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Until now, both direct toxic effects and immune-mediated toxicity
have been suggested as possible mechanisms of idiosyncratic liver
injury. With direct toxicity, covalent protein binding via AG may
disrupt the normal physiological function of a “critical” protein or
some critical regulatory pathway, leading to cellular necrosis (Pirmo-
hamed et al., 1996). In addition, it has been reported that electrophilic
AG can covalently interact with nucleic acids. For example, clofibrate
AG and gemfibrozil AG can form DNA adducts, resulting in geno-
toxicity that can be measured by the single-cell gel electrophoresis
(comet) assay (Sallustio et al., 1997). Furthermore, probenecid and
clofibric acid induced DNA damage in isolated hepatocytes and
UDP-glucuronosyltransferase (UGT)-transfected HEK293 cells via a
glucuronidation-dependent pathway (Sallustio et al., 2006; South-
wood et al., 2007). The significance of these finding is not yet clear.

Among UGT isoforms, the glucuronidation of carboxylic acid drugs is
mediated by UGT1A3, UGT1A9, or UGT2B7 (Sakaguchi et al., 2004).
Of interest, despite high sequence identity (amino acid homology of
93%), human UGT1A3 and UGT1A4 differ in terms of substrate selec-
tivity, i.e,, UGT1A3 catalyzes the acyl glucuronidation but UGT1A4
hardly does (Kubota et al., 2007). HEK293 cells can express human
recombinant UGTs for cytotoxicity studies and effectively glycosylate
them (Nakajima et al., 2010; Nishiyama et al., 2010). Therefore, HEK293
cells stably expressing UGT1A3 (HEK/UGT1A3) and UGT1A4 (HEK/
UGT1A4) could be useful for toxicity assessment.

Among the drugs containing the carboxylic acid moieties,
naproxen, diclofenac, ketoprofen, and ibuprofen were selected.
Naproxen, diclofenac, and ibuprofen infrequently show severe drug-
induced liver injury, but ketoprofen almost never does (Cuthbert,
1974; Banks et al., 1995; Boelsterli et al., 1995; Walker, 1997; Riley
and Smith, 1998). In addition, these NSAIDs are mainly metabolized
to the corresponding AG (Foster et al., 1988; Vree et al., 1993;
Castillo and Smith, 19935; Kumar et al., 2002). Direct mechanistic
evidence linking the toxicity to the formation of drug-protein adducts
is lacking. We focused on toxicity due to cell dysfunction by acyl
glucuronide formation. In this study, to clarify whether formation of
AG occurred in the cells, rather than exposure to hydrophilic AG from
outside the cells, which shows toxicity due to cell dysfunction by the
adduct formation in vitro, we investigated the cytotoxicity of the
NSAIDs exposed to HEK/UGT1A3 or HEK/UGT1A4 and human
hepatocytes. Furthermore, we investigated the genotoxicity of the
NSAIDs by using the comet assay.

Materials and Methods

Materials. Ketoprofen, ibuprofen, G418, and dimethyl sulfoxide (DMSO)
were purchased from Wako Pure Chemicals (Osaka, Japan). Naproxen acyl-
B-D-glucuronide, diclofenac acyl-B-D-glucuronide, ketoprofen acyl-B-p-gluc-
uronide, and ibuprofen acyl-B-D-glucuronide were purchased from Toronto
Research Chemicals Inc. (North York, ON, Canada). Naproxen, diclofenac
sodium salt, UDP-glucuronic acid (UDPGA), alamethicin, 4-methylumbellif-
erone (4-MU), 4-MU O-glucuronide, and (—)-borneol were purchased from
Sigma-Aldrich (St. Louis, MO). Rabbit anti-human UGT1A antibodies were
obtained from BD Gentest (Woburn, MA). Rabbit anti-human GAPDH anti-
bodies were purchased from Imgenex (San Diego, CA). IRDye 680-labeled
goat anti-rabbit secondary antibody and Odyssey Blocking buffer were ob-
tained from LI-COR Biosciences (Lincoln, NE). Primers were commercially
synthesized at Hokkaido System Sciences (Sapporo, Japan). Lipofectamine
2000 was purchased from Invitrogen (Carlsbad, CA). All other chemicals and
solvents were of the highest grade or the analytical grade commercially
available.

Isolation of Human UGT1A3 and Construction of Expression Vectors.
Human UGT1A3 (accession number NM_019093) cDNAs were prepared by a
reverse transcription-polymerase chain reaction technique using total RNA
from human liver. The primer sequences used in this study were as follows:
human UGT1A3ex1 sense primer, 5'-TCTTCTGCTGAGATGGCCAC-3" and

human UGT1Aex5 antisense primer, 5'-GCACTCTGGGGCTGATTAAT-3',
After an initial denaturation at 94°C for 5 min, amplification was performed by
denaturation at 94°C for 30 s, annealing at 55°C for 30 s, and extension at 72°C
for 90 s for 45 cycles, followed by a final extension at 72°C for 5 min. The
polymerase chain reaction products were subcloned into pTARGET Mamma-
lian Expression Vector (Promega, Madison, WI), and the DNA sequences of
the inserts were determined using a Thermo Sequenase Cy5.5 Dye Terminator
Cycle Sequencing Kit (GE Healthcare, Little Chalfont, Buckinghamshire, UK)
with a Long-Read Tower DNA sequencer (GE Healthcare).

Stable Expression of UGT1A3 and UGT1A4 Isoforms in HEK293 Cells.
An expression vector for UGT1A3 was constructed. HEK293 cells (American
Type Culture Collection, Manassas, VA) were grown in Dulbecco’s modified
Eagle’s medium containing 4.5 g/l glucose, 10 mM HEPES, and 10% fetal
bovine serum with 5% CO, at 37°C. The cells in 12-well plates were trans-
fected with 1.6 pg of the UGT1A3 expression vector using Lipofectamine
2000. Stable transfectants of UGT1A3 were selected in medium containing
800 mg/l G418. HEK293 cells stably expressing UGT1A4 were previously
established in our laboratory (Fujiwara et al., 2007a). The cell lines were
incubated with 95% 0,/5% CO, at 37°C and split 1:4 every 3 days.

SDS-PAGE and Immunoblotting. Samples were boiled for 3 min in
Laemmli sample buffer containing 2-mercaptoethanol and separated on 10%
SDS-polyacrylamide gel. The separated proteins were electrotransferred onto
a polyvinylidene difluoride membrane (Immobilon-P; Millipore Corporation,
Billerica, MA). The membrane was washed with phosphate-buffered saline
(PBS) two times and blocked with Odyssey Blocking buffer for 1 h. The
membranes were incubated with rabbit anti-human UGT1A polyclonal anti-
body (1:500) and rabbit anti-human GAPDH antibodies (1:1000) diluted with
Odyssey Blocking buffer containing 0.1% Tween 20 for 1 h. The membrane
was washed with PBS-T (PBS containing 0.1% Tween 20) four times and
incubated with IRDye 680-labeled goat anti-rabbit IgG secondary antibody
diluted (1:5000) with PBS-T for 1 h. The densities of the bands were deter-
mined using an Odyssey Infrared Imaging System (LI-COR Biosciences).

HPLC Analysis of 4-MU O-Glucuronide Formation on UGT1A3. 4-MU
O-glucuronosyltransferase activity was determined as described previously
with slight modifications (Fujiwara et al., 2007a). In brief, a typical incubation
mixture (100 ul of total volume) contained 50 mM Tris-HCl buffer (pH 7.4),
10 mM MgCl,, 2.5 mM UDPGA, 25 ug/ml alamethicin, 0.4 mg/ml cell
homogenate of UGT1A3, and 1 to 1000 uM 4-MU. The reaction was initiated
by the addition of UDPGA after a 3-min preincubation at 37°C. After incu-
bation at 37°C for 30 min, the reaction was terminated by the addition of 100
pl of ice-cold methanol. After removal of the protein by centrifugation at
13,000g for 5 min, a 50-u.l portion of the sample was subjected to HPLC. The
analytical column was a CAPCEL PAK C18 UGI120 (4.6 X 150 mm, 5 wm;
Shiseido, Tokyo, Japan), and the mobile phase was 30% methanol-20 mM
potassium phosphate buffer (pH 4.5). The eluent was monitored at 320 nm.
The quantification of 4-MU O-glucuronide was performed by comparing the
HPLC peak height with that of the authentic standard. Kinetic parameters were
estimated from the fitted curve using a computer program (KaleidaGraph;
Synergy Software, Reading, PA) designed for nonlinear regression analysis.
The following equation was applied for Michaelis-Menten kinetics:

V= Vyax " Ky + S)

where Vis the velocity of the reaction, S is the substrate concentration, K, is
the Michaelis-Menten constant, and V. is the maximum velocity. Data are
expressed as means * S.D. of triplicate determinations.

In Vitro Studies with HEK/UGT Cells. Cytotoxicity assay. HEK/UGT
cells were seeded into 96-well microtiter plates layered with 2 X 10* cells/well
in 0.1 ml of 0.5% (v/v) FBS supplemented DMEM and were immediately
incubated with naproxen (1 mM), diclofenac (0.1 mM), ketoprofen (1 mM), or
ibuprofen (1 mM) for 6, 12, or 24 h.

Quantification of the AG metabolites. HEK/UGT cells were seeded into
24-well plates layered with 2 X 10° cells/well in 1 ml of 0.5% (v/v) FBS-
supplemented DMEM and were immediately incubated with the NSAIDs for
6, 12, or 24 h. The cultured cells were collected into a clean tube after the
specified period and then centrifuged at 3000g for 5 min to separate the
cultured medium and cell fraction. The cell fraction was suspended with 100
ul of PBS. We confirmed the stability of each AG in the autosampler at 4°C
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for 24 h (data not shown). The final concentrations of DMSO in the culture
medium did not exceed 0.1%.

In Vitro Studies with Human Hepatocytes. Cytotoxicity assay. LiverPool
cryopreserved human hepatocytes in suspension (Celsis In Vitro Technologies,
Brussels, Belgium) were seeded into collagen-coated 96-well microtiter plates
layered with 2 X 10* cells/well in 0.1 ml of 0.5% (v/v) FBS-supplemented
HCM culture medium (epidermal growth factor- and antibiotic-free) contain-
ing 10 nM estradiol and were immediately preincubated with (—)-borneol (1
mM), an inhibitor of acyl glucuronidation. After 30 min, the cells were
incubated with the NSAIDs for 6 h.

Quantification of the NSAIDs and their AG metabolites. Human hepatocytes
were seeded into collagen-coated 24-well plates layered with 2 X 10° cells/
well in 1 ml of 0.5% (v/v) FBS-supplemented HCM culture medium and were
immediately preincubated with (—)-borneol (1 mM). After 30 min, the cells
were incubated with 0.5% (v/v) FBS-supplemented HCM culture medium
containing the NSAIDs for 6 h. We confirmed the stability of each AG at 4°C
for 24 h (data not shown). The final concentrations of DMSO in the culture
medium did not exceed 0.2%.

LC-MS/MS Analysis and Preparation of AG Samples. The NSAIDs and
their AGs were quantified using PE SCIEX API 2000 LC-MS/MS systems
(MDS Sciex, Concord, ON, Canada) equipped with an electrospray ionization
interface used to generate negative ions [M — H]™. The test drugs were
separated on a ZORBAX SB-C18 column (50 X 2.1 mm, 3.5 um; Agilent
Technologies, Santa Clara, CA). The gradient mobile phase consisted of 0.1%
formic acid in purified water and 0.1% formic acid in methanol (80:20 to
10:90, v/v). The mobile phase was eluted at 0.2 ml/min using an Agilent 1100
series pump (Agilent Technologies). The NSAIDs and their AGs were moni-
tored by multiple reaction monitoring using transitions of 229 — 169
(naproxen), 405 — 193 (naproxen AG), 294 — 250 (diclofenac), 470 —
193 (diclofenac AG), 253 — 209 (ketoprofen), 429 — 193 (ketoprofen AG),
205 — 161 (ibuprofen), and 381 — 193 (ibuprofen AG). These drugs were
calculated by comparing the peak area to that of the authentic standard. The
analytical data were processed using Analyst software (version 1.4.1; Applied
Biosystems, Foster City, CA) in the API2000 LC-MS/MS systems.

Fifty microliters of methanol-acetic acid (100:1, v/v) was added to a 50-ul
portion of the cell fraction or the cultured medium, and then the mixture was
centrifuged at 17,400g for 10 min. The supernatant was transferred to a glass
vial kept at 4°C in an autosampler, and 20 pl of this solution was injected.

Cytotoxicity Assays. An MTT assay was performed with a Cell Counting
Kit-8 (Dojindo Laboratories, Kumamoto, Japan) using water-soluble [2-(2-
methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2, 4-disulfophenyl)-2H-tetrazo-
lium monosodium salt] (WST-8). WST-8 produces a water-soluble formazan
dye upon reduction in the presence of an electron carrier coupling with
mitochondrial dehydrogenases. HEK/UGT cells or human hepatocytes (each
2 X 10* cell/well) were seeded in 96-well plates. After 6, 12, and 24 h of
incubation for HEK/UGT cells (or after 6 h of incubation for human hepato-
cytes), CCK-8 reagent was added, and the absorbance of WST-8 formazan at
450 nm was measured according to the manufacturer’s instructions. The
percent cell viability was calculated by comparing absorbance of cells with that
of the control cells.

Cell viabilities of the HEK/UGT cells and human hepatocytes were also
evaluated by the intracellular ATP concentration using a CellTiter-Glo Lumi-
nescent Cell Viability Assay (Promega). The luminescence of the oxyluciferin
generated was measured in the ATP assay by using an 1420 ARVO MX
luminometer (excitation 338 nm and emission 458 nm) (PerkinElmer Life and
Analytical Sciences—Wallac Oy, Turku, Finland) according to the manufactur-
er’s instructions. The percent cell viability was calculated by comparing cell
luminescence with that of the control cells.

Lactate dehydrogenase (LDH) leakage from HEK/UGT cells was evaluated
by a Cytotoxicity Detection Kit-LDH (Roche Diagnostics GmbH, Mannheim,
Germany). LDH release was measured photometrically at 490 nm (690 nm
reference) according to the manufacturer’s instructions. The maximum LDH
release control was prepared as well as the timing of the addition of lysis
solution (1% Triton X-100) to obtain 100% LDH release. The percentage of
LDH release was calculated by comparing the absorbance to the maximum
LDH release of the control cells.

Comet Assay. The alkaline version of the comet assay is a sensitive
genotoxicity test for the detection of DNA strand breaks. The comet assay is

based on the principle that DNA fragments formed via DNA damage can be
detected after agarose gel electrophoresis and fluorescent staining (Singh et al.,
1988). Moreover, the use of different pH conditions during the cell lysis step
allows the detection of different types of DNA damage, including single- and
double-strand breaks and alkali-labile sites (Kohn, 1991). The comet assay was
performed as follows. In brief, HEK/UGT cells were seeded in 24-well plates
24 h before treatment. Cells were treated for 24 h with 0.5% (v/v) FBS-
supplemented DMEM containing either vehicle (0.1% DMSO), 1 mM
naproxen, 0.1 mM diclofenac, 1 mM ketoprofen or 1 mM ibuprofen. Micro-
scope slides were prepared by immersion in 0.5% (w/v) normal melting
agarose. One volume of cell suspension (100 ul, containing approximately 4 X
10° cells) was mixed with 9 volumes of 0.7% (w/v) low-melting point agarose
maintained at 37°C in a water bath, after which 100 wl of the diluted
suspension was layered on a precoated slide. The slide was immediately
covered with a coverslip and incubated at 4°C to solidify the agarose. After the
slides were coated with a third layer of 0.7% (w/v) low-melting point agarose
at 4°C for 20 min, the embedded cells were immersed for 1 h at 4°C in cold
lysis buffer [2.5 M NaCl, 1% (w/v) sodium N-lauroylsarcosinate, 100 mM
disodium EDTA, and 10 mM Tris base, pH 10] supplemented with 1% (v/v)
Triton X-100 and 10% (v/v) DMSO. The slides were placed in a horizontal
electrophoresis assembly containing fresh electrophoresis buffer (100 mM
NaOH and 10 mM disodium EDTA). To allow DNA unfolding and unwinding,
we left the slides in the buffer for 30 min before electrophoresis. After
electrophoretic resolution (300 mA for 20 min) using a recirculating horizontal
tank (BE-560; Biocraft, Tokyo, Japan), the slides were washed in neutralizing
buffer (0.4 M Tris-HCI, pH 7.5) twice for 5 min each and then were stained
with ethidium bromide and examined in a fluorescent microscope (BZ-9000;
Keyence Corporation, Osaka, Japan). The resulting photographs of fluores-
cently labeled comets were scored on the basis of the tail extent moment using
CometAnalyzer 1.5 (Youworks Corporation, Tokyo, Japan).

The comet moment was typically determined for 150 to 180 cells per
treatment on more than three separate experimental days. Data are presented as
medians * interquartile range.

Statistical Analyses. Data are expressed as the mean * S.D. of three
independent determinations. Statistical significance of the cytotoxicity data
were determined by a two-tailed Student’s 7 test, and comet data were analyzed
using a two-tailed nonparametric Mann-Whitney’s U test (GraphPad Software
Inc., San Diego, CA). P < 0.05 was considered statistically significant.

Results

UGT1A3 and UGT1A4 in HEK293 Cells: Expression Levels
and Enzyme Activities. To establish the stable cell line expressing
UGT1A3, five clones were isolated. Immunoblot analysis revealed
that the expression levels of UGT varied among the clones and the
clones with the highest UGT1A protein levels were selected (data not
shown). The HEK293 expression systems of UGT1A3 (HEK/
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Fig. 1. SDS-PAGE and immunoblot analyses of human UGT1As proteins. Total
cell homogenates from HEK/MOCK, HEK/UGT1A3, or HEK/UGT1A4 cells were
prepared. The samples (10 ug) were subjected to 10% SDS-PAGE and transferred
to a polyvinylidene difluoride membrane. The membrane was probed with an
anti-human UGTIA antibody. The UGT1A mRNA levels were corrected with the
GAPDH mRNA levels.
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TABLE 1

Kinetic parameters for 4-MU O-glucuronidation by UGTIA3 and imipramine
N-glucuronidation by UGTIA4 expressed in HEK293 cells

Data represent the mean = S.D. (n = 3).

UGT Isoform Glucuronidation K Vinax

mM pmol/(min - mg protein)
UGTI1A3 4-MU O-glucuronidation 03 +00 6404 = 92.1
UGT1A4 Imipramine N-glucuronidation 1.1 +0.2 240.9 = 02.9

UGT1A3) or UGT1A4 (HEK/UGT1A4) showed a double band of
approximately 54/57 kDa and a single band of approximately 56 kDa,
respectively (Fig. 1). As Riedmaier et al. (2010) reported that not only
UGT1A3 in human liver microsomes but also recombinant UGT1A3
appeared as a double band of approximately 54/57 kDa, the expres-
sion pattern of UGT1A3 was consistent with that of our established
UGT1A3,. These data indicated that the expressions of UGT1A3 and
UGT1A4 were at comparable levels.

After preparation of the total cell homogenate of UGTI1A3, the
4-MU O-glucuronidation activity was investigated. In our previous
study (Fujiwara et al., 2007b), we demonstrated that the total cell
homogenate of UGT1A4 could catalyze the N-glucuronidation of
imipramine. As seen in Table 1, HEK/UGT1A3 and HEK/UGT1A4
showed enzyme activity for each substrate. These data indicated that
the enzyme activity of UGT1A3 and UGT1A4 was sufficiently high.

Quantification of AG in HEK/UGT Cells. To investigate the AG
formation of each stable cell line, the AG in the cell fraction and the
cultured medium was quantified at 6, 12, and 24 h after treatment with
the NSAIDs. The AG was not detected in HEK/MOCK and HEK/
UGTI1A4 cells by LC-MS/MS analysis, whereas it was detected in
HEK/UGT1A3 cells (Fig. 2). The AG of naproxen, diclofenac, keto-
profen, and ibuprofen in the cell fraction at 24 h was 4.5 + 0.8, 3.8 +
0.4,02 * 0.1, and 7.2 = 1.2 pmol/2 X 10° cells, respectively, and
that in the cultured medium was 137.0 + 0.8, 104.0 + 13.1, 6.3 = 0.7,
and 114.7 = 2.2 pmol/ml, respectively (Supplemental Tables 1-1 and
1-2). Compared with the AG in the cell fraction of HEK/UGT1A3, the
AG in the cultured medium was increased in a time-dependent man-
ner. The AG formed in NSAID-treated cells was not accumulated and
effectively distributed in the medium.

Cytotoxicity of NSAIDs in HEK/UGT Cells. To investigate the
cytotoxicity of the AGs of the NSAIDs, MTT, ATP, and LDH release
assays were performed using HEK/UGT cells. In the MTT and ATP
assays (Fig. 3), cell viability was decreased time dependently after
treatment with the NSAIDs. However, there was no difference in the
cell viability of HEK/UGT1A3 cells, which produced the AG, com-
pared with that of HEK/MOCK and/or HEK/UGT1A4 cells. LDH
leakage into the cultured medium was also assessed for 6-, 12-, and
24-h incubations. In each HEK/UGT cell line, none of the NSAIDs
demonstrated LDH leakage that exceeded 5.4% of the total cell LDH
levels (Supplemental Fig. 1). These results indicated that no cytotox-
icity due to the AG formation from the NSAIDs was detected in
HEK/UGT cells.

In addition, to investigate whether the other substrates affected the
cytotoxicity, we used an MTT assay of HEK/UGT cells exposed to
other carboxylic acid drugs such as clofibric acid (1 mM), gemfibrozil
(1 mM), salicylic acid (1 mM), and zomepirac (0.1 mM) at 24 h. The
cell viability of HEK/UGT1A3 cells was not significantly decreased
compared with that of HEK/UGT1A4 cells (Supplemental Fig. 2).

Quantification of AG in Human Hepatocytes. To investigate the
inhibition effect of (—)-borneol on the formation of AG in NSAID-
treated human hepatocytes, the AG in the cell fraction and the cultured
medium was quantified. Without (—)-borneol treatment, the AG of
naproxen, diclofenac, ketoprofen, and ibuprofen formed in the cell
fraction at 6 h was 33.6 + 1.0, 59.6 + 1.1, 6.8 = 0.5, and 27.7 + 1.6
pmol/2 X 10° cells, respectively, and that formed in the cultured
medium was 1323.9 *+ 443, 2816.1 *+ 63.5, 436.8 + 8.0, and
1156.7 + 21.9 pmol/ml, respectively (Fig. 4). On the other hand, with
(—)-borneol treatment, the AG of naproxen, diclofenac, ketoprofen,
and ibuprofen formed in the cell fraction at 6 h was 10.3 + 0.4,
15.1 £ 1.3,1.7 = 0.1, and 3.5 * 0.3 pmol/2 X 10° cells, respectively,
and that formed in the cultured medium was 393.7 = 13.7, 610.5 +
29.7, 549 * 0.8, and 126.5 * 10.6 pmol/ml, respectively (Fig. 4).
Therefore, the AG formed in NSAID-treated human hepatocytes was
decreased to one-third to one-ninth by (—)-borneol treatment.

Cytotoxicity of NSAIDs in Human Hepatocytes. We confirmed
the inhibition effect of (—)-borneol on the AG formation of the
NSAIDs in human hepatocytes. To investigate the effect of AG on the
cytotoxicity in human hepatocytes, ATP and MTT assays were per-
formed. In the ATP assay (Fig. 5A), the cell viability without (—)-
borneol treatment was significantly decreased in the presence of the
NSAIDs except ketoprofen compared with the nontreated control. If
the AG showed cytotoxicity, the cell viability would be restored by
(—)-borneol treatment. The cell viability with (—)-borneol treatment
was further decreased, even though the AG formed in human hepa-
tocytes was decreased. Likewise, MTT assay revealed that the cell
viability was significantly decreased in the presence of naproxen
(Fig. 5B). (—)-Borneol decreased the cell viability in the presence of
diclofenac or ibuprofen. If the AG showed cytotoxicity, the cell
viability would be restored by (—)-borneol treatment. However,
(—)-borneol unexpectedly decreased the cell viability. To investigate
whether the cytotoxicity is due to increased contents of the parent
drugs in the cell fraction, we quantified the parent drugs using
LC-MS/MS analysis. As a result, the contents of the parent drugs with
(—)-borneol treatment were significantly higher than those without
(—)-borneol treatment (Fig. 5C). These results indicated that the
decreased cell viability of human hepatocytes with (—)-borneol treat-
ment might be due to the increased contents of the parent drugs in the
cell fraction. Therefore, AG formed in NSAID-treated human hepa-
tocytes showed no cytotoxicity.

Comet Assay. To investigate the possibility that the AG formed in
NSAID-treated HEK/UGT cells caused secondary genotoxicity by
nicking DNA, the comet assay was conducted after the 24-h treat-
ment. The scores of the tail moments of NSAID-treated HEK/UGT

Treatment time (h) Treatment time (h)

Treatment time (h)

| "

£ Naproxen Diclofenac Ketoprofen Ibuprofen Fia. 2. Tome depondent chunges O 210 fomma-

£ 10 150 1 HEK/UGTIA3 cells (2 X 10° cells/mlwell)
g S were incubated with naproxen (1 mM), diclofe-
é 2 100 100 10 100 nac (0.1 mM), ketoprofen (1 mM), or ibuprofen
58 (1 mM) for 6, 12, and 24 h. The cell fraction
E.'_J S 50 Scal 50 5 50 (picomoles per 2 X 10° cells) and the cultured
<% -&-Medium medium (picomoles per milliliter) were measured

g L—Q—0 —0 0 ——0 0 o Q=Q=—0——20 by LC-MS/MS. O, cell fraction; @, cultured me-

g 0 6 12 18 24 0 6 12 18 24 0 6 12 18 24 0 6 12 18 24 dium. Each point represents the mean = S.D. of

= triplicate determinations.

Treatment time (h)

398



58 KOGA ET AL.
A MTT assay
120 Naproxen i Diclofenac Ketoprofen Ibuprofen
2 100 100 1008 1004
o —4-UGT1A4
> 80 80 80 80
5 60 60 60 =4 60
s
§ 40 40 40 40 Fic. 3. Time-dependent changes of cell viability
20 20 | 20 20 assessed by MTT and ATP assays in NSAID-
0 0 0 0 treated HEK/UGT cells. A, MTT assay. B, ATP
0 6 12 18 24 0 6 12 18 24 0 6 12 18 24 0 6 12 18 24 assay. HEK/UGT cells (2 X 10* cells/0.1 ml/well)
were incubated with naproxen (1 mM), diclofenac
B ATP assay (0.1 mM), ketoprofen (1 mM), and ibuprofen (1
120 120 120 120 mM) for 6, 12, and 24 h. Q, MOCK; W,
gl | o LTI, &, UOTIat Bt s e
5 53 80 a0 a0 + SD. p! rminations.
E 60 60 60 60
Z 40 40 40 40
T -O-MOCK
S 20 USTIA zo] 20 20
0 - 0 T 0 0 —— -
0 6 12 18 24 0 6 12 18 24 0 6 12 18 24 0 6 12 18 24

Treatment time (h)

Treatment time (h)

Treatment time (h)

Treatment time (h)

cells are shown in Fig. 6. Cells exposed to the NSAIDs showed hardly
any DNA strand breaks compared with the controls. Methylmethane
sulfonate at 0.1 mM, as a positive control, caused a significant
increase in DNA migration (P < 0.001) compared with the solvent
control (DMSO). As shown in Fig. 6B, no drugs significantly in-
creased the DNA migration in HEK/UGT1A3 cells, even though AG
was produced in the cells. No genotoxicity owing to the AG formation
from the NSAIDs could be detected in the present study.

Discussion

There is increasing evidence that the formation of drug-protein
adducts is involved in idiosyncratic reactions. However, direct mech-
anism-based evidence linking the toxicity to the formation of drug-

of the cells to the hydrophilicity of AG must be taken into account,
because it is possible that exposure to the AG from outside the cells could
result in poor absorption. Therefore, to clarify the toxicity of AG, the
cytotoxicity and genotoxicity of the AG formed in NSAID-treated HEK/
UGT cells and human hepatocytes were evaluated at high concentrations,
but there was no severe cytotoxicity from the parent drugs per se. For
example, diclofenac caused low cell viability (approximately 20% of
MOCK cells) at 1 mM (data not shown). Therefore, we examined
diclofenac toxicity at 0.1 mM. On the other hand, naproxen, ibuprofen,
and ketoprofen were examined at 1 mM.
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Fic. 4. Effect of (—)-borneol treatment on AG formation in NSAID-treated human
hepatocytes. Human hepatocytes (2 X 10° cells/ml/well) treated with 1 mM (—)-
borneol for 30 min were incubated with naproxen (1 mM) (A), diclofenac (0.1 mM)
(B), ketoprofen (1 mM) (C), or ibuprofen (1 mM) (D) for 6 h. The cell fraction and
the cultured medium were measured by LC-MS/MS analysis. Each point represents
the mean = S.D. of triplicate determinations. *#*, P < 0.001 compared with
without (—)-borneol treatment (control).

MTT (B) assays and on contents of parent NSAIDs in the cell fraction (C) of human
hepatocytes. The human hepatocytes (2 X 10* cells/0.1 ml/well) treated with 1 mM
(—)-borneol for 30 min were incubated with naproxen (1 mM), diclofenac (0.1
mM), ketoprofen (I mM), or ibuprofen (1 mM) for 6 h. [, without (—)-borneol
treatment; M, with (—)-borneol treatment. Each column represents the mean * S.D.
of triplicate determinations. *, P < 0.05; ##*, P < 0.01; ##k, P < 0.001, compared
with without (—)-borneol treatment. #, P < 0.05; ##, P < 0.01; ###, P < 0.001,
compared with without NSAID treatment.
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UGT1A4 Fig. 6. DNA damage measured by the comet

assay in HEK/MOCK (A), HEK/UGT1A3 (B),
or HEK/UGT1A4 (C) cells. HEK/UGT cells
(2 X 10° cells/ml/well) were incubated with
o naproxen (1 mM), diclofenac (0.1 mM), keto-
profen (1 mM), ibuprofen (1 mM), and meth-
ylmethane sulfonate (MMS) (0.1 mM, as a pos-
itive control) for 24 h. Results are shown as
median (+ interquartile range) tail moment cal-
culated from 30 to 60 comets scored per slide, in
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HEK/UGTI1A3 cells were constructed to investigate the cytotoxic-
ity of AG. HEK/UGT1A4 cells were also used as a reference for
HEK/UGT1AS3 cells. HEK/UGT1A4 cells have the characteristics of
high amino acid homology and different catalytic properties compared
with HEK/UGT1A3 cells. Moreover, HEK/UGT1A4 cells could re-
flect the cytotoxicity of AG more accurately than HEK/MOCK cells
(Fig. 1). After exposure to the NSAIDs for 24 h, AG formation was
only detected in HEK/UGT1A3 cells in a time-dependent manner
(Fig. 2). However, there was no difference in the cytotoxicity to
HEK/UGT1A3 cells compared with that to HEK/UGT1A4 cells, even
though HEK/UGT1A3 cells could produce AG (Fig. 3; Supplemental
Fig. 1). Although the cytotoxicity of other carboxylic acid drugs (i.e.,
clofibric acid, gemfibrozil, salicylic acid, or zomepirac) in HEK/UGT
cells was investigated, the cell viability of HEK/UGT1A3 cells was
not significantly decreased compared with that of HEK/UGT1A4 cells
(Supplemental Fig. 2). Furthermore, the cytotoxicity of other carbox-
ylic acid drugs such as acetylsalicylic acid, flurbiprofen, indometha-
cin, niflumic acid, mefenamic acid, sulindac, bezafibrate, furosemide,
probenecid, or mycophenolic acid at I mM was investigated by using
the MTT assay, and the cell viability of HEK/UGT1A3 cells was not
significantly decreased (data not shown). Therefore, no cytotoxicity of
AG was detected even when other carboxylic acid drugs were se-
lected. In general, it has been thought that protein and/or DNA adduct
formation in response to AG is a causal factor for toxicity. Therefore,
we may not be able to exclude the possibility of increased cytotoxicity
after long-term exposure to carboxylic acid drugs. To address this
issue, the cytotoxicity was investigated by using the MTT assay after
exposure to the drugs (naproxen, ketoprofen, ibuprofen, clofibric acid,
gemfibrozil, and salicylic acid at | mM and diclofenac and zomepirac
at 0.1 mM) for up to 72 h. However, there was no significant
difference in the cell viability of the HEK/UGT cells (data not shown).

HEK293 cells have been noted to lack many uptake and efflux
transporters that are normally expressed on human hepatocytes. For
example, HEK293 cells do not express organic anion-transporting
polypeptide 2 or 8 (Hirano et al., 2004), so that the uptake of
carboxylic acid drugs may be lower than that in human hepatocytes.
Likewise, HEK293 cells do not express multidrug resistance-associ-
ated protein 2 (Hagmann et al., 1999) or multidrug resistance-associ-
ated protein3 (Zeng et al., 2000), so that the efflux of intracellularly
generated AG may be lower than that in human hepatocytes. There-
fore, the cytotoxicity of AG was investigated by using human hepa-
tocytes that might reflect more closely AG formation in vivo. The AG
formation in human hepatocytes was much higher than that in HEK/
UGT1A3 cells. In particular, the AG in the cell fraction of human
hepatocytes at 6 h of treatment was approximately 6- to 30-fold that
in the cell fraction of HEK/UGT1A3 cells (Figs. 2 and 4). These
results suggested that other UGT isoforms (i.e., UGTIA9 and
UGT2B7) catalyzing the glucuronidation of the carboxylic acid drugs
and/or the transporters involved in the AG formation might be ex-
pressed in human hepatocytes. Although the AG formed in NSAID-

more than three separate experiments (total 150—
180 comets). O, outliers. ##*, P < 0001 com-
pared with control (DMSO vehicle) incubations.

treated human hepatocytes was decreased by (—)-borneol treatment,
the cytotoxicity was increased. The LC-MS/MS analysis indicated
that the content of the parent drugs in the cell fraction of human
hepatocytes with (—)-borneol treatment was significantly higher than
that without (—)-borneol treatment (Fig. SC). These results suggested
that the formation of AG in human hepatocytes might represent a
detoxification process.

The comet assay is a unique assay method for assessing the geno-
toxicity of AG (Sallustio et al., 1997, 2006; Southwood et al., 2007).
Thus, we investigated genotoxicity using the comet assay. The results
showed that the tail moments of the DNA migration were not signif-
icantly different in the HEK/UGT cell lines, even though HEK/
UGT1A3 cells produced AG in the presence of the NSAIDs. There-
fore, the AG formation from the NSAIDs is not involved in
genotoxicity in vitro. In a recent report, Brambilla and Martelli (2009)
described the genotoxicity and carcinogenicity of many NSAIDs.
According to their report, naproxen, diclofenac, ketoprofen, and ibu-
profen gave negative responses in reverse mutation (Ames) tests with
Salmonella typhimurium and in a long-term carcinogenesis assay
using rats and mice. Our results showing a lack of genotoxicity for all
four NSAIDs by the comet assay are in accordance with this report.
On the other hand, clofibric acid (1 mM), which produced no AG
metabolites, gave significantly positive results for genotoxicity by the
comet assay using HEK/UGT1A3 cells at 24 h of treatment (data not
shown). This result supported the previous report of Southwood et al.
(2007). As described in this report, fibrate hypolipidemic agents such
as clofibric acid are nongenotoxic (Ashby et al., 1994). Therefore, one
should be careful in interpreting the results of the comet assay.

Among the NSAIDS containing carboxylic acid drugs, diclofenac
AG is one of the most studied for its related toxicity. Diclofenac AG
is excreted into bile and transported to the small intestine where it can
produce erosions and ulcers in a dose-dependent manner (Seitz and
Boelsterli, 1998). In a recent article, Lagas et al. (2010) reported that
Mrp2/Mrp3/Berpl ~'~ mice have markedly elevated levels of diclofe-
nac AG in their liver and display acute, albeit mild, hepatotoxicity. As
for the metabolic activation, it is well known that diclofenac is
converted to 4'-hydroxydiclofenac and 5-hydroxydiclofenac via direct
hydroxylation and that these two metabolites are further oxidized to
form benzoquinone imine intermediates by human CYP2C9 and
CYP3A4, respectively (Tang et al., 1999). Quinone imines are elec-
trophiles that have been generally implicated in redox cycling and in
producing oxidative stress and can undergo covalent binding with
nonprotein or protein sulfhydryl groups because of their thiol reac-
tivity (Boelsterli, 2003). Given the toxicity of diclofenac, it seemed to
be important to evaluate not only the AG but also the quinone imines
of diclofenac.

In conclusion, we investigated the relationship between cytotoxicity
and AG formation by NSAIDs (naproxen, diclofenac, ketoprofen, and
ibuprofen) in HEK/UGT cells and human hepatocytes and also the
genotoxicity of the AG from NSAIDs in HEK/UGT cells. However,
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1o cytotoxicity or genotoxicity due to the AG formed in the cells was
found in the present study. Therefore, because AG appeared not to be
a causal factor of the toxicity in vitro, additional work addressing a
possible immune-mediated toxicity will be needed to clarify the
toxicity of AG. This study provides new insight into the evaluation of
acyl glucuronide toxicity in drug development.
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Supplementary Table 1-1

Quantification of AG metabolites in cell fraction of NSAID-treated HEK/UGT cells.

Treatment time UGT isoform  Naproxen  Diclofenac  Ketoprofen  Ibuprofen

(h) -AG -AG -AG -AG
(pmol/2 x 10° cells)

MOCK ND ND ND ND

6 UGT1A3 50x1.6 1.8+ 0.0 0.7+0.1 4.5+0.6
UGT1A4 ND ND ND ND
MOCK ND ND ND ND

12 UGTI1A3 4.3+0.8 22+03 04=+0.0 56+1.1
UGT1A4 ND ND ND ND
MOCK ND ND ND ND

24 UGT1A3 45408 3.8+04 0.2+0.1 72412
UGT1A4 ND ND ND ND

AG: Acyl glucuronide
ND: Not detected, Detection limit: 0.1 pmol/2 x 10° cells
Concentration of NSAIDs; 1 mM (Naproxen, Ketoprofen, Ibuprofen), 0.1 mM (Diclofenac)

Data represent the mean + SD (n=3).
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Supplementary Table 1-2

Quantification of AG metabolites in cultured medium of NSAID-treated HEK/UGT cells.

Treatment time UGT isoform Naproxen Diclofenac ~ Ketoprofen  Ibuprofen

(h) -AG -AG -AG -AG
(pmol/mL)

MOCK ND ND ND ND

6 UGT1A3 38.6£2.2 9.0£009 = 45+0.2 32.0+0.2
UGT1A4 ND ND ND ND
MOCK ND ND ND ND

12 UGTI1A3 787+ 1.0 374+02.3 83+1.6 59.0+3.8
UGT1A4 ND ND ND ND
MOCK ND ND ND ND

24 UGTI1A3 1370+ 0.8 104.0+13.1 6307 1147+2.2
UGT1A4 ND ND ND ND

AG: Acyl glucuronide
ND: Not detected, Detection limit: 1 pmol/mL

Concentration of NSAIDs; 1 mM (Naproxen, Ketoprofen, Ibuprofen), 0.1 mM (Diclofenac)

Data represent the mean + SD (n=3).

404



‘suoneuruLIa)op Ajedrdin Jo S F ueaw sjuasardar uumios yoeq vV 1ON (W) EVILON (W) SIDOW

(0) Y pz pue ‘Z1 ‘9 10y (Nw [) uoyordnqr 10 ‘(w ) uayordoioy ‘(AW Q) oBUQJOIIIP ‘(JAW [) uoxordeu Yiim pajeqnout a1om (J[om/ T °(/S[[ed

;01 X T) STI92 LON/MAH “S[90 LON/MHH pa1ean-qry SN ul Kesse asea]or T Aq passasse AuSojur sueiquiowr Jo soSueyd juopuadop-awr]

(u) dwn Juswies|

¥ 8L ZL 9 0
T}ﬂnﬂbo
02
-0F
09
-08
004

usjoudnq

(u) swn yuswyesl

ve 8L 2L 9 0

o
ﬁom

- Oy
- 09
- 08

uajoidolay

00l

(4) swn Juswyeal )
vZ 8L zZL 9

0
0

- 0¢
- OY
09
- 08

oBUBJODI]

001

:1 2an3iyg Areyuswd[ddng

(y) swn Juswness |
vz 8L 2ZL 9 0

! ]

10

_|
0z
Loy @
oy W
09 &

V1N - Log 2

MOOW-O- <
001

uaxoideN

405



O MOCK
B UGT1A3
O UGT1A4

125

100+

ek

754 [

50+

A
o |
G

Cell viability (%)

Supplementary Figure 2:
Cell viability assessed by MTT assays in drug-treated HEK/UGT cells. HEK/UGT cells (2 x

10* cells/0.1 mL/well) were incubated with clofibric acid (1 mM), gemfibrozil (1 mM),
salicylic acid (1 mM), or zomepirac (0.1 mM) for 24 h. The open columns represent

HEK/MOCK, the closed columns represent HEK/UGT1A3, and the hatched columns

represent HEK/UGT1A4 cells. Each column represents mean + SD of triplicate

determinations. ***P < 0.001 compared with HEK/MOCK cells.
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Drug-induced liver injury (DILI) is a major problem in drug development and clinical drug therapy. In
most cases, the mechanisms are still unknown. It is difficult to predict DILI in humans due to the lack
of experimental animal models. Dicloxacillin, penicillinase-sensitive penicillin, rarely causes cholestatic
or mixed liver injury, and there is some evidence for immunoallergic idiosyncratic reaction in human.
In this study, we investigated the mechanisms of dicloxacillin-induced liver injury. Plasma ALT and
total-bilirubin (T-Bil) levels were significantly increased in dicloxacillin-administered (600 mg/kg, i.p.)
mice. Dicloxacillin administration induced Th2 (helper T cells)-mediated factors and increased the
plasma interleukin (IL)-4 level. Neutralization of IL-4 suppressed the hepatotoxicity of dicloxacillin,
and recombinant mouse IL-4 administration (0.5 or 2.0 pg/mouse, i.p.) exacerbated it. Chemoattractant
receptor-homologous molecule expressed on Th2 cells (CRTh2) is a cognate receptor for prostaglandin
(PG) D2, and is suggested to be involved in Th2-dependent allergic inflammation. We investigated the
effect of 13,14-Dihydro-15-keto-PGD, (DK-PGD,; 10 pg/mouse, i.p.) administration on dicloxacillin-
induced liver injury. DK-PGD;/dicloxacillin coadministration resulted in a significant increase of alanine
aminotransferases and a remarkable increase of macrophage inflammatory protein 2 expression. In con-
clusion, to the best of our knowledge, this is the first report to demonstrate that dicloxacillin-induced

liver injury is mediated by a Th2-type immune reaction and exacerbated by DK-PGD,.

© 2010 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Drug-induced liver injury (DILI) is the most frequent reason for
the withdrawal of an approved drug from the market and for fail-
ures in drug development in pharmaceutical companies. Because
of DILI, several drugs have been removed from the pharmaceuti-
cal market, including bromfenac, ebrotidine, and troglitazone (Holt
and Ju, 2006). In most cases, the mechanisms of DILI are unknown
and predictive experimental animal models are lacking.

Adverse effects of antibiotics are variable and can induce
phlebitis, hypersensitivity reactions, changes in microbial flora,
adverse interactions with other drugs as well as liver injury (Stein,
2005). It has been reported that there are many case reports
of DILI due to antibiotics administration (Bjornsson and Olsson,
2005), however there are a few reports of pathological investi-
gations. Dicloxacillin and penicillinase-sensitive penicillin rarely
cause liver injury and there is some evidence for an immunoal-
lergic idiosyncratic reaction. Dicloxacillin induced cholestasis with
a moderate inflammatory reaction, allergic symptoms and infil-
tration of mononuclear cells, such as neutrophils and eosinophils,

* Corresponding author. Tel./fax: +81 76 234 4407.
E-mail address: tyokoi@kenroku.kanazawa-u.ac.jp (T. Yokoi).

0378-4274($ - see front matter © 2010 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.toxlet.2010.11.006
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were demonstrated in many cases (Olsson et al., 1992). Allergic
symptoms and eosinophilia are generally induced by Th2 cytokines
(Kay, 2001). From these lines of evidences, we hypothesized that
Th2 factors might involve in dicloxacillin-induced liver injury.

T cell-mediated immune responses play pivotal roles in the
pathogenesis of a variety of human liver disorders (Kita et al.,
2001; Heneghan and McFarlane, 2002; Holt and Ju, 2006). The
action of T cells in the liver is mediated through the release of a
variety of cytokines, which target liver cells and immune cells by
activating multiple signaling cascades, including the signal trans-
ducers and activators of transcription factor (STAT) family members
(Leonard and O’Shea, 1998). STAT6 is specifically activated by inter-
leukin (IL)-4, which plays important roles in Th2 differentiation,
tissue adhesion, and inflammation (Jaruga et al., 2003; Nelms et al.,
1999). Th cells are subdivided into Th1, Th2, and Th17 subsets
by their unique production of cytokines and characteristic tran-
scription factors. Th1 cells require “T-box expressed in T cells”
(T-bet) and secrete interferon (IFN)-y. [n contrast, Th2 cells require
GATA-binding domain-3 (GATA-3) and produce IL-4, IL-5 and IL-
13. Retinoid-related orphan receptor yt (ROR-yt) is indispensable
for the differentiation of Th17 cells which mainly secret IL-17 and
[L-22 (Kidd, 2003; Steinman, 2007).

Th2-type cytokines such as IL-4 and IL-5 influence a wide range
of events associated with allergic inflammation. IL-4 stimulates the
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production of IgE and promotes the development of mast cells.
IL-5 is involved in the development of eosinophils (Kay, 2001). In
concanavalin (Con) A-mediated hepatitis, a widely accepted mouse
model for studying T cell-mediated liver injury, IL-4 stimulates the
secretion of Eotaxin-1 and enhances IL-5 production resulting in
the attraction of neutrophils and eosinophils into the liver which
leads to hepatitis (Jaruga et al., 2003).

Prostaglandin D, (PGD, ) is implicated in various allergic inflam-
matory diseases, such as atopic dermatitis, allergic asthma, and
airway inflammation. It has been reported that PGD has protective
roles in acetaminophen-induced liver injury and 15-deoxy PGJj,
which is metabolite of PGD;, enhances allyl alcohol-induced hep-
atotoxicity (Reilly et al.,, 2001; Maddox et al., 2004). PGD, elicits
biological responses by activating two receptors, the D-prostanoid
receptor (DP) and the chemoattractant receptor homologous-
molecule expressed on T-helper-type-2 cells (CRTh2), which
are linked to different signaling pathways. CRTh2 expresses in
eosinophils, basophils, and Th2 cells, but not in hepatocytes or
endothelial cells. The decrease in cAMP levels and mobiliza-
tion of intracellular Ca?* mediated by CRTh2 activation leads to
the chemotaxis of Th2 lymphocytes, eosinophils, and monocytes.
13,14-Dihydro-15-keto-prostaglandin D, (DK-PGD,) is a selective
CRTh2 agonist that does not activate DP, as reviewed by Kostenis
and Ulven (2006). CRTh2 activation plays a significant role in Th2-
dependent neutrophil inflammation (Takeshita et al., 2004). In this
study, we found that dicloxacillin-induced liver injury is mediated
by IL-4 and exacerbated by DK-PGD5 in mice.

2. Materials and methods

2.1, Chemicals

Dicloxacillin was purchased from Sigma (St. Louis, MO). RNAiso was from Nip-
pon Gene (Tokyo, Japan). Fuji DRI-CHEM slides of GPT/ALT-PIII and TBIL-PIII to mea-
sure alanine aminotransferase (ALT) and total-bilirubin (T-Bil), respectively, were
from Fujifilm (Tokyo, Japan). ReverTra Ace was from Toyobo (Tokyo, Japan). Ran-
dom hexamer and SYBR Premix Ex Taq were from Takara (Osaka, Japan). All primers
were commercially synthesized at Hokkaido System Sciences (Sapporo, Japan).
13,14-Dihydro-15-keto-prostaglandin D, (DK-PGD, ) was purchased from Cayman
Chemical (Denver, CO). Recombinant mouse IL-4 (rIL-4) was from Endogen (Cam-
bridge, MA). Rabbit polyclonal antibody against myeloperoxidase (MPO) was from
DAKO (Carpinteria, CA). Monoclonal anti-mouse IL-4 antibody was from U-Cytech
Bioscienses (Utrecht, Netherlands). Monoclonal rat IgG2a isotype, used as a control,
from R&D Systems (Abingdon, UK). A Ready-SET-GO! Mouse Interleukin-4 (IL-4)
enzyme-linked immunosorbent assay (ELISA) kit was from eBioscience (San Diego,
CA). Other chemicals were of analytical or the highest grade commercially available.

2.2. Mouse models of dicloxacillin-induced liver injury

Female BALB/cCrSlc mice (6 weeks old) were obtained from SLC Japan (Hama-
matsu, Japan). Mice were housed in a controlled environment (temperature
25+1°C, humidity 50+ 10%, and 12 h light/12h dark cycle) in the institutional
animal facility with access to food and water ad libitum. Animals were acclima-
tized before use for the experiments. Mice were administered intraperitoneally (i.p.)
dicloxacillin (600 mg/kg, dissolved in saline) in a non-fasting condition. Six hours
after dicloxacillin administration, the animals were sacrificed and the blood was
collected from inferior vena cava, and liver from the biggest lobe. For measurement
of the plasma IL-4 level, mice were sacrificed at 6 h after the dicloxacillin admin-
istration. A portion of each excised liver was fixed in 10% formalin neutral buffer
solution and used for immunohistochemical staining. The degree of liver injury was
assessed by hematoxylin-eosin (H&E) staining. Infiltration of mononuclear cells was
assessed by immunostaining for MPO. Rabbit polyclonal antibody against MPO was
used for immunohistochemical staining of liver as previously described (Kumada
etal., 2004). Animal maintenance and treatment were conducted in accordance with
the National Institutes of Health Guide for Animal Welfare of Japan, as approved by
the Institutional Animal Care and Use Committee of Kanazawa University, Japan.

2.3. Real-time reverse transcription (RT)-PCR

RNA from the mouse liver was isolated using RNAiso according to the man-
ufacturer’s instructions. T-bet, GATA-3, ROR-vyt, IFN-y, IL-5, STAT1, STAT3, STATG6,
Eotaxin-1, monocyte chemoattractant protein-1 (MCP-1) and macrophage inflam-
matory protein-2 (MIP-2) were quantified by real-time RT-PCR. The primer
sequences used in this study are shown in Table 1. For the RT-process, total RNA
(10 pg) and 150 ng random hexamer were mixed and incubated at 70 °C for 10 min.
RNA solution was added to a reaction mixture containing 100 units of ReverTra Ace,

Table 1
Sequences of primers used for real-time RT-PCR analyses.
Gene Sequences
miL-5 FP 5'-AAA GAG ACC TTG ACA CAG CTG-3'

RP 5'-CCA CGG ACA GTT TGA TTC TTC-3
mIFN-y FP 5'-GGC CAT CAG CAA CAT AAG C-3

RP 5'-TGG ACC ACT CGG ATG AGC TCA-3"
mGATA-3 FP 5'-GGA GGA CTT CCC CAA GAG CA-3'

RP 5'-CAT GCT GGA AGG GTG GTG A-3'
mT-bet FP 5'-CAA GTG GGT GCA GTG TGG AAA G-3'

RP 5'-TGG AGA GAC TGC AGG ACG ATC-3'
mROR-yt FP 5'-ACC TCC ACT GCC AGC TGT GTG CTG TC-3'

RP 5-TCATIT CTG CAC TTC TGC ATG TAG ACT GTC CC-3"
mSTAT-6 FP 5'-ATC TTC AAC GAC AAC AGC CTC A-3"

RP 5'-GGA GAA GGC TAG TGA CAT ATT G-3'
mSTAT-1 FP 5’-GTT TCA GCT CTG CTC CAT AC-3'

RP 5'-CTG CTG AAG CTC GAACCA C-3'
mSTAT-3 FP 5'-TGC AGA GCA GGT ATC TTG AG-3'

RP 5'-TGCTGC TTC TCT GTC ACT AC-3’
mEotaxin-1 FP 5'-TCC ACA GCG CTT CTA TTC CT-3’

RP 5'-CTA TGG CTT TCA GGG TGC AT-3
mMCP-1 FP 5'-TGT CAT GCT TCT GGG CCT G-3'

RP 5'-CCT CTC TCT TGA GCET TGG TG-3'
mMIP-2 FP 5'-AAG TTT GCC TTG ACC CTG AAG-3’

RP 5'-ATC AGG TAC GAT CCA GGC TTC-3'
mGAPDH FP 5'-AAA TGG GGT GAG GCC GGT-3"

RP 5'-ATT GCT GAC AAT CTT GAG TGA-3'

FP: forward primer, RP: reverse primer.

reaction buffer and 0.5mM dNTPs in a final volume of 40 wl. The reaction mixture
was incubated at 30°C for 10 min, 42°C for 1h, and heated at 98°C for 10 min to
inactivate the enzyme. The real-time RT-PCR was performed using the Mx3000P
instrument (Stratagene, La Jolla, CA). The PCR mixture contained 1 .l or 2 ! of tem-
plate cDNA, SYBR Premix Ex Taq solution and 8 pmol of forward and reverse primers.
Amplified products were monitored directly by measuring the increase of the dye
intensity of the SYBR Green I (Molecular Probes, Eugene, OR).

2.4. Administration of recombinant mouse IL-4 (rIL-4) or anti-mouse IL-4
antibody

One hour after dicloxacillin administration, riL-4 was intraperitoneally admin-
istered (0.5 or 2.0 ug of rIL-4 in 0.2 ml of sterile PBS containing 0.5% BSA) in a
non-fasting condition. As a control, vehicle was administered. In the neutralization
study, mice were administered anti-mouse IL-4 antibody intraperitoneally (100 p.g
of anti-mouse IL-4 antibody in 0.2 ml of sterile PBS), 1 h before dicloxacillin admin-
istration. As a control, rat IgG2a was administered (100 p.g of rat [gG2a in 0.2 ml of
sterile PBS).

2.5. Treatment of DK-PGD,

One hour after dicloxacillin administration, mice were administered with DK-
PGD; intraperitoneally (10 pg/mouse, dissolved in 200 .l of PBS) in a non-fasting
condition. As a control, vehicle was administered.

2.6. Measurement of plasma IL-4 level
Plasma IL-4 level was measured by enzyme-linked immunosorbent assay

(ELISA) using a Ready-SET-GO! Mouse IL-4 kit according to the manufacturer’s
instructions.

400 ALT 4 T-Bil
*
*
300+ 3
- |
S 200 %; 2
E
100 1
0 Control Dicloxacillin Control Dicloxacillin

Fig. 1. Plasma ALT and T-Bil levels in dicloxacillin-administered mice. Mice
were administered dicloxacillin (600 mg/kg, i.p.), and plasma for ALT and T-Bil
were collected 6h after the administration. Data are mean=+SD (n=4; control,
5; dicloxacillin). Significantly different from saline-administered control mice
("p<0.05).
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Fig. 2. Hepatic mRNA levels of transcription factors, cytokines and chemokines in dicloxacillin-administered mice. Mice were administered dicloxacillin (600 mg/kg, i.p.),
and the hepatic IL-5, IFN-y, GATA-3, T-bet, ROR-yt, STAT6, STAT1, STAT3, Eotaxin-1, MCP-1, and MIP-2 mRNA levels were measured by real-time RT-PCR 6h after the
administration. Data are mean + SD (n=4; control, 5; dicloxacillin). Significantly different from saline-administered control mice ('p <0.05).

2.7. Statistical analysis

Data are presented as mean + SD. Statistical analyses between multiple groups
were performed using one-way analysis of variance (ANOVA), followed by Tukey’s
post hoc test, and comparisons between two groups were carried out using two-
tailed Student’s ¢ test in mRNA and plasma IL-4 level. In ALT and T-Bil levels, non-
parametric statistical analysis was conducted using the Mann-Whitney U test and
Kruskal-Wallis test. p <0.05 was considered statistically significant.

3. Results

3.1. Increase of plasma ALT and T-Bil levels in
dicloxacillin-administrated mice

Female BALB/c mice were administered dicloxacillin at a dose
of 600mg/kg. Plasma ALT and T-Bil (Fig. 1) were significantly

increased 6 h after dicloxacillin administration. The administration
of dicloxacillin at a dose of 400 mg/kg did not affect on the ALT and
T-Bil levels (data not shown).

3.2. Expression of transcription factor, cytokine, and chemokine
genes in dicloxacillin-administered mouse liver

To investigate the involvement of immunological factors in the
dicloxacillin hepatotoxicity, hepatic mRNA levels of IL-5, IFN-y,
GATA-3, T-bet, ROR-yt, STAT6, STAT1, STAT3, Eotaxin-1, MCP-1,and
MIP-2 were measured by real-time RT-PCR. IL-5, STAT6, Eotaxin-
1, MCP-1, and MIP-2 expressions were significantly increased in
dicloxacillin-administered mice compared with the control mice,
whereas STAT1 expression was significantly decreased. Further-
more, T-bet, GATA-3, ROR-yt, [FN-vy, and STAT3 expressions were
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not changed (Fig. 2). These results suggested that Th2-related fac-
tors, such as IL-5, STAT6, and Eotaxin-1, were involved in the
dicloxacillin-induced liver injury.

3.3. Plasma IL-4 level in dicloxacillin-administered mouse liver

IL-4is a cytokine which activates STAT6 (Nelms et al., 1999), and
is a major factor in Con A-induced hepatitis (Jaruga et al., 2003). To
investigate whether IL-4 was involved in the dicloxacillin-induced
liver injury, we measured plasma IL-4 in dicloxacillin-administered
mice (Fig. 3). Plasma IL-4 level was significantly increased in
dicloxacillin-administered group compared with the control mice.

3.4. Exacerbation of hepatotoxic effect by rIL-4 administration,
and amelioration by anti-IL-4 antibody administration

To further investigate whether IL-4 was involved in the
dicloxacillin-induced liver injury, we performed riL-4 administra-
tion and IL-4 neutralization studies (Fig. 4). In the dicloxacillin/rIL-4
cotreatment study, the plasma ALT level was increased signifi-
cantly and dose-dependently in mice coadministered 2.0 wg/mouse
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Fig.3. PlasmaIL-4levelin dicloxacillin-administered mice. Mice were administered
dicloxacillin (600 mg/kg, i.p.), and plasma was collected 6h after the administra-
tion. Data are mean + SD (n =4; control, 5; dicloxacillin). Significantly different from
saline-administered control mice ("p <0.05).
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Fig. 4. Effects of recombinant mouse [L-4 (rlL-4) or anti-mouse [L-4 antibody administration on plasma ALT in dicloxacillin-administered mice. Mice wgre'administered
dicloxacillin (600 mg/kg, i.p.) and the plasma ALT was measured 6 h after the administration. In the riL-4 administration study, riL-4 (0.5 or 2.0 pg/mouse 1nd1c'aFed +0r ++,
respectively) was administered, 1 h after dicloxacillin administration. In the IL-4 neutralization study, anti-mouse IL-4 antibody (0.1 mg/mogse, 1.p:) was administered, 1 h
before dicloxacillin administration. Liver specimens were prepared 6 h after the dicloxacillin administration. Liver tissue sections were stained w1t'h H&E (left photos) or
immunostained with anti-MPO antibody (right photos). Data are mean + SD (n=4-5). Significantly different from dicloxacillin-administered group ("p<0.05); significantly

different from dicloxacillin-plus control IgG2a administered group (fp <0.05).
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not changed (Fig. 2). These results suggested that Th2-related fac-
tors, such as IL-5, STAT6, and Eotaxin-1, were involved in the
dicloxacillin-induced liver injury.

3.3. Plasma IL-4 level in dicloxacillin-administered mouse liver

IL-4 is a cytokine which activates STAT6 (Nelms et al., 1 999), and
is a major factor in Con A-induced hepatitis (Jaruga et al., 2003). To
investigate whether IL-4 was involved in the dicloxacillin-induced
liver injury, we measured plasma IL-4 in dicloxacillin-administered
mice (Fig. 3). Plasma IL-4 level was significantly increased in
dicloxacillin-administered group compared with the control mice.

3.4. Exacerbation of hepatotoxic effect by riL-4 administration,
and amelioration by anti-IL-4 antibody administration

To further investigate whether IL-4 was involved in the
dicloxacillin-induced liver injury, we performed rIL-4 administra-
tion and IL-4 neutralization studies (Fig. 4). In the dicloxacillin/rIL-4
cotreatment study, the plasma ALT level was increased signifi-
cantly and dose-dependently in mice coadministered 2.0 wg/mouse
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Fig.3. PlasmaL-4levelindicloxacillin-administered mice. Mice were administered
dicloxacillin (600 mg/kg, i.p.), and plasma was collected 6h after the administra-
tion. Data are mean + SD (n =4; control, 5; dicloxacillin). Significantly different from
saline-administered control mice ('p<0.05).
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Fig. 4. Effects of recombinant mouse IL-4 (rIL-4) or anti-mouse IL-4 antibody administration on plasma ALT in diclpxacillin-administered mice. Mice wereadmxmstered
dicloxacillin (600 mg/kg, i.p.) and the plasma ALT was measured 6 h after the administration. In the riL-4 administration sn'ldy, riL-4 (0.5 or 2.0 p.g/mouse mdlc'atgd +0r ++,
respectively) was administered, 1 h after dicloxacillin administration. In the IL-4 neutralization study, anti-mouse IL-4 annbody (0.1 mg[mopse. Lp:) was administered, 1h
before dicloxacillin administration. Liver specimens were prepared 6 h after the dicloxacillin administration. Liver tissue sections were stained wn!'n H&E (]e&.phpms) or
immunostained with anti-MPO antibody (right photos). Data are mean + SD (n=4-5). Significantly different from dicloxacillin-administered group ('p<0.05); significantly

different from dicloxacillin-plus control IgG2a administered group ('p <0.05).
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Fig. 5. Effects of DK-PGD, treatment on dicloxacillin-induced liver injury in mice. Mice were administered dicloxacillin (600 mg/kg, i.p.), and the plasma ALT and IL-4 levels
were measured 6 h after the administration (A). One hour after dicloxacillin administration, DK-PGD> (10 p.g/mouse, i.p.) was administered. Liver specimens (B) were prepared
6 h after the dicloxacillin administration. Liver tissue sections were stained with H&E (left photo) or immunostained with anti-MPO antibody (right photo). Data are mean + SD
(dicloxacillin and/or DK-PGD, administered). Significantly different from saline-administered group ('p<0.05); significantly different from dicloxacillin-administered mice

(1p<0.05).

rIlL-4 compared with only dicloxacillin-administered mice. How-
ever, rlL-4 alone did not induce liver injury in mice. In the
H&E staining, infiltration of mononuclear cells into the hepa-
tocytes was observed in the dicloxacillin/rIL-4-coadministered
group but not in the dicloxacillin-administered group. In anti-
MPO staining, the numbers of MPO-positive mononuclear cells
were increased in the dicloxacillin/rIL-4-coadministered group
compared with dicloxacillin-administered group. In the neutral-
ization study, the i.p. administration of anti-mouse IL-4 antibody
significantly reduced the plasma ALT, but rat IgG2 treatment
demonstrated no effect on the dicloxacillin-induced liver injury.

3.5. Effects of DK-PGD; treatment

We investigated the effects of DK-PGD,, a selective CRTh2
agonist, on dicloxacillin-induced liver injury. Administration of
DK-PGD; alone did not increase the plasma ALT and IL-4 levels,
and DK-PGD, alone at a higher dose (50 pg/mouse, i.p.) did not
increase ALT level (data not shown). The plasma ALT and IL-4
levels were significantly increased in the dicloxacillin/DK-PGD,-
coadministered group compared with the saline-administered
group (Fig. 5A). In the histopathological study, spotty necrosis and
infiltration of MPO-positive mononuclear cells were observed in
the dicloxacillin/DK-PGD,-coadministered group, but not in the
dicloxacillin-administered group (Fig. 5B).

3.6. Effects on liver mRNA expressions in DK-PGD, administered
mice

To evaluate the underlying mechanisms responsible for
the increased susceptibility of DK-PGD, administered mice to
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dicloxacillin-induced liver injury, the mRNA expression levels were
assessed. The hepatic mRNA levels of GATA-3, Eotaxin-1, MCP-
1 and MIP-2 were significantly increased compared with the
dicloxacillin-administered mice (Fig. 6). Especially, MIP-2 mRNA
was markedly increased. In contrast, IFN-y, IL-5, ROR-yt, STAT3,
and STAT6 were not changed, and T-bet and STAT1 were signifi-
cantly decreased (data not shown).

4. Discussion

Adverse drug reactions to antibiotics are variable, but severe
liver injury is rarely reported (Bjornsson and Olsson, 2005) and the
mechanism of antibiotic-induced liver injury remains to be clari-
fied. Dicloxacillin, penicillinase-sensitive penicillin, rarely causes
liver injury and there is some evidence for an immunoallergic
idiosyncratic reaction (Olsson et al., 1992). In the present study,
dicloxacillin-induced liver injury was investigated in mice. Firstly,
we investigated the effects of dicloxacillin administration on ALT
and T-Bil in normal female BALB/c mice (Fig. 1). BALB/c mice were
previously used as a model for halothane-induce liver injury, which
is mediated by immunological factors (Kobayashi et al., 2009).
The ALT increase induced by dicloxacillin was attenuated after
24 h, compared with those after 6 h (data not shown). This is the
first mice model to study dicloxacillin-induced liver injury. Flu-
cloxacillin, which is structural homologue of dicloxacillin, has a
higher incidence of liver injury than dicloxacillin (Bjornsson and
Olsson, 2005; Olsson et al., 1992) and it has been recently reported
that HLA allele is a major biomarker of DILI due to flucloxacillin
(Daly et al., 2009), suggested that immune responses are mainly
involved in flucloxacillin-induced liver injury. However, the mech-
anisms are unclear and there is no mouse model, we would like
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primary biliary cirrhosis (Harada et al., 1997). In this study, IL-4
was demonstrated to be involved in the dicloxacillin-induced liver
injury.

CRTh2, one of the PGD, receptors, plays a major role in
atopic dermatitis, allergic asthma, and airway inflammation,
and it was demonstrated that CRTh2 is responsible for PGD,
chemotaxis of Th2 cells, eosinophils, basophils, and monocytes
(Kostenis and Ulven, 2006). DK-PGD, is a CRTh2 selective ago-
nist that enhances Th2-type inflammation (Spik et al., 2005).
In this study, Th2-mediated immune responses were sug-
gested to be involved in the dicloxacillin-induced liver injury,
thus we hypothesized that DK-PGD, may exacerbate liver
injury. The plasma ALT level was significantly increased in the
dicloxacillin/DK-PGD;-coadministered group (Fig. 5). DK-PGD,
enhances the chemotactic responsiveness to other chemoat-
tractants, as well as degranulation (Kostenis and Ulven, 2006).
Therefore, it was conceivable that a higher ALT level would be
observed in the dicloxacillin/DK-PGD,-coadministered group than
in the rlL-4/dicloxacillin-coadministered group (Figs. 4 and 5).
The hepatic GATA-3 mRNA level was significantly increased in
the dicloxacillin/DK-PGD,-coadministered group suggesting an
increase in Th2-mediated factors in the liver, followed by an
increase in the plasma IL-4 level (Nelms et al., 1999). Hepatic
mRNA levels of Eotaxin-1, MCP-1, and MIP-2 levels were sig-
nificantly increased in the dicloxacillin/DK-PGD,-coadministered
group (Fig. 6). These chemokines induce the infiltration of
neutrophils followed by necrosis. Especially, MIP-2 mRNA was
markedly increased, since CRTh2 activation induces MIP-2 secre-
tion (Takeshita et al., 2004). In this study, we demonstrated that
DK-PGD;, exacerbates dicloxacillin-induced liver injury due to
induction of IL-4 and MIP-2, followed by the activation of Th2 cells
and other immune cells.

Although the mechanisms of DILI are still unclear due to the
lack of proper animal models, LPS-treated rodents become sen-
sitive to human hepatotoxic drugs, such as sulindac, diclofenac,
chlorpromazine, and trovafloxacin (Zou et al., 2009; Shaw et al.,
2009). Cytokines such as TNF-c, IL-1, IL-6, and IFN-y are upregu-
lated after the activation of Toll-like receptor 4 by LPS (Gaestel et al.,
2009; Shaw et al., 2009), however the involvement of Th2 factors in
drug-induced liver injury in LPS-administered rodents was never
reported. Enhanced responsiveness with DK-PGD; could be a novel
method in drug development to detect human hepatotoxic drugs
that involve Th2-specific factors.

In conclusion, we reported that Th2 immune factors, such as IL-
4,IL-5, and Eotaxin-1, were involved in drug-induced liver injury in
mice, and DK-PGD; exacerbates dicloxacillin-induced liver injury
via Th2 cytokines and chemokines. The present study provides new
insight into the mechanisms of drug-induced liver injury.
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ABSTRACT:

Drug-induced hepatotoxicity is a major problem in drug develop-
ment, and reactive metabolites generated by cytochrome P450s
are suggested to be one of the causes. CYP2C9 is one of the major
enzymes in hepatic drug metabolism. In the present study, we
developed a highly sensitive cell-based screening system for
CYP2C9-mediated metabolic activation using an adenovirus vec-
tor expressing CYP2C9 (AdCYP2C9). Human hepatocarcinoma
HepG2 cells infected with our constructed AdCYP2C9 for 2 days at
multiplicity of infection 10 showed significantly higher diclofenac
4'-hydroxylase activity than human hepatocytes. AdCYP2C9-in-
fected cells were treated with several hepatotoxic drugs, resulting
in a significant increase in cytotoxicity by treatment with losartan,
benzbromarone, and tienilic acid. Metabolic activation of losartan
by CYP2C9 has never been reported, although the metabolic acti-

vations of benzbromarone and tienilic acid have been reported. To
identify the reactive metabolites of losartan, the semicarbazide
adducts of losartan were investigated by liquid chromatography-
tandem mass spectrometry. Two CYP2C9-specific semicarbazide
adducts of losartan (S1 and S2) were detected. $2 adduct forma-
tion suggested that a reactive metabolite was produced from the
aldehyde metabolite E3179, but a possible metabolite from S1
adduct formation was not produced via E3179. In conclusion, a
highly sensitive cell-based assay to evaluate CYP2C9-mediated
metabolic activation was established, and we found for the first
time that CYP2C9 is involved in the metabolic activation of losar-
tan. This cell-based assay system would be useful for evaluating
drug-induced cytotoxicity caused by human CYP2C9.

Introduction

Drug-induced hepatotoxicity is a serious problem in drug develop-
ment and clinical practice. In the United States, it accounts for more
than 50% of cases of acute liver failure, and more than 600 drugs have
been associated with hepatotoxicity (Lee, 2003; Park et al., 2005).
That is why some drugs that were launched on the market were later
withdrawn. Therefore, the prediction of drug-induced hepatotoxicity
before clinical trials is important in drug development, and multiple
cell-based assays have been developed for evaluation of drug-induced
hepatotoxicity (Greer et al., 2010). Sometimes, drug-induced hepa-
totoxicity is associated with reactive metabolites produced by
drug-metabolizing enzymes (Guengerich, 2008). However, species
differences in drug-metabolizing enzymes or other factors between
humans and laboratory animals are a major problem in predicting
the hepatotoxicity.
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Cytochrome P450 (P450) enzymes are the most studied drug-
metabolizing enzymes, accounting for ~75% of the metabolism of
clinical drugs (Guengerich, 2008). Among them, CYP3A4 is the
predominant isoform expressed in human liver, accounting for up to
60% of the total hepatic P450 protein and responsible for more than
50% of drug metabolism (Guengerich, 2008). To date, many research-
ers have tried to predict drug-induced hepatotoxicity in vitro using
human hepatocarcinoma HepG?2 cells, but the low expression levels of
P450 enzymes in HepG2 cells may be responsible for the fact that
30% of the compounds were falsely classified as nontoxic (Rodri-
guez-Antona et al., 2002; Hewitt and Hewitt, 2004). Useful in vitro
cell-based assays have been established with HepG2 cells, leading to
improved evaluation of drug-induced cytotoxicity. For example, our
previous study showed that benzodiazepines such as flunitrazepam
and nimetazepam were metabolically activated by CYP3A4 by coin-
cubation with HepG2 cells and CYP3A4 Supersomes (Mizuno et al.,
2009). Vignati et al. (2005) demonstrated that various hepatotoxic
drugs such as flutamide and troglitazone were activated by CYP3A4
using HepG2 cells transiently transfected with CYP3A4. Thus, the
activation of hepatotoxic drugs by CYP3A4 has been well evaluated,
but the contribution of other P450 enzymes remains to be evaluated.
CYP2C is the second most highly expressed P450 subfamily in human
liver, and CYP2C9 is the most highly expressed isoform in this family

ABBREVIATIONS: P450, cytochrome P450; Nrf2, nuclear factor-E2 p-45-related factor; GFP, green fluorescent protein; GAPDH, glyceraldehyde-
3-phosphate dehydrogenase; siRNA, small interfering RNA; HPLC, high-performance liquid chromatography; WST-8, 2-(2-methoxy-4-nitrophe-
nyl)-3-(4-nitrophenyl)-5-(2, 4-disulfophenyl)-2H-tetrazolium monosodium salt; LC, liquid chromatography; MS/MS, tandem mass spectrometry;
LCMS-IT-TOF, liquid chromatography ion trap time-of-flight mass spectrometry; MOI, multiplicity of infection; BSO, buthionine sulfoximine; ALT,

alanine aminotransferase; FLU-1, 4-nitro-3-(trifluoromethyl)phenylamine.
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(Edwards et al., 1998). CYP2C9 is responsible for the metabolism of
various pharmaceutical drugs and appears to be partially involved in
the generation of reactive metabolites, as is CYP3A4 (Li, 2002). For
example, benzbromarone is metabolized via 6-hydroxybenzbroma-
rone to a catechol by CYP2C9, followed by the oxidization of the
catechol to a reactive ortho-quinone metabolite (McDonald and Ret-
tie, 2007). Tienilic acid is metabolized to reactive intermediates, the
thiophene sulfoxide or the thiophene epoxide, by CYP2C9 (Koenigs
et al., 1999). In recent studies, we developed useful in vitro cell-based
assays using adenovirus to sensitively evaluate the involvement of
CYP3A4 and superoxide dismutase 2 in drug-induced cytotoxicity
(Yoshikawa et al., 2009; Hosomi et al., 2010). In the present study, a
highly sensitive cytotoxicity assay system for CYP2C9-mediated met-
abolic activation was established in a similar way, and the drug-
induced cytotoxicity was evaluated with the established assay system.
Drugs investigated in this study were hepatotoxic drugs that are
known to be CYP2C9 substrates (flutamide, fluvastatin, losartan,
terbinafine, valproic acid, and zolpidem) and those that are known to
be metabolically activated by CYP2C9 (benzbromarone and tienilic
acid). As a result, we found for the first time that the cytotoxicity of
losartan was enhanced by CYP2C9 and then performed additional
studies to identify the structures of the reactive metabolites.

Materials and Methods

Chemicals and Reagents. Diclofenac, fluvastatin, and tienilic acid were
obtained from Wako Pure Chemicals (Osaka, Japan). Losartan and terbinafine
were obtained from LKT Laboratories (St. Paul, MN). Benzbromarone, flut-
amide, valproic acid, and zolpidem were obtained from Sigma-Aldrich (St.
Louis, MO). Candesartan, eprosartan, irbesartan, telmisartan, and valsartan
were obtained from Toronto Research Chemicals (Ontario, ON, Canada).
Olmesartan was kindly provided by Daiichi-Sankyo (Tokyo, Japan). 4'-Hy-
droxydiclofenac and human CYP2C9 and CYP3A4 Supersomes (recombinant
cDNA-expressed P450 enzymes prepared from a baculovirus insect cell sys-
tem) were purchased from BD Gentest (Woburn, MA). The Adenovirus
Expression Vector Kit (Dual Version) and adenovirus genome DNA-TPC were
obtained from Takara Bio (Shiga, Japan). The QuickTiter Adenovirus Titer
Immunoassay Kit was from Cell Biolabs (Tokyo, Japan). Stealth Select RNAi
for N1f2 (accession number NM_006164) and Stealth RNAi Negative Control
Medium GC Duplex #2 were obtained from Invitrogen (Carlsbad, CA). Dul-
becco’s modified Eagle’s medium was from Nissui Pharmaceutical (Tokyo,
Japan). Restriction enzymes were from New England Biolabs (Ipswich, MA)
and Takara Bio. All primers were commercially synthesized at Hokkaido
System Sciences (Sapporo, Japan). Other chemicals were of analytical or the
highest grade commercially available.

Cell Culture. Human embryonic kidney 293 cells and human hepatocarci-
noma HepG2 cells were obtained from American Type Culture Collection
(Manassas, VA). The 293 and HepG2 cells were maintained in Dulbecco’s
modified Eagle’s medium containing 10% fetal bovine serum (Invitrogen), 3%
glutamine, 16% sodium bicarbonate, and 0.1 mM nonessential amino acids
(Invitrogen) in a 5% CO, atmosphere at 37°C. Cells were infected with the
adenovirus in medium containing 5% fetal bovine serum.

Recombinant Adenovirus. A recombinant adenovirus expressing CYP2C9
(AdCYP2C9) was constructed using the cosmid-terminal protein complex
method according to the manufacturer’s instructions. CYP2C9 cDNA prepared
by reverse transcription-polymerase chain reaction using total RNA from
human liver obtained at autopsy was inserted into the Swal site of the pAxcwtit
vector. The use of human liver was approved by the ethics committees of
Kanazawa University (Kanazawa, Japan) and Iwate Medical University (Mo-
rioka, Japan). The nucleotide sequences of CYP2C9 were confirmed by DNA
sequence analysis (Long-Read Tower DNA sequencer; GE Healthcare, Little
Chalfont, Buckinghamshire, UK). This vector and the parental adenovirus
DNA terminal protein complex were cotransfected into 293 cells by Lipo-
fectamine 2000 (Invitrogen). The recombinant adenovirus was isolated and
propagated into the 293 cells. In a similar way, the recombinant adenovirus
vector expressing a green fluorescence protein (GFP) was generated in the
previous study (Hosomi et al.,, 2010). Viral titers were determined by a
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QuickTiter Adenovirus Titer Immunoassay Kit. The titers of AJCYP2C9 and
AdGFP were 8.6 X 10° and 2.1 X 10° plaque-forming units/ml, respectively.

Immunoblot Analyses of Human CYP2C9 and Nrf2. SDS-polyacryl-
amide gel electrophoresis and immunoblot analyses of human CYP2C9, Nrf2,
and GAPDH were performed. For human CYP2C9, total cell homogenates
from adenovirus-infected HepG2 cells (5 ug) were separated on 7.5% poly-
acrylamide gels and electrotransferred onto a polyvinylidene difluoride mem-
brane, Immobilon-P (Millipore Corporation, Billerica, MA). The membrane
was probed with a polyclonal rabbit anti-human CYP2C9 antibody (Daiichi
Pure Chemicals, Tokyo, Japan). Biotinylated anti-rabbit IgG and a VECTASTAIN
ABC Kit (Vector Laboratories, Burlingame, CA) were used for diaminoben-
zidine staining. For human Nrf2, total cell homogenates from siRNA-trans-
fected and adenovirus-infected HepG2 cells (25 ug) were separated on 7.5%
polyacrylamide gels and electrotransferred onto a polyvinylidene difluoride
membrane, Immobilon-P. The membrane was probed with polyclonal rabbit
anti-human Nrf2 antibody (Santa Cruz Biotechnology, Inc., San Diego, CA),
and the corresponding fluorescent dye-conjugated second antibody and an
Odyssey infrared imaging system (LI-COR Biosciences, Lincoln, NE) were
used for detection. For human GAPDH, SDS-polyacrylamide gel electropho-
resis and immunoblot analysis were performed according to H. Hosomi, T.
Fukami, A. Iwamura, M. Nakajima, and T. Yokoi (manuscript submitted for
publication).

Diclofenac 4'-Hydroxylase Activity. HepG2 cells (3 X 10° cells/well)
were seeded in 12-well plates. After a 24-h incubation, cells were infected with
AdCYP2C9 or AAGFP for 1, 2, 3, or 5 days. Then, after a 1-h incubation with
100 uM diclofenac, the medium was subjected to high-performance liquid
chromatography (HPLC) to measure the concentration of 4'-hydroxydiclofe-
nac, a metabolite of diclofenac catalyzed by CYP2C9. The HPLC analysis was
performed using an L-2130 pump (Hitachi, Tokyo, Japan), an L-2200 autosam-
pler (Hitachi), and a D-2500 Chromato-Integrator (Hitachi) equipped with a
Mightysil RP-18 C18 GP column (5-um particle size, 4.6 mm i.d. X 150 mm;
Kanto Chemical, Tokyo, Japan). The eluent was monitored at 280 nm. The
mobile phase was 35% acetonitrile containing 20 mM sodium perchlorate (pH
2.5). The flow rate was 1.0 mi/min. The column temperature was 35°C. The
retention times of 4'-hydroxydiclofenac and diclofenac were 8.1 and 22.8 min,
respectively. The quantification of 4'-hydroxydiclofenac was performed by
comparing the HPLC peak height with that of an authentic standard. The limit
of quantification in the reaction mixture for 4’-hydroxydiclofenac was 250 nM
with a coefficient of variation of <2%.

Cytotoxicity Assay. Nrf2 is known to regulate cytoprotective genes such as
glutathione transferase, heme oxygenase-1, NAD(P)H:quinine oxidoreductase,
superoxide dismutase, and UDP-glucuronosyltransferase (Copple et al., 2008).
Our recent study demonstrated that drug-induced cytotoxicity could be de-
tected with high sensitivity by the knockdown of Nrf2 in HepG2 cells (H.
Hosomi, T. Fukami, A. Iwamura, M. Nakajima, and T. Yokoi, manuscript
submitted for publication). Likewise, knockdown of Nrf2 was performed by
siRNA transfection in this study. HepG2 cells were transfected with Stealth
Select RNAI for Nif2 (siNrf2) and Stealth RNAi Negative Control Medium
GC Duplex #2 (siScramble) by Lipofectamine RNAIMAX Reagent (Invitro-
gen). According to the manufacturer’s protocol, RNAi duplex-Lipofectamine
RNAIMAX complexes were prepared and added to each well before the
HepG?2 cells were seeded (1.0 X 10* cells/well). The concentrations of siNrf2
and siScramble were 10 nM. After 24-h incubation, the cells were infected
with AdCYP2C9 or AdGFP. Forty-eight hours after infection, the cells were
treated with benzbromarone, tienilic acid, flutamide, fluvastatin, terbinafine,
valproic acid, zolpidem, or sartans (candesartan, eprosartan, irbesartan, losar-
tan, olmesartan, telmisartan, or valsartan) for 24 h. After incubation with the
drugs, cell viability was quantified by 2-(2-methoxy-4-nitrophenyl)-3-(4-nitro-
phenyl)-5-(2, 4-disulfophenyl)-2H-tetrazolium monosodium salt (WST-8) and
ATP assays according to the manufacturer’s protocol. The WST-8 assay,
which is a modified 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium as-
say, was performed using a Cell Counting Kit-8 (CCK-8 kit, Wako Pure
Chemicals). After incubation with the drugs for 24 h, CCK-8 reagent was
added and the absorbance of WST-8 formazan was measured at 450 nm. The
ATP assay was performed using a CellTiter-Glo Luminescent Cell Viability
Assay (Promega, Madison, WI). After incubation with the drugs for 24 h,
CellTiter-Glo Reagent was added, and the generation of a luminescent signal
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