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The flavonol quercetin is believed to provide protection against ultraviolet (UV)-induced damage to
plants. As part of our investigations into the potential for quercetin to protect skin against UV-
induced damage, we have measured the ability of quercetin to inhibit UV-induced lipid peroxidation
in vitro in liposomes. Quercetin, which absorbs UV radiation at 255 and 365 nm, was determined to
be a stronger inhibitor of lipid oxidation induced by UVB (3.7 radicals scavenged per molecule) than
by lipid oxidation induced by UVA (1.9 radicals scavenged per molecule). The values for inhibition of
UVB-induced lipid oxidation by quercetin are comparable to those when 2,2’-azobis(2-amidinopro-
pane) was used as an oxidizing system (four radicals scavenged per molecule). The protective
effect of quercetin appears to be mainly the result of scavenging of UV-generated radical species,
although this may be decreased slightly in the UVA as a result of its absorption at 365 nm.
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INTRODUCTION

Ultraviolet (UV) radiation is known to have deleterious effects
on cells, including damage to DNA, either directly (/) or via
reactive oxygen species (2, 3). In addition, UV radiation can affect
cellular signaling (4), resulting in effects such as photoaging,
immunosuppression (5), and damage to lipid membranes via
reactive oxygen species-mediated processes (6).

Reactive oxygen species can be formed through absorption of
UVA or UVB radiation by chromophores in the skin. These
chromophores include NADH/NADPH, tryptophan, ribo-
flavin (7), advanced glycation end products on cellular and
extracellular proteins (8), unmodified extracellular matrix
proteins (9), bilirubin, and various quinones (/0). Absorption
of UV radiation by the skin leads to excited state chromophores,
which can transfer their excitation energy through an intermedi-
ate in a type I photoreaction or directly to molecular triplet
oxygen in a type I photoreaction (/1), resulting in the formation
of reactive oxygen species such as superoxide ion (O," ") or singlet
oxygen ('05) (7).

Plant biosynthesis of the flavonol quercetin (Figure 1) and its
glycosides appears to be photoprotective (/2), as UV radiation
causes increased quercetin biosynthesis in a number of plant
species including Vicia faba (fava beans) (12) and Brassica napus
(canola) (13). Quercetin could also serve as a skin photoprotec-
tant in animal systems, as topically applied quercetin inhibited a
UV radiation-induced increase in myeloperoxidase activity and
reduction of glutathione levels in a HRS/J mouse model (/4).

The precise mechanism of quercetin’s protective effect, however,
remains unclear. One possible mechanism for quercetin’s photo-
protective properties is the scavenging of reactive oxygen species,
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preventing oxidative damage to DNA and lipid peroxidation.
Quercetin has been found to reduce cell death due to oxidative
stress caused by buthionine sulfoximine in a concentration-depen-
dent manner (/5) and to scavenge free radicals produced by
H,0, (16), 2,2'-azino-bis (3-ethylbenzthiazoline-6-sulfonic acid)
(ABTS™") (17), and 22-azobis (2.4-dimethylvaleronitrile)
(AMVN) (18). Another possible photoprotective mechanism
would be direct absorption of UV radiation [A,,,x (CH;0H) =
365 nm (UVA) and A, (CH;OH) = 255 nm (UVCQ)], thus
preventing UV radiation-induced formation of reactive oxygen
species and direct DNA damage. The energy from this absorption
could be dissipated as heat, light (/9), or through decomposition of
quercetin (20).

At present, it is unclear if the photoprotective effect of
quercetin in plants is due to radical scavenging, UV radiation
absorption, or a combination of these mechanisms (13, 21—23).
The purpose of this study is to determine the contribution from
antioxidant properties and UV absorption of quercetin to UV
radiation-induced lipid oxidation. To accomplish this goal, the
relative ability of quercetin to prevent lipid oxidation in a model
in vitro liposome system initiated by UVA, UVB, or AAPH-
induced lipid oxidation was determined, and the photostability of
quercetin to UVA and UVB radiation over the time of the lipid
oxidation experiments was determined.

MATERIALS AND METHODS

Materials. Quercetin, butylated hydroxytoluene (BHT), and Tris-HCl
were purchased from Sigma (St. Louis, MO), 2,2'-azobis(2-amidinopro-
pane) (AAPH) was from Monomer-Polymer & Dajac Laboratories, Inc.
(Feasterville, PA), and 1,2-dilinoleoyl-sn-glycero-3-phosphocholine
(DLPC) was purchased from Avanti Polar Lipids, Inc. (Alabaster, AL).
All solvents were high-performance liquid chromatography (HPLC)
grade. Water was purified using a Millipore Super Q water system with
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Figure 1. Structure of quercetin.

one carbon cartridge followed by two ion exchange cartridges (Bedford,
MA). UV spectra were recorded using quartz cuvettes (VWR Canada)
on an Agilent 8453 UV/vis photodiode array spectrophotometer with
ChemStation software (Agilent Technologies Canada Inc., Mississauga,
Canada).

Liposome Preparation. To prepare liposomes for determination of
the antioxidant capacity of BHT in DLPC liposomes, 500 uL of DLPC in
chloroform (1 mg/mL) and 15 uL of 500 #uM BHT in acetonitrile were
placed ina 5 mL culture tube and evaporated to dryness under a stream of
N,. The resulting residue was redissolved in 600 uL of 10 mM Tris-HCI
buffer (pH 7.0) preheated to 50 °C and vortex mixed for 1 min. The
liposome—BHT mixture was passed through a Hamilton extruder 17 times
and transferred to a 2.5 mL screw top vial to which was added 800 uL of 10
mM Tris-HCI buffer (pH 7.0) preheated to 50 °C. The final concentration
of DLPC was 6.4 uM.

AAPH-Induced Lipid Peroxidation. Oxidation was initiated with
200 uL of 0.75 M AAPH in water, and the tube was covered and placed ina
heating block at 50 °C. The final concentrations of BHT and AAPH were
5.0 uM and 100 mM, respectively. Thirty microliter aliquots of sample
were withdrawn and placed in 970 uL of cold methanol and placed on ice
for later analysis every 30 s from ¢ = 0 min to 1 = 10 min and then every
60sfrom¢ = 10minto ¢ = 25 min. The absorbance of samples was read at
240 nm, and absorbance readings were plotted against time. A wavelength
of 240 nm was used instead of the typical 232 nm as conjugated dienes
showed optimal absorbance at this wavelength in our system (24). The lag
time in the onset of oxidation of DLPC (and exhaustion of antioxidant
capacity) was determined from the inflection point of the resultant graph.
Determination of the lag time of quercetin-inhibited DLPC liposome
oxidation by AAPH was performed in the same manner as for BHT except
using 30 uL of 250 uM quercetin in methanol for a final concentration of
5.0 uM quercetin and 100 mM AAPH. Results presented are the summary
of six replicates.

UV Radiation-Induced Lipid Peroxidation. Antioxidant stoichi-
ometry of quercetin against UVB and UVA oxidation was determined as
above for AAPH-induced oxidation of DLPC liposomes with the mod-
ification that AAPH was not added to the reaction mixture and oxidation
was initiated by exposure to two FS20T12/UVB lamps (National Biolo-
gical Corp., Beachwood, OH) filtered to remove UVC with an intensity of
1303 W cm 2 at 310 nm as measured with a UVP UVX-31 sensor or two
F20T12/BL/HO UVA lamps (National Biological Corp.) filtered to
remove UVC with an intensity of 740 W cm 2 at 365 nm as measured
with a UVP UVX-36 sensor. Results presented are the summary of six
replicates.

Calculation of Stoichiometric Ratio. The antioxidant stoichiometry
of quercetin was calculated using eq 1 (24).

n = Rit/[ArOH] (1)

where #n is the stoichiometric ratio, R; (uM minfl) is the rate of chain
initiation, [ArOH] (uM) is the concentration of antioxidant, and 7 (min) is
the lag time in the onset of oxidation with antioxidant present. Using a
value of n = 2 (24) for BHT, R; was calculated for the system using the
BHT lag time, and an n value for quercetin was calculated using the
quercetin lag time.

HPLC. HPLC analysis was carried out at room temperature on a
Waters 2695 Alliance system using a Waters 2996 photodiode
array detector set at 365 nm. Aliquots of 50 uL were injected onto a
250 mm x 4.6 mm Allsphere ODS-2 column, 5 um particle size (Alltech,
Calgary, AB). Data were processed using Empower software (Waters,
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Figure 2. UVA (740 uW cm 2, 365 nm)-induced oxidation of DLPC
liposomes (6.4 uM) in 10 mM Tris-HCI buffer (pH 7.0) measured by
formation of conjugated dienes absorbing at 240 nm. (A) Five micromolar
BHT. (B) Five micromolar quercetin.

Milford, MA). Elution was carried out in gradient mode using two
components: 4 = 0.1% formic acid in water and B = 0.1% formic acid
in methanol. The gradient was as follows: 0—10 min, linear gradient from
90 to 40% A; 10—25 min, isocratic 40% A; 25—28 min, linear gradient
from 40 to 90% A; and 28—30 min, isocratic 90% A. The flow rate was
1.2 mL/min. Irradiated quercetin samples (n = 3) were volume corrected,
and HPLC peak height and area were compared to unirradiated quercetin
to determine loss.

Statistics. Significant differences in stoichiometric ratios were assessed
with one-way analysis of variance with Tukey’s test for pairwise multiple
comparisons using Prism 4 (GraphPad software, San Diego, CA). The
level of significance was set at P < 0.05.

RESULTS

Stoichiometry—Quercetin AAPH Standardized vs BHT.
The stoichiometric ratio for quercetin (5.0 M) against AAPH-
induced oxidation of DLPC liposomes was determined to be
426 + 0.31 (standardized to 5.0 uM BHT, n = 2, and R; =
3.07 uM min ).

Stoichiometry—Quercetin UVA and UVB. The ability of
quercetin to inhibit UV radiation-induced oxidation of DLPC
liposomes was determined by exposing liposomes to either UVA
(365 nm) or UVB (310 nm) radiation. The reaction stoichio-
metry was standardized to 5.0 uM BHT (n = 2) resulting in an R;
(UVA) = 0.24 uM min~" and an R; (UVB) = 1.33 uM min ™.
Figure 2 shows a representative example of the lag times (min),
which are indicative of BHT- (Figure 2A) and quercetin-
(Figure 2B) mediated inhibition of UVA-induced oxidation of
DLPC liposomes. Figure 3 shows a representative example of the
lag times (min) for BHT- (Figure 3A) and quercetin- (Figure 3B)
mediated inhibition UVB-induced oxidation of DLPC liposomes.
The stoichiometric ratios for inhibition of UV-induced DLPC
oxidation with quercetin as determined using the lag times and
eq 1 were 1.93 +0.21 (UVA) and 3.73 £ 0.35 (UVB), where the
values were significantly different (P < 0.05).

Stability of Quercetin to UVA and UVB Radiation. Quercetin
was irradiated with UVA or UVB radiation in 10 mM Tris-HCI
buffer (pH 7.0) for 60 min (at least two lag times) in the absence of
DLPC liposomes, and HPLC-UV analysis (Figure 4) of the
reaction mixture showed that quercetin was stable to our UV
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conditions over the length of the experiment with less than 1%
loss of quercetin.

DISCUSSION

Recently, quercetin has come under study for its possible
protective effects against UV radiation-induced skin damage (14).
There are several mechanisms through which quercetin may
provide protection against UV radiation, including absorbance
of UV radiation (/4), antioxidant activity (/5), and interaction
with signal transduction pathways (4 ). This study investigated the
ability of quercetin in an in vitro system to inhibit lipid oxidation
induced by UVA and UVB radiation. The antioxidant stoichi-
ometry for quercetin was also determined using a thermal radical
initiator (AAPH) for comparison. BHT (n = 2) was used to
standardize the radical scavenging reaction for all systems,
allowing for determination of the antioxidant stoichiometry of
quercetin (24). BHT was stable to UVA/UVB radiation for the
duration of the lipid oxidation experiments, and the calculated R;
values were consistent with control UVA/UVB radiation-
mediated lipid oxidation (data not shown). UVA radiation
produced a less rapid rate of lipid oxidation than did UVB
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Figure 3. UVB (1303 #W cm™2, 310 nm)-induced oxidation of DLPC
liposomes (6.4 uM) in 10 mM Tris-HCI buffer (pH 7.0) measured by
formation of conjugated dienes absorbing at 240 nm. (A) Five micromolar
BHT. (B) Five micromolar quercetin.
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radiation; however, both UVA and UVB lipid oxidation systems
were standardized to BHT, so the stoichiometric ratio for inhibi-
tion of lipid oxidation by quercetin is relative to BHT for both
systems.

A number of different systems have been used to quantify the
antioxidant status of quercetin resulting in a range of antioxidant
capacities reported. These include values of 4.7 (25) and
2.5 (26) mM Trolox for the Trolox equivalent antioxidant
capacity (TEAC) (ABTS™* as a radical source), 3.7 Fe*" ions
reduced per molecule for the ferric reducing antioxidant power
assay (FRAP) (26), 3.5 radicals trapped per molecule for
the AMVN-catalyzed oxidation of methyl linoleate (/8), and
4.53—6.56 radicals trapped per molecule for 2.2-diphenyl-1-
picrylhydrazyl (DPPH) radical scavenging (27). Our stoichio-
metric ratio of 4.25 £+ 0.27 radicals trapped per molecule
for AAPH-mediated lipid oxidation appears consistent with
the TEAC, FRAP, and AMVN studies (slightly higher than
the FRAP and AMVN results) but is less than the DPPH
study, although DPPH frequently overestimates antioxidant
potency (28).

Numerous studies on the oxidation chemistry of quercetin
have been carried out. Rice-Evans suggested that the antioxidant
properties of quercetin were the result of a number of factors,
although no attempt was made to explain the antioxidant
mechanism of quercetin (25). This may not be unreasonable
given the wide range of antioxidant values observed and that
more than 20 quercetin-derived oxidation products have been
identified in a wide variety of systems. Of these oxidation
products, quercetin depside is the most frequently reported (29,
30), the formation of which is the subject of much debate (3/—34).
Given these factors, a mechanistic discussion is beyond the scope
of this study.

Quercetin inhibited UVB radiation-induced lipid oxidation at
the same level (3.73 £ 0.35) (P > 0.05) as observed in the AAPH
system but was only half as strong an inhibitor of UVA radiation-
induced lipid oxidation (1.93 = 0.21) (P < 0.05). Previous studies
by Chen (23) on the ability of quercetin to inhibit UVB (300 nm)
radiation-induced lipid oxidation showed that for a 30 min
incubation, 50 uM quercetin completely prevented the formation
of thiobarbituric acid-reactive substances (TBARS), while other
phenolics allowed some measurable level of TBARS. This result
agrees with our observations that quercetin is a potent inhibitor of
UVB-mediated lipid oxidation but gives no clear indication of the
absolute scavenging ability of quercetin. In addition, Chen’s
study was limited to the UVB range, whereas we have observed
a difference between the antioxidant capacity of quercetin in
UVA and UVB systems.
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Figure 4. HPLC-UV (300 nm) chromatogram of quercetin (5 xM, 14.1 min) in 10 mM Tris-HCI buffer (pH 7.0) after 60 min of exposure to UVA radiation

(740 W cm ™2, 365 nm).
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One possible explanation for the decreased antioxidant capa-
city in the UVA experiments is photodecomposition, since
quercetin absorbs strongly in the UVA range (365 nm). Quercetin
has been reported to be unstable to UV radiation, although over a
longer time period (15 h) than in our experiments (20 ). We found
no evidence for photodecomposition of quercetin over 60 min
(Figure 4), which is greater than the length of either the UVA or
the UVB lipid oxidation experiments.

A fluorescence study on UVA and UVB irradiation of low
micromolar concentrations of quercetin-7-glucoside in aqueous
solution by Smith (35) suggested that UV radiation energy was
dissipated through the phototautomerization of an excited keto
form to an excited state enol, which reverted to the enol ground
state, finally tautomerizing to the keto form. At 30 uM quercetin-
7-glucoside, a mixture of ground state keto—enol tautomers
resulted, both of which produce fluorescence emissions through
excited state species. Absorption of UVA radiation by quercetin
at the excitation wavelength (365 nm) may lead to greater levels of
the excited state species reported by Smith (35). These excited
state species may possess decreased antioxidant properties and
result in an overall decrease in the antioxidant stoichiometry of
quercetin as was observed in our study. It is noteworthy, however,
that a study of UVA radiation-induced oxidation in the skin of
Sprague—Dawley rats found that quercetin protected against
malondialdehyde formation and loss of glutathione peroxidase
and glutathione reductase activity, suggesting that quercetin
retains antioxidant properties in vivo that are observed in our
in vitro studies (36).

In conclusion, we have demonstrated that quercetin can
effectively inhibit UV radiation-induced lipid oxidation in vitro,
quercetin is twice as effective at inhibiting lipid oxidation initiated
by UVB vs UVA radiation, and quercetin is stable to UV
radiation over the length of our experiments.

ABBREVIATIONS USED

AAPH, 2,2'-azobis(2-amidinopropane); ABTS™*, 2,2'-azino-
bis (3-ethylbenzthiazoline-6-sulfonic acid); AMVN, 2,2'-azobis
(2,4-dimethylvaleronitrile); BHT, butylated hydroxytoluene;
DLPC, 1,2-dilinoleoyl-sn-glycero-3-phosphocholine; DPPH,
2.2-diphenyl-1-picrylhydrazyl; FRAP, ferric reducing antioxi-
dant power; TBARS, thiobarbituric acid-reactive substances;
TEAC, Trolox equivalent antioxidant capacity.

LITERATURE CITED
(1) Einspahr, J. G.; Stratton, S. P.; Bowden, G. T.; Alberts, D. S.

Chemoprevention of human skin cancer. || N | NN
2002, 41, 269-285.

(2) Longstreth, J.; de Gruijl, F. R.; Kripke, M. L.; Abseck, S.; Arnold,
F.; Slaper, H. 1.; Velders, G.; Takizawa, Y.; van der Leun, J. C.
Health risks. 1998, 46, 20-39.

(3) de Gruijl, F. R. Photocarcinogenesis: UVA vs. UVB radiation. Skin
I 2102 . ¢ )

(4) Bachelor, M. A.; Bowden, G. T. UVA-mediated activation of
signaling pathways involved in skin tumor promotion and progres-
sion. NG 2004, /4, 131-138.

(5) Schade, N.; Esser, C.; Krutmann, J. Ultraviolet B radiation-induced
immunosuppression: molecular mechanisms and cellular alterations.
. 2005, /. 699-708.

(6) Krutmann, J. Ultraviolet A radiation-induced biological effects in
human skin: relevance for photoaging and photodermatosis. J.
skt 2000, 23 (Suppl. 1), S22-S26.

(7) Rittie, L.; Fisher, G. J. UV-light-induced signal cascades and skin
aging. pimeiasiey. 2002, /, 705-720.

(8) Wondrak, G. T.; Roberts, M. J.; Jacobson, M. K.; Jacobson, E. L.
Photosensitized growth inhibition of cultured human skin cells:

Fahlman and Krol

Mechanism and suppression of oxidative stress from solar irradia-
tion of glycated proteins. . 2002, /9, 489-498.

(9) Wondrak, G. T.; Roberts, M. J.; Cervantes-Laurean, D.; Jacobson,
M. K.; Jacobson, E. L. Proteins of the extracellular matrix are
sensitizers of photo-oxidative stress in human skin cells. Lol
Reluatal 2003, 121, 578-586.

(10) Scharffetter-Kochanek, K.; Wlaschek, M.; Brenneisen, P.; Schauen,
M.; Blaudschun, R.; Wenk, J. UV-induced reactive oxygen species in
photocarcinogenesis and photoaging. Rigekai- 1997, 378, 1247
1257.

(11) Foote, C. S. Definition of type I and type II photosensitized
oxidation. | . 1991. 54, 659.

(12) Rozema, J.; Bjorn, L. O.; Bornman, J. F.; Gaberscik, A.; Hader, D.
P.; Trost, T.; Germ, M.; Klisch, M.; Groniger, A.; Sinha, R. P.;
Lebert, M.; He, Y. Y.; Buffoni-Hall, R.; de Bakker, N. V.; van de, S.
J.; Meijkamp, B. B. The role of UV-B radiation in aquatic and
terrestrial ecosystems—An experimental and functional analysis of
the evolution of UV-absorbing compounds. |
biol B 2002, 66, 2-12.

(13) Wilson, K. E.; Wilson, M. I.; Greenberg, B. M. Identification of the
flavonoid glycosides that accumulate in Brassica napus L. cv. Topas
specifically in response to ultraviolet B radiation. Slbciecle
Lhatahial 1998, 67, 547-553.

(14) Casagrande, R.; Georgetti, S. R.; Verri, W. A.Jr.; Dorta, D. J.; dos
Santos, A. C.; Fonseca, M. J. Protective effect of topical formula-
tions containing quercetin against UVB-induced oxidative stress in
hairless mice. 2006, 84, 21-27.

(15) Skaper, S. D.; Fabris, M.; Ferrari, V.; Dalle, C. M.; Leon, A.
Quercetin protects cutaneous tissue-associated cell types including
sensory neurons from oxidative stress induced by glutathione deple-
tion: Cooperative effects of ascorbic acid. | NENEEEEEG
1997, 22, 669-678.

(16) Galati, G.; Moridani, M. Y.; Chan, T. S.; O’Brien, P. J. Peroxidative
metabolism of apigenin and naringenin versus luteolin and querce-
tin: glutathione oxidation and conjugation. | RN
2001, 30, 370-382.

(17) Pannala, A. S.; Chan, T. S.; O’Brien, P. J.; Rice-Evans, C. A.
Flavonoid B-ring chemistry and antioxidant activity: Fast reaction
kinetics. * 2001, 282, 1161-1168.

(18) Ioku, K.; Tsushida, T.; Takei, Y.; Nakatani, N.; Terao, J. Antiox-
idative activity of quercetin and quercetin monoglucosides in solu-
tion and phospholipid bilayers. || N  EENNNNE 1995. /234,
99-104.

(19) Falkovskaia, E.; Sengupta, P. K.; Kasha, M. Photophysical induc-
tion of dual fluorescence of quercetin and related hydroxyflavones
upon intermolecular H-bonding to solvent matrix. i
1998, 297, 109-114.

(20) Smith, G. J.; Thomsen, S. J.; Markham, K. R.; Andary, C.; Cardon,
D. The photostabilities of naturally occurring 5-hydroxyflavones,
flavonols, their glycosides and their aluminium complexes. Lphlaids
I 2000, /36, 87-91.

(21) Erden, 1. M.; Kahraman, A.; Koken, T. Beneficial effects of
quercetin on oxidative stress induced by ultraviolet A. (liimkad,
Reauaral 2001, 26, 536-539.

(22) Sorata, Y.; Takahama, U.; Kimura, M. Cooperation of quercetin
with ascorbate in the protection of photosensitized lysis of human
erythrocytes in the presence of hematoporphyrin. [N
biol. 1988, 48, 195-199.

(23) Chen, X.; Ahn, D. U. Antioxidant activities of six natural phenolics
against lipid oxidation induced by Fe** or ultraviolet light. L 4z,
ity 1998, 75, 1717-1721.

(24) Hosseinian, F. S.; Muir, A. D.; Westcott, N. D.; Krol, E. S.
Antioxidant capacity of flaxseed lignans in two model systems. J.
IR 2006, 83, 835-840.

(25) Rice-Evans, C. A.; Miller, N. J.; Paganga, G. Structure-antioxidant
activity relationships of flavonoids and phenolic acids. jiistaiteisd
Biabelded. 1996, 20, 933-956.

(26) Mitchell, J. H.; Gardner, P. T.; McPhail, D. B.; Morrice, P. C.;
Collins, A. R.; Duthie, G. G. Antioxidant efficacy of phytoestrogens

in chemical and biological model systems. || AN
1998, 360, 142-148.



Article

(27) Dangles, O.; Fargeix, G.; Dufour, C. One-electron oxidation of

quercetin and quercetin derivatives in protic and non protic media. J.
1999, 1387—1395.

(28) Eklund, P. C.; Langvik, O. K.; Warna, J. P.; Salmi, T. O.; Willfor, S.
M.; Sjoholm, R. E. Chemical studies on antioxidant mechanisms and
free radical scavenging properties of lignans. |
2005, 3, 3336-3347.

(29) Schreier, P.; Miller, E. Studies on flavonol degradation by perox-
idase (donor- H,O,-oxidoreductase, Ec-1.11.1.7). 2. st
Chew. 1985, 18, 301-317.

(30) Awad, H. M.; Boersma, M. G.; Vervoort, J.; Rietjens, I. M.
Peroxidase-catalyzed formation of quercetin quinone methide-glu-
tathione adducts. | N NN 2000, 378, 224-233.

(31) Marfak, A.; Trouillas, P.; Allais, D. P.; Champavier, Y.; Calliste, C.
A.; Duroux, J. L. Radiolysis of quercetin in methanol solution:
Observation of depside formation. | R 2002, 50,
4827-4833.

(32) Krishnamachari, V.; Levine, L. H.; Pare, P. W. Flavonoid oxidation
by the radical generator AIBN: A unified mechanism for quercetin

radical scavenging. | NN 2002, 50, 4357-4363.

J. Agric. Food Chem., Vol. 57, No. 12,2009 5305

(33) Zenkevich, I. G.; Eshchenko, A. Y.; Makarova, S. V.; Vitenberg, A.
G.; Dobryakov, Y. G.; Utsal, V. A. Identification of the products of
oxidation of quercetin by air oxygen at ambient temperature.
Aleleaules 2007, 12, 654-672.

(34) Zhou, A.; Sadik, O. A. Comparative analysis of quercetin oxidation
by electrochemical, enzymatic, autoxidation, and free radical gen-
eration techniques: a mechanistic study. | N 2008,
56, 12081-12091.

(35) Smith, G. J.; Markham, K. R. Tautomerism of flavonol glucosides:
relevance to plant UV protection and flower colour. gjuiiinnisiin
aiakiakemd 1998, 118, 99-105.

(36) Inal, M. E.; Kahraman, A.; Koken, T. Beneficial effects of quercetin

on oxidative stress induced by ultraviolet A. |G
2001, 26, 536-539.

Received January 30, 2009. Revised manuscript received April 11,
2009. This work has been supported by the Natural Sciences and
Engineering Research Council. B.ML.F. is a recipient of a CIHR
Rx&D award.



