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Fig. 4. Time-dependent changes in the mRNA expression and the release of Il.-8 and TNF« in THP-1 cells treated with 20 uM DEA in the

presence or absence of CYP3A4

THP-1 cells were treated with 20 uM DEA for 3, 6, 12, or 24h in the presence or absence of CYP3A4 (15 pmol/mL). The mRNA expression
levels of IL-8 (A) and TNFa (B) in THP-1 cels were measured by real-time RT-PCR analysis. The levels of IL-8 or TNFa mRNA were
normalized to the levels of GAPDH mRNA. The release of IL-8 protein (C) and TNFa protein (D) in the supernatant was measured by ELISA.
Data represent the mean = SD (n = 3). *p < 0.05, #p < 0.01 and ##p < 0.001, compared with control {0.1% DMSO) in each time point of
CYP3A4 (-} groups; 'p < 0.05, t'p < 0.01 and p < 0.001, compared with control (0.1% DMSO) in each time point of CYP3A4 (+) groups;
*n < 0.05, **p < 0.01 and ***p < 0.001, compared with CYP3A4 (-) groups at each time point.

and TNFa were significantly increased after 12h- to 24h-
incubation and 6h- to 12h-incubation compared with the
control, respectively (Figs. 5A and 5B). When treated with
20 M DEA in the presence of HLM, the mRNA expression
of IL-8 in THP-1 cells was significantly increased after 12 h-
to 24 h-incubation compared with the control, whereas
TNFo was significantly increased at 12h compared with the
control (Figs. 5C and 5D).

Effects of ketoconazole (KCZ) on the mRNA
expression of IL-8 in THP-1 cells treated with AMD
and DEA in the presence or absence of HLM: To
confirm the effects of the metabolic activation by CYP3A4,
the IL-8 mRNA expression was investigated because it showed
the highest sensitivity in Figure 5. The effect of KCZ,
a specific and potent CYP3A4 inhibitor, on the expression
of IL-8 in THP-1 cells treated with AMD and DEA in the
presence of HLM was investigated. As shown in Figure 6,
the mRNA expression of IL-8 was upregulated by the
treatment with AMD and DEA with HLM, and these effects
were completely suppressed by the co-treatment with KCZ.

Discussion

It has been suggested that the activation of the innate
immune system by metabolic activation of drugs is involved

in immune-mediated drug-induced liver injury as one of the
causes.”™ However, limited information is available about
the immune responses caused by metabolic activation.
Inflammatory reactions in liver are induced by the activa-
tion of immune cells such as monocytes, macrophages and
Kupffer cells. Human monocytic THP-1 cells are suggested
to be useful for predicting sensitizers by measuring the cell
surface molecules CD86, a protein that provides signals
necessary for T cell activation and survival, and CD54, a
protein known as inter-cellular adhesion molecule 1 (ICAM-
1).” A previous report indicated that PMA/TNFo-treated
THP-1 cells did not show a perceptible up-regulation of the
expression of CD54 or CD86 with either 2,4-dinitrochloro-
benzene (DNCB) or DMSO treatment.”” In our experi-
ments, PMA-treated THP-1 cells showed no difference in
the sensitivity to the drug. Moreover, our previous research
revealed that albendazole and terbinafine directly stimulate
THP-1 cells resulting in IL-8 and TNFa release, suggesting
the involvement of an immune-mediated pathway in
DILL*?? Therefore, we used CD86 and CD54 expression
and the release of IL-8 and TNF« as markers for predicting
the activation of the immune reaction of drugs in this study.
In the present study, we investigated whether bioactivation
of hepatotoxic drugs stimulates THP-1 cells, resulting in
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THP-1 cells were treated with 30 uM AMD and 20 uM DEA in the presence of 0.3 mg/mL HLM for 3, 6, 12, or 24 h. The mRNA expression levels
of IL-8 (A, C)and TNFx (B, D) in THP-1 cells were measured by real-time RT-PCR analysis. The levels of IL-8 or TNFo mRNA were normalized
to the levels of GAPDH mRNA. Data represent the mean % SD (n = 3). *p < 0.05 and **p < 0.01, compared with CYP3A4 (-) groups at each

time point.
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Fig. 6. Effects of KCZ on the mRNA expression levels of IL-8 in
THP-1 celis freated with AMD and DEA in the presence of HLM
THP-1 cells were treated with 30uM AMD and 20puM DEA in the
presence of 0.3 mg/mL HLM with or without 1 uM KCZ for 24 h. The
mRNA expression levels of IL-8 in THP-1 cells were measured by
real-time RT-PCR analysis. The levels of IL-8 or TNFa mRNA were
normalized to the levels of GAPDH mRNA. Data represent the
mean £ SD {(n = 3). **p < 0.01, compared with CYP3A4 (~) groups.

upregulation of cell surface CD markers and the release of
pro-inflammatory cytokines and chemokines in the presence
or absence of CYP3A4 or HLM.

First, we investigated the effect of CYP3A4-mediated
metabolism on the expression of CDs in THP-1 cells by
using FACS analyses. Ten drugs that are already known
to cause hepatotoxicity in humans and to be associated
with metabolic activation by CYP3A4 were sclected. The
production of active metabolites of albendazole, albendazole
sulfoxide, in human liver is mediated via both FMO and
CYP, principally CYP3A4.”” The major metabolite of
AMD, DEA, was reported to cause cytotoxicity in HepG2
cells and rat hepatocytes at lower concentrations than the
parent drug, AMD.3® DEA is produced mainly by CYP3A4
as well as CYP2C8 in humans.?® As shown in Table 1, we
carefully followed the cell viability to determine the drug
concentration that would be less than that showing the
typically decreased cell viability by the parent drugs.
However, for this kind of in vitro assay, it is recommended
to perform it at a concentration up to 30 times the clinically
efficacious concentration or 100 uM.3?

The 10 drugs selected in this study were reported to be
metabolically activated by CYP3A4, but many drugs showed
negative responses in terms of the expression of CD86
and CD54 in the presence of CYP3A4. The reason why
many drugs showed no upregulation of the CDs expression
could be explained by the following three points. First, the
involvement of metabolic activation was hardly observed
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because of the greater effect of the parent drug, such as
albendazole and terbinafne. Second, CYP3A4 is not the
main or most potent enzyme in the metabolic activation of
drugs such as diclofenac and leflunomide. Third, as the
most plausible reason, metabolic activation of drugs affects
toxicity by two different mechanisms: direct cellular dam-
ages to parenchymal cells and activation of immune cells.
Many of the drugs investigated in this study actually
exhibited direct cellular toxicity to cells, such as HepG2
cells and hepatocytes, as we previously reported.® How-
ever, the concentration of drugs did not prominently cause
the decreasing cell viability in THP-1 cells (Table 1). This is
thought to be due primarily to the differences in sensitivity
among the cells.

The CD86 expression in THP-1 cells was significantly
increased by the treatment with albendazole in the presence
of CYP3A4 compared with control Supersomes, but not by
the metabolite albendazole sulfoxide (Figs. 1A and 1B).
This result is consistent with our previous report that
albendazole sulfoxide did not increase pro-inflammatory
cytokine release from THP-1 cells directly.”” However,
albendazole stimulated the expression of CD86, and there
was further increase by CYP3A4 but not CD54, whereas
AMD and DEA stimulated the expression of CD54, and
there was further increase by CYP3A4 but not CD86
(Figs. 1A and 1B). To explain these results, it has been
suggested that phenotypic changes through signal trans-
duction pathways and a cross talk between MAP kinase
signaling pathways differ according to the drug/ chernical.3?

CD54 and IL-8 are considered to be good markers for
the activation of dendritic cells and THP-1 cells by sensi-
tizers.”>*® In the present assay system, we first demon-
strated that AMD and DEA incubated with CYP3A4
stimulated THP-1 cells, resulting in significant increases in
the CD54 expression and IL-8 and TNFo release (Figs. 3
and 4). Similar metabolic activation was obtained by using
HLM instead of CYP3A4 Supersomes (Figs. 5 and 6),
indicating that the result could be extrapolated to in vivo.
From these lines of data, the present assay system could
evaluate the activation of immune-related cells with a parent
drug and metabolites concurrently.

AMD has been reported to cause liver injury, but many
experimental reports suggested that tissue accumulation
of the parent compound as well as that of metabolites
eventually results in cellular toxicity due to impaired
mitochondrial function.®® However, several case reports
suggested different mechanisms of liver injury by AMD,
including immune-mediated centrilobular necrosis, neutro-
philic infiltration and portal inflammation.*3® In vitro
studies also revealed that high CYP3A4 activity is a risk
factor for the hepatotoxicity associated with AMD.?” In
1996, Futamura reported that AMD caused an increase in
the production of pro-inflammatory cytokine IL-1e, IL-18
and TNFo from alveolar macrophages.® We also previously
reported that albendazole and structurally similar drugs have

the ability to stimulate the release of IL-8 and TNFa.
However, the structurally and pharmaceutically similar drug
praziquantel, for which no case of symptomatic hepatic
injury has ever been seen so far, had no effects on the
cytokine release in THP-1 cells.?? Therefore, we consider
that the activation of immune responses in AMD-treated
THP-1 cells is not related to the pharmacological activities.
The concentration of AMD in human plasma has been
reported to range from 0.65 to 5.7pM in the clinical
situation.> Because the serum binding ratio of AMD has
been reported to be 96%,*” the unbound AMD concen-
trations were calculated to be 0.03 to 0.23 pM. It has been
reported that AMD is highly accumulated in the liver
because of the high lipophilicity.*” The total concentration
of AMD in the liver has been reported to range from 7.1 to
1580.6 uM in postmortem and biopsy sampies.“"ﬂ’ There-
fore, it is difficult to predict the plasma concentration of
AMD in human in DILI conditions. Further study is
necessary to clarify whether CYP3A4 affects the in vivo
immune responses caused by the orally administered AMD.

DEA and DiDEA are biotransformed from AMD and
DEA by CYP3A4, respectively. The serum concentration
of DiDEA was about 30 times lower than that of AMD
in humans,*® which supports our data (Tables 2 and 3).
Moreover, we previously reported that DEA exhibited more
potent inhibitory effects on human CYP activities than did
AMD.*® Regarding DiDEA, Latini et al.*” reported that
the concentrations of DiDEA in the myocardium of a dog
model receiving AMD orally were 80- to 190-fold higher
than that in plasma. This behavior was very similar to
that of DEA: 80- to 228-fold. In the same dogs, the
accamulation of AMD in heart tissue was much more
modest: 17.7- to 75-fold higher than in plasma. These data
indicated that both CYP3A4-dependent metabolites can
more readily bind to cellular protein than AMD itself.
Although the chemical structure of the active metabolite
was not identified, this reactivity is thought to cause direct
toxicity, and also provides an activating signal to THP-1
cells. The hepatic concentration of DiDEA in humans was
never reported, and DiDEA is not available for research.
However, further investigation to evaluate the ability of
DiDEA to stimulate the immune responses separately would
be interesting.

In conclusion, we first revealed that AMD and DEA
were metabolically activated by CYP3A4, resulting in the
upregulation of CD54 expression and IL-8 and TNFu release
from THP-1 cells. It is suggested that metabolic activation of
AMD elicits the inflammatory response in monocytes and
macrophages, which might partially contribute to immune-
mediated liver injury. Moreover, we constructed a cell-
based system for investigating the immune response by drugs
including metabolic activation. This assay system is useful
for assessing the metabolic activation by CYPs or HLM and
may be beneficial for predicting risks for immune-mediated
liver injury by drugs in preclinical drug development.
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ABSTRACT:

Glucuronidation is a major detoxification pathway of drugs and
xenobiotics that are catalyzed by the UDP-glucuronosyitrans-
ferase (UGT) superfamily. Determination of the protein levels of the
individual UGT isoforms in human tissues is required for the suc-
cessful extrapolation of in vitro metabolic data to in vivo clearance.
Most previous studies evaluating UGT isoform expression were
limited to the mRNA level because of the high degree of amino acid
sequence homology between UGT isoforms that has hampered the
availability of isoform-specific antibodies. In this study, we gener-
ated a peptide-specific monoclonal antibody against human
UGT1A9. We demonstrated that this antibody does not cross-react
with the other UGT1A isoforms including UGT1A7, UGT1A8, and
UGT1A10 and shows a high degree of amino acid sequence simi-
larity with UGT1AS. Using this antibody, we found that UGT1AS

protein is expressed in the kidney and the liver but not in the
jejunum or the ileum, consistent with previous reports of mRNA
expression. in a panel of 20 individual human livers, the UGT1A®
protein levels exhibited 9-fold variability. It is noteworthy that the
relative UGT1A9 protein levels were not correlated with the
UGT1A% mRNA level {r = —0.13), like other UGT isoforms reported
previously, suggesting the importance of evaluating UGT isoform
expression at protein levels. In conclusion, we generated a specific
monoclonal antibody against UGT1A9 and evaluated the distribu-
tion and relative expression levels of the UGT1A@ protein in human
tissues. This antibedy may serve as a useful tool for further studies
of UGT1A9 to evaluate its physiological, pharmacological, and
toxicological roles in human tissues.

Introduction

UDP-glucuronosyltransferases (UGTs) are a family of phase II
drug-metabolizing enzymes that play key roles in the metabolism of
endogenous and exogenous compounds. UGTs mediate the transfer of
glucuronic acid from UDP-glucuronic acid to hydrophobic com-
pounds, facilitating their elimination via bile and urine. Whereas
glucuronidation usually inactivates biologically active molecules,
there are exceptions, such as morphine and retinoic acids, which are
converted to pharmacologically active glucuronides (Shimomura et
al., 1971; Formelli et al., 1996).

Human UGTs are classified by evolutionary divergence into three
subfamilies, including UGT1A, UGT2A, and UGT2B (Mackenzie et
al., 2005). The human UGTIA gene cluster is Jocated on chromosome
2q37 and contains multiple unique first exons, as well as the con-~
served exons 2 to 5, which can give rise to nine kinds of functional
UGTLA isoforms, including UGT1Al, UGT1A3, UGT1A4,
UGT1AS, UGT1A6, UGT1A7, UGT1A8, UGT1A9, and UGT1A10
(Gong et al., 2001). Among them, UGT1A1, UGTI1A3, UGT1A4,
UGT1A6, and UGT1A9 are expressed in liver, whereas UGT1A7,
UGT1AS, and UGT1A10 are predominantly expressed in the gastro-

Article, publication date, and citation information can be found at
http://dmd.aspetjournals.org.
hitp://dx.doi.org/10.1124/dmd.112.045625.

intestinal’ tract (Strassburg et al., 1997, 2000). In these tissues, UGT
enzymes are induced by various endogenous and exogenous com-
pounds (Sutherland et al., 1993; Mackenzie et al., 2003). Genetic
polymorphisms have been reported for most human UGT genes (Guil-
lemette, 2003). These features would be the possible reasons for
interindividual variability of expression level and enzymatic activity,
which may be associated with the interindividual variability of drug
efficacy and toxicity.

Varjability of UGT expression can be evaluated by measuring
enzyme activity in vitro using specific substrates. However, substrates
that are specifically metabolized by a single UGT isoform are limited
because of the broad and overlapping substrate specificities of UGTs.
Inappropriate selection of substrates may lead to misevaluation. An
alternative approach is to measure mRNA levels of individual UGT
isoforms. Indeed, earlier studies evaluated the interindividual differ-
ence in the expression or tissue distribution of UGT isoforms at the
mRNA level (Strassburg et al., 2000; Izukawa et al., 2009; Ohno and
Nakajin, 2009). However, we and other research groups reported that
certain individual UGT mRNA levels correlate poorly with their
respective protein levels (Izukawa et al., 2009; Ohtsuki et al., 2012).
Therefore, it should be noted that the mRNA levels might not neces-
sarily reflect the actual UGT protein levels. Immunochemical tech-
niques are the most conventional approaches for the assessment of

ABBREVIATIONS: UGT, UDP-glucuronosyltransferase; HEK, human embryonic kidney; Endo H, endoglycosidase H; PNGase F, peptide:N-
glycosidase F; HNF, hepatocyte nuclear factor; PAGE, polyacrylamide gel electrophoresis; HLM, human liver microsomes; miRNA, microRNA.
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protein levels. However, this approach is limited by the specificity of
available antibodies. At present, specific antibodies for human UGT
isoforms are only commercially available for UGT1A1 and UGT1AG6.
Antibodies against UGT1A4 and UGT1A9 are also available for
purchase, but their specificity is not guaranteed. Because UGT1A9
exhibits as high as 88 to 94% amino acid homology with UGT1A7,
UGT1A8, and UGT1A10, it is a great challenge to generate a specific
antibody against UGT1A9. Indeed, the antibody against UGT1A9
prepared by Girard et al. (2004) exhibits cross-reactivity against
UGTI1A7, UGT1AS8, and UGT1A10. In this study, we generated a
highly specific monoclonal antibody against human UGT1AS9 to eval-
uate the variability of UGT1A9 protein levels in a panel of human
liver samples by Western blot analysis.

Materials and Methods

Materials. Recombinant human UGT1Al, UGT1A3, UGT1A4, UGT1AS6,
UGT1A7, UGT1A8, UGT1A9, and UGT1A10 expressed in baculovirus-in-
fected insect cells (Supersomes) and human liver microsomes (a pooled
sample, n = 50) were purchased from BD Gentest (Woburn, MA). Human
kidney microsomes (a pooled sample, n = 6, as well as three individual
donors), human jejunum microsomes (a pooled sample, n = 10), and human
ileum microsomes (a pooled sample, n = 4) were purchased from Tissue
Transformation Technologies (Edison, NJ). Human liver samples from 14
individual donors were supplied by the National Disease Research Interchange
(Philadelphia, PA) through the Human and Animal Bridging Research Orga-
nization (Chiba, Japan), and those from 6 Japanese donors were obtained from
autopsy materials that were discarded after pathological investigation (Izukawa
et al., 2009). Microsomes were prepared as described previously (Tabata et al.,
2004). The use of the human livers was approved by the ethics committees of
Kanazawa University (Kanazawa, Japan) and Iwate Medical University (Mo-
rioka, Japan). A human embryonic kidney-derived cell line (HEK293) stably
expressing UGT1A9 was established previously in our laboratory (Fujiwara et
al., 2007). A human hepatocellular carcinoma cell line (HepG2), an immor-
talized human kidney tubular epithelial cell line (HK-2), and a human breast
adenocarcinoma cell line (MCF-7) were obtained from American Type Culture
Collection (Manassas, VA) and culitured as described previously (Nakamura et
al., 2008). Endoglycosidase H (Endo H) and peptide:N-glycosidase F (PNGase
F) were purchased from New England Biolabs (Ipswich, MA). A goat anti-
human hepatocyte nuclear factor (HNF) la (C-19) polyclonal antibody and
mouse anti-f3-actin monoclonal antibody (C-14) were purchased from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA). All the other reagents were of the
highest grade commercially available.

Preparation of Monoclonal Antibody against UGT1ASY. The selection of
antigenic peptide, peptide synthesis, and keyhole limpet hemocyanin conjuga-
tion was performed by Biogate (Gifu, Japan). Hydrophilicity, secondary struc-
ture, surface probability, and antigenicity were considered in the designation of
the antigenic peptide sequence as follows. The hydrophilicity was evaluated by
the method of Hopp and Woods (1981). The secondary structure was evaluated
by the method of Chou and Fasman (1974) and the method of Robson (Garnier
et al., 1978) using GENETYX-MAC software (Software Development, Tokyo,
Japan). The surface probability was evaluated by the method of Emini et al.
(1985). Antigenicity was evaluated by the method of Welling et al. (1985) and
the method of Parker et al. (1986) using original software. The designed
peptide sequence was subjected to BLASTP search (http://www.ncbi.nlm.ni-
h.gov/blast/) to screen its homology with known protein sequences. Based on
these evaluations, the sequence, DREFKAFAHAQWKAQVRSIYSLLMG-
SYNDIFD, which corresponds to the residues 87 to 118 of UGT1A9, was
raised as a candidate peptide. At the N terminus of the synthesized peptide, a
cysteine residue was added to facilitate conjugation to the carrier protein,
keyhole limpet hemocyanin. The mouse monoclonal antibody against the
peptide was prepared by CLEA Japan (Tokyo, Japan) using a standard proto-
col. The hybridomas producing the antibodies were screened by enzyme-linked
immunosorbent assay with the synthesized peptide. Reactivity and specificity
of antibody clones were evaluated by Western blotting as described below. A
clone that specifically reacted with UGT1A9 was expanded by intraperitoneal
injection into mineral oil-primed mice. Monoclonal antibodies from mouse
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ascitic fluids were partially purified by precipitation with 33% ammonium
sulfate.

SDS-PAGE and Western Blot Amalysis. For the analysis of UGT1A9,
UGT Supersomes (2.5 pg), total cell homogenates from HEK293 cells ex-
pressing UGT1A9 (40 pg), or microsomes from human tissues (15 pg), mouse
or rat liver, and human cell lines (30 pg) were separated by 10% SDS-PAGE
and transferred to Protran nitrocellulose membranes (Whatman GmbH, Dassel,
Germany). The quantity of protein loaded onto gels was decided to be in the
range showing linearity. In some cases, human liver microsomes or recombi-
nant UGT1A9 proteins were treated with Endo H, which cleaves the bond
between two N-acetylglucosamines directly proximal to the asparagine residue,
or PNGase F, which cleaves the bond between asparagine and the N-acetylg-
lucosamine residue. The enzyme sources were adjusted to a 2 mg/ml protein
concentration with a denaturing buffer containing a final concentration of 0.5%
SDS and 40 mM dithiothreitol and subsequently were denatured at 95°C for 10
min. An aliquot [2.5 pg of UGT1A9 Supersomes, 40 pg of UGT1A9 ex-
pressed in HEK293 cells, and 30 pg of human liver microsomes (HLM)] was
incubated with 250 U of Endo H in 50 mM sodium citrate buffer (pH 5.5) or
500 U of PNGase F in 50 mM sodium phosphate buffer (pH 7.5) containing
1% NP-40 at 37°C for 1 h.

For the analysis of HNFle, 50 pg of human liver homogenates were
separated by 7.5% SDS-PAGE and transferred to a polyvinylidene difluoride
Immobilon-P membrane (Millipore Corporation, Billerica, MA). For the anal-
ysis of B-actin, 10 pg of human liver microsomes or homogenates were
separated by 7.5% SDS-PAGE and transferred to polyvinylidene difluoride
membranes.

After incubation in Odyssey blocking buffer (LI-COR Biosciences, Lincoln,
NE) for 1 h, the membranes were probed with either 1:500 diluted anti-
UGTI1A9 antibody, 1:200 diluted anti-HNFle antibody, or 1:200 diluted
anti-B-actin antibody for 3 h followed by incubation with the corresponding
fluorescent dye-conjugated secondary antibodies. The UGT1A9 or HNFla
protein levels in individual human liver samples were normalized with B-actin
protein levels. The band densities were quantified with the Odyssey Infrared
Imaging system (LI-COR Biosciences).

Propofol O-Glucurenosyltransferase Activity, The activity was deter-
mined as described previously (Fujiwara et al., 2007) with a substrate concen-
tration of 500 pM.

Statistical Analyses. Correlation analyses were performed by the Pearson
product-moment method. Differences between groups were determined by
analysis of variance followed by the Tukey multiple comparison test. p < 0.05
was considered statistically significant.

Results

Selection of a Peptide Antigen to Generate UGT1A9 Antibody.
Initially, preparation of a mouse monoclonal antibody against
UGT1A9 was attempted using a histidine-tagged full-length UGT1A9
protein as an antigen. However, all of the resulting antibody clones
(30 clones) cross-reacted with other UGT1A isoforms (data not
shown). The full-length amino acid sequence of UGT1A9 exhibits
homology with UGT1A7, UGT1AS8, and UGT1A10 in excess of 88%
(Table 1). Therefore, we next sought to prepare the monoclonal
antibody using a UGT1A9 peptide as an antigen. Although peptides
ranging from 10 to 20 amino acid residues in length are generally used
for antigens, we used a relatively longer peptide, expecting that it
could recognize three-dimensional structure. Residues 87 to 118 of
UGT1A9 (32 amino acids) were selected as an antigen; this peptide
sequence is contained within the longer peptide antigen (82 amino
acids, residues 61--142) used by Girard et al. (2004) (Table 1). The
amino acid homology of the two different antigenic peptides with the
corresponding residues of UGT1A7, UGT1AS, and UGT1A10 was 59
t0 63% (32-residue peptide) versus 80% (82-residue peptide). Thus,
the peptide comprising the 87 to 118 amino acid residues of UGT1A9
was used as an antigen.

Specificity of the Prepared Amtibody against UGT1A9. The
specificity of the 40 candidate antibody clones was evaluated by
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TABLE 1
Sequence alignment around the candidate peptide of UGTIA9 as an antigen with the other UGTIAs

Multiple sequence alignment was performed using the ClustalW2 program (hitp://www .ebi.ac.uk/Tools/msa/clustalw2/)y for amino acid residues 61 to 142 of UGT1A9, which were used as an antigen by Girard et al. (2004). Amino acids that are

identical with those of UGTIAY are in bold type. The peptide comprising amino acid residues 87 to 118 that was used as antigen in this study is in italic type.

Identity with UGT1A9 (%)

Full-Length

61-142

87-118

Sequence

Accession No.

Isoform

24
20
17
18
29
80
80

12
9
9
6

12

59

63

63 DASLY IRDGAFYTLETYPVPFQREDVKESFVSLGHNVFE~ ~-NDEFLQRVIKT¥ KK IKKDSAMLLSGCSHLLHNKELMASLABSSF, o
s EVNMHIKEENFFTLTTYAISWIQDEFDRHVLGETQLYFE~ ~TEHF LKKFFRSMAMLNNMSLVYHRSCVELLHNEALIRHLNATSF, , o
s EVNMHIRKEEKFFPLTAYAVPWIQKEFDRVTLGYTQGFFE - -TEHLLKRY SREMAIMNNVSLALHRCCVELLHNEALIRHLNATSE, ,
s EVNMY IKEENFFTLTTYAISWTQDEFDRLLLGHTQSFFE~ -TEHLLMKF SRRMATMNNMSL I THRSCVELLHNEAL IRHLHATSF, , ¢
62 BVNLLLKESKYYTRRKIYPVPYDOEELKNRYQSFGNNHF ~ ~AERSFLTAPQTEYRNNMIVIGLYFINCOSLLODRDTLNFFKESKE , ,
61 EVSWQLORSLNCTVRTYSTSYTLEDLDREFKAFAHAQWRAQVRS I Y SLEMESYND~ ~ ~ L FDLFFSNCRSLFKDKRLVEYLKESSF, ,

61 EVEWQLGRSLNCTVRTYSTSYTLEDODREFMVFADARWTAPLRSAFSLLTSSSNG - ~ - IFDLFFSNCRSLFNDRRLVEYLKESCE, ,
51 BVSWQLEK SLNCTVRTY STSYTLEDLDREFMDFADAQWRAQVRSLF SLFLSSSNG - ~ - FFNLFFSHCRSLFNDRRLVEYLKESSF,

j=3 o~
[ 2] <t
SEEEREEN
SRR
<<4%42<323
|l ol ol voll ol ol el )
[CRCRORLR RG]
DDQDDD%%

80 88

63

61 BEVSWQLERSLNCTVRTYSTSYTLEDONREFMVFAHAQWKAQAQSIFSLLMSSSSG- ~ ~-FLDLFFSHCRSLFNDRRLVEYLKESSF .,

AAB81537

UGT1A10
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Western blot analysis using a panel of recombinant human UGT1A
isoforms. Of the 40 clones, 5 reacted with UGT1A9 without cross-
reacting with the other UGT1A isoforms (data not shown), from
which the clone exhibiting the highest reactivity was selected for
expansion and antibody production. The specificity of the purified
antibody was then confirmed (Fig. 1A). Next, we investigated whether
the antibody reacted with UGTs in human, mouse, and rat liver
microsomes (Fig. 1B). The mouse Ugtla9, Ugtla7c, and Ugtlal0
exhibit 77 to 78% amino acid sequence homology with human
UGT1AS9 (Table 2). In rat, the Ugtla9 gene is a pseudogene, whereas
Ugtla7, Ugtla8, and Ugtlal0, which are functional proteins, exhibit
76 to 79% amino acid homology with human UGT1A9. As shown in
Fig. 1B, a clear single band was observed only with human liver
microsomes, suggesting that the antibody does not react with any Ugt
in mouse and rat livers.

Reactivity of the Antibody toward Glycosylated or Deglycosy-
lated UGT1AY. We previously reported that UGT1A9 is glycosylated
at three asparagine residues at position 71, 292, and 344 (Nakajima et
al., 2010). Three bands observed in UGT1A9 Supersomes (Fig. 1A)
would represent differently glycosylated species of UGT1A9, because
none of them were observed in the other UGT1A Supersomes. We
investigated whether the antibody could recognize both glycosylated
and deglycosylated or unglycosylated UGT1A9. When the UGT1A9
Supersomes were treated with Endo H, the upper two bands observed
in the nontreated sample disappeared, and a band with higher mobility
was observed. The demsity of the faster migrating band appeared
higher than that of the sum of the upper two bands (Fig. 1C, left). The
fastest migrating band in the nontreated sample might be the glyco-
sylated form that is tolerable to Endo H or other post-translationally
modified form. The recombinant UGT1A9 stably expressed in
HEK293 cells also showed three bands (Fig. 1C, left), but the upper
two bands would be nonspecific bands because they were observed in
homogenates from mock HEK293 cells too (data not shown). The
difference in the band patterns between UGT1A9 Supersomes and
UGT1A9 in HEK293 cells might reflect the differences in the extent
of glycosylation and/or size of the glycan in insect or mammalian
cells. When the recombinant UGT1A9 in HEK293 cells was treated
with Endo H, the fastest migrating band was clearly shifted (Fig. 1C,
Ieft). The band density was higher than that in the nontreated sample.
As for HLM, the mobility of UGT1A9 was similar to that of UGT1A9
expressed in HEK293 cells, and UGT1A9 in HLM appeared to show
some tolerance to Endo H. Next, we used PNGase F, which can cleave
Endo H-resistant N-glycans (probably N-glycans from which two
mannose subunits are removed by Golgi -mannosidase II). By the
treatment of HLM with PNGase F, only a band with faster mobility
was observed, indicating that the upper band observed in Endo H-
treated HL.M would be the Endo H-resistant glycosylated UGT1A9
(Fig. 1C, right). In the cases of UGT1A9 Supersomes and UGT1A9 in
HEK?293 cells, the results with PNGase F treatment were the same as
those with Endo H treatment. It is interesting that the deglycosylated
UGT1A9 in UGT1A9 Supersomes and UGT1A9 in HEK?293 cells and
HLM differently migrated, although it is still unclear whether other
post-translational modifications such as phosphorylation may be in-
volved. Taken together, these results suggest that the antibody can
recognize UGT1A9 regardless of glycosylation status, although the
reactivity seems to be enhanced for unglycosylated UGT1AS9.

UGT1A9Y Protein Expression in Fiuman Tissues. Previous stud-
es reported that UGT1A9 mRNA is predominantly expressed in the
liver and the kidney, and, to a much lesser extent, in adrenal, colon,
small intestine, esophagus, testis, and bladder tissues (Nakamura et
al., 2008; Ohno and Nakajin, 2009). We obtained microsomes from
human liver, kidney, jejunum, and ileum, which we subjected to
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TABLE 2

Sequence alignment of the candidate peptide of human UGTIAS as an antigen with highly similar rodent Ugtla isoforms

Mrttink 1

was performed using the ClustalW2 program (hitp://www.ebi.ac.uk/Tools/msa/clustaiw2/) for amino acid residues 87 to 118 and those of the comesponding

region of rodent Ugtla isoforms. Amino acids that are identical with those of UGTIASY are in bold type.

Identity with UGT1A9 (%)
Isoform Accession No. Sequence
87-118 Full-Length

Human UGT1A9 NP_066307 &, DREFKAFAHAQWKAQVRS - IYSLLMGSYNDIFD, .
Mouse UgtlaTe AAPARS98 - NREFKISIDAQWRSQQEGGILPLLDSPAKGFFE, 40 71
Mouse Ugtla9 AAPA8599 osDREFKYLSYTOWKTPEHS - IRSFLTGSARGFFE, 47 78
Mouse Ugtlal0 AAP48600 2, DREFRYFTYTQURTPEQS-IRSFMTGSARGFFE, , . 47 78
Rat Ugtla7 AAR95635 - NREFKFFIDSOWKTQOEGGVLPLLTSPAQGFFE, 4 36 77
Rat Ugt1a8 AAR95636 &, NYHFRFFAHNQWKTOEVG-MFSLLEKHSCGKGFFE, ;4 44 79
Rat Ugtlal0 AARS5630 o7 DREFKHF SYTQWRTPEQS-MYSLITGSVKDFLE, , , 50 76

Western blot analysis. As shown in Fig. 1D, high expression of
UGT1A9 protein was detected in the kidney, followed by the liver,
but negligible expression was observed in the jejunum and the ileum,
consistent with the previously reported mRINA expression profiles. To
investigate whether UGT1A9 expression is generally higher in the
kidney than in the liver, liver and kidney microsomes obtained from
three individuals were subjected to Western blot analysis. We found
that the relative UGT1A9 protein levels are approximately 3 to 16
times higher in the kidney than in the liver.

UGTI1A? Protein Expression in Human Cell Lines. We previ-
ously reported that UGT1A9 is detectable at the mRNA level in
human cell lines, including HepG2, HK-2, and MCF-7 (Nakamura et
al., 2008), for which reproducibility was confirmed by quantitative
real-time reverse transcriptase-polymerase chain reaction (data not
shown). However, to date, there has been no reported gquantitation of
UGT1A9 at the protein level in human cell lines using an isoform-
specific antibody. We investigated whether UGT1A9 protein could be
detected in HepG2, HK-2, and MCF-7 cell lines using the antibody
that we generated. When the microsomes from these cell lines were
subjected to Western blot analysis, no band was observed, which is
probably attributed to low UGT1A9 expression levels in these cells
(Fig. 1E).

Normalized Activities of UGT1A9 in Recombinant Systems and
Human Tissue Microsemes, The prepared specific antibody against
UGT1AS9 enabled us to determine the normalized activities per unit of

UGT1A9 in recombinant systems and human tissue microsomes. We
determined the relative expression levels of UGT1A9 protein in
UGT1A9 Supersomes and recombinant UGT1A9 stably expressed in
HEK?293 cells, HLM, and human kidney microsomes as 59 + 7.7,
1.0 £ 0.0, 5.6 = 0.8, and 11.6 = 0.7 units/ug protein, respectively
(Fig. 2A). The propofol O-glucuronidation activities in these enzyme
sources were 4598 = 309, 400 = 98, 3275 % 99, and 6418 * 635
pmol - min~! - mg protein”?, respectively (Fig. 2B). Accordingly, it
was demonstrated that the normalized activities per vnit of UGT1A9
in UGT1A9 Supersomes and recombinant UGT1A9 in HEK293 cells
were 7- and 1.4-fold, respectively, lower than those in human tissue
microsomes (Fig. 2C).

Expression Levels of UGTIA9 Protein in Individual Human
Livers and the Correlation of Protein with mRNA Levels and
Enzymatic Activity. We assessed the relative expression levels of
UGT1A9 protein in a panel of 20 human liver microsomes and found
a 9-fold interindividual variability (Fig. 3A). The UGT1A9 protein
level normalized with B-actin seems to be higher in Japanese than in
other ethnic groups. However, it may be due to a lower B-actin level
in Japanese than in the other ethnic groups. To draw a definitive
conclusion for the ethnic difference, analysis with a larger sample size
is necessary. The UGT1AQ9 protein levels were moderately correlated
(r = 0.48, p < 0.05) with propofol O-glucuronosyltransferase activity
(Fig. 3B). However, the UGT1A9 protein levels were not correlated
(r = —0.13) with the UGT1A9 mRNA levels that were determined in
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Fic. 2. UGTIAD protein expression and
propofol O-glucuronidation in recombinant
UGT1A9 expression systemss and haman
tissue microsomes. A, Western blot analy-
sis of UGT1A9 protein in UGT1A9 Super-
somes (2.5 pg) and recombinant UGT1A9
stably expressed in HEK293 (40 pg), HLM
(15 pg). and human kidney microsomes
(HEM) (15 pg). The values shown in the
membrane indicate the expression level of
UGTIAY expressed as units of UGT1A9
per microgram of protein. Data are the

(pmol/min/mg protein)

Propofol ()-glhucuronidation
(pot/min/unit of UGT1A9)

Propofol O-glucuronidation

UGTIAY UGT1A9 .
Supersomes in HEK293 HLM

HKM

our previous study (Fig. 30), exhibiting a 150-fold variability (Izu-
kawa et al., 2009). Previous studies (Aueviriyavit et al, 2007;
Ramirez et al., 2008) reporied that HNF1a and HNF4a mRNA levels
were strongly correlated with UGT1A9 mRNA levels in a panel of
human Livers, which is consistent with the finding that HNFla and
HNF4« contribute to the regulation of UGT1A9 (Barbier et al., 2005;
Gardner-Stephen and Mackenzie, 2007). However, the HNF protein
levels rather than mRNA level should be considered. Thus, we inves-
tigated whether the HNF1a and HNF4a protein levels are correlated
with the UGT1A9 mRNA or protein levels. We found that the HNFio
protein levels were significantly correlated with the UGT1A9 mRNA
levels (r = 0.52, p < 0.05) but not with the UGT1AS protein levels
(r = —0.24, not significant) (Fig. 3, D and E). These data suggest that
whereas HNFla may regulate UGT1A9 at the transcriptional level,
UGT1ADY protein levels are being regulated at the post-transcriptional
level. Unfortunately, we could not assess the HNF4a protein levels

because of an insufficient dynamic range of the antibody used {data
not shown).

Discussion

Human UGT1A9 is one of the physiologically and pharmacologi-
cally important UGT1A isoforms, metabolizing a wide spectrum of
substrates including bulky phenols, dietary constituents, steroids, and
faity acids, as well as currently prescribed drugs including anticancer
agents, fibrates, nonsteroidal anti-inflammatory drugs and antiarthyth-
mic agents (Ritter, 2000). Human UGT1A9 mRNA was found to be
predominantly expressed in liver and kidney and to 2 lesser extent in
esophagus, small intestine, colon, adrenal gland, and bladder (Naka-
mura et al., 2008; Ohno and Nakajin, 2009). However, further infor-
mation regarding UGT1A9 protein has been limited by the lack of a
specific antibody against UGT1A9. Although there were previous
attempts to generate specific antibodies against UGT1A9 (Girard et
al., 2004; Tushiro et al., 2006), the antibodies recognized other

means * S.D. of quadruplicate determina-
tions. The arrowhead and asterisk represent
UGT1AY and the nonspecific band, respec-
tively. B and C, propofol O-glucuronida-
tion activity in these enzyme sources ex-
pressed as picomoles per minute per
milligram of protein (B) and picomoles per
minute per unit of UGT1A9 protein (C).
Columns represent the means + S.D. of
triplicate determinations. =%, p < §.01; %=,
p < 0.001, compared with HLM: 1, p <
0.01; §71, p < 0.001, compared with HKM.
M, marker.

UGTIA9  UGTIA9
Supersomes in HEK293 HLM

HKM

UGT1A isoforms such as UGT1A6 (Tkushiro et al., 2006), UGT1A7,
UGT1AS, and UGT1A10 (Girard et al., 2004). Furthermore, when we
evaluated the specificity of commerciaily available antibodies against
UGT1A9 (Abcam, Cambridge, UK; Abnova, Taipei, Taiwan), we
observed that these antibodies cross-reacted with other UGTIA iso-
forms (8. Oda and M. Nakajima, unpublished data). This background
prompted us {o prepare a specific antibody against human UGT1AY.
We used a peptide containing the amino acid residues 87 to 118 of
UGT1A9 as an antigen. Although this peptide is relatively longer than
those generally used as antigens, it is shorter than the peptide antigen
used by Girard et al. (2004) that contained UGT1A9 amino acid
residues 61 to 142. Here, we report the first successful generation of
an antibody that specifically recognizes UGT1A9.

Upon Western blotting using the prepared antibody, we confirmed
that there was no aggregated UGT1A9 at the interface between the
upper and lower gels or the bottom of the wells in any enzyme source
(data not shown). The expression level of UGT1 A9 protein was found
to be highest in the kidney, followed by the liver, but was negligible
in jejunum and ileum (Fig. 1D), consistent with previously reported
mRNA data (Nakamura et al., 2008; Chno and Nakajin, 2009).
Although the kidney plays a role in the excretion of polar xenobiotics
and metabolites, increasing evidence reveals that the kidoey signifi-
canily coniributes to metabolic clearance of therapeutic drugs, such as
nonsteroidal anti-inflammatory drags, propofol, and mycophenolic
acid, and to the maintenance of renal homeostasis through inactivating
mediators, such as prostaglandins, leukotrienes, epoxyeicosatrienoic
acids, and hydroxyeicosatetraenoic acids (Knights and Miners, 2010).
Because these drugs or endobiotics are known to be substrates of
UGT1A9 (Knights and Miners, 2010), it has been speculated that
UGT1A9 would contribute to their clearance. There has been only one
report of the immunohistochemical detection of UGTI1A (Gaganis et
al., 2007), although the precise isoforms detected remain unknown.
The present study supports the role of UGT1A9 in the kidney, as
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indicated by the substantial expression of UGT1A9 protein detected
by Western blotting. The antibody that we prepared will be useful for
future immunohistochemical studies of UGTIAS9.

An interesting finding using the prepared antibody was that the
normalized activities of UGT1A9 in recombinant systems were un-
ambiguously lower than those in human tissue microsomes (Fig. 2).
This might be atiributable to the differences in membrane circum-
stance including lipid components and/or post-translational modifica-
tion between recombinant systems and human tissue microsomes.
Another possible explanation is the presence of other UGT isoforms
in human tissue microsomes. Previous studies (Fujiwara et al., 2007,
2010) demonsirated that the coexpression of another UGT isoform
increases the UGT1A9-catalyzed propofol O-glucuronidation in
HEK293 cells. Apart from these reasons, it is notable that the activ-
ities of recombinant UGTs do not directly and quantitatively mirror

the actual UGT activities in human tissues. In this regard, the relative
activity factor approach (Crespi and Miller, 1999), which uses the
ratio of activity of tissue microsomes and recombinant enzymes,
would be useful to estimate the contributions of individual UGTs to a
given metabolic pathway in tissue microsomes, as recent studies
reported (Kato et al.. 2012; Zhu et al., 2012).

We fonnd moderate interindividual variability (9-fold) of hepatic
UGT1A9 expression at the protein level (Fig. 3). Several studies have
sought to uncover the underlying mechanisms of the variability in the
UGTI1AS expression, with particular focus on cis- or trans-acting
factors. As cis-acting factors, genetic polymorphisms can be raised.
The —275 T>A and —2152 C>T alleles, which are linked 1o each
other, have been shown to be associated with higher hepatic UGT1A9
protein expression and increased rates of propofol and mycophenolic
acid glucuronidation (Girard et al., 2004). In addition, homozygotes
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for the intronic single nucleotide polymorphism at position JVSI
+399C>T have been shown to exhibit higher (1.3-fold) hepatic
UGT1A9 protein levels (Girard et al, 2006). In these studies,
UGT1A9 protein was assessed using the UGT1A7-10 antibody. The
fact that UGT1A7, UGT1AS8, and UGT1A10 are not expressed in
liver made such studies possible. In contrast, our antibody would be
applicable for the evaluation of the effects of this single nucleotide
polymorphism on UGT1A9 expression in exirahepatic tissues ex-
pressing UGTIA9 and the closely related isoforms UGTIA7,
UGT1A8, and UGT1A10, such as kidney and adrenal tissues (Chno
and Nakajin, 2009). As frans-acting factors, transcription factors can
be raised. It has been reported that HNFle and HNF4« positively
regulate the expression of UGT1A9 (Barbier et al., 2005; Gardner-
Stephen and Mackenzie, 2007). A significant positive correlation
between these factors and UGT1A9 at the mRNA level in human
livers has been reported (Aueviriyavit et al., 2007; Ramirez et al.,
2008). Beyond these reports, we demonstrated that HNFla protein
levels are significantly comrelated with UGT1AS mRNA levels (Fig.
3D). However, HNFlo protein levels were not comelated with
UGTIA9 protein levels (Fig. 3E), becanse we did not detect any
correlation between the UGT1A9 mRNA and protein levels (Fig. 3C).
Lack of correlation between the mRNA and protein levels has also
been observed with other UGTs, such as UGT1A4, UGT1ASG, and
UGT2B7 (Izukawa et al., 2009). Therefore, it is reasonable to spec-
ulate that post-transcriptional andfor post-translational regulation
plays a role in UGT protein levels. MicroRNAs (miRNAs) have
recently received considerable atiention as a critical factor of post-
transcriptional regulation. We have reported that some cytochrome
P450 isoforms and transcriptional factors, such as pregnane X recep-
tor, vitamin D receptor, and HNF4« are regulated by miRNAs (Na-
kajima and Yokoi, 2011), implying that miRNAs have a role in
clearance of drugs and endobiotics. It would be of interest to inves-
tigate whether miRNAs may be involved in the regulation of UGTs.
In general, mammalian miRNAs bind to the 3'-untranslated region of
the target mRINA to cause translational repression or mRNA degra-
dation. Because the 3'-untranslated sequences of UGT1As are com-
mon, it is possible that UGT1As may be commonly regulated by the
same miRNA.

The UGT1A9 protein levels in a panel of 20 individual human
livers were moderately ( = 0.48, p < 0.05) correlated with propofol
glucuronidation (Fig. 2B). The moderate correlation was consistent
(r = 0.5, p < 0.0001, n = 48) with the results reported by Girard et
al. (2004). Because we previously demonstrated that UGT enzyme
activity could be modulated through formation of heterodimers with
other UGT isoform (Fujiwara et al., 2007), such modulation might
account for the moderate correlation.

In summary, we generated a specific monoclonal antibody against
haman UGT1AS. By Western blot analysis using this antibody, we
found that human UGT1A9 protein is highly expressed in the kidney
and the liver but not in the jejunum or the ileum, supporting previous
findings at mRNA levels. This antibody can be used to assess tissue
distribution and interindividual variability of UGT1AD9 protein expres-
sion, and such evaluation may promote the understanding of the
physiological, pharmacological, and toxicological role of UGT1A9.
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Drug-induced liver injury (DILI) is a major safety concern in drug development and clinical drug therapy.
However, the underlying mechanism of DILI is little known. It is difficult to predict DIL! in humans due
to the lack of experimental animal models. Diclofenac, a non-steroidal anti-inflammatory drug rarely
causes severe liver injury in human, but there is some evidence for immunoallergic idiosyncratic reac-
tions. In this study, the mechanism of diclofenac-induced liver injury in mice was investigated. First, we
established the dosing condition for liver injury in normal mice. Plasma ALT and AST levels were signifi~
cantly increased in diclofenac-administered (80 mg/kg, i.p.) mice in a dose- and time-dependent manner.
Among several interleukins (ILs) and chemokines, mRNA expression of helper T (Th) 17 cell-mediated
factors, such as retinoid orphan receptor (ROR)-yt, and signal transducers and activators of transcrip-
tion factor (STAT) 3 in the liver, and the plasma IL-17 level were significantly increased. Neutralization
of IL-17 tended to suppress the hepatotoxicity of diclofenac, suggesting that IL-17 was partly involved.
Gadolinium chloride (GdCls ) administration demonstrated that Kupffer cells are not likely to be involved
in diclofenac hepatotoxicity. Hepatic expressions of IL-18 mRNA and plasma IL-1f3 were significantly
increased soon after the diclofenac administration. Then, the results of an in vivo neutralization study of
[L-1P suggested that IL-13 was involved early in the time of pathogenesis of the diclofenac-induced liver
injury. In conclusion, we firstly developed a diclofenac-induced acute liver injury model in normal mice,
and the involvement of [L-17 and IL-1{3 was clarified.

© 2012 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

involvement of a toxic metabolite has been suggested (Purceli et al,,
1991). Diclofenacis metabolized to oxidative metabolites catalyzed

Drug-induced liver injury (DILI) is the most frequent reason for
the withdrawal of a drug from the market and cessation of new
drug development in pharmaceutical companies. Due to their asso-
ciation with significant patient morbidity and mortality, several
drugs have been removed from the pharmaceutical market, includ-
ing bromfenac, ebrotidine, and troglitazone (Holt and Ju, 2006). In
most cases, the mechanisms of the hepatotoxicity are unknown and
predictive experimental animal models are still lacking.

Diclofenac, a nonsteroidal anti-inflammatory drug, causes an
asymptomatic increase of plasma transaminase in approximately
15% of patients, and life-threatening fluminant hepatitis is induced
in a very small percentage of patients (Bhogaraju et al,, 1999). The
molecular mechanisms of liver injury are largely unknown, but the

* Corresponding author at: Drug Metabolism and Toxicology. Faculty of Pharma-
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by CYP2C9 and CYP3A4 (Tang et al., 1999), and these metabolites
have the potential to be further oxidized to quinoneimine inter-
mediates, which might be involved in the hepatocellular stress
caused by diclofenac. On the other hand, there is clinical and exper-
imental evidence that, in some cases, immune-related reactions are
involved in diclofenac-induced liver injury, and the histopatholog-
ical picture suggests hypersensitivity reactions (Boelsterli, 2003).
Furthermore, one study reported that pretreatment of lipopolysac-
charide (LPS) exacerbates diclofenac-hepatotoxicity in rats (Deng
et al, 2006), suggesting that diclofenac-induced liver injury
involves immune responses. However, as of now, the involvement
of immune reactions underlying the severe liver injury induced by
diclofenac remains to be clarified.

Helper T (Th) cell-mediated immune responses play pivotal
roles in the pathogenesis of a variety of human liver disorders (Kita
et al., 2001). The action of Th cells in the liver is mediated through
the release of a variety of cytokines, which target liver cells and/or
immune cells by activating multiple signaling cascades, includ-
ing the signal transducers and activators of transcription factor
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(STAT) family members (Leonard and O'Shea, 1998). Th cells are
subdivided into Th1, Th2, and Th17 subsets by their unique produc-
tion of cytokines and characteristic transcription factors. Th1 cells
require “T-box expressed in T cells” (T-bet) and secrete interferon
(IFN)~y. Th2 celis require GATA-binding domain (GATA)-3 and
produce interleukin (IL)-4 and IL-5. Retinoid-related orphan recep-
tor (ROR)-+yt is indispensable for the differentiation of Th17 cells,
which mainly secret IL-17 (Kidd, 2003; Steinman, 2007; McGeachy
and Cua, 2008). We previously reported that IL-17 is involved in
halothane (Kobayashi et al., 2009) and a-naphthylisothiocyanate
(ANIT)-induced liver injury (Kobayashi et al,, 2010), and the Th2-
mediated cytokine, IL-4, is involved in dicloxacillin-induced liver
injury (Higuchi et al,, 2011), suggesting that the pathogenesis of
DILI involves an altered balance of the Th cells, However, there are
a few reports of mechanistic investigations of immune-mediated
DILL

The release of a variety of inflammatory mediators would
occur in DILL The liver is selectively enriched in Kupffer cells
(KCs), natural killer (NK) cells, and NK cells with T cell recep-
tors (NKT), which are key components of the innate immune
system and develop intracellular networks mediated by cytokine
and chemokine signaling (Racanelli and Rehermann, 2006). Among
them, KCs have been shown to participate in several types of well-
known liver injury, including bile duct ligation (Souto et al,, 2001)
and acute alcoholic liver damage (Enomoto et al,, 2000). However,
the protoxicant versus protective role of KCs during acetaminophen
(APAP)-induced hepatotoxicity has been widely debated (Laskin
et al., 1995). In addition, previous report demonstrated that KC
depletion did not affect the severity of liver injury caused by
halothane (Cheng ef al., 2010). Therefore, the contribution of KC
in DILI is still controversial.

In this study, we first induced diclofenac-induced acute liver
injury in wild-type normal mice, and demonstrated that Th17-
related immunological factors are mainly involved. Furthermore,
the early onset of diclofenac-induced hepatic injury was investi-
gated.

2. Methods
2.1, Chemicals

Diclofenac sodium salt, gadolinium (III) chloride hexahydrate (GdCl3) and con-
canavalin A (Con A) were purchased from Sigma-Aldrich (St. Louis, MO). Ibuprofen
was purchased from Wako Pure Chemicals (Osaka, Japan). Fuji DRI-CHEM slides
of GPT/ALT-PIil and GOT/AST-PIil to measure alanine aminotransferase (ALT) and
aspartate aminotransferase (AST), respectively, were from Fujifilm (Tokyo, Japan).
RNAiso was from Nippon Gene (Tokyo, Japan). ReverTra Ace was from Toyobo
(Tokyo, Japan). Random hexamer and SYBR Premix Ex Taq were from Takara (Osaka,
Japan). All primers were commercially synthesized at Hokkaido System Sciences
{Sapporo, Japan). Rabbit polyclonal antibody against myeloperoxidase (MPO) was
purchased from DAKO (Carpinteria, CA). Monoclonal anti-mouse 1L-17 antibody,
monoclonal anti-mouse IL-13 antibody, rat IgG2a isotype (control for the IL-17
experiment) and rat IgG1 isotype (control for the IL-1f3 experiment) were from R&D
systems (Abingdon, UK). AReady-SET-GO! Mouse Interleukin-17A(IL-17A) enzyme-
linked immunosorbent assay (ELISA) kit and a Ready-SET-GO! Mouse Interleukin-1B
(IL-1$3) ELISA kit were from eBioscience (San Diego, CA). Other chemicals were of
analytical or the highest grade commercially available.

2.2. Diclofenac administration

Female BALB/cCrSic mice (8 weeks old) were obtained from SLC japan (Hama-
matsy, Japan). Mice were housed in a controlled environment (temperature
25+ 1°C, humidity 50+ 10%, and 12 h light/12 h dark cycle) in the institutional ani-
mal facility with access to food and water ad libitum. Animals were acclimatized
before use for the experiments. Diclofenac (dissolved in corn oil, ip.) was admin-
istered to mice in a non-fasting condition. At the indicated time after diclofenac
administration, the animals were sacrificed, and the biood was collected from the
inferior vena cava and the liver from the biggest lobe. A portion of each excised
liver was fixed in 10% formalin neutral buffer solution and used for immunohisto-
chemical staining. The degree of liver injury was assessed by hematoxylin-eosin
(H&E) staining. Infiltration of mononuclear cells was assessed by immunostaining
for myeloperoxidase (MPO). Rabbit polyclonal antibody against MPO was used for

Table 1
Sequences of primers used for real-time RT-PCR analyses.

Target Sequence
mFasL FP 5-AGA AGG AACTGG CAG AAC TC-3’

RP 5-GCG GTT CCA TAT GTG TCT TC-3/
mGATA-3 FP 5'-GGA GGA CIT CCC CAA GAG CA-3"

RP 5'-CAT GCT GGA AGG GTG GTG A-3/
miFN-y FP 5-GGC CAT CAG CAA CAT AAG C-3/

RP 5'-TGG ACC ACT CGG ATG AGC TCA-3/
miL-18 FP 5/-GTT GAC GGA CCC CAA AAG AT-3'

RP 5'-CAC ACA CCA GCA GGT TAT CA-3'
mMCP-1 FP 5'-TGT CAT GCT TCT GGG CCT G-3

RP 5-CCT CTC TCT TGA GCT 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'
mROR~yt FP 5'-ACC TCC ACT GCC AGC TGT GTG CTG TC-3!

RP 5-TCATIT CTG CACTTC TGC ATG TAG ACT GTC CC-3'
mSTAT1 FP 5'-GTT TCA GCT CTG CTC CAT AC-3*

RP 5'-CTG CTG AAG CTC GAA CCA C-3
mSTAT3 FP 5'-TGC AGA GCA GGT ATC TTG AG-3’

RP 5-TGC TGC TTC TCT GTC ACT AC-3/
mSTAT6 FP 5-ATC TTC AAC GAC AAC AGC CTC A-3'

RP 5'-GGA GAA GGCTAG TGA CAT ATT G-3/
mT-bet FP 5'-CAA GTG GGT GCA GTG TGG AAA G-3’

RP 5-TGG AGA GAC TGC AGG ACG ATC-3
mTNFa FP 5'-TGT CTC AGC CTC TICTCATIC C-3/

RP 5'-TGA GGG TCT GGG CCA TAG AAC-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.

immunohistochemical staining of the liver as previously described (Kumada et al.,
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
(AP-111985).

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

RNA from the mouse liver was isolated using RNAiso according to the man-
ufacturer's instructions. The expressions of T-bet, ROR-yt, GATA-3, IFN-y, IL-18,
Fas ligand (FasL), STAT1, STAT3, STATS, tumor necrosis factor (TNF} «, monocyte
chemoattractant protein-1 (MCP-1), and macrophage inflammatory protein (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 ug) and 150 ng random hex-
amer were mixed and incubated at 70°C for 10 min. RNA solution was added to a
reaction mixture containing 100 units of ReverTra Ace, reaction buffer and 0.5 mM
dNTPs in a final volurne of 40 pul. The reaction mixture was incubated at 30°C for
10min, 42°C for 1 h, and heated at 98 °C for 10 min to inactivate the enzyme. The
real-time RT-PCR was performed using the Mx3000 P instrument (Stratagene, La
Jolla, CA). The PCR mixture contained 1 pl of template cDNA, SYBR Premix Ex Taq
solution and 8 pmol of forward and reverse primers. Amplified products were mon-
itored directly by measuring the increase of the dye intensity of the SYBR Green I
{Molecular Probes, Eugene, OR).

2.4. Administration of anti-mouse IL~17 antibody or anti-mouse IL-18 antibody

Anti-mouse IL-17 antibody orratIgG2a isotype control (0.1 mg per mouse in PBS,
i.v.) was administered to mice 6 h after the diclofenac administration (80 mg/kg, i.p.)
in a non-fasting condition. Anti-mouse IL-1p antibody or rat igG1 isotype control
(0.1 mg per mouse in PBS, i.p.) was administered to mice 1 h prior to the diclofenac
administration (80 mg/kg, i.p.) to mice in a nonfasting condition. Twenty-four hours
after the diclofenac administration, the plasma ALT level was measured.

2.5. Measurement of plasma IL-17 and I1-18 levels

The plasma IL-17 and 1L-1P levels were measured by ELISA using a kit according
to the manufacturer’s instructions,

2.6. Kupffer celis depletion

To deplete hepatic KCs, GdCl; (20mg/kg, i.v.) was administered to mice 24 h
prior to diclofenac (80 mg/kg, i.p.) or Con A administration (25 mgjkg in saline, i.v.).
Twenty-four hours after diclofenac administration, the plasma ALT level was mea-
sured. As a positive control, Con A was administered to mice, and the plasma ALT
level was measured 12 b after the Con A administration.
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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. Comparisons between two groups were carried out using two-tailed
Student t-test. p < 0.05 was considered statistically significant.

3. Results

3.1. Dose- and time-dependent hepatotoxic effects of diclofenac
in mice

Diclofenac was administered intraperitoneally at a dose of 50,
80, or 120 mg/kg to female BALB/c mice. Ibuprofen (120 mg/kg) was
used as a negative control. Plasma ALT and AST levels were signif-
icantly increased in mice administered doses of 80 and 120 mg/kg
compared with vehicle-administered control mice (Fig. 1A). No

hepatotoxic effect was observed in ibuprofen-administered mice. -

A dose-dependent increase of ALT and AST was demonstrated at
a dose of 80mg/kg, thus we adapted a dose of 80 mg/kg in the
subsequent experiments. The time-dependent hepatotoxic effect
of diclofenac was investigated at a dose of 80 mg/kg (Fig. 1B). A
slight increase of plasma ALT and AST levels 1 h after the admin-
istration, and a marked increase of the ALT and AST levels 24h
after the administration were observed, which then decreased
after 24 h. Histopathological examination of liver tissues 24 h after
diclofenac administration (80 mg/kg) indicated necrosis and apo-
ptosis (Fig. 1C). In the anti-MPO antibody staining, infiltration
of mononuclear cells into the hepatocytes was observed in the
diclofenac-administered mice, but not in the vehicle-administered
mice.

3.2. Time-dependent changes of the mRNA expression of
immune-related transcriptional factors and immune-related
factors in diclofenac-administered mouse liver

To investigate the involvement of immune-related factors in the
diclofenac-induced hepatotoxicity, the hepatic mRNA expression of
immune-related transcriptional factors of Th cells (T-bet, GATA-3,
ROR-vt, STAT1, STAT3, STAT6) and inflammatory mediators (IL-18,
TNFa, IFN~y, MIP-2, MCP-1, FasL) was measured by real-time RT-
PCR (Figs. 2 and 3). In our previous studies (Higuchi et al,, 2011;
Kobayashi et al., 2010), we confirmed that the expression levels
of mRNA and protein were similar in ILs and chemokines. Thus,
changes of mRNA expression were mainly followed in the present
study, except those of some ILs. The hepatic mRNA expressions of
Th17 cell-related factors, such as ROR-yt and STAT3, were signif-
icantly increased in diclofenac-administered mice compared with
the control mice, whereas the expressions of Th1 cell-related fac-
tors of STAT1 and T-bet were significantly decreased, while Th2
cell-related factors (GATA3 and STAT6) were not changed (Fig. 2).
As shown in Fig. 3, expressions of IL-1@, TNFo, MIP-2, MCP-1, and
FasL mRNA expressions were significantly increased in diclofenac-
administered mice compared with the control mice, whereas IFN-y
expression was significantly decreased 24 h after diclofenac admin-
istration. In particular, IL-1f3 expression was significantly increased
from 3 to 12 hafter the administration and peaked at 3 h, suggesting
that IL-18 might be related to the early onset of diclofenac-induced
liver injury.

3.3. Involvement of IL-17 in diclofenac-induced liver injury

1L-17 is a cytokine, mainly produced by Th17 cells (Nakae et al.,
2003), which can induce inflammatory cytokines and chemokines
{Yao et al., 1995). Plasma IL-17, measured by ELISA, was detected
in mice 24 and 36 h after the diclofenac administration (Fig. 4A),

but not in the control mice. The IL-17 neutralization study demon-
strated that the administration of anfi-mouse IL-17 antibody
(0.1 mg/mouse, i.v.) 6h after diclofenac administration resulted
in lower levels of the plasma ALT compared with that of IgG2a-
treated control mice (Fig. 4B). Plasma IL-17 level in anti-mouse
IL-17 antibody-treated mice was significantly decreased compared
with mice administered diclofenac alone (Fig. 4C).

3.4. Role of KCs in diclofenac-induced liver injury

KCs are known as one of the sources of cytokines and
chemokines in the liver, which suggests that KCs would be involved
in the pathogenesis of diclofenac-induced hepatotoxicity. KCs were
depleted by GdCl; (20 mg/kg, i.v.) treatment 24 h prior to Con A
or diclofenac administration. The dosing condition in this study
enabled us to deplete approximately 75% of hepatic KCs (Xu et al,,
2010), which attenuated Con A-induced hepatitis (Hatano et al.,
2008). In this study, attenuation of the Con A-induced hepatic injury
using GdCl; was demonstrated, but there was no effect on the
diclofenac-induced hepatic injury (Fig. 5), suggesting that KCs are
not likely involved in the pathogenesis of diclofenac-induced liver
injury.

3.5. Involvement of IL-18 in the pathogenesis of
diclofenac-induced liver injury

IL-18 is known as an inflammatory cytokine. In the present
study, among the many ILs and chemokines, IL-18 mRNA increased
early after diclofenac administration, suggesting the involvement
of IL-1B in the early onset of hepatic injury. Plasma IL-1B was
detected by ELISA from 6 to 36h after the administration, and
a marked increase was observed 24h after the administration
(Fig. 6A). To further investigate whether IL-18 was involved in
the diclofenac-induced liver injury, we performed IL-18 neutral-
ization studies. The administration of anti-mouse IL-18 antibody
(100 pg/mouse, ip.} 1h before diclofenac administration signif-
icantly reduced the plasma ALT level at 24h after diclofenac
administration compared with IgG1-treated control mice (Fig. 6B).
Plasma IL-1P level in anti-mouse [L-1@ antibody-treated mice
was significantly decreased compared with mice administered
diclofenac alone (Fig. 6C).

4. Discussion

Diclofenac is known to cause rare but sometime serious hepa-
totoxicity in humans (Bhogaraju et al., 1999), but the mechanism
of diclofenac-induced liver injury remained to be clarified. There
is some evidence suggesting an immune-mediated reaction in
diclofenac-induced hepatic injury in human (Greaves et al., 2001;
Kretz-Rommel and Boelsterli, 1995). However, there was no ani-
mal model that reproduced the diclofenac-induced liver injury.
These lines of background prompted us to investigate the immune-
mediated mechanisms in diclofenac-induced liver injury.

First, we established the dosing condition for diclofenac-
induced acute liver injury in mice. In general, the route of drug
administration in clinical practice is an ideal pathway to develop
an animal model. However, diclofenac is known to cause gas-
trointestinal toxicity {Novartis Pharma Co, 2005). Therefore, we
adapted i.p. administration of diclofenac to avoid gastrointestinal
toxicity, as possible, Previous studies demonstrated that diclofenac
administration (100 mg/kg dissolved in saline, i.p.) caused only a
slight increase in the serum ALT level in rat (Deng et al., 2606).
Acute toxicity study demonstrated that the LDsg value of single
i.p. administration of diclofenac in female mice was 250 mg/kg
(Novartis Pharma Co, 2005). Therefore, in the present study, single
L.p. administration of diclofenac at dose of 50, 80, and 120 mg/kg,
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Fig. 1. Dose- and time-dependent changes of plasma ALT and AST and histopathological examination in the liver of diclofenac-administered mice. (A) Diclofenac (DIC:
50, 80, or 120mg/kg in corn oil, ip.) or ibuprofen (IBU: 120 mg/kg in corn oil, ip.) was administered to mice, and plasma samples were collected for the assessment of
ALT and AST 24 h after the administration. (B) Diclofenac (80 mg/kg, i.p.) was administered to mice and plasma samples were collected 1, 3, 6, 12, 24 and 36 h after the
administration. Data are mean + SD (n=4-5). Significantly different from vehicle-administered control mice (*p <0.05, **p < 0.01). (C) Histopathological examination of the
livers from diclofenac-administered mice. Liver specimens were examined 24 h after the diclofenac administration (80 mgfkg). The liver sections were stained with H&E or
immunostained with anti-MPO antibody. Black arrow indicates apoptotic cells and red arrows indicate necrotic cells.

pharmacoelogical effects may not contribute to the diclofenac hep-
atotoxicity in this model.

which is less than a half of the i.p. LDsg, was adapted. After inves-
tigating many different conditions, we found that administration

of diclofenac 80 mg/kg dissolved in corn oil (i.p.) without fast-
ing condition, reproducibly caused diclofenac-induced acute liver
injury in mice. Ibuprofen, having similar pharmacological proper-
ties as diclofenac, is known to be less hepatotoxic than diclofenac
(Rainsford, 2009). Ibuprofen showed no hepatotoxic effect in
the same dosing condition as diclofenac, suggesting that the

In this study, a relationship between diclofenac-induced liver
injury and immune-related factors was demonstrated. The admin-
istration of diclofenac significantly increased the expression of
hepatic ROR-yt and STAT3 mRNA, as well as the plasma IL-17 level
(Figs. 2 and 4A). ROR-yt is a master regulator in Th17 cells (Kidd,
2003; Steinman, 2007). STAT3 is also required for the development
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administration (80 mg/ke, i.p.). Data are mean = SD (n=8-10). Significantly different from control (0 h) mice (*p<0.05, *p<0.01).

of Th17 cells, and STAT3 deficiency impairs ROR-yt expression ook
(Harris et al, 2007; Yang et al, 2007). It has been suggested 24000
that Thi7 cell-mediated factors are partly involved in diclofenac- 20000
induced hepatotoxicity. It has been reported that the plasma IL-17
levels were elevated in 60% of patients with DILI and occasionally in — 16000
patients with viral hepatitis (Li et al., 2009), suggesting IL-17 might = 12000
have a role in liver injury in human. = 3000 !
In our previous study using a halothane-induced liver injury = 2000
mouse model (Kobayashi et al., 2609), we found that the appropri- "&' 1500
ate dose of anti-IL-17 antibody to suppress the hepatotoxic effectis
100 p.g/body. Neutralization of IL-17 tended to inhibit the increase 1000
of the plasma ALT level (Fig. 4B), suggesting that IL-17 was partly 500
involved in the diclofenac-induced hepatic injury.

Cytokines and chemokines such as TNFa, IL-18, MIP-2, and 0° E—
MCP-1 were significantly increased in the diclofenac-administered GdClz - + - + - %
mice (Fig. 3). TNFa is a pleiotropic pro-inflammatory cytokines pro-
duced by a variety of cell types including macrophages, T cells, ConA DIC
Fig. 5. Role of KCs in diclofenac-induced liver injury. GdCls (20 mg/kg, i.v.) were

and mast cells (Tracey, 1994). MCP-1 is increased in APAP-induced

liver injury (Dambach et al,, 2006), and MIP-2 induces neutrophil
recruitment and is markedly increased in halothane-induced hep-
atotoxicity (Kobayashi et al., 2009). From these lines of data into
consideration, it is known that two death receptor ligands, TNFa
or FasL, bind to their receptors and induce apoptosis (Nagata,
1997). The expression of hepatic TNFa and FasL mRNA was sig-
nificantly increased, and hepatocellular apoptosis were observed
(Figs. 1C and 3), suggesting that these mediators may cause hep-
atocellular apoptosis in diclofenac-induced liver injury. Thus, the
exacervation of diclofenac-induced liver injury could involve these
mediators.
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administration. The Plasma ALT level was measured 24 h after diclofenac adminis-
tration or 12 h after Con A administration. Data are mean = SD (n = 4-5). Significantly
different from control (without GdCl; administration) mice (***p <0.001).

KCs serve important regulatory functions in pathophysiolog-
ical states of the liver and have the ability to produce a range
of inflammatory mediators, including TNFo and IL-1. It is also
reported that KCs play a dispensable role in the development of
halothane hepatotoxicity {Cheng et al.,, 2010). The dosing condi-
tion of GdCl3 in this study was determined according to Xu et al.
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Fig. 6. Time-dependent change of plasma IL-1f level and effect of anti-IL-1B antibody administration to diclofenac-administered mice. (A) The plasma IL-1B level was
measured by ELISA 1, 3, 6, 12, 24, and 36 h after diclofenac (80 mg/kg, i.p.) administration. {B) One hour before the diclofenac (80 mg/kg, i.p.) administration, IgG1 (control)
or anti-mouse IL-1B antibody (0.1 mg/mouse, i.p.) was administered. The plasma ALT level was measured 24 h after the diclofenac administration. (C) The plasma IL-1p level
after administered anti-mouse 1L-1§ specific antibody or IgG1 was measured by ELISA 241 after diciofenac administration (80 mgfkg, ip.). Data are mean4:SD (n=4-5).
Significantly different from control mice (A) or IgG1-administered mice (B and C) (*p < 0.05). ND: not detected.
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(2010). To confirm whether GdCly administration resulted in the
depletion of KCs, we revealed the attenuation of Con A-induced
hepatitis by GACl; (Fig. 5), and the attenuation of plasma ALT was
also observed 24 h after Con A administration (data not shown). In
this study, we demonstrated that KCs are not likely to be involved
in the pathogenesis of diclofenac hepatotoxicity.

In the present study, the increase of hepatic IL-18 mRNA
expression and plasma IL-1f level was observed soon after the
diclofenac administration (Figs. 3 and 6A). IL-1B is a very potent
pro-inflammatory cytokine and the primary sources of IL-1§ are
blood monocytes and dendritic cells. Hepatocytes and neutrophils
also produce IL-1f3 (Arend et al, 2008). IL-1$ acts mainly as a
pro-inflammatory mediator activating and recruiting leukocytes,
especially neutrophils, into the liver (Bajt et al., 2001). It is well
known that activated neutrophils release protease such as elastase
that can cause tissue injury. Within the liver, activated neutrophils
act as effector cells through cytotoxicity, leading hepatocyte necro-
sis. In a number of experimental animal models, accumulated
neutrophils in the liver were reported to contribute to the progres-
sion and severity of a number of experimental animal models such
as ischemia-reperfusion injury (Jaeschke et al.,, 1990; Ramaiah and
Jaeschke, 2007), and APAP- and halothane-induced hepatotoxicity
(Liu et al,, 2006; You et al,, 2006). In the present study, neutrophil
infiltration occurred in the diclofenac-administered mouse liver
(Fig. 1C), and neutralization of IL-1f attenuated diclofenac-induced
hepatotoxicity (Fig. 6), suggesting that 1L.-1 is involved in the early
onset of diclofenac-induced liver injury.

A previous study demonstrated a significant increase of reac-
tive oxygen species (ROS) in hepatocytes treated with diclofenac
(Gomez-Lechén et al, 2003). Increased ROS levels can trigger
“NACHT, LRR, and pyrin domain-containing protein 3” (NALP3)
inflammasome activation, which is a multimetimeric protein com-
plex that mediates the processing of the pro-inflammatory caspases
and cytokines, such as IL-183 (Agostini et al,, 2004). The IL-18 levels
are known to be increased during APAP hepatotoxicity (Cover et al.,
2006) and halothane-induced liver injury (Toyoda et al,, 2011).
Therefore, it is conceivable that IL-1 would be released into the
extracellular environment by oxidative stress such as ROS and acti-
vates immune cells.

In conclusion, we developed a diclofenac-induced acute liver
injury model in mice, and demonstrated that Thi7-related
immunological factors are significantly increased. Furthermore, IL-
1B appeared to be involved in the early onset of diclofenac-induced
hepatic injury. These findings may shed light on the mechanisms
of DILL
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