solution durning
application of alternating pulses from 0 to +40 mV. B: typical traces of
steady current responses to step pulses of which protocol 1s shown in inset

in the absence (control) or presence of phloretin at 3, 30 or 300 uM.

Figure 8. Concentration-response curve for the inhibition of volume-
sensitive CI' currents by phloretin at +60 mV. Each symbol represents the
mean + SEM (n=7 to 11). Data were fitted to a sigmoidal relation with 1C,,

of 20.4 £ 5.9 pM and n=1.3.

Figure 9. Effects of intracellular phloretin (300 uM in pipette solution) on
the current-voltage relationship of volume-sensitive C1” currents in Intestine
407 cells. Upper panel shows the instantaneous current-voltage curves, and
the steady-state current-voltage curves are shown in the bottom. Each
symbol represents the mean current (with the SEM: vertical bars) of 24 to
30 experiments performed in the absence (control: open squares) or
presence of intracellular phloretin (300 pM: filled squares). Differences
between values in the absence and those in the presence of intracellular

phloretin are statistically insignificant (P > (0.05) at each potential.

Figure 10. Effects of extracellular phloretin on volume-sensitive whole-cell

CI currents in C127/CFTR cells. A: the traces of steady current responses



to step pulses, the protocol of which 1s shown 1in inser, in the absence
(control) or presence of phloretin at 3, 30 or 300 uM. B: Effects of changes
in the extracellular ClI' concentration on current-voltage curves measured
by ramp voltage clamp. Ramp pulses from —100 mV to +100 mV were
applied after the steady current activation was observed. CI gradients are

indicated on current traces 1n mM/mM.

Figure 11. Effects of extracellular phloretin on the current-voltage
relationship of volume-sensitive Cl' currents in C127/CFTR cells. Upper
panel shows the instantaneous current-voltage curves, and the steady-state
current-voltage curves are shown in the bottom. Each symbol represents the
mean current (with the SEM: vertical bars) of 8§ to 10 experiments
performed in the absence (control: squares) or presence of phloretin at 30
uM (open circles) or 300 uM (filled circles). * indicates significant
differences (P<0.05) from control experiments. ** indicates statistical
significance (P<0.05) between the values of experiments in the presence of

phloretin at 30 uM and 300 pM.

Figure 12. Effects of extracellular phloridzin on whole-cell volume-
sensitive CI' currents in Intestine 407 cells. A: typical record before and
after osmotic cell swelling 1n the absence or presence of 100 uM phloridzin
(indicated by horizontal lines) i bath solution during the application of
alternating pulscs from 0 to 240 mV or of step pulses from —100 mV to
+100 mV 1n 20-mV increments (at @ & ). B: expanded traces of current

~responses (@ & b in A) to step pulses of which protocol is shown in inset in
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the absence (a) or presence of phloridzin at 100 uM (b). C: instantaneous
and steady-state current-voltage curves measured in the absence (control:
open circles) or presence of 100) uM phloridzin (filled circles). Differences
between values of control experiments and those with phloridzin are not

statistically significant (P > 0.05).

Figure 13. Effects of calphostin C, a specific inhibitor of protein kinase C,
on volume-sensitive whole-cell Cl currents in Intestine 407 cells. A: typical
record before and after osmotic cell swelling in the absence or presence of
500 nM calphostin C (indicated by horizontal lines) in bath solution during
application of alternating pulses from 0 to 240 mV or of step pulses from —
1060 mV to +100 mV in 20-mV increments (at a & b). B: expanded traces of
current responses (a & b in A) to step pulses of which protocol 1s shown in
inset in the absence (a) or presence of calphostin C at 500 nM (&). C:
instantaneous and steady-state current-voltage curves measured in absence
(control: open squares) or presence of 500 nM calphostin C (filled squares).
Differences between values of control experiments and those with

calphostin C are not statistically significant (P > 0.05).

Figure 14. Ca’-activated whole-cell Cl' currents induced by a Ca®
ionophore, ionomycin (2.5 pM), in T84 cells. A: typical record of the
ionomycin-induced whole-cell current before and after changing the
extracellular C1' concentration during the application of alternating pulses
from O to 240 mV or of step pulses from —100 mV to +100 mV in 20-mV

merements (at a & b). B: expanded traces of current responses (¢ & b in A)



to step pulses, the protocol of which is shown in inset, in the bath solution
containing 19 mM (a) or 121 mM CI 1ons (b). C: current-voltage curves
under different Cl" gradient. The reversal potential was shifted by 31.1 +

0.9 mV when the bath Cl concentration was reduced from 121 mM to 19

mM.

Figure 15. Effects of extracellular phloretin on Ca**-activated whole-cell
CI currents in T84 cells. A: typical record of the ionomycin-induced whole-
cell CI' currents in the absence or presence of 30 uM phloretin (indicated
by horizontal lines) in bath solution during the application of alternating
pulses from 0 to £80 mV or of step pulses from -100 mV to +100 mV in
20-mV increments (at @ & b). B: expanded traces of current responses (a &
b in A) to step pulses, the protocol of which is shown in inset, in the
absence (a) or presence of phloretin at 30 pM (b). C: effects of phloretin on
the current density at —80 mV or +80 mV. Data were shown by mean +
SEM (n=7). Differences between values of control and those with phloretin

are statistically significant (*P < 0.05 or ** P < 0.01).

Figure 16. Comparison of ionomycin-induced activation of Ca**-dependent
whole-cell Cl' currents in T84 cells between before and after pretncubating
with 30 uM phloretin. A: typical record of the ionomycin-induced whole-
cell CI' currents in the absence (left) or presence (right) ot 30 pM phloretin
(indicated by horizontal lines) in bath solution during application of ramp
pulses from 0 to £80 mV (the protocol indicated in inser). B: etfects of

pretreatment with phloretin on the current density at —80 mV or +80 mV.
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Data were shown by mcan + SEM (n=6 or 7). Differences between values

of control and those with phloretin are statistically insignificant (P > 0.05).

Figure 17. Effects of extracellcular 30 pM phloretin on cAMP-activated
whole-cell CI currents in T84 cells. A: typical record at a holding potential
of =20 mV before and after application of a cocktail of torskolin (10 uM),
dbcAMP (500 pM) and IBMX (400 pM) in the absence or presence of 30
LM phlorétin (indicated by horizontal lines) in bath solution during
application of alternating pulses from 0 mV to -84 mV or of step pulses
from 100 mV to +100 mV in 20-mV increments (at ¢ & b). B: expanded
traces of current responses {(a & b in A) to step pulses, the protocol of
Which is shown in inser, in the absence (a) or presence of 30 uM phloretin
(b). C. current-voltage curves measured in the absence (control: open
circles) or presence of 30 pM phloretin (filled circles). Differences between

values of control and those with phloretin are statistically insignificant (P >

0.05).

Figure 18. Effects of extracellcular 300 uM phloretin on cAMP-activated
whole-cell Cl currents in T84 cells. A: typical record at a holding potential
of =20 mV before and after application of a cocktail of forskolin (10 uM),
" dbcAMP (500 uM) and IBMX (400 uM) in the absence or presence of 300
1M phloretin (indicated by horizontal lines) in bath solution during
application of alternating pulses from 0 mV to -84 mV or of step pulses
from =100 mV to +100 mV m 20-mV increments (at a & b). B: expanded

traces of current responses (a & b in A) to step pulses, the protocol of
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which is shown 1n inset, in the absence (a) or presence of 300 pM phloretin
(b). C: current-voltage curves mecasured in the absence (control: open
circles) or presence of 30 uM phloretin (filled circles). * indicates

signtficant differences (P < 0.05) from control experiments.

Figure 19. Concentration-response curves for the inhibition of cAMP-
activated Cl' currents by phloretin at -60 mV and +60 mV in T84 cells.
Each symbol represents the mean = SEM (n=7 to 13). Data were fitted to a
sigmoidal relation with ICg; of 474.7 + 24.5 uM and n of 3.2 at +60 mV
and IC;, of 252.0 = 20.7 uM and n of 1.5 at —60 mV. Differences between
data at +60 mV and —60 mV are significant (P < 0.05) at 100 and 300 M

phloretin.

Figure 20. Effects of intracellular phloretin (300 uM in pipette solution) on
the current-voltage relationship of cAMP-activated Cl” currents in T84 cells.
Each symbol represents the mean current of 8 or 9 experiments with the
SEM of the mean (vertical bar). Differences between values in the absence
(control: open circles) and those in the presence of phloretin (filled circles)

are statistically insignificant (P > 0.05) at each potential.

Figure 21. Effects of extracellular phloretin on cAMP-activated whole-cell
Cl” currents in C127/CFTR cells. A: typical record at a holding potential of
0 mV befbre and after application of a cocktail of forskolin (10 uM),
dbcAMP (500 pM) and IBMX (400 uM) in the absence or presence of 30

uM phloretin (indicated by horizontal lines) m bath solution during
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apphication of ramp pulses from -80 mV to +80 mV or of step pulses from
~100 mV to +100 mV in 20-mV increments (at a & b). B: expanded traces
of current responses (a & b in A) to step pulses, the protocol of which is
shown in inset, in the absence (a) or presence of 30 uM phloretin (). C:
current-voltage curves measured in the absence (control: open circles) or
presence of 30 uM phloretin (filled circles). Ditferences between values in
the absence and those in the presence of phloretin are statistically

insignificant (P > 0.05) at each potential.

Figure 22. Effects of extracellular phloretin on cAMP-activated whole-cell
Cl currents in C127/CFTR cells. A: typical record at a holding potential of
0 mV before and after application of a cocktail of forskolin (10 uM),
dbcAMP (500 uM) and IBMX (400 uM)}) in the absence or presence of 300
uM phloretin (indicated by horizontal lines) in bath solution during
application of ramp pulses from —80 mV to +80 mV or of step pulses from
—100 mV to +100 mV in 20-mV increments (at a & b). B: expanded traces
of current responses (a & b in A) to step pulses, the protocol of which is
shown in inset, in the absence (a) or presence of 300 uM phloretin (b). C:
current-voltage curves measured in the absence (control: open circles) or
- presence of 300 uM phloretin (filled circles). Ditferences between values in
the absence and those in the presence of phloretin are statistically

significant (P < (0.035) at each potential.

Figure 23. Effects of calphostin C on cAMP-activated whole-cell CI'

currents in C127/CFTR cells. A: typical record at a holding potential of 0
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mV before and after applicatton of a cocktail of forskolin (10 pM),
dbcAMP (500 pM) and IBMX (400 pM} in the absence or presence of 500
nM calphostin C (indicated by horizontal lines) in bath solution during
application of alternating pulses from —4() to +40 mV or of step pulses from
—-100 mV to +100 mV tn 20-mV increments (at a & b). B: expanded traces
of current responses (a & b in A) to step pulses, the protocol of which is
shown 1in inset, in the absence (a) or presence of calphostin C at 500 nM (b).
C: current-voltage curves measured in the absence (control: open squares)
or presence of 500 nM calphostin C (filled squares). Differences between
values in the absence and those in the presence of calphostin C are

statistically msignificant (P > 0.05) at each potential.
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Table 1. Phenotypical characteristics of the three types of Cl™ channel

Volume-sensitive

Caz+-activated

cAMP-activated

(CLC-37) (CLCA?Y) (CFTR)
1-V relationship I l/ I
\Y v v
Single-channel conductance 15~75 pS 1~3 pS 8~10 pS
Voltage and time ~— /H—\ —
dependence — =
Anion selectivity I>Br>ClI ['>Br >Cl Br > CI'>I'
Activator Osmotic swelling Intracellular Ca** Intracellular cAMP
Blockers SITS, DIDS, NPPB, SITS, DIDS, NPPB, DPC, 9AC,
DPC, 9AC, Tamoxifen, NFA, Tamoxifen, Glibenclamide
Glibenclamide, NFA Glibenclamide
T84 cells + + +
Intestine 407 cells + - -
C127/CFTR cells + + +

+: exXpression  -: no expression




Table 2. Chemuical structures of phloretin and phloridzin

Phloretin Phloridzin
HO . OH OH HO OH OH
OH O p-D-glucose =0 @)
MW, 27427 436.42

Inhibaitor for Glucose uniporter (Glut)
Water channc! (AQP)

Protein kinase C (PKC)

Na -glucose symporter (SGLT)
PKC
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Fig. 3
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Fig. 5
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Fig. 7
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Fig. 8
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Fig. 10
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Fig. 13
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Fig. 14
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Fig. 15
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Fig. 16
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Fig.
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Fig. 18
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Fig. 20
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Fig. 21
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Fig. 23
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