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1991), although very limited number of reports are available on the
solid dispersion formulation of TL (Shibata et al., 2007). In general,
amorphous substances are chemically and/or physically less stable
than crystalline substances. Considering the poor photostability of
TLin the solution state, crystalline solid dispersion (CSD) approach
might be one of the viable formulation options for TL, possibly lead-
ing to high photostability and improved bioavailability, although
the formulation has never been prepared and characterized.

The purpose of the present investigation was to develop novel
oral formulation of TL for improving oral bioavailability and pho-
tostability. CSD formulation of TL (CSD/TL) was prepared with a
wet-milling technique, followed by freeze-drying. Physicochemical
properties of CSD/TL were characterized with emphasis on sur-
face morphology, particle size distribution, crystallinity, thermal
behavior, dissolution, and photostability. In photostability testing,
photochemical properties of CSD/TL, crystalline TL, and amorphous
SD formulation of TL (ASD/TL) were assessed for comparison pur-
pose. Pharmacokinetic profiling of TL after oral administration
of CSD/TL or crystalline TL in rats was made with use of ultra-
performance liquid chromatography equipped with electrospray
ionization mass spectrometry (UPLC/ESI-MS).

2. Materials and methods
2.1. Chemicals

TL (crystal) was supplied from Kissei Pharmaceutical Co., Ltd.
(Nagano, Japan). Hydroxypropyl cellulose SL (HPC-SL) was supplied
from Nippon Soda Co., Ltd. (Tokyo, Japan). Sodium dodecyl sulfate
(SDS) and 1,4-dioxane were purchased from Wako Pure Chemical
Industries, Ltd. (Osaka, Japan). All other chemicals were purchased
from commercial sources.

2.2. Tranilast formulations

2.2.1. Crystalline solid dispersion (CSD/TL)

The wet-milled TL formulation was prepared with NanoMill®-
01 system (Elan Drug Technologies, Dublin, Ireland). In brief,
882.0mgof crystalline TL was weighed and added in a 100 ml stain-
less chamber. Polystyrene beads (46.7 g) with diameter of 0.5 mm
were put into the chamber and 44.1 ml of 5 mg/ml HPC-SL solu-
tion with 0.2 mg/ml SDS was added. The TL colloidal suspension
was micronized at 3600 rpm for 90 min with NanoMill®-01 sys-
tem with cooling the chamber at 5°C. After micronization with
wet-milling process, the TL wet-milled suspension was collected
and lyophilized with LyoStar II® freeze-dryer (SP Industries Inc.,
Warminster, PA, USA).

2.2.2. Amorphous solid dispersion (ASD/TL)

Crystalline TL (400mg) and HPC-SL (1600 mg) were dissolved
in 90% (v/v) 1,4-dioxane solution and frozen at —80 °C. The frozen
mixture was lyophilized with LyoStar 1I® freeze-dryer (SP Indus-
tries Inc., Warminster, PA, USA). After drying, the sample was sieved
with two different mesh sizes of sieves (2.0 and 1.0 mm).

2.2.3. Physical mixture (PM/TL)

TL (100 mg) and HPC-SL (400 mg) were added into a polyethy-
lene tube and blended with a Turbula® Shaker-Mixer (Willy A.
Bachofen AG Maschinenfabrik, Switzerland) at 30 rpm for 15 min.

2.3. Electron microscope
2.3.1. Scanning electron microscope (SEM)

Representative scanning electron microscopic images of TL
samples were taken using a scanning electron microscope, VE-

7800 (Keyence Corporation, Osaka, Japan), without Au or Pt coating.
For the SEM observations, each sample was fixed on an aluminum
sample holder using a double-side carbon tape.

2.3.2. Transmission electron microscope (TEM)

An aliquot (2 wl) of wet-milled TL suspension was placed on
a carbon-coated Formvar 200 mesh nickel grid. The sample was
allowed to stand for 15-30s, and then any excess solution was
removed by blotting. The samples were negatively stained with
2% (w/v) uranyl acetate and allowed to dry. The samples were
then visualized under as H-7600 transmission electron microscope
(Hitachi, Japan) operating at 75 kV.

2.4. Particle size analysis

2.4.1. Laser diffraction

Particle size of TL was measured by laser diffraction scatter-
ing method using a Microtrac HRA X-100 (Nikkiso Co., Ltd., Tokyo,
Japan). For measurement, TL was suspended in distilled water.
Particle size distribution was expressed as the volume median
diameter and SPAN factor defined as SPAN = (dqy — d1g)/d5g, Where
dqg, dsg and dgg are the particle diameters at 10%, 50% and 90% of
the cumulative volume, respectively. A high SPAN value indicates
a wide size distribution.

2.4.2. Dynamic light scattering (DLS)

Particle size of wet-milled TL was measured by dynamic light
scattering method using a N5 submicron particle size analyzer
(Beckman Coulter Inc., Brea, CA, USA). For measurement, one drop
of TL suspension was diluted with ca. 4ml distilled water and
dispersed homogeneously. Mean diameter was calculated using a
photon correlation from light scattering. All measurements were
performed at 25 °C at a measurement angle of 90°. The size distri-
bution, which was calculated by histogram analysis of scattering
intensity, was evaluated at cumulative values of 10%, 50% and 90%.

2.5. X-ray powder diffraction (XRPD)

The powder X-ray diffraction pattern was collected with D8
Advance (Bruker AXS GmbH, Karlsruhe, Germany) with Cu K radi-
ation generated at 40 mA and 35 kV. Data were obtained from 4° to
40° (26) at a step size of 0.014° and scanning speed of 4°/min.

2.6. Thermal analysis

Differential scanning calorimetry (DSC) was performed using a
DSC Q1000 (TA instruments, New Castle, DE, USA). DSC thermo-
grams were collected in an aluminum close-pan system using a
sample weight of ca. 3 mg and a heating rate of 5 °C/min with nitro-
gen purge at 70ml/min. The temperature axis was calibrated with
indium (ca. 5 mg, 99.999% pure, onset at 156.6 °C).

2.7. Dissolution test

Dissolution tests were carried out for 60 min in 900 ml purified
water with constant stirring of 50rpm in a dissolution test appa-
ratus DE-1S (Tokyo Rikakikai Co., Ltd., Tokyo, Japan) at 37°C. One
milligram of each TL sample was weighed to the dissolution vessel.
Samples were collected at the indicated periods up to 60 min and
centrifuged at 15,000 x g for 5 min. The supernatants were diluted
with ethanol, and the amount of TL was determined by Waters
Acquity UPLC system (Waters, Milford, MA, USA) that includes the
binary solvent manager, sample manager, column compartment,
and SQD connected with MassLynx software. An Acquity UPLC BEH
C 18 column (particle size: 1.7 wm, column size: 2.1 mm x 50 mm;
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Waters), also from Waters, was used, and column temperature was
maintained at 50°C. The samples were separated using a gradi-
ent mobile phase consisting of 5mM ammonium acetate (A) and
methanol (B) with the flow rate of 0.25 ml/min, and the retention
time of TL was 1.7 min. The gradient condition of mobile phase was
0-0.5 min, 40% B; and 0.5-3.5 min, 40-65% B.

2.8. Photostability of tranilast formulations

2.8.1. Irradiation conditions

UV irradiation experiments were carried out using an Atlas
Suntest CPS+ solar simulator (Atlas Material Technology LLC,
Chicago, IL, USA) equipped with a xenon arc lamp (1500W). UV
special filter and window glass filter were installed to adapt the
spectrum of the artificial light source to natural daylight. The irra-
diation test was carried out at 25 °Cwith an irradiance of250 W/m?2,
A reference sample under the protection of aluminum foil was
examined under the same condition.

2.8.2. Photostability testing

For solid-state stability test, each TL formulation (2mg)
was weighed exactly and spread in 1.5ml clear glass vial
(12 mm x 32 mm, Shimadzu, Kyoto, Japan) over the whole bot-
tom surface. For solution state stability study, 1 mg of crystalline
TL was weighed in 1.5 ml clear glass vial and dissolved in 1 ml of
dimethyl sulfoxide. TL formulations were set in the Suntest CPS+
solar simulator and irradiated with UVA/B light (0-450k]/m?), and
the remaining TL in the sample was determined by UPLC/ESI-MS,
as described in Section 2.7.

2.9. Invivo experiments

2.9.1. Animals and drug administration

Male Sprague-Dawley rats (Japan SLC, Shizuoka, Japan), weigh-
ing 286 +42 g, were housed two per cage in the laboratory with
free access to food and water, and maintained on a 12-h dark/light
cyclein aroomwith controlled temperature (24 + 1 °C) and humid-
ity (55+5%). All the procedures used in the present study were
conducted according to the guidelines approved by the Institu-
tional Animal Care and Ethical Committee of University of Shizuoka.
For oral administration, each TL formulation was suspended in
saline. Rats were fasted for approximately 24 h before drug admin-
istration, and received orally TL formulations (10 mg-TL/kg body
weight). For intravenous injection, 0.3 mg of TL was suspended in
1.0ml of PBS, and the TL suspension was sonicated for 30 min in
ultrasonic cleaner US-1R (As One, Osaka, Japan) for complete disso-
lution. The TL solution was injected intravenously inrats (0.5 mg/kg
body weight).

2.9.2. Serum concentration of tranilast

Blood samples (400 1) were collected from the tail vein at the
indicated periods after oral administration of TL or TL formula-
tion. Each blood sample (400 uul) was centrifuged at 10,000 x g to
prepare serum samples. The serum samples were kept frozen at
below —20 °C until they were analyzed. TL concentrations in serum
were estimated by UPLC/ESI-MS. In brief, 100 ! of methanol was
added to 50 pl of serum sample, and the solution was centrifuged
at 3000 rpm for 10 min. The supernatant was filtrated through the
0.2-pm filter, and then the filtrate was analyzed by UPLC/ESI-MS,
as described in Section 2.7.

2.10. Statistical analysis

For statistical comparisons, a one-way analysis of variance
(ANOVA) with the pairwise comparison by Fisher’s least significant
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Fig. 1. Size distributions of TL and wet-milled TL suspension. Particle sizes of TLand
wet-milled TL suspension were determined by laser diffraction and dynamic light
scattering method, respectively. Solid line, TL wet-milled suspension; and dashed
line, TL.

difference procedure was used. A P value of <0.05 was considered
significant for all analyses.

3. Results and discussion
3.1. Preparation of tranilast-loaded solid dispersion

Initially, crystalline TL, suspended in HPC-SL solution contain-
ing 0.2% SDS, was wet-milled for reduction of particle size, with an
overall yield of ca. 45%. Particle sizes of TL and the wet-milled TL
suspension were evaluated by laser diffraction and DLS analyses,
respectively (Fig. 1). The mean particle diameter of TL was calcu-
lated to be 61.4 um with SPAN factor of 2.6. According to DLS data
on wet-milled TL suspension, the mean particle diameter of TL was
reduced from 61.4 um to 122.2nm, and SPAN factor was reduced
to 0.6 by wet-milling process. These data indicated that milled TL
particles seemed to be homogeneous with a narrow particle size
distribution. The suspension of wet-milled TL was freeze-dried to
prepare SD formulation, and the resultant formulation appeared as
a thin and flaky material according to SEM observations (Fig. 2).
Interestingly, TEM image on the water-dispersed SD formulation
demonstrated that wet-milled TL particles could be re-dispersed
into water without forming any large aggregates (Fig. 2C).

Previous works demonstrated that TL had several anhydrate
and hydrate forms (Kawashima et al.,, 1991; Vogt et al., 2005).
To clarify the polymorphic transformation of TL during the wet-
milling and subsequent freeze-drying process, XRPD analyses on
crystalline TL and wet-milled formulation of TL were carried out
(Fig. 3A). The XRPD data on crystalline TL showed a characteristic
peak at 24.9°, and its diffraction pattern was almost identical to
that of the most stable anhydrous crystalline form reported pre-
viously (Kawashima et al, 1991). Wet-milled formulation of TL,
even after freeze-drying, exhibited the similar XRPD patterns of
TL and the physical mixture of TL and HPC-SL (PM/TL), suggest-
ing that any polymorphic transformation or hydration might not
occur during the wet-milling and subsequent freeze-drying pro-
cess. For characterizing molecular property of TL formulation in
more detail, thermal behaviors were also clarified with use of DSC

(Fig. 3B). Generally, thermal behaviors of drug formulations are
also important in pharmaceutical technologies, since the obtained
information such as melting, recrystallization, decomposition, or a
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Fig. 2. Morphological observations of TL and CSD/TL. Scanning electron microscopic
images of TL (A) and CSD/TL (B). Transmission electron microscopic image of dis-
persed nanocrystals (C).

change in heat capacity could help to ascertain the physicochem-
ical status of the entrapped drug inside the excipient. Crystalline
TL showed a sharp melting endothermic peak at 212°C (Fig. 3B-
IIT), whereas the endothermic peak of CSD/TL became broad and
shifted to lower temperature as compared to crystalline TL (Fig. 3B-
I). Thermal behavior of wet-milled formulation of TL was similar to
that of PM/TL (Fig. 3B-Il), proposing that transition of the thermal
behavior on wet-milled formulation was due to the co-existence of
the excipients. Thermal analyses indicated that any physicochemi-
cal transition of TL did not occur during the formulation processes,
supporting the results from XRPD analyses.

On the basis of SEM observation and XRPD analyses, micronized
TL might be homogeneously dispersed in HPC-SL as fine crystalline
particles. Basically, solid dispersion can be defined as adistribution
of active ingredients in molecular, amorphous, and/or microcrys-
talline forms surrounded by inert carriers (Chiou and Riegelman,
1971). Herein, the newly developed TL formulation in the present
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Fig. 3. Physicochemical characterization of TL samples, including (1) CSD/TL, (11)
PM/TL, and (11I) crystalline TL. (A) Powder X-ray diffraction patterns and (B) DSC
thermograms.

study can be identified as a nano-crystalline solid dispersion of TL
(CSD/TL).

3.2. Dissolution behaviors of tranilast formulations

It is well-established that, for poorly water-soluble drugs,
especially class Il drugs in biopharmaceutic classification system,
improvement of the drug solubility sometimes result in the marked
increase of the oral bioavailability (Amidon et al., 1995). To clarify
the dissolution behavior of TL formulation, the dissolution tests on
crystalline TL, CSD/TL and PM/TL were carried out up to 60 min
in water (Fig. 4). Crystalline TL and PM/TL exhibited poor dissolu-
tion/dispersion rates in water, and amounts of dissolved TL from
the TL and PM/TL at 60min was found to be ca. 10% and 19%,
respectively. Upon these data, slight improvement in the dissolu-
tion properties of PM/TL suggested that HPC-SL itself might act as
a weak solubilizer in the present formulations, contributing to the
limited increase in drug dissolution, as well as prevention of drug
aggregation. In contrast, CSD/TL showed the accelerated dissolu-
tion behavior as evidenced by release of ca. 97% TL from CSD/TL
at 10 min. According to Nernst-Brunner and Levich modification
of the Noyes Whitney dissolution model equations, the dissolution
rate of a drug is proportional to its effective surface area (Dressman
et al., 1998; Horter and Dressman, 2001). As defined by the Prandtl
equation, the decrease of diffusion layer thickness by reducing
particle size, particularly down to <5 m, would result in the accel-
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Fig. 4. Dissolution profiles of TL formulations in water. (O) CSD/TL; (O) TL; and ()
PM/TL. Each bar represents mean + SE of 3 independent experiments.

erated dissolution (Mosharraf and Nystrom, 1999). The enhanced
dissolution rate, observed in CSD/TL, would be attributed to the
increase of effective surface area and saturation solubility, and the
decrease of diffusion layer thickness by particle size reduction to
sub-micron range. Generally, nanocrystal formulations of poorly
water-soluble drug can lead to marked improvement in the disso-
lution rate, and the improved dissolution behavior often resulted
in an increase in the oral bioavailability (Jinno et al., 2006; Kondo
et al.,, 1993). Based on the dissolution profiles, as well as physico-
chemical characteristics of novel TL formulations developed, CSD
formulation might be suitable for oral use because of the improved
dissolution property in water.

3.3. Photochemical stability of tranilast formulations

As previously reported (Hori et al., 1999), TLin the solution state
was photochemically unstable, yielding two major photoproducts
such as cis-isomer and TL dimer. Since these photodegradants
were less effective than TL in treatment of dermal inflammation,
improvement of photostability would be one of key considera-
tions for development of the potent TL formulations. In the present
investigation, photostability test employing a solar simulator was
carried out on TL solution, crystalline TL, and SD formulations of
nanocrystal TL (CSD/TL) and high-energy amorphous TL (ASD/TL)
(Fig. 5). Degradation kinetics was calculated according to the fol-
lowing equation: InA=InAg — kt, where A is the remaining peak
area of TL, t is the time (min) and k is the slope (degrada-
tion constant). Exposure of TL solution to the simulated sunlight
(250W/m?) for the indicated periods resulted in marked degra-
dation of TL, degradation constant of which was calculated to be
3.1 x 1072 min~'. TL solution exhibited 32% decrease of potency
after UV irradiation, suggesting that liquid formulation approach,
e.g. co-solvents and emulsions, might not be suitable for TL. On
the contrary, crystalline TL was found to be photochemically sta-
ble with a degradation rate constant of 2.4 x 104 min-!. These
observations could be consistent with our previous observation,
demonstrating that photodegradation of crystalline dihydropyri-
dine derivative was much slower than that in the solution state
(Onoue et al., 2008). To improve oral bioavailability of poorly
water-soluble drugs, high-energy amorphous SD approach is fre-
quently used (Vasconcelos et al., 2007). In the present study,
ASD|TL was prepared by freeze-drying technique, and its photo-
stability was also compared to CSD/TL in the solid state. Irradiated
ASD/TL exhibited slight photodegradation with a degradation rate
constant of 6.3 x 10~3 min~!, whereas CSD/TL was found to be
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Fig. 5. Photodegradation profile of TL formulations. Each TL sample was exposed to
UVA/UVB (250 W/m?) for indicated periods, and purity was assessed by UPLC/ESI-
MS. (©O) CSD/TL; (A) ASD/TL; (O0) TL; and (7) TL solution.

photochemically stable as evidenced by low degradation con-
stant (9.7 x 10~ min~!). Generally, crystalline chemicals tend to
be more stable than the amorphous form, and this could be a part
of reasons for differences in photostability between ASD/TL and
CSD/TL. According to the photodegradation kinetics calculated, the
order of photostability was as follows: TL>CSD/TL>ASD/TL>»TL
solution. These findings suggested that crystalline solid dispersion
approach would be more suitable for TL than liquid or amorphous
formulation from photochemical point of view.

3.4. Pharmacokinetic profiling of tranilast formulations

The observations on the improved dissolution properties of
CSD/TL prompted us to clarify the possible improvementin absorp-
tion of TL, so the pharmacokinetic behaviors of TL formulations
were assessed in rats. Fig. 6 shows the blood concentration-time
profiles of TL in rats after oral administration of CSD/TL and TL
(10 mg-TL/kg), and relevant pharmacokinetic parameters includ-
ing Cmax, Tmax, T1/2, AUCq_ins, and absolute bioavailability are listed
in Table 1. Serum TL levels in the blood were found to be very low
when TL was administered orally, and the Cpax and AUCq_j,r val-
ues were 0.1 wg/ml and 0.8 jug/ml h, respectively. On the contrary,

Serum tranilast ( pg/ml)

Time (h)

Fig. 6. Serum TL concentrations in rats after oral administration of TL and TL for-
mulations. () CSD/TL; and (O)TL (10 mg-TL/kg body weight of rat as a single dose).
The inset highlights the concentration values obtained after oral administration of
TL. Data represent mean =+ SE of 4-5 experiments.
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Table 1

Pharmacokinetic parameters of tranilast formulations following oral administration.

Formulations Crmax (pg/ml) Tmax (h) T2 (h) AUCq_ins (pg/mlh) BA (%)
Crystalline TL (10 mg/kg) 0.1+ 0.0 18407 29+07 0.8 +04 12
CSDJTL (10 mg-TL/kg) 6.0+ 13" 25+ 1.1 22405 248 + 24" 37.7

Cinax: Maximum concentration; Tmax: time to maximum concentration; Ty j,: half-life; and AUCy_ins: area under the curve of serum concentration vs time from t=0to t=co
after administration. BA: absolute bioavailability. Values are expressed as means + SE from 4 to 5 experiments.

" P<0.01 with respect to crystalline TL.

CSD/TL showed improved pharmacokinetic behavior as compared
to TL. Oral administration of CSD/TL resulted in rapid elevation
of TL blood levels up to Cmax 6.0 wg/ml, and the AUCy_ys value
was calculated to be 24.8 pug/ml h. Thus, there appeared to be ca.
60- and 31-fold enhancement in Cmax and AUCq_jys of TL with
the use of wet-milling technology. On the basis of AUC value of
intravenously administered TL (0.5 mg/kg, data not shown), abso-
lute bioavailabilities of TL and CSD/TL were calculated to be 1.2%
and 37.7%, respectively. These findings were relatively consistent
with the results from dissolution test, demonstrating the acceler-
ated dissolution behavior of CSD/TL. Upon these findings, taken
together with physicochemical properties and dissolution profiles,
CSD approaches would be effective for developing the water-
soluble formulation of TL with high photostability.

Currently, TL is administered orally at a dose of 300 mg/day in
Japan for the clinical treatment of several inflammatory diseases,
however TLat high dose sometimes cause gastrointestinal tract dis-
turbance (Tamai et al., 1999). Because of 32-fold higher absolute
bioavailability of CSD/TL compared with TL, CSD approach might
lead to a considerable reduction of oral TL dose and a prevention
of undesired side effects in gastrointestinal tract. Furthermore, the
enhanced oral bioavailability of TL by CSD strategy could be advan-
tageous for new clinical application of TL, that has been received
attention in recent years, e.g. hepatic fibrosis (lkeda et al., 1996;
Uno et al., 2008), pulmonary fibrosis (Mori et al., 1991, 1995),
and cancer (Izumi et al, 2009; Nie et al., 1997; Noguchi et al.,
2003).

4. Conclusions

In the present study, nanocrystal TL-loaded SD formulation
was prepared with aim of high photostability and enhanced
oral bioavailability. There was marked improvement in dis-
solution behavior of CSD/TL as compared to TL and PM/TL.
Although both solution and amorphous formulation of TL were
found to be photodegradable, high photochemical stability was
observed in CSD/TL and TL. Pharmacokinetic data on CSD/TL
was indicative of high systemic exposure with increase of
Cmax and AUCgy_jr by ca. 60- and 31-fold for TL, respectively.
Upon these observations, taken together with physicochemi-
cal properties, CSD approach would be efficacious to enhance
bioavailability of TL with high photostability, possibly providing
advantages for clinical treatment of several chronic inflammatory
diseases.
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ABSTRACT

Purpose The present study aimed to develop a high-throughput
screening strategy for predicting the phototoxic potential of
pharmaceutical substances, using a derivatives-of-reactive-oxygen-
metabolites (D-ROM) assay.

Methods The assay conditions of the D-ROM assay were
optimized with a focus on screening run time, sensitivity, solvent
system, and reproducibility. The phototoxic potentials of 25 model
compounds were assessed by the D-ROM assay, as well as by
other screening systems for comparison, induding the reactive
oxygen species (ROS) assay, the DNA-photodeavage assay, and
the 3T3 neutral red uptake phototoxicity test (3T3 NRU PT).
Results Some phototoxic drugs tended to yield D-ROM when
exposed to simulated sunlight (250 W/m?), whereas D-ROM
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generation was negligible for non-phototoxic chemicals.
Compared with the ROS assay, the assay procedure for the
D-ROM assay was highly simplified with a marked reduction in
screening run time. Comparative experiments also demon-
strated that D-ROM data were related to the outcomes of the
DNA-photocleavage assay and the 3T3 NRU PT, with
prediction accuracies of 76 and 72%, respectively.
Conclusion The D-ROM assay has potential for identifying the
phototoxic potential of a large number of new drugs as a Ist
screening system in the early stages of drug discovery.

KEY WORDS 3T3 neutral red uptake phototoxicity test -
derivatives of reactive oxygen metabolites - photogenotoxicity -
phototoxicity - reactive oxygen species

ABBREVIATIONS
3T3 NRU PT 373 neutral red uptake phototoxicity test

5-FU S5-fluorouradil

8-MOP 8-methoxypsoralen

AFM atomic force microscopy
AGE agarose gel electrophoresis

CD circular dichroism

DEPPD N.N-diethyl-p-phenylenediamine

DMEM Dulbecco's Modified Eagle Medium
D-ROM derivatives of reactive oxygen metabolites
EBSS Earle's Balanced Salt Solution

EtBr ethidium bromide

ECVAM Europe Center for the Validation of
Alternative Methods

oC open drcular

OECD Organisation for Economic Co-operation
and Development

PIF photoirritation factor

ROS reactive oxygen species

SC supercoiled

333



Application of D-ROM Assay to Phototoxicity Test

lell

uv ultraviolet
VIS light visible light
INTRODUCTION

Drug-induced phototoxic skin responses are caused after
the exposure of skin to photoreactive drugs, triggered by
exposure to UVA (320-400 nm) and UVB (290-320 nm)
radiadon (1,2). There are at least three types of phototoxic
skin reactions, including photoirritant, photogenotoxic, and
photoallergic cascades, the mechanisms and pathologic
features of which are quite different (3). Recently, the level
of interest in phototoxicity has markedly increased owing to
the .awareness among the scientific community of the
increased level of UV radiagon from the sun reaching
the earth. At early phases of the drug discovery process, the
development of an efficacious phototoxicity testing system is
essential for the avoidance of side effects. Therefore, a
number of efforts have been made to provide a model
system for the assessment of photosensitive/phototoxic
potential through analytical and biochemical methods
(1,4=11). Previously, our group proposed three screening
systems to predict the phototoxic risk of newly synthesized
drug candidates, which include the reactive oxygen species
(ROS) assay for predicting phototoxic potential (12—14), the
capillary gel electrophoresis-based photocleavage assay (15),
and the DNA-binding assay (16) for photogenotoxic risk. In
particular, ROS data on photo-irradiated chemicals could
be effective for classifying such chemicals as phototoxic
and/or photosensitive, since generation of reactive oxygens
was found to be responsible for the induction of early
photochemical and photobiological events (17).

A high-throughput ROS assay strategy, employing
multiwell plates, might be useful as a first screening for
phototoxic risk; however, there are some limitations of the
ROS assay for screening purposes (18). The current ROS
assay system is composed of two independent analytical
processes to monitor type I and II photochemical reactions,
and they require UV exposure with a high total irradiation
energy, resulting in a long run time and data and operational
complexity. Improvements to .overcome these drawbacks

would be of help to increase the productivity and usability of

the ROS assay for phototoxicity assessment. Recently, atten-
tion has been drawn to the derivatives-of-reactive-oxygen-
metabolites (D-ROM) test in the fields of clinical pharmacology
and biochemistry (19-21). The D-ROM assay can detect
peroxyl or alkoxyl radicals of a generic peroxide, which are

indicative of oxidadve stress conditens and generation of

reactive oxygens (22). Accordingly, the D-ROM assay is
currently recognized as an efficient and simplified analytical
method for evaluating oxidative stress in the body (20). In
additon to its clinical utility, the D-ROM assay might
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theoretically be applicable to phototoxicity screening by
monitoring reactive oxygens-mediated photochemical events,
although no efforts have heen made to apply the D-ROM
assay strategy to phototoxicity prediction.

The present invesugation aimed to develop a novel
prediction strategy for the phototoxic risk of drug candi-
dates using a simplified D-ROM assay as an alternative to
the ROS assay. The assay conditons of the D-ROM assay
were optimized, focusing on irradiaton time, sensitivity,
solvent system, and robustness, and validation of the new
assay system was also carried out. The new assay system
was applied to 25 model compounds, including 20
phototoxic drugs and 5 non-phototoxic chemicals. To
clarify the predictability of the D-ROM-based phototoxicity
test, the phototoxic/photogenotoxic potentials of these
chemicals were assessed by the ROS assay, the DNA-
photocleaving assay, and the in vitro 3T3 neutral red uptake
phototoxicity test (3T3 NRU PT).

MATERIALS AND METHODS
Chemicals

Naproxen, benzocaine, and sulisobenzone were purchased
from Tokyo Chemical Industry (Tokyo, Japan), and 5-
fluorouracil (5-FU), 8-methoxypsoralen (8-MOP), amiodar-
one, diclofenac, dimethyl sulfoxide, doxycycline, furosemide,
imipramine, nalidixic acid, piroxicam, promethazine, qui-
nine, and aspirin were purchased from Sigma (St. Louis, MO,
USA). Chlorpromazine, N, N-diethyl-p-phenylenediamine
(DEPPD), indomethacin, ketoprofen, nitrofurantoin, norflox-
adn, erythromycin, ferrous sulfate, omeprazole, phenytoin,
plasmid pBR322 DNA, p-nitrosodimethylaniline, imidazole,
nitroblue tetrazolium, and quinidine were obtained from
Wako Pure Chemical Industries (Osaka, Japan). Agarose
LO3 was purchased from Takara Bio (Shiga, Japan), and
carbamazepine was bought from Acros Organics (Morris
Plains, NJ, USA). Ethidium bromide (EtBr) was purchased
from Nippon Gene (Toyama, Japan), and acetonitrile was
purchased from Kanto Chemical (Tokyo, Japan). A quartz
reaction container for high-throughput ROS assay was
constructed by Ozawa Science (Aichi, Japan).

D-ROM Assay

The D-ROM assay is a spectrophotometric method that
measures the alkoxy and peroxy radicals. D-ROM, gener-
ated from photosensitive chemicals under light exposure,
were determined in accordance with the procedure of
Hayashi et al. with some modifications (19). Briefly, assay
mixtures containing the tested compounds (200 pM),
DEPPD (600 uM), and ferrous sulfate (6.9 uM) in 0.1 M
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acetic acid/sodium acetate buffer (pH 4.8) were prepared,
and 245 pL of each assay mixture was stored in an Atlas
Suntest CPS+solar simulator (Atas 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 that of natural
daylight. The irradiation test was carried out at 25°C: with
an irradiance of 250 W/m?> (300-800 nm). Standard assays
are typically performed in 96-well microtiter plates,
employing a quartz reaction container as we proposed
previously (14). After irradiation, the increase in absorbance
at 505 nm was measured using a SAFIRE microplate
spectrophotometer (TECAN, Minnedorf, Switzerland).

ROS Assay

In our previous investigations, ROS assay was designed to
detect both singlet oxygen and superoxide generated from
photo-irradiated chemicals (13,14). In the ROS assay, each
tested compound was stored in a light-irradiation tester
Light-Tron Xenon (LTX-01, Nagano Science, Osaka,
Japan) equipped with a xenon lamp (2,000 W). The
spectral output of the lamps through the optical filter 310
and infrared cutting filter (Nagano Science) was 310-800,
with a maximum at 470 nm. The illuminance was set at
30,000 lux, and the irradiation test was carried out at 25°C..
Singlet oxygen was measured in an aqueous solution by
spectrophotometrically monitoring the bleaching of RNO
at 440 nm using imidazole as a selective acceptor of singlet
oxygen. Samples containing the compounds under exami-
nation, p-nitrosodimethylaniline (50 pM) and imidazole
(50 M), in 20 mM sodium phosphate buffer (NaPB) (pH
7.4) were irradiated with UVA/B and Vis light (30,000
lux), and then the UV absorption at 440 nm was measured
using a SAFIRE microplate spectrophotometer (TECAN).
For the determination of superoxide, samples containing
the compounds under examination and nitroblue tetrazo-
lium (NBT, 50 uM) in 20 mM NaPB were irradiated with
the UVA/B and Vis light (30,000 lux) 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).

DNA Photocleavage

In the DNA photocleavage assay, each assay mixture was
stored in an Adas Suntest CPS+solar simulator (Atlas
Material Technology LLC) equipped with a xenon arc
lamp (1,500 W) and a UV speciai filter. The irradiation test
was carried out at 25°C! with an irradiance of 250 W/m?”
(300-800 nm). The irradiated samples contained pBR322
DNA (final -concentration, 10 -pug/ml) dissolved in Tris-
Acetate-EDTA (TAE) buffer (40 mM Tris, 20 mM boric
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acid, and 1 mM EDTA; pH 7.4) and the examined
compounds at a final concentration of 200 pM. Irradiated
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.

Atomic Force Microscopy (AFM)

AFM observation of plasmid DNA was carried out using an
SPM-9600 scanning probe microscope (Shimadzu Co.,
Kyoto, Japan) in tapping mode with silicon cantilevers
NCHR (NANOWORLD, Neuchitel, Switzerland) whose
spring constant and resonance frequency were 40 N/m and
300 kHz, respectively. The scan frequency was typically 1 Hz
per line, and the modulation amplitude was a few nano-
meters. All samples were imaged in air at room temperature.

In Vitro 3T3 NRU PT

The in vitro 3T3 NRU PT was carried out as described in
the Organisation for Economic Co-operation and Devel-
opment (OECD) 432 guideline and the European Com-
munity Official Journal (L. 136/9, 08.06.2000, annexe II).
Briefly, 96-well tissue culture plates were seeded with
1.0x10* cells/well 3T3 mouse fibroblast cells. The plates
were incubated at 37°C in a humidified 5% CO, incubator
for 24 h. Cells were exposed to dilutions of the test
compounds in Earle’s Balanced Salt Solution (EBSS) for
60 min. Compounds were tested at various concentrations
ranging from 0.061 to 1,000 pg/mL. Chlorpromazine was
used as a positive control. Duplicate plates were exposed for
20 min to UVA light (ca. 50 W/m?) from UV BIO-SUN
illuminator (Vilbert-Lourmat, Marne-la-Vallee, France) or
were kept in the dark. After UVA exposure (total energy
dose: 5 J/cm?), the solutions were removed from all plates,
and the cells were washed twice with EBSS and DMEM.
The cells were then reincubated in culture medium
overnight. Cell viability was assessed using the neutral red
uptake (NRU) assay (23). The NRU assay consisted of a
3-h incubation with neutral red (50 pg/mL in DMEM)
followed by extraction with a mixture (150 pL) of acetic
acid, ethanol, and water (1 : 50 : 49). The absorbance was
measured at 540 nm. The photo-irritancy factor (PIF) was
calculated as an indicator of phototoxicity in accordance
with a previous report (24). PIF is calculated by comparing
two equally effective cytotoxic concentrations (ECj5) of
irradiated and non-irradiated chemicals.

Data Analysis

For statistical comparisons, one-way analysis of variance
(ANOVA) with pairwise comparison by Fisher’s least-
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significant-difference procedure was used. A P value of less
than 0.05 was considered sionificant for all analyses. To
evaluate the robustness of 1he D-ROM assay, the Z’-factor, a
statistical function, was calculated using the following
equation: Z'=1—(30, 36.)/ |Hes — R | (25). The means
of the positive and 1 Lative control signals are denoted as
Hes and p, respect ly. The SDs of the signals are denoted
as 6., and o.. = pectvely. The difference between the

means, |[.. — 1, defines the assay dynamic range.

RESULTS 2 ND DISCUSSION
Generation of D-ROM from UV-Excited Drugs

In phototoxic/photochemical events, the ahsorption of
photon energy could be a key trigger for the photosensitiza-
tion process, followed by the formation of reactive oxygens,
such as superoxide and singlet oxygen through the type I and
II reactions, respectively. Currently, these radical species are
identified as the principal intermediate species in phototoxic
responses (26). In the present investigation, the generation of
D-ROM from irradiated drugs was monitored as an
indicator for production of reactive oxygens. The generation
of D-ROM could be detected using DEPPD, a chromogenic
substrate for peroxyl radicals, followed by the formaton of
colored radical cations of the substrate (19). The exposure of
quinine, a typical phototoxic drug, to UVA/B and Vis light
(250 W/m?) led to the marked production of D-ROM in a
concentration-dependent manner (Fig. 1a). The generatdon
of D-ROM was thought to be a photodynamic reaction,
since quinine, protected from light, did not show potent
D-ROM generation. Although it takes as long as 60 min to
complete the ROS assay employing the same UV source as
we proposed previously (14), the D-ROM assay could be
completed within a few minutes, contributing to improved
throughput of phototoxicity screening. According to the time
evolution of the generation of radicals, taken together with the
gradual increase in the basal level and discoloring of the
reacted substrate, UV irradiadon for 1 min was considered
suitable for the D-ROM assay.

Some solvents act as modulators of radical species, so some
differences in the generation of reactive oxygens might be
observed depending on the solvent system used. For instance,
dimethyl sulfoxide and isopropanol were found to act as
quenchers of some reactive oxidants (27,28), whereas hexane
and deuterium monoxide might stabilize some radical
species with an extension of the half-life dme (29,30). In
our previous study, the use of acetonitrile-containing buffer
was proposed for the ROS assay, because of its only slight
influence on determination of singlet oxygen and superoxide
(1. To clarify the effect of acetonitrile on the new screening
system, D-ROM assays on quinine (200 uM) were also
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carried out in the presence of acetonitrile at various
concentratons, ranging from 0 to 50% (Fig. 1b). The
influence of acetonitrile at concentratons of less than 30%
was negligible as evidenced by the constant outcomes for the
D-ROM assay. However, acetonitrile at higher concentra-
tions (>30%) attenuated D-ROM generation from quinine,
which was possibly due to an altered photochemical property
of quinine or measurement interference. Thus, D-ROM
data might depend on the solvent system; therefore, the use
of the same solvent system for both stock solution and assay
mixture would ensure the most robust D-ROM assay for
phototoxic prediction.

Validation of D-ROM Assay for Phototoxic Risk
Assessment

To assess the robustness and reproducibility of the D-ROM
assay, the Z’-factor was also calculated (25). The Z’-factor is

Generation of D-ROM
(Increase in Asgs nm X 10%)

T % T i T ¥ T
0.0 0.5 1.0 1.5 2.0 25

Irradiation time (min)

w

Generation of D-ROM
(Increase in Aggs nm X 10%)
w
2

0 T T T =y T

0 10 20 30 40 50
Acetonitrile (%)

Fig. 1 Generation of D-ROM from photo-irradiated quinine. (A) Time
course of D-ROM generation. Quinine was dissolved in 0.1 M acetic acid/
sodium acetate buffer (pH4.8) and exposed to simulated sunlight for the
indicated periods with an irradiance of 250 W/m?. o, control (vehicle
alone); ¢, quinine at 20 uM; V, 100 uM; and ©, 200 uM. Data represent
mean = SD of four determinations. (B) D-ROM generation from irradiated
quinine in the presence of acetonitrile. Quinine (200 uM), dissolved in
0.1 M acetic acid/sodium acetate buffer (pH4.8) with various concen-
trations of acetonitrile, was exposed to simulated sunlight (250 W/m?) for
| min. Data represent mean = SD of four determinations.
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designed to reflect both assay signal noise ratio and the
variation associated with the signal measurements. Hence,
the Z’-factor is commonly utilized for quality assessment in
assay development and optimization, as well as evaluaton
of the reproducibility of assays used for high-throughput
screening campaigns (31). In an ideal assay, the Z’-factor is
close to 1.0. In practical terms, a Z’-factor greater than 0.5 is
indicative of an excellent assay, whereas assays with Z’-factor
values less than 0.5 show a small separation band. Typical
values from multiple measurements (20 times) of quinine
(200 uM) and sulisobenzone (200 uM) are shown in Fig. 2.
The Z’-factor for the D-ROM assay was calculated to be
0.75, demonstrating that the assay allows a large separation
band between samples and blank signals and thereby
confirming its suitability for high-throughput screening.
The overall precision of the method was evaluated by
analyzing quinine standard solutions at 20 and 200 uM,
and the intra-day precision (oRSD, n=12) and inter-day
precision (days | and 3,%RSD, n=24) are shown in
Table I. The intra-day%RSD values for the D-ROM assay
were calculated to be 6.7 (20 pM) and 3.6 (200 puM), and
the inter-day”%RSD values were found to be 10.6 (20 uM)
and 5.4 (200 uM). Thus, the precision of D-ROM assay at
20 pM was not high enough for high-throughput screening,
although the %RSD value at 200 pM was below 6%. These
data suggested that the proposed analysis has good intra-
and inter-day precisions at higher analyte concentration

(200 pM).

Phototoxic Risk Assessment on Model Compounds
Using D-ROM Assay

On the basis of the optimized analytical method, the
phototoxic risk of model compounds was evaluated
(Table II}. For comparison, the ROS assay was also carried

700

600

500+

Generation of D-ROM
(Increase in Aggs nm % 10°)

Number of repeats

-Fig. 2 Representative multiple measurement data used to calculate the
Z'factor for the D-ROM assay. Quinine as positive control (o) or
sulisobenzone as negative control (A) at a concentration of 200 uM was
dissolved in 0.1 M acetic acid/sodium acetate buffer (pH4.8) and exposed
to simulated sunlight (250 W/mz) for | min. Lines indicate mean = 95%
confidence interval.

@ Springer

Table | Intra-day and Inter-day (Day | and 3) Precision of D-ROM Assay

Generation of D-ROM
(Increase in Asgs nm X 103)

Quinine concentration (UM)

Intra-day
20 180+ 12 (6.7)
200 620+22 (3.6)
Inter-day
20 168+ 18 (10.6)
200 . 60033 (5.4)

Quinine (20 uM and 200 pM) was dissolved in 0.1 M acetic acid/sodium
acetate buffer (pH 4.8) and exposed to UVA/B and Vis light (250 W/m? ) for
| min. Data represent mean =+ SD of three repeated experiments for intra-day
(n=12) precision and six repeated experiments for inter-day precision (n = 24).
Values in parentheses are relative standard deviations.

out on these chemicals, in which both singlet oxygen and
superoxide were monitored by independent colorimetrical
determination. Of all chemicals tested, 8 phototoxic drugs
exhibited significant D-ROM generation when exposed to
simulated sunlight, which included chlorpromazine, keto-
profen, nalidixic acid, norfloxacin, omeprazole, prometha-
zine, quinidine, and quinine. Quinidine is a stereoisomer of
quinine, and there were no significant differences in
photochemical behavior between quinine and quinidine
($<0.05), as evidenced by the results from ROS and D-
ROM assays. Five non-phototoxic chemicals did not exhibit
D-ROM production under light exposure, which was
consistent with the results from the ROS assay. In additon
to the non-phototoxic chemicals, some phototoxic drugs
had no ability to generate D-ROM, whereas high amounts
of singlet oxygen and/or superoxide were detected for these
chemicals. Interestngly, significant generation of these
reactive oxygens was observed for most phototoxic drugs
examined, and only 5-FU was found to be less photo-
reactive among the phototoxic chemicals tested. We
expected that D-ROM data could be highly related to the
results from the ROS assay. However, there appeared to be
a partial discrepancy between ROS and D-ROM data; in
particular, the results for 8-MOP, diclofenac, doxycycline,
furosemide, naproxen, nitrofurantoin, and piroxicam were
quite different. Since the D-ROM assay could be indicative
of typical reactive oxygen metabolites, such as alkoxy and
peroxy radicals, it has been identified as one of the most
reliable indicators of oxidative stress (20). However, the
present findings suggested that other chemical pathways are
involved in the metabolism of reactive oxygens and that
the generated reactive oxygens might be captured via
interaction with phototoxins, preventing the reaction with
the chromogenic substrate. There also is the probability
that non-oxidative photochemical intermediates may be

formed under light exposure and that excited drug may
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Table Il Photochemical and Photobiological Data on 20 Phototoxic and 5 Non-phototoxic Chemicals

D-ROM
(A ASOS nm X IOB)

Compounds
(200uM)

ROS data

DNA photocleavage 3T3 NRU PT (PIF)

Singlet oxygen
(A A44O nm X i03)

(O.C.:1% of total)
Superoxide
(A ASéO nm X |03)

Photosensitizers

S-Fluorouracil 19+ N.D.
8-Methoxy psoralen 6=x2 272
Amiodarone 23+4 365
Carbamazepine <l1.0 N.D.
Chlorpromazine 121 +7 59
Diclofenac <1.0 181
Doxycycline <l.0 510
Furosemide <1.0 519
Imipramine <1.0 N.D.
Indomethacin <l.0 I3
Ketoprofen 1516 421
Nalidixic acid 349+ 16 428
Naproxen <1.0 306
Nitrofurantoin <1.0 548
Norfloxacin 104=13 411
Omeprazole 77 +11 N.D.
Piroxicam <1.0 542
Promethazine 28010 286
Quinidine 630=29 673
Quinine 632 +40 686
Non-phctotoxic chemicals
Aspirin 7x2 9
Benzoaine <1.0 N.D.
Erythromycin 32 N.D.
Phenytoin <1.0 N.D.
Sulisobenzone <1.0 N.D.

2 5.2 1.0
89 1.0 >74
N.D. 10.9 7.2
96 4.4 21.9
95 100.0 21.9

227 21.7 10.2
428 12.4 1.0
135 10.3 1.0
100 8.1 1.0
121 6.2 1.0
97 80.3 110
125 724 6.5
131 34.2 3.7
36 4.5 [.0
126 233 >5.9
156 52.0 2.7
84 5.9 1.0
169 29.1 5.9
15 88.7 299
124 85.5 15.7

2 4.6 1.0
25 4.1 1.0
3 4.7 1.0
I5 3.5 1.0
Il 5.4 1.0

react with DEPPD directly. Thus, D-ROM assay has some
possible limitations, since these photochemical reactions
may yield either false positives or negatives.

On the basis of comparison with clinical information on
drug-induced phototoxicity (2,32-34), the D-ROM assay
might be less predictive of phototoxic risk than the ROS
assay. However, the assay procedure for the D-ROM assay
was highly simplified with two improvements. First, the D-
ROM assay was designed for monitoring only one
chromogenic substrate (DEPPD), which might offer re-
duced system complexity. In contrast, in the ROS assay
that we proposed previously, determinations of both singlet
oxygen and superoxide were necessary for reliable evalua-
tion (12). Second, there was a marked reduction in
screening run ume compared with that in the ROS assay.
Given these characteristics, especially highly improved
throughput, the D-ROM assay might be useful for
screening purposes in the drug discovery process.
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Relatedness to DNA Photocleavage Assays

For further investigation of the reladonship between D-
ROM data and photogenotoxic potential, the pBR322
DNA-photocleaving activities of 25 model compounds were
evaluated. Generally, DNA strand breaks can be readily
observed by the structural conversion of supercoiled
pBR322 DNA (SC) to the open crcular (OC) form. In
the present investigation, the conformation of photosensi-
tized DNA cleavage products was analyzed by AFM
(Fig. 3a). In AI'M images of the irradiated pBR322 DNA
without quinine, most DNA displayed the supercoiled form
(Fig. 3a-I). In contrast, the majority of the irradiated DNA
with quinine existed in the open circular form, reflecting a
single-strand break in the DNA (Fig. 3a-II). The DNA-
photocleaving activity of quinine (200 puM) was also
analyzed by 0.8% agarose gel electrophoresis with EtBr
staiming (Fig. 3b). Irradiation of the plasmid DNA alone
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Fig. 3 DNA-photocleavage assay for predicting photogenotoxic potential.
a AFM images from intact plasmid pBR322 DNA (A-l) and UV-exposed
pBR322 DNA with quinine (200 uM; A-ll). Scale bars represent 200 nm.
b Photocleavage of plasmid pBR322 DNA by quinine. Supercoiled DNA
was exposed to simulated sunlight (250 W/m?) for 25 min with or without
quinine or sulisobenzone (200 uM). Each pBR322 DNA sample was
separated on 0.8% agarose gel and stained with ethidium bromide. OC,
open dircular form; and SC, supercoiled form. € A 2D plot of DNA-
photodeavage versus D-ROM data for 25 compounds. X, Phototoxic
drugs; and ©, weak/non-phototoxic chemicals. According to tentative
classification criteria, plot data were categorized into 3 regions; (1) shaded
region, positive in both assays, (2) gray region, positive in only one assay,
and (3) white region, negative in both assays.

with UVA/B and Vis light (250 W/m?) for 25 min did
not result in impairment of DNA (data not shown), and
the addition of quinine (200 uM) to plasmid DNA also did
not result in any structural conversion in the dark.
However, significant DNA damage was caused by quinine
after UV irradiation, although the DNA-photocleaving
activity of sulisobenzone, a non-phototoxic chemical, was
negligible under the same experimental condition. On the
basis of'its band intensity, there appeared to be a ca. 86%
structural conversion of plasmid DNA after treatment with
irradiated quinine.

@ Springer

The results of the AGE-based DNA photocleavage
assay for other chemicals are summarized in Table II.
Although non-phototoxic chemicals did not accelerate
DNA photocleavage, photosensitizers tended to cause
DNA damage upon light exposure. However, not all
phototoxic drugs induced photodynamic impairment of
DNA. In particular, no significant photocleaving activities
were seen for 5-FU, carbamazepine, indomethacin, nitro-
furantoin, and piroxicam. For further comparison, the
results from DNA-photocleavage and D-ROM assays
were analyzed on a 2D plot of DNA impairment versus
D-ROM generation for various pharmaceutical substances
(Fig. 3¢). The plot data were categorized into 3 regions
with tentative classification criteria: 10% DNA damage
in DNA-photocleavage assay and 5x107% AU for D-
ROM assay. Compounds in the shaded region were
predicted as high risk in both assays. Chemicals in gray
regions were predicted to have phototoxic risk by only one
assay. Phototoxic/photogenotoxic risk was considered
negligible for chemicals lying in the white region. Of all
tested compounds, only 6 chemicals (24% of the total),
including 8-MOP, amiodarone, diclofenac, doxycycline,
furosemide and naproxen, can be found in the gray
regions. From these findings, the D-ROM assay was
shown to predict drug-induced DNA damage, reflecting
photogenotoxic potential, with a prediction accuracy of
76%.

UV absorption usually generates singlet excited states.
Although they are too short-lived to react chemically,
more stable excited triplet states are sometimes formed
by intersystem crossing, leading to direct and/or indirect
DNA damage (2). In the photogenotoxic pathways, there
are at least three direct mechanisms (35). First, photo-
excited species sometimes induce direct DNA damage by
covalent binding, resulting in formation of photoadducts.
Second, an excited molecule can transfer the excitation
energy to DNA, leading to pyrimidine dimer formation as
observed upon direct DNA excitation. Last, photo-excited
chromophore induces a one-electron or hydrogen abstrac-
tion, and the resulting DNA damage appears to consist
mostly of oxidative guanine modification. In addition to
these direct mechanisms of DNA damage by excited
photoreactive chemicals, there are also at least two
indirect mechanisms, which include (1) reactive oxygens-
mediated DNA impairment and (2) generation of reactive
decomposition products. Thus, possible mechanisms for
photochemical genotoxicity can be quite complex and
may involve a series of chemical reactions. All phototoxins
might not always cause reactive oxygens-mediated photo-
genotoxic reactions, so that some phototoxins could not be
captured by D-ROM assay. This might partially explain
the data discrepancy between DNA-photocleavage and D-
ROM assays.

339



Application of D-ROM Assay to Phototoxicity Test

1617

Relatedness to 3T3 Neutral Red Uptake
Phototoxicity Test

The 3T3 NRU PT was developed and validated under the
auspices of ECVAM from 1992-1997 to establish a valid in
vitro alternative to the various in vio tests in use (36). The
test is now accepted by the European Union commission
and member states as being necessary for all compounds
showing absorbance of UVA and Vis light (37). The 37T3
NRU PT assesses the cytotoxic effect of a test substance
after exposure to a non-cytotoxic dose of UVA light
compared with that in the absence of exposure, and the
cytotoxicity is expressed as a concentration-dependent
reduction in the uptake of Neutral Red. In this investiga-
tion; the viability curves of model compounds with or
without irradiation were determined up to 1 mg/mlL.
Fig. +a shows representative cell viability curves of the 3T3
cells after exposure to quinine and sulisobenzone. With
respect to the quinine-treated group, upon irradiation, the
cell viability was shifted to considerably lower concentra-
tions. The EC5, values with and without UVA irradiation
were 9.7 pg/mL and 150 pg/mlL, respectively. These
values produced a PIF of 15.7 for quinine. In contrast,
the cell viability curve for 3T3 cells after exposure to
irradiated sulisobenzone was almost identical to that
without UVA exposure. Thus, the PIF value of sulisoben-
zone was calculated to be 1.0. Generally, PIF values are
effective for distinguishing phototoxic molecules (PIF>5)
from non-phototoxic molecules, but are actually unable to
correctly distinguish between mildly or probably phototoxic
molecules (2<PIF<5) and non-phototoxic molecules
(PIF<2). On the basis of the classification criteria of PIF
value, quinine was found to be phototoxic. In additon to

quinine and sulisobenzone, the phototoxic potentials of

other chemicals were also assessed by 3T3 NRU PT for
turther comparison (Table II). Of all phototoxic drugs, 14
phototoxic drugs (70% of all phototoxins) exhibited a
potent phototoxic effect on cells as evidenced by a high
PIF value (>2). However, some known phototoxic drugs,
such as 5-FU, furosemide, imipramine, indomethacin,
nitrofurantoin, and piroxicam, showed no significant
transiton in viability curves with or without UVA irradi-
ation. Their PIF values (ca. 1.0) suggested a low phototoxic
potential, and these findings were inconsistent with the
results from DNA-photocleavage and D-ROM assays. On
the basis of the present 3T3 NRU PT data and the adverse
event information on the model chemicals listed in drug
package inserts and several manuscripts (1,2,31,38), the
prediction accuracy of 3T3 NRU PT was calculated to be
76%. The limited predictability of 3T3 NRU PT is not
surprising since bioavailability and biokinetics can not he
modeled in the assay, and it may result in the lack of i vivo-
in vitro correlaton (4).
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Fig. 4 In vitro phototoxicity assessment. a Phototoxicity of tested
compounds in the 3T3 NRU PT. The 3T3 cells were treated with
different concentrations of quinine or sulisobenzone, and irradiated with
UVA light (50 kJ/mz). Each value represents the mean of 6 replicates. e,
quinine without UVA (control); @, quinine with UVA; A, sulisobenzone
without UVA (control); and A, sulisobenzone with UVA. b A 2D plot of
3T3 NRU PT data versus D-ROM data for 25 compounds. X, Phototoxic
drugs; and ©, weak/non-phototoxic chemicals. According to tentative
classffication criteria, plot data were categorized into 3 regions; (1) shaded
region, positive in both assays, (2) gray region, positive in only one assay,
and (3) white region, negative in both assays. *, Overlapped symbols of 5
phototoxic and 3 non-phototoxic chemicals.

According to the 2D plot analysis of D-ROM and 3T3
NRU PT data (Fig. 4h), tested chemicals were categorized
into three regions: 11 chemicals in the white region (both
negative), 7 chemicals in the gray region (only one positive),
and 7 chemicals in the shaded region (both positive). There
is an empirical correlaton of 72% bhetween these two
assays, and the exact reasons for the discrepancy are not fully
understood. The 3T3 NRU PT can only use irradiation in
the UVA, since UVB light is highly cytotoxic to the Balb/c
3T3 cells. Although UVB wavelengths are excluded in the
3T3 NRU PT, these wavelengths are an integral part of
solar radiation responsible for photochemical reactions.
Herein, the difference in irradiaton condition might be a
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part of the reason for data discrepancy between the 373
NRU PT and D-ROM assay. In additon, some photo-
toxins can induce phototoxic skin responses via reactive
oxygens-independent pathways, and they may bind with
lipids and proteins, as well as DNA (2). Photo-induced
reactions with these biomolecules are important to the
development of phototoxic and/or photoallergic responses
(1). D-ROM assay can not completely predict the photo-
toxic risk as long as the photochemical reaction is reactive
oxygens-independent. Further clarificadon will be helpful
for understanding the limitations of the D-ROM assay and
avoiding misleading data.

Previously, Lynch and co-workers demonstrated the link
between phototoxicity and photoreactivity, and they pro-
posed 3 key photochemical reactivity parameters, including

the production of singlet oxygen, the production of

superoxide, and the chemical photostability (11). Based on
these findings, the photochemical reactivity assays may
provide a good predictor of phototoxic Lability in vitro. The
extension of the photostability testing to assess potential
phototoxic responses has already been included in the risk
assessment strategy by the CPMP guidance on photosafety
testing. In contrast, Henry and co-workers demonstrated
that photostability testing alone was an inadequate predictor
of possible photosafety liabiliges, although the measurement
of light absorption seemed to be a contributing part of an
overall pre-clinical photosafety risk assessment process (4).
Although the most reliable photoreactivity parameters are
stll under discussion, combination use of the efficacious

photoreactive parameters may be usetul for prediction of

potential photosafety issues. Attempts to increase the
predictability of D-ROM assay may need a further
knowledge of the complex photochemical reaction path-
ways, and the combination use of D-ROM assay and other
reliable predicting tools may provide a more reliable risk
assessment strategy for the screening of the phototoxic
potential of new drug entities in early development.

CONCLUSION

In the present investigation, an optimized D-ROM assay
system was proposed for predicting the phototoxic potential
of pharmaceutical substances. The photochemical and
phototoxic behaviors of 25 model compounds were assessed
by the ROS assay, the DNA-photocleavage test, and the
3T3 NRU PT, as well as the D-ROM assay, for
comparison. The results from the D-ROM assay did not
completely correlate with the ROS data; however, the D-
ROM assay was partly indicative of photogenotoxic risk, as
identified by the DNA photocleavage test, and phototoxic
potential, as proposed by the 3T3 NRU PT, with

prediction accuracies of 76 and 72%, respectively. These

@ Springer

outcomes, taken together with the high-throughput con-
tributing to highly reduced screening run time, suggest the
usefulness of the D-ROM assay for identfying phototoxic
potential and avoiding undesired side effects in the early
stages of drug discovery.
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The aim of the present study was to provide an intercalator-based photogenotoxicity (IBP) assay as
a high-throughput in vitro screening system for predicting the photogenotoxic potential of pharma-
ceutical substances. The conditions of the high-throughput IBP assay using thiazole orange (TQ), a
fluorescent intercalating dye, were optimized and validated by a fluorescence titration experiment and
reproducibility/robustness test. The [BP assay was applied to 27 phototoxic and 5 weak/non-phototoxic
commercially available compounds, and other phototoxicity screenings were also carried out for com-
parison; these included the reactive oxygen species (ROS) assay for overall phototoxic potential and
the DNA-photocleavage assay for photogenotoxic risk. According to the results from the comparative
experiments, a decreased level of intercalated TO in the IBP assay could theoretically be related to the
DNA-photocleaving behaviors of phototoxic drugs, but not to their ROS-generating abilities. The IBP assay
could predict the photodynamic DNA impairment caused by irradiated drugs with a prediction accuracy
of 78%. These findings suggest that the IBP assay could be a fast and reliable tool for predicting the
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photogenotoxic potential of a large number of drug candidates at early stages of drug discovery.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Drug-induced phototoxic skin responses are elicited after the
exposure of skin to topical or systemic administration of pharma-
ceutical substances, triggered by exposure to sunlight [1]. There are
at least three types of drug-induced phototoxic reactions, including
photoirritation, photoallergy, and photogenotoxicity, the mecha-
nisms and pathologic features of which are quite different [2]. To
avoid side effects at an early phase of the drug discovery process,
our group previously proposed a reactive oxygen species (ROS)
assay for evaluating the phototoxic potential of pharmaceutical
substances [3]. However, the ROS assay might lack specificity for
three types of phototoxic reactions, since phototoxic compounds do
not always exhibit all phototoxic reactions [4-6]. Therefore, other
efficacious screening strategies should be developed to predict each
type of phototoxic response in more detail.

Over the past few years, the development of effective method-
ologies to evaluate photogenotoxicity has been attempted, and
a number of screening methods for recognizing photogenotoxic
drugs have been suggested [7,8]. Our group also proposed novel in
vitro tools for assessing photogenotoxicrisk using capillary gel elec-
trophoresis (CGE) analysis [9] and DNA-binding assay as a second

* 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 © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.jpba.2010.02.029

screening tool following ROS assay [ 10]. Although these assays pro-
posed possible mechanisms of drug-induced photogenotoxicity,
some technical problems were encountered, most notably limited
throughput in early stages of drug discovery. Improvement of the
photogenotoxicity assayis necessary in terms of enhancing reliabil-
ity and productivity, which could possibly lead to the development
of a novel high-throughput screening system. Previously, ethid-
ium bromide (EtBr), an intercalating dye, was used as a fluorescent
probe to demonstrate the metal-catalyzed impairment of DNA in
the base-pair region [11]. Theoretically, the photogenotoxic poten-
tial of photosensitizers is also predictable by intercalator-based
screening, since oxidative DNA damage is observed upstream of
drug-induced photogenotoxicity [2]. An intercalator-based screen-
ing system for oxidative DNA damage using multiwell plates might
be efficacious for screening a number of new drugs with high
reproducibility, although the assay has never been applied to pho-
togenotoxicity prediction.

The present study aimed to provide an intercalator-based pho-
togenotoxicity (IBP) assay as a more effective and streamlined in
vitro assessment tool for predicting drug-induced photogenotoxi-
city. For evaluating the drug-induced impairment of DNA, thiazole
orange (TO), ahighly sensitive intercalating dye, was used as a fluo-
rescent probein the IBP assay. TO itself is virtually non-fluorescent,
however, the intercalation of DNA with TO was found to resultin a
3000-fold enhancement of fluorescence [12,13]. The assay systems
were optimized and validated using ketoprofen as a model com-
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pound with focus on irradiation conditions and concentration of
assay mixture. The IBP assay system was applied to 27 photosen-
sitizers and 5 non-phototoxic compounds, and the data obtained
were also compared with the results from a ROS assay and an
agarose gel electrophoresis (AGE)-based DNA-photocleavage assay
to clarify the predictability of the IBP assay.

2. Materials and methods
2.1. Chemicals

All phototoxic and weak/non-phototoxic compounds were
purchased from Sigma (St. Louis, MO, USA), Wako Pure Chem-
ical Industries (Osaka, Japan), or Tokyo Chemical Industry
(Tokyo, Japan). Salmon sperm DNA, plasmid pBR322 DNA, p-
nitrosodimethylaniline (RNO), imidazole, nitroblue tetrazolium
(NBT), disodium hydrogenphosphate, sodium dihydrogenphos-
phate dihydrate, and thiazole orange (TO) were bought from Wako
Pure Chemical Industries. Ethidium bromide (EtBr) and agarose L03
were purchased from Nippon Gene (Toyama, Japan) and Takara Bio
(Shiga, Japan), respectively.

2.2. Fluorescence titration

A fluorescence titration experiment was carried out to optimize
the TO concentration for the IBP assay. In a 96-well microplate (AGC
Techno Glass, Chiba, Japan), 10 uL of DNA solution (100 pwg/mL),
dissolved in 20 mM sodium phosphate buffer (NaPB, pH 7.4), was
mixedwith 20 L of 20mM NaPB (pH 7.4) and 70 p.L of TO at various
final concentrations, ranging from 0.01 to 3 M. The assay mix-
tures were incubated at 37 °C for 15 min. After equilibration, the
fluorescence (excitation, 509 nm; and emission, 527 nm) of each
mixture (100 pL) in the 96-well microplate was measured with
SAFIRE (TECAN, Minnedorf, Switzerland).

2.3. Irradiation conditions

Each tested compound was stored in an Atlas Suntest CPS+ solar
simulator (Atlas Material Technology LLC, Chicago, USA) equipped
with a xenon arc lamp (1500 W). A UV special filter and a window
glassfilter were installed to adapt the spectrum of the artificial light
soiirce to natural daylight. The irradiation test was carried out at
25 C with an irradiance of 250 W/m?2.

2.4. Intercalator-based photogenotoxicity (IBP) assay

The photodynamic impairment of salmon sperm DNA by pho-
totoxic chemicals was evaluated by IBP assay. Each assay mixture
(50 pL) in the 96-well microplate, containing the tested compound
(200 M) and DNA (20 p.g/mL) in 20 mM NaPB (pH 7.4), was irradi-
ated with UVA/B for 45 min, and then TO was added to each well ata
final concentration of 1.3 WM. As a control experiment, only 40 uL
of the tested compound in 20 mM NaPB (pH 7.4) was exposed to
UVA/B, and then DNA (10 pg/mL) and TO (1.3 wM) were added to
the sample. In both irradiation and control experiments, each assay
mixture (100 L) was incubated at 37°C for 15 min to equilibrate
intercalation of DNA with TO. To detect the intercalated TO, fluo-
rescence (excitation: 509 nm and emission: 527 nm) was measured
with SAFIRE.

2.5. Determination of reactive oxygen species (ROS)
Both singlet oxygen and superoxide generated from irra-
diated chemicals were measured as we reported previously

[14,15]. Briefly, to monitor the generation of singlet oxy-
gen samples containing the compounds under examination,
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p-nitrosodimethylaniline (50 wM)and imidazole (50 pM)in 20 mM
NaPB (pH 7.4), wereirradiated with UVA/B, and then the UV absorp-
tion at 440 nm was measured by SAFIRE. For the determination of
superoxide, samples containing the compounds under examina-
tion and nitroblue tetrazolium (NBT, 50 wM) in 20mM NaPB (pH
7.4) were irradiated with UVA/B, and the reduction of NBT was
measured by theincreasein the absorbance at 560 nm using SAFIRE.

2.6. DNA-photocleavage assay

The irradiated samples contained pBR322 DNA (final concen-
tration, 10 pwg/mL) dissolved in Tris-acetic acid—-EDTA (TAE) buffer
(40mM Tris, 20mM acetic acid, and 1 mM EDTA) and the tested
compounds at a final concentration of 200 uM. Samples were
exposed to UVA/B (375 Kk]/m2). 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.

2.7. Data analysis

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

3. Results and discussion
3.1. Development of IBP assay

Some fluorescent intercalating dyes, such as EtBr and TO, form
an intense fluorescent complex with DNA [11,13]. Interestingly,
the fluorescent yield is reduced upon DNA denaturation by oxida-
tive stress and becomes very weak when intramolecular hydrogen
bonds in single strands are further destabilized [ 16]. Thus, the inter-
calating behavior of DNA-specific fluorescent probes should reflect
oxidative-stress-induced alterations in the DNA base-pair region.
In the present study, to evaluate DNA damage due to photoirra-
diated compounds, an IBP assay was developed with the use of
fluorescent intercalating dyes. TO was chosen for the IBP assay
because of a 150-fold higher sensitivity than EtBr. Upon a fluores-
cence titration experiment, the binding constant of TO with DNA
was calculated to be as low as 360 nM. To evaluate DNA impairment
with a high sensitivity, the concentration of TO in the IBP assay was
set at 1.3 wM, equivalent to the concentration at 80% of maximum
binding (datanot shown). In addition to the TO concentration, other
conditions for the IBP assay, such as UVA/Birradiation time and con-
centration of compounds, were also optimized using ketoprofen, a
typical phototoxic drug. After concomitant exposure of ketopro-
fen and DNA to UVA/B for the indicated periods, TO was added to
the assay mixture to monitor the intercalating behavior (Fig. 1A).
Although no significant changes in the intercalating behavior of TO
were observed as long as samples were protected from light, the
UVA/B exposure of ketoprofen and DNAresulted in a marked reduc-
tionin TO-intercalating capacity. The reductioninintercalated TO is
indicative of oxidative impairment of DNA, and the photodynamic
DNA damage appeared to be saturated at 45 min. According to the
concentration response curve (Fig. 1B), only a slight reduction in
intercalated TO was observed at 300 uM ketoprofen without UV
exposure, whereas irradiated ketoprofen at just over 30 uM caused
significant DNA damage.

3.2. Assay precision and robustness

The overall precision of the method was evaluated by analyz-
ing the photogenotoxic potential of ketoprofen standard solution
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Fig. 1. DNA damage induced by ketoprofen. (A) Time-dependent damage of salmon
sperm DNA. Irradiated group: 2, 100 uM; (O, 200 uM; and v, 300 wM; and control
group: ¢, 100 wM; J, 200 pM; and x, 300 pM. (B) Ketoprofen-induced DNA damage
cccurred ina dose-dependent manner. Ketoprofen was irradiated with UVA/B in the
presence or absence of salmon sperm DNA. O, Irradiated data; v, control data. Data
represent mean +SD of four experiments.

at 100, 200, and 300 wM under 45-min UV exposure. The intra-day
precision (%RSD, n=3) and inter-day precision (days 1 and 2%RSD,
n=6) are shown in Table 1. The intra-day %RSD values for irradi-
ated and control experiments ranged from 2.98 to 6.86 and 5.12
to 5.51, respectively, and the inter-day %RSD values varied from
5.91 to 6.65 (irradiated group) and 4.97 to 5.27 (control group). On
the basis of the data for ketoprofen at 100-300 M, the IBP assay
had potent intra- and inter-day precision, and the concentration of

Table 1
Intra-day and inter-day precision for DNA damage by irradiated ketoprofen.

Concentration (M) Intercalated TO [% of vehicle, mean £ SD (%RSD)]

Irradiated Control

Intra-day

100 72.9 £+ 5.00 (6.86) 96.0 + 4.92 (5.12)
200 76.4 +2.27(2.98) 93.5 + 4.87 (5.21)
300 76.2 £3.93(5.16) 92.2 + 5.08 (5.51)
Inter-day

100 716 + 4.67 (6.53) 95.4 + 474 (4.97)
200 74.0 +4.37 (5.91) 93.9 + 4.91(5.22)
300 75.3 £ 5.01 (6.65) 93.5 + 493 (5.27)

Ketoprofen (200 pM)and salmon sperm DNA (20 pg/mL) were co-exposed to UVA/B
light (675 kJ/m?) or protected from light. TO(1.3 uM) solution was added to the assay
mixture, and fluorescence emitted from the intercalated TO was measured. Datarep-
resent mean £ SD of three experiments for intra-day precision and six experiments
for inter-day precision.

Chlorpromazine
Diclofenac

Doxycycline

Ketoprofen

Nalidixic acid

Nitrofurantoin

*
*
*

Intercalated TO (% of wvehicle group)

Fig. 2. DNA damage by irradiated phototoxic drugs. Eachdrug(200 M) and salmon
sperm DNA (20 pg/mL) were co-exposed to UV or protected from light. TO solution
at a final concentration of 1.3 uM was added to the assay mixture, and fluores-
cence emitted from the intercalated TO was measured. Open bar, UV-irradiated; and
filled bar, control group. Data represent mean +SD of four experiments, *P< 0.05,
significantly different from control.

tested chemicals for the IBP assay was set at 200 wM. Further eval-
uation on robustness of the IBP assay was also made with emphasis
on the influences of co-existing solvents in the assay mixtures and
equilibration temperature. By the use of stock solution of tested
chemicals, small quantity of organic solvent could be involved in
the assay mixture, and this might lead to variable outcomes. How-
ever, there were no significant differences among the results from
IBP assay of ketoprofen (200 wM) with or without organic solvents
(1%) such as dimethyl sulfoxide (DMSO), acetonitrile, methanol,
and ethanol (data not shown). In addition, transition of equilibra-
tion temperature (25-40°C) did not affect the IBP data (data not
shown).

3.3. Application of IBP assay to known phototoxic/non-phototoxic
drugs

The IBP assay was carried out on 27 phototoxic and 5
weak/non-phototoxic commercially available drugs to clarify the
predictability and usefulness of the IBP assay. According to the
results from the IBP assay on several phototoxic drugs (Fig. 2),
ketoprofen, nalidixic acid, and nitrofurantoin did not affect the
intercalating behavior of TO without UV exposure. The UV irra-
diation of ketoprofen and nalidixic acid in the presence of DNA
resulted in 23 and 76% reductions in the level of intercalated TO,
respectively, although nitrofurantoin was found to be less pho-
togenotoxic as evidenced by the lack of a significant difference
in the intercalation of TO between control and irradiated groups.
These data were consistent with previous observations on CGE
analyses, which showed that both ketoprofen and nalidixic acid
could cause photocleavage of plasmid pBR322 DNA, but nitro-
furantoin did not [9]. The IBP assay could be applied to most
test compounds; however, some drugs, including chlorpromazine,
diclofenac, and doxycycline, affected the intercalating behavior of
TO without light exposure, leading to a narrow screening window.
Thedecrease in intercalated TO levels might be attributable to drug-
induced quenching of fluorescence from DNA-TO complexes and/or
strong intercalation between DNA and the drugs. On the basis of
the decrease in intercalated TO levels, chlorpromazine might have
photogenotoxic potential; however, doxycycline did not seem to be
photogenotoxic. It would be very challenging to evaluate the pho-
togenotoxic risk of diclofenac precisely, because of the very limited
screening range. Thus, the IBP assay might not be suitable for some
chemicals that lack an adequate assay range.
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Table 2
Photochemical and photogenotoxic data on phototoxic compounds.

Compounds ROS generation? DNA photocleavage Decrease in intercalated TO
(OC form, %) (% of vehicle)
10, (AAsq0 x 107) 02" (AAsgo x 10%)

Phototoxic
5-FU 543 N.D. 52 N.D.
8-MOP 317 51£3 11.0 1
Acetazolamide 19+1 N.D. 24 4
Amitriptyline 4x2 8+10 9.9 1
Carbamazepin 7+1 N.D. 44 6
Chlorpromazine N.D. 113+1 100 15
Clomipramine 60+4 11+1 91.5 24
Diazepam 12+4 N.D. 43 2
Diclofenac 181+7 370+ 14 217 N.D
Doxycycline 131+8 344+6 12.4 N.D.
Flutamide 25+9 N.D. 10.6 11
Furosemide 139+5 111+16 103 4
Imipramine 21+1 161 8.1 15
Indomethacin 8+4 186+ 16 N.D. N.D.
Ketoprofen 348+12 45+5 73.9 23"
Methotrexate 20617 425+27 8.2 53
Nalidixic acid 132+2 231+2 72.4 76
Naproxen 172+7 207 £2 342 53
Nitrazepam 174+9 49+5 34.2 61
Nitrofurantoin 727 15+1 4.5 5
Omeprazole 25+7 150+1 52.0 15
Oxytetracycline 257+21 275+18 6.5 N.D.
Piroxicam 83+7 96+9 5.9 5
Promethazine 52+4 3442 29.1 18
Quinine 376+11 240+6 85.5 38
Tetracycline 203+29 169+13 104 6
Tolbutamide 1+6 N.D. 33 8

Weak/non-phototoxic
Aspirin 9+2 N.D. 4.6 2
Benzocaine N.D. 4+0 N.D 1
Erythromycin N.D. 5+0 4.7 3
Phenytoin 11+£8 8+1 35 5
Sulisobenzone N.D. N.D. 54 5

N.D.: not detected.
2 Data represent mean = SD for three experiments.
° P<0.05, significantly different from control.

The results from the IBP assay on other drugs are summa-
rized in Table 2, and the levels of photodynamic DNA damage by
tested chemicals were estimated by decreases in the level of TO
intercalation. Of all the drugs tested, 15 phototoxic compounds
and all the weak/non-phototoxic chemicals were found to be less
photogenotoxic. However, 12 phototoxic drugs exhibited photo-
dynamic DNA damage, which was indicative of photogenotoxic
risk. i

3.4. Experimental comparative study of IBP and ROS assays

Generally, photosensitizers generate ROS, such as superoxide
and singlet oxygen, after exposure to UVA/B, and the ROS act
as principal toxic mediators and attack biomolecules including
phospholipids, proteins, and DNA [2]. Therefore, the availabil-
ity of ROS data would be efficacious to realize the potential of
all phototoxic reactions including photoirritation, photoallergy,
and photogenotoxicity [3,8]. In the present investigation, the ROS
assay was also carried out on 27 phototoxic and 5 weak/non-
phototoxic drugs (Table 2). Nine phototoxic compounds, including
8-MOP, diclofenac, doxycycline, furosemide, indomethacin, nitro-
furantoin, oxytetracycline, piroxicam, and tetracycline, exhibited
significant ROS generation, whereas they were predicted to be non-
photogenotoxic in the IBP assay. We found no clear relationship
between ROS and IBP data directly. Theoretically, the ROS assay
could be used to evaluate all types of phototoxic risk, although the
IBP assay could be indicative of photogenotoxic potential specif-
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ically. This might partially explain the discrepancy between ROS
and [BP data.

3.5. Experimental comparative study of IBP and
DNA-photocleavage assays

The photogenotoxic potential of 32 model compounds was eval-
uated from pBR322 DNA-photocleaving activities for comparison,
as well as from the newly developed IBP assay. Generally, DNA
strand breaks can be readily observed by following the conversion
of supercoiled pBR322 DNA (SC) to the open circular (OC) form.
The DNA-photocleaving activity of ketoprofen (200 xM) was ana-
lyzed by AGE (Fig. 3A). The addition of ketoprofen to plasmid DNA
did not result in DNA photocleavage in the dark; however, pBR322
DNA damage was clearly induced by ketoprofen after UVA/B irra-
diation. On the basis of its band intensity, there appeared to be a
ca. 74% structural conversion of plasmid DNA from the SC to the OC
form.

DNA-photocleaving activities of other chemicals were deter-
mined and are summarized in Table 2. No significant structural
conversion of plasmid DNA was observed in negative control
groups. Interestingly, not all phototoxic drugs induced photody-
namic impairment of DNA. These findings were partly consistent
with the results from the IBP assay, although the order of DNA
damage severity observed in the AGE analysis did not completely
correspond to that in the IBP assay. For further comparison, the
results from the DNA-photocleavage and IPB assays were ana-



