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Summary Background It has
been suggested that carotenoids in-
cluding lycopene may reduce the
risk of photodamage. However,
carotenoids are unstable under
light exposure and may produce
prooxidative effects under certain
circumstances. Aim of the study We
examined whether lycopene in-
hibits ultraviolet A (UVA)-induced
DNA damage and the expression of
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Lycopene enhances UVA-induced
DNA damage and expression of heme
oxygenase-1 in cultured mouse

embryo fibroblasts

heme oxygenase-1 (HO-1). We hy-
pothesized that the breakdown of
lycopene by UVA irradiation, rather
than intact lycopene itself, causes
oxidative damage. Methods Mouse
fibroblasts, C3H10T1/2 (C3H), were
first enriched with 10 uM of ly-
copene in the dark for 2 h before
exposure to UVA (22.5 KJ/m?).
Then, DNA damage measured by
the single-cell gel electrophoretic
assay (comet assay) and the expres-
sion of HO-1 measured by western
blotting were determined. In addi-
tion, we exposed lycopene powder
to UVA (22.5 KJ/m?) to prepare
pre-irradiated lycopene (ILP).
Then, C3H cells were incubated
with ILP for 2 h,and DNA damage
and the expression of HO-1 also
were determined. Results We found
that lycopene enrichment did not
cause damage to DNA in C3H cells
not irradiated with UVA. However,
lycopene enrichment strongly in-
duced DNA damage when cells

were irradiated with UVA (by ca.
2-fold as compared to control). In
addition, lycopene enhanced UVA-
induced HO-1 expression by ca.
2.5-fold. UVA irradiation led to a
significant loss of lycopene that
had been pre-incorporated into
C3H cells. When cells were incu-
bated with lycopene that had been
pre-irradiated with UVA without
subjecting the cells to further UVA
irradiation, cellular DNA damage
and expression of HO-1 were
markedly increased, and these ef-
fects of irradiated lycopene were
concentration-dependent. Conclu-
sions These results demonstrate
that lycopene enhances UVA-in-
duced oxidative stress in C3H cells,
and they suggest that under UVA
irradiation, lycopene may produce
oxidative products that are respon-
sible for the prooxidant effects.
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Introduction

Lycopene, an acyclic non-provitamin A carotenoid with
11 linearly arranged conjugated double bounds and
found in relatively few foods, has received much re-
search attention because of its potential antioxidant and
anticarcinogenic properties [1-3]. Some in vitro studies
have shown that lycopene is more efficient than [-
carotene, another important carotenoid, in scavenging
singlet oxygen [4] and other reactive oxygen species

(ROS) [5]. Epidemiological studies have indicated that
elevated consumption of tomato significantly reduces
mortality from several cancer sites, especially prostate
cancer [2, 6]. The beneficial effects of tomato-rich diets
are generally attributed to lycopene [1, 2, 6]. Lycopene is
thought to play a role in protecting against ultraviolet
(UV) radiation because it is destroyed to a greater extent
than B-carotene in human skin irradiated with UV [7].
Stahl etal. [8] demonstrated that diets rich in tomato
paste dramatically reduce UV-induced skin damage.
They found that after a 10-week supplementation of 40 g

9¢S NI[H



366 European Journal of Nutrition (2005) Vol. 44, Number 6

© Steinkopff Verlag 2004

tomato paste per day (containing 16 mg lycopene), the
serum levels of lycopene increase significantly in sup-
plemented subjects. At week 10, dorsal erythema forma-
tion is lower in the group supplemented with tomato
paste than in the control group.

Lycopene has recently been utilized as a component
of cosmetics for reducing skin damage induced by UV
[9]. However, the results of in vitro studies on the pro-
tection of lycopene against ultraviolet A (UVA) damage
are inconsistent [10-12]. The UVA (320-380 nm) com-
ponent of sunlight is particularly associated with oxida-
tive damage involved in photoaging [13-15]. Neither B3-
carotene nor lycopene alone was found to prevent
oxidative stress induced by UVA in human skin cell line
[10, 11]. Indeed, both B-carotene and lycopene (0.1-1.0
uM) stimulate UVA-induced mRNA expression of me-
talloproteinase 1 (MMP-1) and heme oxygenase-1 (HO-
1), both of which are associated with UVA-induced skin
photoaging and with oxidative stress [10, 11]. In addi-
tion, little is known regarding the in vitro effect of ly-
copene on UVA-induced cellular DNA damage.

In this study, we therefore examined the effect of ly-
copene on DNA damage induced by UVA and the possi-
bility that UVA-irradiated lycopene (ILP) rather than ly-
copene itself causes the prooxidative effects. The
C3H10T1/2 (C3H) cells, a mouse embryo fibroblast cell
line, were incubated with lycopene before exposure to
UVA. In addition, we exposed lycopene to UVA in open
air for 30 min before incubation with C3H cells. Because
the expression of HO-1 is a sensitive marker of cellular
oxidative stress [16-19], we measured both DNA dam-
age and HO-1 protein levels to evaluate the prooxidant
effect of lycopene with and without UVA irradiation.

Materials and methods
Chemicals

All chemicals used were of reagent or higher grade. Ly-
copene and tetrahydrofuran (THF; without BHT) was
from Wako Co. (Japan). Basal Medium of Eagle, fetal
bovine serum, trypsin, penicillin, streptomycin, sodium
pyruvate, and non-essential amino acids were from
GIBCO/BRL (Maryland, USA).

Cell culture and lycopene incorporation

C3H cells were grown in Basal Medium of Eagle con-
taining 10% (v/v) FBS, 0.37 % (w/v) NaHCOs, penicillin
(100 unit/ml), streptomycin (100 unit/ml) in a humidi-
fied incubator under 5% CO, and 95 % air at 37 °C. The
cells were harvested at ca.90% confluence (10° cells/
dish). The survival rate of cells was always higher than
95% by Trypan-blue assay [20]. A stock THF-lycopene

solution (10 mM) was prepared freshly before each ex-
periment. An aliquot (10 ul) of THF or the THF-lycopene
stock solution was added to C3H cells (ca. 10° cells/dish)
containing 10 ml medium just before incubation at 37 °C
in the dark for 2 h. The cells were then washed three
times in phosphate buffered saline (PBS,pH 7.4),and the
concentrations of lycopene were determined by HPLC
with detection at 470nm following extraction with
ethanol and hexane (1:2;v/v) [21].

UVAirradiation

In brief, cells in 10-cm? dishes were washed three times
and then covered with 10 ml Hanks balanced salt solu-
tion (HBSS) before irradiation with UVA (22.5 KJ/m?,
main output at 365nm) using a UV irradiation cham-
ber (XL-1000 UV crosslinker, Spectronics Corporation,
USA). After irradiation, cells were incubated with the
fresh Basal Medium of Eagle. Sham-irradiated cells
were treated in the same manner except that they were
not irradiated. To prepare pre-irradiated lycopene
(ILP), an aliquot (100 pl) of the stock lycopene was
evaporated to form dry powder followed by UVA irra-
diation (22.5 KJ/m?). At this point, the ILP powder was
re-dissolved in the original volume of THF and was re-
ferred to as 10 mM ILP stock, which contained only
30+3 % residual LP, as determined by HPLC with de-
tection at 470 nm.

Comet assay

Immediately after irradiation or incubation with ILP for
2h, cell viability was determined using 3-[4,5-di-
methylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide
(MTT) colorimetric assay [22] and Trypan-blue assay.
The C3H cells were then harvested for the examination
of DNA damage by using the comet assay adapted from
the method of Singh etal. [23]. Briefly, after oxidant
treatment, cells were suspended in a low-melting-point
agarose in PBS at 37 °C and pipetted onto a frosted glass
microscope slide pre-coated with a layer of 1% normal-
melting-point agarose, the slides were immersed in
cold-lysing solution (2.5 M NaCl, 100 mM EDTA, 10 mM
Tris, 1% sodium lauryl sarcosinate, 1 % Triton X-100) for
1 h at 4°C. The slides were then placed in an elec-
trophoresis tank, allowing the DNA to unwind for 15
min in the alkaline solution (300 mM NaOH and 1 mM
EDTA). Electrophoresis was then performed at 300 mA
for 20 min in the same alkaline solution at room tem-
perature. The slides were then neutralized with 0.4 M
Tris-HCl buffer (pH 7.4) and stained with ethidium bro-
mide. Each data pint was determined by 3 experiments,
2 slides for each experiment, and 30 comets on each
slide. The images were analyzed by computer using the
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Image Pro Plus software (Media Cybernetics, USA) as
%DNA in tail [24, 25].

Western blots of HO-1

Our preliminary data show that UVA irradiation of C3H
cells markedly increased HO-1 protein between 3 and 6
h post-irradiation (data not shown). Therefore, we har-
vested the cells at 3 h post UVA irradiation. In some ex-
periments the cells were incubated with LP or ILP at
37°C for 2 h without UVA irradiation. Briefly, the
medium was removed and cells were lysed with 20%
sodium dodecyl sulfate (SDS) containing 1 mM phenyl-
methylmethylsulfonyl fluoride (PMSF). The lysate was
sonicated for 30 seconds on ice, followed by centrifuga-
tion for 30 min at 4°C. An amount of protein (40 pg)
from the supernatant was resolved by SDS-polyacry-
lamide gel electrophoresis and transferred onto a nitro-
cellulose membrane. After blocking with TBS buffer (20
mM Tris-HCI, 150 mM NaCl, pH 7.4) containing 5%
nonfat milk, the membrane was incubated with anti-
heme-oxygenase-1 monoclonal antibody (StressGen
Biotechnologies Co, Victoria, BC Canada) followed by
horseradish peroxidase-conjugated antimouse IgG, and
then visualized using the ECL chemiluminescent detec-
tion kit (Amersham Co, Bucks, UK).

Data analysis

Values are expressed as means * SD of three replicates
and analyzed by using Student’s t-test for two-group
comparison or using one-way ANOVA followed by Dun-
can’s multiple range test for comparisons of group
means. A P value <0.05 was considered statistically sig-
nificant.

Results
Lycopene uptake and consumption

After incubation with 10 pM lycopene for 2 h at 37°C in
the dark, C3H cells incorporated ca.l.4nmol ly-
copene/10° cells (data not shown). UVA exposure led to
rapid consumption of lycopene of the cells (Fig. 1). After
UVA exposure for 30 min (22.5 KJ/m?), ca. 20 % of incor-
porated lycopene remained in cells, whereas 70 % of the
lycopene remained in cells without UVA irradiation.

DNA damage and cell viability

Comet images of DNA damage in C3H were determined
after irradiation with 22.5 KJ/m? UVA. UVA-irradiation
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Fig.1 Consumption of incorporated lycopene in C3H cells by UVA irradiation for
0.5, 1and 2 h (equivalent to 22.5, 45 and 90 KJ/m?, respectively). Values (means +
SD, n = 3) with * are significantly different from the group without UVA irradiation
at the same irradiation time (student’s ¢ test P < 0.05)

significantly led to comet formation in cellular DNA.
Pre-incubation with lycopene significantly enhanced %
DNA in tail of cells over the control by about 2-fold
(Fig.2). To examine the attribution of degraded prod-
ucts of lycopene, ILP was incubated with C3H cells for
2h without subsequent UVA irradiation. The results
showed that ILP itself led to DNA damage in C3H cells
in a dose-dependent manner (Fig.3). However, using
MTT assay to determine the viability after various treat-
ments, we found no significant differences between the
control (without any treatment) and various treatments
(Fig.4). We also used Trypan-blue assay to determine
the viability, and the result was consistent with that of
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Fig.2 Effect of lycopene incubation (10 pM) on DNA damage in C3H cells irradi-
ated with 22.5 KJ/m2 UVA. Lycopene was dissolved in tetrahydrofuran (THF), which
serves as the solvent control. Values (mean + SD, n > 3) with different superscript
letters are significantly different (P < 0.05)
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Fig.3 Concentration effect of pre-irradiated lycopene (ILP) on DNA damage of
(C3H cells. ILP1, ILP5 and ILP10 represent 1, 5, and 10 pM of ILP. Lycopene was dis-
solved in tetrahydrofuran (THF), which serves as the solvent control. Values (mean
+ SD, n = 3) with different letters are significantly different (P < 0.05)
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Fig.4 Effects of lycopene (LP), UVA irradiation (UVA) and pre-irradiated lycopene
(ILP) on the viability of C3H cells. LP and ILP were dissolved in tetrahydrofuran
(THF), which serves as the solvent control. ILP1, ILP5 and ILP10 represent 1, 5, and
10 pM of ILP. Values (mean + SD, n = 3) are not significantly different (P > 0.05)

MTT assay (data not shown). In addition, as shown in
Fig.5, UVA exposure (11.25 KJ/m? and 22.5 KJ/m?) led
to a dose-dependent loss of absorption of lycopene
between 300 and 550nm, with little changes below
300 nm.

HO-1 protein expression

The expression of HO-1 protein in C3H cells was
strongly induced by UVA irradiation (Fig.6). Lycopene
enrichment markedly enhanced the level of HO-1 pro-
tein induced by UVA by ca. 2.5-fold. Incubation of cells
with 10 uM lycopene without subsequent UVA irradia-

Wavelength (nm)

Fig.5 Bleaching of lycopene (dissolved in tetrahydrofuran) by UVA. Numbers 1, 2
and 3 denote absorption spectra recorded after UVA irradiation at 0, 11.2 and 22.5
KJ/m?
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Fig.6 Western blots showing the effect of 10 pM lycopene on HO-1 protein in-
duced by UVA and the effect of 10 uM pre-irradiated lycopene (ILP) itself on HO-1
protein. C3H cells were pre-incubated with (+) and without (-) lycopene or ILP be-
fore irradiation with and without UVA (22.5 KJ/m?). Cells were harvested 3 h post
UVAirradiation (lane 1-3) orimmediately after incubation with test compounds for
2 h (lane 4-7). For loading control, expression levels of 3-actin were analyzed us-
ing the same lysate. The relative HO-1 levels were quantitated by Matrox Inspector
2.1 software. Values (mean £SD, n = 3) with different letters are significantly dif-
ferent (P < 0.05)
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tion did not affect the HO-1 protein level. In contrast, en-
richment with 10 uM ILP markedly increased the level of
HO-1 protein.

Discussion

The present study employed C3H cells enriched with ly-
copene followed by exposure to UVA to investigate the
effects of lycopene on UVA-induced DNA damage, as it
has been suggested that lycopene may be a better an-
tioxidant than B-carotene, including the photoprotec-
tive effect [7]. Under the present experimental condi-
tions, we showed that lycopene enrichment actually
enhanced DNA damage in C3H cells exposed to UVA.
The results indicate that lycopene is prooxidative under
UVA irradiation, and they complement the finding by
Offord etal. [11] that lycopene promotes HO-1 and
MMP-1 expression induced by UVA. These properties of
lycopene are similar to those of [B-carotene, as Ober-
muller-Jevic etal. [10] had reported that B-carotene or
its degradation product enhances UVA-induced lipid
peroxidation and the subsequent activation of the HO-1
cascade.

We further demonstrated that, when C3H cells were
incubated with pre-irradiated lycopene without subse-
quent UVA irradiation, DNA damage and the induction
of HO-1 protein were markedly enhanced, whereas the
non-irradiated lycopene had no effect. These results
suggest that the degradation products of lycopene in-
duced by UVA are at least partially responsible for the
prooxidative effect of lycopene in C3H cells subse-
quently exposed to UVA. Indeed, Fuhrman etal. [26]
have suggested that the oxidative products of lycopene
are not stable and are capable of inducing oxidation.
They found that lycopene in combination with vitamin
E, glabridin, rosmarinic acid or carnosic acid synergis-
tically inhibits the oxidation of LDL, and they suggested
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