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Abstract: The aim of this work was to estimate the degradation and change in
the antioxidant activity of quercetin in the presence of two different mixtures of
phospholipids in methanolic solution, under continuous UV-irradiation from
three different sub-ranges (UV-A, UV-B and UV-C), in the presence and in the
absence of the selected UV-absorbing photosensitizer, benzophenone. Quer-
cetin was employed to control the lipid peroxidation process generated by UV-
irradiation, by absorbing part of the UV incident light, and/or by scavenging
the involved, created free radicals. The results showed that quercetin undergoes
irreversible destruction, which was highly dependent on the energy input of the
UV-photons, and was more expressed in the presence than in the absence of
benzophenone. Simultaneously, quercetin expressed a suppression effect on
lipid peroxidation processes in UV-irradiated phospholipid mixturesin both the
absence and presence of benzophenone (more or less effective, respectively). In
the UV-C-irradiated mixtures, photosensitizing function of benzophenone was
significantly reduced due to its strong absorption in the UV-C spectral range,
therefore affecting lower antioxidant activity of the remaining quercetin.

Keywords. quercetin; phospholipids; benzophenone; UV-irradiation; lipid pero-
xidation.

INTRODUCTION

Ultraviolet (UV) radiation is part of the natural sunlight spectrum that
reaches the Earth’ s surface. Most of the solar UV energy incident on human skin
derives from the deeply penetrating UV-A region (>95 % from 320 to 400 nm),1
while the rest belongs to the more energetic UV-B radiation (280-320 nm); UV-C
radiation (200-280 nm) is completely absorbed by the atmosphere. In addition to
being the obligatory driving force of photosynthesis, light may aso be a da-
maging factor in the biosphere:2 recent depletion of the stratospheric ozone layer
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has led to an increase of the biologically most damaging UV-B portion at ambi-
ent levels. It triggers events that affect many crucia biological processes of glo-
bal importance, such as DNA replication34 and photosynthesis.>6 It has been es-
pecially recognized as one of the mgor agents that initiate many harmful free ra-
dical-mediated processes, such aslipid peroxidation (LP).

Lipid peroxidation occurs either by a free radical chain reaction (Type ), or,
through a non-radical pathway (Type 1), by direct reaction with singlet oxygen,
created in the presence of a photosensitizer.”-10 As for every free radical-medi-
ated process — in the form of a chain reaction — lipid peroxidation consists of an
initiation step (formation of lipid radicals—L*), a propagation step (in which lipid
radicals react with oxygen to form lipid peroxy radicals — LOO"), and a termi-
nation step (formation of lipid hydroperoxides — LOOH — with a diene type of
structure).10.11 Typical lipid peroxidation initiators are reactive oxygen species
(ROS), such as hydroxy radicals (OH®) or peroxy radicals (ROO*). They can be
created through a variety of chemical reactions, some of which include typical
lipid radical “producers’, such are a variety of external stresses,10 implying very
commonly an external radiation;11-13 in case of UV-irradiation, LP may include
a specia type of LP initiators, e.g., photosensitizers such as benzophenone (BZP),
in very different media14-16

Benzophenone (Fig. 1) has been long recognized for its most known organic
photochemical reaction, i.e., H-abstraction by its long lived triplet state, 3BZP.14-16
The photochemistry of benzophenone and BZP-related compounds is very com-
plex and depends on the particular solvent in homogeneous solutions,1"-19 or on
aparticular BZP-interactive compound in a given solvent.20.21 By absorbing UV -
light, benzophenone (photosensitizer) can be promoted into a long-lived triplet
state (3BZP) which is very reactive toward its surroundings (e.g., phospholipid
mixture and quercetin), including the crucia interaction for this study, the direct
reaction with lipids resulting in the production of lipid radicals (L*) in the initia-
tion step of the lipid peroxidation (LP) chain reaction:22

3BZP+LH — BZPH* +L* (1)

where 3BZP isthe triplet state of benzophenone, BZPH" is the BZP-ketyl-radical,
LH isthe unsaturated lipid and L* isthe lipid radical.

On the other hand, lipid peroxidation is mostly controlled in vivo by the ac-
tion of the antioxidants. Many biomolecules (and classes of biomolecules) serve
as antioxidants, including flavonoids.23-2> Flavonoids are benzo-y-pyrone deri-
vatives consisting of pyran and phenolic rings. The most important structural
elements related to their functions are: the o-dihydroxy group in the B-ring (ca-
techol structure) as a potential radical target, the double bond between positions 2
and 3 of the C-ring conjugated with a keto group in position 4 (because of its ca-
pacity to delocalize the unpaired electron of a flavonoid radical), and the C-3,
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C-5 and C-7 hydroxyl groups (of the C- and A-rings), as potential scavengers of
free radicals (Fig. 1).2628 Quercetin (flavonol) is a member the flavonoids
family, having the structure shown in Fig. 1. Recent studies connect the high
antioxidant activity of flavonols with the presence of the OH-group in position 3
of the C-ring in combination with the catechol structure of the B-ring.25-29

Quercetin Benzophenone
Fig. 1. Structure of quercetin and benzophenone.

Quercetin and its glycosides are reportedly synthesized in plants as a part of
their total response toward UV-radiation to prevent extended induced da-
mage.3031 Quercetin absorbs UV radiation with absorbance maxima in the UV-A
(Amax = 365 nm, & = 28,400 mol—1 dm3 cm1) and UV-C range (Amax = 256 nm,
e = 28,300 mol-1 dm3 cm1). However, flavonoids can also act as free radical
scavengers to prevent oxidative skin damage32-3° and their topical application
has met with considerable interest.36-38 Thus, quercetin may provide protection
against UV radiation either through absorption (preventive, inhibition mode) or
scavenging activities (“chain-breaking”, antioxidant mode). In the former case,
the absorbed UV energy may be dissipated as heat3° or converted into quercetin
decomposition products, both in vitro and in vivo.294041 |n the latter case, quer-
cetin (as well as other flavonoids) scavenges already created free radicals (such
as lipid peroxy radicals, LOO*, or some ROS species present), mostly by the
hydrogen-atom-transfer mechanism, shown in Eq. (2):42-44

FI-OH +L* — FI-O" + LH @)

The oxidized FI-O* radical (which can be stabilized by one intramolecular
H-bonding in the B-ring: —O°---H-0-),* may react with a second radical (L*),
acquiring a quite stable quinone structure.4®

In a recent publication,#® the stabilities of two flavonoid components, quer-
cetin and rutin, in solution toward UV-irradiation (from the three sub-ranges,
UV-A, UV-B and UV-C), aswell as their antioxidant activities in the presence of
a lipoidal mixture (i.e., lecithin), as the " protection target”, were compared. De-
spite the lower stability of quercetin against UV -irradiation, its antioxidant ability
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to protect the lipid mixture from peroxidation was still found to be higher than
that of rutin. In addition, it was recently found that continuous UV-irradiation of
quercetin and rutin in solution was followed by the creation of products that
absorb in spectral region between 250 and 350 nm.47

The system studied in this work was more complex compared to the pre-
vious one?® due to the presence of benzophenone. The investigated system (lipids
+ BZP + quercetin, in methanol) was planned to provide studies of both protec-
tive actions of quercetin during prolonged continuous UV-irradiation: the preven-
tive one (studied through UV-induced degradation), as well as the antioxidant
one (studied indirectly, by tracing the proliferation of UV-induced LP process,
expressed through creation of diene structures of LP peroxides in the presence
and absence of benzophenone. Due to a greater complexity of the studied system,
pure phospholipids (of higher “purity”, compared to the previous report4%) and
pure BZP were irradiated as blanks (separately and their mixture), in order to
estimate in the next step, LP control by quercetin during UV-irradiation, and es-
timate the differences between the rates of lipid peroxide production (LPP) in the
presence and absence of quercetin, as well as in the presence and absence of the
photosensitizer (BZP).

The system was studied by using prolonged irradiation from three UV-sub-
ranges (UV-A, 320400 nm; UV-B, 290-320 nm; UV-C, 200-280 nm). The
changes of the BZP-initiated lipid peroxidation were estimated in the light of
quercetin presence and action in this system, under the same UV-irradiation re-
gime.

EXPERIMENTAL

Phospholipids were gifted by Phospholipid GmbH, Cologne, Germany (Phospholipon®
80 and Phospholipon® 90). According to the Manufacture’ s declaration, the composition is for
Phospholipon® 80 (PL80), phosphatidylcholine 78 %, lyso-phosphatidylcholine 3.3 %; fatty
acid composition: palmitic acid 10-15 %, stearic acid 1.5-4 %, oleic acid 6.0-13.0 %, linoleic
acid 61-71.0 %, linolenic acid 4.0-7.0 %, peroxide value max. 2.1, and for Phospholipon® 90
(PL90), phosphatidylcholine 98 %, lyso-phosphatidylcholine 2.1 %,; fatty acid composition:
palmitic acid 12+2 %, stearic acid 3+1 %, oleic acid 10+3 %, linoleic acid 665 %, linolenic
acid 5+2 %, peroxide value max. 1.3. The phospholipids mixtures were kept in the dark to
prevent at least the photooxidation process. Benzophenone (BZP) was obtained from Sigma.
(St. Louis, CA, USA). The quercetin standard was purchased from Merck.
UV-irradiation

Continuous irradiation of the samples in methanol were performed in a cylindrical pho-
tochemical reactor “ Rayonnet”, with 10 symmetrically placed lamps with emission maximain
three different ranges: 350 (UV-A), 300 (UV-B) and 254 nm (UV-C). The samples were irra-
diated in quartz cuvettes (1 cmx1 cmx4.5 cm) placed on the rotating circular holder. The total
measured energy flux was about 12.9 W m2 for 350 nm, 15.0 W m2 for 300 nm and 17.9 W
m2 for 254 nm at 10 cm distance from the lamps.
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UV-Vis spectroscopy

The UV—-Vis spectra of the phospholipids dissolved in methanol, and the phospholipids
mixed with flavonoids and benzophenone, before and after irradiation with UV-light, were
recorded on a Varian Cary-100 spectrophotometer. All spectra were recorded in the spectral
range 200 to 600 nm.

Spoectrometry for conjugated dienes

The peroxidative dienes structures were determined by measuring the absorbance at 234
nm in methanol solution.224849 The phospholipids, quercetin and benzophenone were dis-
solved separately in methanol and then mixed. The final concentrations of phospholipids,
quercetin and BZP in mixture were 3.5x103 g dm3, 2.5x10 and 1.1x10° mol dm3, res-
pectively. The peroxidation of phospholipids was generated by UV-irradiation at 350 (UV-A),
300 (UV-B) and 254 nm (UV-C). Methanalic solutions of BZP aone and phospholipids (with
and without BZP), as kind of blanks, were irradiated simultaneously with the phospholi-
pids/quercetin and phospholipids/quercetin/BZP mixtures. The increase in the absorbance at
234 nm, as an indication of the formation of peroxidative diene structures, was determined by
UV—Vis measurements. The maximum quercetin absorbances were recorded as a function of
UV-irradiation time to follow the rate of its degradation.

RESULTS

The changes of the absorption spectra of BZP after continuous prolonged
irradiation in methanol with UV-B light (300 nm) are shown in Fig. 2A. The
analogue spectra obtained for BZP with UV-A (350 nm) and UV-C (254 nm)
radiation expressed very similar shapes (data not shown). The corresponding ki-
netic In-plots (of BZP absorbance maximum at 253 nm, Ags3 nm) for increasing
irradiation intervals (tj;y), for al three UV-subranges (UV-A, -B and -C), are
shown in Fig. 2B and the corresponding degradation (i.e., bleaching) rate cons-
tants (Kgzp.pleach. iN Min—1), determined as the slopes of linear plots shown in
Fig. 2B are displayed on the corresponding graphs.

The changes in the absorption spectra of the mixture of BZP with quercetin
after continuous prolonged irradiation in methanol with UV-B light (300 nm) are
shown in Fig. 3A. The analogue spectra obtained for the BZP + quercetin mix-
ture with UV-A (350 nm) and UV-C (254 nm) radiation expressed very similar
shapes (not shown). The corresponding kinetic In-plots (of the mixture absor-
bance at 372 nm, Az72 nm, (the maximum absorbance of quercetin) for increasing
irradiation intervals (tj), for all three UV-sub-ranges (UV-A, -B and -C), are
shown in Fig. 3B, and the corresponding degradation rate constants
(K(BZzP+Querc.)-bleach. in mi n—1), determined as the slopes of linear plots shown in
Fig. 3B, are displayed on the corresponding graphs.

The changes in the absorption spectra of PL80 and the PL80/BZP mixture in
methanol, followed at 234 nm for peroxide formation, during continuous pro-
longed irradiation with UV-B light are shown in Figs. 4A and 4B, respectively.
The corresponding kinetic In-plots (of absorbance recorded at 234 nm, A234 nm)
for increasing UV-B irradiation periods (tjr), with linear fitting (average R va-
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lues of about 0.98), are shown in Fig. 4C. The changes in the absorption spectra
and corresponding kinetic In-plots obtained for UV-A and UV-C irradiated PL80
and PL80/BZP, as well as for UV-A, -B and -C irradiated PL90 and PL90/
/BZP mixtures in methanol expressed very similar shapes to the ones presented.

UV-B-irradiated BZP in MeOH

0.30

253 nm | ot irradiated

4 min
10 min
20 min

0.25 4

0.20

~
0.15 -
0.10
0.05 -
T T 1
400 450 500
—— g
1 UV-A
-1.6 Uv-B -0.00136
. -0.00432
% 1.8
t
=
= 204
uv-C
22 0.31436
244 B
| T L4 T L T L] T ¥ T L T L] T
0 10 20 30 40 50 60
f_ / min

Fig. 2. Changes in the absorption spectrum of benzophenone in methanol during exposure to
UV-B radiation at 300 nm. The initial concentration of benzophenone was 1.1x10°> mol dm3
(A). Kinetic In plot of benzophenone bleaching induced by UV-A, -B and -C irradiation; the
absorbance of benzophenone was followed at 253 nm; the corresponding bleaching rate
constants (—Kgzp.pieach, iN Min') are displayed for al three UV-irradiation ranges (B).

The changes in absorption spectra of PL90/quercetin and PL90/BZP/quer-
cetin mixtures in methanol, with lipid peroxides production (LPP) followed at
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234 nm and quercetin degradation followed at 372 nm after continuous pro-
longed irradiation with UV-B, are shown in Fig. 5A and 5C, respectively. The
augmented parts of the same spectra, focusing only on the quercetin absorption at
372 nm, are shown in the insets in Fig. 5A and 5C, respectively. The corres-
ponding kinetic In-plots of peroxide production followed at 234 nm (A234 nm) and
guercetin degradation followed at 372 nm (Az72 nm) showed linear dependences
(with average R values of about 0.98), Fig. 5B and 5D, respectively).

0-90 7 UV-B-irradiated BZP + Querc. in MeOH

0.75
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B 4 min
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Fig. 3. Changes in the absorption spectrum in the mixture of benzophenone with quercetinin
methanol exposed to UV-B radiation at 300 nm. The initial concentration of benzophenone
was 1.1x10°° mol dm3 and the quercetin concentration was 2.5x105 mol dm3 (A). Kinetic In
plot of the (BZP + querc.) mixture bleaching induced by UV-A, -B and -C irradiation; the
absorbance of the mixture was followed at 372 nm (the absorbance maximum of quercetin);
the corresponding degradation-bleaching rate constants (—Kgzp+querc.)-bleach. / Mi nl) are
displayed for al three UV-irradiation ranges (B).

Available online at www.shd.org.rs/JSCS/

2012 Copyright (CC) SCS



1578

ZVEZDANOVIC et al.

2.5 UV-B irradiated PL80 in MeOH
2.0 234 nm .
not-irradiated
0.5 min
3 min
1.54 5 min
= 60 min
85 min
1.0
0.5 ==
A
0.0 -4 ; : i
200 250 300 350 400 450 500
Alnm
V-B irradiated PL80-BZP mixture in MeOH
2.5 A\\
not-irradiated
2.0 / N\\ 5 min
J 10 min
W 20 min
- 1.5+ / N 30 min
1.0 /
0.5
B
0.0 4 . T T T T j
200 250 300 350 400 450 500
Alnm
0.75 4 UV'B
0.70 —
065 - PL80+BZP
0.60 4 kpemxid.: 0.00968
= 0.55 4
TE 0.50 - n
=
0.45 /
0.40 - PL80 L
0.35 4 L k. =0.00206
Im peroxid.
0.30 4 . Cc

0 10 20 30 40 50 60 70

. / min

80

Fig. 4. Changes in the absorp-
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exposed to UV-B radiation (300
nm) in methanol. The initia
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PL80  phospholipids  were
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Fig. 5. Changesin the absorption spectrum of PL90 in the phospholipid/quercetin (A) and
phospholipid/BZP/quercetin (C) mixtures exposed to UV-B radiation (300 nm) in methanoal;
the augmented part of the same spectra, focusing only on the quercetin absorption with
maximum at 372 nm, is shown as the insets of graphs A and C, respectively. Theinitial
concentrations of BZP, PL90 phospholipids and quercetin were 1.1x10"° mol dm-3, 3.5x10°3
g dm3 and 2.5x10°> mol dm3, respectively. Kinetic logarithmic plots obtained from the lipid
peroxides absorbance data at Amg = 234 Nm and quercetin degradation datain the same
mixture at 372 nm, following increasing periods of UV-B irradiation for phospholi-
pids/quercetin (B) and phospholipids/BZP/quercetin (D) mixtures in methanol; the corres-
ponding L P-production and quercetin UV-induced degradation rate constants (Keroxid.Querc.
and Kouerc.degrad., Fespectively, in mi n1) are displayed on the graphs B and D.

The changes of the absorption spectra and the kinetic In-plots obtained with
UV-A and -C for these mixtures, as well as for PL80 related mixtures irradiated
with UV-A, -B and -C, expressed very similar shapes as the presented ones.

The slopes calculated from kinetic In-plots shown in Fig. 4, representing the
rates of UV-induced production of lipid peroxides (followed at 234 nm, Koeroxid.)
in both investigated mixtures of phospholipids (PL80 and PL90), in the presence
and absence of benzophenone, are given in Table I. The Kperoxig, rate constants
were calculated for al three UV-irradiation ranges. Thus, the Kperoxid. rate cons-
tants (calculated in min—1) represent some kind of blank indicators for the peroxi-
dation of phospholipids (in absence of quercetin as an antioxidant).

The slopes calculated from kinetic In-plots shown in Fig. 5, representing the
rates of UV-induced lipid peroxides production (followed at 234 nm,
Kperoxid.Querc.) and quercetin degradation (followed at 372 nm, Kguerc.degrad.) in
the investigated phospholipid/quercetin and phospholipid/quercetin/BZP mix-
tures, are given in Table Il for both investigated types of phospholipids (PL80
and PL90). The Kperoxid.Querc. and KQuerc.degrad. rat€ constants (in mi n1) were
calculated for all three UV-irradiation ranges.
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TABLE I. Kinetics of phospholipids (PL80 and PL90) peroxidation (Kperoxig, / Mi n1) in the
presence or in the absence of BZP in methanol during increasing UV -irradiation intervals (t;,,)
for the three UV-ranges: 350 (UV-A), 300 (UV-B) and 254 nm (UV-C). The absorbance of
phospholipids and phospholipids/BZP mixture were followed at 234 nm. The initial
concentrations of BZP and phospholipids were 1.1x10° mol dm and 3.5x103 g dm3,
respectively

PL80 PL90
UV-Range - - - -
without BZP with BZP without BZP with BZP
UV-A (350 nm) 0.00156 0.00592 - 0.00590
UV-B (300 nm) 0.00206 0.00968 0.00371 0.01420
UV-C (254 nm) 0.03152 0.00910 - 0.02026

TABLE Il. Kinetics of UV-induced quercetin degradation and lipid peroxides production
(LPP) in phospholipids (PL80 & PL90)/quercetin and (PL80 and PL90)/BZP/quercetin mix-
tures in methanol (Kquerc.degrad. @Nd Kperoxid.Querc, i Mi n1, respectively) during increasing UV-
irradiation intervals for three UV-ranges. 350 (UV-A), 300 (UV-B) and 254 nm (UV-C).
Quercetin degradation and phospholipids peroxidation were followed at 372 and 234 nm,
respectively. The initial concentrations of BZP, phospholipids, and quercetin were 1.1x10°®,
3.5x1073 and 2.5x10°> mol dm3, respectively

PL80 + quercetin PL90 + quercetin
UV-Range without BZP with BZP = nmwnhout BZP with BZP
372 234 372 234 372 234 372 234
UV-A - - 0.01545 0.00244 0.00177 0.00070 0.02554 0.00229

uv-B 0.01804 0.00127 0.05031 0.00742 0.02044 0.00565 0.06241 0.01331
Uv-C 0.04796 0.00377 0.07152 0.00515 0.05765 0.02019 0.07439 0.01918

DISCUSSION

Bearing in mind that the all results were obtained by UV spectrophotometry,
it isimportant to define “clarity criteria’ for their interpretation, based on the po-
sitions of the Amax values. Benzophenone absorbs in the spectral range 225-300
nm, with the absorbance maximum at 253 nm in methanol (Fig. 2). The UV-in-
duced formation of lipid peroxides could be followed at 234 nm (see experi-
mental section and Figs. 4 and 5), while quercetin in methanol has absorption
maxima at 256 nm and at 372 nm (at which wavelength the degradation kinetics
guercetin was followed) (Fig. 5).

UV-induced bleaching of benzophenone, and the benzophenone + quercetin
mixture in methanol

Prolonged continuous irradiation of benzophenone (BZP) in methanol caused
a gradua decrease in the absorbance during increasing irradiation periods over
the whole spectral range (200-500 nm) for all the three applied UV-sub-ranges
(Fig. 2A). These changes measured at 253 nm followed first order kinetics, as
shown in Fig. 2B. The BZP bleaching constant, kgzp-pleach., in methanol in-
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creased with increasing UV-irradiation energy input, from UV-A to -C (Fig. 2B);
the ratios of the bleaching rates for UV-C and -B and UV-C and -A irradiated
BZP in methanol showed differences of two orders of magnitude (kgzp-
-bleach.(UV-B)/KBZP-bleach.(UV-A) = 3.2 and Kgzp-bleach.(UV-C)/KBZP-bleach.(UV-B) =
= 72.8, respectively, and the ratio kgzp-bleach.(Uv-C)/KBZP-bleach.(UV-A) = 231.2),
as shown in Fig. 2B. Thus, the energy input of the UV-incident photons appeared
to be the dominant factor governing BZP bleaching.

The same was the case for prolonged continuous irradiation of BZP in the
mixture with quercetin in methanol, for both the spectral (Fig. 3A) and kinetic
behavior (Fig. 3B) (the absorbance data were in this case obtained at 372 nm, the
maximum absorbance of quercetin). The ratios of the bleaching rates
K(BZzP+Querc.)-bleach. IN min~1, obtained from the slopes from Fig. 3B, reconfirmed
the dominant role of the energy input of the UV-incident radiation in the bleach-
ing of the BZP + quercetin mixture, which at 372 nm practically means quercetin
degradation (BZP has a negligible absorbance at this wavelength). Compared to
BZP (Fig. 2B, UV-B), quercetin undergoes a much faster bleaching in the
mixture (Fig. 3B, UV-B), even faster than its own bleaching in methanol (Figs.
6A and 6B): 0.11767 min-1/0.03488 min—1 = 3.37. Thus, it seems that BZP
contributes to the faster degradation of quercetin (however, the photochemistry
of the complete mixture is out of scope of this paper).

The blank experiment: UV-induced peroxide formation in the absence of
guercetin — the influence of BZP

The kinetics data corresponding to UV-induced lipid peroxide formation in
phospholipid as well as in phospholipid / BZP mixtures in methanol (for both,
PL80 and PL90) are listed in Table I. Similar to the UV-induced bleaching of
BZP, the results of UV-induced peroxide formation also suggest that the rates of
LPP are also highly dependent on the energy of the applied UV radiation since
the rate constants increase from UV-A to UV-C irradiation (Table I). Hence, ge-
nerally, the incident UV-energy aso plays a governing role in the production of
peroxides. On the other hand, lipid peroxidation in both mixtures of phospholi-
pids was faster in the presence of benzophenone than in its absence, both for UV-A
and -B irradiated phospholipid mixtures (Table ). The corresponding rate cons-
tant ratios for PL80 in methanol, with and without BZP, Kperoxid.BzP-PL8O/
IKperoxid.pLgo, were 3.79 and 4.70 for UV-A and -B, respectively, and for PL9O0,
the ratio Kperoxid.BzP-PL90/Kperoxid.pLoo Was 3.83 for UV-B. However, the LP rate
constant for the UV-C-irradiated PL80/BZP mixture in methanol was smaller
than the one for PL80 in methanol without BZP, the corresponding rate constant
ratio for the PL80 mixtures in methanol (without and with BZP),
kperoxid.PLSO/kperoxid.BZP—PLSO, was 1.27 (Table ). In addition, the LP rate cons-
tant value for UV-C was similar (even dightly smaller) when compared to the one
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Fig. 6. Changes in the absorption spectrum of quercetin in methanol during exposure to UV-B
radiation (300 nm). The initial concentration of quercetin was 2.5x10°> mol dm3 (A). Kinetic
In plot of quercetin degradation induced by UV-A, -B and -C irradiation; the absorbance of
quercetin was followed at 372 nm; the corresponding degradation rate constants (—Kqguerc. degrad.
in min1) are displayed for all three UV-irradiation ranges (B).

obtained for UV-B irradiated PL80/BZP mixture, Kperoxid.BzP-PL80 = 0.00910 and
0.00968 min-, respectively (Table 1). Thus, it is obvious that the BZP-initiating
role was inefficient when using continuous UV-C irradiation for the PL80/BZP
mixture. The BZP-initiating role was the most efficient when using UV-A irra
diation: as it was shown that UV-A photons had the smallest impact on benzo-
phenone bleaching (Figs. 2and 3) and thus, the LPP was the highest in the case of
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UV-A. The same conclusion was reached in recent publication: BZP-initiating
role for LP was the most dominant in the case of UV-A irradiated phospholi-
pid/BZP mixtures in n-hexane.22 However, the LPP kinetic data for PL90 mix-
tures in methanol were not so consistent although they followed an increasing
trend of absorbances at 234 nm (the corresponding UV -spectra are not shown).

UV-induced peroxide formation in the presence of quercetin

A comparative list of the LPP rate constants values, Kperoxid.Querc, for both
phospholipids mixtures in the presence of quercetin as well as the degradation
rates of quercetin itself, Kouerc.degrad., N the adosence and in the presence of
benzophenone, in methanol, for all three investigated UV sub-ranges are given in
Tablell. Similar to the UV-induced BZP degradation in methanol (Fig. 3) aswell
as for UV-induced LPP in PL80 and PL90 mixtures, with and without BZP, in
methanol (Table I), the results of UV-induced peroxide formation in phospholi-
pids/quercetin mixtures, with and without BZP, once again suggest that the LP
rates were dependent on the applied UV energy, i.e., in general, the rate constants
increased from the UV-A to the UV-C irradiation regime (Table Il). Hence, the
energy input of the incident UV photons plays a major role in the production of
peroxides, as well as in the synchronous degradation of quercetin, the kguerc.degrad.
rate constants also increased from UV-A to UV-C, ascan be seenin TableIl).

Quercetin-BZP competition in the phospholipid mixtures

The effect of BZP on LP production is evident: LP production was more
expressed in the presence of BZP than in its absence. For example, the calculated
Kperoxid.Querc.BzP (in the presence of BZP)/Kperoxid.Querc. (Without BZP) ratios for
UV-B-irradiated (PL80 and PL90)/quercetin mixtures in methanol were 5.84 and
2.36, respectively (Table 11). This means that BZP-sensitization maintained its
important role aso in the presence of the quercetin, as it had in the absence of
quercetin. Similar to the already cited behavior of UV-C-irradiated (PL80 and
PL90)/BZP mixtures in methanol (Table I), BZP was not very efficient for UV-
C-irradiated (PL80 and PL90)/quercetin/BZP mixtures in methanol,
Kperoxid.Querc.8ZP = Kperoxid.Querc. (Ta@ble I1). This could be related to the fact that
the rate constant for UV-C-induced BZP bleaching was much higher than in the
case of UV-A and -B. Hence, sensitization capacity of benzophenone was signi-
ficantly reduced under UV-C continuousirradiation (Tables| and I1).

On the other hand, the influence of quercetin on LP production in UV-irra
diated PL80 and PL90 methanol solutions cannot be neglected. Compared to the
“blank-experiments’ (Kperoxid.BzP and Kperoxid.), LP-production was generally
suppressed when quercetin was present. The suppression effect was the most
expressed in the case of UV-C-irradiated PL80/quercetin mixture (without BZP):
Kperoxid.PL80/Kperoxid.Querc.pLg0 = 3.07 (Tables | and I1). The presence of querce-

Available online at www.shd.org.rs/JSCS/

2012 Copyright (CC) SCS



BZP-SENSITIZED LIPID PEROXIDATION, QUERCETIN EFFECT 1585

tin in the phospholipid mixtures both with and without BZP suppressed LP pro-
duction by a factor between 2.58 and 1.06 for UV-A and -C irradiated PL90/
/quercetin/BZP mixtures, respectively (Tables | and Il1). The suppression effects
of quercetin on LP production were more expressed in the PL80/quercetin than in
the PL80/quercetin/BZP mixtures in methanol, which was evidenced by the in-
creasing trend of the corresponding rates ratios with increasing UV-incident
energy from UV-B to -C (the Kperoxid.PL80/Kperoxid.Querc.pLg0 Vaues were 1.62
(UV-B) and 3.07 (UV-C), and the corresponding Kperoxid.BzP-PL80/
IKperoxid.Querc.8zP-PL80 Values were 1.30 (UV-B) and 1.77 (UV-C), Tables| and I1).

UV-induced quercetin degradation in methanolic phospholipid and
phospholipids/BZP mixtures

The previoudy published results of UV-induced quercetin degradation in
methanol solutions?3 were confirmed by the data presented herein, i.e., quercetin
stability against prolonged continuous UV-irradiation decreases with increasing
energy input of UV-irradiation, from UV-A to -C (Table I1). Thus, in more com-
plex systems such as the ones presented in this work (phospholipid/quercetin and
phospholipid/quercetin/BZP in methanol), quercetin still undergoes degradation
during continuous UV-irradiation (insets of Fig. 5A and 5C), following first order
kinetics (Table 11). The sensitizing role of BZP affects quercetin degradation
during UV-irradiation in methanolic phospholipid/quercetin/BZP mixtures, i.e.,
the degradation is faster in the presence than in the absence of BZP (Table I1).
For example, the calculated Kquerc.degrad.Bzp-PLo0 (With  BZP)/
IKQuerc.degrad.pL90 (Without BZP) ratios for the UV-A, -B and -C irradiated PL 90/
/quercetin mixtures were 14.43, 3.05 and 1.29, respectively (Table Il). Once
again, it could be concluded that BZP had the highest photosensitizing effect
with UV-A radiation, since its role in the UV-C-irradiated mixtures appeared to
be negligible (Table I1). The reason is certainly related to the strong BZP ab-
sorption in the UV-C spectral range, having an absorption maximum at 253 nm.

As reported, quercetin has two absorption maximums, in the UV-A (Amax =
= 372 nm) and UV-C (Amax = 260 nm) spectral ranges?® which overlap with the
applied UV-irradiation range(s) used in this work. In a recently published
investigation, Fahiman and Kroll®0 studied UV-A and -B irradiation of quercetin
in BZP-containing methanol solutions, in which irreversible degradation fol-
lowed by formation of several C-ring-opened photoproducts were registered.
They registered BZP-impact on both quercetin degradation and the formation of
photoproducts.®0

On the other hand, in a more complex, organized system, i.e., liposomes, the
same authors, Fahlman and Kroll (2009)40 established quercetin as a strong in-
hibitor of lipid oxidation induced by UV-A and -B irradiation. However, it was
found that the absorption of UV-A and UV-C irradiated quercetin (at the exci-
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tation wavelengths of 365 and 255 nm) may lead to greater levels of the excited
state species, as reported by Smith and Markham,51 which may result in an over-
al decrease in the antioxidant behavior of quercetin toward LP processes. In a
recently published paper, suppression effect of quercetin on lipid peroxidation
processes (with a lecithin mixture as the “protection target”) was clearly regis-
tered by the thiobarbituric acid—malon-dialdehyde (TBA-MDA) test.46

CONCLUSIONS

To conclude, in the studied complex UV-irradiated system, at least three
UV-initiated, more or less synchronous processes occur: BZP bleaching, quer-
cetin degradation and lipid peroxidation. All three processes are highly affected
by the incident UV-photons input. A suppression effect of quercetin on the LP
process (as a measure of its antioxidant capacity) was proven. The suppression
effect is less effective when BZP is present. The reason could lie in more favored
degradation of quercetin in the presence of BZP.

Acknowledgements. This work was supported under the Project on Development of
Technology No. TR-34012, as well as under Basic Investigations Project No. OI-172044, by
the Ministry of Education, Science and Technological Development of the Republic of Serbia.

n3BOJ

YTHULIAJ KOHTHUHYAJTHOT YJIITPAJbBYBUYACTOI O3PAUHMBAKA HA
AHTHUOKCUIATHBHY AKTUBHOCT KBEPLHETHHA Y ODHOCY HA JIMITUIHY
[NEPOKCHIALIMJY MHULIUPAHY BEH30®EHOHOM

JEJIEHA b. 3BE3JJAHOBUR, JEJAH 3. MAPKOBUH, IPATAH J. IBETKOBHWE u JEJIEHA C. CTAHOJEBUR
Yuusepsuiiew y Huuy, Texnonowxu paxyniuei, Bynesap ocrnodohera 124, 16000 Jleckosay,

Linse oBor pagja je npaheme gerpaganuje ka0 ¥ MIPOMEHA aHTUOKCUIATUBHE aKTUBHOCTH
KBEPLETHHA Y IPHCYCTBY IB€ Pa3IM4UTe cMelle HGOoCONUNHLa Y METAHONY, Y YCIOBUMA KOH-
TUHyaHor ynTparsyouuacror (UV) o3paurBama M3 TpPH pasinuuuTa nop-omcera, UV-A, UV-B
u UV-C, u 1o, y mpUCyCTBY U oxcycTBy uzabpanor UV-amncopdyjyher dotocensopa, 6eH3o-
(peHoHa. KBepueTHH ClyXu fa KOHTPOJIMIIE MPOLEC JUMHUAHE NEPOKCHAaLWje WHULUpaHe
UV-3pauewem, ancopnnujom nena ynagHe UV cBeT/IOCTH, M/WIH ,CKYIUbakeM“ TOM IpHU-
JIMKOM CTBOPEHHX CIODOIHUX pafuKana. PesyntaTy noxasyjy fa KBEPLETHH MOJJIEXKE UPEBEP-
3UOMIIHO] AEeCTPYKUUjH HHAYKOBaHOj UV-3pauemeM KOja BeOMa 3aBUCH Off €HEPrHje yIagHUX
UV-dotoHa, IpH 4yemy je BUILe U3paxkeHa y pucycTBy deH3odeHoHa. HcToBpemMeHo, KBeplie-
THH TIOKa3yje edekar cy3dbujama mpoueca JunupHe nepoxcumanuje y UV-o3paueHuM cme-
mama ocdonunuaa y oda ciaydyaja — y OLCYCTBY WIH NMPUCYCTBY OeH3odeHOHa (BHIle WUITH
Mame edukacHo, pegoM). Y cMemama docdonununa ozpaunBanux UV-C 3paueweMm, doTo-
CeH3UTHBHa (yHKUHWja DeH30()eHOHa je 3HaTHO peJyKOBaHA Kao MOCIeJulla BETOBE CHaXKHE
ancopnuuje y ucrom UV-C omncery cnexrpa, yTuuyhu Tako Ha Mamwy aHTUOKCUIATHBHY aKTHB-
HOCT IIPEOCTAJIOT KBEPLIETHHA.

(ITpummseno 1. dbebpyapa, pesuarpano 19. maja 2012)
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