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a b s t r a c t

The present study aimed to modulate the photoreactivity of bufexamac, with a focus on photostability
and phototoxicity, by forming an inclusion complex with sulfobutylether-�-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
ufexamac
ulfobutylether-�-cyclodextrin
nclusion complex

activity. SBECD complex of bufexamac was formed, and the association constant of the complex was
calculated to be 620 M−1. 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 �M. 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

toxic
for modulating the photo

. Introduction

Photochemical reactions of pharmaceutics, including pho-
odegradation and phototoxicity, are severe problems in terms
f stability and safety in the pharmaceutical industry, and their
ossible cascade has been reported [1,2]. Drugs are excited by
VA (320–400 nm) and UVB (290–320 nm), and then the drugs
irectly/indirectly react with molecules, resulting in photodegra-
ation and phototoxicity [1]. Reactive oxygen species (ROS) have
een reported as one of the major causative intermediate species
or photochemical reactions [3], and the ROS generation from
rradiated chemicals induce the oxidation of various molecules.
otably, excited compounds react with biomolecules, leading to
hototoxic skin responses, including photoirritation, photoallergy,

nd photogenotoxicity [1,4]. Several classes of pharmaceuticals,
uch as diuretic agents [5], non-steroidal anti-inflammatory drugs
NSAIDs) [6], and tricyclic antidepressants [7], exhibit some or all
f 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).
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ity of drugs.
© 2011 Elsevier B.V. All rights reserved.

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 �-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

dx.doi.org/10.1016/j.jpba.2011.02.025
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
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Fig. 1. Structure of bufexamac.

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

. Materials and methods

.1. Chemicals

Bufexamac was purchased from Sigma (St. Louis, MO, USA).
BECD was supplied by Pfizer Inc. Salmon sperm DNA, plasmid
BR322 DNA, imidazole, p-nitrosodimethylaniline (RNO), nitroblue
etrazolium (NBT), Tween 20, disodium hydrogenphosphate 12-
ater, and sodium dihydrogenphosphate dihydrate were obtained

rom Wako Pure Chemical Industries (Osaka, Japan). Ethidium bro-
ide (EtBr) and agarose L03 were purchased from Nippon Gene

Toyama, Japan) and Takara Bio (Shiga, Japan), respectively. Ace-
onitrile was purchased from Kanto Chemical (Tokyo, Japan). A
uartz reaction container for high-throughput ROS assay was con-
tructed by Ozawa Science (Aichi, Japan).

.2. Determination of reactive oxygen species (ROS)

Singlet oxygen was determined following the Kraljic and
lMoshni procedure [16]. Briefly, samples containing bufexamac
ith or without SBECD, RNO (50 �M), and imidazole (50 �M) in

0 mM sodium phosphate buffer (NaPB, pH 7.4) were irradiated
ith UVA/B (30,000 lx) in a Light-Tron Xenon (LTX-01, Nagano

cience, Osaka, Japan), and then UV absorption at 440 nm was mea-
ured using a SpectraMax plus 384 microplate spectrophotometer
Molecular Devices, Kobe, Japan).

Superoxide anion was also determined according to the Pathak
nd Joshi procedure [17]. Samples containing bufexamac (free or
n SBECD inclusion complex) and NBT (50 �M) in 20 mM NaPB (pH
.4) were irradiated with UVA/B (30,000 lx) for the indicated peri-
ds, and the reduction of NBT was measured by the increase of
heir absorbance at 560 nm, using SpectraMax plus 384 microplate
pectrophotometer.

.3. Circular dichroism (CD) analysis of DNA

Salmon sperm DNA with or without bufexamac was dis-
olved in 20 mM NaPB (pH 7.4), and CD spectra (average of ten
cans) were collected from samples (2.4 mL) at 0.4 nm intervals
etween wavelengths of 200 and 350 nm using a Jasco model J-600
pectropolarimeter. Measurement was carried out at room temper-
ture, and a baseline spectrum was subtracted from the collected
ata.
.4. DNA-binding assay

The affinity of drugs for salmon sperm DNA was determined
y the competitive binding study. For competitive binding exper-
iomedical Analysis 55 (2011) 591–596

iments, 10 �L of DNA solution at a concentration of 100 �g/mL,
dissolved in 20 mM NaPB (pH 7.4), was mixed with 20 �L of the
tested drug at various final concentrations ranging from 0 to 2 �M
in a 96-well microplate (AGC TECHNO GLASS, Chiba, Japan), then
70 �L of EtBr (7.0 �M) 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 �g/mL) and bufexamac
(200 �M) in Tris–acetic acid–EDTA (TAE) buffer (40 mM Tris, 20 mM
acetic acid, and 1 mM EDTA) was irradiated with UVA/B (375 kJ/m2)
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 (A278) was substituted into the following
Scott’s equation, and described on Scott’s plot [15]:

[SBECD] · [Buf] · L

A278
= 1

ε
[SBECD] + 1

K · ε

where [SBECD] and [Buf] indicate the molar concentrations of
SBECD and bufexamac (mM), respectively. L is the light path length,
ε 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.

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 × 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/m2 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
UPLCTM 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 UPLCTM BEH C18 (particle size: 1.7 �m, column size:
�2.1 mm × 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. 3. In vitro photogenotoxic assessments. (A) Typical ethidium displacement
curves for chemicals. The binding of ethidium (4.9 �M) to DNA was inhibited by
increasing concentrations of nalidixic acid, but not by bufexamac. (©) Bufexamac
and (�) nalidixic acid. Data represent mean ± S.D. of four experiments. (B) CD spec-
tra representative of DNA (100 �g/mL) in the presence of compounds (100 �M).
Solid line, DNA alone; dashed line, DNA in the presence of bufexamac; and dotted
ig. 2. Generation of ROS from photoirradiated bufexamac and quinine. Each chem-
cal was dissolved in 20 mM NaPB (pH 7.4) at the indicated concentrations, and then
xposed to simulated sunlight (30,000 lx). Open bar, singlet oxygen; and filled bar,
uperoxide. Data represent mean ± S.D. of three experiments.

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

.8. Data analysis

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

. Results

.1. Photochemical reactions of bufexamac

The ROS assay enabled to identification of the type of photo-
hemical reaction by monitoring the generation of singlet oxygen
hrough type II photochemical reaction and superoxide through
ype I photochemical reaction. In the present study, the genera-
ion of ROS from bufexamac was detected by ROS assay to clarify
he type of photochemical reaction for bufexamac (Fig. 2). Expo-
ure of quinine, a known phototoxic drug, to simulated sunlight
esulted in the generation of both singlet oxygen and super-
xide; however, bufexamac could generate only superoxide in
concentration-dependent manner. The results suggested that

ufexamac would mainly induce type I photochemical reaction.
he ROS-generating behavior of bufexamac (1O2, �440 × 103: not
etected, O2

−, �560 × 103: 60) was similar to that of carbamazepine
1O2, �440 × 103: not detected, O2

−, �560 × 103: 96), a phototoxic
rug [18], at a concentration of 200 �M [19]. Thus, bufexamac was
ound to be photoreactive and/or phototoxic, and the result was in
greement with a previous clinical report [13].

.2. Photogenotoxic potential of bufexamac

For further photochemical characterization, the interaction of
ufexamac with DNA was evaluated by DNA-binding assay [14],
nd nalidixic acid, which has the affinity to DNA, was used as
positive control (Fig. 3A). The emission of intense fluorescence

rom ethidium (4.9 �M) was observed in the presence of DNA

10 �g/mL). The addition of nalidixic acid induced a decrease of
uorescence in a concentration-dependent manner; however, no
ignificant changes of fluorescence emission were observed for
ufexamac, suggesting low affinity of bufexamac to DNA. To clarify
he interaction of bufexamac and DNA, CD spectral analysis on DNA
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. O.C., open
circular form; and S.C., supercoiled form.

(100 �g/mL) with or without compounds (100 �M) 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-
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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Fig. 4. Stoichiometry analysis of SBECD inclusion property for bufexamac. (A) UV
spectral patterns of bufexamac (0.5 mM) with SBECD. Concentration of SBECD: (1)
5, (2) 10, (3) 15, (4) 20, (5) 25, and (6) 30 mM. (1) Solid line; (2)–(6) dotted line. (B)
Scott’s plot for interaction between bufexamac and SBECD by UV spectrometry.
94 Y. Seto et al. / Journal of Pharmaceutica

as clearly induced by nalidixic acid after exposure to simulated
unlight, and the conversion of pBR322 DNA from the SC to the
C form was estimated to be ca. 64% on the basis of the band

ntensity. In contrast, bufexamac-induced DNA photocleavage was
ot observed, suggesting that bufexamac is less photogenotoxic.
verall, bufexamac exhibited neither interaction with DNA nor
NA-photocleaving activity, and bufexamac may not cause pho-

ogenotoxicity.

.3. Stoichiometric analysis of bufexamac–SBECD inclusion
omplex

The photobiochemical data of bufexamac indicated pho-
odegradative and phototoxic potentials, except photogenotoxic
isk, and SBECD complexation was applied for modulating the
hotoreactivity of bufexamac in this study. Generally, there is
n optimal molar ratio between CyD and chemicals for form-
ng an inclusion complex; therefore, a spectroscopic method
sing the changes of UV-absorption spectra and Scott’s plot was
sed for evaluating the stoichiometry of the inclusion complex

n the present investigation [15]. The UV spectral patterns of
BECD–bufexamac complex were recorded in 20 mM NaPB (pH
.4) (Fig. 4A). On the basis of UV spectral data, hyperchromicity
nd slight bathochromicity were observed ranging from 250 nm
o 300 nm, and strong absorption was detected at approximately
78 nm; these effects suggested that the UV absorbability of
ufexamac was changed by SBECD. To obtain the stoichiometry
nd association constant of the SBECD inclusion complex of bufexa-
ac, Scott’s plot was described using the UV absorption data and

he concentrations of bufexamac and SBECD (Fig. 4B). The plot of
BECD concentration versus [SBECD]·[Buf]/Absorbance exhibited
inearity, and its correlation coefficient was estimated to be 1.00.
enerally, the inclusion ratio between CyD and compound is stoi-
hiometrically determined to be 1:1 when Scott’s plot is indicative
f the linearity [21]. In addition to the stoichiometry of the inclusion
omplex, the value of K of the inclusion complex was also calculated
o be 620 M−1 from the present analysis. On the basis of the data
btained, SBECD forms a 1:1 inclusion complex with bufexamac,
nd the complex should be relatively stable.

.4. Inhibitory effect of SBECD on ROS generation from bufexamac

Although SBECD complex with bufexamac could be formed, the
nfluence of SBECD on the photochemical behavior of bufexamac
s still unclear. Therefore, ROS generation from irradiated bufexa-

ac (200 �M) co-existing with SBECD (ranging from 0 to 800 �M)
as examined by ROS assay to clarify the possible transition of
hotoreactivity for bufexamac (Fig. 5). SBECD complexation led to
uppression of superoxide generation from irradiated bufexamac
n an SBECD-concentration-dependent manner. In detail, SBECD at
oncentrations of 20 and 100 �M exhibited significant reduction
f superoxide generation from irradiated bufexamac by ca. 75 and
2%, respectively, and the generation of superoxide was negligible

n the presence of SBECD at concentration of over 200 �M. On the
asis of the data obtained, SBECD modulated the photoreactivity of
ufexamac by forming an inclusion complex, and SBECD may atten-
ate bufexamac-induced phototoxic skin reactions by forming an

nclusion complex when the complex is topically administered.

.5. Photostability testing on bufexamac and its SBECD-inclusion
omplex
According to the ROS data, photoreactive and/or phototoxic
otential of bufexamac is modulated by SBECD; this finding
rompted us to clarify the photostability of bufexamac in SBECD.
olution-state photostability test using a solar simulator was

Fig. 5. Generation of ROS from irradiated inclusion complex of bufexamac with
SBECD. SBECD was dissolved in 20 mM NaPB (pH 7.4) at the indicated concentra-
tions with bufexamac (200 �M), and then exposed to simulated sunlight (30,000 lx).
(©) singlet oxygen; and (�) superoxide. Data represent mean ± S.D. of three exper-
iments.
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Fig. 6. Photodegradation profiles of bufexamac. Each sample was exposed to UVA/B
(750 W/m2) for the indicated periods, and the remaining bufexamac was eval-
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ated by UPLC/ESI-MS. Bufexamac: (©) non-irradiated, and (�) irradiated, and
ufexamac–SBECD inclusion complex: (♦) non-irradiated, and (�) irradiated. Data
epresent mean ± S.D. of three experiments.

arried out on bufexamac with or without SBECD (Fig. 6). Degrada-
ion kinetics was calculated according to the following equation:
n A = ln A0 − kt, where A is the remaining peak area of bufexa-

ac, t is the time (min), and k is the slope (degradation constant).
oth bufexamac solutions were stable without UV irradiation since
he results of the remaining bufexamac were estimated to be
lmost 100% of initial bufexamac until 120 min in both bufexamac
olutions. In contrast, solution-state bufexamac was rapidly pho-
odegraded by exposure to UV, and the remaining bufexamac at
20 min was estimated to be ca. 18.3%. The solution-state bufexa-
ac in SBECD was also photodegraded after UV irradiation, and the

emaining bufexamac at 120 min was calculated to be ca. 28.2%. The
egradation constants of bufexamac with and without SBECD were
stimated to be 1.05 × 10−2 min−1 and 1.43 × 10−2 min−1, respec-
ively. There was ca. 30% reduction of the degradation constant of
ufexamac by forming SBECD complexation; therefore, the photo-
tability of bufexamac should be slightly improved by SBECD.

. Discussion

In the present study, we first demonstrated that SBECD
omplexation was effective for controlling the phototoxicity of
ufexamac. On the basis of the photobiochemical data, bufexamac
enerated superoxide; however, the photogenotoxic potential of
ufexamac was not identified. SBECD inclusion complex of bufexa-
ac was prepared, and the inclusion ratio was estimated to be

:1 by a spectroscopic method. From the photochemical data on
he inclusion complex, the photoreactivity of bufexamac might be

odulated by equimolar SBECD.
Generally, CyDs are often applied for improving solubility,

issolution rate, bioavailability, and chemical stability, including
ydrolysis oxidation and photodegradation of drugs [22,23]. In par-
icular, �-CyD is considered a useful solubilizing agent because of
ts inclusion abilities; however, natural �-CyD has limited aqueous
olubility due to relatively strong binding of the CyD molecules. To
vercome this drawback, SBECD, an anionic �-CyD derivative, was
ynthesized for better solubilization than natural �-CyD, and it has
een applied as a solubilizing agent for some pharmaceutics, such

s ziprasidone, aripiprazole, and voriconazole [24].

On the basis of the ROS data, bufexamac was found to have
hotoreactivity, possibly leading to photodegradation and photo-
oxicity; however, the potent photogenotoxic risk of bufexamac
iomedical Analysis 55 (2011) 591–596 595

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.

Acknowledgements

This work was supported in part by a Grant-in-Aid from the Food
Safety Commission, Japan [No. 0807] and a Health Labour Sciences
Research Grant from The Ministry of Health, Labour and Welfare,
Japan.

References

[1] S. Onoue, Y. Tsuda, Analytical studies on the prediction of photosensi-
tive/phototoxic potential of pharmaceutical substances, Pharm. Res. 23 (2006)
156–164.

[2] S. Onoue, Y. Seto, G. Gandy, S. Yamada, Drug-induced phototoxicity; an early
in vitro identification of phototoxic potential of new drug entities in drug dis-
covery and development, Curr. Drug Saf. 4 (2009) 123–136.

[3] C.S. Foote, Definition of type I and type II photosensitized oxidation, Photochem.
Photobiol. 54 (1991) 659.
[4] D.E. Moore, Mechanisms of photosensitization by phototoxic drugs, Mutat. Res.
422 (1998) 165–173.

[5] F. Vargas, I. Martinez Volkmar, J. Sequera, H. Mendez, J. Rojas, G. Fraile,
M. Velasquez, R. Medina, Photodegradation and phototoxicity studies of
furosemide. Involvement of singlet oxygen in the photoinduced hemolysis and
lipid peroxidation, J. Photochem. Photobiol. B 42 (1998) 219–225.



5 l and B

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[
Medicines for Human Use, Committee for Proprietary Medicinal Products, Con-
cept Paper on the Need for Revision of the Note for Guidance on Photosafety
Testing, CPMP/SWP/398/01, 2008.
96 Y. Seto et al. / Journal of Pharmaceutica

[6] L. Becker, B. Eberlein-Konig, B. Przybilla, Phototoxicity of non-steroidal anti-
inflammatory drugs: in vitro studies with visible light, Acta Derm. Venereol. 76
(1996) 337–340.

[7] G. Viola, G. Miolo, D. Vedaldi, F. Dall’Acqua, In vitro studies of the phototoxic
potential of the antidepressant drugs amitriptyline and imipramine, Farmaco
55 (2000) 211–218.

[8] S. Onoue, K. Kawamura, N. Igarashi, Y. Zhou, M. Fujikawa, H. Yamada, Y. Tsuda,
Y. Seto, S. Yamada, Reactive oxygen species assay-based risk assessment of
drug-induced phototoxicity: classification criteria and application to drug can-
didates, J. Pharm. Biomed. Anal. 47 (2008) 967–972.

[9] M. Partyka, B.H.A.H. Evans, Cyclodextrins as phototoxicity inhibitors in drugs
formulation; studies on model systems involving naproxen and �-cyclodextrin,
J. Photochem. Photobiol. A: Chem. 140 (2001) 67–74.

10] G. Ragno, E. Cione, A. Garofalo, G. Genchi, G. Ioele, A. Risoli, A. Spagnoletta,
Design and monitoring of photostability systems for amlodipine dosage forms,
Int. J. Pharm. 265 (2003) 125–132.

11] S. Sortino, S. Petralia, G. Condorelli, G. Marconi, Direct spectroscopic evidence
that the photochemical outcome of flutamide in a protein environment is tuned
by modification of the molecular geometry: a comparison with the photobe-
havior in cyclodextrin and vesicles, Helv. Chim. Acta 86 (2003) 266–273.

12] M.A. Tomren, M. Masson, T. Loftsson, H.H. Tonnesen, Studies on curcumin and
curcuminoids. XXXI. Symmetric and asymmetric curcuminoids: stability, activ-
ity and complexation with cyclodextrin, Int. J. Pharm. 338 (2007) 27–34.

13] Y. Kurumaji, Photo Koebner phenomenon in erythema-multiforme-like erup-
tion induced by contact dermatitis due to bufexamac, Dermatology 197 (1998)
183–186.

14] S. Onoue, Y. Seto, A. Oishi, S. Yamada, Novel methodology for predicting
photogenotoxic risk of pharmaceutical substances based on reactive oxygen
species (ROS) and DNA-binding assay, J. Pharm. Sci. 98 (2009) 3647–3658.

15] R.L. Scott, Some comments on the Benesi–Hildebrand equation, Rec. Trav. Chim.

Pays B 75 (1956) 787–789.

16] I. Kraljic, S.E. Mohsni, A new method for the detection of singlet oxygen in
aqueous solutions, Photochem. Photobiol. 28 (1978) 577–581.

17] M.A. Pathak, P.C. Joshi, Production of active oxygen species (1O2 and O2
− .) by

psoralens and ultraviolet radiation (320–400 nm), Biochim. Biophys. Acta 798
(1984) 115–126.

[

iomedical Analysis 55 (2011) 591–596

18] T. Terui, H. Tagami, Eczematous drug eruption from carbamazepine: coexis-
tence of contact and photocontact sensitivity, Contact Dermatitis 20 (1989)
260–264.

19] S. Onoue, M. Ochi, G. Gandy, Y. Seto, N. Igarashi, Y. Yamauchi, S. Yamada,
High-throughput screening system for identifying phototoxic potential of drug
candidates based on derivatives of reactive oxygen metabolites, Pharm. Res. 27
(2010) 1610–1619.

20] V.I. Ivanov, L.E. Minchenkova, A.K. Schyolkina, A.I. Poletayev, Different con-
formations of double-stranded nucleic acid in solution as revealed by circular
dichroism, Biopolymers 12 (1973) 89–110.

21] M. Otagiri, K. Uekama, K. Ikeda, Inclusion complexes of beta-cyclodextrin with
tranquilizing drugs phenothiazines in aqueous solution, Chem. Pharm. Bull. 23
(1975) 188–195.

22] T. Loftsson, M.E. Brewster, Pharmaceutical applications of cyclodextrins. 1. Drug
solubilization and stabilization, J. Pharm. Sci. 85 (1996) 1017–1025.

23] S. Scalia, R. Tursilli, N. Sala, V. Iannuccelli, Encapsulation in lipospheres of the
complex between butyl methoxydibenzoylmethane and hydroxypropyl-beta-
cyclodextrin, Int. J. Pharm. 320 (2006) 79–85.

24] D.R. Luke, K. Tomaszewski, B. Damle, H.T. Schlamm, Review of the basic and
clinical pharmacology of sulfobutylether-beta-cyclodextrin (SBECD), J. Pharm.
Sci. 99 (2010) 3291–3301.

25] D.E. Moore, Drug-induced cutaneous photosensitivity: incidence, mechanism,
prevention and management, Drug Saf. 25 (2002) 345–372.

26] The European Agency for the Evaluation of Medicinal Products, Evaluation of
Medicines for Human Use, Committee for Proprietary Medicinal Products, Note
for Guidance on Photosafety Testing, CPMP/SWP/398/01, 2002.

27] The European Agency for the Evaluation of Medicinal Products, Evaluation of
28] United States Department of Health and Human Services, Food and Drug
Administration, Center for Drug Evaluation and Research (CDER) Guidance for
Industry, Photosafety Testing, 2002.


	In vitro photobiochemical characterization of sulfobutylether-β-cyclodextrin formulation of bufexamac
	Introduction
	Materials and methods
	Chemicals
	Determination of reactive oxygen species (ROS)
	Circular dichroism (CD) analysis of DNA
	DNA-binding assay
	DNA-photocleavage assay
	Determination of stoichiometry and the association constant
	Photostability testing
	Data analysis

	Results
	Photochemical reactions of bufexamac
	Photogenotoxic potential of bufexamac
	Stoichiometric analysis of bufexamac–SBECD inclusion complex
	Inhibitory effect of SBECD on ROS generation from bufexamac
	Photostability testing on bufexamac and its SBECD-inclusion complex

	Discussion
	Acknowledgements
	References


