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Abstract

It has been suggested that B-carotene itself is unstable under certain conditions and that a combination of antioxidants may prevent the
pro-oxidative effects of 3-carotene. Thus, the present study aimed to investigate the interaction of B-carotene with three flavonoids—
naringin, rutin and quercetin—on DNA damage induced by ultraviolet A (UVA) in C3H10T1/2 cells, a mouse embryo fibroblast. The cells
were preincubated with R-carotene and/or flavonoid for 1 h followed by UVA irradiation, and DNA damage was measured using comet
assay. We showed that p-carotene at 20 1M enhanced DNA damage (by 35%; P<.05) induced by UVA (7.6 kJ/m?), whereas naringin, rutin
and quercetin significantly decreased UVA-induced DNA damage. When each flavonoid was combined with PB-carotene during
preincubation, UVA-induced cellular DNA damage was significantly suppressed and the effects were in the order of narin-
gin > rutin>quercetin. The flavonoids decreased UVA-induced oxidation of preincorporated (-carotene in the same order. Using electron
spin resonance spectroscopy, we showed that the ability of these flavonoids to quench singlet oxygen was consistent with protection against
DNA damage and p-carotene oxidation. All three flavonoids had some absorption at the UVA range (320-380 nm), but the effects were
opposite to those on DNA damage and {3-carotene oxidation. Taken together, this cell culture study demonstrates an interaction between
flavonoids and B-carotene in UVA-induced DNA damage, and the results suggest that a combination of B-carotene with naringin, rutin or
quercetin may increase the safety of B-carotene.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction preincubation of skin fibroblasts with either B-carotene or
lycopene (0.1-1.0 uM) increases ultraviolet A (UVA)-
induced expression of metalloproteinase 1 (MMP-1) [14], a
collagenase associated with skin aging [15], while concurrent
addition of vitamin E or vitamin C during preincubation
suppresses the increase in MMP-1 mRNA. However, limited
data exist regarding the interaction of B-carotene with other
phytochemicals on UVA-induced oxidative damage.
Flavonoids are a major type of phytochemicals that are
ubiquitously present in fruits and vegetables. Growing
evidence demonstrate an inverse relation between the
dietary intake of flavonoids and the incidence of several
chronic diseases and cancers [16,17]. In addition, flavonoids
may protect against photodamage [18,19]. These beneficial

-Carotene has been extensively investigated as a chemo-
preventive agent that may protect against skin photodamage
[1-6]. Recently, p-carotene has been used as a component of
some cosmetics [7,8]. However, inconsistent findings exist in
various studies [9—14]. For example, Black [11] found that
B-carotene-supplemented semidefined diets, in contrast to
commercial closed formulas, not only fail to protect against
UV-induced carcinogenesis but also lead to significant
exacerbation in mice. Black et al. [12] pointed out that the
inconsistency in the photoprotective effect of R-carotene in
animal studies [10,11] may have been due to the interaction
between B-carotene and other dietary antioxidants including

phytochemicals. Similarly, an in vitro study showed that
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effects of flavonoids have been attributed to their actions as
antioxidants, enzyme inhibitors and cell cycle regulators
under various conditions [20—24]. An in vitro study showed
that flavonoids, including naringenin, rutin and flavonoid
extracts from apple skin, prevent UVB-induced DNA
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damage [25]. Administration of quercetin significantly
reduces oxidative damage produced by UVA radiation in
rats [23,26]. Similarly, naringin has been found to suppress
radiation-induced genomic instability in mouse bone
marrow [27]. However, whether these flavonoids affect
the behavior of B-carotene under UVA exposure is unclear.
The UVA (320-380 nm) component of sunlight is
particularly associated with oxidative damage involved in
photoaging [28,29]. We therefore investigated the interac-
tion of P-carotene with naringin, quercetin and rutin on
UVA-induced DNA damage in C3H10T1/2 (C3H) cells, a
mouse embryo fibroblast that has been used for photo-
damage studies in vitro [30].

2. Methods and materials
2.1. Reagents

All chemicals used were of reagent or higher grade.
[3-carotene, rutin, naringin and quercetin were from Sigma
Chemical (St. Louis, MO, USA). Tetrahydrofuran (THF) and
dimethyl sulfone (DMSO) were from Wako (Japan). 2,2,6,
6-Tetramethylpiperidine (TEMP) was from Aldrich (St.
Louis, MO, USA). Basal medium of Eagle, fetal bovine
serum (FBS), trypsin, penicillin, streptomycin, sodium
pyruvate and nonessential amino acids were from GIBCO
(MD, USA).

2.2. Cell culture and PB-carotene and flavonoids
incorporation

C3H cells were cultured in basal medium of Eagle
containing 10% (vol/vol) FBS, 0.37% (wt/vol) NaHCO3;,

penicillin (100 U/ml), streptomycin (100 U/ml), 0.1-mM
nonessential amino acid and 1-mM sodium pyruvate at
37°C in a humidified incubator under 5% CO, and 95%
air. The cells were harvested at approximately 90%
confluence. A THF—R-carotene solution (10 mM) was
prepared freshly before each experiment. The purity of
commercial PB-carotene, as calibrated using an extinction
coefficient, 1.4x10° M '/em™ [31], was approximately
93%, which compared well with the 95% purity claimed by
Sigma. THF or THF—R-carotene (20 pl) was added to C3H
cells (approximately 10° cells/dish) in 10 ml of medium at
37°C in the dark for 1 h. The cells were then washed three
times in phosphate-buffered saline (PBS, pH7.4, containing
137 mM NacCl, 2.7 mM KCI, 1.5 mM KH,PO, and 8.1 mM
Na,HPO,), and the concentrations of P-carotene were
determined by HPLC with a detection wavelength of 450 nm
after extraction in ethanol and hexane (1:2, vol/vol) as
described previously [32]. Naringin, rutin and quercetin
were prepared in DMSO at a stock concentration of 50 mM
and incubated with C3H cells at final concentrations of 10
and 23 pM. The final concentration of DMSO was 0.046%.
Control cells were incubated with THF and/or DMSO
solvent. After extraction in methanol, the concentrations of
naringin in cells were determined by HPLC and detected at
280 nm [33].

2.3. UVA irradiation

Cells in 10-cm? dishes were washed and then covered
with 10 ml of Hanks balanced salt solution (1.3 mM
CaCl,, 54 mM KCl, 0.4 mM KH,PO4, 0.5 mM
MgCl,.6H,0, 0.4 mM MgS0O,4.7H,0, 136.7 mM NacCl,
4.2 mM NaHCOj; and 0.3 mM NaH,PO,4.H,0). Irradiation
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Fig 1. Effect of p-carotene (BC) on DNA strand breaks in C3H cells irradiated with 3.8 or 7.6 kJ UVA/m®. Cells were preincubated with 20 uM of BC in the
dark at 37°C for 1 h and then washed before UVA irradiation. DNA strand breaks were expressed as TMOM and %DNA in tail. Values (means+S.D. of
triplicate assays) are compared statistically within each UVA dose between groups with and those without BC by Student’s ¢ test. *P <.05 for TMOM; *P<.05

for %DNA in tail.
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Fig 2. Effects of flavonoids on DNA strand breaks in C3H cells irradiated with UVA at 7.6 li?/mz. Cells were preincubated with 10 or 23 pM of naringin (N),
quercetin (Q) or rutin (R) for 1 h in the dark at 37°C and then washed before UVA irradiation. Values (means+S.D., n=3) not sharing a common letter are

significantly different (P <.05).

was carried out in a UVA irradiation chamber (XL-1000
UV cross-linker) as described before [30] with an
accumulated dose of 7.6 kJ/m?. The UVA light source
emits radiation at a range of 320-380 nm with main output
at 365 nm. Sham-irradiated cells were treated in the same
manner except that they were not irradiated.

2.4. Comet assay

Comet assay was adapted from the method of Singh et al.
[34]. Cells were suspended in low melting point agarose in
PBS at 37°C and placed onto a frosted glass microscope
slide precoated with a layer of 1% normal melting point

agarose. After application of a third layer of 1% normal
melting point agarose, the slides were immersed in cold
lysing solution (10 mM Tris, 2.5 M NaCl, 100 mM
Na,EDTA, 1% sodium N-laurylsarcosine, 1% Triton X-100
and 10% dimethyl sulfoxide) for 1 h at 4°C. The slides
were then placed in an electrophoresis tank, allowing the
DNA to unwind for 15 min in the alkaline solution.
Electrophoresis was performed using the method of Collins
et al. [35]. The image was analyzed by computer using the
Image Pro Plus software (Media Cybernetics, USA) as tail
moment (TMOM) by the formula TMOM = %DNA in
tail Xtail length.
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Fig 3. Effects of coincubation of BC with N, Q O}RroAn Dﬁg strtgyd%re;i(gin C3H .&Qs indué‘égby UVA'. %‘radiationgf 7.6 kJ/m?. Cells were preincubated with
20 uM of BC with and without 10 or 23 pM of N, Q, R, vitamin C (C) or vitamin E (E) for 1 h followed by washing before UVA irradiation. Values
(means+S.D., n=3) not sharing a common letter are significantly different (P <.05).
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Table 1
Effects of naringin (N), quercetin (Q) and rutin (R) on the loss of
incorporated p-carotene (BC) in C3H cells irradiated with 3.8 kJ UVA/m?

Treatments BC concentration %
(nmol/10°cells)

BC before UVA irradiation 3.50+0.12° 100£3

BC/UVA 0.84+0.11° 24+3

N+BC/UVA 2.73+0.07¢ 78+2

Q+BC/UVA 1.1240.07° 3242

R+BC/UVA 2.21+0.18° 63+5

The cells were preincubated for 1 h with 20 uM of BC with or without
23 uM of a flavonoid followed by washing before UVA irradiation. Values
(means+S.D., n=3) sharing a common letter are not significantly different
(P>.05).

2.5. Detection of singlet oxygen ('O,)

The formation of singlet oxygen by UVA irradiation was
determined by electron spin resonance (ESR) spectroscopy
using 2,2,6,6-TEMP as the spin trap. The reaction mixture
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Fig 4. The consumption of intracellular BC (A) and N (B) induced by UVA
irradiation. C3H cells were preincubated with 20 uM of BC plus 23 uM of
N or individually for 1 h followed by washing before UVA irradiation.
Values (means+S.D., n=3) in the BC+N group with an asterisk are
significantly different from BC or N alone at the same UVA dose (P <.05).

contained 23 uM of a flavonoid in 25-mM phosphate buffer
pH7.4 and 32.5-mM TEMP as a trap molecule, as modified
from previous studies [36,37]. The mixture was irradiated
with UVA and recorded immediately on a Bruker EMX-10
spectrometer with 100-kHz field modulation and the
following settings: microwave powder, 20 mW; center field,
3483 G; sweep width, 100 G; sweep time, 200 s.

2.6. Statistical analysis

Values are expressed as means+S.D. of three replicates
and analyzed by using Student’s ¢ test for two-group
comparison or using one-way analysis of variance followed
by Duncan’s multiple range test for comparisons of group
means. A P value less than .05 was considered statistically
significant.

3. Results
3.1. DNA damage

Comet images of DNA damage in C3H were determined
after UVA irradiation at 3.8 and 7.6 kJ/m”. As shown in
Fig. 1, UVA irradiation significantly led to comet formation
(expressed as TMOM and %DNA in tail) in cellular DNA in
a dose-dependent manner and preincubation of cells with
20 uM of PB-carotene significantly increased DNA break by
26-35% over that of UVA irradiation alone. Because the
two parameters of comet assay were highly correlated
(r=.99; P<.01) in full range of DNA damage, we used only
TMOM in other data presented here. Preincubation of
naringin, rutin or quercetin (10 and 23 uM) with C3H cells
significantly decreased DNA damage induced by UVA at
7.6 kJ/m?* (Fig. 2), and the effects of naringin and rutin were
dose dependent. These flavonoids inhibited DNA damage in
the order of naringin=>rutin>quercetin, with the highest
inhibition (65%) achieved by 23 uM of naringin. Similar
results were observed when 3.8 kJ UVA/m* was used (data
not shown).
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Fig 5. Absorption spectra of N, Q and R in DMSO. The concentration of
each flavonoid was 23 pM.
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When each of the three flavonoids was combined with
B-carotene during preincubation, the enhanced DNA dam-
age by B-carotene in cells exposed to UVA at 7.6 kJ/m* was
significantly inhibited as compared with the extent of UVA-
induced DNA damage in cells preincubated with p-carotene
alone (Fig. 3). The protection by naringin at 10 uM was
more efficient than that by the other two flavonoids, and the
effect was comparable with that of vitamin E and better than
that of vitamin C at the same concentration. The protective
effects of naringin and rutin at 23 uM were similar and
significantly better than those of quercetin.

3.2. Consumption of cellular pB-carotene and absorption
spectra of flavonoids in UVA

UVA exposure led to rapid consumption of B-carotene
in the cells. Approximately 24% of incorporated B-carotene
remained in cells irradiated with 3.8 kJ UVA/m? (Table 1),
whereas 85% of P-carotene remained in cells without
subsequent UVA irradiation (data not shown). Coincuba-
tion of a flavonoid with (-carotene decreased UVA-
induced oxidation of P-carotene, with 78%, 63% and
32% of p-carotene remaining in cells preincubated with
naringin, rutin and quercetin, respectively, after subsequent
UVA irradiation at 3.8 kJ/m?,
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Fig 6. Effects of N, Q, R, BC or the combination of N with BC on the
formation of TEMP-singlet oxygen adducts in a cell-free system induced
by UVA irradiation at 7.6 kJ/m>. The concentration of each flavonoid was
23 uM, and the concentration of BC was 20 uM.

To further characterize the protective effects of naringin,
we then used 23 uM of naringin to study the consumption
kinetics of preincorporated 3-carotene as a function of UVA
irradiation. Fig. 4A shows a rapid and dose-dependent loss
of p-carotene by UVA, whereas loss of B-carotene in cells
was significantly inhibited by naringin preincubation. In
contrast, the loss of naringin in cells was significantly
enhanced by p-carotene Fig. 4B. Fig. 5 shows the
absorption of UVA (320-380 nm) by flavonoids, in which
quercetin had the strongest absorption, followed by rutin
then by naringin, whose absorption was substantially lower
than that of the other two flavonoids.

3.3. Involvement of 'O,

To determine the ability of flavonoids in scavenging 'O,
induced by UVA, we used the ESR spectroscopic technique
with TEMP as a spin trap in an aqueous system, which
upon attack by 'O, forms a nitroxyl radical TEMPO. As
shown by ESR spectroscopy (Fig. 6), naringin was more
effective than rutin in quenching 'O, induced by UVA,
while quercetin had essentially no 'O,-quenching ability in
this system. P-carotene itself moderately decreased the
TEMP-'0, adducts, but the combination of naringin and
p-carotene did not produce an additive effect.

4. Discussion

p-Carotene is a pro-oxidant under certain conditions such
as UVA irradiation [11-14], and it has been suggested that a
combination of antioxidants may prevent the pro-oxidative
effects of P-carotene. In this study, we examined the
interaction on cellular DNA damage between P-carotene
and some common flavonoids—naringin, rutin and querce-
tin. Using C3H cells, we showed that B-carotene (20 pM) was
pro-oxidative because it significantly enhanced DNA dam-
age in cells irradiated with 3.8 and 7.6 kJ UVA/m’. In
contrast, naringin, rutin and quercetin protected against UVA-
induced DNA damage. When combined with P-carotene,
each of these flavonoids suppressed the pro-oxidative effect
of B-carotene in C3H cells induced by UVA irradiation. The
doses of UVA used here, which significantly led to comet
formation in cellular DNA, are much lower than the average
dose (500 kJ/m?) capable of inducing minimal erythema in
human skin [38]. Because (B-carotene readily autoxidizes
during incubation, we adopted a short preincubation time
(=1 h) with a relatively high concentration of B-carotene
(20 pM) [39-41] as compared with concentrations
(0.1-5 pM) in other UVA studies [13,14]. The concen-
trations of flavonoids (10 and 23 uM) used here were based
on those used by Lin et al. [42] (i.e., 1, 10 and 25 pM of
quercetin) and were comparable with the (-carotene
concentration (20 uM) used in the present study. We used
23-uM flavonoids because cytotoxicity was somewhat
evident at 25 uM or higher levels (data not shown).

A possible mechanism underlying the interaction of the
flavonoids with B-carotene in UVA-induced DNA damage
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is the antioxidant activity of the flavonoids, which is closely
related to their ability of donating hydrogen atoms
[21,43—45]. Several structural characteristics are essential
for the antioxidant activities of flavonoids: orthohydroxyla-
tion on the B ring, the number of free hydroxyl groups, a
C2-C3 double bond in the C ring and the presence of a
3-hydroxyl group [43,44]. Flavonol 3-O-glycosides with a
blocked C3 hydroxyl group, such as rutin, may result in
lower antioxidant ability than its aglycon, quercetin [21].
However, our finding that naringin and rutin were much
stronger than quercetin in preventing UVA-induced DNA
damage is inconsistent with the notion of hydrogen donation
by flavonoids. Since much of the damaging effect of UVA
radiation can be attributed to the generation of 10, [28,36],
we determined the ability of 'O, quenching by the three
flavonoids. We found that naringin was more effective than
rutin in quenching 'O, while quercetin had no effect. Thus,
the ability of quenching 'O, may explain, at least in part, the
order of protective effects of the three flavonoids. Our
observation that the combination of naringin and B-carotene
did not produce an additive effect on 'O, quenching may be
explained by the fact that p-carotene enhances the con-
sumption of naringin induced by UVA. Taken together, our
results indicate that the ability of the flavonoids to quench
'0, is more important than their ability to donate hydrogen
atoms in inhibiting UVA-induced DNA damage. However,
it cannot be excluded that these flavonoids may also react
with other reactive species including P-carotene radical
or its oxidative products to afford protection against
DNA damage.

These flavonoids may also inhibit the pro-oxidative
effect of P-carotene on DNA damage by preventing
p-carotene oxidation. In this context, Trombino et al. [46]
have reported a negative synergistic inhibition of oxidant-
induced malondialdehyde production by the combination of
B-carotene and ferulic acid, a ubiquitous phenolic com-
pound in nature. They suggested that such effects may be
explained by the fact that P-carotene enhances the
consumption of ferulic acid whereas ferulic acid decreases
the loss of P-carotene and the formation of oxidative
products of p-carotene [46]. In our study, the flavonoids
significantly decreased the loss of P-carotene in an order
that was similar to their protection against UVA-induced
DNA damage in cells preincubated with B-carotene (i.e.,
naringin > rutin>quercetin). In addition, we found that
-carotene enhanced the consumption of naringin. These
results suggest that these flavonoids may protect against the
pro-oxidative effect of p-carotene on DNA damage through
inhibition of PB-carotene oxidation. Although it is unclear
how these flavonoids inhibit (-carotene oxidation, it is
evident that their sunscreen effects should not be a factor
because the UVA absorptivity of the three flavonoids
(quercetin>rutin>naringin) was opposite to the order of
their protection against 3-carotene oxidation.

In summary, using C3H cells preincubated with (-
carotene and subsequently irradiated with UVA, we have

investigated the interaction on cellular DNA damage
between flavonoids and PB-carotene. We demonstrate that
coincubation of naringin, rutin or quercetin with 3-carotene
protects against the DNA damage and that such actions of
the flavonoids are attributed to the ability of quenching 'O,
and, to some extent, of decreasing -carotene oxidation. Our
results suggest that a combination of P-carotene with
naringin, rutin or quercetin may increase the safety of
B-carotene in various systems and in commercial products
including cosmetics.
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