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Japan). Agarose LO3 was purchased from Takara Bio (Shiga, Japan),
whereas, EtBr was purchased from Nippon Gene (Toyama, Japan),
CH3CH was from Kanto Chemical (Tokyo, Japan). Pseudohypericin
(5) was obtained from Planta Natural Products (Vienna, Austria).
A quartz reaction container for high-throughput ROS assay was
constructed by Ozawa Science (Aichi, Japan).

4.2. UPLC analysis on SJW constituents

The concentration of each constituent in the SJW extract was
determined using a Waters Acquity UPLC system (Waters, Milford,
MA), which included binary solvent manager, sample manager,
column compartment, and SQD connected with MassLynx soft-
ware. An Acquity UPLC BEH C 18 column (particle size: 1.7 pm, col-
umn size: 2.1 x 50 mm; Waters) was used, and the column
temperature was maintained at 40 °C. All SJW components, except
for hyperoside (12) and isoquercitrin (13), were separated using a
gradient mobile phase consisting of CH3CN (A) and 5 mM NH40H,
(B) with a flow rate of 0.25 mL/min. The gradient condition of mo-
bile phase was 0-0.5 min, 5% A; 0.5-7 min, 5-90% A; 7-7.5 min,
95% A; and 7.5-8.0 min, 5% A. Isocratic mobile phase, consisting
of 10% CH3CN/90% HClO, (0.35%), was used for measurement of
hyperoside (12) and isoquercitrin (13).

4.3. Irradiation conditions

In the irradiation experiments, each assay mixture was stored in
an Atlas Suntest CPS + solar simulator (Atlas Material Technology
LLC) equipped with a xenon arc lamp (1500 W) and a UV special fil-
ter. The irradiation test was carried out at 25 °C with an irradiance
of 250 W/m? (300-800 nm).

4.4. ROS assay

Both singlet oxygen and superoxide, generated from photo-irra-
diated chemicals, were determined by a colorimetrical method in
accordance with previous reports (Onoue et al., 2008b,d). Singlet
oxygen was measured in an aqueous solution by spectrophotomet-
rically monitoring the bleaching of RNO at 440 nm using imidazole
as a selective acceptor of singlet oxygen. Samples, containing the
compounds under examination, RNO (50 uM) and imidazole
(50 uM) in 20 mM sodium phosphate buffer (NaPB) (pH 7.4), were
irradiated with UVA/B and Vis light (250 W/m?: 300-800 nm), and
then the UV absorption at 440 nm was measured using a SAFIRE
microplate spectrophotometer (TECAN, Minnedorf, Switzerland).
For the determination of superoxide, samples containing the com-
pounds under examination and NBT (50 pM) in 20 mM NaPB were
irradiated with the UVA/B and Vis light (250 W/m?: 300-800 nm)
for the indicated periods, and the reduction in NBT was measured
by the increase in absorbance at 560 nm using a SAFIRE microplate
spectrophotometer (TECAN).

4.5. Photosensitized peroxidation of linoleic acid

Linoleic acid (1 mM) suspended in 20 mM NaPB (pH 7.4) con-
taining 0.05% Tween 20 was irradiated in the presence of the test
compound (200 uM), and lipid peroxidation was measured using
a TBA assay as described previously (Onoue et al.,, 2008c). Addition
of 0.67% TBA dissolved in 20 mM NaPB (pH 7.4, 1 mL) and 10 pL of
1.0% BHT solution in glacial AcOH to the irradiated sample (500 pL)
was followed by heating at 95 °C for 30 min. The mixture was ex-
tracted with 1-butanol (1 mL), and absorbance of the extract was
measured at 532 nm for the determination of TBA-reactive sub-
stances (TBARS). A standard curve of 1,1,3,3-tetraethoxypropane
was used to quantitate the amount of malondialdehyde produced.

4.6. DNA photocleavage

The irradiated samples contained pBR322 DNA (final concentra-
tion, 10 ug/mlL) dissolved in Tris-acetate-EDTA (TAE) buffer
(40 mM Tris, 20 mM boric acid, and 1 mM EDTA; pH 7.4) and the
examined compounds at a final concentration of 200 uM. Irradi-
ated plasmid pBR322 DNA was separated by electrophoresis
(0.8% agarose gel in TAE buffer), stained with EtBr solution
(0.5 pg/mL), and analyzed with image analyzing software Image J.

4.7. UV spectral analysis

Hyperforin (3), hypericin (4), and quercitrin (16) were individu-
ally dissolved in 20 mM sodium phosphate buffer (NaPB, pH 7.4) at
a final concentration of 20 pM. UV-Vis absorption spectra were re-
corded with a JASCO V-560 double-beam spectrophotometer (JAS-
CO, Tokyo, Japan) interfaced to a PC for data processing (software:
Spectra Manager). Spectrofluorimeter quartz cells with 10 mm
pathlength were employed.

4.8. Data analysis .

For statistical comparisons, one-way analysis of variance (ANO-
VA) with pairwise comparison by Fisher's least significant differ-
ence procedure was used. A P value of less than 0.05 was
considered significant for all analyses.
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Abstract. The present study aimed to develop an effective screening strategy to predict in vivo
phototoxicity of multiple compounds by combined use of in vitro phototoxicity assessments and cassette
dosing pharmacokinctic (PK) studies. Photochemical properties of six fluoroquinoloncs (FQs) were
evaluated by UV spectral and reactive oxygen species (ROS) assays, and phototoxic potentials of FQs
were also assessed using 3T3 neutral red uptake phototoxicity test (3T3 NRU PT) and intercalator-based
photogenotoxicity (IBP) assay. Cassctic dosing pharmacokinetics on FQs was conducted for calculating
PK parameters and dermal distribution. All the FQOs exhibited potent UV/VIS absorption and ROS
generation under light exposure, suggesting potent photosensitivity of FQs. n vitro phototoxic risks of
some FQs were also elucidated by 3T3 NRU PT and IBP assay. Decision matrix for phototoxicity
prediction was built upon these in virro data, taken together with outcomes from cassctte dosing PK
studies. According to the decision matrix, most FQs were deduced to be phototoxic, although gatifioxacin
was found to be less phototoxic. These findings were in agreement with clinical observations. Combined
use of in vitro photobiochemical and cassette dosing PK data will be useful for predicting in vivo
phototoxic potentials of drug candidates with high productivity and reliability.

KEY WORDS: cassette dosing pharmacokinetic study; fluoroquinolones; phototoxicity: reactive oxygen

species; 3T3 neutral red uptake phototoxicity test.

INTRODUCTION

Drug-induced phototoxicity is elicited after exposure of
skin to photoreactive pharmaceutical substances and is trig-
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gered by exposure to sunlight (1,2). The phototoxicity can be
categorized as photoirritation, photogenotoxicity, or photo-
allergy, and some drugs can cause all three types of photo-
toxicity (3). A number of efforts have been made to develop
effective screening systems to evaluate photosensitive/photo-
toxic potential through analytical and biological methods, with
the aim of predicting adverse effects in early phases of drug
discovery processes (1,4,5). Previously, our group proposed in
virro assay systems to assess the phototoxic risk of newly
synthesized drug candidates, including a reactive oxygen species
(ROS) assay (6), a derivatives of reactive oxygen metabolites
assay (7), a capillary gel electrophoresis-based photocleavage
assay (&), and an intercalator-based photogenotoxicity (IBP)

-assay (9). In addition to these in vitro phototoxic assessment

tools, combined use of photochemical/photobiological and
pharmacokinetic (PK) data has also been proposed as a new
screening strategy for predicting in vivo phototoxic risk (10).
In drug discovery, in vivo PK study is essential to
evaluate the absorption, distribution, metabolism, excretion,
and PK profiles of drug candidates. However, single-com-
pound discrete PK studies are time and resource consuming
because large numbers of drug candidates have to be
examined. Additionally, a large number of animals have to
be killed to obtain sufficient data of drug candidates in the
discrete PK approaches. To reduce the number of animals
killed and improve the throughput of in vive PK experiments,
a cassette dosing approach has been suggested (11) and
applied to drug discovery (12,13). In cassette dosing PK study,
cocktail administration to a single animal enables evaluation
of the PK profiles of multiple compounds at the same time;

o aaps
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however, the highly productive PK approach has never been
applied to evaluate in vivo phototoxic risk of compounds. The
purpose of this study was (o propose a high-throughput
effective screening strategy to evaluate and compare in vivo
phototoxic risk of multiple compounds by the combined use
of photobiochemical and cassette dosing PK data.

In the present study, six fluoroguinolones (FQs), including
norfloxacin (NFLX), ciprofloxacin (CPFX), levotloxacin
(LVFX), gatifloxacin (GFLX), lomefloxacin (LFLX), and
sparfloxacin (SPFX), were used as a model chemical series
(Fig. 1). FQs, antibacterials, are well recognized to be a
phototoxic chemical series (14), and the structure-phototoxicity
relationships of FQs have been reported (15,16); substitution
groups at the eight position play a key role on the phototoxic
potential of FQs. Thus, the tested FQs were divided into three
groups based on the substituent at the eight position of FQs in
the present study, namely, free (NFLX and CPFX), non-
halogenated (LVFX and GFLX), and halogenated (LFLX and
SPFX) groups. To clarify the in vivo phototoxic risk of these FQ
series, the photobiochemical properties and PK profiles of the
FQs were examined. Photochemical properties of the FQs were
evaluated with a focus on ultraviolet (UV) absorption for
photoactivation and ROS generation for photoreactivity. Photo-
toxic potentials were assessed by 3T3 neutral red uptake
phototoxicity test (3T3 NRU PT) for photoirritation and TBP
assay for photogenotoxicity. Cassette dosing PK analyses of the
FQs were also carried out, and PK parameters and tissue
distribution of FOs with a focus on the skin were estimated.

MATERIALS AND METHODS
Chemicals

NFLX, CPFX, GFLX, LFLX. salmon sperm DNA,
plasmid pBR322 DNA, imidazole, p-nitrosodimethylaniline
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(RNO), nitroblue tetrazolium (NBT), thiazole orange (TO),
Tween 20, disodium hydrogen phosphate 12 water, and
sodium dihydrogen phosphate dihydrate were obtained from
Wako Pure Chemical Industries (Osaka, Japan). LVFX,
SPFX, nalidixic acid, trypsit/EDTA solution, and neutral
red were purchased from Sigma (St. Louis, MO, USA).
Acetonitrile {ACN) and methanol were obtained from Kanto
Chemical Co., Inc. (Tokyo, Japan). DMEM, new-born calf
serum, PBS without Ca** and Mg™, EBSS without phenol
red, penicillin/streptomycin solution were purchased from
Invitrogen (Carlsbad, CA, USA).

UV Spectral Analysis

FQs were dissolved in 20-mM sodium phosphate buffer
(NaPB; pH 7.4) at a final concentration of 20 pM. UV-VIS
absorption spectra were recorded with a HITACHI U-2010
spectrophotometer (HITACHI, Tokyo, Japan) interfaced to a
PC for data processing (software: Spectra Manager). A
spectrofluorimeter quartz cell with 10-mm pathlength was
employed.

Irradiation Conditions

FQs were stored in an Atlas Suntest CPS+ solar
simulator (Atlas Material Technology LLC, Chicago, USA)
equipped with a xenon arc lamp (1,500 W). A UV special
filter was installed to adapt the spectrum of the artificial light
source to natural daylight. The irradiation tests were carried
out at 25°C with an irradiance of 250 W/m?* (290-800 nm).

In a 3T3 NRU PT, UV BIO-SUN illuminator (Vilbert-
Lourmat, Marne-la-vallee, France) was employed. The irra-
diation test was carried out with an irradiace of ca. 50 W/m?
(320-800 nm).

FQs R R RS R? R® RY
Free group o
NFLX ~H —CH, —H —H —H ~H
CPFX : —H ' A —H ~H —H ~H
No:halogenated group: S
LVFX g :;5\)\ —H ~H ~CH; ~H
GFLX —ocH, A -H  —cH,  -H ~H
Halogenated group o
LFLX ~F | —CH, ~H  —CH,  —H ~H
SPEX -F A ~NH, =CH,  —H  ~CH,

Fig. 1. Structures of tested FQs
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Determination of ROS

Both singlet oxygen and superoxide generated from
irradiated chemicals were measured as we reported previ-
ously (17,18). Briefly, to monitor the generation of singlet
oxygen, samples containing the compounds under examina-
tion, RNO (50 pM) and imidazole {50 uM) in 20 mM NaPB
(pH 7.4), were irradiated with UVA/B and visible light, and
then the UV absorption at 440 nm was measured using
SAFIRE (TECAN, Minnedorf, Switzerland). For the deter-
mination of superoxide, samples containing the compounds
under examination and NBT (50 uM) in 20 mM NaPB
(pH 7.4) were irradiated with UVA/B and visible light, and
the reduction of NBT was measured by the increase in the
absorbance at 560 nm using SAFIRE.

3T3 Neutral Red Uptake Phototoxicity Test

Balb/c 3T3 cells were maintained in culture for 24 h for
formation of monolayers. Two 96-well plates per test chemical
were then pre-incubated with eight different concentrations of the
chemical for 1 h. One plate was then exposed to a dose of 5 J/em?
UVA (+Irr experiment) whereas the other plate was kept in the
dark (—Trr experiment). The treatment medium was then replaced
with culture medium and after 24 h, cell viability was determined
by neutral red uptake for 3 h. Cell viability obtained with cach of
the eight concentrations of the test chemical was compared with
that of the untreated controls, and the percent inhibition was
calculated. For prediction of phototoxic potential, the concen-
tration responses obtained in the presence and in the absence of
UV irradiation were compared, usually at the ICs level, ie., the
concentration inhibiting cell viability by 50% of untreated
controls. The photoirritancy factor (PIF) was determined:

1Csy(—Irr)

PIF = ICso(+1rr)

IBP Assay

The photodynamic impairment of salmon sperm DNA by
FQs was evaluated by IBP assay as reported previously (9).
Briefly, in the irradiated group, each assay mixture (50 pL) in
the 96-well microplate, containing the FQ (200 uM) and DNA
(20 pg/mL) in 20 mM NaPB (pH 7.4), was irradiated with UVA/
B and visible light for 45 min, and then TO was added to each
well at a final concentration of 1.3 uM. As a control experiment,
only 40 pL of the FQ in 20 mM NaPB (pH 7.4) was exposed to
UVA/B and visible light, since photodegradants sometimes
affect assay system. Then, DNA and TO were added to the
sample at the same final concentration of irradiated experi-
ments. In both irradiation and control experiments, each assay
mixture (100 pL) was incubated at 37°C for 15 min to equilibrate
intercalation of DNA with TO. To detect the intercalated TO,
fluorescence (excitation, 509 nm and emission, 527 nm) was
measured with SAFIRE.

In Vivo Preparations

Male Sprague-Dawley rats at 9 weeks of age (ca. 250—
350 g. body weight) were purchased from SLC Inc. (Hama-

Seto ef al.

matsu, Japan) and housed in the laboratory with free access
to food and water, and maintained on a 12-h dark/light cycle
in a room with controlled temperature (24+1°C) and
humidity (55+5%). All the procedures used in the present
study were conducted according to the guidelines approved
by the Institutional Animal Care and Ethical Committee of
the University of Shizuoka.

All FQs were dissolved in 0.1-M acetic acid/sodium
acetic acid buffer (pH 4.8) containing 0.05% Tween 20. Rats
were fasted for approximately 18 h before drug administra-
tion and received the cocktail solution containing all six FQs
orally (5 mg/kg each).

Plasma Concentration of FQs After Oral Co-administration

Rats were anesthetized using pentobarbital (50 mg/kg)
and then a guide cannula (PUC-40, EICOM Corp., Kyoto,
Japan) was inserted into the jugular vein before the day when
FQs was co-administered orally. Blood samples (approxi-
mately 150 pL) were collected from the cannulated jugular
vein at the indicated times (0.083, 0.25,0.5,0.75, 1, 1.5, 2, 3, 4,
6, 9, and 12 h) after oral co-administration of FQs. Plasma
obtained by centrifugation (10,000xg, 10 min, 4°C) was
deproteinized by addition of ACN. The mixture was mixed
for a few seconds and centrifuged (2,000 rpm, 1 min, 4°C).
The supernatants were filtered and 50% ACN solution
including nalidixic acid (5 pg/mL), an internal standard, was
added to them (supernatant/nalidixic acid=9:1) for Ultra-
performance liquid chromatography (UPLC) analysis.

Tissue Deposition of FQs After Oral Co-administration

At the indicated times (skin: 0.5, 1, 1.5, 2, 4, and 6 h;
other tissues: 0.5 and 1 h) after oral co-administration of FQs,
rats were killed by taking blood from the descending aorta
under temporary anesthesia with diethyl ether, and the tissues
were then perfused with cold saline from the aorta. The skin,
liver, kidney, lung, cerebrum, cerebellum, white adipose,
brown adipose, and eyes were dissected, and then fat and
blood vessels were removed by trimming. The tissues were
minced with scissors and homogenized in a Physcotron
(Microtech Co., Ltd., Chiba, Japan) in 2 mL of ACN. The
homogenates were transferred into stoppered test tubes. The
tubes, which were used for homogenizing, were added to
2 mL of ACN for washing, and then the suspensions were
also transferred into the stoppered test tubes. After shaking
for 5 min and sonication for 10 min, the mixtures were
centrifuged (3,500 rpm, 10 min). Extraction was repeated two
times with ACN and the supernatants were pooled. The
extraction was also repeated with 7 mL of Milli-Q and the
supernatants were percolated through Waters Oasis HLB
cartridges, which were preconditioned with 2 mL of methanol
and 2 mL of Milli-Q. After the cartridges had been washed
with 2 mL of Milli-Q (two times), the FQs were eluted with
4 mL of ACN. The collected eluents were pooled with ACN-
extracts and the samples were evaporated to dryness under a
gentle stream of pitrogen at 45°C. The residues were
dissolved in deproteinized plasma solution including nalidixic
acid (500 ng/mL) as an internal standard for UPLC analysis.
The tissue to plasma concentration ratio (K, value) was
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calculated as the ratio of the tissue concentration of
unchanged drug to the plasma concentration.

UPLC Analysis

The concentrations of FQs in rat tissues and plasma were
determined with ultra-performance liquid chromatography
equipped with electrospray ionization mass spectrometry
(UPLC/ESI-MS) analysis. The UPLC/ESI-MS system consisted
of a Waters Acquity UPLC™ system (Waters, Milford, MA,
USA), which included a binary solvent manager, a sample
manager, a column compartment, and a Micromass SQ detector
connected with Waters Masslynx v 4.1. A Waters Acquity
UPLC™ BEH C;y (particle size, 1.7 um and column size, ®
2.1>50 mm; Waters) was used, and column temperature was
maintained at 40°C. The standards and samples were separated
using a gradient mobile phase consisting of Milli-Q containing
0.1% formic acid (A) and methanol (B). The gradient condition
of the mobile phase was 0-0.5 min, 80% A; 0.5—4 min, 80-25%
A (gradient curve 8); 4-5 min, 5% A; and 5-6 min, 80% A, and
the flow rate was set at 0.25 mL/min.

Pharmacokinetic Analysis

Pharmacokinetic characterization in the plasma was
performed by non-compartmental analysis as implemented
in WinNonlin Professional Version 5.2 (Pharsight Corpora-
tion, Mountain View, CA, USA) and that in skin was carried
out by non-compartmental analysis. The elimination rate
constant (k) was estimated by least square method from the
terminal phase. The elimination half-life () was calculated
using the following equation.

; In2
12 =
/ kel

Area under concentration versus time curve (AUCy_,.),
area under moment curve (AUMC,_,..), and mean residence
time (MRT) were estimated using a trapezoid formula from
0 h to the last measurement time (7). after which the last
observed concentration (Cy) and f,,, were used as follows:

T CT
AUCp.00 = / Cdt 4~
0 k

el

T .
T-
AUMCy_.. :/ (e CT +£§~
0 el ke~
AUMCy_,
MRT = 220
AUC,

where C is the observed plasma or skin concentration
(plasma, ng/mL and skin, ng/g skin) and r equals the
measurement time (h).

Data Analysis

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

Standard error of each PK parameter in skin was defined
by the delta method using the root of the following equation
(19,20):

m

V(AUCy..c0) = Y _[(V(C)/mi + V(Cit) /1) % ((ti—1;0)/2)7]

=2
+(1/ka)? - V(Cr)/nr + (Cr/ka)” - V(ka)/m

V(AUMCyw) = _[(V(Ci)/i + V(Cit)/micy) % ((t—tim1)/2)7]

F(L/ ko) - V(Cr)ny + (Cr - 2/ke) - Vika)/na
+(1/ka) - V(Cr) /g + (T Cr/ka®)’ - Vika) /ns

V(AUMG.....)  V(AUC..n) - (AUCy...nc)?
(AUCy_ 5 ) (AUCo_o)*

V(MRT) =

where m is the number of collection points, C; is equal tothe
skin concentration of FQs, #; equals the collection time, and »;
represents the number of each collection time.

RESULTS
Photochemical Characterization of FQs

In the early stage of phototoxic events, photosensitive
compounds initially have to absorb UVA/B radiation and
then are transferred from ground state to excited state.
According to the first law of photochemistry, measuring the
UV-absorbing property of a chemical would be indicative of
photoactivation. Then, the excited compounds attack bio-
molecules including proteins, lipids and DNA via direct or
indirect processes, possibly leading to photoallergy, photo-
irritancy, and photogenotoxicity (6). In this study, the UV
spectral patterns of the FQs were recorded in 20 mM NaPB
(Fig. 2a). On the basis of the obtained UV spectral patterns,
all the FQs exhibited strong absorption in the UVA/B range
and only SPEX had a different absorption spectral pattern in
the UV and visible light region. Their lowest energy bands in
the UVA had maxima at 336 (NFLX), 335 (CPFX), 333
(LVFX), 334 (GFLX), 327 (LFLX), and 367 nm (SPFX)
(Table 1). The spectrum of solar radiation that reaches the
surface of the earth is composed of visible light (400-700 nm),
UVA (320400 nm), and a part of UVB (290-320 nm) (21).
On the basis of the present results and a previous report, all
the FQOs could be excited after absorption of photon energy
from sunlight, and potentially causing photochemical reac-
tions, possibly leading to phototoxic responses.

In the indirect phototoxic process, ROS are known as
principal intermediate species, including singlet oxygen via
type II photochemical reaction and superoxide via type 1
photochemical reaction. The ROS can cause phototoxic
reactions, such as photoirritation, photogenotoxicity, and
photoallergy, via oxidative reactions with biomolecules. Thus,
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Fig. 2. Photochemical properties of FQs. UV-absorption spectra of
FQs (20 uM) in 20 mM NaPB (pH 7.4) (a). Thin solid line, NFLX;
thick solid line, CPFX; thin dashed line, LVFX; thick dashed line,
GFLX; thin dotted line, LFLX; and thick dotied line, SPFX.
Generation of singlet oxygen (b) and superoxide (¢) from irradiated
FQs (200 uM). The FQs were dissolved in 20 mM NaPB (pH 7.4) and
then exposed to UVA/B light (250 Wim?). Empty squares, NFLX:
empty diamonds, CPFX; empty triangles, LVFX: empty circles, GFLX;
four-pointed stars, LFLX; and inverted empty triangles, SPFX. Data
represent mean+SD for three experiments

monitoring ROS generation from UV-exposed compounds
may be useful to clarify the phototoxic potential of chemicals.
In the present study, to clarify and compare the phototoxic
potential of the FQs, the ROS assay on the FQs (200 uM) was
carried out (Fig. 2b, ¢). All the FQs generated both singlet
oxygen and superoxide, and, in particular, LFLX and LVFX
have potent ability to generate these ROS compared with the
other FQs. The singlet oxygen-forming ability was ranked as

Seto et al.

follows: LFLX > CPFX>NFLX>LVFX>SPFX>GFLX, and
the descending order of superoxide-producing capacity was as
follows: LVFX>» LFLX>NFLX>CPFX>GFLX>SPFX
(Table I). On the basis of the dalta obtained, LVFX and
LFLX would be expected to induce potent phototoxic
reactions after exposure to UV, whereas GFLX and SPFX
would be expected to be less phototoxic.

Detailed Phototoxic Reactions of FQs

According to the results from ROS assay, most FQs were
deduced to have phototoxic potential, and their detailed
phototoxic reactions needed to be evaluated. Previously, a
number of effective in vitro methodologies were developed to
characterize the detailed phototoxic potential of chemicals
(1,4,22), and our group also proposed several in vitro photo-
genotoxic assessment tools (8.9). In the present study. the
photoirritant and photogenotoxic risks of FQs were also
evaluated by 3T3 NRU PT and IBP assay, respectively.

3T3 NRU PT has been established as an alternative in
vitro methodology to various in vive phototoxic evaluations
(23). The assay is the only photosafety test which has been
recommended by OECD guideline and has been validated to
international standards (24). The test can assess the cytotoxic
effects of UVA-irradiated compounds on Balb/c 3T3 mouse
fibroblast cell line by using a concentration-dependent
reduction of the uptake of neutral red. In this investigation,
the viability curves of FQs with or without irradiation were
determined up to 500 pg/mL. Figure 3 shows representative
cell viability curves of the 3T3 cells after exposure to GFLX
and SPFX. At the tested concentration of GFLX, cytotoxicity
was not observed without trradiation, and GFLX at the
higher concentration (>ca. 25 pg/mL) had slight cytotoxicity
after exposure to UVA light. The ECsq values of the GFLX-
treated group with/without UVA irradiation were estimated
to be 122.0 and 42.77 pg/mL, respectively, and these values
provided a PIF value of 2.85 for GFLX. With respect to the
SPFX-treated group, the higher concentration of SPFX
exhibited cytotoxicity without UVA irradiation. On the other
hand, cytotoxicity occurred at a lower SPEX concentration
after exposure to UVA light, resulting in the enhancement of
SPFX-induced cytotoxicity. The ECsy values of the SPFX-
treated group with/without UVA irradiation were 221.5 and
7.772 pg/mL, and the PIF value of SPFX was calculated to be
28.5. The PIF values of the tested FQs are described in
Table 1. In the OECD guidelines, classification criteria based
on PIF values are defined as three groups, including photo-
toxic molecules (PIF>5), mildly or probably phototoxic
molecules (2<PIF<35) and non-phototoxic molecules (PIF<
2) (24). On the basis of the classification criteria, most FQs
tested, except GFLX, were found to be phototoxic, and
GFLX was evaluated as a mildly/probably phototoxic com-
pound. The in vitro phototoxic potential of FQs was deduced
as follows: LVFX>LFLX>SPFX>CPFX>NFLX>GFLX.

The IBP assay was developed as a high-throughput
screening tool for evaluating the photogenotoxic potential of
chemicals (9). The assay evaluates the photodynamic impair-
ment of dSDNA by phototoxins on the basis of the differences
of fluorescence emission from DNA-fluorescent intercalating
dye complexes between control group and irradiated group.
In the present study, the IBP assay was carried out on FQs to
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Table I. Photochemical and Phototoxic Data on FQs

UV absorption”

ROS generation”

Dccrecasc in intercalated

FOs Jmax (nm) {ex10% (M7 em™)] 10, (4A449% 10%) 027 (dAs60 % 10°%) 3T3 NRU PT (PIF) TO (4% of vehicle)*
NFLX m [1.5], 336 [1.4] 310£10 85+6 >6.0 15%
CPFX 324 [1.5], 335 [1.5] 338x13 637 >10.0 15%
LVFX 333 [1.3] 214x17 657+29 73.1 13
GFLX 334 [1.4] 39+4 36+3 2.9 10%
LFLX 327 [1.5] 668+7 95413 >28.8 21%
SPFX 367 [0.8] 91+7 23+3 28.5 13%

*P<0.05, significant difference between the control and irradiated data of each FQ
“The wavelengths of dn,x Were selected longer than the lower limit of UVB (290 nm)

*Data represent mean=SD for three experiments

clarify the photogenotoxic potential (Fig. 4). Compared with
the control group of vehicle, the fluorescence emission in
control groups of NFLX and CPFX slightly decreased, which
suggested that these photolytes intercalate into DNA. A
decrease of fluorescence emission was also observed in the
irradiated groups of NFLX and CPFX, and was higher than
that in control groups; the differencing fluorescence might be
indicative of photodynamic DNA damage by NFLX and
CPFX. In contrast, LVFX, GFLX, LFLX, and SPFX did not
affect the intercalating behavior of TO in the control group;
however, the fluorescence emission in the irradiated group
was decreased owing to DNA damage by irradiated LVFX,
GFLX, LFLX, and SPFX. According to the data obtained, all
the FQs would have photogenotoxic potential. Previously,
some compounds were shown to induce severe photodynamic
impairment of DNA in the agarose gel electrophoresis-based
photogenotoxicity assay, and their values of difference for
intercalated levels of TO between irradiated and control
groups were estimated at over 15% of that of vehicle (9). On
the basis of the present results, NFLX, CPFX and LFLX were
found to have strong photogenotoxic potential, and the
descending order of decrease in intercalated TO level was
shown to be as follows: LFLX>CPFX=NFLX>
LVFX=SPFX>GFLX (Table I). According to the ROS and
IBP data, there was an empirical correlation between the
generation of singlet oxygen and the reduction of intercalated

120

100+

Cell viability (% of untreated control)
3
1

(o)

6 5 4 3 2 1 0

Log [concentration (mg/mL)]
Fig. 3. Phototoxicity of representative FQs in the 3T3 NRU PT. The
3T3 cells were treated with different concentrations of GFLX or
SPFX and irradiated with UVA light (50 kl/m?). Data represent
mean=SD for two to six experiments. Filled circles, GFLLX without
UVA: empty circles, GFLX with UVA; inverted filled triangles, SPFX
without UVA; and empty squares, SPFX with UVA

TO level. Previously, DNA comet assay (25) and DNA
photocleaving test (26) also demonstrated photogenotoxic
potential of some FQs. In the DNA comet assay, the
photogenotoxic potential of LFLX was found to be much
higher than that of CPFX (25). In addition, three FQs such as
LFLX, CPFX and NFLX exhibited potent DNA photo-
cleaving activity in plasmid pBR322 DNA, and the photo-
genotoxic potential was ranked as follows: LFLX>CPFX,
NFLX (26). Thus, these previous findings were partly
consistent with the results from the IBP assay on FQs. Some
FQs, including enoxacin, NFLX, CPFX, LFLX, and SPFX,
induce DNA damage after exposure to UV, the major
mechanisms of which may involve generation of singlet
oxygen, radical chain reaction, and formation of thymine
cyclobutane dimers as described in previous reports (27,28)
Considering the present findings and previous reports,
irradiated FQ-induced DNA damage may mainly occur
through type II photochemical reaction.

PK Assessments of FQs

Determination of the specific skin distribution of FQs
would enable estimation of in vivo phototoxic risk; thus, PK
profiling on FQs after oral administration was also carried

Sparfloxacin i

Lomefloxacin spmee

Gatifloxacin

Levofioxacin e

Ciprofloxacin isspmeeess

Norfloxacin

Vehicle

0 20 40 60 80 100
Intercalated TO (% of vehicle)

Fig. 4. DNA damage by irradiated FQs. Each drug (200 pM) was
dissolved in 20 mM NaPB (pH 74) with/without DNA and then
exposed to UVA/B light (250 W/m?). TO solutions with/without DNA
were added to the assay mixture, and fluorescence emitted from the
TO-DNA complexes was measured. Open bars, UV irradiated; and
filled bars, control group. Data represent mean+SD of four
experiments. *P<0.03, significantly different from each control group
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out. In the present study, cassette dosing PK analysis was
used to improve the throughput of experiments and reduce
the number of animals killed. After single cocktail oral
administration of FQs (5 mg/kg), the concentration-time
curves in the plasma and skin were obtained by UPLC/ESI-
MS analysis (Fig. 3) and the PK parameters were calculated
from the data obtained (Table IT). With regard to the plasma
concentration of FQs, all the FQs reached the maximum
concentration (Cpax) around 0.5 h after oral co-administra-
tion and the calculated Cp.x of plasma FQs was ranked as
follows: LVFX>LFLX>GFLX>SPFX>CPFX>NFLX. As
for the skin deposition of FQs, the times to reach maximum
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level (Thax) of FQs in the skin were ca. 0.5 h (NFLX) and ca.
1 h (other five FQs), and all T,,,x of skin FQs lagged behind
each Thax Of plasma FQs. The descending order of Cpax of
skin FQs was as follows: LFLX>GFLX>LVEFX>SPFX>
CPFX>NFLX. On the basis of the Cu.x of FQs, LFLX
indicated the highest plasma and skin concentrations among
the tested FQs at the same dose (5 mg/kg), and LFLX would
be more likely to cause phototoxic reactions in the skin than
the other FQs. In contrast, NFLX and CPFX might cause less
phototoxic reactions in terms of their lower Chay. In addition
to the Cy. Of the plasma and skin, the remaining potency of
drugs would also be a key factor affecting the duration of
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Fig. 5. Plasma and skin concentration-time profiles after oral co-administration of the FQs (5 mg/kg). a NFLX, b CPFX, ¢ LVFX, d GFLX, ¢
LFLX, and f SPFX. Open symbols, plasma and filled symbols, skin. Data represent mean=SE for six (plasma) and six to cight (skin) rats
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Table 1. Pharmacokinetic Parameters of FQs in the Plasma and Skin
of Rats After Oral Co-administration

Crnax (ng/mL

FQs or ng/g skin) Troax (1) tin (h) MRT (h)
Plasma
NFLX 25727 038006  0.98£0.09 1.51+0.11
CPFX 351231 0.43£0.05  0.69+0.08 1.11£0.09
LVFX 1.270+52 046+0.04  1.23+0.05 3.01=0.20
GFLX 1,060+£62 0.63+0.06 1.42+0.08 2.16=0.13
LFLX 1,150+66 0.58+0.05  1.48+0.03 2.88+0.07
SPFX 717+40 0.58=0.08  2.05£0.21 4.40=0.48
Skin
NFLX 10012 0.5 0.71+0.27 2.82+0.03
CPFX 18714 1 0.59£0.14 2.58=0.01
LVFX 1.040x62 i 0.90£0.14  1.725x0.003
GFLX 1,110+£72 1 1.34+038  1.995+0.003
LFLX 1.280+110 1 1.28+0.37  1.850%0.002
SPFX 65833 I 1.99+0.86 3.638:0.006

Each value represents mean=SE for six (plasma) and six to eight
(skin) rats

exposure risk of compounds to skin, a key trigger of photo-
toxicity; therefore, t;, and MRT of the plasma and the skin
were calculated. The t, of FQs was ranked as follows: SPFX>
LFLX>GFLX>LVFX>NFLX>CPFX (in the plasma) and
SPFX>GFLX>LFLX>LVFX>NFLX>CPFX (in the skin);
the order of MRT was as follows: SPFX>LVFX>LFLX>
GFLX>NFLX>CPFX (in the plasma) and SPFX>NFLX>
CPFX>GFLX>LFLX>LVFX (in the skin). On the basis of
these two parameters, SPFX had long-term exposure risk for the
skin, and there is a possibility that the phototoxic events of
SPFX persist over a longer time than the other FQs. Addition-
ally, to clarify the selectivity of distribution property of the FQs,
the tissue distribution for FQs at the Tiha Of skin concentration
after oral co-administration was examined (Fig. 6) and the K,
values of the skin were estimated and ranked as follows:
GFLX>LFLX>LVFX>SPFX>CPFX>NFLX. On the basis
of the present results, skin and brown adipose are considered
to be major sites for the distribution of the FQs, except for liver
and kidney, during the early period after oral co-administration,
and GFLX and LFLX are considered to be highly distributed in
the skin.

DISCUSSION

In the present investigation, the combined use of photo-
chemical and cassette dosing PK data on model FQs was
shown to be an effective and productive screening strategy for
evaluating in vivo phototoxic potential of the FQs. From the
present photochemical and phototoxic data, most tested FQs,
except GFLX, were found to have potent in vitro phototoxic
risk whereas the phototoxic potential of GFLX was not too
strong. The cassette dosing approaches could provide PK
parameters and skin distribution properties of multiple FQs
with high throughput. Focusing on the skin deposition of the
FQs, LVFX, GFLX, and LFLX were highly distributed in the
skin and SPFX had moderate and long-term exposure risk to

489

skin. In contrast, the skin deposition properties for the free
group, including NFLX and CPFX, demonstrated extremely
low values.

Previously, a cassette dosing PK study was proposed for
evaluating PK profiles of multiple compounds at the same
time (11). Generally, multiple compounds are prepared at
relatively low concentrations in the same solution, and the
cocktail solution is administered to animals. Then, the blood
and/or tissue concentrations of chemicals are determined by
sensitive analytical methodologies, and PK parameters of
chemicals are estimated on the basis of the data obtained.
This approach has been applied to various administration
routes, such as intravenous, intravitreal, and oral routes of
administration, to aid drug discovery (12,29.30). Unlike a
discrete PK study, in the cocktail dosing PK study, PK
interactions on absorption, distribution, metabolism, and
elimination might occur among tested chemicals. However,
the cassette dosing approach also has attractive advantages
such as high throughput and reduction of labor, animals
killed, and other research resources (30). They might out-
weigh the disadvantages of cassette dosing approach at least
for screening purpose since a large number of new drug
candidates have to be examined in an early phase of drug
discovery.

FQs, as a model chemical series, are clinically used as
antimicrobial agents for treating various infections (31), the
mechanism of which is inhibition of DNA gyrase, an essential
bacterial enzyme, resulting in the suppression of DNA
synthesis in microbes (32,33). In spite of the broad spectrum
of antimicrobial activity, FQ-induced phototoxicity was also
reported as an adverse effect in clinical trials (34). On the
basis of this previous report, the halogenated group of FQs
was shown to have severe in vivo phototoxicity, and the free
group of FQs clinically exhibits mild photosensitivity. Non-
halogenated FQs have less in vivo phototoxic potential than
other types of FQs. However, the skin photosensitivity of
GFLX was not observed in a double-blind, placebo- and
positive-controlled study (35). In addition to the previous
clinical trials, structure-activity and structure-side-effect
relationships for FQs were examined in in vitro and in vivo
phototoxic studies (36,37), and, in particular, the substituent
groups at the eight position of FQs were reported to play a
key role in phototoxicity of FQs on the basis of their
structure-phototoxicity relationships (15,16). A halogen atom
at the eight position exhibited potent phototoxic potential
whereas a methoxy group at the eight position had less
phototoxic potential. Thus, the order for phototoxic potential
of FQ subseries is demonstrated as follows: halogenated FQs>
free FQs>non-halogenated FQs.

In the present study, various photobiochemical data on
FQs were initially obtained using in vitro phototoxic assess-
ment tools, and the PK profiles of FQs were also estimated
using the data from cassette dosing approaches. To integrate
these data for in vivo phototoxic evaluation of the FQs, a
decision matrix was built upon several experimental out-
comes (Table I1I). The decision matrix is a summarized
schematic model of qualitative or quantitative values, and it
helps us to systematically identify, analyze, and evaluate the
complicated sets of information. There are two crucial factors
in the decision matrix, such as in vitro photobiochemical and
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PK behaviors. When either of the two is at a low level, the
tested chemical can be identified as mildly or less phototoxic.
Of all PK parameters calculated, ¢, and MRT values in the
skin should be of great importance since they were indicative
of exposure period in the skin. On the basis of the phototoxic
evaluation using the decision matrix, LFLX was deduced to
have the most potent phototoxic risk because of its sensitive
photoreactivity and high level in the skin, the mechanisms of
which might include both photoirritation and photogenotox-
icity mainly via type I photochemical reaction. LVFX would
also have a potent phototoxic risk, especially photoirritancy,
since both photoreacting and skin distribution properties
were similar to those of LFLX except that LVFX had less

photogenotoxic risk than LFLX. Compared with the present
results on LFLX and LVFX, those on SPFX were indicative
of moderate in vitro phototoxic risk and skin deposition;
therefore, SPFX would also have phototoxic risk. Notably,
the ty, and MRT values for SPFX demonstrated the long-
term exposure risk in the skin, and in vivo phototoxic risk of
SPFX might persist longer. The PK profiles of GFLX were
quite similar to those of LFLX; however, weak phototoxic
behavior in the in vitro screenings suggested that GFLX
might have limited phototoxic potential. From these findings,
halogenated FQs tend to show phototoxic risk, although
phototoxicity of non-halogenated FQ seemed to be variable
depending on its chemical structure and in vitro photo-
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Table III, Decision Matrix

NFLX
l()2 .
ROS (AAss0 X ]03)
generation 0,
(AAu X 10%)
3T3NRUPT
Phototoxic (PIF)
reactions | Decrease of intercalated TO | .
(4% of vehicle) .
Cmax
(ng/g skin)
K, values
PK (mL/g skin)
profiles of
skin fiz ()
MRT (h)

CPFX

GO

LVFX GFLX LFLX SPFX

Each crucial factor was divided into three levels. Black, gray and white cells represent high, moderate and low levels, respectively

reactivity. With respect to the free group of FQs, such as
NFLX and CPFX, even if the free group had potent in vitro
photoreactivity, it should have mild phototoxicity due to the
lower migration to the skin than that of other groups at the
present dosage (5 mg/kg). Overall, on the basis of the
decision matrix, the order for the in vivo phototoxic risk of
FQs was deduced as follows: LFLX>LVFX>SPFX>
NFLX=CPFX>» GFLX. In previous clinical reports, most
tested FQs, including NFLX, CPFX, LVFX, LFLX, and
SPFX, were reported to be phototoxic in clinical trials and
the order for phototoxic potential was summarized as follows:
LFLX>SPFX>CPFX>NFLX=LVFX (34). As observed in
the present study, cutaneous phototoxicity of GFLX was
negligible in a clinical trial (35). The outcomes from the
decision matrix approach were likely in agreement with the
previous observations in clinical trials. From these findings, in
vivo phototoxic risk of FQs could be estimated by combined
use of in vitro photobiochemical and PK data.

For evaluating the phototoxic risk of new drug candi-
dates, the European Medicines Agency (EMEA) and the
Food and Drug Administration (FDA) established guidance
on the photosafety testing of medical products, including
phototoxicity (photoirritation), photogenotoxicity, photoal-
lergy, and photocarcinogenicity tests (38—40). Both EMEA
guidance and FDA guidance have similarly described test
chemicals, which absorb light ranging from 290 to 700 nm
(UVA/B and VIS) and are applied directly to the skin and/or
eyes or are distributed in these sites after systemic admin-
istration; they also recommend 3T3 NRU PT as an in vitro
phototoxicity test. 3T3 NRU PT was indicated by OECD
guideline 432 in 2004 (24), and the test has become a general
in vitro methodology for evaluating phototoxicity. Although
the 3T3 NRU test can strongly detect the phototoxic potential

of test chemicals, some positive chemicals in this test did not
induce phototoxicity in in vivo phototoxicity tests in animals
and/or human clinical photosafety studies (41). The over-
estimation of in vitro assessments such as 3T3 NRU PT might
occasionally cause termination of development. Furthermore,
the other contents of photosafety testing are markedly
different between EMEA guidance and FDA guidance, and,
in particular, EMEA guidance has no requirement of in vivo
phototoxicity tests whether drug candidates have been
determined as positive or negative in in vitro approaches.
The assessment of photosafety for new drug candidates has
not been completely elucidated yet, and more effective
screening strategies for evaluating in vivo phototoxic risk
are required. In the present study, the combined use of
photobiochemical and PK data was proposed as one of the
screening strategies for evaluating in vivo phototoxic risk of
compounds, and the dermal PK data play a key role for better
understanding of in vivo phototoxic potential.

In conclusion, in vive phototoxicity of FQs could be
evaluated by the combined use of photobiochemical and
cassette dosing PK data. Additionally, the cassette dosing
approaches would contribute to the improvement of through-
put in PK analyses and save various resources. The present
screening system would be an effective and high-throughput
strategy for evaluating the in vivo phototoxic risk of new drug
entities in an early stage of drug discovery.
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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-B-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 wM) 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-B-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
ElMoshni procedure {16]. Briefly, samples containing bufexamac
with or without SBECD, RNO (50 wM), and imidazole (50 wM) in
20 mM 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 20 mM 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 (2.4 mlL) at 0.4nm intervals
between wavelengths of 200 and 350 nm using a Jasco model ]-600
spectropolarimeter. Measurement was carried out atroom 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-

iments, 10 wL of DNA solution at a concentration of 100 pg/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 L of EtBr (7.0 wM) was added to the assay mixture. The mixture
was incubated for 15min 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 p.g/mL) and bufexamac
(200 wM)in Tris~acetic acid—=EDTA (TAE) buffer (40 mM Tris, 20 mM
acetic acid, and 1 mM EDTA) was irradiated with UVA/B (375 k]/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

J.
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:
Spectra Manager). 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 (A7) was substituted into the following
Scott's equation, and described on Scott's plot [15]:

1

L1
[SBECD] - [Buf] - £ = J[SBECD] + 5

where [SBECD] and [Buf] indicate the molar concentrations of
SBECD and bufexamac (mM), respectively. Lis 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/siope and linearity of Scott’s plot,
respectively.

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 v 4.1. A
Waters Acquity UPLC™ BEH C,g (particle size: 1.7 pm, 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 (30,000ix). 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;
3.5-5min, 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 Il photochemical reaction and superoxide through
type | 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;, Aaag x 10°3: not
detected, O™, Asgg x 103: 60) was similar to that of carbamazepine
(102, Agqq x 103: not detected, Oy~ Asgg x 103: 96), a phototoxic
drug [ 18], at a concentration of 200 uM {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 uM) 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. () Bufexamac
and (v) nalidixic acid. Data represent mean % S.D. of four experiments. (B) CD spec-
tra representative of DNA (100 pg/mL) in the presence of compounds (100 pM).
Solid line, DNA alone; dashed line, DNA in the presence of bufexamac; and dotted
line, DNAin 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 pg/mL)with or without compounds (100 uM)was also carried
out (Fig. 3B). A solution of DNA exhibits a positive band at 275 nm
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-
magc, 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 300 nm, 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 the linearity [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 wM) co-existing with SBECD (ranging from 0 to 800 uM)
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 uwM 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 M. 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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carried out on bufexamac with or without SBECD (Fig. 6). Degrada-
tion kinetics was calculated according to the following equation:
InA=InAp —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 10~2min~! 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 B-CyD derivative, was
synthesized for better solubilization than natural B-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 I 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 inclusion 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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