Toxicol. Res.
Vol. 31, No. 2, pp.97-104 (2015)

http://dx.doi.org/10.5487/TR.2015.31.2.097
pISSN: 1976-8257 elSSN: 2234-2753  Thematic Perspectives

Toxicological Research

Official Journal of
Korean Society of Toxicology

A

Available Online at http://www.ToxicolRes.org

Phototoxicity: Its Mechanism and Animal Alternative Test Methods

Kyuri Kim, Hyeonji Park and Kyung-Min Lim
College of Pharmacy, Ewha Womans University, Seoul, Korea

(Received May 27, 2015; Revised June 10, 2015; Accepted June 18, 2015)

The skin exposure to solar irradiation and photoreactive xenobiotics may produce abnormal skin reaction,
phototoxicity. Phototoxicity is an acute light-induced response, which occurs when photoreacive chemi-
cals are activated by solar lights and transformed into products cytotoxic against the skin cells. Multifari-
ous symptoms of phototoxicity are identified, skin irritation, erythema, pruritis, and edema that are similar
to those of the exaggerated sunburn. Diverse organic chemicals, especially drugs, are known to induce
phototoxicity, which is probably from the common possession of UV-absorbing benzene or heterocyclic
rings in their molecular structures. Both UVB (290~320 nm) and UVA (320~400 nm) are responsible for
the manifestation of phototoxicity. Absorption of photons and absorbed energy (/#v) by photoactive chemi-
cals results in molecular changes or generates reactive oxygen species and depending on the way how
endogenous molecules are affected by phototoxicants, mechanisms of phototoxcity is categorized into two
modes of action: Direct when unstable species from excited state directly react with the endogenous mole-
cules, and indirect when endogeneous molecules react with secondary photoproducts. In order to identify
phototoxic potential of a chemical, various test methods have been introduced. Focus is given to animal
alternative test methods, i.e., in vitro, and in chemico assays as well as in vivo. 3T3 neutral red uptake
assay, erythrocyte photohemolysis test, and phototoxicity test using human 3-dimensional (3D) epidermis
model are examples of in vitro assays. In chemico methods evaluate the generation of reactive oxygen spe-
cies or DNA strand break activity employing plasmid for chemicals, or drugs with phototoxic potential.
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DEFINITION OF PHOTOTOXICITY

Terrestrial animals that include human, are constantly
exposed to the irradiation of sunlight. Accordingly, the skin,
which is located on the front-line that delineates the interior
from exterior of the body,is the most affected by sunlight.
Indeed, sunlight-induced skin burn, rash (erythema), hyper-
pigmentation, photoaging and skin cancers are the most
commonly observed skin-associated problems (1). Inciden-
tally, skin is the organ with the largest surface area in the
body (1.5~2.0 m?) and frequently exposed to exogenous
xenobiotics. Phototoxicity develops when photoactive or
photoreactive chemicals come in contacts with, are absorbed
into the skin and activated by sunlight, of which products
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have cytotoxic potential against the skin tissue (Fig. 1).
Phototoxicity can be also manifested by systemically
absorbed chemicals that find their ways to the skin and acti-
vated by incident sunlight as can be evidently exemplified
by systemically administered flouroquinolone antibiotics
(2). Accordingly, to cover this phototoxicant category, pho-
totoxicity is defined in OECD TG 432 (Test No. 432: In
vitro 3T3 NRU Phototoxicity Test) as “a toxic response
from a substance applied to the body which is either elic-
ited or increased (apparent at lower dose levels) after sub-
sequent exposure to light, or that is induced by skin irradiation
after systemic administration of a substance” (3). Phototox-
icity is generally an acute light-induced responses of the
skin to photoreactive chemicals. Therefore, the most com-
mon clinical manifestations of phototoxicity coincide with
the symptoms of skin irritation or exaggerated sunburn, i.e.,
erythema, pruritis and edema (4). In distinction from photo-
toxicity, photosensitization or photoallergenicity is also
referred along with photo-irritation as subcategories of pho-
totoxicity (5). Difference of photosensitization from photo-
irritation is the presence of immune responses through the
recognition of photo-haptenized products by antigen-pre-
senting cells or T cells, and elicitation of allergic reaction
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Fig. 1. Phototoxicity is initiated when photoactive or photoreactive chemicals are activated by UV lights. Photoreactivity is exempli-
fied by photo-addition, production of reactive oxygen species (ROS). In final consequence, the reactions which derived by solar UV
irradiation cause cytotoxicity against skin cells and, ultimately, skin irritation occurs.

upon repeated exposure. Generally, chemicals with photo-
irritation potential may induce both photo-irritation and
photosensitization. In the current paper, focus is given mainly
to phototoxicity as a broader term.

Phototoxic chemicals. A wide spectrum of organic
chemicals, especially drugs possess a concern of phototox-
icity probably because of the common existence of UV-
absorbing benzene or heterocyclic rings as chromophores in
their structures (6,7). Examples can be readily found in var-
ious classes of drugs (8); antibiotics (quinolones (9), tetra-
cyclines and sulfonamides), antihistamines, anti-malarial
drugs (quinine, chloroquine), anti-cancer agents (5-fluoro-
uracil, vinblastine, vemurafenib (10) and dacarbazine), car-
diac drugs (amiodarone, nifedipine, quinidine and diltiazem),
diuretics (furosemide, thiazides and hydrochlorothiazide),
anti-diabetics (sulfonylurea and glyburide), non-steroidal
anti-inflammatory drugs (naproxen, piroxicam, diclofenac,
celecoxib (11) and ketoprofen), anti-fibrotic drug (piferin-
done (12,13)) and psychiatric drugs (phenothiazines, tricy-
clic antidepressants and imipramine). Dermatological drugs
also have a concern of phototoxicity but a certain class of
drugs capitalize phototoxic responses as their mode of phar-
macological action as can be exemplified by photodynamic
therapy like 5-aminolevulinic acid and 8-methoxy psoralen
(7). In addition to drugs, endogenous chemical (protopor-
phyrin), sunscreen (4-aminobenzoic acid and its esters in
sunscreens) or environmental agents (anthracene in coal tar)
have phototoxic potential (14). Indeed, UV irradiation or
artificial light sources can result in photodecomposition of
many drugs and photostability poses a major hurdle to
ensure appropriate shelf-life of drugs. During photodecom-
position, photoexcited drug molecules may transform into
toxic compounds or produce reactive oxygen species that
can ultimately inflict toxicity towards the skin cells (6).

MECHANISM OF PHOTOTOXICITY

UV-Visible light. Manifestation of phototoxicity is a
mixed contribution of sunlight and photoreactive chemi-

cals. Sun light that arrives on the earthen surface is a com-
posite of a spectrum of lights from visible (400~700 nm
wavelength) to ultraviolet regions (290~400 nm) along with
energy waves in the infra-red region (700~2,400 nm). Actual
solar light is not composed of a consistent but variable
intensity of energy waves (6~7% ultraviolet light; around
42% visible light and 51% near infra-red, total solar irradi-
ance is 1 kilowatt/m”) as can be shown below (Fig. 2).
Energy and extent of penetration also varies depending on
the wavelength of incoming light. Shorter the wavelength
is, stronger becomes the energy of the incident light. Con-
versely, longer the wavelength is, the deeper the light pene-
trates into the skin since the light with short wavelength
readily imparts energy to the adjacent tissues on its trajec-
tory. Accordingly, UVA and UVB, lights of shortest wave-
length in incident sunlight are mainly accountable for the
manifestation of phototoxicity. Of these, UVB (290~320
nm), the light with the shortest wavelength that reaches the
earthen surface is approximately 1,000 fold stronger than
UVA (320~400 nm) in inflicting burn or DNA damages but
fortunately, UVB only goes as deep as epidermal layer
while UVA penetrates as far as to subcutaneous layer. Fur-
thermore, UVB loses its energy during traveling the atmo-
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Fig. 2. Solar spectrum and irradiance on a clear day. (from
Newport website, http://www.newport.com).
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Fig. 3. Two types of modes of phototoxicity: Direct and Indi-
rect modes. Direct mode is when unstable phototoxic com-
pound reacts with endogenous molecules directly. On the other
hand, indirect mode is initiated when endogenous molecules
bind to photoproducts of the phototoxic compound. Both
modes result in the alteration of biological substrate, in which
induces biological responses.

sphere and the level at the sea level is 100 fold less than that
of UVA (7).

Modes of phototoxicity. Mechanisms of molecular
phototoxicity can be classified into direct and indirect mode
of actions (Fig. 3). Direct mode is distinguished by the exis-
tence of unstable species which is derived from excited
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state and reacts directly with the endogenous molecules,
whereas secondary photoproducts of the phototoxic com-
pound react with the biological targets in the indirect mode

(15).

Photochemical reaction. Since UV/VIS absorption is
prerequisite for photochemical reaction and thus for the
manifestation of phototoxicity, chemicals that do not absorb
UV/VIS within the range of natural incident sunlight (290~
700 nm) do not cause phototoxicity (16,17). Photoactive
chemicals absorb photons and the absorbed energy (/v)
results in molecular changes of the chemical itself or gener-
ates reactive oxygen species that can cause toxicity to the
target tissues (Fig. 4A). Intermediates of photochemical
reactions include radicals and radical ions that can directly
inflict cytotoxicity. Photo-excited molecule can also trans-
fer energy to adjacent oxygen that results in the formation
of highly cytotoxic singlet oxygen as in indirect modes (14)
(Fig. 4B). Superoxide anion and hydrogen peroxide can be
also generated by photoexcitation and transfer of energy to
neighboring water molecules in indirect modes (18).

TEST METHODS FOR PHOTOTOXICITY
AND ANIMAL ALTERNATIVES

It is essential to ensure the photosafety of chemicals when
there are chances of human exposure as can be clearly
exemplified by pharmaceuticals (20) or cosmetics (21). To
evaluate the potential of phototoxicity of a chemical, vari-
ous test methods that range from in silico (22), in chemico
(23), in vitro to in vivo assay, have been introduced. In
chemico assays like ROS generation (24), in vitro test that
include 3T3 NRU assay and 3D epidermis model, and in
vivo studies employing guinea pig, mouse or pigmented rats
have been developed and routinely used (25).
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o

Fig. 4. Photochemical reaction of representative phototoxicants: (A) Chlorpromazine, (adopted from Irene KEE. Kochevar (15)), (B) Avo-

benzone (From Sayre et al. (19)).
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Fig. 5. Commercial solar simulators: Newport, Suntest CPS+ or CPS (Atlas), SXL-2500V2 (Seric).

Light source for phototoxicity. Light source for photo-
toxicity is extremely important since wavelengths absorbed
by the test chemical (absorption spectrum) and the dose of
light (achievable in a reasonable exposure time) should be
sufficient to induce phototoxicity (26). Solar simulators that
simulate natural sunlight are considered the ideal artificial
light source (Fig. 5).

The irradiation power distribution of the filtered solar
simulator should be close to that of outdoor daylight. Solar
simulators are equipped with xenon arcs or (doped) mer-
cury-metal halide arcs. They also should be suitably fil-
tered to attenuate the highly cytotoxic UVB wavelengths.
The spectrum recorded below these filters should not devi-
ate from standardized outdoor daylight (Specification: FDA
CFR Part 201.327, ISO 24444:2010(e), CIE-85-1989).

Nevertheless, other UVA light source like UVA lamp can
be also used with a proper UV dosimeter to check the inten-
sity and wavelength. The intensity of light (irradiance) var-
ies depending on the sources, and it should be regularly
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Fig. 6. Phototoxicity and its evaluations: Spectral power distribution of a filtered solar simulator (adopted from OECD TG432 (3),

%RCEE, Relative Cumulative Erythemal Effectiveness (27)).

checked before each phototoxicity test using a suitable
broadband UV-meter. The UV-meter must have been cali-
brated before each measurement. Accordingly, irradiation
time depends on the intensity of light source (e.g., for 1.7
mW/cm” light source, 50 min exposure time is necessary to
achieve 5 J/em?®). Irradiation time also varies depending on
the test methods. A dose of 5 J/cm® (as measured in the
UVA range) was determined to be non-cytotoxic but suffi-
ciently potent to excite chemicals to elicit phototoxic reac-
tions in 3T3 Neutral red uptake assay.

373 Neutral red uptake assay. 3T3 NRU assay has
been officially approved by OECD and endorsed as OECD
TG432 in 13™ April 2004 (3). This test evaluates photo-
cytotoxicity by determining the relative reduction in cell
viability after the exposure to the test article in the presence
versus absence of UV/VIS irradiation. Decision to conduct
3T3 NRU phototoxicity test is being made for the chemi-
cals that show absorption spectra in UV/VIS region when

- Lower Limit Upper Limit



Phototoxicity: Its Mechanism and Animal Alternative Test Methods 101

dissolved in appropriate solvent (17). It has been suggested
that if the molar extinction/absorption coefficient is less
than 10 litre x mol™ x cm™ the chemical is unlikely to be
photoreactive (e.g., In UV cuvette with 1 cm long light path,
OD of 0.05 M solution shall be less than 0.5 to be considered
as non-photoreactive based on the equation “absorbance =
extinction coefficient x path length x concentration”) (26).
3T3 NRU test exhibits highly sensitive but low specific pre-
dictive capacity (a sensitivity of 93% and a specificity of
84%). 3T3 NRU test has many limitations. It cannot pre-
dict adverse effects other than photo(cyto)toxicity that may
arise from combined action of a chemical and light such as
photogenotoxicity, photoallergy(photosensitization) or pho-
tocarcinogenicity. 3T3 NRU test is only being employed for
hazard identification while its utility for the assessment of
phototoxic potency is not warranted.In particular, this assay
system lacks metabolic activity which is critical in the man-
ifestation of systemically exposed chemicals. Therefore,
for systemically exposed chemicals that require metabolic
activation like monocrotaline, riddelliine, and heliotrine
(pyrrolizidine alkaloids) (28), in vivo animal studies are rec-
ommended (5,29).

Fundamental test principle of 3T3 NRU is the compari-
son of cell viability in the presence or absence of UV/Vis
irradiation as determined with vital dye, neutral red, which
is a weak cationic dye that readily penetrates cell mem-
branes and accumulating intracellularly in lysosomes of via-
ble cells. Base cell-line is Balb/c 3T3 cell, which is mouse
fibroblast developed from mouse embryos by GT. Todaro
in 1968. 3T3 designation stands for “3-day transfer, inocu-
lum 3 x 10° cells” in 20 cm” dish, and this cell is relatively
stable, readily available and easy to handle (30). Dermal
fibroblast is one of target cells of phototoxicity providing a
solid rationale for the employment of 3T3 cells.

To decide whether the test article is phototoxic or not in
3T3 NRU assay, the concentration-response shall be obtained
in the presence and in the absence of irradiation. Photo-Irri-
tation-Factor (PIF) or Mean Photo Effect (MPE) shall be
calculated (31). PIF is the ratio of IC50 (concentration that
decreases cell viability by 50%) of non-irradiated over irra-
diated as shown in Fig. 7.

When IC50 cannot be obtained, MPE is calculated as fol-
lowing equation
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Fig. 7. Prediction model of Photocytotoxicity by PIF (Photo-irri-
tation factor).
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Fig. 8. Photo effect calculation: The photo effect (PEC) at an
arbitrary concentration C is defined as the product of the
response effect (REC) and the dose effect (DEC), i.e. PEC =REC x
DEC. The definition is illustrated as adopted from (31). Calcula-
tion of the photo effect at the concentration 0.4 follows the
equations given in the text gives: response effect RE0.4 = (66% —
11%)/100% = 0.55, dose effect DE0.4=(0.4/0.16 — 1)/(0.4/0.16 +
1)=0.43, and photo effect PE0.4=0.24. The mean photo effect
is obtained by averaging over the values for the photo effect at
various concentrations (31).

PIF <2 or an MPE < 0.1 predicts: “no phototoxicity”. A
PIF>2 and <5 or an MPE >0.1 and <0.15 predicts:
“probable phototoxicity” and PIF>5 or an MPE > 0.15
predicts: “phototoxicity” (Fig. 8).

Erythrocyte hemolysis test. Cellular membranes are
vulnerable to photochemically generated ROS and radicals.
UVA-induced damages of erythrocyte and resultant hemo-
lysis (photohemolysis)is capitalized to assess phototoxic
potential of test articles (32). Sheep red blood cells (SRBC)
are incubated with chemicals and irradiated with UVA at
20 J/em®. Following irradiation, SRBCs were incubated in
the dark for 2 hr at room temperature and then for a further
1 hr at 37°C, after which hemolysis were measured with
Drabkin’s reagent and the measurement of UV absorbance
at 540 nm. Extent of phototoxicity was assessed by the
release of hemoglobin from SRBC, i.e., photohemolytic
activityas following equation (33).

Photohemolytic activity (%) = 100

ADE - AD
C
ADE: optical density of exposed drug solution with
erythrocytes
AD: optical density of exposed drug solution without
erythrocytes
C: optical density of 100% hemolytic control solution
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Phototoxicants like ciprofloxacin, norfloxacin or enoxa-
cin significantly increase photohemolytic activity beyond
20% at 100 pg/mL. The sensitivity, specificity, and accu-
racy of this test were 67%, 73%, and 73%, respectively for
24 chemicals (8 fragrances, 5 UV absorbers, 4 drugs, 4 anti-
microbials and 3 dyes) as compared with in vivo guinea pig
test (34). Low sensitivity may be problematic and its perfor-
mance is much inferior to that of 3T3 NRU test, which may
explain the decreased use of this test recently.

In vitro human 3D epidermis model. To overcome the
limitations of in vitro cell-based methods, 3D reconstructed
epidermis model is being investigated for the application to
phototoxicity tests (35,36). Basically the test principle is
similar to 3T3 NRU test, namely the assessment of the dif-
ference of tissue viability between in the presence and
absence of UV/VIS irradiation. Similar prediction model
employing PIF and MPE may be utilized (37). In 3D epi-
dermis model, however, water-insoluble materials can be
tested and a certain extent of metabolic capacity is pre-
served in the primary keratinocytes in the epidermal layer
that may be applied to the toxicants requiring metabolic
activation (38). Moreover, measurement of cytokine pro-
duction like IL-1B (Interleukin-1B) (39), comet assay (40)
and histological examination are possible that can be con-
sidered into the further evaluation of photoallergenicity and
photocarcinogenecity.

In vivo methods employing guinea pig, mouse or pig-
mented rats. Laboratory animals such as mice and guinea
pigs are being employed to simulate real-life scenario of
human phototoxicity. Animals are exposed to chemicals
topically or systemically and irradiated with appropriate
dose of UVA (generally 10 J/cm® for the guinea pig test,
20 J/em® for mouse test (41)). Scoring of erythema and
edema from 0 to 4 is summed up and maximum score
during 72 hrs of observation is averaged per animal to gen-
erate irritation index. Phototoxicity index is being obtained
by the equation “Irritation index of UVA-irradiated - Irrita-
tion index of non-irradiated site” (42). Phototoxicity index
over 0.6 indicates the potential of phototoxicity. Alterna-
tively, ear thickness may be measured to estimate edema in
mouse tests. These in vivo tests well reflect the pathophysi-
ological process of phototoxicity in human but sacrifices of
animals, expenses and time required to conduct the test
poses many problems especially in the era of wide-spread
awareness of animal welfare and ethics. Non-animal based
phototoxicity tests are gaining popularity these days to
overcome these problems (43).

In chemico methods for phototoxicity evaluation.
Cell-free test-tube methods, namely in chemico have been
explored to assess phototoxicity. Information on light absor-
bance and photostability of test article has been analyzed to

predict phototoxicity (44). Employing the generation of
reactive oxygen species during photoexcitation and subse-
quent photoreaction, phototoxic potential of a chemical can
be evaluated in chemico (12). Singlet oxygen is detected by
p-nitrosodimethylaniline (RNO) bleaching while Nitro
Blue-Tetrazolium Test (NBT-formazan reaction) is employed
to determine peroxide generation as depicted below (24),

Singlet oxygen + imidazole

— [peroxide intermediate] — oxidized imidazole
[peroxide intermediate] + RNO

— RNO bleaching + products

ROS generation assay exhibited the sensitivity and speci-
ficity of 90% and 76.9% for cosmetics and 100% and 75%
for non-cosmetic chemicals. DNA strand breaking activity
is another way to evaluate UV induced phototoxicity of dif-
ferent kinds of chemicals, or drugs in chemico through
quantifying open or closed circular DNA. This assay also
does not require live cells or tissues, but plasmid. Plasmid is
dissolved in buffer and mixed with test articles. After the
mixture has been irradiated with UV, samples are subjected
to electrophoresis. Quantity of breakage DNA is analyzed
by fluorescent-based technology. UV induced phototoxic
compound results opening DNA strands and it is dependent
on drug concentration and UV irradiation dose (33). These
tests do not require live cells or tissues that can add to the
variability of test results. However, these methods have lim-
itations that include lack of metabolic activation capacity,
inapplicability of water-insoluble materials (oils, solids,
gels, formulated products), and inability to predict photog-
enotoxicity, photoallergy(photosensitization) or photocar-
cinogenicity. This test is limited to hazard identification, not
for an assessment of phototoxic potency.

CONCLUSION

Sunlight-associated health problems such as skin can-
cers, photoaging and hyper-pigmentation are in the trend of
increasing frequency and severity. As the awareness of the
safety increases, combined effects of sunlight and chemi-
cals as well as its intrinsic toxicity draw attention from gen-
eral public, which supports the initiative to study the
mechanism of phototoxicity and the novel method to evalu-
ate it. Current in vitro test methods still leave many points
to be improved, especially, inability to provide the informa-
tion on phototoxic potential and lack of metabolic capacity.
In this regards, further attention and efforts from toxicolo-
gist and photochemists is necessary which will provide a
better solution in near future.
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