1duosnue Joyiny 1duosnuep Joyiny 1duosnuen Joyiny

1duasnuen Joyiny

Author manuscript
Pharm Res. Author manuscript; available in PMC 2017 March 01.

-, HHS Public Access
«

Published in final edited form as:
Pharm Res. 2016 March ; 33(3): 590-602. doi:10.1007/s11095-015-1812-1.

Curcumin Affects Phase Il Disposition of Resveratrol Through
Inhibiting Efflux Transporters MRP2 and BCRP

Shufan Ge, Taijun Yin, Beibei Xu, Song Gao, and Ming Hu"
Department of Pharmacological and Pharmaceutical Sciences, College of Pharmacy, The
University of Houston, 1441 Moursund Street, Houston, TX, 77030, USA

Abstract

Purpose—To evaluate the impact of curcumin on the disposition of resveratrol phase I1
metabolites in vivo, and explain the observations by performing in vitro studies in transporter-
overexpressed cells.

Methods—Pharmacokinetic studies of resveratrol with and without the co-administration of
curcumin were performed in both FVB wild-type and Bcrpl (—/-) mice. Human UGT1A9-
overexpressing HeLa cells and human MRP2-overexpressing MDCK 11-UGT1A1 cells were used
as in vitro tools to further determine the impact of curcumin as a transporter inhibitor on
resveratrol metabolites.

Results—We observed higher exposure of resveratrol conjugates in Berpl (/) mice compared
to wild-type mice. In wild-type mice, curcumin increased the AUC of resveratrol glucuronide by
4-fold compared to the mice treated without curcumin. The plasma levels of resveratrol and its
sulfate conjugate also increased moderately. In Berpl (/=) mice, there was a further increase (6-
fold increase) in AUC of resveratrol glucuronide observed when curcumin was co-administered
compared to AUC values obtained in wild-type mice without curcumin treatment. In the presence
of 50nM curcumin, the clearance of resveratrol-3-O-glucuronide and resveratrol-3-O-sulfate
reduced in both MRP2-overexpressing MDCKII-UGT1A1 cells and Human UGT1A9-
overexpressing HeLa cells.

Conclusions—These results suggest that curcumin alters the phase Il distribution of resveratrol

through inhibiting efflux transporters including MRP2 and BCRP.
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INTRODUCTION

Resveratrol (trans-3,5,4’-trihydroxystilbene) is a naturally-occurring polyphenolic
phytoalexin found in grapes, berries, red wine, peanuts, and many other plant species (1, 2).
In recent decades, resveratrol has received much attention for its potential biological
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activities. In 2003, the effect of resveratrol in delaying aging in lower organisms was first
demonstrated by Howitz and colleagues (3). Shortly thereafter, Sinclair’s group reported a
study in Nature in 2006 showing that resveratrol could extend the lifespan of mice (4). Since
then, there has been growing research on resveratrol, and resveratrol has become a popular
supplement. According to a 2012 Frost & Sullivan report, the global supply market value of
resveratrol is USD 50 million, and the U.S. is the world’s largest resveratrol market. A
PubMed search for “resveratrol” resulted in more than 7000 published studies as of January
2015. Numerous in vitro studies have demonstrated that resveratrol has a broad range of
beneficial effects, such as anticancer, antioxidant, antifungal, antiplatelet, phytoestrogenic,
and cardioprotective activities (5-9). However, when studies are conducted using in vivo
animal models or humans, significant pharmacological effects are often lacking (10-13)

The major reason for this in vitro/in vivo discrepancy is the low bioavailability of resveratrol
caused by extensive phase Il metabolism after oral administration (14, 15). In enterocytes
and hepatocytes, resveratrol is metabolized to glucuronides and sulfates by UDP-
glucuronosyltransferases (UGTSs) and sulfotransferases (SULTS). Resveratrol-3-O-
glucuronide (RES-3-O-G), resveratrol-3-O-sulfate (RES-3-0-S), and resveratrol-4’-O-
glucuronide (RES-4’-O-G) were found as the most abundant metabolites in humans, and
their peak plasma levels were 3- to 8-fold higher than that of resveratrol (16).

Although the systemic exposure of resveratrol is very low, therapeutic effects have been
observed in some animal models (15, 17). Recent studies, therefore, have been carried out to
investigate the beneficial effects of resveratrol metabolites. In one study, RES-3-O-G and
RES-4’-0-G were demonstrated to inhibit the cell growth of colon cancer cell lines with
comparable ICgq to the parent compound (18). On the other hand, resveratrol sulfates also
showed biological activities in vitro (19). Furthermore, the conjugated resveratrol
metabolites could release parent compound through deconjugation reaction(20, 21), which
indirectly contribute to its pharmacological activities observed in vivo. Considering the
importance of the metabolism of resveratrol, a better understanding of the factors involved
in phase Il disposition of resveratrol and its conjugates would therefore allow new strategies
to increase the bioavailability of resveratrol.

Multidrug resistance protein 2/3 (MRP2/3) and breast cancer resistance protein (BCRP)
have been shown to mediate the transport of resveratrol phase Il metabolites (22-24). All
these transporters belong to the ATP-binding cassette (ABC) superfamily of membrane
transporters and are highly expressed in gut and liver, which are also major sites of
metabolism. In polarized cells (e.g. enterocytes and hepatocytes), BCRP and MRP2 are
localized in the apical membrane where they facilitate the efflux of compounds back into the
intestinal lumen or bile, while MRP3 is expressed in the basolateral membrane and
transports compounds to the circulation (25). Most substances conjugated with glucuronide
or sulfate are substrates for various uptake and efflux transporters (26). Because of their
hydrophilic properties, these conjugates need efflux transporters to exit cells. Several studies
were performed to determine the impact of transporters on phase Il disposition and excretion
using knockout animals. In these studies, altered pharmacokinetics and phase Il disposition
were observed in knockout animals for phenolic compounds including resveratrol (27-30).
However, to the best of our knowledge, there was no study showing how an efflux
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transporter inhibitor can modulate the phase 11 disposition of resveratrol. This is the first
study to evaluate the impact of curcumin as an inhibitor of transporters for phase 11
conjugates.

Curcumin (diferuoyl methane) is the principal curcuminoid found in the rhizomes of
turmeric. It is a naturally occurring polyphenol with various beneficial properties such as
antitumor, antioxidant, antiarthritic, and anti-inflammatory (31, 32). Curcumin is known to
inhibit the function of ABC drug transporters (BCRP, P-gp, and MRP1/2) in vitro and
appears to be highly effective in interacting with BCRP (33-36). To demonstrate the in vivo
efficacy of curcumin in inhibiting transporter, some studies were performed in mice to
assess the effect of curcumin on the oral absorption of sulfasalazine (SASP), which is a
BCRP-specific substrate. It was found that the plasma level of SASP was two folds higher if
the mice were pretreated with curcumin (37). The advantage of using curcumin as a
transporter inhibitor is its lack of toxicity and mild pharmacological activities compared to
most of the other transporter inhibitors. In a phase Il clinical trial of curcumin performed in
patients with advanced pancreatic cancer, it was demonstrated that oral administration of
8,000 mg of curcumin daily up to 18 month was well tolerated and showed some
pharmacological activities (38).

The main purpose of this study was to determine the impact of curcumin on the disposition
of resveratrol phase 1l metabolites in vivo, and furthermore, in vitro studies in transporter-
overexpressed cells were performed to explain the observations in vivo. Our hypothesis is
that, by inhibiting efflux transporters, curcumin treatment can favor the distribution of
resveratrol phase 1l metabolites into the blood and increase systemic concentrations of
resveratrol and its metabolites. Our study seeks to derive a better understanding of the
interactions between curcumin and resveratrol, especially between curcumin and resveratrol
conjugates. Considering the fact that many phase 11 conjugates are substrates of efflux
transporters, our study may also provide a new perspective on using curcumin to modulate
and improve pharmacokinetic profile and bioavailability of the conjugated metabolites and
their aglycones.

MATERIAL AND METHODS

Chemicals

Resveratrol was purchased from LKT Laboratories (St. Paul, MN). Formononetin and
curcumin were bought from LC Laboratories (Woburn, MA). Resveratrol conjugates were
biosynthesized by incubating resveratrol with MRP2-overexpressing MDCK 11 cells. Pooled
human liver and intestinal S9 fractions were obtained from XenoTech (Lenexa, KS).p-
glucuronidases, sulfatase, 3’-phosphoadenosine 5’-phosphosulfate (PAPS), uridine
diphosphoglucuronic acid (UDPGA), alamethicin, magnesium chloride and Hanks’balanced
salt solution (powder form) were purchased from Sigma—Aldrich (St. Louis, MO). Ora-Plus
oral suspending vehicle was obtained from Paddock Laboratories Inc (Minneapolis, MN).
The BCA protein assay kit was from Thermo Fisher Scientific (Waltham, MA).
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Human UGT1A9-overexpressing HeLa cells and human MRP2-overexpressing MDCK 11-
UGT1AL1 cells were engineered and routinely maintained in our lab. The UGT1A9-
overexpressing Hel a cell line was successfully developed and used in our previous studies
(39). MDCK I cells expressing human MRP2, obtained from NKI-AVL (Netherlands
Cancer Institute, Amsterdam, NL), were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) with 10% fetal bovine serum at 37°C under 5% CO,. UGT1A1 (NM_000463)
human cDNA was cloned into pCMV-A- Hygro vector (Origene, Rochville, MD). Then the
transfection of vector expressing human UGT1A1 into MDCK 11 cells was performed using
Lipofect AMINE (Invitrogen, Gaithersburg, MD). At 50% confluence, cells in 150-mm
dishes were exposed to serum-free DMEM containing plasmid (1 pg/ml) and

Lipofect AMINE (1 pg/ml). At 5 h after the initiation of transfection, the plasmid-

Lipofect AMINE complex was removed, and the medium, consisting of DMEM
supplemented with 10% fetal bovine serum, was added. After 2—-3 weeks of Hygromycin
(200ug/mL) selection, single colonies were screened for the expression of UGT1A1 by
Western blot analysis. For both cell lines, cells from 3 days post-seeding were used for the
excretion experiments described below. The numbers of cells were correlated to protein
concentrations of harvested cells, which were determined using a protein assay kit (Bio-Rad,
Hercules, CA). To determine the intracellular concentrations based on amount of
metabolites present inside cells, cell volume was estimated to be 4ul/mg protein as described
previously (39).

Excretion Studies in vitro

The MRP2-overexpressing MDCKII-UGT1A1 cells and HeLa-UGT1A9 cells were washed
twice with HBSS (Hank’s Balanced Salt Solution, PH=7.4) and pre-incubated with or
without (control experiment) curcumin for 30 min at 37°C. The cells were then incubated
with HBSS containing resveratrol with or without (control) curcumin for 4 hours. At pre-
determined time points (0, 2, 4 h), 200ul of incubating media from each well was collected
and equal volume of loading solutions was added to each well. The collected samples were
then mixed with 50l of Stop Solution (6% acetic acid in (94%) acetonitrile) containing
formononetin as internal standard. At the end of experiment, cells were washed twice with
ice-cold HBSS buffer and then removed and collected in 200ul of HBSS buffer. The
collected cells were lysed by using an Aquasonic 150D sonicator (VWR Scientific, Bristol,
CT) for 30min at the maximum power (135 average watts) in ice-cold water bath. After
centrifugation at 15,500rpm for 20min, 100ul of supernatants were collected for each sample
and mixed with 25l of Stop Solution. For quantitative analysis, all samples were
centrifuged at 15,500rpm for 15min, and 5pl of supernatant were injected into the UPLC-
MS/MS system.

After incubating resveratrol with cells, the extent of metabolism was described as fyet Value,
which was the fraction of dose metabolized (eq.1).

> metabolites
> metabolites+Y " parent compound

fmet:

@)
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Clearance of efflux transporter (CL) was calculated by dividing the excretion rate of phase Il
metabolites (J) by the intracellular concentration of metabolites (Ci) (eq.2).

CL== @

Male wild-type FVB mice (6-10 weeks) were purchased from Harlan (Indianapolis, IN),
and the male Bcrpl knockout mice with an FVVB genetic background (6-10 weeks) were
from Taconic (Hudson, NY). All the animals were kept in an environmentally controlled
room (temperature: 25+2°C, humidity: 50+5%, 12 h dark-light cycle) for at least 1 week
before any experiments.

Pharmacokinetic Studies with Wild-type and Bcrpl (-/-) Mice

FVB wild-type and Berpl (—/-) mice were used in this study. The animal protocols were
approved by the University of Houston’s Institutional Animal Care and Uses Committee.
Animals were fasted overnight (approximately 12 hr) with free access to water before the
day of experiment. Curcumin dissolved in DMSO/PEG400 (1:4) was given orally at the
dose of 1000 mg/kg. After 1 h, a mixture of resveratrol and curcumin dispersed in oral
suspending vehicle was given at the dose of 20 mg/kg (for each compound) orally. The
second dose of curcumin with resveratrol was made to maintain a high level of curcumin in
the gut. For control group, oral dose of resveratrol (20mg/kg) in suspending vehicle was
given to mice without curcumin treatment. There were 3 to 4 mice in each group. After
being anesthetized by isoflurane, blood samples (about 10ul) from mice were collected at
pre-determined time points: 15, 30, 60, 120, 240, 360, 480, 1440min. The blood samples
were then spiked with acetonitrile containing formononetin as the internal standard. After
centrifugation at 15,500 rpm for 15min, the supernatant was evaporated to dryness and
stored at —80°C. Before LC-MS/MS analysis, the residue was reconstituted in 15%
acetonitrile solution and centrifuged at 15,500 rpm for 15min. 10ul of supernatant was
injected into the LC-MS/MS.

Quantitation of Resveratrol and Its Metabolites Using LC-MS/MS

LC-MS/MS analysis was carried out on an API 5500 Qtrap triple quadrupole mass
spectrometer (Applied Biosystem/MDS SCIEX, Foster City, California) with a
TurbolonSpray™ source coupled to a Waters Ultra performance liquid chromatography
(UPLC) system (Waters, Milford, MA). Quantification was performed by MRM (Multiple
Reaction Monitoring) method in the negative ion mode. Data were processed using
MultiQuant™ 2.0.2 Software. The instrument dependent parameters for mass spectrum were
set as follows: ionspray voltage, —4.5 kV; ion source temperature, 600 °C; gasl, 20 psi;
gas2, 30 psi; curtain gas, 10 psi. Unit mass resolution was set in both mass-resolving
quadruples Q1 and Q3. Compound-dependent parameters for resveratrol and its metabolites
were set as follows: declustering potential (DP), —120V; collision energy (CE), —26V;
collision cell exit potential (CXP), -17V. The compound-dependent conditions for
formononetin were: DP, -235V; CE, —29V; CXP, —15V. The LC column used was a 1.7um
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C18 column (2.1x50mm) (AcQuity, BEH C4g, CA). Flow rate was 0.45ml/min, and column
temperature was maintained at 45°C. Mobile phase A was 2.5mM ammonium acetate
(PH7.4) in water, whereas mobile phase B was acetonitrile. The gradient was: 0-0.5min, 7%
B, 0.5-1.5min, 7-15% B, 1.5-3.5min, 15-50% B, 3.5-4.0min, 50-85% B, 4.0-4.5min, 85—
7% B, 4.5-6.0min, 7% B.

Pharmacokinetic Calculations

Pharmacokinetic parameters of resveratrol and its metabolites including Cyax (maximum
blood concentration), ke (elimination rate constant), ty/» (half-life), AUCy_ (area under the
blood concentration curve from time 0 to t) were obtained by using the noncompartmental
model in WinNonlin 3.3 (Parsight, Mountain View, CA). To ensure the pharmacokinetic
parameters are accurate and reasonable, we adopted the criteria from our previous study for
noncompartmental fitting (29). Briefly, the value of t1;> was not reported when it was longer
than 12 h or the fitting goodness (r2) in the terminal phase was less than 0.8 or the
extrapolated AUC was more than 30% of AUCjns. AUCy.; values were presented for the
purpose of comparison between groups.

Glucuronidation and Sulfation of Resveratrol in Hepatic and Intestinal S9 Fractions

Pooled S9 fractions from human liver and intestine were bought from XenoTech (Lenexa,
KS). Hepatic and intestinal S9 fractions from wild-type and Bcrpl (/=) mice were prepared
as described before (40). Briefly, mice were fasted overnight and euthanized with ketamine.
Intestine and liver were cut out and washed with ice-cold saline containing 1mM
dithiothreitol. After segments of intestine were pooled from the same strain, they were
washed with the ice-cold washing solution (consisted of 8 mM KH,P0O4, 5.6 mM Nay,HPO4,
1.5 mM KCI, 96 mM NaCl, 27 mM sodium citrate, and 0.04 mg/ml phenylmethylsulfonyl
fluoride or PMSF). Mucosal cells were scraped from intestine and washed with
homogenization buffer (consisted of 10 mM pH 7.4 KH,PO4, 250 mM sucrose, 1 mM
EDTA, and 0.04 mg/ml PMSF). Mucosal cells and hepatic cells were collected and
homogenized in a 4°C cold room. After 15min centrifugation in 9000Xg at 4°C, the fat layer
and pellet were discarded and the supernatant was collected, aliquoted, and stored at —80°C
until use.

For the glucuronidation reaction, resveratrol in potassium phosphate buffer was added into
the reaction mixture with S9 fractions (final concentration: 1mg/ml), saccharolactone
(4.4mM), magnesium chloride (0.88 mM), and alamethicin (0.022 mg/ml). UDP-glucuronic
acid (UDPGA, 3.5 mM) was added last as the cofactor to make the total volume to 250 pl.
For the sulfation reaction, 3’-phosphoadenosine-5’-phosphosufatethe (PAPS) was added
(final PAPS concentration=0.1 mM as reaction cofactor instead of UDPGA. For both
reactions, the mixture was incubated in a 37°C water bath for 15, 30, 60, 120, 240, and
360min. The reactions were stopped by adding Stop Solution containing 2 uM of
formononetin as the internal standard. Each assay was performed in triplicate. After
centrifugation, the supernatants of samples were analyzed by Waters ACQUITY UPLC
system.
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Statistical Analysis

RESULTS

Data were presented as means + S.D., if not specified otherwise. Analysis of variance or
Student’s t test was used to analyze data. The level of significance was set at p<0.05.

Characterization of Resveratrol Metabolites in S9 Fractions and Cell Lines from Different

Species

MRM Chromatograms of resveratrol’s glucuronide and sulfate conjugates produced from S9
fractions, whole blood, and cells were shown in Supplemental Fig. S1. Glucuronides and
sulfates were first identified by comparing UV absorbance profiles with resveratrol and then
confirmed by enzymatic hydrolysis. Treatment of conjugates with -glucuronidase or
sulfatase converted glucuronides or sulfates back into resveratrol (data not shown). The
conjugated metabolites were further confirmed by mass spectrometer. Resveratrol
glucuronide had an ion [M-H]~ at m/z 403, whichwas consistent with a glucuronic acid
moiety (176 amu) added to the molecular ion of resveratrol of m/z 227. Resveratrol sulfate
had an [M-H]~ ion of m/z 307, which was 80 Da higher (addition of one sulfuric acid) than
that of parent resveratrol. Resveratrol-3-O-glucuronide, resveratrol-4’-O-glucuronide,
resveratrol-3-O-sulfate, and resveratrol-4’-O-sulfate were identified by comparing the order
of elution with that of chemically synthesized authentic resveratrol metabolites as were done
in a previous study (41).

In pooled human liver S9 fraction, resveratrol-3-O-glucuronide and resveratrol-3-O-sulfate
were the major metabolites generated. The amount of resveratrol-4’-O-glucuronide was
about one fifth of resveratrol-3-O-glucuronide, and the amount of resveratrol-4’-O-sulfate
was negligible when compared to that of resveratrol-3-O-sulfate. In pooled human intestinal
S9 fraction, both resveratrol-3-O-glucuronide and resveratrol-4’-O-glucuronide were
detected after glucuronidation reaction, whereas resveratrol-3-O-sulfate was the only sulfate
detected in sulfation reaction. In mice S9 fractions (from liver and intestine) and whole
blood (1 hr after oral dose of 20mg/kg), resveratrol-3-O-glucuronide and resveratrol-3-O-
sulfate were found as the main products of phase 1l metabolism. After incubating resveratrol
with human UGT1A9-overexpressing HelLa cells, resveratrol-3-O-glucuronide was found as
the major metabolite and only small amount of resveratrol-4’-O-glucuronide and
resveratrol-3-O-sulfate were produced. In MRP2-overexpressing MDCK 11-UGT1A1 cells,
four conjugates were detected, including resveratrol-3-O-glucuronide, resveratrol-4’-O-
glucuronide, resveratrol-3-O-sulfate, and resveratrol-4’-O-sulfate. In this MDCKII-UGT1A1
cell variant, resveratrol-3-O-sulfate was the most abundant metabolite, and the amounts of
all the other metabolites were quite small.

Impact of Bcrpl on Pharmacokinetics of Resveratrol and Its Phase Il Metabolites

To investigate the role of Berpl in pharmacokinetics and phase Il disposition of resveratrol,
resveratrol was dosed orally (20mg/kg) in WT and Bcrpl (=/-) mice. RES-3-O-G and
RES-3-O-S were identified as main circulating metabolites in mice. Pharmacokinetic
profiles and parameters were shown in Fig. 1, Fig. 3, and Table 1. It was found that the
Cmax: Tmax, and AUC of resveratrol were similar in WT and Bcerpl (-/-) mice, whereas the
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systemic exposure of resveratrol conjugate metabolites increased moderately in Berpl (=/-)
mice. Cpmay Of resveratrol glucuronide increased from 60% (p>0.05) in Bcrpl (/=) mice.
AUC of glucuronide conjugate increased 52% (p>0.05) Bcrpl (/=) mice. For resveratrol
sulfate, our results showed an increase of 82% (p>0.05) in Cpax and 56% (p>0.05) in AUC
in Berpl (—=/-) mice. Our observations, whereas not always statistically significant, were in
agreement with previously published reports indicating an increase of plasma levels of
resveratrol conjugates in Berpl(—/=) mice (23, 30). However, we did find that the half-life
(t1/2) for resveratrol glucuronide decreased significantly in Berpl (/=) mice (Table 1),
consistent with earlier reports of significantly increased plasma levels of resveratrol
conjugates in Berpl(=/-) mice (23, 30).

Hepatic and Intestinal Phase Il Enzyme Activities toward Resveratrol in WT and Bcrpl (-/-)

Mice

To further investigate the Bcrpl knockout-related pharmacokinetic changes in mice, we also
performed in vitro experiments to determine if the enzyme activities were altered in Berpl
(=/-) mice. As shown in Fig. 2, it was found that the rate of resveratrol glucuronidation in
small intestinal S9 fraction was about two folds faster than in hepatic S9 fraction. The
glucuronidation rates were significantly higher (32%) in the hepatic S9 fraction from WT
mice than those from Bcrpl (/=) mice. Similarly, the rates of resveratrol glucuronidation
were 18% higher in intestinal S9 fraction from WT mice than those from the knockout mice,
but the differences were not statistically significant. Additionally, our data showed that the
rate of resveratrol sulfation in S9 fraction from Bcerpl (=/-) mice was significantly slower
than in WT mice. In hepatic S9 fraction from Bcrpl (/=) mice, resveratrol sulfation
decreased by 20%. And in intestinal S9 fraction, the sulfation rate decreased by 26%. The
reasons for the mild reduction of glucuronidation and sulfation rates in S9 fractions from the
knockout mice remained unknown, but they were not consistent with moderately higher
levels of resveratrol conjugates present in the plasma of Berp knockout mice shown above.

Impact of Curcumin on Pharmacokinetics of Resveratrol and Its Phase Il Metabolites

Impact of curcumin treatment on pharmacokinetics of resveratrol and its
conjugates in wild-type mice—As described in Materials and Methods, WT mice were
pretreated with 1000mg/kg of curcumin 1 h prior to another dose of 20mg/kg of curcumin
and 20mg/kg of resveratrol. As depicted in Fig. 1, Fig. 3, and Table 1, curcumin treatment
enhanced the exposure of resveratrol and its metabolites in the systemic circulation of the
WT mice. With curcumin, the maximum blood concentration of resveratrol achieved in mice
increased nearly 100%. The Cax Values of resveratrol glucuronide significantly increased
by ~2.6 folds when mice were treated with curcumin. For resveratrol sulfate, there was no
obvious change in Cyhax value. The AUC of resveratrol increased by 2 folds in curcumin-
treated mice (Fig. 3). For resveratrol glucuronide, the AUC value increased 4.0-fold, and
this change was much greater than the change of AUC observed for the parent resveratrol.
We also observed 58% elevated AUC value for resveratrol sulfate in curcumin-treated mice.
It was noticed that curcumin caused a slight increase (p>0.05) in ty/, values for resveratrol
glucuronide and sulfate, while there was almost no change in Tax.
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Impact of curcumin treatment on pharmacokinetics of resveratrol and its
conjugates in Berpl (-/-) mice—To investigate the potential impact of curcumin on
transporters other than BCRP, we also determined the influence of curcumin on
pharmacokinetics of resveratrol and its phase Il metabolites in Berpl (/=) mice (Fig. 1, Fig.
3, and Table 1). In curcumin-treated mice, the Cp,ax Of resveratrol and resveratrol sulfate
decreased by 51% and by 25% compared with curcumin-untreated mice, respectively. The
Chmax Of resveratrol glucuronide remained similar when curcumin was dosed with
resveratrol. Although the change in AUC values of resveratrol was not statistically
significant, it was found that the AUC decreased moderately in curcumin-treated mice. As
observed in WT mice, the AUC of resveratrol glucuronide increased significantly when the
knockout mice were treated with curcumin. There was also a slight increase of AUC
observed for resveratrol sulfate in curcumin-treated Bcrpl (—/-) mice (Fig. 3). As observed
in WT mice, we also noticed a slight increase in t1» for both resveratrol glucuronide and
sulfate when mice were treated with curcumin. In the presence of curcumin, Tpyax Was
slightly delayed (p>0/05) for resveratrol glucuronide.

Effects of Curcumin on MRP2-Mediated Efflux Transport of Resveratrol Metabolites in
Human MRP2-overexpressing MDCK [I-UGT1A1 Cells

Impact of curcumin on phase Il metabolism of resveratrol in MDCK Il cells—In
this study, MRP2-overexpressing MDCK 11-UGT1A1 cells were used as an in vitro cell
model to further investigate the effects of curcumin on MRP2. Since it was reported that
curcumin can also inhibit UGT and SULT mediated glucuronidation and sulfation (42, 43),
different concentrations of curcumin (1000nM, 500nM, 200nM, 100nM, 50nM) were used
to test the effect of curcumin on phase 11 metabolism of resveratrol in cells. The extent of
glucuronidation and sulfation as measured by fie: reflects cells’ ability to metabolize a
substrate. When f,et is not changed in the presence of an inhibitor, it means that the
activities of the conjugating enzymes are not affected. As shown in Fig. 4 (@), et Of
glucuronide conjugates decreased significantly when cells were treated with high
concentrations of curcumin. For f,e of RES-4’-0O-G, the decrease was about 33% (1000nM,
p<0.01), 24% (500nM, p<0.01), and 20% (200nM, p<0.05). The reduction in fye values of
RES-3-O-G was approximately 24% (1000nM, p<0.05), 14% (500nM, p<0.05), and 12%
(200nM, p>0.05). There was no significant change in fet values for all metabolites when
cells were treated with lower concentrations of curcumin. Therefore, 100nM and 50nM of
curcumin was selected to investigate the effects of curcumin on efflux transporters (below).

Impact of curcumin on MRP2-mediated efflux transport of resveratrol
conjugated metabolites—As shown in Fig. 5-a, cellular clearances (CL, eq.2) were
inhibited significantly for all metabolites with curcumin treatment. In the presence of 50nM
of curcumin, CL of RES-4’-O-G and RES-3-O-G was reduced by 50% (p<0.01) and 46%
(p<0.001) respectively, whereas CL of RES-4’-O-S and RES-3-0-S reduced by 54%
(p<0.05) and 53% (p<0.05) respectively. In the presence of higher concentration of
curcumin (100nM), no greater concentration-dependent inhibitory effect on CL was
observed.
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Effects of Curcumin on BCRP-mediated Efflux Transport of Resveratrol Metabolites in
Human UGT1A9-overexpressing HelLa Cells

In human UGT1A9-overexpressing Hela cells, RES-4-O-G, RES-3-O-G, and RES-3-0-S
were identified as resveratrol conjugate metabolites. Curcumin (100nM and 50nM) showed
no significant inhibition on fe; for all the conjugates (Fig. 4 (b)). As illustrated in Fig. 5-b,
curcumin did not show any significant inhibitory effect on CL of RES-4’-G. However, we
found that the treatment of 50nM of curcumin resulted in a statistically significant decrease
in CL for both RES-3-O-G and RES-3-O-S. In the presence of curcumin (50nM), CL of
RES-3-0O-G and RES-3-0O-S decreased by 28% (p<0.01) and 35% (p<0.05) respectively.
When the concentration of curcumin was increased to 100nM, there was no greater extent of
inhibitory effect of curcumin on CL observed.

DISCUSSION

In this study, an elevated systemic (i.e., blood) exposure of resveratrol metabolites was
achieved in wild-type and Bcrpl knockout mice when animals were treated with curcumin.
Curcumin achieved above-stated effects by inhibiting efflux transporters including MRP2
and BCRP, thereby promoting the distribution of phase Il metabolites of resveratrol into the
systemic circulation (i.e., increased AUC and Cax)- T0 our best knowledge, this is the first
study showing the impact of curcumin on phase Il disposition as an efflux transporter
inhibitor. Our study provided a new strategy of using curcumin to increase the systemic
exposure of resveratrol in vivo, which could be expanded to other co-administered drugs
using the similar disposition mechanisms.

Like most of the phenolic compounds, resveratrol can be absorbed easily because of its
lipophilic properties. Once resveratrol is in enterocytes, it can be metabolized to phase Il
conjugates (glucuronide and sulfate). Because of their hydrophilic properties, the conjugates
need to be transported by transporters located on apical or basolateral membrane to exit
cells. In enterocytes, curcumin can block efflux transporters on apical side and more
conjugates will enter the blood as a result. For parent compound escaped from intestinal
metabolism, it has another chance to be metabolized in hepatocytes. In liver, curcumin can
also inhibit efflux transporters located on canalicular membrane and driving more
intracellular conjugates into the blood. Therefore, as shown in Fig. 6, curcumin has an
impact on the polarized distribution of resveratrol conjugates in enterocytes, hepatocytes,
intestinal lumen, bile, and the systemic circulation. However, because curcumin
concentrations are much higher in the gut than the liver, its impact on gut disposition of
resveratrol are likely to be more substantial.

We found that AUC of resveratrol glucuronide increased significantly (~4-fold) when WT
mice were treated with curcumin. In addition, there was also a moderate elevation in
systemic exposure of resveratrol and resveratrol sulfate (Fig. 1 and Table 1). When Bcrpl
(=/-) mice were treated with curcumin, a further increase of AUC was observed for
glucuronide (~6.4-fold increase) and sulfate (~1.56-fold increase) compared to the AUC
values obtained in WT mice without curcumin treatment. These pharmacokinetic changes
could be explained by the inhibitory effects of curcumin on BCRP and other transporters
including MRP2, which was further confirmed in our in vitro findings (Fig. 5) (see later).
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The fact that the treatment of curcumin had greater impact on pharmacokinetics of
resveratrol conjugates suggested that efflux transporters played a major role in the phase Il
disposition of resveratrol. These results suggest that the inhibitory effect of curcumin on
MRP2 or other efflux transporters might make a greater contribution to the alteration in
phase |1 disposition of resveratrol than BCRP. However, BCRP did have significant effects
on its phase Il disposition as well.

Impact of curcumin on resveratrol’s pharmacokinetics could be explained at least in part by
our in vitro findings (Fig. 5), where 50nM and 100 nM curcumin significantly inhibited the
glucuronide and sulfate efflux (as measured by CL) without impacting fet in MRP2-
overexpressing MDCK 11-UGT1AL cells (Fig. 5a). The latter overexpresses human MRP2
but also expresses canine BCRP. It is possible that curcumin effects on efflux transporters
could be more pronounced, since MRP2-MDCKII cells were capable of metabolizing
curcumin (36, 44). In human UGT1A9-overexpressing HelLa cells where only BCRP is
significantly expressed, curcumin was also found to decrease the CL of RES-3-O-G and
RES-3-0-S significantly (Fig. 4-b, Fig. 5-b), which was consistent with reported
mechanism of ABCG2 inhibition; i.e., direct inhibition of ABCG2 (33). Based on our
observations, we concluded that both MRP2- and BCRP-mediated transport of resveratrol
phase 11 conjugates could be inhibited by curcumin, and greater impact of curcumin on
cellular clearance was observed in MRP2-overexpressing MDCK 11-UGT1AL1 cells. We
expect that curcumin’s impact on the disposition of resveratrol conjugates is mainly through
inhibiting MRP2. To further test our hypothesis, however, the expression levels and
activities of both efflux transporters in two cells lines need to be determined, and in vivo
studies in Mrp2 knockout animals need to be performed.

It had been shown that the knockout of Berp1 slightly decrease the activities of relevant
UGTs and SULTSs in both liver and intestine (Fig. 2). In addition, according to our
observations in cells (Fig. 4a) as well as other previous in vitro studies, curcumin was able
to inhibit glucuronidation and sulfation (42, 45, 46). Therefore, the elevated systemic
exposure of resveratrol metabolites observed in this study could not come from the increases
in UGT or SULT enzyme activities. In Berpl knockout and curcumin-treated animals, the
distribution of resveratrol metabolites were altered by the inhibition of efflux transporters,
which resulted in more metabolites distributed into blood (transported by MRP3 on
basolateral membrane), since these conjugates are, at least partially, prevented from
excretion from the normal excretion pathway. In fact, similar pharmacokinetic changes for
genistein’s phase 11 metabolites were observed in Berpl (/=) mice. It was shown that the
absent of Bcrpl did not change the absorption process for genistein. The increased systemic
exposures of genistein glucuronides and sulfates were from the impact on the polarized
distribution of conjugates across the intestinal membrane and hepatocytes, which resulted in
the increased distribution of phase 1l metabolites into the mouse systemic circulation in
Berpl (—/-) mice (29).

In previous studies, a variety of strategies were attempted to increase the bioavailability of
resveratrol. For example, piperine was shown to be able to increase the AUC of resveratrol
when it was co-administered with resveratrol in mice, and the enhanced systemic exposure
of resveratrol was attributed to piperine’s inhibitory effects on UGT (47). Another study
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focused on using nanotechnological formulations to improve the bioavailability of
resveratrol (48). To the best of our knowledge, this is the first study to improve the
bioavailability of resveratrol by modulating efflux transporters for its conjugates. According
to our observations, curcumin treatment not only improved the systemic exposure of
resveratrol, but also increased the AUC of resveratrol glucuronide and sulfate significantly
(Fig. 3). Considering the fact that the activity of resveratrol metabolites also contributes to
its biological effects (18, 19), our new strategy of using curcumin with resveratrol as a
transporter inhibitor may provide a promising approach to improve the pharmacological
activities of resveratrol.

Our finding is quite insightful since there have been only scattered studies on the effect of
curcumin on efflux transporters in vivo. After Shukla et al. reported that co-administration of
curcumin increased the bioavailability of sulfasalazine by inhibiting Berpl using Berpl (—/
-) mice (37), Kusuhara, H., et al. performed interaction studies in humans (49). They
showed that the plasma concentrations of sulphasalazine also increased in healthy humans
when curcumin was administered. Our study is the first one to investigate the impact of
curcumin as a transporter inhibitor in the disposition of phase Il metabolites, which are often
effluxed by transporters such as BCRP and MRPs. Although the bioavailability of curcumin
is very low, it has been shown that a plasma level of 0.6 puM of curcumin were achieved
after giving 1000mg/kg (the same dose as it was used in our study) of curcumin orally in
mice (50). Since curcumin showed inhibitory effects at very low concentrations (as low as
50 nM) in our in vitro studies (Fig. 5), the levels of curcumin in gut and liver can be high
enough to affect the distribution of resveratrol conjugates. However, the inhibitory impact of
curcumin on transporters in gut is expected to be much higher than in liver because of
curcumin’s low bioavailability. The bioavailability of curcumin is very low because of its
low solubility and extensive metabolism. Due to its low solubility and the high dose of
curcumin we used in our animal studies, curcumin was being absorbed continuously in the
gut until it was excreted. In spite of its extensive metabolism, the plasma concentration of
curcumin did not decrease rapidly, and a plateau appeared approximately 2-hour after the
administration in the concentration-time profile most probably due to the prolonged
absorption phase and/or enterohepatic recirculation (50-52). According to previous studies,
the liver to plasma exposure ratio for curcumin was reported to be more than 40:1, and the
plateau concentration in plasma reached 0.12 pg/ml in mice dosed with 1000mg/kg of
curcumin (50). Therefore, curcumin can reach its effective dose to inhibit transporters in
liver as long as that there is more than 0.4% of free curcumin (concentration higher than 50
nM) available in liver tissue.

Earlier researches have explored the role of BCRP and MRP2 in the disposition of
resveratrol conjugates (23, 24, 30). For example, there were experiments with Mrp2-
deficient rats demonstrated that Mrp2 was the major transporter to mediate the canalicular
efflux of RES-3-O-G into bile (22). In present study, we believe that curcumin affects the
disposition of resveratrol mainly through inhibiting MRP2. We noticed the blood
concentrations of both resveratrol glucuronide and sulfate reached a plateau at 3 h after oral
gavage when WT or Berpl (/=) mice were treated with curcumin. This observation could
be explained by the delayed clearance of phase 1l metabolites due to curcumin’s inhibitory
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effects on MRP2 and other efflux transporters located in intestine and liver. We also
observed an unexpected decrease in AUC of resveratrol in curcumin treated Berpl (-/-)
mice. However, the decrease was not significant due to large variations among animals. To
further demonstrate the impact of curcumin through inhibiting MRP2, we would conduct
studies in Mrp2 (=/-) mice for future research. Meanwhile, we also had to take into
consideration the fact that other efflux transporters could be overexpressed as a
compensation for the knockout of BCRP. In that case, the inhibitory effects on transporters
from curcumin treatment could be underestimated. Besides BCRP and MRP2, MRP3 and
MRP4 located on basolateral membranes have been shown to be involved in the transport of
various phase Il conjugates (53-56).

In Berpl (/=) mice, significantly more resveratrol metabolites have been found in blood.
For example, we found that the AUC of RES-3-O-G and RES-3-0-S in Berpl (=/-) mice
increased (p<0.05) by 50% and 56%, respectively, even though AUC of resveratrol aglycone
was not altered significantly (Fig. 1 and Table 1). Our observation was in agreement with
previously published results (23, 30). Our data also showed that resveratrol glucuronide was
eliminated at a faster rate and had a shorter t;/» in Berpl (—=/-) mice, and this could be the
result of less extent of enterohepatic recycling in Berpl deficient mice. Unlike resveratrol
conjugates, the AUC of resveratrol in Bcrpl (/=) mice did not increase or even decreased
as Alfaras et al. reported earlier, and the reason for this observation was unclear.

In humans, the most abundant conjugated products of resveratrol were identified as RES-3-
O-G, RES-3-0-S, and RES-4’-O-G (16), which was consistent with our findings in hepatic
and intestinal S9 fractions from human (Supplemental Fig. S1). However, only one
glucuronide (RES-3-G) and one sulfate (RES-3-S) were found in S9 fraction or whole blood
from mice (Supplemental Fig. S1). As RES-4’-O-G was produced in less amount in human
compared with RES-3-O-G, we thought mouse would be considered an appropriate animal
model to study the in vivo disposition of phase Il resveratrol conjugates. In human
UGT1A9-overexpressing Hela cells, the fet Of resveratrol glucuronide was about 2~3-fold
of what was observed in MRP2-overexpressing MDCK [1-UGT1A1 cells (Fig. 4), indicating
UGT1A9 might be more important for resveratrol glucuronidation than UGT1A1.

Since it has been suggested that MDCK cells have low endogenous expression of
transporters, many MDCK cell lines over-expressing different membrane transporters of
interest have been employed to study the effect of individual transporter on drug disposition
(57). Here we used human MRP2-overexpressing MDCK [1-UGT1A1 cells as in vitro tool
to generate resveratrol glucuronides and sulfates inside cells and to investigate the impact of
curcumin on MRP-2 mediated efflux of resveratrol conjugates. To study the impact of
curcumin on BCRP-mediated efflux of resveratrol conjugates, we also used HeLa-UGT1A9
cells as an in vitro tool to determine the clearance of conjugates by BCRP. Our previous
studies showed that this simple cell model mainly efflux phenolic glucuronides using BCRP
as inhibition of this transporter decreased phenolic glucuronide clearance by more than 95%.
Since UGT1A1 and UGT1A9 were demonstrated to be the predominant UGT isoforms
responsible for the formation of RES-3-O-G and RES-4’-O-G in human liver and intestine
(58), and appropriate amount of sulfates were produced in our engineered MDCK Il and
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HelLa cells, it was reasonable to use these cell lines overexpressing human UGT1ALl or
UGT1A9 as in vitro tools to study the efflux behaviors of resveratrol conjugates.

CONCLUSION

In conclusion, curcumin treatment altered the distribution of phase 11 metabolites of
resveratrol, resulting in more metabolites distributed into the systemic circulation and
significantly higher AUC values of resveratrol conjugates in WT and Bcrpl (=/-) mice. And
in vitro, curcumin showed inhibitory effects on MRP2- and BCRP- mediated transport of
resveratrol conjugates in HeLa and MDCK 11 cells that overexpress a human UGT and/or an
efflux transporter. These results suggested that curcumin modulated the distribution of phase
Il resveratrol conjugates through inhibiting MRP2- and BCRP-mediated transport of
resveratrol conjugates, but not altering UGT or SULT metabolism. Since this is the first
study to explore the impact of curcumin on resveratrol phase Il disposition, the use of
curcumin provided a new approach to increase the bioavailability of resveratrol or other co-
administered drugs that undergo similar disposition.
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=4=—WT control
== WT with Curcumin
== Bcrpl(-/-)

=>¢=Bcrp1(-/-) with curcumin

The blood concentrations of resveratrol (a), RES-3-O-G (b), and RES-3-O-S (c) after oral
administration of resveratrol (20mg/kg) with or without curcumin in wild-type (WT) and
Berpl (/=) mice. The circled points represented data points where concentrations for some
mouse blood samples fell below the quantitation limit.
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FIG. 2.

The resveratrol (2.5 uM) glucuronidation rate (a) and sulfation rate (b) in hepatic and
intestinal S9 fractions from WT and Bcrpl (=/-) mice. *, p<0.05.
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FIG. 3.
The AUC values of resveratrol and its conjugates in wild-type (WT) mice and Berpl (=/-)

mice after oral administration of resveratrol at 20mg/kg with or without the treatment of
curcumin. Two-way ANOVA followed by post-hoc test was performed. *, p < 0.05; **, p <
0.01.
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FIG. 4.
Effects of different concentrations of curcumin on the fiet Of resveratrol conjugate

metabolites in human MRP2-overexpressing MDCK 11-UGT1A1 (a) and human UGT1A9-
overexpressing HelLa (b) cells. Cells were treated with 2.5uM of resveratrol (control) or a
mixture of 2.5uM of resveratrol and different concentrations of curcumin (1000nM, 500nM,
200nM, 100nM, 50nM) for 4 h, and the it values were calculated by eqg.1. Student t-test
was performed. *, p < 0.05; **, p< 0.01.
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FIG. 5.
Effects of curcumin (100nM, 50nM) on cellular clearances (CL) of resveratrol glucuronides

and sulfates in human MRP2-overexpressing MDCK [1-UGT1A1 (a) and human UGT1A9-
overexpressing HelLa (b) cells. Cells were treated with 2.5uM of resveratrol with blank
vehicle (control) or a mixture of 2.54M of resveratrol and curcumin (100nM, 50nM) for 4 h,
and the CL values were calculated by eq.2. ANOVA followed by post-hoc test was
performed. *, p < 0.05; **, p<0.01.
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An illustration of the impacts of curcumin on polarized distribution of resveratrol
glucuronide and sulfate in enterocytes and hepatocytes.
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Table 1

Pharmacokinetic parameters of resveratrol, RES-3-O-G and RES-3-O-S in WT and Bcrpl (=/-) mice after
oral administration of resveratrol (20mg/kg) with or without the curcumin treatment. Parameters in WT or

1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Bcrpl (/=) mice without curcumin treatment were used as control.

Strain/Treatment Cinax (LM) Tmax () ty (h)
WT control 0.60 + 0.26 0.25+0.00 N.A.
WT with curcumin 1.20+0.84 0.25+0.00 N.A.
Resveratrol
Bcerpl (-/-) 0.79+0.44 031%0.12 N.A.
Berpl (/=) with curcumin -~ 0.39+0.17  0.25+0.00 N.A.
WT control 999+532 025+0.00 3.69+4.28
WT with curcumin 26.34+716° 037014 3.83+120
R-3-G
Bcerpl (-/-) 16.09£6.10 031£012 1974006
Berpl (/=) with curcumin =~ 1846 +14.71 042+0.14 3.12+0.95
WT control 132+0.71 025+0.00 3.77+1.74
R3S WT with curcumin 1.21+0.27 031+0.12 9.32+5.64
Bcerpl (-/-) 240+098 025+0.00 4.41+044
Bcerpl (—/-) with curcumin 1.80+0.17 0.25+0.00 5.82+255
*
p <0.05;
**
p<0.01.
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