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Abstract

Four polyhydroxylated 2-styrylchromones, structurally related to flavones and cinnamic acid, have been studied. An SC derivative with
OH groups only at positions 3’ and 4’ on the styryl moiety and another SC bearing an additional OH group at position 5 on the benzopyrone
ring were more potent inhibitors of the Cu>"-induced peroxidation of LDL than the flavonoid quercetin. Fluorescence and absorption
spectroscopies suggested that one LDL particle may bind 40 SC molecules. A pulse radiolysis study in pH 7 buffered micellar solutions of
neutral TX100 and positively charged CTAB demonstrated that one-electron oxidation by *Br, ™, *O,~ and tryptophan radicals (*Trp)
depends strongly on the micellar microenvironment. All SCs were readily oxidized by *O,~ in CTAB micelles (rate constants:
6-18 x 10° M~ s™1). In TX100 micelles only the SC derivative with OH groups in position 3’ and 4’ reacted with *O,™ (rate constant:

-1 —1

1.1 x 109 M~ ! sfl). In CTAB, electron transfer to *Trp radicals was observed for all SCs with rate constants >3.2 x 10°M's
In TX100 micelles, this reaction occurred solely with the derivative bearing OH groups only at positions 3’ and 4'.

© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Reactive oxygen species (ROS) such as *O,~, *OH, and
H,0, generated by cellular metabolism or arising from
environmental sources (chemicals, UV light) are recog-
nized as factors contributing to major diseases such as
atherosclerosis [1], cancer [2], and central nervous system
degeneration [3] and are implicated in the general aging
process [4]. In addition to the constitutive cell antioxidant
defense system, there exist various small molecules,
vitamins (ascorbic acid and o-tocopherol), carotenoids,
flavonoids and simpler phenolic coumponds, which exhibit
potent antioxidant properties and which are excellent
reactive oxygen species scavengers. These are essential

Abbreviations: CTAB, cetyltrimethylammonium bromide; LDL,
low-density lipoprotein; ROS, reactive oxygen species; Q, quercetin; SC,
2-styrylchromone; TX100, Triton X100
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to good health and are found in large quantities in fruits and
vegetables [5,6]. Literature data suggest that antioxidants
often work by the combination of several mechanisms
such as scavenging of lipid alkoxyl and peroxyl radicals
through hydrogen donation, regeneration of a-tocopherol
by o-tocopheroxyl radical reduction and chelation of
transition metal ions [7]. More recently, the repair of
oxidative damage to proteins or lipoproteins has been
shown to also contribute to the flavonoid antioxidant
activity [8,9].

In practice, the protection afforded by antioxidants
against oxidative stress and its consequences to human
health are limited. Thus, antioxidants may exhibit pro-
oxidant properties under appropriate conditions. Another
important factor that limits the efficacy of antioxidants is
their bioavailability [10,11]. Consequently, it is of interest
to search out new molecules with improved antioxidant
properties to help circumvent some limitations of presently
available antioxidants.
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The present study concerns polyhydroxylated SCs.
These compounds are structurally related to cinnamic acids
and flavones, i.e. two families of molecules which exhibit
potent antioxidant properties. To date, only two natural
SCs are known [12,13]. However, synthetic molecules of
this class of compounds exhibit antiallergic, antitumor,
and anticancer properties [12-15]. More specifically,
some polyhydroxylated SCs are potent inhibitors of
xanthine oxidase [16] and potent hepatoprotectors against
tert-butylhydroperoxide [17]. Little is known about the
biochemical mechanisms responsible for their biological
effects.

This study, is therefore, intended to explore possible
antioxidant properties of four synthetic SCs substituted
with an increasing number of hydroxyl groups on both the
chromone and styryl moieties. To this end, we have studied
their inhibitory effect on Cu”"-induced oxidation of iso-
lated human serum low-density lipoproteins (LDLs), a
well-established in vitro model of lipid peroxidation via
radical chain reaction [18]. The formation of conjugated
dienes and the consumption of carotenoids were chosen as
markers of LDL lipid peroxidation [19]. Their inhibition
by polyhydroxylated SCs was compared to that observed in
the presence of the flavone quercetin since the latter is
known to be an effective inhibitor of the LDL lipid
peroxidation [10].

This result prompted us to undertake a more detailed
mechanistic study of their antioxidant and redox properties
by means of fast kinetics spectroscopy. This subsequent
investigation was carried out in neutral Triton X100
(TX100) and cationic cetyltrimethylammonium bromide
(CTAB) pH 7 buffered micellar solutions. These two kinds
of micelles are related to two important microenviron-
ments found in the LDLs. These are the hydrophobic
apolar neutral lipid core and the heavily positively charged
apolipoprotein B containing 353 Lys and 152 Arg residues
which play a key role in the recognition of the so-called
Apo-B/E cell receptor [20]. The apolipoprotein B interacts
with the outer layer of phospholipids and cholesterol in
contact with the aqueous phase and with the lipidic core of
the LDLs. In the TX100 and CTAB micelles, the phenoxyl
radicals resulting from the one-electron oxidation of the
SCs, by the mildly oxidizing *Br,~ radical anions, were
characterized spectroscopically by pulse radiolysis. Using
the spectral data obtained, we demonstrated that polyhy-
droxylated SCs also react very effectively with the *O,~
radical anion in these aqueous micellar systems.

Amino acid residues of proteins are also important
biological targets of oxidative damage by ROS [21].
The neutral indolyl radical (*Trp) is the primary transient
species produced by oxidation of the aromatic amino acid
Trp, which is among the residues most energetically
vulnerable to radical attack. *Trp can be produced by
strongly oxidizing *OH radicals or, more selectively, by
milder oxidants such as *Br, ™, '(SCN)z’, or *Nj3. Since
*Trp absorbs in the UV-Vis, its kinetic behavior can be

readily monitored [22]. Since oxidized Trp residues in
proteins can be repaired by antioxidants such as ascorbate
[23] and flavonoids [8,9], repair of *Trp was also chosen as
a probe of the antioxidant capacity of the SCs studied.

2. Materials and methods
2.1. Chemicals and routine equipment

All routine chemicals were of analytical grade and were
used as received from the suppliers. Quercetin, D,L-trypto-
phan, CTAB, and TX100 were purchased from Sigma.
Dimethyl sulfoxide, absolute ethanol, and methanol were
supplied by Merck and were of spectroscopic grade. The
phosphate buffer (pH 7) was prepared in pure water
obtained with a reverse osmosis system from Ser-A-Pure
Co. This water exhibits a resistivity of >18 MQ cm ™' and a
total organic content of <10 ppb. Solutions were saturated
with pure N,O or O,. Absorption spectrophotometry was
carried out with an Uvikon 943 spectrophotometer whereas
fluorescence spectra were recorded with a Shimadzu
RF5000 spectrofluorometer.

The polyhydroxylated 2-styrylchromones SC2-SC4
(Scheme 1) were synthesized as described in [24]. 3'4'-
Dihydroxy-2-styrylchromone SC1 was prepared as
detailed below and as summarized in Scheme 2.

2.2. Synthesis of 3',4'-dihydroxy-2-styrylchromone (SCI)

2.2.1. 2'-(3,4-Dibenzyloxycinnamoyloxy)acetophenone
(1)

3,4-Dibenzyloxycinnamic acid (6.8 g, 18.9 mmol) and
phosphorus oxychloride (8.0 ml, 86 mmol) were added
to a solution of the 2'-hydroxyacetophenone (2.0 ml,
16.6 mmol) in dry pyridine (300 ml). The solution was
stirred at 60 °C for 4 h. Subsequently, the solution was
poured into ice and water (200 ml), and the pH adjusted to
4 with hydrochloric acid. The mixture was then extracted
with chloroform (2 x 100 ml) and the organic layer washed
with water. The solvent was evaporated and the residue was
purified by silica gel column chromatography using a (3:7)

SC1:R'=R*=H
SC3:R'=H,R*=OH

SC2:R'=0OH,R*=H
SC4:R'=R?*=OH

Scheme 1.
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A: POClg, dry pyridine
B: KOH, DMSO

C: p-Toluenesulfonic acid, DMSO
D: HBr/Acetic acid

Scheme 2.

mixture of light petroleum:dichloromethane as eluent.
This solvent was then evaporated to dryness and the residue
was crystallized from ethanol to give 2'-(3,4-dibenzylox-
ycinnamoyloxy)acetophenone (1) (4.6 g, yield: 58%). m.p.
108-109 °C (recrystallized from ethanol). 'H NMR:
0 =2.56 (s, 3H, 2-CH3), 521 (s, 2H, 3"-OCH,C¢Hs),
5.23 (s, 2H, 4”-OCH,C¢Hs), 6.46 (d, J 15.8 Hz, 1H, H-
o), 6.94 (d, J 8.4 Hz, 1H, H-5"), 7.14 (dd, J 8.4 and 2.0 Hz,
1H, H-6"), 7.18 (dd, J 7.4 and 1.5 Hz, 1H, H-3'),7.19 (d, J
2.0 Hz, 1H, H-2"),7.26-7.49 (m, 11H, H-5' and H-2,3,4,5,6
of 3"”.4"-OCH,C¢Hs), 7.56 (dt, J 7.4 and 1.6 Hz, 1H,
H-4'), 7.78 (d, J 15.8 Hz, 1H, H-B), 7.83 (dd, J 7.7 and
1.6 Hz, 1H, H-6¢'). 3C NMR: § = 29.9 (C-2), 70.9 (4"-
OCH,C¢Hs), 71.3 (3”-OCH,CgHs), 113.8 (C-2"), 114.1
(C-5"), 114.5 (C-a), 123.5 (C-6"), 123.8 (C-3'), 126.0
(C-5", 127.1, 127.3, 127.4, and 128.0 (C-2,3,4,5,6 of
3",4"-OCH,C¢Hs), 130.1 (C-6'), 131.4 (C-1"), 133.3 (C-
4), 136.6 and 136.8 (C-1" and C-1 of 3”,4”"-OCH,C¢Hs),
147.2 (C-B), 148.9 (C-2"), 149.2 (C-3"), 151.5 (C-4"),
165.4 (C=0), 197.9 (C-1). EI-MS: m/z (%) =478(7)
(M*), 344(9), 343(34), 253(5), 251(3), 181(8), 163(2),
136(3), 121(6), 105(2), 92(11), 91(100), 77(4), 65(9),
63(3), 51(3). C31Hy405 (478.5): Calc. C, 77.81; H,
5.48. Found C, 77.81; H, 5.40.

2.2.2. 1-(2-Hydroxyphenyl)-5-(3,4-dibenzyloxyphenyl)-
3-hydroxy-2,4-pentadiene-1-one (2)

Potassium hydroxide (powder, 1.0 g, 25 mmol) was
added to a solution of 2’'-(3,4-dibenzyloxycinnamoylox-
yacetophenone (1) (2.4 g, 5 mmol) in dimethyl sulfoxide
(30 ml). The solution was stirred, under nitrogen, at room
temperature for 2 h. Following that period the solution
was poured into ice and water (200 ml), and the pH
was adjusted to 4 with diluted hydrochloric acid. The
solid obtained was removed by filtration, dissolved in

dichloromethane (20 ml) and purified by silica gel column
chromatography using dichloromethane as eluent. This
solvent was evaporated to dryness and the residue was
then crystallized from ethanol giving 1-(2-hydroxyphenyl)-
5-(3,4-dibenzyloxyphenyl)-3-hydroxy-2,4-pentadiene-1-
one (2) (2.0 g, yield: 84%). m.p. 133136 °C (recrystallized
from ethanol). '"H NMR: § = 5.21 (s, 2H, 3"-OCH,C¢Hs),
5.22 (s, 2H, 4"-OCH,CgHs), 6.28 (s, 1H, H-2), 6.40 (d, J
15.7 Hz, 1H, H-4), 6.90 (ddd, J 8.5, 7.6 and 1.0 Hz, 1H,
H-5"), 6.94 (d, J 8.4 Hz, 1H, H-5"), 6.99 (dd, J 8.4 and
1.0 Hz, 1H, H-3'), 7.12 (dd, J 8.4 and 1.9 Hz, 1H, H-6"),
7.16 (d, J 1.9 Hz, 1H, H-2"), 7.30-7.49 (m, 11H, H-4' and
H-2,3,4,5,6 of 3",4"-OCH,C¢Hs), 7.55 (d, J 15.7 Hz, 1H,
H-5),7.69 (dd, J 8.5 and 1.5 Hz, 1H, H-6'), 12.27 (s, 1H, 2'-
OH), 14.72 (s, 1H, 3-OH). '3C NMR: § =70.9 (4"-
OCH,C¢Hs), 71.4 (3"-OCH,Cg¢Hs), 96.5 (C-2), 113.7
(C-2"), 114.3 (C-5"), 118.7 (C-3'), 119.0 (C-5"), 119.1
(C-1"), 120.1 (C-4), 1229 (C-6"), 127.2, 127.3, 127.5,
128.0 and 128.4 (C-2,3,4,5,6 of 3”,4”-OCH,C¢Hs), 128.4
(C-6),135.7(C-4"),136.7 and 136.9 (C-1” and C-1 of 3" ,4"-
OCH,CgHs), 139.8 (C-5), 149.0 (C-3"), 151.0 (C-4"), 162,5
(C-2),174.9 (C-3), 195.6 (C-1). EI-MS: m/z (%) = 478 (8)
(M*™"), 387(3), 369(2), 181(4), 163(3), 121(18), 92(11),
91(100), 77(2), 65(10), 63(2), 51(2). C5;Hy605 (478.5):
Calc. C, 77.81; H, 5.48. Found C, 77.94; H, 5.52.

2.2.3. 3, 4'-Dibenzyloxy-2-styrylchromone (3)
p-Toluenesulfonic acid monohydrate (0.38 g, 2.0 mmol)
was added to a solution of 1-(2-hydroxyphenyl)-5-(3,4-
dibenzyloxyphenyl)-3-hydroxy-2,4-pentadiene-1-one (2)
(1.9g, 4mmol) in dimethyl sulfoxide (30 ml). This
solution was heated, under nitrogen, at 90 °C, until the
complete consumption of the starting material. After that
period, the solution was poured into ice and water (100 ml)
and the solid obtained was removed by filtration. This solid
was dissolved in dichloromethane (50 ml) and the organic
layer washed with water (2 x 100 ml). After evaporation of
the solvent to dryness, the residue was crystallized from
ethanol giving 3',4’-dibenzyloxy-2-styrylchromone (3)
(1.6 g, yield: 85%). m.p. 161-163 °C (recrystallized from
ethanol). "H NMR: § = 5.22 (s, 2H, 4-OCH,C¢Hs), 5.23
(s, 2H, 3-OCH,C¢Hs), 6.29 (s, 1H, H-3), 6.58 (d, J
16.0 Hz, 1H, H-a), 6.96 (d, J 8.4 Hz, 1H, H-5'), 7.14
(dd, J 84 and 2.0Hz, 1H, H-6"), 7.19 (d, J 2.0 Hz,
1H, H-2"), 7.33-7.43 (m, 10H, H-2,34,5,6 of 3'4'-
OCH,C¢Hs), 7.48 (dd, J 8.3 and 7.6 Hz, 1H, H-6), 7.51
(d, J 16.0 Hz, 1H, H-B), 7.52 (d, J 8.2 Hz, 1H, H-8), 7.68
(ddd, J 8.2, 7.6 and 1.6 Hz, 1H, H-7), 8.20 (dd, J 8.3 and
1.6 Hz, 1H, H-5). '*C NMR: 6 = 71.0 (4'-OCH,C¢Hs),
71.4 (3'-OCH,C¢Hs), 110.1 (C-3), 113.4 (C-2/), 114.4 (C-
5), 117.8 (C-8), 118.3 (C-a), 122.4 (C-6'), 124.1 (C-10),
124.9 (C-6), 125.6 (C-5), 127.2,127.3,128.0 and 128.5 (C-
2,3,4,5,6 of 3,4-OCH,CgHs), 133.6 (C-7), 136.7 (C-P),
136.9 (C-1"), 136.9 (C-1 of 3’ ,4’-OCH,CsHs), 149.1 (C-3"),
150.7 (C-4"), 156.0 (C-9), 162.0 (C-2), 178.4 (C-4). EI-MS:
mlz (%) =460 (22) (M*™), 370(11), 369(23), 352(4),
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221(2), 181(3), 121(2), 92(14), 91(100), 65(11), 63(3),
51(2). C5,H,404 (460.5): Calc. C, 80.85; H, 5.25. Found
C, 80.84; H, 5.26.

2.2.4. 3'4'-Dihydroxy-2-styrylchromone (SCI)

3',4'-Dibenzyloxy-2-styrylchromone (3) (1.2 g, 2.55
mmol) was added to a solution of hydrogen bromide in
acetic acid (33%, 50 ml). The mixture was refluxed for 2 h.
The solution was then carefully poured into ice and water
and the solid obtained was removed by filtration. The solid
was dissolved in ethyl acetate (20 ml) and washed with
water several times. After evaporation of the solvent, this
residue was purified by silica gel column chromatography
using a (8:2) mixture of chloroform:acetone as eluent. The
solvent was evaporated to dryness, and the residue was
precipitated from ethanol with water giving 3’,4’-dihy-
droxy-2-styrylchromone (SC1) (286 mg, yield: 40%).
m.p. 176-177 °C."H NMR (DMSO-d¢): § = 6.42 (s, 1H,
H-3), 6.79 (d, J 8.2 Hz, 1H, H-5'), 6.88 (d, J 16.0 Hz, 1H,
H-a), 7.03 (dd, J 8.2 and 2.0 Hz, 1H, H-¢), 7.11 (d, J
2.0 Hz, 1H, H-2'), 7.46 (ddd, J 7.7, 7.3 and 0.8 Hz, 1H, H-
6), 7.55 (d, J 16.0 Hz, 1H, H-B), 7.71 (d, J 8.2 Hz, 1H, H-
8), 7.80 (ddd, J 8.2, 7.3 and 1.6 Hz, 1H, H-7), 8.00 (dd, J
7.7 and 1.6 Hz, 1H, H-5) '3C NMR (DMSO-dg): § = 109.0
(C-3),114.3 (C-2), 115.9 (C-5"), 116.7 (C-a), 118.2 (C-8),
120.9 (C-6'), 123.5 (C-10), 124.8 (C-5), 125.1 (C-6),
126.6 (C-1), 134.1 (C-7), 137.2 (C-B), 145.7 (C-3"),
148.0 (C-4"), 155.5 (C-9), 162.4 (C-2), 176.9 (C-4). EI-
MS: m/z (%) = 280 (100) (M*™), 263(29), 251(5), 234(10),
233(11), 223(8), 205(9), 187(13), 160(29), 131(7), 121(47),
114(16), 103(9), 92(13), 84(17), 77(9), 76(9), 66(20),
63(12), 51(7). C17H;,04 (280.3): Calc. C; 72.85; H,
4.32. Found C, 72.82; H 4.33.

2.3. Preparation and treatment of LDL

Serum samples were obtained from healthy volunteers.
The LDLs (d = 1.024—1.050 g ml™") were prepared by
sequential ultracentrifugation according to Havel et al. [25].
Protein content was determined by the technique of Peter-
son [26]. The LDL samples were used within 2—-3 weeks.
Just before experimentation, the LDLs were dialyzed twice
for 8 and 16 h against 1 1 of 10 mM phosphate buffer (pH
7.4) to remove EDTA. Then, the LDLs were diluted to a
final concentration of 0.15 mg ml™' (300 nM). To obtain
the desired concentration, the appropriate volume of
0.5 mM 2-styrylchromone (SC) or quercetin (Q) stock
solutions in ethanol as well as 150 pl of buffer were added
800 pl of the diluted LDLs. Blank LDL solutions without
SC or Q were also prepared. The LDL solutions loaded with
SC or Q and the blank LDL solutions were then incubated at
37 °C for 15 min. Lipid peroxidation was triggered by
adding 50 ul of CuCl, to achieve a Cu®" concentration
of 5 uM. After Cu”>" addition, conjugated diene formation
was measured periodically during continuous incubation
at 37 °C.

2.4. Conjugated diene determination

Conjugated diene formation was monitored by second
derivative absorption spectroscopy (220—300 nm) based on
an earlier methodology described in the literature [27].
With protein solutions, second derivative absorption spec-
troscopy is generally preferred to direct absorption spectro-
scopy because it is much less sensitive to scattered light.
Before recording spectra, 80 pl of the sample were diluted
10-fold with 10 mM phosphate buffer (pH 7.4). The second
derivative spectrum was subtracted from the second deri-
vative spectrum of the matching control sample without
Cu®". The increase in conjugated dienes expressed in
relative units was obtained from the amplitude of the
254 nm peak.

2.5. Consumption of carotenoids

The basal carotenoid content of LDL preparations was
spectrophotometrically determined [28]. The concentra-
tion of total carotenoids can be determined using an
average extinction coefficient of 140,000 M 'cm™' at
448 nm. This value is based on a calculation of contribu-
tions from the four main carotenes in human plasma,
B-carotene, P-carotene, P-cryptoxanthin, and lycopene
[29]. Changes in carotenoid concentration during LDL
oxidation were monitored by second derivative absorption
spectroscopy (400-550 nm) through measurement of the
second derivative spectrum amplitude between 489 and
516 nm.

2.6. Pulse radiolysis

Pulse radiolysis measurements were carried out with the
Notre Dame Radiation Laboratory 8-MeV linear accel-
erator, which provides 5 ns pulses of up to 30 Gy. In
general, the doses used in this work were approximately
2-20 Gy. The principles of the detection system have been
previously described [30,31]. A Corning O-51 optical filter,
which removes all wavelengths shorter than 350 nm, was
placed in the analyzing light beam preceding the sample
cell.

Radical concentrations calculated from transient
absorption data are referenced to *(SCN),” dosimetry.
The extinction coefficient for *(SCN),~ is taken to be
7580 + 60 M~ cm ™! at 472 nm, and the G value for *OH
in N,O-saturated solution has been measured as
6.13 £0.09 [32]. The G value or radiolytic yield is the
number of radicals generated per 100 eV of absorbed
energy. Such numbers may be recast as radical concentra-
tions per unit radiation (e.g. a G value of 6.1 corresponds to
a concentration of ~0.63 uM Gy ).

Solutions for pulse radiolysis were prepared in 10 mM
phosphate buffer solutions (pH 7) of CTAB and TX100.
The concentrations used were 10 and 3 mM, respectively,
well above the critical micellar concentration for each
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surfactant involved. This allows one to assume that most
detergent is in micellar form. All solutions also contained
0.1 M Br ™ unless otherwise stated. Triton X100 could be
used in this work since it was previously shown by one of
us that it does not react with *Br, ™ radical anions [33]. To
minimize the volumes of SC solutions required, a microcell
(optical path: 1 cm, volume: 120 pl and 2 mm i.d. Teflon™
tubing) was used for transient recording. Where necessary,
differences in radical G value, arising from the dependence
of spur scavenging on Br~ concentration, are taken into
account [34]. Additionally, production of superoxide radi-
cal by oxygen scavenging of H® is included in calculating
the G value for *O,~. Numerical integrations, applied to
the analysis of rate data, were carried out using the
Scientist software from Micromath Scientific Software.

3. Results and discussion

3.1. Inhibition of conjugated diene formation by SCs
during Cu’"-induced LDL lipid peroxidation

It is common knowledge that LDLs are natural carriers
of important antioxidants such as Vitamin E and carote-
noids. Because antioxidants compete with LDL lipids for
the propagation of the radical chain reactions, a lag time,
due to the antioxidant consumption, is observed between
the start of the oxidation by Cu®" ions and the appearance
of lipid peroxidation products. The duration of this induc-
tion period depends on the constitutive antioxidant content
of the LDLs which may vary among blood donors [35].
Fig. 1A shows the time course of the conjugated diene
formation after addition of Cu®" ions to native LDL and
after loading the LDL with 3 uM SC or Q. It may be seen
that under these concentration conditions, SC1, SC2, and Q
totally inhibit the formation of conjugated dienes for a
period of at least 3 h of incubation at 37 °C. On the other
hand, SC4 only partially retards the propagation phase, and
inclusion of SC3 exhibits only a minimal effect on the
kinetics. Thus, as reflected in Cu’"-induced LDL oxida-
tion, only SC1 and SC2 can be considered as antioxidants
competitive with Q, one of the most potent antioxidant
polyphenols [7,10,36].

To further assess the antioxidant potential of SC1 and
SC2 in comparison to that of Q, the concentration threshold
was determined at which SC1, SC2, and Q can totally
inhibit conjugated diene formation or carotenoid consump-
tion over a standard 3 h period. Fig. 1B demonstrates that
SC1 at a concentration of 0.75 uM is the most powerful
antioxidant in this model system, whereas SC2 by itself is
more potent than Q. A similar order of effectiveness was
observed for the inhibition of the carotenoid consumption
by the SC derivatives (Fig. 1C).

It should be noted that the present experimental system
defines an overall apparent antioxidant capacity. However,
these data suggest several structure—activity relationships

T
—O0—NoCu
—e—Cu
—O—Cu+Q
—— Cu+SC1
—v— Cu +SC2
003 - —<—Cu+SC3
—>—Cu +SC4

2
T

Conjugated dienes (a.u.)
3

R

0.03

0.01

Conjugated dienes (a.u.)
o
S

0.00c= =

Carotenoids (%)

© Time (min)

Fig. 1. (A) Kinetics of conjugated diene formation during LDL oxidation
induced by 5pM Cu®*". LDL solutions at 0.12 mgml~' (240 nM) in
10 mM phosphate buffer (pH 7) were incubated for 15 min at 37 °C with
3uM SC or Q before Cu®' addition. Note that time zero denotes
measurements made at about 1 min after Cu>" addition. Data are the
mean =+ S.D. of three independent experiments. (B) Same as (A) but the
concentrations of SC and Q were 0.75 M. (C) Kinetics of carotenoid
consumption during LDL oxidation induced by 5 pM Cu®*. LDL solutions
at 0.12mgml~" (240nM) in 10 mM phosphate buffer (pH 7) were
incubated for 15 min at 37 °C with 1.5 uM SC or Q before Cu>" addition.
Data are the mean & S.D. of three independent experiments.

regarding the antioxidant capacity of the SCs investigated.
The SC1 derivative with only two OH groups on the styryl
moiety is the most effective antioxidant in Cu**-induced
LDL oxidation. Addition of another hydroxyl at position 5
on the benzopyrone ring (SC2 derivative; Scheme 1) leads
to less efficient antioxidant behavior. Alternatively, when
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there is a single OH group on the benzopyrone ring at
position 7, there is a marked decrease in the antioxidant
capacity (SC3 derivative). Finally, the behavior of SC4,
with two OH substitutions on the benzopyrone ring at
positions 5 and 7, is comparable to that of SC3 in anti-
oxidant capacity. Thus, in these systems, increasing the
number of hydroxyl groups seems to decrease the antiox-
idant potential of the SC derivatives. Interestingly, SC4, a
rather inactive molecule in this system, has been found to
be the most effective xanthine oxidase inhibitor with a 50%
inhibition concentration as low as 0.5 uM [16].

This large variation observed in antioxidant effective-
ness may be due to different partitioning of the hydro-
phobic SCs into LDL as a function of the number of their
hydroxyl groups present. The interaction of the SCs with
the LDL, was therefore, investigated by absorption and
fluorescence spectroscopies. Absorption spectroscopy sug-
gests that, like Q [9], the hydrophobic SCs do bind to LDL.
Fig. 2A shows that in LDL solutions with the same [LDL]/
[SC] ratio as in Fig. 1A, the maximum for SC1 absorbance
is shifted to 379 nm—a value approaching those measured
in ethanol (380 nm) and methanol (377 nm) (Fig. 2C)—as
compared to the value of 373 nm in buffer. Similar data
were obtained with the other SCs (data not shown).

Fluorescence studies demonstrate that SC1 is the only
fluorescent SC in this study. Fig. 2B displays the fluores-
cence spectra of 2.5 uM SC1 in ethanol (fluorescence
maximum: 520 nm), in pH 7.4, 10 mM phosphate buffer
(fluorescence maximum at 527 nm) and in the presence of
100 nM LDL in buffer. Thus, in changing solvent from
ethanol to buffer, the SC1 fluorescence is strongly
quenched and the maximum is shifted to the red by
7 nm. Addition of 100 nM LDL to the buffer partially
restores the SCI1 fluorescence and causes significant
changes to the spectral shape. The fluorescence maximum
is shifted to 475 nm, and a less intense band is observed at
about 520 nm, close to the fluorescence maximum found in
ethanol. These fluorescence data, along with the absorption
spectra, suggest that SC1 does interact with the LDL
particle possibly at two different sites.

While the above data point to a possible role for specific
LDL-interaction(s) in the antioxidant effectiveness of the
SCs, it does not mean that the intrinsic antioxidant poten-
tial of these molecules are different. A study of the
molecular redox mechanisms underlying the antioxidant
activity of the SCs may also contribute to an understanding
of the above results. This investigation, presented below,
was carried out by pulse radiolysis.

3.2. One-electron oxidation of SCs by pulse radiolysis

The very low solubility of the SCs (approximately
50 uM) in pH 7 phosphate buffer requires the use of
solubilizing agents for the study of their redox reactions
by pulse radiolysis. Because antioxidants encounter multi-
ple microenvironments under in vivo conditions, micelles
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Fig. 2. (A) Absorbance spectra of solutions containing 10 uM SC1 (SC1),
800 nM LDL (LDL), or 800 nM LDL + 10 uM SC1 (LDL + SC1) in
10 mM phosphate buffer (pH 7). Spectra were recorded at 20 °C in 1 cm
light-path quartz cells. (B) Fluorescence spectra of solutions of 2.5 pM
SCl in ethanol (ethanol), in 10 mM phosphate buffer, pH 7.4 (buffer) or in
the presence of 100 nM LDL in buffer (LDL). Spectra were recorded at
20 °C in 1 cm light-path quartz cells. The excitation wavelength was
375 nm in all cases. Sensitivity has been multiplied by 10 for spectra
recorded in buffer and LDL. (C) Absorbance spectra of solutions
containing 50 uM SC1 in buffered 1% TX100 containing 10 mM
phosphate buffer (TX100, pH 7), in aqueous 10 mM CTAB (CTAB, pH
6), in buffered 10 mM CTAB containing 10 mM phosphate buffer (CTAB,
pH 7), in 1 mM aqueous NaOH (water, pH 11) or in methanol (methanol).
All spectra were recorded at 25 °C in 1 cm light-path quartz cells.

of differing charge provide good primary model systems
for determining environmental effects on radical reactions.
Hence, redox reactions of SCs were investigated in solu-
tions containing positively charged CTAB and neutral
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TX100 micelles. Furthermore, as indicated in the intro-
duction, they mimic two important microenvironments
related to the biological properties of LDLs. For interpre-
tation of radical behavior discussed below, it is first
necessary to establish the levels of micellar interaction
with SCs.

3.2.1. Influence of bulk pH and of micelle solubilization
on spectra of SCs

As suggested by the absorbance measurements carried
out in LDL solutions, see above, the optical spectra of all
these compounds are sensitive to solvent and microenvir-
onmental factors. Furthermore, the presence of hydroxyl
groups leads to pH-dependent absorbance changes. Thus,
Fig. 2C reports the absorbance spectra of 50 uM SC1, the
simplest polyhydroxylated SC under investigation (see
Scheme 1), in methanol, 1% TX100 (pH 7), 10 mM CTAB
in water (pH 6), 10 mM CTAB in pH 7 buffer, and 1 mM
aqueous NaOH. In these solvents, SC1 as well as SC2,
SC3, and SC4 (data not shown) exhibit rather high molar
absorbances (approximately about 20,000 M ' cm™ ). In
TX100 solution, the SC1 absorbance is similar to that
found in methanol which is consistent with the incorpora-
tion of SCI into the polar but uncharged interfacial micel-
lar region. The 59 nm red-shift in the absorbance
maximum of SC1 in going from pH 7 (Fig. 2A) to pH
11 (Fig. 2C) reflects the ionization of the hydroxyl groups
at the higher pH. As a result, the pH-dependence of the
complicated transient spectrum of SC1 in CTAB is con-
sistent with the incorporation of SC1 into the interfacial
micellar region where, due to surface electrostatic
charges, the pH is raised by about three pH units as
compared to the pH of the bulk solution [37]. Fig. 2C
shows that the proportion of ionized SC1 molecules
increases 5.8 times when the pH of the bulk is raised
by one unit. It can be estimated that one of the two OH
groups of SC1 has a pK, of about 9.5. However, the
comparison of the spectrum obtained in CTAB with those
obtained in methanol and in alkaline aqueous solution
demonstrates that other factors specific to the microenvir-
onment such as the polarizability and/or partial solvation
in the micellar interior may contribute to the electronic
energy of SC1 in CTAB.

3.2.2. Transient absorbance spectra of semi-oxidized SC
in micellar media

Pulse radiolysis of a N,O-saturated buffered aqueous
solution containing 0.1 M Br—, generates °*Br,~ radical
anions by the sequence of reactions

HZO - eaq77 H.7 .OHa H202a H3O+ (1)
€a” + N0 + Hy0 — *OH + N, + OH™ )
*OH+2Br  — °Br,” + OH™ 3)

The *Br, ™ radical anion is produced with a radiolytic yield
of 6.2 (ie. 0.64 uM Gyfl). In CTAB micelles, after

immediate trapping of *Br,~ by these positively charged
micelles, the SCs are readily oxidized by the *Br, ™ radical
anions

*Br,” +SC — °SC + 2Br~ 4
in competition with
*Br,” + °Br,” — products (5)

In analogy to other phenolic compounds, the hydroxyl
groups are probably the electron donating sites for the one-
electron oxidation of the SCs. Fig. 3A-D show transient
absorbance spectra in the range from 450 to 700 nm
obtained at 2 ms after pulse radiolysis of 100 uM SC in
pH 7 buffered CTAB and TX100 micellar solutions. These
transients all absorb in the 450-700 nm region and all
spectra exhibit well-defined peaks. Their spectral shapes
remain constant over the 0-200 ms time range (data not
shown). The second-order recombination reactions

*SC + *SC — product(s) (6)

occur with rate constants 2kg in the range (1.1-3.9) x
10’ M~'s" in CTAB.

The neutral and ionized forms of the SCs at equilibrium
in the CTAB micelles should react differently with *Br, ™
radical anions since phenolates are generally more oxidiz-
able than neutral phenols [38]. As a result, it may be
expected that in CTAB both the neutral and ionized species
contribute to the overall transient spectra. The rate con-
stants for the formation of the °SC radicals (k;) were
measured by following the growth kinetics of these radicals
at the corresponding absorption maxima. These rate con-
stants are all approximately (6.5—10.6) x 103 M ' s™",

As can be seen in Fig. 3A-D, the transient spectra,
recorded in neutral TX100 micelles after the one-electron
oxidation of 100 uM SC by °Br,~, are characterized by
much weaker transient absorbances than those of the
corresponding spectra in CTAB. Additionally, the values
of k4 are smaller (ks = 1.7 x 10’ M~ ' s™! for SC1). As
indicated in Fig. 2C, the neutral SC species is the one
predominantly found in TX100 micelles. This may be
reflected both in lower reactivity toward *Br,~ and in
weaker absorbance. Under these conditions, *Br, ™ mainly
disappears via reaction (5).

3.2.3. One-electron oxidation of SCs by the
*0,~ radical anion

In biological systems, the presence of O, with the
attendant formation of °*O,~, via reactions such as (7)
and (8) below, adds complexity to the radical kinetics.
Antioxidants such as flavonoids are known to react slowly
with *O,~ in homogeneous aqueous solutions [39]. Given
that SC1 and SC2 are more effective than Q in the
protection of LDL against Cu®"-induced oxidation and
given that *O,~ might be involved as an intermediate
[39,40], the presence of *O, ™ must be taken into account.
Here *O,~ reactivity with the SCs in CTAB and TX100
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Fig. 3. Transient absorption spectra obtained 2 ms after the radiolytic pulse in N,O-saturated, 10 mM phosphate buffer (pH 7) containing 0.1 M KBr and
either 10 mM CTAB (QO) or 3 mM TX100 () in the presence of 100 uM SC. (A) SC1, (B) SC2, (C) SC3, and (D) SC4. Note the bleaching below 450 nm

due to SC depletion. Dose was 8 Gy.

micelles was measured by pulse radiolysis of O,-saturated
micellar solutions containing 10 mM phosphate buffer
(pH 7), 500 pM SC and 0.1 M HCOO™. Under these
conditions, all radicals produced by water radiolysis are
converted into *O,~ radical anions with G (*O,7) = 6.3
(0.65 pM Gy ') by the reactions

€ag” + 0y — "0y )
H*+0, - *0,” +H' 3
*OH + HCOO™ — *CO,™ + H,0 )
*CO,” + 0, — *0,” 4 CO, (10)

In CTAB micelles all the SCs are readily oxidized by
*O;, . On the other hand, in the TX100 micelles, only SC1
showed measurable reactivity with *O,~. This result was

Table 1

not unexpected in TX100 micelles in view of the found
limited reactivity of the SCs with *Br, ™, a stronger oxidant
than *O,~. The transient spectra obtained following the
oxidation of SC1, SC2, SC3, and SC4 by °O,™ in CTAB
are shown on Fig. 4A. The spectral shapes and positions of
absorbance maxima of these transients are similar to those
shown in Fig. 3A-D. However, differences in the ratio of
absorbances at wavelengths of maximum absorbance in the
blue and red regions are sometimes observed in the spectra
taken in CTAB compared to those in TX100. This behavior
may reflect differences in the relative reactivity of *Br,~
and *O,~ with the SC species whose ionic equilibrium is
governed by the micellar microenvironment. Assuming
full *O,~ scavenging by the SCs, an estimate of the molar
absorbances of the °SC radicals has been determined
(Table 1).

Molar absorbance (¢) of *SC radicals obtained by one-electron oxidation of SC by *O,~ and reaction rate constants (k1) for the reaction of SC with *O,~

Compounds Conditions Wavelength (nm) eM 'em™) ki (x10°M~'s7h
SCl1 CTAB, *0,~ 600 6100 14

SC2 CTAB, *0,~ 630 7400 1.1

SC3 CTAB, *0,~ 550 4500 0.6

SC4 CTAB, *0,~ 560 6400 1.8

SCl1 TX100, *O,~ 460 ND (see text) 0.11

ND: not determined. Temperature was 25 °C. ¢ and k; values were determined in 10 mM phosphate buffer (pH 7). SC concentration was 250 pM. Dose was

about 6 Gy.
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Fig. 4. (A) Transient absorption spectra obtained 2 ms after the radiolytic
pulse of O,-saturated, 10 mM phosphate buffer (pH 7) containing 0.1 M
HCOO™ and 10 mM CTAB in the presence of (O) 125 uM SCI, (A)
500 uM SC2, ([7) 250 uM SC3, or (7) 70 uM SC4. Dose was 10 Gy. Note
the bleaching of SC below 450 nm. (B) Growth of *SC1 radicals in O,-
saturated 10 mM phosphate buffered micellar solutions (pH 7) containing
0.1 M sodium formate and 250 uM SCI1 in the presence of either 10 mM
CTAB (O) or 3mM TX100 ([J). Transient growth was recorded at
460 nm. Solid line: fit of the growths assuming pseudo-first-order reaction
for SC1 reacting with *O,~ (see text). Dose was about 10 Gy. For TX100,
absorbances were multiplied by 10 and the time scale by 0.1.

The reaction rate constants, k;, for the oxidation of SC
by *O,~ depicted by the reaction

*0,” +SC — *SC (11)

were calculated from the pseudo-first-order growth
kinetics of *SC radicals in CTAB and TX100 micelles
(Fig. 4B) and are included in Table 1. The k;; values found
here in CTAB micelles are comparable to the value mea-
sured for *Q formation under similar experimental condi-
tions [8]. The rate constant for the reaction of SC1 and
*0, " is 13 times higher in CTAB than in TX100 micelles
(Fig. 4B, Table 1). As with other species bearing negative
charge such as *Br,~, the *O,~ radical is most likely
localized in the positively charged headgroup region of
CTAB, thereby increasing the local concentration of reac-
tants. No effect of this nature is expected or observed with
TX100. Furthermore, as discussed above, it is likely that
the ionized hydroxyl groups of the SCs in the CTAB
micellar solution are much more oxidizable than the
un-ionized SCs found in TX100.

3.2.4. Repair of the *Trp radical by SC

Pulse radiolysis of 5 mM Trp in N,O-saturated micellar
solutions of CTAB at pH 7, generates the neutral *Trp
radical by the one-electron oxidation reaction

*Br,” + Trp — *Trp + H" + 2Br~ (12)

In the CTAB micellar solution, the stoichiometric reaction
of the *Br,~ radical with a large excess of Trp occurs
within a few milliseconds with a rate constant kj, =
8.6 x 103 M ' s™'. This reaction generates the character-
istic neutral *Trp radical transient absorption with a max-
imum at 520 nm (epex = 1750 M~' ecm™") and negligible
absorption beyond 580 nm [22]. The *Trp radical is pro-
duced with a G value of 6.2, corresponding to full scaven-
ging of the *Br, ™~ radicals by Trp [8]. As shown in Fig. 5A,
the *Trp transient subsequently undergoes bimolecular
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Fig. 5. (A) Decay of the *Trp radical at 520 nm in absence of SC after
pulse radiolysis of 5 mM Trp in N,O-saturated, 10 mM phosphate buffer
(pH 7) containing 0.1 M KBr and 10 mM CTAB at 25 °C. Dose was about
12 Gy. Solid line: fit of the *Trp decay to a bimolecular second-order
kinetics. (B) Growth of the °SC1 radical at 600 nm with the same
constituents as in (A) but in the presence of 125 pM SC1. Solid line: fit of
the growth assuming a pseudo-first-order reaction between *Trp and SC1
competing with the *Trp recombination (see text for details). Insert: plot of
the pseudo-first-order rate constant (k,p,p) measured from growths recorded
at 600 nm as a function of [SC1]. Dose was about 6 Gy.
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decay (2k;3 = 6.0 x 103 M~ 's7h [9] according to the
reaction

2°Trp — products (13)

Upon addition of 250 pM SC1 to a CTAB micellar solution
containing 5 mM Trp, strong transient absorbance changes
are observed on a time scale of several hundred micro-
seconds yielding the transient spectrum attributed to the
*SCI1 radical shown in Fig. 3A. Fig. 5B illustrates the slow
transient growth at 600 nm, the wavelength maximum of
the *SC1 radical in the red region. Similar long term radical
formation is observed with all SCs (data not shown). The
formation of the *SC1 radical over such a long time scale
cannot be due to the direct reaction of *Br,~ with SCl1
(reaction 4) since all *Br, ™ radical anions react with Trp
within a few microseconds. This behavior may, however,
be explained by the electron transfer reaction

*Trp + SC — °*SC + Trp (14)

occurring with the rate constants k4 or kgt. The electron
transfer yield from SC, measured 500 us after the pulse,
may be seen to approach the G value for the *Trp radical
production. Tryptophan itself is soluble (~10 mM) in the
buffer, and therefore, predominantly in the aqueous phase
of micellar solutions. The inset in Fig. 5B, showing the
growth rate of the 600 nm transient as a function of the
SC1 concentration, demonstrates the pseudo-first-order
nature of the *SC1 growth which is in agreement with
the large excess of SC1 compared to the *Trp concentra-
tion. The excellent fit of the transient growth at 600 nm
(Fig. 5B) has been obtained assuming that the reaction of
SC with the *Trp radical competes with the bimolecular
*Trp reaction (reaction 13) illustrated in Fig. 5SA. The
associated kinetics of *Trp and *SC can be represented by
the equations

_ d[jtrp] — 2Ueps[*Trp]? + ki [SC][*Tip)
drsc] .
5 terlsC) T

where 2k;3 = 6.0 x 108 M~ !s™! and [SC] was varied
between 62 and 250 pM.

Table 2
Rate constant (kgt) for the electron transfer from SC to *Trp radicals in
N,O-saturated pH 7 buffered micellar solutions

Compounds Conditions ke (x107 M~ 1s™h
SCl1 CTAB 5.2
SC2 CTAB 4.5
SC3 CTAB 3.2
SC4 CTAB 3.6
SCl1 TX100 2.2

Temperature was 25 °C. Pseudo-first-order decays (see text and insert of
Fig. 5B) were determined for successive dilutions of a micellar solution
containing 250 pM SC and 5 mM Trp with a 5 mM Trp stock micellar
solution.

Values of kgr greater than 1 x 107 M~ 's7! for all the
SCs are obtained in a similarly straightforward manner and
are compiled in Table 2. It can be seen that these values are
rather similar to those previously obtained with Q in CTAB
micellar solutions [8]. The repair reaction is also observed
with SC1 and *Trp in TX100 micelles confirming that the
SCs under study are antioxidants at least potentially as
good as Q, the reference flavonoid antioxidant.

4. Conclusion

Both the SC1 derivative, with two OH groups on the
styryl moiety, and SC2, which has an additional hydroxyl
group at position 5 on the benzopyrone ring, compare
favorably to quercetin in the protection of LDL lipids from
peroxidation in Cu”"-induced oxidation. The study of the
electron donating properties of the four SCs by pulse
radiolysis in micellar solutions demonstrates that they
are equally capable of reacting with *O,~ and of repairing
*Trp radicals in CTAB micelles. In such micelles, bearing
positively charged head groups, the effectiveness of elec-
tron transfer reactions strongly depends on microenviron-
mental factors such as local pH and -electrostatic
interactions which modify both the redox parameters
and the accessibility (local concentration) of radicals to
these hydrophobic SCs. Such factors are also commonly
encountered in the control of structure and function in
proteins. The superiority of SC1 over the other three SCs is
made clear when electron transfer reactions are carried out
in neutral TX100 micelles in which SC1 is the sole SC
derivative exhibiting measurable reactivity. This observa-
tion may be related to the better protection afforded
specifically by this antioxidant in the oxidation of LDL
by Cu®" ions at pH 7. In this regard, the repair of *Trp by
SCs suggests that it would be interesting to study the
protection brought by SCs against the oxidation of key
residues of LDL apolipoprotein B. As a matter of fact, the
binding of LDL to their cell receptors requires the integrity
of apolipoprotein B. However, other factors must also be
taken into account when considering the antioxidant capa-
city of SCs. Among them, chelation of transition metal ions
by SCs should not be ignored since it is believed that the
chelating properties of related antioxidants such as flavo-
noids contribute to their antioxidant activity. Thus, Brown
et al. demonstrated that the phenolics that had the greatest
propensity for Cu*" ion chelation were the most effective
in inhibiting LDL oxidation in the model of copper-
mediated LDL oxidation. Their study also showed a sig-
nificant correlation between partition of phenolics and the
inhibition of propagation rate due to redox reactions
generated by the hydrophilic Cu®" [41]. Similar factors
could play a role in the antioxidant activity of the SCs.
Finally, it may also be deduced from this study that the
antioxidant potential of the 2-styrylchromones is not
necessarily correlated to the number of OH substitutions.
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