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Abstract

Inhibitors of cystic fibrosis transmembrane conductance regulator (CFTR) have been widely used for characterizing CFTR
function in epithelial fluid transport and in diseases such as secretory diarrhea, polycystic kidney disease and cystic fibrosis.
Few small molecule CFTR inhibitors have been discovered so far from combinatorial compound library. In the present study,
we used a high throughput screening (HTS)-based natural product discovery strategy to identify new CFTR inhibitors from
Chinese medicinal herbs. By screening 40,000 small molecule fractions from 500 herbal plants, we identified 42 positive
fractions from 5 herbs and isolated two compounds that inhibited CFTR conductance from Chinese wild grapevine (Vitis
amurensis Rupr). Mass spectrometry (MS) and nuclear magnetic resonance (NMR) studies determined the two active
compounds as trans-e-viniferin (TV) and r-2-viniferin (RV), respectively. Both compounds dose-dependently blocked CFTR-
mediated iodide influx with IC50 around 20 mM. Further analysis by excised inside-out patch-clamp indicated strong
inhibition of protein kinase A (PKA)-activated CFTR chloride currents by TV and RV. In ex vivo studies, TV and RV inhibited
CFTR-mediated short-circuit Cl2 currents in isolated rat colonic mucosa in a dose-dependent manner. In a closed-loop
mouse model, intraluminal applications of TV (2.5 mg) and RV (4.5 mg) significantly reduced cholera toxin–induced intestinal
fluid secretion. The present study identified two resveratrol oligomers as new CFTR inhibitors and validates our high-
throughput screening method for discovery of bioactive compounds from natural products with complex chemical
ingredients such as herbal plants.
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Introduction

Epithelial salt and water secretion is critical for the normal

functions of many organ systems including intestines, airways,

pancreas, and salivary glands. In intestine, fluid secretion is vital to

maintain an appropriate level of luminal fluidity for digestion.

Transepithelial Cl2 secretion is the major determinant of mucosal

hydration throughout the gastrointestinal tract [1,2]. CFTR Cl2

channel is expressed primarily in the crypt cells in intestinal

mucosa where it provides the predominant pathway for apical Cl2

secretion in response to many agonists [2–5].

The CFTR gene was identified in 1989 as the gene mutated in

cystic fibrosis (CF) [6]. Lack of CFTR-mediated secretion in CF

may lead to blockage of the intestinal lumen at birth by meconium

as an early clinical symptom of the disease [6,7]. CFTR also plays

key roles in the amplified response observed in secretory diarrheas,

such as those elicited by cholera toxin during infection with Vibrio

cholerae or by heat-stable enterotoxin during infection with

pathogenic Escherichia coli [8,9]. Small molecule CFTR inhibitors

have been widely used in characterizing CFTR functions in

epithelial fluid transport and in diseases such as secretory diarrhea

[10], polycystic kidney disease [11] and cystic fibrosis [12]. So far

few CFTR inhibitors have been identified and characterized from

combinatorial small molecule compound library [10,13,14].

The aim of the present study was to identify natural product

CFTR inhibitors from Chinese medicinal herbs by a high

throughput screening method developed in our laboratory. We

identified 42 active fractions from 5 herbs and isolated two

resveratrol oligomers, trans-e-viniferin (TV) and r-2-viniferin (RV),

from Chinese wild grapevine (Vitis amurensis Rupr) that inhibited

CFTR conductance. Resveratrol and its oligomers have been

receiving wide attention because of their numerous health benefits

and favorable biological activities in cancers, cardiovascular

diseases, as well as ischemic injuries. The present study determined

a new activity for resveratrol oligomers as CFTR Cl2 channel

inhibitors and validated our natural product high throughput

screening method.

PLOS ONE | www.plosone.org 1 April 2014 | Volume 9 | Issue 4 | e94302

http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0094302&domain=pdf


Materials and Methods

Ethics Statement
All animal procedures in this study were carried out in strict

accordance with the recommendations in the Guide for the Care

and Use of Laboratory Animals of the National Institutes of

Health and were approved by Liaoning Normal University

Committee on Animal Research. All surgery was performed

under sodium pentobarbital anesthesia, and all possible efforts

were made to minimize suffering.

Preparation and structural identification of trans-e-
viniferin (TV) and r-2-viniferin (RV)

TV and RV were isolated from Chinese wild grapevine (Vitis

amurensis Rupr) based on activity-directed single compound

isolation strategy. Generally, the crushed plant was first extracted

by 95% ethanol on Soxhlet reflux apparatus followed by

automated fractionation using preparative High Performance

Liquid Chromatography (HPLC) and tracking of CFTR inhibitory

activity. After recrystallization, purities of compounds were

determined by analytical HPLC. Compounds with .99.6% purity

were characterized by mass spectrometry (MS) and nuclear

magnetic resonance (NMR) to determine their chemical struc-

tures.

NMR profile for trans-e-viniferin(TV): m.p.: 149–151uC. 1H-

NMR(500 MHz, Acetone-d6)d: 4.49(1H, d, J = 5.5, H-8a);

5.43(1H, d, J = 5.5, H-7a); 6.25(3H, S, H-10, 12a, 14a); 6.34(1H,

d, J = 2.0 Hz, H-12b); 6.70(1H, d, J = 15, 4 Hz, H-8b); 6.73(1H, S,

H-14b); 6.74(2H, d, J = 8.2 Hz, H-3a.5a); 6.83(2H, d, J = 8.0 Hz,

H-3b, 5b); 6.91(1H, d, J = 16.4 Hz, H-7b); 7.17(2H, d, J = 8.5 Hz,

H-2a, 6a); 7.21(2H, d, J = 8.5 Hz, H-2a, 6a); 8.2810(5H, brs, OH

x5). 13C-NMR(100MHz, Acetone-d6)d: 162.43(C-4b); 159.81(C-

11a, 13a); 159.54(C-1b); 158.15(C-4a, 1b); 47.38(C-9a); 136.39(C-

9b); 133.82(C-1a); 130.07(C-7b); 129.90(C-1b); 128.67(C-2b, 6b);

127.89(C-2a, 6a); 123.46(C-8b); 119.80(C-10b); 116.29(C-3a, 5a);

116.12(C-3b, 5b); 106.99(C-10a, 14a); 104.21(C-14b9); 102.08(C-

12a); 96.78(C-12b); 93.89(C-7a); 57.09(C-8a). ESI-MS: m/z 453

([M–H]2). Molecular formula: C28H22O6.

NMR profile for r-2-viniferin (RV): yellowish amorphous solid,

m.p.: 301–302uC. 1H-NMR (500 MHz, Acetone-d6)d: 4.25(1H, d,

J = 11.6 Hz, H-8d); 4.41(1H, d, J = 5.3 Hz, H-8a); 5.36(1H, d,

J = 5.3 Hz, H-7a); 5.38(1H, J = 3.7 Hz, H-7c); 5.49(1H, brs, H-8c);

5.88(1H, d, J = 11.5 Hz, H-7d); 6.04(1H, d, J = 2.0 Hz, H-12d);

6.05(1H, d, J = 2.1 Hz, H-12d); 6.08(2H, d, J = 2.1 Hz, H-2b, 2c);

6.17(2H, d, J = 2.1 Hz, H-10a, 14a); 6.22(2H, J = 2.2 Hz, H-11a,

12b); 6.26(1H, d, J = 2.0 Hz, H-14d); 6.39(2H, S, H-7b, 8b);

6.66(2H, d, J = 8.6, H-3c, 5c); 6.77(2H, dd, J = 19.68 Hz, H-3d,

5d); 6.83(2H, dd, J = 2.0,6.6 Hz, H-3a, 5a); 6.87(1H, dd, J = 2.2,

8.5 Hz, H-6b); 7.03(2H, d, J = 8.1 Hz, H-2c, 6c); 7.14(2H, d,

J = 8.5 Hz, H-2d, 6d); 7.20(2H, dd, J = 1.8, 6.8 Hz, H-2a, 6a).
13C-NMR(100MHz, Acetone-d6)d: 62.54(C-11); 160.32(d-11);

159.78(a-11,13); 159.54(d-4),158.77(C-13); 158.49(C-11);

158.18(b-13); 157.92(a-4); 157.02(d-13); 155.97(C-4); 155.15(b-4);

147.22(a-9); 142.33(d-9); 141.19(C-9); 136.57(b-9); 135.38(C-1);

133.94(a-1); 132.83(b-3); 132.48(b-2); 131.10(d-1); 131.03(b-8;

130.06(d-2,6); 129.00(C-6); 128.83(b-1,C-2); 127.92(a-2, 6);

123.65(b-6); 122.70(b-7); 120.36(C-10); 120.11(d-10); 119.01(b-

10); 116.14(a-3, 5, c-3, 5); 115.99(d-3, 5); 115.45(C-3, 5);

110.08(C-14); 106.89(a-10, 14); 105.02(d-14); 104.52(b-14);

102.14(a-12); 100.93(d-12); 96.55(b-12); 93.84(a-7); 88.47(d-7);

57.12(a-8); 49.50(d-8); 41.32(C-8); 40.71(C-7). ESI-MS: m/z 905

([M–H]2). Molecular formula: C56H42O12.

Cell lines, animals and compounds
Fischer rat thyroid (FRT) epithelial cells coexpressing human

wild-type CFTR and the halide-sensitive yellow fluorescent

protein indicator EYFP-H148Q were generated by stable trans-

fection as described previously with modification [15,16]. Briefly,

the FRT cells were first stably transfected with the plasmid

pcDNA3.1 (Invitrogen) containing the cDNA encoding EYFP-

H148Q (kind gift from Dr. Alan Verkman in University of

California San Francisco) and selected in G418 (0.75 mg/ml) for

bright cell colonies under fluorescent microscope. Clonal FRT/

EYFP-H148Q cells were then stably transfected with the plasmid

pcDNA3.1Zeo (Invitrogen) containing the cDNA encoding wild-

type human CFTR (kind gift from Dr. Alan Verkman in

University of California San Francisco) and selected in Zeocin

(0.75 mg/ml). Clonal FRT/EYFP-H148Q/CFTR cells were

grown at 37uC in F-12 Coon’s medium (Sigma Chemical Co.

St. Louis, MO. U.S.A.) supplemented with 10% fetal bovine

serum, 2 mM L-glutamine, 100 units/mL penicillin, and 100 mg/

mL streptomycin in a CO2 incubator. The cells were used in

iodide influx assay and patch-clamp experiments.

Male Kunming (KM) mice (8–10 weeks) and Wistar rats

(,200g) were fed a standard chow diet and housed under specific

pathogen-free conditions at Dalian Medical University (Permit

Number: SCXK Liao 2008–0002 for mice and SCXK Liao 2013–

0003 for rats).

CFTRinh-172 was synthesized as described previously [17].

After several cycles of recrystalization, purity of compounds were

.99.9% as confirmed by HPLC/MS analysis. Forskolin (FSK), 3-

isobutyl-1-methylxanthine (IBMX), genistein, amiloride, indo-

methacin, and cholera toxin were purchased from Sigma

Chemical Co. (St. Louis, MO). Compounds were dissolved as

20 mM stock solution in DMSO and stored at 220uC. All

compounds were diluted in PBS before experiments, and the final

concentration of DMSO was ,1% to ensure that DMSO

produces no significant effect on cell-based measurements.

Screening procedure (Cell-based fluorescent assay)
CFTR-mediated iodide influx analysis was performed on the

stably transfected FRT cells expressing human CFTR and EYFP-

H148Q. Briefly, the cells were seeded into a black-walled, clear-

bottomed 96-well tissue culture plate (Costar, Corning, NY, USA)

at a density of 30,000 per well for 24 hr to let the cells become

confluent. After washing with PBS (in mM: 137 NaCl, 2.7 KCl,

8.1 Na2HPO4, 1.5 KH2PO4, 1 CaCl2, 0.5 MgCl2), the cells were

prestimulated with a cocktail (5 mM FSK, 100 mM IBMX and

25 mM genistein). Then test samples were added to each well and

incubated for 10 min. The EYFP fluorescence data were recorded

using a microplate reader (Fluostar Optima, BMG Lab Technol-

ogies) equipped with HQ500/20X(500 6 10 nm) excitation and

HQ535/30M (535 6 15 nm) emission filters (Chroma Technol-

ogy Corp., Brattleboro, VT). Iodide influx rates (d[I2]/dt) were

computed as described in reference [18,19].

Short-circuit current measurements of rat colonic
mucosa

We followed the procedure described previously [10] with

modifications. Briefly, Wistar rats were deprived of food and

free access to water for 24 hours, and then sacrificed by one

overdose of intraperitoneal sodium pentobarbital (100 mg/kg).

For measurement of short-circuit current, strips of rat colon

were isolated, stripped of muscle layers by blunt dissection and

mounted in Ussing chambers (Physiological Instruments). The

hemichambers were filled with symmetric solutions of a modified

Resveratrol Oligomers as CFTR Inhibitors
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Krebs-bicarbonate solution (in mM: 120 NaCl, 5 KCl, 1 MgCl2, 1

CaCl2, 10 D-glucose, 5 HEPES, 25 NaHCO3, pH 7.4) containing

10 mM indomethacin and 10 mM amiloride. The solutions were

continuously bubbled with 95% O2/5% CO2 at 37uC. Short-

circuit current Isc was recorded after stimulation by 20 mM FSK

and subsequent inhibitor addition.

Excised inside-out patch-clamp recordings and data
calculation

Patch-clamp experiments were performed at room temperature

(25uC) with an EPC10 amplifier (HEKA, Lamberecht/Pfalz,

Germany). FRT cells stably transfected with wild-type CFTR were

plated onto cover glasses for inside-out patch recordings. Patch-

clamp electrodes were made from B15024F glass capillaries

(VitalSense Scientific Instrument). The pipette resistance was 3–

5 MV in the bath solution. The membrane potential of the excised

inside-out membrane patch was held at 250 mV for all

experiments. Currents were filtered at 100 Hz with an eight-pole

Bessel filter (Warner Instrument) and captured onto a hard disk at

a sampling rate of 500 Hz. During experiments, FRT cells were

first incubated in the bath solution (containing in mM: 145 NaCl,

5 KCl, 2 MgCl2, 1 CaCl2, 5 glucose, and 5 HEPES, pH 7.4),

20 mM sucrose was added to the bath solution to prevent

activation of swelling-induced currents. The pipette solution

contained (in mM): 140 N-methyl-D-glucamine chlorides

(NMDG-Cl), 2 MgCl2, 5 CaCl2, and 10 HEPES, pH 7.4. After

giga ohm was formed, the membrane patch was excised into the I/

O solution containing (in mM): 150 NMDG-Cl, 10 EGTA, 10

HEPES, 8 TRIS, 2 MgCl2.

Data calculation method was done as reference [20]. Degree of

inhibition was calculated from the steady-state mean currents (I)

using IGOR software (WaveMetrics). The mean baseline currents

(I0) were subtracted before the data were used for calculations. %

inhibition by inhibitors was calculated as follows:

% inhibition~(1{I=I0)|100

Intestinal Fluid Secretion Measurements
In vivo intestinal fluid secretion was measured by a closed loop

method described previously [10]. Briefly, Male KM mice were

starved for 24 hours prior to being anaesthetized with intraper-

itoneal sodium pentobarbital (40 mg/kg). A small abdominal

incision was made to expose the small intestine, and closed ileal

loops (length 10–15 mm) proximal to the cecum were made by

sutures. Loops were injected with saline alone, saline containing

cholera toxin (0.5 mg) without or with 2.5 mg TV (or with 4.5 mg

RV). The abdominal incision was then closed with suture, and

mice were allowed to recover from anesthesia. At 6 hours the mice

were anesthetized, the intestinal loops were removed, and loop

length and weight were measured after removal of connective

tissue. The mice were then sacrificed with one over dose

intraperitoneal sodium pentobarbital (100 mg/kg). Body temper-

ature of mice was maintained at 36–38uC using a heating pad

during experiments. Intestinal luminal fluid was shown as loop

weight/length (g/cm). All protocols were approved by Liaoning

Normal University Committee on Animal Research.

Statistical analysis
Data are expressed as the mean6SE or as representative traces.

Student’s t test was used to compare test and control values, P

values,0.05 were considered to be statistically significant.

Results

Construction of herbal compounds fraction library
We constructed a compounds fraction library from 500 herbs

most commonly used in traditional Chinese medicine (TCM) that

are believed to contain therapeutic compounds for a broad

spectrum of human diseases including secretory diarrhea. For

construction of the TCM fraction library, crude herbal extracts

(Fig. 1A) were first prepared by ethanol (95%) extraction on

Soxhlet reflux apparatus followed by automated fractionation

using preparative HPLC with a linear gradient of 0–90%

methanol. Eighty fractions were collected from each of the 500

herbs (Fig. 1B). Each fraction contained less than 20 visible

absorbance peaks as determined by analytical HPLC (Fig. 1C).

Collected fractions were dried and 1 milligram material was

dissolved in 200 mL DMSO to generate 5 mg/mL solutions in 96-

well plates. Each 96-well plate contains 80 fractions from one herb

(Fig. 1D).

Screening for CFTR inhibitory fractions
To identify CFTR inhibitors, high-throughput screening was

performed using the FRT cell-based fluorescence quenching assay

developed previously [10]. We have identified 42 positive fractions

with CFTR inhibitory activity from 5 herbs, of which seven

positive fractions (appeared as two separate clusters: cluster 1 and

cluster 2) are from Chinese wild grapevine (Vitis amurensis Rupr)

(Fig. 2A). Fig. 2B shows % inhibition by each fraction of the two

active clusters. Gaussian distributions of the inhibition activities

accorded well with the theoretical prediction of compound

distribution in preparative HPLC fractionation. Fig. 2C shows

dose-dependent inhibition of CFTR-mediated I2 influx by

fraction 51 and fraction 55 from Chinese wild grapevine.

HPLC fractionation and structure determination
Fig. 3A shows preparative HPLC chromatogram of the Chinese

wild grapevine. Retention times of the two active clusters are

around 27 min and 29 min, respectively. Fraction 51 in cluster 1

and fraction 55 in cluster 2 were applied to an analytical HPLC

analysis. There are 12 visible peaks in fraction 51 and 8 visible

peaks in fraction 55 in the chromatogram (Fig. 3B). Liquid-liquid

extraction method and silica gel chromatography were carried out

to isolate active compounds. Functional analysis indicated that

fraction C in the silica gel chromatography significantly inhibited

CFTR-mediated I2 influx. So, fraction C was resolved on High-

speed Countercurrent Chromatography (HSCCC). Four fractions

(C1–C4) were collected; fraction C2 and C3 showed CFTR

inhibitory activities. Activity-directed fractionation scheme was

summarized in Fig. 3C.

The purities of fraction C2 and C3 were .99.6% as analyzed

by analytical HPLC (Fig. 4A). The two compounds were

characterized by mass spectrometry (MS). The molecular size

and fragmentation pattern of the two active compounds identified

them as trans-e-viniferin (TV) and r-2-viniferin (RV), respectively

(Fig. 4B). Furthermore, NMR (1H, 13C NMR) spectra of the two

purified compounds as well as CFTR inhibitory activities were

identical to those of commercial available standard compounds

TV and RV, which confirmed the identities of the isolated

compounds (Fig. 4C).

The concentration of TV and RV in the original dry Chinese

wild grapevine were ,15.7 mg/kg and 1.0 mg/kg, respectively, as

determined by analytical HPLC against standard compounds

(data no shown).

Resveratrol Oligomers as CFTR Inhibitors
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Biological studies
CFTR inhibition potency of the two resveratrol oligomers was

first evaluated using the cell-based fluorescent assay. CFTR

activation can be achieved by R-domain phosphorylation and

direct CFTR binding pathways [21,22]. In order to evaluate the

inhibition of CFTR-mediated I2 influx by TV and RV, different

Figure 1. Construction of natural compounds fraction library from Chinese medicinal herbs. A. Ethanol extracts prepared from 500
Chinese herbs. B. Natural compounds fraction library constructed by preparative HPLC with a linear gradient of 0–90% methanol. Eighty fractions
were collected from the ethanol extract of each herb, which line up with hydrophobicity gradient. C. Determination of a randomly selected fraction
by analytical HPLC. D. Working library. Each fraction was dissolved in DMSO to make 5 mg/mL working solution. Each 96-well plate contains 80
fractions from one herb.
doi:10.1371/journal.pone.0094302.g001

Figure 2. Inhibition of CFTR activity by fractions from Chinese wild grapevine. A. A representative plate with positive fractions in screening
by cell-based fluorescent assay. Data from the 96-well plate of Chinese wild grapevine showing 14-s time courses (I2 added at 2 s) of EYFP-H148Q
fluorescence. Controls (C: saline; N: cocktail; P: cocktail plus 20 mM CFTRinh-172) are shown on the right. Asterisks indicate positive wells with
decreased I2 influx (representing CFTR inhibition). B. Percentage inhibition rate of the positive fractions indicating Gaussian distributions of the
positive clusters. C. Activity of positive fractions. Dose-response results showing inhibition of cocktail-stimulated (5 mM forskolin, 100 mM IBMX and
25 mM genistein) I2 influx by fraction 51 (left) and fraction 55 (right) at indicated concentrations. Mean 6 SE is shown from three sets of experiments.
doi:10.1371/journal.pone.0094302.g002

Resveratrol Oligomers as CFTR Inhibitors
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concentrations of TV and RV were added to the CFTR-

expressing FRT cells pre-stimulated by an activating cocktail

containing 5 mM forskolin (cAMP elevation), 100 mM IBMX

(phosphodiesterase inhibition), and 25 mM genistein (direct CFTR

binding and phosphodiesterase inhibition). Known CFTR inhib-

itor CFTRinh-172 was used as a positive control. As shown in

Figure 5A, TV and RV dose-dependently inhibited CFTR-

mediated I2 influx with IC50 values of both compounds around

20 mM. Figure 5B shows rapid inhibition of CFTR Cl2 channel

by TV (50 mM) and RV (50 mM) with t1/2 ,5 min. Inhibitory

effect of TV was reversed after the compound washout with t1/2

less than 10 min. It is noted that inhibition by RV was not

reversed after washout (Fig. 5C).

The inhibitory potency of TV and RV on CFTR was further

evaluated by excised inside-out patch-clamp analysis. The

channels were first stimulated with protein kinase A (PKA,

25 U/mL) and adenosine triphosphate (ATP, 1 mM) to a steady

state. After activation, patches were exposed to 1 mM ATP, and

then 1 mM ATP plus test compounds. Figure 5D (left) shows rapid

and reversible inhibition of CFTR Cl2 current in the patch with

50 mM TV. RV at 50 mM also completely inhibited CFTR Cl2

current. However, its inhibitory effect is nearly irreversible as the

current did not recover after the compound was removed (Fig. 5D,

Figure 3. Activity-directed isolation of active compounds from Chinese wild grapevine. A. Preparative HPLC chromatogram of 80
fractions from the ethanol extract of Chinese wild grapevine. Compound absorbance (220 nm) was continuously recorded using a Photodiode Array
(PDA) Detector. B. Analytical HPLC chromatogram of fraction 51 in positive cluster 1 (left) and fraction 55 in positive cluster 2 (right). C. Activity-
directed fractionation scheme for the isolation of CFTR inhibitory single compounds from Chinese wild grapevine.
doi:10.1371/journal.pone.0094302.g003

Resveratrol Oligomers as CFTR Inhibitors
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right), which is consistent with the finding in fluorescent assay.

Figure 5E summarized percentage inhibition of TV and RV on

CFTR Cl2 currents in the excised inside-out patch.

Because CFTR is the major pathway for apical Cl2 exit in

intestine, efficacies of TV and RV were tested ex vivo in isolated rat

colonic mucosa by short-circuit current analysis. Experiments were

done in the presence of amiloride (10 mM) and indomethacin

(10 mM) to inhibit Na+ current and prostaglandin generation. TV

and RV were first added to the serosal solutions and then to the

mucosal solutions. The results indicated that only mucosal

applications of the compounds were effective, and the inhibitory

effects were in dose-dependent manner (Fig. 6A). Next, we

Figure 4. Structural determination of purified CFTR inhibitors. A. Analytical HPLC of compound C2 (left) and C3 (right). B. Mass spectra of
purified compound C2 (upper) and C3 (down). C. Chemical structures of C2 (trans-e-viniferin, left) and C3 (r-2-viniferin, right).
doi:10.1371/journal.pone.0094302.g004

Figure 5. CFTR inhibitory activities of TV and RV. A. Dose–activity relationship of TV (left) and RV (right) determined in an iodide influx assay.
Mean 6 SE, n = 3. B. Time course of CFTR inhibition showing CFTR-mediated I2 transport rates at indicated times after addition of TV (50 mM) and RV
(50 mM). Mean 6 SE, n = 3. C. Time course of inhibition reversal after TV (50 mM) and RV (50 mM) washout. Mean 6 SE, n = 3. D. Representative traces
of CFTR Cl2 currents from excised inside-out patches showing reversible inhibition of the channel activity by TV (left) and irreversible inhibition by RV
(right). CFTR was stimulated by 1 mM MgATP followed by addition of 50 mM TV or 50 mM RV. E. Summary of the percentage inhibition of CFTR Cl2

current by TV and RV. Mean 6 SE, n = 3.
doi:10.1371/journal.pone.0094302.g005

Resveratrol Oligomers as CFTR Inhibitors
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investigated the in vivo efficacies of TV and RV in inhibiting

cholera toxin–induced intestinal fluid secretion. Loops in each

mouse were injected with saline (control), cholera toxin (0.5 mg), or

cholera toxin (0.5 mg) plus 2.5 mg TV (or 4.5 mg RV). Luminal

fluid accumulation was determined 6 hours later. Compared to

the adjacent saline-treated loops, there was a significant increase of

fluid accumulation in cholera toxin–treated loops (Figure 6B).

Intraluminal application of TV (2.5 mg) and RV (4.5 mg) reduced

cholera toxin–induced intestinal fluid secretion by ,60% and

,70%, respectively, as quantified from loop weight/length ratio

(Figure 6C).

Discussion

The major discovery of the present study is the identification of

two resveratrol oligomers, TV and RV, as new CFTR inhibitors

using a new natural product high throughput screening strategy.

Over the past decade, the combinatorial small molecules have

been the major source of new chemical entities in drug discovery.

However, it does not yielded significant increase in the number of

new drugs. The reason at least in part is due to significant

deficiencies in the diversity of chemical structures generated using

combinatorial approaches. The low hit rate of CFTR inhibitors

(and also hits against other diseases) raised the demand for

generation of large compound collections with improved structural

diversity. Traditionally, the majority of new drugs have been

generated from natural products or from natural compounds

derivatives [23–25]. Natural compounds are highly diverse in

structure and often provide desired biological activities, making

them favorable for developing therapeutic drugs. The system of

Chinese herbal medicine is built on the rich experience of herb

users over thousands years of history. The efficiency of these

herbal formula-based TCM therapies was confirmed for many

diseases, suggesting that the medicinal herbs contain active

compounds with good therapeutic coverage. In this study, we

constructed a fraction library generated from the 500 most

commonly used Chinese herbs and examined the feasibility of

using the library to screen for bioactive compounds using CFTR

chloride channel as a molecular target whose inhibitors are hardly

to discover by HTS from combinatorial small molecules.

Our strategy contains two parts: The first part is to build an

herbal compound fraction library that divide the highly complex

chemical ingredients from each herb or herbal formula into

relatively simple fractions containing a small number of com-

pounds. The second part is to perform HTS using the fraction

library against any particular drug target. Once a positive fraction

is identified, activity-directed purification was applied for isolation

of active compounds. This strategy has several advantages in

natural product discovery. First, it enables us to rapidly screen a

natural product resource of 500 herbal plants against any drug

target with an established miniassay in 96-well plate. Second, it

enables us to rapidly identify individual active compound from

herbal materials with complex ingredients. In the present study,

one person spent 2 weeks for high-throughput screening of the

whole fraction library using cell-based assay, and spent another 5

weeks for TV and RV isolation and chemical structure determi-

nation. Third, it enables us to efficiently identify low abundance

active compounds in complex samples. For example, the

concentration of RV in the original dry Chinese wild grapevine

is only ,0.1%, which is too low to be detected in the fluorescence

plate reader assay from the ethanol extract. After fractionation, the

concentration of RV in fraction 55 was raised to ,10%, thus

greatly increased the detectability in screening.

Resveratrol oligomers, which are found in red wine, are dietary

stilbenes that display significant biological activities of medicinal

Figure 6. Inhibition of intestinal fluid secretion by TV and RV. A. Inhibition of CFTR-mediated short-circuit Cl2 currents by TV and RV in
isolated rat colonic mucosa. TV and RV were added to serosal and then mucosal surfaces at indicated time after stimulation by forskolin (20 mM).
Indomethacin (10 mM) and amiloride (10 mM) were present in the solution to inhibit Na+ current and prostaglandin generation. One experiment
typical of four or five is shown. B. Photograph of isolated mouse ileal loops at 6 hours after luminal injection of saline, 0.5 mg cholera toxin, 0.5 mg
cholera toxin plus 1 mg CFTRinh-172, 0.5 mg cholera toxin plus 2.5 mg TV or 0.5 mg cholera toxin plus 4.5 mg RV. C. Summarized data of weight/length
ratio (g/cm). Mean 6 SE; four mice per group; *P,0.001).
doi:10.1371/journal.pone.0094302.g006
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interest [26–28]. These compounds have been receiving wide

attention because they are considered as the candidates respon-

sible for an inverse correlation between red wine consumption and

coronary heart disease–The French Paradox [29,30]. Numerous

studies have reported that resveratrol oligomers can prevent or

slow the progression of a variety of conditions, including cancers,

cardiovascular diseases, and ischemic injuries [26,31,32]. Here, we

discovered that the resveratrol oligomers TV and RV are CFTR

inhibitors. In excised inside-out patch-clamp studies, CFTR Cl2

currents were completely inhibited by 50 mM TV and 50 mM RV

in CFTR-expressed FRT cells. In ex vivo studies, mucosal

applications of TV and RV inhibited short-circuit currents in

isolated rat colonic mucosa in a dose-dependent manner. The

results also suggest that the compounds block CFTR Cl2

conductance by occluding the CFTR anion pore at or near the

external membrane surface. Further in vivo studies indicated that

TV and RV efficiently inhibited cholera toxin-induced intestinal

fluid secretion, suggesting their potential pharmacological use in

the treatment of secretory diarrhea. Inhibitory effects of TV and

RV on CFTR Cl2 currents and epithelial Cl2 secretion provided

a new molecular mechanism for some of their health benefits

including antidiarrheal properties.

CFTR is the principal apical route for transepithelial fluid

secretion induced by Vibrio cholerae or by heat-stable enterotoxin

[8,9]. Inhibition of CFTR has therefore been proposed as a

potential pharmaceutical approach for the treatment of secretory

diarrhea [10]. So far, a few CFTR inhibitors have been identified,

among which CFTRinh-172 is the most prominent [10]. CFTRinh-

172 was identified from more than 50,000 combinatorial

compounds by high-throughput screening. The compound inhibits

CFTR Cl2 channel activity in rapid, reversible and direct binding

ways, which are favorable pharmacological properties in thera-

peutics [10]. Although CFTRinh-172 was optimized from .1000

analogues, it still shows very poor water solubility (less than 5 mM),

which reduces its potency in intact colonic epithelial cells [33].

The interior negative membrane potential of epithelial cells also

reduces its concentration in cytoplasm [33]. TV is reported to

have similar hydrophobicity to resveratrol [34]. Therefore, TV is

more water soluble compared with CFTRinh-172.

In our CFTR Cl2 channel inhibition studies, IC50 values of

both compounds are around 20 mM in transfected FRT cells. Red

wine contains resveratrol and a number of its oligomers. The

concentrations of TV and RV in red wine are usually less than

3 mg/L [35]. In the present study, TV and RV concentrations in

the original dry Chinese wild grapevine were ,15.7 mg/kg and

1.0 mg/kg, respectively, raising the question whether oral doses of

these dietary materials can generate plasma levels of parent drug

that are necessary to achieve the desirable activities. Previous

studies also have demonstrated that resveratrol and analogs exhibit

low oral bioavailability and undergo rapid first-pass metabolism

[36]. For example, Walle and colleagues examined the bioavail-

ability of 14C-resveratrol after a dietary relevant 25-mg oral dose

in six human volunteers, and found only trace amounts of

unchanged resveratrol (,5 ng/mL) could be detected in plasma

[37]. Several studies have suggested that biologically active

concentrations of resveratrol oligomers and/or metabolites may

be achievable in human subjects on chronic dosing [38,39].

TV and RV showed different characteristics in CFTR

inhibition: TV was reversible while RV was irreversible. Interest-

ingly, in contrary to its two oligomers, resveratrol has been found

to be a CFTR potentiator rather than an inhibitor in recent studies

by us [40] and others [41], suggesting that resveratrol family

natural compounds have diverse biological activities. Further

investigations are needed to determine the molecular mechanisms

of their different actions on CFTR chloride channel.

In conclusion, the present study validate our natural product

high throughput screening method as an effective strategy to

identify active compounds from natural products with complex

ingredients such as herbal plants. The discovered two resveratrol

oligomers trans-e-viniferin and r-2-viniferin added a new structural

category of CFTR inhibitors that may be used for structural and

functional studies of CFTR chloride channel and for development

of antidiarrheal therapy.

Author Contributions

Conceived and designed the experiments: HY THM. Performed the

experiments: YFZ BY YJS XG. Analyzed the data: YFZ BY YJS XG.

Wrote the paper: HY THM.

References

1. Frizzell RA, Hanrahan JW (2012) Physiology of epithelial chloride and fluid

secretion. Cold Spring Harb Perspect Med 2: a009563.

2. Barrett KE, Keely SJ (2000) Chloride secretion by the intestinal epithelium:

Molecular basis and regulatory aspects. Annu Rev Physiol 62: 535–572.

3. Jakab RL, Collaco AM, Ameen NA (2011) Physiological relevance of cell-

specific distribution patterns of CFTR, NKCC1, NBCe1, and NHE3 along the

crypt-villus axis in the intestine. Am J Physiol Gastrointest Liver Physiol 300:

G82–98.

4. Venkatasubramanian J, Ao M, Rao MC (2010) Ion transport in the small

intestine. Curr Opin Gastroenterol 26: 123–128.

5. Greger R (2000) Role of CFTR in the colon. Annu Rev Physiol 62: 467–491.

6. Riordan JR, Rommens JM, Kerem B, Alon N, Rozmahel R, et al. (1989)

Identification of the cystic fibrosis gene: cloning and characterization of

complementary DNA. Science 245: 1066–1073.

7. Kunzelmann K (1999) The cystic fibrosis transmembrane conductance regulator

and its function in epithelial transport. Rev Physiol Biochem Pharmacol 137: 1–

70.

8. Chao AC, de Sauvage FJ, Dong YJ, Wagner JA, Goeddel DV, et al. (1994)

Activation of intestinal CFTR Cl2 channel by heat-stable enterotoxin and

guanylin via cAMP-dependent protein kinase. EMBO J 13: 1065–1072.

9. Gabriel SE, Brigman KN, Koller BH, Boucher RC, Stutts MJ (1994) Cystic

fibrosis heterozygote resistance to cholera toxin in the cystic fibrosis mouse

model. Science 266: 107–109.

10. Ma T, Thiagarajah JR, Yang H, Sonawane ND, Folli C, et al. (2002)

Thiazolidinone CFTR inhibitor identified by high-throughput screening blocks

cholera toxin-induced intestinal fluid secretion. J Clin Invest 110: 1651–1658.

11. Li H, Sheppard DN (2009) Therapeutic potential of cystic fibrosis transmem-

brane conductance regulator (CFTR) inhibitors in polycystic kidney disease.

BioDrugs 23: 203–216.

12. Riordan JR (2008) CFTR function and prospects for therapy. Annu Rev

Biochem 77: 701–726.

13. Muanprasat C, Sonawane ND, Salinas D, Taddei A, Galietta LJ, et al. (2004)

Discovery of glycine hydrazide pore-occluding CFTR inhibitors: mechanism,

structure-activity analysis, and in vivo efficacy. J Gen Physiol 124: 125–137.

14. Verkman AS, Synder D, Tradtrantip L, Thiagarajah JR, Anderson MO (2013)

CFTR inhibitors. Curr Pharm Des 19: 3529–3541.

15. Galietta LV, Jayaraman S, Verkman AS (2001) Cell-based assay for high-

throughput quantitative screening of CFTR chloride transport agonists.

Am J Physiol Cell Physiol 281: C1734–1742.

16. Zegarra-Moran O, Romio L, Folli C, Caci E, Becq F, et al. (2002) Correction of

G551D-CFTR transport defect in epithelial monolayers by genistein but not by

CPX or MPB-07. Br J Pharmacol 137: 504–512.

17. He C, Zhang H, Su Z, Zhou J, Yang H, et al. (2004) Synthesis and

characterization of a small molecule thiazolidinone CFTR chloride channel

inhibitor. Chem Res Chinese U 20: 334-337.

18. Yang H, Shelat AA, Guy RK, Gopinath VS, Ma T, et al. (2003) Nanomolar

Affinity Small Molecule Correctors of Defective {Delta}F508-CFTR Chloride

Channel Gating. J Biol Chem 278: 35079–35085.

19. Ma T, Vetrivel L, Yang H, Pedemonte N, Zegarra-Moran O, et al. (2002) High-

affinity activators of cystic fibrosis transmembrane conductance regulator

(CFTR) chloride conductance identified by high-throughput screening. J Biol

Chem 277: 37235–37241.

20. Kopeikin Z, Sohma Y, Li M, Hwang TC (2010) On the mechanism of CFTR

inhibition by a thiazolidinone derivative. J Gen Physiol 136: 659–671.

21. Hwang TC, Sheppard DN (1999) Molecular pharmacology of the CFTR Cl2

channel. Trends Pharmacol 20: 448–453.

22. Sheppard DN, Welsh MJ (1999) Structure and function of the CFTR chloride

channel. Physiol Rev 79: S23–45.

Resveratrol Oligomers as CFTR Inhibitors

PLOS ONE | www.plosone.org 9 April 2014 | Volume 9 | Issue 4 | e94302



23. Cragg GM, Newman DJ (2013) Natural products: a continuing source of novel

drug leads. Biochim Biophys Acta 1830: 3670–3695.
24. Luzhetskyy A, Pelzer S, Bechthold A (2007) The future of natural products as a

source of new antibiotics. Curr Opin Investig Drugs 8: 608–613.

25. Li JW, Vederas JC (2009) Drug discovery and natural products: end of an era or
an endless frontier? Science 325: 161–165.

26. Zghonda N, Yoshida S, Araki M, Kusunoki M, Mliki A, et al. (2011) Greater
effectiveness of e-viniferin in red wine than its monomer resveratrol for inhibiting

vascular smooth muscle cell proliferation and migration. Biosci Biotechnol

Biochem 75: 1259–1267.
27. Vitrac X, Bornet A, Vanderlinde R, Valls J, Richard T, et al. (2005)

Determination of stilbenes (delta-viniferin, trans-astringin, trans-piceid, cis- and
trans-resveratrol, epsilon-viniferin) in Brazilian wines. J Agric Food Chem 53:

5664–5669.
28. Landrault N, Larronde F, Delaunay JC, Castagnino C, Vercauteren J, et al.

(2002) Levels of stilbene oligomers and astilbin in French varietal wines and in

grapes during noble rot development. J Agric Food Chem 50: 2046–2052.
29. Frombaum M, Le Clanche S, Bonnefont-Rousselot D, Borderie D (2012)

Antioxidant effects of resveratrol and other stilbene derivatives on oxidative
stress and *NO bioavailability: Potential benefits to cardiovascular diseases.

Biochimie 94: 269–276.

30. Catalgol B, Batirel S, Taga Y, Ozer NK (2012) Resveratrol: French paradox

revisited. Front Pharmacol 3: 141.
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