
Caroline Henry-Vitrac
Alexis Desmoulière
Delphine Girard
Jean-Michel Mérillon
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Transport, deglycosylation, and
metabolism of trans-piceid by small
intestinal epithelial cells

j Abstract Background: Numer-
ous epidemiological and animal
studies have shown that con-
sumption of red wine is related to
reduced incidence of cardiovascu-
lar diseases and cancer. Trans-
resveratrol (3, 5, 4¢-trihydroxystil-
bene), a phenolic compound
present in wine, has been reported
to have a potential cancer chemo-
preventive activity. Moreover, it
may exert a protective effect
against atherogenesis through its
antioxidant properties. Trans-
piceid (3-ß glucoside of trans-

resveratrol) is present to a greater
extent than its aglycone in red
wine, but hydrolysis of this gly-
cosylated derivative can occur in
small intestine and liver, which
would enhance the amount of the
biological active trans-resveratrol.
Aims: The present study aimed to
investigate the rate of transepi-
thelial transport of trans-piceid
using human intestinal Caco-2 cell
monolayers and metabolism of
this compound during its absorp-
tion across the small intestine.
Methods: The transport of trans-
piceid was evaluated in the human
epithelial cell line Caco-2, which
possesses enterocyte-like proper-
ties in vitro. For transepithelial
experiments, confluent monolay-
ers of Caco-2 cells were grown on
Transwell� inserts. For metabolic
studies, we used both Caco-2 cells
seeded on 6-well plates and rat
small intestine cell-free extracts.
Results: The time course of apical
(AP) to basolateral (BL) transport
of trans-piceid showed that the
favorable apparent permeability
coefficient (Papp) declined rapidly
during the 6 h of the experiment.
This observation could be corre-
lated with the appearance of
metabolites. After incubation of
Caco-2 cells with trans-piceid,
trans-resveratrol was detected on
both AP and BL sides. By using

protein extracts obtained from rat,
we conclude that the Lactase
Phlorizin Hydrolase (LPH) and
Cytosolic-ß-Glucosidase (CBG)
are involved in the hydrolysis of
trans-piceid. Furthermore, we
show that after deglycosylation,
the resulting aglycone is metabo-
lized in trans-resveratrol-3-O-ß-
glucuronide and to a lesser extent
in trans-resveratrol-4¢-O-ß-glucu-
ronide, and that UGT1A1 is
mainly involved in this metabo-
lism. Conclusions: This study
demonstrates that the transepi-
thelial transport of trans-piceid
occurs at a high rate and that the
compound is deglycosylated in
trans-resveratrol. There are two
possible pathways by which trans-
piceid is hydrolyzed in the intes-
tine. The first is a cleavage by the
CBG, after passing the brush-bor-
der membrane by SGLT1. The
second is deglycosylation on the
luminal side of the epithelium by
the membrane-bound enzyme
LPH, followed by passive diffusion
of the released aglycone, which is
further metabolized inside the
cells into two glucuronoconju-
gates.

j Key words trans-piceid –
trans-resveratrol –
Caco-2 – transepithelial
transport – metabolites

Received: 21 July 2005
Accepted: 1 June 2006
Published online: 28 September 2006

ORIGINAL CONTRIBUTION
Eur J Nutr (2006) 45:376–382
DOI 10.1007/s00394-006-0609-8

E
JN

60
9

C. Henry-Vitrac Æ D. Girard
J.-M. Mérillon Æ S. Krisa (&)
Groupe d’Etude des Substances Végétales à
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Introduction

Trans-hydroxystilbenes are naturally occurring poly-
phenolic compounds, which have been reported to
have potential preventive activities in human diseases.
Among these stilbenes, trans-resveratrol, which is
mainly found in grapes and red wine, is one of the
most important in terms of biological activities, since
it has been reported to exert anticarcinogenic, anti-
oxidant, and cardioprotective activities [1]. Although
there is considerable evidence that trans-resveratrol
possesses strong biological activities, it is present in
small quantities in wine compared to one of its glu-
cosides, trans-piceid [2]. However, hydrolysis of this
glycosylated derivative by ß-glucosidases may occur
in the major sites of biotransformation (liver and
intestine), thus allowing the quantity of trans-resve-
ratrol available from the diet to be greater. Although
the biological activities in vitro of these compounds
are understood, little is known about their absorption
and bioavailability in human. Indeed, their potential
biological activities in vivo are dependent on their
intestinal absorption and subsequent access to the
target tissues. Numerous studies have shown that
dietary polyphenols are subjected to metabolic con-
version not only in the liver, but also during their
absorption in the intestinal epithelial cells before
reaching the systemic circulation [3].

Recently, we studied the distribution of trans-res-
veratrol in organs and tissues after oral administra-
tion of this 14C-labeled compound in the mouse.
Intact resveratrol together with metabolites (glucu-
ronides and/or sulfated derivatives) were detected in
liver 3 h after administration [4]. This result corrob-
orates our previous studies showing that trans-res-
veratrol can be glucuronidated in human and rat liver
microsomes [5]. Moreover, Kuhnle et al. [6] reported
a similar metabolism during the uptake of trans-res-
veratrol in the small intestine of rat.

The present study aimed to investigate the rate of
transepithelial absorption of trans-piceid using hu-
man intestinal Caco-2 cell monolayers, a model that
has been fully used to study the transepithelial
transport of polyphenols [7, 8]. In our previous study,
we evaluated the apical (AP) uptake of trans-piceid by
using Caco-2 cells [9], and we will now study the
metabolism of trans-piceid during its absorption
across the small intestine.

Materials and methods

j Materials

Trans-resveratrol, chrysin (5,7-dihydroxyflavone),
[14C]-mannitol, ß-glucuronidase (bovine liver,

1.106 units/g), D-Gluconolactone, Triton X100, ß-
mercaptoethanol, EDTA, and protease inhibitor
cocktail were purchased from Sigma-Aldrich (Saint
Quentin Fallavier, France). Trans-piceid was extracted
and purified from Vitis vinifera cell suspension cul-
tures as previously described [10]. All the solvents
were of HPLC grade quality (Scharlaud, Barcelona,
Spain). Trans-resveratrol glucuronides were obtained
from human liver microsomes as reported [5].

j Caco-2 cell culture

Human colon adenocarcinoma Caco-2 cells were
purchased from the American Type Culture Collection
(ATCC, Molsheim, France) and were cultured in high
Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 10% fetal bovine serum (FBS), 1% L-
glutamine, 100 Units/ml penicillin, and 100 lg/ml of
streptomycin (Sigma-Aldrich, St. Quentin Fallavier,
France). Caco-2 cells were grown to confluence at 37�C
in a humidified atmosphere of 5% CO2–95% air and
subcultured using 0.02% EDTA and 0.05% trypsin.

j Transport experiments

For transport experiments, Caco-2 cells (at passages
40–90) were seeded on polycarbonate membrane filter
Transwell� inserts (0.4-lm pore size, 1.13-cm2 growth
area, Corning Costar Corp.) in 12-well plastic plates at
a density of 9 · 104 cells per cm2. Culture medium
was replaced by fresh medium every 2 days and 1 day
before transport studies. Experiments were conducted
18–24 days postconfluence after measuring the
transepithelial electrical resistance (TEER) using a
Millicell-ERS Voltohmmeter (Millipore Corp). Only
inserts with TEER values >300 X cm2 in culture
medium were selected for transport experiments. The
integrity of the monolayers was also measured with
50-lM [14C]-mannitol added to the AP chamber as a
marker of low paracellular permeability. The cell
monolayers were considered tight when the Papp for
mannitol was less than 0.5 · 10)6 cm/s. Before
experiments, culture medium was removed from both
the AP and basolateral (BL) chambers. Caco-2 cell
monolayers were incubated twice with prewarmed
transport buffer consisting of (mM) NaCl (140), KCl
(5.33), CaCl2 (1.26), MgSO4 (0.84), KH2PO4 (0.44), and
mannitol (5.48) buffered at pH 7.4, for 30 min at
37�C. Then, the preincubation buffer was removed
and the cells were incubated with stilbenes dissolved
in transport buffer/DMSO (dimethyl sulfoxide) (99.5/
0.5, v/v). The solutions containing trans-piceid were
added either to the AP chambers for AP fi BL mea-
surements (0.5 ml in the AP chambers) or to the BL
chambers for BL fi AP measurements (1.5 ml in the
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BL chambers). Transport buffer alone was added to
the other side. At the end of the incubation period, the
media (AP and BL) were collected for HPLC analysis.

j Deglycosylation studies

For deglycosylation studies, two models were used. In
the first one, Caco-2 cells grown on 6-well plates were
used on days 12–14 postconfluence and were incu-
bated at 37�C with 100 lM of trans-piceid dissolved
in complete medium/DMSO (99.5/0.5, v/v) for dif-
ferent times (0.5, 1, 3, 6, 9 and 24 h). At each time
point, the medium together with the cells (med-
ium + cells) were recovered by scraping the cells with
a plastic spatula, sonicated for 15 s and centrifuged at
20,000 · g for 10 min to obtain the supernatant used
for HPLC analysis.

In the second model, male Wistar rats (Charles
Rivers, St Aubin les Elbeuf, France) weighting
approximately 300 g were anesthetized with an intra-
peritoneal injection of ketamine (100 mg/kg; Imalgen,
Rhône Mérieux, Lyon, France) and xylazine (10 mg/kg;
Rompun, Bayer Pharma, Puteaux, France). Small
intestine was removed via an abdominal incision. All
experiments were carried out using accepted ethical
guidelines. The small intestine was washed with ice-
cold NaCl solution (0.9%) and the mucosa was removed
by scraping. The separated cells were homogenized in
3 ml of 50-mM phosphate buffer, pH 7, containing
EDTA (1 mM), CaCl2 (1 mM), MgCl2 (10 mM), ß-
mercaptoethanol (10 mM), and a protease inhibitor
cocktail (15 ll). To separate soluble (CBG) and mem-
brane-bound Lactase Phlorizin Hydrolase (LPH) ß-
glucosidases, we used the method described by Nemeth
et al. [11]. The homogenate was centrifuged at
48,000 · g for 60 min at 4�C. The supernatant (S con-
taining CBG) was retained. The pellet was resuspended
in buffer containing 4% (w/v) Triton X100 and incu-
bated for 60 min at 4�C with agitation in order to sol-
ubilize the membrane-bound proteins. The solubilized
pellet was centrifuged (48,000 · g, 60 min, 4�C) and the
supernatant (ST containing LPH) retained. A reaction
mixture (final volume of 500 ll in 50-mM phosphate
buffer, pH 6.5) containing trans-piceid (50 lM) was
incubated with 300-lg protein for 60 min at 37�C. The
reaction was stopped by addition of 0.5 ml of methanol
containing ascorbic acid (1 mM), followed by centri-
fugation at 13,600 · g for 5 min at 4�C. The superna-
tant was collected for HPLC analysis.

j Metabolism experiments

After seeding of Caco-2 cells in 6-well plates for 4–
6 days (when cells were confluent), we started pre-
treatment with 50-lM chrysin in complete cell culture

medium (chrysin dissolved in ethanol/DMSO (80/20,
v/v) at a final concentration not exceeding 0.5%).
Complete culture medium with 50 lM chrysin was
replaced in each well every 24 h, and the cells were
used for metabolism assays 24 h after the last medium
change. Control cells were treated with the same
volume of complete medium alone. The cell layer was
then rinsed with culture medium (to remove chrysin
used in pretreatment of cells) and the treatment
consisted of incubation of the cells for 24 h with 3 ml
of trans-piceid or trans-resveratrol (50 lM dissolved
in culture medium, max 1% DMSO) in both chrysin-
treated and control cells. D-saccharic acid lactone
(5 mM), an inhibitor of the ß-glucuronidases, was
added to pretreated Caco-2 cells. After 24 h of treat-
ment, the medium + cells were recovered and treated
as described in ‘‘Deglycosylation studies’’.

j HPLC analysis

Before HPLC analysis, samples were filtered through
Millipore filters (0.45 lm). HPLC was performed on a
system equipped with a 250 · 4-mm Prontosil C18

(5 lm) reverse-phase column (Bischoff Chromatog-
raphy, Leonberg, Germany) protected by a guard
column of the same material. Separation was per-
formed at a flow rate of 1 ml/min with a mobile phase
composed of (A) H2O:TFA (97.5:2.5, v/v) and (B)
ACN:A (80:20, v/v). The run was set as follows; 0–
10 min, 15% B; 10–13 min, from 15% B to 18% B; 13–
15 min, 18% B; 15–17 min, from 18% to 22% B; 17–
30 min, from 22% B to 25% B; 30–34 min, from 25%
B to 32% B; 34–36 min, 32% B; 36–39 min, from 32%
B to 40% B; 39–40 min, 40% B; 40–47 min, from 40%
B to 70% B; 47–50 min, from 70% B to 100% B.
Chromatographic peaks were monitored using a flu-
orescence detector (ProStar 363, Varian, USA) set at
optimal wavelengths for detection of both trans-res-
veratrol and trans-piceid (kexc 300 nm; kem 390 nm)
[2]. Quantification of compounds was estimated from
calibration curves that were prepared with standards.

j Statistical analysis

Data were expressed as the means ± standard devia-
tion of three to six determinations. Statistical analysis
was performed using Student’s t-test and P < 0.05 was
considered to be significant.

Results

j Transepithelial transport of trans-piceid

The transepithelial transport of trans-piceid (100 lM)
in Transwell� inserts was measured for 1 h at 37�C in
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AP fi BL and BL fi AP directions (Table 1). During
this time, transcellular absorption clearly occurred in
both directions. The apparent permeability coeffi-
cients (Papp) expressed in cm/s were calculated
according to the following equation: Papp = (dC/
dt) · (V/ACo), where dC/dt is the change in concen-
tration on the receiving chamber over time (lM/s), V
is the volume of the solution in the receiving com-
partment (cm3), Co is the initial concentration in the
donor chamber (lM), and A is the growth area of the
monolayer (1.13 cm2). The AP fi BL transport of
trans-piceid (10.5 · 10)6 ± 0.1 cm/s) was signifi-
cantly weaker than in the opposite direction
(BL fi AP) (15.3 · 10)6 ± 0.6 cm/s). The Papp value
of �10 · 10)6 cm/s at 1 h would predict a high
absorption in vivo [12].

We also determined the AP fi BL and BL fi AP
transport of trans-piceid over 6 h (Table 1). When
trans-piceid was loaded on the AP or BL sides of the
cells, the compound could be detected on the opposite
side as early as 30 min and throughout the 6 h of
incubation. Moreover, we show that during this time,
there was a reduction in transport, with a rapid de-
cline in Papp. This could be associated with an
important efflux out of the cells, as already shown in
our previous studies [9] and/or a metabolism of
trans-piceid as reported by Walle et al. [13] for the
flavonoid chrysin. Indeed, the aglycone of trans-
piceid (trans-resveratrol) appeared in detectable but
not quantifiable quantities on the AP and BL side of
the cells after 6 h of incubation. For further investi-
gations, larger amounts of compounds were generated
by seeding Caco-2 cells in 6-well plates in order to
facilitate the detection and identification of new
compounds.

j Deglycosylation studies

The time course of hydrolysis of trans-piceid was
examined by HPLC (Fig. 1). After 30 min at 37�C
trans-resveratrol was already detected in med-
ium + cells. In addition, the greatest amount of trans-

resveratrol appeared after 24 h of incubation
(4.5 ± 0.1 pmol/cm2). Although Caco-2 cells have
been reported to express membrane-bound LPH and
cytosolic CBG, the expression of these two proteins is
weak in this model [11, 14]. Therefore, to investigate
the mechanisms of the hydrolysis of trans-piceid, we
used enterocytes from the small intestine of the rat to
perform assays for glycosidase activity.

The small intestine of the rat was separated into a
soluble fraction (S containing CBG) and an insoluble
fraction solubilized by treatment with Triton X100
(ST containing LPH). After incubation of trans-piceid
for 1 h at 37�C with the two fractions, trans-resvera-
trol was detected in both assays. The level of ß-glu-
cosidase activity in the ST fraction (311.6 ±
10.2 pmol/mg protein/min) was about 5-fold higher
than in the S fraction (63.0 ± 9.6 pmol/mg protein/
min). Moreover, incubation with D-gluconolactone
(2 mM), an inhibitor of both cytosolic and mem-
brane-bound glucosidases, reduced trans-piceid
hydrolysis by 93% and 69% in the ST and S fractions,
respectively. This suggests that hydrolysis of trans-
piceid is carried out by both CBG and LPH proteins.

j Metabolism experiments

The metabolism of trans-piceid in Caco-2 cells was
analyzed by HPLC. Figure 2A shows the appearance
of trans-resveratrol in medium + cells when trans-
piceid was added to the culture medium for 24 h. Two
other compounds named G1 and G2 were also de-
tected, with retention times close to that of trans-
piceid. The same experiments were conducted with
trans-resveratrol and showed that G1 and G2 were
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Fig. 1 Time course of deglycosylation of trans-piceid in trans-resveratrol by
Caco-2 cells cultured in 6-well plates. The amount of trans-resveratrol was
determined in pmol/cm2 for 0.5, 1, 3, 6, 9 and 24 h. Trans-piceid was dissolved
in transport buffer/DMSO (99.5/0.5, v/v), and this percentage of DMSO didn’t
affect the transport of the stilbene (data not shown). Values are expressed as
means ± standard deviations (n ‡ 3)

Table 1 Transport rates, for different times, of trans-piceid in Caco-2 cells
grown on Transwell� inserts

Time (min) A–B transport B–A transport

30 15.7 ± 0.4 19.5 ± 0.9*
60 10.5 ± 0.1a 15.3 ± 0.6*,a

180 7.7 ± 0.6a,b 9.8 ± 0.4a,b

360 5.6 ± 0.2a,b,c 6.5 ± 0.1a,b,c

* Indicates values of Papp (B–A) transport significantly different than Papp (A–
B) transport
a, b, c indicate values of Papp significantly different than value of Papp at times
30, 60 and 180 respectively
Papp is expressed in cm/s (·10)6); values are means ± SEM, n = 3
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also detected (Fig. 2B). Since phase-II metabolism
such as glucuronidation seems to be the major met-
abolic pathway in the liver for trans-resveratrol [5],
we anticipated that UDP-glucuronosyltransferases
(UGTs) would actively participate in the metabolism
of stilbenes in the intestinal Caco-2 model. Several
studies have shown that pretreatment of Caco-2 cells
with chrysin can induce the UGT1A1 family [15].
Pretreatment of Caco-2 cells with 50 lM of chrysin
for 3 days, followed by treatment with 100 lM of
trans-piceid or trans-resveratrol for 24 h, resulted in a
large increase in G1 and G2 compounds (Fig. 2C, D).
Furthermore, incubation with ß-glucuronidase led to
the disappearance of the G1 and G2 peaks and co-

injection with standard glucuronides of trans-resve-
ratrol suggested that G1 was trans-resveratrol-4¢-O-ß-
glucuronide and the major metabolite G2 was trans-
resveratrol-3-O-ß-glucuronide (data not shown).

Discussion

It is essential to know the bioavailability of stilbenes
in order to understand their potential actions in vivo.
In this study, we used Caco-2 cells, a well-accepted
model of human intestinal absorption [7]. Transepi-
thelial transport of trans-piceid clearly occurred with
a favorable Papp of about 10 · 10)6 cm/s for the AP
to BL flux, which suggests virtually complete
absorption of trans-piceid in humans [12]. Further-
more, considerable evidence is now available sup-
porting the hypothesis that deglycosylation by the
small intestine is the first step in the absorption and
metabolism of dietary polyphenol glycosides [11, 14,
16]. In this study, we show that trans-piceid is de-
glycosylated by both small intestinal LPH and CBG.
Two potential pathways of passage through the en-
terocytes appear to be available to trans-piceid. The
first is the involvement of the LPH, which is present
on the AP membrane. It might release the aglycone
trans-resveratrol into the lumen, where the latter
might then passively diffuse across the AP side of
Caco-2 cells. The second is cleavage of the glucoside
by the CBG after passing the brush-border membrane
via the sodium-dependent glucose transporter 1
(SGLT1), as reported by several authors for numerous
polyphenol glucosides [9, 17]. In conclusion, degly-
cosylation seems to be the most likely step during the
transport and metabolism of trans-piceid in this
intestinal cellular model. Once absorbed, released
aglycone compounds might be metabolized by phase-
I or phase-II enzymes.

The liver plays a major role in the metabolism of
xenobiotics. However, the contribution of the small
intestine should not be underestimated. Conjugation
with glucuronide or sulfate is the most likely meta-
bolic pathways for several polyphenols [18]. In this
study, we show that after deglycosylation of trans-
piceid, the resulting trans-resveratrol is further
metabolized in the enterocytes, and that the new
compounds are glucuronic conjugates, the major
glucuronide being trans-resveratrol-3-O-ß-glucuro-
nide and the minor one trans-resveratrol-4¢-O-ß-glu-
curonide, as already shown by Aumont et al. [5] using
human liver microsomes.

The UGTs have long been known to be inducible
by various chemicals in Caco-2 cells [15, 19]. Walle
and Walle [20] observed a 4-fold increase in glucu-
ronidation after pretreating the cells with chrysin for
3 days, whereas sulfate conjugation was not affected.
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G1
G2

G1

G2

G1
G2
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R

P R
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0 32.5 minutes 65

Fig. 2 HPLC of trans-piceid (P), trans-resveratrol (R) and metabolites G1 and
G2 in medium + cells. (A) and (B) represent 24-h incubation of the cells with
(A) trans-piceid (100 lM) and (B) trans-resveratrol (100 lM), without
pretreatment with chrysin. (C) and (D) represent the metabolism by Caco-2
cells after pretreatment with 50 lM chrysin for 3 days, followed by treatment
for 24 h with (C) trans-piceid (100 lM) or (D) trans-resveratrol (100 lM)
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Our results corroborate these observations since the
amount of glucuronides of trans-resveratrol formed
were significantly higher in chrysin-treated assays
than in the untreated assays. These results confirm
that trans-resveratrol is glucuronidated mainly by
UGT1A1, not only in the liver, as already shown [5],
but also in the enterocytes. Moreover, no sulfate
conjugates were detected in these studies with our
HPLC methods, contrary to the other authors [21, 22].

Generally, the glucuronoconjugates are excreted
from the enterocytes back to the lumen. The metab-
olites are unlikely to diffuse passively across the AP
membrane, owing to a negative charge at physiolog-
ical pH [23]. However, these compounds are excreted
mostly by ATP-binding cassette transporters of the
multidrug resistance associated protein family (MRP),
in particular the MRP2 localized exclusively in the AP
membrane of the cells [8, 19, 24]. Moreover, in this
study, in order to localize the metabolites, medium
from the AP side and the cells were treated separately.
The medium was removed from the plates and the
cells were lysed with methanol. No glucuronides were
detected on the AP side of the cells (medium) but only
within (methanolic extract). Previous work demon-
strated that the efflux pump MRP2 is involved in the
efflux of both trans-piceid and trans-resveratrol by
Caco-2 cells [9, 25]. The amount of the native form in
the cells (piceid or resveratrol) was higher than the
glucuronides, so their efflux via MRP2 could be
competitively inhibited by their parent forms.

Since the metabolites are not excreted on the
luminal side, there might be a shift in glucuronide

export towards the BL side via MRP3 [21]. However,
ß-glucuronidases, which are widely expressed in hu-
man organs, tissues and body fluids, might modulate
the rate of glucuronides and release active parent
aglycone [26]. This pathway would enhance the
amount of resveratrol and therefore increase its
effectiveness in humans.

In conclusion, we have established a model of
absorption of trans-piceid in the enterocyte (Fig. 3).
This compound is actively absorbed across the AP
membrane via SGLT1 and is also actively effluxed
via MRP2 [9]. The results observed in this study
suggest that trans-piceid has favorable capacities for
biological membrane penetration, and that efficient
metabolism observed in Caco-2 cells could suggest a
low bioavailability of this compound in human. We
have also demonstrated, that the first step of
metabolism of trans-piceid is hydrolysis of the su-
gar moiety, which is common to most phenolics.
This may occur in the small intestine by action of
membrane-bound LPH, or by CBG after transport
into the enterocyte via SGLT1. The resulting trans-
resveratrol may also undergo further metabolism,
such as conjugation with glucuronic acid inside the
enterocytes. However, further studies are required
to investigate a possible pharmacological action of
these metabolites in human.
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reading the manuscript.
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