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H I G H L I G H T S

� Role of P450-mediated metabolism in phenytoin (DPH)-induced liver injury was studied.
� Liver injury was exacerbated under the glutathione depletion in the DPH-mouse model.
� Novel glutathione-, N-acetylcysteine- and cysteine-conjugate of DPH were identified.
� Hepatic P450 levels correlated with those of plasma thiol conjugates levels.
� The arene oxide intermediate was suggested to involve in DPH-induced liver injury.
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A B S T R A C T

Phenytoin, 5,5-diphenylhydantoin (DPH), is widely used as an anticonvulsant agent. Severe hepatic
injury rarely occurs in patients who received DPH. The development of liver injury is thought to be caused
by reactive metabolites; however, the metabolites suggested to contribute to hepatotoxicity have not yet
been detected in vivo and their effect on developing the liver injury is largely unknown. We recently
demonstrated that DPH treatment decreased hepatic glutathione (GSH) contents, and GSH-depleted
condition exacerbated DPH-induced liver injury in mice. The aim of the present study was to identify the
reactive metabolite and to investigate the role of P450-mediated metabolisms in DPH-induced liver
injury. We identified a novel GSH-conjugated (GS)-DPH, a conjugate of putative electrophilic arene oxide
intermediate with GSH, in the bile of mice with DPH-induced liver injury. In plasma, cysteine- or N-
acetylcysteine-conjugated DPH was detected, and these thiol conjugates levels were correlated with the
plasma alanine aminotransferase (ALT) levels. These changes were significantly reduced by pretreatment
with P450 inhibitor. Furthermore, the increases of hepatic P450 activities were in parallel with elevation
of plasma thiol conjugates levels. These findings suggest that the arene oxide intermediate, which can be
converted to thiol conjugates, is involved in DPH-induced liver injury.
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1. Introduction

Drug-induced liver injury is a serious issue for a new drug
candidate as well as for marketed products. Phenytoin, 5,5-
diphenylhydantoin (DPH), is widely used as an anticonvulsant
drug. Few patients administered DPH will suffer symptoms of
drug hypersensitivity, which is typically characterized by a
rash, lymphadenopathy, fever, and hepatitis (Haruda, 1979).
DPH-induced liver injury with a prominent inflammatory
response occurs 1–8 weeks after exposure in approximately
1–1000 and 1–10,000 patients who receive DPH (Mullick and
Ishak, 1980). Thus, DPH-induced liver injury is generally
recognized as idiosyncratic. The molecular basis underlying
this hypersensitivity, including the liver injury, has not been
fully characterized, although it has been proposed that DPH
can be bioactivated in response to reactive intermediates,
which can undergo haptenization with normal proteins to
generate neoantigens that elicit adverse reactions (Spielberg
et al., 1981).

It has also been suggested that glutathione (GSH) modulates
DPH metabolism by either trapping the DPH reactive intermedi-
ate and decreasing protein binding or by protecting proteins
from attack via electrophilic or free radical intermediates of DPH
(Roy and Snodgrass, 1990). Roy and Snodgrass (1988) demon-
strated that the addition of thiols, i.e., GSH, cysteine and
cysteamine, significantly decreased covalent binding to rat or
mouse microsomes. In addition, in vivo pretreatment with diethyl
maleate, a well-known GSH depletion reagent, resulted in a
significant increase in covalent binding of metabolites (Roy and
Snodgrass, 1988). On the basis of these findings, it is likely that
quinone or arene oxide intermediates, which could be detoxified
via thiol conjugation, may be involved in DPH-induced liver
injury via the formation of protein-drug adducts. However, thiol-
drug conjugates of DPH have not yet been identified in vitro and
in vivo.

A previous study has shown that DPH is a inducer of
cytochrome P450 (CYP)2C and CYP3A in humans (Chaudhry
et al., 2010; Fleishaker et al., 1995), rats (Yamazaki et al., 2001)
and mice (Hagemeyer et al., 2010). On the basis of these findings,
it is likely that modulation of P450-mediated metabolic
activation of DPH may be involved in initiating DPH-induced
liver injury.

Although, as described above, number of studies postulates
the existing reactive metabolite in DPH metabolisms, there are
lacking an evidence of in vivo hepatotoxicity. An animal model
for drug-induced liver injury is critical in characterizing the
relationship between reactive metabolites formation, develop-
ment of liver injury, and immune reaction in the liver.
Recently, we established a mouse model of DPH-induced liver
injury in combination with L-buthionine-(S,R)-sulfoximine
(BSO), a well-known GSH synthesis inhibitor, treatment (Sasaki
et al., 2013). In our previous study, DPH-induced liver injury
was exacerbated under GSH depleted conditions and these
phenomena were suppressed using a non-selective P450
inhibitor, 1-aminobenzotriazole (ABT) in mice (Sasaki et al.,
2013). Considering together, the reactive metabolite, which can
be trapped by GSH, is most likely to involve the development
of the hepatotoxicity.

The aim of the present study was to identify the reactive
metabolite that contributes to the development of DPH-induced
liver injury, presumably via GSH conjugates that are further
metabolized via the mercapturic acid pathway. Furthermore, we
analyzed the effects of P450 inhibitor on DPH-induced liver injury,
changes in plasma thiol conjugate levels, hepatic GSH contents,
and plasma alanine aminotransferase (ALT) levels in the DPH-
induced liver injury mice.
2. Materials and methods

2.1. Materials

BSO and DPH were purchased from Wako Pure Chemical
Industries (Osaka, Japan). ABT was purchased from the Tokyo
Chemical Industry (Tokyo, Japan). Glucose 6-phosphate (G6P),
glucose-6-phosphate dehydrogenase (G6PDH) and b-nicotin-
amide adenine dinucleotide phosphate, oxidized form, and
monosodium salt (NADP+) were obtained from Oriental Yeast
(Tokyo, Japan). Anti-mouse Cyp3a monoclonal antibody (sc-
30621) was obtained from Santa Cruz Biotechnology (Santa Cruz,
CA). Anti-rat CYP2C13 polyclonal antibody, which cross-reacts
with mouse Cyp2c, was obtained from Sekisui Medical (Ibaraki,
Japan). Acetonitrile and methanol (Kanto Chemical, Tokyo, Japan)
were of high performance liquid chromatography (HPLC) grade,
and all other chemical reagents were of the highest grade
commercially available.

2.2. Animal treatment

Female C57BL/6JmsSLC (8 weeks old, 16–21 g) were obtained
from SLC Japan (Hamamatsu, Japan). The mice were housed in a
controlled environment (temperature 23 �1 �C, humidity
50 � 10%, and 12 h light/12 h dark cycle) in the institution’s animal
facility with ad libitum access to food and water. The mice were
acclimatized before use in the experiments. Animal maintenance
and treatment were performed according to the National Institutes
of Health Guide for Animal Welfare of Japan, and the protocols
were approved by the Institutional Animal Care and Use
Committee of Kanazawa University, Japan.

We generated DPH-induced liver injury in mice as previously
described (Sasaki et al., 2013). Briefly, mice were intraperitoneally
injected with DPH in corn oil at a dose of 50 mg/kg for 2 days
followed by oral administration of 100 mg/kg on days 3 through 5.
BSO dissolved in saline was intraperitoneally injected at a dose of
700 mg/kg for 1 h prior to DPH administration. Vehicle was used as
a control. To determine the time-dependent changes in plasma ALT
levels at 0, 1.5, 3, 6, 9, 12, and 24 h after the final DPH
administration, blood was collected via the tail vein. The plasma
ALT levels were measured using a Fuji Dri-Chem 4000 V (Fuji Film
Med., Tokyo, Japan). To assess the concentration of DPH and its
metabolites at 0, 1.5, 3, 6,12, and 24 h after the DPH administration,
or 0, 3, 6, 9, 12, and 24 h after the final DPH administration for the
ABT co-administration study, blood was collected via the tail vein.
The plasma concentration of DPH and its thiol conjugates were
determined as described below.

2.3. Treatment of ABT

Mice were intraperitoneally injected with ABT (100 mg/kg in
saline) 1 h prior to the final DPH administration as previously
described (Sasaki et al., 2013; Shimizu et al., 2009; Mugford et al.,
1992). Vehicle was used as a control.

2.4. GSH assay and histopathological analysis

At 0, 1.5, 3, 6, 12, and 24 h after the final DPH administration,
blood was collected from the inferior vena cava for assessment of
the plasma ALT levels. A portion of the hepatic left lobe was
removed and fixed in 10% neutral buffered formalin for histopath-
ological examination. The fixed liver specimens were trimmed,
embedded in paraffin wax, sectioned at 4 mm thickness, and
stained with hematoxylin and eosin (H&E) for microscopic
examination. The remaining liver was frozen in liquid nitrogen,
and stored at �80 �C for GSH measurement. The mouse liver was



Table 1
MS/MS optimized conditions for the Xevo TQ MS instrument.

Compound Mass MRM transition Ion mode CV (V) CE (eV)

DPH 253.04 253.04 > 182.00 ES+ 30 20
Cys-DPH 370.1 370.10 > 283.10 ES� 25 15
NAC-DPH 412.1 412.10 > 283.10 ES� 25 15
IS (verapamil) 455 455.00 > 165.00 ES+ 40 30

Abbreviations: CE, collision energy; CV, cone voltage; Cys-, cysteine-conjugated;
DPH, phenytoin; ES, electrospray source; IS, internal standard; MRM, multiple
reaction monitoring; NAC-, N-acetylcysteine-conjugated.
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homogenized in ice-cold 5% sulfosalicylic acid and centrifuged at
8000 � g at 4 �C for 10 min. The total GSH and glutathione disulfide
(GSSG) concentration in the supernatant was measured as
previously described (Tietze,1969). The GSH levels were calculated
from the difference between the total glutathione (GSH + GSSG)
and GSSG concentration.

2.5. Collection of bile

Animal surgery for the collection of bile was performed as
previously reported (Kitamura et al., 2008) with slight modifica-
tions. Briefly, 3 h after the final administration of DPH, the mice
were anesthetized with diethyl ether and a polyethylene cannula
(PE-5; Eicom, Kyoto, Japan) was surgically placed into the common
bile duct. Bile was collected until 6 h after the final DPH
administration.

2.6. Characterization and determination of GSH-conjugated DPH,
cysteine-conjugated DPH, and N-acetylcysteine-conjugated DPH
adducts in plasma and bile

To identify GSH-conjugated DPH (GS-DPH), cysteine-conjugat-
ed DPH (Cys-DPH) and N-acetylcysteine-conjugated DPH (NAC-
DPH) in plasma and bile, the optimized conditions were as follows:
in plasma, 40 ml of acetonitrile was added to 20 ml of plasma and
the mixture was centrifuged at 13,000 � g for 3 min. In bile, 20 ml of
acetonitrile was added to an equal volume of bile and the mixture
was centrifuged at 13,000 � g for 3 min. The supernatant was used
for further analysis. Liquid chromatography–tandem mass spec-
trometry (LC–MS/MS) was performed using the HP1200HPLC
system (Agilent) coupled to Q-TOF Ultima (Micromass). The
column used was SunShell (2.6 mm, 150 mm � 2.1 mm I.D.). The
elution conditions consisted of a gradient of ammonium formate
(95–35% for 15 min, 35–5% for 2 min, 5–95% for 1 min, 95% for
7.9 min) in acetonitrile at flow rate of 0.2 ml/min. Electrospray
ionization was performed with a source temperature of 120 �C and
ion spray voltage of 2.8 kV and 3.2 kV in the positive and negative
ion mode, respectively. Argon was used as the collision gas. The
collision energy was 5 eV, cone voltage was 35 V, and desolvation
temperature was 250 �C. Nitrogen was used as both the cone gas
and desolvation gas. The cone gas and desolvation gas flow were
set at 100 l/h and 800 l/h flow, respectively. To determine novel
metabolites, data acquired using LC–Q-TOFMS were processed by
MetaboLynx software (Waters). The structure of each novel DPH
metabolites were elucidated using MS2 fragmentation with
collision energy ramping from 10 to 40 eV.

2.7. Comprehensive detection of plasma DPH and its thiol conjugates

To comprehensively detect of DPH, Cys-DPH, and NAC-DPH in
plasma, 20 ml of acetonitrile and 200 ml of internal standard (IS)
solution (0.01 m; of verapamil in methanol) was added to 5 ml of
plasma, and the mixture was centrifuged at 13,000 � g for 3 min.
The supernatant was used for further analysis. LC–MS/MS was
performed using an Acquity HPLC system (Waters, Manchester,
UK) coupled to a Waters Xevo TQ tandem quadrupole mass
spectrometer (Micromass MS Technologies, Manchester, UK). The
column was an Acquity UPLC BEH C18 column (1.7 mm, 30 mm
� 1.1 mm I.D.; Waters, Milford, MA, USA). The elusion conditions
consisted of a gradient of 10 mM ammonium formate (98% for
0.5 min, 80% for 1.1 min, 65% for 0.4 min, 2% for 0.5 min, 98% for
0.5 min) in acetonitrile at a flow rate of 0.5 ml/min. MS/MS data
acquisition was performed with an electrospray source operating
in the negative or positive mode (ESIneg or ESIpos) under multiple
reaction monitoring (MRM) conditions as shown in Table 1. The
optimized values for the Xevo TQ MS instrument were as follows;
capillary voltage 0.5 kV; source temperature 150 �C; desolvantion
temperature 600 �C. Nitrogen was used as both the cone gas and
desolvation gas. The cone gas and desolvation gas flow were set at
100 l/h and 1200 l/h flow, respectively. Argon was used as collision
gas with 0.15 ml/min flow. In the case of DPH, the plasma
concentrations were calculated on the basis of a standard curve,
and the thiol conjugates were determined from the peak area
ratios of metabolite to the IS area as semi-quantitation because no
standard compounds were available. DPH and its thiol conjugates
were identified via an accurate mass measurement, comparison
with authentic standards (DPH), and analysis of the tandem mass
spectrometry (MS2) fragmentation pattern.

2.8. Preparation of mouse liver microsomes

The mouse liver was prepared from each time point during
repetitive administration of DPH. As previously described, the
mice were intraperitoneally injected with DPH in corn oil at a
dose of 50 mg/kg for 2 days followed by oral administration
100 mg/kg on days 3 through 5. BSO dissolved in saline was
intraperitoneally injected at a dose of 700 mg/kg 1 h prior to DPH
administration. During repetitive administration, on days 0, 1, 3,
and 4, the liver of each mouse was immediately collected. Liver
microsomes were prepared according to a previous study (Emoto
et al., 2000).

2.9. Cyp2c and Cyp3a enzyme assays and immunoblot analyses

Tolbutamide (TOL) hydroxylation and midazolam (MDZ) 10-
hydroxylation activity of mouse liver microsomes, as probes of
Cyp2c and Cyp3a enzyme activity, respectively, were determined
according to a previous report (Emoto et al., 2000) with slight
modifications. Briefly, the standard incubation mixture (final
volume 0.2 ml) contained 1.0 mg/ml protein of mouse liver
microsomes, 100 mM potassium phosphate buffer (pH 7.4), a
nicotinamide adenine dinucleotide phosphate (NADPH)-generat-
ing system consisting of 0.5 mM NADP+, 5 mM G6P, 0.5 unit/ml
G6PDH and 5 mM MgCl2, and 100 mM of each substrate. The
reaction mixtures were incubated at 37 �C for 15 min for MDZ
hydroxylation and 60 min for TOL hydroxylation. After deprotei-
nation, each hydroxylated metabolite was monitored using an
HPLC system. SDS-polyacrylamide gel electrophoresis and immu-
noblot analysis were performed according to Laemmli (1970). Liver
microsomes, 1 mg and 4 mg for Cyp2c and Cyp3a detection,
respectively, were separated on 7.5% polyacrylamide gels and
electrotransferred onto polyvinylidene difluoride membranes,
Immobilon-P (Millipore, Billerica, MA). The membranes were
probed with each of the antibodies and the corresponding
fluorescent dye-conjugated secondary antibody. An Odyssey
Infrared Imaging system (LI-COR Biosciences, Lincoln, NE) was
used for the detection. The band intensity levels were quantified
using ImageQuant TL Image Analysis software (GE Healthcare,
Little Chalfont, Buckinghamshire, UK).



82 E. Sasaki et al. / Toxicology Letters 232 (2015) 79–88
2.10. Statistical analysis

The data are shown as the mean � SE. Statistical analyses of
multiple groups were performed using one-way ANOVA with the
Dunnett’s post hoc test to determine the significance of the
differences between individual groups. Comparisons between 2
groups were performed using a 2-tailed Student’s t-test. A value of
p < 0.05 was considered statistically significant.

3. Results

3.1. Time-dependent changes of plasma ALT levels, liver
histopathology, and hepatic GSH contents in DPH-induced liver injury
mouse model

According to a previous report (Sasaki et al., 2013), mice were
intraperitoneally injected with DPH in corn oil at a dose of 50 mg/
kg for 2 days followed by an oral administration 100 mg/kg on days
3 through 5. To deplete hepatic GSH, BSO, a g-glutamylcysteine
synthetase (g-GCS) inhibitor, was intraperitoneally injected at a
dose of 700 mg/kg 1 h prior to each DPH administration. After the
final DPH treatment, the mice treated with both DPH and BSO
showed a significant increase in plasma ALT levels compared to the
DPH alone-treated mice (Fig. 1A), whereas DPH alone-treated mice
showed mild increases in plasma ALT levels. The previous report
indicate that on days 1 through 3, the plasma ALT levels were not
significantly increased, and on day 4, the plasma ALT levels were
significantly but not markedly increased compared with vehicle-
treated mice (Sasaki et al., 2013). Consideration of this result, the
liver injury is mainly occurred after the final DPH administration in
this mouse model.

Histopathologically, apoptotic cells and ballooning cells were
observed in mice treated with both DPH and BSO (Fig. 1B), whereas
DPH alone-treated mice showed mild lipid droplets, but apoptosis
or ballooning cells were not observed. In the BSO alone-treated
mice, the hepatic GSH contents were significantly decreased at 3 h,
whereas DPH and BSO co-administrated mice were significantly
decreased at 6 h after the final DPH administration compared with
0 h mice (Fig. 1C). In addition, at 0 h and 24 h after the final DPH
administration, DPH and BSO co-treatment significantly decreased
the hepatic GSH contents compared with BSO alone-treated mice.
Fig. 1. Effects of BSO treatment on DPH-induced liver injury in mice. The mice were int
administration of 100 mg/kg DPH on days 3 through 5. BSO (700 mg/kg) was intraperitone
final DPH administration, blood was collected to measure the plasma ALT levels (A). Hema
final DPH treatment (B). The arrows indicate apoptotic cells. The hepatic GSH contents we
as the mean � SE of the results from 6 to 12 mice. The differences compared with the mic
(A). The differences compared with 0 h were considered significant at *P < 0.05, and the
yP < 0.05 (C).
These results indicated that DPH treatment consume hepatic GSH
and the liver injury was exacerbated under the GSH-decreased
condition.

3.2. Comprehensive detection and characterization of GS-DPH, Cys-
DPH, and NAC-DPH adducts in bile and plasma

Generally, the direct detection of reactive metabolites of a drug
is difficult due to its instability. The results from the DPH-induced
liver injury exacerbated by the GSH-depleted condition (Fig. 1A),
revealed that the hepatotoxic reactive metabolite derived from
DPH could be trapped by GSH, thereby contributing to the
detoxification of reactive metabolites. Thus, we attempted to
detect the thiol-conjugated metabolites in DPH-induced liver
injury in mice. GS-, Cys-, and NAC-adducts, as putative stable
products of the electrophilic metabolites, were examined using
LC–MS/MS analysis in bile and plasma. Animals were not treated
with BSO because GSH depletion causes difficulty in detecting its
conjugates.

In bile, GS-DPH adduct (m/z 556) was detected and the ion
chromatogram showed a peak at 9.87 min of elution time. The MS
spectrum of eluent included m/z 556 [M � H]� of GS-DPH adducts
(Fig. 2A). The mass of the molecular ion of GS-DPH (m/z 556)
suggested an addition of 305 Da to the mass of DPH (m/z 251),
which corresponded to the addition of GS-molecules (305 Da) to
the DPH mass (Fig. 2A). The MS2 spectrum of GS-DPH showed a
characteristic loss of 129 amu (corresponding to the pyoglutamate
residue of the added GSH moiety; Baillie and Davis, 1993). The MS2

spectrum also showed fragment ions at m/z 283, which corre-
sponded to the cleavage of the C—S bond of the cysteine residue of
GSH moiety that is conjugated to DPH.

The fragment ion at m/z 383 derived from GSH-conjugated
benzene was derived from the DPH moiety. The fragment ion at m/z
272 and 254 corresponded to the cleavage of the C—S bond of
cysteine residue of GSH moiety and GSH conjugated with benzene
derived from DPH, which lost the pyoglutamate residue of the
added GSH moiety, respectively. The fragment ion at m/z
210 corresponded to the cleavage of the hydantoin of DPH, which
was conjugated with sulfur in the benzene moiety. This observa-
tion was most likely caused by the cleavage of the C—S bond of the
cysteine residue of GSH moiety as previously described. The
raperitoneally administered DPH at a dose of 50 mg/kg for 2 days followed by oral
ally injected 1 h prior to each DPH administration. At 0,1.5, 3, 6, 12, and 24 h after the
toxylin and eosin (H&E) staining was performed on liver sections from 24 h after the
re measured at 0, 1.5, 3, 6,12, 24 h after the final DPH administration. Data are shown
e administered DPH alone were considered significant at **P < 0.01 and ***P < 0.001
 differences compared with BSO alone-treated mice were considered significant at



Fig. 2. LC–MS/MS analyses of GS-DPH adduct in bile (A), and Cys- (B) or NAC-DPH
(C) adducts in the plasma of mice with DPH-induced liver injury. The mice were
intraperitoneally administered DPH at a dose of 50 mg/kg for 2 days followed by oral
administration of 100 mg/kg DPH on days 3 through 5. The bile was collected at 3–
6 h after the final DPH administration (A). Bile was pooled from 4 mice and used for
LC–MS/MS analysis (A). The plasma was collected 24 h after the final DPH
administration (B and C). MS spectrum of the parent M� ion m/z 556 (A), m/z 370 (B)
and m/z 413 (C) were observed at 9.8, 9.7 and 10.7 min of the elution time,
respectively. The product ion spectrum of the each of parent M� ion was detected in
the bile (A) and plasma (B and C).
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structural feature consists of the attachment of GSH to the benzoic
moiety of DPH, with a conjugation occurring at the benzene
portion of drug (Fig. 2A). Taken together, a nucleophilic attack on
the arene oxide intermediate by GSH followed by dehydration
would result in the formation of the identified GSH adduct. We
proposed that a potential mechanism for the metabolic activation
of DPH would involve epoxidation of the benzene residues to form
well-known reactive metabolites as an arene oxide intermediate
(Fig. 6).

In plasma, Cys-DPH (m/z 370) and NAC-DPH (m/z 413) were
detected, and the extracted ion chromatogram showed a peak at
10.7 min and 9.7 min of elution time, respectively (Fig. 2A and B).
The mass of the molecular ion of Cys-DPH (m/z 370) suggested an
addition of 121 Da to the mass of DPH, which corresponded to the
addition of cysteine molecules (Fig. 2B), and the molecular ion of
NAC-DPH (m/z 412) suggested an addition of 163 Da to the mass of
DPH (m/z 251), which corresponded to the addition of NAC
molecules (Fig. 2C). The MS2 spectrum of both Cys-DPH and NAC-
DPH showed fragment ions at m/z 283, which corresponded to the
cleavage of the C—S bond of the cysteine residue of the cysteine or
NAC moiety. The fragment ion at m/z 109 derived from sulfur-
conjugated benzene of the DPH moiety was most likely formed by
the cleavage of the C—S bond of the cysteine residue of GSH
following GSH conjugation to DPH in the benzene moiety. The
structural feature consisted of the attachment of cysteine or NAC to
the benzoic moiety of DPH. Considering these observations, the
Cys-DPH and NAC-DPH adducts most likely were derived from the
corresponding GS-DPH adducts via the mercapturic acid pathway
and may be a reflection of the formation of the arene oxide
intermediate in vivo.

3.3. Effects of DPH administration on the expression levels of Cyp2c
and Cyp3a protein and enzyme activities in mouse liver microsomes

In our mouse model, DPH-induced liver injury was developed
by repetitive DPH and BSO co-administration. Thus, changes of
hepatic P450 protein contents and activities were hypothesized to
contribute to the onset of liver injury. To investigate the effects of
DPH administration on the hepatic P450, microsomal Cyp2c and
Cyp3a protein contents and its enzyme activities were assessed. It
has been reported that inflammation affects P450 protein contents
and its enzyme activities. (Morgan, 1993; Shedlofsky et al., 1994).
Thus, we assessed hepatic P450 contents and related enzyme
activities until on day 4 of the repeated DPH administration. On
days 0, 1, 2, and 4, liver microsomes were obtained. Both the
hepatic Cyp2c and Cyp3a protein contents were significantly
increased on days 1–4 compared with those on day 0 and were
increased in a dose-dependent manner (Fig. 3A). The TOL
hydroxylation activities were significantly increased on days 1–4
compared with those on day 0 and were increased in a dose-
dependent manner (Fig. 3B). The MDZ hydroxylation activity was
significantly decreased on days 2–4 compared with that on day 0
(Fig. 3B). These results suggested that modulation of P450 protein
expression and its activity, especially Cyp2c induction was
involved in the onset of DPH-induced liver injury.

3.4. Time-dependent changes of concentration of plasma DPH and its
thiol conjugates

To confirm formation of the arene oxide intermediate in the
DPH-induced liver injury, time-dependent changes of the plasma
concentration of DPH and plasma levels of Cys-DPH or NAC-DPH on
day 3 and day 5, which corresponded to non-liver injury and liver
injury conditions, respectively, were analyzed. At 0, 1.5, 3, 6,12, and
24 h after DPH administration on day 3 and day 5, blood was
collected and the plasma concentration of each metabolite was
analyzed using the LC–MS/MS system. MS/MS data acquisition was
performed with the electrospray source operating in the negative
or positive mode (ESIneg or ESIpos) under MRM conditions as
shown in Table 1. On day 5, the plasma concentration of DPH
peaked at 3 h after the final administration and then slowly
decreased (Fig. 4). Furthermore, on day 5, Cys-DPH and NAC-DPH
adducts were detected and increased in a time-dependent manner
(Fig. 4). However, on day 3, when liver injury had not occurred, Cys-
DPH and NAC-DPH could not be detected. The thiol conjugate level
in plasma was well correlated with increases of the plasma ALT
levels in the individual animals (643, 691, 983, and 1764 of the
relative level of plasma NAC-DPH vs. 413, 576, 2740, and 3040 U/l of



Fig. 4. Changes in the plasma concentration of DPH and its thiol-conjugated metabolites in mice with DPH-induced liver injury. The mice were intraperitoneally administered
DPH at a dose of 50 mg/kg for 2 days followed by oral administration of 100 mg/kg DPH on days 3 through 5. BSO (700 mg/kg) was intraperitoneally injected 1 h prior to each
DPH administration. At 0, 1.5, 3, 6, 12, and 24 h after the 3 times of DPH administration (indicated as day 3, without liver injury) and after the final DPH administration
(indicated as day 5, with liver injury), blood was collected for the assessment of DPH and its thiol conjugates in plasma. The data are shown as the mean � SE of the results
obtained from 6 to 12 mice. In the case of DPH, the differences compared with the plasma concentrations on day 3 at each time points were considered significant at **P < 0.01.
N.D.: not detected.

Fig. 3. Effects of DPH administration on the expression levels of Cyp2c and Cyp3a protein and its enzyme activities. The mice were intraperitoneally administered DPH at a
dose of 50 mg/kg for 2 days followed by oral administration of 100 mg/kg DPH on days 3 and 4. Mouse liver microsomes were prepared 24 h after the 0, 1, 2, and 4 times of DPH
administration. Microsomal Cyp2c and Cyp3a protein contents were assessed by immunoblotting analysis. Quantitative analysis of protein expression was performed using a
densitogram (A). Microsomal Cyp2c and Cyp3a activities were evaluated by TOL hydroxylation and MDZ 10-hydroxylation, respectively, using HPLC (B). The data are shown as
the mean � SE of the results from 4 to 5 mice. The differences compared with the non-treated mice (Day 0) were considered significant at **P < 0.01 and ***P < 0.01. N.D.: not
detected.
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plasma ALT level, respectively). These results suggested that the
arene oxide intermediate was involved in the development of DPH-
induced liver injury in mice.

3.5. Effects of P450 inhibitor on DPH-induced liver injury in mice

To investigate whether metabolites formed by P450-mediated
metabolism were involved in DPH-induced liver injury, the mice
were treated with ABT, a non-selective P450 inhibitor, 1 h prior to
the final DPH administration and the plasma ALT levels, plasma
thiol conjugates levels, and the hepatic GSH contents were
analyzed. The plasma ALT levels were significantly decreased by
ABT treatment 24 h after the final DPH administration (Fig. 5A). The
hepatic GSH content at 24 h after the final DPH treatment was
measured. We found that ABT treatment significantly restored the
hepatic GSH contents in mice treated with both DPH and BSO
compared with non-ABT-treated mice (Fig. 5B). Furthermore, ABT
alone treatment did not affect the hepatic GSH contents (Fig. 5B).
These results suggested that the inhibition of P450-mediated
metabolism suppressed the development of DPH-induced liver
injury.

To assess whether changes in the thiol conjugates formations
are involved in the effects of ABT treatment on DPH-induced
hepatotoxicity, we performed analyses of the time-dependent
changes of the plasma DPH concentration and its thiol conjugates
levels in DPH-induced liver injury mice with or without ABT
treatment. The plasma concentrations of DPH were significantly
increased in ABT-treated mice compared with vehicle-treated
(-ABT) mice (Fig. 5C). In the plasma, NAC-DPH was significantly
decreased at 24 h after the final DPH administration, whereas Cys-
Fig. 5. Effects of ABT treatment on mice with DPH-induced liver injury. The mice were in
administration of 100 mg/kg DPH on days 3 through 5. BSO (700 mg/kg) was intraperiton
inhibitor of P450, was intraperitoneally administered 1 h prior to the final DPH administra
for measuring the plasma ALT levels (A) and DPH and its thiol conjugates concentrations (
hepatic GSH contents (B). The data are shown as the mean � SE of the results obtained fr
point were considered significant at *P < 0.05, **P < 0.01 and ***P < 0.001 (A and C), and th
at **P < 0.01 (B).
DPH was significantly decreased at all time points by the ABT
treatment (Fig. 5C). These results suggest that the arene oxide
intermediate formed by P450-mediated metabolism was inhibited
by ABT treatment that would contribute to restore the hepatic GSH
contents in mice. Considering these observations, under the GSH-
decreased condition, the arene oxide intermediate formed by the
P450-mediated metabolisms would be a hepatotoxic metabolite
rather than the parent drug.

4. Discussion

Recently, we have established a mouse model of DPH-induced
liver injury (Sasaki et al., 2013). In this model, the liver injury was
exacerbated by the co-administration with BSO, which suggested
that GSH has a crucial protective role for DPH-induced liver injury
(Fig. 1A). BSO is a specific inhibitor of g-GCS, a rate-limiting
enzyme of GSH synthesis (Griffith and Meister,1979). In addition, it
has been reported that BSO has no effect on the content and
function of microsomal P450s and conjugating enzymes, such as
GSH S-transferase, sulfotransferase, and UDP-glucuronosyltrans-
ferase (UGT) (Drew and Miners, 1984; Watanabe et al., 2003). A
number of groups, including our group, have applied GSH-depleted
animal models to the evaluation of hepatotoxic potential for
several drugs that produce reactive metabolites, for example
acetaminophen (Watanabe et al., 2003), methimazole (Kobayashi
et al., 2012), amodiaquine (Shimizu et al., 2009), and ticlopidine
(Shimizu et al., 2011). Taken together, we considered that GSH-
trapped metabolites are involved in DPH-induced liver injury.

The formation of thiol conjugates of DPH has been previously
suggested by in vitro studies (Roy and Snodgrass, 1988, 1990).
traperitoneally administered DPH at a dose of 50 mg/kg for 2 days followed by oral
eally injected 1 h prior to each DPH administration. ABT (100 mg/kg), a non-specific
tion. At 0, 3, 6, 9, 12, and 24 h after the final DPH administration, blood was collected
C). The livers were collected at 24 h after the final DPH administration to measure the
om 4 to 12 mice. The differences compared with non-ABT-treated mice at each time
e differences compared with the non-ABT-treated mice were considered significant
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Therefore, the formation of GS-DPH adducts is also plausible in
vivo. However, thiol conjugates of DPH-derived intermediates have
not been previously identified in vitro and in vivo. In the present
study, the GS-DPH adduct of the putative arene oxide intermediate
was detected in bile collected from mice with DPH-induced liver
injury utilizing LC–MS/MS analysis (Fig. 2A). Furthermore, Cys- or
NAC-DPH adduct of the putative arene oxide intermediate were
also detected in the plasma collected from mice with DPH-induced
liver injury (Fig. 2B and C). These thiol-DPH adducts are considered
to be the subsequent products of the arene oxide intermediate
produced by GSH conjugation (Fig. 6). At 0 h to 24 h after the final
DPH administration, the formation of plasma Cys- or NAC-DPH
adducts were time-dependently increased (Fig. 4) with corre-
sponding lower levels in the hepatic GSH contents (Fig. 1C).
Considering these observations, hepatic GSH would be consumed
for conjugation with the electrophilic arene oxide intermediate,
resulting in a decreased hepatic GSH contents (Fig. 1C) and
suggesting that GS-DPH adducts can be converted into the
corresponding Cys-DPH and NAC-DPH adducts via the mercapturic
acid pathway (Meister and Anderson, 1983). In addition, we
hypothesize that the arene oxide intermediate which would be
converted into GS-, Cys-, or NAC-DPH adducts not only form these
thiol conjugates, but also could put stress on the hepatocyte via
cellular dysfunction, namely as electrophilic stress (Takakusa et al.,
Fig. 6. Putative metabolic pathway of DPH from our results combined with previous rep
NAC-DPH adducts derived from the arene oxide intermediate are detected in vivo, and
intermediate is partially detoxified by GSH conjugation. In vivo P450 inhibition studies sh
P450 protein expression and activities are modulated by the repeated exposure of DP
depletion agent exacerbated the DPH-induced liver injury via decreased GSH conjugatio
stress and oxidative stress followed by hepatic lesion may lead to the immune- and infl
2013). Glu.: glucuronic acid.
2008). Moreover, it would appear that if hepatic GSH is decreased
by conjugation of the arene oxide intermediate or GSH depletion
reagent such as BSO, the arene oxide intermediate could escape
from GSH conjugation leading to increased reaction of the arene
oxide intermediate with cellular molecules that would put
hepatocyte into cellular dysfunction. The products, formed by
the reaction with the arene oxide intermediate and cellular
molecules, may be recognized as a foreign antigen, leading to an
immune-mediated liver injury as previously reported (Sasaki et al.,
2013).

The arene oxide intermediate formation, which can be
converted into thiol conjugates, was suggested for the develop-
ment of DPH-induced liver injury (Fig. 4). As shown in Fig. 4, we
could detect the thiol conjugates of DPH in mice only at day 5 but
not in day 3, which corresponded to non-hepatotoxic conditions
(Sasaki et al., 2013). This result strongly supports the concept that
formation of the arene oxide intermediate is critical for developing
the liver injury. In fact, with the increases of relative levels of the
plasma these thiol conjugates were well correlated with the
elevation of plasma ALT level in the 4 individual animals (Fig. 4).

In the present study, we found that P450-mediated metabo-
lisms were involved in hepatotoxicity and hepatic GSH decrease by
DPH administration. Co-treatment of ABT, a non-selective
P450 inhibitor, significantly suppressed the development of
orts (Maguire 1988; Szabo et al., 1990). In the present study, GS-DPH, Cys-DPH, and
 BSO treatment exacerbated DPH-induced liver injury suggesting the arene oxide
own that the arene oxide intermediate was formed by P450-mediated metabolism.
H in mice that might be critical for the arene oxide intermediate formation. GSH
n to the arene oxide intermediate. This event would be causal for the electrophilic
ammation-mediated DPH-induced liver injury as previously reported (Sasaki et al.,
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DPH-induced liver injury (Fig. 5A) in association with a reduction
in the plasma concentrations of Cys-DPH and NAC-DPH adducts
(Fig. 5C), thereby restoring the hepatic GSH content (Fig. 5B). These
results suggested that P450-mediated metabolic activation,
formation of the arene oxide intermediate, is critical for the
development of DPH-induced liver injury.

As described above, Cys-DPH and NAC-DPH adducts were only
detected on day 5 but not on day 3 (Fig. 4). At the same time,
P450 was induced in a dosing period-dependent manner (Fig. 3A).
Therefore, we speculated that P450 induction is involved to
develop DPH-induced liver injury. In addition, we assumed that
P450 induction by the repetitive exposure of DPH for 3 days could
not form sufficiently of the arene oxide intermediate to generate
electrophilic stress. In fact, plasma thiol conjugates were not
observed on day 3 (Fig. 4). Taken together, the hepatotoxic
potential of DPH is affected by the hepatic P450 induction. This
concept is supported by the previous study showing that the single
administration of DPH, which is close to the amount of LD50, failed
to develop the liver injury even combination with BSO treatment in
mice (Sasaki et al., 2013).

It has been suggested that arene oxide intermediate is only
formed in mouse but not in human microsomes as reported by
Riley et al. (1988). In addition, although the cytotoxicity by murine
microsomal enzyme-dependent DPH metabolism was significantly
enhanced by the epoxide hydrolase inhibitor, trichloropropane
oxide (TCPO), treatment, no significant enhancement of cytotoxic-
ity was observed in the presence of human liver microsomes (Riley
et al.,1988). These observations suggest that arene oxide-mediated
toxicity is not involved with DPH-induced liver injury in human.
However, the dihydrodiol form of DPH in the urine of newborn
human infants was reported by Horning et al. (1971). By analogy
with the formation of dihydrodiols from known epoxides, it is
considered that the arene oxide intermediate might be involved in
DPH metabolism in vivo in human (Glazko, 1973). In the present
study, we suggested that P450 induction was critical for enhance-
ment of the arene oxide intermediate formation in mice
(Figs. 3 and 4). Therefore, P450 induction followed by enhance-
ment of the arene oxide intermediate formation might be critical
for the arene oxide-mediated toxicity in human. However, there
was no report that P450 induction was related to the formation of
the arene oxide intermediate in human.

In conclusion, for the first time, this study identified a novel
putative GSH conjugate of the arene oxide intermediate of DPH and
provided evidence that DPH bioactivation by P450 and hepatic GSH
may play an important role in the development of DPH-induced
liver injury. These postulated mechanisms are summarized in
Fig. 6. These observations provide insight into the metabolic
activation-based mechanisms of drug-induced liver injury and
may help to assess the reactive metabolite-mediated toxicity in
drug development.
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