Int. J. Cancer: 125, 1328-1333 (2009)
© 2009 UICC

MicroRNA regulates human vitamin D receptor
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Most of the biological effects of lo,25-dihydroxyvitamin Dy
(1,25(0H),D;) are elicited by the bmdmg to vitamin D receptor
(VDR), which regulates gene expression. Earlier studies reported
no correlation between the VDR protein and mRNA levels, sug-
gesting the involvement of posttranscriptional regulation. Micro-
RNAs (meNAe) are small noncoding RNAs that regulate gene
expression through translational repression or mRNA degrada-
tion. A putentlal miR-125b lecogmtmn element (MRE125b) was
identified in the 3’-untranslated region of human VDR mRNA, We
investigated whether VDR is regulated by miR-125b. In luciferase
assays using a plasmid containing the MRE125b, the antisense oli-
gonucleotide for miR-125b significantly increased (130% of con-
trol) the reporter activity in KGN cells, whereas the precursor for
miR-125b significantly decreased (40% of control) the reporter ac-
tivity in MCF-7 cells, suggesting that miR-125b functionally rec-
ognized the MRE125b. By electrophoretic mobility shift assays, it
was demonstrated that the overexpression of miR-125b signifi-
cantly decreased the endogenous VDR protein evel in MCF-7 cells
to 40% of control. 1,25(0H),D; drastically induced the CYP24
mRNA level in MCF-7 cells, but the induction was markedly atte-
nuated by the overexpression of miR-125b. In addition, the anti-
proliferative effects of 1,25(0H),D; in MCF-7 cells were signifi-
cantly abolished by the overexpression of miR-125b. These results
suggest that the endogenous VDR level was repressed by miR-
125b. In conclusion, we found that miR-125b posttranscriptionally
regulated human VDR. Since the miR-125b level is known to be
downregulated in cancer, such a decrease may result in the upre-
gulation of VDR in cancer and augmentation of the antitumor
effects of 1,25(0OH),Ds.
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1a,25-Dihydroxyvitamin D5 (1, 25(OH)2D; or calcitriol), a bio-
logically active metabolite of vitamin D3, is known as a classical
xegulatox of calcium and bone homeostasis.'” Vitamin D defi-
ciency is linked to rickets and osteoporosis.® Over the last 25
years, additional roles have been found for vitamin D in the regu-
lation of cell processes such as cell growth, differentiation and
apoptosis. Accumulating evidence has revealed that vitamin D
deficiency is also associated with the risk of cancer.” Since the
vitamin D system has relevance for both the prevention and treat-
ment of cancer,’ the development of a number of novel synthetic
vitamin D analogues as a therapeutic agent in cancer has been
attempted.

Most of the biological effects of 1,25(0OH),D5 are elicited by
the binding to vitamin D receptor (VDR; NR1ID),? which belongs
to the superfamily of nuclear steroid hormone receptors. After
ligand binding, the VDR forms a heterodimer with retinoid X
receptor (RXR; NR2B1) and binds to vitamin D responsive ele-
ment (VDRE) in the regulatory region of the target genes.® The
VDR is expressed not only in the classical vitamin D responsive
organs including the intestine, bone and kidney but also in many
other nonclassical vitamin D responsive organs including the liver,
suggesting a broader role of the receptor.7 It has been reported
that, at the protein level, the VDR expression is higher in breast®
and thyroid9 cancers than in normal tissues, but no obvious differ-
ence was found in cancer and normal tissues at the mRNA level.
In colon cancer, the VDR mRNA and protein expression levels
are graduoally increased in the early stages of cancerogenesis, but
the VDR mRNA decreases subsequently to lower levels during
advancement.'® Thus, the VDR expression is upregulated in can-
cers, although the expression levels seem to change during disease
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progression and in response to therapies. However, the mechanism
of the upreguldtion of VDR protein in cancer has not been clari-
fied. One clue is that there is no cortelation between the VDR pro-
tein and mRNA levels, suggesting the involvement of posttran-
scriptional regulation.

To uncover the molecular mechanism of the postiranscriptional
regulation, we sought to determine whether microRNA (miRNA)
might be involved in the regulation of VDR, MiRNAs are an evo-
lutionarily conserved class of endogenous ~22-nucleotide non-
coding RNAs, and play a key role in diverse biological processes,
mcludmg development, cell proliferation, dlffeleﬂtldtlon apopto-
sis and cancer initiation and progression. I > MiRNAs recognize
the 3’-untranslated leglon (3-UTR) of the target mRNA and cause
translational repression or mRNA degradation.' To date, ~700
miRNAs have been identified in human, and more than one-third
of all human genes have been predicted to be miRNA targets. s
The expression of global miRNAs is deregulated in most types of
human cancers.'® In this study, we investigated the potential
involvement of miRNAs in the posttranscriptional regulation of
human VDR expression.

Material and methods
Chemicals and reagents

1,25(0H),D; was purchased from Wako Pure Chemical Indus-
tries (Osaka, Japan). The pGL3-promoter vector, phRL-TK plas-
mid, pT7Blue T-Vector and a dual-luciferase reporter assay sys-
tem were purchased from Promega (Madison, WI). Lipofect-
AMINE2000 and LipofectAMINE RNAIMAX were from
Invitrogen (Carlsbad, CA). Pre-miR miRNA Precursors for miR-
125b-1 and negative control #2 were from Ambion (Austin, TX).
Antisense LNA/DNA mixed oligonucleotides (AsQO) for miR-
125b (5'-TCACAAGTTAGGGTCTCAGGGA-3', underlined let-
ters are LNA} and for negative control (5-. AGAC TAGCGG-
TATCTTAAACC-3') were from Greiner Japan (Tokyo, Japan).
ATl primers and oligonucleotides were commercially synthesized
at Hokkaido System Sciences (Sapporo, Japan). Antibodies to
VDR (C-20) and RXRa(D-20) were from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA). Restriction enzymes were from Takara
(Shiga, Japan), TOYOBO (Osaka, Japan) and New England Biol-
abs (Beverly, MA). All other chemicals and solvents were of the
highest grade commercially available.

Cells and culture conditions

The human breast adenocarcinoma cell lines MCF-7 and MDA-
MB-435, the human colon carcinoma cell lines LS180 and the
human embryonic kidney cell line HEK293 were obtained from
the American Type Culture Collection (Rockville, MD). The
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human ovarian granulosa-like tumor cell line KGN'® and the
human hepatoma cell line HepG2 were obtained from Riken Gene
Bank (Tsukuba, Japan). MCF-7 cells and LS180 cells were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM) (Nissui
Pharmaceutical, Tokyo, Japan) supplemented with 0.1 mmol/L
nonessential amino acid (Invitrogen) and 10% fetal bovine serum
(FBS) (Invitrogen). MDA-MB-435 cells and HepG2 cells were
cultured in DMEM supplemented with 10% FBS. HEK293 cells
were cultured in DMEM supplemented with 4.5 g/L glucose, 10
mmol/L HEPES and 10% FBS. KGN cells were cultared in a 1:1
mixture of DMEM and Ham’s F-12 medium (Nissui Pharmaceuti-
cal) supplemented with 10% FBS. These cells were maintained at
37°C under an atmosphere of 5% C0»-95% air.

Real-time RT-PCR for mature miR-125h

For the quantification of mature miR-125b, polyadenylation and
reverse transcription were performed using an NCode miRNA
First-Strand ¢cDNA Synthesis Kit (Invitrogen) according to the
manufacturer’s protocol. The forward primer for miR-125b was
5-TCC CTG AGA CCC TAA CTT GTG A-%, and the reverse
primer was the supplemented universal QPCR primer. The real-
time PCR was performed using a Smart Cycler (Cepheid, Sunny-
vale, CA) with Smart Cycler software (version 1.2b) as follows.
After an initial denaturation at 95°C for 30 sec, the amplification
was performed by denaturation at 95°C for 10 sec, annealing and
extension at 60°C for 10 sec for 45 cycles.

Constriction of reporter plasmids

To construct luciferase reporter plasmids, various target frag-
ments were inserted into the Xbal site, downstream of the lucifer-
ase gene in the pGL3-promoter vector. The sequence from +1786
to +1813 in the human VDR mRNA (5'-CAG GAG AAA TGC
ATC CAT TCC TCA GGG A-3") was termed the miR-125b rec-
ognition element (MRE125b). The region from -+1748 to +1860
containing the MRE125b in the human VDR mRNA was ampli-
fied by PCR using the following primers adapted to the Xbal site:
5'-TTT TCT AGA CTG CCT AAG TGG CTG CTG AC-3' and
$-TTT TCT AGA CGC TGG ACA AGC GGG GCC-3. The PCR
product was digested with Xbal and the 119-bp fragment was
cloned into pGL3-promoter vector, resulting in single (pGL3/F1)
and reverse single (pGL3/R1) insertions. The fragment containing
3 copies of the MRE125b, 5-CTA GAC AGG AGA AAT GCA
TCC ATT CCT CAG GGA CAG AGC AGG AGA AAT GCATCC
ATT CCT CAG GGA CAG AGC AGG AGA AAT GCATCC ATT
CCT CAG GGA CAG AGT-3 (MREI125b is italicized), was
cloned into the pGL3-promoter vector (pGL3/3xMRE). The com-
plementary sequence of 3 copies of the MRE125b was also cloned
into the pGL3-promoter plasmid (pGL3/3xMRE-Rev). A fragment
containing the perfect matching sequence with the mature miR-
125b, 5'-CTA GAT CAC AAG TTA GGG TCT CAG GGA T-¥
(the matching sequence of miR-125b is italicized), was cloned
into the pGL3-promoter vector (pGL3/c-125b). The nucleotide
sequences of the constructed plasmids were confirmed by DNA
sequencing analyses.

Luciferase assay

Various luciferase reporter plasmids (pGL3) were transiently
transfected with phRL-TK plasmid into MCF-7 and KGN cells.
Briefly, the day before transfection, the cells were seeded into 24
well plates. After 24 hr, 450 ng of pGL3 plasmid, 50 ng of phRL-
TK plasmid and the precursors for miR-125b or control were
cotransfected into MCF-7 cells using LipofectAMINE 2000. For
KGN cells, 450 ng of pGL3 plasmid, 50 ng of phRL-TK plasmid
and the AsOs for miR-125b or control were cotransfected using
LipofectAMINE 2000. After incubation for 48 hr, the cells were
resuspended in passive lysis buffer and then the luciferase activity
was measured with a luminometer (Wallac, Turku, Finland) using
the dual-luciferase reporter assay system.
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Transfection of precursor for miR-125b into MCF-7 cells and
preparation of nuclear extract and total RNA

To investigate the effects of miR-125b on the expression level
of VDR protein, 50 nM precursors for miR-125b or control were
transfected into MCF-7 cells using Lipofect AMINE RNAIMAX.
After 72 hr, nuclear extract was prepared using NE-PER Nuclear
and Cytoplasmic extraction reagents (Pierce, Rockford, IL) and
total RNA was prepared using ISOGEN according to the manufac-
turer’s protocols. The protein concentration in the nuclear extract
was determined using Bradford protein assay reagent (Bio-Rad,
Hercules, CA) with y-globulin as a standard.

Electrophoretic mobility shift assays

Human VDR cDNA was amplified by PCR using cDNA from
human normal kidney with the forward primer 5'-TCC TTC AGG
GAT GGA GGC AAT GGC-3' and the reverse primer 5'-CTG
TCC TAG TCA GGA GAT CTC ATT GCC-3'. The PCR frag-
ment was cloned into the pT7Blue T-Vector. The nucleotide
sequences of the constructed plasmids were confirmed by DNA
sequencing analyses. Human RXRa expression vector (pGEM-
3Z/hRXRa) was previously constructed.'” Using these plasmids
and the TNT T7 Quick Coupled Transcription/Translation System
(Promega), human VDR and RXRa proteins were synthesized
in vitro. The oligonucleotide containing VDRE, 5'-aag CAC ACC
cgg TGA ACT ccg-3' (the hexamer half-sites are capitalized), was
from the human CYP24 promoter.'® Double-stranded oligonucleo-
tides were labeled with [y-"*PJATP using T4 polynucleotide ki-
nase (TOYOBO) and purified by Microspin G-50 columns (GE
Healthcare Bio-Sciences, Piscataway, NJ). The labeled probe (40
fmol, ~10,000 cpm) was applied to each binding reaction in 25
mM HEPES-KOH buffer (pH 7.9), 0.5 mM EDTA, 50 mM KCI,
10% glycerol, 0.5 mM dithiothreitol, 0.5 mM (p-amidinophenyl)
methanesulfonyl fluoride, 2 pg of poly(dI-dC) and 2 pL of in vitro
transcribed/translated proteins to a final reaction volume of 15 pL.
For supershift experiments, 0.2 pg of anti-VDR antibodies or 2 ug
of anti-RXRa antibodies were preincubated with in vitro tran-
scribed/translated proteins or the nuclear extract at room tempera-
ture for 30 min. The mixtures were incubated on ice for 15 min
and then loaded on 4% acrylamide gels in 0.5 X Tris-borate
EDTA buffer. The gels were dried and then the DNA-protein com-
plexes were detected with a Fuji Bio-Imaging Analyzer BAS 1000
(Fuji Film, Tokyo, Japan).

Real-time RT-PCR for CYP24

To investigate the effects of miR-125b on the induction of
CYP24 mRNA by 1,25(0H),Ds, 50 uM precursors for miR-125b
or control were transfected into MCF-7 cells using Lipofect-
AMINE RNAIMAX. After 72 hr, the cells were treated with 100
nM 1,25(0OH),D; (or 0.1% ethanol for control) for 24 hr. Total
RNA was prepared using ISOGEN. The forward and reverse pri-
mers for CYP24 mRNA were 5-CAG CAA ACA GTC TAA TGT
GG-3' and 5-AGC ATA TTC ACC CAG AAC TG-3, respec-
tively. The real-time PCR analysis was performed as follows: after
an initial denaturation at 95°C for 30 sec, the amplification was
performed by denaturation at 94°C for 4 sec, annealing and exten-
sion at 62°C for 20 sec for 45 cycles. The CYP24 mRNA levels
were normalized with GAPDH mRNA as described previously. '

Growth assay

To investigate the effects of miR-125b on the antiproliferative
effects of 1,25(0H),Ds, growth assay was conducted according to
the method by McGaffin er al.>® with slight modifications. MCF-7
cells were plated on 96 well plates (3000 cells/well) and 20 nM
precursors for miR-125b or control were transfected using Lipo-
fect AMINE RNAIMAX. After 24 hr, the celis were treated with |
pM 1,25(0OH),D5 (or 0.1% ethanol) for 48-96 hr. The cells were
rinsed with phosphate-buffered saline, fixed with 3.7% formalde-
hyde for 15 min and stained with 0.1% crystal violet for 10 min.
The stained cells were washed with water and air dried. Crystal
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violet was extracted from the stained cells with 2% sodium do-
decyl sulfate, and the intensities were quantified spectrophotomet-
rically 620 nm. The percent cell viability was calculated by com-
parison with the absorbance of control cells.

Statistical analyses

Data are expressed as mean * SD of triplicate determinations.
Comparison of 2 groups was made with an unpaired, two-tailed
student’s t-test. Comparison of multiple groups was made with
ANOVA followed by Dunnett or Tukey test. A value of p < 0.05
was considered statistically significant.

Results

A miR-125b complementary sequence on the 3'-UTR
of human VDR mRNA

By a computational search (http://fwww.targetscan.org/), several
miRNAs are found to share complementarity with a sequence in
the 3’-UTR of human VDR mRNA. Among them, we focused on
miR-125b because its binding site is highly conserved among spe-
cies (Fig. 1). The seed sequence of miR-125b was perfectly
matching with the predicted binding site of the VDR mRNA. We
investigated whether miR-125b might be involved in the regula-
tion of human VDR cxpression through the MRE125b.

Expression levels of miR-125b in human cancer cell lines

For gain- and loss-of-function experiments, we need to know
the expression level of endogenous miR-125b in cell lines. For
this purpose, the expression levels of mature miR-125b in 6 kinds
of human cancer cell lines were determined by real-time RT-PCR
analysis. As shown in Figure 24, the mature miR-125b level was
highest in KGN followed by MDA-MB-435 cells, whereas it was
extremely low in MCF-7, HepG2, HEK293 and LS180 cells.

Effects of overexpression or inhibition of miR-125b
on luciferase activity

To investigate whether MRE125b is functional in the regulation
by miR-125b, luciferase assays were performed. First, we trans-
fected the precursor for miR-125b into MCF-7 cells in which the
mature miR-125b level was low (Fig. 2b). Using the pGL3/c-125b
plasmid containing the miR-125b complementary sequence, it was
demonstrated that the luciferase activity was significantly (p <
0.001) decreased by the transfection of precursor for miR-125b.
The luciferase activity of the pGL3/F1 plasmid was significantly
(p < 0.001) decreased (60% of control) by the overexpression of
miR-125b, but that of the pGL3/R1 plasmid was not. When the
pGL3/3xMRE plasmid containing 3 copies of the MRE125b was
used, a prominent suppression was observed (40% of control, p <
0.001) by the overexpression of miR-125b. Next, we transfected
the AsO for miR-125b into KGN cells in which the mature miR-
125b was highly expressed (Fig. 2b). The luciferase activity of the
pGL3/c-125b plasmid was significantly (p < 0.01) lower than that
of the control pGL3-p plasmid. The luciferase activity of the
pGL3/c-125b plasmid was significantly (p < 0.01) restored by the
transfection of AsO for miR-125b (3.1-fold of control). The lucif-
erase activity of the pGL3/F1 plasmid was increased by the trans-
fection of AsO for miR-125b, although the effects were statisti-
cally insignificant. The luciferase activity of the pGL3/3xMRE
plasmid was significantly (p < 0.01) lower than that of the control
pGL3-p plasmid. The luciferase activity of the pGL3/3xMRE
plasmid was significantly (1.3-fold of control, p < 0.05) restored
by the inhibition of miR-125b by AsO. These results suggest that
miR-125b functionally recognized the MRE125b on the human
VDR mRNA.

Effects of overexpression of miR-125b on the
endogenous VDR protein level

We sought to examine the effects of miR-125b on the endoge-
nous VDR protein level. When we first attempted to determine the
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FiGure 1 — Schematic representation of human VDR mRNA and
the predicted target sequence of miR-125b. The numbering refers to
the 5’ end of mRNA as 1, and the coding region is from +161 to
+1444. MRE125b is located on +1786 to +1813 in the 3-UTR of
human VDR mRNA. Gray box, highly conserved regions; bold letters,
seed sequence.

endogenous VDR protein level in human cancer cell lines by
Western blot analysis using commercially available antibodies, we
could not identify the VDR protein because of multiple nonspe-
cific bands. Therefore, we utilized electrophoretic mobility shift
assays to evaluate the endogenous VDR level. The VDRE of
human CYP24 gene, which is known to be a target of VDR,' & was
used as a probe, It was confirmed that in vitro-synthesized VDR/
RXRa heterodimers bound to the VDRE (Fig. 3a). With the anti-
VDR or anti-RXRa antibodies, the band density of the VDR/
RXRa heterodimer was decreased and the supershifted band was
observed. When the probe was incubated with the nuclear extracts
prepared from MCFE-7 cells, the band representing the VDR/
RXRa heterodimer was observed and the band density was dimin-
ished with the anti-VDR or anti-RXRa antibodies. When the pre-
cursor for miR-125b was transfected, the mature miR-125b level
was prominently increased, and the band density of the VDR/
RXRa heterodimer was significantly (» < 0.001) decreased com-
pared with that of control (40% of control). We confirmed by
Western blot analysis that the expression level of RXRa was not
affected by the overexpression of miR-125b (data not shown).
These results suggest that the endogenous VDR level was
repressed by miR-125b.

MIR-125b-dependent VDR regulation affects the
target gene expression

We investigated whether the miR-125b-dependent regulation of
VDR affects the expression of target genes. When the MCF-7 cells
were treated with 100 nM 1,25(0OH),D3, the CYP24 mRNA level
was significantly (p < 0.001) increased (588-fold) (Fig. 4). How-
ever, this induction was markedly attenuated by the overexpres-
sion of miR-125b. In addition, the basal CYP24 mRNA level was
also decreased by the overexpression of miR-125b, although it
was statistically insignificant. These results support that the
endogenous VDR level was repressed by miR-125b, and this regu-
lation mechanism affects the expression of target genes.

Effects of overexpression of miR-125b on the
antiproliferative effects of 1,25(0H):D;

We investigated the effects of miR-125b on the antiproliferative
effects of 1,25(0H),D3 (Fig. 5). The cells transfected with the pre-
cursor for control were grown during incubation for 48-96 hr, but
the growth was significantly (p < 0.0t or p < 0.001) reduced in
the presence of 1 pM 1,25(0OH),D;. Interestingly, the overexpres-
sion of miR-125b prominently (» < 0.05, p < 0.01 or p < 0.001)
abolished the antiproliferative effects of 1,25(0OH),Ds. In addition,
the overexpression of miR-125b could significantly (p < 0.05, at
96 hr) increase the cell growth in the absence of 1,25(OH),Ds.
These results suggest that miR-125b regulating VDR has a great
impact on antiproliferative effects of 1,25(0OH),D;.
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Discussion

In this study, we investigated whether human VDR might be
regulated by miRNA. In the 3’-UTR of human VDR mRNA, a
potential miR-125b recognition element (MRE125b) was identi-
fied. Luciferase assays clearly revealed that the miR-125b nega-
tively regulated the reporter activity through MRE125b. By elec-
trophoretic mobility shift assays and evaluation of the induction
potencies of CYP24 mRNA, it was demonstrated that the endoge-
nous VDR level was repressed by the overexpression of miR-
125b. These results clearly snggest that the human VDR is post-
transcriptionally regulated by miR-125b. Because the sequences
of VDR mRNA around MREI125b are highly conserved among
species (Fig. 1), the regulation by miR-125b may also occur in
other species.

The global expression of miRNAs is deregulated in most can-
cer types.”! Some studies have suggested that miRNA expression
would be widely downregulated in human tumors relative to nor-
mal tissues, and other studies reported a tumor-specific mixed
pattern of downregulation and upregulation of miRNA genes.
Recent findings revealed that the miRNA deregulation in human
cancers occurs by multiple mechanisms, including transcriptional
deregulation, epigenetic alterations, mutation, DNA copy number
abnormalities and dysfunction of key proteins in the miRNA

biogenesis pathway.?' Among them, alterations in DNA copy
numbers would be a major mechanism because over 50% of
miRNAs are in genomic fragile sites or regions associated with
cancers.'? It has been reported that miR-125b was downregu-
lated in breast'*? and prostate®® cancers. Mature miR-125b is
formed by 2 precursors, miR-125b-1 and miR-125b-2. The genes
for miR-125b-1 and miR-125b-2 are located in chromosome
11q24.1 and 21q11.2, respectively (http://microrna.sanger.ac.uk/
sequences/). Interestingly, it has been reported that the chromo-
some region 11¢23-24 is most frequently deleted in breast, ovar-
ian and lung cancers”** and the chromosome region 21q11-21
is frequently deleted in breast, esophagus, stomach, ovary and
lung cancers.?® This could be one of the mechanisms of the
downregulation of miR-125b in cancers. Meanwhile, it is known
that VDR is upregulated in several cancers,®® and the upregula-
tion appears to be associated with a good prognosis.*’ As this
study demonstrated that miR-125b negatively regulated the
expression of VDR, it was directly proven that the upregulation
of VDR in cancers would be due to the downregulation of miR-
125b.

Previously, the role of miR-125b in cell proliferation and differ-
entiation has been reported in human prostate cancer cell lines,
thyroid carcinoma cells,” a bone marrow stroma cell line® and
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Ficure 5 — Antiproliferative effects of 1,25(0OH),D; in MCF-7
cells. The precursors for miR-125b or control (20 nM) were trans-

Ficure 4 - Induction of CYP24 mRNA in MCF-7 cells by
1,25(0OH);D;. The precursors for miR-125b or control (50 nM) were
transfected into MCF-7 cells. After 72 hr, the cells were treated with
100 nM 1,25(0H),D5 or 0.1% ethanol (vehicle) for 24 hr and then
total RNA was prepared. The CYP24 mRNA levels were determined
by real-time RT-PCR and normalized with the GAPDH mRNA level.
The data are expressed relative to the CYP24 mRNA level in the pre-
cursor for control-transfected cells in the absence of 1,25(0OH),Ds.
Each column represents the mean = SD of 3 independent experi-
ments. *p < 0.05; ***p < 0.001.

fected into MCF-7 cells. After 24 hr, the cells were treated with | uM
1,25(0OH),;D; or 0.1% ethanol (vehicle) for 48-96 hr and then crystal
violet assays were performed. Values are expressed as percentages
change in growth relative to the cell viability in the precursor for
control-transfected cells in the absence of 1,25(0H),D5 after 48 hr
incubation. Each point represents the mean * SD of 3 independent
experiments. *p < 0.05, #*p < 0.01, ***p < 0.001, compared with
the vehicle. 1p < 0.05, 7p < 0.01, ¥+ip < 0.001, compared with the
precursor for control.
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hepatocellular carcinoma.>! Scott er al?* reported that the miR-
125b suppressed ERBB2 and ERBB3 oncogenes. Li ef al®!
reported that high expression of miR-125b was correlated with
good survival in hepatocetlular carcinoma patients. These previ-
ous studies suggest that miR-125b acts as a type of tumor suppres-
sor gene. In contrast, our study demonstrated that miR-125b
repressed the antiproliferative effects of 1,25(0OH),D;. Thus, this
study provides new information concerning the role of miR-125b
in cell proliferation. In cancer cells, the downregulation of miR-
{25b would result in an augmentation of the antitumor effects of
1,25(0OH),Ds.

As regards other nuclear receptors, there are a few reports.
Estrogen receptor (ER) a, which is an important marker for the
prognosis and is predictive of the response to endocrine therapy in
breast cancer patients, has been found to be regulated by miR-
206" and miR-221/222.%* These studies suggested that these miR-
NAs could serve as potential therapeutic targets for a subset of

1333

ERa-negative breast cancers. Previously, we found that pregnane
X receptor (PXR), which is a key regulator of the expression of
drug-metabolizing enzymes and transporters involved in the
: F ot : : as

responses to steroids and xenobiotics, is regulated by miR-143a.
Thus, accumulating evidence has revealed that nuclear receptors,
to which steroid hormones bind as a ligand, are regulated by miR-
NAs. The regulation of nuclear receptors by miRNA would result
in changes in the expression of a variety of target genes, construct-
ing complex regulatory networks.

In conclusion, we clarified that human VDR is posttranscrip-
tionally regulated by miR-125b. This study could provide new
insights into the regulatory mechanism of VDR expression.
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Abstract: This 'H nuclear magnetic resonance metabonomics study was aimed to determine urinary biomarkers of
cholestasis resulting from inhibition of biliary secretion of bile or obstruction of bile flow. To inhibit biliary secretion of
bile, cyclosporine A was administered to male Sprague-Dawley rats. Obstruction of bile flow was induced by administra-
tion of 4,4-methylene dianiline, #-naphthylisothiocyanate or bile duct ligation. Clinical pathological and histopathological
examinations were performed to confirm cholestatic injury and 'H nuclear magnetic resonance spectral data for urine
samples were analysed to determine similarities and differences in profiles of metabolites using the Spotfire®. In
cyclosporine A-treated groups, serum total bilirubin and bile acid were significantly increased but no remarkable hepatic
histopathological-changes were observed. In 4.4’-methylene dianiline-, a-naphthylisothiocyanate- and bile duct ligation-
treated groups, serum alkaline phosphatase, y-glutamyltranspeptidase and total bilirubin levels increased significantly, and
hepatic histopathological-changes were observed. On urinary 'H nuclear magnetic resonance spectral analysis, area inten-
sities derived from (.66 to 1.90 ppm were decreased by cyclosporine A, whereas they were increased by other treatments.
These metabolites were identified using the NMR suite® as bile acids, branched-chain amino acids, n-butyrate, propionate,
methyl malonate and valerate. These metabolites were further investigated by K-means clustering analysis. The cluster of
these metabolites is considered to be altered by cholestasis. We conclude that bile acids, valine and methyl malonate have a
possibility to be urinary cholestatic biomarkers, which distinguish a difference in mechanism of toxicity. 'H nuclear magnetic
resonance metabonomics thus appears to be useful for determining the mechanisms of toxicity and can be front-loaded

Analytical Research Laboratories, Eisai Co., Ltd.,
cal Sciences, Graduate School of Medical Science,

in drug safety evaluation and biomarker discovery.

Hepatotoxicity has been a major reason for failure in drug
development, particularly for new drug candidates in the
preclinical stage [1,2]. Hepatotoxicity characterized mainly by
arrest of bile flow is termed cholestatic injury or intrahepatic
cholestasis. A variety of chemical agents can cause cholestatic
injury as an idiosyncratic reaction, either immunologically
or metabolically. Some are intrinsic hepatotoxins, either
synthetic or natural, that lead to impairment of bile flow as
a dose-dependent toxic effect. Toxic or idiosyncratic injury
can interfere with bile flow by selective injury or blockade of
hepatic uptake, processing or excretion of the components
of bile [3].

The causes of cholestasis are classified mainly into two
types, based on whether the primary injury occurs intra-
hepatically (in the biliary canaliculus) or extra-hepatically
(in the bile ducts). Cholestasis occurring intra-hepatically is
due to interaction of chemical agents or their metabolites
with transporters for excretion of the bile [4,5], while
cholestasis occurring extra-hepatically is due to impairment in

Author for correspondence: Kenji Ishihara, Tsukuba Research, Drug
Safety Research Laboratories, Eisai Co., Ltd., 5-1-3 Tokodai,
Tsukuba 300-2635, Japan (fax + 81 29 847 6931, e-mail k3-ishihara@
hhe.eisai.cojp).
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bile flow at the bile duct level [6,7]. Clinically, the differential
diagnosis of cholestasis requires ultrasonography in addition
to blood chemistry analysis and urinalysis.

One of the advantages of 'H nuclear magnetic resonance-
based metabonormics is its ability to quickly and stably detect
a wide range of metabolites with various physicochemical
properties in biofluids [8,9]. It can thus provide information
on changes in biological substances associated with chole-
stasis by a single measurement with clustering and pattern
detection analysis [10]. 'H nuclear magnetic resonance-based
metabonomics can be used for a wide range of problems,
including disease diagnosis, preclinical evaluation of candi-
date drugs in safety studies, assessment of safety in humans
in clinical trials, and nutritional studies [11]. However, 'H
nuclear magnetic resonance-based metabonomics has not
been successfully applied to early diagnosis of cholestasis,
because the validity of biomarkers in urine has not been
well-established.

In a previous 'H nuclear magnetic resonance metabonomics
study, we investigated and compared the biochemical profiles
of metabolites in urine from rats treated with hepatotoxicants
with different mechanisms of effect [12]. We used 4,4"-methylene
dianiline as a model compound inducing bile duct injury,
and clofibrate and galactosamine to produce models of
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peroxisome proliferation in the liver and hepatocyte death,
respectively [12]. The most significant differences between
the 4.4-methylene dianiline-treated groups (250 mg/kg oral
administration) and groups treated with other agents
(clofibrate 500 mg/kg oral administration, galactosamine
500 mg/kg intraperitoneal administration) were observed in
chemical shifts of peaks mainly between 0.66 and 1.90 ppm.
These findings suggested that 'H nuclear magnetic resonance
analysis of these urinary metabolites may provide a powerful
means of determination of the pathophysiological status of
cholestasis induced by hepatotoxicants such as cyclosporine
A, 4.4-methylene dianiline and «-naphthylisothiocyanate,

The purpose of the present study was to determine
whether "H nuclear magnetic resonance-based metabonomics
using urine samples can discriminate differences in mechanism
of toxicity after administration of chemical agents or treat-
ment causing cholestatic injury. To inhibit biliary secretion
of bile acid, cyclosporine A was administered to male
Sprague-Dawley (Crl : CD(SD)) rats. Obstruction of bile
flow was induced by administration of 4,4-methylene
dianiline or a-naphthylisothiocyanate. In addition, artificial
cholestasis to obstruct bile flow was induced by bile duct
ligation in rats. To identify putative metabolites associated
with cholestasis, urine samples obtained were subjected to
'H nuclear magnetic resonance analysis along with clinical
pathological and histopathological examinations to confirm
cholestatic injury.

Materials and Methods

Test materials and animal trearment. Cyclosporine A (Sandimmun®)
as a solution (50 mg/ml) for intravenous administration was obtained
from Novartis pharma (East Hanover, NI, USA). For intraperitoneal
administration, cyclosporine A was diluted with saline solution.
4 4-methylene dianiline and ¢-naphthylisothiocyanate were obtained
from Sigma-Aldrich (St Louis, MO, USA). They were suspended
in 0.5% methylcellulose solution. All other reagents and chemicals
for the nuclear magnetic resonance experiments and biochemical
analyses were of the highest commercially available quality.

Fifty-six male Crl : CD(SD) rats (Charles River Japan, Shiga, Japan)
were divided into a total of 12 groups, including 10 groups (n = 5)
for cyclosporine A, 4.4’-methylene dianiline, g-naphthylisothiocyanate
treatment and two groups (n = 3) for bile duct ligation. The animals
were kept individually in metabolic cages at a temperature of
23 + 3° with 55 £ 20% relative humidity and a 12 hr light/12 hr
dark cycle with at least 10 air changes per hour. They were allowed
to access solid CDF-1 rodent chow (Oriental Yeast, Tokyo, Japan)
and water ad libitum.

At 8 weeks of age, four groups of rats of the same age received a
single oral administration of 4,4’-methylene dianiline (50: minimum
toxic dose [13], 100 or 250 mg/kg, n = 5) or vehicle (0.5% methylcellulose
solution, n = 5) as control-1. Three groups of animals received
repeated intraperitoneal administration of cyclosporine A (10 or
20 mg/kg/day for 14 days, n = 5) or vehicle (saline solution, n = 5)
as control-2. The dose and period of administration of cyclosporine
A were selected based on previous studies [14-16]. Other groups of
rats received a single oral administration of 4,4"-methylene dianiline
(75 mglkeg, n = 3), a-naphthylisothiocyanate (75 mglkg, n = 5) or
vehicle (0.5% methyleellulose solution, n = 5) as control-3. Under
anaesthesia with pentobarbital, the common bile duct was ligated
(n = 3). Control animals underwent sham operation (control-4,
n =3}

This study was approved by the Eisai Laboratory Animal Care
and Use Committee. All experiments were carried out in accordance
with the Guiding Principles for the Care and Use of Laboratory
Animals adopted by the Japanese Pharmacological Society, and
Eisai's guidelines on animal experimentation (Eisai, Jupan). Every
effort was made to reduce the number of animals used in the study
and to minimize their suffering.

Clinical pathology and histopathology.  Blood samples (0.3 ml) were
collected from the tail vein prior to administration and 4, 7, and 14
days after administration in the cyclosporine A-treated groups; at
8 hrs and 1, 2, and 4 days after administration in the 4,4-methylene
dianiline- and o-naphthylisothiocyanate-treated groups; and prior to
treatment and 2 and 4 days after treatment in the bile duct ligation
groups. Serum levels of alkaline phosphatase, alanine aminotrans-
ferase, aspartate aminotransferase, y-glutamyltranspeptidase, total
bilirubin, and total bile acids (except in the 4,4-methylene dianiline/
a-naphthylisothiocyanate-treated groups) and biochemical markers
of renal function (urea nitrogen and creatinine) were measured with
a 7180 automated analyser (Hitachi, Tokyo, Japan) using appropriate
kits. Dunnett’s tests were used to compare clinical chemical data
among groups.

Animals were euthanized by exsanguination under isoflurane
anaesthesia and necropsied on the last day. The liver and kidneys
were collected and fixed in neutral-buffered 10% formalin and were
processed for microscopic examination of routine-paraffin embedded
sections stained with haematoxylin and eosin.

Urine collection and ' H muclear magnetic resonance measurement.
Twenty-four-hour urine samples were collected to analyse day-to-day
change in urinary metabolites because the treatment (cyclosporine
A, 4,4 -methylene dianiline, o-naphthylisothiocyanate and bile duct
ligation) employed in this study causes cholestatic injury lasting
more than 4 days. Urine samples were collected in a flask containing
1% sodium azide from rats housed in metabolic cages during the
following periods: in the 4,4-methylene dianiline-treated groups
(50, 100, and 250 mg/kg), from pre-administration to 3 days after
administration; from pre-administration to 14 days after administra-
tion in the cyclosporine A-treated groups; pre-administration
and 0-4 hr, 4-8 hy, 8-24 hr, 1-2 days, 2-3 days, and 3-4 days after
administration in the 4,4-methylenc dianiline (75 mg/kg) and o-
naphthylisothiocyanate-treated groups; and from pre-treatment to
4 days after treatment in the bile duct ligation groups. Samples were
frozen at ~20° until nuclear magnetic resonance spectroscopic analysis.

To minimize pH variation in the urine samples, 300 g of buffer
solution (0.2 M NapHPO40.2 M NaH,PO,, pH 7.41) was mixed
with 600 ! aliquots of urine. One hundred microlitres of 11 mM 3-
(trimethylsilyl)propionic-2,2,3,3-d; acid sodium salt (as an internal
chemical shift reference at 0.00 ppm) in D,O (for field-frequency
lock) was added, and the resulting solution was left to stand for
10 min. Samples were centrifuged at 15490 x¢ for 10 min. at 10°
to remove any precipitates. The supernatant (650 pl) was placed in
a 5 mm glass-tube (Wako Pure Chemical Industries, Osaka, Japan)
and analysed at 298 K by 'H nuclear magnetic resonance spectros-
copy at 600.13 MHz using a Bruker AVANCE 600 spectrometer
(Bruker Biospin, Rheinstetten, Germany). In total, 16 transients
were collected into 64 K data points using the 1D-NOESY pulse
sequence with solvent presaturation at the water frequency during
relaxation delay (5 ) and a mixing time (1) of 100 ms. Summed
free induction decays were multiplied by an exponential weighting
function corresponding to a line broadening of 0.3 Hz before
Fourier transformation. Fourier-transformed 'H nuclear magnetic
resonance spectra were manually phased, baseline-corrected and
referenced to 3-(trimethylsilyl)-propionic 2,2,3,3-d, acid sodium salt
(0.00 ppm) using TOPSPIN (version 2.0, Bruker).

Data reduction, clustering and pattern detection analysis of ' H nuclear
magnetic resonance spectral data and metabolite identification. Each
spectrum recorded was reduced to 202 integrated regions of equal

© 2009 The Authors
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width (0.04 ppm) corresponding to the region 0.42-10.00 ppm
using AMIX (version 3.5, Bruker). The area for each segmented
region was expressed as an integral value, resulting in an intensity
distribution description of the entire spectrum with 202 variables.
The region between 6.00 and 4.50 ppm was set to zero integral in
order to remove effects of variation in the suppression of water
resonance and the effects of variation in the urea signal caused by
partial saturation via solvent-exchanging protons. To avoid including
parent and metabolised drugs in the analysis, certain regions of the
nuclear magnetic resonance spectra were omitted. For 44" -methylene
dianiline the spectral peaks at 6.82, 6.46, and 3.78 ppm were
removed [17], for o-naphthylisothiocyanate the aromatic regions were
omitted [8], and for cyclosporine A the spectral peak at 3.70 ppm
was removed [18]. All remaining spectral segments were scaled to
the total integrated area of the spectrum to reduce variation in con-
centration. These data were collected into Excel (Microsoft, Excel
2003, SP2) data tables. in which each row included the integral
descriptors for an nuclear magnetic resonance spectruni.

The signal pulse and nuclear magnetic resonance spectral data
sets were imported into the Spotfire™ Decision Site 8.1.1 software
package (Tibco Software, CA, USA). For pattern detection, heat-
map analysis was performed to characterize and to verify arca
intensities of these spectral chemical shifts. Chemical shifts considered
to be induced by treatment were then clustered by pattern of alteration
using K-means clustering analysis, a type of non-hierarchical clustering.

Based on these analyses, candidate metabolites in urine were
identified by the NMR suite® (version 5.1, Chenomx, Alberta,
Canada) [19], which has a database of about 200 pure compounds
to analyse the ID nuclear magnetic resonance spectra, and can
compare the spectral signatures to those found in the urine spectrum
and give quantitative metabolic profiles [20-23]. We also referred to
data in the literature [24-26] for the assignment of metabolites,
ensuring recognition of patterns of change in metabolites over time.

Dunnett's tests were used to compare area intensity of chemical
shift data among groups.

Results

Changes in metabolites in 4.4 -methylene dianiline (50, 100,
and 250 mglkg) treatinent groups.

Changes in clinical pathological parameters of 4,4’-methylene
dianiline-treated groups (50, 100, and 250 mg/kg) are shown
in table 1. From the 50 mg/kg (minimum toxic dose) dose
group, 4.4"-methylene dianiline treatment elevated serum
levels of alanine aminotransferase, aspartate aminotransterase,
y-glutamyltranspeptidase and total bilirubin above values in
the control. Urine nuclear magnetic resonance spectra were

DAPM
(250 mg/kg, p.o.)

Control-1 DAPM DAPM
(p.0)) (50 mg/kg, p.o.) (100 mg/kg, p.0.)

1.90

Chemical shift (ppm)

Time (day) Time (day) Time (day) Time (day)
1 15 (x107")

Fig. 1. Clustered heat-map for urinary metabolite nuclear magnetic
resonance  (NMR) following administration of 4,4"-methylene
dianiline (DAPM, 50, 100, and 250 mg/kg, oral administration,
n = 5/dose group) and control (Control-1: 0.5% methylcellulose
solution, oral administration, n = 5) animals. The colours of the
heat map represent the area intensity of chemical shifts from 0.66 to
1.90 ppm: blue for low, white for intermediate and red for high area
intensity.

further examined by heat-map analysis using the Spotfire®,
which revealed that the area intensity of proton signals from
0.66 to 1.90 ppm increased in a dose-dependent manner
(fig. 1). The endogenous metabolites that were increased in
4 4-methylene dianiline-treated groups as observed on 'H
nuclear magnetic resonance analysis of urine were identified
using the NMR suite® and summarized in table 2. Metabolites
corresponding to chemical shifts in the region 0.66 to 1.90 ppm
included bile acids, branched-chain amino acids (isoleucine,
leucine, and valine) and catabolites of branched-chain amino
acids. Pattern detection by K-means clustering analysis
(fig. 2) revealed that bile acids (fig. 2A), valine (fig. 2B) and
methyl malonate (fig. 2C) in urine increased dose-dependently
and significantly at doses of 100 and 250 mg/kg after treatment
with 4.4"-methylene dianiline. We have also measured the
concentration of bile acids in urine samples by LC/MS/MS

Table 1.
Changes in serum biochemistry parameters of rats given 4,4-methylene dianiline (DAPM).

Control-1 p.o.,
0.5% methyl cellulose

DAPM p.o., 50 mg/kg

DAPM p.o., 100 mg/kg DAPM p.o., 250 mg/kg

Group Total 1-day 2-day 1-day 2-day [-day 2-day
ALP (mU/ml) 972 + 144 946 £ 190 1047 £ 343 2318 + 1168' 2498 + 852" 3593 + 1491' 4086 + 1456"
ALT (mU/ml) 2+5 141 £ 190 350 + 425! 611 + 289! 1894 + 406" 1018 + 148" 1992 + 764!
AST (mU/ml) 112 £19 198 + 170 392 + 387 933 + 388" 3015+ 1431' 1353 + 264" 3418 + 1623
GGT (mU/ml) 1 £1 1+1 2k 1 1245 15+ 5 g+ 2! 5441
Total bilirubin (mg/dl) 0.06 + 0.02 033+047" 029+ 046" 311170 9724501 379+ 133 1118+ 1.80

ALP, alkaline phosphatase;: ALT, alanine aminotransferase; AST, aspartate aminotransferase; GGT, y-glutamyltranspeptidase; p.o., oral

administration.
Results are expressed as imeans * S.D. of five animals.
ISignificantly different [rom control-1 (P < 0.05).
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Table 2.
The endogenous metabolites increased in the 4,4-methylene
dianiline-treated group observed in the 'H nuclear magnetic
resonance analysis of rat urine.

Chemical shift (ppm) Metabolite!

0.66, 0.70, 1.34, 1.38, 1.62, 1.66, 1.74

Bile acid (cholate)

0.90, 1.10 Isoleucine

0.90, 1.58 n-butyrate

094, 1.70 Leucine

0.98, 1.02 Valine

1.06 Propionate

1.22 Methyl malonate

1.26 3-Hydroxyisovalerate
1.30 Valerate

1.46 Alanine

7.98, 8.02 Amide NH-signals of

conjugated bile acid

ICandidate metabolites were identified by the NMR suite® [19], as
well as assignments on the basis of data in the literature [24-26].

method in 4,4"-methylene dianiline experiments, and confirmed
that there is a dose-dependent increase in concentration of
urinary bile acids, and a good correlation between results
obtained with nuclear magnetic resonance and LC/MS/MS
methods (data not shown).

Clinical pathology.

Changes in clinical pathological parameters in the cyclosporine
A-, 4,4-methylene dianiline-, o-naphthylisothiocyanate- and
bile duct ligation-treated groups are presented in table 3.
The dose of 4,4"-methylene dianiline 75 mg/kg was selected
to induce moderate toxicological changes. In the cyclosporine
A-treated group (upper, table 3), decreases in serum levels
of alkaline phosphatase, alanine aminotransferase, and
aspartate aminotransferase were observed in the 20 mg/kg dose
group from 4 days. Serum level of aspartate aminotransferase
in the 10 mg/kg dose group decreased from 7 days. Only the
10 mg/kg dose group exhibited a statistically significant
increase in ~y-glutamyltranspeptidase. In animals treated
with cyclosporine A, serum total bilirubin and total bile
acid levels increased significantly from 4 days, by about 34
times and 10-19 times, respectively. In the 4,4-methylene
dianiline-, o-naphthylisothiocyanate- and bile duct ligation-
treated groups (middle and bottom of table 3), serum levels
of alkaline phosphatase, alanine aminotransferase, aspartate
aminotransferase,  y-glutamyltranspeptidase, and total
bilirubin increased significantly, with peaks at 1 or 2 days
after treatment, exhibiting the features of cholestasis.

There were no significant changes in renal function
parameters in any (cyclosporine A, 4,4"-methylene dianiline,
a-naphthylisothiocyanate or bile duct ligation) of the
treated groups (data not shown).

Histopathology.

Pathological findings in rats are presented in table 4. No
remarkable hepatic histological changes were observed in
the control group or the group treated with cyclosporine A

Py
[=}
I

Area intensity

o
o
|

Time (day)

Fig. 2. Change in mean area intensity of chemical shifts for bile
acids (A), valine (B) and methyl malonate (C). Animals treated
with: vehicle (O: 0.5% methylcellulose solution, oral admini-
stration) or 4,4-methylene dianiline (DAPM, @: 50 mg/kg, A:
100 mg/kg, or ™ 250 mghkg, oral administration). Each point
represents means £ S.D. of five animals. Significant difference from
the control group, *P < 0.05.

for 14 days. In the 4,4-methylene dianiline-treated group,
hepatic changes characterized by exfoliated necrotic of biliary
epithelial cells and necrosis of hepatocyte were observed
after 8 hrs, and bile duct hyperplasia, periportal inflammation
with oedema and fibrosis were observed after 1 and 4 days.
In the o-naphthylisothiocyanate-treated group, hepatic
changes characterized by bile duct hyperplasia and fibrosis
in the periportal area were observed. In the bile duct ligation-
treated group, bile duct changes characterised by bile duct
hyperplasia, periportal inflammation, and fibrosis and
necrosis of hepatocyte were observed.
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Table 4.
Pathological findings of rats given cyclosporine A (CyA), 4.4-methylene dianiline (DAPM), a-naphthylisothiocyanate (ANIT) or bile duct

ligation (BDL).

CyA DAPM ANIT BDL
10 mg/kg 20 mg/kg 75 mg/kg 75 mg/kg
7 day 14 day 7 day 14 day 8hr 1 day 4 day 4 day 4 day
Organ Pathological findings
Liver Necrosis, biliary epithelial cell - - - 1+ 1+ - - -
Periportal inflammation - - — - 1+ 1+ - 1+
Periportal fibrosis - - - - - 2+ I+ I+
Hyperplasia, bile duct - - - - 1+ 1+ 1+ 2+
Necrosis, hepatocyte - - - I 1+ I+ - 1+
Kidney Tubular degeneration 1+ 1+ 2+ 3+ - - - - =
Grade: —, No histopathological changes: 1+, slight; 2+, moderate; 3+, marked.

In the cyclosporine A-treated group. histological changes
characterised by tubular degeneration of kidney were
noted. There were no renal pathological changes in the 4,4’-
methylene dianiline-, a-naphthylisothiocyanate- or bile duct
ligation-treated groups.

"H nuclear magnetic resonance spectral analysis of urine
samples.
Changes in peaks in the cyclosporine A-, 4,4’-methylene

In the cyclosporine A-treated groups, area intensities of
the region 0.66 to 1.90 ppm were suppressed from 6 days
(20 mg/kg) or 7 days (10 mg/kg) of administration to the
end of the 14-day treatment period. but were enhanced
after treatment with 4.4’-methylene dianiline (75 mg/kg). o-
naphthylisothiocyanate and bile duct ligation.

Chemical shifts of peaks induced by treatment with cyclo-
sporine A, 4,4"-methylene dianiline. «-naphthylisothiocyanate
or bile duct ligation were clustered by pattern of alteration,

as determined by K-means clustering analysis. Seven
characteristic clusters of changes were found among all treated

dianiline-, o-naphthylisothiocyanate- and bile duct ligation-
treated groups were evaluated by heat-map clustering (fig. 3).

Control-2 CyA CyA Comml 3 DAPM  ANIT Control-4 BDL
) ip.) (20 mg/Kg, i.p.) (p.0) (75 mgkg, 90)(75m9vkg 9.0, (sham)
4.50
’g £
o
&
=
£=
[2])
= s
5 190 s5z = =
=S = =
1.26 e |
0.98
0.66
0.4 B T e e,
21 7 1421 7 1421 7 14QEEED34 &EEE234°‘““234 2123421234
S S
i . - . I T | i 3 il e z I—l—l L_I__l

Time (day) Time (day) T T T Time Time

Time (day) Time (day) Time (day) (day)  (day)
0.1 5 (x102)

Time (day)

Fig. 3. Clustered heat-map for urinary metabolite nuclear magnetic resonance (NMR) following administration of cyclosporine A (CyA, 10
and 20 mgkg, intraperitoneal administration, n = 3), 44-methylene dianiline (DAPM, 75 mg/kg, oral administration, n = 5), o-
naphthylisothiocyanate (ANIT, 75 mg/kg, oral administration, n = 5) or bile duct ligation (BDL, n = 3) and control (Control-2: saline
solution, intraperitoneal administration, n = 5; Control-3: 0.5% methyl cellulose, oral administration, n = 5; Control-4: sham operation, n = 3)
animals. The colours of the heat map represent the area intensity of chemical shifts from 042 to 4.50 ppm: blue for low, white for
intermediate and red for high area intensity.
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Table 5.

The endogenous metabolites of rat urine induced by treatment with cyclosporine A, 4,4"-methylene dianiline,

a-naphthylisothiocyanate or

bile duct ligation were clustered by pattern of alteration using K-means clustering analysis.

Cluster Chemical shift (ppm) Metabolite!
Cluster | 242 Succinate
2.46, 3.02 2-Oxyglutarate
2.50,2.54,2.66 Citrate
2,70 Sarcosine
6.54 Fumarate
3.98,7.54, 7.58, 7.62, 7.66, 7.82, 7.86 Hippurate
Cluster 2 7.10 Histidine
718 Tyrosine
7.22,7.30,7.34 Tryptophan
7.26 3-Indoxyl sulphate
7.38,7.42 Phenylalanine
Cluster 3 2.06,3.34,4.14 Proline
2.26, 3.66 Acetoacetate
2.86 N, N-dimethylglycine
4.02, 4.50 Ascorbate
4.06 Creatinine
4.26 Threonine
4.30, 6.10 Adenosine
6.86,7.70 4-aminohippurate
8.46 Formate
Cluster 4 3.22, 3.38, 3.46, 3.50, 3.54, 3.74, 3.82, 3.86 Glucose
3.26 Trimethylamine-N-oxide
342 Taurine
3.90 Betaine
Cluster 5 0.66, 0.70, 1.34, 1.38, 1.62, 1.66, 1.74 Bile acid (cholate)
0.90, 1.10 Isoleucine
0.90, 1.58 n-butyrate
0.94, .70 Leucine
0.98, 1.02 Valine
1.06 Propionate
1.22 Methyl malonate
1.26 3-hydroxyisovalerate
1.30 Valerate
1.46 Alanine
7.98,8.02 Amide NH-signals of conjugated bile acid
Cluster 6 1.78, 1.82, 1.86, 3.10 Ornithine
1.90 Acetate
1.98,2.10, 2.14, 2.18, 2.34, 2.38 Homoserine
Cluster 7 8.90, 8.98, 9.26 N-methylnicotinamide

!Candidate metabolites were identitied by the NMR suite® [19], as well as assignments on the basis of data in the literature [24-26).

groups and candidate metabolites were identified (table 5).
Changes in mean area intensity of chemical shifts about
clusters are shown in figs 4 and 5. The first cluster, including
sarcosine, represented the area intensity of chemical shifts
unchanged from 1 to 6 days of administration and suppressed
thereafter in the cyclosporine A-treated groups (fig. 4A), as
well as those suppressed by treatment with 4.4"-methylene
dianiline, o-naphthylisothiocyanate or bile duct ligation
(fig. 4B). The second one, which included histidine, represented
the area intensity of chemical shifts unchanged after
cyclosporine A treatment (fig. 4C) and those transiently
enhanced and peaking at 24-hr post-administration in the
4,4-methylene dianiline-treated group (fig. 4D). The third
one, which included acetoacetate, represented the area intensity
of chemical shifts enhanced from 1 to 6 days of administration

in the cyclosporine A-treated group (fig. 4E) and those
enhanced by treatment with 4,4’-methylene dianiline and
a-naphthylisothiocyanate, but unchanged in the bile duct
ligation-treated group (fig. 4F). The fourth one, which
included glucose, represented the area intensity of chemical
shifts increased in the cyclosporine A-treated groups (fig. 4G)
and transiently increased in the o-naphthylisothiocyanate-
treated group (fig. 4H). :

The fifth cluster included bile acids, valine and methyl
malonate (fig. 5). Other metabolites belonging to this cluster
are shown in table 2 and were identified as n-butyrate, pro-
pionate, 3-hydroxyisovalerate, valerate, leucine, isoleucine,
alanine, and amide NH-signals of conjugated bile acids.
Changes in area intensities for bile acids, valine and methyl
malonate are plotted separately. In the case of bile acids,
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Fig. 4. Change in mean area intensity of chemical shifts for
sarcosine (A, B), histidine (C, D), acetoacetate (E, F) and glucose
(G, H). Animals wreated with: vehicle (O) or cyclosporine A (CyA,
A: 10 mghkg and [ 20 mg/kg, intraperitoneal administration,
n = 5) are visualized in A, C, E, and G; vehicle (O), sham operation
(), 44-methylene dianiline (DAPM, A: 75 mg/kg, oral administration,
n = 5), a-naphthylisothiocyanate (ANIT. ® 75 mg/kg, oral
administration, n = 5), and bile duct ligation (BDL, €: n = 3) are
visualized in B, D, F, and H. Each point represents means + S.D. of
three or five animals. Significant difference from the control group,
*P < 0.05.

cyclosporine A treatment (fig. 5A) did not affect area intensities,
but 4,4-methylene dianiline, g-naphthylisothiocyanate, and
bile duct ligation (fig. 5B) increased it significantly. For
valine and methyl malonate, cyclosporine A treatment
(fig. 5C and E) decreased area intensities significantly from
7 days compared with control, while 4,4"-methylene dianiline,
a-naphthylisothiocyanate and bile duct ligation treatment
(figs. 5D and F) increased them.

The sixth cluster, which included acetate, represented the
area intensity of chemical shifts unchanged from 1 to 6 days

Area intensity (x1072)

Time (day)

Fig. 5. Change in mean area intensity of chemical shifts for bile
acids (A, B), valine (C, D) and methyl malonate (E, F). Animals
treated with: vehicle (O) or cyclosporine A (CyA, A: 10 mgkg and
[3: 20 mg/kg, intraperitoneal administration, n = 5) are visualized in
A, C, and E; vehicle (O), sham operation (), 4,4-methylene
dianiline (DAPM, A: 75 mg/ke, oral administration, n = 5), o-
naphthylisothiocyanate (ANIT, ®: 75 mg/kg, oral administration,
n = 5), and bile duct ligation (BDL, 4: n = 3) are visualized in B,
D, and F Each point represents means * S.D. of three or five
amimals. Significant difference from the control group, *P < 0.05.

of administration and suppressed thereafter in the
cyclosporine A-treated groups, and those enhanced in
4,4'methylene dianiline-, a-naphthylisothiocyanate-, bile duct
ligation- and sham operation-treated groups (fig. not shown).
The seventh cluster, which included N-methylnicotinamide,
represented the area intensity of chemical shifts unchanged
after treatment of all groups (figure not shown).

Discussion

Hepatotoxicity is the most common complication in drug
development, and extensive efforts have been made to mini-
mise the attrition of new drug candidates due to it
Although clinical pathological and histopathological analy-
ses are commonly performed to evaluate hepatotoxicity,
new-omics technologies have come to be used increasingly
for this purpose.

The purpose of the present study was to determine
whether 'H nuclear magnetic resonance-based metabonomics
using rat urine samples can discriminate differences in
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mechanism of toxicity causing cholestatic injury of the biliary
canaliculi or bile ducts. To identify putative metabolites
associated with cholestasis, urine samples obtained were
subjected to 'H nuclear magnetic resonance analysis.

Previous studies using various types of hepatotoxicants
(4,4-methylene dianiline, clofibrate and galactosamine)
suggested that urinary metabolites with chemical shifts of
0.66 to 1.90 ppm were markedly affected by 4,4-methylene
dianiline [12], which is known to induce cholestasis. The
dose of 4,4-methylene dianiline, 250 mg/kg, oral adminis-
tration, in one previous study was relatively high and might
have injured tissues other than the liver {27]. In the present
study, area intensities of proton signals from 0.66 to
1.90 ppm (table 2) increased after 4,4-methylene dianiline
treatment in a dose-dependent manner from 50 mg/kg, oral
administration (fig. 2), reproducing the findings of previous
studies. These results imply that the observed changes in
proton signals from 0.66 to 1.90 ppm are closely related to
cholestasis. -Naphthylisothiocyanate is a  well-known
cholestatic hepatotoxicant and produces cholestasis through
injury of epithelial cells of the major bile duct [28]. o-
Naphthylisothiocyanate is reported to cause liver injury by a
mechanism different from that of 4,4-methylene dianiline
{29], and some differences between 4,4’-methylene dianiline
and w-naphthylisothiocyanate treatment may support this
(tables 4 and S). Even if differences do exist in hepatotoxic
mechanism  between 4,4"-methylene dianiline and o-
naphthylisothiocyanate, the two agents produced the same
urinary metabolite pattern, suggesting that the changes in
urinary metabolites observed were caused by cholestasis
itself. The results for o-naphthylisothiocyanate agree with
those of previous studies by Beckwith-Hall et a/. (200 mg/
kg, oral administration), Waters et «/ (150 mg/kg, oral
administration), and Schoonen er a/ (100 mgkg, oral
administration), who reported that bile acids, valine, isoleucine,
leucine, and creatine levels were increased in urine [8,30,31].
a-Naphthylisothiocyanate impairs bile flow, resulting in
accumulation of bile acids within the bile ducts, and this
may lead to bile acid-mediated micellar solubilization of
membrane lipids due to a detergent effect in experimental
animals [32].

Artificial cholestasis producing permanent obstruction of
bile flow has been induced by bile duct ligation [33] and
compared with cholestasis induced by chemical substances
in rats. Persistent increases in y-glutamyltranspeptidase, total
bilirubin and urinary valine and methyl malonate indicated
permanent stasis of bile flow and agreed with a study revealing
increase in urinary excretion of bile acids in bile duct ligation-
treated rats {34]. Since the change in urinary metabolite pro-
file at 0.66 to 1.90 ppm in the 4,4"-methylene dianiline- and
a-naphthylisothiocyanate-treated groups are quite similar to
that in animals with bile duct ligation (fig. 5B, D and F), 4,4"-
methylene dianiline and a-naphthylisothiocyanate appear to
induce cholestasis by obstructing bile flow and thus produce
urinary metabolite patterns similar to those obtained with
bile duct ligation. As shown in table 5 and fig. 4, although
some differences existed among treatments in urinary

metabolites, the patterns of changes were not consistent
among 4,4-methylene dianiline, o-naphthylisothiocyanate
and bile duct ligation, suggesting that these changes are not
specific to cholestasis.

Cyclosporine A was used to inhibit biliary secretion of
bile acid, as cyclosporine A is known to cause cholestasis by
inhibiting both basal and canalicular hepatocellular bile salt
transporters [35,36] and suppressing the bile flow. Although
no remarkable histological changes were observed in the
cyclosporine A-treated group (table 4), functional impairment
of cells in the biliary canaliculi appeared to be induced, as
suggested by the increase in serum total bilirubin and total
bile acids with cyclosporine A at both 10 and 20 mg/kg. There
have also been reports that administration of cyclosporine
A at the same doses resulted in significant decrease in bile
flow and bile acid secretion [14-16]. Therefore, cyclosporine
A was considered to have produced cholestasis as with 4,4
methylene dianiline, o-naphthylisothiocyanate and bile
duct ligation. However, in urinary metabolites, cyclosporine
A differed markedly from 4,4-methylene dianiline, o-
naphthylisothiocyanate and bile duct ligation in that it
decreased the area intensities of proton signals from 0.66 to
1.90 ppm in urine (fig. 5A, C and E).

The change of wurinary metabolites induced by
cyclosporine A may be caused by nephrotoxicity, because
histological changes characterized by tubular degeneration
of the kidneys were noted in the cyclosporine A-treated
group (table 4). However, this possibility is not plausible
because the characteristic changes of nephrotoxicity in urinary
metabolites were not observed in this study. Cyclosporine A
is known to injure the proximal tubule cells in rats [37,38].
In previous studies using cyclosporine A at a dose of 45 mg/
kg and oral administration for 9 days, Lenz er al. reported
increases of glucose, acetate, succinate, trimethylamine,
lactate, and decreases of citrate, trimethylamine-N-oxide [18].
Other nephrotoxic compounds, including hexachlorobutadiene,
mercuric chloride, para-aminophenol, sodium fluoride, and
uranyl nitrate, which induce the proximal tubule cell injury,
are also shown to increase glucose, acetate, succinate, amino
acids (alanine, isoleucine, leucine, valine), lactate, N,N-
dimethylglycine and decrease citrate, 2-oxyglutarate and
hippurate in urine by 'H nuclear magnetic resonance
analysis [39-43]. Therefore, cyclosporine A at 45 mg/kg,
oral administration, is considered to induce changes in
urinary metabolites due to nephrotoxicity. However, in the
present study, cyclosporine A at 10 and 20 mg/kg, intra-
peritoneal administration did not increase acetate, succinate,
trimethylamine, lactate, nor decrease trimethylamine-N-
oxide even after 14 days’ treatment (table 5), suggesting that
the renal function was not impaired as to cause the changes
of urinary metabolites, although histological changes was
observed.

The change of urinary metabolites by cyclosporine A can
be explained as follows. One of the mechanisms of
cyclosporine A-induced cholestasis appears to involve
inhibition by cyclosporine A of bile acid : CoA ligase activity
due to binding at the bile acid binding site [44] and reduction
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of production of bile acid conjugates [45]. Bile acids are
cytotoxic, but when conjugated become less toxic, and in
conjugated form are more amenable to renal excretion. Due
to inhibition of formation of conjugated bile acids by
cyclosporine A, hepatic uptake and biliary excretion of bile
acids will be decreased. Therefore, plasma total bile acids
were thought to have increased and excretion of bile acids in
urine to have decreased in cyclosporine A-treated rats.

Although the mechanisms responsible for the decreases in
urinary leucine, isoleucine, valine, and methyl malonate have
yet to be clarified in detail, some reports have suggested
relationships between liver diseases and changes in branched-
chain amino acids (leucine, isoleucine, and valine). Children
with mild-moderate chronic cholestatic liver disease had
decreased plasma concentrations of branched-chain amino
acids in the presence of increased requirements for total
branched-chain amino acids {46,47), suggesting that decreases
in plasma branched-chain amino acids levels may be reflective
of increases in branched-chain amino acids requirements.
Correspondingly, urinary branched-chain amino acids levels
are considered to be decreased. There is evidence in animal
models of liver disease for increased activity of the branched
chain keto-acid dehydrogenase complex in liver, suggesting
that increased oxidation of the branched-chain amino acids
may occur [48].

The magnitudes of area intensities of proton signals
derived from 0.66 to 1.90 ppm appear to be altered differ-
ently by intra-hepatic and extra-hepatic cholestatic injury
caused by cyclosporine A and, 4,4"-methylene dianiline, o-
naphthylisothiocyanate or bile duct ligation, respectively,
and are thus likely to be useful as biomarkers in urine. We
conclude that a bunch of bile acids, valine, and methyl
malonate have a possibility to be biomarkers of cholestasis
distinguishing a difference in mechanism of toxicity when
analysed with data serum bilirubin. "H nuclear magnetic
resonance metabonomics technology appears to be very
useful as a means of detecting cholestatic liver injury. Other
compounds, like nephrotoxic ones, are also shown to increase
amino acids (alanine, isoleucine, leucine, valine) in urine by
'H nuclear magnetic resonance analysis [10,41,42]. Therefore,
further studies should be directed toward assessing the
endogenous metabolites which can be used as biomarkers to
differentiate cholestatic injury from other diseases.

'H nuclear magnetic resonance-based metabonomics can
be used to address a large range of preclinical and clinical
problems. This study has established the importance of
metabonomics technology in examination of the mechanis-
tic complexity of drug toxicity as well as the benefits of this
approach in drug safety evaluation and biomarker discovery
for drug development.
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ABSTRACT:

Cytochrome P450 3A4 is the predominant isoform in liver, and it
metabolizes more than 50% of the clinical drugs commonly used.
However, CYP3A4 is also responsible for metabolic activation of
drugs, leading to liver injury. Benzodiazepines are widely used as
hypnotics and sedatives for anxiety, but some of them induce liver
injury in humans. To clarify whether benzodiazepines are metabol-
ically activated, 14 benzodiazepines were investigated for their
cytotoxic effects on HepG2 cells treated with recombinant
CYP3A4. By exposure to 100 M flunitrazepam, nimetazepam, or
nitrazepam, the cell viability in the presence of CYP3A4 decreased
more than 25% compared with that of the control. In contrast, in
the case of other benzodiazepines, the changes in the celi viability
between CYP3A4 and control Supersomes were less than 10%.

These results suggested that nitrobenzodiazepines such as fluni-
trazepam, nimetazepam, and nitrazepam were metabolically acti-
vated by CYP3A4, which resulted in cytotoxicity. To identify the
reactive metabolite, the glutathione adducts of flunitrazepam and
nimetazepam were investigated by liquid chromatography-tandem
mass spectrometry. The structural analysis for the glutathione
adducts of flunitrazepam indicated that a nitrogen atom in the side
chain of flunitrazepam was conjugated with the thiol of glutathi-
one. Therefore, the presence of a nitro group in the side chain of
benzodiazepines may play a crucial role in the metabolic activation
by CYP3AA4. The present study suggested that metabolic activation
by CYP3A4 was one of the mechanisms of liver injury by nitroben-
zodiazepines.

Drug-induced hepatotoxicity is one of the major causes of liver
injury and is classified into intrinsic and idiosyncratic types. Intrinsic
drug reactions can occur in a dose-dependent manner in any individ-
uval and are reproducible in preclinical studies. In contrast, idiosyn-
cratic drug reactions do not occur in most patients at any dose, and
they are often referred to as rare, with a typical incidence of from
1/100 to 1/100,000 (Uetrecht, 1999). Because idiosyncratic drug re-
actions are difficult to spot during drug development, some drugs
taunched on the market were later withdrawn because of idiosyncratic
hepatotoxicity. Such drugs withdrawn for hepatotoxicity are known to
produce reactive metabolites (Guengerich and MacDonald, 2007).
The generation of reactive metabolites may relate to the formation of
free radicals, oxidation of thiol, and covalent binding with endoge-
nous macromolecules, resulting in the oxidation of cellular compo-
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nents or inhibition of normal cellular function (Guengerich and Lie-
bler, 1985).

The generation of a reactive metabolite catalyzed by drug-metab-
olizing enzymes such as cytochrome P450 (P450) is defined as
metabolic activation. P450 is the major drug-metabolizing enzyme
that is highly expressed in human liver. CYP3A4 is the predominant
isoform in liver (Shimada et al., 1994) and metabolizes more than
50% of the clinical drugs commonly used (Guengerich, 1995). How-
ever, CYP3A4 is also responsible for the formation of reactive me-
tabolites of flutamide (Berson et al., 1993), trazodone (Kalgutkar et
al., 2005), and troglitazone (Yamamoto et al., 2002). It is suggested
that the reactive metabolites of flutamide, trazodone, and troglitazone
cause the idiosyncratic hepatotoxicity in humans.

Prediction of the metabolic activation and the cytotoxicity of
drug candidates is necessary in drug development. Human hepa-
tocarcinoma HepG?2 cells are commonly used for predicting hep-
atotoxicity in vitro. However, low expression levels of P450s in
HepG?2 cells may be responsible for the fact that 30% of the
compounds were falsely classified as nontoxic (Rodriguez-Antona
et al., 2002; Wilkening et al., 2003; Hewitt and Hewitt, 2004). In
a recent study, a useful in vitro cell-based assay made by combin-
ing recombinant CYP3A4 with HepG2 cells was established (Vig-
nati et al., 2005). It was demonstrated that hepatotoxicants whose
reactive metabolites were generated by CYP3A4 exhibited cyto-
toxicity to the HepG2 cells. This assay system could be applied to
screen for hepatotoxicity by drugs.

ABBREVIATIONS: P450, cytochrome P450; MTT, 3-(4,5-dimetyithiazol-2-yl)-2,5-dipheny! tetrazolium bromide; LC, liquid chromatography;
MS/MS, tandem mass spectrometry; MS, mass spectrometry; LCMS-IT-TOF, liquid chromatography ion trap and time-of-flight mass

spectrometry.
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\II O Desmethyldiazepam H H H <«
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Benzodiazepines have been used extensively as hypnotics and
sedatives for anxiety throughout the world. The mechanism of their
efficacy is to amplify the action of y-aminobutyric acid by acting as
agonists at y-aminobutyric acid receptors (Costa et al,, 2002). Many
benzodiazepines have been launched on the market and used in
clinical practice. Two of the major benzodiazepines, flunitrazepam
and nitrazepam, are widely used as hypnotic and anesthetic premedi-
cations in Europe and Japan. In 2001, it was announced by the
Ministry of Health, Labor and Welfare of Japan that flanitrazepam
induced hepatotoxicity. Chronic administration of antidepressant
drugs including nitrazepam was reported to induce severe hepatic
disorders (Seki et al., 2008). Clonazepam is one of the benzodiaz-
epines used as an anxiolytic and anticonvulsant in clinical practice.
Hepatic injury was reported to occur after treatment with clonazepam
for 6 weeks in Ethiopia (Olsson and Zettergren, 1988).

The purpose of the present study was to clarify whether the meta-
bolic activation of benzodiazepines by P450 occurs, leading to the
hepatotoxicity. We investigated the cell viability in HepG?2 cells in the
presence or absence of CYP3A4 after exposure to 14 commercially
available benzodiazepines (Fig. 1). There are many structural analogs
of benzodiazepines, and the chemical structures and cytotoxicity in
HepG2 cells were compared.

Materials and Methods

Materials. Clonazepam, clobazam, diazepam, lorazepam, nimetazepam,
nitrazepam, and oxazepam were obtained from Wako Pure Chemicals (Osaka,
Japan). Bromazepam, chlordiazepoxide, desmethyldiazepam, flunitrazepam,
flurazepam, norfludiazepam, and temazepam were purchased from Sigma-
Aldrich (St. Louis, MO). Human CYP2C9, 2C19, and 3A4 Supersomes (re-
combinant cDNA-expressed P450 enzymes prepared from a baculovirus insect
cell system) and control Supersomes were purchased from BD Gentest
(Woburn, MA). These microsomes coexpressed NADPH-cytochrome P450
reductase and cytochrome bs. All other reagents used in this study were of the
highest or analytical grade commercially available.

Cell Culture. Human hepatocarcinoma cell line HepG2 was obtained from
Riken Gene Bank (Tsukuba, Japan). The cells were cultured in Dulbecco’s
modified Eagle’s medium (Nissui Pharmaceutical, Tokyo, Japan) supple-

mented with 10% fetal bovine serum (Invitrogen, Melbourne, Australia) and
0.1 mM nonessential amino acids (Invitrogen) at 37°C in an atmosphere of 5%
CO, and 95% air.

Cell Viability Assay. HepG?2 cells were seeded at a density of 1 X 10*
cells/well in 96-well plates with medium containing 3% fetal bovine serum,
benzodiazepines, 8 nM human CYP2C9, CYP2C19, CYP3A4, or control
Supersomes and 1 mM NADPH and then incubated at 37°C for 24 h. In the
preliminary study, we investigated the cell viability in HepG2 cells with
various P450 concentrations and incubation time. The 8 nM P450 and 24-h
incubation were enough to detect cytotoxicity in this assay system. The final
concentration of organic solvent (dimethyl suifoxide) in medium was less than
0.2%. Cell viability after a 24-h incubation was evaluated by the intracellular
ATP concentration using a CellTiter-Glo Luminescent Cell Viability Assay
(ATP assay; Promega, Madison, WI) and 3-(4,5-dimetylthiazol-2-yl)-2,5-di-
pheny! tetrazolium bromide (MTT) activities using a CellTiter-Blue Cell
Viability Assay (MTT assay; Promega). According to the protocols of the
manufacturer, the luminescence of the generated oxyluciferin was measured in
the ATP assay and the fluorescence of the generated resorufin was detected
fluorometrically (excitation: 338 nm, emission: 458 nm) in the MTT assay by
using a 1420 ARVO MX luminometer (PerkinElmer Wallac, Turku, Finland).

Caspase Assay. HepGZ cells were seeded under the same conditions and
incubated at 37°C for 24 h. After incubation, the caspase 3/7 activity was
measured using a Caspase-Glo 3/7 Assay (Promega) according to the protocol
of the manufacturer. The luminescence of the generated aminoluciferin was
measured using a 1420 ARVO MX luminometer.

Detection of Glutathione Adducts, A typical reaction mixture (final vol-
ume of 0.25 ml) contained 50 nM human CYP3A4 Supersomes, 100 mM
potassium phosphate buffer (pH 7.4), an NADPH-generating system consisting
of 0.775 mM nicotinamide adenine dinucleotide phosphate (oxidized form),
0.165 mM glucose 6-phosphate, 0.165 mM MgCl,, 0.2 unit/ml glucose-6-
phosphate dehydrogenase, 10 mM glutathione (reduced form), and 100 uM
benzodiazepines (flunitrazepam, nimetazepam, nitrazepam, bromazepam, or
temazepam). The final concentration of dimethyl suifoxide in the reaction
mixture was less than [ %. Incubation was performed at 37°C for 60 min and
terminated by adding 0.75 ml of ice-cold methanol. After centrifugation at
15,000, the supernatant was subjected to liquid chromatography-tandem mass
spectrometry (LC-MS/MS) (API 4000; Applied Biosystems, Foster City, CA).
An LC-10 liquid chromatograph (Shimadzu, Kyoto, Japan) was used with an
Inertsil ODS-3 analytical column (2.1 X 100 mm, 3 um; GL Science, Tokyo,
Japan). The column temperature was 40°C. The mobile phase was 10 mM
ammonium acetate buffer (pH 4.0) (A) and acetonitrile (B). The conditions for
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elution were as follows: 5 to 90% B (0—6 min), 90% B (611 min), 90 to 5%
B (11-11.01 min), and 5% B (11.01-13 min). Linear gradients were used for
all solvent changes. The flow rate was 0.2 mi/min. The liquid chromatograph
was connected to an API 4000 mass spectrometer operated in the negative
electrospray ionization mode. The turbo gas was maintained at 450°C. Air was
used as the nebulizing and turbo gas at 60 psi. Nitrogen was used as the curtain
gas at 20 psi. The collision energy was —50 V. The m/z 300 to 850 was
scanned at the precursor ion (m/z 272; major mass spectrum fragment of
glutathione).

Identification of Glutathione Adducts. Liquid chromatography ion trap
and time-of-flight mass spectrometry (LCMS-1T-TOF) (Shimadzu) was used

-to identify the structures of the glutathione adducts of the nitrobenzodiaz-

epines. The incubation mixture was the same as that described above except for
CYP3A4 Supersomes (100 nM). Flunitrazepam and nimetazepam were used as
test compounds. After centrifugation at 15,000g for 5 min, the supernatant was
subjected to LCMS-IT-TOF using an Inertsil ODS-3 analytical column (2.1 X
100 mm, 3 pm). The LC conditions were the same as described earlier. The
turbo gas was maintained at 450°C. Air was used as the nebulizing and turbo
gas at 60 psi. Nitrogen was used as the curtain gas at 20 psi. The collision
energy was 50 V. Structure analysis of the glutathione adducts of flunitraz-
epam and nimetazepam was performed by scanning at the product ion (m/z 621
and m/z 603, respectively) in the positive electrospray ionization mode.

Statistics. Data are expressed as mean * S.D. (n = 3). Two groups were
compared with a two-tailed Student’s ¢ test. P < 0.05 was considered statis-
tically significant.

Results

Cell Viability of HepG2 Cells Treated with CYP3A4 and Ben-
zodiazepines. HepG2 cells were incubated for 24 h with the 14
benzodiazepines at 50, 100, 200, and 400 M in the presence of
CYP3A4 or control Supersomes and then the cell viability was mea-
sured by the ATP and MTT assays. With exposure to 100 uM
flunitrazepam, nimetazepam, and nitrazepam, cell viability in the
presence of CYP3A4 Supersomes decreased more than 25% than with
control Supersomes (Fig. 2). Although clonazepam could be dissolved
up to 100 uM in the reaction mixtures, the viability of HepG?2 cells
treated with CYP3A4 Supersomes and 100 uM clonazepam exhibited
57 and 35% decreases in the ATP and MTT assays, respectively,
compared with viability with control Supersomes (Supplemental Fig,
2). Flunitrazepam, nimetazepam, nitrazepam, and clonazepam are
nitrobenzodiazepines that have a nitro group at the 7-position (Fig. 1).
In contrast, for the other 10 benzodiazepines (bromazepam, chlordi-
azepoxide, clobazam, desmethyldiazepam, diazepam, flurazepam,
lorazepam, norfludiazepam, oxazepam, and temazepam) at 100 uM,
the changes in cell viability between CYP3A4 and control Super-
somes were less than 10% and much smaller than those for the
nitrobenzodiazepines (Fig. 2 and Supplemental Fig. 1). Moreover,
25% effective concentrations (EC,s) of nitrobenzodiazepines were
less than 100 uM, and EC, values of all other benzodiazepines were
more than 300 uM in the ATP assay (Supplemental Table 1). Des-
methyldiazepam, diazepam, flurazepam, lorazepam, norfludiazepam,
and oxazepam exhibited concentration-dependent cytotoxicity in
HepG?2 cells incubated both with and without CYP3A4 (Fig. 2 and
Supplemental Fig. 1).

Cell Viability on HepG2 Cells Treated with CYP2Cs and Ni-
trobenzodiazepines. It has been reported that CYP2C9 and
CYP2CI19 are involved in the metabolism of flunitrazepam (Hesse et
al., 2001; Kilicarslan et al., 2001). Therefore, we investigated whether
CYP2C9 and CYP2C19 affect the cytotoxicity caused by nitrobenzo-
diazepines in HepG2 cells. As shown in Fig. 3, the differences in the
cell viability between CYP2Cs and control Supersomes when exposed
to 100 uM nitrobenzodiazepines were less than 10%.

Caspase 3/7 Activity in HepG2 Cells Treated with CYP3A4 and
Nitrobenzodiazepines. As a key factor of apoptosis, the caspase 3/7
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activity was measured in HepG2 cells treated with CYP3A4 and the
nitrobenzodiazepines for 24 h. Flunitrazepam, nimetazepam, and ni-
trazepam significantly increased the caspase 3/7 activities in HepG2
cells in the presence of CYP3A4 Supersomes (Fig. 4, A~C). In
contrast, bromazepam as the negative control had no effects on the
caspase 3/7 activities both with and without CYP3A4 (Fig. 4D).

Detection of Glutathione Adducts of Benzodiazepines. The glu-
tathione adducts of benzodiazepines were investigated by the negative
ion mode of LC-MS/MS. The nitrobenzodiazepines (flunitrazepam,
nimetazepam, and nitrazepam) and the negative controls (bromaz-
epam and temazepam) were measured. As shown in Fig. 5, the
glutathione adducts of flunitrazepam and nimetazepam were detected
in the presence of CYP3A4 Supersomes by precursor ion scans at m/z
619 and m/z 601 (M - H]7), respectively. In contrast, there were no
adducts of flunitrazepam and nimetazepam when they were used in
the control Supersomes (data not shown). In nitrazepam, bromaz-
epam, and temazepam, glutathione adducts were not detected in the
presence and absence of CYP3A4.

Identification of Glutathione Adducts of Flunitrazepam and
Nimetazepam. The structures of the glutathione adducts of flunitraz-
epam and nimetazepam were estimated by the positive ion mode of
LCMS-IT-TOF. For of the glutathione adduct of tlunitrazepam, the
product ion mass spectrum of m/z 621 ([M + H] ™) gave fragment ions
at miz 284.1, m/z 348.1, and m/z 492.1. The molecule weight of the
[M + H]™ fragment ion (m/z 492.1) meant that it was produced by the
molecule weight of the compound (491) and that of a hydrogen ion
(H™; 1). The possible structure of the glutathione adduct of flunitraz-
epam is shown in Fig. 6. A reactive metabolite of flunitrazepam, in
which the nitro group might be metabolized into the amino group, was
conjugated to the 7-substituent group by glutathione.

On the other hand, the [M + H]™ ion of the glutathione adduct of
nimetazepam {(#/z 603) gave fragment ions at m/z 266.4 and m/z 474.2
(Supplemental Fig. 3). The fragment ions at m/z 266.4 and m/z 474.2
were [M + H — 337]" and [M + H — 129], respectively, corre-
sponding to the fragment ions at m/z 284.1 and m/z 492.1 obtained
from the glutathione adduct of flunitrazepam (m/z 621).

Discussion

In the present study, 14 benzodiazepine analogs were investigated
for cytotoxic effects resulting from metabolic activation by CYP3A4.
The major metabolic pathways of diazepam are 3-hydroxylayion by
CYP3A4 and N-desmethylation by CYP2C9 (Schwartz et al., 1965;
Ono et al., 1996). Thus, desmethyldiazepam, temazepam, and oxaz-
epam are metabolites of diazepam (Fig. 1). In addition, norfludiaz-
epam and nitrazepam would be the metabolites of flurazepam and
nimetazepam, respectively.

The cytotoxicity of flunitrazepam, nimetazepam, nitrazepam, and
clonazepam was observed in the presence of CYP3A4 Supersomes in
HepG2 cells (Fig. 2 and Supplemental Fig. 1), suggesting that these
three drugs are metabolically activated by CYP3A4. Flunitrazepam,
nimetazepam, nitrazepam, and clonazepam are classified as nitroben-
zodiazepines that have a nitro group in the side chain. In contrast, the
other 10 benzodiazepines exhibited less cytotoxicity than the nitro-
benzodiazepines (Fig. 2 and Supplemental Fig. 1; Supplemental Table
1). In the present study, we first clarified that the presence of a nitro
group in the side chain of benzodiazepines may play a crucial rule in
the metabolic activation by CYP3A4. To prevent the cytotoxicity by
reactive metabolites in the medium, the effects of 200 uM or 1 mM
glutathione (reduced form) were measured in this cell viability assay
as a preliminary experiment. The glutathione recovered 10% of cell
viability in HepG2 cells treated with CYP3A4 and 100 uM flunitraz-
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