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Abstract

Routine protocols of phototoxicity tests are based on cultured mouse fibroblasts, mainly because these cells are robust and easy to
culture in vitro. However, in a real-life situation, phototoxic reactions take place primarily in the epidermis, comprised of keratinocytes
— cells which differ substantially from fibroblasts with regard to structure and function. Therefore, keratinocyte cultures seem more
appropriate for the phototoxicity testing of xenobiotics, such as cosmetic ingredients or drugs. Aim: To design and implement a test
protocol for in vitro assessment of phototoxic properties of xenobiotics in normal human keratinocytes. Material and methods: As
a starting point, we applied the EU-approved protocol for testing phototoxicity in mouse fibroblast cultures (3T3 Neutral Red Uptake
Phototoxicity Assay, DB-ALM No. 78). The protocol was modified and adjusted in a series of experiments to the specific demands of
cultured normal human keratinocytes. After obtaining a stable growth of keratinocytes in microcultures, the cells were exposed for
1 hour to model agents with phototoxic properties known from clinical observations: chlorpromazine, 8-methoxypsoralen, chloroquine,
promethazine, etofenamate, ketoprofen, doxycycline, lymecycline, and isotretinoin in a series of concentrations of 0, 1, 3, 11, 33, and
100 pg/ml. Subsequently, the cultures were exposed to the cumulative dose of 5 J/cm? of artificial sunlight using the EU-recommended
solar simulator. The survival of keratinocytes was assessed by their uptake of neutral red (NR) dye. Results: Using the proposed test
protocol, we were able to achieve stable growth of normal adult human keratinocytes in vitro. In the absence of phototoxic agents,
no effects of light on cell viability were noticeable up to the dose of 10 J/cm?. The proposed system was capable of demonstrating
phototoxicity of model phototoxic xenobiotics selected for the tests, which was in line with the clinical experience regarding phototoxic
effects of these agents in humans. Conclusions: We have developed an in vitro protocol for assessment of the phototoxic potential of
xenobiotics in normal human keratinocytes. Its functionality and reliability has been confirmed by tests results with known phototoxic
agents. Although more difficult to culture than mouse fibroblasts, and therefore neglected in routine phototoxicity testing, human
keratinocytes seem more appropriate for predicting in vitro phototoxic effects of xenobiotics in human skin, as phototoxic processes
predominantly involve the epidermis which consists of keratinocytes.
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Streszczenie

Protokoty stosowanych rutynowo testéw fototoksycznosci wykorzystuja hodowle mysich fibroblastéw poniewaz komérki te s3 mato
wymagajace i tatwo daja sie hodowac in vitro. Jednak w rzeczywistos$ci reakcje fototoksyczne w gtdwnej mierze obejmuja naskérek, ktory
zbudowany jest z keratynocytéw — komérek znacznie réznigcych sie od fibroblastéw pod wzgledem struktury i funkgcji. Dlatego hodowle
keratynocytéw wydaja sie bardziej adekwatne dla testowania fototoksycznosci ksenobiotykéw takich, jak sktadniki kosmetykow czy leki.
Celem przedstawionych badan byto opracowanie i wdrozenie protokotu testu oceniajgcego potencjat fototoksyczny ksenobiotykdw
w hodowlach normalnych ludzkich keratynocytéw. Materiat i metody: Za punkt wyjscia dla naszych poszukiwan postuzyt nam
zaakceptowany przez EU protokét badania fototoksycznosci na fibroblastach mysich (3T3 Neutral Red Uptake Phototoxicity Assay,
DB-ALM No. 78). Na podstawie szeregu eksperymentéw protokét ten zostat zmodyfikowany i dostosowany do szczegélnych wymagan
hodowli normalnych ludzkich keratynocytéw. Po uzyskaniu stabilnego wzrostu keratynocytéw w hodowlach, zostaty one przez
1 godzine poddane dziataniu modelowych substancji o dziataniu fototoksycznym znanych z obserwacji klinicznych: chlorpromazyny,
8-metoksypsoralenu, chlorochiny, prometazyny, etofenamatu, ketoprofenu, doksycykliny, limecykliny oraz izotretinoiny w serii stezen
0,1, 3,11,33i 100 pg/ml. Nastepnie mikrohodowle zostaty naswietlone sztucznym Swiattem stonecznym z rekomendowanego przez
EU symulatora stonecznego w catkowitej dawce 5 J/cm? Zywotno$¢é keratynocytéw byta oceniana na podstawie wychwytywania przez
komorki barwnika czerwieni neutralnej (NR). Wyniki: Stosujac wypracowany protokét badania byliSmy w stanie uzyska¢ stabilny wzrost
normalnych ludzkich keratynocytéw in vitro. Przy nieobecnosci czynnikéw fototoksycznych, $wiatto w dawce do 10 J/cm? nie wptywato
zauwazalnie na zywotno$¢ keratynocytéw. Zaproponowany model wyraznie ujawniat fototoksyczno$¢ modelowych czynnikow
fototoksycznych wybranych do niniejszych badan, zgodnie z obserwacjami klinicznymi u ludzi. Wnioski: Opracowalismy protokét
badania in vitro potencjatu fototoksycznego ksenobiotykéw w normalnych ludzkich keratynocytach. Funkcjonalno$¢ i wiarygodnosé
testu zostata potwierdzona w eksperymentach z wykorzystaniem ksenobiotykéw o znanym dziataniu fototoksycznym. Mimo, ze
w hodowli bardziej wymagajace od mysich fibroblastéw i w zwigzku z tym pomijane w rutynowych badaniach fototoksycznosci, ludzkie
keratynocyty wydaja sie bardziej adekwatne w ocenie in vitro potencjalnego dziatania fototoksycznego ksenobiotykéw na ludzkga skére,
poniewaz reakcje fototoksyczne w pierwszym rzedzie obejmujg naskérek, ktory sktada sie z keratynocytéw.

Stowa kluczowe: badanie fototoksycznosci, ksenobiotyki, testy in vitro, hodowle keratynocytéw, keratynocyty ludzkie
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The terms “phototoxic reaction” and “phototoxicity”
refer to inflammatory reactions of the skin that result
from direct cellular damage caused by the interaction
of photoactive xenobiotics (photosensitizers) and light.
The activation spectrum of such chemicals expands
from visible light through UVA to UVB [1]; however,
the causative wavelength is within the UVA range in
most cases [2]. Resulting skin inflammation is reac-
tion to unspecific damage caused either by free radi-
cals (nonphotodynamic reactions) or reactive oxygen or
nitrogen species (photodynamic reactions) [3]. The most
common clinical manifestation of phototoxicity is an
exaggerated sunburn-like response in exposed areas. In
contrast to “classical” sunburn, however, skin inflamma-
tion is provoked by low UV doses that are otherwise well
tolerated [2]. No individual- or photosensitizer-specific
predisposition is a prerequisite for phototoxic reaction,
which means that phototoxicity may occur already on
the first encounter in every exposed person [3]. This
feature of phototoxic reactions indicates the need for
testing all compounds coming into contact with human
skin for their phototoxic potential.

The present EU-recommended protocol for in vitro
phototoxicity testing [4] is based on mouse fibroblast
cultures, mainly because these cells are easy to maintain
in cultures. However, in a real-life situation, in the first
instance, phototoxic reactions involve the most external
layer of the body — the epidermis, which is composed
of keratinocytes (KC). Moreover, a wide array of xeno-
biotics (e.g., cosmetic ingredients, topical drugs) are
applied directly on the skin surface and may be prone to
binding to and accumulating in the epidermis. Therefore,
human keratinocyte cultures seem more appropriate
for predicting phototoxic properties of xenobiotics, as
well as for studies aimed at a better understanding of
the mechanisms of phototoxicity.

Aim

The study was aimed at designing and implementing an
in vitro protocol for assessment of the phototoxic pro-
perties of xenobiotics in normal human keratinocytes.

Material and methods

As the starting point for our research, we adopted the
3T3 Neutral Red Uptake (NRU) Phototoxicity Assay
protocol for testing phototoxicity in mouse fibroblast
cultures [4]. In a series of experiments, the protocol was
modified and adjusted to meet the specific demands of
keratinocyte (KC) cultures. We applied commercially-
-available, normal adult human KC (Clonetics Normal
Human Epidermal Keratinocytes - NHEK, Lonza). After
thawing the cryopreserved cells, they were suspended
in keratinocyte growth medium (KGM-Gold BulletKit,
Lonza) supplemented with gentamicin, amphotericin
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B, epinephrine, hydrocortisone, transferrin, insulin,
recombined human epidermal growth factor (thEGF)
and bovine pituitary extract (BPE). The cells were then
divided into aliquots of 50,000-100,000 KC per one
cell culture flask (bottom area 25 cm?), each flask filled
with 5 ml KGM, and incubated at 37°C, 95% relative
humidity (RH), and 5% CO,. The medium was refre-
shed 3 times a week, each time the cells were controlled
visually in an inverted microscope for their condition
and possible contaminations. When the flask bottom
was covered by KC in 70-80%, the cells were trypsini-
zed and divided into new culture flasks, approximately
100,000 KC each. After expanding the KC to numbers
sufficient for the subsequent tests, the cells were harve-
sted by trypsinization, brought into suspension at the
density of 100,000 KC per 1 ml of KGM, which was
aliquoted at 0.1 ml (10,000 KC) per well in 96-well,
flat-bottom sterile polystyrene culture clusters, and left
overnight in the incubator to settle down. The next day,
the microcultures were checked for viability and density
(fig. 1). Subsequently, the culture medium in the micro-
wells was replaced, each one with 100 pl solutions of
model phototoxic agents at 5 concentrations (0, 1, 3, 11,
33, and 100 pg/1 ml) in Earle's Balanced Salt Solution
(EBSS).
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Figure 1. Human keratinocyte microculture in a 96-well
flat-bottom culture cluster. Full coverage of the bottom
by the cells and numerous mitotic figures are seen thro-
ughout the sight field which indicates that the microcultu-
res are good for the NRU assay. For the purpose of photo-
graphy, the cultures were fixed with ethanol and stained
with trypan blue. In routine use, non-stained live cells are
observed in an inverted microscope, magnification x 100

As this was a proof-of-concept study, we tested in our
model xenobiotics with well-documented phototoxic
properties: chlorpromazine (CPZ), 8-methoxypsoralen
(8-M), chloroquine (CQ), promethazine (PMZ), etofe-
namate (ETO), ketoprofen (KET), doxycycline (DOX),
lymecycline (LYM), and isotretinoin (ISO) along with
dimethyl sulfoxide (DMSO) which was used as the
solvent for isotretinoin. The concentration range for
tested xenobiotics was selected following suggestions by
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Neumann et al. [5]. A second set of identical microcultu-
res was prepared in parallel to serve as the non-irradia-
ted control. After 1 h incubation with tested agents, one
set of microcultures was exposed to artificial sunlight
from the EU-recommended solar simulator (SOL-500
lamp with H1 filter, Honle) which covers the whole
spectrum of sunlight [6]. The cultures were exposed to
the light at intensity 1.5 mW/cm? up to the cumulative
dose of 5 J/em? (duration of irradiation 55.5 min). The
intensity of irradiation and the cumulative dose was
monitored with a dosimeter (Variocontrol, Waldmann)
placed next to the irradiated culture clusters. The second
set of microcultures (controls) were wrapped in alumi-
num foil to prevent irradiation, and kept in the solar
simulator next to their irradiated counterparts in order
to ensure identical ambient conditions for all compared
cultures (fig. 2).

Figure 2. Exposure of human keratinocyte culturesin asolar
simulator. Artificial sunlight is passed through the filter glass
window in the chamber’s ceiling. A dosimeter head placed
next to the irradiated clusters is for the purpose of monito-
ring the momentary energy density and counting cumula-
tive irradiation dose in real time. Identical control cultures
were wrapped in aluminum foil in order to ensure identical
ambient conditions. The chamber temperature was control-
led by a thermostatic fan (not visible in the photograph)

After irradiation, all wells in the culture clusters were
emptied, rinsed with fresh EBSS, filled with fresh
KGM medium, and incubated overnight at 37°C, 95%
RH, and 5% CO,. On the last day of the experiment,
the viability of KC was measured with the use of the
long-established neutral red (NR) uptake assay, which
is based on the phenomenon of active uptake of NR
by live cells; thus, the accumulation of the dye within
keratinocytes was used as a measure of cell viability
[7]. The cultures were incubated with KGM medium
supplemented with 50 pg/ml NR for 3 h at 37°C, 95%
RH, 5% CO,. Subsequently, the culture clusters were
emptied and centrifuged bottom-up at 300 x g for
3 min in order to remove from wells all remaining fluid

with non-absorbed NR. Following this, each culture was
treated with 150 pl colour desorb solution (1% glacial
acetic acid, 50% ethanol, 49% water), and left for 10 min
on a plate shaker to ensure complete extraction of the
NR from within the cells. Immediately after that, the
absorbance was measured in the wells using a micro-
plate reader ELx808 (BioTek) fitted with a 515 nm filter.
To reduce random variability, each microculture was
tested in triplicate and arithmetic means of all 3 results
were taken for further analyses.

Results

The culture clusters after desorption of NR from kera-
tinocytes are shown in figure 3. The strongest phototo-
xicity to normal human keratinocytes was caused by
chlorpromazine (CPZ) with less than 5% KC staying
alive already at the CPZ concentration of 3 pg/ml (fig.
4). CPZ also demonstrated some toxicity on KC in the
absence of light; however, more than 50% KC were still
live at 33 pg/ml (fig. 5). Similar patterns were obse-
rved for promethazine (PMZ). 8-methoxypsoralen (8-M)
caused a clear decrease in the viability of KC of more
than 50% already at 1 pg/ml; however, further incre-
ase of the agent’s concentration did not seem to cause
a further decrease in KC viability. In our system, chlo-
roquine (CQ) demonstrated only slight toxicity to KC;
moreover, this effect seemed independent of irradiation
(compare figs. 4 and 5). From the two non-steroidal anti-
-inflammatory drugs — ketoprofen (KET) and etofena-
mate (ETO), both demonstrated a clear dose-dependent
phototoxicity, yet only ETO turned out to be toxic for
KC also in the absence of light. Of two tested anti-acne
antibiotics, doxycyclin (DOX) turned out to be clearly
more phototoxic than lymecycline (LYM), while mode-
rate light-independent toxicity to KC seemed similar for
both drugs. The proposed human keratinocyte model
could also demonstrate clear phototoxic properties of
isotretinoin (ISO). As ISO is water insoluble, dimethyl
sulfoxide (DMSO) was used as a solvent in this case.
DMSO alone caused neither any detectable toxicity nor
phototoxicity in keratinocyte cultures.

Discussion

To date, the widely-adopted phototoxicity protocols are
based on mouse fibroblast cultures, which seems partly
justified considering the fact that UVA can penetrate
into the dermis; therefore, fibroblasts may also be invo-
lved in phototoxic reactions. On the other hand, kera-
tinocytes (KC) that form the epidermis are exposed to
light (including UVB) in the first instance. The biologi-
cal effects of the UVA are also arguably more pronoun-
ced in the epidermis which is exposed directly to UVA.
Moreover, in the case of external exposure to phototoxic
agents (e.g. from cosmetics, external drugs, or plants),
their biologically-active doses will be highest in the
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Figure 3. Culture clusters immediately after extracting indicator dye neutral red (NR) from live keratinocytes. The more
intense the colour, the more viable cells were present in each well. Values at the right-hand margin indicate concentrations
(in pg/ml) of tested xenobiotics in each row. Each xenobiotic’s concentration was tested in triplicate. CPZ - chlorpromazine,
8-M - 8-methoxypsoralen, CQ - chloroquine, PMZ — promethazine, ETO - etofenamate, KET — ketoprofen, DOX - doxycycline,
LYM - lymecycline, ISO —isotretinoin, DMSO — dimethyl sulfoxide (diluent for isotretinoin)
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Figure 4. Results forirradiated human keratinocytes, expres-
sed as % of values read in microcultures not exposed to the
tested xenobiotics (irradiated control, 0 pg/ml). Values on
the y-axis represent the amount of accumulated NR dye,
considered as a indicator of cell viability. Abbreviations in
caption to fig. 3
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Figure 5. Results for non-irradiated human keratinocytes
(controls). For more explanations see caption to fig. 4

epidermis. Therefore, it seems reasonable to implement
human keratinocyte-based systems for assessing pho-
totoxic properties of xenobiotics. The fibroblast-based
methods implemented nowadays, however robust, raise
questions about whether they really reflect the processes
that occur in humans in real life situations.

In the proposed human keratinocyte-based system we
could clearly reproduce in vitro phototoxic effects of
drugs known as phototoxic from clinical observations.
There were two surprising exceptions. The first was lack
of expected phototoxicity of chloroquine (CQ, compare
figs. 4 and 5), although we observed a moderate light-
-independent toxicity of this agent toward KC. A post-
-hoc literature search (PubMed, query ,,quinidine][title]
AND phototox*”) retrieved only one clinical report of
CQ phototoxicity [8], which might indicate that this
drug may be actually less phototoxic in humans than we
initially assumed. The second, apparently more relevant
discordance from the expected, was the lack of dose-
-response relationship in the case of 8-methoxypsoralen
(8-M): In our case, the KC viability was reduced by
50% already at the lowest concentration tested (1 pg/
ml), and did not decrease any further with increasing
8-M doses up to 100 pg/ml, which was somewhat aga-
inst expectations as historical experiments in humans
showed a clear dose-response [8]. This observation
requires further study, although a possible explanation
could a technical error, e.g. resulting from reaching the
saturation point around the lowest concentration due to
wrongly-selected solvent. We have used ethanol in the
stock solution and EBSS for further dilutions in a series.

In this proof-of-concept study, we used one range of
concentrations for all tested xenobiotics. We believe
that future analyses should focus on concentrations that
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can indeed be found in a real-life situation. Test con-
centration ranges for the xenobiotics of interest should
be thus selected based on estimates of concentrations
in the epidermis that could result from both normal use,
or and thinkable extreme exposure levels (e.g. misuse,
accidental exposures). This approach should be adop-
ted for all kinds of xenobiotics — from topical drugs
and cosmetic ingredients, to internal drugs, industrial
chemicals, and all other environmental xenobiotics with
possible phototoxic properties.

Conclusions

We have presented a working system for the assessment
of photoxicity of xenobiotics in cultured, normal human
keratinocytes. This study is a starting point for the deve-
lopment of a model for predicting the phototoxicity of
xenobiotics within the ranges that correspond with real-
-life exposures.
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