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Abstract

UV radiation from sunlight is the most potent environmental risk factor in skin cancer pathogenesis. In the present
study the ability of an algal extract to protect against UVA-induced DNA alterations was examined in human skin
fibroblasts (1BR-3), human melanocytes (HEMAc) and human intestinal CaCo-2 cells. The protective effects of the
proprietary algal extract, which contained a high level of the carotenoid astaxanthin, were compared with synthetic
astaxanthin. DNA damage was assessed using the single cell gel electrophoresis or comet assay. In 1BR-3 cells, synthetic
astaxanthin prevented UVA-induced DNA damage at all concentrations (10 nM, 100 nM, 10 uM) tested. In addition,
the synthetic carotenoid also prevented DNA damage in both the HEMAc and CaCo-2 cells. The algal extract
displayed protection against UVA-induced DNA damage when the equivalent of 10 uM astaxanthin was added to all
three-cell types, however, at the lower concentrations (10 and 100 nM) no significant protection was evident. There was
a 4.6-fold increase in astaxanthin content of CaCo-2 cells exposed to the synthetic compound and a 2.5-fold increase in
cells exposed to algal extract. In 1BR-3 cells, exposure to UVA for 2 h resulted in a significant induction of cellular
superoxide dismutase (SOD) activity, coupled with a marked decrease in cellular glutathione (GSH) content. However
pre-incubation (18 h) with 10 uM of the either the synthetic astaxanthin or the algal extract prevented UVA-induced
alterations in SOD activity and GSH content. Similarly, in CaCo-2 cells a significant depletion of GSH was observed
following UVA-irradiation which was prevented by simultaneously incubating with 10 uM of either synthetic
astaxanthin or the algal extract. SOD activity was unchanged following UVA exposure in the intestinal cell line. This
work suggests a role for the algal extract as a potentially beneficial antioxidant. © 2002 Elsevier Science Ireland Ltd.
All rights reserved.
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1. Introduction

Skin cancers are among the most common

human cancers. Indeed, in the United States,
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between skin cancer development (basal cell carci-
noma, squamous carcinoma or malignant mela-
noma) and UV radiation has been firmly
established [2,3]. Over exposure to UV radiation
from sunlight is currently believed to be the
primary causative agent in skin tumour pathogen-
esis. Dermal photo-ageing is accompanied by
wrinkling, loss of elasticity, increased fragility
and slow wound healing [4]. Radiation from the
UV spectrum encompasses UVA (320—400 nm),
UVB (280-320 nm) and UVC (100-290 nm).
However, as UVC is, for the most part, filtered
out by atmospheric ozone, both UVA and UVB
radiation play a more significant role in the
initiation of photo-carcinogenesis [4].

UVA and UVB radiation have previously been
shown to induce mutations, some of which may
degenerate into malignant transformations [5,6].
At a molecular level, UVA and UVB differ in their
sites of action in the generation of pre-mutagenic
lesions. UVB radiation is site specific and is
absorbed directly by cellular DNA. The most
frequent photo-lesions resulting from UVB-in-
duced DNA alterations are cyclobutane pyrimi-
dine dimers (CPDs) capable of interfering with
DNA replication. CPDs have been shown to be
instrumental in photo-induced melanogenesis and
immunosuppression [7,8]. However these can be
removed by several repair mechanisms including
excision repair. Conversely, UVA radiation does
not attack the DNA directly but is absorbed by
intracellular chromophores such as riboflavin and
membrane bound enzymes. This results in an
altered cellular redox potential via the generation
of reactive oxygen species (ROS) and/or nitric
oxide causing photosensitization. Two types of
reaction may occur, ROS may: (a) react directly
with the DNA via the Fenton reaction generating
superoxide (O3 ) or the hydroxyl radical (OH*®)
leading to the development of single strand breaks
or (b) induce oxidised base formation in DNA via
singlet oxygen ('O,) production [9].

UVB radiation accounts for < 5% of total UV
radiation reaching the earth’s surface. Of this only
10% UVB can penetrate the dermal layers of the
skin. UVB is much more damaging to skin than
UVA if equal exposures are carried out, however
the greater ubiquity of UVA coupled with its

ability to penetrate the dermis more deeply would
implicate UVA as the major contributory factor in
photocarcinogenesis [4]. Also, because UVB only
penetrates the epidermis, it is unlikely to be
responsible for the more serious melanotic muta-
tions which gives rise to malignant melanomas in
the dermis of the skin. Therefore, in this study we
employed only UVA radiation.

It is now believed that antioxidants may play a
crucial role in ameliorating or indeed preventing
photobiologic damage (phototoxicity, photoage-
ing and cancers) in vivo. Previous studies have
focused on a-tocopherol and B-carotene as poten-
tial photo-protective agents [10,11]. However,
despite the fact that B-carotene only accounts for
10-15% of the total plasma carotenoid pool [12],
the function of other carotenoids in the prevention
of skin erthyma is sparsely documented.

Astaxanthin (3’3 dihydroxy-4'4" diketo-B-caro-
tene; [AST])) is a red pigment found in marine fish,
algae and crustaceans. It is a lipophilic xantho-
phyll carotenoid, which is structurally similar to B-
carotene but possesses an additional hydroxyl and
ketone group on each p-ionone ring. AST is
reported to be more effective than B-carotene in
preventing lipid peroxidation in solution and
various biomembrane systems such as egg yolk
phosphatidylcholine liposomes and rat liver mi-
crosomes [13—16]. To gain a better understanding
of why the antiperoxidation effect of AST is
greater than that of B-carotene Goto et al. [17]
examined the effects of these two carotenoids on
ADP/Fe’* induced lipid peroxidation of lipo-
somes under various conditions. The authors
demonstrated, for the first time, that AST trapped
radicals not only at the conjugated polyene chain
but also in the terminal ring moiety in which the
hydrogen atom at the C3 methine was suggested to
be the radical trapping site. Other versatile radical
scavengers such as flavonoids and alkaloids also
have an active methine moiety [18,19]. Naguib [20]
reported that AST exhibited the highest antiox-
idant activity toward peroxyl radicals compared to
a range of other carotenoids assessed using novel
fluorometric assays. The relative reactivities of
AST, a-carotene, lutein, B-carotene and lycopene
were determined to be 1.3, 0.5, 0.4, 0.2 and 0.4
respectively. Earlier work from our laboratory
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indicated that AST was very effective in protecting
primary chicken embryo fibroblasts against para-
quat-induced, and rat kidney fibroblasts against
UVA-induced, alterations in cellular antioxidant
enzymes [21,22]. AST accumulation by green
microalgae is a natural phenomenon known as
‘red snows’ or ‘blood rains’. Under conditions of
high stress Haematoccocus Pulvaris synthesise
AST via the oxidation, or the cytochrome P 450
mediated hydroxylation, of B-carotene [23].

The aim of the present study was to evaluate the
potential of a natural algal extract containing AST
to protect against UVA induced genotoxicity in
three different cell lines. Human skin fibroblasts
(1BR-3) and the human epidermal melanocytes
(HEMACc) were exposed to a fixed dose of UVA
radiation for a defined time period in either the
presence or absence of synthetic AST or the algal
extract. Synthetic AST was obtained from the Sigma
Chemical Company and used as a positive control
throughout the study. The majority of less serious
cancers such as basal cell and squamous carcinomas
occur in the keratinocytes of the epidermis [24].
However, in this study we were more interested in
the possible photo-protective effects of the algal
extract following deeper UV penetration, into the
dermis. Therefore 1BR-3 cells and the HEM Ac cells
were chosen as a more representative model. The
ability of the test compounds to protect at an
intestinal level was also determined using the human
colonic adenocarcinoma (CaCo-2) cell line as a
model. Following exposure to UVA radiation,
DNA damage (single strand breaks, SSBs) was
measured using the single cell gel electrophoresis
assay. To determine if the algal extract conferred a
protective effect on cellular antioxidant status,
superoxide dismutase (SOD) activity and glu-
tathione (GSH) content were estimated in 1BR-3
and CaCo-2 cells following UVA-irradiation of
supplemented and unsupplemented cells.

2. Materials and methods
2.1. Materials

Tissue culture reagents and chemicals were
purchased from Sigma-Aldrich Ireland, (Dublin,

Ireland) unless stated otherwise. Cell culture
plastics were supplied by Costar (Cambridge,
MA). The CaCo-2 and 1BR-3 cell lines were
obtained from the European Collection of Animal
Cell Cultures (Salisbury, UK) while the HEMAc¢
cell line was purchased from TCS Cell Works
(Buckinghamshire, UK). Information on the pur-
ity of the synthetic AST (purity >98%), was
supplied by Sigma-Aldrich. The algal extract
product (proprietary algal extract, AST-101) was
supplied by SPI- Swiss Pharmaceutical Industries
SA, Switzerland and contained a minimum of 14%
AST. Throughout the rest of the manuscript these
compounds will be referred to as synthetic (Sigma-
Aldrich) or algal (AST-101) AST. The carrier
vehicle for compound delivery to the cells was
either di-methyl sulfoxide (DMSO) or methyl ethyl
ketone (MEK) depending on the concentration of
AST used. The final concentration of solvent in
the culture medium did not exceed 1% (v/v).

2.2. Cell maintenance

Cell lines were grown in a humidified atmo-
sphere of 5% C0,:95% air, at 37 °C in the absence
of antibiotics and screened routinely for myco-
plasma using the Hoechst staining method pre-
viously described [25]. CaCo-2 and 1BR-3 cells
were maintained in Dulbecco’s modified Eagle
medium (DMEM) supplemented with 1% (v/v)
non-essential amino acids (NEAA), 10% (v/v)
foetal calf serum (FCS) and 2 mM L-glutamine
(w/v) and were grown for 4 and 8 days respec-
tively, until approximately 80% confluence was
achieved. HEMACc cells were grown in epidermal
melanocyte basal medium containing 1% (v/v)
growth supplement for a minimum of 8—10 days
until 60—80% confluent.

2.3. Cell treatments

CaCo-2 and 1BR-3 cells were seeded at a density
of 2 x 10* cells/cm? and HEMAc cells were seeded
at 5x10* cells/em? in 6 well dishes for all
experimental conditions. The seeding density of
HEMAC cells was increased because of the low
plating density of this cell line. It was necessary to
use different experimental conditions for the
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intestinal (CaCo-2) and epithelial (skin) cell lines
due to their different population doubling times
and growth requirments. CaCo-2 cells were in-
cubated with 10 uM (determined spectrophotome-
trically at 468 nm) synthetic or algal AST and
immediately irradiated. 1BR-3 and HEMACc cells
were incubated with media containing 10 nM, 100
nM or 10 uM (synthetic or algal) AST for 18 h
prior to UVA exposure. AST (synthetic and algal)
was delivered to the cells in DMSO, with the
exception of the higher concentration of 10 uM
where it was necessary to use MEK to increase the
solubility of these compounds. All AST manipula-
tions and extractions were performed in an amber-
lit laboratory, glass vessels were blown through
with Nj(g) before use, and samples were handled
under N,(g).

2.4. Preparation of cells for the comet assay and
exposure to UVA radiation

Following treatment with or without the syn-
thetic or algal AST, cells were prepared for the
alkaline single cell gel electrophoresis (comet)
assay according to the method of Woods et al.
[26]. Briefly, 1% normal gelling agar was smeared
onto frosted slides and allowed to dry. A single cell
suspension was created for each cell line. Cells (30
pl) were then mixed with low melting point
agarose (70 pl) and embedded in the centre layer
of an agar gel sandwich. The microgel was covered
with a coverslip and cooled on ice for 5 min.
Immediately prior to irradiation the coverslips
were removed and slides were placed in irradiation
dishes containing 10 ml pre-warmed PBS. The
dishes were then anchored in a water bath at a
fixed temperature of 37 °C. Cells were exposed to
polychromatic light from a 2 tube fluorescent
sunlamp that emitted UV radiation of low fluences
between the wavelengths of 320-400 nm. A UVX
radiometer was used to determine the irradance
and this was fixed at 5.6 mW/cm?®. Slides were
irradiated through glass filters in 10 ml PBS at
37 °C. The glass filter was 4.5 mm thick with a
diameter of 37 mm which was sufficient to
completely cover all slides. A thickness of >3
mm has previously been determined to be suffi-
cient to block 99.8% total UVB. Cell cytotoxicity

was examined following exposure to UVA using
the neutral red uptake assay (NRUA). Control
slides were ‘sham irradiated’. Immediately after
irradiation slides were immersed in lysis buffer for
1.5 h in the dark at 4 °C, followed by electro-
phoresis buffer for 30 min and then subjected to
electrophoresis at 25 V/em? (300 mA) for 25 min.
Slides were removed, washed with neutralisation
buffer ( x3) and stained with 70 ul ethidium
bromide (0.5 mg/ml). Slides were analysed using
fluorescence microscopy (green fluorescent light
from a Nikon microscope-100 x magnification).
For each experiment randomly selected comets
(25) were scored with duplicate slides per condi-
tion. Slides were viewed using a KOMET compa-
tible version of Windows NT, and analysis of
genotoxic damage was conducted using KOMET
4.0 Image Analysis system (Kinetic Imaging,
Liverpool, UK). The arbitrary units of measure-
ment chosen in this study were tail DNA (the
quantity of DNA present in the tail) and the olive
tail moment (tail length x tail intensity or percen-
tage migrated DNA).

2.5. Evaluation of cellular antioxidant status

To assess effects on cellular GSH content and
SOD activity, CaCo-2 and 1BR-3 cells were
incubated for 2 and 18 h, respectively, with AST
(synthetic or algal) prior to UVA irradiation. The
activity of total cellular SOD was determined
using the method previously outlined [27]. SOD
was expressed relative to protein content
estimated by the Lowry method for protein
assessment [28]. The cellular GSH content was
measured according to the method of Hissin and
Hilf [29]. GSH content was expressed as nmol/mg
protein.

2.6. HPLC analysis

Uptake of AST by CaCo-2 cells was measured
using a modification of the method of Nells and
De Leenheer [30]. Briefly, cells were exposed to
either 10 uM synthetic or algal AST for 24 h prior
to extraction. Cells (7.2 x 10°) were washed ( x 3)
and harvested by centrifugation. A recovery stan-
dard (25 mM a-tocopherol acetate in ethanol,
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0.05% butylated hydroxytoluene) was added to the
cell pellets, and the samples were extracted twice in
ethyl acetate followed by a final hexane extraction.
Individual fractions were pooled and dried under
N,, reconstituted in mobile phase (dichlorometha-
ne:acetronitrile:methanol [1:7:2]) and analysed by
HPLC. Samples were injected onto a Shimadzu
SCL-10A model HPLC, (equipped with two 150
mm x 4.6 mm CI18 columns) and were eluted
with mobile phase. The retention time for AST
was 3.1 min and peaks were detected at 450 nm
using a Shimadzu SPD-10AV  UV-visible
detector. Results were collected and analysed using
Millennium Chromatography Manager data col-
lection software (Waters Corporation, Milford,
MA).

2.7. Statistical analysis

Where appropriate, data were analysed using
one way analysis of variance (ANOVA) followed
by Dunnett’s test. Unless otherwise stated, results
are presented as the mean +standard error (S.E.)
of duplicate cultures from 3 independent experi-
ments.

3. Results
3.1. UVA-induced DNA damage in three cell lines

UVA irradiation of CaCo-2 and 1BR-3 cells for
2 h and HEMACc cells for 45 min, resulted in a
significant increase in DNA damage in all three
cell lines (Figs. 1-3).

3.1.1. 1BR-3 cells

I1BR-3 cells were pre-treated for 18 h with
increasing concentrations (10 nM, 100 nM, 10
uM) of either the synthetic (Fig. 1A) or algal AST
(Fig. 1B) prior to irradiation with UVA. Samples
were processed onto slides in preparation for the
comet assay and subsequently irradiated for 2 h at
37 °C. A highly significant (P <0.01) increase in
olive tail moment (an arbitrary measure of single
strand breaks) was observed in cells exposed to
UVA only. However pre-enrichment with syn-
thetic AST maintained the olive tail moment

similar to untreated control values at all concen-
trations (Fig. 1A). When cells were pre-treated
with the algal AST and subsequently exposed to
UVA light, both the 10 and 100 nM concentra-
tions failed to protect against an increase in olive
tail moment with values differing significantly
(P <0.01, P <0.05, respectively), from untreated
controls. Only the 10 pM concentration of algal
AST was capable of maintaining olive tail moment
analogous to untreated control values and thus,
significantly inhibiting UVA-induced DNA da-
mage in 1BR-3 cells (Fig. 1B).

3.1.2. CaCo-2 cells

Following a 2-h exposure to UVA radiation, a
highly significant (P <0.01) increase in CaCo-2
cell DNA olive tail moment was observed relative
to untreated controls (Fig. 2). However, when cells
were incubated immediately prior to irradiation
with either synthetic or algal AST (10 uM) and
subsequently exposed to UVA light, the olive tail
moment decreased significantly and did not differ
from controls.

3.1.3. HEMAc cells

HEMACc cells were pre-enriched for 18 h with
both the synthetic and algal AST at 10 uM (Fig.
3). Cells were irradiated with UVA light for a
shorter time-scale of 45 min. As has been reported
previously [31], human melanocytes were found to
display very heterogeneous comets with differing
frequency, intensity and shape even within the
same sample. Fig. 3 shows a significant (P < 0.05)
increase in Tail DNA in cells exposed to UVA
only, relative to untreated control cells. Treatment
with both the synthetic and algal AST (10 uM)
significantly inhibited UVA-induced DNA migra-
tion from head to tail.

3.2. Modulation of cellular antioxidant status by
UV A radiation-protection by the test compounds

Cellular GSH content and SOD activity were
assessed following exposure to UVA both in the
absence and presence of synthetic or algal AST.
Two different experimental approaches were used.
Firstly, 1BR-3 cells were pre-enriched with the
either synthetic or algal AST for 18 h prior to
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Fig. 1. Ability of synthetic astaxanthin (AST) (A) and an algal extract containing astaxanthin (Algal AST) (B) to protect against
UVA-induced DNA damage in 1BR-3 cells. Cells were incubated with 10 nM, 100 nM or 10 uM synthetic AST or algal extract
containing AST for 18 h and subsequently irradiated with UVA for 2 h. DNA damage was assessed using the alkaline single cell gel
electrophoresis or comet assay and the results were expressed as olive tail moment. Control cells represent unexposed, untreated cells,
while solvent controls represent unexposed cells treated with the solvent carrier vehicle [di-methyl sulfoxide (DMSO) or methyl ethyl
ketone (MEK)]. Data are means +S.E. of duplicate cultures from # = 3 independent experiments. Values differed significantly (¥** P <
0.01; * P <0.05) from untreated controls as measured by ANOVA followed by Dunnett’s test.

photo-treatment. The medium was then replaced
with fresh medium and cells were exposed to UVA
radiation for 2 h at 37 °C. In the second model,
CaCo-2 cells were incubated with either synthetic
or algal AST and immediately exposed for 2 h to
UVA light. Exposure of 1BR-3 cells to UVA light
resulted in a highly significant (P <0.01) induc-
tion of SOD activity, coupled with a significant
(P <0.05) decline in GSH content, compared to
untreated controls. However, when cells were pre-
treated (18 h) with either the synthetic or algal

forms (10 uM) of AST and subsequently irra-
diated, SOD activity returned to control values.
GSH content was also maintained similar to
untreated control value in AST enriched samples
(Table 1). SOD activity in CaCo-2 cells was
unaffected by exposure to UVA radiation in the
presence or absence of either form of AST with
none of the samples differing significantly from
untreated controls (Table 2). However a signifi-
cant (P <0.05) decline in GSH content was
observed following UVA-exposure. GSH deple-
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Fig. 2. Ability of synthetic astaxanthin (AST) and an algal extract containing astaxanthin (Algal AST) to protect against UVA-
induced DNA damage in CaCo-2 cells. CaCo-2 ells were incubated with 10 uM synthetic AST or an algal extract containing AST and
irradiated with 22 J/em®> UVA for 2 h. DNA damage was measured using the alkaline single cell gel electrophoresis or comet assay.
Control cells represent unexposed, untreated cells, while solvent controls represent unexposed cells treated with the solvent carrier
vehicle (methyl ethyl ketone) only. Data are means +S.E. of duplicate cultures from n = 3 independent experiments. Values differed
significantly (** P <0.01) from untreated controls as measured by ANOVA followed by Dunnett’s test.

tion was prevented in synthetic AST treated
samples. A similar trend was observed in algal
treated samples (Table 2).

3.3. Cellular incorporation of synthetic and algal

compound, with a 4.6-fold increase in the carote-
noid content relative to untreated control cells
(Table 3). CaCo-2 cells exposed to algal AST were
also shown to accumulate the carotenoid but here
the fold increase was 2.5 relative to controls (Table

AST by CaCo-2 cells 3).

CaCo-2 cells were incubated with synthetic or
algal AST for 24 h and the carotenoid fraction was
subsequently extracted to determine cellular up-
take. There was a significant (P < 0.05) incorpora-
tion of AST in cells exposed to the synthetic

4. Discussion

The induction of cellular phototoxicity in re-
sponse to UVA radiation has previously been
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Fig. 3. Ability of synthetic astaxanthin (AST) and an algal extract containing astaxanthin (Algal AST) to protect against UVA-
induced DNA damage in HEMACc cells. HEMACc cells were pre-enriched with 10 uM synthetic AST or an algal extract containing AST
for 18 h. Samples were subsequently irradiated with 22 J/em? UVA for 45 mins. Control cells represent unexposed, untreated cells,
while solvent controls represent unexposed cells treated with the solvent carrier vehicle (methyl ethyl ketone) only. Data are means +
S.E. of duplicate cultures from n =3 independent experiments. Values differed significantly (* P < 0.05) from untreated controls as
measured by ANOVA followed by Dunnett’s test.
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Table 1

Superoxide dismutase (SOD) activity and glutathione (GSH)
concentration in UVA-exposed 1BR-3 cells pre-treated for 18 h
with synthetic astaxanthin (AST: 10 uM) or an algal extract
containing astaxanthin (algal AST: 10 uM)

GSH content
nmols/mg protein

Treatment SOD activity

U/mg protein

Untreated cells 6.15+2.2 37.39+1.9
Solvent control 43435 4334+7.1
UVA Treated 18.4+4.2" 21.1+4.9"
UVA+AST 2.840.8 38.340.3
UVA +Algal AST 74+2.4 334445

I1BR3 cells were pre-enriched with 10 pM of either of the test
compounds for 18 h. Samples were subsequently irradiated for
2 h with 22 J/em® UVA. Untreated cells were not exposed to
UVA or ecither of the test compounds. Solvent controls
represent cells exposed to the carrier vehicle (methyl ethyl
ketone) only. UVA treated cells were exposed to UVA radiation
only. Data are the means+S.E. of duplicate cultures from n =3
independent observations.

** Samples were determined to be highly (P <0.01) sig-
nificantly different, or;

* Significantly (P <0.05) different from untreated control
values as measured by ANOVA followed by Dunnett’s test.

Table 2

Superoxide dismutase (SOD) activity and glutathione (GSH)
concentration in UVA-exposed CaCo-2 cells treated with
synthetic astaxanthin (AST: 10 pM) or an algal extract
containing astaxanthin (algal AST: 10 uM)

GSH content
nmols/mg protein

Treatment SOD activity

U/mg protein

Untreated cells 2.04+0.5 32.1+1.1
Solvent control 2.8+0.85 34.14+1.1
UVA Treated 21405 24.9+40.9"
UVA+AST 2.3740.5 33.0+0.8
UVA +Algal AST 1.95+0.2 27.6+1.4

CaCo-2 cells were incubated with 10 uM of either of the test
compounds and immediately irradiated for 2 h with 22 J/cm?
UVA. Untreated cells were not exposed to UVA or either of the
test compounds. Solvent controls represent cells exposed to the
carrier vehicle (methyl ethyl ketone) only. UVA treated cells
were exposed to UVA radiation only. Data are the means +S.E.
of duplicate cultures from n = 3 independent observations.

* Samples were significantly (P <0.05) different from un-
treated control values as measured by ANOVA followed by
Dunnett’s test.

Table 3

Concentration of astaxanthin in CaCo-2 cells following supple-
mentation for 24 h with the synthetic carotenoid (AST) or algal
extract containing astaxanthin (Algal AST)

Treatment Astaxanthin g/mg protein

Mean S.E.
Untreated cells 5.44 x 1077 0.2x 1077
Media only 273%x 1077 0.03x 1077
Cells+AST 2.36 x 10~ 0.24 x 10~ 5%
Cells+Algal AST 1.44 x 10~ 6* 0.23 x 10~ 6*

CaCo-2 cells were supplemented with either synthetic AST or
the algal extract containing astaxanthin (algal AST) for 24 h.
The carotenoid fraction was extracted and cellular incorpora-
tion of AST was measured using HPLC. Untreated media was
also extracted to determine baseline carotenoid level. Data are
means +S.E. of triplicate samples.

* Samples differed significantly (P < 0.05) from untreated
control cells.

demonstrated in a variety of cell lines including the
dermal layers of human skin [6,32,33]. Human
skin fibroblasts and human melanocytes are parti-
cularly susceptible to UVA-induced cellular altera-
tions, including the distortion of cellular
antioxidant status and the induction of strand
breaks within the DNA molecule. These physio-
logical alterations are believed to occur as a result
of altered cellular redox potential via the produc-
tion of ROS during photosensitization [34]. Anti-
oxidants are well established for their ability to
quench ROS. However the role of antioxidants in
UV-induced photo-protection is complex and
evidence for a protective effect conferred by
carotenoids, in particular, against UVA-induced
cellular alterations is conflicting in the literature.
In the present study we examined the ability of a
natural algal extract containing AST to protect
against UVA-induced DNA damage in three cell
lines (CaCo-2, 1BR-3 and HEMAC cells) using the
comet assay. The comet assay is a sensitive,
reliable and effective method to detect single
strand breaks within the DNA molecule [35]. In
the assay, irradiated cells are embedded in agarose
gel and lysed by detergents at high salt concentra-
tion. Subsequently, the microgel is placed in an
alkaline electrophoresis buffer for DNA unwind-
ing. The presence of strand breaks within the
highly supercoiled DNA increases the electro-
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phoretic mobility of the DNA fragments. During
electrophoresis these single strand DNA fragments
migrate towards the anode so the cells resemble a
comet composing of a bright fluorescent head with
a tail streaming away from it [26,36].

CaCo-2 cells were used in conjunction with skin
cells to investigate the toxic effects of UVA
radiation, the possible protective effects conferred
by AST, and also to examine the efficacy with
which the two different forms of AST are incor-
porated into human cells. The premise for choos-
ing the CaCo-2 cell line was two-pronged. Firstly,
preliminary work in our laboratory identified
similar cytotoxic effects occurring in CaCo-2 cells
relative to human skin fibroblast (1BR-3) cells.
Because CaCo-2 cells are a finite cell line they are
significantly less troublesome to work with and
thus a greater number of experiments could be
performed. Secondly, the CaCo-2 cell line
is a well-established model for examining the
cytotoxicity of various toxic stimuli. Because this
cell line represents the best in vitro model of the
intestinal mucosa, CaCo-2 cells are ideal for
providing information on the uptake of AST by
the ‘gut’.

In all three cell lines, irradiation with a physio-
logically relevant dose (22 J/cm?) of UVA, resulted
in a time dependant increase in single strand
breaks (data not shown) with the order of damage
equivalent to HEMAc > 1BR3 > CaCo-2, respec-
tively. Synthetic AST (99.5% purity) was included
as a positive control and it was observed that while
this form offered significant protection at all
concentrations chosen, only the highest concentra-
tion of the algal AST could significantly reduce the
induction of single strand breaks in 1BR-3 and
HEMACc cells. Similar results were seen in the
CaCo-2 cell model.

Human fibroblasts are known to contain milli-
molar and nanomolar concentrations of GSH and
SOD respectively [4]. UV radiation has previously
been shown to reduce cellular GSH content in
human fibroblasts and SOD activity in rat kidney
fibroblasts [22,37]. In the present study we exam-
ined the effect of UVA radiation on cellular
antioxidant status (SOD and GSH) in CaCo-2
and 1BR-3 cells in both the presence and absence
of algal AST. While SOD activity was unchanged

in CaCo-2 cells exposed to UVA, a significant
reduction in GSH content was observed in irra-
diated cells (Table 2). However by adding either
synthetic or algal AST (10 uM), depletion of
cellular GSH was prevented with irradiated sam-
ples expressing similar GSH values to untreated
controls (Table 2). Similar results were obtained in
1BR-3 cells, however the effect on antioxidant
status was more marked with a significant (P <
0.05) reduction in GSH content in UVA-exposed
cells. This was accompanied by a highly significant
(P <0.01) enhancement of SOD activity following
UVA-irradiation.

The mechanism of UVA-induced chromophore
excitation is unclear but is believed to involve the
generation of various ROS possibly including
superoxide anion. Indeed, in vitro photosensitiza-
tion is non-specific and therefore there may be
several possible sites of chromophore excitation.
For example the DNA itself may become ‘excited’
at wavelengths < 320 nm resulting in the forma-
tion of thymine photo-dimers [38]. However more
usually UVA photons do not attack the DNA
directly but are absorbed by intracellular compo-
nents such as riboflavin, prophyrins, nicotinamide
and certain membrane bound enzymes [39]. Chro-
mophore photosensitization in skin cells may also
result in the activation of a wide range of
prostaglandins and histamine resulting in an
inflammatory response [40] and the photo-degra-
dation of tryptophan [41].

Superoxide anion (O5 ) is highly reactive and
may attack cellular DNA resulting in altered DNA
bases, pyrimidine dimers and single strand breaks.
SOD, a primary antioxidant, is specific for super-
oxide anion. It is present at a basal level in all cells
however its activity increases in response to
increased superoxide production (oxidative stress).
SOD activity has previously been reported to
increase following irradiation with UVA [42,43].
In the present study the UVA-induced induction
of SOD activity did not occur in AST treated 1RB-
3 cells (Table 1). AST is a very efficient antioxidant
due to the unique structure of the terminal ring
moiety [17]. It is therefore feasible that AST has an
affinity for the superoxide free radical and thus
may act as a sacrificial antioxidant, ultimately
preventing an increase in basal SOD activity.
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Indeed, induction of cellular SOD following UVA
exposure has previously been shown to be inhib-
ited by quercetin [44], however the mechanism
involved remains to be elucidated. The ability of
both the synthetic and algal AST to protect
against GSH depletion and the induction of
SOD activity was more notable in 1BR-3 cells
(Table 1).

Our results corroborate with previous observa-
tions citing a decrease in cellular GSH in parallel
with an increase in cellular antioxidant enzyme
activity as a consequence of UVA exposure. In
vivo, a decrease in dermal GSH was observed in
rats treated with 5 J/em? UVA, with maximal GSH
depletion occurring between 24 and 48 h post
irradiation [45]. A substantial up-regulation of
glutathione peroxidase in conjunction with a
concomitant induction of SOD activity following
exposure of human skin fibroblasts with repeated
low doses of UVA radiation has also been
reported [43]. Similarly, an up-regulation of SOD
and glutathione peroxidase at mRNA level was
observed in human fibroblasts following exposure
to low-moderate physiologic doses of radiation
[46]. Both authors suggest the up-regulation of
cellular antioxidant defence enzymes to be asso-
ciated with enhanced photo-protection in the event
of further UVA exposure.

In conclusion, we have shown a protective effect
conferred by an algal extract containing AST in
the reduction of DNA damage and maintenance of
cellular antioxidant status in UVA-irradiated hu-
man cells in culture. AST may be the active
ingredient in the algal extract, however this
remains to be confirmed. The lower protective
efficiency of the algal extract compared to the
synthetic AST may be accounted for by the
decreased bioavailability of the carotenoid from
the extract (Table 3). It is interesting to speculate
that other components of the extract may interfere
with uptake of AST. Further studies are required
to investigate this possibility. In summary, the
potential chemo-therapeutic properties of this
algal extract could possibly be exploited for the
development of topical skin-care products or
indeed as a natural dietary supplement to minimise
the effects of UVA radiation in vivo.
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