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Carotenoids, natural pigments widely distributed in algae and plants, have a conjugated double bond sys-
tem. Their excitation energies are correlated with conjugation length. We hypothesized that carotenoids
whose energy states are above the singlet excited state of oxygen (singlet oxygen) would possess photo-
sensitizing properties. Here, we demonstrated that human skin melanoma (A375) cells are damaged
through the photo-excitation of several carotenoids (neoxanthin, fucoxanthin and siphonaxanthin). In
contrast, photo-excitation of carotenoids that possess energy states below that of singlet oxygen, such
as B-carotene, lutein, loroxanthin and violaxanthin, did not enhance cell death. Production of reactive
oxygen species (ROS) by photo-excited fucoxanthin or neoxanthin was confirmed using a reporter assay
for ROS production with HeLa Hyper cells, which express a fluorescent indicator protein for intracellular
ROS. Fucoxanthin and neoxanthin also showed high cellular penetration and retention. Electron spin res-
onance spectra using 2,2,6,6-tetramethil-4-piperidone as a singlet oxygen trapping agent demonstrated
that singlet oxygen was produced via energy transfer from photo-excited fucoxanthin to oxygen mole-
cules. These results suggest that carotenoids such as fucoxanthin, which are capable of singlet oxygen
production through photo-excitation and show good penetration and retention in target cells, are useful
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as photosensitizers in photodynamic therapy for skin disease.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Carotenoids play two essential roles in the photosynthetic system
in plants; light harvesting and photoprotection [1]. Light harvesting
refers to the collection of sunlight and transfer of excitation energy to
chlorophylls. Through energy transfer, the ground (Sy) state of chlo-
rophylls is excited to the Qy (S1) or Qx (S;) states, and this excitation
energy is delivered to the reaction center of the photosynthetic sys-
tem. Photoprotection refers to the prevention of cell damage induced
by oxygen molecules in the excited A, state (singlet oxygen: '0,),
which are usually produced by the photosensitization of over-
excited chlorophylls and have very high toxicity among reactive oxy-
gen species (ROS). Photoprotective carotenoids take the excitation
energy away from excited chlorophylls and convert this energy to
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heat (non-radiative energy dissipation). Quenching of produced
10, via energy transfer from '0, to carotenoids is also an important
photoprotective role of carotenoids.

These two conflicting roles, light harvesting and photoprotec-
tion, are the result of a variety of energy levels among the different
carotenoids. Energies of the first and second singlet excited states,
the S; and S, states, are inversely correlated with conjugation
length [2]. Note that the energy of the triplet first excited state,
the T, state, of carotenoids is estimated to be half of the S; state en-
ergy [3,4]; thus, the energy of the T state is also inversely corre-
lated with conjugation length. Fucoxanthin (70A), neoxanthin
(8A), siphonaxanthin (80), lutein (981) and loroxanthin (9p1) are
typical light-harvesting carotenoids [5-9]. Here, the notation for
conjugation length is based on Polivka and Sundstrom [10]: num-
ber, number of conjugated C=C bonds; O, carbonyl group; A, allene
group; and Bn, number of conjugated p-end groups. The S, states of
these carotenoids are located above that of chlorophylls. Carote-
noids known to act as photoprotective carotenoids have lower S,
states than chlorophylls or lower T; states than 10,. In contrast,
lycopene (11), B-carotene (9p2), lutein (981) and zeaxanthin
(9B2) are typical photoprotective carotenoids [10-15].
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Light-harvesting carotenoids generally have shorter conjuga-
tion length than photoprotective carotenoids. Lutein can act both
as a light-harvesting carotenoid and a photoprotective carotenoid,
as lutein has a higher energy S, state than chlorophylls, but the S,
state is slightly lower than chlorophylls, while the T, state is lower
than '0,. Thus, the energy transfer between chlorophylls and
carotenoids, and that from !0, to carotenoids have been thor-
oughly studied [5-15]. However, energy transfer from excited
carotenoids to oxygen molecules has not been confirmed to date
in carotenoids, which have the higher T; states than !0,.

On the other hand, Xia et al. [16] detected '0, production after
UVA irradiation of retinyl palmitate (RP), which is a retinyl ester
commonly used as sunscreen. Although it is not a carotenoid, it
has a similar, but shorter, conjugated double bond system (n = 4).
Therefore, excitation energy of the So-S, transition of RP is in the
UVA region. Xia et al. [16] showed that UVA-irradiated RP produces
10, on electron spin resonance (ESR) spectra. As RP has a conjuga-
tion length of n = 4, the T, state energy of RP is higher than that of
10, and '0, can be produced via energy transfer from excited RP to
oxygen molecules. Here, we hypothesized that some photo-excited
carotenoids, which have the T, states above '0,, can produce '0, in
a similar manner as UVA-irradiated RP.

In the present study, we investigated whether some photo-ex-
cited carotenoids have photosensitizing ability and whether they
are able to produce ROS. We also examined !0, production using
an ESR spin trapping technique with a singlet oxygen trapping
agent, 2,2,6,6-tetramethil-4-piperidone (TMPD) (Nacalai Tesque,
Kyoto, Japan) [17].

2. Materials and methods
2.1. Preparation of carotenoids

For extraction of pigments, spinach leaves, green algae
(Caulerpa lentillifera, Cladophora sp.) and brown algae (Undaria
pinnatifida) were washed with 10 mM HEPES buffer (pH 7.4) and
homogenized in 100% acetone on ice in the dark. Pigment extracts
were centrifuged and supernatants were filtered (0.2 pm LCR13-
LG; Millipore, Bedford, MA). Extracted pigments were separated
by silica gel TLC (Silicagel 60, 111845; Merck, Darmstadt,
Germany), using a mixture of hexane and acetone (7:3) as a devel-
opment solvent. Further purification was performed using an HPLC
system (Shimadzu, Kyoto, Japan) with a Wakosil 5C18 column
(4.6 x 150 mm; Wako Pure Chemical Industries, Osaka, Japan)
and methanol as a mobile phase. Purity of carotenoids was ana-
lyzed using an HPLC system with a Partisil-5 ODS-3 column
(4 x 250 mm; GL Science, Tokyo, Japan) and elution conditions
using ion-pairing solution, as described previously [18], and >99%
pure carotenoids were then used in this study. Seven carotenoids
were prepared: B-carotene, lutein, violaxanthin and 9’-cis neoxan-
thin from spinach leaves; loroxanthin from Cladophora sp.;
siphonaxanthin from C. lentillifera; fucoxanthin from U. pinnatifida.
Table 1 lists the conjugation length, which follows a previously re-
ported notation style [10], energy of the S; state [19,20], energy of
the T, state (estimated as half of the S; state energy), and the
energy difference between the '0, and T; state of carotenoids
examined in this study (AE).

2.2. Light source

Light emitting diode (LEDs) (BL503B2CA1AO01; Linkman, Fukui,
Japan), were used for blue light (BL) irradiation in this study. For
irradiation of 96-well cell culture plates, LEDs were mounted with
equal spaces to match up with the wells, and cells in each well
were irradiated with BL from one LED from the bottom of the plate.

Table 1
Carotenoids used in the present study.

Carotenoids n? Energy of S; state  Energy of T; state®  AEC
(cm™1) (cm™1) (cm™1)
B-Carotene 982 13900¢ 6950 —932
Lutein 9p1 14300 7150 -732
Loroxanthin

Violaxanthin 9 14650¢ 7325 —557
Neoxanthin 8A 151004 7550 —332
Fucoxanthin 70A  16520° 8260 378
Siphonaxanthin 80 16610¢ 8305 423

2 Number of conjugated C=C bonds, according to notation of Polivka and Sun-
dstrom [10].

b Values were estimated as half of each S; state energy.

¢ Values are energy differences between '0,, 7882 cm™
carotenoids.

4 Ref. [19].

€ Ref. [20].

1 and T, state of

The irradiation system for a flat ESR sample vessel ES-LC12 (JEOL,
Tokyo, Japan) contained two facing banks of LEDs (each bank had
7 LEDs), and samples in the vessel were irradiated equally with
BL from both sides. A regulated DC power supply was used to pro-
vide 3.6 V to the LEDs connected in parallel. The electric current for
each LED was 20 mA, and the expected luminous intensity was
3000 mcd. The directly observed photon count was 200 pmol pho-
tons m~2s~'. The wavelength emitted by the LEDs was 468 nm,
and the full width at half maximum wavelength was 25 nm. BL
supplied by LEDs was able to effectively excite carotenoids from
the ground state to the optically allowed S, state.

2.3. Effects of photo-excited carotenoids on human melanoma cells

Human melanoma cells (A375; American Type Culture Collec-
tion, CRL-1619) were used in this study. Cells were incubated in
a humidified atmosphere of 5% CO, in air at 37 °C. Dulbecco’s mod-
ified Eagle’s medium (DMEM 11995-065; Invitrogen, Carlsbad, CA)
supplemented with 10% fetal bovine serum and antibiotics was
used for cell growth. Exponentially growing cells were used in all
experiments.

For assay, cells were plated in 96-well plates (BD Falcon, Frank-
lin Lakes, NJ) at a density of 5 x 10° cells in 100 pl of growth med-
ium per well, and were preincubated for 24 h. The medium was
changed to growth medium supplemented with 2 M carotenoids
(Car); p-carotene (B), lutein (Lut), loroxanthin (Loro), violaxanthin
(Viola), neoxanthin (Neo), fucoxanthin (Fuco) and siphonaxanthin
(Sx). Carotenoids were dissolved in tetrahydrofuran (THF) and then
added to growth medium. The final concentration of THF in med-
ium was 0.5%. Control culture received only THF (vehicle alone).
After an additional 5 h of incubation with or without BL irradiation,
the number of viable cells was calculated by the trypan blue dye-
exclusion method (15250-061; Invitrogen). Thus, cell treatments
were classified into the following groups: (Car—, BL-); (Car—,
BL+); (Car+, BL-); and (Car+, BL+). Note that latter groups con-
tained all carotenoids; B, Lut, Loro, Viola, Neo, Fuco and Sx.

2.4. ROS production by photo-excited carotenoids

HeLa Hyper cells (Evrogen JSC, Moscow, Russia), which express
a fluorescent indicator protein for intracellular ROS [21], were pla-
ted in 96-well plates at a density of 5 x 10 cells in 100 pl of
growth medium per well, and were preincubated for 24 h. Medium
was then replaced with medium alone or medium supplemented
with 2 uM carotenoids (Car) shown to damage cells by photo-exci-
tation; neoxanthin (Neo) or fucoxanthin (Fuco). After 3 h of incuba-
tion, an additional 2 h of incubation with or without BL irradiation
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was performed. Before BL irradiation, medium for some samples
was replaced with fresh growth medium without carotenoids in
order to eliminate carotenoids from the medium (medium change,
MC). Treatments were, therefore, classified into the following eight
groups: A (Car—, BL—, MC-); B (Car—, BL+, MC-); C (Neo+, BL—,
MC-); D (Fuco+, BL—, MC-); E (Neo+, BL+, MC-); F (Fuco+, BL+,
MC-); G (Neo+, BL+, MC+); and H (Fuco+, BL+, MC+). After incuba-
tion, fluorescent images were obtained using a fluorescence micro-
scope (IX70; Olympus, Tokyo, Japan).

2.5. ESR measurements

In this study, we examined whether photo-excited fucoxanthin,
whose T, state energy is higher than that of '0, (Table 1), is able to
produce '0, via energy transfer to oxygen molecules, using ESR
measurements with TMPD as a '0, trapping agent. ESR spectra
were measured with an ESR spectrometer (JES-RE3X; JEOL,
Tokyo, Japan) under the following conditions: magnetic field,
335.9 + 7.9 mT; microwave power, 10 mW; microwave frequency,
9.43 GHz; modulation width, 0.079 mT; modulation frequency,
100 kHz; time constant, 0.3 s; and sweep time, 4.0 min. The sample
contained 5 mM fucoxanthin in ethanol and 100 mM TMPD in
water (16:1, v/v). The sample solution was set to a flat ESR sample
vessel, and this was irradiated with BL using the above-described
irradiation system for ESR measurement for 0, 20, 40, 60, 80 or
100 min. ESR measurements started immediately after irradiation.
The following samples were also prepared: a sample containing
fucoxanthin and TMPD treated under hypoxic conditions with
Anaero pack (A-07; Mitsubishi Gas Chemical Company, Tokyo,
Japan) for 6 h; a sample containing 1 mM histidine, a widely used
10, quencher [22], as well as fucoxanthin and TMPD for a !0,
quenching study; and a sample containing TMPD and B-carotene
instead of fucoxanthin. Irradiation and ESR measurements for
these samples were performed in a similar manner as described
above. Samples containing only fucoxanthin or TMPD were used
as controls. Controls were irradiated with BL for 60 min before
ESR measurements.

2.6. Statistical analysis

Data are expressed as means and standard deviation. P values
were calculated by ANOVA for comparison between multiple
groups. P values of <0.05 were considered to be statistically
significant.

3. Results

3.1. Cytotoxicity induced by photo-excitation of carotenoids in human
melanoma cells

Fig. 1 shows the viability of A375 cells treated with or without
carotenoids and BL irradiation relative to untreated controls. The
viability of cells treated with fucoxanthin or neoxanthin under BL
irradiation was less than 20% when compared to untreated con-
trols (P < 0.05), while cells without BL irradiation showed no signif-
icant decrease in viability. Although the viability of cells treated
with siphonaxanthin and BL irradiation was also less than 20% that
of untreated controls (P < 0.05), cell viability decreased to approx-
imately 60% without BL irradiation. For cells treated with lutein,
loroxanthin and violaxanthin, viability was 20%-50% lower both
with and without BL irradiation, as compared with controls
(P < 0.05). There were no significant differences between the viabil-
ity of cells treated with B-carotene with or without BL irradiation
and that for untreated cells. The viability of cells treated only with
BL irradiation decreased slightly (P < 0.05).
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Fig. 1. Viability of A375 cells treated with or without carotenoids and BL
irradiation. Viable cells were counted by microscopy (N =4). Carotenoids used
were B-carotene (B), lutein (Lut), loroxanthin (Lo), violaxanthin (Viola), neoxanthin
(Neo), fucoxanthin (Fuco) and siphonaxanthin (Sx). Control cells were not treated
with carotenoids or BL (Cont. BL—), and examined cells were either irradiated or not
irradiated with BL (BL+ or BL-).

3.2. ROS production by photo-excited carotenoids

As fucoxanthin or neoxanthin treatment with BL irradiation
showed apparent cytotoxicity (Fig. 1), we next examined ROS pro-
duction by photo-excited fucoxanthin or neoxanthin with HeLa
Hyper cells by fluorescence microscopy (Fig. 2). Substantial fluo-
rescence signals were detected in groups E (Neo+, BL+, MC—) and
F (Fuco+, BL+, MC-), while groups A (Car—, BL—, MC-), B (Car—,
BL+, MC-), C (Neo+, BL—, MC-) and D (Fuco+, BL—, MC—) showed
negligible signals. This means that ROS are produced by photo-ex-
cited fucoxanthin or neoxanthin. Moreover, groups G (Neo+, BL+,
MC+) and H (Fuco+, BL+, MC+) also showed substantial fluores-
cence signals, similarly to groups E and F. Thus, ROS signals were
detected regardless of medium change. This suggests that neoxan-
thin and fucoxanthin possess high cellular penetration and reten-
tion abilities.

3.3. ESR measurements

In order to examine whether carotenoid photo-excitation in-
duces production of '0,, ESR spectra measurements were per-
formed with a representative carotenoid, fucoxanthin. Measured
ESR spectra were normalized against peak areas for Mn markers
(Fig. 3). Three equivalent-height peaks between Mn markers indi-
cated oxidization of TMPD by '0,. As TMPD is able to selectively
trap '0, [17], '0, production can be assessed based on the peak
area of oxidized TMPD. Fig. 4 shows the correlation between BL
irradiation time and '0, production, as measured by TMPD peak
area. For samples containing fucoxanthin and TMPD, production
of oxidized TMPD was progressively enhanced with photo-irradia-
tion time from 0 to 60 min, reaching a plateau at 60 min. Inhibition
with histidine against '0, production led to a decrease in oxidized
TMPD signals. There were almost no peaks in ESR spectra for the
sample containing fucoxanthin and TMPD with hypoxic treatment.
For the sample containing B-carotene and TMPD, ESR spectra
showed no peaks. The ESR spectra for control samples, containing
only fucoxanthin or TMPD, also showed no peaks (data not shown).

4. Discussion

In the present study, we found that photo-excited fucoxanthin
or neoxanthin induces the death of human melanoma cells. These
carotenoids produce ROS through photo-excitation; thus, fucoxan-
thin and neoxanthin have good photosensitizing ability. We also
detected '0, production via energy transfer from photo-excited
fucoxanthin to oxygen molecules.
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Fig. 2. ROS production by photo-excited fucoxanthin or neoxanthin in Hela Hyper cells. Images show fluorescence microscopy of HeLa Hyper cells, which express a
fluorescent indicator protein for intracellular ROS. HeLa Hyper cells were treated with or without carotenoids (Car), namely fucoxanthin (Fuco) or neoxanthin (Neo), BL
irradiation, or medium change (MC) before BL irradiation. Treatment conditions were as follows: (A) (Car—, BL—, MC-); (B) (Car—, BL+, MC-); (C) (Neo+, BL—, MC-); (D)
(Fuco+, BL—, MC-); (E) (Neo+, BL+, MC-); (F) (Fuco+, BL+, MC—); (G) (Neo+, BL+, MC+); and (H) (Fuco+, BL+, MC+). In cells treated with fucoxanthin or neoxanthin under BL
irradiation, ROS signals were detected regardless of medium change (E-H). Supplementation with carotenoids alone (C and D) and BL irradiation alone (B) did not produce

ROS.

Kotake-Nara et al. [23] examined the effects of carotenoid sup-
plementation in human prostate cancer cells (PC-3, DU145 and
LNCaP cell lines). They incubated cells for 72 h in medium contain-
ing 15 carotenoids at concentrations of 5, 10 or 20 uM. They dem-
onstrated that supplementation with carotenoids, including
fucoxanthin and neoxanthin, had concentration-dependent anti-
proliferative effects, and that low concentrations (5 uM) of fuco-
xanthin or neoxanthin had no adverse effects on cell viability. On
the other hand, we demonstrated that, with BL irradiation, treat-
ment with low concentrations (2 pM) of fucoxanthin or neoxan-
thin can damage human melanoma cells. This indicates that
photo-excitation enhances the cell damage caused by supplemen-
tation with low-dose fucoxanthin or neoxanthin.

Kotake-Nara et al. [24] also noted that the antiproliferative ef-
fects of supplementation with fucoxanthin or neoxanthin at
20 uM is caused by apoptosis though caspase-3 activation, rather
than by ROS production. In this study, we found that non-excited
fucoxanthin or neoxanthin did not produce ROS (Fig. 4C or D)
and this is consistent with the results of Kotake-Nara et al. [24].
On the other hand, we found that photo-excited fucoxanthin or
neoxanthin produce ROS (Fig. 2E or F), and the cell death induced
by photo-excited fucoxanthin or neoxanthin would probably be
caused primarily by ROS production.

The ESR spectra for photo-excited fucoxanthin showed time-
dependent increases in the signal intensity of oxidized TMPD, indi-
cating '0, production (Fig. 4), while inhibition of ESR signals by
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i
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Fig. 3. ESR spectra of TMPD oxidized by '0, produced by photo-excited fucoxan-
thin. ESR spectra are shown for samples containing fucoxanthin and TMPD after BL
irradiation for (A) 0 min, (B) 20 min, (C) 40 min, (D) 60 min, (E) 80 min or (F)
100 min. As a control (G), the sample contained histidine in addition to fucoxanthin
and TMPD, and was irradiated for 100 min. Spectra were normalized based on the
area of Mn markers. The three peaks in the center indicate oxidation of TMPD by
10,.
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Fig. 4. Peak areas for oxidized TMPD in measured ESR spectra. Peak areas for
oxidized TMPD, as measured in ESR spectra, are indicated; fucoxanthin and TMPD
(m), fucoxanthin and TMPD with hypoxic treatment (®), fucoxanthin, TMPD and
histidine (a), and B-carotene and TMPD (OJ).

histidine, a '0, quencher, was confirmed (Fig. 4). These results
indicate that photo-excited fucoxanthin can produce '0,. With
hypoxic treatment, no '0, peak was observed in the ESR spectra,
even when the sample containing fucoxanthin and TMPD was irra-
diated with BL (Fig. 4). This indicates that oxygen is necessary for
10, production by photo-excited fucoxanthin. Therefore, '0, must
be produced via energy transfer from photo-excited fucoxanthin to
oxygen molecules. Considering that the ground state of oxygen is
triplet (3%,) and triplet-to-triplet energy transfer should occur
in energy transfer between molecules according to the spin

symmetry, the energy transfer would occur from the T, state of
fucoxanthin to the ground state of the oxygen molecule.

There have been no previous studies on energy transfer from
the T; state of carotenoids to the ground state of oxygen molecules.
However, this type of energy transfer can occur in fucoxanthin, as
the energy of the T; state of fucoxanthin is higher than that of 0,
(Table 1). In fact, the photo-excitation of p-carotene, which has a
much lower T; state than 'O, (Table 1), cannot produce 'O,
(Fig. 4). It is therefore reasonable to suggest that photo-excited
fucoxanthin is able to produce '0,, a toxic ROS, via energy transfer
to oxygen molecules around the cells, and this would induce dam-
age in the cells. Neoxanthin, whose T; state is slightly lower than
the 10, state (Table 1) is also able to produce ROS via photo-exci-
tation (Fig. 2E). As the energy levels in molecules are typically
spread in solution, the energy of neoxanthin in the T, state can
probably be transferred to oxygen molecules, and because the S,
state of fucoxanthin or neoxanthin results from the ground state
after BL irradiation, the T, state must be produced from the S,
state. Further study is necessary in order to elucidate the pathways
responsible for the T; state in fucoxanthin and neoxanthin. Irre-
spective, this is the first observation of '0, production via energy
transfer from excited carotenoids to oxygen molecules.

The present results also showed that fucoxanthin exhibits good
cellular penetration and retention (Fig. 2H), in addition to a good
capacity for '0, production via photo-excitation (Fig. 4). These fea-
tures of fucoxanthin would be useful for medical applications such
as photodynamic therapy (PDT) for skin diseases [25]. In PDT, 10,
produced by energy transfer from photo-excited photosensitizers
to oxygen molecules attacks target cells. For skin diseases, 5-
aminolevulinic acid (ALA), which is endogenously converted to
protoporphyrin IX (PpIX), an efficient photosensitizer in response
to BL, is applied as a photosensitizing agent to the affected part
of the skin and BL irradiation is then performed [26]. However,
ALA must be applied to the affected site in large amounts because
of its low membrane permeability and loss in metabolism [26]. As
noted in the present study, fucoxanthin shows high penetration
and retention, and is able to produce !0, through photo-excitation,
which damages cells even at low concentrations. Thus, fucoxanthin
is a potentially useful photosensitizer in PDT for skin diseases, and
may be able to overcome the disadvantages of associated with ALA.
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