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Resveratrol (3,5,4'-trans-trihydroxystibene) is a natural phytoalexin present in grapes and red wine,
which possesses a variety of biological activities including antioxidant activity. In order to find more
active antioxidant with resveratrol as the lead compound we synthesized 4,4'-dihydroxy-trans-stilbene
(4,4'-DHS). The antioxidant activities of resveratrol and 4,4’-DHS were evaluated by the reaction kinetics
with galvinoxyl radical or Cu(II) ions, and the inhibition effects against free-radical-induced peroxidation
of human erythrocyte ghosts. It was found that 4,4’-DHS exhibits remarkably higher antioxidant activity
than resveratrol. The oxidative products of resveratrol and 4,4’-DHS in the presence of Cu(ll) in acetoni-
trile were identified as the dihydrofuran dimers by spectroscopic method, and the antioxidant mecha-
nism for 4,4'-DHS was proposed. In addition, 4,4’-DHS exhibits remarkably higher cytotoxicity against
human promyelocytic leukemia (HL-60) cells than resveratrol.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Polyphenols are abundant micronutrients in our diet, and evi-
dence for their role in the prevention of degenerative diseases such
as cancer and cardiovascular diseases is emerging. In particular
resveratrol (3,5,4'-trihydroxy-trans-stilbene), a polyphenol mainly
present in grapes and red wine, has been proposed to be the main
protagonist for the so-called ‘French paradox’.! This phenomenon
describes the situation that the French were consuming more cal-
ories, and more fatty food, than westerners, and experiencing far
less heart disease. This natural compound has attracted consider-
able interest because of its biological activities against a collection
of diseases, including heart disease, neurodegenerative disease and
cancer.?? One of the most striking biological activities of resvera-
trol intensely investigated during the last years has been its cancer
chemopreventive property.* The chemopreventive activity and
low-toxicity of resveratrol, associated with its defects such as
low bioavailability and rapid clearance from the circulation,” offer
the promise for designing new and resveratrol-directed chemopre-
ventive agents. The cancer chemoprevention effects elicited by res-
veratrol can be traced back to its antioxidant activity, because free-
radical-mediated peroxidation of membrane lipids and oxidative
damage of DNA might play a causative role in cancer.® In the anti-
oxidant reaction of resveratrol, the hydrogen abstraction from 4’-
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OH is more favorable than that from 3-OH or 5-OH as evidenced
by its oxidation product.” It was also proved by theoretical calcula-
tions that the hydroxyl groups at the 4’-position is much easier to
subject to oxidation than other hydroxyl groups.® The experimen-
tal X-ray structure results showed that the 4’-OH is particularly ac-
tive and the 4’ position relevant to the subsequent biological
activity.>'° It was reported previously that the 4-OH in resveratrol
is responsible for its biological activities.!'~!> Therefore, we were
motivated to synthesize 4,4'-dihydroxy-trans-stilbene (4,4'-DHS)
by the Wittig-Hornor reaction,' which has two hydroxyl group
at 4- and 4’-positions, and found the compound is more effective
antioxidant!® and prooxidant!® than resveratrol.

It is also desirable to see if the same structure-activity relation-
ship (SAR) is also valid in using other radicals and systems, with
emphasis placed on the detail mechanism study of SAR. We report
herein an in vitro study on the reaction kinetics of 4,4'-DHS and
resveratrol ( Fig. 1) with galvinoxyl radical (GO*) or Cu(lIl) ions,

=
Resveratrol

4,4'-DHS

Figure 1. Molecular structures of resveratrol and 4,4'-DHS.
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and the antioxidant effects of them against free-radical-induced
peroxidation of human erythrocyte ghosts. The oxidation products
of 4,4'-DHS and resveratrol obtained in the presence of Cu(Il) ions
were also studied to help elucidate the antioxidant mechanism.
The cytotoxic effects of 4,4'-DHS and resveratrol for human promy-
elocytic leukemia (HL-60) cells were also assessed by 3-(4,5-
dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide (MTT)
method. It was found that 4,4'-DHS exhibited remarkably higher
antioxidant activity and cytotoxicity against HL-60 cells than
resveratrol.

2. Results and discussion

2.1. Galvinoxyl radical-scavenging reactions of resveratrol and
4,4'-DHS in ethanol

The stable oxygen radical galvinoxyl (GO) is widely used to
evaluate the antioxidant properties of natural and synthetic phe-
nols using alcohols as the most convenient solvents. Upon addition
of resveratrol to an ethanol solution of GO, the absorption band at
428 nm due to GO" disappeared immediately as shown in Figure 2.
The decay of GO’ was significantly faster in the presence of 4,4'-
DHS than resveratrol (the inset of Fig. 2). The decay of GO obeyed
pseudo-first-order kinetics when the concentration of resveratrol
was maintained at more than 10-fold excess of the concentration
of GO. Plotting this pseudo-first-order rate constant (kps) versus
the concentration of resveratrol gave a straight line (Fig. 3), from
which the second-order rate constant (k) for the GO*-scavenging
reaction by resveratrol could be obtained. 4,4'-DHS gave the same
second-order kinetics (Fig. 3). The second-order rate constants of
resveratrol and 4,4'-DHS were 0.30 and 4.41 x 10° M~ 's~!, sug-
gesting that 4,4’-DHS exhibits remarkably higher activity in the
GOr-scavenging reaction than resveratrol.

2.2. Fe?'[ascorbate (VC)-induced lipid peroxidation of human
erythrocyte ghosts and its inhibition by resveratrol and 4,4'-
DHS

Combination of Fe?* and a reducing reagent is an extensively
used system for generating hydroxyl radicals to induce lipid perox-
idation.!” Line a in Figure 4 shows the malondialdehyde (MDA) for-
mation during the Fe?*/VC-induced lipid peroxidation of human
erythrocyte ghosts under an aerobic atmosphere. The MDA forma-
tion was remarkably inhibited by the addition of 1 M of resvera-
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Figure 2. Spectral changes observed upon addition of resveratrol (50 uM) to an
ethanol solution of GO (5 uM) at 298 K (Interval: 3 min.). The inset shows the
spectral changes of GO’ (5 uM) in the presence of 4,4'-DHS (50 pM) (Interval: 10 s.).

60 -
4,4'-DHS

< 40 4

(7]
b

o
=
2

° 20 4

Resveratrol
[

0 . 4 8 12
[ArOH] (10° M)

Figure 3. Plot of the pseudo-first-order rate constant (ko) vs. the concentration of
resveratrol or 4,4'-DHS.
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Figure 4. Inhibition of malondialdehyde (MDA) formation during 50 uM Fe?*/
200 pM VC-induced peroxidation of human erythrocyte ghosts by resveratrol at 37
°C. The erythrocyte ghosts were incubated at 37 °C in 0.1 M PBS (pH 7.4) with
protein concentration of 0.96 mg/mL. Resveratrol was added before the initiation.
(a) Native erythrocyte ghosts as blank; and the initial concentrations of resveratrol
were (b) 1 uM; (c) 2 uM; (d) 3 uM; (e) 5 uM. Values represent mean + S.D. of three
experiments.

trol (line b) during the so-called ‘inhibition period’. After the
inhibition period, the rate of MDA formation increased to close to
the original rate, corresponding to the exhaustion of resveratrol.
It is clearly seen from the lines b-e of Figure 4 that resveratrol sig-
nificantly suppressed the rate of MDA formation and increased the
inhibition period in a dose-dependent manner. The MDA formation
was completely inhibited by 5 uM of resveratrol (line e). Table 1
shows the inhibition effects of different concentrations of resvera-
trol and 4,4-DHS against Fe**/VC-induced MDA formation. 4,4'-
DHS exhibited higher antioxidant activity than resveratrol, similar
to that observed in the GO'-scavenging reaction. However, at the
higher concentration (3 uM), there is no apparent difference in
the inhibition between resveratrol and 4,4'-DHS.

2.3. UV-vis spectral changes and oxidation products of
resveratrol and 4,4'-DHS in the presence of Cu(Il)

Copper is one of the most redox active metal ions present in

cell.’® Therefore, Cu(Il) was used to oxidize resveratrol and 4,4'-
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Inhibition of MDA formation by resveratrol and 4,4'-DHS during the Fe?*/VC-induced
lipid peroxidation of human erythrocyte ghosts®"<

ArOHs MDA (nmol/mg protein)
Control 2.91+0.17
Resveratrol (1 uM) 1.33+£0.02
Resveratrol (2 pM) 0.61 +0.04
Resveratrol (3 pM) 0.18 £ 0.07
4,4'-DHS (1 pM) 0.80 £ 0.02
4,4'-DHS (2 uM) 0.45 + 0.05
4,4'-DHS (3 uM) 0.17 £ 0.04

2 The formation of MDA was determined after human erythrocyte ghosts were
incubated for 30 min.

> The reaction conditions are the same as those described in the captions of
Figure 4.

¢ Data are expressed as the mean + S.D. for three determinations.

DHS. Figure 5 is obtained when Cu(Il) was added to resveratrol in
acetonitrile under aerobic conditions. It was found that the de-
crease of the absorbance of resveratrol centered at 305 nm. The
addition of Cu(Il) to 4,4’-DHS resulted in the decrease of the max-
imal absorption at 302 nm, accompanied by the appearance of two
new peaks at 399 and 425 nm due to the formation of para-semi-
quinone or para-quinone (the inset in Fig. 5). The absorption of
para-semiquinone or para-quinone in acetonitrile became clearer
than that in phosphate-buffered saline (PBS).'® It has been re-
ported previously that the semiquinone of 3,5,3'5'-tetra-tert-bu-
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Figure 5. Absorption spectral changes of resveratrol (40 uM) and 4,4’-DHS (40 uM)
in the presence of 40 pM of Cu(Il) in acetonitrile under air. The spectra were
recorded every 3 min for 24 min after the addition of Cu(lI).

tyl-4,4'-dihydroxystilbene absorbs at 450 nm.'® The decay of 4,4-
DHS in the presence of Cu(Il) was significantly faster than that of
resveratrol in the presence of Cu(ll).

In order to clarify the antioxidant mechanism of resveratrol and
4,4'-DHS, we isolated and identified their oxidative products in the
presence of Cu(Il) in acetonitrile at room temperature. After the
addition of Cu(Il) to the acetonitrile-containing resveratrol or
4,4'-DHS, oxidation resulted in the change in the color of the solu-
tion from blue to green. The major products were dihydrofuran di-
mers (Fig. 6) by characterizing with HRMS (ESI) and 1D and 2D
NMR (see Supplementary data). As an example, the oxidation of
4,4'-DHS in the presence of Cu(ll) and the structural characteriza-
tion of its dimer will be discussed. The HRMS analysis of the major
product showed a [M+H]" of 423.1595 (calculation: 423.1591),
consistent with the structure of a dehydrodimer, and its '"H NMR
spectrum gave some additional information that allowed its iden-
tification with the structure. Despite the fact that the product was
a dimer, only three groups of aliphatic AA’'BB’ protons (two dou-
blets at 6 = 7.24 and 6.85, ] = 8.4 Hz, H-2,6 and H-3,5, two doublets
at 6=7.01 and 6.83, ] = 8.8 Hz, H-10,14 and H-11,13, two doublets
at 6 =7.39 and 6.80, ] = 8.4 Hz, H-10',14’ and H-11/,13") were pres-
ent, due to a single 4-hydroxybenzoyl moiety. Additional signals
were due to two trans-olefinic protons (two doublets at § =6.97
and 6.96, with a large coupling constant of 18.4 Hz, H-7" and H-
8’) and three aromatic protons. The correct structural assignments
could be made on the basis of homonuclear bidimensional correla-
tion, heteronuclear multiple-quantum coherence ('H, '*C HMQC)
and heteronuclear multiple-bond correlation ('H, '>C HMBC)
experiments. The long-range correlation between the doublet at
6=7.24 (H-2,6) and the aliphatic carbon at § =94.5 (related to
the doublet at 6 = 5.43, C-7) allowed us to establish that hydrox-
ybenzoyl moiety was bonded to C-7. The long-range correlation
between the doublet at 6 = 7.05 (H-10 and H-14) and the aliphatic
carbon at § = 57.5 (related to the doublet at § = 4.53, C-8), allowed
us to establish that hydroxybenzoyl moiety was bonded to C-8. All
these data were consistent with the dihydrofuran dimer formed via
an oxidative coupling (vide infra). Moreover, more than 8 values
for coupling constant (*]) between H-7 and H-8 in the dimer sug-
gested a predominant pseudo-trans-axial arrangement for these
two aliphatic protons. Furthermore, enantiomeric composition of
the dimer was evaluated by high performance liquid chromatogra-
phy (HPLC) analysis on a chiral column and it was found that the
dimer was a racemic mixture (see Supplementary data).

2.4. Effects of resveratrol and 4,4'-DHS on HL-60 cell
proliferation

The cell viability was assessed by the colorimetric MTT assay?®
and results are demonstrated in Figure 7 and summarized in Table
2. It is seen from the figure that resveratrol exhibits dose-depen-

Dimer of resveratrol
(31% conversion and 16% isolated yield)

Dimer of 4,4'-DHS
(39% conversion and 20% isolated yield)

Figure 6. The oxidative products of resveratrol and 4,4’-DHS in the presence of Cu(Il) in acetonitrile at room temperature. The molar ratio of ArOHs:Cu(Il) was 1:1.1.
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Figure 7. Inhibitory effects of resveratrol and 4,4’-DHS on HL-60 cell viability. HL-
60 cells were treated with tested compounds for 48 h and the percent viability was
determined using the MTT method. Values are the mean # S.D. for three indepen-
dent experiments.

Table 2

In vitro cytotoxicity against HL-60 cells of resveratrol and 4,4’-DHS?

ArOHs 1C50 (LM)
Resveratrol 363+1.8
4,4'-DHS 6.5+0.1
Vp-16 3.3+03

2 Cytotoxicity is expressed as ICsg, the concentration for the compound to cause
50% inhibition of the cell viability. Data are expressed as the mean + S.D. for three
determinations.

dent cytotoxic effects on HL-60 cells. The cell viability was reduced
to 83%, 72% and 43% after treatment with 10, 20 and 40 uM,
respectively, of resveratrol for 48 h. 4,4'-DHS showed more active
effect on suppression of the cell viability than resveratrol. It is also
noticeable that the activity of 4,4’-DHS is similar to that of etopo-
side (VP-16, positive control), anticancer drugs. The ICsq values for
these compounds are shown in Table 2. It indicates that 4,4’-DHS
exhibits higher cytotoxicity than resveratrol.

2.5. Mechanism

Resveratrol is a well-known natural antioxidant and cancer che-
mopreventive agent which has attracted much interest in the past
decade. Effective effort has, therefore, been continuously devoted
to the synthesis of new resveratrol analogues, aiming to find more
effective antioxidant and cancer chemopreventive agent.?!-2°

The oxidative product of resveratrol in the presence of Cu(Il)
suggests that the hydroxyl group at the 4’-position is much easier
to subject to oxidation than other hydroxyl groups. This is consis-
tent with that obtained from both experiments’ and theoretical
calculations.®® Theoretical calculations® indicated that the most
stable phenolate in resveratrol is obtained after extraction of the
proton in the 4’-position, which is ~7 kcal/mol lower than those
having extracted the protons in the 3- and 5-position. Therefore,
the 4-OH in resveratrol provides the most acidic hydrogen and
its removal from the 4'-OH is highly preferred.

The present study, demonstrates that 4,4’-DHS exhibits remark-
ably higher antioxidant activity than resveratrol. This can be ex-
plained because the p-OH phenoxyl radical (p-semiquinone), the
oxidation intermediate for 4,4’-DHS, can be stabilized by the 4'-
OH group by resonance through the trans double bond. The theo-

retical calculation showed that the bond dissociation energy
(BDE) of hydroquinone is 5.9 kcal/mol lower than that of phenol.?®
In addition, the p-OH phenoxyl radical (p-semiquinone) should be
more easily further oxidized to form the final product para-qui-
none as depicted in Scheme 1. It is suggested from the oxidative
product of 4,4’-DHS that the oxidation reaction results in the for-
mation of phenoxyl radicals or semiquinone (‘A’, ‘B’ and ‘C’). Suc-
cessively, the coupling of one radical ‘B’ and one radical ‘C,
followed by tautomeric rearrangement and intramolecular nucleo-
philic attack to the intermediate quinone, gave the dihydrofuran
dimer as shown in Scheme 1.

It is also noticeable from Table 2 that 4,4’-DHS exhibits remark-
ably higher cytotoxicity against HL-60 cells than resveratrol. Of
interest, intriguing result was recently reported that 4,4’-DHS,
which is nonestrogenic, but significantly antioxidative, could selec-
tively induce the down-regulation of estrogen receptor o (ERa) of
MCF-7 breast cancer cells.?” It was also suggested that binding of
4,4'-DHS to ERa depends on the ability of 4-OH and 4'-OH to from
hydrogen bonding with GLu353 and His524, respectively.?®

3. Conclusions

In summary, the work demonstrates that resveratrol and its
analogue, 4,4’-DHS, are effective antioxidants in scavenging GO
and inhibiting Fe?*/VC-induced lipid peroxidation of human eryth-
rocyte ghosts. The oxidative product analysis of resveratrol and
4,4'-DHS in the presence of Cu(ll) in acetonitrile suggests free-rad-
ical coupling dimerization reaction and the importance of 4-OH in
resveratrol. The observation that 4,4'-DHS possesses remarkably
higher antioxidant activity and cytotoxicity against HL-60 cells
than resveratrol gives us useful information for antioxidant and
chemoprevention drug design.

4. Experimental
4.1. Materials

Resveratrol and 4,4’-DHS were synthesized with reference to
the available method.'* Their structures were fully identified using
'H NMR and EI-MS (see the below). The purity (>98%) of each com-
pound was all checked using a HPLC.

4.1.1. Resveratrol

"H NMR (300 MHz, (CD5),C0), 5 6.26 (1H, t, ] = 1.8 Hz, H-4), 6.54
(2H, d, /= 1.8 Hz, H-2 and H-6), 6.83 (2H, d, ] = 9.0 Hz, H-3’ and H-
5'), 6.89, 6.99 (each 1H, d, J=16.5 Hz, H-7 or H-8), 7.40 (2H, d,
J=9.0Hz, H-2' and H-6'); MS, m/z 228 [M"], 211, 199, 181, 157,
115.

4.1.2. 44'-DHS
TH NMR (300 MHz, (CD5),C0), 5 6.82 (4H, d, ] = 8.7 Hz, H-3, H-5,
H-3' and H-5’), 6.96 (2H, s, H-7 and H-8), 7.39 (4H, d, ] = 8.7 Hz, H-
2, H-6, H-2" and H-6'); MS, m/z 212 [M*], 197, 165, 141, 115, 77.
GO was purchased from Acros (98%, New Jersey, USA). Thiobar-
bituric acid (TBA) and butylated hydroxytoluene (BHT) were pur-
chased from Sigma-Aldrich (St. Louis, MO) and used as received.

4.2. Spectral and kinetic measurement

An aliquot of resveratrol or 4,4-DHS at more than 10-fold ex-
cess of the concentration of GO* was added to a quartz (10 mm
i.d.) cuvette which contained GO (5 uM) in ethanol solution. This
led to a hydrogen-transfer reaction from ROH to GO-. UV-vis spec-
tra changes associated with this reaction were measured at room
temperature with a Hitachi 557 spectrophotometer. The rates of
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Intramolecular
nucleophilic attack

Free radical coupling reaction

Scheme 1. Antioxidant mechanism of 4,4'-DHS. X' denotes free radical.

hydrogen transfer were determined by monitoring the absorbance
change at 428 nm due to GO-.

4.3. Human erythrocyte ghost preparation

Human erythrocyte ghosts were separated from heparinized
blood of a healthy donor from Central Blood Center, Red Cross of
Gansu province. The Cells were washed three times in 10 volumes
of PBS at pH 7.4, which consisted of 137 mM of NaCl, 2.7 mM of
KCl, 8.1 mM of Na,HPO,4 and 1.5 mM of KH,PO, in distilled water.
The supernatant and buffy coat was carefully removed after each
wash. The packed erythrocyte ghosts were then suspended in 30
volumes of an ice-cold hypotonic PBS (5 mM, pH 7.6) for lysis.?®
The hemoglobin-free ghosts were pelleted by centrifugation at
20,000g at 4 °C for 20 min and further washed twice with the same
hypotonic buffer. The protein concentration in the membranes was
determined by the method of Lowry.*°

4.4. MDA formation measurements

The formation of MDA, due to the formation of thiobarbituric
acid reactive substances (TBARS), was used to monitor lipid per-

oxidation.?! The erythrocyte ghosts were incubated at 37 °C in
0.1 M PBS (pH 7.4), and made up to a final protein concentra-
tion of 0.96 mg/mL. The peroxidation was initiated by FeZ*
(50 uM)/VC (200 uM) and inhibited by 4,4’-DHS or resveratrol,
and the reaction mixture was gently shaken at 37 °C. Aliquots
of the reaction mixture were taken out at specific intervals to
a TCA-TBA-HCl stock solution (15% w/v trichloroacetic acid
(TCA); 0.375% w|v TBA; 0.25N HCl), together with 0.02% w/v
BHT. This amount of BHT completely prevents the formation
of any nonspecific TBARS.>? The solution was heated in a boil-
ing water bath for 15 min. After cooling, the precipitate was re-
moved by centrifugation. MDA in the supernatant was
determined at 532 nm using the extinction coefficient of
156 x 10° M~ cm~13!

4.5. UV-vis spectral measurement

UV-vis spectra were measured at room temperature with a Hit-
achi 557 spectrophotometer. Acetonitrile containing 40 uM 4,4’-
DHS or resveratrol was kept at room temperature, and the spectral
tracing was started by addition of 40 pM CuSO,4. The spectra were
recorded every 3 min after addition of CuSO4.
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4.6. Oxidation of resveratrol or 4,4'-DHS in the presence of
Cu(II)

A solution of resveratrol or 4,4’-DHS (0.5 mmol) and anhydrous
copper sulfate (96 mg, 0.55 mmol) were mixed in anhydrous aceto-
nitrile (50 mL) and stirred for 30-35 h at room temperature, as
monitored by silica gel (petroleum ether/acetone, 20/1). The major
dimer products were isolated by silica gel chromatography, and
were characterized with HRMS (ESI) and 1D and 2D NMR. Enantio-
meric composition of the dimer was evaluated by HPLC (Waters
600 instrument with Photodiode Array detector) analysis on a chi-
ral OD column.

4.6.1. The dehydrodimer of resveratrol

TH NMR (400 MHz, (CD3),C0), 6 4.62 (d, ] = 8.0 Hz, H-8); 5.48 (d,
J=8.0Hz, H-7); 6.19 (d, J=2.0Hz, H-10 and H-14); 6.25 (d,
J=2.0Hz, H-12 and H-12"); 6.53 (d, J=2.0 Hz, H-10' and H-14');
6.84 (d, J=8.0Hz, H-3 and H-5); 6.88 (d, J=8.0 Hz, H-3'); 6.92
and 7.08 (AB system, d, J=16.0Hz, H-7" and H-8); 7.24 (d,
J=8.0Hz, H-2 and H-6); 7.25 (d, J=8.0Hz, H-2'); 7.45 (d,
J=2.0Hz, H-6'). '3C NMR (100 MHz, (CD5),C0), § 57.7 (C-8); 94.2
(C-7); 102.4 (C-12); 102.7 (C-12'); 105.7 (C-10’ and C-14'); 107.4
(C-10 and C-14); 110.1 (C-3'); 116.1 (C-3 and C-5); 123.9 (C-2');
127.2 (C-7"); 128.5 (C-2, C-6 and C-6'); 129.1 (C-8'); 131.7 (C-1);
132.1 (C-5'); 132.5 (C-1’); 140.7 (C-9'); 145.1 (C-9); 158.4 (C-4);
159.5 (C-11" and C-13’); 159.7 (C-11 and C-13); 160.5 (C-4’). HRMS
(ESI): m/z caled for [M+H]": 455.1489, found: 455.1481,
error = 1.8 ppm.

4.6.2. The dehydrodimer of 4,4'-DHS

TH NMR (400 MHz, (CD3),C0), é 4.53 (d, J = 8.8 Hz, H-8); 5.43
(d, J=8.8 Hz, H-7); 6.80 (d, J=8.4 Hz, H-11’ and H-13"); 6.85 (d,
J=8.4Hz, H-3 and H-5); 6.83 (d, J= 8.8 Hz, H-11 and H-13); 6.87
(d, J=8.4Hz, H-3'), 6.96 (d, J = 18.4 Hz, H-8'); 6.97 (d, J=18.4 Hz,
H-7'); 7.05 (d, J= 8.8 Hz, H-10 and H-14); 7.16 (bs, H-6'); 7.24 (d,
J=8.4Hz, H-2 and H-6); 7.37 (d, J=8.4Hz, H-2'); 739 (d,
J=8.4Hz, H-10' and H-14'). 1*C NMR (100 MHz, (CD5),C0), 6 57.5
(C-8); 94.5 (C-7); 110.2 (C-3'); 116.2 (C-11" and C-13’); 116.4 (C-
11 and C-13); 116.6 (C-3 and C-5); 123.4 (C-6'); 126.6 (C-7" and
C-8); 126.9 (C-2"); 128.1 (C-10' and C-14’); 128.4 (C-2 and C-6);
128.7 (C-9'); 130.3 (C-10 and C-14); 130.5 (C-1); 132.4 (C-1');
132.9 (C-9); 133.4 (C-5'); 157.6 (C-12); 157.9 (C-4); 158.5 (C-4');
160.3 (C-12). HRMS (ESI): m/z calcd for [M+H]": 423.1591, found:
423.1595, error = 0.9 ppm.

4.7. Cell culture

HL-60 cell lines were originally obtained from Shanghai Institute
of Biochemistry and Cell Biology, Chinese Academy of Sciences, The
cells were grown in RPMI-1640 medium supplemented with 10% (v/
v) heat inactivated fetal bovine serum, penicillin (100 kU/L), strepto-
mycin (100 mg/L) and 2 mM of glutamine. The cell cultures were
maintained at 37 °C in a humidified CO, (5%) incubator. Exponen-
tially growing cells were used throughout.

4.8. Assessment of HL-60 cell viability

The HL-60 cells viability was assessed by the MTT colorimetric as-
say whichis based on the reduction of MTT by the mitochondrial suc-
cinate dehydrogenase of intact cells to a purple formazan product.?’
Briefly, Aliquots (100 pL) of thymocytes containing 5 x 10% cells/mL
were added to each well of a 96-well flatmicrotiter plate and incu-
bated with various amounts of resveratrol or its analogues dissolved

in 0.1% dimethylsulfoxide (DMSO). Six replicate wells were used in
each point in the experiment. After 48 h incubation at 37 °C, 10 puL
MTT solution (5 mg/mLin PBS) was added and incubated for another
4 hat37 °Cina5% CO,incubator. The resulting MTT-formazan prod-
uct was dissolved by the same volume of lysis buffer (10% SDS, 5%
isopropanol and 0.012 M HCI (w/v/v)), and the incubation was con-
tinued overnight at 37 °C. The amount of formazan was determined
by measuring the absorbance at 570 nm using a Bio-Rad 550 ELISA
microplate reader.
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