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I1l. RESULTATS

L'apartat de Resultats d'aquest treball es troba subdividit en cinc capitols, cadascun dels
quals es correspon a un dels objectius plantejats. La introduccié, el material i métodes,
els resultats, la discussié i les conclusions que pertanyen a cada capitol es troben recollits
en articles publicats, exceptuant el cas del primer apartat del segon capitol, del tercer
capitol i del segon apartat del quart capitol, que es troben redactats en catala, perd en

format article.
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I1l. RESULTATS ~ CAPITOL 1

CAPITOL 1. POSTA A PUNT D’UN METODE PER A LA DETERMINACIO DEL DIHIDRORESVERATROL
EN PLASMA DE RATA

Els resultats presentats en el capitol es troben recollits a l'article 1:

Determination of dihydroresveratrol in rat plasma by HPLC.
Juan, M.E., Alfaras, I., Planas, J.M.
J. Agric. Food Chem. 2010, 58, 7472-7475

Els resultats obtinguts han donat lloc a la seglient comunicacio a congreés:

e Determination of dihydroresveratrol in rat plasma by HPLC
Alfaras |, Prados A, Planas JM, Juan ME.

Presentada com a poster en el congrés:

4th International Conference on Polyphenols and Health (ICPH2009)
Harrogate, Anglaterra, 7 - 11 de desembre de 2009
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Determination of dihydroresveratrol in rat plasma by HPLC
J. Agric. Food Chem. 2010, 58, 7472-7475

1.1. Resum de l'article 1

Objectius: El dihidroresveratrol és un metabdlit del frans-resveratrol que es forma
mitjancant la hidrogenacié del doble enllag per accidé de la microbiota intestinal. Per tant,
es va posar a punt un métode per a la determinaci6é del dihidroresveratrol a plasma de
rata i quantificar la seva concentracio plasmatica després de I'administracié de 60 mg/kg

a rates Sprague-Dawley.

Material i métodes: El dihidroresveratrol va ser extret del plasma acidificat amb acid
aceétic per extraccié en fase solida emprant un cartutx C18. L’elucié del compost retingut
al cartutx es va fer amb metanol 100% (v/v) i es va evaporar a 45°C fins a un volum final
d'uns 400 pL abans del seu analisi per cromatografia liquida d’alta resolucié (HPLC). La
fase mobil utilitzada a I'HPLC estava constituida per un solvent A, acid aceétic al 3%, i un
solvent B que consistia en el 20% de solvent A i un 80% d’acetonitril. Els cromatogrames
es van obtenir a 276 nm, maxim d’absorbancia del dihidroresveratrol. El métode es va
validar afegint concentracions creixents d’estandard de dihidroresveratrol a plasma blanc
de rata. Es va determinar la linealitat, la precisio, la recuperacié, I'exactitud, la sensibilitat i
la selectivitat. Posteriorment, es va administrar oralment 60 mg/kg de dihidroresveratrol a
rates Sprague-Dawley per avaluar la validesa del métode i es va extraure sang als 10 i 30

minuts després de I'administracio.

Resultats: La validacié del métode va donar una correlacié linear en un rang de 5 a 100
MM i una bona precisi6 inter- i intra-dia (<7%). La recuperacié mitjana va ser de 96,7% i
'exactitud va ser de 93,0 i 98,9% a les concentracions de 10 i 50 uM. El métode va ser
selectiu per al dihidroresveratrol, evitant la interferéncia amb altres pics. El limits de
deteccié i quantificaci6 van ser de 275 nM i 578 nM, respectivament. Després de
I'administracié a rates, es confirma per HPLC-MS el pic del dihidroresveratrol (m/z 229) i
s’identificaren dos pics més corresponents als seus conjugats glucuronid (m/z 405) i sulfat
(m/z 309). El dihidroresveratrol es va trobar a plasma en concentracions de 1,06 + 0,20 i
0,88 + 0,22 uM als 10 i 30 minuts, respectivament. El glucurdnid va ser el compost més
abundant a plasma amb concentracions de 12,6 £ 1,11 33,5 £ 0,9 yM als 10 i 30 minuts,
respectivament. Les concentracions de sulfat als 10 i 30 minuts foren de 4,41 + 1,30 i
6,40 + 1,26 uM.

Conclusié: El métode per HPLC de determinacio del dihidroresveratrol a plasma de rata

és sensible, exacte i reproduible. A més, aquest métode permet la separacid i
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quantificacié dels metabolits del dihidroresveratrol, glucuronid i sulfat, quan aquest és

administrat per via oral a rates.
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Determination of Dihydroresveratrol in Rat Plasma by HPLC
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Dihydroresveratrol is a metabolite of trans-resveratrol formed in the intestine by the hydrogenation of
the double bond by microflora. The aim of the present study was to validate a method to measure
dihydroresveratrol in rat plasma and then to quantify its plasmatic concentration after the oral
administration of 60 mg/kg to Sprague—Dawley rats. Dihydroresveratrol was extracted from acidified
plasma with a C18 cartridge, eluted with methanol, and concentrated prior to HPLC analysis with
diode-array detection (HPLC-DAD) at 276 nm. The method was validated by spiking blank plasma
samples with pure dihydroresveratrol, obtaining a linear correlation and good interday and intraday
precisions, expressed as coefficient of variation (<7%). The average recovery was 96.7% and the
limit of detection was 275 nM. The oral administration of dihydroresveratrol to rats and its
subsequent detection, along with dihydroresveratrol glucuronide and sulfate, provides evidence of

its absorption and metabolism.

KEYWORDS: Dihydroresveratrol; HPLC-DAD; method validation; rat plasma; resveratrol

INTRODUCTION

Dihydroresveratrol (trans-3,5,4'-trihydroxybibenzyl) (Figure 1)
belongs to the family of stilbenoids, which are a class of plant
secondary metabolites produced in a number of unrelated species.
Dihydroresveratrol has been identified as a phytoalexin in Orch-
idaceae (1), in Cannabis sativa L. (2), and in the tuber of Dioscorea
dumetorum, where its production seems to be elicited by fungal
infection (3). In addition, this phytochemical has been found in
Maackia amurensis, a major component of the Russian hepato-
protective preparation Maksar (4). The functions of stilbenoids in
plants include constitutive and inducible defense mechanisms,
plant growth inhibitors, and dormancy factors (5).

Dihydroresveratrol was also detected in humans as a metabo-
lite of trans-resveratrol (6), a natural antioxidant with beneficial
effects on health (7). After the oral administration of 25 mg of
C-resveratrol, Walle et al. (2004) identified in urine two resver-
atrol monoglucuronides, two monosulfates, and interestingly,
dihydroresveratrol glucuronide and sulfate (6). The latter may
have been produced by the intestinal microflora, since it involved
the hydrogenation of the aliphatic double bond of trans-resver-
atrol. Later, dihydroresveratrol and its sulfate conjugate were
detected in rats (8). Recently, a study that evaluated the interac-
tions of this polyphenol with animal-associated bacteria identi-
fied dihydroresveratrol as a metabolite produced by Eggerthella
lenta and Bacteroides uniformis. Both of these microorganisms
have been isolated from human fecal samples, thus supporting the
involvement of intestinal flora in the synthesis of this metabo-
lite (9). The information regarding the human health protecting
properties of dihydroresveratrol is limited. This compound has
been reported to have antiproliferative effects in human prostate
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cancer cells (10, 11). Moreover, dihydroresveratrol is a potas-
sium channel modulator (/2), an antioxidant, and it inhibits
DNA synthesis (13).

Because the reduction of the stilbenic double bond of trans-
resveratrol appears to be produced by the intestinal microflora,
dihydroresveratrol might be absorbed through the colonic epithe-
lium to reach blood and finally be excreted in urine. The presence
of dihydroresveratrol in plasma has yet to be reported, which
could be attributed not only to the lack of accurate methods but
also to the absence of a commercially available pure standard.
Here we present a simple, accurate, and sensitive method for
identifying and quantifying dihydroresveratrol in rat plasma by
means of solid-phase extraction, followed by HPLC analysis with
photodiode array detection. The performance of the method was
assessed by oral administration of dihydroresveratrol to Sprague—
Dawley rats and its measurement in plasma.

MATERIALS AND METHODS

Chemicals and Reagents. Dihydroresveratrol was provided by Bio-
pharmalab SL (Alicante, Spain). Stock solutions of 1 mM dihydroresver-
atrol in ethanol 20% (v/v) were prepared weekly and stored at room
temperature. Acetonitrile and methanol were purchased from J. T. Baker
(Deventer, Netherlands) and acetic acid was provided by Scharlau Chemie
SA (Barcelona, Spain). All solvents were HPLC grade. Ascorbic acid (ref
A5960) was purchased from Sigma-Aldrich (St. Louis, MO). Other
chemicals used were analytical grade and obtained from Sigma-Aldrich.
Reversed-phase C;g Sep-Pak classic cartridge for manual operation (ref
WATO051910) were purchased from Waters (Milford, MA). Water used in
all experiments was passed through a Milli-Q water purification system (18
MQ) (Millipore, Milan, Italy).

Instrumentation. A Concentrator 5301 (Eppendorf Iberica SL, San
Sebastian de los Reyes, Spain) was used to evaporate methanol from
samples. The determination of dihydroresveratrol and its metabolites was
carried out using a gradient liquid chromatograph Agilent model 1100
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Figure 1. Chemical structure of dihydroresveratrol.

(Agilent Technologies, Palo Alto, CA) equipped with an automatic
injector, a Synergi Fusion-RP 80A column (250 mm x 4.6 mm; 4 um;
Phenomenex, Torrance, CA) with a C18 guard column cartridge and a
diode array UV—visible detector. Agilent Chemstation software controlled
all the equipment and performed the data processing. An Applied Bio-
systems API 3000 triple quadrupole mass spectrometer (Applied Biosystems,
PE Sciex, Concord, Ontario, Canada), equipped with a Turbo lonSpray
source in the negative ion mode, was used to obtain the mass spectrometry.

Solid-Phase Extraction of Dihydroresveratrol from Plasma Sam-
ples. Blood was collected from Sprague—Dawley rats by cardiac puncture
and was placed in tubes containing EDTA-Kj; as anticoagulant. Samples
were centrifuged at 1500g for 15 min at 4 °C, and the plasma was
immediately separated from cells. Plasma (200 uL) was acidified with
6 uL of acetic acid and stirred in a vortex for 2 min. Prior to use, the Sep-
Pack cartridge used for the extraction was conditioned with 4 mL of
methanol followed by equilibration with 10 mL of water. Then plasma
was slowly loaded into the cartridge, followed by 5 mL of water. The
dihydroresveratrol contained in the cartridge was eluted with 4 mL of
methanol. Ascorbic acid (10 uL) at 15% were added to the eluate as an
antioxidant, which was then evaporated at 45 °C to a final volume of
400 uL. Finally, it was placed in a sealed amber vial for HPLC analysis.

HPLC and HPLC-MS Analyses. The temperature of the column
oven was set at 40 °C, and the injection volume was 100 uL. The mobile
phase included solvent A consisting of an acetic acid solution (3%, v/v)
and solvent B, which was a mixture of phase A:acetonitrile (20:80, v/v). The
flow rate was 1.5 mL/min. The gradient elution was: min 0 with 22% solvent
B to min 2; 2—6 min, linear gradient from 22 to 30% B; 6—14 min, linear
from 30 to 50% B; 14— 18 min, increasing to 60% B; 18—25 min, linear from
60 to 100% B; followed by washing and reconditioning the column.

The chromatograms were obtained at 276 nm at which the absorbance
of dihydroresveratrol presents a maximum (Figure 2). The compound was
identified using comparative retention times of pure standard and
photodiode array spectra (from 200 to 400 nm). Quantification of
dihydroresveratrol was performed using standard curves constructed after
spiking relevant concentrations of this compound in blank plasma. As
dihydroresveratrol metabolites were not available, their quantities were
calculated based on the assumption that recovery characteristics and
relationship between peak area ratios and concentrations were the same
as those for dihydroresveratrol.

Dihydroresveratrol and its conjugates were identified by mass spectro-
metry. The ion spray voltage was 3500 V, with nitrogen as the nebulizer
gas, 10 (arbitrary units), and curtain gas, 15 (arbitrary units). The detecting
conditions were optimized with a standard solution of dihydroresveratrol
in the presence of LC mobile phase, as follows: declustering potential,
=70 V; focusing potential, —200 V; drying gas (N,) heated to 400 °C and
introduced at a flow rate of 5000 cm®/min. Mass spectra were acquired in
the 100—500 m1/z range.

Method Validation. The solid-phase extraction (SPE) of dihydror-
esveratrol from rat plasma followed by HPLC analysis was validated
according to The United States Pharmacopoeia (2008) (14). Blank rat
plasma was obtained by cardiac puncture from rats that had not received
dihydroresveratrol. Aliquots of the pooled plasma were stored at —20 °C
until the analyses were performed, then 200 4L of plasma were spiked with
known amounts of dihydroresveratrol and subsequently stirred in a vortex
for 1 min before being extracted as indicated above.

Linearity. Spiked plasma samples containing increasing concentrations
of dihydroresveratrol: 5, 10, 25, 50, 75, and 100 uM were analyzed
according to the procedure described above. Integrated peak areas were
plotted against analyte concentration, and linear regression was performed
by the least-squares method.

Precision. The precision of the analytical method was determined by
assaying a sufficient number of plasma samples (n = 4—6) at six different
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Figure 2. HPLC chromatograms and UV and mass spectra of dihydror-
esveratrol and its glucuronide and sulfate conjugates. (A) HPLC chroma-
togram at 276 nm of (i) blank plasma and (ii) plasma of rats administered
with 60 mg/kg of dihydroresveratrol. Peaks of (1) dihydroresveratrol and its
conjugates (2) glucuronide and (3) sulfate are indicated. (B) UV spectra
obtained by diode-array detection of (1) dihydroresveratrol, (2) glucuronide
and (3) sulfate. (C) Full-scan product ion mass spectra of (1) dihydror-
esveratrol, (2) glucuronide, and (3) sulfate.

concentrations of dihydroresveratrol ranging from 5 to 100 uM and was
expressed as relative standard deviation (RSD). The intraday precision
was determined by analyzing the spiked samples prepared within a day,
whereas the interday precision assessed spiked samples prepared on three
different days. Peak areas were considered for the calculation of the
concentration and to establish the precision.

Recovery. Recoveries of dihydroresveratrol from plasma were mea-
sured by spiking 200 L of blank samples at final concentrations of 5, 10,
25, 50,75, and 100 uM. Absolute recoveries were calculated by comparing
the peak area ratio from spiked samples to those of the corresponding
concentrations injected directly into the HPLC system without extraction.

Accuracy. First, 500 uL of plasma and 500 uL of water as control were
spiked with dihydroresveratrol at concentrations of 10 and 50 uM. The
samples were purified by SPE and analyzed by HPLC as described.
Accuracy was calculated by comparing the values for the plasma samples
and control: results are expressed as percentages of analyte recovered.

Sensitivity. The limit of detection (LOD) and the limit of quantification
(LOQ) were calculated by measuring the analytical background response,
running six blanks of plasma using the maximum sensitivity allowed by the
system. The signal-to-noise ratio was used to determine the LOD, and it
was estimated as the concentration of dihydroresveratrol in plasma
samples that generated a peak with an area at least 3 times higher than
the baseline noise. LOQ was considered to be 10 times the standard
deviation of the six blank samples analyzed using the maximum sensitivity
allowed by the system. The LOQ was subsequently validated by the
analysis of six plasma samples known to be near the LOQ.

Selectivity. The presence of interfering substances in blank plasma at
the retention time of dihydroresveratrol as well as its glucuronide and
sulfate conjugates was evaluated. The selectivity of the method was
determined by comparing the chromatograms of blank plasma with the
corresponding spiked plasma samples.

Animal Studies. Male Sprague—Dawley rats (200—250 g) were housed
three per cage, in a temperature-controlled room, with a light—dark cycle
of 12 h and free access to water and a commercial rat chow. Animal
treatment was in full accordance with the European Community
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Table 1. Precision, Accuracy, and Recovery of trans-Resveratrol in Spiked
Rat Plasma Samples

precision (% RSD)

dihydroresveratrol («M) intraday interday recovery (%)
5(n=6) 3.05 3.50 96.8+5.9
10 (n=6) 5.85 5.14 952+ 6.9
25 (n=6) 1.30 6.62 95.84+2.2
50 (n=6) 5.16 6.66 97.5+5.6
75 (n=16) 5.23 5.60 96.54+6.7
100 (n=6) 1.73 3.34 98.3+27

Guidelines for the care and management of laboratory animals. Dihydro-
resveratrol dissolved in water was administered orally by gavage to over-
night-fasted rats at a dose of 60 mg/kg, except for the control group, which
was given only water. Rats were fasted overnight and anesthetized by
intramuscular injection of 90 mg/kg ketamine (Imalgene 1000, Merial
Laboratorios SA, Barcelona, Spain) and 10 mg/kg xylacine (Rompun 2%,
Quimica Farmaceutica Bayer SA, Barcelona, Spain). Blood was with-
drawn by cardiac puncture and transferred to a tube containing EDTA-K3
as anticoagulant, at 10 and 30 min after the administration. Immediately
after obtaining the plasma by centrifugation at 1500g for 15 min at4 °C, the
analyte was purified using the SPE procedure described above.

Statistical Analysis. Data are reported as the mean + SEM. A
commercially available package (Prism version 4.02; GraphPad Software
Inc., San Diego, CA) was used for all statistical tests. Data were evaluated
by one-way ANOVA and post hoc Bonferroni’s Multiple Comparison
tests (Graph Pad Prism). A p < 0.05 level was taken as significant.

RESULTS

Method Validation. The analytical performance parameters
assessed for the overall assay were linearity, precision, accuracy,
sensitivity, and selectivity.

Linearity. The response was linear in the range of concentra-
tions evaluated from 5 to 100 uM, giving an equation of y =
8.75x — 1.26 (n = 31) and a regression coefficient of 0.998.

Precision. Intraday and interday precision (% RSD) ranged
from 1.30% to 6.66% (Table 1) and were within the acceptable
limits to meet the guidelines for bioanalytical method validation,
which is considered to be <20% (15). The precision data indicate
that the analytical method is repeatable.

Recovery. The extraction recoveries of dihydroresveratrol
were assayed in plasma samples at six different concentrations
(Table 1). The mean recovery in plasma was 96.7 + 5.0%, thus
indicating the high extraction efficiency of this procedure.

Accuracy. The accuracy was determined for the overall assay
by measuring the percentage of recovery after the addition of
known amounts of standard to a control (water) and to a pool of
blank plasma, at two different concentrations. The mean recoveries
at 10 and 50 uM were 93.0 £ 2.1% and 98.9 £ 3.3%, respectively.

Sensitivity. The LOD was 275 nM on the basis of a signal-to-
noise ratio of 3. The LOQ was 578 nM.

Selectivity. Dihydroresveratrol was well resolved and free
from interference peaks. This compound was quantified at
276 nm, its maximum absorbance to improve selectivity, and
the identity of the chromatographic peak was confirmed not only
by its retention time but also by its spectrum (Figure 2).

Animal Studies. Dihydroresveratrol was orally administered to
rats at a dose of 60 mg/kg, and blood was withdrawn at 5 and 30
min to assess the validity of the method. The representative
HPLC profile (Figure 2A) was characterized not only by the
presence of dihydroresveratrol but also by two more peaks with
the same absorbance spectrum, which were identified by means of
MS. The peak with retention time of 8.1 min gave a deprotonated
molecular ion [M — H]™ at m/z 405 (Figure 2C) with a dihydro-
resveratrol fragment at m/z 229, thus allowing its identification as
dihydroresveratrol glucuronide. The second peak (retention time

Juan et al.
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Figure 3. Plasmatic concentrations after the oral administration of 60 mg/
kg of dihydroresveratrol. Data are presented as means + SEM (n = 4),
*p < 0.05, **p < 0.01, and ***p < 0.001, conjugates vs dihydroresveratrol.
“p < 0.001, glucuronide vs sulfate. ‘I’p < 0.001, 30 min vs 10 min.

15.8 min) was identified as the sulfate conjugate because it showed
a deprotonated molecular ion [M — H] ™ at m/z 309 (Figure 2C)
and also the dihydroresveratrol fragment at m/z 229.

Dihydroresveratrol was detected in plasma at 10 and 30 min
(Figure 3) with concentrations of 1.06 & 0.20 and 0.88 +0.22 uM,
respectively. However, its glucuronide conjugate was the most
abundant compound in plasma, with concentrations of 12.6 +
1.1 uM and 33.5 + 0.9 uM, at 10 and 30 min, respectively. The
sulfate conjugate was also present with 4.4 + 1.3 uM and 6.4 +
1.3 uM at 10 and 30 min, respectively.

DISCUSSION

The development of a method to measure dihydroresveratrol
that provides insight into its plasmatic concentration and meta-
bolism is not trivial. First, because it is a metabolite of frans-
resveratrol, and although comprehensive data are available on
the oral bioavailability of frans-resveratrol (16 —18), there are still
some unanswered questions in terms of the complete identifica-
tion and quantification of its metabolites. In addition, given that
the in vivo concentrations of individual metabolites are higher
than those of the parent compound, trans-resveratrol conjugates
might act as a pool from which free trans-resveratrol could be
released in various tissues or be active on themselves in promoting
many of the health benefits attributed to trans-resveratrol (19).
The last could be the case of dihydroresveratrol, which is a
phytoalexin like trans-resveratrol (/). Dihydroresveratrol is
synthesized by the condensation of one molecule of dihydro-
p-coumaroyl-CoA and three molecules of malonyl-CoA as an
intermediate in the biosynthetic pathway of stilbenoids in
plants (20). Although the biological properties of dihydroresver-
atrol have not been completely established, it shows antiproli-
ferative activity in human prostate cancer cells, with an ICs, of
around 25uM (10, 11). Moreover, dihydroresveratrol displayed a
higher potential as a potassium channel modulator than trans-
resveratrol in mouse neuroblastoma cells (/2). This activity has
also been reported in other tissues in connection with antitumor
(tamoxifen) and cardiac antiarythmic (tedisamil) agents.

Dihydroresveratrol is a scarcely known metabolite of trans-
resveratrol. This lack of knowledge can be attributed, in part, to
the absence of a commercially available pure standard, which
hinders the development of sensitive methods for measuring this
compound in plasma and body fluids. The present study validates
a method that allows the measurement of dihydroresveratrol and
its conjugates in rat plasma. The results show that the method is
reliable, reproducible, and easy to apply to biological samples.
Solid-phase extraction of dihydroresveratrol from plasma with a
C18 cartridge was appropriate for its measurement because it
avoided analyte losses and provided maximal sensitivity with
minimal handling. Solid-phase extractions with different sorbents
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were also used when dihydroresveratrol was detected in urine
samples (6,8). However, these authors did not validate the methods,
nor did they quantify dihydroresveratrol or its conjugates.

The average extraction recoveries were 96.7% in the six con-
centrations assayed in plasma. However, the LOD was 275 nM,
which could be attributed to the poor UV absorbance of dihy-
droresveratrol. Indeed, the validation of the instrument for this
compound gave an LOD of 50 nM and an LOQ of 170 nM (data
not shown). The precision of the method was acceptable, as
shown by the intraday and interday coefficients of variation which
were below 15%, which is considered acceptable (15). Moreover,
the HPLC method was reproducible and linear over a wide range
of concentrations (5—100 uM). Consequently, the validation of
the method showed good reproducibility, accuracy, precision, and
recovery in the assays of dihydroresveratrol in rat plasma.

Once the method was validated, it was applied to the detection
of dihydroresveratrol and its metabolites in rat plasma after the
oral administration of 60 mg/kg. This compound was detected in
plasma, along with its glucuronide and sulfate conjugates, which
were identified by HPLC-MS. Dihydroresveratrol was exten-
sively metabolized, and 30 min after its oral administration, the
concentrations of its glucuronide and sulfate conjugates were 38-
and 6-fold higher, respectively, than the parent compound. In a
previous study by our group, the chemopreventive activity of
trans-resveratrol in a rat model of colon cancer induced by 1,2-
dimethylhydrazine was assessed. After the oral administration of
60 mg/kg of trans-resveratrol for 49 days, dihydroresveratrol was
the most abundant compound in colon, followed by trans-
resveratrol glucuronide and small amounts of trans-resveratrol
and its sulfate conjugate (2/). Consequently, dihydroresveratrol
formed in the colon could be absorbed, thus reaching blood and
urine as indicated previously (6, 8).

Although the different frans-resveratrol conjugates have been
comprehensively described (16), little is known about dihydror-
esveratrol. The hydrogenation of the aliphatic double bond of
trans-resveratrol by the intestinal flora rendered a metabolite with
different UV absorption properties from the parent compound.
The poor sensitivity observed for dihydroresveratrol even when
dissolved in water indicates that it might not be detected at low
concentrations. In addition, the UV maximum changed from 306
nm for trans-resveratrol to 276 nm for dihydroresveratrol. There-
fore, when monitoring samples for frans-resveratrol, unless the
detectors were also set at 276 nm, dihydroresveratrol might have
been unnoticed. Boocock et al. (2007) reported their inability to
find dihydroresveratrol in their samples since neither their UV-
HPLC conditions nor their LC-MS/MS system was optimized for
its detection (22). Moreover, the different UV spectra obtained by
diode-array detection could have constituted an additional draw-
back to the detection of this metabolite.

In conclusion, the HPLC method described herein possesses
appropriate sensitivity, accuracy, and reproducibility for analysis
of dihydroresveratrol in preclinical investigations. Furthermore,
HPLC analysis enables the separation of dihydroresveratrol
metabolites, and when coupled with tandem mass spectrometry,
provides a useful tool for metabolism studies.

ABBREVIATIONS USED

LOD, limit of detection; LOQ, limit of quantification; SPE,
solid-phase extraction; RSD, relative standard deviation.
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CAPITOL 2. ESTUDI DE L’EFECTE QUIMIOPROTECTOR DEL frans-RESVERATROL EN UN MODEL
DE LESIONS PRENEOPLASTIQUES INDUIDES PER 1,2-DIMETILHIDRAZINA EN COLON EN RATA

Aquest capitol es troba desglossat en dos apartats. El primer, redactat en catala sota el
format d’article, recull la posta a punt d’'un model animal d’induccié de lesions
preneoplastiques per 1,2-dimetilhidrazina en rata. El segon apartat mostra els resultats de

I'efecte protector del trans-resveratrol recollits en l'article 2.

Article 2:

trans-Resveratrol reduces precancerous colonic lesions in dimethylhydrazine-treated rats.
Alfaras, 1., Juan, M.E., Planas, J.M.
J. Agric. Food Chem. 2010, 58, 8104-8110.

Els resultats obtinguts han donat lloc a les seglients comunicacions a congressos:

e Daily oral administration of trans-resveratrol reduces aberrant cript foci in 1,2-
dimethylhydrazine treated rats
Alfaras, |., Juan, M.E., Planas, J.M.

Presentada com a poster en el congrés:

XXIV" International Conference on Polyphenols
Salamanaca, 8 — 11 de juliol de 2008

e Determination of trans-resveratrol and its metabolites in colon content and their
effects in a colon cancer model in rat

Alfaras, |., Juan, M.E., Lozano, G., Planas, J.M.
Presentada com a poster en el congrés:

5" International Meeting, Advances in Antioxidants (Trace Elements,
Vitamins and Polyphenols): Molecular mechanisms, nutritional and Clinical
Aspects

Monastir — Sousse, Tunisia, 11 - 15 d’octubre de 2008

33



I1l. RESULTATS ~ CAPITOL 2

2.1. Posta a punt d’'un model de cancer de colon en rata

2.1.1. Introduccid

La carcinogénesi és un procés molt complex de caracter maligne, en el qual intervenen
successos a nivell cel-lular, molecular i morfoldgic. El procés es pot dividir en tres etapes:
iniciacio, promocié i progressié. La iniciacid es produeix quan les cél-lules normals
s’exposen a agents carcindgens quimics, virics o fisics a la natura, que donen com a
resultat canvis a nivell gendmic que proporcionen a les cél-lules capacitats per proliferar.
La promocio és I'expansié clonal de les cél-lules iniciades que normalment ve associada
a alteracions morfologiques i fenotipiques. |1, finalment, en la progressioé intervenen canvis

genotipics i fenotipics associats amb malignitat i metastasi (Sugimura, 1992).
2.1.1.1. Inducci6é de cancer de colon en rates

La majoria de carcinomes a colon es desenvolupen a partir de focus de criptes aberrants
(FCA). Ara bé, aquest desenvolupament pot seguir diferents vies donant lloc a tumors

esporadics, poliposi adenomatosa familiar (PAF) i cancer colorectal hereditari no polipos.

Atés que el desenvolupament espontani de cancer de colon en rates té una freqiiéncia
molt baixa (Wells et al., 1938), I'Us de carcindgens és necessari per a la seva induccio. Es
creu que els tumors induits quimicament en rosegadors sén els millors models que es
tenen a I'abast per obtenir resultats traslladables a la clinica. El creixement tumoral en
rosegadors comparteix moltes caracteristiques histologiques i genétiques amb el dels
humans. Per tant, aquests models reproduibles permeten estudiar les influencies que
poden modificar [linici i desenvolupament del cancer de codlon sota condicions

estrictament controlades (Corpet i Pierre, 2005).
2.1.1.2. Dihidroclorur d’1,2-dimetilhidrazina (DMH)

Druckrey et al. (1967) van descriure que la DMH tenia la capacitat de produir cancer de
colon a diferents espécies de rosegadors. Aquesta especificitat depén de la dosi
administrada, la via dadministraci® i el moment d'observacid. L’administracio
intraperitoneal del carcinogen provoca la formacid6 de tumors al cdlon, en canvi,
'administracioé oral o subcutania pot donar també tumors a altres 6rgans. Actualment és
el carcinogen intestinal més utilitzat, ja que indueix cancer de colon en més del 80% de

les rates administrades.

La DMH té activitat alquilant en 'ADN i també té propietats mutagéniques (Maskens,
1981). La lesid pre-mutagénica O°-metilguanina, que indueix la transici6 GT - AT, ha
estat detectada a ’'ADN de teixits de rates exposades a aquest compost (Herron i Shank,
1982).
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Aquesta hidrazina és un procarcinogen que H HCI
requereix activaci6 metabodlica a dins I'organisme DMH /N\ /CH3
. . . , H,;C N

per produir el carcinogen actiu. La DMH és 3 H HCl
metabolitzada pels hepatocits pero el colon per si l Oxidaci6
mateix també té la capacitat de metabolitzar aquest AM HyC—N=N—CH,
carcinogen fins a donar metabdlits també actius

] ] . l N-Oxidacio
amb les mateixes propietats carcindgenes que la

DMH (Glauert i Bennink, 1983). Aquests metabdlits AOM 4

actius soén I'azoximeta (AOM) i el metilazoximetanol AaCN=N=CH,
(MAM), aquest ultim no és tan organoespecific a l Hidroxilacio
colon com la DMH o 'AOM (Figura 111.1.). Després MAM ?

el MAM donara un intermediari altament reactiu que HOH,C—N=N—CH,
es diu 6 metildiazoni (MD). Aquest 6 es l
descompondra en nitrogen molecular i i6 carboni, el MD H3C—N+:_N

qual és capa¢ de metilar I'ADN, I'ARN i les l

proteines. 16 carboni CHg

Els catabdlits de la DMH s’excreten principalment gigura W11, Metabolisme de la 1,.2-

dimetilhidrazina (DMH). AM: azomets;
AOM: azoximeta; MAM: metazoximetanol;

menys proporcid. Els principals metabolits en aire MD: metildiazoni.
expirat sébn CO, i azometa (AM), i en orina trobem DMH inalterada, AM, AOM i MAM
(Fiala, 1975).

per pulmé i per via renal, també per via biliar en

2.1.1.3. Descripcié de lesions preneoplastiques induides per DMH

S’ha vist que la mutacié del gen que codifica la proteina APC (acronim de l'anglés
adenomatous polyposis coli) és caracteristica de la PAF i també és present en la majoria
dels cancers colorectals esporadics (Kinzler i Vogelstein, 1996). La proteina APC forma
un complex amb l'axina i la quinasa glicogensintasa-33 permetent la fosforilacio i
posterior degradacié d’una altra proteina, la B-catenina (Xing et al., 2003). Si es dobna la
mutacio al gen Apc, es produeix una acumulacié al citosol de (-catenina no fosforilada
que viatja al nucli i s"associa amb un factor de transcripcio, el Tcf4, induint la proliferacié

cel-lular no controlada.

A les lesions preneoplastiques induides per DMH, freqlientment hi ha mutacions k-ras, tal
com succeeix en els tumors humans, perd en pocs casos hi ha mutacié del gen Apc i mai
hi ha mutaci6 al gen p53 (Sohn et al., 1999). Ara bé, tot i que el gen Apc quasi no es veu

afectat, s’ha vist una acumulacié de B-catenina al nucli a causa d’'una mutaci6é d’un altre
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gen, el Ctnnb1, que provoca que la B-catenina no es degradi i indueixi una proliferacié

cel-lular descontrolada, aixi com succeeix en els tumors humans (Femia et al., 2005).
= Focus de criptes aberrants (FCA)

Els FCA es consideren lesions preneoplastiques, i consisteixen en el primer canvi
morfologic identificable en la formacié d’'un cancer colorectal (Kinzler i Vogelstein, 1996).
La displasia que exhibeixen alguns FCA és una caracteristica de cél-lules precanceroses
a diversos organs, i mostren caracteristiques atipiques tant proliferatives com
genotipiques que també es veuen en cancer de colon. Per tant, els FCA es poden
correlacionar amb el risc de patir cancer de colon aixi com amb el nombre i la mida dels

adenomes en humans.

Els FCA van ser identificats per primer cop en colon de rosegadors tractats amb
carcinogen mitjangant un métode senzill, 'observacié a microscopi de la superficie de la
mucosa tenyida amb blau de metilé (Bird, 1987). Els FCA apareixen rapidament després
de l'exposicidé al carcinogen i es mantenen al colon temps després. Perd la majoria
d’aquests FCA romanen a la mucosa durant llargs periodes sense que es produeixi cap
canvi morfoldgic. Son lesions hiperplastiques que no tenen potencial per tornar-se
malignes. Per altre banda, hi ha un petit grup dels FCA denominats per alguns
investigadors com a displasics (Takahashi et al., 2000) que tenen potencial neoplastic

tant en rosegadors com en humans.

L’examen de la superficie de la mucosa permet la quantificacié del nombre, la distribucié
al llarg de I'intesti gros i la determinacié de la multiplicitat dels FCA. EI numero de FCA es
considera predictiu en rosegadors i el seu creixement pot ser modificat per moduladors

del cancer de colon (Wargovich et al., 2000).
= Focus amb deplecié de mucines (FDM)

Els FDM sén FCA que es caracteritzen per I'abséncia total o gairebé total de produccio de
mucines. Aquestes lesions es poden visualitzar a la superficie de la mucosa mitjancant la
tinci6 anomenada ferro diamina-blau alcia (HID-AB, acronim anglés de high-iron diamine
alcian blue) que permet diferenciar les criptes aberrants que presenten mucina de les que
no en secreten o FDM (Caderni et al. 2003).

Histologicament, els FDM sén lesions més displastiques que els FCA comuns, els quals
no tenen una disminuci6 en la produccié de mucines. Conseglientment, el nombre d’FDM
és menor al d’FCA en rates exposades a la mateixa dosi de carcinogen (Caderni et al.
2003). S’han realitzat diversos estudis d’aquestes lesions i s’ha vist que la proporcid
d’FDM respecte al numero total d'FCA augmenta en preséncia de promotors de la

carcinogenesi del colon com l'acid cdlic, la vedella i la botifarra de sang (Femia et al.,
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2004; Pierre et al., 2004) i disminueix amb agents quimiopreventius com el piroxicam o
els simbiotics (Caderni et al., 2003; Femia et al., 2004).

El nombre d’FDM, aixi com el d’FCA, és dependent de la dosi de DMH administrada a les
rates (Femia et al., 2005). Per tant, alguns grups d’investigacié han utilitzat no només el
recompte d’FCA, sin6 també el recompte d’FDM en la mucosa coldonica com a un criteri
més especific per a I'estudi de predicci6 de cancer de colon en rates mitjancant la

induccié amb carcinogens.
2.1.2. Material i métodes
2.1.2.1. Reactius i substancies utilitzades

La DMH (ref. 40690), la formalina neutra tamponada al 10% (HT501128) i els colorants
necessaris per a les tincions es van obtenir de Sigma-Aldrich (St. Louis, EE.UU). L’acid
acetic va ser de Sharlau Chemie S.A. (Barcelona, Espanya). L’hidroxid sodic és va
adquirir a Merck (Darmstadt, Alemanya) i l'acid etilendiamintetraacétic (EDTA) a
Farmitalia Carlo Erba (Mila, Italia). L’aigua utilitzada a tots els experiments es va passar a

través d’un sistema de purificacioé Milli-Q (18 mQ, Millipore, Mila, Italia).
2.1.2.2. Animals d’experimentaci6

Es van utilitzat 16 rates mascle Sprague-Dawley que van estar alimentades amb pinso
estandard de manteniment (2014 Teklad Global 14% Protein Rodent Maintenance Diet,
Harlan, Espanya) i aigua ad libitum. Els animals es mantingueren en condicions de
temperatura (22 + 3°C) i humitat (50 £ 10%) controlades i amb cicles de llum-foscor de 12

hores a I'estabulari de la Facultat de Farmacia de la Universitat de Barcelona.
2.1.2.3. Tractament

La inducci6 del cancer de colon es realitza amb I'administracié per via intraperitoneal de
DMH a la dosi de 20 mg DMH/kg un cop per setmana. La solucié es va preparar
immediatament abans de ser administrada a sota la campana de gasos i complertes
mesures de seguretat, a partir d’'una soluci6 dEDTA 1 mM a pH 6.5. A les rates control
se’ls administra el mateix nombre d’injeccions que a les tractades amb DMH pero es va
utilitzar solament la soluci6 d’EDTA, sense el carcinogen. El volum a injectar va ser 1

mL/kg i s’ajusta per cada animal a partir del pes corporal en el moment de I'administracié.
Per tal de posar a punt el model animal, s’establiren els seglents grups experimentals:

= Control. Els animals reberen per injeccio intraperitoneal el solvent. El sacrifici es
realitza a les setmanes 2, 3 i 4 respectivament, a partir de la primera administracio (n
=4).
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= Grup 1: 2 DMH + 1 set. S’administraren dues dosis de 20 mg/kg de DMH, una per

setmana, i una setmana després (la setmana 2) es van sacrificar les rates (n = 4).

= Grup 2: 3 DMH + 1 set. S’administraren tres dosis de 20 mg/kg de DMH, una cada

setmana, i s’espera una setmana (setmana 3) abans del sacrifici (n = 4).

= Grup 3: 3 DMH + 2 set. També s’administraren dosis de 20 mg/kg de DMH
setmanals, durant 3 setmanes. Perd després van passar dues setmanes sense rebre

cap administracié abans del sacrifici (n = 4).

Durant tot el procés es va controlar el pes corporal aixi com el consum d’aigua i pinso. La
manipulacié dels animals al llarg de tot el tractament, aixi com el seu sacrifici, es duren a
terme segons els procediments autoritzats pel Comité Etic d’Experimentacié Animal de la
Universitat de Barcelona i seguint les recomanacions de la Federation of European

Laboratory Animal Science Associations (1995).
2.1.2.4. Obtenci6 de mostres

Els experiments es van realitzar sempre a primera hora del mati sense sotmetre els
animals a dejuni previ. Primer de tot s’anestesiaren les rates amb xilacina (Rompun®
Bayer Leverkusen, Alemanya) i ketamina (Imalgene® 500 Rhéne Mérieux, Lyon, Franga),
a una dosi de 0,1% i 0,01% volum/pes corporal. Un cop anestesiades, es realitza una
laparotomia i es va extreure el colon. L'extraccié es realitza des del cec fins al recte. El
colon es va dividir en tres parts d’aproximadament la mateixa longitud, corresponents al
segments proximal (més proper al cec), medial (la part central del colon) i distal (més
proper al recte). Les tres parts obtingudes del colon es netejaren per dintre amb tampd
fosfat sali (PBS) amb ajuda d’'una xeringa de 10 mL. Seguidament, s’assecaren

lleugerament amb paper de filtre i es mesura el pes humit.

Els segments es col-locaren sobre una placa de poliestiré i se’ls va fer un tall longitudinal
seguint el mesenteri per fixar-los oberts. Un cop oberts s’estiraren procurant que
'amplada fos constant al llarg de cada tros d’intesti. De cada segment es mesura la
longitud de l'intesti i 'amplada; a partir d’aquestes dades es va calcular I'area de cada
segment. Seguidament es subjectaren els extrems del teixit amb agulles 25G a la placa
de poliestire. Les diferents parts del colon es col-locaren en un recipient rectangular i es
va afegir un volum de formalina tamponada suficient com per cobrir completament les
mostres. Es tancaren herméticament i es mantingueren a 4°C durant un minim de 24

hores.
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2.1.2.5. Recompte de focus de criptes aberrants

La tinci6 amb blau de metilé al 0,2% s'utilitza per observar les criptes aberrants. La
solucié del colorant es va preparar dissolent en calent el blau de metilé en PBS. El colon
es va submergir en un bany de blau de metilé que es filtra just abans de la seva
utilitzacié. Els temps de tinci6 foren diferents en funcié del segment, aixi doncs el

segment proximal es va tenyir durant 8 minuts i el medial i el distal 10 minuts.

Acte seguit, es va preparar la mostra per a I'observacidé en microscopi optic. El tros
d’intesti tenyit es col-loca amb cura en un portaobjectes, seguidament s’afegiren unes
gotes de PBS per a una millor observacioé i per evitar 'assecament de l'intesti durant el
procés. Les mostres s’observaren a 10 augments i en casos concrets a 20 augments per

a una millor visié puntual d’alguna cripta aberrant.

El criteri seguit per al recompte va ser aquell descrit per Bird (1987) en el qual es va
establir que les criptes aberrants presenten una mida de 2 a 3 vegades superiors a les
normals, sbn més elevades que les criptes normals, presenten una obertura allargada i
queden més tenyides amb blau de metilé que les criptes normals. Es va fer el recompte

d’FCA aixi com del nombre de criptes aberrants (CA) present a cada focus.
2.1.2.6. Recompte de focus amb deplecié de mucines

Un cop mesurats els FCA, els colons es van mantenir en formalina tamponada neutra al
10% a 4°C, fins al seu us amb la tincié HID-AB que permet la visualitzacié de la produccié

de mucines, seguint un protocol descrit anteriorment (Caderni et al., 2003).

El teixit a tenyir va passar per diferents solucions realitzant la tinci6 en dos fases. A la
primera fase, el teixit préviament rentat amb PBS es deixa submergit en la solucié ferro
diamina entre 18 i 24 hores a temperatura ambient i a les fosques. Per a la preparacio
d’aquest colorant es va fer primer una solucié de clorur de ferro al 60%. Després, per a la
solucio ferro diamina, es va dissoldre 120 mg de N,N-dimetil-p-fenilendiamina i 20 mg de
N,N-dimetil-m-fenilendiamina en 50 mL d’aigua mQ, i a aquesta solucio es va afegir 1,4
mL de la solucié de clorur de ferro al 60% préviament preparada. Tots aquests reactius es

protegiren de la llum.

En una segona fase, passades entre 18 i 24 hores, el teixit es renta un altre cop amb PBS
i es va procedir a la tinci6 amb els colorants blau alcia i vermell neutre. El blau alcia es
prepara a I'1% en una solucié aquosa d’acid aceétic al 3%. Un cop dissolt, s’ajusta el pH a
2,5 es vafiltrar. Després s’afegiren uns cristalls de timol com a conservant. La soluci6 de
vermell neutre es va preparar mitjangant la dissoluci6é d’1 g de vermell neutre i 2 mL d’una
solucié aquosa d’acid aceétic a I'1% en 1000 mL d’aigua mQ. Un cop dissolt es va filtrar la

solucid. El teixit rentat es tenyi durant uns 5 minuts aproximadament en la solucié de blau
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alcia. Després es va rentar amb PBS i es deixa uns 2 minuts més en la soluci6é de vermell

neutre. Finalment, es va tornar a rentar amb PBS.

Un cop el colon va estar tenyit es situa en un portaobjectes, s’afegiren unes gotes de PBS
per a millorar I'observacio al microscopi i es va fer el recompte dels FDM. La classificacio
dels FDM es realitza de la mateixa manera que es van classificar els FCA tenyits amb
blau de metilé. Aquesta tinci6 permet veure la produccié de sulfomucines i mucines
carboxilades ja que queden tenyides de color blau fosc, per tant, aquelles CA que no es
van tenyir mitjancant la tinci6 HID-AB es consideraren CA amb deplecié de mucines.
L’observacié al microscopi es realitza a 10 augments, podent utilitzar augments superiors
en cas de dubte. El criteri seguit per al recompte va ser igual a I'anterior sols que en els

FDM hi va haver una deplecié o quasi deplecié de mucines tenyides.
2.1.2.7. Tractament de les dades

Els resultats s’han expressat com a mitjana * error estandard. L’analisi estadistica es va
dur a terme amb el programa GraphPad Prism 3.02. Les diferéncies entre grups es van
avaluar mitjangant el test de la t de Student. Els valors de P < 0,05 es van considerar com
a diferéncies estadisticament significatives. Les imatges de la superficie de la mucosa es
van obtenir amb el programa informatic de captacié d’imatges KAPPA Image Base -
Control 2.6 (KAPPA optp-electronics GmbH, Gleichen, Alemanya).

2.1.3. Resultats

2.1.3.1. Evoluci6 del pes corporal

Per tal de comprovar que el tractament 400
amb DMH no afectava a I'evolucié del pes 350
corporal de les rates durant I'experiment, | _ 300
. g = 250 -
es va fer un seguiment periodic del pes. En | E
£ 200
la Figura 1l1l.2. es pot veure que entre | S 150
w
a
l'evolucié del pes corporal de les rates |2 1gg .
—&— Contral 2DMH + 1 set
tractades i el de les rates control no hi ha 50 3DMH + 1 set —8—3 DMH + 2 set |~
. ‘ . 0 T T T T T |
diferencies. 0 5 10 15 20 25 30
Temps (dies)

Les rates del grup 1 han evolucionat de
244 + 27,2 g fins a 312 £ 3,5 g. L’increment
de les rates del grup 2 és de 240 + 425 g

Figura Il.2. Evolucié del pes corporal. Els resultats
s’expressen com a mitjana + error estandard. No
s’observen diferéncies estadistiques. DMH: 1,2-

fins a 352 + 5,50 g. El de les del grup 3 és dimetilhidrazina.
de 243 + 32,5 fins a 349 + 2,73 g. L’evolucié de les rates control és de 248 £ 9,70 g a
l'inici de I'experiment, 309 + 10,3 g a la segona setmana, 326 + 12,1 a la tercera setmana

i 338 £ 17,2 g a l'ultim dia. Aquesta evolucié és constant al llarg del temps tal i com

41



I1l. RESULTATS ~ CAPITOL 2

s’observa a la Figura llIl.2. L’analisi estadistica mostra que no hi ha diferéncies

significatives entre els grups.
2.1.3.2. Consum de pinso i aigua

També s’ha fet un seguiment periddic del consum de pinso i d’aigua, per veure si el

tractament modifica el consum de les rates tractades amb el carcinogen.

200 250
180
160 — 200 %
S 140 B 3 E
a 120 = 150
=
a 100 =z
o 3
= 80 £ 100
w
* 60 =
o =]
40 | ——Control 2DMH + 1 set > gp || —*—Control 2DMH + 1 set
20 L 3DMH + 1 set ——3 DMH + 2 set 3DMH + 1 set ——3DMH + 2 set
05 1 15 2 25 3 35 4 445 05 1 15 2 25 3 35 4 45
Temps (set) Temps (set)

Figura Il.3. Consum de pinso setmanal. Els resultats ~ Figura Ill.4. Consum d’aigua setmanal. Els resultats
s’expressen com a mitjana * error estandard. No  s’expressen com a mitjana = error estandard. No
s’observen diferéncies estadistiques. DMH: 1,2-  s’observen diferencies estadistiques. DMH: 1,2-
dimetilhidrazina. dimetilhidrazina.

El consum de pinso setmanal es manté constant durant tot I'experiment i tal i com mostra
la Figura I11.3. El consum mitja setmanal de pinso de les rates control és de 140 + 1,46 g.
El consum de les rates del grup 1, 2i 3 és de 139 £+ 0,39 g, 147 £ 3,459gi 145+ 0,98 g
respectivament. Aquests resultats no donen diferéncies significatives al realitzar I'analisi

estadistica excepte entre els grups 1i 3 (P < 0,01).

El consum setmanal d’aigua es pot veure a la Figura lll.4. El consum d’aigua mitja
setmanal del grup control és de 200 £ 4,23 mL. Els dels grups 1, 2, i 3 s6n de 202 + 4,99
mL, 197 £ 2,00 mL i 203 + 4,38 mL, respectivament. No hi ha diferéncies significatives en

el consum d’aigua entre els diferents grups.
2.1.3.3. Dades morfométriques

Un cop extret el segment del codlon s’ha mesurat el pes humit, la longitud i 'amplada. A
partir de la longitud i 'amplada es calcula I'area de cada segment i I'area total. Tal i com
s’observa a la Taula Ill.1., 'area del colon dels diferents grups no mostren diferéncies
significatives amb la del grup control. Quan I'area s’ha normalitzat pel pes tampoc s’han
evidenciat diferéncies entre els diferents grups.
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Grup Segment Pes humit Areg ‘Area I pes Area colon ‘Area I pes
(9) (cm?) colon (cm?/g) (cm?) colon (cm?/g)
Proximal 0,68 +£0,09 8,11+£0,37 13,4 £ 2,03
Control Medial 0,40+£0,05 6,25+1,21 15,1+ 1,42 20,3 + 2,86 14,2+ 2,10
Distal 0,34+0,04 591+1,92 16,6 £ 3,89
Proximal 0,61+0,06 8,90+%1,17 14,5+ 0,816
Grup 1 Medial 0,56 +0,02 8,44 +0,39° 15,2+ 0,216 26,0+1,64 14,1+0,870
Distal 0,44 + 0,01 8,59 + 0,61 19,3+ 1,14
Proximal 0,60+£0,02 9,34+0,73 15,5 £ 0,922
Grup 2 Medial 0,54 +£0,02 7,56 0,78 13,9 £ 0,803 27,8 £ 2,21 16,0 £ 0,594
Distal 0,58+0,05 10,9 +1,12° 18,6 £ 1,04
Proximal 0,56+0,05 8,80+0,30 15,6 £ 1,09
Grup 3 Medial 0,46 +0,03 7,53 +0,23° 16,6 £ 0,776 25,5+ 1,56 18,1 £ 1,38
Distal 0,39+0,02 9,13 +1,30" 23,2+2,48

Taula lll.1. Mesures morfomeétriques dels segments de colon i area total del colon. Els resultats s’expressen

com a mitjana + error estandard. P < 0,05, ® vs. Control; ® vs. Grup 1; ¥ vs. Grup 2.

2.1.3.4. Recompte de focus de criptes aberrants

El recompte s’ha portat a terme per a cada segment de colon. Els FCA observats es
classifiquen segons el numero de CA que els formen: 1, 2, 3, 4, 5, 6 i més de 6 CA. El
recompte total d’FCA al colon s’ha realitzat amb I'objectiu de comprovar la relacié directa
entre el numero de dosis de DMH administrades intraperitonealment a les rates amb
I'aparicié de les lesions preneoplastiques. Com es pot veure a la Figura Ill.5. a més dosis,
més numero d’FCA sbén observats. EI numero total d’FCA del grup 1 és de 59,7 + 18,7. |
el dels grups 2 i 3 és de 227 + 24,0 i 224 + 38,3 respectivament. En el grup control no
s’han trobat FCA.

Per tal de veure quina part del colon presenta més FCA, també s’ha tingut en compte el
namero d’FCA que hi ha a cada segment. S’ha comprovat que l'aparici6 dels FCA
augmenta a mesura que ens apropem meés al recte. Per tant, a la part distal del colon és
on trobem més FCA i a la part proximal del colon gairebé no apareixen CA com mostra la

grafica de la Figura I11.6.
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Figura IIl.5. Recompte total de focus de criptes aberrants
(FCA) a colon sencer. El resultat s’expressa com a
mitjana + error estandard. Les mitjanes amb lletres
distintes presenten diferéncies estadisticament
significatives (P < 0,05). DMH: 1,2-dimetilhidrazina.
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Figura Ill.6. Recompte de focus de criptes aberrants
(FCA) a cada segment de colon. El resultat s’expressa
com a mitjana * error estandard. Les mitjanes amb lletres
distintes presenten diferéncies estadisticament
significatives entre grups. Diferéncies entres els segments
de cada grup: proximal < medial < distal (P < 0,05). DMH:
1,2-dimetilhidrazina.

El grup control no presenta FCA en cap segment. Al segment proximal, només el grup 2

presenta FCA, trobant-ne 3,33 + 2,33. Al segment medial, el recompte del grup 1 és de
15,7 + 6,49 FCA, el del grup 2 és de 56,7 + 11,6 FCA i el del grup 3 és de 48,3 + 7,80
FCA. |, finalment, al segment distal del colon, el nombre d’FCA comptats pel grup 1 és de
44,0 + 12,5, pel grup 2 és de 168 + 18,8 i pel grup 3 és de 176 + 39,3.

També s’ha calculat la multiplicitat dels FCA que és la mitjana de CA que hi ha a cada

FCA. La multiplicitat augmenta quan s’administren més dosis de carcinogen i a mesura

que passa més temps després de I'GItima injeccié intraperitoneal. Es a dir, que les rates

tractades amb 3 dosis de DMH tenen una major multiplicitat dels FCA; i d’aquestes, les

que han viscut una setmana més encara incrementa més. Els resultats que es mostren a

la Figura 111.7. sén referits a multiplicitat a tot el colon. La multiplicitat del grup 1 és d’1,04
+ 0,02 CA/FCA, la del grup 2 és d’'1,26 + 0,04 CA/FCA i la del grup 3 és d'1,55 + 0,08
CA/FCA. Atés que en el grup control no s’han trobat FCA, la multiplicitat és 0.

A la Figura 111.8. es representa la multiplicitat a cada segment del colon. EI grup control no

presenta multiplicitat ja que no té cap FCA. Al segment proximal el grup 2 té una

multiplicitat d’1,00 + 0,00 CA/FCA. Al segment medial, el grup 1 presenta una multiplicitat
d’1,05 + 0,04 CA/FCA, la del grup 2 és d’1,19 £ 0,09 CA/FCA i la del grup 3 és d'1,40
0,28 CA/FCA. En el segment distal, la multiplicitat del grup 1 és d’1,04 + 0,04 CA/FCA, la
del grup 2 és d'1,30 £ 0,12 CA/FCA i la del grup 3 és d’1,58 + 0,10 CA/FCA.
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Figura IIl.7. Multiplicitat, representada com a criptes
aberrants per cada focus (CA/FCA), a colon sencer. Els
resultats s’expressen com a mitjana + error estandard.
Les mitjanes amb lletres distintes mostren diferéncies
estadisticament significatives (P < 0,05). DMH: 1,2-
dimetilhidrazina.

Figura IIl.8. Multiplicitat, representada com a criptes
aberrants per cada focus (CA/FCA), a cada segment del
colon. Els resultats estan expressats com a mitjana +
error estandard. Les mitianes amb lletres distintes
presenten diferéncies estadisticament significatives entre
grups. Diferéncies entres els segments de cada grup:
proximal < medial = distal (P < 0,05). DMH: 1,2-
dimetilhidrazina.

2.1.3.5. Recompte de focus amb deplecié de mucines

Després de la tincié HID-AB s’ha fet el recompte de CA perd amb deplecié de mucines.

En cap cas, s’han trobat FDM al colon de les rates control. El recompte total d’FDM, tal i

com es pot observar a la Figura II1.9., pel grup 1 és d'1,50 £ 0,50, pel grup 2 és de 7,00

1,53 i pel grup 3 és de 8,33 + 0,88. No s’han trobat FDM al grup control.

També s’ha trobat diferéncies quan el recompte es fa per segments, tal i com es pot

veure a la Figura Il1.10. Les diferéncies entre segments no es veuen tan marcades com

amb el recompte d’FCA. El grup control no presenta FDM en cap segment. En els grups

tractats no es troben FDM al segment proximal a diferéncia del medial i distal. Al segment

medial, el grup 1 no té FDM, el recompte del grup 2 és de 3,33 + 0,67 FDM i el del grup 3
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Figura IlI1.9. Recompte total de focus amb deplecié de
mucines (FDM) a colon sencer. El resultat s’expressa
com a mitjana % error estandard. Les mitjanes amb lletres
distintes presenten diferéncies estadisticament
significatives (P < 0,05). DMH: 1,2-dimetilhidrazina.

Figura I11.10. Recompte focus amb deplecié de mucines
(FDM) a cada segment de colon. El resultat s’expressa
com a mitjana * error estandard. Les mitjanes amb lletres
distintes presenten diferéncies estadisticament
significatives entre grups. Diferéncies entre els segments,
Grup 1: proximal = medial < distal; Grup 2: proximal <
medial = distal; Grup 3: proximal < medial < distal (P <
0,05). DMH: 1,2-dimetilhidrazina.

45



I1l. RESULTATS ~ CAPITOL 2

és de 2,00 + 0,58 FDM. Finalment, al segment distal del colon, el nombre d’FDM és pel
grup 1d’1,50 £ 0,50, pel grup 2 és de 3,67 + 0,88 i pel grup 3 és de 6,33 £ 1,45.

També s’ha tingut en compte el
percentatge d’FDM que hi ha del total
de FCA comptades en el colon sencer.
A la Figura 1ll.11. es poden veure els
resultats. El percentatge d’FCA que son
FDM és de 2,21 £ 0,23 % al grup 1, de
3,06 £ 0,62 % al grup 2 i de 3,79 + 0,28

% al grup 3.

Aixi com amb els FCA, també s’ha
tingut en compte el nombre de CA que
hi ha per cada FDM. A la Figura II1.12.
s’observen els resultats obtinguts a

colon sencer. La multiplicitat al grup 1
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Figura lll.11. Percentatge de focus amb depleci6 de
mucines (FDM) respecte el total de focus de criptes
aberrants (FCA) a colon sencer. Els resultats s’expressen
com a mitjana * error estandard. Les mitjanes amb lletres
distintes mostren diferéncies estadisticament
significatives (P < 0,05). DMH: 1,2-dimetilhidrazina.

és d’1,00 £ 0,00 CA/FDM, al grup 2 és d'1,52 + 0,19 CA/FDM i al grup 3 hi ha una

multiplicitat d’1,94 + 0,13 CA/FDM.

A la Figura 1ll.13. es pot observar la multiplicitat a cada segment del colon. Al segment

proximal cap grup presenta FDM, per tant, no s’ha determinat la multiplicitat. Al

segment medial, només els grups 2 i 3 presenten FDM i, per tant, la multiplicitat és
d'1,17 £ 0,29 CA/FDM i d’1,78 + 0,38 CA/FDM, respectivament. Al segment distal
del colon, el grup 1 presenta una multiplicitat d’1,00 £ 0,00 CA/FDM, el grup 2 té
una multiplicitat d’1,85 + 0,38 i el grup 3 una multiplicitat de 2,05 £ 0,33 CA/FDM.
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Figura Illl.12. Multiplicitat, representada com a criptes
aberrants per cada focus (CA/FDM), a coélon sencer. Els
resultats s’expressen com a mitjana + error estandard.
Les mitjanes amb lletres distintes mostren diferéncies
estadisticament significatives (P < 0,05). DMH: 1,2-
dimetilhidrazina.
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Figura Il1.13. Multiplicitat, representada com a criptes
aberrants per cada focus (CA/FDM), a cada segment del
colon. Els resultats estan expressats com a mitjana %
error estandard. Les mitjanes amb lletres distintes
presenten diferéncies estadisticament significatives entre
grups. Diferéncies entre els segments, Grup 1: proximal =
medial < distal; Grup 2: proximal < medial < distal; Grup 3:
proximal < medial = distal (P < 0,05). DMH: 1,2-
dimetilhidrazina
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2.1.4. Discussio

El cancer de colon progressa en etapes, frequentment caracteritzades per lesions
intermédies, amb mutacions i delecions en gens reguladors claus, que poden acabar
evolucionant fins a un tumor. En el procés de la carcinogénesi s’ha identificat una série de
lesions preneoplastiques que poden ajudar a la deteccié dels carcinomes en estadis
inicials. Si aquest procés de formacié de carcinomes s’aplica a rosegadors, s’obté un
model en animals d’experimentacié que permet la possibilitat d’entendre millor la
carcinogenesi. Aixi mateix possibilita I'ls d’aquest model en l'estudi de diferents
compostos amb potencial anticancerigen (Wargovich et al., 2000; Suh et al., 2007) aixi
com l'estudi de l'efecte que poden tenir diferents dietes en l'evolucié del cancer
(Verghese et al., 2002; Raju i Bird, 2003).

S’han identificat diferents tipus de lesions preneoplastiques en rosegadors. En primer
terme, es van identificar els FCA (Bird, 1987). Aquestes lesions també es van trobar en
humans (Pretlow et al., 1991) i s'utilitzen per al cribratge de substancies
quimiopreventives perd també per a I'avaluacié del risc ambiental de diferents compostos.
També es van identificar els FDM (Caderni et al., 2003) que tenen un paper important en
el desenvolupament de tumors. Aquests dos tipus de lesions preneoplastiques es poden
visualitzar a la superficie de la mucosa mitjangant diferents tincions. Per tant, la seva
observacié pot permetre la valoracié del poder quimiopreventiu de diferents molécules

d’'una manera senzilla.

Les rates desenvolupen lesions preneoplastiques en el colon de rata en molt baixa
frequéncia de manera espontania (Wells et al., 1938). En canvi, hi ha molts compostos
que poden induir cancer de colon en rosegadors, com per exemple la 2-amino-1-metil-6-
fenilimidazo[4,5-b]piridina (Nakagama et al., 2005) o la DMH. D’aquests els més emprats
s6n la DMH o el seu metabolit, ’TAOM. En I'estudi que es presenta es va utilitzar la DMH
per a la inducci6é de lesions preneoplastiques a una dosi de 20 mg/kg de pes corporal de
rata. Les rates es dividiren en 4 grups, un grup control que va rebre injeccions d’EDTA a
pH 6,5, que era el solvent de la hidrazina, i tres grups que variaren de dosi total rebuda
de carcinogen. El grup 1 va rebre dues injeccions i el grup 2 i 3 en van rebre tres. Tot i
que aquests dos ultims grups reberen les mateixes administracions, el temps d’espera

després de I'tltima injecci6 va ser diferent, d’'una i dues setmanes, respectivament.

Per tal d’establir quin numero de dosis de carcinogen era el més adient per a I'estudi de
I'eficacia com a preventiu de cancer de colon d’'un compost, es va analitzar el nimero de
criptes aberrants. En el present estudi s’observa com tres dosis de DMH provoca

I'aparicié de més del triple d’FCA que quan s’administraren dues dosis. Pero, tot i que el
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nombre total d’FCA depén de la dosi, el seu recompte a mateixes dosis i mateix temps
d’espera varia en funcié dels investigadors. Quan s’administraren dues injeccions de 16
mg/kg d’AOM i s’esperaren 8 setmanes després de I'ultima injeccio, el numero de criptes
aberrants va variar entre 150 i 300 FCA al colon (Verghese et al., 2002; Suh et al., 2007).
Per tant, el nombre d’FCA obtinguts en el present estudi va ser l'esperable i
'administracio de tres dosis de 20 mg/kg es va considerar idonia per a I'estudi de I'efecte
quimiopreventiu de diferents compostos. D’altra banda, Jackson i col-laboradors (1999)
van observar que hi havia una relacié directa entre el nUmero de dosis de carcinogen
administrat i el nombre de tumors que es produien al colon. Per tant, el fet que
augmentant la dosi incrementés el nombre d’FCA i també el nombre de tumors, concorda

amb I'afirmacié que els FCA soén lesions preneoplastiques (Kinzler i Vogelstein, 1996).

En el present estudi, perd, aquesta aparicié de criptes aberrants no va ser proporcional a
tot el colon. Es va veure com apareixien més FCA a la part més distal del colon que a la
medial, sent molt baixa o nul-la la preséncia d'FCA a la part proximal. Aquesta
regionalitzacié ja s’havia observat amb anterioritat en altres estudis en rates tractades
amb AOM (Williams et al., 2007). Perd també s’havia vist com aquesta distribucié al llarg
del colon variava en funcié del temps que s’esperava després de l'Ultima injeccié de
carcinogen rebut (Bird, 1995). S’observa que si el temps d’espera era de 28 setmanes, al
segment proximal era on apareixien més criptes aberrants. | si el temps d’espera
s’escurcava fins a les 6 setmanes, el segment distal era el que mostrava major nimero
d’FCA (Bird, 1995).

McLellan et al. (1991) van realitzar un estudi que mostrava com el temps afectava al
numero de CA per cada focus, és a dir, la multiplicitat. Aquesta multiplicitat augmentava
quan més temps passava des de l'Ultima injecci6 de carcinogen. Aquests resultats
concorden amb els obtinguts en aquest estudi. El grup 3, a diferéncia del grup 2, es va
mantenir una setmana més i, en consequéncia, la seva multiplicitat va ser major. També
es va tenir en compte com aquesta variacié de multiplicitat al llarg del temps es podria
veure modificada amb la manipulacié de la dieta en rosegadors (Hambly et al., 1997). Per
tant, és interessant saber que la multiplicitat pot ser un factor important a determinar en
estudis de quimioprevencié perqué permetria valorar si un compost o una determinada

dieta pot retardar, aturar o, fins i tot, impedir I'evoluci6 de les CA.

L’augment de la multiplicitat observat en aquest estudi també es va veure quan es
determina la multiplicitat per a cada segment del colon. La multiplicitat del grup que es va
mantenir més temps després de I'Ultima dosi de carcinogen, grup 3, tant a célon medial

com a colon distal va ser superior a la multiplicitat obtinguda al grup que va rebre només
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dues dosis, el grup 1. | la del grup 2 només va ser significativament diferent del grup 1 a
colon distal.

Els FCA s’han utilitzat com a marcadors de risc de cancer de colon en estudis animals.
Aquests focus exhibeixen diferents caracteristiques preneoplastiques com displasia,
proliferacié anormal (McLellan et al., 1991) i mutacions al gen k-ras (Vivona et al., 1993).
No obstant aixd, pocs FCA presents al colon acaben evolucionant a tumors. A una dosi
determinada el nombre de tumors és sempre més petit en relacié6 amb els FCA totals
trobats. Es més, diversos estudis no troben correlacio entre el nombre d’FCA i la formacio
eventual de tumors (Zheng et al., 1999; Rao et al., 1997). Aix0 ha fet créixer linterés
d’identificar subgrups d’FCA que puguin ser més predictius de la tumorigénesi. Dos
d’'aquests possibles nous marcadors es basen en la produccié de mucines de les cél-lules
de la mucosa colonica: els FCA productors de sialomucines (FPS) i els FDM. S’ha
observat que els FCA que produeixen sialomucines presenten major velocitat de
proliferacié cel-lular, major grau de displasia i un increment de la distorsié de I'obertura de
la cripta que els FCA (Jenab et al.,, 2001; Caderni et al., 1995). Tenint en compte
aquestes evidencies, els FPS sén un sistema millor de prediccié del risc de cancer de
colon que el recompte total de FCA. Més recent és el descobriment dels FDM en el colon
de rates tractades amb AOM, que es caracteritzen per 'abséncia o escassa preséncia de
mucines. Aquestes lesions sén histologicament més displastiques que els FPS, i
apareixen en el mateix ordre de magnitud que els tumors, suggerint que aquests focus
sén precursors directes dels tumors (Caderni et al., 2003). A més, en un estudi realitzat
per Filipe (1975) de produccié de mucines ja es va veure que en zones amb displasia

severa i carcinoma la deplecié de mucines era habitual.

Aquesta displasia dels FDM també es va corroborar per altres autors (Femia et al., 2007).
Aquests van realitzar un estudi en rates F344 a les quals van administrar un carcinogen
per analitzar el tipus de mutacions que es produien tant als FCA com als FDM i als
tumors induits. Van comprovar que la frequéncia d’aparicié de la mutacié del gen APC en
els FDM era la mateixa que la detectada en els tumors induits. Perd, en canvi, aquesta
proporcid no es veia reflectida en els FCA estudiats (Femia et al., 2007). Aixo va reforgar
la idea que els tumors i els FDM induits amb carcinogen estan estretament

correlacionats.

Per tant, posteriorment al recompte d’FCA, es va procedir a fer el recompte d’FDM. El
nombre total d’FDM va ser molt inferior al d’FCA, menys del 4% dels FCA tenien deplecio
de mucines. Aquesta proporcié tan petita ja va ser observada per Caderni et al. (2003)
que administrant dues dosis de 15 mg/kg d’AOM i esperant 15 setmanes després de

I'ultima injeccié, observava una proporcié inferior a un 3% d’FCA amb deplecié de
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mucines. De fet, aquesta baixa incidéncia la va relacionar amb la poca aparicié de tumors
en rates tractades amb la mateixa dosi de carcinogen. Aixo va portar a un major estudi
dels FDM com a biomarcadors de la carcinogenesi de colon de rata per part d’altres
grups d’investigacio (Yoshimi et al., 2004; Pierre et al., 2004). Cal destacar que no es van
observar diferéncies en la proporcié d’FCA amb deplecié de mucines en el present estudi
entre els diferents grups, mantenint-se constant encara que s’augmentessin les dosis

administrades.

Segons els resultats obtinguts en I'estudi realitzat en el recompte d’FDM en tot el colon, la
seva preséncia també va dependre de la dosi administrada de DMH. Els grups que van
rebre tres dosis de DMH tingueren més FDM que no el grup que va rebre 2 dosis.
Aquests resultats concorden amb els resultats obtinguts per Femia et al. (2005). Tot i que
entre els grups 2 i 3 no hi va haver diferéncies en el nombre d’FDM, a altres estudis es va
observar un increment del nombre d'FDM quan, amb la mateixa dosi de carcinogen, el

temps d’espera passa de 7 a 15 setmanes (Caderni et al., 2003).

En el cas dels FDM també es va estudiar la seva distribucio al llarg del colon. Aixi com els
FCA, a on aparegueren més FDM va ser a colon distal, seguit del medial. Perd aquesta
distribucié no es va veure tan marcada quan es va fer el recompte per segments dels
FCA. Atés que els FDM aparegueren més a colon distal, aquests resultats es podrien
relacionar amb el fet que a la part més distal del cdlon és on apareixen amb més
freqUéncia els tumors tant en rates (Rodrigues et al., 2002) com en ratolins (Jackson et
al., 1999) aportant més consisténcia a la relaci6 directa que hi ha entre la formacié d’FDM

i de tumors.

Tot i la poca frequéncia d’aparicié dels FDM, també es va estudiar la multiplicitat que
presentaren aquestes lesions preneoplastiques i es va observar que la multiplicitat va ser
major en els grups que reberen una dosi més de carcinogen. Aixd es compleix tant a
colon sencer com si es té en compte la distribucié per segments. Aixi mateix, en I'estudi
de Caderni (2003) s’observa que augmentant el temps d’espera després de ['ultima

injeccio de 7 a 15 setmanes augmentava també la multiplicitat d’aquestes lesions.

En resum, el recompte d’FCA i d’FDM en el colon de rates tractades amb el carcinogen
DMH sembla ser un métode util i reproduible, aixi com fiable a I'hora de predir el risc de
cancer colon segons les dades obtingudes en el present estudi i les observades a la
literatura. Aixi doncs, tres dosis de 20 mg/kg del carcinogen DMH és idoni per a la
induccio de lesions preneoplastiques, aixi com un temps d’espera després de I'Gltima

administracié del carcinogen de dues setmanes o superior. EI nombre d’'FCA i FDM
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obtinguts i la multiplicitat observada permeten l'avaluacié de I'efecte quimiopreventiu de

diferents farmacs i compostos naturals de la dieta.

Dels resultats obtinguts, es pot concloure que I'administracié intraperitoneal de tres dosis
de 20 mg/kg de DMH i un temps d’observacié superior a dues setmanes és I'adient per a
I'estudi de I'efecte quimiopreventiu de diferents farmacs i components de la dieta, donat

que en aquestes condicions s’observa un major nombre de FCA i MDF.
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trans-Resveratrol reduces precancerous colonic lesion in dimethylhydrazine-

treated rats
J. Agric. Food Chem. 2010, 58, 8104-8110

2.2. Resum de l'article 2

Objectius: El trans-resveratrol s’ha descrit com un compost amb activitat antiproliferativa
i pro-apoptética in vitro. Per tant, en aquest estudi es va avaluar I'efecte de 'administracié
oral de 60 mg/kg de frans-resveratrol durant 49 dies en [l'aparici6 de lesions
preneoplastiques induides per DMH. A més es va quantificar el frans-resveratrol i els

seus metabolits a colon.

Material i métodes: Rates mascle Sprague-Dawley (n = 18) es van dividir en 3 grups
experimentals. Un grup control administrat només amb solvents. Un grup DMH
administrat per via intraperitoneal amb 20 mg/kg de DMH els dies 7, 14 i 21. Un grup
resveratrol administrat diariament per via oral amb 60 mg/kg durant 49 dies, que també va
rebre les mateixes dosis de carcinogen. Durant I'experiment, es va controlar el pes
corporal i el consum de pinso i d’aigua. Al final de I'estudi, es va extreure sang per puncio
cardiaca i contingut intestinal a colon per a la determinacié de trans-resveratrol i els seus
metabolits. També es va extreure el colon i es va fixar amb formalina neutra tamponada
al 10%. El colon es va tenyir amb blau de metilé 0,2% per al recompte al microscopi oOptic

(20x) d’FCA i, posteriorment, es va fer la tincié HID-AB per al recompte d’FDM.

Resultats: El pes corporal aixi com el consum de pinso i d’aigua no es van veure afectats
ni pel tractament amb carcinogen ni pel frans-resveratrol. Es va posar a punt un métode
per determinar el frans-resveratrol en contingut intestinal. Els resultats de la validacié
indicaren una recuperacié del 98%, precisio (expressada en CV) del 13,5% i limit de
deteccié i quantificacid6 de 16,5 i 20,6 pmol/g, respectivament. EI métode validat va
permetre la quantificacié del frans-resveratrol i els seus conjugats glucuronid i sulfat.
També es va identificar i quantificar el dihidroresveratrol, sent el metabolit majoritari en
una concentraciéo 446 vegades superior a la del compost pare. El tractament amb 60
mg/kg de trans-resveratrol va reduir els FCA en un 52%, aixi com el nombre total de CA
en un 50%. Els FDM, que tot i ser menys nombrosos son lesions més displastiques,

també es van veure disminuits en un 45% i les CA amb deplecié de mucines en un 48%.

Conclusions: Després de I'administracio oral de trans-resveratrol, part d’aquest polifenol
i els seus metabdlits van arribar a colon sent el dihidroresveratrol el metabdlit majoritari.
Endemés, el trans-resveratrol administrat per via oral a una dosi de 60 mg/kg durant 49
dies va reduir les lesions preneoplastiques induides per DMH a colon sense efectes

adversos aparents.
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trans-Resveratrol Reduces Precancerous Colonic Lesions
in Dimethylhydrazine-Treated Rats

IRENE ALFARAS, M. EMILIA JUAN,* AND JOANA M. PLANAS

Departament de Fisiologia (Farmacia) and Institut de Recerca en Nutricio i Seguretat
Alimentaria (INSA-UB), Universitat de Barcelona, Spain

trans-Resveratrol, a natural occurring polyphenol, has been described as an antiproliferative and
proapoptotic agent in vitro. Here, we studied the effect of frans-resveratrol administered orally at a
dose of 60 mg/kg for 49 days on early preneoplastic markers induced by the intraperitoneal injection
of 1,2-dimethylhydrazine (20 mg/kg). We measured trans-resveratrol and its derivates by liquid—
liquid extraction followed by high-performance liquid chromatography diode array detection analysis
in colon contents. Dihydroresveratrol was the most abundant compound in the colon, followed by
trans-resveratrol glucuronide and small amounts of trans-resveratrol and its sulfate. The adminis-
tration of frans-resveratrol decreased aberrant crypt foci by 52%, and mucin depleted foci by 45% in
colon. In conclusion, the correlation between the reduction of precancerous colonic lesions and the
availability of trans-resveratrol in the colon provides a new insight into the therapeutical potential of
this polyphenol and its metabolites.

KEYWORDS: Aberrant crypt foci; colon cancer; dihydroresveratrol; mucin-depleted foci; trans-resveratrol

INTRODUCTION

trans-Resveratrol (trans-3,4',5-trihydroxystilbene) is synthe-
sized by several plants in response to stress, injury, UV radiation,
and fungal infection (7). This phytochemical, normally found in
dietary products, has been described as a nutraceutic compound
with beneficial effects in cancer prevention and treatment. In
eliciting these actions, trans-resveratrol triggers a variety of cellular
and molecular effectors that inhibit the growth of tumor cell lines
derived from various human cancers (2). Animal and human
studies have indicated that oral trans-resveratrol has low bioavail-
ability, which may prevent the compound from reaching the target
site at therapeutic concentrations in vivo (/). This limitation has
been attributed to incomplete intestinal absorption (3), extensive
intestinal metabolism (4), and the activity of ABC transporters (9).
trans-Resveratrol enters the enterocyte by passive diffusion. It is
metabolized, and its conjugates are secreted back to the intestinal
lumen by the members of the ABC family, the Multidrug Resis-
tance Protein 2 (MRP2) and Breast Cancer Resistance Protein
(BCRP) (5). All of these processes increase the amount of frans-
resveratrol metabolites reaching the large intestine. They thus
favor its potential chemopreventive activity in colon cancer.

The antitumoral activity of trans-resveratrol in colon cancer
has been studied in vitro (2). This phytochemical exerts a large
number of effects that interferes with signaling pathways that
control cell proliferation. zrans-Resveratrol inhibits proliferation
in colon cell cultures (6), which has been attributed to the
induction of cell cycle arrest through the inhibition of CDK7
kinase activity (7) and to the increasing expression of cyclin A (8).

*To whom correspondence should be addressed. Tel: +34934024505.
Fax: +34934035901. E-mail: mejuan@ub.edu.
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In HT-29 cells, the apoptotic effect of trans-resveratrolis mediated
partly by the intrinsic pathway, through the production of super-
oxide anions in mitochondria prior to the initiation of the caspase
pathway (6, 9). In addition, trans-resveratrol also triggers cell
death through lysosomes and demonstrates a hierarchy of the
proteolytic pathways involved in its cytotoxic mechanism in which
lysosomal cathepsin D acts upstream of caspase activation (10).
Moreover, this polyphenol has been reported to promote apop-
tosis through the endosplasmic reticulum (/ /) and the induction of
CHOP/GADDI53 gene expression, which has been acknowl-
edged as a proapoptotic gene (/2). In contrast, the effects of
trans-resveratrol on colon cancer in vivo have received little
attention (/3, 14). Although these studies provide evidence of
the activity of frams-resveratrol in vivo, they were conducted
considering tumors as an end point, without taking into account
the early stages of carcinogenesis. Here, we attempt to evaluate the
preventive activity of frans-resveratrol on the development of
markers of colon carcinogenesis. Consequently, rats were given
60 mg/kg of trans-resveratrol orally for 49 days. The colon
carcinogen 1,2-dimethylhydrazine (DMH) was injected intraper-
itoneally at days 7, 14, and 21. The chemopreventive activity of
trans-resveratrol was evaluated by assessing the formation of
aberrant crypt foci (ACF) and mucin-depleted foci (MDF) as
preneoplastic markers. Moreover, the presence of trans-resvera-
trol and its metabolites in colon was measured. To this end, we
developed a method consisting of liquid—liquid extraction fol-
lowed by high-performance liquid chromatography diode array
detection (HPLC-DAD) analysis. The correlation between the
chemopreventive activity and the availability of trans-resveratrol
in the colon provides new insight into the therapeutic potential of
this polyphenol and its metabolites.

©2010 American Chemical Society



Article
MATERIALS AND METHODS

Chemicals and Reagents. trans-Resveratrol was purchased from
Second Pharma Co., Ltd. (Shangyu, People’s Republic of China), and
dihydroresveratrol was from Biopharmalab S.L. (Alicante, Spain). Dose
preparation, administration to rats, and sample treatment were performed
in dim light to avoid photochemical isomerization of trans-resveratrol to
the cis form. Acetonitrile and methanol were purchased from J. T. Baker
(Deventer, Netherlands), and acetic acid was from Scharlau Chemie S.A.
(Barcelona, Spain). All of these solvents were HPLC grade. Hydroxypro-
pyl-f-cyclodextrin, S-glucuronidase type L-I1 (from Patella vulgata), and
sulfatase type H-1 (from Helix pomatia) were from Sigma-Aldrich (St.
Louis, MO). Water used in all experiments was passed through a Milli-Q
water purification system (18 mQ) (Millipore, Milan, Italy).

Rats and Diets. Male adult Sprague—Dawley rats (7 weeks old) were
housed in cages (n = 3/cage) under controlled conditions of a 12 h light:
dark cycle, at a temperature of 22 + 3 °C and a relative humidity of
40—70%. Water and a standard solid diet (2014 Teklad Global 14%,
Harlan, Spain) were consumed ad libitum. No traces of trans-resveratrol
were detected in the commercial diet or in the plasma of control rats,
analyzed following Juan et al. (/5). Handling and killing of rats were in full
accordance with the European Community guidelines for the care and
management of laboratory rats. The studies were approved by the Ethics
Committee of Animal Experimentation of the University of Barcelona (ref
2269/01). All rat manipulations were carried out in the morning to
minimize the effects of circadian rhythm.

Experimental Design. After 1 week of acclimatization, rats were
stratified by body weight and assigned to 1 of 3 experimental groups (n =
6 rats/group) such that there were no differences in mean initial weight.
The experimental groups were as follows: control group (no test agent and
no carcinogen), the DMH group (no test agent and DMH), and the
resveratrol group (trans-resveratrol and DMH). Rats were orally admi-
nistered by gavage at a constant volume of 10 mL/kg every day for 49 days.
trans-Resveratrol was administered at a dose of 60 mg/kg considering this
compound as a potential nutraceutical. Because of its low solubility in
water, frans-resveratrol was dissolved in 20% hydroxypropyl-$-cyclodex-
trin (v/v). Rats in the control and DMH groups were given only the solvent
during the same period. At days 7, 14, and 21, rats from DMH and
resveratrol groups received an intraperitoneal injection of carcinogen
(20 mg DMH/kg dissolved in EDTA | mmol/L, pH 6.5), and control
animals received only the solvent at a constant volume of 1 mL/kg. Oral
and intraperitoneal doses were adjusted according to rat weight to ensure a
constant dose, and they were freshly prepared immediately before each
administration.

Body weight and food and water consumption were monitored daily.
The feed conversion efficiency (FCE) was calculated as the weekly body
weight gain divided by the food consumption.

Sample Collection. At the end of the study, rats were deprived of
food overnight and anesthetized with ketamine (90 mg/kg) and xylacine
(10 mg/kg). Blood samples were collected by cardiac puncture and
transferred as follows: 1 mL into EDTA-K; for hematology, 2 mL into
a tube without anticoagulant for clinical chemistry, and 1 mL into EDTA-
K; for trans-resveratrol determination. Serum for clinical chemistry and
plasma for frans-resveratrol analysis were obtained after centrifugation of
blood samples at 1500g (MEGAFUGE 1.0R, Heraeus, Boadilla, Spain)
for 15 min at 4 °C.

A gross necropsy was performed. Subsequently, the brain, lungs,
spleen, heart, liver, kidney, and testicle were excised and trimmed of any
adherent tissue, and their wet weights were immediately recorded to avoid
drying. Results are expressed as organ weight relative to 100 g of body
weight (%).

The colon was removed, and the contents were collected and stored at
—20 °C for extraction and subsequent analysis of frans-resveratrol. The
colon was then washed in phosphate-buffered solution (PBS) (pH 7.4) and
trimmed of adherent mesenteric tissue, and its wet weight was recorded.
The colon was divided into three equal segments: proximal (close to the
cecum), medial, and distal (close to the rectum). Each segment was opened
along the longitudinal median and pinned flat onto a polystyrene board
for the ACF assay.

Hematology and Clinical Chemistry. Complete and differential cell
counts were performed using a Cell-Dyn blood analyzer (Abbott Diag-
nostics Division, Santa Clara, CA). Biochemical analyses of serum were
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performed with a Roche/Hitachi 747 clinical analyzer from Roche
Diagnostics GmbH (Mannheim, Germany).

Determination of trans-Resveratrol and Its Metabolites in Plasma.
trans-Resveratrol and glucuronide and sulfate conjugates concentrations
were determined using the method of Juan et al. (/5) in plasma samples
24 h after the last oral administration.

Quantification of trans-Resveratrol and Its Metabolites in Colon
Content. Colon content samples were defrosted at room temperature and
weighed. To extract trans-resveratrol, 10 mL of 80% methanol with 2.5%
acetic acid and 10 uL of 15% ascorbic acid were added to 1 g of colon
sample. The mixture was agitated with constant stirring for 30 min at
60 °C. Then, samples were transferred to a centrifuge tube, and the content
remaining in the beaker was collected with an additional 2 mL of acidified
methanol. The homogenates were centrifuged at 33000g (Centrikon
H-401, Kontron Hermle Instruments, Italy) for 30 min at 4 °C. The
supernatant was transferred to a clean tube, and the residue was extracted
once again, by the same procedure. The organic solvent of the supernatant
was evaporated with a Concentrator 5301 (Eppendorf Iberica, S.L., San
Sebastian de los Reyes, Spain) at 45 °C to a final volume of 500 uL.

The determination of trans-resveratrol and its metabolites by HPLC
analysis was carried out following Juan et al. (15) but with a different
gradient elution program. The execution was performed as follows: 0—5 min,
15% B; 7 min, 20% B; 10 min, 21% B; 20 min, 22% B; 30 min, 30% B;
35 min, 35% B; 40 min, 40% B; 45 min, 50% B; 50 min, 70% B; 55—60 min,
100% B; and 62 min, 15% B. There was a 5 min delay prior to the injection of
the next sample to ensure re-equilibration of the column.

The chromatograms were obtained at 306 and 276 nm, which corre-
spond to the maximum absorbance of trans-resveratrol and dihydrores-
veratrol, respectively. Authentic standards of trans-resveratrol and
dihydroresveratrol were used for the construction of calibration curves.
The chromatographic peaks were further identified by spectroscopic
analysis with diode array-UV detection from 220 to 400 nm. The results
of the analyses are expressed as nmol/L of plasma and nmol/g of colonic
content.

The identity of the peaks detected in colon content was confirmed by
mass spectrometry. An Agilent series 1100 HPLC instrument with an API
3000 triple quadrupole mass spectrometer (Applied Biosystems, PE Sciex,
Concord, Ontario, Canada) equipped with a Turbo IonSpray source in
negative-ion mode was used for HPLC-MS analysis. The ion spray voltage
was 3500 V, using nitrogen as the nebulizer gas (10 arbitrary units) and
curtain gas (15 arbitrary units). The detection conditions were optimized
with a standard solution of trans-resveratrol and dihydroresveratrol in the
presence of LC mobile phase, as follows: declustering potential, —70 V;
focusing potential, —200 V; drying gas (N,) heated to 400 °C and
introduced at a flow rate of 5000 cm®/min. Mass spectra were acquired
in the 100—500 m/z range.

Validation of the Method To Quantify trans-Resveratrol in Colon
Content. The method was validated according to The United States
Pharmacopoeia (16). Approximately 1 g of blank colon content was spiked
with 5 nmol of rrans-resveratrol and agitated in the vortex for 2 min before
being processed as indicated above. Precision was determined by assaying
six samples at 5 nmol/g and was expressed as the experimental coefficient
of variation (CV). Recovery was measured by spiking blank samples with a
final concentration of 5 nmol/g (n = 6). Finally, the limit of detection
(LOD) and the limit of quantification (LOQ) were calculated by measur-
ing the analytical background response of six blanks of colon content.
Signal-to-noise ratios of 3:1 and 10:1 were used for the LOD and LOQ,
respectively.

ACF. Aberrant crypts (AC) and ACF were evaluated using a mod-
ification of a method previously described (/7). Briefly, the intestine was
fixed in 10% buffered formalin, pH 7.4 (Sigma-Aldrich), for a minimum of
24 h. The fixed segments were washed in PBS. Colon segments were
stained in a 0.2% methylene blue solution for 8—10 min, and the excess of
dye was rinsed off with PBS. Each segment was placed mucosal side up on
a microscopic slide and examined by light microscope at 20x magnifica-
tion (model CHS; Olympus Optical Co., Ltd., Hamburg, Germany). ACF
were identified as described elsewhere (/7). The number of ACF and AC in
each focus was counted. The scores were checked by an observer who was
blinded to treatment groups. All of the images of the mucosal surface were
captured with KAPPA Image Base Control 2.6 (KAPPA opto-electronics
GmbH, Gleichen, Germany).
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Mucin-Depleted Foci. After ACF determination, colons were kept in
10% buffered formalin, pH 7.4, at —4 °C and later processed with the high-
iron diamine Alcian blue staining (HID-AB) at pH 2.5 for the visualization
of mucin production. Segments were washed in PBS and then dyed in a
high-iron diamine solution for 18—24 h protected from the light. Then,
segments were washed and stained for 5 min with 1% alcian blue in 3%
acetic acid, washed again, and finally stained for 2 min in neutral red (1 g of
neutral red dissolved in 1 L of mQ water with 2 mL of 1% acetic acid). The
HID-AB-stained colons were placed mucosal side up in slides and
observed under a light microscope at 20x magnification. The total number
of MDF and number of mucin-depleted aberrant crypts (MDAC) per
focus in colon were determined following Caderni et al. (/8): absence or
little production of mucins, distortion of the opening of the lumen as
compared with normal surrounding crypts, and elevation of the lesion
above the surface of the colon. The scores were determined by an observer
blinded to the experiment. Images of the mucosal surface were captured
with KAPPA Image Base Control 2.6.

Statistical Analysis. Results are presented as the means + standard
errors of the mean (SEMs). All data evaluation and analyses were done by
GraphPad Prism 4 (GraphPad Software, Inc., La Joya, CA). Organs,
colon weight, and hematological and clinical biochemistry were compared
using one-way analysis of variance (ANOVA), followed by Bonferroni’s
posthoc test. When the normality test was significant, as evaluated by the
Kolmogorov—Smirnov test, differences between means were assessed
instead by the nonparametric Kruskal—Wallis test. Significant differences
of body weight, FCE, the number ACF per segment, and the number
of AC per ACF were analyzed by two-way ANOVA followed by
Bonferroni’s posthoc test. The total number of AC, ACF, MDF, and
MDAC was compared using Student’s unpaired ¢ test. The F test was
performed to check that samples had equal variances. For all tests, P <
0.05 was considered significant.

RESULTS

Body Weight, Food, and Water Consumption. No mortality or
adverse effects occurred during the experiment. Stool consistency
was firm (pelleted) throughout the study, with no visible differ-
ences between groups. Body weight was not affected by the
administration of DMH or trans-resveratrol with respect to the
control group. Thus, the body weight of the control animals
increased from 235 4 16 g on day 1 to 376 & 39 g on day 49. The
DMH group increased from 232 + 13 gonday 1 to 353 £29gon
day 49, and the resveratrol group increased from 235 + 20 g on day
1 to 354 + 34 g on day 49. There were no significant differences in
food or water consumption between the three groups. Feed
conversion efficiency (Figure 1) was highest during the first week,
decreased during the second and third week, and remained con-
stant thereafter, with no significant differences between groups.

Gross Necropsy. At the end of the study, a postmortem exami-
nation showed no evidence of gross abnormality or toxicity in any
group. The examination of the vital organs carried out during the
autopsy did not show macroscopic differences in size, color, or
texture in any of the groups studied. The final relative weights of
liver, kidney, heart, brain, lungs, testicles, spleen, and colon were
not different among groups.

Hematology and Clinical Chemistry. The results of the hema-
tologic tests carried out at the end of the study did not show any
differences among control, DMH, or resveratrol groups. The
erythrocyte, leukocyte, and platelets results were comparable to
those obtained previously (/9). The clinical chemistry variables
were also evaluated. No differences between groups were ob-
served in glucose or protein concentrations. Serum cholesterol,
triglycerides, and high-density lipoproteins were not affected by
the oral administration of 60 mg/kg of trans-resveratrol or DMH
treatment. The hepatic integrity was maintained throughout the
experiment as indicated with ALT and AST, which did not differ
between groups. Renal function and the plasma levels of electro-
lytes were within reference values.
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Figure 1. FCE of male Sprague—Dawley rats of control (no test agent and
no carcinogen), DMH (no test agent and 20 mg/kg DMH once a week for 3
weeks), and resveratrol groups (60 mg/kg trans-resveratrol and 20 mg/kg
DMH once a week for 3 weeks). Results are expressed as means + SEMs,
n = 6. No differences between groups are found. Differences over time:
control group, 1 week = 2 weeks > 3 weeks = 4 weeks = 5 weeks = 6
weeks = 7 weeks; 2 weeks = 3 weeks = 5 weeks; DMH group, 1 week > 2
weeks = 3 weeks = 4 weeks = 5 weeks = 6 weeks = 7 weeks; and trans-
resveratrol group, 1 week > 2 weeks = 3 weeks = 5 weeks > 4 weeks =
6 weeks = 7 weeks; 3 weeks = 6 weeks; 4 weeks = 5 weeks = 6 weeks =7
weeks, p < 0.05.

Determination of trans-Resveratrol and Its Metabolites in Plasma.
Free trans-resveratrol was the main compound present in plasma
24 h after the last administration, with concentrations of 43.2 &
10.8 nmol/L. frans-Resveratrol glucuronide was identified in
plasma of only two of the six trans-resveratrol-treated rats, at a
concentration of 37.8 £ 13.8 nmol/L. No traces of sulfate
conjugate were found.

Validation of the Method To Quantify trans-Resveratrol in
Colon Content. The extraction of trans-resveratrol and its meta-
bolites in colon content was attempted using different solvents.
When ethanol, ethyl acetate, and methanol (80%, v/v) without
acidification were evaluated, the recovery was lower than that
obtained when methanol was mixed with acetic acid (2.5%). The
mean total recovery was 98.3 £ 11.3%, which indicates that trans-
resveratrol was quantitatively extracted by this method. The
precision expressed as CV was 13.5%, which is less than the
recommended value of 20% (20). The sensitivity was adequate to
measure trans-resveratrol in colonic content samples with an
LOD of 16.5 pmol/g and LOQ of 20.6 pmol/g. The chromato-
graphic gradient elution, which was modified from a previous
method (15), allowed a good separation of trans-resveratrol and
its glucuronide and sulfate conjugates from interference peaks
with detection at 306 nm. Moreover, the method allowed the
identification and quantification of dihydroresveratrol at 276 nm.

Quantification of trans-Resveratrol and Its Metabolites in Colon
Content. The method developed allowed the separation and
identification of trans-resveratrol (peak 1) and its glucuronide
and sulfate conjugates (peaks 2 and 3, respectively) (Figure 2).
The identity of the peaks was confirmed by MS. trans-Resveratrol
glucuronide was characterized by the deprotonated molecular ion
(M — H)™ at m/z 403 (Figure 2C), whereas the resveratrol frag-
ment was observed at m/z 227. The sulfate conjugate showed a
deprotonated molecularion (M — H) ™ atm/z 307 (Figure 2C) and
also the resveratrol fragment at m/z 227. The method also allowed
identification of another metabolite, dihydroresveratrol, resulting
from the reduction of the double bond (Figure 3). This compound
eluted at 28 min, which was barely 1 min after trans-resveratrol,
butit had a different spectrum and maximum of absorbance (4.5
276 nm) (Figure 3A). Dihydroresveratrol was further identified
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Figure 2. HPLC chromatogram and mass spectra of trans-resveratrol
obtained in colonic content from rats of the resveratrol group, 24 h after the
last oral administration of 60 mg/kg. (A) HPLC chromatogram at 306 nm.
Peaks of (1) trans-resveratrol and its conjugates, (2) glucuronide, and (3)
sulfate are indicated. (B) UV spectrum obtained by diode array detection of
(1) trans-resveratrol, (2) glucuronide, and (3) sulfate. (C) Full-scan
product ion mass spectra of (2) glucuronide and (3) sulfate.

by MS, which gave a deprotonated molecularion (M — H) ™ atm/z
229 (Figure 3B).

trans-Resveratrol was detected in the colon content of rats
treated with 60 mg/kg, 24 h after the last administration, at a
concentration of 0.68 + 0.24 nmol/g. The most abundant
metabolite in colon was dihydroresveratrol, with a concentration
of 303.0 £ 34.7 nmol/g, 446-fold that of the parent compound.
The glucuronide and sulfate conjugates of trans-resveratrol were
also detected, at concentrations of 3.40 + 1.29 and 0.44 £+ 0.23
nmol/g, respectively.

ACF. Control rats showed no microscopically observable
changes in colon morphology. DMH-injected rats developed
ACF (Figure 4) with the absence of lesions in the proximal colon
followed by a few ACF in the medial segment and more in the
distal colon, in all groups (Table 1). trans-Resveratrol treatment
inhibited the number of ACF by 58 (p < 0.01) and 48% (p <
0.001) in the medial and distal segments, respectively. Crypt
multiplicity (number of AC per ACF) was also counted
(Figure 4I) and showed the same pattern, more singlets than 2,
3, or 24 AC in both groups. However, rats treated with trans-
resveratrol had fewer foci with 1 (p < 0.001),2 (p < 0.01), and 3
crypts being inhibited by 53, 49, and 64%, respectively. trans-
Resveratrol treatment also decreased the number of total AC
(Table 1) present in colon by 50% (p < 0.01).

Mucin-Depleted Foci. MDF were observed in the DMH-
treated groups (Figure 4). The daily oral administration of 60
mg/kg of trans-resveratrol reduced the number of MDF by 45%
(p < 0.05) (Figure 4H), with 5.00 + 0.01 MDF in the DMH group
and 2.75 £+ 0.75 MDF in the resveratrol group. trans-Resveratrol
treatment reduced the number of MDF lesions by 36 and 53% in
the medial and distal segment, respectively (Table 1). The number
of foci with 1, 2, 3, and 24 AC did not differ between groups, but
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Figure 3. HPLC chromatogram and mass spectra of dihydroresveratrol
obtained in colonic content from rats of the resveratrol group, 24 h after the
last oral administration of 60 mg/kg. (A) HPLC chromatogram at 276 nm.
Inserts depict the chemical structure of dihydroresveratol and its UV
spectrum obtained by diode array detection. (B) Full-scan product ion
mass spectra of dihydroresveratrol.

there was a reduction of 48% in the total number of MDAC (p <
0.05) in the resveratrol group with respect to the DMH group
(Table 1).

DISCUSSION

Colorectal cancer is one of the leading causes of death in both
men and women in Western countries, and it is usually lethal
when diagnosed at later stages of progression (27). Environmen-
tal aspects are believed to be involved in colon carcinogenesis,
including diet. Up to 80% of sporadic colorectal cancers are
therefore potentially preventable (22). Diet and lifestyle are most
likely related to colon cancer etiology through the overconsump-
tion of energy, coupled with inadequate intake of protective
substances, including micronutrients, dietary fiber, and a variety
of phytochemicals (23). For this reason, the present study aims to
evaluate the effect of trans-resveratrol on the development of
early markers of colon carcinogenesis in DMH-treated rats and
measure the concentrations of this polyphenol and its metabolites
in colon content.

Our results show that the method presented is suitable for the
extraction, identification, and quantification of the target sub-
stance and its metabolites, given that we obtained a recovery of
98%, good precision, and adequate sensitivity. Once the method
was established, it was applied to the samples of colon content
obtained 24 h after the last oral administration of 60 mg/kg of
trans-resveratrol. Our results showed that this compound reached
the colon together with its metabolites. The most abundant
compound was dihydroresveratrol followed by resveratrol glu-
curonide and minor amounts of trans-resveratrol and its sulfate
conjugate. The conjugates come from the metabolism in the
enterocyte and subsequent extrusion back to the intestinal lu-
men (4, 5). Moreover, enterohepatic circulation may affect the
concentration of these compounds in the colon (24). Although
these conjugates are believed to be pharmacologically inactive
and excreted in urine and bile, deconjugation has been reported to
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Figure 4. Preneoplastic lesions ACF (A—C) and MDF (D—F) observed
under a light microscope after staining of the colon with methylene blue or
HID-AB, respectively. Images show the whole mount colon of control rats
(A and D) and DMH-treated animals depicting a topographic view of ACF
with 1 crypt (B) and more than 3 crypts (C), a mucinous ACF (E), and a
mucin-depleted foci (F). Effects of trans-resveratrol on the total number of
ACF (G), crypt multiplicity of ACF (H), and total number of mucin-depleted
foci (I). Rats were orally administered with 60 mg/kg trans-resveratrol for 49
days. DMH (20 mg/kg) was injected intraperitoneally at days 7, 14, and 21.
Results are expressed as means + SEMs (n = 6); *p < 0.05, **p < 0.01,
and **p<0.001 vs DMH group. Differences in the number of ACs per focus
(H): DMH group, 1 AC/ACF > 2 AC/ACF > 3 AC/ACF = >4 AC/ACF;
resveratrol group, 1 AC/ACF > 2 AC/ACF = 3 AC/ACF = >4 AC/ACF,
p<0.05.

occur in the gut, releasing the parent compound (25, 26). Con-
sequently, the glucuronide and sulfate conjugates of trans-resver-
atrol could act as colon-specific prodrugs, as shown for sulfate-
conjugated methylprednisolone and prednisolone. The latter had
been developed to release the corresponding glucocorticoid in the
cecum for the treatment of inflammatory bowel disease (26).
The method also permitted the detection of dihydrore-
sveratrol, a metabolite of trans-resveratrol, which is formed by
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Table 1. Effect of trans-Resveratrol in the Occurrence of Preneoplastic
Lesions in Colon Induced by DMH?

DMH group resveratrol group
ACF/proximal 0 0
ACF/medial 52.8 +£13.3 22.2 4 3.94*
ACF/distal 84.2 +8.82 44.0 £+ 9.48***
ACl/colon 218 +28.9 110 + 13.8**
MDF/proximal 0 0
MDF/medial 2.33+0.88 1.50 £ 0.29
MDF/distal 2.67 +0.88 1.25 £0.75
MDAC/colon 10.7 +0.33 5.50 + 1.67*

@Values are means &= SEMs, n=6. * Significantly different from DMH group, p <
0.05. **p<0.01. ** p < 0.001.

the reduction of the stilbenic double bond. This compound is
scarcely known, and its presence has been reported only in urine
but not in plasma (27, 28). In humans, it was detected as
dihydroresveratrol glucuronide and sulfate (27) and in rats as
dihydroresveratrol and its sulfate conjugate (28). These authors
attributed the presence of dihydroresveratrol to the activity of the
intestinal microflora and posterior absorption. That hypothesis is
consistent with our results, since when intestinal perfusions were
performed in the absence of bacteria only resveratrol glucuronide
and sulfate were found (5). A recent study identified dihydro-
resveratrol as a metabolite produced by E. lenta and B. uniformis,
both of which have been isolated from human feces (29). All of
these findings support the involvement of the intestinal flora in
the synthesis of this metabolite. The biological activity of dihy-
droresveratrol is hardly known, although it has been reported to
possess less antioxidant activity and less ability to inhibit DNA
synthesis (30). However, it has a slightly stronger effect than
trans-resveratrol in cell growth inhibition assays (37).

In the present study, we evaluate the potential chemopreven-
tive activity of trans-resveratrol on colon cancer in the DMH rat
model, where carcinogenesis develops through a multistep pro-
cess as it does in humans. ACF have been identified in humans at
high risk and are widely used as a surrogate marker of colon
cancer (32). Prior to the performance of our study, we optimized
the experimental conditions (data not shown). Therefore, we
assayed two and three subcutaneous injections of DMH (20 mg/
kg, 1 week apart) and different observation periods to validate the
appearance of ACF. Our results showed that three subcutaneous
injections followed by an observation period of 4 weeks proved to
be appropriate for the screening of potentially chemopreventive
agents. Under our experimental conditions, frans-resveratrol
and/or its metabolites reduced the number of preneoplastic
lesions, since ACF were inhibited by 52% and the total number
of ACby 50%. Furthermore, MDF were described in carcinogen-
treated rodents (/8) and in humans at high risk of colon
cancer (32). MDF are characterized by harboring mutations that
show Wnt signaling activation like in colon tumors, suggesting
that these lesions are precancerous (32). In our experimental
condition, the number of MDF was reduced by 50%, thus
remarking the protecting activity exerted by trans-resveratrol in
the colon mucosa. Because frans-resveratrol was administered
1 week prior to the first exposure to DMH, the present results
demonstrated that trans-resveratrol acts as an efficient agent
inhibiting cancer initiation.

The potential cancer chemopreventive activity of frans-resveratrol
in vivo has been examined only in long-term studies (/3, /4,33 —35).
The effect of trans-resveratrol on azoxymethane-induced colon
carcinogenesis was assessed in F344 rats. This phytochemical was
administered in drinking water at a dose of 200 ug/kg for 100 days,
beginning 10 days before the administration of the carcinogen (33).
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trans-Resveratrol reduced the growth of colorectal ACF modulating
the expression of bax and p21, both involved in the regulation of cell
proliferation and apoptosis (33). Sengottuvelan et al. also assessed
the anticarcinogenic activity of 8 mg/kg of frans-resveratrol in a
model of colon carcinogenesis induced by DMH, but these were
long-term experiments that lasted 30 weeks (/4, 34, 35). Their results
showed that in rats, trans-resveratrol markedly reduced the number
of DMH-induced ACF and incidence and size of tumors, possibly
through the modulation of antioxidant defense status and activities
of carcinogen-detoxifying enzymes (/4, 34, 35). In Apc™™ mice,
which are used as a model of human familial adenomatous poly-
posis, trans-resveratrol administered in drinking water at a dose of
15 mg/kg for 7 weeks prevented the formation of colon tumors and
reduced the formation of small intestinal tumor by 70% by down-
regulating genes that are directly involved in cell cycle progression
such as cyclin D1, D2, and DP-1 and in the inhibition of the
carcinogenic process and tumor expansion (/3). It is noteworthy
that using the same animal model where frans-resveratrol was
administered in the diet at 4, 20, or 90 mg/kg for 7 weeks in Apc™™,
there were no effects in colon tumorigenesis (36). Those results are in
accordance with the ones obtained by Sale et al. (37), who only
found a decrease on the number of adenomas when doses of 280 mg/
kg were used. The effect of the higher dose of #rans-resveratrol was
associated with inhibition of COX enzymes and interference with
prostaglandin E, generation (37).

Our findings showed that trans-resveratrol given orally sig-
nificantly reduced DMH-induced colon preneoplastic lesions
without any apparent adverse effects. For chemopreventive
purposes, daily, long-term ingestion is necessary, so safety was
a prime consideration. Our results indicate that in terms of body
growth, frans-resveratrol is well-tolerated by animals, as shown
previously (19). Moreover, the gross necropsy revealed a normal
appearance of the vital organs without the presence of patholo-
gical lesions. These results were substantiated by the results of the
hematological and clinical chemistry studies, which indicated that
trans-resveratrol is nontoxic (19).

In conclusion, these results indicate that following the oral
administration of 60 mg/kg of trans-resveratrol, some of this
polyphenol and its metabolites reached the colon. It inhibited
ACF formation and mucin-depleted foci. The present findings
support the hypothesis that zrans-resveratrol contributes to the
prevention of colon carcinogenesis and provides an insight into
the extensive metabolism that this polyphenol undergoes in the
intestine.

ABBREVIATIONS USED

AC, aberrant crypt; ACF, aberrant crypt foci; BCRP, Breast
Cancer Resistance Protein; DMH, 1,2-dimethylhydrazine; FCE,
food conversion efficiency; MDAC, mucin-depleted aberrant
crypt; MDF, mucin-depleted foci; MRP2, Multidrug Resistance
Protein 2.
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CAPiTOL 3. ESTUDI DE L’EFECTE DEL trans-RESVERATROL EN UN MODEL DE COLITIS
ESPONTANIA EN RATOLI

Els resultats obtinguts han donat lloc a la seglient comunicacioé a congressos:

e Efecto del trans-resveratrol en un modelo de colitis espontanea en ratones mdria™
Alfaras, |., Juan, M.E., Planas, J.M.

Presentada com a poster en el congrés:

XXXl Congreso de la Sociedad Espafola de Bioquimica y Biologia
Molecular (SEBBM)
Cordova, 14 - 17 de setembre de 2010
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3.1. Introduccid

La malaltia inflamatoria intestinal (MIl), la qual inclou la colitis ulcerosa i la malaltia de
Crohn, és un trastorn inflamatori cronic de l'intesti en el que els pacients pateixen sagnat
rectal, diarrea severa, dolor abdominal, febre i pérdua de pes (Koboziev et al., 2010). A la
malaltia de Crohn es pot veure afectada qualsevol part de [lintesti, tot i que
majoritariament les lesions estan localitzades a la part terminal de [’ili i/o principi del colon.
La colitis ulcerosa, en canvi, comengca des del recte i s’estén cap a les parts més
proximals del colon (D’Haens, 2010). L’origen d’aquesta malaltia és idiopatic, malgrat que
es creu que esta causada per la influéncia de diversos gens en combinacié amb un

conjunt de factors mediambientals (Xavier i Podolsky, 2007).

El multidrug resistance protein 1 (MDR1) és un gen que codifica la P-gp en els éssers
humans pero que ve codificada per 2 gens diferents en ratoli, Mdr1a i Mdr1b. Aquesta
proteina és un transportador de membrana que es creu que juga un paper important en el
metabolisme del colesterol, en la regulacié de la diferenciacié cel-lular, la proliferacié i la
supervivéncia cel-lular entre d’altres (Wilk et al., 2005). Aquest transportador ha estat molt
estudiat com a mediador en la resisténcia a farmacs associat a diferents tipus de cancers.
En el teixit sa, la seva expressié esta involucrada en processos que afecten la
biodisponibilitat i subseqient resposta dels farmacs (Annese et al.,, 2006). L’evidéncia
més notable de la importancia fisioldgica de la P-gp en el tracte gastrointestinal ve
donada per la descripci6 d’'un model en ratolins que no expressen aquesta proteina
(ratolins Mdr1a™) (Annese et al., 2006). En ratolins, la pérdua d’aquest mecanisme
d’efluxié6 de xenobidtics comporta el desenvolupament espontani d’inflamacié intestinal
amb moltes similituds amb la colitis humana (Collett et al., 2008). Els ratolins Mdr1a™ no
mostren cap immunodeficiéncia primaria i, per tant, el defecte esta associat directament
als canvis en la funci6 de la barrera epitelial i/o en la resposta a la flora bacteriana (Ho et
al., 2003; Collett et al., 2008). Hi ha un engruiximent de la mucosa i evidencies d’infiltrat
de cel-lules inflamatories a la lamina propria. Els abscessos a les criptes i les ulceracions
que s’estenen al llarg de la mucosa intestinal humana també apareixen en la malaltia

espontania d’aquests ratolins (Wilk et al., 2005).

Nombrosos estudis dels efectes del ftrans-resveratrol indiquen que és un potent
antiinflamatori (Gautam i Jachak, 2009). El trans-resveratrol realitza la seva activitat
antiinflamatoria mitjangant la inhibicié de la cascada de 'NF-kB disminuint la transcripcio
de I’ADN aixi com disminueix I'expressio de citocines inflamatories (Bisht et al., 2010).
Per tant, en aquest estudi es va voler avaluar I'efecte de 60 mg/kg de trans-resveratrol
administrats via oral un cop al dia durant 21 dies en un model de colitis espontania severa

en ratolins Mdr1a™.
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3.2. Material i métodes

3.2.1. Preparacio de la solucio de trans-resveratrol

El trans-resveratrol pur es va obtenir de Second Pharma Co., Ltd. (Shangyu, P.R. China).
Totes les activitats experimentals que implicaren la manipulacié de trans-resveratrol es
van realitzar sota llum vermella per evitar la isomeritzacié fotoquimica de la forma frans- a
la cis-. El trans-resveratrol és parcialment soluble en aigua, per aquest motiu es va
utilitzar la 2-hidroxipropil-B-ciclodextrina (ref. 332607, Sigma-Aldrich, St. Louis, EUA) a
una concentracio final del 20% (v/v) com a solvent. En primer lloc es va preparar una
solucié mare de ciclodextrina al 40%, que es mantingué en una ampolla de vidre topazi a
4°C. Per poder solubilitzar el trans-resveratrol es va dissoldre en la meitat del volum final
amb ciclodextrina al 40%. Un cop es solubilitza completament es va afegir la quantitat
suficient d’aigua mQ per obtenir una soluci6 final de ciclodextrina al 20%. Les solucions

de trans-resveratrol es van preparar sempre just abans de ser administrades.
3.2.2. Animals d’experimentacio

S'utilitzaren ratolins femella Mdr1a” (FVB.129P2-Abcb1a™® N7) i com a control els
ratolins consanguinis no modificats genéticament (FVB). Els animals es van mantenir en
condicions lliures de patdgens (SPF, acronim anglés de Specific Pathogen Free), amb
temperatura (22 + 3°C) i humitat (50 £ 10%) controlades i amb cicles de llum-foscor de 12
hores al servei d'estabulari animal del Parc Cientific de Barcelona. A l'edat de 12
setmanes es traslladaren a I'estabulari de la Facultat de Farmacia de la Universitat de
Barcelona, sota les mateixes condicions de temperatura, humitat i cicles de llum-foscor
perd en condicions no SPF. Els animals van rebre una dieta control (Harlan, Espanya) i

aigua ad libitum.
3.2.3. Tractament
S’establiren els seglients grups experimentals:

. Wild-type Control (n = 9): ratolins no modificats genéticament administrats amb
solvent.

« Mdr1a” Control (n = 7): ratolins que no expressen la proteina MDR1A administrats
amb solvent.

. Wild-type RSV (n = 13): ratolins no modificats genéticament administrats amb 60
mg/kg de trans-resveratrol.

« Mdria” RSV (n = 13): ratolins que no expressen la proteina MDR1A tractats amb 60

mg/kg de trans-resveratrol.
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Els 4 grups experimentals s’administraren per via oral mitjiangant una sonda intragastrica
durant 21 dies. El volum administrat va ser de 10 mL/kg, que es va ajustar segons el pes

corporal de I'animal.

Durant tot el procés es va controlar el pes corporal aixi com el consum d’aigua i de pinso.
L’administracio dels ratolins es realitza a primera hora del mati. La manipulacié dels
animals aixi com el sacrifici es va dur a terme segons els procediments autoritzats pel
Comité Etic d’Experimentaci® Animals de la Universitat de Barcelona i seguint les
recomanacions de la Federation of European Laboratory Animal Science Associations
(1995).

3.2.4. Obtenci6 de mostres

Els ratolins s’anestesiaren amb xilacina (Rompun® Bayer Leverkusen, Alemanya) i
ketamina (Imalgene® 500 Rhone Mérieux, Lyon, Franga), a una dosi de 0,1% i 0,01%
volum/pes corporal. Es va realitzar una laparotomia i es va extreure l'intesti prim i el
colon. Es rasparen les mucoses del jeju i l'ili i es pesaren. Es va mesurar el pes humit del
colon i, posteriorment, es van tallar dos trossos de 5 mm cadascun de la part més distal

(proxima al recte) que es disposaren en uns cassets d’histologia.
3.2.5. Estudi histopatologic del colon

El teixit disposat en els cassets es va mantenir en paraformaldehid al 4% (en una
proporcié de 40:1 de paraformaldehid:teixit). La preparacié en blocs de parafina i el seu
posterior estudi histopatoldgic es va realitzar al Servei d’Anatomia Patoldgica de I'Hospital
Universitari Vall d’'Hebron. Es va avaluar la preséncia d’inflamacié de la lamina propia,
criptitis, abscessos a la cripta, Ulceres, inflamacié transmural, deplecié de moc i fibrosi. La
valoracié de les lesions es va fer de 0 (teixit que no presenta lesions) a 3 (maxima

puntuacié per a una lesio).
3.2.6. Tractament de les dades

Tots els resultats s’expressen com a mitjana i error estandard. L’analisi estadistica es va
dur a terme amb el programa GraphPad Prism 4.03. L’evolucié del pes corporal al llarg
del temps es va analitzar amb una ANOVA de 2 factors seguit del test de Bonferroni. La
resta de dades s’analitzaren mitjangant una ANOVA d’1 factor seguit del test de
Bonferroni. Els valors de P < 0,05 es consideraren com a diferéncies estadisticament

significatives.
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3.3. Resultats

3.3.1. Pes corporal

A Tinici de I'experiment el pes dels ratolins 27

Mdr1ia” va ser un 11% inferior al dels 2 -

ratolins wild-type (Figura 1ll.14.). Després de | 5 ,; | 0" it s 3 r{/(’{

21 dies, el pes corporal del ratolins Mdr1a™ E’; 2 Ll1

Control i Mdr1a” RSV va ser un 13% i un g 0 i

15% inferior, respectivament, en comparacié - —s— Wiid-type Control —&— Mdria™ Control
71 Wild-typeRSV ~ —m— Mdria*R3V [~

als ratolins wild-type Control (P < 0,001). El Y ——

tractament amb frans-resveratrol no va 13 5 7 9 1113 18 17 19 21

afectar el pes dels ratolins wild-type ni dels Temps (d)

Mdr1a™, respecte els seus controls. Figura Ill.14. Evoluci6 del pes corporal. Els

resultats s’expressen com a mitjana + error
estandard (n = 7-13). Diferéncies significatives
entre els grups wild-type i els grups Mdr1a™ (P>
0,01).

3.3.2. Consum de pinso i aigua

En relacié al consum de pinso (Figura 111.15.), es va observar que els animals wild-type i
Mdr1a” administrats amb trans-resveratrol menjaven un 22% i un 32% menys de pinso al
dia, respectivament, que els ratolins no administrats amb el polifenol (P < 0,001). En
canvi, el consum d’aigua per rata i dia va ser inferior en els ratolins no modificats
genéticament FVB, respecte els Mdr1a” (Figura I11.16.). Els ratolins Mdr1a” Control van
beure un 44% més d’aigua al dia que els wild-type Control (P < 0,01) i els Mdr1a”
tractats un 39% més d’aigua al dia que els wild-type RSV (P < 0,01).

50 — 7.0 ik
- 45 - u Wild-type Control = ] %% w Wildfype Control
S u Wild-type RSV 3 60 T u Wild-type RSV
240 w Mdr1a* Control = | @ Mdrfa~* Control
T 3.5 w Mdria* RSV 2 50 w Mdrfa* RSV
2 301 T 40
8 25 .
‘o 20 En 3.0
s =
c 1.5 1 £ 20
z 1.07 E 0
S 05 - S

0.0 - 0.0 -

Figura 1l.15. Consum de pinso per rata i dia. Els Figura Ill.16. Consum d’aigua per rata i dia. Els resultats
resultats s’expressen com a mitjana + error estandard  s’expressen com a mitjana + error estandard (n = 7-13).
(n=7-13). ***P > 0,001. **P>0,01.
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3.3.3. Pes de les mucoses de jeju i ili i pes del colon

Els pesos de les mucoses del jeju i l'ili no van mostrar diferéncies entre ratolins wild-type

A

o ratolins Mdr1a™. Els ratolins amb colitis i administrats amb trans-resveratrol van mostrar

el pes de la mucosa més elevat que el

dels ratolins wild-type, tant en el cas dels 40
wWild-type Control

control com dels RSV. El pes del colon 35 || ulildtype RSV iz
@ Mdr{a* Control

dels animals Mdr1a”™ Control que

" |= Mdria* RSV

presentaren colitis espontania era un

200% més elevat que el dels wild-type

Pesf/pes corporal (%)

Control i el pes del colon dels Mdr1a™

tractats amb frans-resveratrol un 206%

més que el dels wild-type RSV, indicant

inflamaci6 en ambdés casos (Figura Wucosadili  Mucosadejeu  Colon

l11.17.). No obstant, el tractament amb Figura II17. Pes de les mucoses de jeju i ili i pes del
colon normalitzat pel pes corporal. Els resultats

s’expressen com a mitjana + error estandard (n = 7-
13). *P < 0,05; **P < 0,01; ***P < 0,001.

trans-resveratrol no va disminuir el pes del
colon dels animals que presentaven colitis

i no va modificar el dels ratolins sans.
3.3.4. Estudi histopatologic del colon

L’estudi histopatologic no mostra cap efecte a conseqiéncia del tractament amb frans-
resveratrol. La valoracio obtinguda en I'estudi de les lesions al colon va ser de 10,9 + 1,49
en els ratolins Mdr1a™ Control i d’11,6 + 1,48 en els ratolins Mdr1a” RSV. En canvi, no es

van observar lesions en els animals no modificats genéticament (Figura 111.18.).

A 16

w Mdr{a~ Contral
14 4 waMdria* RSV

12 T

10 4

Yaloracio

Figura Il1.18. Estudi histopatologic del colon. A) Valoracio de les lesions observades en I'estudi histopatologic
del colon. Els resultats s’expressen com a mitjana + error estandard (n = 7-13). No s’observen diferencies
significatives. B-G) Imatges representatives del colon dels ratolins wild-type i Mdr1a™. B i E) Colon sa. C i D)
Abscessos a les criptes. F) Infiltracié. G) Ulceracié.
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3.4. Discussi6

El model emprat per a I'estudi de I'efecte del trans-resveratrol sobre la colitis €s un model
instaurat del qual no es coneixen bé les causes que provoquen el desenvolupament de la
malaltia (Collett et al., 2008). El desenvolupament de la MIl que es produeix als ratolins
Mdr1a” es va estudiar a diferents laboratoris i sembla tenir moltes similituds a la colitis
humana (Collet et al., 2008). La rellevancia d’aquest model de patogenesi de la Mil
humana ve també recolzada pel fet que en algunes poblacions les variants al-léliques del
gen MDR vinculades a una disminucié de l'activitat de la P-gp al teixit intestinal estan
associades a un augment de la predisposicié a patir colitis ulcerosa (Ho et al., 2006). No
obstant, els canvis moleculars pels quals la deficieéncia de la P-gp i la flora intestinal
combinades porten a la inflamacié colonica sén desconegudes. Els ratolins Mdr1a” no
mostren deficiéncia immunitaria primaria, per tant, la malaltia esta associada directament
amb canvis en la funcio de la barrera epitelial i/o la resposta de les bactéries comensals
(Collet et al., 2008).

En la present tesi, es van utilitzar ratolins femella Mdr7a” de 13 setmanes d’edat que van
créixer sota condicions SPF fins a la setmana 12. EI manteniment d’aquests ratolins sota
aquestes condicions ja provoca l'inici d’'una inflamacié intestinal espontania que inclou
creixement cel-lular epitelial anomal i infiltracié leucocitaria a la mucosa (Panwala et al.,
1998), tot i que les femelles desenvolupen la malaltia més lentament que els mascles
(Resta-Lenert et al., 2005). Pero, altrament, els animals van estar una setmana en
condicions normals d’estabulacio, ja que s’ha demostrat que la colitis dels ratolins Mdr1a™
comenca abans, és més severa i t& més prevalenga quan estan en condicions

convencionals i no SPF (Resta-Lenert et al., 2005).

Mitjancant aquests ratolins que no expressen la P-gp, es va fer un estudi de I'efecte d’'un
tractament diari amb frans-resveratrol. Es va observar que els animals malalts tenien un
pes inferior i ingerien menys pinso. Aquest efecte també es va observar en altres models
de colitis com ara la colitis induida per I'acid 2,4,6-trinitrobenzé sulfonic (TNBS) mitjangant
una instil-lacié a I'anus (Martin et al., 2006) o la colitis induida per sulfat de dextran sodic
(DSS) (Larrosa et al., 2009; Sanchez-Fidalgo et al., 2010; Singh et al., 2010). El
tractament amb trans-resveratrol en aquests models va revertir la pérdua de pes en la
majoria dels casos, no obstant, s’ha de tenir en compte que es tracta de models

d’'induccioé de colitis aguda i no cronica com en el model emprat.

La inflamacié intestinal és una via fenotipica caracteristica a moltes malalties i el tret
causant de la MIl. Per aquesta rad, també es va avaluar el pes de l'intesti prim i del colon

com a marcador d’inflamacié. Es va detectar un increment en el pes del jeju, de I'ili i del
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colon d’aquells animals que desenvolupen espontaniament una colitis, el qual indica un

estat inflamatori avancat que no es va poder revertir amb el tractament amb el polifenol.

La manca d’efecte en el pes de les mucoses de lintesti prim i el colon també es va
reflectir en I'estudi histopatoldgic que es va realitzar a diferents talls d’intesti. La valoracio
de l'estat inflamatori en I'estudi histopatoldgic no es va veure afectat pel tractament amb
trans-resveratrol. No obstant, altres estudis mostraren un efecte d’aquest polifenol en els
estudis histopatologics del colon (Yao et al., 2010; Cui et al., 2010), tot i que la induccio

de la colitis en aquests casos era concomitant a 'administracié del compost.

Altres estudis in vivo revelaren un efecte antiinflamatori per part del trans-resveratrol
mitjancant la disminucié de les citocines proinflamatories, com ara la IL-8, linterferé a
(IFNa) i el TNFa (Martin et al., 2006; Yao et al., 2010; Singh et al., 2010), i augmentant les
antiinflamatories, com la interleucina IL-10 (Sanchez-Fidalgo et al., 2010). També el
tractament amb aquest polifenol va ser capag¢ de reduir diferents enzims implicats en la
inflamacié com la iINOS (Youn et al., 2009) o la COX-2 (Martin et al., 2006; Larrosa et al.,
2009; Singh et al., 2010). També es va observar que regulava el sistema antioxidant,
reduint la peroxidacié lipidica i la mieloperoxidasa i augmentant la superoxid dismutasa i

la glutatioé peroxidasa (Yao et al., 2010).

Tal i com s’ha dit préeviament, aquest efecte antiinflamatori no es va observar en l'estudi
presentat. Aquesta manca d’efectivitat pot ser deguda a I'estat avancat de la malaltia
intrinseca d’aquests ratolins modificats genéticament. No obstant, quan la colitis és
induida per agents quimics el trans-resveratrol té uns efectes protectors vers la inflamacio
del cdlon. En conclusid, el tractament amb una dosis de 60 mg/kg de trans-resveratrol no

millora la colitis espontania en estat avancat que es desenvolupa als ratolins Mdr1a™.
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CAPITOL 4. AVALUACIO DE LA PARTICIPACIO DE LES PROTEINES ABC INVOLUCRADES EN LA
RESISTENCIA A FARMACS EN L’ABSORCIO | DISTRIBUCIO DEL trans-RESVERATROL.

Aquest capitol es troba desglossat en dos apartats. Els resultats del primer es troben
recollits a I'article 3. El segon apartat esta redactat en catala en format d’article i inclou els
nivells plasmatics del trans-resveratrol i els seus conjugats en ratolins que no expressen

el transportador MDR1A i ratolins no modificats genéticament.

Article 3:

Involvement of breast cancer resistance protein (BCRP1/ABCG2) in the bioavailability and
tissue distribution of trans-resveratrol in knockout mice.
Alfaras, 1., Pérez, M., Juan, M.E., Merino, G., Prieto, J.G., Planas, J.M., Alvarez, A.l.
J. Agric. Food Chem. 2010, 58, 4523-4528

Els resultats obtinguts han donat lloc a les seglients comunicacions a congressos:

e Implicacion de BCRP en la eliminacion intestinal y la distribucion tisular del trans-
resveratrol y sus formas conjugadas
Perez, M., Alfaras, |., Juan, M.E., Merino, G., Prieto, J.G., Planas, J.M., Alvarez,
Al

Presentada com a poster en el congrés:

XXXI Congreso de la Sociedad Espafiola de Bioquimica y Biologia
Molecular
Bilbao, 10 - 13 de setembre de 2008

e Involvement of breast cancer resistance protein on the bioavailability of trans-
resveratrol in knockout mice.
Alfaras, |., Perez, M., Juan, M.E., Merino, G., Prieto, J.G., Alvarez, A.l., Planas,
J.M.

Presentada com a poster en el congrés:

5" International Meeting, Advances in Antioxidants (Trace Elements,
Vitamins and Polyphenols): Molecular mechanisms, nutritional and Clinical
Aspects

Monastir — Sousse, Tunisia, 11 - 15 d’octubre de 2008
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e Plasmatic concentrations of trans-resveratrol in P-glycoprotein knockout mice and
wild-type FVB.

Alfaras, |., Juan, M.E., Pérez-Bosque, A., Moret6, M., Planas, J.M.
Presentada com a poster en el congrés:

4™ International Conference on Polyphenols and Health (ICPH2009)
Harrogate, Anglaterra, 7 - 11 de desembre de 2009
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Involvement of Breast Cancer Resistance Protein (BCRP1/ABCG2) in the

bioavailability and tissue distribution of trans-resveratrol in knockout mice
J. Agric. Food Chem. 2010, 58, 4523-4528

4.1. Resum de l'article

Objectius: Estudis amb técniques de perfusié en intesti indiquen que el trans-resveratrol
és absorbit per difusi6 passiva, metabolitzat a les cél-lules intestinals en glucurodnid i sulfat
els quals sén excretats al lumen intestinal a través de les proteines MRP2 i BCRP.
Donada la importancia que va presentar la proteina BCRP en l'efluxié dels conjugats del
trans-resveratrol es va estudiar en ratolins que no expressen aquest transportador

(Mdr1a™) la biodisponibilitat i la distribucié en teixits d’aquest polifenol.

Material i métodes: S'utilitzaren ratolins mascle Mdrfa” i consanguinis no modificats
geneéticament (FVB) com a controls, que van ser administrats amb una unica dosis de 60
mg/kg de trans-resveratrol. Es va extreure sang als 5, 10 i 30 minuts. Els animals es van
sacrificar als 10 i 30 minuts i es va obtenir el contingut intestinal, I'intesti prim, el cervell, el
cor, el fetge, els ronyons i els pulmons. Les concentracions plasmatiques de trans-
resveratrol i els seus conjugats es van determinar seguint un métode d’extracci6 en fase
solida. Es va determinar el trans-resveratrol i els seus conjugats glucurdnid i sulfat a la
sang, el cervell, el fetge, el cor, els ronyons i els pulmons segons el descrit a Juan et al.
(2010Db).

L’extracci6 del polifenol i els seus conjugats de l'intesti prim es va fer amb metanol al 80%
i acid acétic al 2,5% agitant durant 2 minuts i deixant reposar 24 hores a 4°C. Després de
centrifugar, el sobrenedant es va recollir i evaporar fins a 400 uL que s’analitzaren per
HPLC. La determinacié a contingut intestinal es va realitzar mitjancant dues extraccions
seguides mantenint el contingut intestinal en agitacié constant a 60°C durant 30 minuts
amb metanol al 80% i acid acétic al 2,5%. Després de centrifugar, els sobrenedants es
van evaporar fins a 400 uL que es van analitzar per HPLC. La fase mobil utilitzada a
I'HPLC estava formada per un solvent A, acid acétic al 3%, i un solvent B que consistia en
el 20% de solvent A i el 80% d’acetonitril. Els cromatogrames es van obtenir a la longitud

d’ona de 306 nm, maxim d’absorbancia del trans-resveratrol.

Resultats: Les determinacions realitzades mostraren una elevada influéncia de la
proteina transportadora BCRP1 en la biodisponibilitat del frans-resveratrol. A I'intesti prim
es va observar una disminuci6 de les concentracions de glucuronid i sulfat als 30 minuts
del 68% i del 87%, respectivament. A contingut intestinal també es va produir una
reduccié del glucurdnid d’'un 34% i d’'un 71% a 10 i 30 minuts, respectivament, i el sulfat

va disminuir un 95% i un 97%, respectivament. A plasma, I'area sota la corba (AUC) del
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resveratrol es va reduir en un 44% mentre que la del glucuronid i la del sulfat van
augmentar un 34% i un 392%, respectivament. En ronyons i pulmons s’observa una
acumulaci6 de trans-resveratrol i conjugats en els ratolins Berp1”. En canvi, a fetge les
concentracions de trans-resveratrol i glucuronid van ser similars en ambdés tipus de

ratolins, tot i que el sulfat va augmentar en els Berp1™.

Conclusions: En conclusié, la proteina transportadora BCRP1 esta implicada en la
biodisponibilitat i la distribucié en teixits del trans-resveratrol i els seus conjugats sent

l'intesti, els ronyons i els pulmons els dérgans més afectats.
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trans-Resveratrol undergoes extensive metabolism in the intestinal cells, which leads to the
formation of glucuronide and sulfate conjugates. Given the important role of the breast cancer
resistance protein (ABCG2/BCRP) in the efflux of conjugated forms, the present study investigates
the bioavailability and tissue distribution of frans-resveratrol and its metabolites after the oral
administration of 60 mg/kg in Berp1 ™/~ mice. trans-Resveratrol and its metabolites were measured
in intestinal content, plasma and tissues by HPLC. At 30 min after administration, intestinal content
showed decreases of 71% and 97% of resveratrol glucuronide and sulfate, respectively, in Berp1 =,
indicating a lower efflux from the enterocytes. Furthermore, the area under plasma concentration
curves (AUC) of these metabolites increased by 34% and 392%, respectively, whereas a decrease
in the AUC of trans-resveratrol was found. In conclusion, Bcrp1 plays an important role in the efflux
of resveratrol conjugates, contributing to their bioavailability, tissue distribution and elimination.

KEYWORDS: Bioavailability; Bcrp1 '~ mice; distribution; HPLC-DAD; trans-resveratrol

INTRODUCTION

The breast cancer resistance protein (BCRP/ABCG2) and its
murine homologue Berpl belong to the ATP binding cassette
(ABC) transmembrane drug transporter family. BCRP is con-
stitutively expressed in healthy tissues, including the intestine,
liver, blood—brain barrier, breast and placenta, as well as in
tumors, where it is one mechanism contributing to multidrug
resistance (/). Its location on the apical membrane of epithelial
cells of the intestine suggests its strategic function as a protective
efflux pump that increases the elimination of ingested xenobiotics
and drugs (2). In the liver, this transporter has been found in the
canalicular membrane, hepatocytes, bile duct, reactive bile duc-
tules and blood vessel endothelium (3), thus playing a role in the
biliary excretion of drugs, xenobiotics and metabolites (7). In
kidney, BCRP was located in the brush border membrane of
proximal tubules (4), suggesting its possible involvement in renal
drug excretion. Overall, BCRP favors the excretion of endogen-
ous and exogenous compounds into bile, feces and urine, and
dramatically influences the pharmacokinetics of many drugs and
dietary bioactive compounds (7).

trans-Resveratrol (trans-3,4',5-trihydroxystilbene) is a poly-
phenol present in grapes, red wine, peanuts and various berries (9).
This naturally occurring molecule, known as a phytoalexin, is

*Corresponding author. Tel: +34987291265. Fax: +34987291267.
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synthesized by plants in response to stress, injury, UV radiation
and fungal infections. zrans-Resveratrol holds a wide range of
pharmacological properties (6) with no harmful effects (7).
Numerous biochemical and molecular actions seem to contribute
to trans-resveratrol effects in different human disease models.
The health-protecting properties of this phytoalexin include
cardioprotective (8), neuroprotective (9), spermatogenesis-
enhancing (/0), antiaging (//) and cancer chemopreventive
actions (12). However, these beneficial effects may be affected
by its low oral bioavailability, as shown in studies on both
laboratory animals and humans (5).

Recently, we studied the intestinal absorption of this poly-
phenol, using an in vivo perfusion technique in Sprague—Dawley
rats (13). Our results showed that, although frans-resveratrol
quickly enters the enterocyte, it is highly metabolized to glucur-
onide and sulfate, which are secreted back to the intestinal lumen
through multidrug resistance protein 2 (MRP2) and BCRP. All
these processes contributed to the limited intestinal net absorp-
tion of this polyphenol. Given that BCRP is involved in the
intestinal secretion of trans-resveratrol conjugates, the present
study investigates the bioavailability and tissue distribution of
trans-resveratrol after the oral administration of 60 mg/kg in a
knockout mouse model for this transporter. Transgenic rodent
models in which specific proteins are deleted provide a powerful
tool for examining the complex processes involved in the bio-
availability of frans-resveratrol.

Published on Web 03/16/2010 pubs.acs.org/JAFC
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MATERIALS AND METHODS

Chemicals. rrans-Resveratrol was chemically pure and purchased from
Second Pharma Co., Ltd. (Shangyu, P. R. China). All laboratory
procedures involving the manipulation of trans-resveratrol were per-
formed in dim light to avoid its photochemical isomerization to the cis
form. Acetonitrile and methanol were from J. T. Baker (Deventer,
Netherlands) and acetic acid from Scharlau Chemie S.A. (Barcelona,
Spain). -Glucuronidase (type L-11, Patella vulgata) and sulfatase (type
H-1, Helix pomatia) were from Sigma-Aldrich (St. Louis, MO). All these
solvents were HPLC grade. Other chemicals used were analytical grade
and obtained from Sigma-Aldrich. Water used in all experiments was
passed through a Milli-Q water purification system (18 MQ) (Millipore,
Milan, Italy).

Animal Experiments. Mice were housed and handled according to
procedures approved by the Research Committee of Animal Use of the
University of Leon (Spain) and performed according to the “Principles of
Laboratory Animal Care” and the European guidelines described in EC
Directive 86/609. The animals used in the experiments were Berpl ™/~ and
wild-type mice (9—14 wk), all of >99% FVB genetic background. The
Berpl ™~ mice were kindly supplied by Dr. A. H. Schinkel from The
Netherlands Cancer Institute. Animals were kept in a temperature-
controlled environment with a 12 h light/12 h dark cycle. They received
a standard rodent diet (Panlab SA, Barcelona, Spain) and water was
available ad libitum.

trans-Resveratrol was administered intragastrically by oral gavage
feeding in overnight fasted mice, as an aqueous solution of 20% hydroxy-
propyl -cyclodextrin at the single dose of 60 mg/kg at a constant volume
of 10 mL/kg. Blood samples were taken at 5, 10, and 30 min and placed in
tubes containing EDTA-K2 as anticoagulant. Plasma was immediately
obtained by centrifugation at 1500g for 15 min at 4 °C, immediately frozen
in liquid nitrogen and kept at —80 °C until analysis.

For the tissue distribution study of trans-resveratrol, a group of 4 mice
were killed at 10 min and another at 30 min by cervical dislocation. Small
intestine was removed, and the intestinal content was collected. Subse-
quently, brain, heart, liver, kidney and lungs were rapidly excised and
washed with NaCl 0.9% to remove residual blood containing trans-
resveratrol and its metabolites. Tissues were wiped with filter paper,
weighed, immediately frozen in liquid nitrogen and kept at —80 °C until
analysis.

Determination of frans-Resveratrol and Its Metabolites in In-
testinal Content. Intestinal content samples were defrosted at room
temperature, and 10 mL of 80% methanol, with 2.5% acetic acid and
10 uL of 15% ascorbic acid as antioxidant, was added. The mixture was
shaken with constant stirring for 30 min at 60 °C. Then, samples were
transferred to a centrifuge tube and the remaining content in the beaker
was gathered with an additional 2 mL of acidified methanol. The
homogenates were centrifuged at 33000g (Centrikon H-401, Kontron
Hermle Instruments, Italy) for 30 min at 4 °C. The supernatant was
transferred to a clean tube, and the residue was extracted one more time
following the same procedure. The organic solvent of the supernatant was
evaporated with a Concentrator 5301 (Eppendorf Iberica S.L., San
Sebastian de los Reyes, Spain) at 45 °C to a final volume of 400 uL,
which was then placed in a sealed amber vial for HPLC analysis.

Determination of trans-Resveratrol and Its Metabolites in
Tissues. The defrosted small intestine was placed in a conical tube, and
4 mL of methanol (80%, v/v) acidified with acetic acid (2.5%, v/v) and
10 uL of ascorbic acid (15%, v/v), as antioxidant, was added to the same
tube. The entire tissue was stirred for 2 min and kept overnight at 4 °C.
After this, the intestine was stirred again for 2 min and centrifuged at 1500g
for 30 min at 4 °C (Megafuge 1.0R, Heraeus, Boadilla, Spain). The
supernatant was placed in a clean tube. The organic solvent of the
supernatant was evaporated to a final volume of 400 L, and placed in
a sealed amber vial for HPLC analysis.

The other tissues were finely minced with scissors and placed in a
homogenizer vessel, following the validated method described else-
where (/4). Briefly, methanol acidified with acetic acid and 10 uL of
ascorbic acid was added, and tissues were subsequently homogenized. The
homogenization process was adjusted to each tissue. Brain and testes were
placed in 3 mL of acidified methanol and ground by a manual glass
homogenizer with 30 strokes. An additional 1 mL was used to collect the
residues in the glass vase and was added to the initial 3 mL. However, liver,
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lungs and kidney were homogenized with 6 short pulses of a Polytron
tissue homogenizer (Kinematica AG, Lucerne, Switzerland) using 2 mL of
acidified methanol. The homogenizer was cleaned twice with 1 mL of
acidified methanol, which was added to the 2 mL, making a final volume
of 4 mL.

Homogenized samples were transferred to a 10 mL conical glass tube
and processed in the vortex for 5 min prior to centrifugation at 1500g for
30min at4 °C. The supernatant was placed in a clean tube. The residue was
extracted twice more with 4 mL of acidified methanol by vigorous shaking
in the vortex for 5 min, followed by centrifugation at 3000g for 30 min at
4 °C. The organic solvent of the supernatants was evaporated to a final
volume of 400 4L and subsequently placed in a sealed amber vial for
HPLC analysis.

Determination of frans-Resveratrol and Its Metabolites in
Plasma. Resveratrol was extracted from plasma samples on a reversed-
phase C18 Sep-Pak Classic Cartridge for manual operation (WAT051910,
Waters, Milford, MA), using a method described previously (/4). Briefly,
plasma was acidified with acetic acid (30 uL/mL of plasma), stirred in the
vortex for 2 min, and slowly loaded onto the cartridge, which was rinsed
with water (10 mL/mL of plasma). frans-Resveratrol and metabolites
contained in the cartridge were eluted with 4 mL of methanol. Ten
microliters of ascorbic acid at 15% was added to the eluted liquid, which
was evaporated to a final volume of 400 L. Finally, this was placed in a
sealed amber vial for HPLC analysis.

HPLC Analyses. An Agilent model 1100 (Agilent Technologies, Palo
Alto, CA) gradient liquid chromatograph equipped with an automatic
injector, a Synergi Fusion-RP 80A (250 x 4.6 mm; 4 um) (Phenomenex,
Torrance, CA) with a C18 guard column cartridge, and a diode array
UV-—visible detector coupled to a ChemStation were used. The tempera-
ture of the column was kept at 40 °C. The flow rate was 1.5 mL/min, and
injection volume was 100 uL. The mobile phase consisted of two phases:
phase A was a 3% acetic acid solution, and phase B was a mixture of phase
Acacetonitrile (20:80, v/v). The gradient elution differed, depending on the
samples. Plasma: min 0 with 22% solvent B to min 2; 2—6 min, linear
gradient from 22 to 30% B; 6—14 min, linear from 30 to 50% B; 14—
18 min, increasing to 60% B; 18—25 min, linear from 60 to 100% B;
followed by washing and reconditioning the column. Tissue samples and
intestinal content: 0—5min, 15% B; 7 min, 20% B; 10 min, 21% B; 20 min,
22% B; 30 min, 30% B; 35 min, 35% B; 40 min, 40% B; 45 min, 50% B;
50 min, 70% B; 55—60 min, 100% B; 62 min, 15% B. There was a 5 min
delay prior to the injection of the next sample to ensure re-equilibration of
the column.

The chromatograms were obtained according to the retention time,
with detection at 306 nm (Figure 1), at which the absorbance of trans-
resveratrol reaches a maximum. Resveratrol was initially identified using
comparative retention times of pure standard and photodiode array
spectra (from 200 to 400 nm). The identity of all peaks was confirmed
by HPLC—MS (Figure 1). trans-Resveratrol was quantified by using
standard curves constructed after spiking relevant concentrations of it in
the appropriate sample matrix, either plasma or homogenized tissues. The
curves were characterized by regression coefficients of R* = 0.99 or above.
trans-Resveratrol glucuronide and sulfate were quantified after hydrolysis
by means of enzyme treatment, as already described (/).

Statistical Analysis. All data are given as means + SEM. Tissue
concentrations were analyzed by 1-way ANOVA followed by Bonferroni’s
post hoc test. Statistical differences of plasma concentrations were com-
pared by means of 2-way ANOVA. When the effects were significant,
differences between means were assessed with Bonferroni’s post hoc test.
Differences were considered statistically significant when p < 0.05.

RESULTS

trans-Resveratrol and Resveratrol Glucuronide and Sulfate Con-
centration in Small Intestine. No differences were observed in the
concentrations of trans-resveratrol in the small intestine of wild-
type or Berpl '~ mice (Table 1). The glucuronide and sulfate
conjugates were detected at 10 min in wild-type and Berpl ™/~
animals, with no differences between groups. However, at 30 min,
the concentrations of frans-resveratrol glucuronide and sulfate
were inhibited by 68% (p < 0.05) and 87% (p < 0.001),
respectively, in Berpl ™/~ and wild-type mice.
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Figure 1. HPLC chromatograms at 306 nm from plasma of wild-type and Berp1~~ mice, 30 min after the oral administration of 60 mg/kg trans-resveratrol.
Peak 1, trans-resveratrol; peak 2, frans-resveratrol glucuronide; peak 3, frans-resveratrol sulfate. The insets depict the full-scan product ion mass spectra of
trans-resveratrol (1), trans-resveratrol glucuronide (2) and trans-resveratrol sulfate (3).

Table 1. Concentrations of trans-Resveratrol and Glucuronide and Sulfate Conjugates in Tissues and Intestinal Content of Wild-Type and Berp1 =~ Mice after the
Oral Administration of 60 mg/kg of trans-Resveratrol®

trans-resveratrol glucuronide sulfate
wild-type Berp1 ™/~ wild-type Berpt ™/~ wild-type Berpl ™~
Small Intestine, nmol/g tissue
10 min 314+ 38 313+ 74 198 + 20 148 + 66 352 +98 204 £23
30 min 436 + 66 236 + 33 345 + 42 109 + 25* 119 + 1% 15.9 £+ 0.6***
Intestinal Content, nmol/g content
10 min 1370 £ 207 1622 + 563 215+ 35 142 £ 17 170 + 34 9.4 +42°
30 min 5424 + 806% 1394 + 458" 553 + 151 160 £ 13*** 781 + 49% 23.3 £ 7.0
Liver, nmol/g tissue
10 min 56+ 14 87409 302 £3.0 31.3+58 9.0+12 23.1 £35*
30 min 52+13 3.6+ 047 321+ 54 20.7 + 3.6 126 £ 2.8 13.0 +1.37
Kidney, nmol/g tissue
10 min 57+12 16.1 £ 3.6™ 99.6 £ 15.5 199.5 + 13.7* 11.4 + 241 31.0 £ 183
30 min 08+04 32+08% 3.0 +04° 9824+ 19.17 46+19 32+ 11
Lung, nmol/g tissue
10 min 48+25 6.3+24 93+18 19.4 £+ 2.0 nd® 1.0+£08
30 min 21+08 122+ 22" 106 +£ 2.9 11.6 £ 1.27 nd 1.7 £05
Heart, nmol/g tissue
10 min 35412 32405 554+ 1.2 1214107 nd nd
30 min 25+09 0.8+0.0 12.0 +2.07 13.7+£1.0 nd nd
Brain, nmol/g tissue
10 min 0.43 £ 0.11 1.25 £+ 0.56 0.54 £+ 0.14 0.88 +0.16 0.01 &+ 0.01 0.09 + 0.03
30 min 0.82 £0.10 0.28 £+ 0.05 1.28 +0.29 1.87 £ 0.75 0.36 0.19 £ 0.12

2Results are expressed as the mean == SEM (n=3—4). Berp1 ™~ vs wild-type: *p < 0.05, **p< 0.01, ***p < 0.001. Thirty minutes vs 10 min: ?p< 0.05, °p< 0.01, ®p<0.001.

b Not detected.

trans-Resveratrol and Resveratrol Glucuronide and Sulfate Con-
centration in Intestinal Content. After 10 min of the oral admin-
istration in wild-type mice, glucuronide and sulfate conjugates
were found in intestinal content in concentrations of 215 & 34 and
170 £+ 34 nmol/g, respectively (Table 1). At 30 min, the efflux of
conjugates increased by 157% (p < 0.001) and 360% (p < 0.001)
for the trans-resveratrol glucuronide and sulfate, respectively.

trans-Resveratrol glucuronide was 34% and 71% (p < 0.001)
lower in Berpl ™/~ mice than in wild-type animals, at 10 and
30 min, respectively. frans-Resveratrol sulfate was reduced by 95%
(»p < 0.05) and 97% (p < 0.001) at 10 and 30 min, respectively.

Plasma Concentrations of trans-Resveratrol and Conjugates.
After the oral administration of 60 mg/kg of trans-resveratrol,
blood was withdrawn at different times: 5, 10, and 30 min
(Figure 2). In wild-type mice, this polyphenol was detected at
5 min at concentrations of 7.3 & 2.1 uM, which were maintained
until 10 min (7.4 £ 1.3 uM). From this time point, the plasma
levels decreased to 6.0 & 1.5 uM at 30 min. trans-Resveratrol
glucuronide was the most abundant compound in plasma, and
was already detected at 5 min, in a concentration 5-fold higher
(p < 0.001) than in the parent compound. The concentration of
glucuronide increased over time with values of 57.4 £ 5.9 and



4526  J. Agric. Food Chem., Vol. 58, No. 7, 2010

160 160 + e

. Wild-type @ Berp1
< 140 ] 140 - 1
2120 120 T
S 100 100 {
£ 80 ® 80
S 60 Z —e— Resveratrol 60 / —e— Resveratrol
§ 40 o -~ Glucuronide 40 9 --4-- Glucuronide
8 20 ) 1 ~v--Sulfate 20 ) s *i .............. 'SUHa‘t?

0 #==F i e 0 ¥t T T o

5 10 15 20 25 30 0 5 10 15 20 25 30

Time (min) Time (min)

Figure 2. Plasma concentrations after the oral administration of 60 mg/kg
of trans-resveratrol in wild-type and Berp1 ~~ mice. Values are repre-
sented as means -+ SEM (n=4). Berp1 '~ vs wild-type: *p < 0.05, **p <
0.01, ***p < 0.001. Conjugates vs trans-resveratrol: °p < 0.01, ®p < 0.001.
Statistical analysis at different times: In wild-type mice, trans-resveratrol
and sulfate, 5 = 10 = 30 min; glucuronide, 5 = 10 < 30 min. In Bcrp1*/*
mice, trans-+resveratrol, 5 = 10 = 30 min; glucuronide, 5 < 10 < 30 min;
sulfate, 5 = 30 < 10 min; p < 0.05.

137 £ 10 uM at 10 and 30 min, which were 8 (p < 0.001) and 23
(»p < 0.001) times the trans-resveratrol levels. The sulfate con-
Jjugate was also present in plasma of wild-type mice, ranging from
2.8 £0.2 uM at Smin to 4.4 + 0.8 uM at 30 min.

In Berpl ™/~ mice, the plasma concentrations of trans-resver-
atrol at 5 and 10 min were 3.2 & 1.0 uM and 4.0 £ 1.8 uM,
respectively. At 30 min, the plasma levels were 1.0 &+ 0.2 uM,
which was 6-fold lower (p < 0.05) than the values observed in
wild-type animals. trans-Resveratrol glucuronide was also the
main metabolite found in plasma of mice lacking Berpl. At 5 min,
the glucuronide was 37.8 £+ 4.3 uM; at 10 min, it reached 107 £
14 uM. The plasma concentration of trans-resveratrol glucuro-
nide was 143 £+ 12 uM at 30 min, 148 times higher (p < 0.001)
than that of zrans-resveratrol. The absence of Berpl influenced
the plasma levels of trans-resveratrol sulfate. The plasma levels of
trans-resveratrol sulfate in Berpl ~/~ mice were 3.7 + 0.7 uM at
5 min, and reached a maximum at 10 min with values of 21.4 +
5.5 uM, which were 5 times higher (p < 0.001) than trans-
resveratrol alone. At 30 min, the concentration of the sulfate
conjugate dropped to 8.6 + 1.4 uM.

We also determined the area under plasma concentration
curves (AUC) for trans-resveratrol and its conjugates. The results
showed a decrease of 44% in the AUC for trans-resveratrol in
Berpl ™/~ mice. Conversely, the AUC of glucuronide and sulfate
increased by 34% and 392%, respectively.

Tissue Distribution of trans-Resveratrol and Resveratrol Glucu-
ronide and Sulfate. The concentrations of trans-resveratrol and its
metabolites were also examined in the liver, kidney, lung, heart
and brain of wild-type and Berpl ™/~ mice. Liver concentrations
of trans-resveratrol and its glucuronide were similar in wild-type
and knockout mice (Table 1). The absence of Berpl mainly
affected the sulfate content at 10 min, with a concentration
2.6-fold higher in Berpl ™'~ mice (p < 0.01).

The organs with the greatest differences between wild-type and
Berpl ™/~ mice were kidney and lung (Table 1). In kidney, rrans-
resveratrol at 10 min was 3-fold higher (»p < 0.01) in Berpl ™/~
mice than in wild-type ones. The glucuronide conjugate was
2-fold (10 min) and 32.7-fold (30 min) higher in kidney of
Berpl ™™ mice than in wild-type ones (p < 0.01). No differences
between animals were observed for the sulfate conjugate, either at
10 or at 30 min.

trans-Resveratrol and its glucuronide and sulfate conjugates
were also found in lung (Table 1), although the concentrations of
these compounds were lower than those in liver or kidney. The
concentrations of ¢rans-resveratrol were similar in Berpl ~/~ and
wild-type mice at 10 min. However, at 30 min the concentration of
this compound was 6-fold higher (p < 0.05) in Berpl ™/~ than in

Alfaras et al.

wild-type mice. At 10 min, glucuronide was 2.1-fold higher in
Berpl ™™ mice (p < 0.01). No differences in glucuronide concen-
trations were observed at 30 min. It is worth mentioning that the
sulfate conjugate was only detected in mice lacking Berpl.

In heart, no differences between wild-type and Berpl '~ mice
were observed in the concentration of trans-resveratrol (Table 1).
However, in knockout mice, the glucuronide conjugate was
double (p < 0.01) that in wild-type mice. The sulfate conjugate
was not detected in any group.

The lowest concentrations of trans-resveratrol and its glucu-
ronide were measured in the brain (Table 1). In wild-type mice the
sulfate conjugate was barely detected at 10 min and decreased
with time, so that at 30 min it was only present in one mouse brain
in a concentration of 0.36 nmol/g.

DISCUSSION

The use of genetically modified mice that lack expression of the
transporter Berpl (knockout) has proved a useful tool in studying
the in vivo function of this efflux pump (/5). The present study
attempts to identify the contribution of this protein to the
bioavailability and tissue distribution of trans-resveratrol and
its conjugates. In a previous study, we established that trans-
resveratrol was absorbed by simple diffusion and conjugated
quickly inside the enterocyte to glucuronide and sulfate. Part of
these conjugates was secreted back to the intestinal lumen
through Mrp2 and Berpl (/3). In the present study, the concen-
trations of trans-resveratrol and its metabolites were assessed 10
and 30 min after the oral administration of 60 mg/kg in the
intestinal content, small intestine, plasma, liver, kidney, lung,
heart and brain in wild-type and Berpl ™/~ mice.

The rapid and extensive metabolism that frans-resveratrol
undergoes in the enterocytes was clearly seen 10 min after oral
administration of 60 mg/kg, since the glucuronide and sulfate
conjugates were found in the intestinal tissue as well as in
the luminal content in both groups. A significant reduction of
the efflux toward the intestinal content was observed in Berpl ~/~
mice, in which secretion of the glucuronide conjugate was
inhibited by 70% and the sulfate by 95% more than in wild-type
mice. Results here demonstrate that Berpl is predominantly
responsible for the intestinal excretion of sulfate conjugates
and, to a lesser extent, of glucuronide. Our data corroborate
previous findings in Berpl ™/~ mice for 4-methylumbelliferone
and its conjugates (/6) and for minoxidil and its sulfate (/7). In
our experiments, the efflux of both metabolites was not comple-
tely halted in Berpl /~ mice because the conjugates of rrans-
resveratrol are also substrates of Mrp2, as previously shown in
rats (13, 18). The decreased concentrations of glucuronide and
sulfate conjugates in the luminal content of Berpl ~/~ mice could
not be attributed to changes in the level of conjugating enzymes
secondary to the absence of transporters in knockout mice,
because no changes in intestinal UDP-glucuronosyltransferase
or sulfotransferases were reported in them (/7).

The analysis of the luminal content revealed that trans-resver-
atrol concentration was higher in wild-type mice than in Berpl =/~
mice at 30 min. This result cannot be explained by active transport
of intact trans-resveratrol from the enterocyte, since this com-
pound is not transported by BCRP at physiological pH, as
studied in MDCKII cells overexpressing human BCRP (79).
Moreover, in vivo perfusion in rat jejunum using Ko143 as BCRP
inhibitor showed that frans-resveratrol was not secreted back to
the intestinal lumen (/3). A reasonable explanation could be an
intestinal absorption rate of trans-resveratrol that is different in
wild-type and knockout animals. The lower concentration of
trans-resveratrol in the luminal content and enterocytes in knock-
out vs wild-type mice could be due to a major gradient of
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concentration of this compound from the lumen to the blood in
Berpl 7/~ mice. Moreover, the contribution of enterohepatic cir-
culation cannot be ruled out in wild-type mice, in which the
luminal content of trans-resveratrol and its conjugates was higher
than in knockout ones (20).

We also evaluated the plasma levels of trans-resveratrol after
the oral administration of 60 mg/kg. The higher AUC, observed
for trans-resveratrol conjugates, is consistent with the fact that
these compounds are transported by Berpl. The same pattern
has been described for other substrates transported by this
protein (/7, 21). It is worth mentioning that the greater increase
of AUC in Berpl ™/~ mice corresponds to resveratrol sulfate,
which implies greater affinity of Berpl for this substrate, as
pointed out by other authors (/7, 22). Moreover, the fact that
the AUC of trans-resveratrol in knockout mice does not increase
indicates that it is not transported by Berpl (13). The pattern of
plasma concentrations of frans-resveratrol and its metabolites is
quite similar to that described by van de Wetering et al. (23) in
wild-type mice. However, important differences were found
between our results and van de Wetering’s results in plasma
from Berpl ~/~ mice. First, van de Wetering et al. (23) failed
to detect trans-resveratrol in plasma. Second, they identified a
third metabolite corresponding to frans-resveratrol disulfate,
which is absent in our samples. These discrepancies may be
attributed to the different extraction methods and chromato-
graphic conditions used to determine trans-resveratrol from
plasma samples.

In the liver, Berpl has been described as mediating the biliary
excretion of drugs and its metabolites. No differences between
groups for trans-resveratrol and its glucuronide were observed.
The fact that the glucuronide conjugate did not accumulate in
liver could be attributed to the involvement of Mrp2 in its efflux,
as previously seen in rats (/8). In Berpl ~/~ mice, the concentra-
tion of trans-resveratrol sulfate was higher at 10 min, probably
due to the greater affinity of Berpl for sulfates than for glucu-
ronide conjugates (22). Moreover, the higher level of trans-
resveratrol sulfate in Berpl ~/~ mice mirrored the plasma peak
observed at this time point.

Kidney was the organ with the highest concentration of trans-
resveratrol and its conjugates in Berpl /™ mice. It is precisely this
organ in which the expression of Berpl mRNA has been reported
to be the highest (24). The absence of Berpl from the apical
membrane of the tubular cells leads to the accumulation of the
conjugates in the kidney. Our results are consistent with the
findings of the Borst group (23), who pointed to a decrease in
the excretion of resveratrol conjugates in urine of mice with
absence of Berpl.

The presence of trans-resveratrol and its conjugates in lungs
has been previously reported in mice and rats (/4, 26, 27). It
should be noted that trans-resveratrol sulfate was not detected in
wild-type mice, whereas it was present in Berpl ™/~ mice, thus
confirming the high affinity of this transporter for trans-resver-
atrol sulfate. The concentrations of trans-resveratrol in heart have
been determined before in rats (28) and mice (26), but conjugates
were not taken into account in those studies. trans-Resveratrol
glucuronide appeared the only detectable conjugate in this organ,
in which it was found in higher amounts than the parent
compound was.

The tissue distribution of frans-resveratrol was also evaluated
in the brain, since Berpl is known to be present in the blood—
brain barrier, restricting the penetration of different com-
pounds (/5). Our results show that this polyphenol is able to
cross the blood—brain barrier, although its concentration is lower
than that found in other tissues. These data corroborate previous
observations in mice and rats (14, 26, 27). The contribution of
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Berpl is small, since there is a similar amount of glucuronide and
sulfate in knockout and wild-type mice.

In conclusion, the bioavailability and tissue distribution of
trans-resveratrol is the result of a complex interaction of trans-
porters and enzyme activities in the different tissues. Our results
emphasize the role of Berpl in the distribution of trans-resveratrol
and its conjugates. The most affected organs are the small
intestine, kidney and the lungs, with higher amounts in Berpl ™/~
mice. It is worthy of note that Berpl is responsible for the extrusion
of the conjugates of trans-resveratrol from the enterocytes to the
intestinal lumen, which favors high concentrations of these com-
pounds throughout the intestine. Since the conjugates could be
converted back to the parent compound (25) or even the con-
jugated compounds could have beneficial effects similar to trans-
resveratrol’s effect (5), our results support the suitability of the use
of trans-resveratrol in therapy for colon cancer (29) or intestinal
bowel disease (30).

ABBREVIATIONS USED

AUC, area under the plasma concentration curve, BCRP/
ABCG2, breast cancer resistance protein, ABC, ATP binding
cassette; MRP2/ABCC2, multidrug resistance protein 2.
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4.2. Estudi de la biodisponibilitat del trans-resveratrol i els seus conjugats en ratolins que

no expressen el transportador Mdr1a i ratolins no modificats genéticament

4.2 1. Introduccio

La P-gp és el primer transportador de xenobidtics transmembrana conegut de la familia
de les proteines ABC (Kannan et al., 2009). Aquesta proteina és el producte del gen
huma MDR1 i va ser identificat inicialment com una proteina que donava resisténcia als
farmacs en diferents cél-lules tumorals (Stanley et al., 2009). Posteriorment, es va
localitzar aquesta proteina en teixits normals, suggerint una funcié fisioldgica per aquest
transportador. Estudis de localitzacié i farmacocinética demostraren que la P-gp pot
transportar substrats fora de les cél-lules, a I'espai luminal, ja que esta ampliament
expressada a la membrana apical de cél-lules epitelials de diferents 6rgans com ronyé,
fetge i intesti (Kannan et al., 2009).

En rosegadors, a diferéncia del que passa en humans, la P-gp esta codificat per 2 gens
diferents, Mdri1a i Mdr1b (Wilk et al., 2005). L'expressié d’'Mdr1a s’ha trobat a cél-lules
epitelials intestinals, a cél-lules T CD8", a algunes cél-lules T CD4", a altres cél-lules
hematopoétiques com cél-lules mononuclears de sang periferica, macrofags, cél-lules NK
(acronim anglés de Natural killer) i cél-lules dendritiques, i a la part luminal de I'endoteli
dels capil-lars sanguinis del cervell (Wilk et al., 2005). En canvi, Mdr1b es troba
predominantment a la glandula adrenal, I'ovari i a I'iter de dones embarassades (Schinkel
et al., 1995). Per tant, la biodisponibilitat de xenobibtics es pot estudiar en ratolins que no
expressen Mdr1a (ratolins Mdr1a™) ja que les cél-lules epitelials intestinals dels ratolins
contenen sobretot Mdr1a i no Mdr1b (Ho et al., 2003).

En rosegadors, I'epiteli intestinal esta molt involucrat en el procés metabdlic del trans-
resveratrol (Juan et al., 2010a), donant lloc a conjugats glucurdnid i sulfat els quals
utilitzen transportadors de la familia ABC per a creuar les membranes. Recentment, s’ha
demostrat que els transportadors MRP2 i BCRP estan implicats en la secrecidé des de
I'enterdcit al lumen intestinal tant del glucuronid com del sulfat de trans-resveratrol (Juan
et al., 2010a). A més, la biodisponibilitat i la distribucié en teixits d’aquest polifenol i els
seus conjugats es troba modificada en ratolins Berp1” (Apartat 4.1. - Alfaras et al., 2010).
Per tant, es va estudiar la biodisponibilitat oral del trans-resveratrol i els seus conjugats

glucuronid i sulfat després de 'administracié oral de 60 mg/kg en ratolins Mdr1a™ i wild-

type.
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4.2.2. Material i métodes
4.2.2.1. Reactius i substancies utilitzades

El trans-resveratrol pur es va obtenir de Second Pharma Co., Ltd. (Shangyu, P.R. China).
Totes les activitats experimentals que implicaren la manipulacié de trans-resveratrol es
realitzaren sota llum vermella per evitar la isomeritzacié fotoquimica a la forma cis-.
L’acetonitril i el metanoles van adquirir de J.T. Baker (Deventer, Holanda) i I'acid acétic de
Scharlau Chemie S.A. (Barcelona, Espanya). Tots els solvents tingueren puresa HPLC.
La 2-hidroxipropil-B-ciclodextrina (ref. 332607) i altres reactius utilitzats es van obtenir a
Sigma-Aldrich (St. Louis, EUA). L’aigua utilitzada en tots els experiments va passar a

través d’un sistema de purificacio d’aigua Milli-Q (18 MQ) (Millipore, Milan, Italia).
4.2.2.2. Animals d’experimentacio

S'utilitzaren ratolins mascle Mdria” (FVB.129P2-Abcb1a™®'N7) i els ratolins
consanguinis no modificats genéticament (FVB, wild-type) com a controls. Els animals es
mantingueren sota condicions SPF, temperatura (22 + 3°C) i humitat (50 + 10%)
controlades i amb cicles de llum-foscor de 12 hores al servei d’estabulari animal del Parc
Cientific de Barcelona. A I'edat de 12 setmanes van ser traslladats a I'estabulari de la
Facultat de Farmacia de la Universitat de Barcelona, sota les mateixes condicions de
temperatura i humitat i cicles de llum-foscor perd condicions no SPF. Els animals van

rebre una dieta control per ratoli (Harlan, Espanya) i aigua ad libitum.

Els experiments es realitzaren sempre a primera hora del mati, per minimitzar els efectes
de qualsevol ritme circadiari i amb els animals sotmesos a dejuni previ. La manipulacié
dels animals al llarg de tot el tractament, aixi com el seu sacrifici, es va dur a terme
segons els procediments autoritzats pel Comite étic d’Experimentacié Animal de la
Universitat de Barcelona i seguint les recomanacions de la Federation of European

Laboratory Animal Science Associations (1995).
4.2.2.3. Obtencio6 de les mostres

Els ratolins control i els Mdr1a” van rebre per via oral mitiangant una sonda intragastrica,
una dosi Unica de trans-resveratrol de 60 mg/kg dissolt en 2-hidroxipropil-B-ciclodextrina
al 20% (v/v). Els animals s’anestesiaren amb ketamina i xilacina (0,1% i 0,01% volum/pes
corporal, respectivament). Un cop es va comprovar que el ratoli no tenia reflexes, es va
procedir a la puncié cardiaca amb agulles 21G i amb xeringa de 2,5 mL. Els temps

d’extracci6 de la mostra van ser 10, 15 i 30 min (n=4/grup i temps experimental).

La sang es va recollir en tubs d’extraccié que contenien EDTA-K3 com anticoagulant i es

mantingueren a 4°C fins al seu analisi.
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4.2.2.4. Determinacio de trans-resveratrol i els seus conjugats a plasma

Les mostres de sang obtingudes es centrifugaren a 1500xg i 4°C durant 15 minuts.
Posteriorment, se separa el plasma de les cél-lules, que es recolli amb un tub conic de
vidre i es mesura el volum de plasma obtingut. A continuacié s’afegi un volum d’acid
aceétic, a una relacié de 15 uL d’acid acétic per 500 pL de plasma, per tal de mantenir els
grups hidroxil del trans-resveratrol en forma no ionitzada. Seguidament s’agita 2 minuts al

vortex.

La determinacié del trans-resveratrol del plasma es va realitzar emprant un métode
d’extraccié en fase solida (Juan et al., 2010b) utilitzant un cartutx C18 de fase reversa
(Sep-Pack®, Waters, Milford, EUA). El procediment analitic per l'extraccid6 va ser,
primerament, I'activacio del cartutx fent passar 4 mL de metanol i 10 mL d’aigua mQ. A
continuacié es van passar les mostres de plasma, molt lentament, pel cartutx per tal que
el trans-resveratrol s’adsorbis. Seguidament es renta el cartutx amb aigua mQ a una
relacié de 10 mL d’aigua mQ per 1 mL de plasma. Finalment, el trans-resveratrol retingut

al cartutx s’elui amb 4 mL de metanol.

Un cop extret el trans-resveratrol amb el metanol es van afegir 10 yL d’acid ascorbic per
evitar I'oxidacié del polifenol i es porta a evaporar al concentrador 5301 (Eppendorf
Ibérica S.L., San Sebastian de los Reyes, Espanya). Un cop finalitzada I'evaporaci6 es va
mesurar el volum final obtingut i es va posar en un vial topazi per al posterior analisi per
HPLC.

4.2.2.5. Analisis cromatografiques

El trans-resveratrol i els seus conjugats es determinaren mitjancant HPLC. L’aparell
utilitzat va ser un cromatograf Agilent Technologies 1100 (Agilent Technologies, Palo Alto,
CA), equipat amb un injector automatic, una columna Synergi Fusion-RP 80A (250 x 4.6
mm; 4 ym) (Phenomenex, Torrance, CA), una precolumna C18 i un detector diode array
UV-visible acoblat a un ordinador amb software que controlava I'instrument (ChemStation,
for LC3D, Agilent Technologies 1999-2000). La temperatura de la columna es mantingué

a 40°C. El flux va ser d’1,5 mL/min i el volum d’injeccié de 100 pL.

La fase mobil utilitzada constava de dues fases A i B. La Fase A estava formada per un
97% d’aigua mQ i un 3% d’acid acetic, mentre que la Fase B contenia un 20% de Fase A
i un 80% d’acetonitril. El gradient d’elucié d’aquesta fase mobil per a la determinacié del

trans-resveratrol i els seus conjugats en plasma es troba descrit en la taula 111.2.
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Temps (min) Fase A (%) Fase B (%)

0 78 22
6 70 30
14 50 50
18 40 60
25 0 100
30 0 100
32 78 22

Taula lll.2. Gradient d’elucié per a mostres de plasma.

Els cromatogrames s’obtingueren mitjancant la deteccié per UV-diode-array a 306 nm
que correspon a la maxima absorbancia del trans-resveratrol. La identificacié del trans-
resveratrol es va fer comparant el temps de retenci6 amb el de l'estandard i el seu

espectre d’absorbancia (des de 200 a 400 nm).

La identitat dels pics es va confirmar per HPLC acoblat a MS. L’equip constava d'un
HPLC model Agilent series 1100 combinat amb un espectrometre de masses model API
3000 triple quadrupol (Applied Biosystems, PE Sciex, Concord, Ontario, Canada) equipat
amb una font d’ionitzacié Turbo lonSpray™ (electrospray assistit per turbo nebulitzacio).
Les determinacions es van fer en mode negatiu. El voltatge de la font d’'ionitzacié va ser
3500 V, mitjancant el nitrogen com a gas nebulitzador (10 unitats arbitraries) i gas cortina
(15 unitats arbitraries). El gas turbo, també nitrogen, estava a una temperatura de 400°C i
es va introduir a un flux de 5000 cm®min. Les condicions de detecci6é es van optimitzar
amb una solucié estandard de trans-resveratrol en preséncia de fase mobil utilitzant,
finalment, un potencial de ruptura de -70 V i un potencial d’enfocament dels ions de -200
V. L’adquisicié6 de dades es va realitzar fent un escombratge complert de masses entre
100 i 500 m/z.

4.2.2.6. Tractament de les dades

Tots els resultats s’expressen com a mitjana * error estandard. L’analisi estadistica es va
dur a terme amb el programa GraphPad Prism 4.03. Les diferencies entre les
concentracions plasmatiques de trans-resveratrol s’analitzaren mitjangant la prova de la t
de Student. Els valors P < 0,05 van ser considerats com a diferéncies estadisticament

significatives.
4.2.3. Resultats

Es va analitzar el plasma extret als 10, 15 i 30 minuts després de I'administracié oral de

60 mg/kg de trans-resveratrol a ratolins amb manca de P-gp i ratolins no modificats

86



I1l. RESULTATS ~ CAPITOL 4

genéticament. El cromatograma caracteristic obtingut en analitzar les mostres de plasma
aixi com els espectres d’absorbancia es representen a la figura 1l11.19. Tal com es pot

observar, les mostres de plasma, tant dels ratolins Mdr1a™

com dels control, es
caracteritzaren per presentar un pic corresponent al trans-resvertrol que va eluir als 12,8
min, aixi com els seus conjugats glucurodnid i sulfat amb temps de retencié de 7,51 16,5

min, respectivament.
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Figura Il1.19. Cromatogrames caracteristics d’'una mostra de plasma després de I'administracié oral de 60
mg/kg de frans-resveratrol a ratolins amb manca de glicoproteina P (A) i ratolins no modificats genéticament
(B). També estan representats els espectres d’absorbancia del trans-resveratrol i els dels seus conjugats
glucurodnid i sulfat.

Les concentracions obtingudes de frans-

6,0 .
—— Wild-ype resveratrol a plasma en ratolins Mdr1a” i en els
50 Mdrta™ .

- control es mostren a la figura [11.20. En els

2 40 . . o
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£ ¥ / 'l_ N\ concentracions de trans-resveratrol van ser 1,84

2 hY .

g 20 4 \ + 0,30 uM als 10 minuts, 3,91 + 1,69 uM als 15
1.0 5 minuts i 0,75 + 0,15 uM als 30 minuts després de
0.0 - - - | l'administraci6  del  frans-resveratrol. Les

0 10 20 30 40

Temps (min) concentracions del polifenol en els ratolins amb
Figura IlI.20. Concentracions plasmatiques de Manca de P-gp van ser 1,65 + 0,10 pM als 10
trans-resveratrol 10, 15 i 30 minuts després de minuts, 3,29 + 0,56 uM als 15 minuts i 1,37 =

Iadministraci6 de 60 mg/kg de trans-
resveratrol a ratolins. Valors representats com 0,49 pM als 30 minuts i no mostraren diferéncies

a mitjana = error estandard. Diferencies al llarg

del temps, Wild-type: 10" = 15" < 30 15" = 305, sjgnificatives amb les observades als ratolins
Mdr1a”: 10’ = 15' < 30"; 10’ = 30’ (P < 0,05).

control.
El conjugat majoritari va ser el glucurdnid tant als ratolins modificats genéticament com
als que no expressen la P-gp i no s’observaren diferéncies significatives entre els 2 grups
de ratolins (Figura 111.21.). Als ratolins control, les concentracions de glucuronid van ser
51,7 £ 14,7 yM als 10 minuts, 53,9 £ 11,2 yM als 15 minuts i 57,9 £ 5,8 uM als 30 minuts.
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Als ratolins que no expressen P-gp, les concentracions observades van ser 31,8 £ 8,3
MM, 45,6 £ 5,7 uM i 60,8 £ 4,4 uM als 10, 15 i 30 minuts, respectivament.
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Figura 11l.21. Concentracions plasmatiques de
glucuronid 10, 15 i 30 minuts després de
I'administracié de 60 mg/kg de trans-resveratrol
a ratolins. Valors representats com a mitjana +
error estandard. No hi ha diferencies entre els
grups. Diferéncies al llarg del temps, Wild-type:
10" = 15’ = 30"; Mdr1a”: 10’ = 15’ < 30"; 15" =
30’ (P < 0,05).
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Figura 11.22. Concentracions plasmatiques de
sulfat 10, 15 i 30 minuts després de
ladministraci6 de 60 mg/kg de ftrans-
resveratrol a ratolins. Valors representats com
a mitana + error estandard. No hi ha
diferéncies entre els grups. Diferéncies al llarg
del temps, Wild-type: 10’ = 15’ < 30’; 10’ = 30’;
Mdr1a™: 10’ = 15" = 30’ (P < 0,05).

El sulfat de trans-resveratrol també es va trobar en concentracions més elevades que el
compost pare, tot i que no hi va haver diferéncies entre els grups experimentals (Figura
[11.22.). Als ratolins no modificats geneticament, les concentracions de sulfat a plasma van
ser 6,88 + 1,86 uM als 10 minuts, 8,17 £ 1,03 uM als 15 minuts i 5,12 + 0,30 uyM als 30
minuts. Les mesures realitzades als ratolins amb manca de P-gp varen ser 5,20 + 1,15
MM, 7,11 £ 1,60 pM i 3,64 £ 0,73 pM als 10, 15 i 30 minuts de I'administracio,

respectivament.
4.2.4. Discussio

La P-gp o proteina MDR1 és un transportador poliespecific amb la capacitat d’acceptar
xenobidtics de diferents grandaries i estructures i, a més, té multiples llocs d’uni6é per a
aquests compostos (Klaassen i Aleksunes, 2010). Juntament amb els enzims que
conformen el metabolisme de fase | i ll, I'expressié de la P-gp constitueix un mecanisme
de proteccioé contra xenobidtics potencialment toxics (Fromm, 2004). La P-gp es troba
expressada a la membrana apical dels enterdcits a on transporta xenobidtics des de
linterior de la cél-lula cap a la lumen intestinal i, aixi, aconsegueix disminuir I'absorcié
d’aquests compostos quan so6n administrats oralment (Klaasen i Aleksunes, 2010). En
rosegadors, la P-gp humana és codificada pels gens Mdr1a i Mdrib, I'expressié dels
quals difereix en la seva localitzacié (Schinkel et al., 1995). Atés que en les cél-lules
epitelials de l'intesti dels ratolins es troba majoritariament la proteina MDR1A i gairebé no

es troba la MDR1B, els ratolins Mdria” poden ser utilitzats en l'estudi de la
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biodisponibilitat oral de xenobidtics (Schinkel et al., 1995). Per aquesta rad, en aquest
estudi es va avaluar mitjangant ratolins que no expressen el gen Mdr1a la implicacio de la
P-gp en la biodisponibilitat oral del frans-resveratrol i els seus conjugats glucuronid i

sulfat.

Els substrats de la P-gp s6n basicament compostos hidrofobics, la majoria dels quals
poden travessar la bicapa lipidica per difusié passiva (Murakami i Takano, 2008). En
estudis realitzats amb cél-lules Caco-2, es va observar que la velocitat de transport del
trans-resveratrol era directament proporcional al polifenol inicialment administrat i, per
tant, es va concloure que el frans-resveratrol entra a les ceél-lules també per difusié
passiva (Henry et al., 2005; Maier-Salamon et al., 2006). Mitjan¢ant un métode in vivo de
perfusié intestinal en rates es va arribar a les mateixes conclusions (Juan et al., 2010a).
L’Gs d’inhibidors especifics per a la P-gp, com ara verapamil i ciclosporina, va permetre
rebutjar que el trans-resveratrol o els seus conjugats fossin substrats d’aquesta proteina
transportadora (Juan et al., 2010a). Aixi com en els estudis previs, les concentracions de
trans-resveratrol obtingudes en els ratolins no modificats genéticament i els que no
expressen Mdria van ser iguals i, per tant, es va descartar la implicacié de la P-gp en la

biodisponibilitat oral del polifenol.

Un cop dintre dels enterdcits, el frans-resveratrol pateix metabolisme de fase Il formant
els conjugats glucurdnid i sulfat. Mitjancant I'is d’inhibidors especifics es va veure que
aquests conjugats eren retornats en part al lumen intestinal pels transportadors BCRP1 i
MRP2 perd sense la implicacié de la P-gp (Juan et al., 2010a). Posteriorment, es va
demostrar la implicacié de la proteina BCRP1 in vivo mitjangant ratolins que no expressen
aquesta proteina (resultats presentats al Capitol 3 de la present tesi, apartat 3.4.1.,
Alfaras et al., 2010). En aquest estudi, es va demostrar que la biodisponibilitat oral del
trans-resveratrol i els seus conjugats no es va veia afectada per la implicacio de la P-gp ja
que les concentracions de trans-resveratrol i els seus conjugats no es van alterar per la

manca del transportador.

Mitjangant ratolins Mdr1a/b™, el transport de conjugats com el glucurdnid i el sulfat també
havia estat estudiat préviament en bilis i fetge (Zamek-Gliszczynski et al., 2006). El
transport de glucuronid i sulfat de compostos com acetaminofen, harmol i 4-
metilumbeliferil a nivell biliar es realitza mitjancant la BCRP i la MRP2. En canvi, la P-gp
no va tenir un paper rellevant en el transport biliar d’aquests metabolits de fase Il (Zamek-
Gliszczynski et al., 2006). Aquests resultats estan en concordanga amb els resultats
obtinguts per al glucurdnid i sulfat de frans-resveratrol en aquest estudi ja que els nivells
plasmatics d’'ambdoés conjugats no es van veure modificats per I'abséncia de la proteina

transportadora.
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En conclusid, els resultats obtinguts després de I'administracié d’una dosi unica de 60
mg/kg en ratolins Mdria” indicaren que labséncia de P-gp no va afectar la
biodisponibilitat ni del trans-resveratrol ni dels seus conjugats confirmant que aquests

compostos no sén especifics del transportador.
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CAPIiTOL 5. DESENVOLUPAMENT D’UN MODEL FARMACOCINETIC DEL trans-RESVERATROL

SEGUINT UNA APROXIMACIO POBLACIONAL.

Els resultats presentats en el capitol es troben recollits a l'article 4:

Population pharmacokinetic modeling of trans-resveratrol and its glucuronide and sulfate

conjugates after oral and intravenous administration in rats.
Colom, H., Alfaras, 1., Maijé, M., Juan, M.E., Planas, J.M.
Pharm. Res. 2011, 28, 1606-1621

Els resultats obtinguts han donat lloc a les seglients comunicacions a congressos:

Population pharmacokinetic study of trans-resveratrol after single intravenous and
oral administration in rats
Colom, H., Juan, M.E., Maij6, M., Alfaras, ., Planas, J.M.

Presentada com a poster en el congrés:

10th European Nutrition Conference
Paris, Francga, 10 — 13 de juliol de 2007

Publicat en Ann. Nutr. Metab. 51, 210, 2007

Population pharmacokinetics of trans-resveratrol and its metabolites after
infravenous administration in rats

Colom, H., Juan, M.E., Maijé, M., Alfaras, |., Fernandez-Campos, F., Planas, J.M.
Presentada com a poster en el congrés:

6th  World Meeting on Pharmaceutics, Biopharmaceutics and
Pharmaceutical Technology
Barcelona, 7 - 10 d’abril de 2008

Population pharmacokinetics of trans-resveratrol and its metabolites in rats
Colom, H., Alfaras, I., Maij6, M., Juan, M.E., Planas, J.M.

Presentada com a poster en el congrés:

[ll Jornadas de Modelizacion y Simulacién en Biomedicina
Barcelona, 26 - 27 novembre de 2009
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e Population pharmacokinetic study of trans-resveratrol and its metabolites after
infravenous and oral administrations of 2, 10 and 20 mg/kg in rats
Alfaras, |., Colom, H, Maijo, M., Juan, M.E., Planas, J.M.

Presentada com a poster en el congrés:

4™ International Conference on Polyphenols and Health (ICPH2009)
Harrogate, Anglaterra, 7 - 11 de desembre de 2009
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Population pharmacokinetic modeling of trans-resveratrol and its glucuronide and

sulfate conjugates after oral and intravenous administration in rats
Pharm. Res. 2011, 28, 1606-1621

5.1. Resum de l'article 4

Objectius: La farmacocinética del trans-resveratrol ha estat descrita des d’'un punt de
vista classic i sense incloure els metabdlits d’aquest polifenol. Per aquesta rad, es va
desenvolupar un model farmacocinétic que analitza simultaniament el frans-resveratrol i
els seus conjugats des d’'una aproximacié poblacional a partir de les concentracions

plasmatiques obtingudes en rata.

Material i meétodes: Rates mascle Sprague-Dawley es van administrar per via
intravenosa o via oral amb 2, 10 i 20 mg/kg de frans-resveratrol. Els temps d’extracci6 de
les mostres es trobava dins del rang de 0 a 25 hores. Les mostres de sang es van
processar i analitzar segons el métode descrit per Juan et al. (2010b). Es va utilitzar la
metodologia del modelatge no lineal d’efectes mixtes mitjancant el programa NONMEM
versié 6.2. El model es va validar emprant la técnica de la comprovacio visual predictiva
corregida per les prediccions tipiques del model (pcVPC, acronim anglés de prediction-
corrected visual predictive check). Posteriorment, la capacitat predictiva del model
s’avalua amb simulacions després de I'administraci6 intravenosa de 15 mg/kg que es van

comparar amb dades externes obtingudes sota les mateixes condicions experimentals.

Resultats: Es va desenvolupar un model estructural basic que vincula els models
bicompartimentals del frans-resveratrol, el glucurdnid i el sulfat. La conversié del frans-
resveratrol en els seus conjugats es va donar per un procés d’ordre 1, en canvi, els
conjugats glucurodnid i sulfat s’eliminaren mitjangant un procés d’ordre 1 i una cinética de
Michaelis-Menten. Es va observar una millora estadisticament significativa a I'introduir la
variabilitat interindividual a I'aclariment, I'aclariment de distribucié i la biodisponibilitat del
trans-resveratrol, aixi com en el volum de distribucié periféric del glucuronid. La dosi es va
incloure com a covariable a la biodisponibilitat del trans-resveratrol disminuint la seva
variabilitat interindividual i aportant una millora al model. Les grafiques de bondat de
I'ajust indiquen que el model és capac¢ de descriure correctament les concentracions
plasmatiques del trans-resveratrol i els seus conjugats. La pcVPC demostra que el model
desenvolupat és apropiat per descriure el perfil de concentracions plasmatiques en rates
ja que és capag de captar la tendéncia mitjana i la dispersié de les dades. EI model final
mostra una capacitat predictiva satisfactoria ja que les simulacions realitzades pel model
d'una dosi de 15 mg/kg de trans-resveratrol administrada per via intravenosa estan en

concordanga amb les dades observades.
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Conclusio: El model farmacocinétic poblacional desenvolupat descriu adequadament les
concentracions plasmatiques de frans-resveratrol aixi com les dels seus metabdlits més

coneguts, com sén el glucurdnid i el sulfat.
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ABSTRACT

Purpose To develop a population pharmacokinetic (PK)
model which allowed the simultaneous modeling of trans-
resveratrol and its glucuronide and sulfate conjugates.
Methods Male Sprague—Dawley rats were administered i.v.
and p.o. with 2, 10 and 20 mg-kg ™" of trans-resveratrol. Blood
was collected at different times during 24 h. An integrated PK
model was developed using a sequential analysis, with non-
linear mixed effect modeling (NONMEM). A prediction-
corrected visual predictive check (pcVPC) was used to assess
model performance. The model predictive capability was also
evaluated with simulations after the i.v. administration of
|5 mg-kg ™' that were compared with an external data set.
Results Disposition PK of trans-resveratrol and its metabolites
was best described by a three-linked two-compartment
model. Clearance of trans-resveratrol by conversion to its
conjugates occurred by a first-order process, whereas both
metabolites were eliminated by parallel first-order and
Michaelis-Menten kinetics. The pcVPC confirmed the model
stability and precision. The final model was successfully applied
to the external data set showing its robustness.

Conclusions A robust population PK model has been built for
trans-resveratrol and its glucuronide and sulfate conjugates that
adequately predict plasmatic concentrations.
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ABBREVIATIONS

ABC ATP-binding cassette

AIC Akaike information criterion

AUC  area under the curve

BCRP  breast cancer resistance protein

DV observed concentrations

IAV inter-animal variability

IPRED  individual model predicted concentrations
MRP multidrug resistance protein

ORFV objective function value

pcVPC  prediction corrected visual predictive check
PD pharmacodynamic

PK pharmacokinetic

PRED  population model predicted concentrations
RSE relative standard error

UGT  UDP-glucuronosyltransferase
INTRODUCTION

trans-Resveratrol (trans-3,4',5-trihydroxystilbene) is found in
more than 70 plant species, including grapes, berries and
peanuts, where it is biosynthesized in response to different
kinds of environmental stress and fungal attack, thus being
considered a phytoalexin (1). Furthermore, this polyphenol
has been reported to exhibit several beneficial effects on
human health, including anti-inflammatory, free-radical
scavenging, cardioprotection, immune regulation and anti-
tumor activity (1,2). frans-Resveratrol also appears to be
protective against Alzheimer’s and Parkinson’s diseases, the
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most common neurodegenerative ailments associated with
aging (2). In addition, this polyphenol is well tolerated, and
no harmful effects have been reported (3,4).

The pharmacokinetic (PK) information existing for #rans-
resveratrol to date is limited despite that different studies
have assessed its oral bioavailability both in animals and
humans (4). Previous PK studies included either only one
dose (5—7), or the parameters were obtained through non-
compartmental analyses (8—10). Moreover, none of them
provided an adequate description of the intricate processes
that determine the bioavailability of #ransresveratrol. After
p.o. administration, this compound rapidly enters the
intestinal epithelium (11). Once in the enterocyte, it 1s highly
metabolized to glucuro and sulfo-conjugates that are excreted
back, in part, to the intestinal lumen through specific proteins
from the ATP-binding cassette (ABC) family (11). Therefore,
the small intestine comes out as the first bottleneck to the
entry of frans-resveratrol to the organism. In addition, the
metabolism in the liver cannot be underestimated (12,13)
before the distribution to tissues where ABC proteins are also
present. All these processes influence the distribution and
subsequent elimination from the organism (14). As a result of
this complex interplay between enzyme activities and efflux
transporters, the concentrations of #rans-resveratrol in plasma
have been reported to be low (4).

Consequently, owing to the lack of description of the
pharmacokinetics of frans-resveratrol and its metabolites, we
aim to develop a PK model that can simultancously describe
the pharmacokinetics of both the parent compound and its
conjugated metabolites and investigate the linearity of the
kinetics after i.v. and p.o. administration of three doses of
trans-resveratrol in Sprague—Dawley rats. Analyses of the
plasmatic data through the population PK approach provides
important advantages such as overcoming the limitations of
blood sampling in studies using experimental animals and at
the same time preserving animal individuality.

MATERIALS AND METHODS
Materials

trans-Resveratrol was purchased from Second Pharma CO.,
LTD (Shangyu, P.R. China). Dose preparation, rat admin-
istration and sample treatments were performed in dim light
to avoid photochemical isomerization of #rans-resveratrol to
the ¢is form. Acetonitrile and methanol were purchased from
J.T. Baker (Deventer, Netherlands) and acetic acid from
Scharlau Chemie S.A. (Barcelona, Spain). All these solvents
were HPLC grade. All other reagents were analytical grade
and purchased from Sigma-Aldrich (St. Louts, MO, USA).
Water used in all experiments was passed through a Milli-Q
water purification system (18 m€) (Millipore, Milan, Italy).

Animals

The protocol of the present study was reviewed and
approved by the Ethic Committee of Animal Experimen-
tation of the University of Barcelona (ref. DMAH-4695).
All animal handling followed the European Community
guidelines for the care and management of laboratory
animals. Male Sprague—Dawley rats (218-432 g) were
housed in cages (n=3/cage) under controlled conditions of
a 12 h light:dark cycle, with a temperature of 22+ 3°C and
a relative humidity of 40-70%. Water and a standard diet
(2014 Teklad Global 14%, Harlan, Spain) were consumed
ad libitum. No traces of trans-resveratrol were detected in the
commercial diet as revealed by the analyses performed
according to the method described previously (15). All rat
manipulations were carried out in the morning to minimize
the effects of circadian rhythm.

trans-Resveratrol Administration and Blood Sampling

Overnight fasted rats received a single p.o. or 1i.v.
administration of frans-resveratrol at three different doses
of 2 mg'kg ™' (8.8 pmol-kg™"), 10 mg-kg™' (43.8 pmol-kg™ ")
or 20 mg'kg™' (87.6 pmolkg™"). All doses were adjusted
according to the rat weight and were freshly prepared
immediately before each administration. Given that trans-
resveratrol is insoluble in water, this compound was
solubilized using hydroxypropyl-f-cyclodextrin, a parental-
ly safe excipient. The 1.v. administration was performed in a
physiological saline solution (0.9% NaCl) of hydroxypropyl-
B-cyclodextrin at 1 ml-kg ' via the tail vein. The p.o.
administration was performed in an aqueous solution of
hydroxypropyl-B-cyclodextrin (20%, w/v) by gavage at
10 mL-kg ". Blood was collected from the saphenous vein
(16) and placed in tubes containing EDTA-K, as
anticoagulant (Microvette CB300, Sarstedt, Granollers,
Spain). Plasma was immediately obtained by centrifuga-
tion at 1500 X g (Centrifuge MEGAFUGE 1.0R,
Heracus, Boadilla, Spain) for 15 min at 4°C and was
kept at 4°C until analysis, which was performed straight
away. Sampling times were 0, 0.016, 0.05, 0.083, 0.16,
0.25,0.5,0.75, 1, 1.5, 2, 2.5, 3, 4, 6, 8, 10, 12 and 24 h
after administration. A sparse sampling design including
20 rats per dose and route, with 3 to 5 samples per
animal, and 5 to 6 values per experimental time were
used.

trans-Resveratrol and Its Conjugates Plasmatic
Concentrations

Plasma samples were subjected to solid-phase extraction

through a reversed-phase Cg Sep-Pak Cartridge (WAT051910,
Waters, Mildford, USA), and trans-resveratrol and its
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glucuronide and sulfate conjugates were analyzed by
HPLC as described elsewhere (15). The method was
previously validated observing a mean recovery in plasma of
97.4% and linearity (R*>0.99) within the range of 0.01—
5 umol-L.”". The intra-day and inter-day precisions were
lower than 10%, and the limits of detection and quantification
were 1.73 and 5.77 nmol-L", respectively (15).

PK Modeling
Software

A non-compartmental analysis of the plasmatic concen-
trations of #rans-resveratrol and its conjugates after i.v. and
p-o. administration was carried out with WinNonlin version
3.3 (WinNonlin™ Copyright ©1998—-2001, Pharsight Cor-
poration). PK modeling was performed using nonlinear
mixed-effects approach implemented in the software NON-
MEM, version 6.2 (Icon Development Solutions, MD,
USA) (17) using the subroutine ADVANG6 (user-defined
non-linear model). The first-order conditional estimation
method (FOCE) with interaction was used for estimating
the model parameters. The Xpose program version 4.2.1
(http://xpose.sourceforge.net) implemented into R version
2.11.1 (http://www.r-project.com) was used to guide the
model-building process (18). Additional graphical and other
statistical analysis including evaluation of NONMEN out-
puts were performed using S-Plus 6.2 for Windows
(Insightful, Seattle, WA, USA). The visual predictive check
was performed with the Perl speakss-NONMEM (PsN)
3.2.4. Tool-kit (http://psn.sourceforge.net) (19).

PK Data Analysis

The areas under the concentrations vs time profiles (AUC)
from zero to infinity were estimated by non-compartmental
analysis using the trapezoidal rule. Then, the individual
plasmatic concentrations of trans-resveratrol and its glucu-
ronide and sulfate conjugates were analyzed together to
allow integrated modeling of parent drug and metabolites
using the population modeling approach. Models were
fitted to log-transformed concentrations (umol-L™"). Plas-
matic concentrations below the limit of quantification
were excluded from the analysis. Inter-animal variability
(IAV) was modeled exponentially, assuming a log-
normal distribution for the PK parameters. Additive
and combined error models on log-transformed data
were tested for residual variability modeling of plasmatic
concentrations of frans-resveratrol and its conjugates.
Inclusion of IAV on residual error was also tested in all
the cases.

Model selection was based on i) the decrease in the
objective function value (OFV; -2xlog likelihood); ii)

@ Springer

parameter precision expressed as relative standard error
(RSE%) and calculated as the estimate of standard error,
obtained as part of the standard NONMEM output,
divided by the parameter value; iii) visual inspection of
goodness-of-fit plots with Xpose 4.2.1. To statistically
distinguish between nested models, the difference in the
OFV was used because this difference is approximately y”
distributed. A significance level of p<0.005 that corre-
sponded to a difference in OFV of 7.879 for 1 degree of
freedom was considered. For non-hierarchical models, the
most parsimonious model with the lowest objective function
according to the Akaike information criterion (AIC) was
chosen (20).

Base Population PK Model

A sequential pharmacokinetic analysis was performed. First,
the intravenous concentrations vs time data of the parent
compound and its conjugates were modeled. Once the best
intravenous model was found, the disposition parameters
were fixed, and the oral data of the three compounds were
added to estimate the absorption parameters (absorption
rate constants and bioavailability).

Intravenous Data Modeling. One-, two- and three-
compartment linear models were evaluated to character-
ize the time course of the intravenous plasmatic concen-
trations of frans-resveratrol and its glucuronide and sulfate
conjugates. Linear, non-linear or combined (linear and
non-linear) elimination kinetics were tested to describe
the elimination either of #rans-resveratrol or of its
conjugates. The models were parameterized in terms of
distribution clearances (CLp), apparent volumes of
distribution (V), and elimination clearances (CL) for linear
elimination processes or maximal elimination rate (V)
and concentration of the drug at which the elimination is
half maximal (K,,), according to the Michaclis-Menten
equation.

Oral Data Modeling. According to previous knowledge
existing about the kinetics of frans-resveratrol and its
conjugates (11), pre-systemic metabolism of the parent
compound at the enterocyte was tested by simulating
simultaneous oral trans-resveratrol and equimolar conju-
gates dosing. A linear process was considered for trans-
resveratrol absorption; meanwhile, linear, non-linear and
combined (linear and non-linear) absorption/conversion
processes were tested for the conjugates. Moreover, as it 1s
known that a portion of glucuronide or of sulfate can be
effluxed back from the enterocyte to the intestinal lumen
(11), it was also tested in the model by allowing for a
portion of the parent compound never to be absorbed into
the circulation.
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Covariate Analysis and Final Model

When the best base intravenous model was found, the
covariate body weight was investigated to explain part
of the variability between animals. The body weight
was evaluated in order to see if part of the IAV
observed in the PK parameters (specifically, CLp,, CL
and V,) could be explained. Once the best base oral
model was found, the actual dose was tested in bioavail-
ability to study if linear or non-linear pharmacokinetic
behavior took place. In this case, the inclusion of body
weight in bioavailability was not considered biologically
plausible. Of note, that dose was tested both as a
categorical and continuous covariate in the model.
Covariates were incorporated in the model when a
drop of OFV of more than 7.879, corresponding to
a significance level of p<0.005, was observed. The
NONMEM code for the final model is included in the
Appendix.

Model Validation

A prediction-corrected visual predictive check (pcVPC)
was performed to determine whether the final model
provides an adequate description of the data (21,22). By
using pcVPC, both the observations and model predic-
tions were normalized for the typical model predictions.
pcVPCs were constructed with the median, 2.5th and
97.5th percentiles for the observed data, stratifying by
compound/administration route. Then, 1000 data sets
were simulated from the final model parameter estimates,
and the non-parametric 95% confidence intervals for the
median, 2.5th and 97.5th percentiles based on the 1000
simulated datasets were calculated and represented to-
gether for visual inspection. The extent of the Bayesian
shrinkage was also evaluated for each parameter in the
final population PK model (23). Large values of shrinkage
would be associated with generally poor individual
estimates of that parameter.

Model Simulation

Once the final model was proved to be stable through
internal validation procedures, its predictive capacity
was evaluated by simulating 1000 data sets after the i.v.
dose of 15 mgkg ' of the parent compound. The
external validation data were obtained using the same
experimental conditions (135). The 2.5th, 50th and 97.5th
percentiles of the simulated concentrations of trans-
resveratrol and its conjugates were calculated for each
sampling time and plotted together with external obser-
vations corresponding to the i.v. dose of 15 mgkg ' for
visual inspection.

RESULTS

trans-Resveratrol and Its Conjugates Plasmatic
Concentrations

The individual plasma concentrations of #ans-resveratrol
and its conjugates following i.v. and p.o. doses of 2, 10 and
20 mg-kg” " are displayed in Figs. 1 and 2. A total of 1039
plasmatic concentrations were obtained for #rans-resveratrol
(n=449) and the two conjugates (glucuronide, n=421;
sulfate, =169) from 120 Sprague—Dawley rats and
were used in the final data set. The sampling points
adequately defined the overall PK profiles. Plasmatic
concentrations were quantified up to 12-24 h post-
administration of #rans-resveratrol with the exception of
sulfate conjugate. In this case, plasmatic concentrations
were measurable up to around 2 h post-administration
after the p.o. doses of 10 and 20 mg-kg™' and were not
detected after the lowest dose of 2 mg-kg™'. The total
percentages of concentration values below the limit of
detection or below the limit of quantification were 2.8%,
4.2% and 27.9% for resveratrol, glucuronide and sulfate,
respectively.

PK Modeling
Non-compartmental Analysis

Mean values of AUC estimated from the experimental
observations for frans-resveratrol and its conjugates after
each dose/administration route are indicated in Table I.
After i.v. and p.o. administration of 2, 10 and 20 mg-kg ",
the AUC for #rans-resveratrol and its conjugates increased
with the dose. When AUC was dose normalized (AUC/D),
a linear PK behavior was observed for glucuronide and
sulfate of #rans-resveratrol. However, the AUC/D of the
parent compound decreased approximately 70% after 1.v.
administration, while the decrease was 90% in the p.o.
administration.

Population PK Model

A schematic of the full model obtained after a sequential
population PK analysis is represented in Iig. 3.

Intravenous Data Model. Three-linked two-compartment
models were assumed to provide the best intravenous
model for both frans-resveratrol and its conjugates
(glucuronide and sulfate). According to this model, trans-
resveratrol was administered directly into the central
compartment of #ans-resveratrol (V). Once there, all
trans-resveratrol was assumed to be converted to its
glucuronide and sulfate according to first-order elimination
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processes, so two parallel elimination routes were consid-
ered. On the other hand, elimination of both metabolites
was best described by combined first-order (CL, and CLs:
clearances associated to the first-order elimination of the
glucuronide and sulfate, respectively) and Michaelis-

Menten processes (Ving, Kpng and Vi, K., maximal

elimination rates and Concentfations of the drug at which
the elimination is half maximal for the glucuronide and
sulfate, respectively). The inclusion of a parallel Michaelis-
Menten elimination process to the linear one, for the
glucuronide and sulfate, reduced the AIC values in 17.54
and 3.01 points, respectively. IAV could be included in
distributional (CLp,) and total elimination clearance (CL) of
trans-resveratrol and peripheral distribution volume of the
glucuronide conjugate (Vo). For the other parameters,
inclusion of IAV did not improve the fit. Residual error of
the three compounds was best described by an additive
model on log-transformed data. The clearances associated
to the conversion of frans-resveratrol to its glucuronide
(CLg) and sulfate (CLg) were calculated as CLg = CLA,,
and CLg = CL-(1-f,,), where f,, and 1-f,, were the fractions

of the parent compound metabolized to the glucuronide

@ Springer

and sulfate conjugates, respectively. Since only the parent
compound was administered, this model was a prior
unidentifiable, and f,,, the distribution volumes and the
clearances of formation of both metabolites could not be
estimated independently. A simultaneous modeling of trans-
resveratrol and glucuronide intravenous data, performed in
a previous step, provided a V./f;, value of 0.0970, under
the assumption of f,=1, i.e. total conversion of the parent
compound to the metabolite. Consequently, when the
plasmatic sulfate data were incorporated into the modeling
process, the V., value was assumed to be 0.05 for the
remaining parameter estimation in order to avoid f,, values
>1. Then, it was possible to identify f,,, and once f,, was
known, 1-f;,, could be estimated too, under the assumption
that there was no other elimination of #ans-resveratrol
except by formation of glucuronide or sulfate. Therefore,
the amount of formed sulfate was known, and the central
compartment volume of this metabolite could be identified.

By assuming a value for V., the clearance values associated

g
to the formation of the metabolites were also identifiable.
cg> DUL its

numerical value is depending on the last. The intravenous

Of note, the V is not necessarily equal to the V.
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Fig. 2 Plasmatic concentrations
vs time profile of trans-resveratrol
and its glucuronide and sulfate
conjugates (circles) after p.o.
administration of trans-resveratrol
at the doses of 2 mg-kg™ ',

10 mgkg™" and 20 mgkg™' in
rats. Solid lines represent the trend
line of the observed data. The
inserts depict the plasmatic
concentrations vs time profile from
0to25h.

PK base model was assessed both with a full variance-
covariance matrix and a diagonal variance-covariance
matrix for random-effects. The full matrix did not reduce
the OFV, and therefore was not considered further.

Table I Mean AUC and AUC
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Sulfate after i.v. and p.o. Doses of 2,

10 and 20 mgkg™"

0 2 4 6 8 10
| 1 1 1 1 | 1 1 1 1 1 11 1 | 1 1 1
trans-Resveratrol | trans-Resveratrol | frans-Resveratrol

2 mg-kg”’, po 10 mg-kg”', po 20 mg-kg™, po
101 = 100 =
10° - O 10" ) 3 80() < iy
4] 25 Cb
101 oS -
e go§ O ‘""1;,. |

. 102 — 1l}‘u 2 ~

Y Glucuronide Glucuronide Glucuronide

S 2 mg-kg”', po 10 mg-kg”', po 20 mg-kg™, po

i - s - 10"

-]

é - 58 "o - 10°

c

8 7 1 ‘ 10

g - [+] m;o 25 102

O 0 2 4 & 8 40 Sulfate Sulfate

10 mg-kg”', po 20 mg-kg™, po
10" - -
10° -
10 &e ; &
102 %o b "
1004 -

1 I I 1 I 1 I 1 I I 1 1

0 2 4 6 8 10

Time (h)

Covariate Analysis and Final Intravenous Model. The body
weight did not show any significant effect when entered in
the intravenous model. The parameter estimates for the
final PK intravenous model are given in Table II. The

Dose Intravenous administration Oral administration
AUC (umol-L™"Yh AUC/D AUC (umol-L™"yh AUC/D

trans-Resveratrol

2 mgkg™! 6.87 2.85 4.04 1.50
10 mg-kg ™' 19.8 1.53 4.09 0.3
20 mgrkg ™! 25.8 0.95 3.34 0.12
trans-Resveratrol glucuronide

2 mgkg™! 5.47 227 237 0.88
10 mgkg™! 232 1.79 4.7 1.09
20 mg-kg™' 49.5 1.82 36.3 1.24
trans-Resveratrol sulfate

2 mgkg™! 1.32 0.55 - -

10 mgkg ™! 6.16 0.48 0.13 0.01
20 mg-kg ™! 16.48 0.6l 0.46 0.02
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Fig. 3 Schematic representation
of the pharmacokinetic model to
simultaneously describe the data
of trans-resveratrol and its
glucuronide and sulfate conjugates
after i.v. and p.o. administration.
The model consists of three-linked
two compartments with
first-order absorption process and
first-order elimination from the
central compartment through the
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standard errors of the estimated parameters could not be
obtained due to matrix algorithmically singular and
algorithmically non-positive semidefinite and covariance
step aborted. IAV included in CL, CLp, and V,, were
19.34%, 90.00% and 61.24%, respectively. Large values of
residual variabilities (frans-resveratrol: 75.96%; glucuronide:
52.73%; sulfate: 41.35%) were found probably due to
analytical contributions and model misspecifications. The
mean half-life (t,,05) value of #rans-resveratrol after i.v.
administration calculated from the Bayesian estimations

was 0.55 h.

Oral Data Model. Once the disposition parameters were
obtained, they were fixed in order to estimate the
absorption parameters (absorption rate constants and
bioavailability). Therefore, a depot compartment (intestinal
compartment) was added to the intravenous model where
trans-resveratrol was administered. When going into the
gastrointestinal tract, frans-resveratrol was supposed to be
subject to first-pass metabolism and to reach the systemic
circulation intact or as its glucuronide. The data did not
support the inclusion of first-pass metabolism of #ans-
resveratrol to sulfate, so the model was simplified to
absorption/presystemic metabolism of #rans-resveratrol to
its glucuronide and absorption of the formed glucuronide.
The inclusion of a fraction of the parent compound never
absorbed, and due to metabolism to the conjugates and
efflux of them back into intestine, did not improve the fit.
The proportions of absorbed intact frans-resveratrol and its
glucuronide were estimated as f; and (1-f}), respectively. It
was assumed that the total absorption of frans-resveratrol
and its glucuronide was 100%, and the absorption rate for
trans-resveratrol was rate limiting; hence, the rate of
appearance of glucuronide was set to the absorption rate
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constant. First-order kinetic processes described the presen-
tation of both trans-resveratrol and its glucuronide into the
systemic circulation with lower AIC values than Michaelis-
Menten kinetics. Different rate constant values for both
compounds (frans-resveratrol vs glucuronide) provided a
statistically significant reduction of the OFV in 315.98
points ($<0.001). IAV could only be included in fi.
Residual error of the three compounds was best described
by an additive model on log-transformed data.

Covariate Analysis and Final Oral Model. The covariate
analysis showed a dose-dependency behavior in f;. The
inclusion of dose as a continuous covariate resulted in a
higher drop of the OFV than when it was entered as a
categorical variable. The inclusion of dose on f; reduced
the OFV in 81.41 points. The IAV in f; was reduced from
96.18% (base model) to 64.80% (final model). According to
the final oral model, f; decreased significantly with
increasing doses from 2 to 20 mgkg ' (p<0.001). Specif-
ically a decrease in f; values of 20.62% (from 2 to 10 mg/
kg) and 32.12% (from 10 to 20 mg/kg) occurred. The
parameter estimates for the oral data model are given in
Table II. The RSE of both fixed and random parameters
were from 2.70% to 29.29%, which suggests that these
parameters were estimated with good precision. As in the
intravenous data model, large values of residual variabilities
(trans-resveratrol: 88.03%; glucuronide: 61.16%; sulfate:
71.62%) were found, probably due to analytical contribu-
tions and model misspecifications. Of note, although in the
final step of the model development a simultaneous
intravenous and oral data modeling was evaluated, the
minimization was terminated due to an excess of maximum
number of function evaluations and an unreportable
number of significant digits.
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Table Il Population Pharmacokinetic Parameters, Inter-animal and
Residual Variability of trans-Resveratrol and lts Glucuronide and Sulfate
Conjugates after 1.V. and PO. Administration

Parameters Final model

Disposition parameters
trans-Resveratrol Estimate RSE (%)
CL(L'h™" .24 e
Ve (L) 0.249 -
Clp (Lh™ 0.436 -

Vor () 2.80 -

fm 0.540 -
Glucuronide

CL, (Lh™h 0.297 -

Ve (L) 0.05 fixed
Clpg (Lh7™") 0.127 -

Ves (L) 0.327 -
Vimg (Umol-h™") 0.096| -
Kng (Umol-L™") 0.00518 -
Sulfate

CL, (Lh™" 0.737 -

Ve (L) 0.0613 -
Clps (Lh™1 0.273 -

Vps (L) 0.0770 -
Vins (Umol'h™") 0.139 -

Kins (Umol-L™") 0.0229 -
Absorption parameters

Ky (b 0.442 23.52
fi 8, - (1-6, - Dose)®
0,=0.474 12.05
6,=0.0244 2.70

Ko (h™") 0.256 7.50
Inter-animal variability®

CL 19.34 -
Clp, 90.00 -

Vog 61.24 -

fi 64.80 29.29
Residual variability®

Intravenous data

trans-Resveratrol 75.96 -
Glucuronide 52.73 -
Sulfate 41.35 -
Oral data

trans-Resveratrol 88.03 13.16
Glucuronide 61.16 21.95
Sulfate 71.62 25.34

#The standard errors of the disposition estimated parameters could not be
obtained due to covariance step aborted of the final intravenous data run.

b .
Dose values are expressed in umol.

¢ Inter-animal and residual variabilities are expressed as coefficient of variation
(CV%).

Intravenous and Oral Data Model Evaluations

Figure 4 illustrates the correlation between observed (DV)
and population model-predicted (PRED) and between DV
and individual model-predicted IPRED) concentrations for
both intravenous and oral data models. These plots
indicated that the models adequately described the concen-
trations of frans-resveratrol and its conjugates. Estimates of n-
shrinkage for CL, CLp,, Ve and f; were —2.36, —0.035,
0.15 and —0.28, respectively, while those of e-shrinkage were
0.37 and 0.20 for intravenous and oral data, respectively.
According to these values, shrinkage was present, but it did
not affect the correct model selection because it was based
on standard model building using the objective function
values (23), rather than on empirical bayes estimates (EBEs),
IPRED and individual weighted residuals IWRES). More-
over, the condition number for the oral data model was
8.115, which indicates that the parameter estimates were not
severely influenced by ill-conditioning.

Model Validation

The results of the pcVPC stratified by compound (trans-
resveratrol and its metabolites)/administration route are
depicted in Fig. 5. These plots indicated that the model
predicts the data adequately in such a way that the 2.5%,
50% and 97.5% percentiles of the observed data overlap
the corresponding percentiles of the simulated data.

Model Simulations

According to the results of Fig. 6 the final model showed a
satisfactory predictive performance for which there was a
close agreement between the observed data found after an
i.v. administration of 15 mg-kg™' of trans-resveratrol and
model-predicted concentration data for this dose and
administration route.

DISCUSSION

The present study performs an integrated PK analysis of
trans-resveratrol and its glucuronide and sulfate conjugates
using a population approach with the non-linear mixed
effects modeling. This approach preserves the individuality
of plasma concentration profiles and allows the estimation
of the typical PK parameters, the corresponding IAV as
well as the residual variability. To this end, all the data
(from parent compound and conjugates) obtained after the
iv. and p.o. administrations of three doses of trans-
resveratrol were modeled using a sequential analysis. First,
the intravenous data were modeled, and once the disposi-
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Fig. 4 Goodness-of-fit plots for the final population pharmacokinetic model. The scatter plots show the observed concentrations (DV) vs population
model predictions (PRED) and observed concentrations (DV) vs individual model predictions (IPRED). The dashed lines represent the identity line; the solid
lines display the smooth line indicating the general data trend. Concentrations are given in mol-L™".

tion parameters were obtained, they were fixed, and the
oral data were added in order to estimate the absorption
parameters. One-, two- and three-compartment linear
models were evaluated to characterize the disposition of
trans-resveratrol and its conjugates. The best full PK
intravenous model was achieved by three-linked two
compartments.

Elimination of #ans-resveratrol by conversion to its
glucuronide and sulfate took place by a first-order kinetic
process. It is noteworthy that the transformation of the
parent compound to its conjugates was not saturable even
at the plasmatic concentrations achieved after the highest
dose assayed (20 mg-kg ). Meanwhile, clearance of trans-
resveratrol glucuronide and sulfate was best described by
parallel first-order and Michaelis-Menten kinetics. These
results are in agreement with existing knowledge about
elimination mechanisms of both conjugates (14,24). In
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effect, glucuronide and sulfate can suffer either renal or
biliar excretion, and in tubular cells and hepatocytes both
first-order and Michaelis-Menten kinetics are implicated.
The total clearance value of frans-resveratrol was slightly
higher than %: times the hepatic blood flow in the rat
(0.90 L/h for a body weight of 0.25 kg). According to the f,,
value obtained (0.540), approximately the same percentage
of both metabolites was formed. Clearances of formation of
the glucuronide and sulfate were 0.67 and 0.57 L-h™',
respectively. Distribution volume of frans-resveratrol (total
distribution volume = 3.05 L) exceeded the total body
water in the rat (0.15 L-kg™"' for a body weight of 0.25 kg),
suggesting extensive distribution into tissues. A short
half-life value was estimated for trans-resveratrol (0.55 h)
that was in agreement with its clearance and distri-
bution volumes values. By contrast, smaller distribution
volumes were found for the metabolites (total distribution
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Fig. 5 Prediction-corrected

visual predictive check of the

pharmacokinetic model for
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volumes = 0.38 and 0.14 L for the glucuronide and sulfate,
respectively).

In the present study, the plasmatic concentrations of
trans-resveratrol obtained after i.v. and p.o. administration
are low and in accordance with previous results obtained by
different authors (4—8). The low bioavailability might be
explained, at least in part, by the first-pass effect not only in
the liver (25-27) but also in the intestine (11,24,28,29).
After p.o. administration, #ans-resveratrol enters to the

Time (h) Time (h)

enterocyte by simple diffusion (11). Then, this compound
undergoes extensive metabolism to its glucuronide and
sulfate conjugates (25,26) that are excreted back, in part, to
the intestinal lumen through the specific proteins mult-
drug resistance protein 2 (MRP2) and breast cancer
resistance protein (BCRP) (11). The metabolism in the liver
accounted for an extensive glucuronidation and sulfatation
through UDP-glucuronosyltransferase (UGT) and sulfo-
transferase, respectively (4,27). trans-Resveratrol and its
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Fig. 6 Model predictive performance of external data. Observed

concentrations (circles) of an external data set after an i.v. administration

of 15 mgkg™' of trans-resveratrol are represented with simulated 50th

percentile (solid line) and 2.5th and 97.5th percentiles (dashed lines) and
the actual 2.5th and 97.5th percentiles (dotted lines). Simulations (n=
1000) are based on the final model for an i.v. dose of 15 mg-kg™".

conjugates accumulate significantly in this organ (14,15)
and are further excreted into the bile, leading to
enterohepatic recirculation (6,27). The contribution of the
biliar pathways to the eclimination of the conjugated
metabolites could not be captured by the present model,
although a light rebound was observed after 6 h of the i.v.
administration, supporting the occurrence of the entero-
hepatic cycle. Previously, Marier et al. (6) have reported that
the enterohepatic recirculation using a linked rat model
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induced significant increase of plasma concentrations of
resveratrol and its glucuronide in bile-recipient rats at 4 to 8 h.

The linearity of the PK after i.v. and p.o. administration
of three doses of trans-resveratrol was also assessed. The
AUC estimated for the parent compound and its conjugat-
ed metabolites, by non-compartmental procedures, indicat-
ed non-linear PK behavior for #rans-resveratrol, especially
evident after p.o. administration. The linearity of the PK of
this polyphenol has scarcely been evaluated previously.
Boocock et al. (8) performed a pharmacokinetic study after
the p.o. administration of 7, 14, 36 and 72 mg-kg™ " of trans-
resveratrol in humans. When plotted vs dose, the mean AUC
and C,,,,, values for frans-resveratrol increased with dose but
in a slightly less than dose-proportional manner, in accor-
dance with our results. The PK behaviors of #rans-resveratrol
and its metabolites in a living animal are somewhat complex.
The important role that the intestine plays not only in the
absorption process but also in the metabolism of these
compounds might explain, at least in part, the differences
observed between the oral and intravenous routes (5,14).
The lower exposure (AUC) values found after the oral route
compared to the intravenous at the three assayed doses could
be attributed to the metabolism occurring at the enterocyte
as well as the efflux processes from the enterocyte by
transporters such as MRP2 or BCRP (11,14).

The uptake of trans-resveratrol through the intestine is
best fitted with a first-order kinetic. Our plasmatic data of
this compound and its glucuronide and sulfate metabolites
only allowed the inclusion of the first-pass metabolism in
the intestine of frans-resveratrol to its glucuronide, but could
not take in the conjugation to trans-resveratrol sulfate. One
of the reasons why trans-resveratrol sulfate could not be
included in the presystemic metabolism of frans-resveratrol
might be the low concentrations of this metabolite that
reached the bloodstream. These low concentrations could
be attributed to a lower sulfation compared to the
glucuronidation of #rans-resveratrol in the rat intestine
(28,29). Moreover, the higher affinity and capacity of BCRP
for trans-resveratrol sulfate compared to the one observed for
the glucuronide could account for a higher efficiency in the
secretion of the sulfate (24). Andlauer et al. (28) appointed
that only 0.3% of the absorbed resveratrol reaches the blood
as sulfate. Altogether, these processes could explain why the
model did not support the inclusion of presystemic metab-
olism of trans-resveratrol to its sulfate conjugate.

In the final model developed, the rate-limiting step is
most likely the absorption process of trans-resveratrol and its
glucuronide rather than the metabolism. The first-order
absorption rate constants (K,;=0.442 h™', absorption half
life = 1.57 h, K,p=0.256 h™", absorption/metabolism half
life = 2.71 h) confirmed rapid absorption/metabolism kinetics
for both compounds. Our results show that when the dose
administered increased, a lower fraction of #rans-resveratrol
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remained unchanged (f; =0.420, 0.207 and 0.060 for the doses
of 2, 10 and 20 mgkg ™', respectively, and a body weight of
0.25 kg). By contrast, the relative fraction of glucuronide
formed/absorbed from the intestine increased with the dose
with values of 0.580, 0.793 and 0.94 for the doses of 2, 10 and
20 mgkg ' and a body weight of 0.25 kg, respectively.

Our work also aimed to develop a PK model for
estimation of the time course of frans-resveratrol in plasma
to be used in future PK-pharmacodynamic (PD) investiga-
tion. For this reason, once the model was established and
proved to be stable through the internal validation
procedures, its predictive capacity was evaluated using an
external data set obtained after the iv. administration of
15 mg-kg™". The results showed a close agreement between
the observed data and the predicted concentrations for the
dose and administration route assayed, supporting the
hypothesis of the robustness of the model.

APPENDIX
The NONMEM code used in the final model

Modeling of Intravenous Data

In summary, we built a population PK model to
adequately describe plasma data of #rans-resveratrol and
its currently known major metabolites in the rat, including
the glucuronide and the sulfate. These data not only
increase our knowledge to better understand the PK of
this polyphenol but also may be applicable to many other
polyphenols which have similar PK properties. In addition
the model may also be useful for planning future PK—PD
studies to establish the relative contribution of the con-
jugates to the overall efficacy.
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$PROBLEM trans-resveratrol and its conjugates plasmatic concentrations
$INPUT ID TIME AMT DV MDV EVID CMT WGT ROUT DOSA;DOSA=ACTUAL DOSE

$DATA data.csv IGNORE=#
IGNORE (ROUTEQ.2)
$SUBROUTINES ADVAN6 TOL=3
$MODEL

COMP = (CENTRALRESV.DEFOBS)
COMP = (PERIPHRESV)

COMP = (CENTRALGLUC)
COMP = (PERIPHGLUC)

COMP = (CENTRALSULF)

COMP = (PERIPHSULF)

$PK
;DISPOSITION PARAMETERS

;trans-Resveratrol

TVCLI = THETA(I)

CLI = TVCLI*EXP(ETA(I))
VI = THETAQ2)

Q = THETAG)*EXP(ETAQ2))
V2 = THETA®4)
;Glucuronide

V3 = 0.05

:Plasmatic CL of resveratrol
;Central compartment V of resveratrol
:Distributional CL of resveratrol

;Peripheral compartment V of resveratrol

;Central compartment V of the glucuronide
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QMI = THETA(5) ;Distributional CL of the glucuronide
V4 = THETA(6) *EXP(ETA(3)) ;Peripheral compartment V of the glucuronide
;Linear elimination process
CL2 = THETA®7) ;Plasmatic CL of the glucuronide
:Non-linear elimination
process
VMG = THETA(8) ;Maximal elimination rate of the glucuronide
KMG = THETA(9) ;Concentration of the glucuronide at which the elimination is half maximal
FM = THETA(10) ;Fraction of resveratrol converted to its glucuronide
;Sulfate
V5 = THETA(I 1) ;Central compartment V of the sulfate
V6 = THETA(12) ;Peripheral compartment V of the sulfate
QM2 = THETA(I3) ;Distributional CL of the sulfate
;Linear elimination process
CL3 = THETA(14) ;Plasmatic CL of the sulfate
;Non-linear elimination
process
VMS = THETA(I5) ;Maximal elimination rate of the sulfate
KMS = THETA(16) ;Concentration of the sulfate at which the elimination is half maximal

;SCALE FACTORS

SI = VI
S3=V3
S5 =V5

;RATE CONSTANTS

KI2 = QNI
K21 = QN2
K30 = CL2N3
K34 = QMIN3
K43 = QOMIN4
K56 = QM2N5
K65 = QM2/N6
K50 = CL3N5

;DIFFERENTIAL EQUATIONS

$DES
DADT(1) = —KI2*A(D)+K2 AQ)-(CLI NV FFM*A(D)-(CLIA (1 -FMY*A(T)
DADT(2) = KI2*A(1)-K21*AQ2)
DADT(3) = (CLINI¥FM*A(1)-K30%A(3) + K43*A(4)-K34*AR3)-(VMGHAGHAKMG +A3))
DADT(4) = K34*A(3)-K43*A(4)
DADT(5) = (CLINI¥(I-FMY*A)-KS6*A(5) + K65*A(6)-K50¥A(5))-(VMSAS)AKMS + A(5))
DADT(6) = K56*A(5)-K65*A(6)

;RESIDUAL ERROR FOR LOG-TRANSFORMED DATA

$ERROR
IPRED =-5
IFFGTO) IPRED= LOG(F)
IFCMTEQ.1) Y= IPRED +EPS(1)
IFICMTEQ.3) Y= IPRED +EPS(2)
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IF(CMTEQ.5) Y= IPRED + EPS(3)
IWRES = (DVAIPRED)

JINITIAL ESTIMATES
$THETA

$OMEGA

$SIGMA
$ESTIMATION
$COVARIANCE

Modeling of Oral Data

$PROBLEM trans-resveratrol and its conjugates plasmatic concentrations
$INPUT ID TIME AMT DV MDV EVID CMT WGT ROUT DOSA;DOSA=ACTUAL DOSE

$DATA data.csv IGNORE=#
IGNORE (ROUTEQ. 1)
$SUBROUTINES ADVANG6 TOL=3
$MODEL

COMP = (DEPOT)

COMP = (CENTRALRESV.DEFOBS)
COMP = (PERIPHRESV)

COMP = (CENTRALGLUC)
COMP = (PERIPHGLUC)

COMP = (CENTRALSULF)

COMP = (PERIPHSULF)

$PK
“FIRST

“* COMMON/PRCOMG/IDUMI,IDUM2,IMAX,IDUM4,IDUM5

“ INTEGER IDUMI,IDUM2,IMAX,IDUM4,IDUM5
* IMAX=70000000
;DISPOSITION PARAMETERS

‘trans-Resveratrol

TVCLI = THETA(I)

CLI = TVCLI*EXPETA(I))
V2 = THETA(Q2)

Q = THETAQG)*EXP(ETA(2))
V3 = THETA(4)
;Glucuronide

V4 = 0.05

QMI = THETA(S)

V5 = THETA(6) *EXP(ETA(3))
FM = THETA(7)

;Linear elimination process

CL2 = THETA(8)

;Non-linear elimination process

VMG = THETA(9)

KMG = THETA(10)
;Sulfate

V6 = THETA(I 1)

V7 = THETA(12)

QM2 = THETA(13)

;Linear elimination process

;Plasmatic CL of resveratrol
;Central compartment V of resveratrol
;Distributional CL of resveratrol

;Peripheral compartment V of resveratrol

;Central compartment V of the glucuronide
;Distributional CL of the glucuronide
;Peripheral compartment V of the glucuronide

;Fraction of resveratrol converted to its glucuronide

;Plasmatic CL of the glucuronide

;Maximal elimination rate of the glucuronide
;Concentration of the glucuronide at which the elimination is half maximal

;Central compartment V of the sulfate
;Peripheral compartment V of the sulfate
;Distributional CL of the sulfate
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CL3 = THETA(14) ;Plasmatic CL of the sulfate
;Non-linear elimination process
VMS = THETA(I5) ;Maximal elimination rate of the sulfate
KMS = THETA(16) ;Concentration of the sulfate at which the elimination is half maximal

;ABSORPTION PARAMETERS

KA = THETA(17)
KA2 = THETA(I8)

TVFI = THETA(1 9)%(1 THETAQ0/*DOSA)
Fi = TVFI*EXP(ETA(4))

;SCALE FACTORS

2=V2
S4 = V4
S6 = V6

;RATE CONSTANTS

K23 = QN2

K32 = QN3

K40 = CL2NV4
K45 = QMIN4
K54 = QMINS
K67 = QM2N6
K76 = QM2N7
K60 = CL3N6

;DIFFERENTIAL EQUATIONS
$DES

;Absorption rate constant
; Transformation (from the parent compound to the glucuronide)/Absorption rate constant

;Bioavailability

DADT(1) = —KAIFFIFA()-KAZH(1-F I *A(1)
DADT(2) = KAIHFI#A(1)-K23*A(2)+K32#AR3)-(CLI V2)FFM*A2)-(CLI V2)¥(1-FMY*AQ2)

DADT(3) = K23*AQ2)-K32*A(3)

DADT(4) = KAZ¥(|-F1 YA )+(CLI NV2)FFMFAQ)-KA0FA(4) + K544A(S)-KASEAMA)-(VMGHAM)KMG +A(4))
DADT(S) = K45*A4)-K54%A(5)

DADT(6) = (CLIN2)¥(1-FM)*AQ)-KE7*A6) +K76*A(7)-KEO*AB))-(VMSHAG))(KMS+A6)

DADT(7) = K67*A6)-KT6¥A(7)

;RESIDUAL ERROR FOR LOG-TRANSFORMED DATA
$ERROR

IPRED =5
IFEGT.0) IPRED = LOG(F)
IFCMTEQ2) Y — IPRED+EPS(1)
IFCMTEQ.4) Y — IPRED+EPS(2)
IFCMTEQ.6) Y — IPRED+EPS(3)
IWRES — (DV-IPRED)

JINITIAL ESTIMATES
$THETA

$OMEGA

$SIGMA
$ESTIMATION
$COVARIANCE
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