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5Department of Pediatrics, Oncology and Biochemistry, University of Alberta, Edmonton, Alberta, Canada, and 6Alberta Inflammatory Bowel

Disease Consortium, Alberta, Canada

Abstract

Resveratrol and aspirin are known to exert potential chemopreventive effects through
modulation of numerous targets. Considering that the CYP450 system is responsible for the
activation of environmental procarcinogens, the aim of this study was to design a new class of
hybrid resveratrol–aspirin derivatives possessing the stilbene and the salicylate scaffolds. Using
HepG2 cells, we evaluated (a) the inhibition of TCDD-mediated induction of CYP1A1 exerted by
resveratrol–aspirin derivatives using the EROD assay, and (b) CYP1A1 mRNA in vitro. We
observed significant inhibition (84%) of CYP1A1 activity and a substantial decrease in CYP1A1
mRNA with compound 3, compared to control. Resveratrol did not exert inhibition under the
same experimental conditions. This inhibitory profile was supported by docking studies using
the crystal structure of human CYP1A1. The potential effect exerted by compound 3 (the most
active), provide preliminary evidence supporting the design of hybrid molecules combining the
chemical features of resveratrol and aspirin.
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Introduction

Cytochrome P450 (CYP) is a large family of constitutive and
inducible enzymes associated with the metabolic transformation
of endogenous molecules, as well as external xenobiotic sub-
strates1. CYP450 plays a significant role in carrying out phase I
metabolism reactions, which include (but are not limited to)
oxidative dehalogenation, oxidative cleavage, hydroxylation,
epoxidation, dealkylation and alcohol/aldehyde oxidation2.
However, aside from the physiological detoxification mechanism
assisted by CYP enzymes, CYPs are also involved in the
activation of procarcinogenic compounds into carcinogenic
agents1. Moreover, the overexpression of different CYP enzymes
in cancer tissues has been found to be a crucial step for cancer
progression3.

The CYP1A1 enzyme is a member of the CYP1 family, which
is mainly expressed in extra hepatic tissues such as lung, skeletal
muscle and the thyroid gland4. CYP1A1 is one of the main CYP
enzymes involved in the metabolic activation of several environ-
mental contaminants, such as polycyclic aromatic hydrocarbons

(PAH)5. CYP1A1 is primarily regulated by the aryl hydrocarbon
receptor (AhR) pathway, and its carcinogenic potential involving
the bio-activation of several PAH has been well documented6.
Furthermore, CYP1A1 expression (transcriptional level) is sig-
nificantly higher in cancer than normal tissues3, which makes the
CYP1A1 isozyme a potential drug target. In this regard, numerous
efforts have been made to develop novel CYP1A1 inhibitors7.

There is a significant body of evidence supporting the potential
chemopreventive properties of natural polyphenols and NSAIDs,
both in vitro and in vivo. This favorable chemopreventive profile
is attributed to the ability of these two classes of compounds to
modulate, simultaneously, several cell targets linked to cancer
initiation and cancer progression, such as cyclooxygenase (COX)-
2, NF-kB, iNOS, 5-LOX, VEGF and CYP450 enzymes, among
many others8. Some of these proteins are targeted by both
NSAIDs (particularly aspirin) and polyphenols (specifically
resveratrol), and some proteins are targeted by only one type of
drug. Consequently, the idea of forming a hybrid molecule
combining the pharmacological profile of aspirin and resveratrol
is a promising approach. Nevertheless, as far as the inhibitory
profile of CYP1A1 by these two molecules is concerned, the
background information points to a potential issue. On one hand,
it is clear that resveratrol (3,40,5-trihydroxystilbene, Figure 1) is a
naturally occurring polyphenol capable of exerting significant
in vitro inhibition of the CYP1A1 enzyme9,10, but the data on
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aspirin (and salicylates in general) is still controversial. For
example, salicylic acid only shows CYP1A1 inhibition at
relatively high concentrations (�2.5 mM) when tested in MCF-7
cells11, while other reports have shown that neither aspirin nor
salicylic acid significantly inhibited CYP1A1 activity12.
Consequently, the addition of a salicylate moiety to the chemical
structure of resveratrol would suggest a significant decrease in
this polyphenol’s ability to inhibit the enzymatic activity of
CYP1A1. Nevertheless, preliminary results generated in our
group with a molecular modeling (docking) study using the
recently reported crystal structure of human CYP1A1 (described
in the experimental section), seemed to suggest that it might be
possible for the new hybrid molecules (Figure 1) to inhibit this
enzyme. Encouraged by these in silico (preliminary) results, we
decided to synthesize a series of new hybrid resveratrol–aspirin
derivatives and test their ability to inhibit CYP1A1 catalytic
activity.

As part of an interdisciplinary research work aimed at
developing new anticancer/chemopreventive agents, we present
two sequential papers describing the design, synthesis and
biological evaluation of a series of new hybrid resveratrol–aspirin
agents. In this article, we report the effects of adding a salicylate
(or an acetylsalicylate) moiety on resveratrol’s ability to modulate
the activity and expression of CYP1A1. In this regard, we
synthesized 10 resveratrol derivatives possessing a salicylate-like
scaffold via the Wittig reaction, and then we used the 7-
ethoxyresorufin-O-de-ethylation (EROD) assay to measure the
catalytic activity of CYP1A1 in the presence of each test drug.
The results obtained in this experiment showed different degrees
of in vitro modulation of enzyme activity, where some compounds
inhibited CYP1A1, while others increased it. Among the group of
inhibitors, we identified compound 3 as the most promising
resveratrol analog, which showed a suitable inhibitory profile by
reducing 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)-mediated
induction of CYP1A1 catalytic activity in HepG2 cells. We also

observed that this effect was associated with a reduction of
TCDD-mediated induction of CYP1A1 mRNA levels. We submit
that compound 3 is a novel hybrid resveratrol–salicylate deriva-
tive with promising modulatory effects on CYP1A1, which could
protect against CYP1A1 activation of environmental carcinogens.

Methods

Chemistry

General

Melting points were determined with an Electrothermal Mel-
Temp� melting point apparatus (Dubuque, IA), and are
uncorrected.1H-NMR and 13C-NMR spectra were recorded on
either Bruker AVANCE 600 or Bruker AM-300 NMR spectropho-
tometer; coupling constants (J) are reported in Hertz (Hz), and the
corresponding chemical shifts are represented as � units (ppm),
using TMS as internal standard. ESI-MS spectra were recorded
using Water’s micromass ZQ-4000 single quadruple mass spec-
trometer. Elemental analysis (C, H) of compound 3 was within ±0.4
of theoretical values for elements listed (Microanalytical Service
Laboratory, Department of Chemistry, University of Alberta,
Alberta, Canada). Compounds 3–12 showed a single spot on
RediSep� silica gel glass plates (UV254, 0.2 mm) using high,
medium and low polarity solvent mixture and no residue
remained after combustion, indicating a purity higher than
95%. Column chromatography was performed on a
CombiFlash Retrieve, or CombiFlash Rf system using RediSep
Rf silica gel� (40–60 mm) cartridges, or pre-packed RediSep
Gold� columns. 4-Methoxybenzyltriphenylphosphonium bromide
(1a)13, 3,5-dimethoxybenzyltriphenylphosphonium bromide (1b)13

and methyl 5-formyl-2-methoxybenzoate (2a)14, were synthesized
according to literature procedures. All other reagents were
purchased from either Sigma Aldrich (Milwaukee, IN) or TCI
America (Portland, OR) and were used without further purification.

Figure 1. General design of resveratrol–
salicylate hybrid compounds. HO

OH

OH

Resveratrol
(3,4',5-Trihydroxystilbene)

OH

O

R = (Ac) Aspirin
R = (H) Salicylic acid

R1

R3

OR4

Hybrid
Resveratrol-Salicylate derivatives

OR

R2

R5

Compd. R1 R2 R3 R4 R5

Resveratrol OH H OH H H
TMS OCH3 H OCH3 CH3 H

3 H OCH3 H CH3 CO2CH3
4 H OCH3 H Ac CO2CH3
5 OCH3 H OCH3 Ac OCH3
6 OCH3 H OCH3 Ac CO2CH3
7 OCH3 H OCH3 CH3 CO2CH3
8 H OH H H CO2H
9 OH H OH H CO2H

10 OH H OH H CO2CH3
11 H OAc H Ac CO2H
12 OAc H OAc Ac CO2H

2 F. S. Aldawsari et al. J Enzyme Inhib Med Chem, Early Online: 1–12
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Methyl 2-acetoxy-5-formylbenzoate (2b). To a solution of
methyl 5-formyl-2-hydroxybenzoate (0.75 g, 4.1 mmol) in dry
THF (25 ml), triethylamine (0.50 g, 5 mmol) was added and the
mixture was stirred for about 2 min before adding acetylchloride
(0.39 g, 5.0 mmol) dropwise at 25 �C. The reaction progress was
followed by TLC, and after about 2 h, the triethylammonium
chloride (white solid) produced as secondary product was filtered
off and the solvent was evaporated under vacuum. The product
(0.9 g, 97% yield, yellow crystals, m.p.¼ 34–36 �C) was used in
the next step without further purification (only one spot on TLC).
1H-NMR (300 MHz, CDCl3) � 10.03 (s, 1H, CHO), 8.53 (d,
J¼ 1.83 Hz, 1H, phenyl H-2), 8.09 (dd, J¼ 1.83, 8.52 Hz, 1H,
phenyl H-6), 7.29 (d, J¼ 8.55 Hz, 1H, H-5), 3.92 (s, 3H,
CH3OCO), 2.38 (s, 3H, CH3CO). 13C-NMR (600 MHz, CDCl3)
� 190.09, 169.02, 163.80, 155.09, 134.01, 133.94, 133.85, 124.99,
124.05, 52.49, 20.89. ESI-MS m/z; 245.0 [M + Na]+.

3-Methoxy-4-acetoxybenzaldehyde (2c). This compound was
synthesized from vanillin (0.5 g, 3.3 mmol) using the same
experimental procedure described for intermediate 2b. The
product (0.59 g, 92% yield) was obtained as pale yellow crystals,
m.p.¼ 77–79 �C (reported 77–78 �C)15. 1H-NMR (300 MHz,
CDCl3) � 9.95 (s, 1H, CHO), 7.50 (d, J¼ 1.83 Hz, 1H, phenyl
H-2), 7.48 (dd, J¼ 1.83, 7.32 Hz, 1H, phenyl H-6), 7.22 (d,
J¼ 7.32 Hz, 1H, phenyl H-5), 3.91 (s, 3H, CH3O), 2.35 (s, 3H,
CH3CO).

General procedure for the synthesis of stilbenes 3–7
(Scheme 1). In a heat-dried three neck round bottom flask, the

corresponding phosphonium bromide (1a or 1b, 1.1 Eq) was
added, and the flask was immediately flushed with a stream of dry
nitrogen to remove oxygen and moisture. Using a bath of dry ice
and acetone, the system was cooled down to about �60 �C, time at
which 50 ml of freshly distilled THF was added; after stirring for a
few minutes, n-butyllithium (1.1 Eq) was added. The resulting red
suspension was stirred for 30 min before adding a solution of the
corresponding aldehyde (2a–2c, 1.0 Eq) in (3–6 ml) of dry THF,
drop-wise, over 20–30 min; the dry ice bath was removed to allow
the reaction mixture to reach room temperature, and then stirred
for about 12–18 h (until complete consumption of the aldehyde as
monitored by TLC). After this, the reaction was quenched by
adding water (90 ml); followed by extraction with ethyl acetate
(30 ml) three times. The combined organic layers were dried using
sodium sulfate, and the solvent was evaporated under vacuum to
obtain the crude stilbene, which was then purified by silica gel
column chromatography, using a solvent mixture of hexanes/ethyl
acetate (6:4) to afford the E/Z mixture of stilbenes as an oily
liquid.

To obtain the pure E isomer from the pre-purified mixture
obtained above, the stilbene (1 Eq) was dissolved in dry THF
(70 ml), and diphenyl disulfide (0.5 Eq) was added as described
previously16. This reaction mixture was stirred under nitrogen
atmosphere until all the Z stilbene re-isomerized to the E isomer
(on average, Z isomer Rf value was 0.64, while that of the E
isomer was 0.51). Finally, the solvent was evaporated under
vacuum and the product was purified by column chromatography
using a mixture of petroleum ether/ethyl acetate (7:3) to afford the
pure E isomer.

R1

R2

R3

PPh3 Br O H

OR4

+ i, ii
R1

R2

R3

R5

OR4

1

(b) R1=R3 = OCH3, R2= H

(a) R1=R3 = H, R2= OCH3

(b) R4= Ac, R5= CO2CH3

(c) R4= Ac, R5= OCH3

(a) R4= CH3, R5= CO2CH3

2 (3) R1=R3=H, R2=OCH3, R4=CH3, R5=CO2CH3

(4) R1=R3=H, R2=OCH3, R4=Ac, R5=CO2CH3

(5) R1=R3=OCH3, R2=H, R4=Ac, R5=OCH3

(6) R1=R3=OCH3, R2=H, R4=Ac, R5=CO2CH3

(7) R1=R3=OCH3, R2=H, R4=CH3, R5=CO2CH3

R5

iii

OH

iv

R1 R1

R2 R2

R3 R3

OAc

(11) R1=R3=H, R2=OAc (8) R1=R3=H, R2=OH, R4=H

(9) R1=R3=H, R2=OH, R4=H

(10) R1=R3=OH, R2=H, R4=CH3

(12) R1=R3=OAc, R2=H

OH

O

OR4

O

Scheme 1. Chemical synthesis of resveratrol–salicylate derivatives 3–12. Reagents and conditions: (i) n-butyllithium, dry THF, �78 �C for 2 h then
room temperature for 12–18 h; (ii) Ph2S2, dry THF, reflux 4 h; (iii) BBr3, dry CH2Cl2, �60 �C then room temperature for 2 h; (iv) acetic anhydride,
pyridine room temperature for 4 h.
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(E)-3,40,5-Trimethoxystilbene (TMS). In a 250 ml three neck
round bottom flask, the phosphonium bromide 1b (1.8 g,
3.6 mmol) and 4-methoxybenzaldehyde (0.5 g, 3.6 mmol) were
mixed in dry THF according to the general procedure described
above. The title compound was obtained (0.65 g, 64% yield), as a
colorless needles, m.p.¼ 55–56 �C (reported 55–57 �C)17.
1H-NMR (600 MHz, CDCl3) � 7.44 (d, J¼ 8.4 Hz, 2H, H-20 &
H-60), 7.04 (d, J¼ 16.2 Hz, 1H, alkene), 6.90 (d, J¼ 16.8 Hz, 1H,
alkene), 6.89 (d, J¼ 8.4 Hz, 2H, H-30 & H-50), 6.65 (d, J¼ 2.4 Hz,
2H, H-2 & H-6), 6.37 (d, J¼ 2.4 Hz, 1H, H-4), 3.83 (s, 9H,
CH3O). 13C-NMR (300 MHz, CDCl3) � 160.98, 159.42, 139.72,
129.97, 128.76, 127.77, 126.62, 114.16, 104.39, 99.68, 55.36.

(E)-4,40-Dimethoxy-3-(methoxycarbonyl)stilbene (3). In a
250 ml three neck round bottom flask, the phosphonium bromide
1a (3.0 g, 6.5 mmol) and the aldehyde 2a (1.15 g, 5.9 mmol) were
mixed in dry THF according to the general procedure described
above. The title compound was obtained (1.25 g, 71% yield), as a
white solid, m.p.¼ 133–134 �C. 1H-NMR (600 MHz, CDCl3) �
7.93 (d, J¼ 2.4 Hz, 1H, H-20), 7.58 (dd, J¼ 8.4, 2.4 Hz, 1H, H-60),
7.43 (d, J¼ 9 Hz, 2H, H-2 and H-6), 6.98 (d, J¼ 16.2 Hz, 1H,
alkene), 6.97 (d, J¼ 8.4 Hz, 1H, H-50), 6.91 (d, J¼ 18.3 Hz, 1H,
alkene), 6.89 (d, J¼ 9 Hz, 2H, H-3 and H-5), 3.92 (s, 3H, CH3O),
3.92 (s, 3H, CH3OCO), 3.83 (s, 3H, CH3O). 13C-NMR (300 MHz,
CDCl3) � 166.61, 159.20, 158.25, 131.03, 130.07, 130.04, 129.36,
129.20, 127.52, 127.38, 125.01, 120.16, 114.13, 112.30, 56.16,
55.32, 52.09. ESI-MS m/z; 321.0 [M + Na]+. Anal. calcd for
C18H18O4: C 72.47, H 6.08, found: C 72.49, H 6.19.

(E)-4-Acetoxy-40-methoxy-3-(methoxycarbonyl)stilbene (4). In a
250 ml three neck round bottom flask, the phosphonium bromide
1a (1.25 g, 2.7 mmol) and the aldehyde 2b (0.42 g, 1.9 mmol)
were mixed in dry THF according to the general procedure
described above. The title compound was obtained (0.43 g, 70%
yield), as a white solid, mp 123–125 �C. 1H-NMR (300 MHz,
CDCl3) � 8.11 (d, J¼ 2.43 Hz, 1H, H-20), 7.62 (dd, J¼ 8.55,
2.43 Hz, 1H, H-60), 7.44 (d, J¼ 9.15 Hz, 2H, H-2 and H-6), 7.07
(d, J¼ 7.95 Hz, 1H, H-50), 7.06 (d, J¼ 15.87 Hz, 1H, alkene),
6.93 (d, J¼ 16.47 Hz, 1H, alkene), 6.90 (d, J¼ 9.15 Hz, 2H, H-3
and H-5), 3.90 (s, 3H, CH3OCO), 3.81 (s, 3H, CH3O), 2.36 (s, 3H,
CH3CO). 13C-NMR (300 MHz, CDCl3): � 169.55, 164.72, 159.43,
149.24, 135.71, 130.87, 129.47, 129.39, 129.14, 127.74, 124.29,
123.88, 123.05, 114.03, 55.13, 52.06, 20.83). ESI-MS m/z; 348.9
[M + Na]+.

(E)-40-Acetoxy-3,30,5-trimethoxystilbene (5). In a 250 ml three
neck round bottom flask, the phosphonium bromide 1b (1.2 g,
2.4 mmol) and vanillin acetate 2c (0.45 g, 2.3 mmol) were mixed
in dry THF according to the general procedure described above.
The title compound was obtained (0.5 g, 65% yield) as white
crystals, m.p.¼ 118–120 �C (reported 120–122 �C)18. 1H-NMR
(600 MHz, CDCl3) � 7.09 (dd, J¼ 5.4 & 1.8 Hz, 1H, H-60), 7.07
(d, J¼ 1.8 Hz, 1H, H-20), 7.04 (d, J¼ 16.2 Hz, 1H, alkene), 7.02
(d, J¼ 8.4 Hz, 1H, H-50), 6.97 (d, J¼ 16.8 Hz, 1H, alkene), 6.66
(d, J¼ 1.8 Hz, 2H, H-2 & H-6), 6.40 (t, J¼ 2.4 Hz, 1H, H-4), 3.89
(s, 6H, CH3O), 3.83 (s, 3H, CH3O), 2.32 (s, 3H, CH3CO).
13C-NMR (300 MHz, CDCl3) � 169.00, 160.96, 151.17, 139.36,
139.07, 136.20, 128.95, 128.53, 122.91, 119.30, 110.11, 104.58,
100.11, 55.89, 55.38, 20.70). ESI-MS m/z; 351.0 [M + Na]+.

(E)-40-Acetoxy-3,5-dimethoxy-30-(methoxycarbonyl)stilbene
(6). In a 250 ml three neck round bottom flask, the phosphonium
bromide 1b (0.9 g, 1.82 mmol) and the aldehyde 2b (0.4 g,
1.82 mmol) were mixed in dry THF according to the general
procedure described above. The title compound was obtained

(0.45 g, 70% yield) as colorless needles, mp 97–99 �C. 1H-NMR
(300 MHz, CDCl3) � 8.12 (d, J¼ 1.83 Hz, 1H, H-20), 7.80 (dd,
J¼ 8.55, 1.83 Hz, 1H, H-60), 7.19 (d, J¼ 16.47 Hz, 1H, alkene),
7.13 (d, J¼ 8.55 Hz, 1H, H-50), 7.12 (d, J¼ 16.47 Hz, 1H,
alkene), 6.73 (d, J¼ 2.46 Hz, 2H, H-2 and H-6), 6.41
(t, J¼ 2.40 Hz, 1H, H-4), 3.87 (s, 3H, CH3OCO), 3.80 (s, 6H,
CH3O), 2.30 (s, 3H, CH3COO). 13C-NMR (300 MHz, CDCl3) �
169.67, 164.75, 160.96, 149.77, 138.70, 135.30, 131.32, 130.10,
129.66, 127.06, 124.09, 123.26, 104.65, 100.36, 55.36, 52.25,
20.96. ESI-MS m/z; 378.9 [M + Na]+.

(E)-3,40,5-Trimethoxy-30-(methoxycarbonyl)stilbene (7). In a
250 ml three neck round bottom flask, the phosphonium bromide
1b (3.3 g, 6.7 mmol) and the aldehyde 2a (1.17 g, 6.03 mmol)
were mixed in dry THF as described in the general procedure
described above. The title compound was obtained (1.38 g, 70%
yield) as a white solid, m.p.¼ 102–103 �C. 1H-NMR (300 MHz,
CD3OD) � 7.92 (d, J¼ 1.83 Hz, 1H, H-20), 7.72 (dd, J¼ 8.55,
2.46 Hz, 1H, H-60), 7.12 (d, J¼ 9.15 Hz, 1H, H-50), 7.11 (d,
J¼ 14.01 Hz, 1H, alkene), 7.00 (d, J¼ 16.47 Hz, 1H, alkene),
6.70 (d, J¼ 2.43 Hz, 2H, H-2 and H-6), 6.38 (t, J¼ 2.46 Hz, 1H,
H-4), 3.89 (s, 3H, CH3OCO), 3.87 (s, 3H, CH3O), 3.80 (s, 6H,
CH3O). 13C-NMR (300 MHz, CDCl3) � 166.32, 160.80, 158.46,
139.08, 131.21, 129.58, 129.31, 127.58, 127.41, 120.03, 112.15,
104.26, 99.76, 99.65, 55.96, 55.16, 51.91, 29.57. ESI-MS m/z;
351.0 [M + Na]+.

General procedure for synthesis of compounds 8–10. The
corresponding E stilbene (3 or 7) was dissolved in dry
dichloromethane using a heat-dried three neck round bottom
flask equipped with a magnetic stirrer. This solution was cooled
down using dry ice and acetone, to about �60 �C; then a solution
of boron tribromide (1 M in CH2Cl2) was added dropwise. After
adding the deprotecting agent, the ice bath was withdrawn to
allow the reaction mixture to warm up to room temperature and it
was stirred for 1–4 h. The reaction was quenched by adding water
(60 ml; very slowly), and the product was extracted with
dichloromethane (20 ml). The combined organic phases were
dried using sodium sulfate, and the solvent was evaporated under
vacuum. Finally, the product was purified by silica gel column
chromatography using a mixture of ethyl acetate/methanol (8:2) to
afford the corresponding hydroxylated stilbenes.

(E)-4,40-Dihydroxy-30-(hydroxycarbonyl)stilbene (8). In a 50 ml
three neck round bottom flask, compound 3 (0.26 g, 0.87 mmol)
and a solution of boron tribromide (5.2 ml; 6 Eq) were mixed in
dry dichloromethane according to the general procedure described
above. Compound 8 was obtained (0.135 g, 60% yield) as an off-
white solid, m.p.¼ 237–240 �C (reported 241–243 �C)19. 1H-
NMR (300 MHz, CD3OD) � 7.94 (d, J¼ 2.46 Hz, 1H, H-20), 7.66
(dd, J¼ 8.55, 2.43 Hz, 1H, H-60), 7.35 (d, J¼ 8.55 Hz, 2H, H-2
and H-6), 6.96 (d, J¼ 16.4 Hz, 1H, alkene), 6.90 (d, J¼ 8.52 Hz,
1H, H-50), 6.89 (d, J¼ 15.87 Hz, 1H, alkene), 6.75 (d,
J¼ 8.55 Hz, 2H, H-3 & H-5). ESI-MS m/z; 256.8 [M + H]+.

(E)-3,40,5-Trihydroxy-30-(hydroxycarbonyl)stilbene (9). In a
50 ml three neck round bottom flask, compound 7 (0.58 g,
1.7 mmol) and a solution of boron tribromide (13.6 ml; 8 Eq) were
mixed in dichloromethane according to the general procedure
reported above. The product 9 was obtained (0.2 g, 41% yield), as
a yellow solid, m.p.¼ 213–215 �C. 1H-NMR (300 MHz, CD3OD)
� 7.95 (d, J¼ 2.46 Hz, 1H, H-20), 7.68 (dd, J¼ 8.55, 2.43 Hz, 1H,
H-60), 6.98 (d, J¼ 16.47 Hz, 1H, alkene), 6.91 (d, J¼ 8.52 Hz,
1H, H-50), 6.86 (d, J¼ 16.47 Hz, 1H, alkene), 6.46 (d,
J¼ 1.83 Hz, 2H, H-2 and H-6), 6.16 (t, J¼ 2.46 Hz, 1H, H-4).

4 F. S. Aldawsari et al. J Enzyme Inhib Med Chem, Early Online: 1–12
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13C-NMR (300 MHz, CD3OD) � 173.34, 162.65, 159.69, 140.78,
134.07, 130.24, 129.60, 128.62, 128.17, 118.62, 113.96, 105.93,
103.02. ESI-MS m/z; 271.2 [M�H]�.

(E)-3,40,5-Trihydroxy-30-methoxycarbonylstilbene (10). In a
50 ml three neck round bottom flask, compound 7 (0.28 g,
0.85 mmol) and a solution of boron tribromide (3.8 ml; 4.5 Eq)
were mixed in dichloromethane according to the general proced-
ure reported above. Product 10 was obtained (0.17 g, 69% yield)
as a pale yellow solid, m.p.¼ 80–84 �C. 1H-NMR (300 MHz,
CD3OD) � 7.93 (d, J¼ 2.43 Hz, 1H, H-20), 7.70 (dd, J¼ 8.55,
2.43 Hz, 1H, H-60), 6.97 (d, J¼ 16.47 Hz, 1H, alkene), 6.94 (d,
J¼ 8.55 Hz, 1H, H-50), 6.86 (d, J¼ 15.84 Hz, 1H, alkene), 6.46
(d, J¼ 1.83 Hz, 2H, H-2 and H-6), 6.17 (t, J¼ 1.83 Hz, 1H, H-4),
3.97 (s, 3H, CH3OCO). 13C-NMR (300 MHz, CD3OD) � 171.60,
162.08, 159.69, 140.69, 134.29, 130.50, 129.05, 128.89, 127.98,
118.83, 113.63, 105.96, 103.09, 52.93. ESI-MS m/z; 285.3
[M�H]�.

(E)-4,40-Diacetoxy-30-(hydroxycarbonyl)stilbene (11). In a
round-bottom flask, compound 8 (0.061 g, 0.24 mmol) in
pyridine (0.5 ml) was dissolved at room temperature, and
acetic anhydride (0.3 ml; 13 Eq) was then added drop-wise.
This reaction mixture was stirred until the stilbene starting
material was not observed (about 3 h); the reaction was
quenched by adding water (20 ml), and then the mixture was
acidified to pH 3 using 1 N hydrochloric acid. The product was
extracted by adding ethyl acetate (8 ml) two times; then the
combined organic layers was dried with sodium sulfate, and
evaporation of the solvent under vacuum afforded the crude
product, which was purified by crystallization from a mixture of
ethyl acetate/petroleum ether. Compound 11 (0.062 g, 76%yield)
was obtained as a white solid, m.p.¼ 193–196 �C. 1H NMR
(600 MHz, CD3OD) � 8.16 (d, J¼ 2.4 Hz, 1H, H-20), 7.79 (dd,
J¼ 8.4, 2.4 Hz, 1H, H-60), 7.61 (d, J¼ 8.4 Hz, 2H, H-2 and H-
6), 7.22 (d, J¼ 16.2 Hz, 1H, alkene), 7.19 (d, J¼ 16.2 Hz, 1H,
alkene), 7.12 (d, J¼ 8.4 Hz, 1H, H-50), 7.10 (d, J¼ 8.4 Hz, 2H,
H-3 and H-5), 2.28 (s, 3H, CH3CO), 2.27 (s, 3H,
CH3CO).13C-NMR (600 MHz, DMSO-d6) � 169.72, 169.66,
166.06, 150.56, 149.77, 135.52, 134.95, 131.44, 129.73, 129.10,
128.10, 128.03, 127.28, 124.69, 122.62, 21.36, 21.34. ESI-MS
m/z; 363.1 [M + Na]+.

(E)-3,40,5-Triacetoxy-30-(hydroxycarbonyl)stilbene (12). This
compound was obtained from compound 9 (0.166 g,
0.61 mmol) using the same procedure described for the
synthesis of compound 11. The title compound (0.075 g, 31%
yield) was obtained as a pale yellow solid, m.p.¼ 160–165 �C.
1H-NMR (600 MHz, CD3OD) � 8.16 (d, J¼ 1.8 Hz, 1H, H-20),
7.80 (dd, J¼ 8.4, 2.4 Hz, 1H, H-60), 7.25 (d, J¼ 17.4 Hz, 1H,
alkene), 7.24 (d, J¼ 1.8 Hz, 2H, H-2 and H-6), 7.19 (d,
J¼ 16.8 Hz, 1H, alkene), 7.13 (d, J¼ 8.4 Hz, 1H, H-50), 6.84 (t,
J¼ 1.8 Hz, 1H, H-4), 2.29 (s, 3H, CH3CO), 2.28 (s, 6H,
CH3CO). 13C-NMR (600 MHz, DMSO-d6) � 169.71, 169.48,
165.98, 151.65, 150.08, 139.64, 135.08, 131.73, 130.02, 129.18,
128.27, 124.93, 124.79, 117.83, 115.70, 21.33, 21.29. ESI-MS
m/z; 421.1 [M + Na]+.

Cell culture

Human hepatoma HepG2 cells (ATCC HB-8065, Manassas, VA)
were maintained in Dulbecco’s modified Eagle’s medium,
supplemented with 10% heat-inactivated fetal bovine serum,
2 mM L-glutamine, 100 IU/ml penicillin and 100mg/ml strepto-
mycin. Cells were grown in 75-cm2 tissue culture flasks at 37 �C
in a 5% CO2 humidified incubator.

Cell viability

These experiments were carried out by adding DMSO solutions of
the corresponding drug to cells in the appropriate media; the final
concentration of DMSO/well was 0.5%, which is lower than that
reported (1%) to be safe for use in HepG2 cells20. Cell viability
assay was determined using the MTT colorimetric assay. Briefly,
HepG2 cells were seeded in 96-well plates at a density of 3� 104

per well (200 mL), and were allowed to attach overnight. Then,
resveratrol or its derivatives, dissolved in DMSO at concentra-
tions 0.04, 1.0 or 25 mM were added (1 mL) to the corresponding
96-well plate containing serum free media (200 mL), and then
were incubated for 24 h at 37 �C. After that time, the media was
removed (aspirated out) and the wells were washed one time with
PBS before the addition of the MTT solution in PBS (0.5 mg/ml).
The plate was then incubated for 2 h at 37 �C. Finally, the
insoluble formazan crystals were dissolved in a solution of 0.01 M
HCl in isopropanol (100 mL/well), and the absorbance of each
well was read at 570 nm. The percentage of cell viability was
correlated to that of DMSO-treated wells, which were set to a
value of 100 % viability. Each compound was assayed at three
concentrations in triplicate and the experiment was performed
three times, and the results are expressed as mean ± SD.

Determination of CYP1A1 enzymatic activity
(24 h incubation)

The CYP1A1-dependent 7-ethoxyresorufin O-deethylase (EROD)
activity was performed on intact living cells, using 7-ethoxyr-
esorufin (7ER) as a substrate, following a previously reported
procedure21. Briefly, cells (104 cells per well) were seeded onto
96-well microtiter cell culture plates until they reached 70–80%
confluency. Resveratrol or its analogs dissolved in DMSO, was
added to the cells (5 mM final concentration) before TCDD
addition (1 nM final concentration) and the cells were incubated
for 24 h. Thereafter, cells were washed with PBS, and then 200ml
of 7ER solution (2 mM) was added to each well. The amount of
resorufin formed in each well at each time-point (every 5 min)
was detected by fluorescence spectroscopy for each treatment per
minute by comparison with a standard curve of known concen-
trations (excitation, 545 nm; emission, 575 nm; Baxter 96-well
fluorometer)22. The CYP1A1 enzymatic activity was normalized
to cellular protein content using a modified fluorescence
method23. Results are presented as the mean ± SEM, and statis-
tical differences between treatment groups were determined using
one way ANOVA followed by Student–Newman–Keuls post hoc
test, using SigmaStat 3.5 program for Windows, Systat Software
Inc. (San Jose, CA).

Determination of CYP1A1 enzymatic activity (1 h
incubation)

To test the direct inhibitory effect of resveratrol and its analogs on
CYP1A1 enzyme, a method similar to EROD assay was performed,
with slight modifications as described previously24,25. Briefly,
HepG2 cells were incubated with TCDD (1 nM) for 24 h.
Thereafter, media was removed, and the cells were washed three
times with PBS; and 1 mM of resveratrol or its analogs in assay
buffer [Tris (0.05 M), NaCl (0.1 M), pH 7.8] were added to the cells
for 60 min prior to the addition of 7ER (2 mM final concentration)
as a substrate for the EROD measurement. The CYP1A1 enzymatic
activity was normalized to cellular protein content using a
modified fluorescence method23. Results are presented as
mean ± SEM, and statistical differences between treatment
groups were determined using one way ANOVA, followed by
Student–Newman–Keuls post hoc test using SigmaStat 3.5
program for Windows, Systat Software Inc. (San Jose, CA).
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CYP1A1 mRNA expressions

RNA extraction and cDNA synthesis

Six hours after incubation with the test compounds, cells were
collected and total RNA was isolated using TRIzol reagent
(Ambion/RNA, Carlsbad, CA) according to the manufacturer’s
instructions and quantified by measuring the absorbance at
260 nm. Thereafter, first-strand cDNA synthesis was performed
using the High-Capacity cDNA reverse transcription kit (Applied
Biosystems, Warrington, United Kingdom) according to the
manufacturer’s instructions. Briefly, 1.5 mg of total RNA from
each sample was added to a mix of 2.0 ml of 10� reverse
transcription (RT) buffer, 0.8ml of 25� dNTP mix (100 mM),
2.0ml of 10�RT random primers, 1.0ml of MultiScribe reverse
transcriptase and 4.2 ml of nuclease-free water. The final reaction
mix was kept at 25 �C for 10 min, heated to 37 �C for 120 min,
heated to 85 �C for 5 min and finally cooled to 4 �C.

Quantification by real-time PCR

Quantitative analysis of CYP1A1 mRNA expression was per-
formed by real time PCR by subjecting the resulting cDNA to
PCR amplification using 96-well optical reaction plates in the
ABI Prism 7500 system (Applied Biosystems). Twenty-five-
microliter reactions contained 0.1ml of 10mM forward primer
and 0.1 ml of 10mM reverse primer (40 nM final concentration of
each primer),12.5 ml of SYBR Green Universal Master mix,
11.05ml of nuclease-free water and 1.25 ml of cDNA sample
(equivalent to 0.20 ng/ml). The primers used in the current study
were chosen from previous study26; human CYP1A1: forward
primer 50-CTATCTGGGCTGTGGGCAA-30, reverse primer
50-CTGGCTCAAGCACAACTTGG-30 and human �-actin: for-
ward primer 50-CTGGCACCCAGCACAATG-30, reverse primer
50-GCCGATCCACACGGAGTACT-30. Assay controls were
incorporated onto the same plate, namely, no-template controls
to test for the contamination of any assay reagents. After the plate
was sealed with an optical adhesive cover, the thermocycling
conditions were initiated at 95 �C for 10 min, followed by 40 PCR
cycles of denaturation at 95 �C for 15 s and annealing/extension at
60 �C for 1 min. A melting curve (dissociation stage) was
performed by the end of each cycle to ascertain the specificity
of the primers and the purity of the final PCR product.

Real-time PCR data analysis

The real-time PCR data were analyzed using relative gene
expression, i.e. the DDCT method, as described in Applied
Biosystems User Bulletin No. 2 and explained further by Livak
and Schmittgen27. In brief, the primers used in this study were
tested to avoid primer dimers, self-priming formation or non-
specific amplification. To ensure the quality of the measurements,
each plate included, for each gene, a negative control and a
positive control. For each sample, a threshold cycle (CT) was
calculated based on the time (measured by the number of PCR
cycles) at which the reporter fluorescence emission increased
beyond a threshold level (based on the background fluorescence
of the system). The triplicate measurements for each sample were
averaged to give an average CT value for each group, after
removing the outliers28. The samples were diluted in such a
manner that the CT value was observed between15 and 30 cycles.
Results were expressed using the comparative CT method as
described in User Bulletin No. 2 (Applied Biosystems). Briefly,
the DCT values were calculated in every sample for each gene of
interest as CT gene of interest�CT reporter gene, with b-actin as the
reporter gene. Calculation of relative changes in the expression
level of one specific gene (DDCT) was performed by subtraction
of the DCT of the control (untreated cells) from the DCT of the

corresponding treatment groups. The values and ranges given in
the figure were determined as follows: 2�DDCT with DDCT + SE
and DDCT�SE, where SE is the standard error of the mean of the
DDCT value (User Bulletin No. 2; Applied Biosystems).

Data are presented as the mean ± SEM. Control and treatment
measurements were compared using a one way ANOVA followed
by a Student–Newman–Keuls post hoc comparison. A result was
considered statistically significant when p50.05.

Molecular modeling

Docking study

Protein. The crystal structure of the human CYP1A1 (PDB ID:
4I8V)29 was downloaded from the Protein Data Bank (PDB)30. The
chains B and C, crystallographic water molecules, as well as
2-phenyl-4H-benzo[H]chromen-4-one (inhibitor co-crystallized
with the protein) were removed manually. Subsequently, all
hydrogens and electrostatic charges were added, and protonation
sites were corrected. The atomic partial charges of the heme group
were computed using the Gasteiger charge method31. Finally, the
structure was submitted to a geometry optimization with 500
steepest descent steps, and 100 conjugate gradient steps, using the
AMBER99SB force field implemented in UCSF Chimera 1.932.

Ligands. The compounds C3–C12, TMS and resveratrol were
constructed and submitted to a geometry optimization employing
the AMBER99SB force field in UCSF Chimera 1.9.

Docking. Docking calculations were carried out using the
AutoDock 4.2 software (La Jolla, CA)33. A grid box of
70� 70� 70 pints with a grid spacing of 0.375 Å, and centered
at the heme group was used to calculate the atom types needed for
the calculation. The Lamarckian genetic algorithm was used as a
search method with a total of 30 runs (maximum of 20 000 000
energy evaluations; 27 000 generations; initial populations of 150
conformers). The best binding mode of each molecule was
selected based on both the lowest binding free energy and the
largest cluster size.

Discussion

Chemistry

We conducted a literature search for synthetic pathways previ-
ously used to synthesize similar stilbene derivatives. We found
five different strategies by which we could obtain the target
compounds 3–12; namely the Heck-coupling19, Wittig reaction34,
Horne–Wadsworth–Emmons35, Perkin36 and the McMurry reac-
tions37. In this regard, our first attempt to obtain the target
molecules 3–12 by the Wittig reaction involved the use of
aldehydes possessing a free carboxylic acid group; however, all
reactions produced a complex mixture of products with minimal
yields of the target molecules. These results are in agreement with
previous reports describing such reactions to be ‘‘sluggish’’34,
and affording low yields of the desired stilbene. Therefore, we
decided to change our strategy by reacting the corresponding
aldehyde precursors as the corresponding methyl esters (2a–2c),
with the triphenylphosphonium bromide 1a or 1b, following a
classical Wittig reaction (Scheme 1). In all cases, we obtained a
mixture of cis and trans isomers, and consequently, to obtain only
the desired trans compounds, we reacted the isomeric mixtures
with diphenyl disulfide in dry THF according to a reported
procedure16, affording the pure trans isomers 3–7 as identified by
TLC and subsequent 1H-NMR analysis.

The next synthetic step involved the use of boron tribromide
in dichloromethane solution, to obtain the free phenol groups

6 F. S. Aldawsari et al. J Enzyme Inhib Med Chem, Early Online: 1–12
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(8–10), and finally, compounds 8 and 9 were acetylated with
acetic anhydride in pyridine at room temperature to afford the
corresponding aspirin-like resveratrol derivatives (11 and 12). In
total, we synthesized 10 different hybrid compounds possessing
both the stilbene scaffold present in resveratrol, and a salicylate
(or acetylsalicylate) moiety. Derivatives having methoxylated
moieties (3–7) are expected to be more lipophilic than those
possessing a free phenol group (8–10), whereas those compounds
in which the 40-phenol group is acetylated (11 and 12) are
expected to exert aspirin-like properties.

Determination of CYP1A1 enzymatic activity

We measured the induction of the CYP1A1 enzyme by TCDD
using HepG2 cells; this model has been extensively utilized to
study the effects of resveratrol on CYP1A1 activity and expres-
sion38. In this regard, Beedanagari et al.38 reported that TCDD
induced the expression of CYP1A1 mRNA in HepG2 cells, but
not CYP1B1. Accordingly, we selected the EROD assay to test
the ability of compounds 3–12 to inhibit the catalytic activity of
the CYP1A1 enzyme in HepG2 cells, but first, we conducted a
concentration-dependent cell viability assay (MTT assay) to
determine the maximum concentration at which enzymatic
inhibition occurred without causing significant cell death. Based
on this assay, we determined that the final concentration to be
used for subsequent screening assays with compounds 3–12 was
5mM, at which we consistently observed cell viabilities higher
than 80%.

CYP1A1 catalytic inhibition (24 h incubation)

As expected, we did not observe any CYP1A1 activity in DMSO-
treated cells (negative control), whereas cells treated with TCDD
(positive control) showed a significantly higher enzyme activity,
which was about 700 pmol/min/mg protein, indicating TCDD’s
ability to induce the expression and activity of this enzyme in
HepG2 cells (Figure 2A). In the same experiment, resveratrol and
its methylated derivative, trimethoxystilbene (TMS), showed 15
and 98% inhibition of TCDD-mediated induction of CYP1A1,
respectively. This dramatic difference between the hydroxylated
and methoxylated stilbenes is likely due to the enhanced
lipophilicity and improved cell membrane permeability of TMS.
This is in agreement with previous reports which have demon-
strated that replacing hydroxyl groups by methoxy groups in
resveratrol’s structure, resulted in an increased inhibitory potency
on CYP1A1 catalytic activity, as well as on other CYP450
enzymes39,40.

Figure 2(A) also shows that there are four hybrid resveratrol–
salicylate compounds that significantly decreased TCDD-induced
CYP1A1 activity, namely, compounds 3, 4, 6 and 7 which
inhibited CYP1A1 activity by 84, 29, 20 and 43%, respectively
(Figure 2A). These derivatives share two common structural
features; first, they possess a methyl ester at the carboxyl group in
ring A (Figure 1); second, they have either a methoxy group at
position 4, or two methoxy groups at positions 3 and 5 on ring B.
These observations are in agreement with previous reports in
which it was observed that methoxylation of the stilbene scaffold
resulted in an enhanced CYP1A1 inhibition39,41. Additional
structure–activity relationship (SAR) analysis shows that hybrid
compounds having an acetoxy group at position 4 of ring A
(compounds 4 and 6), are weaker CYP1A1 inhibitors compared to
those having methoxy groups (compounds 3 and 7). Apparently,
the acetyl group decreases the ability of these stilbenes to inhibit
CYP1A1’s catalytic activity.

Additional data about the effect of acetylation on the
inhibitory activity exerted by stilbenes is provided by the results
obtained with derivative 5, which is structurally similar to

3,30,4,50-tetramethoxystilbene, a synthetic analog of piceatannol
(CYP1A1 IC50¼ 750 nM42). Compound 5 showed about 60%
inhibition of CYP1A1 (Figure 2A), and the structural difference
between this molecule and 3,30,4,50-tetramethoxystilbene (not
tested), is the presence of an acetoxy group at position 4 instead of
a methoxy group. This supports the observation that acetoxy
groups decrease the CYP1A1 inhibitory activity exerted by
methoxystilbenes.

It is noteworthy to mention that compounds having a free
carboxylic acid (8, 9, 11 and 12) did not inhibit CYP1A1 activity
at all. These compounds possess either a salicylic acid or an
acetylsalicylic acid (aspirin) moiety. In fact, we observed that
compounds 8 and 9 produced a slight increase in CYP1A1
activity as measured by the EROD assay. These findings seem to
be in agreement with previous reports showing that both aspirin
and salicylic acid failed to decrease EROD levels even when
tested at concentrations as high as 1 mM in HepG2 cells43.
Consequently, we observed that stilbenes acted as modulators of
CYP1A1 activity; in other words, depending on the chemical
structure of the stilbene, some of them inhibited CYP1A1 activity
while others increased it. From a therapeutic point of view, an
increased CYP1A1 activity in cells with significantly increased
metabolic rates (such as cancer cells), might be regarded as an
unwanted side effect, because an increased CYP1A1 activity

Figure 2. Effect of resveratrol and its analogs on TCDD-mediated
induction of CYP1A1 catalytic activity in HepG2 cells. (A) Cells were
pre-incubated with 5mM of resveratrol (Res) or its analogs for 30 min
before the addition of TCDD (1 nM) for an additional 24 h. The CYP1A1
activity level was determined using CYP1A1-dependent EROD assay.
Values represent mean activity ± SEM (n¼ 8). (+) p50.05 compared
with control (C), (*) p50.05 compared with TCDD. (B) The direct
inhibitory effects of resveratrol and its analogs on CYP1A1 enzyme.
HepG2 cells were pre-treated with TCDD (1 nM) for 24 h, thereafter,
media were removed, washed thrice with PBS and 5mM of the tested
compounds in assay buffer [Tris (0.05 M), NaCl (0.1 M), pH 7.8] were
added for 60 min prior to the addition of 7ER (2 mM final concentration)
for the EROD measurement. Results are expressed as percentage of
remaining EROD activity (mean ± SEM, n¼ 8). (*) p50.05 compared
with control (C). ND: not detected.
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would potentially increase the rate and the extent at which some
pro-carcinogens can be converted to carcinogens.

When we analyzed the structure–activity relationship for
derivatives 3, 4, 6 and 7, we observed that compounds having a
single methoxy group at position 4 are better CYP1A1 inhibitors
than those having a 3,5-dimethoxy moiety on ring B. This
observation is not in agreement with a previous report published
by Mikstacka et al.44 in which this research group reported the
synthesis and biological evaluation of a series of methylthios-
tilbenes as CYP1A1, CYP1A2 and CYP1B1 inhibitors. In this
regard, authors reported that a 3,5-disubstituted compounds were
more potent than those having only a 4-methoxy group44.
Nevertheless, we realize that this observation requires further
validation by testing a more expanded library of compounds using
the same assay conditions.

CYP1A1 catalytic inhibition after (1 h incubation)

The main mechanism of TCDD-mediated carcinogenicity
involves the activation of the AhR and the subsequent induction
of CYP1A1 through transcriptional and translational mechan-
isms45. Resveratrol is a well-known AhR antagonist46, which has
the ability to inhibit CYP1A1 activity by direct inhibition of
CYP1A1 activity7. Therefore, to investigate whether our hybrid
resveratrol–salicylate analogs exhibit ‘‘direct’’ CYP1A1 inhib-
ition, we tested the inhibitory effects of the most active
compounds (3 and 5) by incubating HepG2 cells in the presence
of these compounds for 1 h. Briefly, first we treated cells with
TCDD for 24 h to induce the expression of the CYP1A1 enzyme
(as described above). Then, after changing the medium, we
incubated the cells with the corresponding test compound for 1 h
(prior to the addition of the substrate for CYP1A1); finally, we
measured the catalytic activity of CYP1A1 as described in the
‘‘Methods’’ section.

Our results demonstrate that, unlike the 24 h incubation
experiment described previously, resveratrol did not significantly
inhibit CYP1A1 activity. Similarly, compound 5 had no direct
inhibitory effect on the CYP1A1 enzyme (Figure 2B), even
though this compound exerted about 60% enzyme inhibition when
tested on a 24-h incubation period (Figure 2A). On the other hand,
the new compound 3 showed a moderate inhibitory effect on
CYP1A1 enzyme activity (about 38% inhibition), which was very
similar to that obtained with TMS (42%, Figure 2B). Furthermore,
we also observed that compound 3 was a more potent CYP1A1
inhibitor than the parent compound resveratrol, which suggests
that the hybrid resveratrol–salicylate derivative 3 has the ability to
significantly inhibit the carcinogen-activating enzyme CYP1A1 at
both 24 h and 1 h incubation.

The significance of the 1 h incubation, compared to the 24 h
incubation experiment, is the fact that the assay carried out by
incubating cells for 1 h represents the effects of the drug on
CYP1A1 at the post-translational level (direct inhibition), rather
than (or in addition to) any potential effects at the transcriptional
level (modulation of CYP1A1 mRNA expression).

Effects on the expression of CYP1A1 mRNA

To investigate if the decrease in enzyme activity exerted by the
test compounds was due to a classical inhibition of the CYP1A1
active site, or due to a decrease in CYP1A1 transcription, we also
measured CYP1A1 mRNA levels in HepG2 cells in the presence
of the test compounds (5 mM), for 6 h as described previously24.
We selected compound 3 (the most promising hybrid stilbene–
salicylate analog), and we compared it with TMS under the same
experimental conditions. The results of this experiment are shown
in Figure 3. DMSO-treated cells (control) showed negligible
induction of CYP1A1 mRNA, whereas TCDD-treated cells

exhibited a significant increase in CYP1A1 mRNA levels
(about 295-fold increase compared to control cells). Cells co-
treated with both TCDD and TMS showed a dramatic decrease of
CYP1A1 mRNA expression compared to those treated with
TCDD alone, which is in agreement with the results observed in
both (1 and 24 h incubation) EROD assays. Similarly, cells co-
incubated with TCDD and compound 3 also showed a significant
decrease in the expression of CYP1A1 mRNA levels, although
this effect was not as strong as that obtained with TMS. This
observation suggests that compound 3 exerts its modulatory effect
on CYP1A1 by both, inhibiting CYP1A1’s catalytic activity and
by decreasing its mRNA levels.

Molecular modeling

To evaluate the ability of the test compounds to interact with the
catalytic site of human CYP1A1, we carried out a molecular
modeling (docking) experiment, in which we assessed the ability
of all compounds to exert binding interactions with key amino
acid residues in the CYP1A1 active site. It is noteworthy to
mention that similar studies have been reported previously, but
these had used the CYP1A2 template (PDB code: 2HI4) instead,
and from these predictions, authors assumed potential binding
interactions between experimental drugs, and the CYP1A1 active
site (homology models)7. Nevertheless, considering that the
crystal structure of human CYP1A1 was recently reported (PDB
code: 4I8V29), we decided to use this template in our docking
study. To the best of our knowledge, our work is the first one
correlating in vitro CYP1A1 activity data with docking studies
using the crystal structure of human CYP1A1.

Figure 4 shows the binding mode for the reference compound
TMS within the active site of human CYP1A1. This molecule
exerts a �–� interaction with Phe224, which has been reported by
other groups in previous in silico studies with resveratrol analogs.
Figure 5 shows the binding modes calculated for all the test
compounds (3–12); in this regard, it is interesting to note
that compounds 3, 4, 5 and 6 exert a similar binding profile
(Figure 5A) to that observed for the reference stilbene TMS,
which may account for their in vitro inhibitory activity. On the
other hand, compound 7 showed a slight shift within the active

Figure 3. Effects of stilbenes on CYP1A1 mRNA level. HepG2 cells
were co-treated with 1 nM TCDD plus compound 3 (3) or 3,40,5-
trimethoxystilbene (TMS) at 5 mM for 6 h. First-strand cDNA was
synthesized from total RNA (1.5mg) extracted from HepG2 cells.
cDNA fragments were amplified and quantitated using the ABI 7500
real-time PCR system as described in the experimental section. Duplicate
reactions were performed for each experiment, and the values presented
as the mean ± SE (n¼ 6). (*) p50.05 compared to control (DMSO; C).
(+) p50.05 compared to TCDD alone.
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site of CYP1A1 that allows its carbonyl group to interact with the
iron atom present in the heme group, and at the same time, to
produce a �–� interaction with both Phe224 and Phe258.

It is important to note that compounds 3–7 showed low free
energy values and at the same time, showed high cluster size
values, suggesting a high probability of exerting binding inter-
actions with the CYP1A1 active site, having the actual conform-
ation calculated and reported for these drugs. However,
compounds 8 and 9 showed a significant binding interaction
between their corresponding carboxylate groups and the iron atom
present in the heme group of human CYP1A1, which results in
loss of the binding interaction with Phe224 (Figure 6).

However, despite the low free binding energy values calculated
for compounds 8 and 9, their low cluster size values suggests that
these two hybrid salicylate–resveratrol derivatives would likely
adopt a slightly different conformation than that determined by
our molecular modeling protocol; in other words, there is a
significant probability for these compounds to bind the CYP1A1
active site with a different conformation than that predicted
theoretically. Compound 10 showed the highest free binding
energy and the lowest cluster size among the tested compounds,
and the predicted binding mode for this particular molecule does
not show the �–� interaction with Phe224 observed for some of its
analogs. This would explain why this compound was practically
inactive in vitro. Finally, compounds 11 and 12 showed the lowest
free binding energies and the highest cluster size values, which
would account for their high in vitro inhibitory profile. However,
the observed interaction of the carboxylic acid group present in
these molecules, with the iron atom in the heme group of
CYP1A1, could be related to the observed increased in enzymatic
activity (activation), rather than enzyme inhibition. This obser-
vation could also be related to the increased enzymatic activity of
CYP1A1 in the presence of compounds 8 and 9 (Figure 5).

Finally, it is noteworthy to point out that the vast majority of
previous literature reports have only described the inhibitory

profile of trans-stilbenes on CYP1A1, and not much attention
has been put in the corresponding cis-isomers. Consequently,
one of the future directions in this regard could involve the
biological evaluation of hybrid resveratrol–salicylate derivatives
possessing the cis configuration, especially because cis-isomers
have been shown to exert significant anticancer activity48, even
though this therapeutic profile has not been correlated with
in vitro CYP1A1 inhibition studies. In this regard, we have
identified (by molecular modeling), at least one hybrid deriva-
tive that could exert potent CYP1A1 inhibition (results not
shown), and constitutes the topic of one of our current research
projects.

Conclusion

The addition of a carboxylate group to ring A of resveratrol
yielded a new series of aspirin–resveratrol analogs, which
modulate the in vitro activity of the carcinogen-activating
CYP1A1 enzyme. Compounds possessing a methyl esters
moiety showed a moderate inhibitory profile of CYP1A1 activity,
compared to the parent resveratrol; however, compounds having a
free carboxylic acid group (including those possessing an
acetylsalicylic acid group) increased the catalytic activity of the
enzyme. The potential chemopreventive effect exerted by com-
pound 3 (the most active compound) obtained in this series, is
supported by the observation that it also exerts a decrease in the
expression of CYP1A1 mRNA in HepG2 cells at concentrations
as low as 5mM. The implications of these results are significant,
considering the potential synergistic profile of the new hybrid
resveratrol–salicylate analog(s) on many other targets relevant to
chemoprevention (some of them are studied and discussed in the
proceeding paper). Nevertheless, our study also showed that dif-
ferences in the chemical structure of different stilbene derivatives
may potentially switch CYP1A1 inhibition, to CYP1A1 induction,
which may not be useful in a long-term chemopreventive setting,

Figure 4. Binding mode for 2,40,5-trimethylstilbene (TMS) in the active site of CYP1A1. 3D figures were generated using PyMOL Molecular Graphics
System (DeLano Scientific LLC, Palo Alto, CA, 2007); 2D figures were generated according to a procedure described in the literature47.
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ΔGbinding (kcal/mol)ΔGbinding (kcal/mol) Cluster sizeCompoundCompound Cluster size

TMS
3 −9.42

−8.97
30/30
30/30

4
5 −10.57

−10.67

−10.06
29/30

6
7 −9.71

−11.74
−12.07

−15.01
−8.17

−14.70
-22/30

27/30

23/30

16/30
18/30

30/30

-

10/30

27/30

8
9

10
11
12
-

Figure 5. Comparison of the binding mode calculated for trimethylstilbene (TMS; shown in grey), with that observed for compounds (A) 3 (cyan), 4
(purple), 5 (orange), 6 (yellow); (B) 7; (C) 8 (purple), 9 (orange); (D) 10 (purple), 11 (blue) and 12 (yellow) in the active site of human CYP1A1. 3D
figures were generated using PyMOL Molecular Graphics System (DeLano Scientific LLC, Palo Alto, CA, 2007).

Figure 6. Two-dimensional representation of the binding interactions observed between the active site of CYP1A1 and compounds (A) 3; (B) 7, (C) 8
and (D) 12. 2D figures were generated according to a procedure described in the literature47.
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but it might find potential applications in short-term states where
CYP1A1 activity is required but compromised.

Importantly, the results obtained in this study provide prelim-
inary evidence supporting the design of hybrid molecules
combining the chemical features of two well-known chemopre-
ventive agents, namely resveratrol and aspirin (salicylates).
According to our findings, the previously reported unfavorable
effects of a salicylate moiety did not void the ability of some
hybrid resveratrol analogs to inhibit the catalytic activity of
CYP1A1, or its effects on CYP1A1 mRNA in vitro. Finally,
compound 3 represents a new potential hybrid chemopreventive
agent which combines the chemical structures of two well-known
chemopreventive compounds.
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Notice of Correction:
The version of this article published online ahead of print on 19 November 2014 contained an error in Figure 1.
Figure 1, compound 5, R5 should be ‘‘CH3’’ not ‘‘OCH3’’. The error has been corrected for this version.
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