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Fig. 3. Photodynamic impairment of DNA induced by irradiated photosensitizers.
(A) Ketoprofen-induced photocleavage of plasmid pBR322 DNA. Supercoiled DNA
was exposed to UV with or without ketoprofen. EtBr-stained 0.8% agarose gels are
shown. OC, open circular form, and SC, supercoiled form. (B) A 2D plot of DNA-
photocleavage versus IBP data for 32 compounds. x, phototoxic drugs; and O,
weak/non-phototoxic drugs. According to tentative classification criteria, plot data
were categorized into three regions: (1) shaded region, positive in both assays, (2)
gray region, positive in only one assay, and (3) white region, negative in both assays.

lyzed on a 2D plot of generated OC form versus reduced TO
intercalation for various pharmaceutical substances (Fig. 3B). With
tentative classification criteria (10% DNA damage) to discrimi-
nate photogenotoxins from non-photogenotoxic chemicals, plot
data were categorized into three regions. Thus, compounds in the
shaded region were predicted to be photogenotoxic in both assays,
and those predicted to be photogenotoxic by only one assay are
plotted in the gray regions. The chemicals for which the pho-
togenotoxic risk might be negligible are in the subthreshold white
region. Of all tested compounds, only seven chemicals (22% of the
total) were present in the gray regions, that is, they showed a
discrepancy between the data from DNA-photocleavage and IBP
assays. DNA-photocleavage assay could indicate the impairment
of DNA directly, although IBP assay was indicative of decrease in
TO-intercalating capacity, reflecting the oxidative DNA damage.
The different measuring systems might lead to the data discrep-
ancy between themselves. The 2D-plot analysis suggested that the
IBP assay could predict drug-induced DNA damage, reflecting the
photogenotoxic potential, with a prediction accuracy of 78%.
Comparative studies of the IBP and DNA-photocleavage assays
demonstrated possible limitations of the IBP assay. There is
the possibility that the emission of fluorescence from interca-
lated TO is sometimes quenched by tested compounds or their
photodegradants, leading to a limited screening window and mis-
leading results. In the present study, only diclofenac exhibited an
extremely limited screening window, suggesting that the pho-
togenotoxic risk of diclofenac might be unpredictable using the
IBP assay. For the avoidance of misleading information, the level

of intercalated TO in control groups should be compared with
that in vehicle groups, which would enable the detection of com-
pounds unsuitable for the IBP assay. However, the IBP assay
exhibited some advantages compared with the DNA-photocleavage
assay and other photogenotoxic assessment tools such as the CGE
analysis [9] and the DNA-binding assay [10]. First, the use of mul-
tiwell plates enables the IBP assay to be used to evaluate large
numbers of compounds at the same time and to simplify the
methodology in preparation and data processing. Second, there is
a marked reduction in screening run time compared with that in
DNA-photocleavage assay and CGE analysis, because of no elec-
trophoretic process. Last, the DNA-binding assay is not indicative
of photogenotoxic risk without ROS data, although the IBP assay
does not need them for the risk assessment.

These findings, taken together with those from previous study
onROS assay strategies, indicate that the IBP assay can be employed
for detecting the photogenotoxic potential of phototoxic com-
pounds as a 2nd screening tool following the ROS assay, and that
this strategy gives more precise and specific prediction of drug-
induced photogenotoxicity. The combination of these simplified
assay systems would be suitable for evaluating a large number of
pharmaceutical candidates and especially effective in early stages
of drug discovery.

4. Conclusion

The IBP assay was newly developed for predicting the pho-
togenotoxic potential of pharmaceutical substances. The new assay
strategy was found to be more convenient than the prediction
tools that we had proposed previously, including the AGE- or CGE-
based DNA-photocleavage assay and the DNA-binding assay, with
simplified procedures and improved throughput. In this study, we
evaluated the photochemical and phototoxic behaviors of 32 model
compounds using the ROS assay, the DNA-photocleavage assay,
and the IBP assay. Although the results from the IBP assay did not
completely correlate with ROS data, the IBP assay exhibited a 78%
prediction precision for the oxidative impairment of DNA caused by
irradiated drugs. These findings suggest the usefulness of the IBP
assay for identifying photogenotoxic risk and avoiding undesired
side effects in the early stages of pharmaceutical development. The
new assay can be used for screening purposes, and further accu-
mulation of data will allow us to estimate practical classification
criteria to identify photogenotoxic chemicals more precisely.
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ABSTRACT

The present study aimed to modulate the photoreactivity of bufexamac, with a focus on photostability
and phototoxicity, by forming an inclusion complex with sulfobutylether-f-cyclodextrin (SBECD). The
photobiochemical properties of bufexamac were evaluated by reactive oxygen species (ROS) assay and
using in vitro photogenotoxic assessment tools. To assess the inclusion properties of SBECD complex with
bufexamac, a UV absorption spectroscopic study was also carried out. The influence of SBECD on the pho-
toreactivity of bufexamac was analyzed by ROS assay and photostability test. From the photobiochemical
data, superoxide generation from irradiated bufexamac indicated its photoreactivity; however, the pho-
togenotoxic risk of bufexamac was negligible owing to low DNA-binding affinity and DNA-photocleaving
activity. SBECD complex of bufexamac was formed, and the association constant of the complex was
calculated to be 620 M~'. On the basis of the photochemical data on bufexamac co-existing with SBECD,
ROS generation from irradiated bufexamac (200 M) was inhibited by SBECD at concentrations of over
20 wM. The degradation constant of bufexamac in SBECD was decreased ca. 30% compared with that of
bufexamac, suggesting improvement of its photostability. The phototoxic risk of bufexamac might be
attenuated by SBECD complexation, and cyclodextrin inclusion complexes might be a useful approach

for modulating the phototoxicity of drugs.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Photochemical reactions of pharmaceutics, including pho-
todegradation and phototoxicity, are severe problems in terms
of stability and safety in the pharmaceutical industry, and their
possible cascade has been reported [1,2]. Drugs are excited by
UVA (320-400nm) and UVB (290-320nm), and then the drugs
directly/indirectly react with molecules, resulting in photodegra-
dation and phototoxicity [1]. Reactive oxygen species (ROS) have
been reported as one of the major causative intermediate species
for photochemical reactions [3], and the ROS generation from
irradiated chemicals induce the oxidation of various molecules.
Notably, excited compounds react with biomolecules, leading to
phototoxic skin responses, including photoirritation, photoallergy,
and photogenotoxicity [1,4]. Several classes of pharmaceuticals,
such as diuretic agents [5], non-steroidal anti-inflammatory drugs
(NSAIDs) [6], and tricyclic antidepressants [7], exhibit some or all
of the phototoxic reactions. Recently, for evaluating the photore-

* Corresponding author. Tel.: +81 54 264 5633; fax: +81 54 264 5635.
E-mail address: onoue@u-shizuoka-ken.ac.jp (S. Onoue).

0731-7085/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.jpba.2011.02.025

activity of pharmaceutics, a ROS assay was proposed as a new
photochemical assessment tool [1,8] to monitor ROS generation
from irradiated compounds, including both singlet oxygen and
superoxide. There appeared to be a good relationship between ROS
generation and occurrences of phototoxic events for a number of
known phototoxic compounds [8].

In previous studies, inclusion complexes of drugs with cyclodex-
trins (CyDs) were used for modulating the photoreactivity of
pharmaceutics, such as naproxen, amlodipine, flutamide and cur-
cuminoids [9-12]. Notably, phototoxic skin reactions of topically
administered drugs are a critical hazard, and the adverse effects
should be avoided. Thus, CyD complexations might modulate the
phototoxic risk of topically administered compounds. Bufexamac,
the model compound in the present study (Fig. 1), is administered
topically on the skin in clinical use; however, phototoxic skin event
of bufexamac has been reported [13]. The purpose of the present
study was to control the phototoxic potential of bufexamac by
using complexation with sulfobutylether--cyclodextrin (SBECD),
a B-CyD derivative. The photochemical behavior of bufexamac
was assessed by ROS assay. For assessment of photogenotoxic
potential, the interaction of bufexamac with DNA was assessed by
circular dichroism (CD) analysis and DNA-binding assay [14] and
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Fig. 1. Structure of bufexamac.

bufexamac-induced DNA photocleavage was evaluated by agarose
gel electrophoresis. SBECD inclusion complex of bufexamac was
formed and its inclusion properties were estimated using a spec-
troscopic study [15]. Possible changes of the photoreactivity of
bufexamac with SBECD were evaluated by ROS assay, and the pho-
tostability of bufexamac with or without SBECD was monitored by
ultra performance liquid chromatography equipped with electro-
spray ionization mass spectrometry (UPLC/ESI-MS).

2. Materials and methods
2.1. Chemicals

Bufexamac was purchased from Sigma (St. Louis, MO, USA).
SBECD was supplied by Pfizer Inc. Salmon sperm DNA, plasmid
pBR322 DNA, imidazole, p-nitrosodimethylaniline (RNO), nitroblue
tetrazolium (NBT), Tween 20, disodium hydrogenphosphate 12-
water, and sodium dihydrogenphosphate dihydrate were obtained
from Wako Pure Chemical Industries (Osaka, Japan). Ethidium bro-
mide (EtBr) and agarose LO3 were purchased from Nippon Gene
(Toyama, Japan) and Takara Bio (Shiga, Japan), respectively. Ace-
tonitrile was purchased from Kanto Chemical (Tokyo, Japan). A
quartz reaction container for high-throughput ROS assay was con-
structed by Ozawa Science (Aichi, Japan).

2.2. Determination of reactive oxygen species (ROS)

Singlet oxygen was determined following the Kraljic and
EIMoshni procedure [16]. Briefly, samples containing bufexamac
with or without SBECD, RNO (50 uM), and imidazole (50 wM) in
20mM sodium phosphate buffer (NaPB, pH 7.4) were irradiated
with UVA/B (30,0001x) in a Light-Tron Xenon (LTX-01, Nagano
Science, Osaka, Japan), and then UV absorption at 440 nm was mea-
sured using a SpectraMax plus 384 microplate spectrophotometer
(Molecular Devices, Kobe, Japan).

Superoxide anion was also determined according to the Pathak
and Joshi procedure [17]. Samples containing bufexamac (free or
in SBECD inclusion complex) and NBT (50 wM) in 20mM NaPB (pH
7.4) were irradiated with UVA/B (30,0001x) for the indicated peri-
ods, and the reduction of NBT was measured by the increase of
their absorbance at 560 nm, using SpectraMax plus 384 microplate
spectrophotometer.

2.3. Circular dichroism (CD) analysis of DNA

Salmon sperm DNA with or without bufexamac was dis-
solved in 20mM NaPB (pH 7.4), and CD spectra (average of ten
scans) were collected from samples (2.4mL) at 0.4nm intervals
between wavelengths of 200 and 350 nm using a Jasco model ]-600
spectropolarimeter. Measurementwas carried out at room temper-
ature, and a baseline spectrum was subtracted from the collected
data.

2.4. DNA-binding assay

The affinity of drugs for salmon sperm DNA was determined
by the competitive binding study. For competitive binding exper-
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iments, 10 L of DNA solution at a concentration of 100 p.g/mL,
dissolved in 20mM NaPB (pH 7.4), was mixed with 20 L of the
tested drug at various final concentrations ranging from 0 to 2 uM
in a 96-well microplate (AGC TECHNO GLASS, Chiba, Japan), then
70 pL of EtBr (7.0 uM) was added to the assay mixture. The mixture
was incubated for 15 min at 37 °C. After incubation, the fluores-
cence (excitation, 550 nm, and emission, 590 nm) of each mixture
(100 L) in 96-well microplates was measured with a Multilabel
Counter (PerkinElmer, Norwalk, CT, USA).

2.5. DNA-photocleavage assay

The sample containing pBR322 DNA (10 jug/mL) and bufexamac
(200 M) in Tris-acetic acid-EDTA (TAE) buffer (40 mM Tris, 20 mM
aceticacid, and 1 mM EDTA) was irradiated with UVA/B (375 kJ/m?)
in an Atlas Suntest CPS+ solar simulator (Atlas Material Technology
LLC, Chicago, USA) equipped with a xenon arc lamp (1500 W). After
the irradiation test, irradiated plasmid pBR322 DNA was separated
by electrophoresis (0.8% agarose gel in TAE buffer), visualized with
EtBr staining, and analyzed with image analyzing software Image

]
2.6. Determination of stoichiometry and the association constant

Bufexamac (0.5 mM)was dissolved in 20 mM NaPB (pH 7.4) con-
taining 5% acetonitrile with SBECD (5, 10, 15, 20, 25, and 30 mM).
Solutions containing the same concentrations of SBECD without
bufexamac were also prepared. UV-Vis absorption spectra were
recorded with a HITACHI U-2010 spectrophotometer (HITACHI,
Tokyo, Japan) interfaced to a PC for data processing (Software:
SpectraManager). Spectrofluorimeter quartz cell with 10 mm path-
length was employed. The spectra of bufexamac were obtained by
the subtraction of the spectra of SBECD from those of complex for
removal of the contribution of SBECD. The obtained UV absorption
of bufexamac at 278 nm (A;7g) was substituted into the following
Scott’s equation, and described on Scott's plot [15]:

1

K¢

where [SBECD] and [Buf] indicate the molar concentrations of
SBECD and bufexamac (mM), respectively. L is the light path length,
¢ equals to the molar extinction coefficient, and K represents
the association constant. Then, the values of K and stoichiometry
were obtained from Y-intercept/slope and linearity of Scott's plot,
respectively.

[SBECD] - [Buf] . —— = L[SBECD] +
A7 €

2.7. Photostability testing

For photostability testing, the solutions of bufexamac (1 mg/mL)
and its SBECD inclusion complex (equimolar ratio between
bufexamac and SBECD) were dissolved in water containing 50%
acetonitrile in a 1.5 mL clear glass vial (12 mm x 32 mm, Shimadzu,
Kyoto, Japan). The samples were stored in the Atlas Suntest CPS+
solar simulator, and photostability testing was carried out at 25°C
with an irradiance of 750 W/m? for the indicated times (0, 15, 30,
60, and 120 min). The irradiated and non-irradiated samples were
subjected to UPLC analyses to determine the amounts of remain-
ing bufexamac. All analyses were performed on a Waters Aquity
UPLC™ system (Waters, Milford, MA), which includes a binary sol-
vent manager, a sample manager, a column compartment, and a
Micromass SQ detector connected with a Waters Masslynx v4.1. A
Waters Acquity UPLC™ BEH C;g (particle size: 1.7 wm, column size:
@2.1 mm x 50 mm; Waters) was used, and the column temperature
was maintained at 40°C. The standards and samples were sepa-
rated using a gradient mobile phase consisting of Milli-Q containing
0.1% formic acid (A) and methanol (B). The gradient condition of
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Fig. 2. Generation of ROS from photoirradiated bufexamac and quinine. Each chem-
ical was dissolved in 20 mM NaPB (pH 7.4) at the indicated concentrations, and then
exposed to simulated sunlight (30,0001x). Open bar, singlet oxygen; and filled bar,
superoxide. Data represent mean +S.D. of three experiments.

the mobile phase was 0-0.5min, 50% A; 0.5-3.5min, 50-5% A;
3.5-5 min, 5%, and the flow rate was set at 0.25 mL/min.

2.8. Data analysis

For statistical comparisons, a one-way analysis of variance
(ANOVA) with the pairwise comparison by Fisher's least signifi-
cant difference procedure was used. A P value of less than 0.05 was
considered significant for all analyses.

3. Results
3.1. Photochemical reactions of bufexamac

The ROS assay enabled to identification of the type of photo-
chemical reaction by monitoring the generation of singlet oxygen
through type 11 photochemical reaction and superoxide through
type 1 photochemical reaction. In the present study, the genera-
tion of ROS from bufexamac was detected by ROS assay to clarify
the type of photochemical reaction for bufexamac (Fig. 2). Expo-
sure of quinine, a known phototoxic drug, to simulated sunlight
resulted in the generation of both singlet oxygen and super-
oxide; however, bufexamac could generate only superoxide in
a concentration-dependent manner. The results suggested that
bufexamac would mainly induce type I photochemical reaction.
The ROS-generating behavior of bufexamac (10,, A 449 x 103: not
detected, 03—, Asgg x 103: 60) was similar to that of carbamazepine
(102, Agq9 x 103: not detected, 0;~, Asgg x 103: 96), a phototoxic
drug [18], at a concentration of 200 wM [19]. Thus, bufexamac was
found to be photoreactive and/or phototoxic, and the result was in
agreement with a previous clinical report [13].

3.2. Photogenotoxic potential of bufexamac

For further photochemical characterization, the interaction of
bufexamac with DNA was evaluated by DNA-binding assay [14],
and nalidixic acid, which has the affinity to DNA, was used as
a positive control (Fig. 3A). The emission of intense fluorescence
from ethidium (4.9 wM) was observed in the presence of DNA
(10 wg/mL). The addition of nalidixic acid induced a decrease of
fluorescence in a concentration-dependent manner; however, no
significant changes of fluorescence emission were observed for
bufexamac, suggesting low affinity of bufexamac to DNA. To clarify
the interaction of bufexamac and DNA, CD spectral analysis on DNA
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Fig. 3. In vitro photogenotoxic assessments. (A) Typical ethidium displacement
curves for chemicals. The binding of ethidium (4.9 pM) to DNA was inhibited by
increasing concentrations of nalidixic acid, but not by bufexamac. (O) Bufexamac
and (v) nalidixic acid. Data represent mean =+ S.D. of four experiments. (B) CD spec-
tra representative of DNA (100 ug/mL) in the presence of compounds (100 uM).
Solid line, DNA alone; dashed line, DNA in the presence of bufexamac; and dotted
line, DNA in the presence of nalidixic acid. (C) Photodynamic impairment of plasmid
pBR322 DNA induced by irradiated compounds. Supercoiled DNA was exposed to
UV with/without compounds. EtBr-stained 0.8% agarose gels are shown. 0.C,, open
circular form; and S.C., supercoiled form.

(100 p.g/mL) with or without compounds (100 M) was also carried
out (Fig. 3B). A solution of DNA exhibits a positive band at 275nm
due to base stacking and a negative band at 248 nm due to the helic-
ity, which is characteristic of DNA in the right-handed B form [20].
Adding nalidixic acid to DNA solution, the intensity of the nega-
tive band at 248 nm decreased, suggesting the structural changes of
DNA. In contrast, no spectral transitions were observed for bufexa-
mac, suggesting weak interaction of bufexamac with DNA.

To validate the photogenotoxic risk of bufexamac, the conver-
sion of plasmid pBR322 DNA from supercoiled (SC) form to open
circular (OC) form was also analyzed by AGE (Fig. 3C). DNA damage
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was clearly induced by nalidixic acid after exposure to simulated
sunlight, and the conversion of pBR322 DNA from the SC to the
OC form was estimated to be ca. 64% on the basis of the band
intensity. In contrast, bufexamac-induced DNA photocleavage was
not observed, suggesting that bufexamac is less photogenotoxic.
Overall, bufexamac exhibited neither interaction with DNA nor
DNA-photocleaving activity, and bufexamac may not cause pho-
togenotoxicity.

3.3. Stoichiometric analysis of bufexamac-SBECD inclusion
complex

The photobiochemical data of bufexamac indicated pho-
todegradative and phototoxic potentials, except photogenotoxic
risk, and SBECD complexation was applied for modulating the
photoreactivity of bufexamac in this study. Generally, there is
an optimal molar ratio between CyD and chemicals for form-
ing an inclusion complex; therefore, a spectroscopic method
using the changes of UV-absorption spectra and Scott’s plot was
used for evaluating the stoichiometry of the inclusion complex
in the present investigation [15]. The UV spectral patterns of
SBECD-bufexamac complex were recorded in 20mM NaPB (pH
7.4) (Fig. 4A). On the basis of UV spectral data, hyperchromicity
and slight bathochromicity were observed ranging from 250 nm
to 300nm, and strong absorption was detected at approximately
278 nm; these effects suggested that the UV absorbability of
bufexamac was changed by SBECD. To obtain the stoichiometry
and association constant of the SBECD inclusion complex of bufexa-
mac, Scott’s plot was described using the UV absorption data and
the concentrations of bufexamac and SBECD (Fig. 4B). The plot of
SBECD concentration versus [SBECD]-[Buf]/Absorbance exhibited
linearity, and its correlation coefficient was estimated to be 1.00.
Generally, the inclusion ratio between CyD and compound is stoi-
chiometrically determined to be 1:1 when Scott’s plot is indicative
of thelinearity [21].In addition to the stoichiometry of the inclusion
complex, the value of K of the inclusion complex was also calculated
to be 620M~! from the present analysis. On the basis of the data
obtained, SBECD forms a 1:1 inclusion complex with bufexamac,
and the complex should be relatively stable.

3.4. Inhibitory effect of SBECD on ROS generation from bufexamac

Although SBECD complex with bufexamac could be formed, the
influence of SBECD on the photochemical behavior of bufexamac
is still unclear. Therefore, ROS generation from irradiated bufexa-
mac (200 uM) co-existing with SBECD (ranging from 0 to 800 M)
was examined by ROS assay to clarify the possible transition of
photoreactivity for bufexamac (Fig. 5). SBECD complexation led to
suppression of superoxide generation from irradiated bufexamac
in an SBECD-concentration-dependent manner. In detail, SBECD at
concentrations of 20 and 100 uM exhibited significant reduction
of superoxide generation from irradiated bufexamac by ca. 75 and
92%, respectively, and the generation of superoxide was negligible
in the presence of SBECD at concentration of over 200 WM. On the
basis of the data obtained, SBECD modulated the photoreactivity of
bufexamac by forming an inclusion complex, and SBECD may atten-
uate bufexamac-induced phototoxic skin reactions by forming an
inclusion complex when the complex is topically administered.

3.5. Photostability testing on bufexamac and its SBECD-inclusion
complex

According to the ROS data, photoreactive and/or phototoxic
potential of bufexamac is modulated by SBECD; this finding
prompted us to clarify the photostability of bufexamac in SBECD.
Solution-state photostability test using a solar simulator was
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Fig. 6. Photodegradation profiles of bufexamac. Each sample was exposed to UVA/B
(750 W/[m?) for the indicated periods, and the remaining bufexamac was eval-
uated by UPLC/ESI-MS. Bufexamac: (O) non-irradiated, and (v) irradiated, and
bufexamac-SBECD inclusion complex: (0) non-irradiated, and (&) irradiated. Data
represent mean =+ S.D. of three experiments.

carried out on bufexamac with or without SBECD (Fig. 6). Degrada-
tion kinetics was calculated according to the following equation:
InA=InAq —kt, where A is the remaining peak area of bufexa-
mac, tis the time (min), and k is the slope (degradation constant).
Both bufexamac solutions were stable without UV irradiation since
the results of the remaining bufexamac were estimated to be
almost 100% of initial bufexamac until 120 min in both bufexamac
solutions. In contrast, solution-state bufexamac was rapidly pho-
todegraded by exposure to UV, and the remaining bufexamac at
120 min was estimated to be ca. 18.3%. The solution-state bufexa-
mac in SBECD was also photodegraded after UV irradiation, and the
remaining bufexamac at 120 min was calculated to be ca. 28.2%. The
degradation constants of bufexamac with and without SBECD were
estimated to be 1.05 x 1072 min~! and 1.43 x 10~2 min~!, respec-
tively. There was ca. 30% reduction of the degradation constant of
bufexamac by forming SBECD complexation; therefore, the photo-
stability of bufexamac should be slightly improved by SBECD.

4. Discussion

In the present study, we first demonstrated that SBECD
complexation was effective for controlling the phototoxicity of
bufexamac. On the basis of the photobiochemical data, bufexamac
generated superoxide; however, the photogenotoxic potential of
bufexamac was not identified. SBECD inclusion complex of bufexa-
mac was prepared, and the inclusion ratio was estimated to be
1:1 by a spectroscopic method. From the photochemical data on
the inclusion complex, the photoreactivity of bufexamac might be
modulated by equimolar SBECD.

Generally, CyDs are often applied for improving solubility,
dissolution rate, bioavailability, and chemical stability, including
hydrolysis oxidation and photodegradation of drugs [22,23]. In par-
ticular, B-CyD is considered a useful solubilizing agent because of
its inclusion abilities; however, natural 3-CyD has limited aqueous
solubility due to relatively strong binding of the CyD molecules. To
overcome this drawback, SBECD, an anionic 3-CyD derivative, was
synthesized for better solubilization than natural 3-CyD, and it has
been applied as a solubilizing agent for some pharmaceutics, such
as ziprasidone, aripiprazole, and voriconazole [24].

On the basis of the ROS data, bufexamac was found to have
photoreactivity, possibly leading to photodegradation and photo-
toxicity; however, the potent photogenotoxic risk of bufexamac

was not observed in all the in vitro photogenotoxic assessment
tools. Although the photogenotoxic risk of bufexamac was negligi-
ble, bufexamac should be indicative of photoreactivity mainly via
type 1 photochemical reaction since bufexamac is topically used
in clinical settings, and the phototoxic risk of bufexamac is recog-
nized as one of its severe side effects. To attenuate the phototoxic
potential of bufexamac, SBECD-based formulation was designed
in the present investigation. On the basis of the physicochemical
data, SBECD should form equimolar and stable inclusion complex
with bufexamac. Photochemical properties of the inclusion com-
plex were examined to clarify whether SBECD truly attenuated the
phototoxicity of bufexamac. On the basis of the ROS data, gener-
ation of superoxide from bufexamac was completely inhibited by
more than an equimolar concentration of SBECD. The photostability
of bufexamac was also improved slightly by forming inclusicn com-
plex with SBECD owing to the ca. 30% reduction of the degradation
constant of bufexamac. The results suggest that SBECD attenuated
photoactivation of bufexamac and/or blocked interaction of excited
bufexamac with oxygen owing to complexation with bufexamac.
Overall, bufexamac in SBECD was found to be less photoreactive
than bufexamac itself, and SBECD-based complexation might be
effective for modulating the phototoxicity of bufexamac in terms
of photosafety.

Topical application of chemicals on the skin provokes the con-
cern about the occurrence of the phototoxic risk of the compounds
because of direct exposure of the skin to both compounds and sun-
light. Previously, Moore et al. reported that topically applied agents,
such as ketoprofen, coumarin, and hydrocortisone, induced direct
cutaneous phototoxicity [25]. According to the European Medicines
Agency (EMEA) and the Food and Drug Administration (FDA) guide-
lines [26-28], topical application of compounds has been explicitly
described as one of the conditions for testing chemicals; therefore,
attenuation of the phototoxic risk of topically applied chemicals is
required in terms of photosafety. Sunscreens are usually used to
avoid drug-induced photodermatoses [25], and the present inves-
tigation suggested that CyD complexation may also be an effective
approach for controlling the phototoxicity of topically adminis-
tered drugs.

In conclusion, SBECD could inhibit ROS generation from irra-
diated bufexamac and slightly improve the photostability of
bufexamac; therefore, the phototoxic risk of bufexamac could be
reduced by SBECD complexation, and the SBECD-based formula-
tion strategy might be effective for modulating the phototoxicity
of bufexamac.
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Abstract Stem/progenitor cells of the human corneal
epithelium are present in the human corneal limbus, and
several corneal epithelial stem/progenitor cell markers have
been reported. Recently, the neurotrophin family receptors
were reported to be useful markers of corneal epithelial stem/
progenitor cells. Therefore, we examined an enzymatic
separation method for obtaining corneal epithelial stem/
progenitor cells and measuring the change in the expression
of low-affinity neurotrophin receptor p75 (p75™'%), a
receptor belonging to the neurotrophin family. As a result,
it was found that our separation method preserved cell
viability. Furthermore, p75™™™ was mainly observed in
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epithelial basal cells as were the corneal epithelial stem/
progenitor markers p63 and integrin B1. p75™'" was also
observed in the cultured cells, but its frequency decreased
with passage. In conclusion, we propose that our culture
method will enable the culture of corneal stem cells and that
it is a useful tool for elucidating the molecular basis of the
niche that is necessary for the maintenance of epithelial stem
cells in the corneal limbus. Furthermore, we conclude that
p75N™ is a useful cell marker for evaluating the character-
istics of stem/progenitor cells in culture.

Keywords Human corneal epithelium - Comneal limbus -
Low-affinity neurotrophin receptor p75 (p75NTR) - p63 -
Integrin (31

Introduction

The cornea is comprised of five layers, the corneal
epithelium, Bowman’s membrane, the comeal stroma,
Descemet’s membrane, and the corneal endothelium.
Several types of non-differentiated cells are present in the
corneal epithelium: stem cells with self-replication compe-
tence; progenitor cells produced by the asymmetric division
of stem cells; and transient amplifying (TA) cells, which are
produced by the differentiation of progenitor cells (Qi et al.
2008). As the corneal epithelium is damaged by exposure
to ultraviolet rays and oxygen (Higa et al. 2005), it
undergoes constant turnover; i.e., TA cells from the basal
layer of the corneal epithelium replace the corneal epithelial
cells that detach from the surface of the corneal epithelium
at a high rate under steady-state conditions. Homeostasis of
the corneal epithelium is governed by a small subpopula-
tion of corneal epithelial stem/progenitor cells located in the
basal epithelium layer of the limbus. (Qi et al. 2007).
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Comeal epithelial stem/progenitor cells, which are very
slow-cycling cells (Cotsarelis et al. 1989), move from the
limbus to the central region of the cornea, where TA cells
are found (Buck 1985).

The low-affinity neurotrophin receptor p75 (p7 ) is
one of various markers of self-renewing tissue stem cells
(Kunimura et al. 1998; Hahn et al. 2005; Yamamoto et al.
2007), and p75NR-positive cells isolated from human
esophageal epithelial cells, such as slow-cycling cells and
relatively immature keratinocytes, showed several pheno-
typic characteristics of tissue stem cells (Okumura et al.
2003).

The purpose of this study is to assess the utility of a cell
culture method involving enzyme processing in serum-free
medium for evaluating the expression of p75™'® in the
corneal limbal epithelium and subcultured cells as a marker
of immature/mature human corneal epithelial cells.

SNTR

Materials and Methods

Human corneal tissue. Human corneal preparations and
primary corneal epithelial cells were harvested from three
donor eyes independently (Asian; male; age range, 43—
56 yr). The donor corneas were obtained from the
Northwest Lion Eye Bank (Seattle, WA) in accordance
with the provisions of the Declaration of Helsinki for
research involving human tissue.

Immunohistochemistry of corneal tissue. A part of the
anterior ocular segment including the corneal tissue was
fixed in SUPER FIX rapid fixative solution (Kurabo
Industries, Osaka, Japan), which is used for morphological
research in ophthalmology (for the lens, retina, and so on)
(Yamamoto et al. 2008). The cells of the outer layer of the
corneal epithelium sometimes become detached when
formalin fixative solution is used, which is most commonly
used for tissue fixation, but in this study the structure of the
eyeball including not only the corneal epithelium but also
the corneal stroma, corneal endothelium, ciliary body, and
iris was preserved using SUPER FIX rapid fixative
solution. Briefly, the corneal tissue was fixed for approx-
imately 60 min, and 3-um paraffin sections were prepared
from the fixed corneal tissue in the usual manner and
incubated with anti-human p63 antibody (ready to use,
Nichirei corp., Tokyo, Japan), anti-human integrin B1
antibody (1:100, Millipore Corp., Billerica, MA), and
anti-human p75"™® antibody (1:100, Alomone Labs Ltd.,
Israel) for 1 h at 37°C. The secondary antibodies and
working dilutions were as follows: Alexa Fluor® 488-
labeled anti-mouse goat IgG antibody (for integrin 1 and
p63, 1:1,000, Invitrogen Corp., Carlsbad, CA) and Alexa
Fluor® 594-labeled anti-rabbit goat IgG antibody (for
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p75NTR, 1:1,000, Invitrogen), which were incubated with

the sections for 1 h at 37°C. DAPI (VECTASHIELD H-
1200; Vector Laboratories, Burlingame, CA) was used for
nuclear staining. A fluorescence microscope (Power BX-
51, Olympus, Tokyo, Japan) was used for observation. In
addition, the comeal tissue was observed in detail by
hematoxylin and eosin (H. E.) staining,

Cell culture. Normal human corneal epithelial (HCE) cells
were separated from the corneal limbus of the peripheral
corneal region after Descemet’s membrane and the corneal
endothelium had been removed. The corneal limbus was
then cut into eight equal pieces and carefully separated
from the underlying stroma using 0.25% collagenase and
Accumax (cell aggregate dissociation medium, Innovative
Cell Technologies, Inc. San Diego, CA) at 37°C for 30 min
(Grant et al. 2005), before being washed twice with
phosphate-buffered saline solution (PBS; Sigma, St. Louis,
MO) and diluted ten times in the cell-lotion solution (JUJI
FIELD Inc., Tokyo, Japan) using a low-adhesion cell
centrifuge tube (Stemful, SUMITOMO BAKELITE Co.,
Ltd., Tokyo, Japan). In addition, we compared our method
with the standard method; i.e., using dispase at 37°C for
60 min (Koizumi et al. 2002; Touhami et al. 2002;
Nakamura et al. 2006). The HCE cells were cultured in
serum-free PCT corneal epithelium medium (CnT-20
medium, CELLnTEC Advanced Cell Systems, Bemn,
Switzerland) supplemented with 50 units/ml penicillin and
50 ug/ml streptomycin (Sigma, St. Louis, MO) at 37°C in a
5% CO,-humidified incubator (Chirila et al. 2008).

To compare the culture conditions, the HCE cells were
cultured in a 35-mm culture dish (BD Biosciences, San
Jose, CA) (1x10% cells/dish) coated with collagen
(TOYOBO Co., Ltd., Osaka, Japan) or FNC Coating
Mix® (FNC; cell attachment improvement media, Athena
Environmental Sciences, Inc., Baltimore MD) (Engler et al.
2009) in CnT-20 medium, and the cells were then
subcultured with TrypLE™ Select (Cell dissociation
reagents, Invitrogen) (Li et al. 2008) or trypsin (Kurabo
industries LTD).

Frozen cultured human corneal epithelial cells (HCEC-2
cells), at passage 2, were purchased from Kurabo industries
LTD (Osaka, Japan). The cells were then thawed and
cultured in a 35 mm culture dish coated with FNC in
EpiLife™ KG2 medium (Kurabo); M-stars C medium,
which includes fetal bovine serum (ArBlast Co., Ltd.,
Hyogo, Japan); or CnT-20 medium, supplemented with
antibiotics at 37°C in a 5% CO,-humidified incubator. Each
medium was changed every 2 d, and the cells were
subcultured with TrypLE™ Select.

Immunofluorescence staining and flow cytometric analy-
sis. The cells separated from the corneal tissue, the fixed
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HCE cells cultured at passage 2 or 4, and the HCEC-2 cells
cultured at passage | were incubated with anti-human p63
antibody, anti-human integrin 31 antibody, anti-human
p75N™R antibody, anti-human TrkA antibody (1:100, Santa
Cruz Biotechnology, Inc., Santa Cruz, CA), and anti-human
keratin 3 (cytokeratin 3) antibody (1:100, ENZO Life
Sciences International, Inc., Farmingdale, NY) at 4°C for
30 min. The cells were then washed with PBS and incubated
with the Alexa Fluor® 488-labeled secondary antibody at4°C
for 30 min. Next, the cells were washed with PBS and then
observed under a fluorescence microscope or subjected to
flow cytometry (fluorescence-activated cell sorting (FACS),
FACSCan, BD Biosciences). All experiments were performed
three times.

Results

Marker expression in the corneal limbal region. Pigment
was observed in the corneal limbal region, which contains
corneal epithelial stem/progenitor cells (Fig. 14). The
corneal limbal preparation demonstrated melanocytes con-
taining melanin near to the basal region of the corneal
epithelium during H. E. staining (Fig. 1B). These cells were
slightly smaller and demonstrated a higher cell density than
their neighboring cells (Fig. 1C). The p63 and integrin 31-
positive cells were mainly found in the corneal epithelial

Figure 1 The structure shown
(palisades of Vogt) is present in
the corneal limbus between the
cornea and conjunctiva (4).
Sections of the human anterior
ocular segment were stained
with H. E. (B, the bar indicates : o B
| mm), and the area in the black Ly
square has been highly magni-
fied in (C). The corneal limbus
demonstrated melanocytes
(arrowheads) containing mela-
nin near the basal region (green
dotted line) of the corneal
epithelium. Staining of the
corneal limbus with three
antibodies to stem/progenitor
markers; p63 (D), p75™'® (E,
H), integrin B1 (G), mg;%ed
image of p63 and p75N"® (),
and merged image of integrin
31 and p75'\“4R (/). The surface
of the comeal epithelium is
highlighted by a white dotted
line. The bars indicate 50 um.

comea

conjunctiva
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basal cell layer, and these cells were also positive for
p75NTR However, the cells on the surface of the corneal
epithelium in the corneal limbus were negative for these
markers (Fig. 1D-1).

Comparison of culture conditions. After 7 d culture, most
of the non-coated culture dishes HCE cells were not
attached (Fig. 24). However, in the dishes coated with
collagen, the HCE cells multiplied to 2.1£0.2x10° from
1x10* cells/dish (Fig. 2B). Furthermore, in the dishes
coated with FNC, the HCE cells multiplied to 3.0+0.2x 103
from 1x10% cells/dish (Fig. 2C). During the cell passage,
most of the HCE cells were not attached when trypsin was
used (Fig. 2D), but the HCE cells multiplied to 3.0£0.2 x
10° from 1x 10" cells/dish when TrypLE™ Select was used
(Fig. 2E). When comeal epithelial cells were separated
from the corneal limbus using the standard method,
keratocytes were often mixed in with them (Fig. 2F).

Morphology of HCE cells. The commercial HCEC-2 cells
were distorted at passage 2 regardless of whether they were
cultured in EpiLife™ KG2 serum-free medium or M-Stars
C. Cell growth arrested at passage 3, and the HCEC-2 cells
could not be subcultured after passage 3. In CnT-20
medium, the HCEC-2 cells maintained their form until
passage 3, but they could not be subcultured after passage
4. On the other hand, the HCE cells reproduced aggres-
sively at passage 3, and their polygonal form was

corneal limbus |

corneal BW

T @
P— O
corjunctivg ‘tp&\\ 29

363



EPITHELIUM CULTURE FROM THE CORNEAL LIMBUS 777

Figure 2 Comparison of
culture condition. Most of the A
HCE cells in the non-coated
culture dishes were not attached
(A). The HCE cells grew more
rapidly in the dishes coated with
FNC (C) than in those coated A
with collagen (B). During the sy
cell passage, most of the HCE : o
cells did not attach when trypsin
was used (D), but they did

Norooated - |8+ = Collgen'*

Y

attach and grow when ;
TrypLE™ Select was used (E). D
When the standard method was
used, keratocytes (arrowheads)
were often mixed in with the
HCE cells (F). The bars indicate
100 pum.

maintained until passage 4 in CnT-20 medium. However, at
passage 6, they became hypertrophic or extended (Fig. 3).

The change in marker expression with passage. The cells
separated from the corneal limbus were stained with each
antibody, and were counted the number of positive cells
under a fluorescence microscope. We found that p63-
positive cells accounted for 40.4+2.1% (Fig. 44), integrin
3 1-positive cells for 34.4+2.0% (Fig. 4C), p75NTR-positive

cells for 28.4+3.1% (Fig. 4E), TrkA-positive cells for 24.8+
3.2% (Fig. 4G), and Kkeratin-positive cells for 70.3+2.7%
(Fig. 41) of all cells. Of the HCEC-2 cells, we found that
p63-positive cells accounted for 0.7£0.5%, integrin (1-
positive cells for 97.1£2.0%, p75™ “-positive cells for 3.3+
1.2%, TrkA-positive cells for 8.3+1.5%, and keratin-positive
cells for 98.3+2.7% (data not shown).

The proportions of cultured HCE cells expressing these
markers at passages 2 and 4 were analyzed using FACS.

Figure 3 Morphology of
HCEC-2 cells and HCE cells. P
assage 1 s
The HOEC.2 catls beeams sag Passage 2 Passage 3 Passage 4 Passage 6
distorted cells from passage 2
onwards when cultured in ~Na
EpiLife™ KG2 medium or oL
M-Stars C medium, but they w E% no growth no growth
maintained their form until %:) =
. w

passage 3 when cultured in -
CnT-20 medium. On the other
hand, the HCE cells reproduced
aggressively at passage 3 and NG
maintained their polygonal cell (@]
form until passage 4, but their 8 é no gl’OWth no gl’OWth
form changed at passage 6. The -
bars indicate 100 um.

NI — v

O8& .

(u3 % : S no growth
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Figure 4. The changes in marker expression with passage. The
corneal epithelial stem/progenitor cell markers p63 (4), integrin 31
(0), p75~¥™ (E), and TrkA (G), and the differentiated corneal
epithelium cell marker keratin 3 (/) were observed in the corneal
limbus separated cells. Therefore, the cultured HCE cells were

p63-positive cells accounted for 78.6+2.4% of the cells at
passage 2 and 49.6=4.7% of those at passage 4 (Fig. 4B),
and the integrin B 1-positive cells accounted for 98.7+0.4%
and 97.0%1.1% (Fig. 4D), the p75NTR-positive cells
accounted for 70.2£5.0% and 7.8+0.8% (Fig. 4F), the
TrkA-positive cells accounted for 85.5+5.3% and 23.8%
2.0% (Fig. 4H), and the keratin 3-positive cells accounted for
98.6+0.5% and 98.2+0.5% of the cells at passages 2 and 4,
respectively (Fig. 4/). The numbers of integrin 31 and
keratin 3-positive cells were not affected by passage number.

Discussion

Characteristics of the corneal limbus region. Several
studies have reported that corneal epithelial stem/progenitor
cells are present in the corneal limbus; where limbal
papillary structures (palisades of Vogt) are located
(Schermer et al. 1986; Cotsarelis et al. 1989; Higa et al.
2005; Li et al. 2007). It is considered that the stem cell
niche model applies to the corneal limbus because the
melanocytes in the corneal limbus are smaller than the
nearby non-melanin cells (Li et al. 2007), adhere to each
other, and are attached to corneal epithelial stem/progenitor
cells through N-cadherin (Hayashi et al. 2007). Corneal
limbus cells were also found to be positive for p63, a
known corneal epithelial stem/progenitor cell marker;
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analyzed for p63 (B), integrin Bl (D), p75N™ (F), TrkA (#), and
keratin 3 (J) by FACS at passages 2 and 4. The numbers of p63,
p75~"®, and TrkA-positive cells were decreased at passage 4. The
bars indicate 100 pm.

integrin 31 (CD29) (Nakamura et al. 2006; Liu et al.
2007; Utheim et al. 2009), which is an epithelial stem/
progenitor cell marker; and p75N™® (CD271), which is
expressed by basal cells (TA cells) but not by cell that have
differentiated from TA cells in the center of cornea (Qi et al.
2007; Yamamoto et al. 2007; Qi et al. 2008). The
expression of these cell markers was localized to the basal
region of the corneal epithelium (no such expression was
found for the cells on the surface of the corneal limbus), an
extremely unique region in which stem/progenitor cells,
TA cells, and differentiated corneal epithelial cells are
found.

The separation and culture method. In previous reports,
two types of separation method have generally been used to
obtain cells from the corneal limbus, an explant method in
which the cells were cultured from a small sample of
corneal limbus tissue (Kim et al. 2004; Liu et al. 2007; Qi
et al. 2008) and an enzymatic method that involved using
dispase for 60 min (Koizumi et al. 2002; Touhami et al.
2002; Nakamura et al. 2006). Using our method, comeal
epithelial stem/progenitor cells were effectively separated
from the corneal limbus by 30-min enzyme processing
without keratocyte contamination. Furthermore, in the
subculture stage, the adhesive properties of the cells and
their viability were improved by using TrypLE™ Select
rather than trypsin. In addition, the polygonal form of the
cells was maintained until passage 4.
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The expression of several markers. In the cells separated
from the corneal limbus, p75"™® was expressed in
approximately similar proportions to p63, integrin 31, and
TrkA (Di Girolamo et al. 2008; Utheim et al. 2009).
Furthermore, the corneal epithelial stem/progenitor cells
also expressed p63 and ABCG2 (data not shown), but
they did not express keratin 3 (Schermer et al. 1986;
Cotsarelis et al. 1989; Chen et al. 2004; Hayashi et al.
2007). On the other hand, keratin 3-positive cells were
observed at an approximately similar ratio to the stem/
progenitor marker negative cells (Qi et al. 2008). As the
number of cells expressing p63 and p75™™® decreased
with each passage, we concluded that the cultured cells
were gradually differentiating into mature corneal epithe-
lial cells. Therefore, because the number of cells express-
ing integrin 31 on the basal membrane side did not
change, we concluded that the adhesion culture method
rather than the three-dimensional culture method was the
most appropriate for these cells.

The expression of neurotrophin factor receptor. In the
cultured cells, we found that the nerve growth factor
(NGF) receptor was expressed together with the NGF
high-affinity receptor TrkA and the NGF low-affinity
receptor p75N R, It is believed that co-expression of the
p75NT™R and Trk receptors leads to NT signaling through
Trk receptors and the promotion of cell survival (Carter and
Lewin 1997; Dechant and Barde 1997). The neurotrophin
family consists of four members: NGF, brain-derived
neurotrophic factor, neurotrophin-3 (NT-3), and
neurotrophin-4/5 (NT-4/5), and NT-3 and NT-4/5 have a
sequence homology of at least 50%. A neurotrophin is a
kind of cytokine that is involved in maintaining the
viability of nerves (Johansson et al. 1997), the promotion
of axis regeneration (Hollowell et al. 1990), and the growth
and development of the regeneration-promoting nervous
system (Levi-Montalcini and Booker 1960). The receptors
for this neurotrophin family are molecules of the Trk family
of tyrosine kinase receptors: NGF has a high affinity for
Trk A, BNDF and NT-4/5 have high affinities for Trk B,
and NT-3 has a high affinity for Trk C. p75™™® can bind to
all four of these neurotrophins (Bothwell 1995; Bibel et al.
1999; Dechant 2001) and has recently been renamed
CD271.

Finally, a report about the signals relevant to the
embryonic stem cell niche was recently published (Bendall
et al. 2007). We expect that our findings will enable the
elucidation of the molecular basis of the niche that is
necessary for the maintenance of epithelial stem cells for
researching the corneal limbus. Therefore, we conclude that
p75NTR is a cell marker that can be used to evaluate the
characteristics of stem/progenitor cells produced using the
adhesion culture method.
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