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Abstract

The ability of f-carotene, lutein or astaxanthin to protect against UVA-induced oxidative stress in rat kidney
fibroblasts (NRK) was assessed. Activities of the antioxidant enzymes catalase (CAT) and superoxide dismutase
{S0D), and changes in thiobarbituric acid reactive substances (TBARS) were measured as indices of oxidative stress,
Exposure to UVA light at a dose intensity of 5.6 mW/em® for 4 h resulted in a significant decrease in CAT and SOD
activities and a significant increase in TBARS, No cytotoxicity, as indicated by lactate dehydrogenase (LDH) release,
was observed, f-Carotene (1 pM), lutein (1 gM) and astaxanthin (10 nM) protect against UVA light-induced
oxidative stress in vitro with astaxanthin exhibiting superior protective properties, © 1998 Elsevier Science Ireland

Led. All rights reserved.
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1. Introduction

There is evidence that certain antioxidants can
protect against photodamage induced by UVA
light. Increased dietary antioxidant consumption
may be beneficial in prevention of UV light-in-
duced damage in vivo, Most of the studies have
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21 270244,

focused on @-tocopherol [1] and on the carotenoid
f-carotene [2,3] as photoprotective agents with
little regard for the possible role of other
carotenoids. In fact, f-carotene only represents
10-15% of total carotenoids in the plasma [4].
Little is known about the antioxidant activity,
and hence possible photoprotective properties, of
naturally occurring carotenoids other than j-
carotene, However, the structure of  all
carotenoids is broadly similar and many are be-
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lieved to have antioxidant properties. Lutein, a
major xanthophyll carotenaid, is as abundant as
fi-carotene in human plasma [4]. It is structurally
similar to f-carotene but has an additional hy-
droxyl group on each terminal fi-ionone ring of
the molecule making lutein more hydrophilic.
Lutein has been shown ip in vitro studies to
exhibit superior antioxidant properties compared
to fi-carotenc [5]. Astaxanthip, a carotenoid
present in marine fish and shellfish is also struc-
turally similar to f-carotene but has an additional
hydroxyl and keto group on each f-ionone ring.
The antioxidant potential of astaxanthin has been
demonstrated both in in vive [6] and in wvitro
studies [7]. In a previous study, we demonstrated
the efficacy of astaxanthin in inhibiting paraquat-
induced oxidative stress in chicken embryo fibrob-
lasts (CEF) [8]. Furthermore, we have shown that
astaxanthin is a superior antioxidant compared to
w-tocopherol [9] and f-carotene in CEF [10].
The objectives of this study were to establish
the effects of UVA radiation on endogenous an-
tioxidant enzyme activities and lipid peroxidation
in cells in culture and to evaluate if the addition
of carotenoids, namely f-carotene, lutein and as-
taxanthin would protect against UVA-induced
modulation of endogenous antioxidant enzyme
activities and lipid peroxidation in these cells,

2. Materials and methods
2.1. Materials

All cell culture media were purchased from
GIBCO (Paisley, Scotland). f-Carotepe and
lutein were obtained from Sigma Chemical Co.
{Poole, Dorset, UK). Astaxanthin was generously
provided by F. Hoffmann-La Roche (Basel,
Switzerland). All other reagents and solvepnts were
of analytical grade and used without purification.

2.2, Incubation of cells with test compounds and
expasure to UVA light

Rat kidney (NRK) fibroblasts were purchased
from the European Collection of Animal Cell
Cuitures (Salisbury, UK). NRK fibroblasts were

cultured in Dulbecco’s Modified Eagle's medium
(DMEM) supplemented with 10% newborn calf
serum and antibiotics as previously described [11].
Stock solutions of f-carotene and astaxanthin
were prepared in absolute alcohol as described
previously [8,10], Similarly, lutein was dissolved in
absolute alcohol in the dark. The concentration of
lutein was measured spectrophotometrically at
445 nm prior to further dilutions (mmolar extine-
tion coefficient = 145). The final concentration of
absolute alecohol in the culture medium was <
1%. A control proup containing absolute alcohol
was included and no differences were seen be-
tween the absolute alcohol control and a control
without absolute alcohol. In all experiments, the
cells were subjected to a particular exogenous
level of antioxidant from the time of initial seed-
ing until the end of the experiment. UVA light
exposure was performed with polychromatic light
from a 2-tube fluorescent sun lamp which emitted
wavelengths between 320-400 nm. The dose in-
tensity was fixed at 5.6 mW/cm?® as measured with
a UVX radiometer. Cells, when confluent, were
rinsed twice with 5 ml of pre-chilled PBS. Expo-
sure to UVA light was carried out in a light-
proofed chamber and culture dishes were placed
on an ice block. The cells were irradiated through
5 ml of PBS in covered dishes as exposure
through the dish lids excluded UV wavelengths
below 300 nm. Control cells were sham-irradiated,
i.e. maintained at the same conditions as the UVA
light-exposed cells. NRK cells were exposed to
UWVA light for 4 h as determined [rom time course
experiments. Lactate dehydrogenase (LDH) re-
lease was determined in all in vitro preparations
as an index of cytotoxicity [12]. LDH release was
expressed as a % of the total LDH released from
cells treated with 10% Triton X-100.

2.3, Procedures

Cell sonicates were prepared for enzyme analy-
sis as previously outlined [9). CAT activity in cell
sonicates was determined on the same day as
harvesting using the method of Baudhuin et al.
[13]. The remaining supernatants were stored
overnight at — 20°C until SOD activity was deter-
mined [14]. TBARS (nmol MDA/mg protein)
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Table 1

Protective effect of #-carotene, luteln and astaxanthin against UVA light-induced medulalions in catalase (CAT), supervism -
dismutase (SOD) activities and TBARS levels in rat kidney cells in culture

CAT (U/mg protein)

SOD (U/mg protein)

TBARS (nmol MDA/mg protein)

H-Carotene (M)

Control® 3394037 10.28 £+ 0.84 3.68 +0.23
i} 4,76 +0.02* 339 +£0.92¢ 704 +0.15*
0L 5.43 + 0,56 4.02 + 1.06* 6.64 + 0, 45%
0.1 6.32 4 0.09* 6,89+ 1.62% 4,39 + 0,25
0.5 701 4 (ued* 930+ 1.28 4.49 4 .05
1.0 T.83+0.21 9.80 + 098 4.22 + (.46
LSD (P <0.05) 1.12 in 0.87
Lutein (M)
Control® 7.35 +0.53 .78 £ 0.35 2.34 £ 0.25
0 4.05 + 1.02% 383+ 1.84% 5.30 4 0.67%
0.01 4.77 £ 080+ 6.68 + 1.05*% 6.0l 4 0.18*
0.1 547 +0.5 .38 L0.52 4.02 +0.30*
0.5 6,13 £ 081 7.05 4 1.58* 392 +0.18%
1.0 B.63 £ 0.34 10,34 + 0,67 260 + 065
LSD (F=0,05) .3 1.77 1,58
Astaxanthin {nM)

Contral® T58+0.25 0.78 £ 0.54 4.88 +0.49
0 3.84 +0.56" 3Bl +1.85* 9,30 + 0.81*
0.1 5824 053 590+ 1.20¢ .97 4 1.23%
| 6.08 £+ 0.73* T.16 +£0.07* 543 4+ 0,51
5 7.06 + 0,49 T.06+ 1.60% 5324029
10 7.67 4+ (L0& 273+ 048 356 +£0.17
LSD {P<0.05) 1.42 204 1.94

MDA, malondialdehyde; LSD, least significant difference. Data are expressed as means + S.E.M.
* Control pells not exposed to UVA light and not supplemented with carotenoids. Cells were exposed to UVA light (5.6 mW/cm?)

for 4 h,

* Significantly different from control cells (P<0.05) one-way ANOVA, n=46 for all groups.

were measured as an index of lipid peroxidation
as previously outlined [11]. To prepare cell soni-
cates for measurement of f-carotene, lutein and
astaxanthin the incubation medium was rapidly
aspirated and 0.5 ml of the appropriate chromato-
graphic solvent was added at 0°C to the cell layer.
The cells were removed from the dishes by scrap-
ing and placed on ice. Extraction and quantifica-
tion of the carotenoids from cells followed the
method of Sheehy et al. [15].

2.4, Sraristical analysis

Results are presented as mean values and stan-
dard errors of the means. Data were analysed by
one-way analysis of variance (ANOVA) followed
by least significant difference (LSD). The level of
statistical significance was taken as P < (.05,

3. Results

3.1, Antioxidant potential of f-carotene, lutein
and astaxanthin (Tables I and 2)

CAT and SOD activities was significantly de-
creased (P < 0.03) compared to control cells fol-
lowing 4 h of exposure to UVA light and a
significant increase (P < 0.05) in TBARS level oc-
curred. However, the levels of LDH release in
UVA exposed NRK were well below any sugges-
tion of significant cytotoxicity {i.e. %LDH release
= 3%, data not shown). f-Carotene at a level of 1
#M and lutein at 0.1 gM returned CAT activity
to control values. On the other hand, much lower
levels of astaxanthin (5 nM) were required to
restore  CAT to control. Incorporation of
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Table 2
superoxide [-Carotene and lutein content of rat kidney cells grown in f-carotene (§-C) or lutein-enriched media with or without exposure to
UVA light
) Treatment Content (g/mg protein) Treatment Content (gg/mg protein)
f-Carotene
Control® 089 40,12 Uvas 0.39 +0.04
Control+0.01 gM fi-C 1134017 UVA+0.01 gM f-C 0.89 +0.11
Control + 0.1 pM fi-C 381 40,18 UVA+0.1 oM §-C 3,53 +0.07
Control +0.5 uM j-C 28.83 +0L19 UVA+0.5 4M f#-C 24.62 £ 0.69
Control+ 1.0 pM §-C 30.49 4+ 0.59 UVA4+ 1.0 oM £-C 2612 £0.70
Lutein
Control® nd UvA® nd
Control+0.01 gM lutein nd UVA+0.01 gM lutein nd
Contral+0.1 pM lutein nd UVA D1 M Jutein nd
Control +0.5 gM lutein 031 £ 0,07 UVA 0.5 uM lutein 016 +0.02
Control + 1.0 gM lutcin (158 4 0.02 UVA+1.0 gM lutein 050 + 0.03
a Control cells and UVA light-exposed control cells were grown in media not supplemented with §-C or utein, Cells were exposed
to TIW A light (5.6 mW /em®) for 4 h, ff-Carotene or lutein content of the cells were determined by HPLC analysis. Dala are expressed
{ as mean + 5. E.M.; n =4 for all treatments.
: nd, not detectable.
: carotenoids into the UVA exposed cells also re- al. [5] demonsirated, in an in vitro cellular system,
) stored the SOD activity. Levels of (.5 uM J- that lutein was a more effective antioxidant than
carotene, higher levels of lutein {1 M) and much f-carotene. On the other hand, f-carotene was
lower concentrations of astaxanthin (10 nM) were found to be more effective than lutein in inhibit-
required. Supplementation with f-carotene (0.1 ing methylcholanthrene-induced transformation
#M), lutein (1 #M) and astaxanthin (1 nM) also of 10T1/2 cells in culture [16]. In this study the
i mW/em?) prevented the UVA-mdu::e:] increase in TBARS. potential of lutein and #-carotene was similar and
The f-carotene and lutein content of NRK cells  astaxanthin was more effective in restoring the
was determined by HPLC analysis (Table 2). UVA light-induced alteration in antioxidant en-
These data m-;ir::ailed that fi-carotene and lutein zyme activities and lipid peroxidation. The en-
were mmrporawd into cells. The carotenoid levels hanced antioxidant properties of astaxanthin have
measured in the UEA r:xpc-sed; c?llll;s were I'}“;ﬂ previously been reported [7,8]. The decrease in
lutein :hur; T.ha;r ﬂimw'pf;? ]“g_f]?n“i?_ 51‘ T}narfomo . carotenoid content of cells exposed to UVA light
'_’:1': Zﬂ E:li a_mgmé?ﬁw:wr:;l;s ]sr':: “S t“ebri :2' (Table 2) may be due to an increase in carotenoid
R I e consumption following ROS generation, A de-
4 tected by our HPLC method. However, Lawlor : : Bl
wmtly de- 1 Bl : crease in the carotenoid content of plasma in vivo
¥ i and O’Brien [8] demonstrated uptake of astaxan- b : b followi
cells fol- : thin at higher levels (1-10 M) in CEF. Was 0 scn-cd_ in human subjects following expo-
t and a sure to UV light [17].
level oc- i The identification of compounds which can
slease in modulate UV light-induced skin degradation
" SUgges- 4. Discossion would be of assistance in determining strategies to
71 release reduce oxidative damage to skin, Human studies
evel of 1 Increased uptake of f-carotene, lutein or astax- investigating administration of dietary antioxi-
" activity anthin by the NRK cells from carotenoid en- dants as photoprotective agents have generated
ch lower riched growth media improved their ability to conflicting results, Oral administration of §-
nired to withstand UVA light-induced modulations in the carotene (180 mg/day) was effective as a therapy
tion of : anfioxidant enzymes CAT and SOD. Chopra et in the treatment of light sensitivity diseases such
i
i
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as erythropoietic protoporphyria (EPP) and UV
light-induced oxidative damage [18]. Dietary sup-
plementation with f-carotene and/or cantaxan-
thin at low doses caused a significant decrease in
the number of UVB light induced skin tumours in
hairless mice [19]. On the other hand, oral supple-
mentation with §-carotene (150 mg/day) did not
protect against photosuppression of delayed-type
sensitivity in normal human subjects [20]. f§-
Carotene was ineffective in preventing the occur-
rence of a secondary carcinoma in patients who
previously had skin cancer [3].

In summary, our findings suggest that
carotenoids other than ff-carotene, and in particu-
lar, astaxanthin may be of importance as biologi-
cal antioxidants. Further studies are necessary to
investigate the potential of this xanthophyll, and
others of similar structure, to protect against ul-
traviolet-induced cellular damage.
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