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Purpose. The present study examined the effects and mechanisms of actions of penta-m-digalloyl-glucose
(PDG), a hydrolysable tannin extracted from Chinese gallnut, on cystic fibrosis transmembrane
conductance regulator protein (CFTR).

Materials and Methods. Fisher rat thyroid cells stably expressing human CFTR (FRT cells) and human
intestinal T84 cells were used as cell models to investigate the effects of PDG on chloride secretion using
short-circuit current analysis. The mechanisms by which PDG affected chloride secretion were also
examined. Finally, in vivo antidiarrheal efficacy and effects of PDG on intestinal fluid absorption were
evaluated in mouse closed-loop models.

Results. In FRT cells, apical chloride current induced by forskolin, CPT-cAMP and apigenin were
reversibly inhibited by PDG (IC50 ~ 10uM) without effects on intracellular cAMP content and cell
viability. Similarly, in T84 cells, PDG effectively inhibited chloride secretion induced by forskolin and
cholera toxin. However, it had no effect on calcium-induced chloride secretion. In mice, a single
intraluminal injection of PDG (0.6 mg/kg) reduced cholera toxin-induced intestinal fluid secretion by
75% with no effect on intestinal fluid absorption.

Conclusions. PDG represents a new class of CFTR inhibitors. Further development of this class of
compounds may provide a new therapeutic intervention for diarrhea.
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INTRODUCTION

Secretory diarrhea continues to be a leading cause of
morbidity and mortality worldwide with an estimated death
of 2.5 million per year, approximately 60% of which result
from intestinal infection with enterotoxin-producing bacteria,
especially Vibrio cholera (1,2). This strain of bacteria
produces cholera toxins, which act on enterocyte ganglioside
1 (GM;) receptors to stimulate cAMP-mediated chloride
secretion, providing a driving force for fluid secretion far
exceeding the reabsorbing capacity of the intestine, thus
leading to fluid loss, dehydration and death if appropriate
rehydration therapy is not initiated. At present, there are
considerable attempts at developing new pharmacological
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therapies for cholera, and one of the promising approaches is
by inhibition of transport proteins involved in cAMP-
activated chloride secretion (3).

Multiple transport proteins function in concert to facilitate
cAMP-activated intestinal chloride secretion. Chloride ions are
taken up into enterocytes via Na™-K™-2Cl" cotransporters
located at the basolateral membrane and exit across the apical
membrane via cAMP-activated chloride channels, among which
is cystic fibrosis transmembrane conductance regulator protein
(CFTR). Mutations of CFTR cause cystic fibrosis, a genetic
disease characterized by pancreatic insufficiency and chronic
lung infection (4). In addition, cAMP-activated chloride
secretion requires the functions of basolateral cAMP-activated
K* channels and Na*-K* ATPases to maintain its sustainability
(5). Among these transport proteins, CFTR is recognized as the
most attractive target protein, whose inhibitors are expected to
possess therapeutic values in the treatment of cholera (6). As a
consequence, high throughput screenings of small molecules
have been conducted, and several new classes of CFTR
inhibitors have been identified, which have the potential to be
developed for treating cholera (7,8). Recently, our group
reported that steviol and its analogues inhibit cAMP-activated
chloride secretion in human intestinal cells by targeting CFTR,
with dihydroisosteviol being the most potent analog, capable of
reducing cholera toxin-induced intestinal fluid secretion in mice
by 90% (9).

Hydrolysable tannins are plant polyphenols commonly
found in a variety of plants (10). They are composed of a
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central carbohydrate (usually glucoses) esterified with phe-
nolic groups, such as gallic acid (gallotannin) and ellagic acid
(ellagitannin). Hydrolysable tannins have been shown to have
antimutagenic, anticarcinogenic and antioxidant activities as
well as inhibitory effects on gastric H*-K*-ATPase activity
(11-14). However, their effects on CFTR chloride channels
have hitherto remained unknown.

Based on previous findings that condensed tannins
exhibit inhibitory effects on CFTR chloride channels
(15,16), we hypothesized that hydrolysable tannins also are
inhibitory against CFTR chloride channels. In the present
study, we demonstrated that a hydrolysable tannin isolated
from Chinese gallnuts, penta- m- digalloyl- glucose (PDG)
(Fig. 1) inhibited CFTR function in Fisher rat thyroid cells
expressing human CFTR protein (FRT cells). Its efficacy in
reducing enterotoxin-induced intestinal fluid secretion was
confirmed in human intestinal T84 cells and in an in vivo
rodent model of acute diarrhea.

MATERIALS AND METHODS
Cell Lines and Chemicals

Fisher rat thyroid cells stably expressing human CFTR
were generated as previously described (17). Human intesti-
nal T84 cells were obtained from American Type Culture
Collection (Virginia, USA). CFTR;,;,-172 was purchased from
Calbiochem (San Diego, CA), cholera toxin was from List
Biological Laboratories, Inc. (California, USA) and trypsin-
EDTA, fetal bovine serum, penicillin and streptomycin were
from HyClone (Utah, USA). Other chemicals were obtained
from Sigma-Aldrich (Missouri, USA).

Cell Culture

FRT cells were cultured in Coon’s F-12 medium
supplemented with 10% fetal bovine serum, 2 mM L-glutamine,
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Fig. 1. Chemical structure of penta-m-digalloyl-glucose (PDG).

491

100 U/ml penicillin and 100 pg/ml streptomycin. T84 cells were
cultured in 50% DMEM and 50% Ham’s F-12 medium
supplemented with 10% fetal bovine serum, 100 U/ml penicillin
and 100 pg/ml streptomycin. Cells were maintained at 37°C in a
humidified incubator under an atmosphere of 95% O, and 5%
CO,. For apical chloride current and short-circuit current
measurements, cells were subcultured in 0.05% trypsin-EDTA
solution and seeded on Snapwell filters (1 cm?® surface area;
Corning-Corstar Corp., Corning, New York, USA) at the
density of 500,000 cells/filter. Prior to electrophysiological
experiments, cells were grown on the Snapwell support for
7 days in order to obtain an electrical resistance of more than
1,000 Q.cm?. Culture media were freshly replaced daily.

Apical Chloride Current and Short-Circuit Current
Measurements

Current measurements were measured in FRT and T84
cells grown on Snapwell filters using an Ussing chamber
protocol (7). For apical chloride current measurements in
FRT cells, the basolateral membrane was permeabilized by
prior treatment with amphotericin B (250pg/ml) for 30 min.
The Ringer’s solution in the basolateral hemichamber con-
tained (in mM) NaCl (130), KClI (2.7), KH,PO, (1.5), CaCl,
(1), MgCl, (0.5), Na-HEPES (10) pH 7.3 and glucose (10). To
establish a chloride gradient, 65 mM NaCl of apical solution
was replaced with 65 mM sodium gluconate, and concen-
tration of CaCl, was increased to 2 mM. Solutions bathing
FRT cells were bubbled with 100% O, and maintained at
37°C throughout the duration of experiment. For short-circuit
current measurements, both hemichambers were filled with
Kreb’s solution (pH 7.3) containing (in mM) NaCl (120),
NaHCO; (25), KH,PO, (3.3), K,HPO, (0.8), MgCl, (1.2),
CaCl, (1.2) and glucose (10). Solutions were bubbled
continuously with 95% 0O,/5% CO, and maintained at 37°C.
Apical chloride/short-circuit current was recorded using a
DVC-1000 voltage-clamp (World Precision Instruments,
Sarasota, Florida, USA) with Ag/AgCl electrode and
3M KCI agar bridge.

Intestinal Fluid Secretion and Absorption Measurements
in Mice

Mice (30-35 g, ICR strain; The National Laboratory
Animal Center, Bangkok, Thailand) were fasted for 24 h and
anesthetized by intraperitoneal injection of thiopenthal
sodium (50 mg/kg). Body temperature was maintained
between 36 and 37°C using an electrical lamp. After making
a small abdominal incision, 3 closed mid-jejunal loops (2—
3 cm. in length) were generated by sutures. Loops were
injected with 100ul of phosphate-buffered saline (PBS) or
PBS containing cholera toxin (1ug) with or without PDG
(0.6 mg/kg). Abdominal incisions were closed with sutures,
and mice were allowed to recover from anesthesia. After 4 h,
mice were anesthetized, intestinal loops were removed, and
loop lengths and weights were measured after removal of
mesentery and connective tissues to quantify net fluid
secretion. For intestinal absorption studies, loops were
injected with 200ul of PBS with or without PDG
(0.6 mg/kg). Following 30 min of recovery from anesthesia,
mice were re-anesthetized, and intestinal loops were removed
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to measure loop weight/length ratio. Mice were euthanized
with an injection of thiopenthal sodium (150 mg/kg). All
animal protocols were approved by the Laboratory Animal
Ethical Committee of Mahidol University, Thailand.

Intracellular cAMP Assay

cAMP level was measured using a BIOTRAK enzymatic
immunoassay (GE Healthcare, Buckinghamshire, UK)
according to manufacturer’s instructions. In brief, FRT
cells, 5x10° cells/well, were cultured in 24-well microplate
overnight at 37°C under an atmosphere of 95% O, and 5%
CO,. After removal of culture medium and preincubation
with PBS for 20 min, cells were incubated for 30 min with
PBS containing 0.1% (v/v) DMSO, forskolin (10pM),
forskolin (10pM) plus PDG (100uM) or PDG (100pM)
alone. Then, cells were lysed with 1B reagent provided by
the manufacturer, and lysates were assayed for cAMP content
in four separate experiments conducted in duplicate. Within
30 min of addition of 100l of 1 M sulfuric acid, absorbance
was measured at 450 nm (Thermo Labsystems Instrument,
Helsinki, Finland), and cAMP concentration was read from a
calibration curve.

Cell Viability Assay

Cell viability was determined using a 3-(4, 5-dimethyl-2-
thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay.
In brief, FRT cells were seeded in 96-well plate at the density
of 2x10* cells/well. After growth for 24 h in a humidified 5%
C0O,/95% O, incubator at 37°C, cells were incubated for 24 h
with a culture medium containing various concentrations of
PDG. Medium was removed, and cells were incubated with
20pl of 5 mg/ml MTT for 4 h at 37°C. Then, a 100ul aliquot of
100% DMSO was added, and cells were incubated for further
3 h before measurements of an absorbance at 590 nm (BMG
LABTECH, Victoria, Australia).

Statistical Analysis

Results are presented as mean + S.E. Statistical differ-
ence between control and treatment groups was determined
using Student’s ¢ test, with p value<0.05 considered statisti-
cally significant.

RESULTS

Inhibition by PDG of CFTR-Mediated Apical Chloride
Current in FRT Cells

The effect of PDG on CFTR function was investigated
by measuring apical chloride current in FRT cells stably
expressing human wild-type CFTR. FRT cells were basolat-
erally permeabilized by pretreatment with amphotericin B
in the presence of apically directed chloride gradient.
CFTR-mediated apical chloride current was stimulated by
CFTR agonists, forskolin (an adenylate cyclase activator),
CPT-cAMP (a cell-permeable cAMP) and apigenin (a
flavone-type direct activator of CFTR). PDG inhibited
CFTR-mediated apical chloride current induced by all
agonists in a dose-dependent fashion, with an IC50 of
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~10uM (Fig. 2). Complete inhibition was obtained at
100pM PDG. Control experiments (without treatments with
PDG) showed that an increase in CFTR-mediated apical
chloride current was stable over the time course of experi-
ments (Fig. 2A-C, inset).

Reversibility of PDG Inhibitory Effect on CFTR-Mediated
Apical Chloride Current and Cytotoxicity Evaluation in FRT
Cells

To determine if the inhibitory effect of PDG on CFTR
function in FRT cells was reversible, apical chloride current
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Fig. 2. Inhibitory effect of PDG on apical chloride current induced by
CFTR agonists in FRT cells. Forskolin (A), CPT-cAMP (B) and
apigenin (C) at a final concentration of 10, 100 and 20uM,
respectively, were added into both hemichambers to elicit CFTR-
mediated apical chloride current. After stabilization of stimulated
current, PDG was added accumulatively into both apical and baso-
lateral solutions at indicated concentrations. Data shown are repre-
sentative of 3-5 separate experiments. An inset in (A), (B) and (C)
shows a time control (no PDG) tracing of apical chloride current
stimulated by forskolin (10pM), CPT-cAMP (100uM) and apigenin
(20pM), respectively.
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was measured after removal of PDG from the bathing
solutions. Current was restored to more than 90% (as
analyzed from percent CFTR;,,-172 sensitive current) of
forskolin-stimulated current in untreated cells (Fig. 3A).
Exposure of FRT cells to 5-100uM PDG for 24 h produced
no cytotoxicity compared to control cells, as examined using
MTT assay (Fig. 3B).
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Fig. 3. Reversibility of PDG inhibition of CFTR function and PDG
cytotoxicity in FRT cells. (A) Top, a representative current tracing
showing reversibility of PDG on CFTR inhibition. After stimulation
of CFTR-mediated apical chloride current by forskolin (10pM), PDG
(20uM) was applied to the apical solution. After stabilization of the
current, apical solution was removed and replaced with the same
solution containing forskolin. Finally, CFTR;,,-172 (5uM), a direct
CFTR inhibitor, was added into the apical compartment to verify
chloride current. Bottom, summary of the data from reversibility
experiments. Absolute values of forskolin-stimulated current before
and after additions of PDG and CFTR;,,-172 sensitive recovered
current were 95.93+17.9, 53.92+12.5 and 86.82+19.1, respectively.
Data are mean of % control + S.E.; n=3; * p<0.05. (B) Effect of PDG
on viability of FRT cells as measured by MTT assay. FRT cells were
incubated with PDG for 24 h, and then MTT reagent (10% v/v) was
added and incubated for 4 h. Following treatment with 100% DMSO,
absorbance at 490 nm was measured. Data are expressed as mean of
% cell viability compared to vehicle-treated group + S.E.; n=3.
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Lack of PDG Effect on Intracellular cAMP Level

To determine whether PDG inhibition of CFTR function
in FRT cells involved an alteration in intracellular cAMP
level, an enzymatic immunoassay was employed. Treatment
with 100uM PDG did not change cAMP level compared to
that of control (7.6+3.0 and 7.9+3.5 fmol/pg protein respec-
tively). In addition, PDG had no effect on the increase in
intracellular cAMP induced by forskolin (23.6+1.9 and 18.6+
4.2 fmol/pg protein for forskolin treated and forskolin plus
PDG treated group, respectively) (Fig. 4). These results
indicated that PDG inhibition of CFTR function in FRT cells
does not involve change in intracellular cAMP level.

Inhibition by PDG of CFTR-Mediated Chloride Secretion
Across Human Colonic Epithelial Cells

The effectiveness of PDG in inhibiting CFTR-mediated
chloride secretion in human epithelial cells was assessed using
short-circuit current analysis of human intestinal T84 cell line.
These cells are widely used to study intestinal chloride
secretion, as their epithelial transport properties are similar
to native intestinal cells residing in the crypt where chloride
secretion mostly takes place (5). The study was performed in
the presence of amiloride (10uM) in the apical solution to
inhibit any contribution of the epithelial sodium transport to
the current measured, and forskolin (10uM) was employed
as an agonist of cAMP-activated chloride secretion. PDG
inhibited forskolin-induced active chloride secretion in a
dose-dependent manner, with an IC50 of 100 uM and more
than 90% inhibition at 1 mM (Fig. 5). Control experiments
(without treatments with PDG) showed that an increase in
cAMP-activated short-circuit current was stable over the time
course of measurements (Fig. 5, inset).

Lack of PDG Effect on Calcium-Activated Chloride
Secretion in T84 Cells

In addition to cAMP-activated pathway, intestinal chlor-
ide secretion is activated by a calcium-mediated signaling
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Fig. 4. Effect of PDG on intracellular cAMP level. Intracellular cAMP
content in FRT cells after pretreatment with DMSO (0.1%v/v), PDG
(100pM), forskolin (10uM) or forskolin (FSK) (10uM) plus PDG
(100pM) were analyzed using an enzymatic immunoassay. Data are
shown as mean+S.E.; n=4. NS, no statistical significance.
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Fig. 5. Inhibitory effect of PDG on cAMP-activated chloride
secretion in human intestinal T84 cells. In the presence of amiloride
(10uM) in the apical solution, PDG was added accumulatively into
both bathing solutions after stimulation of chloride secretion with
forskolin (10puM). The recording of the current is a representative of
three similar sets of measurements. An inset shows a time-control (no
PDGQG) tracing of forskolin-activated short-circuit current.

cascade (18). Stimulation of this transport process has been
implicated in pathophysiology of diarrhea during rotavirus
infection and that induced by anti-HIV drugs (19,20). The
effect of PDG on this chloride secretory process was evaluated
using short-circuit current measurement in T84 cells. Carbachol
(100pM), a muscarinic receptor agonist that elevates intra-
cellular calcium, was used to stimulate calcium-activated
chloride secretion in the presence of 10 pM amiloride and
CFTR;,;,-172 (20uM), the latter added to prevent any con-
tribution of epithelial sodium transport and CFTR chloride
channel, respectively, to the current measured. PDG (100uM)
had no effect on carbachol-induced chloride secretion (1.71+
0.5pA/cm?®) compared to control (1.81+0.6uA/cm?) (Fig. 6).

Inhibition by PDG of Cholera Toxin-Induced Chloride
Secretion in Human Intestinal Cells and Mouse Closed-Loop
Model of Cholera

It is well-documented that CFTR chloride channels
provide a principal route for apical chloride exit during
enterotoxin-induced intestinal chloride secretion (21). Thus,
compounds possessing CFTR inhibitory effects are expected to
have potential therapeutic utility in the treatment of secretory
diarrhea, including cholera. We evaluated the antidiarrheal
efficacy of PDG using both in vitro and in vivo measurements of
chloride secretion induced by cholera toxin, a well-characterized
bacterial enterotoxin. /n vitro measurements of chloride current
across T84 cells indicated that cholera toxin (1pg/ml) stimulated
gradual chloride secretion, which was completely abolished by
treatment with 200uM PDG (Fig. 7A). Control experiments
(without treatments with PDG) showed that an increase in
cholera toxin-induced short-circuit current was stable over the
time course of measurements (Fig. 7A, inset). In vivo efficacy of
PDG was determined using a mouse closed-loop model of
cholera. Fluid secretion was quantified from measurements
of loop weight/length ratio. Concomitant intraluminal admin-
istration of PDG (0.6 mg/kg) with cholera toxin (1 pg/loop)
reduced cholera toxin-induced intestinal fluid secretion by 75%
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(Fig. 7B). Weight/length ratio of loop injected with saline,
cholera toxin and cholera toxin plus PDG was 0.06+0.01, 0.18 +
0.02 and 0.09+0.02 g/cm, respectively. PDG did not affect
intestinal fluid absorption as measured from the remaining fluid
in closed intestinal loop after 30 min of injection of saline (with
or without PDG) (Fig. 7C).

DISCUSSION

The present studies identified a novel effect of penta-m-
digalloyl- glucose (PDG), a hydrolysable tannin extracted from
Chinese gallnut, on CFTR chloride channel function. Using
FRT cells stably expressing human wild-type CFTR, it was
shown that PDG reversibly inhibited CFTR chloride transport
activity without altering intracellular cAMP level or causing
any cytotoxic effect. Furthermore, studies in human intestinal
cells and in an in vivo mouse model of cholera revealed that
PDG was effective in inhibiting chloride secretion induced by
cAMP and cholera toxin, without effecting intestinal fluid
absorption or calcium-activated chloride secretion.

Tannins are polyphenols commonly found in plants such as
apple fruit, pine bark, grape seed, tea and oak (22) and possess a
variety of biological effects, including anticarcinogenic (23),
antimutagenic (12), antimicrobial (24) and antioxidative activ-
ities (11,13). Condensed tannins (proanthocyanidins) inhibit
CFTR chloride channel in intestinal epithelial cells, and the
proposed mechanism involves direct interaction with CFTR
protein at the extracellular site of the channel (16,25). We
therefore hypothesized that hydrolysable tannins should be able
to exert an inhibitory effect on CFTR-mediated chloride trans-
port. Fisher rat thyroid (FRT) cells stably expressing human
CFTR were used to study CFTR function as they have
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Fig. 6. Effect of PDG on calcium-activated chloride secretion in T84
cells. (A) Representative recordings of chloride secretion current
induced by carbachol (100pM) after pretreatment with PDG
(100uM) or vehicle. Amiloride (10 pM) and CFTRjy,-172 (20 pM)
were present in apical solution. (B) Summary of the data. Absolute
values of carbachol-stimulated chloride current after pretreatment
with PDG (100pM) or vehicle were 1.71+0.5 and 1.81+0.6, respec-
tively. Data are shown as % control + S.E.; n=3-8.



A Hydrolysable Tannin Inhibits CFTR Chloride Channel

495

A PDG
Cholera toxin 1 1/\
lsc 5 I | I
=5 pAlcm 200 min
30 min
B

Cholera toxin (1pg)

2 0.251
m
ﬁ «— Choleratoxin ¢ 0.204 T
2
T 0.154
‘ <= Cholera toxin %._E_ -
+PDG 52 o101
E 0.051
SSeagmse € PBS g
— S 0.00 r T
PBS PDG
C
o
g 0.100- L
£
- 0.0751
C:
E_‘é’, 0.050+
S~
$ 0.0251
o
=]
5 0.000 T
control PDG

Fig. 7. Antidiarrheal efficacy of PDG in human intestinal cells and mouse closed-loop
model of cholera. (A) Inhibitory effect of PDG on cholera toxin-induced active chloride
secretion across monolayers of T84 cells. In the presence of amiloride (10pM), PDG
(200pM) was added after stimulation of active chloride secretion by addition of cholera
toxin (1pg/ml) to apical solution. An inset shows a time-control (no PDG) tracing of
cholera toxin-induced short-circuit current. (B) In vivo efficacy of PDG in mouse closed-
loop model of cholera toxin-induced intestinal fluid secretion. Left, a photograph of
isolated mouse mid-jejunal loops at 4 h after luminal injection of cholera toxin (1pg),
cholera toxin (1pg) plus PDG (0.6 mg/kg) and saline control. Right, summary of loop
weight/length ratios. Data are expressed as mean + S.E.; n=5 and * p<0.05. (C) Effect of
PDG on intestinal fluid absorption in mouse closed-loop model. Saline, with or without
PDG (0.6 mg/kg), was injected into intestinal loops 30 min before assessment of loop

weight/length ratio. Data are shown as mean + S.E.; n=3.

negligible expression of non-CFTR chloride channels (26). In
addition, they can form epithelial monolayers on Snapwell filters
with electrical resistance high enough for use in electrophysio-
logical studies. Our data showed that in basolaterally permea-
bilized FRT cells, PDG inhibited cAMP-mediated apical
chloride conductance activated by forskolin (an adenylate
cyclase activator) with an IC50 of ~ 10uM. Similar results were
obtained for apical chloride current measurements using CPT-
cAMP (a cell permeable and hydrolysis-resistant cAMP analog)
and apigenin (a direct CFTR agonist) as activators of apical
chloride current. These results indicated that the target of PDG
inhibitory actions should be downstream of cAMP production.
In support of this notion, PDG, at a concentration completely
inhibiting CFTR-mediated chloride current (100uM), produced
no effect on intracellular cAMP levels. In addition, the

inhibitory effect of PDG on CFTR function was fully reversible
and did not cause any reduction in cell viability. As PDG is a
bulky polar molecule (MW. 1701.2), containing 25 hydroxyl
groups, we speculated that PDG can not enter cells and blocks
CFTR function by binding to the extracellular side of the
channel, similar to that proposed for condensed tannins (16).
Compounds possessing CFTR inhibitory activities have
been expected to offer novel effective options for treatment
of human diseases such as secretory diarrhea and polycystic
kidney diseases. cAMP-activated chloride secretion is central
to the pathogenesis of secretory diarrhea, including cholera
(3,27), and cyst formation and enlargement in polycystic
kidney diseases (28). Recent studies conducted with small-
molecule CFTR inhibitors identified by high-throughput
screening provide proof-of-concept in treatment of cholera
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and polycystic kidney diseases using CFTR inhibitors (7,8,29).
As demonstrated by short-circuit current analysis in human
intestinal T84 cells, PDG was able to inhibit transepithelial
active chloride secretion induced by cAMP, while it had no
effect on that induced by elevation of intracellular calcium.
The latter process involves apical chloride and basolateral
potassium channels, which are physiologically and pharmaco-
logically distinct from those involved in the cAMP-activated
process. Accordingly, our results indicated that the action of
PDG is specific to cAMP-activated transepithelial chloride
secretion in human intestinal cells. Nevertheless, the discrep-
ancy in IC50 of PDG obtained from experiments using FRT
cells stably expressing human CFTR (~10pM) and T84 cells
(~100pM) was found. Indeed, this observation is consistent
with previous studies reporting that potency of impermeant
CFTR inhibitors such as divalent polyethylene glycol-malonic
acid hydrazides was lower in T84 cells (30).

In vivo studies in mice showed that concomitant admin-
istration of PDG significantly reduced cholera toxin-induced
intestinal fluid secretion, whereas intestinal fluid absorption
was unaffected. As transepithelial chloride secretion across a
monolayer of T84 cells activated by pretreatment with
cholera toxin was effectively inhibited by PDG, this con-
firmed its direct effect on CFTR function. This rules out the
possibility that PDG may precipitate cholera toxin or disrupt
binding of the cholera toxin to its ganglioside receptor on
enterocyte apical membrane. These experiments suggest that
PDG could have potential applications in therapy of secretory
diarrhea whose pathogenesis involves cAMP, such as cholera
and intestinal infection with enterotoxic Escherichia coli.

Compared to other natural product-derived inhibitors of
CFTR chloride channel, such as dihydroisosteviol, flavonoids
and proanthocyanidins, PDG and related hydrolysable tannins
present an attractive chemical option amenable to further
development of novel treatment for diarrhea. The presence of
multiple hydroxyl groups confers PDG high water solubility
(>1 mM). PDG has a potency (IC50 of 10uM) comparable to
dihydroisosteviol, proanthocyanidin and flavonoid-related com-
pounds, which have IC50 of 20-100uM (9,15,16,25). In addition,
hydrolysable tannins, including PDG, possess antioxidative
properties (11,13). Elevated levels of reactive oxygen species
have been implicated in the pathological processes leading to
deranged intestinal fluid and electrolyte transport in infection
and inflammation-associated diarrhea such as inflammatory
bowel disease (31). Of note, during infectious and inflammatory
processes in intestine, nitric oxide released from immune cells is
capable of stimulating CFTR-mediated chloride secretion (31—
33). Moreover, CFTR expression is increased up to five-fold in
colonic mucosa of ulcerative colitis patients (33).

In summary, the present study identified for the first time
an inhibitory effect of hydrolysable tannin on CFTR chloride
channel function. Further development of this class of com-
pounds may provide a new therapeutic intervention for diarrhea
and polycystic kidney and other diseases associated with CFTR
hyperactivity.
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