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Abstract

Resveratrol, a modulator of several signaling proteins, can exert off-target effects involving PPAR

transcription factor. However, evidence for the direct interaction between this polyphenol and

PPARs is lacking. Here, we addressed the hypothesis that resveratrol and its metabolites control

aspects of PPAR transcriptional activity through direct interaction with PPARs. Bioaffinity

chromatographic studies with the immobilized ligand-binding domains (LBDs) of PPARγ and

PPARα and isothermal titration calorimetry (ITC) allowed the determination of the binding

affinities of resveratrol, resveratrol 3-O-glucuronide, resveratrol 4-O-glucuronide and resveratrol

3-O-sulfate to both PPAR-LBDs. Interaction of resveratrol, resveratrol 3-O-glucuronide and

resveratrol 4-O-glucuronide with PPARγ-LBD occurred with binding affinities of 1.4, 1.1 and 0.8

μM, respectively, while only resveratrol bound to the PPARα-LBD with a binding affinity of 2.7

μM. Subsequently, X-ray crystallographic studies were carried out to characterize resveratrol

binding to the PPARγ-LBD at the molecular level. The electron density map from the crystal

structure of the complex between PPARγ-LBD and resveratrol revealed the presence of one

molecule of resveratrol bound into the LBD of PPARγ, with the ligand occupying a position close

to that of other know PPARγ ligands. Transactivation assays were also performed in HepG2 cells

and the results showed that resveratrol was not a PPAR agonist but, instead was able to displace

rosiglitazone from PPARγ and Wy-14,643 from PPARα with IC50 values of 27.4 ± 1.8 μM and

31.7 ± 2.5 μM, respectively. We propose that resveratrol acts as a PPAR antagonist through its

direct interaction with PPARγ and PPARα.
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INTRODUCTION

Peroxisome proliferator-activated receptors (PPARs) are members of the nuclear receptor

family of ligand-dependent transcription factors.[1] PPARs form heterodimers with the 9-cis

retinoic acid receptor (RXR) and susbequently to an interaction with a ligand bind to

specific peroxisome proliferator responsive elements (PPREs) in the promoter regions of

specific target genes. Three isoforms of PPAR have been identified: PPARγ, PPARδ and

PPARα, of which PPARγ is the most extensively studied subtype.[2] PPARα agonists,

which include fibrates, normalize dyslipidaemia while PPARγ agonists (e.g.,

thiazolidinediones) improve insulin resistance and diabetes control. PPARα and PPARγ

have been implicated in the increase of insulin sensitivity through the control of lipid and

glucose metabolism as well as in conferring anti-inflammatory protection in liver, adipose

and vascular tissues.[3,4] PPARγ is adipogenic,[5] and ligand-mediated activation of PPARγ

exhibits anti-tumorigenic effects in many types of cancer.[6,7]

Resveratrol (3,5,4′-trihydroxystilbene) is found in the skin and seeds of grapes and is the

active component of red wine that has led to the ‘French Paradox’.[8] It is a known activator

of the NAD+-dependent deacetylase SIRT1 and for this reason has been the subject of

intense studies for its potential role in diabetes and aging.[9] While there is no consensus on

the mechanism by which resveratrol modulates SIRT1 activity, resveratrol treatment results

in an 8-fold increase in SIRT1 deacetylation.[9,10] This dietary polyphenol inhibits platelet

aggregation,[11] promotes vasodilation,[12,13] and exerts anti-inflammatory activity.[14]

Resveratrol also inhibits differentiation of 3T3-L1 adipocytes by the activation of the AMP

kinase/SIRT1 axis,[15] and offers potential cancer chemopreventive effects.[16] However,

recent data have revealed that resveratrol may affect PPAR activity and modulate many

biological actions of PPAR agonists. [17,18] The inhibitory effect of resveratrol on

adipogenesis[19] is believed to occur through downregulation of PPARγ mRNA expression

in human visceral adipocytes.[20] Moreover, the SIRT1-dependent repression of visceral

white adipocyte genes involves deacetylation of PPARγ.[21] Whether resveratrol and/or its

metabolites can interact directly with PPAR proteins to influence their function remains

unclear.

Calleri and collaborators have recently described and validated novel biochromatographic

systems where the PPARγ and PPARα ligand-binding domains (LBD) were immobilized

onto the surface of an open tubular (OT) silica capillary stationary phase.[22,23] These PPAR

columns were used for the affinity evaluation of a series of structurally related analogs,

which include ureidofibrate-like derivatives. The authors have demonstrated that the

immobilized LBDs maintain their binding capacity and could be used to determine the

binding affinity constants of the compounds under study.[21,22] Here, we used frontal

affinity chromatography and isothermal titration calorimetry to measure potential binding
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affinities of resveratrol and its metabolites to PPARα and PPARγ LBDs. Moreover, X-ray

crystallography has been used to characterize at the molecular level the binding of

resveratrol to PPARγ-LBD. Transactivation assays also illustrated that resveratrol acts on

both PPARγ and PPARα with antagonistic activity.

RESULTS AND DISCUSSION

The determination of binding affinities using frontal affinity chromatographic techniques

has been well established.[24] In this technique, increasing concentrations of a competitive

agent in the presence of constant concentration of a marker ligand are added to the mobile

phase and the effect on the breakthrough volumes of the marker ligand is measured.

Decreasing breakthrough time of the marker ligand with increasing concentrations of

competing agent suggests direct competition between them. The relationship between

displacer concentration [D] and retention volume of the marker ligand can be used to

determine the dissociation constant of the displacer ligand (see Equation 1 in the

experimental section).

PPARα and PPARγ LBDs, whose immobilization on open tubular capillaries was

previously reported, were found to interact with selected ligands with appropriate binding

affinity constants.[22,23]

In order to determine whether resveratrol and its metabolites bind to the LBD of PPARγ or

PPARα, frontal displacement chromatographic studies were carried out using resveratrol,

GW1929 or R-1 compounds as marker ligands on the PPARγ-OT and PPARα–OT columns,

and the binding affinities obtained are summarized in Table 1A and 1B, respectively.

GW1929 is a high-affinity full agonist of PPARγ with a Kd of ~40 nM,[25] while R-1

compound is a full agonist that binds both PPARα and PPARγ with approximately the same

affinity (Kd values of 270 nM).[22,26]

As shown in Table 1A, resveratrol and resveratrol 4-O-glucuronide had similar binding

affinities towards PPARγ when resveratrol was used as marker with Ki values of 1.37 ± 0.57

μM and 0.77 ± 0.23 μM, respectively. Similarly, when GW1929 was used as marker ligand

the Ki values were 1.80 ± 0.43 μM and 1.75 ± 0.71 μM for resveratrol and resveratrol 4-O-

glucuronide, respectively. These results indicate that resveratrol and the 4-O-glucuronide

bind in a similar way and that the binding site of resveratrol overlaps with GW1929.

A significant decrease in the affinity of resveratrol 3-O-glucuronide to PPARγ-LBD was

observed when GW1929 was used as a marker ligand (16.60 ± 5.81 μM). However, the Ki

value for resveratrol 3-O-glucuronide was 1.07 ± 0.22 μM when resveratrol was selected as

marker ligand. In contrast, resveratrol 3-O-sulfate (concentrations up to 10 μM) did not

displace resveratrol while displacing GW1929 with a Ki of approximately 4 μM, indicating

that the sulfated analog does not compete with resveratrol for binding. The fact that the 3-O-

glucuronide derivative can displace resveratrol, while the 3-O sulfate analog cannot,

suggests that loss of H-bond donors or the introduction of a readily ionizable group could

result in the binding of resveratrol 3-O sulfate to a different pocket than resveratrol.
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We then investigated the ability of resveratrol and its metabolites to dose-dependently

displace compound R-1 on the PPARα-OT and PPARγ-OT columns. Neither resveratrol nor

resveratrol metabolites (concentrations up to 10 μM) were able to displace compound R-1,

suggesting a lack of overlap between the binding sites for compound R-1 and resveratrol on

the PPARγ- and PPARα-LBD. This is exemplified by the frontal displacement profiles of

compound R-1 by resveratrol and its metabolites (10 μM) on the PPARγ-OT (Figure 1).

As shown in Table 1B, only resveratrol shows affinity for PPARα with a binding affinity

constant of 2.69 ± 0.18 μM, which was calculated using a non-linear regression model.

These results indicate that the metabolites do not bind PPARα at the same site as resveratrol.

In addition to carrying out frontal displacement chromatographic studies, isothermal

calorimetric (ITC) techniques were also used to confirm the interaction of resveratrol with

PPARγ. ITC is one of the most powerful methods for characterizing protein-ligand

interactions, which are detected directly from the intrinsic heat (binding enthalpy) change of

the reaction. The association constants (Ka) of the binding of resveratrol to PPARγ and the

thermodynamic parameters, including ΔG, ΔH, ΔS and n, were determined from the

thermograms (Figure 2). The results indicated that resveratrol bound to the PPARγ-LBD

with an affinity constant similar to that obtained by frontal affinity chromatography (1.09 ±

0.08 μM vs 1.37 ± 0.57μM, respectively) (Table 1 and Table 2).

To gain more insight into the interaction of PPARγ with resveratrol, X-ray studies were

performed. The crystal structure of the complex between PPARγ-LBD and resveratrol was

solved (PDB code: 4JAZ) at 2.85 Å of resolution. The electron density map (Figure S1 of

Supporting Information) clearly reveals the presence of one molecule of resveratrol bound

into the LBD of PPARγ. The ligand occupies a region close to the β-sheet in a position close

to that of other known PPARγ partial agonists[27-29], in which a strong H-bond was formed

between the S342 NH and one of resveratrol’s OH groups (Figure 3a). The side-chain of

R288 was displaced by the ligand from its usual position and, consequently, the side-chain

of E291 was also forced to assume a new orientation. Van der Waals interactions were

present between resveratrol and the side-chains of F264, H266, and R288 and electrostatic

forces between the charged side-chains of R288 and R280, and the negative dipoles of the

ligand OH groups. Unlike other known partial agonists of PPARγ, the terminal end of

resveratrol occupied a small pocket close to the entrance of the LBD, to form an H-bond

with the side-chain of R280. This new pattern of receptor-ligand recognition could be

exploited for ligand design. Recently, the crystal structure of PPARγ complexed with

amorfrutin 1, a ligand structurally related to resveratrol, has been published.[30] The

superposition of the two crystal structures illustrates that both ligands occupied the same

position and formed similar interactions with the PPARγ–LBD (Figure 3b).

The crystal structure of the PPARγ-LBD complexed with resveratrol was further examined

in order to explain the results obtained using frontal displacement chromatography. The

superposition of the PPARγ–LBD with resveratrol and farglitazar, a high-affinity PPARγ

ligand that is structurally very similar to GW1929,[31] showed that the latter compound

partially occupies the same region as resveratrol, which could explain the displacement of

GW1929 by resveratrol (Figure 3c). In contrast, compound R-1, a full PPARγ agonist,[32]
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occupied a different position within the PPARγ-LBD when compared to resveratrol (Figure

3d). The superposition of the two molecules demonstrated that while the fused ring moiety

of compound R-1 was very close to the terminal part of resveratrol, they did not occupy the

same region. This result supports the notion that resveratrol is unable to displace compound

R-1 from the PPARγ-LBD, as evidenced by frontal chromatography.

Previous studies have demonstrated that 10 μM resveratrol activates PPARα and PPARγ in a

number of cell-based reporter assays.[18] In order to confirm whether a similar result would

be observed with HepG2 cells, resveratrol was first evaluated for its agonistic activity

toward the human PPARγ and PPARα subtypes using luciferase-based transactivation

assays. HepG2 cells were transiently transfected either with the GAL4-PPARα or GAL4-

PPARγ chimeric construct together with the luciferase reporter vector containing the

pGal5TkpGL3 construct, and then treated with increasing concentrations of resveratrol.

Rosiglitazone and Wy-14,643 were used as positive controls for PPARγ and PPARα

transactivation potential, respectively. Of significance, there was no PPAR transactivation

observed in response to resveratrol treatment at concentrations up to 100 μM (Figure 4A, B).

The agonistic activity of resveratrol was compared with that of its metabolites at two fixed

concentrations (10 and 25 μM), and no apparent effect was seen on the transactivation

potential of PPARα and PPARγ (Figure S2 of Supporting Information).

The lack of PPAR activity from resveratrol was surprising, as Inoue et al. initially reported a

PPARα/γ dual agonism of resveratrol, excluding any activity on PPARδ isoform and other

nuclear receptors,[18] and subsequently updated their work and reported the panagonism of

resveratrol for PPARs.[33] The difference between the previously reported data and our own

can be a result of the type of cell line used. Specifically, different cell lines might provide

different results depending on the presence of recruitable cofactors (coactivators or

corepressors) and/or metabolic processes, such as cellular metabolism of resveratrol during

the experiment. In fact, these in vitro assays may not be the most suitablefor studying the

effects of resveratrol on PPARs, and may require a more careful investigation in vivo.

Nevertheless, the demonstration of a direct binding of resveratrol to PPAR [results from

frontal affinity chromatography, ITC, and X-ray experiments] led us to investigate whether

resveratrol exhibited PPAR antagonistic activity. For this purpose, transiently transfected

HepG2 cells were co-incubated with or without resveratrol in the presence of either

rosiglitazone or Wy-14,643 for 20 hours. Data from the luciferase reporter assay indicated

that resveratrol was able to displace rosiglitazone from PPARγ and Wy-14,643 from PPARα

with IC50 values of 27.4 ± 1.8 μM and 31.7 ± 2.5 μM, respectively (Figure 5). Taken

together, these results demonstrate that resveratrol acts on both PPARγ and PPARα as an

antagonist.

A comparison of the structure of resveratrol with those of the ligands used as positive

controls in the cell-based reporter assays was also carried out (Figure S3). Rosiglitazone is a

PPARγ full agonist whose crystal structure in the complex with PPARγ LBD showed a

standard agonist position with a direct interaction with the helix 12 through a H-bond with

Y473.[34] Moreover, the X-ray crystal structure of PPARα/Wy-14,643 complex showed one

molecule of the ligand directly interacting with H12, similar to rosiglitazone and many other
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PPAR full agonists, and, more interestingly, a second molecule, which interacted with a

secondary site between H2’ and H3, called Ω-loop. It seems that the occupation of this

second site could better activate PPARα by stabilizing H12 in the active conformation

without any direct contact with the helix, but only through interactions connecting the Ω-

loop, H3 and the loop11/12, which precedes H12. Interestingly, the superposition of PPARγ/

resveratrol and PPARα/Wy-14,643 crystal structures (Figure S3) showed that one aromatic

ring of resveratrol occupied almost the same position as an aromatic ring of W-y-14,643.

CONCLUSIONS

Evidence that resveratrol interacts directly with PPARs is lacking and very little effort has

been placed on determining whether resveratrol metabolites contribute to the biological

activities of resveratrol. In the study herein, results from chromatographic and ITC

experiments have indicated that resveratrol and its metabolites bind directly with PPARγ,

and that only resveratrol interacts with PPARα. In addition, we report the X-ray crystal

structure of the PPARγ-LBD complexed with resveratrol, solved at 2.5 Å resolution. The

binding mode of resveratrol reveals a new pattern of receptor-ligand recognition and

suggests a novel basis for ligand design. The fact that resveratrol binds to PPARγ and

conveys antagonistic activity on both PPARγ and PPARα, highlights the need for better

understanding the role of cellular metabolism in resveratrol signaling.

EXPERIMENTAL SECTION

Chemicals

The reagents for target immobilization on silica capillaries, including NaOH (Carlo Erba

Reagenti, Rodano, Milan, Italy), 3-aminopropyltriethoxysilane, glutaraldheyde, KH2PO4,

NaBH3CN, monoethanolamine, CH3OH, DMSO, and CH3COONH4 were purchased from

Sigma-Aldrich Chemicals, Co. (St. Louis, MO, USA). GW1929 (N-(2-benzoylphenyl)-O-

[2-(methyl-2-pyridinylamino)ethyl]-L-tyrosine hydrate) was from Sigma-Aldrich and high

quality water was obtained using a Milli-Q water purification system (Millipore

Corporation, Bedford, MA, USA). The open tubular silica capillaries (100μm I.D. ×

0.375mm × 40cm) were from Thermo Fisher Scientific (San Jose, CA, USA). Compound

R-1, 2-(4-{2-[1,3-benzoxazol-2-yl(heptyl)amino]ethyl}phenoxy)-2-methyl-butanoic acid,

used for displacement chromatography is a ureidofibrate-like derivative that was prepared as

previously described.[26] Reference compounds (Wy-14,643 and rosiglitazone) used for the

transactivation assay were purchased from Sigma-Aldrich (Milan, Italy). Resveratrol,

resveratrol-3′-O-D-glucuronide, resveratrol-3-O-sulfate were purchased from Cayman

Chemical (Ann Arbor, MI, USA). Resveratrol-4-O-D-glucuronide was provided by SPI-Bio

Bertin Pharma (Montigny le Bretonneux, France). Minimum essential medium (MEM) and

other cell culture reagents were purchased from Sigma-Aldrich (Milan, Italy).

Immobilization of the PPAR LBDs on open tubular capillary columns

The human PPARγ and PPARα LBDs were expressed as N-terminal His-tagged proteins

using a pET28 vector and purified onto a Ni2+-nitriloacetic acid column (GE Healthcare,

Milan, Italy).[31] LBDs were immobilized using open tubular silica capillaries (100μm I.D. ×
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0.375 mm × 40 cm) following previously reported procedures.[22,23] Briefly, after activation

of the capillary with 2 mL of 0.5 N NaOH solution flushed at 100 mL.min−1, 1 mL of a

solution of 3-aminopropyltriethoxysilane (10% v/v in water) was run through the column

and incubated at 95°C for 30 min. This step was repeated twice and the capillary stored

overnight at room temperature. A gluteraldehyde solution (1% v/v in water) was pumped

through the capillary at 50 μL.min−1 followed by the infusion of the PPAR-LBD solution

(0.5 mg.mL−1, 1 mL) at 50 μL.min−1. After a washing step, the residual reactive sites on the

column were blocked by pumping a 5 mg.mL−1 solution of NaBH3CN in phosphate buffer

supplemented with 0.1 M monoethanolamine for 1 h at 5 μL.min−1. The amount of

immobilized LBD proteins was measured from the PPAR solutions collected before and

after the immobilization step using a Lambda 25 spectrophotometer (Perkin Elmer,

Waltham, MA, USA). The percentage of LBD covalently attached was approximately 86%

and 50% for PPARγ and PPARα, respectively.

Frontal displacement chromatographic studies

PPARγ Frontal analysis was carried out on a chromatographic system composed of a

syringe pump delivering the mobile phase (90% ammonium acetate 10 mM, pH 7.4, 10%

MeOH) through the capillary at a flow rate of 2.5 μL.min−1, with post column mixing with

methanol pumped at 5 μL.min−1 with an HPLC pump (Surveyor, Thermo Finnigan, San

Jose, CA, USA). Detection of the ligands was made by either a Linear Trap Quadrupole

(LTQ) mass spectrometer with electro-spray ionization (ESI) as ion source (Thermo

Finnigan) for GW-1929 and R-1 as marker ligands or a Series 1100 Liquid

Chromatography/Mass Selective Detector (Agilent Technologies, Palo Alto, CA, USA)

equipped with a vacuum de-gasser (G 1322 A), a binary pump (1312 A), an autosampler

(G1313 A) with a 20 μL injection loop, a mass selective detector (G1946 B) supplied with

atmospheric pressure ionization electrospray and an on-line nitrogen generation system

(Whatman, Haverhill, MA, USA) for resveratrol. The former system was controlled by

Xcalibur software 1.4 (Thermo Finnigan). The conditions of the instrument were held

constant: source voltage 5.0 kV, sheath gas flow 2.0 (arbitrary units), auxiliary gas flow 16.0

(arbitrary units), capillary voltage 14.95 V, capillary temperature 250°C and tube lens

voltage 90 V. For the latter system the capillary voltage was set at 3200 V, the nebulizer

pressure at 60 psi, and the drying gas flow at 11 L.min−1; a temperature of 350°C was used.

The ion transitions monitored were: for R-1 m/z 453.6 →353.2 (CID 23.0) and for GW1929,

m/z 496.4→ 346.3, 271.2, 450.3 (CID 25) and m/z = 227 [MW- H]− ion for resveratrol..

For frontal displacement studies using GW1929 (0.2 μM) as marker ligand, solutions of

resveratrol (1, 5, 10, 100μM), resveratrol 3-O-glucuronide (1, 5, 10, 100μM), resveratrol-4-

O-glucuronide (1, 5, 10, 100 μM), and resveratrol 3-O-sulfate (1, 5 and 10 μM) were

prepared in ammonium acetate [10 mM, pH 7.4] and delivered at a flow rate of 0.05

mL.min−1 at room temperature. For displacement studies using R-1 (0.1 μM) as marker

ligand, solutions of resveratrol (1, 5, 10, μM), resveratrol 3-O-glucuronide (1, 5, 10, μM),

resveratrol-4-O-glucuronide (1, 5, 10, μM), and resveratrol 3-O-sulfate (1, 5 and 10 μM)

were prepared in the mobile phase. For displacement studies using resveratrol (0.5 μM) as

the marker ligand, solutions of resveratrol (0.5, 1, 2.5, 5, 10, 20 μM), resveratrol 3-O-
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glucuronide (0.5, 2.5, 5, 10 μM), resveratrol-4-O-glucuronide (0.5, 1.0, 1.5, 5, 10 μM), and

resveratrol 3-O-sulfate (0.5, 1.0, 10 μM) were prepared.

PPARα

Two experimental approaches were used for frontal displacement analysis of PPARα. In the

first series of experiments, 100 nM R-1 was used as the marker ligand and various

concentrations of resveratrol and its metabolites were used as displacers. In the second series

of experiments, resveratrol was the marker ligand and the displacers were resveratrol (1, 2, 5

and 10 μM) as well as resveratrol 3-O-glucuronide, resveratrol-4-O-glucuronide and

resveratrol 3-O-sulfate at 10 μM.

Data analysis

The dissociation constants, Kd, for the displacer ligands were determined using a previously

reported approach.[35] The experimental paradigm is based upon the effect of escalating

doses of a competitive binding ligand on the retention volume. For example, the Kd for the

displacer ligands (D) as well as the number of active binding sites of the immobilized

PPAR, Bmax, can be calculated using equation (1):

(1)

where: V is the retention volume of ligand, Vmin is the retention volume of ligand when the

specific interaction is completely suppressed and P = Bmax (Ki/KdM), where KdM is the Kd

of the marker ligand. However, when displacer and marker are the same compound then P =

Bmax. The dissociation constant (Ki) for D is obtained from the plot of [D] (V-Vmin) versus

[D]. The data were analysed by nonlinear regression with a one-site binding (hyperbola)

equation using Prism 4 software (GraphPad Software Inc., San Diego, CA, USA) running on

a personal computer.

Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) experiments were performed at 25°C using a

MicroCal ITC200 microcalorimeter (MicroCal, Inc., Northampton, MA, USA). PPARγ and

PPARα LBDs were extensively dialyzed against HEPES 20 mM, pH 8.0, TCEP (Tris(2-

carboxyethyl)phosphine hydrochloride; Sigma-Aldrich) 1 mM, with Amicon Ultra filters,

and the final exchange buffer was used to dilute the resveratrol stock solution (50 mM in

DMSO). DMSO was added to the protein solution at the same percentage of the ligand

solution (1%). The protein solution (50 μM) was placed in the sample cell, and ligand

solution (500 μM) was loaded into the syringe injector. The titrations involved 19 injections

of 2 μL at 180 s intervals. The syringe stirring speed was set at 1000 rpm. A reference

titration of ligand into buffer was used to correct for heats of dilution. Thermodynamic data

was processed with Origin 7.0 software (MicroCal). The values of ΔH were measured for

both titrations, and fitting the isotherms with one-site binding model yielded the values of

the association constant (Ka). The stoichiometric value n, which indicates the ligand/protein

ratio of the binding, was also measured.
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Crystallization studies with PPARγ-LBD

Recombinant PPARγ-LBD protein was expressed and purified as previously

described.[22,23] Crystals of apo-PPARγ were obtained by vapor diffusion at 18°C using a

sitting drop made by mixing 2 μL of protein solution (10 mg·mL−1, in 20 mM Tris and 1

mM TCEP, pH 8.0) with 2 μL of reservoir solution (0.8 M sodium citrate and 0.15 M Tris,

pH 8.0). The crystals were soaked for 3 days in storage solution (1.2 M sodium citrate and

0.15 M Tris, pH 8.0) containing the ligand (0.25 mM). The storage solution with glycerol

20% (v/v) was used as cryoprotectant. Crystals of the complex PPARγ/resveratrol belong to

the C2 space group with cell parameters shown in Table S1 of the Supporting Information.

Structure determination

X-ray data were collected at 100 K under a nitrogen stream using synchrotron radiation

(beamline XRD1 at Elettra, Trieste, Italy). The diffracted intensities were processed using

the programs iMOSFLM and QuickScale.[36] Structure solution was performed with

AMoRe,[37] using the coordinates of PPARγ1-LBD complexed with an agonist (PDB code

3B3K) as a starting model.[27] The coordinates were then refined with CNS.[38] All data

between 10-2.85 Å were included. The statistics of crystallographic data and refinement are

summarized in Table 1 of the Supporting Information. The coordinates of PPARγ-LBD

complexed with resveratrol have been deposited in the Brookhaven Protein Data Bank

(PDB) with the code 4JAZ.

Biological methods

Plasmids—The expression vectors expressing the chimeric receptor containing the yeast

Gal4-DNA binding domain fused to the human PPARα- or PPARγ-LBD and the reporter

plasmid for these Gal4 chimeric receptors (pGal5TKpGL3) containing five repeats of the

Gal4 response elements upstream of a minimal thymidine kinase promoter that is adjacent to

the luciferase gene were described previously.[39]

Cell culture, plasmid transfections and luciferase-based transactivation
assays—Human hepatocellular carcinoma cell line HepG2 (Interlab Cell Line Collection,

Genoa, Italy) was cultured in Minimum Essential Medium (MEM) containing 10% heat-

inactivated fetal bovine serum, 100 U•mL−1 of penicillin G, and 100 μg•mL−1 of

streptomycin sulfate at 37°C in a humidified atmosphere of 5% CO2. For transactivation

assays, 105 cells per well were seeded in a 24-well plate and transfections were performed

after 24 h with CAPHOS, a calcium phosphate method, according to the manufacturer’s

guidelines (Sigma-Aldrich, Milan, Italy). Cells were transfected with expression plasmids

encoding the fusion protein Gal4–PPARα-LBD or Gal4–PPARγ-LBD, pGal5TKpGL3, and

pCMVβgal to normalize the transfection efficacy. Four hours after transfection, cells were

treated for 20 hours with increasing concentration of resveratrol or EtOH 0.1% in triplicate.

The transfected cells were also incubated with Wy-14,643 (10 μM) and rosiglitazone (2

μM), which were used as reference compounds for PPARα and PPARγ, respectively.

Luciferase activity in cell extracts was then determined by a luminometer (VICTOR3 V

Multilabel Plate Reader, PerkinElmer, Monza, Italy) and normalized for β-galactosidase
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activity. Fold induction activity was calculated and plotted using GraphPad Prism5 software.

All transfection experiments were repeated at least twice with similar results.

In a second series of experiments, the ability of resveratrol at inhibiting the transactivation

potential of PPARα and PPARγ was determined. Four hours after transfection with the

expression plasmids indicated above, cells were treated with either Wy-14,643 (10 μM) or

rosiglitazone (2μM) in the presence of increasing concentrations of resveratrol or 0.1%

EtOH (as vehicle control) in triplicate. Twenty hours later, the cells were lysed and the

relative luciferase activity was determined. The half maximal inhibitory concentration (IC50)

of resveratrol was calculated by fitting the activity data with the sigmoidal fitting function of

GraphPad Prism5.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Frontal chromatographic study of the displacement of 100 nM R-1(A) by10 μM resveratrol

(B), resveratrol 3-O-Sulfate (C), resveratrol 3- O -glucronide (D) and resveratrol 4- O -

glucoronide on the PPARγ-OT column.
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Figure 2.
Titration of PPARγ (50 μM) with resveratrol (500 μM). The upper panels show the raw data,

the lower panels show the corresponding binding isotherm fitted according to the “one

binding site” model. The thermodynamic parameters (Kd, ΔH and ΔS) are indicated in the

boxes.
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Figure 3.
A) H-bond network of resveratrol in the PPARγ-LBD.

B). Superposition of the complexes of PPARγ with resveratrol (yellow) and amorfrutin 1

(white). For sake of clarity the cartoon of PPARγ-LBD complexed with resveratrol is shown

(green).

C). Superposition of the complexes of PPARγ with resveratrol (yellow) and farglitazar

(purple).

D). Superposition of the complexes of PPARγ with resveratrol (yellow) and compound R-1

(pink).
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Figure 4.
Transactivation assay on PPARα and PPARγ of resveratrol in HepG2 cells.

Fold induction by resveratrol (RV) over vehicle (EtOH 0.1%) on PPARα (panel A) and

PPARγ (panel B) as determined by luciferase-based transactivation assays. Reference

compounds: Wy-14,643 (10 μM) and rosiglitazone (2 μM).
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Figure 5.
Inhibition of agonist-induced transactivation of PPARα and PPARγ by resveratrol in HepG2

cells.

Transiently transfected HepG2 cells were incubated with increasing concentrations of

resveratrol (1-100 μM) in the presence of either 10 μM Wy-14,643 (panel A) or 2 μM

rosiglitazone (panel B). Twenty hours later, luciferase reporter activity was measured in cell

lysates. Data represent mean ± SEM from two independent experiments, each performed in

triplicate wells.
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Table 1A

Binding affinity of Resveratrol, Resveratrol-3-O-glucuronide, Resveratrol-4-O-glucuronide and Resveratrol-3-

O-sulfate was determined by frontal displacement affinity chromatography using the PPARγ-OT column. The

markers used were Resveratrol, GW1929 and R-1.

Compound PPARγ-OT
Ki (μM)

Resveratrol

PPARγ-OT
Ki (μM)
GW1929

PPARγ–OT
Ki (μM)

R-1

Resveratrol 1.37 ± 0.57 1.80 ± 0.43 No displacement

Resveratrol-3-O-glucuronide 1.07 ± 0.22 16.6 ± 5.81 No displacement

Resveratrol-4-O-glucuronide 0.77 ± 0.23 1.75 ± 0.71 No displacement

Resveratrol-3-O-sulfate No displacement 3.80 ± 1.29 No displacement
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Table 1B

Binding affinity of Resveratrol, Resveratrol-3-O-glucuronide, Resveratrol-4-O-glucuronide and Resveratrol-3-

O-sulfate was determined by frontal displacement affinity chromatography using the PPARα-OT column. The

markers used were Resveratrol and R-1.

Compound PPARα-OT
Ki (μM)

Resveratrol

PPARα–OT
Ki (μM)

R-1

Resveratrol 2.69 ± 0.18 No displacement

Resveratrol-3-O-glucuronide No displacement No displacement

Resveratrol-4-O-glucuronide No displacement No displacement

Resveratrol-3-O-sulfate No displacement No displacement
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Table 2

Thermodynamic parameters of the formation of the complex PPARγ-LBD/resveratrol determined by

isothermal titration calorimetry assay.

Ka×105 (M−1) na ΔH (kcal M−1) −TΔS (kcal M−1)

PPARγ/resveratrol 1.09 ± 0.08 0.91 −3.40b ± 0 −3.49

a
n = molar binding ratio of the ligand-protein interaction (observed stoichiometry).

b
this value was kept fixed during the fitting by Origin.
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