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Cellular Uptake and Efflux of trans-Piceid and Its Aglycone
trans -Resveratrol on the Apical Membrane of Human Intestinal
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Two stilbenes (trans-piceid and its aglycone trans-resveratrol) were investigated in the uptake across
the apical membrane of the human intestinal cell line Caco-2 in order to determine their mechanisms
of transport. The uptake was quantified using a reverse phase high-performance liquid chromatography
method with fluorescence detection. The rate of cellular accumulation in the cells was found to be
higher for trans-resveratrol than for trans-piceid. In addition, trans-resveratrol uses passive transport
to cross the apical membrane of the cells, whereas the transport of trans-piceid is likely active. With
regard to the mechanisms of transport, the involvement of the active transporter SGLT1 in the
absorption of trans-piceid was deduced using various inhibitors directly or indirectly exploiting the
activity of this transporter (glucose, phlorizin, and ouabain). Moreover, we investigated the involvement
of the multidrug-related protein 2 (MRP2), an efflux pump present on the apical membrane, in stilbene
efflux by Caco-2 cells. The effect of MK-571 (an MRP inhibitor) seems to implicate MRP2 as
responsible for apical efflux of frans-piceid and trans-resveratrol.
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INTRODUCTION sylated derivatives by fa-glucosidase can occur in human small
intestine and liver, as reported by Day et dl1) for flavonoid

and isoflavonoid glucosides, which would enhance the quantity
of trans-resveratrol available from the diet.

Although there is considerable evidence that stilbenes from
red wine provide health benefits, there are few data about their
absorption and bioavailability in humans. Recently, Soleas et
al. (12 reported that oral administration afansresveratrol
leads to a high absorption, resulting in a significant plasma
bioavailability in rat. However, whethetrans-resveratrol is
metabolized to other compounds is not fully understood.
Recently, we studied its distribution in organs and tissues after
administration of thig“C-labeled compound in the mouse. The
results showed that intact resveratrol and its metabolites
(glucuronides and/or sulfated derivatives) are detected in liver
3 h after oral administratioril). These results corroborate our
previous studies showing thétansresveratrol can be glu-
curonidated in human and rat liver microsom&4)( Moreover,
Kuhnle et al. {5) showed the same metabolism during uptake
of trans-resveratrol across the small intestine of rat.

The intestinal epithelium is the first biological barrier to be
crossed by polyphenols, so better knowledge of the specific
intestinal cell mechanisms involved is of interest when assessing

* To whom correspondence should be addressed. Tel: (33)5 57 57 46 the benefit associated with wine consumption. A recent study
88}5%;,‘3(?3?}22 32 %Z)ffeiifl]ma"' stephanie krisa@phyto.u-bordeaux2ff. o shown thatrans-resveratrol is efficiently absorbed across

* Eurotest. the intestinal Caco-2 cells and that this absorption increases with

Several epidemiological studies have shown that a moderate
consumption of red wine is related to a reduced incidence of
heart disease and cancé).(This so-called “French paradox”
has been related to the polyphenolic constituents present in high
levels in red wine Z). Hydroxystilbenes have been found in a
number of plant species, but grapes and wine are probably the
most important foods containing these substan&slf red
wine, stilbene levels usually reach concentrations up to 20 mg/L
and the most significant compound in this group in terms of
possible positive health benefits is ttians-resveratrol (trans-
3,5,4'-trihydroxystilbene) (4)Indeed, resveratrol has been
reported to have potential cancer chemopreventive activijes (
6) and may exert a protective effect against atherogenesis
through its antioxidant properties (7).

However, wine has a low level of aglycorteahsresveratrol)
as compared to its glucosideans-piceid. Indeed, the amount
of trans-piceid in red wine may be more than 10 times greater
than that of its aglycondransresveratrol 8, 9). trans
Resveratrol seems to have a greater biological effect than the
glycosidetrans-piceid (7,10), but hydrolysis of these glyco-
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Figure 1. Chemical structures of (A) trans-resveratrol and (B) trans-piceid.

higher concentrationsl6). However, the mechanisms under-
lying the intestinal absorption of stilbenes are still unknown.
The aim of the present study was to investigate the mecha-
nisms of intestinal uptake of two stilbendsafs-piceid and its
aglyconetrans-resveratrol) using human intestinal Caco-2 cell
monolayers. This cell line spontaneously differentiates into
polarized cell monolayers with many enterocyte-like properties
of transporting epithelial(7). This model has already been used
to study the transepithelial transport of polyphendl8)( We
examined the mechanism of apical transport of these two
polyphenols and hypothesized the possible involvement of the
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Figure 2. Time course of apical transport in Caco-2 cells. Uptake was
measured for trans-resveratrol (M) and trans-piceid (@) at different time
intervals. Values are expressed as means + standard deviations (n > 3)
in pmol of stilbenes accumulated in Caco-2 cell monolayers per cm? of
epithelium.
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transporter SGLT1 (sodium-dependent glucose transporter) and

the MDR (multidrug resistance protein) efflux transporters. To
this end, we investigated the effects of several inhibitors on the
characteristics of intestinal transport.

MATERIALS AND METHODS

Chemicals. trans-Resveratrol (Figure 1A), phlorizin, ouabain,
2-deoxyglucose, sodium azide;glucose, 2,4-dinitrophenol (DNP),
verapamil, and indomethacin were purchased from Sigma-Aldrich (St.
Quentin Fallavier, France). MK-571 was purchased from Tebu-bio (Le
Perray-en-Yvelines, Francdjans-Piceid (Figure 1B) was extracted,
purified fromVitis vinifera cell suspension cultures, and identified using
spectroscopic methods as previously descridi& All of the solvents
were purchased in high-performance liquid chromatography (HPLC)
grade quality (Scharlaud, Barcelona, Spain).

Cell Culture. Human colon adenocarcinoma Caco-2 cells, obtained
from the American Type Culture Collection (Molsheim, France), were
cultured in high Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum, 1%glutamine, 100 units/mL penicillin,
and 10Qug/mL of streptomycin (Sigma-Aldrich). All cells were grown
to confluence at 37C in a humidified atmosphere of 5% G©95%

twice with ice-cold buffer to stop all cellular activities. Then, the cells
were scraped twice with methanol, and the amount of stilbenes
recovered in the cells was measured in these methanolic extracts as
described in Uptake Studies.

HPLC Analysis. Before HPLC analysis, samples were filtered
through Millipore filters (0.45:m). HPLC was performed on a system
equipped with a 250 mnx 4 mm Prontosil Gg (5 um) reverse phase
column (Bischoff Chromatography, Leonberg, Germany) protected by
a guard column of the same material. Separation was performed at a
flow rate of 1 mL/min with a mobile phase composed of (AJOH
TFA (99.9:0.1, v/v) and (B) ACN:TFA (99.9:0.1, v/v). The run was
set as follows: 810 min, from 15 to 20% B; 1616 min, 20% B;
16—18 min, from 20 to 22% B; 1822 min, 22% B; 22-30 min, from
22 to 30% B; 36-32 min, from 30 to 100% B; 3237 min, 100% B.
Chromatographic peaks were monitored using a fluorescence detector
(FD 500 Groton, Concord, United States) set at optimal wavelengths
for detection of bothrans-resveratrol anttans-piceid (4x, 300 nm;

Aem 390 nm) Q). Quantification of compounds was estimated from
calibration curves that were prepared with authentic standards mol-
ecules.

Statistical Analysis Data were expressed as the meanstandard

air and subcultured using 0.02% ethylenediaminetetraacetic acid anddeviations of 3-6 determinations. Statistical analysis was performed

0.05% trypsin.

Uptake Studies For cellular uptake studies, Caco-2 cells (at passages
30—50) were seeded on 12 well plates at a density ef 90* cells/
cn?. The culture medium was replaced every 2 days and 1 day before

uptake studies. Experiments were conducted 12—14 days postconflu-

using Student's-test, and® < 0.05 was considered to be significant.

RESULTS
Time Course of Stilbene Uptake by Caco-2 CellsThe

ence. Before experiments, the culture medium was removed and theuptake of trans-resveratrol andrans-piceid (1504M) was

cells were quickly rinsed with transport buffer consisting of (mM) NaCl
(140), KCI (5.33), CaGl(1.26), MgSQ (0.84), KHPO;, (0.44), and
mannitol (5.48) buffered at pH 7.4. Monolayers were immediately
incubated twice for 30 min with transport buffer prewarmed atG7

In some experiments, transport inhibitors were included in the final 30
min preincubation. Then, the preincubation buffer was removed and
the cells were incubated with 8QQ. of the different stilbenes (150

300 uM) dissolved in transport buffer/DMSO (dimethyl sulfoxide)
(99.5/0.5, v/v). At the end of the incubation period, the medium was
immediately removed, the monolayers were rapidly washed twice with
ice-cold transport buffer, and the cells were lysed with methanol. The
cellular extracts were concentrated to dryness°@) and the samples
were dissolved in MeOH/FO (50/50, v/v) for HPLC analysis.

Efflux Experiments. For efflux measurement, Caco-2 cells were
grown in 12 well plates and used on days-112 postconfluence. The
monolayers were washed rapidly, preincubated twice with transport
buffer (prewarmed at 37C) before the loading of 300M stilbenes in
transport buffer, and incubated for 10 min at 33. Thereatfter, the
efflux was monitored at 37C for different times (0, 15, 30, 45, 60,
and 90 s) in 80@L of transport buffer alone (20). At each time point,

measured for incubation times ranging from 2 to 30 min in
Caco-2 cell monolayers 12—14 days postconfluence when the
cells are fully differentiatedRigure 2). The results are expressed

in pmol/cn?, since the number of cells/éis constant in each
experiment (data not shown). Whatever the time course, the
uptake of trans-resveratrol was faster and greater than its
glucoside. At 4 min, the accumulation ratetcdns-resveratrol

in Caco-2 cells was more than 4 times greater than thaao&
piceid (530 vs 120 pmol/min/ctnrespectively). Moreover, a
plateau was reached foans-resveratrol anttans-piceid after
about 4—6 min of incubation. Several hypotheses may account
for this observation. First, the mechanisms of transport might
have reached a saturation level, leading to a constant amount
of stilbenes in the cells. However, incubation with higher
concentrations of stilbenes (3@M) increased their amount in

the cells, so there was no saturation of the transport systems
(data not shown). The second hypothesis is a metabolic reaction
(glucuronidation, sulfation) concomitant with the uptake in the

the medium was rapidly removed and the cell monolayers were washedsame proportions. HPLC analysis with metabolites standards
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Figure 3. Time course of stilbene efflux from Caco-2 cells. Cells were Control vl MK indomethacin

preincubated for 10 min with trans-resveratrol (M) and trans-piceid (@),
washed once with ice-cold transport buffer, and then incubated in transport 1504
buffer at 37 °C for different time intervals. Residual stilbenes present in B
the cells were expressed as means + standard deviations (n = 4), and
experimental values were normalized against control (time, 0 s) and
expressed as percent.
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(trans-resveratrol 3-O-glucuronidgans-resveratrol 4'-O-glu-
curonide) (14) showed that except for the two initial stilbenes,
no additional compounds were detected (data not shown). This
suggests that these stilbenes may be weakly metabolized during
the 30 min of the experiment. Thus, we hypothesized the
occurrence of an apparent equilibrium between outward and 0
inward transport.

Efflux Experiments. The hypothesis of a possible stilbene o , ,
efflux from Caco-2 cells was analyzed with cells preloaded for Figure 4. Inhibition of stilbene uptake in Caco-2 cells. Monolayers were
10 min with trans-resveratrol otrans-piceid (300«M) and incubated w!th trans-resveratrol % inhibitors (A) or trans-p|ce|_dl¢|nh|b|t0fs
incubated in transport buffer alone for different times (0, 15, (B) for 4 min. Data represent the means + standard deviations of six
30, 45, 60, and 90 s). The residual amount of stilbenes within determinations. Values were n.ormallzed agalnstlcontrol (without inhibitor)
the cells was examined by HPLC. The results reportdégare and expresse_d as percent. * indicates values significantly different than
3 show that only 48% of the incorporaté@ns-resveratrol and ~ control experiments (P < 0.05).

32% of the incorporatettans-piceid were still present within
the cells after 15 s of incubation, indicating a rapid efflux of
the two compounds. After 90 s, there was only 31%rahs-
resveratrol and 19% dfans-piceid in the cells, suggesting that

50

.

™.

i

Control verapamil MK-571 indomethacin

uptake oftrans-resveratrol otrans-piceid was examined. The
cells were preincubated for 30 min with either 5 mM DNP (2,4-
the two molecules were extensively excreted by Caco-2 cells. d:nltroph(?lpr?l) o;h15 mtl\/lksoigjm azide antd |50 ”&M of 2.-de.gxy-
Drugs that cross the apical membrane may be substrates forducose. Then, e uptake bans-resveratrol antians-picel

apical efflux transporters, which extrude compounds back into was measured. The two metabolic inhibitors did not significantly
the intestinal lumen (21). These apical efflux transporters are affect @he_ uptake_otr_qnsresveratrol, whereas thi} up_take of
principally ABC proteins such as P-glycoprotein (P-gp) and trans-piceid was significantly reduced by about 15% with DNP
multidrug resistance-associated protein 2 (MRP2), two mem- and 30% with sodium a2|d_e/2_ de_oxyglgcoEeg(Jre 6). Thege
brane proteins involved in the active efflux of drugs and results suggest thatans-piceid is actively transported into

xenobiotics by limiting their bioavailability 18, 22). The  Caco-2 cells via a carrier protein system.

accumulation oftrans-resveratrol otrans-piceid in the cells The sodium-dependent glucose cotransporter SGLT1 is the
was measured in the presence of verapamil (P-gp inhibitor), most abundant glucose transporter in the small intestine. Caco-2
MK-571, and indomethacin (MRP inhibitors). As shown in cells have been reported to express SGLT1, so we tested whether
Figure 4, the presence of MK-571 (50M) and indomethacin ~ SGLT1 was involved in the transport tns-piceid across the
(200u4M) increased the rate of cellular accumulation by 45 and apical membrane of Caco-2 cells. The cellular accumulation of
16% fortrans-resveratrol and by 32 and 26% feans-piceid, this glucoside was measured in the cells in the presence of
respectively. Verapamil (50M) did not significantly alter the ~ glucose (a substrate of SGLT1), phlorizin (a competitive
accumulation of the two compounds. Moreover, the time course inhibitor of this protein), or ouabain (which affects the Na

of stilbene uptake in the presence of MK-571 showed an gradient-dependent process). As showRigure 7, the uptake
increase in the accumulation of the two compounds, which of trans-piceid in the presence of 30 mM glucose, 0.5 mM
became obvious with the increase of incubation tifRigre phlorizin, or 5 mM ouabain was significantly lower than the
5). These results suggest that MRP2 is involved in the efflux control (32, 31, and 27% of inhibition, respectively). The same
of trans-resveratrol anttans-piceid across the apical side of experiment was conducted foensresveratrol, but the inhibi-

Caco-2 cells. tors did not significantly influence the rate of transport (data
Study of Uptake MechanismsSubsequent experiments were not shown). These results suggest the involvement of SGLT1
done at time 4 min in the presence of MK-571 (8@) to limit in the uptake ofrans-piceid across the apical side of Caco-2

the MRP2-mediated efflux. The effect of ATP depletion on the cells.
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Figure 5. Time course of apical transport in Caco-2 cells. Uptake was £
measured for trans-resveratrol (A) and trans-piceid (B) at different time
intervals. The monolayers were incubated for the indicated periods with 0 .
(closed symbol) or without (open symbol) MK-571. Values are expressed Control DNP sodium-azide
as means + standard deviations (n = 3) in pmol of stilbenes accumulated Z-deoxyglucose
in Caco-2 cell monolayers per cm? of epithelium. * indicates values Figure 6. Effect of metabolic inhibitors on the uptake of stilbenes in Caco-2
significantly different than control experiments (P < 0.05). cells. Monolayers were incubated with trans-resveratrol + inhibitors (A)
or trans-piceid + inhibitors (B) for 4 min. Data represent the means +
DISCUSSION standard deviations of six determinations. Values were normalized against

control and expressed as percent. * indicates values significantly different

It has previously been reported that phenolic aglycones than control experiments (P < 0.05).

(quercetin, genistein, daidzein) are taken up more easily and to
a greater extent from the apical side of the Caco-2 cell 125
monolayers than their glucosides (quercetir34lucoside,
genistin, daidzin) (23—25). In this work, we show for the first
time thattrans-resveratrol is absorbed across the apical mem-
brane of Caco-2 cells more rapidly and in a higher amount than
its glucosiddrans-piceid. Murota et al.Z5) suggest that affinity
to the liposomal membrane plays an important role in the
efficiency of cellular uptake by passive diffusion of lipophilic
polyphenols. Consistent with these observations, we suggest that
trans-resveratrol is absorbed across the apical membrane via a
passive diffusion. Contrarilytrans-piceid is not absorbed via 25+
this transport system through the Caco-2 apical membrane,
probably because of its lack of affinity toward the lipid bilayer
of the cell surface. Indeed, Izumi et ak§) have shown that
isoflavone glucosides are very poorly absorbed as compared o o i
with aglycones in humans, probably due to their higher Figure_ 7. Inhlbmqn of trang—pl_celd luppal@ in Caco-2_ce||s. Monolayers
hydrophilicity and greater molecular weight. Moreover, our Were incubated with trans—p|.ce.|d + |nh|t?|tors for 4 min. Data represent
results clearly indicate that uptake twéns-piceid into Caco-2 the means + s_tandard deviations of six determinations. Valu_es_were
cells occurs via the active transporter sodium-dependent SGLTl_normahzgd _a_gamst cpntrol values and expressgd as percent. * indicates
This result is consistent with the hypothesis that the sugar values significantly different than control experiments (P < 0.05).
transporter SGLT1, which is thought to be involved in the
transport of flavonoid glucosides (27), may also be capable of cytosolic 5-glucosidase (CBG), after passing the brush border
transporting this stilbene glucoside. membrane via SGLT1. Because we show thans-piceid
Stilbenes are present mainly as glycosides in red wine, but crosses the apical membrane of Caco-2 cells via this transporter,
trans-resveratrol may be released framans-piceid in the the latter mechanism may occur fvans-piceid. The second
enterocytes by the hydrolytic action gfglucosidases. There is deglycosylation on the luminal surface of the intestinal
are two possible pathways by which glucosides might be epithelium by the membrane-bound enzyme lactase phlorizin
hydrolyzed in the intestine2@). The first is cleavage by a hydrolase (LPH), followed by passive diffusion of the released
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aglycone. Hydrolysis by the small intestinal brush border
glycoprotein LPH is the first step in the uptake of flavonoid
glucosides by rat small intestin@q, 30). Caco-2 cells have
been reported to express the membrane-bound LPH on the apical
side as well as the CBG. Although the expression of these two
proteins in Caco-2 is weak28, 31), deglycosylation activity
does occur in these cells (32). Indeed, our preliminary experi-
ments indicate thatrans-piceid is deglycosylated intimans-
resveratrol by Caco-2 cells after 30 min of incubation (data not
shown), but the mechanisms involved in this deglycosylation
will require further investigations.

There is considerable evidence tlranhsresveratrol absorbed
in Caco-2 cells is subject to conjugation reactions yielding
glucuronidated and sulfated metabolites, which can subsequently
be exported to the luminal side of the cell(33). Moreover,
an efflux oftrans-resveratrol to the apical side of Caco-2 cells
is thought to occur. MRP2 is highly expressed on the apical
side of Caco-2, while the expression of MRP1 is minimal or
undetectable as compared to MRP2 in these c&Bs32, 34).
Our results show the effective efflux afans-resveratrol and
trans-piceid, which was inhibited by MK-571, a selective
inhibitor of the MRP isoforms. These observations suggest the
involvement of MRP2 in the effective efflux efans-resveratrol
andtrans-piceid mediated by this active carrier protein MRP2
across the apical side of the cells, although the involvement of
MRP3 present at the basolateral membrane cannot be excluded.®

In conclusion, our results suggest that the uptakéranis-
resveratrol andtrans-piceid is mediated by two different
transport systems (a possible passive diffusion and active
transport via SGLT1, respectively) and that MRP2 seems to be (14)
involved in their efflux. Work is in progress to determine the
mechanism of transepithelial transport across the basolateral
membrane using bicameral inserts, to assess the effective
bioavailability of these two stilbenes.

@)

®)

9

(10)

(11

(12

(15)

ACKNOWLEDGMENT

We are grateful to Dr. Ray Cooke for reading the manuscript
and to Gérard Fondeville and Arthur Soriano for technical
assistance.

(16)

17
LITERATURE CITED

(1) Gronbaek, M.; Becker, U.; Johansen, D.; Gottschau, A.; Schnohr,
P.; Hein, H. O.; Jensen, G.; Sorensen, T. |. A. Type of alcool
consumed and mortality from all causes, coronary heart disease,
and cancerAnn. Intern. Med2000,133, 411—419.

(2) Renaud, S.; De Lorgeril, M. Wine, alcohol, platelets, and the
French paradox for coronary heart disedsancet1992, 339,
1523—-1526.

(3) Mattivi, F.; Reniero, F.; Korhammer, S. Isolation, characteriza-
tion, and evolution in red wine vinification of resveratrol
monomersJ. Agric. Food Chem1995,43, 1820—1823.

(4) Waterhouse, A. L.; Teissédre, P. L. Levels of phenolics in
California varietal wines. IlPACS Symposium Serje#/atkins,

T. R., Ed.; American Chemical Society: Washington, DC, 1997,
Vol. 661, pp 12—23.

(5) Jang, M.; Cai, L.; Udeani, G. O.; Slowing, K. V.; Thomas, C.

F.; Beecher, C. W. W.; Fong, H. H. S.; Farnsworth, N. R.;

Kinghorn, A. D.; Mehta, R. G.; Moon, R. C.; Pezzuto, J. M.

Cancer chemopreventive activity of resveratrol, a natural product

derived from grapesSciencel997,275, 218—220.

Schneider, Y.; Vincent, F.; Duranton, B.; Badolo, L.; Gossé, F;

Bergmann, C.; Seiler, N.; Raul, F. Anti-proliferative effect of

resveratrol, a natural component of grapes and wine, on human

colonic cancer cellsCancer Lett.2000,158, 85-91.

(18)

(19)

(20)

(1)

(6) (22)

Henry et al.

Mérillon, J. M.; Fauconneau, B.; Waffo-Téguo, P.; Barrier, L.;
Vercauteren, J.; Huguet, F. Antioxidant activity of the stilbene
astringin newly extracted froitis vinifera cell culturesClin.
Chem.1997,43, 1092—1093.

Ribeiro de Lima, M. T.; Waffo-Téguo, P.; Teissédre, P. L.;
Pujolas, A.; Vercauteren, J.; Cabanis, J. C.; Mérillon, J. M.
Determination of stilbenegréns-astringingis- andtrans-piceid,
and cis- andtrans-resveratrol) in Portuguese wines.Agric.
Food. Chem1999,47, 2666—2670.

Vitrac, X.; Monti, J. P.; Vercauteren, J.; Deffieux, G.; Mérillon,
J. M. Direct liquid chromatographic analysis of resveratrol
derivatives and flavanonols in wines with absorbance and
fluorescence detectiomnal. Chim. Acta2002,458, 103—110.
Varache-Lembege, M.; Waffo-Téguo, P.; Richard, T.; Monti, J.
P.; Deffieux, G.; Vercauteren, J.; Mérillon, J. M.; Nuhrich, A.
Structure—activity relationships of polyhydroxystilbene deriva-
tives extracted fronVitis vinifera cell cultures as inhibitors of
human platelet aggregatioMed. Chem. Re<000, 10, 253—
267.

Day, A. J.; DuPont, M. S.; Ridley, S.; Rhodes, M.; Rhodes, M.
J. C.; Morgan, M. R. A.; Williamson, G. Deglycosylation of
flavonoid and isoflavonoid glycosides by human small intestine
and liverf-glucosidase activityFEBS Lett.1998,436, 71-75.
Soleas, G. J.; Angelini, M.; Grass, L.; Diamandis, E. P.;
Goldberg, D. M. Absorption dfransresveratrol in ratsVlethods
Enzymol.2001,335, 145—154.

Vitrac, X.; Desmouliére, A.; Brouillaud, B.; Krisa, S.; Deffieux,
G.; Barthe, N.; Rosenbaum, J.; Mérillon, J. M. Distribution of
[*C]-trans-resveratrol, a cancer chemopreventive polyphenol,
in mouse tissues after oral administratidife Sci.2003,72,
2219—-2233.

Aumont, V.; Krisa, S.; Battaglia, E.; Netter, P.; Richard, T.;
Mérillon, J. M.; Magdalou, J.; Sabolovic, N. Regioselective and
stereospecific glucuronidation @fans- andcis-resveratrol in
humans Arch. Biochem. Biophy2001,393, 281—289.

Kuhnle, G.; Spencer, J. P. E.; Chowrimootoo, G.; Schroeter, H.;
Debnam, E. S.; Srai, S. K. S.; Rice-Evans, C.; Hahn, U.
Resveratrol is absorbed in the small intestine as resveratrol
glucuronideBiochem. Biophys. Res. Comm@a0Q 272, 212—

217.

Kaldas, M. |.; Walle, U. K.; Walle, T. Resveratrol transport and
metabolism by human intestinal Caco-2 cellsPharm. Phar-
macol.2003,55, 307—312.

Artursson, P.; Karlsson, J. Correlation between oral drug
absorption in humans and apparent drug permeability coefficients
in human intestinal epithelial (Caco-2) celBiochem. Biophys.
Res. Commuril991,175, 880—885.

Walgren, R. A.; Karnaky, K. J., Jr.; Lindenmayer, G. E.; Walle,
T. Efflux of dietary flavonoid quercetin’45-glucoside across
human intestinal Caco-2 cell monolayers by apical multidrug
resistance-associated proteinJ2Pharmacol. Exp. The2000,
294, 830—836.

Waffo-Téguo, P.; Decendit, A.; Vercauteren, J.; Deffieux, G.;
Mérillon, J. M.trans-Resveratrol-3-g3-glucoside (piceid) in cell
suspension cultures &fitis vinifera. Phytochemistry1 996,42,
1591-1593.

Manna, C.; Galletti, P.; Maisto, G.; Cucciolla, V.; D’Angelo,
S.; Zappia, V. Transport mechanism and metabolism of olive
oil hydroxytyrosol in Caco-2 cell$EBS Lett2000,470, 341—
344.

Fromm, M. F.; Kauffmann, H. M.; Fritz, P.; Burk, O.; Kroemer,
H. K.; Warzok, R. W.; Eichelbaum, M.; Siegmund, W.; Schrenk,
D. The effect of rifampin treatment on intestinal expression of
human MRP transporterdm. J. Pathal200Q 157, 1575-1580.
Hirohashi, T.; Suzuki, H.; Chu, X. Y.; Tamai, I.; Tsuji, A,;
Sugiyama, Y. Function and expression of multidrug resistance-
associated protein family in human colon adenocarcinoma cells
(Caco-2).J. Pharmacol. Exp. The2000,292, 265—270.



Apical Transport of Two Stilbenes in Caco-2 Cells J. Agric. Food Chem., Vol. 53, No. 3, 2005 803

(23) Steensma, A.; Noteborn, H. P. J. M.; van der Jagt, R. C. M.; (30) Wilkinson, A. P.; Gee, J. M.; Dupont, M. S.; Needs, P. W.;

Polman, T. H. G.; Mengelers, M. J. B.; Kuiper, H. A. Bioavail- Mellon, F. A.; Williamson, G.; Johnson, |. T. Hydrolysis by
ability of genistein, daidzein, and their glycosides in intestinal lactase phlorizin hydrolase is the first step in the uptake of
epithelial Caco-2 cellsEnviron. Toxicol. Pharmacol1999,7, daidzein glucosides by rat small intestimevitro. Xenobiotica
209-212. 2003, 33, 255—264.

(24) Walgren, R. A.; Lin, J. T.; Kinne, R. K. H.; Walle, T. Cellular (31) Németh, K.; Plumb, G. W.; Berrin, J. G.; Juge, N.; Jacob, R,;
uptake of dietary flavonoid quercetif+4-glucoside by sodium- Naim, H. Y.; Williamson, G.; Swallow, D. M.; Kroon, P. A.
dependent glucose transporter SGLI1Pharmacol. Exp. Ther. Deglycosylation by small intestinal epithelial cgHglucosidases
2000,294, 837—843. is a critical step in the absorption and metabolism of dietary

(25) Murota, K.; Shimizu, S.; Miyamoto, S.; Izumi, T.; Obata, A,; flavonoid glycosides in humanBgur. J. Nutr.2003,42, 29-42.
Kikuchi, M.; Terao, J. Unique uptake and transport of isoflavone  (32) Murota, K.; Shimizu, S.; Chujo, H.; Moon, J. H.; Terao, J.
aglycones by human intestinal caco-2 cells: Comparison of Efficiency of absorption and metabolic conversion of quercetin
isoflavonoids and flavonoidsl. Nutr. 2002,132, 1956—1961. and its glucosides in human intestinal cell line Cacd\gch.

(26) Izumi, T.; Piskula, M. K.; Osawa, S.; Obata, A.; Tobe, K.; Saito, Biochem. Biophys2000,384, 391—397.

M.; Kataoka, S.; Kubota, Y.; Kikuchi, M. Soy isoflavone (33) Li, Y.; Shin, Y. G.; Yu, C.; Kosmeder, J. W.; Hirschelman, W.
aglycones are absorbed faster and in higher amounts than their H.; Pezzuto, J. M.; van Breemen, R. B. Increasing the throughput
glucosides in humansg. Nutr.2000,130, 1695—1699. and productivity of Caco-2 cell permeability assays using liquid

(27) Gee, J. M.; DuPont, M. S.; Rhodes, M. J. C.; Johnson, I. T. chromatographymass spectrometry: Application to resveratrol
Quercetin glucosides interact with the intestinal glucose transport absorption and metabolisn€Comb. Chem. High Throughput
pathway.Free Radical Biol. Med1998,25, 19-25. Screening2003,6, 757—767.

(28) Day, A. J.; Gee, J. M.; DuPont, M. S.; Johnson, I. T.; Williamson,  (34) Chan, L. M.; Lowes, S.; Hirst, B. H. The ABCs of drug transport
G. Absorption of quercetin-3-glucoside and quercethgldco- in intestine and liver: Efflux proteins limiting drug absorption
side in the rat small intestine: The role of lactase phlorizin and bioavailability.Eur. J. Pharm. Sci2004,21, 25-51.
hydrolase and the sodium-dependent glucose transp@&iter.
chem. Pharmaco2003,65, 1199—1206. Received for review July 2, 2004. Revised manuscript received

(29) Sesink, A. L. _A'; Arts, I C. W.; Fa_assen-Petgrs,_ M. H_ollman, November 19, 2004. Accepted November 24, 2004. This study was
P. C. H. Intestinal uptake of quercetin-3-glucoside in rats involves supported by a grant from the Région Aquitaine, France.
hydrolysis by lactase phlorizin hydrolas&. Nutr. 2003, 133, '
773—776. JF048909E



