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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). trans-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 trans-
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 t#rans-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 frans-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
transresveratrol 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. Louis, MO, USA).
Water used in all experiments was passed through a Milli-Q
water purification system (18 mQ) (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 1.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 frans-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 frans-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 1) the decrease in the
objective function value (OFV; -2xlog likelihood); ii)
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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 us 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 #rans-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 (15). 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
cach 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

@ Springer
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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 (V). 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
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and sulfate conjugates, respectively. Since only the parent
compound was administered, this model was a priori
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

Normalized by Actual Doses (AUC/

D) Values for trans-Resveratrol and
Its Conjugates Glucuronide and

Sulfate after i.v. and p.o. Doses of 2,

10 and 20 mgkg ™'

0 2 4 6 8 10
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c
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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™")h 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 mgkg ™! 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

Intestine

after i.v. and p.o. administration. N Ko fq Kay (1-F)
The model consists of three-linked Y
two compartments with 'y
first-order absorption process and trans-Resveratrol| Clor |trans-Resveratrol| CLig= CLfy | Glucuronide | Clog |  Glucuronide
first-order elimination from the (Peripheral) (Central) (Central) (Peripheral)
central compartment through the Vpr v, VDg Vpg
metabolites glucuronide and
sulfate. The model also allows = CL-(1-
the inclusion of the pre-systemic Cls = CL1-Mm) CLQ[ Jvmg’ Ko
metabolism of trans-resveratrol to CL
glucuronide in the intestine. Sulfate Ds Sulfate

(Peripheral) (Central)

VDS VCS

CLS l }Vms’ Kms

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 iv.
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 #ans-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 (p<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(Lh™" .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| -
K (Umol-L™") 0.00518 -
Sulfate

CL, (Lh™" 0.737 -

Ve (L) 0.0613 -
Clps (Lh™1 0.273 -

Vs (L) 0.0770 -
Vins (Umol-h™") 0.139 -

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

Ky (b ") 0.442 23.52
fi 8, - (1-8, - 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 trans-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 umol-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 mgkg ). 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
climination mechanisms of both conjugates (14,24). In

@ Springer

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 #rans-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

trans-resveratrol and its |
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administrations of 2, 10 and

20 mgkg ™ of trans-resveratrol to
rats. The circles represent the
observed data. Dashed red lines
depict the 2.5th and 97.5th
percentiles of the observed
concentrations. Solid red lines
correspond to the 50th
percentiles of the observed
concentrations. Shaded blue areas
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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 multi-
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

@ Springer
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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

@ Springer

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-lincar 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 trans-resveratrol increased with dose but
in a slightly less than dose-proportional manner, in accor-
dance with our results. The PK behaviors of trans-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 frans-resveratrol sulfate. One
of the reasons why #ans-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 = THETAQ)

Q = THETAQG)*EXP(ETAQ2))
V2 = THETA4)
;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
VYMS = 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 = QOMIN3
K43 = QMIN4
K56 = QM2N5
K65 = QM2N6
K50 = CL3N5

;DIFFERENTIAL EQUATIONS

$DES
DADT(1) = —KI2*A(D)+K2 IAQ)-(CLI NV FFM*A(-(CLIA (1 -FMY*A(T)
DADT(2) = KI2*A(1)-K21*AQ2)
DADT(3) = (CLINI¥FM*A(1)-K30%A(3) + K43*A4)-K34*AR3)-(VMGHAG)AKMG +A(3))
DADT(4) = K34*A(3)-K43*A(4)
DADT(5) = (CLINIY¥(1-FM*A1)-KS6*A5) + K65*A(6)-K50¥A(5))-(VMSAGHAKMS + 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(])
IF(CMTEQ.3) Y= IPRED +EPS(2)
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IF(CMTEQ.5) Y= IPRED + EPS(3)
IWRES = (DVAPRED)

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. )
$SUBROUTINES ADVAN6 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 = THETAQ2)

Q = THETAQG)*EXP(ETA(2))
V3 = THETA4)
;Glucuronide

V4 = 0.05

QM| = 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 I)

V7 = THETA(12)

QM2 = THETA(I3)

;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(15) ;Maximal elimination rate of the sulfate
KMS = THETA(I6) ;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
$4 = V4
S6 = V6

;RATE CONSTANTS

K23 = QN2

K32 = QN3

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

;DIFFERENTIAL EQUATIONS

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

;Bicavailability

$DES
DADT(1) = —KAIFFIFA()-KAZH(1-F I *A(1)
DADT(2) = KAIHFI#A(1)-K23*A(2)+K32*A3)-(CLI V2)FFM*A)-(CLI V2)¥(1-FMY*AQ2)
DADT(3) = K23*AQ2)-K32*A(3)
DADT(4) = KAZ¥(1-F1 A1 )+ (CLI N2FM*A)-KA0HA(4)+ K54¥A(S)-KA5AM)-(VMGHAANKMG +A(4))
DADT(5) = KAS*A4)-K54%A(5)
DADT(6) = (CLIN2)¥(1-FM)*AQ)-KE7*A6) +K76*A(7)-KEOFAB))-(VMSA6))(KMS+A(6)
DADT(7) = K67*A6)-KT6¥A(7)

;RESIDUAL ERROR FOR LOG-TRANSFORMED DATA
$ERROR

IPRED =5
IFEGT.0) IPRED = LOG(F)
IFCMTEQ.2) Y = IPRED+EPS()
IFCMTEQ4) Y — IPRED+EPS(2)
IFCMTEQ.6) Y — IPRED+EPS(3)
IWRES = (DV-IPRED)

JINITIAL ESTIMATES
$THETA

$OMEGA

$SIGMA
$ESTIMATION
$COVARIANCE
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