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ABSTRACT: This study aimed to characterize resveratrol metabolite profiles in liver, skeletal muscle, and adipose tissue in rats
treated for 6 weeks with 6, 30, or 60 mg of trans-resveratrol/kg body weight/d. Resveratrol metabolites were quantified by liquid
chromatography—tandem mass spectrometry. The greatest number of metabolites was found in liver followed by adipose tissue.
A great number of metabolites in muscle was below the limit of detection. The amounts of sulfate conjugates tended to increase
when resveratrol dosage was enhanced, while the glucuronide ones increased only between 6 and 30 mg/kg/d. Microbiota
metabolites were detected in higher amounts than resveratrol conjugates in liver, while the opposite occurred in adipose tissue
and muscle. So, the largest amounts of resveratrol metabolites were found in liver, intermediate amounts in adipose tissue, and
the lowest amounts in muscle. Sulfate conjugates, but not glucuronides, showed a dose—response pattern. Microbiota metabolites
were predominant in liver.
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B INTRODUCTION vivo studies are unlikely to furnish resveratrol levels sufficiently
compatible with those that modulate biological actions in
vitro.'>'® A great number of biovailability studies have shown
this.5"®!” Nevertheless, beneficial effects of resveratrol under in
vivo conditions have been reported. This may be due to the fact
that some resveratrol metabolites show biological activities'® or

Resveratrol (trans-3,5,4"-trihydroxystilbene) is a phytoalexin
polyphenolic compound occurring naturally in various plants,
including grapes, berries, and peanuts, in response to stress or
as a defense mechanism against fungal, viral, bacterial infections
and damage from exposure to ultraviolet radiation."

Resveratrol has been reported to have several beneficial due to the potential conversiorllgof resveratrol metabolites back
effects on health.” However, the efficacy of orally administered to resveratrol in target organs.
resveratrol depends on its absorption, metabolism, and tissue Thus, the cause—effect relationship between resveratrol
distribution, since it is quickly absorbed in the intestine, via concentration in the systemic bloodstrlesam and its reported
simple intestinal transepithelial diffusion at a high rate (77— biological effects is still a conundrum.” Consequently, it is
80%).>* Active transport might occur as well, but this is only essential (a) to establish whether resveratrol metabolites can
likely for resveratrol metabolites.> Most resveratrol undergoes conceivably contribute to, or account for, different effects of
rapid and extensive metabolism in enterocytes, before entering resveratrol in vivo and (b) to quantify resveratrol metabolites in
into the bloodstream, resulting in up to a 20-fold higher vivo. Localization of tissue uptake, which determines target
concentration of conjugates, and less than 1% resveratrol. tissues, and the target/dose relationship are important to
Furthermore, it undergoes rapid first-pass metabolism in the und%stand the positive health effects described for resvera-
liver.® Consequently, resveratrol bioavailability is very low and trol.
only a small proportion reaches plasma.” Besides this intestinal In this context, the present study aimed to characterize the
and hepatic metabolism, it has been proposed that bacterial resveratrol metabolite profile in liver, skeletal muscle, and
metabolism should also be taken into account.* Several adipose tissue in rats fed on obesogenic diets supplemented
approaches that may increase the availability of resveratrol are with resveratrol. Different doses of this polyphenol were used
under evaluation, such as dose escalation studies,® as well as for supplementation in order to assess potential saturation of
repeated or long-term dosing, which might result in saturation metabolic pathways responsible for transformation of resvera-
of metabolism, leading to higher plasma and tissue levels of trol into metabolites. These tissues were chosen because they
resveratrol.*

In vitro studies have suggested that concentrations in the Received: January 19, 2012
range of 5—50 uM are needed to find significant changes in Revised:  April 24, 2012
cells.”™"* Taking into account the low bioavailability of orally Accepted: April 25, 2012
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play a crucial role in the recently described body-fat-lowering
effect of resveratrol. An interesting aspect of this study is that
very few data have been published concerning metabolites
found in two of these tissues, adipose tissue and skeletal muscle,
as well as tissue distribution after a long-term treatment with
resveratrol.

B MATERIAL AND METHODS

Animals and Experimental Design. The experiment was
conducted with 24 male Sprague—Dawley rats with an initial body
weight of 180 + 2 g purchased from Harlan Ibérica (Barcelona, Spain)
and took place in accordance with the institution’s guide for the care
and use of laboratory animals (Reference protocol approval CUEID
CEBA/30/2010). Animals from this cohort were previously used to
study the potential body-fat-lowering effect of resveratrol.>*

The animals were individually housed in polycarbonate metabolic
cages (Techniplast Gazzada, Guguggiate, Italy) and placed in an air-
conditioned room (22 + 2 °C) with a 12-h day—night rhythm (light
on at 21:00). After a 6-day adaptation period, the animals were fed on
a commercial obesogenic diet supplied by Harlan Iberica (ref
TD.06415) for 6 weeks. All animals had free access to food and water.

Before starting our animal studies with resveratrol, we analyzed the
stability of this polyphenol when added into the diet in a reservoir
protected from light. We found that resveratrol degraded almost
completely over the feeding time*" Therefore, we concluded that
mixing it in the diet, the most common method used to test the
biological effects of a functional molecule intake, was not a suitable
system. In a great number of studies performed by our group we have
observed that the rats started eating the diet immediately when it was
replaced every day at the beginning of the dark period. Taking
advantage of this situation, we added resveratrol by using an ethanol
solution (30 mg/mL) on the surface of the food reservoir. The
amount of resveratrol solution added to the diet was adjusted on a
daily basis according to the animal weight to reach the following doses:
6 mg resveratrol/kg body weight/d in RSV1 group, 30 mg resveratrol/
kg body weight/d in RSV2 group, and 60 mg resveratrol/kg body
weight/d in RSV3 group. These doses are equivalent to 68, 340, and
680 mg in a 70-kg person.”* In order to avoid differences in the
amount of ethanol received by each animal, ethanol was completed to
reach 2 mL/kg body weight/d. Because a very small volume was added
(0.36—0.69 mL for body weights ranging from 180 g, the initial body
weight, to 345 g, the final body weight), the rats ate all the resveratrol
provided in the first minutes of feeding period without any
degradation. trans-Resveratrol (95% purity) was provided by
Monteloeder (Elche, Spain) and added to the diet as explained
above for 6 weeks.

Tissue Removal. At the end of the experimental period rats were
fasted 12 h and sacrificed under anesthesia (chloral hydrate) by cardiac
exsanguination. Subcutaneous white adipose tissue, gastrocnemious
muscle, and liver were dissected, weighed, immediately frozen, and
stored at —80 °C until analysis. Tissue removal was performed 24 h
after resveratrol administration.

Standards and Reagents. All samples and standards were
handled with no exposure to light. trans-Resveratrol (99% purity)
and ethyl gallate, as internal standard (96% purity), were purchased
from Sigma-Aldrich (St. Louis, MO). The external standard taxifolin
(>90% purity) was purchased from Extrasynthese (Genay, France).
Standards of cis-resveratrol (97% purity) and trans-resveratrol
metabolites, ie., trans-resveratrol-3-O-glucuronide (98% purity),
trans-resveratrol-4'-O-glucuronide (98% purity) and trans-resveratrol-
3-O-sulfate (98% purity), were acquired from Toronto Research
Chemicals Inc. (North York, Canada). trans-Resveratrol-4-O-sulfate
and trans-resveratrol-3,4-disulfate were obtained as reported pre-
viously for identification purposes.*® Dihydroresveratrol aglycon was
synthesized following the work by Thakkar et al** Standards were
prepared as stock solutions in 80% (v/v) methanol.

Liquid chromatography (LC) grade solvents methanol, ethyl
acetate, acetonitrile, and ammonium acetate (>99%) were purchased
from Scharlau Chemie, S.A. (Sentmenat, Spain). LC grade solvents
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glacial acetic acid, acetone, and ammonia (35%) were purchased from
Panreac Quimica, SAU (Castellar del Vallés, Spain). Deuterated
dimethyl sulfoxide (DMSO-ds, 99.96% deuterated) was purchased
from Euriso-top, SAS (Saint-Aubin Cedex, France). Ultrapure water
(Milli-Q) was obtained from Millipore (Bedford, MA).

Structural Identification of Dihydroresveratrol. Dihydrores-
veratrol structure was confirmed by nuclear magnetic resonance ("H
NMR) measurements using a Varian 400-MHz instrument VNMR
System (Varian, Palo Alto, CA). Synthesized dihydroresveratrol was
dissolved in deuterated DMSO-dj using dinitrobenzene (1.6 mmol/L)
as internal standard. "H NMR spectra were acquired with the following
data:  (ppm) 9.0 (br, 3H, —OH), 6.97 (d, 2H, J = 8.6 Hz, H-2'6"),
6.63 (d, 2H, J = 8.6 Hz, H-3',5), 6.03 (d, 2H, ] = 4.0 Hz, H-2,6), 6.00
(dd, 1H, J = 4.0 Hz, H-4), 2.68—2.56 (m, 4H, —CH,CH,—). Standard
purity was calculated following the protocol validated by Malz and
Jancke,* obtaining 80% purity. Only one peak was detected after a full
scan MS experiment, and no peaks of the parent compound resveratrol
(m/z 227) were detected.

Sample Preparation and Determination of Resveratrol
Metabolites in Tissues. Analysis was carried out by LC—MS/MS
after a solid—ghase extraction (SPE), as described previously by Urpi-
Sarda et al*® and Andres-Lacueva et al.>” with some modifications.
Briefly, ~100 mg of frozen samples was extracted three times with 1
mL of a solution of 1.5 M formic acid with 5% of methanol using a
mixer mill (Retsch MM 400, Qiagen, Hilden, Germany) at 30 Hz for
0.5 min and centrifuged each time at 14000 rpm. After this
homogenization, the tissue structure was broken and metabolites
linked to protein were released. Pooled supernatant fractions with the
internal standard were loaded onto a preconditioned Waters Oasis
HLB 96-well plate (30 mg). Acetic acid 2 M in water (1 mL) and in
water/methanol (85/15 v/v) (1 mL) were used to wash the plate.
Elution was achieved with 0.5 mL of 1 M acetic acid in methanol, 1.5
mL of 1 M acetic acid in ethyl acetate, and 0.5 mL of methanol with
5% (v/v) ammonia. The eluate was evaporated to dryness. The residue
was reconstituted with taxifolin dissolved in mobile phase as an
additional external standard.

Liquid chromatography analyses were performed using an
ACQUITY UPLC (Waters, Milford, MA) and a triple quadrupole
mass spectrometer (API 3000) from Applied Biosystems (PE Sciex,
Concord, Canada), equipped with a Turbo IonSpray source operated
in the negative-ion mode. An ACQUITY UPLC BEH C 5 column, S0
X 2.1 mm id,, 1.7 ym, was used for chromatographic separation with
mobile phase A (0.05% acetic acid in water, for glucuronide
metabolites, or 10 mM ammonium acetate solution for sulfate
metabolites) and mobile phase B (acetone:acetonitrile, 70:30). The
linear gradient for the determination of resveratrol metabolites at a
flow rate of 1 mL/min was [t (min), %B] (0, 10), (1, 30), (2, 100),
(2.3, 100), (2.31, 10), (3, 10)]. In each case the sample volume
injected was S uL. MS/MS parameters used were as follows: capillary
voltage, —3500 V; focusing potential, =200 V; entrance potential, —10
V; nebulizer gas, 12 (arbitrary units), curtain gas, 12 (arbitrary units),
collision gas, 6 (arbitrary units), auxiliary gas temperature, 400 °C;
auxiliary gas flow rate, 7000 cm®/min.

For quantification of resveratrol metabolites in tissue samples, the
multiple reaction monitoring (MRM) mode was used with the
following transitions: 227/185 for resveratrol; 403/227 and 307/227
for glucuronide and sulfate conjugates of resveratrol, respectively; 579/
403 for resveratrol diglucuronides; 387/227 for resveratrol disulfates;
389/227 for resveratrol glucosides; 229/123 for dihydroresveratrol;
405/229 and 309/229 for glucuronide and sulfate conjugates of
dihydroresveratrol and 197/169 and 303/285 for ethylgallate and
taxifolin, respectively. Control tissues were used to prepare calibration
curves since no resveratrol or its metabolites were detected.
Calibration curves were prepared, in the range of expected
concentrations, by supplementation with known concentrations of
available standards. All of them were quantified using a six-point
calibration curve between the limit of quantification (LOQ) and 10
ug/g determined by weighted (1/%) linear regression. Dihydroresver-
atrol metabolites and cis-resveratrol-3-O-sulfate were quantified using
the calibration curve of dihydroresveratrol and trans-resveratrol-3-O-
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Table 1. Limits of Detection (LOD) and Limits of Quantification (LOQ) for Each Tissue and Mean Recovery Efficiency from

the Three Tissues”

LOD (nmol/g tissue)

LOQ_(nmol/g tissue)

analyte liver adipose tissue  skeletal muscle liver adipose tissue  skeletal muscle recovery (%)
trans-resveratrol 0.21 + 0.01 0.07 + 0.02 0.27 + 0.02 0.70 + 0.02 0.23 + 0.05 0.90 + 0.05 1058.1 + 11.5
cis-resveratrol 0.22 + 0.02 0.14 + 0.03 0.29 + 0.02 0.73 + 0.0 0.46 + 0.08 131 + 0.07 101.6 + 8.4
trans- resveratrol-4-O-glucuronide 0.11 + 0.03 0.20 + 0.04 0.29 + 0.03 0.35 + 0.09 0.66 + 0.09 0.82 + 0.94 1012 £ S.1
trans- resveratrol-3-O-glucuronide 0.09 + 0.02 0.15 + 0.04 0.21 + 0.06 0.31 + 0.06 0.51 + 0.07 0.89 + 0.07 987 + 7.2
trans- resveratrol-3-O-sulfate 0.30 + 0.00 0.06 + 0.00 0.18 + 0.04 1.00 + 0.01 0.19 + 0.01 0.61 + 0.08 974 + 10.0
dihydroresveratrol 0.06 + 0.00 0.0S + 0.00 0.05 + 0.01 0.21 £+ 0.00 0.15 + 0.01 0.15 + 0.02 96.1 + 5.4

“Values are means + SD.

Table 2. Resveratrol Metabolite Profile (nmol/g tissue) in Liver and Adipose Tissue from Rats Receiving 30 mg of Resveratrol/

kg Body Weight/d for 6 Weeks

adipose tissue

liver

analyte mean + SEM* range
cis-resveratrol nq nd—nq
trans-resveratrol-3-O-glucuronide 8.66 + 3.24 nd—28.79
trans-resveratrol-4-O-sulfate” 1.07 + 0.27 nq—2.64
trans-resveratrol-3-O-sulfate nq nd—nq
cis-resveratrol-3-O-sulfate” nq nd—nq
trans-resveratrol-3,4 -disulfate® nq nd—nq
dihydroresveratrol nq nd—0.42
dihydroresveratrol glucuronideb 5.50 + 1.45 1.77-14.86
dihydroresveratrol sulfate” 16.44 + 4.27 2.90—41.35

n mean + SEM® range n
- nd — —
7/8 1.31 £ 043 nd—3.24 6/8
7/8 nq nd—nq -
— 0.24 + 0.06 nd—0.41 6/8
- nq nd—0.41 4/8
- nq nd—nq -
2/8 nd - -
8/8 nq nd—0.18 2/8
8/8 0.32 + 0.08 nd—0.65 6/8

“Quantified as trans-resveratrol-3-O-sulfate equivalents. “Quantified as dihydroresveratrol equivalents. “Values <LOQ considered as the LOD value.
n is the number of rats in which the metabolite was quantified/total rats measured. nd and nq indicate not detected and not quantifiable, respectively
(below the limit of detection or quantification, respectively; see Table 1).

Table 3. Resveratrol Metabolite Profile (nmol/g tissue) in Liver and Adipose Tissue from Rats Receiving 60 mg of Resveratrol/

kg Body Weight/d for 6 Weeks

liver adipose tissue

analyte mean + SEM® range n mean + SEM® range n
cis-resveratrol nq nd—nq - nq nd—nq -
trans-resveratrol-3-O-glucuronide 10.54 + 3.06 2.26—25.36 8/8 1.08 + 0.29 nq—2.33 6/8
trans-resveratrol-4-O-sulfate® 3.01 + 1.14 nq—8.55 6/8 0.26 + 0.06 ng—0.65 6/8
trans-resveratrol-3-O-sulfate nq nd—nq - 0.19 £ 0.06 nd—0.39 S/8
cis-resveratrol-3-O-sulfate® nq nd—nq - 0.19 + 0.06 nd-0.32 5/8
trans-resveratrol-3,4-disulfate® nq nd-2.39 2/8 nq nd—nq -
dihydroresveratrol 0.75 £ 0.20 nd—1.42 7/8 nd - -
dihydroresveratrol glucuronideb 9.55 + 245 2.65—18.96 8/8 nq nd—0.30 4/8
dihydroresveratrol sulfate” 74.17 + 23.39 13.00—186.68 8/8 1.02 + 0.37 0.34-3.65 8/8

“Quantified as trans-resveratrol-3-O-sulfate equivalents. “Quantified as dihydroresveratrol equivalents. “Values <LOQ considered as the LOD value.
n is the number of rats in which the metabolite was quantified/total rats measured. nd and nq indicate not detected and not quantifiable, respectively
(below the limit of detection or quantification, respectively, see Table 1).

sulfate, respectively, and expressed as their equivalents, as was done
previously,**¢ since no standards are available.

The mean recovery efficiency of the available standards from the
different samples was 99.2 + 11.5%, ranging from 95.6 + 9.9% (in the
case of trans-resveratrol-4-O-sulfate) to 105.1 + 11.5% (in the case of
trans-resveratrol) (Table 1). Calibration curves were linear over the
concentration range with correlation coeflicients for all the analytes
>0.99. The detection limit (LOD) was defined as the concentration of
analyte that produced a signal-to-noise ratio of at least 3, and the limit
of quantification (LOQ) was the lowest standard with a signal-to-noise
ratio of at least 10. The LOD and LOQ_for each standard and
evaluated tissue are shown in Table 1. The method had accuracy
values (mean + SD) of 97.25 + 3.97%, 100.18 + 3.05%, and 97.69 +
5.49% for liver, adipose tissue, and skeletal muscle, respectively, and
precision values ranged from 3.26 to 13.65% for liver, from 2.65 to
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12.48% for adipose tissue, and from 3.22 to 12.85% for skeletal muscle,
which met the acceptance criteria of the FDA.”®

Statistical Analysis. Results are presented as mean + SEM.
Statistical analysis was performed using SPSS 17.0 (SPSS, Chicago,
IL). Data were analyzed by one-way ANOVA followed by Newman
Keuls post hoc test. Significance was assessed at the P < 0.05 level.

B RESULTS

The profile of resveratrol metabolites in liver and adipose
tissues is detailed in Tables 2 and 3. These metabolites included
five phase II metabolites of resveratrol, cis-resveratrol, and
dihydroresveratrol and its glucurono- and sulfo-conjugates (as
microbial metabolites).

dx.doi.org/10.1021/jf3001108 | J. Agric. Food Chem. 2012, 60, 4833—4840
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When the lowest dose of resveratrol was administered to rats
(RSV1 group), two microbial metabolites of resveratrol
(dihydroresveratrol conjugates) were found in quantifiable
amounts in liver of all eight rats (mean = SEM):
dihydroresveratrol glucuronide (1.48 + 0.32 nmol/g) and
dihydroresveratrol sulfate (2.23 + 0.32 nmol/g). Otherwise,
two metabolites were found in adipose tissue of three rats
(range): trans-resveratrol-3-O-sulfate [not detected (nd)—0.31
nmol/g] and cis-resveratrol-3-O-sulfate (nd—0.26 nmol/g). Any
metabolite has been detected in skeletal muscle.

When higher doses were administered to rats (RSV2 and
RSV3 groups) (Tables 2 and 3), the number of quantifiable
compounds increased up to four in liver and three in adipose
tissue in the RSV2 treatment and five metabolites in liver and
adipose tissue in RSV3 treatment. The metabolite mainly
detected in liver for all the treatment groups was dihydror-
esveratrol sulfate, a microbial metabolite, followed by trans-
resveratrol-3-O-glucuronide and dihydroresveratrol glucuro-
nide. Thus, it seems that microbial metabolites predominated
in liver. trans-Resveratrol-3-O-glucuronide was quantified in
only one rat in skeletal muscle after RSV2 and RSV3
treatments: 1.02 and 0.76 nmol/g, respectively. Dihydroresver-
atrol sulfate was quantified in skeletal muscle of two rats after
RSV2 treatment (range: nd—0.31 nmol/g) and in six rats after
RSV3 treatment [mean + SEM (range): 0.30 + 0.10 nmol/g
(nd—0.86 nmol/g)]. trans-Resveratrol, trans-resveratrol-4"-O-
glucuronide, and resveratrol diglucuronide were not detected in
any tissue.

The highest concentrations of resveratrol metabolites were
found in liver, followed by adipose tissue and skeletal muscle
(Figure 1). A dose—response pattern was found in liver when
total resveratrol metabolites were quantified. By contrast, in
adipose tissue this pattern was only observed when RSV1 was
compared with RSV2 and RSV3 groups (Figure 1). In skeletal
muscle no resveratrol metabolites were detected in the RSV1
group, and no significant differences between groups RSV2 and
RSV3 were observed (Figure 1).

Total glucuronide and sulfate metabolites in the three tissues
are shown in Figure 1. When the distribution between these
two kinds of metabolites was analyzed, different patterns of
response were also found among tissues. In liver and adipose
tissue, animals from the RSV2 group showed significantly
higher amounts of glucuronide metabolites than animals from
RSVI. Similar amounts of these metabolites were shown in the
three tissues of animals from the RSV2 and RSV3 groups, since
no statistical differences were obtained between them. A dose—
response pattern in all the evaluated tissues was observed for
sulfate conjugates. This pattern was also observed when
metabolites derived from microbiota were considered (dihy-
droresveratrol and its conjugates), in the three tissues. Larger
amounts of these metabolites than of resveratrol conjugates
were detected in liver while the opposite was true in adipose
tissue and skeletal muscle (Figure 2).

B DISCUSSION

Resveratrol is a polyphenol with a very low availability. Due to
its extensive metabolism, free resveratrol reaches very low
concentrations in plasma and tissues.’ Despite that, a great
number of published studies have reported beneficial effects on
health in animal experimental models. It can be hypothesized
that resveratrol metabolites may be active per se, or that they
provide a pool for local or systemic regeneration of resveratrol
in vivo.”” Due to these facts, it is essential to quantify
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Figure 1. Glucuronide, sulfate, and total analyzed resveratrol
metabolites in liver, adipose tissue, and skeletal muscle from rats
receiving 6 mg/kg/d (RSV1), 30 mg/kg/d (RSV2), or 60 mg/kg/d
(RSV3) of resveratrol for 6 weeks. Results are expressed as mean +
SEM. Statistics shows comparisons among the three dose groups for
each metabolite type. Bars not sharing a common letter are
significantly different (P < 0.05). No detectable amounts of resveratrol
metabolites were found in the RSVI group for the skeletal muscle.
Data concerning total metabolites in adipose tissue from rats treated
with 30 mg/kg/d have been previously presented.*’ (Values <LOQ
considered as the LOD value.)

resveratrol metabolites in tissues in in vivo studies. Never-
theless, tissue distribution of resveratrol and its metabolites has
rarely been assessed compared with the number of papers that
refer to the plasmatic concentrations of this polyphenol so far.

It is important to point out that our experimental design was
not specifically planned to carry out a pharmacokinetic study.
In fact, our first interest was to analyze the effects of resveratrol
on body fat accumulation and serum parameters, and thus, rats
were fed on an obesogenic diet.*' We observed that the lowest
dose (6 mg/kg/d) was without effect, the intermediate dose
(30 mg/kg/d) induced a significant reduction in body fat, and
the highest dose (60 mg/kg/d) did not improve the effect of 30
mg/kg/d. In the light of these results, we considered it very
interesting to determine the amount of resveratrol and
resveratrol metabolites found in target tissues involved in the
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Figure 2. Resveratrol (glucuronide and sulfate conjugates) and
dihydroresveratrol (free and its glucurono- and sulfoconjugates;
microbial metabolism) metabolites in liver, adipose tissue, and skeletal
muscle from rats receiving 6 mg/kg/d (RSV1), 30 mg/kg/d (RSV2),
or 60 mg/kg/d (RSV3) of resveratrol for 6 weeks. Results are
expressed as mean + SEM. Statistics shows comparisons among the
three dose groups for each metabolite type. Bars not sharing a
common letter are significantly different (P < 0.05). No detectable
amounts resveratrol metabolites were found in the RSV1 group for the
skeletal muscle. (Values <LOQ considered as the LOD value.)

body-fat-lowering effect of this golzzphenol, such as adipose
tissue, liver, and skeletal muscle,”®™>* and we carried out the
present study in the same cohort of animals, which were fed an
obesogenic diet and fasted overnight before sacrifice.

These experimental conditions were not ideal for this type of
study, and obviously this is a limitation of this work.
Nevertheless, an interesting aspect should also be emphasized.
Usually, resveratrol metabolite distribution has been analyzed
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after a single dose of resveratrol, or repeated doses for a short
time.*'>*>** By contrast, in the present study resveratrol
metabolite distribution was analyzed after a long-term treat-
ment (6 weeks) and this can provide additional data on this
issue.

With regard to diet composition, feeding rats an obesogenic
diet (high-fat diet) can modify resveratrol absorption. Vaz-da-
Silva et al.** showed that a high-fat breakfast delayed the
absorption of trans-resveratrol compared with fasted intake, but
it did not influence the extent of absorption in humans after a
single dose of 400 mg. La Porte et al.* reported decreased and
delayed absorption of trans-resveratrol in combination with a
high-fat breakfast as compared with a standard breakfast in
humans treated with 2000 mg of resveratrol twice daily. Despite
this fact, we believe that results concerning resveratrol
metabolite distribution obtained under the experimental
conditions which allow resveratrol to show body fat-lowering
properties, can be helpful to explain this biological effect. The
distribution of resveratrol under other experimental conditions
should also be analyzed in order to gain more insight into this
issue.

In the present study, resveratrol metabolites, but not their
parent compound, were detected in the three tissues analyzed
by the method described. Taking into account that rats were
fasted overnight, the results are to be expected because other
authors have shown that after its administration, free resveratrol
is either absent or present only as trace amounts in plasma and
tissues and that resveratrol metabolite concentrations are much
higher than the concentrations of the parent compound.** It
has been also reported that resveratrol is detected in plasma as
soon as 15 min after administration, reaching peak concen-
trations at 60 min and then sharply decreasing. In contrast,
some resveratrol metabolites are detectable in plasma even 3 h
after administration; at this time only trace amounts of free
resveratrol are found in plasma.>*’

Our results are in line with those published by Wenzel et al.,®
who found resveratrol metabolites, but not free resveratrol, in
kidneys after an overnight fast when rats were administered 300
mg/kg/d of this polyphenol. In liver they found a small amount
of free resveratrol and higher amounts of its metabolites but
they used a dose far higher than that used in the present study.
Nevertheless, the fact that resveratrol was present but below the
LOD cannot be discarded.

Most of the studies devoted to analyzing resveratrol
metabolic profile in tissues focus on liver, kidney, lungs,
brain, and testis 343839 However, as far as we know, only one
study has evaluated resveratrol metabolites in adipose tissue
and skeletal muscle.** In recent years the effectiveness of
resveratrol as a body-fat-lowering agent has been demonstrated
in rodents.”"**73>*" Adipose tissue and skeletal muscle, as well
as liver, are targets for resveratrol; in fact different actions of
this polyphenol, such as decreasing lipogenesis, increasing
lipolysis, and increasing fatty acid oxidation, take place in these
tissues and organs and they are mechanisms of action that
explain the effect of resveratrol on the reduction of body fat
accumulation. >332 =% Thys, describing the resveratrol
metabolic profile in these tissues is an important issue.

As expected, in general terms, resveratrol metabolite amounts
increased with increasing concentrations of the polyphenol in
the diet. A clear dose—response pattern was found in liver when
the three experimental groups were analyzed. By contrast, this
pattern was observed in adipose tissue only when RSV1 and
RSV2 groups were compared. In skeletal muscle, resveratrol
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metabolites were not detected in the RSV1 group, and very
similar amounts were detected in the RSV2 and RSV3 groups.
This could suggest that these two tissues have a maximal
capacity for resveratrol metabolite incorporation, which cannot
be exceeded by increasing resveratrol administration. In the
present study, the highest amounts of total resveratrol
metabolites for the three analyzed doses were detected in
liver. Indeed, other authors have reported that this organ has
been found to be subjected to an important accumulation of
these compounds in rodents.*>**** Resveratrol metabolite
amounts in adipose tissue were much higher than those in
skeletal muscle. It has been reported that resveratrol is mainly
distributed in abundant blood-supplied tissues, such as liver,
lung, and kidney.***° This is logical, but other factors also may
influence this process because although skeletal muscle has a
more active blood flow than adipose tissue, lower amounts of
resveratrol metabolites were detected in this tissue. Thus, the
potential contribution of differences among tissues in terms of
transporters that excreted xenobiotics from different organs
(members of the family of ATP-binding cassette) cannot be
discarded.**

In this work, the resveratrol metabolic profile evaluated in the
three tissues under fasting conditions and during long-term
treatment includes glucuronide and sulfate conjugates of
resveratrol together with those derived from the microbiota.
Although glucuronide and sulfate conjugates of resveratrol have
blood and tissue peaks about 3—6 h postadministration, it could
be hypothesized that resveratrol is accumulated in tissues and
released slowly over a longer period of time, as previously
published for resveratrol** or other polyphenols.*®

Only a few studies have considered the determination of
microbial metabolites after resveratrol administration: Azorin-
Ortufio et al. in a great number of tissues*” and Wang et al.*® in
urine samples. Dihydroresveratrol conjugates appear later in the
organism after the colonic microbial degradation of resveratrol
and further absorption and phase II metabolism. Thus, in our
study, dihydroresveratrol as free or as glucuronide and sulfate
conjugates was assessed. These were the main metabolites in
liver, but not in adipose tissue and skeletal muscle.

When the distribution between glucuronide and sulfate
metabolites was analyzed, it was noteworthy that while sulfates
increased when resveratrol dosage was enhanced, glucuronides
increased between 6 and 30 mg/kg/d, but remained unchanged
when resveratrol dosage reached 60 mg/kg/d. These results
may suggest that glucuronidation, but not sulfation, is a
saturable metabolic pathway, at least in the range of doses used
in the present study. Nevertheless, the potential degradation of
glucuronide metabolites, as well as a more rapid elimination,
cannot be discarded. Consequently, further studies are needed
to better analyze this issue. In the literature there are other
studies that provide data that lend support to this theory. Thus,
Kapetanovic et al.*’ observed a shift from glucuronidation to
sulfation of resveratrol possibly due to the saturation of the
glucuronide pathway. Maier-Salamon et al.*® have already
described a possible saturation of the enzymes responsible for
resveratrol glucuronidation (UDP-glucuronosyltransferases
UGT1A7 and UGTI1A10), when increasing administered
resveratrol concentrations, while noncompetitive substrate
inhibition was shown for resveratrol sulfation.

These data can provide a clue to explain the results that we
obtained, by using this cohort of animals, when the effects of
resveratrol on body fat accumulation were assessed.”’ As we
have explained before in this section, while resveratrol reduced
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body fat at a dose of 30 mg/kg/d, it did not at 6 mg/kg/d.
Surprisingly, rats treated with 60 mg/kg/d resveratrol did not
show further reduction. This means that a plateau was reached
when the dose of resveratrol increased. Moreover, in a previous
experiment that we performed in 3T-L1 adipocytes, glucur-
onide, but not sulfate metabolites, were shown to be active in
reducing triacylglycerol accumulation (data submitted). Thus, it
can be hypothesized that the lack of increase in glucuronides,
metabolites that could be responsible in part for the body-fat-
lowering effect of resveratrol, when the dose of this polyphenol
increases from 30 to 60 mg/kg/d could help to explain the
above-mentioned plateau effect. Nevertheless, the levels of
these metabolites detected in adipose tissue and skeletal muscle
are very low and thus it is difficult to understand how they are
contributing to the effects observed. Consequently, more
studies are needed to explain the in vivo effects induced by
resveratrol after a long-term treatment.

In conclusion, this study describes that the largest amounts of
resveratrol metabolites were found in liver, intermediate
amounts were observed in adipose tissue, and the lowest
amounts were seen in skeletal muscle. In general terms, a
dose—response pattern was found in sulfate conjugates but not
glucuronides. Metabolites derived from microbiota were
detected in greater amounts in liver than resveratrol conjugates
were, whereas the opposite was the case in adipose tissue and
skeletal muscle.
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