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Review

Photochemical genotoxicity testing: experience with the Ames
test and the in vitro chromosomal aberration assay

Elmar Gocke*, Andrée-Anne Chételat

F. Hoffmann-La Roche Ltd, Basle, Preclinical development
PRNS, bldg 73/215 CH 4020 Basel, Switzerland

Summary

Photochemical genotoxicity can be detected using appropriately adapted versions of the bacterial
mutagenicty test and the in vitro chromosomal aberration assay. For screening programmes it has
been debated whether a photo-clastogenicity assay will be sufficient or whether the photo-Ames test
will be necessary for complementation. In order to facilitate this discussion, we present data from in
house investigations and refer to pertinent literature data showing that there is no clear precedent
of a photochemical genotoxin which is exclusively positive in the bacterial assay. Furthermore,
many of the photogenotoxins show only weak activity in the bacterial assay but are potently geno-
toxic in the clastogenicity assay. On the other hand, it might be prudent to include the bacterial
assay because at present there is still a rather limited experience in photochemical mutagenesis

testing.
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Introduction

A bacterial gene mutation assay and an in vitro chromo-
somal aberration (CA) test are the most fundamental,
long established, components of the test battery recom-
mended for the evaluation of the genotoxic potential of
environmental chemicals. Thus, it was logical that these
two tests were also recommended in the guidelines for
the investigation of photochemical mutagenesis screening
of cosmetic and sunscreen ingredients issued by the
European Scientific Committee for Cosmetology (SCC,
Loprieno, 1991). Although a number of pertinent reports
on photochemical genotoxicity had been published, little
experimental experience with adaptation of the standard
test systems for this purpose had been obtained. When
developing the guidelines the committee depended large-
ly on the experimental work of Dean et al. (1991).
Subsequently several groups in industry tried to establish
useful testing protocols (Chételat et al., 1993a, b;
Henderson et al., 1994; Utesch and Splittgerber, 1996). In
the initial studies two established photochemical muta-
gens (8methoxypsoralen (8-MOP), chlorpromazine) were
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investigated. The strong mutagenic and cytotoxic effect of
UVB, specifically in the excision repair deficient strains
led to comments that the bacterial tests would not be use-
ful for photochemical mutagenesis screening for com-
pounds which absorb predominantly in the UVB area (280
to 320 nm), such as the most important sunscreen con-
stituents. Alternatively it was proposed to employ S. cere-
visiae (Chételat et al., 1993a), which had been used in
many photomutagenesis experiments with the psoralens.
However, since S. cerevisiae systems are almost com-
pletely abandoned in genotoxicity testing, this proposal is
not likely to be followed at the present state of develop-
ment. During the International Workshop for
Genotoxicity Test Procedures (IWGTP) discussions
(Gocke et al., 2000) there still was no consensus whether
a bacterial mutagenicity test was to be recommended for
screening experiments in photochemical mutagenesis or
whether a test for clastogenicity would be sufficiently
informative. In the following we will present in house and
published data pertinent to this discussion.

Materials and Methods

Irradiation conditions

For screening purposes we generally use a solar simula-
tor (suntest CPS, Heraeus, Hanau, Germany) as
described in Chételat et al. (1993a). However, if further
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information indicate that UVA or visible light is sufficient
for photoactivation of the test compound we reduce the
UVB component by either using the plastic lid or a glass
plate as filter or by employing a halogen lamp (Philips,
QVF 416, 1000 W). UV dose rate, or light intensity, were
determined using a RM2 UV-meter (Dr Grobel GmbH,
Germany) or a Metrawatt MX4 luxmeter (Gossen,
Germany), respectively. Bacteria were irradiated either
directly on the Vogel Bonner-minimal agar plates or in
phosphate buffer under continuous stirring (Chételat et
al, 1993a). The mammalian cells were irradiated in phos-
phate buffer on glass slides placed in quadriperm culture
dishes (Heraeus, Germany) (Chételat et al, 1993b).

All other experimental procedures were according to
standard mutagenicity testing praxis (OECD guidelines
471, 473; Maron and Ames, 1983; Savage,1976).

Chemicals

Chlorpromazine, 8-methoxypsoralen (8-MOP), TiO,,
toluidine blue, methylene blue and metyl violet were
obtained from commercial sources. The fluoroquinolones
and the Roche compounds were synthesized in house.

Results and Discussion

8-MOP

Photochemical genotoxicity of this compound is readily
observable in bacterial gene mutation assay. The
crosslinking activity of 8-MOP requires the presence of
excision repair in the bacterial tester strains for expres-
sion of the genotoxic effect. Thus, S. typhimurium TA102
and E. coli WP2 are responsive (Bridges et al., 1979,
Chételat et al., 1993a, Dean et al., 1991). Exposure on
plate or in liquid is similarly effective. The effect is easily
recognized even with unfiltered solar simulator light
(Chételat et al., 1993a, Henderson et al., 1994) or with the
Osram Ultra Vitalux lamp, which contains a relatively
high UVB component (Dean et al, 1991).

Likewise, there is no problem in detecting the genotoxi-
city of 8 MOP in mammalian clastogenicity assays (Dean
et al, 1991, Chételat et al, 1993b)

Chlorpromazine

Recognition of the photochemical genotoxicity of this
tranquilizer is unproblematic in the clastogenicity assays.
In the bacterial assay strains TA1537 and TA98 are
responsive, but there was a dependence on the irradiation
conditions. When unfiltered solar simulator light was
used, Chételat et al. (1993a) detected the photomutagenic
activity only when the bacteria were irradiated in suspen-
sion. Under irradiation with reduced UVB component the
photochemical genotoxicity was also recognizable when
the cells were irradiated on the plate. Henderson et al.
(1994) observed no such dependence on the irradiation
conditions. However, they might have employed glass fil-
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tered (i.e. UVB-depleted) light.

Fluoroquinolones

Strain TA102 is extremely sensitive to the gyrase medi-
ated genotoxicity of this class of antibiotics. This ,dark’
mutagenicity made it impossible to detect the light depen-
dent genotoxicity of fluoroquinolones in this strain.
Therefore, Chételat et al., (1996) employed TA104, which
is responsive to the oxidative action of the fluoro-
quinolones plus light but not responsive to the protein-
DNA crosslinks (,cleavable complex) of the gyrase medi-
ated action. The strong cytotoxicity of the antibiotics
made it necessary to use the irradiation in suspension
with extensive washing of the cells prior to plating.
Furthermore it was necessary to pass the solar simulated
light through a glass plate to reduce the UVB genotoxici-
ty. Still, only a rather weak photochemical genotoxicity of,
lomefloxacin, fleroxacin and ciprofloxacin was observable
(maximally a doubling of the control frequencies). In con-
trast, the photoclastogenicity assay readily detected the
genotoxicity of the fluoroquinolones. Aberration frequen-
cies up to 80% were observed. The absence of a strong
cytotoxic, and of a strong clastogenic, activity of the
gyrase (topoisomerase II) mediated action of the fluoro-
quinolone antibiotics further facilitated the investigations
with the mammalian system.

Ro 47-7737

This compound, a bis-quinoline derivative of chloro-
quine, was found to be phototoxic in vitro and in vivo
(Ridley et al., 1997). The likelihood of adverse effects was
considered to preclude development as an antimalarial,
which necessarily has to be used in tropical, sunny cli-
mates. Investigations with the CA test showed a clear pho-
togenotoxic effect of the compound (Fig. 1). The attempts
to detect photomutagenicity with the Ames test were not
successful. The tester strains TA102, TA104, TA1537,
TA98, WP2 and WP2 uvrA were used. Irradiation was per-
formed in liquid and on plate. Since the compound pos-
sesses a strong absorption at long UVA wavelenghts the
UVB component was eliminated by passage through a
glass plate, so that the absence of an intrinsic genotoxicity
of the irradiation did not preclude the use of high UVA
doses. Despite of these variations of the testing methods
no indication for an increase of mutant colonies was
detectable (Fig. 2).

Ro 19-8022 and structural analogs

Ro 19-8022 was under development as an anxiolyticum
(Fischer et al 1990). During early toxicological investiga-
tion with the standard Ames protocol a mutagenic activity
in strain TA102 was detected. Initial repeats showed an
unexplained variability of the activity until it was realized
that variations of the ambient light conditions at the labo-

Ro 47-7737, photoclastogenicity
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Fig. 1 Photoclastogenicity of Ro 47-7737 in V79 Chinese hamster
cells. Cells were irradiated with solar simulated light pass-
ing through the plastic lid of the quadriperm culture dish.
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Fig. 2 Absence of a photomutagenic effect of Ro 47-7737 in the
Ames test.
Irradiation was on the plates with solar simulated light pass-
ing through a glass plate. Exemplary results with TA102
and TA104.

ratory bench (sunny versus cloudy day, morning versus
afternoon) played a decisive role. When the agar plates
were covered after plating no genotoxicity was apparent
while a clear increase of the mutant colony numbers
became apparent when the plates were left for 30 minutes
or longer on the lab bench (Fig. 3). Further investigations
provided evidence that the DNA damage profile induced
by Ro 19-8022 plus UVA was most similar to that of known
'0, producers (Will et al., 1999). The photogenotoxic
activity led to discontinuation of the development of Ro 19-
8022.

Subsequently, we have tested Ro 19-8022 and a number
of close structural analogs in more detail for phototoxic

Ro 19-8022; plate incorporation assay in TA102
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Fig. 3 Testing of Ro 19-8022 in the Ames test (TA102 , without S9).

A standard plate incorporation assay was performed. The
plates were place on the agar bench at normal ambient light
conditions (no direct sunlight) or were covered with a black
cloth immediately after plating. After the indicated time
periods the plates were transferred to the incubator and
kept at 37°C in the dark for 2 days until counting.

and photogenotoxic properties. Table 1 gives an overview
of the results obtained in the Ames and CA assays. A rea-
sonable concordance between the two assays was
observed regarding the potencies of photogenotoxicity
and of phototoxicity. Ro 12-9786 was the most potent pho-
togenotoxin in both assays, followed by Ro 19-8022.
Phototoxic potency was most pronounced for Ro 65-2822,
Ro 65-1254 and Ro 17-3271. The one compound (Ro 65-
8275) which was negative in both assays for phototoxicity
and photogenotoxicity contains a different chromophore
than the other 8 compounds and was only marginally pho-
toactive in the 3T3 neutral red uptake test (3T3 neutral
red uptake test, data not shown). Two compounds (Ro 65-
2996 and Ro 19-5686) were not classified as photomuta-
genic in the Ames assay but showed weak photoclasto-
genic effects. One compound (Ro 65-2822) was weakly
positive in the Photo-Ames assay but was not detected as
positive in the Photo-CA assay, although the compound
was clearly phototoxic. It is noteworthy that we tested
only a rather few concentrations in the CA assay and it is
quite likely that an effect would have been detected with
more extensive testing.

Titaniumdioxide (TiO,)

The photocatalyst TiO, (in an ultrafine particulate form)
has been reported to be cytotoxic to bacteria and mam-
malian cells upon irradiation with UVA/visible light.
Photogeneration of free radicals is thought to be responsi-
ble for this activity. Nakagawa et al. (1997) reported pho-
togenotoxic activity in the CA assay but did not detect
photomutagenicity in the Ames test in strains TA100,
TA98, TA102. We have also studied TiO, for photomuta-
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Table 1 Photochemical toxicity and genotoxicty of Ro 19-8022 and structural analogs in the Ames test (TA102) and the chromo-
somal aberration test with V79 Chinese hamster cells. Cells were irradiated with light from a halogen lamp (6300 Lux)
for 90 min (Ames test) or 60 min (CA test). The column ,genotoxic effect’ gives an impression the potency of genotoxici-
ty as indicated by the absolute increase of the mutant colony numbers or aberration frequencies, irrespective of the con-
centration of compound at which the maximal increase was observed, while the column ,toxic effect’ gives an impression
of the potency of phototoxicity as indicated by the minimal compound concentration which led to a reduction of back-
ground growth (Ames test) or mitotic activity (CA test).

Photo-Ames test Photo-CA test

compound . ) )

genotoxic effect toxic effect genotoxic effect toxic effect
Ro 129786 +++ 4 4+ +
Ro 19-8022 ++ + ++ +
Ro 16-8554 + ++ + 4+
Ro 65-2822 + . o+
Ro 65-1254 . +4+ +++
Ro 17-3271 + 4+ + 4
Ro 65-2996 +
Ro 19-5686 + + 4
Ro 65-8275

toluidine blue, TA102, halogen lamp

mutant colonies/plate

irradiation
time

0 1 3 10 32 10
concentration (ug/ ml)

Fig. 4 Photomutagenicity of toluidine blue in the Ames test
(TA102, without S9). Cells were irradiated on the plates for
the indicated time periods at approximately 6300 Lux with
light from a Philips 1000 W halogen lamp.

genicity in the Ames test (strains TA100, TA102, TA104)
under irradiation with solar simulated light and could not
detect an increase of the mutant colony numbers above
the UVB induced levels (data not shown).

Methyl violet, toluidine blue, methylene blue

We evaluated the photomutagenicity of these three
dyes in the Ames test. Since the compounds absorb visi-
ble light we irradiated the cells either with light from a
halogen lamp or simply placed the agar plates on the win-
dow sill. All three compounds were clearly photomuta-
genic. A representative result with toluidine blue is shown
in Fig. 4. Methylene blue and methyl violet showed simi-
lar activities but proved to be slightly mutagenic already
in absence of irradiation (data not shown).
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Methylene blue has long been known to cause pho-
togenotoxic effects in bacteria (Brendel, 1968). We
observed photomutagenic activity in strains TA102 and
TA100 (data not shown). Epe et al. (1989) reported photo-
mutagenicity in TA1535, TA2638, TA100 and TA104 and
showed that generation of singlet oxygen is responsible
for the effect. Reports on the evaluation of the photogeno-
toxicity in the CA assay has not reached our attention.
However, methylene blue was found to be positive in the
in vitro micronucleus test with Chinese hamster cells
when concomitantly irradiated with light from a solar sim-
ulator (P. Kasper, pers. communication). For the other
two compounds we do not know of any photoclastogenici-
ty reports.

Conclusion

Most of the photogenotoxic compounds evaluated in
the studies described above were positive in both, the
photomutagenicity test with bacteria, and the photoclasto-
genicity assay with mammalian cells. Discrepant results

_ were obtained for Ro 47-7737 (Ames test negative, CA test

clearly positive), TiO, and two analogs of Ro 19-8022
(Ames test negative, CA test weakly positive). There was
one instance (another analog of Ro 19-8022) which was
weakly positive in the Ames test but negative in the CA
test. However, as mentioned above, it is considered likely
that the CA test would become positive upon more in
depth investigation.

When considering the strength of the photogenotoxic
effects of the various compounds it is apparent that the
clastogenicity assay is usually yielding a stronger
response than the Ames test. For instance, the fluoro-
quinolones are only marginally positive in the Ames assay
but very potently clastogenic in V79 cells. The reason for

this differential responsiveness is probably attributable to
the dominance of oxidative, radical mediated mechanisms
among the photoactivation processes. Clastogenicity
assays are highly sensitive to the damages (e.g. DNA
strand breaks) induced by oxidatively acting compounds.
On the other side, the Ames test has only become sensi-
tive to many oxidative compounds with the introduction of
strain TA102 in the tester strain battery (and the alterna-
tive strains TA104, TA2638). Even with these new strains,
compounds like e.g. H,O, or bleomycin, or ionizing radia-
tion are not impressively mutagenic in the bacteria while
they are very potently clastogenic in the CA tests.

Crosslinking activity, a second important mode of
action in photochemical mutagenicity is sensitively detect-
ed with strain TA102, but also here the induction of chro-
mosomal aberrations appears to be at least equally effi-
cient.

Taken together, a clear instance where the Ames test
shows a superior sensitivity over the chromosomal aber-
ration assay has not come to our attention. Thus, there is
no precedent which indicates a necessity for employment
of the Ames test in photogenotoxicity screening pro-
grams. Therefore one might conclude that the Ames
assay is not complementing the clastogenicity assay for
photochemical mutagenicity testing. This conclusion is in
stark contrast to our experience in ,general’ genotoxicity
screening where we observe that the majority of com-
pounds eliciting genotoxic effects are positive in either the
Ames test or the clastogenicity assay, obviously indicating
that both assays complement each other.

Under these circumstances it is a matter of opinion,
whether the Photo-Ames assay should be added to the
photoclastogenicity assay, or not. The IWGTP working
group did not reach consensus on this point. Because
knowledge in the area of photochemical genotoxicity is
still limited, several group members felt that it would be
prudent to carry out a photo-gene mutation assay if the ini-
tial assessment for photoclastogenicity was negative.
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Acute phototoxicity testing
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Summary

Phototoxicity (=chemical phototoxicity) is an acute reaction which can be induced by a single
treatment with a chemical and UV or visible radiation. In vivo, the reaction can be evoked in all sub-
jects, provided that concentration of chemical and dose of light are appropriate. This acute phototox-
ic reactions in skin can be induced by substances applied topically to the skin or via the systemic
route and exposure to UV or visible light. This reaction has to be distinguished from other photo-
sensitized reactions, e.g. photoallergy, photogenotoxicity and photocarcinogenicity. Acute phototox-
ic reactions can be measured in vivo in humans and laboratory animals and in vitro in a wide spec-
trum of cell and tissue models. Due to differences in species specificity the acute phototoxicity data
obtained in animal models showed a poor correlation to results from human patch testing.
Therefore, in 1992 the European Commission represented by the EU validation centre ECVAM
decided to develop and validate the most promising in vitro assays for acute phototoxicity in close
co-operation with COLIPA, the European Cosmetic, Fragrance and Perfumery Association. From
1992-1998 a series of joint ECVAM/COLIPA prevalidation, formal validation and special studies
were conducted in order to achieve regulatory acceptance of the most promising in vitro phototoxic-
ity test both in Europe and at a world wide level. The studies were managed by ZEBET, the national
German validation centre, and showed that a photocytotoxicity assay employing the established
mouse fibroblast cell line 3T3 provided an almost perfect prediction of the phototoxic potential of
chemicals in humans even when testing was conducted under blind conditions in several laborato-
ries. Therefore, in the year 2000 the 3T3 NRU PT test has officially been accepted by the European
Commission and all EU member states for classification and labelling of chemicals to assess their
acute phototoxic potential. In the present review the potential of the current in vitro and in vivo pho-
totoxicity tests will be described with particular reference to the underlying mechanisms and the
results obtained in the European validation study of in vitro phototoxicity tests.

Keywords: chemical phototoxicity, in vitro test, 3T3 NRU PT test, phototoxic potential, acute photo-
cytotoxicity

Review

Introduction

Photosensitization is defined as a process in which reac-
tions to normally ineffective radiation doses are induced
in a system by the introduction of a specific, radiation-
absorbing substance, the photosensitise, which causes
another substance, the substrate, to be changed by radia-
tion. When used to describe the reaction of skin to an
exogenous chemical and UV or visible radiation, the term
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includes phototoxic and photoallergic reactions, as well as
photomutagenicity and photocarcinogenicity (Spielmann
etal., 1994a).

Phototoxicity (=chemical phototoxicity) is the term used
for an acute reaction which can be induced by a single
treatment with a chemical and UV or visible radiation. In
vivo, the reaction can be evoked in all subjects, provided
that concentration of chemical and dose of light are appro-
priate. The term photoirritation is used to describe photo-
toxic reactions in skin produced by substances applied
topically to the skin or via the systemic route and expo-
sure to UV or visible light. Photoallergy is an acquired
immunological reactivity. The skin reaction does not
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occur on first treatment with chemical or light. Rather, an
induction period is required before skin reactivity can
occur.

The current toxicity assays for “acute dermal phototox-
icity” are animal tests using guinea pigs, rabbits, rats or
mice. Although standard protocols for phototoxicity test-
ing in animals have recently been published (Nilsson et
al., 1993; OECD, 1996), no animal phototoxicity test has
yet been accepted by the OECD. Instead, OECD experts
recommended a sequential approach for phototoxicity
testing, involving the use of in vitro assays prior to testing
in animals (OECD, 1995). In 1991 the Direction General
(DG) XI of the European Commission and COLIPA
agreed to conduct a prevalidation study on in vitro photo-
toxicity tests. It was the goal of the EU/COLIPA valida-
tion project on in vitro phototoxicity tests to determine
whether currently available in vitro methods were capable
of predicting the phototoxic potential to humans of chemi-
cals applied via the systemic route or topically to the skin.

Among the assays for in vitro phototoxicity testing, two
main types can be distinguished, namely cellular assays
for screening purposes and mechanistic assays to identify
specific mechanisms of phototoxicity (Spielmann et al.,
1994a, 2000). The basic mechanism in phototoxicity can
be described as an increase in toxicity of a chemical
induced by exposure to UV or visible radiation. Therefore,
the phototoxic potential of a chemical can be measured as
an increase in cytotoxicity after exposure to UV or visible
light. A large variety of test systems have been used to
screen for phototoxic potential, including mammalian and
non-mammalian permanent cell lines and primary cell cul-
tures. The EU/COLIPA in vitro phototoxicity testing pro-
gram relied on both cellular and mechanistic assays. The
3T3 Neutral Red Uptake phototoxicity (3T3 NRU PT) test,
an in vitro cytotoxicity test for chemical phototoxicity, was
the most promising in vitro test to identify chemicals with
phototoxic potential both in phase I (Spielmann et al.,
1994b) and phase II (Spielmann et al., 1998a) of the
EU/COLIPA validation study and also in a special study
on UV-filter chemcials (Spielmann et al., 1998b).
Consequently, the 3T3 NRU PT test was in the year 2000
accepted for regulatory purposes by the European
Commission (EC) as the only official test for the evalua-
tion of acute phototoxic potential in Europe (European
Commission, 2000).

In the present review the potential of the current in
vitro and in vivo phototoxicity tests to assess the acute
phototoxic potential of chemcials will be described. This
includes the validation of the 3T3 NRU PT test and the
testing scheme to assess the phototoxic potential of chem-
cials, which was recently recommended by the 2nd
ECVAM workshop on phototoxicity testing (Spielmann et
al., 2000).
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Fig. 1 Flow chart “Photobiological effects of chemicals”

Terminology

Chemical photosensitization as an adverse reaction may
be induced by a broad spectrum of industrial or therapeu-
tic agents which may enter the body by being swallowed,
injected or topically applied. If phototosensitivity is to
occur, absorption and distribution must be efficient in the
tissues and detoxification and excretion less so. To clarify
technical terms in the field of visible and in particular UV
light induced toxicology terminology is essential. Light
induced genotoxic effects, as e.g. photomutagenicity and
photocarcinogenicity, will not be discussed in this docu-
ment. The terminology is restricted to defining toxicologi-
cal and technical terms of light induced acute toxicity
(Fig. 1).

Toxicological terms ,

Photosensitization is defined as a process in which reac-
tions to normally ineffective radiation doses are induced
in a system by the introduction of a specific, radiation-
absorbing substance (the photosensitizer) that causes
another substance (the substrate) to be changed by radia-

. tion. When used to describe the reaction of skin to an

exogenous chemical and ultraviolet or visible radiation
the term includes both phototoxic and photoallergic reac-
tions.

Phototoxicity is an acute reaction which can be caused
by a single treatment with a chemical and ultraviolet or
visible radiation. In vivo, the reaction can be evoked in all
subjects provided that concentration of chemical and dose
of light are appropriate. “Acute” includes both immediate
and delayed (e.g. 48 hours) reactions.

Photoallergy is an acquired immunologic reactivity. The
skin reaction does not occur on first treatment with chem-
ical and light. After repeated application of a chemical an
induction period of one or two weeks is required before

skin reactivity can be demonstrated.

Photomutagenicity/photogenotoxicity is used to
describe mutagenic/genotoxic effects induced by a com-
bined exposure to a chemical (a photosensitizer) and UV
or visible light.

Photochemical carcinogenesis is used to describe the
induction of a malignant skin tumor, usually a carcinoma,
by a combination of systemic (oral) exposure to a chemi-
cal (a photosensitizer) and exposure of the skin to UV or
visible light.

Technical terms

Dose of light is defined as the quantity of ultraviolet
(UV) or visible radiation incident on a surface, measured
in Joules per square meter, J/m®.

irradiance: J/(s'm?) = W/m®
wavebands: UVA: 320-400 nm, UVB: 280-320 nm,
UVC: <280 nm, visible spectrum: >400 nm

Two general types of light sources are used in phototox-
icity testing. Light sources with a limited emission spec-
trum, such as the fluorescent tubes for UVA or UVB or
mercury arc lamps, and light sources with a solar light
simulating emission spectrum. When considering photo-
biological phenomena, account should be taken of the
emission spectrum of the lamp and the action spectrum of
the phenomenon in question. Simple summations of radi-
ation within a waveband is often misleading.

Mechanisms of Phototoxic Reactions (Fig. 2)

The chemistry and biology of photosensitized reactions
have been reviewed intensively (Johnson, 1987, 1992).
Absorption of light in the 300-750 nm range is an essential
feature of photosensitizers, which may be degraded by
UV radiation into toxic photo-products. The determination
of two very simple physico-chemical properties of a new
chemical should, therefore, proceed any testing for photo-
sensitizing properties in biological systems in vitro or in
Vivo:

1. measurement of absorption spectrum, to detect absorp-
tion in the UV range, and
2. determination of photostability/photodegradation.

Activated photosensitizers have two systems of elec-
tronically excited states, the singlet and the triplet. The
singlet is the initial product of light absorption, while the
triplet is usually much longer lived. With very few excep-
tions, photosensitized oxidations proceed by way of the
triplet photosensitizer. Therefore, effective photosensitiz-
ers are usually those providing a high yield of a long-lived
triplet. Stable photodegradation products of some photo-
sensitizers may act as toxins.

The triplet photosensitizer can react in two major oxy-
gen dependent reactions (Johnson, 1987; Fig. 2):

1. by electron or hydrogen transfer (free radical) process-

Mechanisms involved in phototoxicity
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Fig. 2 Flow chart “Mechanisms involved in phototoxicity”

es (Type I reaction), which may or may not require
oxygen; or

2. by energy transfer to oxygen (Type II reaction) to form
excited state singlet oxygen.

The relative participation of the Type I and Type II pro-
cesses depends on the chemical nature of the photosensi-
tizer and the substrate, the reaction conditions (solvent,
pH, concentrations of photosensitizer, substrate and oxy-
gen), and in some cases on whether the photosensitizer
absorbs light into its first or second absorption band.
Triplet photosensitizer, singlet oxygen and most free radi-
cals are short lived with sub-millisecond lifetimes and
must be produced in the immediate vicinity of substrate if
reaction is to occur.

Dark association of photosensitizer and macro-
molecules may favour covalent photobinding to the
macromolecule, e.g. the photoallergen tetrachlorosalicy-
lanilide to protein or the photomutagen/photocarcinogen
psoralen to DNA. Stable photodegradation products of
some photosensitizers may act as ordinary toxins or as
photosensitizers. Metabolites of several systemic drugs
have been reported as photosensitizers. Phototoxic effects
due to complement activation have only been observed
after exposure to UVB (Johnson, 1987, 1992).

Biological targets for photosensitized oxidations
include the plasma membrane, cytoplasmic organelles
and the nucleus, depending on uptake and localisation of
the photosensitizer.

Photogenotoxicity and photocarcinogenicity (Figs. 1 &
2) are side effects of chemical UV sensitization, which
have recently come to the attention of regulators and sci-
entists in the drug and cosmetics industry. Standard
methods for assessing these endpoints have not been
established. Methods for assessing the photogenotoxic
potential of chemicals will be covered by other articles of
this special issue.

Photoallergy is considered to be a delayed-type hyper-
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sensitivity mediated by the formation of a photosensitizer-
protein conjugate. In contrast to human photopatch test-
ing (Kligman and Kaidbey, 1982) neither standard in vivo
testing in animals nor in vitro tests have achieved general
acceptance for photoallergy testing. Therefore, photoaller-
gy testing will not be covered in the present review.

Testing in Animals

Prediction of phototoxic potential of xenobiotics by ani-
mal methods has been used for many years. The main
problem with animal data is that it is difficult to compare
results from different publications and to get a definite
idea of the sensitivity of each of the animal models.
Differences in the sensitivity of various animal models
arise from two major technical problems:

1. There is still a lack of a generally, accepted standard-
ized procedure. This is due to the diversity of species,
light sources and UV doses used.

2. Many factors influence the outcome of a test, and not
all of the factors have been described sufficiently well
in most of the publications on animal methods.

Most frequently used species are mice, guinea pigs and
rabbits. The selection of species may also depend on the
intended route of exposure, e.g. guinea pigs are generally
not used for i.v. injections. Route of administration and
pharmacokinetics will influence the appropriate time inter-
val between drug application and irradiation of the ani-
mals, which should take place at a time point when
bioavailability of the compound is guaranteed, this may
depend on the vehicle used.

The two most often applied animal methods to test for
acute phototoxic potential of chemicals are the mouse tail
swelling method (Ljunggren, 1984) and the mouse ear
swelling method (Gerberick and Ryan, 1989). In 1995 the
OECD even circulated a draft proposal for an in vivo test
entitled “acute dermal photoirritation screening” (OECD,
1995), which was based on a small validation trial, in
which a single chemical was tested (Nilsson et al., 1993).
For the reasons given above, to date in Europe and at the
OECD level no in vivo animal test for acute phototoxicity
has been accepted for regulatory purposes. In contrast,
since the 3T3 NRU PT in vitro phototoxicity test has been
officially accepted by the EU in the year 2000 (European
Commission, 2000), both the EU and the OECD have
decided not to accept any animal test for acute phototoxic-
ity into their test guidelines.

Photopatch Testing in Humans

The method of photopatch testing has so far not been
standardized at the international level. However, the mul-
ticenter study from Austria, Germany, and Switzerland
appear to provide the most satisfactory sets of data
(Holzle et al., 1991). Recently an update of this study has
been published, which is covering 12 years of experience
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Table 1 Rank order of drugs and chemicals according to frequen-
cy of phototoxic reactions in human photopatch testing (n
= 1129, according to Neumann et al., 2000)

Test Chemicals Frequency (%

1. Chlorpromazine 5.63
2. Promethazine 5.15
3. Carprofen 5.15
4. Fenticlor 2.93
5. Hexachlorophene 2.54
6. Balsam of Peru 2.06
7. Triclosan 1.74
8. 2-Hydroxy-4-methoxybenzophenone 1.35
9. 4-Isopropyidibenzoylmethane 1.35
10. Buclosamid .
11. Musk Ambrette AL
12. 2-Ethylhexyl-p-methoxycinnamate 1.03
13. Bithionol 0.95
14. 3-(4-Methylbenzyliden)-camphor 0.95
15. 2-Ethylhexyl-p-dimethylaminobenzoat 0.87
16. Tribromsalicylanilide 0.79
17. Sulfanilamide 0.79
18. Quinidine 0.71
19. p-Aminobenzoic acid 0.71
20. Tetrachlorosalicylanilide 0.63
21. Chlorothiazide 0.63
22. Compositas mix 0.56
23. p-Methoxy-isoamyl-cinnamate 0.56
24. 4-tert-Butyl-4-methoxydibenzoylmethane 0.40
25. Phenylbenzimidazolsulfonic acid 0.40
26. Monobromsalicylchloranilide 0.24

of the German, Austrian and Swiss photopatch test group
(Neumann et al., 2000). The following method was
employed by the Austrian, German, and Swiss group
(Holzle et al., 1991; Neumann et al., 2000): Test materials
are applied via Finn chambers (aluminium chambers) to
the back skin for 24 hours. Then, test sites are irradiated
with 10 J/ecm® (320-400 nm, peak 355 nm, Philips TL09).
Readings are performed immediately and 24, 48, and 72
hours later. The evaluation score differentiates between
erythema, infiltration, papulovesicles, blisters, and ero-
sions. The pattern of phototoxic and photoallergic reac-
tions is different. Basically phototoxic dermal reactions
decease in severity over time, while photoallergic respons-
es will increase. Standradization of the time of evaluation
allows to distinguish between the two reaction patterns.

Results of photopatch testing performed according to
this procedure are given in Table 1 (Holzle et al., 1991;
Neumann et al., 2000), which is restricted to substances
predominantly inducing acute phototoxic reactions on the
human skin. The rank order in the table is representing
frequency of reactions observed in large representative
groups of patients. It is important to note that many of the
test chemicals, which show acute phototoxic properties,
also show some photoallergic potential in human pho-

topatch testing. Moreover, the two publications of the
German, Austrian and Swiss photopatch testing group
clearly indicated that the potential of chemicals to induce
acute phototoxic reactions in humans is significantly high-
er than to induce photoallergic reactions (Holzle et al.,
1991; Neumann et al., 2000).

In Vitro Phototoxicity Tests

A considerable number of in vitro methods has been
developed to assess phototoxic potential of chemicals. In
vitro phototoxicity tests can be assigned to two general
groups:

1. general tests on cells and tissues for screening purpos-
es, and

2. mechanistic tests focusing on a specific mechanism of
phototoxicity.

The more general tests are used to identify phototoxic
potential of chemicals. Table 2 shows that a broad spec-
trum of cell and tissue culture systems including non-
mammalian cells has been developed for this purpose. As
described in Section 3 “mechanisms of phototoxic reac-
tions”, several specific mechanisms have been identified,
each of may induce chemically induced UV phototoxicity.
Table 2 demonstrates that these tests have been designed
to predominantly assess subcellular and molecular mecha-
nisms.

Methods to screen for phototoxic potential
1) The in vitro 3T3 NRU phototoxicity test (3T3 NRU
PT test)

In a recent EU/COLIPA validation study of in vitro
methods for phototoxicity testing, the Neutral Red uptake
(NRU) growth inhibition assay using mouse Balb/c 3T3
fibroblasts to determine cytotoxicity was adapted for pho-
totoxicity testing in the following manner (Spielmann et
al, 1994b): Balb/c 3T3 cells are cultured in 96 well
microtiter plates. After 1 hr of incubation with test chemi-
cals plates were exposed to UVA (1.67 mW/cm?) for 50
minutes (=5 J/cm®) while a second set of plates with the
same chemicals is kept in the dark. After an additional cul-
ture period of 24 hrs NRU is determined. A formal valida-
tion of the 3T3 NRU PT test was performed in 1994/96 in
an international EU/ECVAM/COLIPA validation study
(Spielmann et al.,1998a). It was followed by a study on UV
filter chemicals (Spielmann et al., 1998b). After critical
evaluation of the results of these studies, EU experts of
the ECVAM, DG III, DG XI and DG XXIV have recom-
mended the 3T3 NRU PT test for regulatory purposes in
the EU.

As described below in section 7, in the year 2000 the
3T3 NRU PT test has been accepted for regulatory pur-
poses as the first in vitro toxicity test in EU member
states. Thus, the 3T3 NRU PT test has now been accepted
as method B-41 into the Annex V of Directive 67/548/

Table 2 In vitro methods for phototoxicity testing (according to
Spielmann et al., 2000 and Gocke et al., 2000)

Type of test Protocol

A: methods for screening purposes
A-1: primary cells and cell lines

3T3 NRU PT test official EU method
B-41 of Annex V
RBC PI test SOP
Human keratinocytes SOP
Hepatocytes SOP
Candida/yeast test nd
Human lymphocytes nd
A-2: reconstituted human 3-D skin models
Skin® PI™ test SOP
EpiDerm™ test SOP
Episkin™ test Sop
Skinethic™ test SOP
B: methods for evaluation of mechanisms
Histidine photo-oxidation SOP
RBC haemolysis SOP
Haemoglobin photo-oxidation SOP
Photobinding to protein (HSA) SOP
Linoleic acid peroxidation nd
Complement photoactivity test nd
C: photomutagenicity/photogenotoxicity tests
Bacterial mutation assays SOP
Clastogenicity & chromos. abberation SOP
Mammalian gene mutation SOP
Indicator assays nd
In vivo assays nd

SOP: standard protocol (standard operation procedure) available;
nd: standard protocol not developed

EEC on the classification, packaging and labelling of dan-
gerous substances (European Commission, 2000).

2) Red blood cell phototoxicity test (RBC PT test)

Photohaemolysis is one of the oldest and simplest in
vitro techniques for screening of putative photosensitizers
(Sacharoff and Sachs, 1905). Many different protocols
applying various light sources and sources for erythro-
cytes have been reported in the literature. Taking into
account this information, Hetherington and Johnson
(1984) published a photohaemolysis method for determin-
ing the phototoxic potential of drugs and other chemicals.

Additional important endpoints of phototoxicity in red
blood cells are free-radical production and the oxidation of
haemoglobin. Since methaemoglobin formation is often
observed in phototoxicity testing with erythrocytes, both
phenomena, photohaemolysis and haemoglobin oxidation,
can be tested in a combined RBC (red blood cell) photoir-
ritation test (RBC PT test; Pape et al., 1994). This
approach allows to screen for photosensitizers and to
study phototoxic mechanisms at the cellular level in
human material. The combined RBC photohaemolysis
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Table 3 Results obtained with the combined photo-RBC test in phase II of the EU/COLIPA in vitro
phototoxicity validation project (Pape et al., 2001)

Chem.  Chemical in vivo Assessment®
No. PHF AOD,, .« Final
1 2-hydroxy-4-methoxybenzophenone
10 Chlorhexidine dihydrochloride
15 Hexachlorophene + +
17 Sodium lauryl sulfate -
24 Para-Aminobenzoic acid (PABA) + +
25 Penicillin G
14 Furosemide +?
23 Ofloxacin *
2 5-methoxypsoralene (5-MOP) +
3 6-methylcoumarin + +/- + +
4 Acridine - hydrochloride + +/- + +
5 Acridine - free base + + + +
6 Amiodarone + +/- +/-
7 Anthracene + +/- + +
8 Bergamot oil + - + +
9 Bithionol + +/- + +
11 Chlorpromazine + +/- + ="
12 Demeclocycline + + ¥
13 Fenofibrate + + + +
16 Ketoprofen + + +
18 Musk ambrette + + + +
19 Nalidixic acid - sodium salt - +/- + +
20 Nalidixic acid - free acid + - + +
21 Neutral red + + + +
22 Norfloxacin + + +
26 Promethazine + + +
27 Protoporphyrin IX - free acid + + + +
28 Protoporphyrin IX - disodium + + +
29 Rose bengal + + + +
31 Tiaprofenic acid + + + +

SPHF = photo-haemolysis factor; A OD,,,, = difference in optical density at absorption maximum

and photo-haemoglobin oxidation assay is a useful test
both for screening and for mechanistic studies.
Phototoxic compounds reacting with DNA will provide
negative results in the RBC test.

Preliminary data obtained under blind conditions in
three laboratories with the RBC PT test in the prevalida-

tion stage of the ECVAM/COLIPA in vitro photoirritation.

validation study are shown in Table 3 (Pape et al., 2001). It
was concluded from the results that the Photo-RBC test
provides a good overall fit with the in vivo endpoints as
well as mechanistic information on two different types of
photodynamic reactions (met-Hb formation for type I reac-
tions and photo-haemolytic effects as primary type II reac-
tions). In summary, when conducted according to the
SOP (Standard Operation Procedures) of the prevalida-
tion study, the combined Photo-RBC test can reliably be
performed. Moreover, this test provides relevant mecha-
nistic information on photodynamic reactions, which is
useful for the evaluation of the photo-safety of chemicals
in a testing strategy that starts with the 3T3 NRU PT test,
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which does not provide information on photodynamic
reactions. An additional advantage of RBC cells is their
resistance to the short-waved UVB-part of sun light, which
allows to expose RBC cells in the Photo-RBC test to the
entire solar spectrum for prolonged periods of exposure.

3) Human keratinocytes

Keratinocytes are in vivo the first target cells exposed
to sunlight. The high sensitivity of keratinocytes to sun-
light limits their use in evaluating phototoxic effects
induced by xenobiotics. Screening of photosensitizers
with primary human keratinocyte cultures (Duffy et al,,
1987) has not shown any obvious advantage in compari-
son to fibroblasts such as Balb/c 3T3 mouse fibroblast in
the 3T3 NRU PT test in the ECVAM/COLIPA prevalida-
tion trial as shown in Table 4 (Spielmann et al., 1995). The
standard test protocol developed for the 3T3 NRU PT test
can successfully be used with human keratinocytes, as
demonstrated in a study conducted under blind conditions
with the chemicals of phase II of the EU/COLIPA valida-

Table 4 Summarised data of phase I of the EU/COLIPA validation study of in vitro phototoxicity tests (Spielmann et al., 1994b)
Mechanistic Assays Commercial Assays Growth Inhibition Assays
Histidine RBC RBC SOLA- Skin® Yeast Human Human COMMON
Photo- Photo-  Photo-Hb- TEX ZK 1300 growth lympho-  keratino-  standard
oxidation hemolysis oxidation Pl ZK 1350 inhibition cytes cytes 3T3
MTT NRU NRU
Class I UV-absorbing, phototoxic
1 Promethazine + + + + + + +
2 Chlorpromazine (+) + + + + +) + n
3 6-Methylcoumarin + + + + +§ + + %
4 TCSA + + + + + + + +
5 Doxycycline + + + 8 + + +
6 8MOP + + P + N
7 Tetracycline + + + + + £
9 Amiodarone - + + + + + + +
10 Bithionol - - + (+) g
11 Neutral Red + + + + + + +
12 Rose Bengal + + + + + n.t. 4
Class I UV-absorbing non-phototoxic
8 Piroxicam - - -
13 Cinnamic Ald. +) - )
14 Chlorhexidine - + -
15 Uvinul MS 40 + R
16 PABA - - .
Class IIT non UV-absorbing non-phototoxic
17 Penicillin G
18 L-Histidine - - - -
19 Thiourea - - - 3 B

20 Lauryl Sulfate

n.q.

§ positive when applied via the medium; negative when applied to the surface

n.q. = test not qualified; n.t.=not tested

tion study and of the UV filter study (Clothier et al., 1999).

Since the human keratinocyte system is easily available,
further improvement and standardization should be
encouraged.

4) Candida or yeast phototoxicity test

The yeast test using Candida albicans developed by
Daniels (1965) is the most simple in vitro phototoxicity
test. The Candida assay works well with linear furo-
coumarins (psoralens) and provides quantitative and
wavelength dependence data. The test provided false neg-
ative results with many established photosensitizing
chemcials (Knudsen, 1985). Although the Candida yeast
phototoxicity assay is well established and supported by a
large data base, it cannot be recommended as a screening
test, since simple and reproducible mammalian in vitro
tests showed a better predictivity in the ECVAM/COLIPA
in vitro phototoxicity prevalidation study (Table 4;
Spielmann et al. 1995).

Using the yeast assay Averbeck and co-workers (1989,
1990) were among the first to demonstrate the specific
property of some bifunctional psoralens, e.g. 8methoxyp-
soralen (8-MOP) or 5-methoxypsoralen (5-MOP), to
induce genetic damage (mutations and mitotic recombina-
tion) in the presence of UVA or simulated solar radiation.

These observations were confirmed in cultured mam-
malian and human cells. Because the exposure to doses of
UV- and UV-A radiation could be increased in yeast com-
pared to bacteria and mammalian cells, it has been possi-
ble to test combinations of the psoralens with UV filters
using conditions which mimic human exposure
(Agapakis-Causse et al., 2000).

In summary, in this assay one may not only test the
neat compound but also its final galenic form combined
with other compounds. Ethanolic or oily solutions of test
compounds can be spread on yeast plated on solid growth
medium before exposure to UV radiation in order to test
for phototoxicity and/or photogenotoxicity. Moreover, the
yeast assays can be performed under conditions (e.g., pro-
longed UV exposures) that are introduced to mimic
human exposures but would be too photo-toxic or too pho-
togenotoxic for bacteria and human cells in vitro.

Human 3-D skin models in phototoxicity testing

Reconstituted human skin models (3-D skin models)
are available commercially, or from a few experienced lab-
oratories, in three different types: dermal models (contain-
ing skin fibroblasts), epidermal models (containing skin
keratinocytes and a stratum corneum), and full skin mod-
els (containing skin fibroblasts, keratinocytes and a stra-

59



tum corneum). Since the latter two types contain viable,
metabolising primary skin cells and a skin barrier, both
are frequently referred to as “3-D skin models”. Human
skin models have been used quite successfully in routine
laboratory investigations, since they are relevant to the
organ of interest. For in vitro toxicity testing, standardisa-
tion and control of 3-D skin models needs to be defined
clearly in order to assure that reliable and reproducible
data are obtained.

Human skin models in contrast to normal cell cultures
such as 3T3 mouse fibroblasts allow for topical application
of various types of chemicals and preparations and seem
to have less limitation concerning solubility problems. In
3-D skin models test materials can be applied undiluted,
with different extreme pH values or even as ‘insoluble’
substance as for instance shown by successful usage of
such models for testing corrosives.

The first promising data obtained with skin model pho-
totoxicity tests were reported 1994-1995 with a full skin
model (Edwards et al., 1994; Liebsch et al., 1995), and an
epidermal model (Roguet et al., 1994). Since the commer-
cial production of the full skin model Skin“™ was stopped
in 1996, the test protocol was successfully adapted to the
use the epidermal model EpiDerm™ (Liebsch et al., 1997)
and later evaluated in an ECVAM prevalidation study
revealing promising results in three laboratories (Liebsch
et al., 1999). The test is currently established in several
laboratories of the European cosmetics industry (Jones et
al., 1999) and has been successfully adopted to the epider-
mal model SkinEthic™ (Bernard et al., 1999). Efforts
undertaken to optimise the phototoxicity test protocol and
prediction model when transferring it from the full skin
model to the epidermal model (Liebsch et al., 1997)
revealed the basic test protocol and prediction model did
not need to be changed. Several studies (Liebsch et al.,
1995; Api, 1997) reported that in vivo photoallergens that
are not acute photoirritants at the same time (e.g.
coumarin, 6-methyl coumarin, musk ambrette), are classi-
fied negative by the skin model phototoxicity tests.
Finally, dermal models, which do not contain a skin barri-
er, show a sensitivity to phototoxic chemicals, which is
similar to photocytotoxicity tests, as e.g. the 3T3 NRU PT
test (Augustin et al., 1997). They are, therefore, not pro-
viding any advantage in a phototoxicity testing strategy.

1) Advantages of using human 3-D skin models
Assuming that the 3-D skin models fit to the best avail-
able laboratory and scientific standard they will offer the
following advantages in comparison to the 3T3 NRU PT
test:
- Neat chemicals or complex mixtures thereof can be
applied simulating the situation of preparations as applied
topically to the skin.
- Test concentrations are closer to real exposure condi-
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tions, including dermatological patch techniques.

- Histology can be performed on exposed and control
samples.

- Exposure to light can better be adopted to real life situa-
tion; e.g. exposure time and spectrum of simulated sun
light (a higher dose of short waved light in the range of
UVB).

- Depending on the barrier function of the stratum
corneum, adsorption and penetration of the original chem-
icals or molecules created during exposure skin models
will provide more relevant results than tests performed on
simpler models (less false-positives).

2) Disadvantages of using human 3-D skin models
The following disadvantages also have to be taken into
account:

- The number of suppliers is limited (e.g. MatTek™,
Skinethic™, EPISKIN™, cellsystemsTM).

- Lack of appendices of the skin like hair follicles or
sebum and sweat glands, which may be sensitive areas in
vivo, could be of relevance, although there is up to now no
experimental evidence that this may be a draw back.

- Up to now there is no convincing evidence that photoal-
lergic reaction of chemicals can be predicted in 3-D skin
models.

- Since 3-D skin models are still very expensive, currently
2590 Euro per sample, they are not yet suitable for rou-
tine large scale testing.

3) Validation of human skin models

Validation studies have shown the 3T3 NRU PT test will
correctly predict the phototoxic potential of chemicals
using a monolayer cell culture. Since this may not be rele-
vant when chemicals are applied topically to the skin at
lower concentrations in finished products, there is a need
for test method development to allow application of com-
plex formulations directly to reconstruct skin models.

In the ECVAM prevalidation study on the EpiDerm
phototoxicity test an appropriate test protocol was devel-
oped successfully leading to reliable test results in three

. laboratories testing ten chemicals (Liebsch et al., 1999).

From the results obtained in the project there is some evi-
dence that 3-D skin models can be used for the assess-
ment of the potency of a phototoxin applied topically to
the skin. Therefore it can be concluded that 3-D skin mod-
els can play an essential role as adjunct in a test strategy
for the sequential evaluation of phototoxicity.

Experimental Validation of In Vitro
Phototoxicity Tests

The principles of validating in vitro toxicity test, that
were developed in Europe under the leadership of
ECVAM and later accepted world-wide, have been
described in detail in the literature (Balls et al., 1995;

OECD, 1996).

The ECVAM/COLIPA prevalidation and validation
study of in vitro phototoxicity tests

1) Prevalidation study

From 1992-19%4 in a joint prevalidation study 6 laborato-
ries representing COLIPA (the European Cosmetic,
Toiletry and Perfumery Association) as well as FRAME
(Fund for the Replacement of Animals in Medical
Experiments, Nottingham, UK) and ZEBET (Berlin,
Germany) have evaluated the most promising in vitro
methods for phototoxicity testing. 20 chemicals with
known photoirritation properties (11 phototoxins, 5 UV-
absorbing non-phototoxins and 4 non-UV absorbing non-
phototoxins) were tested under identical exposure condi-
tions to UVA in the 3T3 NRU PT test in all laboratories
and also in in vitro phototoxicity tests established in labo-
ratories of the European cosmetic industry, e.g. photo-
haemolysis and haemoglobin oxidation in red blood cells
(RBC PT test), histidine oxidation, a Candida albicans
assay, a human lymphocyte assay, a human keratinocyte
assay, and, in addition, also in two recently developed
commercial assays (SOLATEX™ PI, Skin*™ PI).
Development and standardization of the 3T3 NRU PT test
and of the Skin® PI test were carried out at ZEBET’s labo-
ratory.

As shown in Table 4, during prevalidation of the
EU/COLIPA study the 3T3 NRU PT test, the combined
RBC PT test and the Skin® PT test showed the best overall
correlation with in vivo data (Spielmann et al., 1995).

2) Formal validation study of the 3T3 NRU PT test

Subsequently, in 1994-1996 during phase II of the
ECVAM/COLIPA study, the 3T3 NRU PT test and the
combined RBC PT test underwent formal validation in a
blind trial in 11 laboratories in Europe and the USA with
30 carefully selected test chemicals. The data of the for-
mal validation trial were submitted to the Scientific
Committee on Cosmetology (SCC) of the Direction
General (DG) XXIV of the European Commission in 1996
and the report of the management team has officially been
accepted for phototoxicity testing for regulatory purposes
in 1997 by the ECVAM Scientific Advisory Committee
(ESAC) and in 1998 by the DG XI of the EU Commission
and by the DG III, which is responsible for pharmaceuti-
cal and cosmetic products. The results of the validation
study have been published in detail in 1998 (Spielmann et
al., 1998a).

3) Additional study on UV filter chemicals in the 3T3
NRU PT test

At the request of the Scientific Committee on

Cosmetology SCC, the expert advisory committee on cos-

metics, which reports to the Health and Consumer

Table 5 Classification results if the 3T3 NRU PT test in the special
study on UV-filter chemicals (Spielmann et al., 1998b)

3T3-NRU PHOTOTOXICITY TEST: STUDY ON UV-FILTERS
4 Laboratories: 20 Chemicals (10 PT/10 NPT)
OVERALL PREDICTIVITY MPE
For test concentrations up to 100 pg/ml

in vivo classification

phog(‘)- non—p]?oto- total
toxic toxic
in vitro phototoxic 40 1 41
classification | non-phototoxic 0 39 39
total 40 40 80
Table statistics for the shadowed table
Sensitivity: 100%
Specificity: 98%
Positive predictivity: 98%
Negative predictivity: 100%
Accuracy: 99%
¥ 72,25 (>> 3.8)

MPE = Mean Photo Effect, PT = Phototoxin, NPT = Non-photo-
toxin

Protection DG of the EU Commission, a set of the most
commonly used UV-filter chemicals, which are not photo-
toxic in vivo and in most cases poorly soluble in water,
was tested in a blind trial in the 3T3 NRU PT test. To
obtain information on the optimum test concentration and
on the predictivity of the 3T3 NRU PT test, an equivalent
set of proven phototoxic chemicals was tested. The results
of the study summarised in Table 5 confirm that the 3T3
NRU PT test is able to handle test chemicals irrespective
of their solubility (Spielmann et al., 1998b). A thorough
biostatistical analysis showed that no false positive results
were obtained up to 100 pg/ml, while some false positive
results were obtained at higher concentrations. The
report also shows that all of the UV-filter chemicals were
tested at least up to the highest test concentrations rec-
ommended after an independent assessment of solubility.

Results of the UV-ilter study clearly demonstrate that
the 3T3 NRU PT test does not provide a yes or no answer,
but that the result is clearly dependent on the test concen-
tration applied with an increasing risk of false positive
results at high test concentrations. Thus, expert judge-
ment is required, when data obtained in the 3T3 NRU PT
test are used for regulatory purposes. It must be stressed
that among toxicity tests the 3T3 NRU PT test has a
unique position, since it is the only toxicity test predicting
the situation in humans due to high quality human in vivo
photopatch test data against which it has been experimen-
tally validated. We are not aware of any other toxicity test
that is accepted for regulatory purposes, which meet this
important criterion.
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4) Regulatory acceptance

Early in the year 2000 the 3T3 NRU PT test has been
officially been accepted by the EU Commission and the
EU member states into Annex V of the EU Directive
86/906/EEC for classification and labelling of hazardous
chemicals (European Commission, 2000). In accordance
with EU Directive 86/906/EEC, which is regulating the
use of experimental animals, the 3T3 NRU PT phototoxici-
ty test must now be used to determine the phototoxic
potential of chemicals and animal test are prohibited for
this purpose in all EU member states.

Hazard Indentification in Phototoxicity
Testing (Fig. 3)

At the first ECVAM workshop on phototoxicity testing
(Spielmarnn et al., 1994a) a tiered testing strategy was rec-
ommended to assess the phototoxic potential of test
chemicals. According to the tiered testing approach, in
the first step validated in vitro phototoxicity tests were
recommended, although they did not exist, when the first
workshop was held. It was assumed that when no photo-
toxic potential could be detected in a selected set of vali-
dated in vitro phototoxicity tests, one may proceed to clin-
ical testing in humans without any preclinical testing for
phototoxicity in animals (Spielmann et al., 1994a).

This tiered testing approach for phototoxic potential of
chemicals did not take into account the additional end-
points, photoallergy and photo-genotoxicity/-carcino-
genicity. Due to a lack of experimental and clinical experi-
ence, in the year 1993 these two new endpoints were not
considered at the first ECVAM workshop on phototoxici-
ty. In 1999 the participants of the second ECVAM work-
shop on phototoxicity testing have, therefore, updated the
tiered testing approach and recommended the more com-
plex approach, which is illustrated in Fig. 3 (Spielmann et
al., 2000). Fig. 3 is derived from the phototoxicity testing
strategy of the official EU test guideline B-41 “phototoxici-
ty - in vitro 3T3 NRU phototoxicity test” of Annex V of the
EU Directive 86/906/EEC for classification and labelling
of hazardous chemicals (European Commission, 2000).

The following information has to be taken into account,
when the phototoxic potential of a chemical is evaluated
according to the new sequential testing approach depicted
in Fig. 3:

- absorption spectrum

- photodegradation/photostability

- QSAR

- results obtained in the 3T3 NRU PT test

Fig. 3 indicates that according to our current knowl-
edge the 3T3 NRU PT test is providing a positive result
with phototoxic chemcials and also with photoallergens
and photogenotoxic chemcials. This has been amply
shown by the validation studies (Spielmann et al., 1998a,
1998b). Hence a negative result in the 3T3 NRU PT tests,
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using a test compound at concentrations up to 100 pg/ml,
is good evidence of absence of adverse photobiological
effects. However, additional information on the photoaller-
gy and photo-genotoxic/-carcinogenic potential should be
obtained, before clinical testing of a new chemical in
humans is recommended. Unfortunately, there are to date
no validated in vitro or in vivo tests for the evaluation of
the photoallergy and the photo-genotoxic/-carcinogenic
potential.
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Summary
Photoinduced DNA damage is initiated by photoexcitation of photosensitizer (S*), which results in gen-
eration of a variety of reactive species responsible for the DNA damage. When the reduction potential of S*
is more positive than the oxidation potential of guanine (G) in DNA, an electron-transfer oxidation of G by
S* occurs to produce guanine radical cation (G°") and the radical anion of photosensitizer (S° ). The G**
thus formed is converted to 7,8-dihydro-8-oxoguanine (8-0x0G) and imidazolone derivative through succes-
sive oxidation steps. Electron transfer from S*  to O, may also occur to produce superoxide anion, which
undergoes the disproportionation to form O, and hydrogen peroxide. Hydrogen peroxide further decompos-
es through a trace-metal-dependent Fenton reaction to produce hydroxyl radical, which causes non-base-
selective DNA cleavage via abstraction of hydrogens on the deoxyribose ring or oxidation of nucleobases.
An energy transfer from the triplet excited state of photosensitizer (*S*) to O, yields singlet oxygen (‘0,),
which can also oxidize G to 8-0x0G via cycloaddition of 'O, to the imidazole ring of G. Representative exam-
ples of photosensitizers having an efficient DNA-cleaving activity are described together with the reactive
species involved in the photoinduced DNA-cleavage reactions.
Keywords : photosensitizer, DNA damage, electron transfer, energy transfer, active oxygen species
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NADH % &0 G UM O eHI 2 i e 5 &, S™id& ot
XY "R ICEZT, STHAERT 5. S 2)
LB AT IKEE R (0,) ORILEM L D IEKWBHEIZE,
S"HL O,NNDOET BB, a:%liﬁ&?%fﬁ@ o
M,x_n—vraw F7=%> (0,7) AEET 5. &
K L720, I ZHBHABERISIZ LD 0, & #ER LK E
(H,0,) c:'zbbof_f&, BOGFZ oM aElc L b
Fenton Ut % 521F, eOH %3 %. eOH X ih1EAR#%
DHTH b o & HRIT, DNABS R BRI IE & IS
L, DNAUIKi 2§ ERMENT WA, «OH A
PERE D 121E, Fbd GOBFBEIBRILOBA & 135

Type I

G:guanine

s hv -

s -

%), DNAYIBrEBAL OBIRPEIZIZ & A Sl S e,
F72, SODMHKEZILRISEMT 2L, 0, OAHL
MR SN 5720, DNADOYIWIRhR A E L b v
#Hii5H H % (Eliot et al., 1984 ; Nagai and Hecht, 1991 ;
Pérraga et al.,, 1992). #12, H,0,% O, & H,0 25 f#9
52787 —EReOHEHET AT NVIA—VEEMR S
&, DNAYIHiASBZE (CHIH S5 D b «OH Z hPEfi &
35 DNAYIKI OFMTH A, )7, BHEEIREES™ 3
%7 (ISC - intersystem crossing) % #%C < HIHJHEIR
HE CS*) ZHAYAITIE, 0,IC A NLF—%EL, '0,
AT Bl FENE S BBZ) (74 FINTAVF—BHK
JB). 00, bHBD LI, GITEIRMIAHINT 2

& ) DNAYIMHEHE 2 RS2 & mbhTws, 10,
PMIEHEREOY &I, 7 UMEF M) v A (NaNy) % &
DO, M EROFIN L ), DNAYIWIASEZ 2P < h
5. %7, '0,0F G EL #5EK (D,0) HTIE,
YIWriG Pk 2sis 7 5 2 & A8 %Tﬂtnﬁ’(%é

PlbEo X912, A SIEIG 3 5 & BUn G PERE
LLT, S*, eOH, BEU0,A kWt 575, Kiz, =

-+ G l:_J_}LDNA Damage]

02

TypeII |O2

S + 0y
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S + '0, C——)|DNA Damage]  H.0, — -OH

OH™

Fig. 1 Mechanism of photoinduced DNA damage
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Fig. 2 Electron-transfer oxidation of guanine (G) to form guanine radical cation (G"") and the subsequent reactions

66

16 O ISR A5 £ 0 & 5 12 DNABESI M Ne 3k &
B L DNAYIi %3] & k2 2 4520V T~ B,

L“C4<7;rm“(§) D, EXY T VMAIZEDY, DNA%EW) Ji, eOH MM % W& % 85

YWipglEtke o shsr 2 EnmosnTtnwsb (Burrows
and Muller, 1998). L 2L, FZBEODNAF O G &
MG L TIEARERGREER, L R 2 &0

2. RiLEEEE DNA EORIG RESRA 520, ZoOROnMER ISEEMICOWTIZE

DNA YW D 55 Fam i) 7 BOSHEREIZ DWW TH T ZAMARNED K-> Twb. 52, GOETBEIMLIC X
£ DENTELRD D, W OrORFEASHINENT 2 DNAYWOYEIZIE, 'O, & & 3Rz, #
w5 (Paillous and Vicendo, 1993 ; Burrows and Muller, 78 X 9 12455 D G A2 45 14 72 DNA Y 23BH &
1998 ; Pogozelski and Tullius, 1998). = & Tl LR &H| n5.
ORIEN X 0 AT B BOSIEYERESY, «OH, B XU
10,4 DNABES ARG L (2 &0 X 9 I3 B 20 e
VTR 5. 5. BECIZFig. 3ICRT LI T2DKRFEDVH D%, B

ko L5, r7r=v (G) IEBEXohTH L B HEE DNAOYA5121%, H-5' & H4'2SDNA SO/
oL VIR LEN. (129 Vus. NHE) # &0/t ICH L TWwi70, oL eOHNEDTERT L,
XN %9 < (Steenken and Jovanovic, 1997), i &) INLDOKEDVGEEPNR T W LR DbRroTWnD
DOJHFEIRFE S* D 3@ ICEAL DS G OEEALEN L D &y (Pogozelski and Tullius, 1998). e¢OH |2 X %k 5| &k
BIRBESICS I TC—ETRILSh, SYANLE ETHERLEZBES VHANEVLODDAT v THRET,
FA G HERT S, G Fig. 212 T LT DNASOUIMAEEAN S (Pogozelski and Tullius,
O b AERKEDRIBICE Y, EhENA I ¥V By 1998). DNABSHO KK 3K & 12X ) DNA YK AEE
(1) 78V Fugt+rFvr7=r (8oxoG) £  ZBHAICE, iﬂ@G@@f&ﬁ&ﬂ@““ki%&

)7, ¢OH ZiG1Al &+ 2 DNA YW, BEsids X oF
MR O TIRINW I 2 2 EBHMLNTW

NS DAL % 2 B ISR IS ), ERY YU t@fﬁmkﬂ%%ﬂtt

Zi, #%ﬁm
G 3R 0): é%'%MﬁﬁML ﬂmié AL AR B
Wa5 24, Bl LT, G& e«OHDXIE% Fig. 4127%
F. eOHIX G L 7=, mICHS&M: PR b5k
tFFT, ZRZERAIBTHHRVLAT LT FEY Uk
(FAPy-G) R BT BEMILOLGLHELEEDTH S &
ox0G & 5-2, ¥EXRY I VL EOEIEDO/EH TDNA
oYW Z 5.

KIS, SeHEHl O = EEEHRRE CST) 25 0,~0
IAVF—BHICI Y AERLZ0,0E, BRI 7 =
HHE O(G) WHmT A EI1I2& D) 8-ox0G EAEMK L,
DNAYIWiZ5 &R FTEEZ LTS (Fig.5).

Pl Eo & 5 WHMIEA ORIEH X 0 A3 5 iR

O=|l3—O -
OR' B: Nucleobase

Fig. 3 Seven hydrogens on deoxyribose ring
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Fig. 4 Addition of hydroxyl radical (¢ OH) to guanine (G) and the subsequent reactions
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Fig. 5 Addition of sinlet oxygen ('0,) to guanine (G) to form 8-0x0G

D DNAND 5w 2 EIZ D W Tl 7298, KIZ,
FEEED X ) A2 E oA 2 585 L TDNA
2YWT 20200 T, REMLBIZRT.

3. DNA tiEE =B 9 DA ERA]

1) &Rt

VA7 FE V12365 nm DA S35 Z &L TDNAY)
WiiG T % 779 (Ito et al.,, 1993). ZO¥f, 5-GG-3' D
5-G THERMIZUIM AR 52 &, 8oxoGAEKT S
&, BLUD,0 M TUWIEMEDR M ABIN S e v
Zenb, 5-GRH ) KRT T E Y DRKE~NDE T
M CDNAYMI A Z o TnhH EEZ LN TWA,

Saito 5 (1995) (ZEDNAUIWHEEZAT$ 4 ¥ v-F
TINAIFR (2) ZEKRL, L—HW—T7Fv 27+
M) YRIZED, FiADGEYEZ S DO2EHF DNALY
I =55 20 =HIEGHEIKEANO B FRB B3 Y 2 e
L, 5-GGGG >5-GGG > 5-GG- > 5-AG-, 5-GA-> >-G-
DIETETZHRB LTI EZHSLNILTWS, £
72, BREIZHEHHDNAL Y Ix—D A4 + MERTF ¥ %
VE ab intioit5EIC L > TROLZLIZE Y, GAHEL
% 3 HERCH O HOMO X235 Ml GIZREIL L T 5
Zl, BEUb ot 1ETEILSIAR TV, 1
HBEGTIESEN/GCTHLEILEWHLNIILTVS
(Sugiyama and Saito, 1996) .

Co 77— Ly BIFWITT CRIHEAITH D, 500
nm 2L E O HOEI ST G IR DNA YW % 2 2 9
(Tokuyama et al, 1993 ; Boutorine et al., 1994 ; An et al.,
1996). CeldOGMAHIC X Y, — BB EIRE D & M %
XY S EFRRESAK L, TALF-BEjC X
DR <0, 2T 5728 (Terazima et al., 1991 ;
Arbogast et al., 1991), Z#F TDNA Y)W i&VEf X
'0, THhrrE25NhTWw7., LA L, Bernstein b
(1999) EMEFEIEFAT, XYY ZMNYVHRT, 7T =
YEREAERNRCyull Lo THRETFREMILEINLZ L AW
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521, Cell & AEDNAYIKIASE TR EFEH Tl 2
N5 EE2HELTVA.

EHIC, 7Ty 87X yFEAK (3) (Danith et al.,
1996), NV M) TV —)VEEAK (4) (Wender et al.,
1996), [Rh(phi), (DMB)]*" (phi=7xF+ > FL v *
) VI A3V, DMB=44-YAFVEEY YY) uy
74 (D $%1K (Hall et al., 1996) 7 &3 77 = L5k
DB TREEEILIZE ) DNAYIKZ R Z &b
S>TW5,

2) e Faxi g danEketh

EdRo X912, 0, 3AESHICH0, 24T «OH 2%
5720, 0, #EWTHWEEOD 2ILEMDIZLEAL
ADNAYIWHEEZ oL E X b, LHEA ST,
BOCHNC X 2T RENEICICE VAR LT AT
=4 ¥ S OMALEN A TAREEHR O B OCEN X D AT
BAEIZ0, ERT 5.

RIL, EEHESIZy-Y 270 FFA M) YIZAPESELK
P Cyy (Coo/7-CyD) 25, O, & RITH]ITH A NADH 17
fEF, DL (532 nm) WG$ 2L, FEFICRIFERL
DNA Z8IWir34 % Z & #8512 L7 (Nakanishi et al.,
2001). F 72, NADHIEAFIE F TIXDNAYIKiA F - 7=
s NZhol, L—HF—T759 327+ )T R
W& SR e R IEAT R ESR A K ~ b T v THEER
25, KISHAEE LTO, 2B LTwa Z b
o7, Thbb, FTCIIEMESR, HELEER
TE=HIEREIREC, 1L DS (Fig. 7). Cy* i
NADH ICEFRBEI#EICEN, FIANT =F 2 Cy %=
%9 % (Fukuzumi et al., 1998 ; 1999). /K Tl
Coo' DEEALEN I FIRBER OB ICEM L D LKV 72
B, Co 250, NDETRENKIY, O, 2AEKT
% (Miyata et al., 2000). Libo> X 9120, 13 H,0, % &
TeOHIZZHM S, DNAUKIZF X2 TEE£21 5N
5. FEE, TODNAYWIZSOD T, ¥ 5—

O NH, 9 .
O /\/\)\ CONH(CH2) 4NH3
O : R O‘O
O o)
2

3

OOH

OMe

R = CH,CON(CH,CH,OH),
10

Fig. 6 Photosensitizers which can act as an DNA-cleaving agent
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ERT NI —VEIZ L - THFICHH S5 2 L2358l
Ehtz. TORIBRIS, '0,HEHTHLT ILF +Y
7 & (NaN,) #Z CT3H DNAYIW2SBE Il S h b
72, —H, 0,ENETH LD L HITHR DA,
NaN, i3°Co  HH 2 MR LHHT 52 &b o T
5.

F 72, Fig. 1OFUCHERE L 13872 55, G XD
B eOHZ AWM T 2ILGWHHSN TS, e Fax
VA F Y FFEAR (5) 12366 nm OEHEGHC X 1 244
» eOH #4134 (Matsugo et al,, 1991). 513 %:DNA
YIWFGEYE 2 7R 974, eOHIZ X A IEMINA 2 YIMr & & 3
12, EFREREHIZE S GORLLHIFICRI > TWwd
ZEFHMHLN TS,

3) —HHERREICE D DNA VIS 2L
—HIEHEH (0,) ZRAETIHEMEHELTL oL
LbEILHONTWEDIE, U—XXRYHIL (6) RAF
LyTNV— (7) EDBFERTHL. 2Lz, 2F
L Y70V —13590 nm YL Lo L2 B 45 2 L IC X
D IEF TR R 10, % %84 L GEINMWIZ DNA 2 Yl
T 2h%, MR A O Z OFEM 2 ROSEEREAY] & 2>
I2& N T3 (Buchko et al.,, 1995). 8 D X 5 Z&Kintk
RV7 40 250,541 5 ) DNA % YIWi3 % ik
FTHDH. R, 9100 X9 ENV7 1) »ERRAKIZ
700 nm L E O W HOGHES T b %) K < DNAYIR 2 2
TIENL, MO HEEALE L THfESh TS
(Magda et al., 1995). [Ru(bpy),]*" (bpy =22-EE Y
¥ v) % [Ru(phen),]*" (phen=1,10-7=F > k1
V) mrEOVTF=o A (D) R, wTHEOERES S S
L2k D0, %% K¢, DNAYIKI 232 & 2%5
nTwb (Kelly et al., 1985 ; Fleisher et al., 1986). 11
DEIBRNFT A (V) #KD 0, 5412 X ) DNAY)
Wrakel 32 LM X TwbhY (Hiort et al., 1996),
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COBED0ERIZEHIHLANVF BB TIE%R L,
BLfr 7230, L LCHEBT A LA MbATWS
(Kwong et al., 1997).

f& 8

Z Z THi L 7- DNAYIBHETE %2 & 2 e &AL IZ A
D—ETH Y, TNFTIEFITHS  OBENIEH KA
PHEIRTVWS, TZERLV 74 <v—F b)Y 2D X
INTT TIZD A DI FHEEA & L CTEAMES T
250855, N ADMEESN, SHRIIFED
DNA D ¥§ € O Hi 3 BLH1) % &5 B 7> 25 2 3 T U5
LREDORFEN S SICHELRMRREL 2D THAH ).

) 3
AR EBET LDV EELIYS 220w
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Effects of reactive oxygen species in in vitro phototoxicity assays

Yuuko Okamoto*

Fundamental Research Laboratory, KOSE Corporation Research & Development Division
1-18-4 Azusawa, Itabashi-ku, Tokyo 174-0051, Japan

Summary

Three in vitro phototoxicity assays - the photohaemolysis assay, the haemoglobin photo-oxidation assay,
and the neutral red uptake assay - were evaluated for use as screening methods in predicting the in vivo pho-
totoxicity of test substances. The photohaemolysis assay evaluates oxygen-dependent membrane damage.
The haemoglobin photo-oxidation assay detects haemoglobin oxidation from oxyhaemoglobin to
methaemoglobin with UVA irradiation. The neutral red uptake assay evaluates cell survival by assessing the
ability of viable cells to take up neutral red dye. Thirty-three test substances were assessed in this study.

The phototoxicity predicted in each assay was compared with that in guinea pigs and in human. The pho-
totoxicity predictions made by the in vitro methods were comparatively good. These results suggest that the
three in vitro phototoxicity assays could be used to effectively screen chemicals for phototoxicity.

The effects of reactive oxygen species in two in vitro phototoxicity methods were assessed. Sixteen test
substances that indicated positive reaction in the photohaemolysis assay or the 3T3 neutral red uptake assay
were evaluated by using scavengers. Of the 16 test substances, 12 indicated the production of singlet oxy-
gen. Nine of these reacted to histidine used as a scavenger of singlet oxygen. In this study we have con-
firmed that photodynamic mechanisms play a major role in in vitro phototoxicity reactions. These results
suggest that the photohaemolysis assay and the 3T3 neutral red uptake assay could be used to evaluate the
photodynamic mechanisms of photosensitizing chemicals.

Thus, from the genetic point of view, the production of reactive oxygen species and singlet oxygen respon-

S
2
S

sible for phototoxicity is closely related to the induction of photochemical genotoxicity.
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in vitro photohaemolysis, 3T3 neutral red uptake phototoxicity assay, reactive oxygen species
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Table 1 In vitro methods for phototoxicity testing

1 Method for screening purpose
1) Methods using monolayer culture cells*
@ Cells
Mouse fibroblast (Balb/c 3T3 cells clone 31)
Human kerationcytes (A431 human epidermal cell line)
Hepatocytes
Human lymphocytes
(2)End points of assay
Neutral red uptake assay
MTT reduction assay
DNA synthesis
LDH leakage assay
2) Methods using micro-organisms”
Candida albicans, Candida utilis, Saccharomyces cerevisiae
3) Three-dimensional skin models assay®
2 Methods for evaluating mechanisms
1) Methods for evaluation membrane damage"
Red blood cell photohaemolysis
2) Methods for evaluating the effects to protein®
Haemoglobin photo-oxidation
Photobinding to protein (human serum albumin)
3) Others'
Linoleic acid peroxidation
Histidine photo-oxidation

References -
a . Freeman et al., 1970 ; Lock and Friend, 1986 ; Maier et al.,
1991 ; Lasarow et al., 1992 ; Spielmann et al., 1994b
b ! Daniels, 1965 ; Sugiyama et al., 1994b
. Edwards et al., 1994 ; Augustin et al., 1997
d : Khan and Fleischaker, 1971 ; Hetherington and Johnson,
1984 ; Pape et al., 1994a ; Sugiyama et al., 1994a
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FENMLTC-EHEBEEZ AL, LHMEIEI IS,
—HIEMEE O KBS <, BTHEED &SV E UG
L, Thx®ts 5. eHEomVARESE LT,
histidine, tryptophan, ASfFURNIME, V Y IRE, 2L
ZFa—VENHITS5N S (Doleiden et al., 1974 ;
Suwa et al., 1978 ; RIH 5, 1988). I 5 DifPEREFAE
OHmTI, ~EHER, v Foxd 7 I NoRISEA
EW. E 2, SR EEBNSBIREHC X b bk X e e
W AR ERIEE & S L2 R TG H 0,
CORE YA TN EHATWAS (Foote, 1976 ;
Ranadive et al., 1993).

INOLDNFHEUDA N = AL EHEZ T, RIETI,
%172 in vitro e ERHM 2255 %E ST AL In vitro
St BRI, TOHMMS, 1) LHEwEE A2
==Y 7452 % HWE LZRHEEE, 2) btk £
HoZ XL EHME LMok IND
(Spielmann et al., 1994a) (Table 1).

bhvbhud, ERBEICHTA2EIBLOY 2237 BD
St ERAL & $REE & U 723FiE: T & S AR MERE MAAER, ~
EFOV UGEMBILRBRE, A7) —= FFEliEg e L
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THZE SR8z vl chb=a— 7
LWLy FRDARBEIZOWT, KL LTUVAZ HWw
Tin vivo MR L OIS Z Gl L7z, S H5I2ER
YRR FE R O in vitro el IC M 2B IZOoVWT, %
R FEM oM 2/ % v Chad L7z, 72 - EHRE
DOFEOWE D FEHi L 72 (Okamoto et al., 1999a ;
Okamoto et al., 1999b) .

AFi Tl in vitro YaaEVEREMT & in vivo K50 & ORFISYE,
B X Cin vitro GlVE 03 2 UG PERE A 0 8 & b
WL 5.

1. In vitro &= M4EHE & in vivo EERDHEER

MIMEROG 7 M8k (Hetherington and Johnson,
1984 ; Sugiyama et al., 1994a) 1%, JGIZ & % ZE R fl
ZIHE L L 7z in vitro G MEREE TH 5. KRR T,
by VRIMERZE MV, BB E 2 @ m L T UVARST L
PRI S AT 7Oy OWOGEZE L, UVA
MG & RIS 0 7% 5N % % 2R, Gtk % GFiffi
L.72s

ANE Y LR ERDE (Pape et al., 1994a) 1,
ANEZFTE Y EHG, 208 87 GHEBILEREE L
RBRETH B, AW TIE, Y VRIME,SHSR
TeANEZUE VERICHEBWE 2R, UVARSL
PHCE LA PAEZ O yOUOGEZHIE L, UVA
W & RIS 0 25 5 R b % & J i LAkl L 72,
UVA I8k & b 30 J/em® I2iE L7z (Mgt
i M-DMR-100 : %2 FL. 32S BLB : 300-400 nm : UV
B EE 4.3 mW/cm?) .

Begiln 2 w723 Brikix, —o2— b0y FEY
A& (NRU PT assay) (Spielmann et al., 1994b) % H >,
UVA I & JERRG A 6, 250 g E 473 (IC)
% 3k®, EU/COLIPA @ Ji): (Spielmann et al., 1998b)
It > C photo irritation factor (PIFf#) {(IC;, ; UV_)/
(ICs, ; UVl #8L, #vy M+ 7HKA ¥ M%& PIFfH
5& LTl L7z, ABESTid, Balb/3T3 A31-1-1 8 &
(°NBIRGB @ 2 Mi O Mg % v 7z, UVARGH&EIE5
J/em®\Zi%E L7z (HE4F%4E Bio-Solar simulator Model
WXS UVA 320-400 nm : UV# v b7 1 vy —fli[] UV
5% 0 8.3 mW/cm?).

—FIAMBFE O W EL Arakane 5 (1996) D FH:ZHEL
PR H % chloroform (ZiEff L, UVAHBOT7 VT~
L — ¥ — % WG L 725843 % - B % 1268 nm
DR RIS R L L TR L 7.

MEH, FHZ GO ISMMOMER L 269 4 in vitro
HEREICEBENEY P B LU MERISHT 2 M0
i, WiHE LICBIFTH o7 (Table2, 3). 42,
Ifit BR 6 5 i iR 5% % & Balb/3T3 A31-1-112 & %5 NRU PT
assay VR RAF Rtz R Lz, £/, —EEHER
FOWEDHTY in vitro LHEZ H L HEFWTE S

Table 2 In vitro and in vivo phototoxicity assay results

in vitro Phototoxicity methods

Test substances Photocytotoxicy

313 NBIRGB  Photohaemolysis

Singlet in vivo in vivo®
oxygen data data

Hb photo-oxidation emission’ (guinea pig) (human)

Antimicrobials
34,4 “Trichlorocarbanilide
3,4-, 5-Tribromosalicylanilide (TBSA)
5-Bromo-4 -chlorsalicylanilide
Bithionol
Chlorhexidine dihydrochloride
Hexachlorophene
Fragrances
5-Methoxypsoralen (5-MOP)
6-Methylcoumarin (6-MC)
8-Methoxypsoralen (8-MOP)
Benzyl salicyrate
Cinnamaldehyde
Cinnamyl alcohol
Galaxolide (50% B.B.) = -
Isoeugenol - -
Jasmine Mix
Musk ambrette
Musk ketone
Qil of Bergamot - -
Phantolide - -
UV Absorbers
2-Ethyihexyl-p-methoxycinnamate = =
2-Ethylhexyl-p-dimethylaminobenzoate — — =
2-Hydroxy-4-methoxybenzophenone = =
4-Isopropylebenzoylmethan = =
4-t-Butyl-4-methoxydibenzoylmethane = =
p-Amino benzoic acid = -
Drugs
Chlorpromazine HCL
Piroxicam
Other chemicals
Acridine + +
Anthracene + +
Anthraquinone - -
L-Histidine - -
Thiourea - -
Sodium lauryl sulfate = &
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+ I phototoxic or singlet oxygen emission positive, — :
(+ =) ! positive, but insufficient data, ? = unclear

non-phototoxic or singlet oxygen emission negative

Hb : haemoglobin, A : photo allergen, B.B : benzyl benzoate solution

a ! singlet oxygen emission (output power : 70 mW)

the vehicle used : chloroform, the concentration used : 0.1 mM
. the test concentration : 0.1%

* ! the test concentration : 1.0%, **

b : Spielmann et al., 1994a, ; Spielmann et al., 1998a

TEPbRY, ~HBIHBEORFEELIENDOH G DK X
SATRIE S N7z,

In vitro Yo P4 12 L 2 EVE v M in vivo &£ DT
WM N5 2 — 5 — (Balls et al,, 1990) Df#ENT T, posi-
tive predictive value 73 {KIZfK <, false positive 23% \»
S EDbh otz §#123,4,5-tribromosalicylanilide
(TBSA), bithionol, musk ambrette, 6-methylcoumarin
(6MC) 12, %#kERIZBWT, ZhZMhfalse positive &
RL7z. ThSETROBBERWEE LTHSATY

&

A2WHETH S (Kligman, 1966 ; Kaidbey and Kligman,
1978 ; Kaidbey and Kligman, 1980 ; Cronin, 1984).
TBSAZE Y v 7 #EMERTIEAHEIN TV S
(Barratt and Brown, 1985 ; Pendlington and Barratt,
1990). 6-MC Tix, SR LML D A#D b7z, Pape
5 (1994a) &, 6MCIPtMl#ENEZ RS 2wy, W5
PHEANEZOE VR, Y TG ERR LI LR
HLTBY, TOILH, 6MCOREIREMEEICHY
LTCWAIHERARBEL TR EHEL VA, Tk
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Table 3 Prediction of phototoxic effects in the in vivo data by in vitro assays

Predictive parameters® (value : %)

Method Sensitivity Specificity ~ Positive predictive ~ Negative predictive Equivalence
value value
The comparison with guinea pig data (n = 33)
Balb/3T3 56 83 56 83 76
NB1RGB 33 88 50 78 73
Photohaemolysis 78 83 64 91 82
Hb photo-oxidation 56 79 50 83 73
Singlet oxygen emission 89 71 53 94 76
The comparison with human data (n = 19)
Balb/3T3 58 100 100 58 74
NB1RGB 42 100 100 50 63
Photohaemolysis 50 100 100 54 68
Hb photo-oxidation 50 100 100 54 68
Singlet oxygen emission 67 71 80 56 68

a . Calculations were conformed to the description by Balls et al (1990).

Sensitivity (TP/TP + FN), Specificity (TN/TN + FP)

Positive predictive value (TP/TP + FP), Negative predictive value (TN/TN + FN)

Equivalence (TP + TN/TP + TN + FP + FN)

TN © true negative, TP : true positive, FN : false negative, FP : false positive

I NNIEAEVEW L A% in vitro ikl 1) T false positive & 7
% Z &%, Spielmann 5 (1998a) b gL T4, Z
L&, in vitro MDY, TORIGA A=A L0 5, 2
WO DRV E LG H ZH TE v vy
HMERHO>Z 2R LTWA.

—7Jj, 8methoxypsoralen (8-MOP) %@ psoralen #i
X, B ENREMETH L H, s okt E
Beth© & 72580555% 13 Balb/3T3 % JJv» 72 NRU PT assay @
ATH Y, Fi i 2 o 7 T o B A VRE S v,
¥ 7z, phantolide % 3 i O FFL O N PEIx, B Ml
TN TE b o 7225, GEMGAEL E 72 I3NE S O
YOt LR ER L TN T & 72,

L722%5 T, in vitro Gkl BRI OB ) % 5D %
72B121%, FRZEN D in vitro Wt R EREE A FHE O KR
EZDAHZALEZEE LD AT, ZoMAtbe
(battery) ZMiafd 52 ENEETH DL I EHRBEIN
1.

2. In vitro XEMHEFEICH I 2/EMERR
HEBIDREEEDAN=XLDER

In vitro YoaEPE BUS I X3 2 G E R A O 222D »
THG T 5728, in vitro GapPE & 7R L 728 T2 o
W TGP ER A O 25 A N L 7 R o B R % B
L7

— B AEOW LA, —HIHBRENORERESFH W
histidine (10 mM) % $%H L7z (Krajic, 1986). # 1 7

I SORHII Tk, KIntEDEWwWI YAV Thbe K
FTITVANEHO,ZZFZDEE L, WEkHlE LT
mannitol (10 mM), catalase (1400 units/ml) % &/ L
72. mannitol X° catalase (X Z DD 7 ¥ A b R — FIHFE
FIIHTHHEROFESA, ebaFy3Ih 1l
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HO, ~DIUEHED W > TWB I Enb, HEAMELT
Mz, S50, EHERREEERIENT200E LT
superoxide dismutase (SOD) (250 units/ml) Dl 2:fE
2DV T b [AREIZHGS L7z (Kimura, 1991).
TEPERR R AR OB, AR T LA R R
FAN 2l L 72K O LA A IR (standard) @ in
vitro YAt (2% 3 2 Bl EE & L CRfili L 72 (Table 4, 5).
HAEERE E LA OH G 12O W T Table 6 12 F & o 7.

1) ARMEERE A MLAAERTE IS & 260

BRI E O KIS BV ORI & iR R 2
#l D 5%E % Table 4 1275 L 7z.

SR ORE Tl&, 7HEO 5P BT histidine |2 & % ¥
FRIEED LN, IhHD 9B, galaxolide & B <
6 FiIC - HIHMBEORAEDVMERIN TS, il acri-
dine T, histidine {2 & % W & % 2 G LSS O FiLIE 23
gl X7z, F 72, anthracened, SOD LAt J:#l
TR A AR 5 4172, bithionol T, histidine T
PR AL 5RO ST, catalase 1 & B 55\ EIHIR) A A
O b7,

2) KifEHe z Ao 72538 E IS & 2550

FARLER)E O BRI BT B AL & PR Y 2 A
D352 % % Table 512K L 7.

REAE I X 2 HliClE, 5FE o B ERY) B 2% histidine
WX BB EZ R L. SRS DFRTIC— R #
DIENER XN T A, FEIZ anthracene, acridine,
TBSA, 5-bromosalicylanilide Tidufi\» histidine |2 X 5 %)
EN R (A

—J3, bithionol, musk ambrette TiZ histidine D %) %
O LNT, TENUNDOHE LA O R ED Hh7z,

Table 4 The effect of scavengers in photohaemolysis assay

Test substances

Conc. evaluated Photohaemolysis (%) :

Inhibition effects of scavengers®

(ug/ml) Standard Histidine ~ Mannitol SOD Catalase
Antimicrobials
Bithionol 25 60 - - - e =
50 61.7 = - - -
100 64.4 - - - =
Hexachlorophene 6.25 34.2 = = = + =
125 10 - - - + -
25 9.6 - = - + +
Fragrances
Galaxolide (50% B.B.) 250 14.9 + - e EE
500 47.1 = +— +— +—
1000 79.5 - +- = =
Isoeugenol 250 0.0 b b b b
500 49.6 - - - -
1000 0.0 b b b b
Jasmine mix 250 12.1 * = = + - -
500 37.1 - = = +
1000 13.3 ~ +— + +
Oil of bergamot 250 22 = = =
500 40.2 = = e =
1000 353 + - - +- -
Phantolide 62.5 9.6 + = = =
125 36.1 + - .- -
250 62.1 +- = = =
Drugs
Chlorpromazine HCL 12:5 12.8 + + - = =
25 37.1 = = =
50 63 - - - -
Other chemicals
Acridine 25 50.6 + - - -
50 54.1 gk = o= =
100 58.8 + <+ o +—
Anthracene 125 17.2 + - +— -
25 17.5 = e -
50 19.0 +- + - - -
Anthraquinone 1000 20.0 = = = =
500 21.0 - = - -
250 19.0 - = = =
The photohaemolysis (%) were indicated as the mean of two experiments.
a . effects of scavengers in photohaemolysis :
+ + 1 90% decrease from standard photohaemolysis (%), + : 50% decrease, + — ' 25% decrease,

— . less than 25% decrease

b © The photohaemolysis were not obtained.

B.B : benzyl benzoate solution

8MOP, 5-methoxypsoralen (5-MOP) Tl%, — HELifE
REREL T, KIEVERR S 2412 X 2 B0HIRh 5

RO SN h o7,

3) In vitro Y #EPEREARIC %19 2 16 PEIE 4 1 X Al
SR in vitro JEHERH TRk % 75 L 7= B H 16
WS 5, i & 9 O VEEE R LK OF) RHTHD 1
25D 128TH Y, in vitro VAT BT E
OS2k & W2 & A5RME X7 (Table 6). %72,
YA T 1IDORIE %4 U7 b ®Tid, mannitol, catalase
DS DR REAHED SN DS D572 Thid,
catalase D& FO %35 I A VI HEAVEN L1720 &

L

ZZoNb, 72, SODVHAMTRHEEZRLED DX
Bhol., TNLOHREE, A4 T7IHT I ANVEIRT
HY, FIUS %A B I ERE A O R AARER Tl
WHETHLI L EREL TN,

— i, WERFEH LA ORISR SN hoizb D
X, 8MOP, 5-MOP, isoeugenol, anthraquinone T&
-7z, Isoeugenol I in vivo TR EAEME 2 452 2 & 2341
5N TV B A DI % v (Koch et al., 1973).

8-MOP 3 X 1°5-MOP 3 psoralen i & L THiL oLy
iEZHFOLDOTH LA, b, in vitro BN T
AL ORI TH Y, KEML, ~NE7 O
Y2 OLRALBUSIZ D H e b o 7.
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Table 5 The effects of scavengers in 3T3 NRU assay

Conc. evaluated  Cell survival (% + SD) The effects of scavengers”
Test substances (ug/ml) Standard Histidine =~ Mannitol SOD Catalase
Antimicrobials
3,4-, 5" Tribromosalicylanilide (TBSA) 25 50.6 = 39.4 e + ++ ++
5 39.8 = 40.6 e i = +
10 18.1 + 20.6 et = = +
5-Bromo-4-chlorsalicylanilide 25 447 = 279 st & = T
5 16.4 + 10.2 ++ = ook ++
10 53 £4.1 -t b= = ik o
Bithionol 1.25 673 = 254 = = = +-
2.5 433 + 314 = * it + %
5 30.0 = 27.3 - b = + &
Fragrances
5Methoxypsoralen (5>-MOP) 25 43.0 £ 13.2 = = = =
5 40.3 = 11.0 = = = =
10 375 = 124 = = = =
8-Methoxypsoralen (8MOP) 25 429 + 1.2 = = = =
50 47.6 = 123 = = = =
100 39.8 £ 52 = = < =
Musk ambrette 6.25 731 = 27.3 = +— = =
12.5 58.9 * 22.0 = = — &
25 49.1 £ 9.5 = = = =
Drugs
Chlorpromazine HCL 0.25 71T £ 132 = = = P
0.5 58.3 * 27.6 b F = +-
1 31.8 =235 + + I +
Other chemicals
Acridine 0.25 69.8 = 18.8 = - = =
0.5 479 = 20.2 o = = =
1 0.2 = 73 o = = =
Anthracene 0.0125 476 £ 27.5 Sk 5 % = o
0.025 23.3 = 10.0 + Fk: + +
0.05 92 + 73 £ s i3 + 4 ke

The cell survival (%) were indicated as the mean score with SD.
a . the effects of scavengers

++ 1 100% increase from standard cell survival( % ), + : 50% increase, +— @ 25% increase, — ' less than 25% increase
8-MOP DB X, #EWMEo DNA, BIRE  2oORERRERFNTIER L, SRETHIIIT RIS
BIuy ww«\@%*"ﬁw)l%é]fm WhHEINRTHWDE H30~40%DEHERZRL, ZDMIE, Pape b

(Song and Tapley, 1979 ; Kittler, 1988 ; Averbeck, (1994b) oWt b ~F L. Ih ooz, s
1989). 8-MOP DO Filp s BT 2 £ G ERIE  MOPAS, Moo fCH, MRS ICBM L2 1EH 2 4 L
DNATH» 5L SNTBY, UVARSHZI X Y DNADOKE )  TwiIEaRBELTVS
ITVUHM LA LDNAGKIIEAA LD L EZ N, bhvbhotifcid, 8MOPIX, —FHIEMEZ LA
Twa (BE, 1997). —7F, ¥ 7F /%4 FTOMGE  LTwa25, EERENEAOREIBOLNT, Z0
LB e, HMRBEICLSMOPOL YT —% 282 in vitro JEiPEVE SR 2 G ME R #6805 (2 kil
HY, UVABGHZ XD Zh e #iE69 5. FICEGF L & NeHh o7z, &MOP % squalene & 4 L, UVA % 4
—EH L, EWGREDY — v F—nN—2pidEy L7282 B W T, 8&MOP & squalene DBl % 1E &
A2 ENHE SN TwA (Laskin, 1994). 8MOP 256 3, ~EIHBROENESBHBERU T TH 722 & h
MG E A Lo lzdik, 8MOPO E/EH MR &, 8MOPOKIE~O —HFHEEOM Y % HE L Tw»
(g2 TEi%'C“tiicb\f:&)t?@gf“éé Pape b  2#tiod s (R, 1997). —F, UVA L UVBOR
(1994a) &, 8MOPIZiZ, MHFMBUSERED SN h A EMHICIB W T, histidine DEELEEZ FETL 72 & =
27205, C“(Sﬁb‘j’ﬁ?‘ﬁ’ﬁft}iﬂuﬁ‘am&)bﬂf_ HwiELTw %, 8MOP (255> histidine BE{LREZ FE > T 722 & 2»
. 3BT, B MGET VT I ST 08 v b, ~HEEBEENEG LWL HiEsrd b
GEETH o728 DS LT 5 (Pape etal., 1994b). (Pape et al, 1994b). A OMETIx, UVARSHZ XD,
Zrlnl @ 8MOP O M i B e % SENC M 95 &, 8&MOPIE ~HIHBHE 2L Tz, LaL, 4L
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Table 6 The major factor of photodynamic reactions in two in vitro phototoxicity

Types of reaction
Test substances Photohaemolysis 3T3 phototoxicity assay
Phototoxicity =~ Major factor ~ Phototoxicity =~ Major factor

Antimicrobials
3,4-, 5"-Tribromosalicylanilide (TBSA)
5-Bromo-4-chlorsalicylanilide
Bithionol
Hexachlorophene
Fragrances
5-Methoxypsoralen (5-MOP)
8-Methoxypsoralen (8 MOP)
Galaxolide (507 B.B.)
Isoeugenol
Jasmine mix
Musk ambrette
Oil of bergamot
Phantolide
Tar ingredients
Acridine
Anthracene
Anthraquinone
Drugs
Chlorpromazine HCL p (1), I p 1,0

(1)
(1)

T T B B
5T T T
—
= =

T TV BT T T B B
—
-
=

5 BwW B8 B3O O

T T T
—
> ol

= |
~ =
==

—
=

=

a . types of reaction -
type I : reactions of superoxide anion, hydrogenperoxide, hydroxyradical
type II  reactions of exited singlet oxygen
Parentheses indicate the weak effects.
b ! The effects of scavengers couldn’t be obtained. p : phototoxic in vitro, n : non-phototoxic in vitro
B.B © benzyl benzoate solution

7o —HIHRE R O in vitro G 34 5 13 T & J&% 7~ L7z, Chlorpromazine ® Bt #5471 DNA #45; C
o, 3%, yo37, |RETHY, IREA~NOERIZIE—E
kXD, 8MOPDHMEEIOMEREME, FI12 HBEOMS AR ST b (Kochevar, 1981). 8
DNALIEY X7 L EZ DO NTHY, ORI MOP & ik squalene 12 & 2 @ LFERIZ BT,
AHZ AN, EHEBEMICL A A=V L END Y 4 squalene O LA R S, S SIZZFD U FE AN

TN ThHaLMEWSINL., 5MOPIZOVWT L Z0HEE THRALZZEDS FHBEOMGAHRE STV

FUPEPSFIBED A H = XL SN2, (22, 1997). ShlofiR D, histidine (2 & % #Pil#hH
—HIAME % 58/ L T 727> - 72 bithionol TI&, his- 75“%%’5“(“&% Y, chlorpromazine ® 3 & 7 ¢/ A3 T I ik
tidine D AZYH A S, WML 5 4 7 1 O JUG ZEDREMEARIE X 7.

ZRL, SCHkE 3L =45 A3 57z (Traynor et al., 4 _—
1996 ; Pape et al., 1994b). —Jj, anthracene, chlorpro- e .

mazine, acridine, phantolide TG IS 3 X OHIN In vitro JGaEPERFAM 2 350 % B i VERE R AL o2
&2 HERO W EABRIC B\ Chistidine 12 X 2 S 2% WT, ZiGEBERMN L 2 WV CTHRE L7z, 20855,
BIRRA D S, —EHBEOM AR SNz, & —HEMEEZRELTVYS L 0TI, histidine 12 X 2 )
NSRVFRS ~FIHBEOREDSHASN TS, 5 BRI E L, 205 ONEME GO Tk ix— T

I acridine Tl histidine @ & 2 EPHIZD AR D S, — FOMG5TE5 A4 TNORICTHA I EARBEIRT.
HHEMEORAESERFBICRELELELTWD I R F7o, ~HEHBREEZRELZVLOTY, Zofioibk
RIS 7. P HAEN 22N & B SO o M2 S5, in vitro )t

Anthracene OWRIFIMIZEEHMTH ), THAMHEMKSE  HMHICHB T 2IEUBEMOEEIRE VI EHMHR SN
THoHZ L, SHIHEMLEANEZOE U HEMNT 22 y s

EDHEENTVD (B, 1992). X522 DRIE 7, HaEdaE w2 iR, ¥4 71, ¥471
BY 470 CTHsEMEINTVE, SHOEETIE, OSOHEMNIZINA TSMOP, 5MOP® X 5 2 KIEd
FATL, ¥4 7NOW IO is% 5 L7 A CE 22 E 5, ZoliEEHLICREREE#
Chlorpromazine i&, ¥4 71, # 4 7LD DI AGbEb LT, HEMREHO X H = X L5 fE

79



ThHbILHhRBENT.

O X )T HEEOREBUL, BRI L - Tk X h
7AW & o TH L 72— BRI R Z Do ik
FHICENL TSR RKENZ Eh 5, DNA%
PR &3 28 e EoREED H Y, Stk & s
LD EE R EAVRIE SN D,

Bl &%
ARWFFEICH 720 HEAR TS 20 ¥ L
Gt vy — BEPIEE T AR e sE S, b R
WCHEEERLET.
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Photogenotoxicity of fluoroquinolone antibacterial agents
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Summary

Fluoroquinolone antibacterial agents are widely used for their broad and strong antimicrobial spectrum.
Recent reports on their photogenotoxicity indicated that some fluoroquinolones have potent genotoxicity
under UV or visible light irradiation. This review paper describes the characteristics of photogenotoxicity of
fluoroquinolones, mechanisms, structure-activity relationship and a predictivity of photocarcinogenicity.
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Table 1 Photogenotoxicity studies of fluoroquinolone antibacterial agents

. DNA damage'’ Gene mutation CA
Quinolones in vitro in vivo Ames D7 in vitro Relenes
Clinafloxacin (CLFX) + + + Bulera et al. (1999)
+? Snyder & Cooper (1999)
+ Itoh et al. (2001)
Ciprofloxacin (CPFX) + + = + Chételat et al. (1996)
=t Reavy et al. (1997)
+ + - Bulera et al. (1999)
+2 Snyder & Cooper(1999)
Enoxacin (ENX) w+? Martinez & Chignell (1998)
w+? Snyder & Cooper(1999)
+ Itoh et al. (2001)
Fleroxacin (FLRX) + 4 = +F: Chételat et al. (1996)
+ Reavy et al. (1997)
+¥ Martinez & Chignell (1998)
- Itoh et al. (2001)
Gemifloxacin (GMFX) s Itoh et al. (2001)
Grepafloxacin (GPFX) 4 Kersten et al. (1999)
+ Itoh et al. (2001)
Levofloxacin (LVFX) + Itoh et al. (2001)
Lomefloxacin (LFLX) + + = + Chételat et al. (1996)
&+ Reavy et al. (1997)
+ ¥ Martinez & Chignell (1998)
it 53 + Bulera et al. (1999)
+2 Kersten et al. (1999)
2 Snyder & Cooper (1999)
+ Traynor & Gibbs (1999)
+ Itoh et al. (2001)
49 + Marrot et al. (2001)
Moxifloxacin (MFLX) w+ Itoh et al. (2001)
Nalidixic acid (NA) = Reavy et al. (1997)
42 Martinez & Chignell (1998)
# 2 Snyder & Cooper (1999)
Norfloxacin (NFLX) Reavy et al. (1997)
w + Martinez & Chignell (1998)
w+? Snyder & Cooper (1999)
Ofloxacin (OFLX) w+? Snyder & Cooper (1999)
Sitafloxacin (STFX) + Itoh et al. (2001)
Sparfloxacin (SPFX) +7 Snyder & Cooper (1999)
+ Itoh et al. (2001)
Trovafloxacin (TVFX) w+? Snyder & Cooper(1999)
— Itoh et al. (2001)
BAYy3118 + Reavy et al. (1997)
+2 Kersten et al. (1999)
+? i Marrot et al. (2001)

DK-507k

= Itoh et al. (2001)

Abbreviations : Ames : Ames test (Salmonella typhimurium TA104), D7 © Saccharomyces cerevisiae D7
CA : Chromosome aberration, + : Positive, w + . Weak positive, — . Negative
YComet assay, *in vitro micronucleus test, * pBR322, ¥’ Comet assay and pBR322

IhTwa
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1998).
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Photogenotoxicity and apoptosis in human HaCaT
keratinocytes induced by 8-methoxypsoralen and
lomefloxacin

Zhang, ].°, B. Kersten®, P. Kasper and L. Miiller®

Federal Institute for Drugs and Medical Devices (BfArM), Bonn, Germany

Summary

The HaCaT cell line is a spontaneously transformed human epithelial cell line from adult skin,
which retain some differentiation characteristics of human skin cells. These cells are considered to
more closely resemble the in vivo skin condition than other cell lines which are usually employed in
genetic toxicity testing and may therefore be particularly appropriate for in vitro photogenotoxicity
testing. We investigated chromosomal damage as evidenced by micronucleus (MN) formation in
cytokinesis-blocked HaCaT keratinocytes after treatment with 8-methoxypsoralen (8-MOP) or lome-
floxacin plus UV irradiation with a UVB/UVA relationship of 1:30. Our results show that 8 MOP
induced MN in a dose-dependent manner over a concentration range from 1x10” to 1x10™ M using
low and intermediate UVA/UVB irradiation dose levels. Lomefloxacin (LOM) induced MN in
HaCaT cells in the range from 1x10” to 1x10* M only in conjunction with high UVA/UVB irradia-
tion doses at which 8 MOP was too toxic to the cells. Both, photoactivated 8-MOP and LOM were
also found to be strong inducers of apoptosis in HaCaT cells, probably as a consequence of their
DNA damaging activities. Apoptosis was analysed at different days of cell culture, i.e., day 3, 7 or 11,
at which HaCaT cells proceed from a proliferation state to differentiation. The highest sensitivity
towards apoptosis was found in day-11 HaCaT cells suggesting that keratinocytes become increas-
ingly prone to apoptosis during the differentiation process. In summary, our studies indicate that
HaCaT cells are suitable target cells to assess multiple cellular effects, such as clastogenicity, cyto-
toxicity and apoptosis in response to UV-irradiated photosensitizers.

Keywords: photogenotoxicity, apoptosis, phototoxicity, psoralen, lomefloxacin

Introduction

Conventional genotoxicity testing can be adapted to
combination treatment with UV radiation to be used for
testing of the photomutagenic potential of pharmaceuti-
cals, cosmetics such as sunscreens and other substances.
The use of mammalian cells as targets for measuring pho-
tomutagenic potential may be superior to bacteria as tar-
get cells due to the differences in processing and repair of
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oxidative damage (Gocke and Chételat, 2001). However,
mammalian cell types usually used in conventional test-
ing, i.e., Chinese hamster fibroblasts, human lympho-
cytes, or rat hepatocytes are apparently different from the
primary target cells for photogenotoxic effects in the skin
and may thus show inappropriate responses to photo-
chemical mutagenicity. In vivo testing of photogenotoxici-
ty, on the other hand, is problematic since skin cannot be
easily utilized in the standard approaches. In this situa-
tion, the use of established keratinocyte cell lines may be
a good alternative for in vitro photogenotoxicity testing.
Human HaCaT keratinocytes which are used in this study
are a spontaneously transformed cell line which behave
phenotypically like normal cultured keratinocytes in their
pattern of cell proliferation and differentiation (Boukamp
et al., 1988). We investigated the induction chromosomal
damage evidenced by micronucleus (MN) formation in
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cytokinesis-blocked (CB) human HaCaT proliferating ker-
atinocytes after treatment with 8-methoxypsoralen (8-
MOP) and lomefloxacin (LOM) plus UV irradiation. In
addition, apoptotic events were characterized in proliferat-
ing and confluent HaCaT keratinocyte cultures.

Materials and Methods

Test compounds

8-Methoxypsoralen (8-MOP, C,,H,O,, MW 216.2, CAS
No. 298-81-7) and lomefloxacin (LOM, C;;H,F,N,0,, MW
387.8, CAS No. 98079-51-7) (Sigma, Deisenhofen,
Germany) were dissolved in DMSO or PBS, respectively,
before use. Final concentrations of DMSO in the cultures
did not exceed 1%.

Source of light and irradiation conditions

The Suntest CPS" accelerated exposure machine was
purchased from Atlas (Gelnhausen, Germany). This appa-
ratus is equipped with a Xenon burner as light source
which emits a continuous spectrum simulating sunlight.
Prior to the experiments the UVA (315400 nm) and UVB
(280-315 nm) doses were measured by using UV detec-
tors RM21 (Grobel, Ettlingen, Germany) at a distance of
17 cm from the UV source. The Suntest CPS" machine is
equipped with a UVC filter (Atlas, filter number 56009561)
and provided a UVB/UVA relationship of 1:13. Due to the
presence of a plastic lid during irradiation the UVB/UVA
relationship was further altered to about 1:30 when cell
cultures were irradiated in Quadriperm culture dishes
(quadriPerm® plus 76077310, Heraeus, Hanau, Germany)
and six-well culture plates (Nunc, Roskilde, Denmark).

HaCaT cell culture

Human HaCaT keratinocytes (kindly provided by Dr.
N.E. Fusenig, DKFZ, Heidelberg, Germany) were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM,
Gibco, Germany) supplemented with 5% fetal calf serum, 2
mM glutamine and 100 U/ml penicillin/streptomycin
(Biochrom, Germany). The cells were seeded on either
six-well culture plates (apoptosis assay) or on glass slides
in Quadriperm culture dishes (micronucleus assay) at a
density of 1x10" cells/cm® and cultured at 37°C in a
gassed (95% air and 5% CO,) a humidified incubator. The
growth medium was changed twice a week.

Micronucleus assay

After 3 days of cultivating HaCaT cells on glass slides in
Quadriperm culture dishes cells were treated with serial
dilutions of the test chemical at 30 min in the dark and fur-
ther irradiated with UV light. Following treatment, cells
were washed twice with PBS and cultured in DMEM with
5 ug/ml of cytochalasin B (Cyt-B, C,H,;;NO5, MW 479.6)
(Sigma, Germany) for 24 hours. Cells were then rinsed in
1.5% tri-sodium citrate 2-hydrate buffer (Merck, Germany)
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and fixed in acetic acid:ethanol (1:3) supplemented with
1.25% v/v formaldehyde solution (37%). The air-dried
slides were first stained in May-Gruenwald’s solution
(Merck, Germany) for 3 min and then transferred to a
2.6% Giemsa solution (Merck, Germany) in Weise buffer
(3.6 mM KH,PO,/7.0 mM Na,HPO,-2H,0, pH 7.2) for 20
min. The frequency of binucleated cells was assessed in
1000 cells. Micronuclei were analysed in 1000 binucleated
cells per test compound concentration with a light
microscopy, in cases of high toxicity only 500-800 binucle-
ated cells were assessed. Micronuclei were identified
according to the criteria of Countryman and Heddle
(1976; Vian et al., 1993) who describe micronuclei as bod-
ies of a diameter of less than 1/3 of the main nucleus,
which do not touch the nucleus, and stain in the same
color as the nucleus or lighter.

Apoptosis examination

Apoptosis was measured by both morphological deter-
mination using a light microscope and by a photometric
enzyme immunoassay for the determination of DNA frag-
ments. Morphological determination of the incidence of
apoptosis was done in the slides prepared for the MN
assay (see treatment conditions there). Nuclei were
screened for normal morphology and apoptotic nuclei
comprising those with condensed chromatin and/or chro-
matin pieces (fragmented nuclei). The percentage of
apoptotic cells were scored in 1000 cells per test com-
pound concentration. DNA fragmentation was determined
by means of a "cell death detection ELISA" (CDDE,
Boehringer-Mannheim, Mannheim, Germany), according
to the manufacturers instruction. The assay is based on
the measurement of cytoplasmic histon-associated DNA
fragments (mono- and oligonucleosomes) contained in
the sample, which bind to an monoclonal anti-histon anti-
body. The DNA-part of the nucleosomes is detected by an
anti-DNA-peroxidase. The reaction is visualized with 2,2"-
azino-dio-[3-ethylbenzthiazoline sulfonate] and measured
photometrically. Briefly, HaCaT cells were seeded on six-
well culture plates and cultured 7 or 11 days. After treat-
ment with the chemicals for 30 min in the dark followed
by UV irradiation and a further cultivation of 24 hours
cells were harvested with 0.1% Trypsin/EDTA (Gibco,
Germany). 2x10° HaCaT cells were used for each determi-
nation in the CDDE test and the samples were measured
in duplicate. Nucleosomes enrichment factor were calcu-
lated to the following formula.

Nucleosomes enrichment factor=

mU of sample (dying/dead cells)

mU of the corresponding control (viable cells)

mU=absorbance (10”)

.
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Fig. 1 Micronucleus frequencies (MN %, left ordinate, closed
symbols), mitotic indices (MI %, right ordinate, open sym-
bols) and the frequency of bi-nucleated cells (BNC %) in
proliferating HaCaT cells after irradiation with UV light
using a UVB/UVA relationship of 1:30. Data of two experi-
ments are shown as mean values + standard deviations.

Results

Induction of MN after UV irradiation

Proliferating HaCaT keratinocytes on day 3 after seed-
ing were irradiated with UV and further incubated with 5
ug/ml of Cyt-B for 24 hours. The frequency of micronu-
clei in binucleated HaCaT cells steadily increased in the
range of 50/1.67 - 1000/33.33 m]/cm’ UVA/UVB irradia-
tion (Fig. 1). 400/13.33 mJ/cm® UVA/UVB irradiation
resulted in 6.6 + 0.9% MN-containing cells compared with
3.3 +0.2% in control cells (Fig. 1). The effect increased fur-
ther up to 12 + 0.25% MN containing cells at 1000/33.33
mJ/cm® UVA/UVB irradiation (Fig. 1). Irradiation up to
800/26.67 mJ]/cm® UVA/UVB did not significantly affect
the mitotic index (MI) which was in average 2.2 + 0.98%.
Only at 1000/33.33 mJ/cm? UVA/UVB the MI was
reduced to 0.85% indicating severe phototoxic effects (Fig.
D). The percentage of binucleated cells (BNC) among the
HaCaT keratinocytes was in average 43% in untreated cul-
tures. This value was dose-dependently reduced to 8.7% at
'1000/33.33 m]/cm® UVA/UVB irradiation (Fig. 1), also
indicating treatment-related cytotoxicity.

8-MOP Treatment in HaCaT Cells
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Fig. 2 Micronucleus frequencies (MN %, left ordinate, closed
symbols), mitotic indices (MI %, right ordinate, open sym-
bols) and the frequency of bi-nucleated cells (BNC %) in
proliferating HaCaT cells treated with 8 MOP and irradiat-
ed with UV light. The irradiation condition and data analy-
sis are the same as in Fig. 1.

Induction of MN after treatment with 8-MOP or
LOM plus UV irradiation

The frequency of MN containing binucleated HaCaT
cells increased in a dose dependent manner with 8-MOP
plus using either 50/1.67 or 100/3.33 mJ/cm® UVA/UVB
irradiation. The maximum percentage of MN cells was
25% induced by 10" M 8-MOP treatment plus 100/3.33
mJ/cm® UVA/UVB (Fig. 2). Without UV irradiation 8-
MOP at concentrations up to 10* M did not induce chro-
mosomal damage in HaCaT cells (data not shown). The
level of chromosomal damage by 8&MOP treatment was
slightly greater at 100/3.33 than 50/1.67 mJ/cm®
UVA/UVB irradiation (Fig. 2). A continuous decrease of
MI and BNC indicating phototoxic effects were observed
at concentrations above 10° M 8- MOP with both 50/1.67
and 100/3.33 mJ/cm® UVA/UVB irradiation (Fig. 2). In &
MOP treated cultures irradiated with a higher UVA/UVB
dose of 400/13.33 m]/cm” very strong phototoxic effects
were induced precluding the evaluation of binucleated
cells (data not shown). In order to demonstrate the advan-
tage of using the Cyt-B technique, i.e., scoring of only
those cells that have completed a nuclear division (binu-
cleated cells) a comparison was done with the convention-
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Table 1 Results of micronucleus evaluation with 8 MOP treatment in proliferating HaCaT cells by irradiation with UV light

. MN (%)
UVA/UVB Dose Concentration
(mj/em’) ™) (mono—I Izlinl((i) (I)J?—inlcsleated) (II)rl1 i?n(l?e;etEZ)
50/1.67 0 2.4+0.8" 3.840.6
50/1.67 1x107 1.9° 5.8
50/1.67 1x10° 2.5+0.4 6.01.6
50/1.67 3x10° 2.80.3 6.6:0.9
50/1.67 1x10° 3.81.0 9.4+0.4
50/1.67 3x10° 4.30.9 13.9:0.9
50/1.67 1x10* 2.8° 16.0
100/3.33 0 2.2+0.4 3.420.7
100/3.33 1x107 1.4 3.8
100/3.33 1x10° 2.6£0.8 6.5+1.5
100/3.33 3x10° 4.5+0.3 11.7+0.6
100/3.33 1x10° 3.6:0.3 13.8:0.9
100/3.33 3x10° 2.9+0 13.2:0.4
100/3.33 1x10* 2.9 25.0

Date of one experiment are shown as mean values of 2 cultures (1,000 cells each).

" 5 3 i b .
*Mean values =+ standard deviations of two independent experiments. * Mean values of one experiment.

LOM Treatment in HaCaT Cells

—— MN-0 mJ/cm? F18
—e— MN-100 mJ/cm? [ 16
=& MN-400 mJ/cm?
o MI- 0 mJ/cm?
—o— MI- 100 mJ/cm?
=0 =MI- 400 mJ/cm?

MI (%)

T =

0 1x107 1x106  1x10°% 1x104 1x10°3
LOM Concentrations (M)

L—O—O md/cm2 —e— 100 mJ/cm? === 400 mJ/cm? I

40 4

30 4

0 1x10°7 1x108 1x10% 1x104 1x103
LOM Concentrations (M)

Micronucleus frequencies (MN %, left ordinate, closed
symbols), mitotic indices (MI %, right ordinate, open sym-
bols) and the frequency of bi-nucleated cells (BNC %) in
proliferating HaCaT cells treated with LOM and irradiated
with UV light. The irradiation condition and data analysis
are the same as in Fig. 1.

al technique analyzing all cells irrespective of the number
of nuclei (mainly mono- and binucleated cells). Applying
this technique to the same slides of the experiments with
8-MOP treatment plus both 50/1.67 and 100/3.33
UVA/UVB irradiation no significant increase in the induc-
tion of MN was observed (Table 1) because in this case
most of the cells analyzed were mononucleated, i.e., have
not undergone a nuclear division and thus cannot express
DNA damage as an MN. The effect of the fluoroquinolone
LOM on the incidence of micronuclei in HaCaT cells is
given in Fig. 3. After irradiation with 400/13.33 mJ/cm”
UVA/UVB LOM induced a strong increase in the frequen-
cy of MN-containing binucleated cells at a concentration
of 10" M. Using 100/3.33 mJ/cm’ UVA/UVB only a very
slight effect was observed at 1x10* M and 1x10® M LOM.
LOM alone did not induce micronuclei in the concentra-
tion range from 1x107 to 1x10™ M, but at 10® M of LOM a
low effect was detected with 2.9% MN-containing cells in
comparison to 1.4% of untreated HaCaT cells (Fig. 3). The
percentage of BNC was clearly reduced by LOM at con-
centrations above 10° M at both irradiation conditions
indicating severe phototoxic activity of LOM at these con-
centrations (Fig. 3).

Induction of apoptosis after treatment with 8-MOP
or LOM plus UV irradiation

Day-3 cultures of HaCaT keratinocytes were treated
with different concentrations of 8MOP or LOM, and fur-
ther irradiated with UV. Morphological determination of
cells undergoing apoptosis revealed strong and concentra-
tion-dependent apoptotic effects of 8-MOP after photoacti-
vation with 400/13.33 mJ/cm” UVA/UVB (F ig. 4A). When
irradiated with 100/3.33 mJ/cm’ UVA/UVB 8MOP had
no significant influence on the incidence of apoptotic cells

. 4
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B. 8-MOP Treatment in Proliferating HaCaT Cells (day 7)
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C. 8-MOP Treatment in Differentiated HaCaT Cells (day 11)
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Fig. 4 Induction of apoptosis in UV-irradiated HaCaT cells treated
with 8 MOP. The cells were cultured for 3, 7 or 11 days,
then treated with different concentrations of 8&MOP plus
100/3.33 or 400/13.33 mJ/cm® UVA/UVB irradiation, and
harvested 24 h after treatments.

A: Percentage of apoptotic cells were determined by micro-
scope examination of HaCaT cells treated with 8 MOP and
UV-irradiation after 3 days of cultivation.

B and C: apoptotic cells were determined by the cell death
detection ELISA (CDDE) in HaCaT cultures treated with 8
MOP and UV-irradiation after 7 days (B) or 11 days (C) of
cultivation. Results are expressed as mean values + stan-
dard deviations of the 2 independent experiments.
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Induction of apoptosis in UV-irradiated HaCaT cells treated

with LOM. The cells were cultured for 3, 7 or 11 days,
then treated with different concentrations of LOM plus
100/3.33 or 400/13.33 mJ/cm” UVA/UVB irradiation, and
harvested 24 h after treatments.

A: Percentage of apoptotic cells were determined by micro-
scope examination of HaCaT cells treated with LOM and
UV-irradiation after 3 days of cultivation.

B and C: apoptotic cells were determined by the cell death
detection ELISA (CDDE) in HaCaT cultures treated with
LOM and UV-irradiation after 7 days (B) or 11 days (C) of
cultivation. Results are expressed as mean values + stan-
dard deviations of the 2 independent experiments.
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in comparison to cultures treated with UV only. The inci-
dence of apoptotic cells after LOM treatment is shown in
Fig. 5A. A large amount of apoptotic cells was found after
irradiation with 400/13.33 mJ/cm’ UVA/UVB at 1x10* M
LOM only. Under the condition of the lower UV dose
LOM caused a very slight but concentration-dependent
increase in the percentage of apoptotic cells. The apoptot-
ic activity of photoactivated 8-MOP and LOM in day-7 and
day-11 HaCaT cell cultures were determined by using the
cell death detection ELISA. Treatment with 8-MOP of day-
7 HaCaT cultures, i.e., nearly confluent cultures with still
proliferating cells resulted in a slight but concentration-
related induction of apoptosis starting at a concentration
of 1x10° M using 400/13.33 mJ/cm’ UVA/UVB and 1x10°
M following irradiation with 100/3.33 mJ/cm” UVA/UVB
(Fig. 4B). Also LOM treatment induced DNA fragmenta-
tion in 100/3.33 or 400/13.33 mJ/cm® UVA/UVB irradiat-
ed day-7 HaCaT cells, but only at concentrations of 1x10"
M LOM and higher (Fig. 5B). Without UV irradiation,
treatment with 8-MOP or LOM even at the highest con-
centrations did not significantly induce DNA fragmenta-
tion (Figs. 4B and 5B) indicating absence of apoptotic
cells.

Day-11 HaCaT keratinocytes, i.e., non-proliferating cells
which have been reported to exhibit signs of differentia-
tion, responded more sensitive to the apoptotic effects of
photoactivated 8 MOP and LOM compared with day-7 cul-
tures (Figs. 4B, 4C, 5B and 5C). Very strong effects were
observed after 8- MOP treatment and irradiation with
400/13.33 mJ/cm® UVA/UVB. An even more pronounced
enhancement in the induction of apoptosis in day-11 cul-
tures was found for LOM. In cultures irradiated with
400/13.33 mJ/cm® UVA/UVB the lowest concentration of
LOM showing clear apoptotic effects was 10° M, i.e., a
100-fold lower concentration compared to day-7 cultures.
A maximum effect occurred at 10° M LOM with a more
than 100-fold increase in DNA fragmentation level in com-
parison to controls both with and without irradiation (Fig.
5C) indicating a dramatic increase in cells undergoing
apoptosis.

Discussion

In the present study we have employed the in vitro
micronucleus test using HaCaT keratinocytes as an easy
means to detect clastogenic effects of test compounds
which can be activated by UV. Recently the cytochalasin B
(Cyt-B) method for MN analysis has increasingly been
applied as an in vitro assay for genotoxicity testing (Falck
et al., 1997; Fenech, 1997). Following treatment with Cyt-
B, cells complete nuclear division and then accumulate as
bi-nucleated cells because Cyt-B can inhibit cytokinesis
without interfering with nuclear division. The Cyt-B tech-
nique enables a good determination of cell division kinet-
ics and a more sensitive and reliable detection of MN
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since scoring is limited to binucleated cells, i.e., cells that
complete one nuclear division after DNA insult and are
therefore capable of expressing MN (Fenech, 1997). In
this study, Cyt-B treatment for 24 h yielded between 40-
60% bi-nucleated HaCaT cells in untreated controls which
is in agreement with findings from cultivated human ker-
atinocytes Pelt et al. (1991) and lymphocytes Fenech
(1997). Cyt-B did not change the baseline frequencies of
micronuclei in the cultured keratinocytes.

A critical issue when performing in vitro photogenotoxi-
city tests is to determine appropriate irradiation condi-
tions. Based on our earlier photogenotoxicity studies with
V79 cells using different UV irradiation conditions (Miiller
et al., 1998), there is some evidence that besides UVA also
UVB is needed for photoactivation of some compounds
like 8-MOP. In addition, the UV dose itself should have as
little as possible an own genotoxic effect but should be
high enough to ensure an efficient activation of a broad
spectrum of potential photosensitizers. For the present
studies with HaCaT keratinocytes we therefore selected
an intermediate relationship of 1:30 of UVB/UVA and dif-
ferent UVA/UVB doses of 50/1.67, 100/3.33 or 400/13.33
m]J/cm®. Under these conditions both compounds, 8 MOP
and LOM were found to exert photoclastogenic effects
indicating that HaCaT cells are principally suitable for the
in vitro detection of photogenotoxic effects. Compared to
our recent findings with Chinese hamster V79 cells using
the same treatment conditions (Kersten et al., 1999) the
results with HaCaT keratinocytes show qualitatively simi-
lar effects. A difference in sensitivity was observed after
treatment with 8 MOP mainly due to the fact that V79
cells tolerated irradiation with 400/13.33 mJ/cm’
UVA/UVB leading to a very sensitive detection of the pho-
toclastogenic effects of §MOP at 3x10” M. Under similar
conditions pronounced phototoxic effects occurred in
HaCaT cells, resulting in a lack of binucleated cells, i.e.,
complete inhibition of proliferation, and thus precluding
any evaluation of micronuclei. This finding may indicate
that HaCaT in comparison to V79 cells are more sensitive
to phototoxic effects occuring under extreme treatment
conditions. Photoinduction of micronuclei by 4.6x10° M of
8MOP in vitro was also demonstrated in primary culture
of human fibroblasts following irradiation with
100/200/300 mJ/cm® UVA (Stivala et al., 1995). After
treatment of HaCaT with LOM a pronounced increase in
the frequency of MN containing binucleated cells was
found at a concentration of 10" M only after irradiation
with 400/13.33 mJ/cm”® UVA/UVB. An exactly similar
finding was observed with V79 cells (Kersten et al., 1999).
The present genotoxicity findings show that it is difficult
to recommend one single UV dose as appropriate for an
efficient activation of potential photosensitizer. For 8 MOP
50/1.67 mJ/cm’ and 100/3.33 m]/cm”® UVA/UVB were
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found to be adequate doses, but 400/13.33 m] /em?® was
too high giving lethal effects whereas 100/3.33 m] Jem®
was ineffective in activating LOM and only at 400/13.33
mJ/cm’ photogenotoxicity with LOM was observed. We
recommend therefore to first perform experiments with a
low UVA dose such as 50 and/or 100 mJ/ cm’ and in case
of negative results to repeat the test with an increased UV

dose, e.g., 400 mJ/ cm’.

Both, 8MOP and LOM were found to induce strong
phototoxic effects in a concentration-dependent manner
as evidenced by a decrease in the mitotic index and in the
number of binucleated cells indicating delay or inhibition
of cell proliferation. Since MN can only be expressed in
dividing cells, inhibition of proliferation can be a potential
confounding factor in the evaluation of MN. As is shown
in the present study this problem can be solved by using
the Cyt-B method which allows to score only in cells that
have divided. It can be attributed to the use of this tech-
nique that it was possible to detect the photogenotoxicity
of 8 MOP and LOM in the present study. When scoring
MN in a conventional manner in the overall cell popula-
tion, i.e., irrespective of whether cells are mono- or bi-
nucleated no photoclastogenic effects were observed with
irradiated 8 MOP. For example, after treatment with 10"
M 8MOP and irradiation with 100/3.33 UVA/UVB only
2.9% micronucleated cells were found when the overall
cell population was analyzed whereas an increase to 25%
micronucleated cells was observed when MN scoring was
done exclusively in bi-nucleated HaCaT cells. This dis-
crepancy can be explained by the fact that with increasing
cytotoxicity the fraction of non-dividing (mono-nucleated)
cells incapable of expressing MN is increasing to up to >
90%. By using the conventional method that does not dis-
criminate between dividing and non-dividing cells MN
induction at doses that severely inhibit nuclear division
would be underestimated or even undetected. At least for
primary cells or cell lines like HaCaT which apparently
respond more sensitive to cytotoxic effects compared to
the widely used and more robust Chinese hamster cell
lines (V79, CHO) the use of Cyt-B in the MN assay is
highly recommended.

In context of cell survival after genotoxic stress active
cell death or apoptosis is another endpoint of importance.
HaCaT cells have been reported to be sensitive to the
induction of apoptosis in response to UVB irradiation
V\fhereas several compounds known as inducers of apopto-
sis in other cell types did not affect HaCaT cells in this
respect (Henseleit et al., 1996). UVB-induced apoptosis
leaY be related to the direct DNA damage in these cell
lines (Henseleit et al., 1996). At the very low UVB doses
flsed in the present study no or only very slight increases
In apoptosis were induced (see irradiation controls with-
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out photosensitizer treatment). However, both, photoacti-
vated 8-MOP and LOM were found to be strong inducers
of apoptosis in HaCaT cells. In 3-day HaCaT cultures the
morphological examination of apoptotic cells and cells
containing MN were done in the same slides thus allow-
ing to compare both endpoints directly. Under conditions
of considerable MN-induction (irradiation with 100/3.33
mJ/cm® UVA/UVB) 8MOP did not induce significant
apoptosis, only after irradiation with 400/13.33 mJ/cm®
UVA/UVB which precludes the analysis of MN a massive
increase in apoptotic cells was observed. In contrast, LOM
induced both MN and apoptosis under exactly the same
conditions (10" M LOM, 400/13.33 mJ/cm’ UVA/UVB).
This different onset of apoptosis in relation to MN forma-
tion may reflect the very different DNA lesions induced by
both test compounds after UV irradiation. 8MOP is a
DNA intercalator that upon photoactivation can form DNA
monoadducts and interstrand crosslinks (Gasparro et al.,
1998). Photoactivation of fluorochinolones like LOM
result in the formation of reactive oxygen species and may
generate 8-0x0-7,8-dihydro-2"-deoxyguanosine (8-oxo0-dG)
which finally can cause DNA strand breaks (Rosen et al.,
1997; Umezawa et al., 1997). In the pathway leading from
DNA damage to apoptosis the tumor suppressor protein
p53 is generally assumed to be a key factor. Also in
HaCaT cells p53 has been shown to play a key role in
UVB-induced apoptosis (Henseleit et al., 1997). DNA-dam-
aging agents with different modes of action are known to
activate p53. Evidence exists that DNA strand breaks
either directly induced by ionizing radiation or indirectly
in the course of excision repair events are primary signals
for activation of p53. More recent evidence suggest that
also DNA adducts can trigger p53 induction however com-
pared to strand breaks through a different signal trans-
duction pathway (Mirzayans et al., 1999). Thus, depend-
ing on the different DNA lesions induced by photoactivat-
ed 8MOP and LOM different molecular pathways may be
involved in the deletion of keratinocytes by apoptosis. It is
interesting in this context that etoposide, a very potent
inducer of MN in vitro and in vivo (Ashby et al., 1994) was
unable to induce apoptosis in HaCaT cells (Henseleit et
al., 1996). The genotoxic activity of etoposide is based on
its ability to inhibit topoisomerase II activity (Ashby et al.,
1994). In other cell types like rat hepatocytes etoposide
were found to induce apoptosis (Gill et al., 1998). These
findings indicate that different cell types respond quite dif-
ferently to the apoptotic potential of different genotoxic
compounds treatments. In case of HaCaT cells the
response to UVB itself and UV-activated phototoxins
appear to reflect the physiological role of keratinocytes as
the outermost barrier of the body in the deletion of cells
specifically damaged by UV.

The induction of apoptosis after treatment with 8MOP
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and LOM was analysed in HaCaT cells at different days of
culture, i.e., day 3, 7 or 11. During this time course HaCaT
cells were reported to proceed from proliferation to differ-
entiation (Haase et al., 1996). In HaCaT keratinocytes of
day 11, which progressively express differentiation-specif-
ic keratins and other differentiation proteins such as
involucrin, filaggrin and transglutaminese I and II (Haase
et al., 1996), considerably higher apoptotic effects were
detectable than in those of day 7. A direct comparison to
day-3 cultures cannot be made since apoptosis were deter-
mined with a different technique in these experiments.
The quantitative difference in apoptosis induction
between day-7 and day-11 cultures indicates that more dif-
ferentiated HaCaT cells appear to be more sensitive to
those signals triggering active cell death. Terminal differ-
entiation of keratinocytes has been considered to be a
form of apoptotic cell death (Haake and Polakowska,
1993; McCall and Cohen, 1991). It may therefore be
assumed that keratinocytes during early steps of differen-
tiation become already more prone to apoptosis which
might explain the higher sensitivity towards apoptotoc
signals derived from DNA damage in day-11 HaCaT cul-
tures compared to undifferentiated proliferating ker-
atinocytes.

In conclusion, the cytokinesis block micronucleus test
with HaCaT cells was found to be suitable to assess multi-
ple cellular effects, such as clastogenicity, cytotoxicity and
apoptosis in response to the UV-irradiated photosensitiz-
ers 8 MOP and LOM.
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Effects of visible light absorbing chemicals in the photo-

micronucleus test in Chinese hamster V79 cells
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Summary

The photon energy of visible light is not sufficient to cause direct damage of DNA. However,
endogenous or exogenous photosensitizers which absorb in the visible light range may have the
potential to damage DNA indirectly. Energy transfer from triplet excited sensitizers to molecular
oxygen seems to be the most important mechanism (type Il-photoreactions). Excited singlet oxy-
gen may directly damage DNA or other cellular structures and/or give rise to other damaging reac-
tive oxygen species (ROS). The lifetimes of ROS are very short, so that the effects (phototoxic/pho-
togenotoxic) are influenced by the type of molecular targets which are in the immediate vicinity of
their site of generation. Photogenotoxic effects induced by visible light absorbing compounds in
mammalian cells have been studied only for a few chemicals.

In this study we used the photo-micronucleus assay in V79 cells to investigate photogenotoxic
effects induced following treatment of the cells with 5 visible light absorbing chemicals as well as
following induction of endogenous porphyrin synthesis by 5-aminolevulinic acid. Irradiation was
performed using solar light conditions. Proflavine, neutral red, methylene blue and protoporphyrin
IX induced clear photogenotoxic effects in our hands, whereas acridine was negative for this end-
point. All compounds reduced the proliferation index following irradiation, which indicates photocy-
totoxic effects. Prolonged incubation of V79 cells with 5-aminolevulinic acid (2-6 h) led to clear pho-
togenotoxic effects in the photo-micronucleus assay probably caused by the time-dependent induc-

Original Article

tion of intracellular porphyrin synthesis.

Keywords: photo-micronucleus test, photogenotoxicity, phototoxicity, photosensitizer, 5-aminole-

vulinic acid

Introduction

Several light-absorbing compounds have long been
known to act as photosensitizers and to cause
photo(geno)toxic effects. Notably psoralenes (e.g., 8-
methoxypsoralene) and chlorpromazine derivatives have
been established as photomutagens. When photosensitiz-
ers absorb light they may become activated to damaging
agents (Evam and Tyrell, 1997) and/or may proceed from
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the excited singlet state to triplet state and subsequently
may transfer energy to other acceptor molecules. In the
case of visible light absorbers the energy level of the
respective triplet states is not sufficient for a direct energy
transfer to DNA as acceptor molecule. Molecular oxygen
appears to be the predominant acceptor (type-II photore-
action) because its excited state level is comparatively low
(Gocke et al., 1998). Excited singlet oxygen may directly
damage DNA or other cellular structures and give rise to
other damaging reactive oxygen species (ROS). The life-
times of ROS are very short, so that the kind of induced
effects (phototoxic/photogenotoxic) is influenced by the
type of molecular targets which are in the immediate
vicinity of their site of generation (Epe, 1993a). Following
irradiation with visible light the excitation of endogenous
photosensitizers, especially of porphyrines in mammalian
cells may lead indirectly to DNA damage as demonstrated
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Table 1 List of compounds tested

Classes of Chemicals Molecular ~ Molecular Solvent
. CAS No. : Source a
chemicals tested weight formula used
Acridines acridine [17784-47-3] 215.7 C;H,N-HCl1 Sigma DMSO
proflavine [1811-28-5] 258.3 CH;N;-1/2 H,SO, Sigma PBS
Phenazine deriv. neutral red [553-24-2] 288.8 CisHiN, Sigma DMSO
Phenothiazines methylene blue [7220-79-3] 373.9 C,HsCIN,S Sigma PBS
Porphyrines protoporphyrin IX [50865-01-5] 606.6 C,H;,N,Na,O, Sigma-A.  DMSO
(disodium salt)
(Inducer) 5-aminolevulinic acid [5451-09-2] 167.6 C;H,NO, Sigma PBS

* final concentrations of DMSO in the cell cultures did not exceed 1%; deriv., derivative; Sigma, Deisenhofen, Germany;

Sigma-A., Sigma-Aldrich, Schnelldorf, Germany.

by means of repair endonucleases (Pflaum et al., 1998).
These DNA modifications, predominantly Fpg (formami-
dopyrimidine-DNA glycosylase)-sensitive modifications,
however, gave no rise to mutations in AS52 cells or
micronuclei in L1210 cells (Pflaum et al., 1998). Following
addition of exogenous visible light absorbers or following
induction of endogenous photosensitizers, such as proto-
porphyrin by treatment of the cells with 5-aminolevulinic
acid (5-ALLA) DNA damage was increased (Pflaum et al.,
1998; Epe et al., 1989; Epe et al., 1993b), which indicates
that repair mechanisms may be overloaded. Therefore
genotoxic effects may arise; but only a few studies exist
for visible light absorbing photosensitizers (Gocke et al.,
1998; Noodt et al., 1994; Epe et al., 1989).

For the detection of photochemical genotoxicity in a
screening-mode we selected the micronucleus test in vitro
as a genetic endpoint known to detect a broad spectrum of
genotoxic compounds. A protocol for the in vitro micronu-
cleus test using V79 cells has recently been developed
(Kalweit et al., 1999) and further validated in a collabora-
tive study (von der Hude et al., 2000). This protocol has
been successfully adapted to photogenotoxicity testing
using a Xenon burner providing solar light conditions
(Kersten et al., 1999). The data reported for the photo-
micronucleus assay proved its suitability to determine the
photogenotoxic potential of compounds which are subject-
ed to various photo-activation mechanisms.

In the present study we used the photo-micronucleus
assay to investigate photogenotoxic effects induced fol-
lowing treatment of the cells with 5 visible light absorbing
chemicals as well as following induction of endogenous
porphyrines by 5-aminolevulinic acid (5-ALA).
Concomitantly, we investigated the phototoxic potential of
the compounds by determining the proliferation index
(PD' (Kalweit et al., 1999; Kersten et al., 1999).

Materials and Methods

The V79 cells used and the photo-micronucleus assay
were described in detail in Kersten et al. (1999). All exper-
iments described here have been carried out in a similar
way.

Table 1 lists the chemicals tested according to their
chemical classes and gives the respective sources for pur-
chase. The compounds are known to absorb in the visible
light range, however, our conditions for irradiation were
not limited to the visible light range but extended into the
UVA-range with attenuation in the UVB-area.

Results

The protocol of the photo-micronucleus test described
in Kersten et al. (1999) was applied to investigate the pho-
togenotoxic and phototoxic potential of different com-
pounds known as visible light absorbing chemicals (Figs.
1-4). The results from testing of these compounds are
summarized in Table 2 in addition to the visible light
absorbing compounds hypericin and emodin which were
tested already (Kersten et al., 1999).

Both acridines tested, i.e., acridine and proflavine, an
acridine amine, induced clearly photocytotoxic effects as
indicated by the decrease of the PI as a parameter for cell
proliferation (see Fig. 1). Photogenotoxic effects were
only detectable for proflavine as evidenced by a steep
increase in the frequency of micronucleated cells with the
lowest observed effect concentration (LOEC) of 3.16x10”
M following irradiation with 300 mJ/cm® UVA.

The phenazine derivative neutral red increased the fre-
quency of micronucleated cells without irradiation at con-
centrations above 10" M (see Fig. 2). Following irradia-
tion the LOEC for the induction of micronuclei was
reduced to 10" M indicating photogenotoxic properties.

"PI= (clx1 + clx2 + clx3 + clo<d) / (el + ¢l + ¢l + ely+ eL); (cly), (b, (cl), (cly), (cLy), number of clones consisting of 1, 2, 34, 58, or >8

cells respectively.
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Fig. 2 Effects of neutral red and methylene blue in the photo-micronucleus assay using V79 cells.

Further legend: see Fig. 1.
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The proliferation of neutral red treated and irradiated cells
was inhibited in a concentration dependent manner lead-
ing to the classification of the compound as a phototoxin.
Methylene blue, a phenothiazine derivative, slightly
induced micronuclei and reduced the PI at concentrations
above 10" M in non-irradiated cells (see Fig. 2). Additional
irradiation led to a distinct shift of the respective LOECs
to lower concentrations and to more pronounced cytotox-
ic and genotoxic effects.

Without irradiation, protoporphyrin IX showed neither
genotoxic nor cytotoxic effects in V79 cells (see Fig. 3).
Following irradiation the compound induced micronuclei
already at very low concentrations of 10° M in comparison
to the irradiation control. The cell proliferation was inhib-
ited in the same concentration range indicating phototoxic
effects. Testing of 5-ALA up to concentrations of 10° M in
the photo-micronucleus assay using the standard protocol
(30 min preincubation with the compound) gave clear
negative results in regard to (photo)toxicity and
(photo) genotoxicity (see Fig. 3). Prolonged incubation of
the cells with 10° M 5-ALA (2-6 hours) before irradiation
led to a clear induction of micronuclei in comparison to
the irradiation controls (see Fig. 4).

Discussion

For the detection of photochemical genotoxicity of sev-
eral visible light absorbing compounds we selected a
photo-micronucleus test in vitro, which is a reliable test

Table 2 Phototoxicity (Phototox.) and photogenotoxicity (Photogenotox.) of
visible light absorbing compounds tested in the photo-micronucleus

assay in V79 cells

Phototox. Photogenotox.
Chemical class Co d
emical class mpoun @1 (MNC)  LOEC(M)

acridines acridine

proflavine 3.2x10”
anthraquinones hypericin* 107

emodin*
phenazine deriv.  neutral red 107
phenothiazine methylene blue 3.2x10°
porphyrine protoporphyrin IX 10"

(inducer)  5-aminolevulinic acid
5-aminolevulinic acid™ n.d.

shaded boxes, positive results; open boxes, negative results; n.d., not determined,;
PI, proliferation index; MNC, micronucleated cells; LOEC, lowest observed effect
concentration; pp, prolonged preincubation; *, Kersten et al., 1999.

system for this purpose (Kersten et al., 1999).
Concomitantly, this assay enables the determination of
the photocytotoxic potential of test compounds.
Irradiation was performed in the Suntest CPS" machine
equipped with a Xenon burner providing solar light condi-
tions.

Acridine derivatives are dyes which absorb in the UVA
to visible light range and are known to intercalate into
DNA (Ferguson and Denny, 1991). For different deriva-
tives, e.g., proflavine (2,8-diaminoacridine) and acridine
orange (2,8-bis-dimethylaminoacridine) the induction of
DNA strand breaks (Uggla and Sundell-Bergman, 1990),
chromosomal aberrations (Uggla, 1990), and sister chro-
matid exchanges in CHO cells (Uggla, 1990; Speit and
Vogel, 1979) were described. The photogenotoxic effect
of proflavine revealed in the photo-micronucleus assay is
in line with these data. Acridine was not photogenotoxic
in our test system. No studies on photogenotoxicity of
acridine were available from the literature, with the excep-
tion of reports on a weak induction of mutations to phage
TS resistance by acridine; but the reported mutation fre-
quency was much lower than that induced by proflavine
or other amino derivatives (Webb et al., 1979).

Neutral red is a cationic, vital dye that can be used as a
histological stain for proliferating cells. It absorbs in the
visible light range and has been used clinically for photo-
dynamic therapy because of its phototoxic properties
(VanderWerf et al., 1997). No data on photogenotoxic
effects of neutral red came to our attention. In the photo-
micronucleus test, the compound was photogenotoxic.
Methylene blue is a well-known dye in medicine and has
been discussed as an easily applicable drug for the topical
treatment in photodynamic therapy (Orth et al., 1998).
The compound is a phenothiazine derivative substituted
with a dimethylamino group at C3- and C7-position and

A

can probably intercalate into the DNA. Methylene blue
absorbs within the visible light area. Production of singlet
oxygen has been suggested as the mode of photoactiva-
tion leading to photogenotoxic effects (Epe et al., 1989;
Gocke, et al., 1998). In the photo-micronucleus test the
compound has also been classified as photogenotoxin.

Protoporphyrin IX is the immediate precursor of proto-
heme in plant and animal cells, which is the prosthetic
group of hemoglobin and others. After absorption of visi-
ble light the compound excerts photosensitizing proper-
ties via formation of ROS (Fuchs et al., 2000). The pho-
toactivation results in strong phototoxic effects, but only
moderate photogenotoxic effects were described (Fuchs
et al., 2000). The reported predominance of the phototoxic
effects has been discussed as a consequence of the pref-
ered location of protoporphyrin in cellular membranes,
i.e., far away from the genetic material due to its large size
(Gocke et al., 1998). In the photo-micronucleus assay the
compound induced photogenotoxic as well as photocyto-
toxic effects.

5-ALA is a precursor of protoporphyrin in the biosyn-
thetic pathway of heme and induces the intracellular syn-
thesis of especially protoporphyrin IX. The resulting pho-
tosensitizing properties are used by clinical photodynamic
therapy (Fuchs et al., 2000). 5-ALA itself is not light-
absorbing and lacks therefore any photosensitizing prop-
erties (Fuchs et al., 2000). In accordance with these data
our tests with the standard protocol of the photo-micronu-
cleus assay were clearly negative for photogenotoxicity.
However, a prolonged incubation with the compound (2-6
h) led to clear photogenotoxic effects probably caused by
the time-dependent intracellular induction of the por-
phyrin synthesis. Pflaum et al. (1998) could demonstrate
that 5-ALA increases the sun light-induced formation of &
hydroxy-2-deoxyguanosine and induces micronuclei fol-

101



lowing in vitro incubation and irradiation of L1210-mice
cells. Similar studies of the same group using the XPRT-
Test in AS52-Zellen did not reveal increasing gene muta-
tion rates induced by 5-ALA.

The generation of ROS has been described for most of
the visible light absorbing compounds tested in our sys-
tem (Table 2). Results with other ROS producing photo-
sensitizers revealed a preference for the induction of clas-
togenic effects (Chételat et al., 1996; Gocke et al., 1998).
Only comparatively weak gene mutation induction has
been reported from the same group. Further studies to
compare the clastogenic effects indicated by micronucle-
us induction with mutagenic effects in the same cell type
for the compounds described in this study would be use-
ful for risk analysis.
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Summary

When mutagenicity assay was done under fluorescent lamps commonly used for room lighting,
7,12-dimethylbenz[a]anthracene (DMBA) showed mutagenicity without any enzymatic activation.
The light between wavelength of 370 and 450 nm is responsible for the photoactivation of DMBA,
which is corresponding to the absorption peak of DMBA. The formation of the direct-acting muta-
gen was inhibited by addition of cofactor for S9mix. These findings have relevance to the routine

testing of chemicals for mutagenic activity.

Keywords -

Introduction

Carcinogenic polycyclic aromatic hydrocarbons such as
benzo[a]pyrene (B[a]P) and DMBA require metabolic
conversion to ultimate carcinogens to exert their genetic
actions (McCann et al., 1975 ; Pelkonen and Nerbert,
1982). Microsomal cytochrome P450 monooxygenases
play a significant role in this biotransformation. DMBA
showes therefore mutagenicity in bacterial test systems
only in the presence of a metabolic activation enzymes.
CYP1B1 is the major isozyme which is involved in
metabolic activation of DMBA (Shimada et al., 1996 ;
Savas et al., 1997 ; Heidel et al., 2000). DMBA is often
used as a positive control in the mutagenicity test of
chemicals in the frameshift type of bacterial tester strains
in the presence of microsomal metabolizing enzymes.

An appreciable yield of mutants were induced with
DMBA in the absence of S9mix. The mutation thus
induced was delicately dependent on the experimental
Procedure in testing mutagenicity. The present study
shows the formation of direct-acting mutagens under illu-
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.

photoactivation, photogenotoxicity, DMBA, visible light, mutagenicity

mination condition provided by common fluorescent
lamps for room lighting.

Materials and Methods

Materials

DMBA was purchased from Nakalai Tasque Inc.
(Kyoto, Japan). DMBA preparations used for experiment
were crystallized from acetone-ethanol to give greenish
yellow plates ; m.p.123°C.

The liver S9 fraction prepared from rat pretreated with
both phenobarbital and B-naphthoflavone were purchased
from Oriental Yeast Co., Ltd. (Tokyo, Japan). The cofac-
tor-I for S9mix was also purchased from Oriental Yeast
Co., Ltd. The TA98 tester strain of Salmonella typhimuri-
um was Kindly provided by Dr. B.N. Ames, University of
California, Berkeley, CA.

The illumination meter TM-2D (Topcon Corporation,
Tokyo) was used for measurement of the illuminance.

Mutagenicity assay

Mutagenicity of test compounds, at the doses indicated
under Results, was evaluated in the Salmonella typhimuri-
um TA98, according to the standard plate assay as
described by Maron and Ames (1983). All procedures
were carried out in subdued light, otherwise mentioned in
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Table 1 Production of direct-acting mutagen by exposure to
fluorescent light

Irradiation time (min) Number of His" revertants/plate

DMBA; 0 pg/plate

0 42
DMBA; 10 ug/plate
0 33
20 84
60 249

A mixture of 0.1 ml of DMBA solution (100 pl/ml in dimethyl sul-
foxide), 0.5 ml of 0.1 M phosphate buffer (pH 7.4) and 0.1 ml of a
fresh overnight culture of S. typhimurium TA98 was poured onto a
minimal glucose agar plate. After exposure to fluorescent lamps at
430 Ix for time indicated in the table, the plates were kept at 37°C
in the dark for 2 days, and revertants to histidine-independence
were counted.

the text. To 0.1 ml of a fresh overnight culture of the
tester strain, 0.1 ml of DMBA solution dissolved in
dimethyl sulfoxide and 0.5 ml of 100 mM sodium phos-
phate buffer (pH 7.4) or S9mix were added and mixed by
vortexing. One ml of the S9mix contained MgCl, (8
umol), KCI (33 umol), glucose-6-phosphate (5 umol),
NADPH (4 umol), NADH (4 umol), sodium phosphate
buffer (100 pmol) and various amounts of S9 fraction.
The mixture was then poured onto a minimal glucose
agar plate with 2 ml of top agar containing 0.05 mM of L-
histidine and 0.05 mM biotin. The plates were placed on a
level surface to harden. The plates were inverted and
placed in a dark 37°C incubator. After 48 h incubation the
number of revertant colonies on the plates were counted.
The data represent average values obtained at least in
duplicate.

Exposure to light

A 27 W fluorescent-light bulb, FML27 EX-N (Matsushita
Electronics Co., Osaka, Japan) was used as a source of flu-
orescence light. The illuminance on the desk was mea-
sured by Illumination Meter IM-2D (Topcon Corporation,
Tokyo, Japan). No intensity of UVA light was detected, as
measured by an ultraviolet intensity digital radiometer
equipped with a 365 sensor (Ultraviolet Products, San
Gabriel, CA, USA).

Results

Exposure of the mutation plate after pouring cells
with DMBA to fluorescent light

In standard plate incorporation assay described by
Maron and Ames (1983), the test compound and the bac-
terial strain in soft agar were poured onto a minimal glu-
cose agar plate without S9mix, and then placed on a level
surface to harden. When the plate was covered with alu-
minium foil to avoid the exposure to light, no mutagenici-
ty was detected as shown in Table 1. On the other hand,
the plate was exposed to fluorescent lamps commonly
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Fig. 1 UV-visible spectra of colored cellophane sheet recorded
with a Shimadzu UV-2200 spectrophotometer.
(a) transmittance spectra of colored cellophane sheet ; (i)
transparent, (i) blue, (iii) green, (iv) yellow and (v) red,
and (b) absorption spectrum of DMBA dissolved in
methanol at a concentration of 10 pg/ml.

used for room lighting, direct-acting mutagens were
formed depending on the length of exposure time.

Dependency of wavelength of light on the produc-
tion of direct-acting mutagen

Colored cellophane sheets were used in order to deter-
mine the range of wavelengths of the light responsible for
photoactivation of DMBA. The minimal glucose agar
plate poured DMBA with the tester strain was covered
with colored cellophane sheet during exposure to the
light. Transmittances of cellophan sheet were shown in
Fig. 1la. A mutagenic response was observed by interpos-
ing blue or transparent filter transmitting wavelength
between 370 and 450 nm (Table 2), which is coresponding
to minor absorption of DMBA, as shown in Fig. 1b.

Effect of solvent on production of direct-acting
mutagen

DMBA is usually dissolved in dimethyl sulfoxide for
mutagenicity test. The experiment was carried out by
exposure of DMBA solution in dimethyl sulfoxide.
Exposure of DMBA solution dissolved in a mixture of

Table 2 Dependency of wavelength on production of direct-acting mutagen from DMBA

Number of His" revertants/plate

DMBA concentration
Color of cellophane sheet covered
(ug/plate)
transparent blue green yellow red
0 41
10 187 211 46 57 52

A mixture of 0.1 ml of DMBA solution (100 ul/ml in dimethyl sulfoxide), 0.5 ml of 0.1 M
phosphate buffer (pH 7.4) and 0.1 ml of fresh overnight culture of S. typhimurium TA98
was poured onto a minimal glucose agar plate, and then exposed to fluorescent lamps at
2000 Ix for 60 min. During exposure to fluorescent lamps, the lidded plates were covered
with cellophane sheet. After exposure to the lamps, the plates were kept at 37°C in the
dark for 2 days, and revertants to histidine-independence were counted.

Table 3 Effect of solvent on the production of direct-acting mutagen

Table 4 Dependency of amount of S9 fraction on DMBA mutagenicity

Irradiation time Number of His' revertants/plate

S9 concentration Number of His" revertants/plate

(min) DMSO DMSO + PB (ul/ml S9mix) Fluorescent light Yellow light
0 30 29 (- S9mix) 875 27
20 33 685 0 44 33
Twenty ug of DMBA were dissolved in 0.6 ml of dimethyl sulfox- 0.5 62 29
ide (DMSO) or a mixture of dimethyl sulfoxide and 0.1 M phos- 1 55 23
phate buffer (pH 7.4) (1:5). After exposure to fluorescent lamps 5 38 34
at 3250 1x, 0.1 ml of a fresh overnight culture of S. typhimurium 10 61 43
TA98 were added, and poured onto a minimal glucose agar plate. 20 91 106
The plates were then kept at 37°C in the dark for 2 days, and 50 224 243
revertants to histidine-independence were counted. 100 501 535
solvent control 30 24

dimethyl sulfoxide and the phosphate buffer to fluores-
cent lamps produced direct-acting mutagen (Table 3). On
the other hand, no direct-acting mutagen was produced
when DMBA was dissolved in dimethyl sulfoxide.

Effect of S9mix

DMBA is often used as a positive control for microso-
mal preparation in bacterial mutagenicity test system. We
therefore examined the effect of exposure to the light on
DMBA mutagenicity in the presence of S9mix. In the
presence of S9mix, DMBA mutagenicity increased with
increasing in the amount of S9 fraction under either fluo-
rescent or yellow lamps, as shown in Table 4. Mutagenic
activity of DMBA under fluorescent lamps was not differ-
ent from that under yellow lamps. It is worth noting that
the addition of cofactor that did not contain S9 fraction
suppressed DMBA mutagenicity induced by exposure to
fluorescent lamps to the background level.

Discussion

We present here the evidence that exposure of carcino-
genic polycyclic aromatic hydrocarbon, DMBA, to fluores-
cent lamps for room lighting results in the formation of
direct—acting mutagen which shows mutagenicity without
metabholic activation.

Previous studies have shown that certain promutagens
Or even non-mutagenic compounds can photoactivated to
derivatives exhibiting a direct mutagenicity in bacterial
cells (McCoy et al., 1979 ; Israel-Kalinsky et al., 1982 ;

A mixture of 0.1 ml of DMBA solution (200 ul/ml in dimethyl sulfox-
ide), 0.5 ml of S9mix or 0.1 M phosphate buffer (pH 7.4), and 0.1 ml
of fresh overnight culture of S. typhimurium TA98 was poured onto
a minimal glucose agar plate. The plates were then placed under
fluorescent light at 390 Ix or yellow light at 140 Ix for 60 min, kept at
37°C in the dark for 2 days, and revertants to histidine-indepen-
dence were counted. The experiments indicated by (- S9mix) were
carried out by addition of phosphate buffer instead of S9mix.

Strniste et al., 1985 ; De Flora et al., 1989 ; Arimoto-
Kobayashi et al., 1997). These compounds include poly-
cyclic aromatic hydrocarbons, heterocyclic amines, afla-
toxines and nitrosamines. Some photoactivating products
were identified (Warshawsky et al., 1977 ; Tu et al.,
1979 ; Okinaka et al., 1984, 1986 ; Strniste et al., 1986 ;

Hirose et al., 1990 ; Arimoto and Hayatsu, 1991). Most of
the studies were focused on the interactions in extracellu-
lar environments between light and chemical carcinogens.
Sunlight or artificial sunlight as a source of visible light
was therefore used for the photoactivation of environmen-
tal mutagens. McCoy et al. (1979) have reported the pro-
duction of direct-acting mutagen by exposure of DMBA
dissolved in dimethyl sulfoxide to fluorescent white light
which contains near-UV light. They have also indicated
that this photoactivation did not appear to be dependent
upon the generation of singlet oxygen, though putative
photoproduct, presumably 7,12-epodioxy-DMBA, was pro-
duced by illunimation in the presence of singlet oxygen
generator. On the other hand, we present here the evi-
dence that direct-acting mutagen did not produced by
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exposture to fluorescent lamps when DMBA was dissolved
in dimethyl sulfoxide. These results indicate that mecha-
nisms for production of direct-acting mutagen seem to be
dependent on the wavelength of the light. In fact, direct
acting mutagen was produced by exposure of DMBA solu-
tion dissolved in dimethyl sulfoxide to UVA or UVC light
(data not shown).

We tested several DMBA samples obtained from differ-
ent companies. Some of these contained impurity which
showed mutagenicity without any enzymatic activation
(data not shown). The impurity could be removed by
recrystalization. This purified DMBA did not show muta-
genic activity after storage using brown screw-capped
brown bottle in freezer when dissolved in dimethyl sulfox-
ide.

The guidelines on testing of chemicals for mutagenicity
are published from governments. None of guideline has
however described about the room lighting condition
where the experiment was carried out. The present
results have relevance to the routine testing of chemicals
for mutagenicity. In order to avoid artificial mutagenicity,
test chemicals must be shielded from light or stored in,
manipulation carried out in subdued light or under yellow
lamps, and the plate incubated in the dark.
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Summary

To develop a simple and rapid screening system for detection of photogenotoxic chemicals, we
applied the plasmid-relaxation assay to the in vitro photochemical genotoxicity assay system. Using
54 chemicals as model compounds, including known phototoxic and non-phototoxic chemicals, we
evaluated the performance of the plasmid-relaxation assay. The results obtained here were compa-
rable with published data that were assessed from in vivo phototoxicity systems. We concluded that
the plasmid-relaxation assay is useful as a primary screening method to detect chemicals with pho-

tochemical genotoxicity.

Keywords . plasmid-relaxation assay, phototoxicity, photochemical genotoxicity

Introduction

Certain chemicals are known to elicit cytotoxicity
and/or genotoxicity in the presence of UVA/visible light
irradiation. Many in vitro phototoxicity assays have been
proposed to detect such phototoxic chemicals and some
have been validated for routine use.

For example, the in vitro BALB 3T3 cell neutral red
uptake (3T3 NRU) phototoxicity test has been validated
extensively (Spielmann et al., 1994 ; Spielmann et al.,
1998) and has been proposed as an OECD test guideline.
Photochemical genotoxicity assays are also important for
hazard identification of chemicals from the viewpoint of
photocarcinogenicity in vivo, especially of skin carcino-
genesis. For this purpose, ordinary genotoxicity assays
are being applied in combination with UVA/visible light
irradiation. However, there are still some aspects to be
addressed before assays are standardized, e.g., the use of
an exogenous metabolic activation system and the limited
number of applicable bacterial strains in the Ames test
(Gocke et al., 2000) .

The induction of photocytotoxicity and photogenotoxici-
ty are closely related to photochemical reactions induced
by photosensitization. Thus, biological interaction
between cellular substrates such as DNA and protein and
reactive oxygen species generated when chemicals

*nakagawa.y@fdsc.or.jp
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© Environmental Mutagen Society of Japan

absorb a photon of UV/visible radiation, may play an
important role in the induction of photochemical DNA
damage as an initiating event of phototoxicity. In this
study, we aimed to establish a simple and rapid screening
system to detect photogenotoxic chemicals in order to val-
idate the application of the plasmid-relaxation assay using
54 model chemicals, some of which are known to be pho-
totoxic.

Materials and Methods

1) Plasmid DNA

A super coiled plasmid DNA was isolated from
Escherichia coli X1-I1 Blue containing the pUCSV-BSD
plasmid using QUIAGEN plasmid purification kit (QUIA-
GEN Inc., Santa Clarita, USA). Immediately before treat-
ment, plasmid DNA was diluted with Dulbecco’s phos-
phate buffered saline without Ca” " and Mg" " ions (PBS
(=) 5 Nissui Pharmaceutical Co. Ltd, Tokyo, Japan) to
the concentration of 50 ng/uL.

2) Test compounds

Fifty-four chemicals were selected from among environ-
mental pollutants, dyes, drugs, industrial materials, and
some miscellaneous chemicals. Some chemicals were
known to be phototoxic both in vitro and in vivo. The
model chemicals used in this study are listed in Table 1.

3) Positive control

As a positive control, ofloxacin (Sigma, Lot No. :
46H0747) was used. Ofloxacin was dissolved in sterilized
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Table 1 The test chemicals used in this experiment

No. Chemical CAS No. No. Chemical CAS No.
1 Naphthalene 91-20-3 29 34' 5 Tribromosalicylanilide 87-10-5
2 Phenanthrene 85-01-8 30 Piroxicam 36322-90-4
3 Anthracene 120-12-7 31 6-Methylcoumarin 92-48-8
4 Pyrene 129-00-0 32 8Methoxypsoralen 298-81-7
5 Benzla]anthracene 56-55-3 33 Pentachlorophenol 87-86-5
6 Benz[b]anthracene 92-24-0 34 2,4-Dinitro-1-chlorobenzene 97-00-7
7 Benzlalpyrene 50-32-8 35 Benzidamine hydrochloride 132-69-4
8 Benz|[c]pyridazine 253-66-7 36 Sulfanilamide 63-74-1
9 7,12-Dimethylbenzo[a]anthracene (DMBA) 57-97-6 37 Pyrithioxin 1098-97-1

10 3-Methylcholanthrene 56-49-5 38 L-Ascorbic acid 50-81-7

11 Erythrosin B 16423-68-0 39 Methylene blue 61-73-4

12 Rose bengal 632-69-9 40 Thiourea 62-56-6

13 Eosin Y 17372-87-1 41 t-Cinnamaldehyde 14371-10-9

14 Promethazine hydrochloride 58-33-3 42 Sodium lauryl sulfate (SDS) 151-21-3

15 Chlorpromazine 69-09-0 43  D-Mannitol 69-65-8

16 Levomepromzine 60-99-1 44 1 Histidine 71-00-1

17 Doxycycline hydrochloride 17086-28-1 45 p-Dichlorobenzene 106-46-7

18 Tetracycline hydrochloride 64-75-5 46 p-Aminobenzoic acid 150-13-0

19 Nalidixic acid 389-08-2 47 Butylated hudroxytoluene (BHT) 128-37-0

20 Cinoxacin 28657-80-9 48 Penicillin G sodium salt 69-57-8

21 Pipemidic acid 51940-44-4 49 2-Hydroxy-4-methoxybenzophenone 131-57-7

22 Piromidic acid 19562-30-2 50 2-Acetyl aminofluorene (2-AAF) 53-96-3

23 Norfloxacin 70458-96-7 51 3,4-Dimethyl-3H-imidazo [4,5] quinolin-2-amine (MelQ)

24 Enoxacin 74011-58-8 77094-11-2

25 Acridine orange hydrochloride 494-38-2 52 Bisphenol A 80-05-7

26 Neutral red 553-24-2 53 Clofentezine 74115-24-5

27 Hexachlorophene 70-30-4 54 Chlorhexidine dihydrochloride 3697-42-5

28 Bithionol 97-18-7

distilled water and diluted with PBS(—) (1 : 10).
Eighteen uL of diluted positive control solution was then
transferred to U-shaped 96 multi-well plates, and 2 uL of
plasmid solution (50 ng/ul) was added. The final con-
centration of ofloxacin was 100 ug/mL.

4) Treatment

Acetone or distilled water was used for solvent accord-
ing to the solubility of each chemical. In principle, the
highest concentration was set at 1000 pug/mL. Test chemi-
cal solutions (100 pul) were mixed with 900 uL of PBS
(=) (10v/v %) in 1.5 mL eppendorf tubes. The reaction
mixtures were dispensed into U-shaped 96 multi-well
plates at 18 uL/well, to which 2 uL of plasmid solution
(50 ng/uL) was added. After 1 h of pre-incubation with
test chemicals, the plates were exposed to UV/visible
light for 50 min at 1.0 mW/cm® (3.0 J/cm®) by using a
solar simulator (SOL500, Dr. K. Honle). The intensity of
UVA was measured immediately before irradiation with a
UVA meter (Type 37, Dr. K. Honle). For controls, dupli-
cate samples were incubated at room temperature in the
dark. Electrophoresis of the reaction mixtures (10 uL)
was performed at constant voltage (100 V) in 0.8%
agarose gels with 0.5x Tris-borate EDTA (TBE) buffer.
Gels were stained in aqueous solutions of ethidium bro-
mide (1.0 pg/mL) for 15 minutes and photographed
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with the child CCD camera (C5810, Hamamatsu
Photonics, Hamamatsu, Japan).

5) Measurement of DNA damage

The fluorescent intensities of closed circular super-
coiled DNA, open circular DNA and linear DNA were
measured by using image analysis software (NIH
image). The percentage of damaged DNA was calculated
from the ratio of the fluorescent intensities of open circu-
lar DNA (single strand break) and linear DNA (double
strand break) .

Results and Discussion

The solvent control (UV—, UV +) data obtained in this
study are shown in Fig. 1. Based on the theoretical bino-
mial distribution of the UV — data, the probability of three
times higher than average was less than 1% (nominal
significance level) . Therefore we judged as positive when
the percentage of damaged DNA in the treated groups
exceeded three times that of solvent control. In order to
evaluate UV + data to the same significance level, we
judged as positive in the UV + group when the percent-
age of damaged DNA in the treated groups exceeded two
times that of solvent control. In cases where DNA damage
was not induced in solvent control, we used the historical
average value for solvent control instead of the concurrent

30

Ry N = 55, Average = 1.3%
2 257 2N [] Actual frequency
b i — Binomial distribution
2 20
=
o
2z 15 1
[ =4
g
g 10 1
w
51
0 . I l.[ 1.
0 1 2 3 4 5 6 7 8 9 10
% of damaged DNA
20
Uv+ N = 55, Average = 6.6%
[] Actual frequency
2 151
o — — Binomial distribution
®
k]
2 10 1
(=
[}
=
o
o
[
0 : : . . . - rl :I—[' —
0 2 4 6 8 10 12 14 16 18 20

% of damaged DNA

Fig. 1 Frequency distribution of solvent control (UV—,UV+)
and theoretical binomial distribution
The theoretical binomial distribution was calculated from
the average percentage of damaged DNA. The frequency
distribution of actual data was nearly approximated to the-
oretical value.
From the theoretical distribution of UV —, the probability
of three times higher than average (about 4%) was about
1%, we judged positive when the percentage of damaged
DNA of treated groups exceed three times higher than sol-
vent control.
Similarly, we judged positive at UV + group when the per-
centage of damaged DNA of treated groups exceed two
times higher than solvent control (about 13%).

control. The final judgment of the plasmid-relaxation
assay was made after assessing the difference of the mini-
mum positive concentration between UV — and UV +
assays, and the intensity of the damaged DNA at the same
concentration.

The test results of dose-related DNA damages of chemi-
cals are shown in Fig. 2, and summarized in Table 2. The
overall evaluation of in vivo phototoxicity data listed in
Table 2 was based on published articles (Spielmann et
al., 1994 ; Spielmann et al., 1998 ; Klecak et al., 1997 :
Takayama et al., 1995 ; Cavalieri and Calvin 1971 .
Morton et al., 1951 ; Okamoto et al., 1999). Almost all of
the chemicals known to be phototoxic, e.g., PAH (poly
aromatic hydrocarbons), Phenothiadine, and Quinlones,
clearly induced plasmid DNA breaks under UV/visible
light irradiation. Of 17 such chemicals, 16 (including a
positive control, ofloxacin) were positive in the present

assay. The only exception was neutral red and it was
judged as negative. In the electrophoresis, the plasmid
DNA treated with a high concentration of neutral red was
not detected because the plasmid DNA had migrated to
the positive electrode and was degraded.

Four chemicals, benz[a]anthracene, DMBA, pen-
tachlorophenol, and L-ascorbic acid showed the same lev-
els of minimum positive concentration difference between
UV + and UV — assays. Except for naphthalene and
pyrene, PAHs clearly induced DNA damage, and such
effects were well correlated with the results of in vitro
micronucleus and chromosome aberration tests (unpub-
lished data). The reason why naphthalene and pyrene did
not induce DNA damage is not well understood but it may
be due to physicochemical characteristics, e.g., the
absorption pattern of naphthalene shifted to the shorter
wavelength side of the UV spectrum.

Among 9 chemicals which are known to be non-photo-
toxic in animal or human, only 3,4',5-tribromosalicy-
lanilide was positive in the photo plasmid-relaxation assay.
This chemical has been reported to be phototoxic
(Okamoto et al., 1999) in other in vitro phototoxicity
tests such as hemoglobin photo-oxidation and 3T3 NRU
phototoxicity. Therefore, 3,4',5-tribromosalicylanilide may
exhibit phototoxicity under in vitro-specific conditions.

The performance of the photo plasmid-relaxation assay
in predicting phototoxicity in vivo is shown in Table 3.
The results are consistent with the in vivo data, showing
94% sensitivity, 89% specificity, 94% positive predictivity
and 89% negative predictivity.

In general, phototoxic chemicals show their toxicity
because of reactive oxygen species generated through
photo catalytic action after absorption of a photon of
UV/visible light radiation. Okamoto et al. (1999) have
shown this to be the case by experimenting with free-radi-
cal scavengers. Particularly, Type Il photodynamic reac-
tions (e.g., producing singlet oxygen) and the Type I
reactions (e.g., reactions of superoxide anion, hydrogen
peroxide, and hydroxyradical) are largely involved in
phototoxicity. It is suspected that such free radicals and
excited singlet oxygen can easily attack DNA and other
bio-molecules resulting in cell death.

The test condition of the photo plasmid-relaxation sys-
tem presented here is quite simple. The test article is sim-
ply mixed with plasmid solution, then placed under
UV /visible light irradiation. Although it is expected that
there are considerable differences between in vitro and in
vivo assays, the present study showed that results in the
in vitro system reflected those obtained from in vivo stud-
ies. Another advantages of this method as a screening
system is the small scale of experiments, which makes it
possible to test many chemicals at one time with less
labor. We recommend use of the photo plasmid-relaxation
assay as the initial screening method for the photogeno-
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Photogenotoxicity testing for pharmaceuticals

Takeshi Morita® and Akihiro Wakata

Japan Pharmaceutical Manufactures Association
3-4-1 Hon-cho, Nihonbashi, Chuo-ku, Tokyo 103-0023, Japan

Summary

Interest in photosafety testing, especially for pharmaceuticals, has grown over recent years in Europe and
the US. Therefore, the Genotoxicity Working Group of the Japanese Pharmaceutical Manufactures
Association (JPMA) surveyed the area of photogenotoxicity to provide information to members. Current
status, literature surveys and questionnaires on photogenotoxicity were conducted. Compounds suspected
to be photomutagenic and/or photocarcinogenic (Miiller and Kasper, 1998) are shown in Table 1.
Questionnaires in JPMA are shown in Table 2. Decision trees in several draft guidance are given in Figs. 1-
3. Furthermore, the results of literature surveys are given in Appendix.

Keywords : photogenotoxicity, JPMA, questionnaires

1. FU®IC

AR, HARBEE TR 2 BAEMNME R & L0
s B=0Ma dEsEhT —F 77— 790,
2000 4 BE DB & L CTIHEME L 7GR v B IC B 5
B BURESAS (HABLE TR 2, 2001) &b &IEL
7

2. NEIEEEER

Stk 21, BEHENE RS2 VHREORED
BV HDEE AL R 28 L 7RIS BlS S h b s
WS L EFKZ S (Spielmann et al., 2001). &AM
MRGHC & o Tl gs S M2 IS kR B m it O fie b EE
B AR IE UVB (290-320 nm) (2 & 4 6-4 GREW
RE) IV 2HEADOERTH L. ThiE, KT ALF
—MWEEDNAG I E N EI2EB b0 EE 2
LNTwWb,. 72, FIZUVA (320-400 nm) B L O
BOGH NKTED 2 VISR IR Z W - % 28D
WPEEE SR A B L, BBMLNY DNARIG % 35585 % ik

* takeshi.morita@gsk.com
ZAF 2001 4E5 11 H 2B 200145 H 15 H
OH BB 23

M2d 5.

Tl & BB AR EEDNL TV LG5
(#) % Table 112,59 (Miiller and Kasper, 1998). = ®
FIZIEEER DS CHEN TV S,

3. EEmDAEGSHHROER

PRI DV 7 L v R Mg O 7 = ) F TV v
ERMGHEBTH O N S B DO EIE, gL
BARHEEER 2 583 2 HAN 1970 E B X D Ao
Tz, F—u v 8 Tid, PLET& Db R 2 iz
HeaEtEIC 3 2 025 <, Ll mHEIz > VW T
1980 FFEALA 5, ToOMINEORE P Eh Twiz.
1990 4F(21%, Commission of the European Communities
@ Scientific Committee of Cosmetology (SCC/CEC) 73
VAT ) = OO DNEIEHENERBEAT A P74 %
4T LC\w % (Loprieno, 1991). 1990 4E4GIZ1%, 7+
0¥ a CHRA O A ERE A S, £z,
&V ORI X BV OB RITEH T 5 K E A
AT BB NS, FTFT, BPAREEZ S
N Gifz) HEICETAMLREE->Twnatk ) TH
%. 19934 K121%, European Centre for the Validation
of Alternative Methods (ECVAM) (2 & % “In vitro pho-
totoxicity testing” (2357 —2 ¥ 3 v TS,

119



|

Table I Compounds and compound groups suspected to be photomutagenic and photocarcinogenic by

interaction with DNA upon photoactivation

Compound Mechanism of photoactivation Use

Acridines DNA intercalation

Coloring agents

Amiodarone Radicals Antiarrythmic
Anthraquinones ? Colouring agents, phytotherapy
Benzodiazepines Activated oxygen species Hypnotics
Carbamazepine ? Antiepileptic
Chlordiazepoxide ? Tranquillizer
Chlorthiazides 2 Diuretic
Fluoroquinolones Activated oxygen species Antibiotics
Furocoumarins DNA intercalation, DNA adducts Antipsoriatic
Griseofulvin ? Antifungal
Hydroquinone Radicals? Depigmentation
Hypercin Radicals? Antidepressant
Metronidazole Nitro radical? Antibiotic
Oxicames ? Antiphlogistic
p-aminobenzoic acid (PABA) Azodibenzoic acid, intercalation Sunshield factor
Phenothiazines Dechlorination, stable radicals Neuroleptics
Porphyrines Oxygen radicals Cytostatics
Sulphonamides ? Antibiotics
Tetracyclines ? Antibiotics

AT S 7 (Spielmann et al., 1994). 1990 4E14
WX, HrBALS W E O 7= o DBEW 7 & OV FLEIR: 12
A 2 o 7o v AR T 1 b (2T X A, S
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S 117z International Workshop on Genotoxicity Test
Procedures (IWGTP) Ti&, Jtitfzithasad o 1
DL LTIY BiFsh, RERLOEMELIZ OV CTEERY
AL H 7z (Gocke et al., 2000). hiZ T,
199946 H22~25 HiZiE, XY T2 HEHO “In
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flE 3, HIMHTIREFEA L LT EFoshiedro
TG IEmEIC DWW T b A e 7z (Spielmann et
al., 2001).
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F227 M1 FIA

1) US

FDA @ Center for Drug Evaluation and Research
(CDER) %%, 200041 112 Guidance for Industry & L T
HREABO N7 A4 7 A% 84E& LT (FDA,
2000). ZAuE, WIS, E2E IR, 3E
ZRIREABRB L O 45 0 UVIHE LA A OB
RKD7=HDRER, Ok S, SO CHkE ST LR
TR SO e R G 2 & DR L ZF o
EABRENTVDE, TOFT T ML TV AT}, K
EIam IS4 CTHbNTB Y, N THEMD LD
T2 SN D HETED & B RSN T, MR ED D
WIZFLFDGIC R SN L ICHRAT 555120, M
PRIE DRI X B2 RDA AR RS E D0 L) 0%
Ml 2 LERH DL LTBY, ZOIEHEO 1oL
LT, st of it 2w (Fig. 1.

2) EU

EMEA @ Committee for Proprietary Medicinal
Products (CPMP) &, 200045 H 25 H 12 G741k il
BT 2045 A0 TOar &7 bR—I—% 5
#L7: (EMEA, 2000). Zhix, iehiinrohsi
N=TUOffi# LR b DT, LD EBDOFDAD K5
TENFTA T A% ED2OTH LN, MRENZ KR
P GRS L OE7 LV F—) 4o N s
PE/EHAABEMEE 2 TV 5. ECVAM X FDA D IR #
M E 2, BRI DWW To Note for Guidance

‘ 1. Chronic use in population with life expectancy > 5 years? ‘

lYes

[xo

2. Is administration No | 3.1f topical administration, No | 4 No need for
1 > 2 s > s
systemic? is skin exposed to sun? testing for
potential to
lYes lYes . enhance UV-
No induced skin
5. Reasons to expect that drug product could enhance UV - carcinogene-
carcinogenicity: In structural or pharmacologic class of sis.

skin? Is photogenotoxic?

UV carcinogenicity enhancers? Thins or otherwise
changes protective layers of epidermi? Persistence in

lYes

6. Sponsor and Division concur to indicate presumed
potential to enhance UV-induced skin carcinogenesis.

lYes

I

7. Indicate in risk communication presumed
potential to enhance UV carcinogenicity and
warning about avoiding excessive sunlight.

8. Sponsor conducts study for potential
to enhance UV carcinogenicity and
results are described.

Fig. 1 Testing of nonphotosensitizing drug products for potential * to enhance UV-induced skin carcinogenesis

(draft by CDER/FDA)

* Products specifically intended for use in sunlight should be tested for potential to enhance UV carcino-

genicity.

Photochemical assessment (sect. 4)

For drugs bioavailable in sun exposed compartments: NO
absorption of UV/VIS (270-700 nm)? _—>
photoinstable?

SAR indicates photosensitizing potential?

iYES

incorporation of
phototoxicity
endpoints into safety

Photobiological effects expected:
need for photosafety testing

no further
photosensitivity

monitoring in clinical

testing needed

trials ¢

v v

phototoxicity

regulatory measures

photoallergy
testing (sect. 3.4) testing (sect. 3.5) testing (sect. 3.6)

photogenotoxicity | neg.”

depending on use in
pos.

humans e.g. <

POS. pos.

+ not approval

accept photocarcinogenic potential

- labelling/warning |

or test:

\d

concerns from
other areas —>
(e.g.. Immunosuppression)

photocarcinogenicity testing

(sect. 3.7)

* approach to be justified (sect. 4)

Fig. 2 Flow chart : Assessment of the photosensitizing potential of new active substances (draft by CPMP/EMEA)
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Initial Evaluation of the Chemical Hatibe Tollieso) Qs i UL

(Q) SAR, Photochemistry Sent to - 32 companies (25 domestic and 7 foreign-affiliated) that participated in the Genotoxicity or the
¢ Carcinogenicity Working Group of the JPMA
Period : July to August 2000

Reply rate : 100% (32/32)

UV/VIS Questions and answers

Absorption fti‘tt(l)’lp ) v o : . 5

Spectra (OECD Guideline 101) er Q1 : Have you ever conducted photogenotoxicity test, including those contracted out, for NDA?
In appropriate PhOFO' Al : Yes : 6 companies (19%, including 3 foreign-affiliated)
solvents Testing No : 26 companies (817, including 4 foreign-affiliated)

Q2 . What were the reasons for doing the tests?
A2 © - Quinolones : 4 cases
- Phototoxic compound : 1 case
- Evidence of photogenotoxicity in related pharmaceuticals : 1 case
- Skin application compound with maximum absorption at 400 nm : 1 case

absorption ¢

In Vitro 3T3 NRU Phototoxicity Test

¢ Q3 : Have you ever been requested to evaluate photogenotoxicity, including conduct of the tests or
not acceptable discussion, by regulatory authorities in Japan or elsewhere?
Assessment A3 : Yes : 4 companies(13%), Request from FDA : 3 companies including 1 foreign-affiliated
Request from MHW : 1 company

¢ acceptable No : 28 companies (87%, including 6 foreign-affiliated)

Photogenotoxicity In Vitro

Recommend not acceptable

Stop Development

v

acceptable

Photoallergic Potential Testing

v

not acceptable

Assessment
of photochemically
induced hazard

¢ acceptable

Further Safety Testing

Fig. 3 Annex 2 ! Role of the 3T3 NRU phototoxicity test in a sequential approach to

phototoxicity testing of chemicals
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LT “In vitro 3T3 NRU phototoxicity test” 2373 X4
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v FORGAAR T 2 REBEIC OV TRRL 2D DT

H%hH. TOHD Annex 2 £ LT, 3T3 NRU phototoxicity
test 7 JZftif%, WEIZIE U in vitro Yol £ M % 54l 2

W) uEBSEL I TS (Fig. 3).
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Appendix 1 Chemicals used in literature on photogenotoxicity

Appendix 2 Outline of each reference

SCHK

fEAL

RS

HR

Chemicals Reference number Chemicals Reference number
A Methylene Blue 57
Acridine 30, 57 7-Methylprido [3,4-c| psoralen 4
Acridine Orange 57 4-Methylpsoralen 34
Acridine Yellow 57 Methyrene blue 20
9-Aminoacridine 57 Metronidazole 24
p-Aminobenzoic acid 16, 20, 23, 55 Mexoryl SL 15
Angelicin 40, 41 Mexoryl SO 15
Anthracene 30 Mexoryl SX 15
B Musk ambrette 30
Bay Y 3118 24,38 N
Benzo[a]pyrene 3 Nalidixic acid 29, 31, 38, 52
Bergamot oil 9 Nitrazepam 13
Bergapten 47 Norfloxacin 31, 32, 38, 52
(& 0
3-Carbethoxypsoralen 4 Octyl dimethyl PABA 55
2-Chlorophenothiazine 22,24 Ofloxacin 29, 52
Chlorpromazine 5,16, 22, 24, 26, 27 Oxytetracycline 24
Ciprofloxacin 10, 12, 20, 29, 32, 38, 52 P
Clinafloxacin 10, 52 Padimate-O 33
Clonazepam 13 Parasol 1789 11
Coal 48, 50 Parasol HS 11
Compazine 22 Parasol MCX 11
D Perfumes 17
Dictamine 44, 45 Perphenazine 22
Dihydroxyacetone 55 Petroleum 48
7,12-Dimethylbenz[a]anthracene 55 Plant extract 45
1,6-Dioxapyrene 3 Porphyrins 20
Doxycycline 24 Prido[3,4-c|psoralen 4
E Proflavine 57
Emodin 24 Promazine 22
Enoxacin 31, 32, 52 Psoralens 29, 40, 45
Evolitrine 44 Q
F Quinacrine 57
a -Fagarine 44, 45 R
Fleroxacin 12,29, 31, 32, 38 Ro 12-9786 20
Flindersiamine 44 Ro 19-8022 20
Flunitrazepam 13 Ro 47-7737 20
Fluphenazine 22 Ro 65-8275 20
G Rose bengal 30
Grepafloxacin 24 S
Griserofulvin 24 Shale oil 48, 49, 50, 51
H Skimmianine 44, 45
Heraclenin 43 Spafloxacin 52
Hypericin 24 Stelazine 22
1 Sunscreen 17
Imperatorin 43 T
8-Isoamylenoxypsoralen | 3,5,3" 4 Tetrachlorosalixylanilide 30
K Titanium dioxide 37
Khellin 39, 47 3,5,4"Tribromosalixylanilide 30
Kokusaginine 44 Trifluormethylthiazine 22
L Trifluorpromazine 22
Lomefloxacin 10, 12, 24, 29, 31, 32, 38, 52, Triflupromazine 24

54, 56 4,4’,6-Trimethylangelicin 6,7,53
M 4,58 Trimethylpsoralen 4, 25,39
Maculine 44 Trovafloxacin 52
Methoxypromazine 22 TWA 9
5-Methoxypsoralen 4,9, 17, 35, 46 TWB 9
8-Methoxypsoralen 1,2, 4, 6,8, 14, 16, 24, 25, 30, v

34, 39, 40, 41, 42, 46, 53, 55 Visnagin 47
4-Methyl-4’,5-dihydropsoralen 34
5-Methylangelicin 1 Others
4-Methylbenzylidene camphor 55 Guidance etc. 18, 19, 21, 28, 36

8-methoxypsoralen
(8-MOP),
8-isoamylenoxypso-
ralen (810P),
5-methylangelicin
(5~MA)

1) sister-chromatid exchange (SCE)analysis : & k")
VOSERIC KR 2 a s L, A8 HEMI 2155

UVA % 5 L, SCE $EE % 5. 2) A 0 8MOP, 5-MA @ UV-AITH L THEi&z

2) the algal system : #%i# %1 (Chlamydomonas rein-
hardii) |2 Z BB E 2 BT L, TOEBED?SRK
12077 M UVA 2 BREF L, AEfFRB L OEREEN

PE . fiii# © #iik ; 8 MOP B L OF&IOP : linear molecule,

1) 8&MOP 5 X IF5-MA : SCE ® %8 /55115 o 58 i (s
), 8I0P : SCE DS AEHE T2 b L (Batk).

P (35 73 MU 2 TH 1% 4:47), 810P @ UVAIZHS
L CIRIESZE (120 70 RSS2 TR 1% 647), AR5
¥ 1 8MOP > &I0P > 5-MA.

5-MA : angular molecule

8-methoxypsoralen
(8MOP)

UV 435 X 088-MOP+UVA LA L 72 RADS1-lacZ il | UV 45 & OF 8-MOP/UVAMLFE %, ST A2 2

¥k o DNA 51538 {5 - RADS1 O %, DNA
TEAOIME, A R ABERIHA R rad52, b X OB D
W 2

Saccharomyces cerevisiae; FF181082 (genotype: a
RAD  ura3 + RAD51-51 LACZ LEU2) 45 X U RAD51-
lacZ i {5 & 4% rad52 & ¥4k FF181090 (genotype: a
rad52 leu2 trpl ura3 his7 lys1 + RAD51-51 LACZ LEU2)
Z vy, 5uM 8MOP B X ¥ peak emission 365 nm 7
HPW 125 Philips 7 > 7T 10"l /mL o ik B i ¥k %
WELH%, UVX FYINS VI A= —T2]/m’/s &
s 7z, peak emission 7% 253.7 nm ML Philips
TUV 30 W K SRE R AT % B4 L 7.

151838 {7 RADS1 iz T o5 1x, B L L CTo-
nitrophenyl-B-D-galactopyranoside (ONPG) % H \»,
RADS51-lacZ i &5 #RIZ BT % Bgalactosidase (i Pk % i
N5 Z eI RRE.

DNA “ESUINT I, 7SV A7 14—V K& VESTKE)
Tm7z.

DNA = F S U7 A B 2SR A, [ALBRIC X % rad52
LKk 0 RADSL BT O IE, TAEKI D LK
»

RADS2 51544 % (X DNA S5 I I 7213 T 2 < &5
THFECBWTHRELREEHE LR LTVD L) 72
DNAHMBIZE VA =3 - ERBVTF Y VIR
ezosuty L, KEEKSEBELLY)
Y7 LTwh.

1,6-dioxapyrene (1,6

DP),

benzo (a) pyrene (B
a) P, B thkf i)

DA % (B

28k 2 YRR (S. thyphimurium 5 1,6-DP+UVA)
@154 YRR (B4R 5 1,6DP+UVA)

@7 v A N (R 1,6DP+UVA)

@D, @ : D7H% 1,6-DPAAET (50 uM) THE KD %
Wi 75%D,0 TI550 M4 ¥ Farx—b=0,H 5 id
N, % /N7 ¥ 7 —Hi 2 Ot 365 nm UVA % B}
—au-—JEEE ERER o= —$ ERauo
== ¥R .

2)TAI00 Hiiiz vV 7 b 7 #— 1 T1,6:DP & SO A
— iV 7V 3 — AR IR

DI 7~V L7 D7 ¥ & 1,6-DPALFL - JELFL o 7
O 79 A MIDWT, TAAYEREICLDEY
DNAJ 25 L, 22200 AU % E=
(30C, 30504 »Fan—T a3 ).

WS 928R @ b 77 =ML, B4 0365 nm UVA
(250, 500, 1000 J/m®) % I 4.

MG I2ER ¢ FBRIE TR TR G T THEM.

D oxygen DAFAEIZ i < KAF 3 2 ML ik 23320 H 1
12

@1,6-DP W CTh ARG Z R L7225, S9
AT TIRZOEREESRKE KK L. UVA%
TG % & Z DM\ KAE L CHimAR oo = —%
HEIINL 7245, E#RTIOEERE L EZ b5
FEAEHICE DK L7z, B(a)P Tl ZKAF L 72
BRFVD LR IEEO LN o7, SOEEMT 5
ERTALI NS 5 L < SOFEAFAE FIC IR TERIF
BRI L 7.

3)1,6-DP 1B (a) P & [ EE O @ & 7”3 1 kTl
FLJE @ photomutagenicity (ILV” ; B4 %) 2R L 72
A%, H DR (TRP) XiFER L kb - 7.

@1,6-DP + UVAKLEEZ X 5 T single strand break
(SSB) 2siEst sz, F-ZoORIED,0 AT T
'0, D life time AP S Z L12X Y, SIHISHERSH
X9 %5. SHITBE305HICT VA
P9 L, WHIC X o T S Nzl EE RIS
LY BrA LT T & 72 AP site - CTHUIM AR Z 570
SSBAE LIZHEREINDAERLE LS.

1,6-DP 1 B (a) P & [a] #215 @ #: 1% HI it T[] #£ 1 @ pho-
tomutagenicity Z /13 2 RS, LA A= ZAAIZL
LEDTHDH I EDREENT.
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SCHiR AL S RER R
4 | 8methoxypsoralen | - Z2#kZ5 B iAER | yeast, Chinese hamster V79 cell, | + & k%8 22802 B TIRFIEE (1.2 x 10%) 12130
(8MOP), dipoloid human fibroblasts. EM 8-MOP Tt L7 & E DERERFRELIIH
5-methoxypsoralen | - < Z A A PR ER @ eukaryotic cells (2 UVA| 100 {55\ (1.3 X 10%).
(5-MOP), (365 nm & % V13 405 nm) % a4 - Monofunctial &V 7 L » @39 #%, Bifunctial 7 b
4,5’ 8-trimetylpsora- DL HHBRERFREEEIZK L, (ZLA LW
len (TMP), EREBWIELDHS.
7-methylprido (3,4-c) - Bifunctial 2V 7 L Y 1%, ZU4GEZ M L TRRAR
psoralen (MPP), EHEEL, SHITEPAEMEERT.
3-carbethoxypsoralen VI L UyMEHEOE X, UVAIZ X B 28R4 N
(3-CPs), FIRAEIMINT 5725, UVAMEAROL X3V I L
prido (3,4-c) psoralen SN E A NERERFREFIIKTT 5.
(PP) - UVADS380 nm UL L B EE /7 75 7 b5 4446
NDOEWTE RO T, Bifunctial 27 7 L »IZ &
LN RRAERF RT3 5.
- UVA O 2 [N IRgHE, BUAGE 2383 % o T HiN %k
LIRS D HIINT 5.
MR ESY T L ORRERERFIICM G LT
WAHIREMER D A A, I TH 5.
fii # . Monofunctial : 3-CPs, MPP, PP
Bifunctial : 8MOP, >MOP, TMP
5 | Chlorpromazine Ames Test : S. typhimurium TA100 % CPZ 10 ug/ | BtE. pH & 28 8 sivk GRBBHE) (SHIB A D 1, K
(CP2) mL PBS T 10 4 MK CULBLH:, 75 v 7 54 b | pHIE E1ERASHH.
(360 nm P Mk, THILF—10]/m?/s) % W4t
TG IR LA,
6 | 4,4 6trimethylange- | S. typhimurium TA102 % H\» 72 1503 220848 L iR B, 8MOP, TMA & b (R,
licin (TMA), S. cerevisiae D7 & HI\» 72 Gl {5 AR HL R, % . TA102 D% TIZ8&MOP D5 A3TMA & b it
8methoxypsoralen | [ijzRE&RIZK L CHifLE & 25 uM OBEETH & | WL E#ME 2R L7202k L, D7 DR TIETMA
(8MOP) WML, 365 nm O E G LTWb, I | D139 238MOP X 0 & vl fzdtk 2" L7z,
OMGHE, TA102 TIE5, 10, 1573 THsh, 2
OEEOWYHEIZFNZER, 6,12, 18Kk]/m° L 3T
W5, D7 TOMSHIE, 24,4.8,7.2,9.6,12k]/m* &
ENTW5.
7 | 4,4 6-trimethylange- | f% £} lethality, nuclear reversion, gene conversion 33 | 2 # 432 L T XTOVEHIAS L % 5.
lincin (TMA) & O petite mutation.
JEi : high-pressure mercury vapour lamp HP 125 W,
300-400 nm (e A 1195 5 365 nm), 1.2 kJ/m”.
28 DB 7 L (EFER) O 51Tl % .
8194 )71 ¢ Isoleucine-free medium : revertant,
Tryptophan-free medium : convertant,
Complete medium : survival,
Tetrazolium overlay technique : petite
8 | &methoxypsoralen |TA102, D7 % Jllv>, 8-MOP Z &l L UVA % 10 73 | A 0Tl 8MOP I3 G {Z# k2 k3 28 L L
(8-MOP) 4. THwshTBEY, g-HuFr, abazzo—n
OWHEM B L OHIF 2 L Tw 5729, &MOP
DR AERAIA].
9 | 5-methoxypsoralen | 22#k%8 B i ER (Ames 5% 5 S. typhimurium TA102, | « XU #E v b F&illB & O 2 ff OALBEK DL
(5MOP), HPRT/Chinese hamster V79 cell) : TA102 % L <13 | YD KK 12 5-MOPIZ X 4.
NUIAE Y M, | VI9MIKLE v, 5-MOP 2 &G H VA E Yy L | - IDM & PORMIC L Y, iG1EAT Ames iR TI5E
TWA{LHEKA), 2HEDILHEK, F725-MOPZDH DIZ>WT, UVA| 42, VI9Milez M 7-BiTld50 %ME L7, L
TWB (LK B) (355 nm) & Mgt L7z & Z 0B mmEE 2 WG L | 2255 T, XA Ey FEMOMEAIZIE, IDM L L
7z. F 7z, 4-isopropyldibenzoylmethane (IDM) & | < 1Z P 7% & UVAHER ORI LETH 5.
Parsol 1789 (P) % I\ C UVA DWW % BHE L 725/ T
bIRE L 7.

10 | Clinafloxacin, 1) Skh-1 = 77 A HBRY H % 4% - L T UVA % 31 | 1) Clinafloxacin, Lomefloxacin, Ciprofloxacin & F1k.
Ciprofloxacin, WG 2 8% 4 HAT - 72t%, 77 F /%4 b |2) Clinafloxacin, Lomefloxacin, Ciprofloxacin 1B {k.
Lomefloxacin % il U C DNA S o485 % Il 5E. 3) Clinafloxacin, Lomefloxacin (%1%, Ciprofloxacin

2) CHO Mg % Hlvy, UVA % 60 5r B4 L CDNASE | (3R
D & . 4) Clinafloxacin 3 /KEE{L T ¥ v % PEAE.
3) CHO #ifig # Hivy, UVA % 60 45 [ 5 L C etk FTANAANY Y v —TKBILT T HNVOMELEE
S A BlYE. PP L T % Clinafloxacin @ DNA SO B L 0
4) CHO Mifa 2 fv:y, UVA % 60 7S L COKERML | fafkianidse i3l g, Clinafloxacin %
5 T A N DR RE. SEHYEC T ¥ VDA EIN OG- AVRE S 7z
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Parasol HS,
Parasol 1789,
Parasol MCX

Ames test (S.typhimurium TA102, TA100, E.coli
WP2) : Plate % 7213 suspension (2 UVl 4},

Gene convertion test(S. cervisiae D7) : 24 well plate
LT UV ST

Photomutagenic {5 7% L.

UV HRSHT X % 2288028 S 761 & P,

fii#% 12 LI 8&-methoxypsoralen & chlorpromazine
Al SR E.

12

fleroxacin,
ciprofloxacin,
lomefloxacin

M2 13 290 ~ 800 nm D FEH AR 7 PV & FHFD
SUNTEST CPS # Hj\w27z. UVB%# 4 v b5 57201
Ames test T3 mmD A T A%, FERE, CABLV
Comet test TIZ 7T AF v 7 D H3— %58 L THREGE
L 7. BE#% & 13X Ames B £ UF Comet test T 0.5
mW/cm’, CA test T0.4 mW/cm®, BERETORERT
0.65 mW/cm® 7% 5 7.

Ames test T, TA100, TA102 3 X 0N TA104 % H5x
PR & AT L, 607, 7L — MICHRAE
LZ&s

Saccharomyces cerevisiae D7 test Tl, D7 k% #5i
MR SIS L, SERKEICHRRE L 2.

Pt (RFLH HER (CA test) TIX, FXY A =—ZXNAL A
5 — V79 Milia % BB E & 3G L, B4 PBS
T2Mlpki L, 18MFHIEEREL 2.

Comet assay Tlt, ¥ &Y ¥ 73 L5178Ytk” #iifa %
BERME L IC205 T VLA Y F A=Y a Uik,
W L7, B R, MRS A 7 O — AZTE
L, &4 kB L7:. ethidium bromide THefafk, 4
2IHELL.

WiBSHZ X 2 Ames B & OF CA test T, BB EE
WA UVA THYSI L 728, TA104 7213 V791 nz
7o

Ames test : TA100 ; 31L& & b 2 f5 Al O AHEE
& k. TA102 ; BEGHIC X 2 HMIT % L
(ciprofloxacin ® A kiat). TA104 3 31bA & b Mg
(MPQUE:-T7:

Saccharomyces cerevisiae D7 test : 31L& & & Higd
R Q1 L7 g W AR

CAtest : 3{b&P & BT X 1 K.

Comet assay : 3{b&i L b BREHC X 1 Btk
Wi X 5 Ames 3 X OFCA test © 3L & Bl
HRAHIC & B HERIE e o 7.

13

nitrazepam,
flunitrazepam,
clonazepam,

Z OO HE LG

(1) phototoxicity 5% : S. typhimurium TA100 O i
WA, B4 OB E 2 SIn—w T 37T,
3054 v F 2=+ —=0,HDWVIEN,Z 157HNT
1) v =350 nm % 10 55 B

a0 = —BECEHIE | #ikE PBS THAM (~ 101 —%
D01mLETVL—F4 ¥ 7= T37C, 24KH
Fefg—au=—%Ahwr b L, A E R,
phototoxicity iXBk © B # 2 ReH, Wiz A v F 2N
— b — IR b RC R R A

@) toxicity ;AB% © Rt E 7V Ik A VT
L 72 IR C ) Ak A 2 S Bt

3 Ames Bk © 1o & R HE— BT B, HHK
FRALZNVIA-AKEMICT V=T 4 ¥ T ERT
37°C, 2 HIRMK; 2.

K IEERI TR 3 M BUAE,  triplicate.

AR M A S, nitrazepam 7217 T4 <, clon-
azepam, flunitrazepam il {2 4f L phototoxic effect
ERTIENW S E B ol ZTORKOEHIZKE
i C OB DA B A A 53 oxygen-rich 5 i1 T A
SN DD, oxygen-poor Hii TlXIZEL A EALN
otz 2 F VALY OIS EY Y phototoxici-
ty DEHTIE W Ebhol, TOILIFEHITEM
DNSHRVE (77 F VLB Z T bRz,

nitrazepam, clonazepam, flunitrazepam \»§ 11 )
TAL100 ¥RIZx LEREHREZ R S 2o 72,

43 e B FEAFAE T TIOEHEEIEE A I R 2 7”8
ZEhs, Tnitro bW IIREEAAE FCTREH S
% Z 212 & 1) phototoxicic effect /33 Z EA3D Ao
7. Lo LOGHRGT % 2 W T RCE L 7213 9 A3 JEGE ©
DO THEFRMMA T2 o T, THTL
#* 5 & @ phototoxicity (& — F I K DT IZ L
2LOTIEAEVIEAHPLLE. CoZers, H
BER R 2 X M v ROS MM LN OB & UGS %
CETBRHEZ DO TIENEZLNL.

14

8-methoxypsoralen
(8-MOP, xanthotox-
in)

E. coli K-12/343/113/uvrB % H\ 72 f5 i 22 SR A 543k

%

1) wild ¥ 5 & O uvrB #%& H\W T, arginine K4H (arg+
SRR e Rk Z2 BN & 5 it galactose IR
(galR-ZE Ffh &2 Beih) L7 H5 481 7T, MRgSIER 2
0~ 120 2L S €72 L EDOEROBE.

2)D,0 % 5 WId H,0 THBE L8l E T, |
SRR 2 0~ 75 VA L S 272 & & ORFEAAE
JAFAE T TOERBOBIUL.

3) DABCO ('0, Z Br2: 8¢ %) OiRMOAT MR L T,
TG & 0~ 75 VA L S g7 L EDERKD

1) uvrB #R 2SR ZE AT R .

N MFEMAAEB LT E D, DOKERNIT)
AYH,0 BE3EMC LR, ER¥UIE CMBLL A,
FEFAEAE T DI ) B LA b,

3) DABCO # N L 72139 725, BRI % o7z,
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Mexoryl SL,
Mexoryl SO,
Mexoryl SX

DR WP2 % o 72 15000 28 S GR B © B B A8,
BER L (~ 5000 ug), S9mix % kv 77 H —I2
RBA=TV—F4 7= by 77 H=DELLTH
S5H 4 O#ETUVAD 512 UVA/UVB % 1 b —
37C, SHM¥ BB ELR ao=—HEHv > b,
ARBRIE AR LT 2 I 9 .

(2 CHO #ill i % F v 72 Gt fk S i B% © CHO Al %
Wi CHERIE 2 W IZ M /Bt iR & & & 12
37C, 1557 LB — UVA & %\ 2 UVA/UVB % i
— T 7 B AR R — 18 W [ 5% 28— triplicate @ 9
B, 1RAEMISEH, &Y 2 AR 1 255
720 B Mk 254, Bk & Bl B PUL PR B 13
100 fE DMl 2 1 %%,

(D Mexoryl compounds 1 UV T & 157 25 5L 5 % B
mEEHRHorz.

2 Mexoryl SO 3 & U°SX 135000 pg/ml ¥ Tkl L 7=
7%, Mexoryl SL {34000 ug/ml UL 1 CHIE/EH 27 L
72728, 3654 pg/ml &gl e Lz, o 3f
@ mexoryl compounds (& UV F T & Btk BEE 12 1L

UloZ ers, Ths38BEmEizeFh bt
FILEALD N & 7 B %A I T photomutagenicity %
RSB po Tz,

SHERME L b, WHPHREE 2 2 L KR O KRB
T TOIEFIMAUTHH (~1.5%/hr) T 5 L5 12
A, ZHUTTH I0BEREU T 5~ 10 %L D5
fEIC LIS 5.

Pt (RS RERTI1Z, UVA/UVB BT OHI AL b1
T%MUEDSIRA L, SIS R AT 5.

65-8275, Methyrene
blue, Porphyrins

Methylene blue : Photo-Ames assay T (+).
Porphyrins : Mammalian cells T ® genotoxicity (+ ).

16

8-methoxypsoralen
(8-MOP),
chlorpromazine
(CPZ),
para-aminobenzoic
acid (PABA)

D Ames ikl (7L — bik) @ V7 b7 H— T,
UV 44 (TA100 © UVA/UVB (m]J/cm®) = 0/0, 2.7/0.9,
5.5/1.8, 10.9/3.7, 16.4/5.5, UVA(m]/cm®) = 0, 14.3,
28.6, 71.5, 143, 286, WP2 : UVA/UVB (mJ/cm?) =
0/0, 5.5/1.8, 8.2/2.8, 10.9/3.7, UVA(m]/cm? =0,
229, 458, 687) L7z. 37 CT3HMA v F 2 _— [ &
BRAER IO = — D% 1T - 72,

2) In vitro Yefa (R ¥4 iAB% ¢ CHO M % B ER Y 2L AL
ML, 155 % UVIEY (8-MOP : UVA/UVB
(mJ/em®) = 0/0, 100/20, 200/40, 400/80, 800/160,
UVA(m]J/cm®) = 352, 704, PABA B £ O°CPZ :
UVA/UVB (m]J/cm®) = 0/0, 200/37.5, 700/0) L 7=.
2WEMI %, PBSTY ¥ A LB A RH L 72, 35
WCI6MERIEEAE L, e F Vi (1 pg/mL) L 2 1
IR A8 L7z, et R SR BIg N & 0 248 Bl g o
2HHIDOZ T4 Pl LBlgtL 7.

D Ames ;A © 8-MOP ; B (+), PABA ; K&tk
(=), CPZ ; Batk(-)

@) In vitro #e ok 2% 58k © 8-MOP ; Btk (+),
PABA : Btk (+), CPZ ; Btk (+)

In vitro J: o RS GRBR 12 5V TIE, 8MOPB LY
CPZIX UVIES FTOMGETH D, PABA X HALT
SBMETH DA%, UV CHMIOSAR X 5.

17

Perfumes : N)VAE

v b A4V (berg-

amot oil) % i~ i
HIxhi
hydroalcoholic
(ethanol : water,
80 : 20, w/w)model
perfumes,
5-methoxypsoralen
(5-MOP),

UVA sunscreen :
Parsol 1789 (4-tert-
butyl-4-methoxy-
dibenzoylmethane) ,
UVB sunscreen :
Parsol MCX (2-ethyl-
hexyl-4-methoxycin-
namate)

BADETZ ¥ 74 7 OWHOEE % Hv 5 kil
5 (Erythema & Pigmentation |2 777 CTEMii L, % 4 0
~42aTIHH).

RIYTAT D20~ 25 DMLY 10 A K8 AD
HHIK % 25 X % 3% ) 72 (1 IX {12 2 cm DY 5 C,
FZIX W OMIZ 1 em 2213 72).

S 2 — A HEEE S, 15, 50 ppm @ 5-MOP % &t |-
it hydroalcoholic model perfumes (control Tl 5-
MOP7Z L).

PR = RO A ) - R Kk
FEMLIE 0.5 F 7213 1 % T model perfumes (21,
JEHEGS 2500 W @ xenon arc Z 5O H 2 5~
TN A2y bL, 74 V% —TIRE UVC %13
¥FRZ: L T solar-simulated radiation (SSR) & L 7-.
UVB @ 60 ~ 300 mJ/cm*$ X FUVA® 5~ 25 J/cm’
(A9 % SSR %, JB#A S 90 cm D T
FEI3 % R — gt S b L DI L2 (UVA B
LUUVB F¥ A —%—TilllsE).

1) & |} @ photosensitivity & perfume %45 £ 2
BICTHREZRG L8 ZICRKTH A,

22UVB LD B UVADH Y A2 ) — &ML 3
9 A¥bergamot oil D HEZ BIR T X 5.

3) 50 ppm @ 5-MOP % % ¥ model perfume |24 > 2 &
V=Y &R L 7284, 15 ppm @ 5-MOP # 5 &>
model perfume (24 ¥ A7 ) — V2RI L 2B
B LSRN E TR T X 5.

4) In vitro TOATIEIZ D 22 0b 5§, KR (0535
L1 %) D> A7) — 2Tl bergamot oil
DR SEARITIIHT 2 2 L IETE R,

fii% ¥ OBEHA S, KIS %O Erythema 3

& O Pigmentation O §Fili iz %4 3HHB X 14 1 H

Pl SRR S, B SR Tw 5.

20
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PABA (Para-
aminobenzoic acid,
monoaromatic
compound),
Fluoroquinolones
Ciprofloxacin, Ro47-
7737 (bis-quinoline
compound), Ro19-
8022 and derivatives
(antipsychotic
compound) : Ro19-
8022, Ro12-9786, Ro

Tl % @ in vitro lBRR GEMNE A .

PABA ' Photo-ames assay (—).

Ciprofloxacin : S. typhimurium TA104, #eff k3
iB#, V79/HPRT assay, Comet assay T(+).
Ro47-7737 . S. typhimurium TA104 (- ),
Photoclastogenicity & photo-comet assay (+ ).
R019-8022 and derivatives @ Ro19-8022 ; S. typhimuri-
um TA102 (5§ + © Gl OENEIT), S. cerevisiae
D7, Bt RS idbk, (2 FLHIMINL O gene mutation
assay 33 £ UF Comet assay C(+), Vitrotox assay (5§
W +), Ro12-9786 ; Ames test T (+), Vitrotox assay
(+), Jett RILH B (+), Ro658275 : Ames test T
(=), Vitrotox assay (=), #eft (RS HalER (—).

22 Chlorpromazine, ek RO B (S, typhimurium, E. coli, Chlorpromazine (20 okt /23 #0), Compazine (2

Chlorophenothiazine, | V79/HGPRT, ® X 174 amber mut. reversion) . okt /2 #0) ,

Trifluormethylthiazi- | + % RS A5 (V79, CHO). Chlorphenothiazine (1 # B /1 H30)

ne, - E. coli K12 differential repair, E. coli K12 deriva- | Perphenazine (1 $ft sCF 1% /1 # 30) ,

Stelazine, tives, S. cerev. D7 gene conversion, SCE in V79| Trifluormethlthiazine (0 #t 3 1%/1#i3C), Stelazine

Promazine, hamster cells, UDS in lens epithelial cells, Alk. elu-| (0 #3CF1/1#30), Trifluorpromazine (1 #CFsE

Compazine, tion in human P3 cells, Comet assay in 1L5178Y cells, | /2 #32), Fluphenazine (0 # kit /1 #32),

Perphenazine, Biochem. analysis of breaks, Complex formation with | Promazine (0 # 3C 1% /4 #3C) . Methoxypromazine

Trifluorpromazine, | naked DNA, double and single strand, Inactiv. of ade- | (0 #t S F51% /1 #30) .

Fluphenazine, novirus in human WT and Xeroderma pig. cells. fii# W OEREMERE(UVIESZ L) ;

Methoxypromazine | UV (320 ~ 400 nm) &4}, Chlorpromazine (5 # 3B /23 #:30) , Compazine (0
0,
Chlorphenothiazine (0 #t 3£), Perphenazine (0 #t3),
Trifluormethlthiazine (0 #3C), Stelazine (0 #&30),
Trifluorpromazine (2 #3CF3 /9 #30), Fluphenazine
(1 {Ck /1 #30), Promazine (1 #SC Rtk /5 #30)
Methoxypromazine (0 #t 3C R /1 R 30)

23 | para-aminobenzoic | Reverse mutation test : S. typhimurium TA98, TA100, | PABA (£ 6 i#kI2Hf LT, ZERERFHRIEH L.

acid (PABA) TA1535, TA1537, E. coli WP2, WP2 (pKM101) . TA100 @ suspension exposure Tl UV I kb
UV source : Oriel xenon arc lamp 250 J/s/m’ for sus- | revertants 258513 % 75, PABA SO X 1) #pf).
pension, 50 J/s/m” for plate, Honle arc lamp 20 | fi§# : %)% | 8-methoxypsoralen & Chlorpromazine
J/s/m’ SRR E. T D% PABA % GFAlli.
Method : Suspension exposure . mutation plate, sur-
vival plate, Direct exposure : plate % f 4}

24 | Furocoumarine ; & |In vitro/M%ikl% @ V79 Ml % 6 R [H] 5546, UVB/ | 8-methoxypsoralen : Btk (+), chlorpromazine : [
methoxypsoralen, | UVA % 30 47 M85 L7z, 2 [Igkiis S 512 24 BERIES 48 | ¥4 (+), 2-chlorophenothiazine @ Btk (+), triflupro-
Fluoroquinolone ; | L7z. 1.5%tri-sodium citrate TP£i%#% 1.24 %8 )V < | mazine : 55V Btk (+), lomefloxacin : Btk (+),
lomefloxacin, grepa- | V) ~ % 5 ¢r acetic acid : ethanol(1 : 3) T L7z, | grepafloxacin : Btk (+), Bay Y 3118 © Btk (+),
floxacin, Bay Y 3118, | 224Uz 2 THREAME R % %t L 1000 fH O ML % 8 | doxycycline : &tk (—), oxytetracycline © &tk (—),
Anthraquinone ; L7z (UVHS S i3 Bmg) . hypericin : it (+), emodin @ FEYE(—),
hypericin, emodin, | In vitro Hefa RS 5 ER © V79 MINE 2 24 WM 55 2882, | metronidazole : F&TE(—),

Coumaran deriva- | UVB/UVA % 3077 H8 4+ L 7=, 2 MIPEIH# & 512 16 | griserofulvin @ Btk (+) & CfetafhkBw @ Bk).
tive ; griserofulvin, | £ 2 L7z, WEICHEVWEAZ/ER L 100 o
Phenothiazine ; metaphase % f1%% L 7z (griserofulvin @ & 2 iti) .
chlorpromazine,

2-chlorophenothia-

zine,

triflupromazine,

Tetracycline

doxycycline,

oxytetracycline,

Nitroimidazole ;

metronidazole

25 | 8methoxypsoralen |Ames iA5% @ TA1975, TA1535, TA100, TA1978, |TA1977, TA1537, TA2637 THitk. 9 W& Fk,
(8MOP), TA1538, TA98, TA1977, TA1537, TA2637 %\, | hisC3076 2 SkkIZI&ZEDH 1) .

4,5 8trimethylpso- | UVA (320 ~ 400 nm) % 10 ~ 20 734 L 72,
ralen (TMP)

26 | Chlorpromazine DNAGE) #45 © 0.075 mM["H]CPZ & 1 mMDNA % | CPZ & denature L 72 DNA & O 647G H ik o ik
(CPZ) HULHEE, FMICTAXRZ PO T7VA Y A =% — |, ZAH DNA & DR IAEOTE L D 10 f55h%

2323 nm TO~24 704 L, DNAICKH G L [ Tho 7.
PHICPZZ Y v FL—Yarhwryy =Tl L. |UVIREHC X 0 %50f# L 7= CPZ %9 10 %75 denature
L7:DNAIZH#EE L7,
CPZ & —A#{DNA L OB A KRDOEKIE, KmaEr» S
CPZ%EMEL, MARMIAEREZHETLZ L%
AL TW5.
fii#% : CPZ %, antipsychotic drug T %.
27 | Chlorpromazine CPZ & calf thymus DNA & % JJ\v», CPZ{HINT |CPZLDNALOMHEEHELT, /¥ —HL—
(CPZ) DNA % &M LUILA X7 VA L, @A MV | 3, DNATEHE OBEMEG, 70—k LT

ZEAL A S AR A O R % BT

HELTWDIEPRERINS. SBRSERDIEA ~
F—Hhl—varliaznwItbERIhi.
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37

Titanium dioxide
(TiO,) particles :
p-25 (anatase form,
average size 0.021
um), WA (anatase
form, average size
0.255 um), WR
(rutile form average
size 0.42 um), TP-3
(rutile form, aver-
age size 0.42 pm)

Comet assay (SCG), Hefn fk 5 ik B (CA), Ames &
% MLA.

SCG : L5178 #iMu. #fix TiO, & 1K A ~ Fan
— 33 % 02 mW/em® (0.61 J/cm®), 0.4 mW/cm’
(1.25 J/em?), 0.8 mW/cem® (2.5 J/cm®), 1.6 mW/cm®
(5 J/cm®) T 50 5 UV/ i #06% B4. Ao w/o
B UV/ITHER L, widUV/ bt h, DR

SCG Ames CA MLA

w/o w w/o w w/o w w/o w
p-25 = + = - - + = =
WA + + = - ND ND ND ND
WR = = = - ND ND ND ND
TP-3 = = = - ND ND ND ND

fi# © TiO, particles X, ~ 7 A in vivo/MZaAERIZ 85
T Y5k (Shelby et al., Environ. Mol. Mutagen, 21,
160-179, 1993). Ames i{B& Tid UV/vis eI S o> A7 B
S F IR RRERFREIED O o2 Z
Lb, Y% S 7z TiO, particles 12 & 5 DNATH
i, MERERIY L ROERREZINBIEL0
b HNZE .

38

lomefloxacin (LOM),
fleroxacin (FLER),
norfloxacin (NOR),
BAYy3118(BAY),
nalidixic acid (NA),
ciprofloxacin (CIP ;
positive control)

Comet assay . V79 cells(3 x 10°), 35 mm¢ dishes T
overnight culture, Fresh EMEM IZFQ 10~ 50
pg/mL i L 1R 37 C 28, K& PBS Wi AR,
k% F UVA(37.5 kJ/m?, ~ 2 mW/cm®) 2 Bi4f L,
MM % pH 12.5 T comet assay Z 11>, M{Z#ED M

R Gl

Comet DFED i X : BAY > NOR > CIP > LOM >
FLER > NA.

UV 1% DNA repair @ UV B, BriEsib iz
%, 37T, 0~ 1%\ comet assay Efti L7z, (F
raraybu— e @ L SOVISRA L, BRI
BHEshTw. ARTIRAIEEHSh, K&%
BizHHICORASRwrd Lk,

UV IE4#, 2.5 ug/mL aphidicolin (DNA polymelase
inhibitor) % PR IS A A Z £I2 XD, comet (X
sAZIZRA L, o2 EpS, #BiEHEECE
DNA single strand brake % & V) &, excision repair 2*
M5 LTwblhEtEd ) .

SCHR LG R Uk LS

29 | psoralens ; 8MOP, | HASAEE, HASREN B L OOLHMEO MR G | LA ABE @ 5-ANG > 4,5-ANG > 8MOP, 5-MOP >
5MOP, TMP, 3-CP, |9 5. TMA > ANG
ANG, 5-ANG, 4,5 SCRKIRAS I X 2 A 72 O FEAINE AN . YL PE © 5-ANG, 4,5-ANG > 8-MOP, 5-MOP >
ANG, DMA, TMA, ANG
PP, MPP A EYE © LOM > FLER > OFLOX > CIPRO,
fleroxacin (FLER) , NAL
ofloxacin (OFLOX), He4 5% ¢ LOM, FLER > CIPRO
nalidixic acid (NAL), In vitro & BEMEOMGEHE, KA BT OB
lomefloxacin (LOM) , OB &b,
ciprofloxacin
(CIPRO)

30 | rose bengal, anthra- | {4~ Kt © Histidine, tryptophan & % (3 glu- His Trp GSH G4
cene, Acridine, tathione % & L& WS BEER 2 % I 2, ) (medium- | rose bengal + + + +
8methoxypsoralen | pressure mercury arc + Schott WG 305 3 mm ultravio- | anthracene i + + +
(8MOP), 3,534~ |letfilter) 4T, ZOHDHEEDLE AL, acridine + + + o+
tetrachlorosalixylani- T4SC = + + +
lide (T4CS), TBS ND ND + +
3,5,4-tribromosalixy- musk ambrette = . - ND
lanilide (TBS), 8MOP + * £ ND
musk ambrette

31 | fleroxacin (FLER), |pBR322DNA % J\>7zin vitro B 4}926%. pBR322DNA | FLER > LMFX > NA > > NOR > ENX
lomefloxacin LA uX ) ar RYUEYE & AR T UVA RS | C6, C8{o F ST (512 C87) DAFAEDS, C6HLD A

(LMFX), single strand break O BGREZ FUSHO 7 H O — A | O F PR I0EROM S & 5. [GPERERA I
norfloxacin (NOR), | # WVESGKENZ X ) HGEF L Tw 5. PFLHLETH . C8H NN AGEh AL %
nalidixic acid (NA), ZAHNTWn5.
enoxacin (ENX)

32 | lomefloxacin, Fluoroquinolone ® Y5312 X 1 4= U % fluoride Ol | Lomefloxacin 3 & U fleroxacin (& 4} #£ 2 fluoride
fleroxacin, enoxacin, | . Bmhsa sz,
norfloxacin, Xenon arc lamp % Hiv» 320 nm cutoff filter % jifi L T ## | Enoxacin I3 BFFEEE O fluoride A3HriH S A7z,

ciprofloxacin 72> 320 nm O YEIGS 5128 X AL fluoride % flu- | Norfloxacin 8 X U ciprofloxacin Tl fluoride (34t
oride M B L I'NMR A X2 b VIZ X O il SNhhroi.

33 | Padimate-O (UM13 mp18 DNA (7.3 kb) & % \» & Supercoild | D Free radical {2 & 2 DNA#;C, pyrimidine dim-
(ethyl-4-dimethy- pBluescript-1I SK° DNA ( Stratagene) (2 50 uM | mer Tld %A - 7.

laminobenzoate % | Padimate-O, 12 J/m’/s (300~ 400 nm) % {/f]. Q0O ERERIu=—-DTF5 A3 FHIZ, AT
% s 2-ethylhexyl-4- | @) plasmid pBSF (pBluescript- 11 SK™ {2 43 JE4ifi A, | base pair @ deletion 11#, GC base pair @ deletion 9
dimethylaminoben- | lacZ frameshift mutant & L 72)50 ng % F150 & AR [ 825 S 7z,
zoate) EH %48, 2D 75 A 3 F%& XL1-Blue cells |23 A L, | DMSO, EtOH, Tris buffer, mannitol i scavenger
X-gal % 3T 5 M AERKAEDT, DNAOLER | L LT <. 51, Bt RABoEiEe LT
A oAl DMSO 2SIV 5 TW 5785, St fzlEtEAse i L i
KB )EEETHA.

34 | 8methoxypsoralen | % FfiZsk25 BikBi @ E. coli (uvrA, B, C), yeast(rad3), | - FREBEHOKIL TV EHRTIE, V7L rokic
(8MOP), mammalian (Xeroderma pigmentosum) . I AMWNIAD % b, MilgdtkZ T Tal, &
4-methylpsoralen Psoralens + UVA i 4}, RERIZOWTH ZDRZHIIR & 5.

(4-MP), C BRZESEAS, Kk TSN AYILYDOE
4-methyl-4’,5"-dihy- )T X7 bBLUOREORINHEG L Tw5.
dropsoralen - BB IR R L ETH .
(4-MDHP) CE)T Y P BIOBBORBICIBREEE, M
BAMBHEB L) BB BESHY- L Twa.
LS TEEENZYILIYDE T Y M,
0 D DNABI R & 4521 X2 575, /N A 7SAHTEK
ENLDOT, TNHPRRERFEDOENE % 2 0]
REED D 5.
35 | 5-methoxypsoralen |S. cerevisiae % JIl \» 72 gene mutation test : |ILV' D A[5PE.
(5-MOP), t bEz | Cytoplasmic mutation, Intergenic recombination, TRP"
JIZ® A% D SBF | gene convertants (tryptophane not requiring gene con-
(Suction blister vertanta), ILV' mutants (isoleucine-valine not requiring
fluid) revertants) .
Witk & SBF 2 Wi HL N C 15 47 WALBE L 72 #, multiple
well plate |- TUVI4}% L, survival & mutation % it
.

39

khellin, 8-methoxyp-
soralen (8 MOP) :
TA102 J11 B 1 kS B,
4,5 8-trimethylpso-
ralen (TMP)
TA1537 I Bt B

St

(1 khellin @ photomutagenic activity #Hi 4% € D
7= ® S. thyphimurium hisC3076, TA1977 (rfa),
TA1537 (rfa, uvrB) #k1Z & 2 R i l?ﬂ"t‘f?ﬁﬂi
% khellin (111 M) L#— UVA % 5, 10, 15, 20 KJ/m’
THRS.
@)TA1537, TA102 ¥k H 7= 6w 28 S kB © M
TS S b VI &N I A AT RIE L %5
I 3R~ G ¢ 20~ 3040, 37 CTIRE L %
AL vy FaR—b=>ZORKIOMLE Y ¥ — LIS
S H—Fi % DR T UVA & 4T,
SRR D ORI mLE by 7T H IR
A=A TN a— AT L =T 1 ¥ F=EHT
37°C, 48MEM¥EAE— His' S AR a0 = — K&l
.
Wl AE: - S OBk % PBS TAM—~BHI 7 L —
M- 37CTAH—N—F A P v Fax—F.
PhEd vy triplicate THEME L 72.

A UVAJEIR S O & 3w o RibkiC b Mg dtk s
ASNAD oA, L 25E1CIE TAIST O AT
HEAFHRAME T L 72 (20 k]/m* T10%). £ ZTUVA
BRI % T 72 4 0F T (0~ 10 kJ/m®) T TA1537 D %8k
28 W A R L 7.

(2)TA1537 Tl UVARRS o4, Miladtkd it 5
n7-7%, khellin |= X % photomutagenicity (& 5117
otz

TA102 T3 UVA RS L7234, M dEtkassi b g,
bErnfiRERau = —Rokn ) 2Rz,
I LR TORM TR ERERFER IR NG
Mot e, L EAR @16 pM) TR L
ChfimER T = —BuImAd L.

fii %

. khellin |2 | thimidine & ® DNA-photoadduct %
W3 5 72, TA1537 (psoralen ¢ mutation % #t)
L TA102 (AT DBURZER) THRERL 2.

- khellin ® photomutagenicity |& 5 # & T, 229
FIZEOWUVAREEICOARE . LA T,
psoralens |2}, khellin ® DNANOEBUAITE XL
weEzbh.

- khellin ® photomutagenic potential & 8-MOP & U]
LA o7z, ORI UM R TO low
genotoxic potential X2 iR THAEMEATRD HNL G S
LIz —FLTHBY, EEMEIZE LT bifunctional %
psoralen & ) bzt EZ L.
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8-methoxypsoralen
(8-MOP), psoralen,
angelicin

S. typhimurium TA102 & I\ 72 IR Ze IR A SR,
8-MOP, psoralen, angelicin {2 BC, CX, vitamin A %
W & (2L, 365 nm DS E 5, 10, 15 45 ) HEL 5
EhTwab.

8&MOP, psoralen, angelicin & & (2P tk.

fi ¥ © ACCHkIE 8-MOP, psoralen, angelicin @it
FUEFML TV AENETIZZR S, BC CX vitamin A
A EHEREZBRRT L EVINAETHS. BC, X
¥ 412 8-MOP DYl {£ ik % 60 % FEEE M L, vita-
min A 320 % FEEEEE LT\ 5. 72, psoralen (2
SWnTH BC, CX & b 1B #E % 60 %FE H K
L, vitamin Al 20 Z%FEEE# K L T\ 5. angelicin (=
SWTIEBC, CX & b I {AHME % KIRICER L,
vitamin A 13 YA #EVE 2 40 AR L TV 4.
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visnagin, khellin,
bergapten (positive
control)

Reverse mutation assay

(7 V¥ = ¥ Bk arg-1 Ofk#HT, Chlamydomonas

reinharadtii)

(1 green alga(1~5x 10°/mL), arg-HCL 50 pg/mL %
G /VH T4~ 5 K532, cell suspension 100 mL
AR ) ILCAEL, MikziRmL, UVAZ RS,
maHE, Wilx sy, ER7L— M. i
HEAf# %, 156 H O3 Arg” OBMAR I T =—
#1087 L — b oEHl.

2) Pre-incubation ®¥j &1, Wi T 30 43 MR I
P X7tk UVAR G Mz deidte, HriEsiit
U LT, FREEUVARRGS. HiE0 & MRS E
Bl ER o = — &

@UVA DR % & BgHEH 2 28 2 TERAR an =—
DN KRS

SE(ZEYEOB X bergapten >>>visnagin >>khellin
ROV E—RASE U, R RIS L/
139 (S dR < Bl s, khellin & HBEHIE DR
HI DN TV L ERNTH B2, SlEHEIE
LAERWTHAT.
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Crude petroleum,
several coal-derived
oils, Shale oil

Ames Test : TA98 % HIv», DMSO IZi#f# L 72 % ol
T L, OO %0, 10, 30504 ¥ F
aN—Y g Uik, FL— MCHE, 72, ROOH
o — ik, e O (0~1204), WHDETICHE
X, 7L — M7z

WHLEIZIE G.E. 15 W cool white Z Ji v, #R13H
360 nm, 13.2 w/m° Tdh - 7=.

Crude petroleum : Bk, several coal-derived oils :
¥Rk, Shale oil © Futk.

49

Eastern shale oil

Ames Test : TA98 % fijv>, DMSO (2% f# L 72 shale
il LIRGL, ANVIF—Y 3y A TOHNETZM
v, UV-ITHDEZ 5 L 72, B4HZ 760 J/m®/min T,
#0~ 150 k)/m’ DT - 72

Bith. WRGHR RIS & U shale oil SEEEORINE &
bio, FRERIn=—K3mmL 7.

graveolens ssp.
hortensis (3 7 >~
Bor—7o—f
V=¥ oifilkxT
FA), y-Fagarine,
Skimmianine,
Dictamnine,
Psoralens( 7 L
%1 : bergapten,
psoralen,
imperatorin,
isopimpinellin)

SCHK R LAY BRIk LS
41 | 8methoxypsoralen |S. typhimurium TA102 % HJ > 72 57 92 2k 48 S A Bk, 8MOP, angelicin &  1ZF1%.
(8MOP), angelicin | 8-MOP & angelicin {2 BC & CX # 3l %4 (2@ L, 365 | fii#% : ASLHkIZ 8-MOP & angelicin O Yi# {xaitk % &F
nm QN 5, 10, 150 X hTw b, RERZ (il TWARNAETIE R L, BC & CX20t#tmElk%
JEEIRAE & g RIRETITbTW 5. BT 2L VINETHAH. BC, CX & HI28-MOP
DB AEHNEE 60 L FERERI L, MERFZIRETIES-
MOP H & otz sh s, $7z,
angelicin [22W T BC, CX & b (2t fzbtt 2 K
IR L, MR FEIRAE T A KR angelicin H & D%
BRI SN TV 5.
42 | 8-methoxypsoalen | Ames test : S. typhimurium TA102 1) 4 [### (normal condition) : +, BCOEMTiK
(8-MOP) T vFax—va sk 65 % DNl
1) 472 (normal condition) . 2) ik (hypoxia) © +(FEEHE DT D 65 % DiETE)
2) fi & # (hypoxia) @ 154 D %8 # & i, BC O RMTH$ A 4.
3) M/ 3% (anoxia) & 15 WFRY o> 4% I, 3) R (anoxia) @ + (AT EEF OB G D 65 % DIETE)
TULA vFaxN—varyBIOUVESHhHEHKE | BCORMTIMHZ% L.
7.
43 | heraclenin, #%i%41 Chlamydomonas reinhardtii (arg-13 X OFstr’-| & & (2B, S9 activation Tl crude shale oil @ &
imperatorin 3-18) WAL, UVAQ Wm®) #Ia4 L 72, .
44 | Dictamnine, MR OT OV E = R (arg-1 ¢ Chlamy- | §XTTHERS. EFIULTOLED.
Evolitrine, domonas reinhardtii) < & % Mutation Assay. Dictamnine > y -Fagarine > Maculine > Evolitrine >
y -Fagarine, Tox-Study : Arg-1(1~3 x 10°/mL) |2, UVA(30 min) | Kokusaginine > Skimmianine = Flindersiamine
Skimmianine, mgt#e, PBCTAM LT, agar plate (23 %, 7 HRIK;
Kokusaginine, #£#% colony count.
Maculine, Mutation Assay : Schimmer and Kuhne (1990) |25t
Flindersiamine .
Statistics : Mutation Frequency {22\ T, F-test T
BRI O 2 2 iR L 72, 3 MO FEERH B % pool L
T Student’s ? T-test THIE.
45 | The ethanolic #k#: ¥ (Chlamydomonas reinhardtii) DO 7 V¥ = ¥ % | F > FH|dh s D 3fiod 7 v 7 < 1) > (bergapten,
extract (= tincture) | k1% ®pk% v, UV-A % 3045 (3.6 kJ/m®) M4 L, |psoralen, imperatorin) B X O 3fio 7o ¥ /1) > -
from the herb Ruta | 7 )L ¥ = » JE B RO H R Z RO Ed S A 5

AR S 7z,

7 V7 a4 F(dictamnine, fagarine, skimmianine)
T RTHEREEZR LD, IR Z-o T
72. Bergapten &5z iRV OLEREMEZ R L, dic-
tamnine 3 70 ¥ /U ¥ Tldik b b o 72
bergapten D 10 % D ERFEIHETH -7z, Th
SALEWM O F ¥ FFh o & 47 1 bergapten 23k b
Eholz. BILEWOEHEDB L OZ 0L R
s, ZoOFrXHlOF 5 NEREEYH T
bergapten T& % & fifiam S 417z,

zauX /)Yy -7ihus Figzaszyrknd
RO EErE B X OB REMEZ R L, UV-A{RTE
FT7u% /) »IiZDNA & monoadducts L 22TEHK L
WA, 7127 <1 IZDNA & biadducts b T
LN -HTHA).

% : 71 /1) v ) eukaryotic cell TZFEMEZ R
T LORPOME. FrERMFLITTFADOLR
FYEE, FuveFroga ik, Lo
Hi R A OLERIEHEO M S 2 W3 % 5 DT %
V. (DUESREWE, Ml LAY, DNARK G
A NTOREREDEENHH1-0.)
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5-methoxypsoralen
(5-MOP,
bergapten),
8-methoxypsoralen
(8-MOP, xanthotox-
in)

1) 43 (Chlamydomonas reinhardtii) {2 4 #5571 £
L, UVA%12 ~72K]/m* gLz XD
A A

2) KRB KR B 2 8 L, UVAIRGIRERH B X
OMR2ZE 2 722 EOERPOEA

3) RIS KM E 2 R FE L, AOLIGTRER B
JOMEHE 22 72 L S OERBOZEAL

1)10 %447 © 5-MOP ; 3.3 k]/m® 8-MOP : 6.9
kJ/m®.

2) 25 5B 1 5-MOP (15 457 I 4F) > 8-MOP (30 45 i
) > 8&MOP (15 45 Fi4) .

5-MOP (2 W/m?) > 5-MOP (0.5 W/m®) > 8-MOP (2
W/m®) > 8MOP (0.5 W/ m®)

3) ZE 58 ¢ 5-MOP (4600 lux) > 5-MOP (3000 lux) > 8-
MOP (4600 lux) .

(5-MOP OZ % 8MOP DZEREL D).
F£1% > UVA.

50

FEZERIIZ coal BETY
shale oil 70 5 i3 L
THMW S N7z fuel
samples : Solvent
Refined Coal- I
(SRC-1) B &L
SRC- I processes Hl
PR
1. SRC-1I Heavy
Distillate, 2. 258 7
5% a3 v 50 (°F)
. 300-700, 700-750,
750-800, 800-850 3
L U°850+,3. 7 7 A
w79 7vav
NI WS
#), A20h LB
LAY, neu-
tral PACs), A3(&
257 PACs, N-PACs)
B LA OKEEE
4t PACs, HPACs)

S. thyphimurium TA98 &~ WiFLFII 7 1B Y — A % M
W, RIS F 22 IR IR F BB A SRR
(LA 5 B (0RO AL S .

TA9S #E D 1) > FiE i (0.1 M, pH 7.4) v i s (1
~2x10° cells/mL) &, (1) 64T, (2) #eBriy H (W5
T), 7213 (3) HOGKT & BB PLC IR LD 2\
(REEALEE | 7. BEERYDEULEE and/or TEHRYT O1% (F
% -33°C), plate incorporation method {Z & 1) ¥R
CERK (L AF Y yIFEREOERARE LT B
T O A SE L7 (37 C T2~ 3 BRI
ERao=—BXOERBENE).

Z W] D iE#E) .

St . General Electric 435 & O° Philip 15-W cool | fiii# : TR T S 4 2 0 %5 B R & tumor-initiat-
white #EA % 2 A, 18 W/m® (13 £ A L OFEBT |ing capacity & O FIZIZIEOHPBIAEED LbhTwb
pyrex covers [280 nm ML F &ML, — T |77 false negative L xhTwa, 72, PACsD
0.006-in. thick mylar optical filters [320 nm L F % | Yotk & HAEVECIZIE O AH ), PACs 1L

52 MY T NVONERENEE, Tohao ki
r 412 # L, neutral PACs 75 7 ¥ a YT L
7. WEREGEME, LYY T TOIT ADA
JEPE L X AR L7245, OV A& T TA98 / IiFLA
370y — A TOEREIGNE L GHBEEIES > 72,
SRERKE A S, HER N ES VB 2 % /R § neutral PACs
13, synthetic fuels 1o FEE 2 AR HTDH 5
L ¥z 5. F72, synthetic fuels d X 9 % B
RAW T O A YW % R § 2 720 O R i
Wi B N4 T v A L LT, AR
ERERIIAEH TH S L Bbhi.

o5 FLEEE Lo 28 RsE & RS 2 TEM) 2R ¥ &
WEsNTVWD, AFETIE, ALBRET Y 7Vo
AN A U CEMIICRIITE SN A AT vt
£ AR 5 HIOT, ALFEMNCHEHOD 5 AN TR
B9 27y a v hoEREEENEL, A TR
o s B E W B AL PR B X OV LR
s R & ASABE & RS NTC.

51

132

crude shale oil,
hydrotreated shale
oil

|25t > T fluorescent light % H44 L 72.

Ames 3tE © TA9S Bk v, Selby &5 (1983) 5k | & Hi2Btk. S activation Tl crude shale oil ® &

,rq:.
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SCHK LG A i A
52 | Ciprofloxacin In vitro/h B X B, V79 g # Bl «» T UVG5S5 | L& Uv(-) Uv(+)
(CIPRO), Nalidixic | Mineralight (290 ~ 400 nm) % 1 ~ 30 %~ (# I 4} &t | Ciprofloxacin (CIPRO) : 55 + rhAERE +
acid (NAL), 1250 ~ 30000 J/m*) H4$ L 72, Z D citocharacinB | Nalidixic acid (NAL) : — AR RE +
Ofloxacin (OFL), ZHEDH L WET SIS L 16 eI BT 28 1% 8% A % 1% | Ofloxacin (OFL) : = =
Norfloxacin (NOR), |#] 7-. Norfloxacin (NOR) : - -
Enoxacin (ENO), Enoxacin (ENO) : = =
Lomefloxacin Lomefloxacin (LOME) : 59+ AR +
(LOME), . Trovafloxacin (TROVA) : g4 + =
Trovafloxacin Clinafloxacin (CLINA) : o + o+
(T.ROVA). Spafloxacin (SPAR) : - HAERE +
Clinafloxacin A REAM -
(CLINA),. JeHEE (50 7o MRS S ANHIAR £, 1E < UV dose) -
Spafloxacin (SPAR) CLINA>>LOME, SPAR > TROVA, NAL, OFLO,
CIPRO > ENO, NOR.
MN (5% MN #% %, #)E x UV dose) : CLINA>>
LOME, SPAR > TROVA, NAL, CIPRO, OFLO > NOR,
ENO.
53 | 4,4’ 6-trimethylan-

~ 7 ADARIERVEARIMER S X OV b B HES A | = 7 2 O KRS RSP RMLER & v 72 MR BR T L

p-aminobenzoic acid
(PABA),

octyl dimethyl
PABA, 4-methylben-
zylidene camphor,
Dihydroxyacetone
(DHA), 7, 12-
dimethylbenz[a]
anthracene (DMBA)

gelicin (TMA), Fa D oEE 78 % 72/ % ikBR. UV-A (300~400 nm) | 54 & b Btk
8methoxypsoralen | % 45 53 HHt4Y. b bR A S O D FCH 36 A Tl 7 MR BR C
(8MOP) (TR AL/ R ] 2
54 | Lomefloxacin Wibshze by sF /744 bEHV, UVA%10|10pg/mLTE ) I Y ¥4 v =2 pEAE SN
~37.5k]/m’ 184+ L 72. T4 endonuclease V Z JJ\>C | Lomefloxacin £ UVAIZX B2 E ) I Y U ¥ L v —DjE
ENIYyUyi=—BmL7. HANZOWTOIRIZ~ Y ZAD R EHFIEEIZB T 5
lomefloxacin ® 4 =¥ T— 3 3 itk L BB T 5.
55 | 8methoxypsoralen |Ames test : TA1537, TA102, WP2 % JiJ\», UVA, | PABA%*% camphor (Z21E, DHA 124565, DMBA
(8MOP), UVB % 4+, )

Rtk

56

Lomefloxacin

F v MFOS ML 2 HIv, SR B T UVA R
$HZ & D KL DNA 240§ % 7,8-dihydrio-8-ox0-2-
deoxyguanosine (8-o0xo-dG) i % il '€ L T\ 5.

- HIFRE A (NaN,, TMP), e Fa¥xy 597
JVAi$EA] (e-Tocopherol, TBP) M:4f F THOZALIZ DWW
TR LTW5.

FROB AR, — EIEE R A T TR L,
NA FaF DT I HVRAIAE T TR L & h
5722 & XD, quinolone UL O UVA B4} I
DONHEAH =X L L LT, ~HEMmEIMG LT
Wwa.

57

Acridine (A),
9-Aminoacridine
(9-AA), Proflavine
(P), Acridine
Yellow (AY),
Acridine Orange
(AO), Methylene
Blue (MB),
Quinacrine (Q)

E.coli B/r(TI® trp) ® T5 7 7 — Vi P2 Smr il
E.coli B/r(TI® trp) 2 fe i 755 Fe M b TIL &6 & —#
SRR L, BRI TS LT A= L=}
ETTS 77— Vitkan =—%2#&53 5.

fEMshE AY>P>A0>MB>9-AA>A>Q =
Nega Con

BRomMz7 I 7 3E24 LT 51L5M (AY, P, AO,
MB) LR VEH 245 5.
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