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Abbreviations: HPLC, high-performance liquid chromatography; APCI-MS: atmospheric
pressure  chemical ionization-mass  spectrometry; UGT: uridine  diphosphate
glucuronosyltransferase; ST: sulfotransferase; MDR: multi-drug resistance; MRP: multi-drug
resistance-associated protein; RT-PCR: reverse transcriptase polymerase chain reaction.

ABSTRACT

trans-Resveratrol is a polyphenol present in several plant species. Its chemopreventive properties against
several diseases have been largely documented. To validate a model for the study of the factors influencing
its biological fate at the hepatic level, the metabolism and the efflux of resveratrol were studied in the
human hepatoblastoma cell line, HepG2. Comparative high-performance liquid chromatography analysis
of cell culture media before and after deconjugation showed that resveratrol was rapidly conjugated; at
the concentration of 10 uM, it was entirely metabolized at 8 h of incubation. Two main resveratrol
metabolites, monosulfate and disulfate, were identified by atmospheric pressure chemical ionization-mass
spectrometry, thanks to their quasi-molecular ion and their characteristic fragmentation. To correlate
with the auto-induction of resveratrol metabolism evidenced in HepG2 cells after a pretreatment for 48 h
with 10 _M resveratrol, the inducibility of phase Il enzymes by resveratrol was studied by real-time
quantitative reverse transcriptase-polymerase chain reaction and flow cytometry. Observed, in particular,
were an increase in mMRNA expression levels of three metabolizing enzymes, two isoforms of UDP-
glucuronosyltransferases, UGT1Al and UGT2B7 (5-fold increased), and a sulfotransferase, ST1EL, in
cells pretreated for 24 h with 10 uM resveratrol. These results were correlated with an increase in protein
expression, especially after 48 h of treatment. On the other hand, the intracellular resveratrol retention in
cells treated with MK571  (3-[[3-[2-(7-chloroquinolin-2-yl)vinyl]phenyl]-(2-dimethylcarbamoyl-
ethylsulfanyl)methylsulfanyl] propionic acid), a multidrug resistance-associated protein inhibitor, strongly
suggests the involvement of this ABC transporter family in the efflux of resveratrol conjugates from
human liver.

Trans-resveratrol (trans-3,5,4’-trinydroxystilbene, fig. 1) is a natural molecule present in
several vegetal sources. Its name refers to Veratrum grandiflorum, one of these sources.
Resveratrol is also present in root preparations of Polygonum cuspidatum, which were used in
traditional Chinese and Japanese medicines, so-called “Hu-Chang” and “Ko-jo-kon”
respectively. The potential resveratrol benefits for health have led to many reports.
Resveratrol may have particularly chemopreventive effects against cardiovascular diseases
and ageing (for a review, see Delmas et al., 2005). It may have also chemopreventive and
therapeutic properties for fighting cancer (for a review, see Delmas et al., 2006). A good
knowledge of bioavailability is necessary to assess the benefits of resveratrol dietary
consumption and/or resveratrol supplementation. Several studies have been reported about



metabolism and bioavailability of resveratrol in the last 5 years (for a review, see Wenzel and
Somoza, 2005). Transport mechanism in human intestine was studied in Caco-2 model
(Kaldas et al., 2003). In humans, it was shown that **C- resveratrol is rapidly absorbed after
oral consumption. The highest plasma concentrations are reached between 30 and 60 min
after ingestion, with the appearance of new resveratrol plasma peak 6 h after oral
consumption. This second peak suggests the involvement of enterohepatic recirculation of
conjugated metabolites by reabsorption after intestinal hydrolysis of conjugates (Walle et al.,
2004), already evidenced by Marier et al. (2002) in a linked-rat model.

Our purpose was to validate the HepG2 cell line as a model for the study of the human
hepatic metabolism of resveratrol. Indeed, liver constitutes an important step before the
distribution of resveratrol to tissues and it is probably exposed again to resveratrol during
enterohepatic recirculation, so that it plays a pivotal role in resveratrol disposition. We have
already reported that hepatic uptake of resveratrol occurs according both passive diffusion and
facilitated processes (Lancon et al., 2004). In the present study, we showed by HPLC analysis
of culture media after deconjugation that resveratrol was rapidly conjugated and eliminated
from the HepG2 cells. Metabolites were identified by mass spectrometry. Moreover, we have
found that like other dietary compounds resveratrol can induce some phase Il enzymes.
Finally, a transport study with labeled resveratrol strongly suggested the involvement of
multi-drug transporters in the efflux of conjugated resveratrol.

METHODS

Chemicals. Trans-resveratrol, carbamazepin and [-glucuronidase (type HP-2) were
purchased from Sigma (St. Louis, MO, USA). MK571 was purchased from Alexis (San
Diego, CA, USA). [*H]-trans-resveratrol (specific activity: 74 GBg/mmol) labeled in ortho
and para of phenol groups was prepared for us by Amersham Pharmacia Biotech (Little
Chalfont, Buckinghamshire, UK).

Cell Culture and resveratrol treatments. The HepG2 cell line obtained from the
European Collection of Cell Cultures was cultured in a phenol red-free DME medium
supplemented with 1% glutamine, 1% non-essential L-aminoacids (Sigma) and 10% fetal
bovine serum FBS (Gibco). Resveratrol was dissolved in ethanol; control and treated cells
received the same final concentration of ethanol (0.1 %). For RT-PCR experiments, cells were
harvested at the same time and total RNA was prepared using Trizol Reagent (Invitrogen,
Life technologies, France) according to the manufacturer’s instructions.

Deconjugation procedure and solid-phase extraction. Samples (0.5 ml) of cell culture
media were treated for 2 h at 37°C with 200 U B-glucuronidase in 0.5 ml of 0.2 M acetate
buffer; control samples were incubated with buffer alone. Each sample was then acidified to
pH 4.5, received carbamazepin as internal standard (Zhu et al. 1999) and was passed through
a C18 Sep-Pak cartridge (Waters, Milford, MA, USA) pre-conditioned with methanol and
acetate buffer. After washing with acetate buffer, resveratrol and/or its metabolites were
eluted with 2 ml of methanol. After evaporation, they were redissolved in ethanol for analysis.

HPLC analysis. Resveratrol assays were performed on a reverse-phase Nucleosil C18
column (250 x 4,6 mm, 5um) from Altech in a Waters 625-LC system. Compounds were
eluted from the column with a gradient containing water and acetonitrile. Solvents were
delivered according to Adrian et al. (2000). The UV detector (Waters 486) was set at 306 nm.
Resveratrol amounts were quantified with a SP4400 ChromJet integrator (Spectra-Physics).

Mass spectrometry analysis. Resveratrol incubations (30 uM for 10 h) were performed
in medium containing only 1% serum to minimize background due to serum constituents.
Continuous infusion was performed on an Esquire mass spectrometer (Bruker Daltonik,
Bremen, Germany) equipped with an ion-trap analyzer, APCI source and Bruker Daltonics
Esquire LC4.5 data analysis software. Calibration of the mass spectrometer was achieved by
injection of resveratrol. Spectra were recorded in the negative ion mode.



Quantitative Real-time PCR. SYBR Green PCR Mix (Biorad) and the iCycler
thermocycler (Biorad) were used to detect the real-time quantitative PCR products of reverse-
transcribed cDNA samples according to the manufacturer's instructions. The incubation
conditions were as follows: 95°C for 3 min, followed by 40 cycles (95°C for 15 sec., 60°C
annealing for 1 mn). Expression levels of human phase 1l enzymes and housekeeping genes,
B2microglobulin,  glyceraldehyde-3-phosphate  dehydrogenase and  porphobilinogen
deaminase mMRNAs were determined by using specific primers (Congiu et al., 2002). The
Relative Expression Software Tool - Multiple Condition Solver (REST-MCS ©- version 2)
was used to calculate the relative expression of target genes mRNA in real-time PCR using
Pair Wise Fixed Reallocation Randomization Test© (Pfaffl et al., 2002). The mathematical
model used is based on the mean crossing point deviation between sample and control group
of target gene, normalized by the mean crossing point deviation of reference genes. Specific
amplification efficiencies are included in the correction of the quantification ratio. Results are
expressed as means + standard error (SE) from duplicate PCR determinations of triplicate six-
well plates from three independent experiments for each set of conditions tested. Significant
differences between groups were analyzed by using REST-MCO© test with 2000
randomization iterations.

Flow cytometry analyses. HepG2 cells were seeded into six-well plates at 500,000 per
well. They were treated 24 h after seeding with resveratrol for 24 or 48 h. They were
subsequently treated as previously described (Delmas et al., 2003). The used primary
antibodies were mouse anti-ST1E1 (Calbiochem, VWR international SAS), mouse anti-
UGT1Al1, mouse anti-UGT2B7 (Gentest, BD Biosciences) or isotype-matched controls
(Jackson ImmunoResearch Laboratories, West Grove, PA, USA). The second antibody was a
fluorescein isothiocyanate-labeled anti-mouse 1gG (Jackson ImmunoResearch Laboratories)
Simultaneously, a non-relevant isotype-matching Ab was used as negative control. Analyses
were performed on a logarithmic scale consisting of 4 decades of log on a GALAXY
cytometer (Partec, Minster, Germany) at excitation and emission wavelengths of 488 nm and
590 nm, respectively. For each sample, 10,000 cells were acquired with the FlowMax
software (Partec), and data registered under the fcs format were further analyzed with Expo
32 software (Beckman-Coulter, Miami, USA).

Tritiated resveratrol uptake measurement. HepG2 cells were incubated at 37°C with 1
UM of tritiated resveratrol, with or without 50 uM of MK571. The labeled medium was
removed and the cell wells were washed two times with a cold PBS buffer. After addition of
400 pl per well of lysis buffer (0.1% SDS, 0.1 M NaOH, 2% Na,CO3), the cell homogenates
were transferred into flasks and cell-associated radioactivity was counted in a Flow
Scintillation Analyzer Perkin-Elmer (Life Sciences Inc., Welleley, MA, USA). Data were
analyzed with a Varian Star chromatography workstation software version 5.5.

RESULTS AND DISCUSSION

Resveratrol metabolism: time-course and autoinduction. HepG2 cells were incubated
with 10 uM of resveratrol for different times. Cell culture media were then collected, treated
or not with B-glucuronidase, extracted and analyzed by HPLC (Fig. 1B). The amount of
resveratrol conjugated and released in the medium was indirectly determined by difference
between untreated media (unconjugated resveratrol) and enzyme-treated media (total). The
proportion of conjugated resveratrol was of 20% after 2 h of incubation, increased to 50 % at
4 h and reached almost 100% at 8 h. Moreover the initial amounts of resveratrol were always
recovered after enzymatic treatment, meaning that there were no other metabolites than
glucuronides and/or sulfates (the B-glucuronidase used for these experiments having also a
sulfatase activity).

To search for a possible inducibility of phase Il enzymes by resveratrol, we studied the
effect of a pre-treatment of the cells with resveratrol on its own metabolism. For this purpose,
cells were pre-treated either with 10 uM resveratrol for 2-fold 24 h (T48) or only for the last
24 h (T24) or cultured for 48 h without resveratrol (T0). After these 48 h, the cells were



incubated again with 10 uM resveratrol. Unconjugated resveratrol remaining in the media
after 2 h or 4 h of incubation was quantified by HPLC (Fig. 1C). The percentage of
unconjugated resveratrol was significantly lower in cells pre-treated for 48 h; it fell from 45%
to 30 % after 2 h incubation and from 16% to 8 % after 4 h incubation. These decreases
expressed an acute resveratrol metabolism in cells pre-treated for 48 h with resveratrol and
consequently corresponded to an autoinduction of this metabolism.

lon-trap mass spectrometry analysis of resveratrol metabolites. We performed an
analysis of extracted cell culture media by direct infusion to allow not only the determination
of metabolite class but also the discrimination between mono- and di-derivatives as well as
mixed derivatives. Five compounds were found only in the media of resveratrol-treated cells
and identified thanks to their characteristic fragmentation (Table I). Unconjugated resveratrol
was identified by comparison to standard resveratrol. Resveratrol monosulfate and resveratrol
disulfate were identified thanks to the characteristic loss of a fragment of 80 (SO; group).
Two isomeric forms are a priori possible for the mono-derivative: resveratrol-3-sulfate and
resveratrol-4’-sulfate, as well as two isomeric forms for the di-derivative: resveratrol-3,4’-
disulfate and resveratrol-3,5-disulfate (see formula Fig.1A). These different metabolites were
found in plasma of Wistar rats after oral administration of resveratrol Wenzel et al., 2005).
Contrary to this study, we have not detected resveratrol-trisulfate in our analysis.

Our results are in accordance with a study on healthy volunteers (Walle et al., 2004),
which reported that sulfoconjugates are the main urine excreted metabolites in humans (twice
more that the glucuronoconjugates) and that resveratrol conjugation occurs rapidly, mostly as
sulfate conjugates, after i.v. resveratrol infusion. Although resveratrol glucuronidation was
shown in human liver (De Santi et al., 2000b, Vitaglione et al., 2005), our analysis did not
evidence any glucuronide. They were not lost during the solid phase extraction; we have
indeed found the same recovery of radioactivity after extraction on SepPak cartridges of
media incubated with radiolabeled resveratrol in presence or in absence of cells, meaning that
all the metabolites eluted in the methanolic phase (data not shown). We may suggest that in
our experimental conditions sulfation was predominant over glucuronidation; resveratrol
sulfation was characterized by a smaller Ky (0,63 puM, De Santi et al., 2000 b) that
glucuronidation (150 uM, De Santi, 2000a). Therefore, it should exist a competition between
the two enzymes for resveratrol metabolism, so that high-affinity sulfation pathway occurs
exclusively at moderate resveratrol concentrations, not sufficient to saturate this pathway.

Induction of phase Il enzymes. To explain the autoinduction of resveratrol metabolism,
we searched for the induction of phase Il enzymes. Induction of mRNA levels was
determined by quantitative RT-PCR in HepG2 cells pre-treated for 24 h with variable
concentrations of resveratrol. Two UGT isoforms were tested, UGT1Al and UGT2B7 and
one sulfotransferase isoform, ST1E1 (Fig.2A). For these three enzymes, we observed an
induction of mRNA level with a maximum for a pre-treatment with 10 UM resveratrol.
UGT2B7 appeared to be the more induced with a 5-fold increase in mRNA expression after
pre-treatment with 10 uM resveratrol.

To determine if the induction of their mRNA levels is correlated with an increase in their
protein amounts, we measured the expression of UGT1Al, UGT2B7 and ST1E1 in HepG2
cells untreated or treated with 10 or 30 UM resveratrol for 24 and 48 h. After treatment, the
cells were stained with the appropriate Abs, and then analyzed by flow cytometry (Fig.2B).
Resveratrol at 10 pM induced a weak increase in UGT2B7 expression at 24 h (+11%). An
increase more important was observed at 48 h with 30 uM (+65 %). Concerning the UGT1A1l
expression, we noted +24% at 10 uM for 24 h of treatment and +37% for 48 h. At 30 uM
resveratrol, we observed an increase of 25% at 24 h and of 29% at 48 h. We observed also an
increase in ST1E1 expression of 49% at 24 h and +14% at 48 h with 10 uM of resveratrol.
and of 14% at 24 h and 23% at 48 h with 30 uM of resveratrol. Therefore, a protein induction
was observed for these three enzymes, generally greater after 48 h of pre-treatment. These
results were in accordance with those of RT-PCR: generally, protein induction after 48 h of



pre-treatment correlated well with the mRNA level induction after 24 h of pre-treatment. The
induction of ST1E1 correlates well with the autoinduction of resveratrol metabolism, meaning
that ST1E1 activity is increased, this isoform being involved in resveratrol sulfation in human
liver (Miksits et al., 2005). Moreover, we have found the induction of UGT1AL responsible
for glucuronidation of trans-resveratrol and UGT2B7, which presents an activity, restricted to
cis-resveratrol (Aumont et al., 2001). UGT1AL inducibility was shown in vivo in rat liver, but
with treatments at high doses of resveratrol (Hebbar et al., 2005).

Impairment of resveratrol efflux by MRP transport inhibitor. The time-course of
resveratrol uptake by HepG2 cells was monitored by the determination of intracellular
radioactivity after cell incubations at 37°C with 1 uM of radiolabeled resveratrol. The various
incubation times were chosen according to our previous experiments showing that
intracellular radioactivity increases rapidly to reach a maximum at 10 minutes (Lancon et al.,
2004). The same fast resveratrol uptake was observed in control cells as well as in cells
treated with 50 pM MK-57 (Fig.3). Conversely, the decrease in intracellular radioactivity in
MK571 treated cells was delayed, compared to control cells. After 1 h of incubation, the
intracellular radioactivity in MK571 treated cells was 2.8-fold higher than in control cells; it
was still 2-fold higher after 2 h of incubation. These experiments indicated that MK571 did
not affect resveratrol influx but impaired resveratrol efflux. MK571 being known to inhibit
MRPs, our results show for the first time the implication of these pumps in the efflux of
conjugated resveratrol from liver. By also using MK571, Henry et al. (2005) have reported
the implication of MRP2/MRP3 in human intestinal Caco2 cell line transport of conjugated
resveratrol. Moreover, it was shown that resveratrol impairs ochratoxine A intestinal efflux in
a similar manner as MK571, suggesting a competitive inhibition of MRP-2 by resveratrol
(Sergent et al., 2005). Conversely, we have not shown any effect of verapamil on resveratrol
efflux, excluding the implication of the MDR glycoprotein P (data not shown). The inhibition
of MRPs by resveratrol may be interesting for chemotherapeutic strategies. Indeed, it has
been shown that resveratrol acts in synergy with death receptor ligands and may be a
sensitizing agent to chemotherapeutic drugs (Delmas et al., 2004). Therefore, a competitive
inhibition of MRP-2 by resveratrol, used in association with cytotoxic drugs, would contribute
to reduce therapeutic failures in the treatment of chemoresistant cancers.
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TABLE 1
Negative ion atmospheric pressure chemical ionigation-tandem mass spectromelry on. resveratrol meiabolites

The mumbers in parentheses indicate the reladve intensity.

MS2 Product Tons

R AL MS3 Produet Tons (miz) Hentification
= 4 mfz Fragment loss
185 (100) LM*H*42\
227 139 (48) M - 68" (Standard resveratrol)
143 (27) M — 84
185 (100) [M H - 4217
227 159 (48) [M o H — 687 Resveratrol
143 (27) M 84“\‘
243 (8) M - H - 6477
307 227 (10D [M—H— 80 185,159,143 Resveratrol monosulfate
265 (100) [M—-H- 84"
328 249 (80) !'M H — 307" Sodium resveratrol monosulfate
242 (72 M — 64 — 23]
343 (11) M 7Hf64‘
409 329 (1009 [M—-H - 380" 265,249,242 Sodium resveratrel disulfate
306 (12) [M-—H-8-23]"
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	FOOTNOTES

