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We developed new stilbene derivatives of resveratrol (E)-1-(4′-hydroxyphenyl)-2-(3,5-dihydrox-
yphenyl)ethene) selective for AhR and devoid of affinity for ER. Among the 24 stilbenes
synthesized, all display a higher affinity than resveratrol for AhR. (E)-1-(4′-Trifluorometh-
ylphenyl)-2-(3,5-ditrifluoromethylphenyl)ethene (4e), (E)-1-(4′-methoxyphenyl)-2-(3,5-dichlo-
rophenyl)ethene (4j), and (E)-1-(4′-chlorophenyl)-2-(3,5-dichlorophenyl)ethene (4b) are selective,
high-affinity AhR antagonists with, respective, Kis of 2.1, 1.4, and 1.2 nM. (E)-1-(4′-
Trifluoromethylphenyl)-2-(3,5-dichlorophenyl)ethene (4i) displays a Ki of 0.2 nM and is a
selective and high-affinity agonist on AhR.

Introduction
The aryl hydrocarbon receptor (AhR), also known as

the Dioxin (TCDD, 2,3,7,8-tetrachlorodibenzoparadiox-
in) receptor, is an intracellular, ligand-dependent, basic
helix-loop-helix/PAS (per-arnt-sim) transcription fac-
tor. AhR binds cis-acting dioxin-responsive elements
(DRE) and modulates the expression of various genes
in a wide range of tissues and species.1,2 AhR agonists
such as TCDD, benzo[a]pyrene (BaP), and 7,12-dimeth-
ylbenzenthracene (DMBA) are environmental toxicants
suspected to be responsible of numerous pathologies in
humans such as cancers, immunosuppression, athero-
sclerosis, osteoporosis, skin disorders, and reproductive
failures. These xenobiotics induce the transcription of
phase I cytochrome genes (CYP1A, 1A2, 1B1), phase II
detoxifying enzyme genes (glutathione-S-transferase,
microsomal epoxide hydrolase), as well as numerous
human and viral genes related to important patholo-
gies.3,4 Among AhR agonists, BaP (a constituent of
tobacco smoke and exhaust fumes) is a potent carcino-
gen in several mammalian species including humans.
The AhR-dependent activation of CYP1 1A1 is respon-
sible for its own oxidation into highly mutagenic and
carcinogenic species such as 7,8-diol-epoxide-BaP.5 Two
main lines of evidence highlight the importance of the
AhR in the mediation of the carcinogenicity of arylhy-
drocarbons: (1) BaP is not carcinogenic in mice lacking
AhR;6 (2) mice expressing constitutively active AhR
spontaneously develope cancers.7,8 Thus, development
of AhR antagonists represents a challenge for the
development of prophylactic as well as curative drugs
for major diseases involving AhR activation. As the
three-dimensional molecular structure of AhR has not
been reported yet, details of the specificity of the
recognition of AhR by its cognate ligands have been

assessed indirectly. Structure-activity relationship analy-
sis was performed on numerous halogenated aromatic
hydrocarbons (HAH) and polycyclic aromatic hydrocar-
bons (PAH) and suggested that the ligand binding site
of AhR binds planar ligands with a maximal dimension
of 14 Å × 12 Å × 5 Å.10 It has been proposed that HAH
interaction with AhR involves mainly steric-,10,11 elec-
trostatic-, and dispersion-type interactions.10,12-14 Be-
sides environmental toxicants, physiological oxysterol,
such as 7-ketocholesterol, and phytochemicals, such as
flavonoids and resveratrol, have been identified as AhR
mixed agonist/antagonists.15-21 This offers opportunities
to develop high-affinity and selective AhR antagonists
based on their chemical structure.

Resveratrol ((E)-1-(4′-hydroxyphenyl)-2-(3,5-dihydrox-
yphenyl)ethene) is a phytoalexine with multiple poten-
cies in various pathologies from osteoporosis to chemo-
prevention against environmental contaminants.4,22

These properties have been related to its antioxidant
potency,23 estrogenic potency,24 and antagonistic activity
against the arylhydrocarbon receptor (AhR).16 The an-
tioxidant properties of resveratrol have been related to
its polyphenolic nature, especially to the presence of
hydroxyl groups.25,26 Phenolic groups are also known as
an important structural determinant for estrogen recep-
tor (ER) binding.9,27,28 We investigated the chemical
modification of resveratrol in order to obtain specific
antagonists of dioxins with a higher affinity for AhR but
devoid of affinity for ER. We performed isosteric modi-
fications of resveratrol, keeping the stilbene backbone
of resveratrol in order to design high-affinity and specific
antagonists for the AhR and replacing the hydroxyl by
various functional groups including chlorine atoms.
Compound binding capacities were measured on ER and
AhR, their agonist/antagonist properties were esti-
mated, and their toxicity on established cell lines was
evaluated.

Results and Discussion

Chemistry. Wittig reactions were carried out accord-
ing to the procedure described by Bellucci et al.29
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Phosphonium chloride with aryl aldehyde, potassium
hydroxide, and 18-crown-6 followed by organic extrac-
tion and purification by RP HPLC gave the correspond-
ing trans-stilbenes 4a-l and cis-stilbenes 5a-l. Cis or
trans geometries of these compounds were confirmed
by their coupling constants for the olefinic protons of
about 12 Hz for cis isomers and 16.0-16.5 Hz for trans
isomers. The structure and purity of the compounds
were confirmed by CI-MS, 1H NMR, and elemental
analysis. The stereochemical stability of the compounds
was checked by HPLC and showed no isomerization of
compounds during the time of the experiments or up to
1 year when conserved in ethanolic solution at -20 °C
in the dark.

Binding Affinities for the AhR and for the ER.
Table 1 shows the properties of 12 trans-stilbenes 4a-

l, while Table 2 shows the corresponding cis-stilbenes
5a-l. In the cis series almost all compounds showed a
higher affinity than resveratrol for AhR. The trichloro
derivative 5b had a 12.4-fold higher affinity, and the
4′-trifluoromethyl-3,5-dichlorostilbene derivative (5i)
displayed a 10.9-fold increase in affinity for AHR. In
the 4′-methoxy series 3,5-difluoro and 3,5-dichloro de-
rivatives (5c and 5j) had, respectively, a 7.2- and 13-
fold increase in affinity for AhR with regard to resvera-
trol. The 4′-fluoro-3,5-dimethoxy derivative 5f displayed
a 1.3-fold lower affinity for AhR than resveratrol.
Compounds of the trans (E) series were the most potent
compared to their cis (Z) isomers, suggesting that AhR
preferentially recognized trans-stilbenes. Replacement
of the hydroxyl groups of resveratrol with various
functional groups produced dramatic effects on affinity.

Table 1. Receptor Binding and Biological Activity of trans-Stilbene Derivatives

AhR ER

compounds R1 R2 Ki,a nM activityb Ki,c nM activityd

resveratrol 4′-OH OH 169 ( 5.2 antagonist 785 ( 4.1 agonist
4a 4′-OMe OMe 7.7 ( 0.2 antagonist 261 ( 3.2 agonist
4b 4′-Cl Cl 1.2 ( 0.4 antagonist >100 000
4c 4′-OMe F 9.2 ( 1.7 antagonist >100 000
4d 4′-F F 3.8 ( 2.2 antagonist >100 000
4e 4′-CF3 CF3 2.1 ( 0.8 antagonist >100 000
4f 4′-F OMe 3.1 ( 0.8 antagonist >100 000
4g 4′-OEt OMe 5 ( 1.8 antagonist 380.8 ( 2.2 agonist
4h 4′-OBu OMe 20 ( 1.4 antagonist >100 000
4i 4′-CF3 Cl 0.2 ( 0.4 agonist >100 000
4j 4′-OMe Cl 1.4 ( 0.7 antagonist >100 000
4k 3′-CF3 Cl 6.8 ( 1.4 antagonist >100 000
4l 3′-OMe Cl 5.7 ( 1.1 antagonist >100 000

a Cytosols from rabbit liver were incubated with 0.2 nM [3H]-TCDD and 12 concentrations of unlabeled test ligands ranging from 0.1
nM to 1 µM as described by Savouret et al.20 IC50 values were determined using the iterative curve-fitting program GraphPad Prism
(version 4.0). IC50 values were converted into the apparent Ki using the Cheng-Prussoff equation and Kd values of 0.01 nM. b Agonist
denotes a compound that stimulate the transcription of TCDD-responsive chloramphenicol acetyl transferase (CAT) in the 47DRE cell
line,16 whereas an antagonist denotes a compound capable of suppressing at least 50% of TCDD stimulation of TCDD-responsive CAT
achieved with 5 nM TCDD. c Cytosols from MCF-7 cells expressed exclusively the ErR isoform31 were incubated with 2 nM [3H]-estradiol
and eight concentrations of unlabeled test ligands ranging from 10 nM to 10 µM.32 IC50 and Ki were calculated as described above with
Kd values of 0.1 nM. d Agonist denotes a compound that stimulates the transcription of estrogen-responsive luciferase (LUC) on MELN
cell line,33 whereas an antagonist denotes a compound capable of suppressing at least 50% of estradiol stimulation of ERE-responsive
LUC achieved with 1 nM estradiol.

Table 2. Receptor Binding and Biological Activity of cis-Stilbene Derivatives

AhR ER

compounds R1 R2 Ki,a nM activitya Ki,a nM activitya

5a 4′-OMe OMe 75 ( 3.2 antagonist 132 ( 2.8 agonist
5b 4′-Cl Cl 13 ( 2.4 antagonist >100 000
5c 4′-OMe F 22 ( 1.8 antagonist >100 000
5d 4′-F F 63 ( 3.1 antagonist >100 000
5e 4′-CF3 CF3 60 ( 3.2 antagonist >100 000
5f 4′-F OMe 96 ( 3.4 antagonist >100 000
5g 4′-OEt OMe 65 ( 3.1 antagonist 136 ( 1.9 agonist
5h 4′-OBu OMe 43 ( 2.8 antagonist >100 000
5i 4′-CF3 Cl 14 ( 1.8 antagonist >100 000
5j 4′-OMe Cl 12 ( 2.2 antagonist >100 000
5k 3′-CF3 Cl 19 ( 1.7 antagonist >100 000
5l 3′-OMe Cl 24 ( 1.6 antagonist >100 000

e Ki and transcriptional modulation were determined as described in the caption of Table 1.
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Replacement of resveratrol hydroxyls by the same
substituent produced compounds with the following
order of affinity: OH (resveratrol) , OMe (4a) < F (4d)
< CF3 (4e) < Cl (4b). 3,5-Dimethoxy stilbene compounds
4f and 4g displayed almost the same affinity for AhR,
showing that these substituents were both important
for binding to AhR, but 4′-fluoro compound 4f was
selective for AhR over ER. 4′-BuO derivative 4h is the
compound of the 3,5-dimethoxy series with the lowest
affinity. (E)-1-(4′-Chlorophenyl)-2-(3,5-dichlorophenyl)-
ethene (4b) exhibited a Ki of 1.25 ( 0.4 nM for AhR and
no affinity for ER, confirming that replacement of
hydroxyl with chloride abolished binding on ER and
increased dramatically the affinity for AhR. (E)-1-(4′-
Trifluoromethylphenyl)-2-(3,5-dichloromethylphenyl)-
ethene (4i) and (E)-1-(4′-methoxyphenyl)-2-(3,5-dichlo-
rophenyl)ethene (4j) bound selectively to AhR with
respective Ki of 1.44 ( 0.7 and 0.21 ( 0.4 nM and
without detectable affinity for ER. The presence of Cl,
MeO, or CF3 in the 4′ position and of Cl in the 3 and 5
positions of the stilbene backbone produced a high
affinity and selective ligand for AhR. Compounds 4k and
4l are the regioisomers of compounds 4i and 4j, bearing
their substituent in the meta position regarding the
ethylene bond. They displayed, respectively, a 32- and
4-fold lower affinity than their para-substituted isomers.
This suggests that the para position for these substit-
uents was more favorable for their interaction with the
receptor. All the tested compounds were within the
range of the estimated cavity volume defined as 14 Å ×
12 Å × 5 Å for the AhR. Substitution of the three
hydroxyl groups with methoxy groups or halogens in the
Z or E geometry induced an overall increase in affinity
for AhR, although these modifications had less incidence
in the cis series than in the trans series. Trisubstituted
methoxy derivatives are interesting compounds in these
series because they induce a 21-fold increase in affinity
for AhR and a 14-fold increase in affinity for the ER.
Replacement of the oxygen-bearing substituents with
halogens abolished affinities for ER, which was consis-
tent with the previously published structure-affinity
relationship for the diethylstilbestrol series.28 Several
generalizations can be drawn from these observations.
The loss of affinity toward ER for compounds 4b-f, 4h-
l, 5b-f, and 5h-l shows that trisubstitution with a
hydroxyl or methoxy group is required for binding to
the ER but not to the AhR. Replacement of hydroxyl or
methoxy groups by a halogen or a trifluoromethyl group
induced a complete loss of affinity for ER.

AhR- and ER-Mediated Transactivation. Cis and
trans isomers were tested for TCDD antagonistic activ-
ity in our stable cell line (47DRE) bearing the DRE-
TK-CAT reporter construct. Results for the trans series
are reported in Table 1, and the effect of selected
compounds is exemplified in Figure 1A. Dioxin stimu-
lated CAT transcription, while resveratrol completely
abolished it at 10 µM, consistent with published data.16

Compound 4a produced an effect similar to that of
resveratrol. Compounds 4b and 4j were the most potent
AhR antagonists in this series, being 10-fold more
efficient than resveratrol and compound 4a. Curiously,
compound 4i, showing the highest affinity for AhR,
behaved as an agonist. Figure 1B shows the ER-
mediated activity of the compounds. 17â-Estradiol and

resveratrol both stimulated transcription of the lu-
ciferase reporter. As expected, compound 4a, which
displayed affinity for ER, was a potent agonist on ER.
Compounds 4b, 4i, and 4j, devoid of measurable affinity
for ER, did not show any effect on ER-driven transcrip-
tion. Consequently, compounds 4b, 4i, and 4j are
selective AhR modulators with regard to ER. The
removal of phenolic or anilic groups in these compounds
suppressed their antioxidant properties. All cis com-
pounds were antagonistic at 1 and 10 µM with no
detectable agonistic activity. Their potency was compa-
rable to that of resveratrol.

Measurements of Cytotoxicity. Low toxicity is a
prerequisite for the possible prophylactic use of such
selective aryl hydrocarbon receptor inhibitors. Cytotox-
icity was evaluated on various human tumoral cell lines
such as A549 (human lung carcinoma), MCF-7, and
T47D (human breast cancers). Resveratrol and its
halogenated homologues were not toxic up to a 10 µM
concentration (not shown). Methoxy-stilbenes such as
trimethoxylated derivatives 4a and 5b and 3,5-methoxy
derivatives 4g and 5g induced cytotoxicity at doses
lower than 100 nM, which is consistent with previously
published data.30 3,5-Methoxy derivatives (4f, 5f, 4h,
5h) showed cytotoxicity at concentrations higher than
10 µM.

Conclusions
We describe here the synthesis of 24 new stilbene

derivatives, isosters of cis- and trans-resveratrol. Trans

Figure 1. (A) Transcriptional modulation by AhR was
performed on the 47DRE reporter cell line as described in
Casper et al.16 Cells were treated 48 h with solvant vehicle or
various concentrations of compounds (white bars) or in the
presence of 5 nM dioxin (striated bars) and analyzed for CAT
expression. (B) Transcriptional modulation by ER was mea-
sured on the MELN reporter cell line as described in Doisneau-
Sixou et al.33 Cells were incubated for 8 h in the presence of
solvant vehicle or various concentrations of compounds alone
(white bars) or in the presence of 1 nM 17â-estradiol (striated
bars) and analyzed for luciferase activity.
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derivatives displayed the highest affinity for the AhR
over cis derivatives. Replacement of 3-OH, 5-OH with
chlorine coupled with replacement of 4′-OH with chlo-
rine (4b) or a methoxy group (4j) yielded selective TCDD
antagonists with high affinity for the AhR (135- and
117-fold higher than resveratrol, respectively). In sharp
contrast, replacement of 3- and 5-OH groups by chlorine
and replacement of the 4′-OH with a trifluoromethyl
group (4i) yielded a potent agonist with high affinity
(805-fold higher than resveratrol). None of these com-
pounds showed any detectable affinity for the ER. This
latter property should eliminate estrogen-related risks,
such as the increased risk of breast and genital cancers.
Moreover, antagonist compounds 4b and 4j may present
an interest as “nonhormonal bone protective therapy”
by preventing AhR-dependent interleukin-1â expression
at the level of bone tissue. These compounds are not
toxic on cell culture up to 10 µM. Compounds 4b and 4j
constitute new leads for the development of pure
antagonists of the AhR receptor. They will be useful to
further investigate the role of AhR both at the physi-
ological level and in pathologies involving the regulatory
functions of this receptor.

Experimental Section

TCDD (2,3,7,8-tetrachlorodibenzo-p-dioxin) was a gift from
Dr S. Safe (College Station, Texas A&M University, TX).
2,3,7,8-Tetrachloro-1,6-3H-dibenzo-p-dioxin, 28 Ci/mmol, was
purchased from Terrachem (Lenexa, KS). Dioxin stock solu-
tions were dissolved in dimethyl sulfoxide and handled under
a fume hood. TCDD stock was subsequently diluted in ethanol
for use in experiments. Steroids were purchased from Steral-
oids (Wilton, NH). All other chemicals were purchased from
Sigma Chemicals.

General Procedure for the Preparation of (Z)- and (E)-
Stilbenes. Phosphonium salt (1 mmol) was dissolved in
dichloromethane(1 mL). Aryl aldehyde (1 mmol), 18-crown-6
(0.1 mmol), and potassium hydroxide (3 mmol) were added to
the solution. The reaction mixture was stirred at room tem-
perature and periodically monitored by TLC (toluene or
hexane) until complete consumption of the aldehyde. The
mixture was diluted with dichloromethane and filtered. The
organic layer was washed with water, dried over MgSO4, and
evaporated under vacuum. Purification by RP HPLC (Ultrasep
ES 100 RP 18, 250 × 8 mm, 6.0 µm; methanol:water, 80:20 or
85:15; flow rate 1 mL/min) afforded pure product.
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