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the Luc activity. Interestingly, DB{a,h]A appeared to be a
potent inducer common to Luc and SEAP activities. On
the other hand, DBJa,c]A and Chr appeared to be strong
inducers, particularly of Luc activity. Until now, much
research has been done to assess the inducibility of
CYP1AI/1A2 after exposure to PAHs.’® Of these,
DB[a,h]A was classified as a strong CYP1A1/1A2 inducer.
Exposure of HepG2 cells to these compounds produced
marked induction in CYP1A1l and CYP1A2 mRNA levels
and enzymatic activities.””’ In addition, the reporter gene
system utilized a stable reporter cell line and also indicat-
ed high response to DB[a,h]A. DB[a,c}A also caused sig-
nificant increase of CYP1A1 and CYP1A2 mRNA levels
in HepG2 cells, but these levels were lower than the lev-
els of induction by DB[a,h]A. In CYP1A2, DB[a,c]A was
as high as the mRNA induction level by 3-MC, These ob-
servations are consistent with our dual reporter assay
results. On the other hand, although Chr produced a
maximum increase in the Luc activity, this result was
different from previous investigations.”*? In general, the
four-ring PAHs such as Chr have a weaker tendency for
induction than five-ring PAHs such as DB[a,hJA and
DB[a,c]A.*** This discrepancy might be due to differ-
ence in experimental conditions and the ability to
metabolize Chr. Overall, these results show that the sta-
ble cell line results in high reporter activities at relatively
low concentration (1 4M) that were easily used to detect
CYP1A1/1A2 induction. However, B[a]P, a typical
CYP1A1/1A2 inducer, did not induce reporter activity at
the concentration of 1 UM, so we treated the same com-
pound at a concentration of 3 4M. We found that B[a]P
induced reporter activity and that the pattern of reporter
activity for other PAHs was similar to that at the concen-
tration of 1 M. Thus, the stable cell line might be availa-
ble to assess interactions between environmental pol-
lutants such as PAHs and therapeutic agents.

Corchero et al. reported that the CYPIAI and CYPIA2
genes are separated by a 23-kb segment that contains no
other open reading frame. The CYPIAI and CYPIAZ genes
are in head-to-head orientation, revealing that the 5'-
flanking region is common between the 2 genes.'” These
genes have been reported to be simultaneously regulated
through common regulatory elements.' To our
knowledge, this is the first report in which the stable cell
line contained the 23-kb full-length regulatory region and
could be used to simultaneously assess transcriptional ac-
tivation of the CYPiAl and CYPIA2 genes. Results ob-
tained from the stable cell line could be used to rapidly
and accurately predict the CYP1A1/1A2 induction. In ad-
dition, although the molecular mechanism of AhR-
mediated activation has been extensively studied in
CYP1Al, the same in CYP1A2 remains unclear. In this
regard, the 23-kb full-length regulatory region in this sta-
ble cell line may be valuable for elucidating the precise
mechanism of CYP1A2 induction.
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ABSTRACT — Malondialdehyde-modified low-density lipoprotein (MDA-LDL) and oxidized LDL (Ox-
LDL), which accelerate the pathogenesis of arteriosclerosis, are thought to be involved in parthenogenesis
caused by smooth muscle cell proliferation. In this study, we investigated the suppression mechanism of
polycyclic aromatic hydrocarbons (PAHs) on the growth of an MDA-LDL-induced human acute mono-
cyte leukemia suspension cell line (THP-1 cells). We found that PAHs suppressed MDA-LDL-induced
THP-1 cell growth. Cotreatment with benzo[a]pyrene (BaP) or 3-methylchoranthrene (3-MC) decreased
MDA-LDL-induced THP-1 cell growth, whereas treatment with benzo[e]pyrene (BeP) or pyrene, which
is not a ligand for the arylhydrocarbon receptor (AhR), did not decrease THP-1 cell growth. Our findings
clearly demonstrated that THP-1 cell growth, which was suppressed by PAHs, was restored by the addi-
tion of a-naphtoflavone, which is a partial antagonist to AhR. Moreover, it was shown that cotreatment
with MDA-LDL and BaP markedly induced the expression of human cytochrome P4501A1 (hCYP1A1)
messenger ribonucleic acid (mnRNA) and significantly induced the expressions of p53 and p21 mRNAs. In
support of these findings, AhR small interfering RNA suppressed the induced level of p21 mRNA and by
BaP and the overexpression of hCYP1A1 significantly induced levels of p21 mRNA. On the other hand,
the uptake rate of ['“C]BaP into cells was increased more significantly by cotreatment with MDA-LDL
than by treatment with [“C]BaP alone. These results strongly suggest that the suppression of MDA-LDL-
induced THP-1 cell growth is caused by the increased uptake of PAHs, which strongly activate the AhR
signal pathway accompanying DNA damage.

Key words: AhR, hCYP1A1, MDA-LDL, PAHs, p21

INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHs) arc com-
mon environmental pollutants; exposure to PAHs
has been suspected to be associated with the occur-
rence of pulmonary diseases. Benzo[a]pyrene (BaP)
is a well-studied PAHs found in many environmen-
tal complex mixtures, including cigarette smoke and air
pollution. BaP is highly mutagenic and must be metabol-
ically activated to exert its carcinogenic potential (Miller
and Ramos, 2001). In addition, BaP induces metabol-
ic enzymes such as human cytochrome p4501A1/2
(hCYP1A1/2) and hCYPIBI via arylhydrocarbon recep-
tor (AhR) (Harrigan et al., 2006; Jonsson et al., 2006;
Willett ef al., 2006). Thus, these hCYPs are involved in

BaP-induced carcinogenesis (Galvan er al., 2005; Kim er
al., 1998; Harrigan ef al., 2004).

The pathogenesis of arteriosclerosis, now generally
considered to be an inflammatory disease, is well char-
acterized, but the initiating cvent is unknown (Ross,
1999). Individuals who smoke are at increased risk for
developing arteriosclerosis and associated clinical events
(Chouraki er al., 2008; Antoniades ef al., 2008; Iribarren
et al., 1999; LaCroix et al., 1991). These findings, com-
bined with data from clinical studies, indicate that the
pathogenesis of arteriosclerosis is accelerated through a
number of different mechanisms, which collectively con-
tribute to increased risk of developing the discase. The
subendothelial accumulation of foam cells, which are pri-
marily derived from monocytes and macrophages through
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the uptake of oxidized LDL (Ox-LDL), plays a key role in
the initiation of arteriosclerosis (Steinberg and Witztum,
1990). It is well known that the LDL receptor, which is
down-regulated when intracellular cholesterol levels are
increased, is not involved in the intracellular accumula-
tion of cholesterol in foam cells. However, macrophag-
es avidly accumulate Ox-LDL via scavenger receptors
that are unresponsive to intracellular cholesterol levels
(Goldstein and Brown, 1977; Yld-Herttuala et al., 1991).
Furthermore, Ox-LDL induces proliferation of monocytes
and macrophages, smooth muscle cells, and other cells
(Heery et al., 1995; Zhao et al., 2005; Matsumura ef al.,
1997; Martens ef al., 1998; Hamilton ef al., 1999).

Generally, the pathogenesis of arteriosclerosis is accel-
erated through MDA-LDL and Ox-LDL. Interesting-
ly, MDA-LDL was reportedly involved in atherogene-
sis by causing smooth muscle cell proliferation (Ozer e
al., 1993), which was generated by the uptake of MDA-
LDL in macrophages via scavenger receptors; PAHs have
also been reported to induce arteriosclerosis (Iwano ef al.,
2005). However, the interaction between PAHs and MDA-
LDL has not been clarified. Therefore, in this study, we
investigated the suppression mechanism of MDA-LDL-
induced THP-1 cell growth by PAH:s to clarify the associ-
ation between PAHs and MDA-LDL.

MATERIALS AND METHODS

Chemicals

BaP, f-naphthoflavone (B-NF), benzo[e]pyrene (BeP),
pyrene, and a-naphthoflavone (a-NF) were purchased
from Tokyo Chemical Industry Corporation (Tokyo,
Japan). 3-Methylcholanthrene (3-MC) was purchased
from Sigma-Aldrich (St. Louis, MO, USA). All other
chemicals used were of analytical grade and purchased
from commercial sources.

Cell culture

THP-1 (human acute monocytic leukemia) cells were
obtained from Japan Human Health Sciences Foundation
(Tokyo, Japan) and HepG2 (human hepatoma cell lines)
cells were obtained from Riken Bioresource Center (Iba-
raki, Japan). THP-1 cells were maintained in Roswell
Park Memorial Institute (RPMI) 1640 medium from
Invitrogen (Carlsbad, CA, USA) supplemented with 5%
fetal bovine serum (FBS), 100 U/ml penicillin, and 100
pg/ml streptomycin. HepG2 cells were cultured in Dul-
becco’s modified Eagle medium (DMEM) from Wako
(Osaka, Japan) containing 10% FBS, 100 U/ml penicillin,
100 pg/ml streptomycin, 0.25 pg/ml amphotericin B, and
0.1 mM nonessential amino acids. THP-1 cells were seed-
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ed onto 96-well plates (3 x 104 cells/well) and 24-well
plates (1 x 10¢ cells/well) from Becton Dickinson (Hei-
delberg, Germany). THP-1 cells were incubated with 0.1
ml (96-well plate for cell proliferation) and 0.5 ml (24-
well plate for cell proliferation and incorporation of [C]
BaP) of the medium containing PAHs (BaP, 3-MC, BeP,
and pyrenc): B-NF, MDA-LDL, 0.1% DMSO, or cotreat-
ment with PAHs and MDA-LDL. The HepG2 cells were
seeded onto 24-well plates at 5 x 10¢ cells/well for 24 hr,
and used for a virus infection experiment.

Recombinant adenovirus

Adenovirus-expressing human CYPIAI and CYPIA2
(Ad-hCYP1A1 and Ad-hCYP1A2) were done with the
AdEasy™ System (Quantam Biotechnologies, Montreal,
Canada) according to a previous report (Aoyama ef al.,
2009). AdCont (AxCALacZ), which expresses B-galac-
tosidase, was provided by Dr. lzumi Saito (Tokyo Uni-
versity) and used as a control adenovirus. The titer of the
recombinant adenovirus, 50% titer culture infection dose
(TCID,,), and multiplicity of infection (MOI) were deter-
mined as reported previously (Kamiyama er al., 2007).

Infection of recombinant adenovirus

The HepG2 cells were incubated with 0.1 ml of a
medium containing a recombinant adenovirus for 1 hr
followed by the addition of 0.9 ml of medium and further
culturing for 96 hr. Seventy-two hr after the adenovirus
infection, the HepG2 cells were treated with 0.01 pM and
0.1 pM BaP or 0.1% DMSO for 24 hr.

Modification of LDL by malondialdehyde
Malondialdehyde was generated at room temperature
by rapid acid hydrolysis (0.2 ml of 12 M HCI) of tetra-
methoxypropane (Nacalai Tesque, Kyoto, Japan). Then,
4.6 ml of 0.1 M sodium phosphate buffer (pH 6) was add-
ed to this reaction medium and the solution was adjust-
ed to pH 6 with 10 M NaOH. Synthesized MDA was sub-
sequently added to freshly prepared LDL (Chemicon,
Tokyo, Japan) (2 mg/ml) and incubated at a final con-
centration of 0.02 mM for 3 hr at 37°C. The reaction was
stopped by dialysis against phosphate-buffered saline
(PBS) (pH 7.6) for 24 hr at 4°C. The extent of modifica-
tion was determined by a colorimetric thiobarbituric acid
assay (Fogelman ef al., 1980; Patton and Kurtz, 1951).

Tritiated thymidine incorporation assay
Proliferation of THP-1 cells was determined by the
incorporation of [*H] thymidine into cellular DNA. Brief-
ly, 10 pl of 10 pCi/ml methyl [*H] thymidine (80 Ci/
mmol, Amersham Bioscience) was added to each well of
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a 24-well plate and incubated for the final 18 hr in each
experiment. The medium was then aspirated, cells were
washed with ice-cold 10% trichloroacetic acid to pre-
cipitate DNA and unincorporated labeled thymidine
was removed. Cells were dissolved in 0.1 M NaOH to
hydrolyze the acid-insoluble material. Radioactivity was
measured using a liquid scintillation counter (Beckman
Counter LS 6500 AT, Fullerton, CA, USA).

WST-8 growth assay

THP-1 proliferation was determined by WST-8 [2-(2-
methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-dinitro-
phenyl)-2H-tetrazolium, monosodium salt] assays using
a Cell Counting Kit-8 (Donjindo, Kumamoto, Japan).
Briefly, 10 pl of WST-8/1-methoxy-phenazine methosul-
fate solution was added to each well of a 96-well plate
and incubated for 2 hr at 37°C. The absorbance at 450 nm
was then measured with a multiwell spectrophotometer
(MPR-A4i; Toso, Tokyo, Japan).

['“C]BaP incorporation assay

BaP incorporation into cellular DNA was determined
by incorporation of ['*C]BaP. Briefly, 2 pl of [“C)BaP (60
mCi/mmol, Amersham Bioscience) was added to each
well of a 24-well plate. The medium was then aspirated,
cells were washed with ice-cold 10% trichloroacetic acid
to precipitate DNA and unincorporated labeled BaP was
removed. Cells were dissolved in 0.1 M NaOH to hydro-
lyze the acid-insoluble material. Radioactivity was meas-
ured using a liquid scintillation counter.

Quantitative real-time polymerase chain reaction
(PCR)

Total ribonucleic acid (RNA) was extracted from the
cells using TRIzol according to the manufacturer’s proto-
col. The cDNA was synthesized from 1 pg of total RNA
using an oligo dT-adaptor and avian myeloblastosis virus
ExScript reverse transcriptase (Takara, Shiga, Japan).
Quantitative real-time PCR was performed using a Ther-
mal Cycler Dice™ TP800 (Takara). The primer sequenc-
es used in this study were as follows: hCYP1Al: sense
(5'-GGCCACTTTGACCCTTACAA-3') and anti-sense
(5'-CAGGTAACGGAGGACAGGAA-3'); hCYP1A2:
sense (5'-GTTCCTGCAGAAAACAGTCCA-3') and
anti-sense (5-CTGTGCTTGAACAGGGCAC -3'); AhR:
sense (5'-GCACGAGAGGCTCAGGTTATCA-3') and
anti-sense (5'-GTGCATTAGACTGGACCCAAGTC-
3’); p53: sense (5'-CTGTCCCTTCCCACAAAACC-3)
and anti-sense (5'-CCACTCGGATAAGATGCT-3"); p21:
sense (5'-CGACTGTGATGCGCTAATGG-3') and anti-
sense (5'-CCAGTGGTGTCTCGGTGACA-3"); and glyc-

elaldehyde-3-phosphate dehydrogenase (GAPDH): sense
(5'-TCGGAGTCAACGGATTTGGTCGTA-3’) and anti-
sense (5-ATGGACTGTGGTCATGAGTCCTTC-3).
PCR was performed using a SYBR® Premix Ex Taq™
(Takara). The reaction was carried out under the follow-
ing conditions: 50°C for 2 min, 95°C for 2 min, followed
by 40 cycles at 95°C for 5 sec, and 60°C for 30 sec. To
confirm the amplification specificity, the PCR products
were subjected to a melting curve analysis. The mRNA
expression levels of the hCYP1AI1, hCYP1A2, AhR,
p53, and p21 in each sample were normalized to that of
GAPDH.

Small interfering RNA

Double-strand siRNAs (25-mer) that target the AhR
and control siRNA that target estrogen receptor a (ERa)
were designed and synthesized by Invitrogen. The cor-
responding target mRNA sequences for the siRNAs
were as follows: AhR siRNA, UUAAGUCGGUCU-
CUAUGCCGCUUGG:; ERa siRNA, UAGUCAUUG-
CACACUGCACAGUAGC. HepG2 cells were transfect-
ed with siRNA when cells reached 30-50% confluence
(48-well plate), according to the manufacturer’s proto-
col. Briefly, gene-specific siRNA oligomers (20 nM) and
0.4 pl/well lipofectamine RNAIMAX were diluted in 40
pl/well DMEM (Invitrogen). After 20-min incubation at
room temperature, the complexes were added to the cells
in a final volume of 240 pl medium. Forty-eight hr after
the siRNA transfection, the HepG2 cells were treated with
0.01 pM and 0.1 pM BaP or 0.1% DMSO for 48 hr.

Preparation of S9 fraction

HepG2 cells were washed with ice-cold PBS (without
CaCl, and MgCl,) and then removed with a cell scrap-
er. The cells were suspended in 0.25 M sucrose/l mM
EDTA/10 mM Tris HCI buffer (pH 7.4). The sonicated
cells were then homogenized under ice-cold conditions.
After centrifugation of the homogenated cells at 9,000 x
g for 20 min at 4°C, the supernatant (S9) was collected.
Protein content was determined by using a Protein Assay
Kit (Bio-Rad, Tokyo, Japan) according to the manufactur-
er’s protocol, with bovine serum albumin as the standard.

7-Ethoxyresorufin O-deethylase (EROD) assays
CYPIA activity was determined using an EROD assay
according to the methods of Burke and Mayer (1974)
with the following modifications. The reaction mixture
contained | pM 7-ethoxyresorufin (Sigma), S9 fraction
(200 pg of S9 protein), and 0.1 M potassium phosphate
buffer (pH 7.4) in a final volume of 0.5 ml. After preincu-
bation of the mixture at 37°C for 5 min, 0.5 mM NADPH
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(Wako) was added to initiate the reaction, and the mix-
ture was further incubated for 10 min. The reaction was
terminated by the addition of 2 ml of ice-cold methanol,
and the samples were then centrifuged at 9,000 x g for
10 min. The metabolite, resorufin, was measured using
Powerscan®HT (Dainippon Sumitomo Pharma, Osaka,
Japan) (excitation and emission wavelengths of 530 nm
and 585 nm, respectively).

Statistical analysis

Data are expressed as the mean = standard (S.D.) error
from three determinations. Statistical comparison of two
groups was performed using a two-tailed Student’s s-test.
P-values less than 0.05 were considered to be statistical-
ly significant.

RESULTS

Effects of PAHs on MDA-LDL-induced THP-1 cell
growth

We examined the effects of MDA-LDL on THP-1 cells
growth. THP-1 cell growth increased nearly 30% com-
pared to the control by treatment with 0.4 mg/ml MDA-
LDL. We further investigated whether PAHs had an effect
on MDA-LDL-induced THP-1 cell growth. Cotreat-
ment with BaP or 3-MC and MDA-LDL reduced MDA-
LDL-induced THP-1 cell growth (Fig. 1-A). On the oth-
er hand, cotreatment with BeP or pyrene, which does not
activate the AhR, and MDA-LDL did not reduce MDA-
LDL-induced THP-1 cell growth (Fig. 1-B). Or, that the
experiments with Ox-LDL yielded similar results to those
observed in MDA-LDL; however, we examined the role
of the MDA-LDL in this study because the results of
MDA-LDL were clearer than the results of Ox-LDL.

Effects of a-NF or B-NF on suppression of
MDA-LDL-induced THP-1 cell growth by BaP
Among the PAHs, BaP and 3-MC activate AhR-medi-
ated signal transduction, but pyrene and BeP do not. To
clarify whether AhR-mediated signal transduction is
involved in the suppression of MDA-LDL-induced THP-
1 cell growth by BaP, we examined the effect of a-NF, a
partial antagonist to AhR, on [*H] thymidine incorpora-
tion. Cotreatment with BaP and MDA-LDL reduced [*H]
thymidine incorporation. The suppression of [*H] thymi-
dine incorporation into THP-1 cells was clearly restored
by the addition of 1 pM a-NF (Fig. 2-A). B-NF is a potent
agonist to AhR, but not to PAHs, and does not cause cell
damage. To clarify the involvement of AhR in suppres-
sion of MDA-LDL-induced THP-1 cell growth, we fur-
ther examined whether B-NF, as well as BaP, suppress-
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es MDA-LDL-induced THP-1 cell growth. Co-treatment
with B-NF and MDA-LDL did not reduce the MDA-LDL-
induced THP-1 cell growth (Fig. 2-B).

Effect of MDA-LDL and BaP on hCYP1A1 mRNA
expression

To further clarify whether AhR-mediated signal trans-
duction was activated by BaP, we examined the effect
of cotreatment with MDA-LDL and BaP on the expres-
sion of hCYP1A1 mRNA. hCYPIAL1 is a BaP-activat-
ing enzyme, and the expression was induced by activa-
tion of the AhR pathway. Cotreatment with MDA-LDL
and BaP markedly induced the expression of hCYP1A1
mRNA (28-fold). In contrast, BaP treatment also induced
the expression, but at a low level (9.8-fold) (Fig. 3).

The role of MDA-LDL in BaP activation in THP-1
cells

Together with the above results, cotreatment with BaP
and MDA-LDL was predicted to cause strong BaP acti-
vation due to the acceleration of BaP incorporation into
the cells. We next examined the incorporation of BaP
into THP-1 cells. Incorporation of [“C]BaP with MDA-
LDL into THP-1 cells increased 5.6-fold compared to the
results from treatment with [4C]BaP alone (Fig. 4).

Analysis of the suppression mechanism of
MDA-LDL-induced THP-1 cell growth by BaP

Together with these results, induced hCYP1A1 is pre-
dicted to transform BaP to an activated form causing DNA
damage and, consequently, increased levels of tumor sup-
pressor proteins such as p53 and p21, the proliferation
inhibitor protein. Therefore, we next measured p53 and
p21 mRNA levels by cotreatment with MDA-LDL and
BaP. As expected, cotreatment with BaP and MDA-LDL
significantly induced the expression of p53 (2.6-fold) and
p21 (1.9-fold) mRNAs compared to that of the control.
Treatment with BaP alone did not induce the expression
of mRNAs (Fig. 5).

Effect of knockdown of AhR and overexpression
of hCYP1A1 on the expression level of p21
mRNAs

To determine the influence of the AhR pathway or met-
abolic activation of BaP by hCYP1AL1 on the expression
level of p21 mRNA, we performed knockdown of the AhR
using AhR siRNA and overexpression of hCYP1A1 using
an hCYP1A-expressing adenovirus (Ad-hCYP1A1). It
was difficult to overexpress the recombinant protein in
THP-1 cells through a cDNA expression vector. There-
fore, in this study, we used HepG2 cells and a hCYP1AI-
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Fig. 1. Effects of BaP and 3-MC (A) and BeP and pyrene (B) on MDA-LDL-induced THP-1 cell growth. THP-1 cell proliferation
was assessed by a WST-8 assay. Concentrations of MDA-LDL and PAHs were 0.4 mg/ml and 0.01-1 uM, respectively, Data
show the mean £ S.D. of at three independent experiments. *p < 0.001.

expressing adenovirus. As a result, the levels of AhR and  dependent manner by the addition of BaP compared with
CYPIA1 mRNA were downregulated by 73% and more  the control (1.7- to 2.0-fold) in 48-hr cultured cells. How-
than 50%, respectively, compared with the control (Fig.  ever, when AhR siRNA was introduced into cells, p21
6-A). The level of p21 mRNA was induced in a dose-  mRNA was not induced in 48-hr cultured cells (Fig. 6-

Vol. 35 No. 2



142

H. Suzuki er al.

A ¥k
* %k | %k *

i

120

[*H] Thymidine incorporation ( % of control )

MDA-LDL ~ — - 3 +
BaP — — + + +
a -NF —_— - _— - -
B *
* ¥ *
140 ¢ -1t }

£ 120}

g

K T

N 100

3

s 8of

[=]

&

£ 60

w

=

he|

E 407

=

z 20

0 - 2
MDA-LDL —_— -+ —_ -

A -NF . —_ + +

Fig. 2. Effects of a-NF (A) and B-NF (B) on BaP suppression of MDA-LDL-induced THP-1 cell growth. THP-1 cell proliferation
was assessed by a [*H] thymidine incorporation assay. Concentrations of BaP, MDA-LDL, a-NF, and B-NF were 0.1 M,
0.4 mg/ml, 0.1 pM, and 0.1 M, respectively. Data show the mean + S.D. of at three independent experiments, ‘p < 0.01; “p
<0.001.

Vol. 35 No. 2



143

Effects of PAHs on MDA-LDL-induced cell growth

5 p
T 30}
=
=3
o
4 25%
>
3 0t
s
& 15§
[
<
EIO
>~
8
=

0

MDA-LDL
BaP

Fig. 3.

Expression of hCYP1AT mRNA in THP-1 cells. THP-1 cells were incubated with DMSO, BaP, MDA-LDL, or MDA-LDL

along with BaP for 12 hr. Total RNA was prepared 12 hr later as described in the experimental procedures. The mRNA ex-
pression of the target genes was analyzed by real-time RT-PCR, and the mRNA levels of the target gene were normalized to
that of GAPDH. Concentrations of MDA-LDL and BaP were 0.4 mg/mi and 0.1 pM, respectively. Data show the mean =

S.D. of at three independent experiments. ‘p < 0.01.

B). Moreover, p21 mRNA was induced in a dose-depend-
ent manner by treatment with Ad-hCYP1A1 and BaP in
24-hr cultured cells (Fig. 6-C) but not with Ad-hCYP1A2
and BaP. Typical catalylic activities for hCYP1A1 and
hCYP1A2 were detected with EROD. EROD activities
of overexpressed hCYP1A1 and hCYP1A2 were 2.0 and
2.39 times higher, respectively, than that of the control
(Fig. 6-D).

DISCUSSION

Macrophage proliferation is recognized as an impor-
tant factor of pathogenesis in the development of arte-
riosclerosis. Studies from several research groups have
shown that Ox-LDL induced macrophage prolifera-
tion (Matsumura ef al., 1997; Martens et al., 1998;
Hamilton ef al., 1999). Interestingly, PAHs have been
known to induce arteriosclerosis (Curfs et al., 2005; van
Grevenynghe ef al., 2004), and several observations sup-
port the hypothesis that the aggravation of arteriosclerosis
is caused by PAHs coexiting with Ox-LDL such as MDA-
LDL. However, it is unclear as to how arteriosclerosis is
promoted by PAHs. Therefore, we expected that MDA-

LDL-induced cell growth is supported by the presence of
PAHs. In the present study, we used THP-1 cells to exam-
ine whether MDA-LDL-induced cell growth was caused
by PAHs. Contrary to expectations, our results demon-
strated that cotreatment of BaP or 3-MC with MDA-LDL
decreased MDA-LDL-induced THP-1 cell growth (Fig.
1-A). Interestingly, we found that there were differenc-
es between the ligands (BaP or 3-MC) and nonligands
(pyrenc or BeP) of the AhR (Figs. 1-A and B). In addition,
we conducted experiments using an AhR partial antago-
nist (¢-NF) and agonist (B-NF) other than PAHs to deter-
mine whether depressed MDA-LDL-induced THP-1 cell
growth in the AhR could be found under the same condi-
tions, It is of interest that «-NF clearly restored the syner-
gistic action by the combination of BaP and MDA-LDL
(Fig. 2-A), but f§-NF did not depress MDA-LDL-induced
THP-1 cell growth. It seems that activation of the AhR
pathway is involved in the depression of MDA-LDL-
induced THP-1 cells growth; however, involvement of
another mechanism after activation of the AhR pathway
was predicted. Next, we designed an experiment to invcs-
tigate the expression level of hCYPIAT mRNA. Higher
expression of mRNA was observed after cotreatment of
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BaP and MDA-LDL than after treatment with BaP alone  strong BaP activation is predicted to be due to the accel-
(Fig. 3). These findings suggest that the influence of PAHs  eration of BaP incorporation into cells.
on THP-1 cell growth is likely to be through AhR, and BaP, as well as other PAHs, is poorly soluble in water.
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In plasma, BaP partitions readily incorporate into plas-
ma lipoproteins (Avigan, 1959; Shu and Nichols, 1979).
The entry of BaP into cells from plasma lipoproteins has
been shown to be via diffusion and to be nonmediated by
a transfer process (Remsen and Shireman, 1981; Plant er
al., 1985). Therefore, we investigated the uptake of BaP
into THP-1 cell using [*C]BaP. Interestingly, the uptake
rate of [*C]BaP was increased by cotreatment with MDA-
LDL compared to treatment with [“C]BaP alone (Fig. 4).
The relatively slow rate of BaP uptake into cells suggests
that the lipophilic properties of PAHs would likely result
in extremely slow permeation into the tissues. It is impor-
tant to understand the mechanism by which PAHs enter

cells.

In a recent study, Iseki er al. (2005) suggested that the
AhR in Leydig cells mediated growth inhibition through
p21, which is a major transcriptional target of the tumor
suppressor p53. Furthermore, p21 is known to play an
important role in cell cycle control by interacting with the
cyclin-dependent kinase complexes. Finally, the cell cycle
may be arrested after the p53/p21 pathway is induced by
DNA damage (Iwano ef al., 2006). Therefore, in the next
experiment, we measured the expression levels of p53
and p21 mRNAs and found that expression of p53 and
p21 mRNAs was significantly increased after cotreatment
with BaP and MDA-LDL (Fig. 5). Our findings also indi-
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cated that suppression of MDA-LDL-induced THP-1 cells
growth by BaP may be attributable to apoptosis (Fig. 5).
However, this finding is not compatible with the results of
flow cytometry (data not shown). Furthermore, as men-
tioned previously, B-NF is a typical hCYP1A1 inducer
that does not contribute to the suppression of MDA-LDL-
induced THP-1 cell growth. These findings suggest that
metabolites of BaP by hCYP1A1 induced through AhR
activation may cause DNA damage. The cell cycle arrest
was caused by p53/p21 activation through DNA damage.
These results were strongly supported by the AhR siRNA
experiment. AhR siRNA restored p21 mRNA expression
level as shown in Fig. 6-B. The metabolic activation of
BaP by hCYP1A1 could be a necessary step for suppres-
sion of MDA-LDL-induced THP-1 cell growth. Recent-
ly, knockout experiments of CYP1A1 have shown that
CYPIAL is not involved in BaP toxicity and was report-
ed to be a detoxication enzyme (Uno et al., 2006; Endo
et al., 2008). However, our overexpression experiment of
hCYP1A1 using an hCYP1A1-expressing adenovirus fur-
ther supported our findings. The reason for the discrepan-
cy is not clear at this time but could be attributed to dif-
ferences in the experimental conditions.

In conclusion, suppression of MDA-LDL-induced
THP-1 cell growth by BaP may be due to accelerated
incorporation of BaP. Thereafter, the hCYPIALI gene is
strongly induced by activation of the AhR by incorporated
BaP. It seems that MDA-LDL may play an important role,
at least in part, in that incorporation. In addition, BaP was
metabolized to the activated form by strongly induced
hCYP1A1l. Subsequently, DNA damage was caused by
the activated BaP, and the p53/p21 pathway was strong-
ly activated. It is, therefore, possible that MDA-LDL-
induced THP-1 cell growth was suppressed by PAHs.

Our findings suggest that compounds involved in arte-
riosclerosis are easily incorporated into cell via MDA-
LDL, and further investigation is needed.
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SUMMARY

Stevens-Johnson syndrome (SJS) and toxic epidermal
necrolysis (TEN) are rare but life-threatening severe cuta-
neous adverse reactions. Recently, strong associations of
HLA-B*1502 with carbamazepine-induced SJS/TEN have
been found in Han Chinese patients. These associations
have been confirmed in several Asian populations, excluding
Japanese. SJS patients carrying HLA-B*1508, HLA-B*I51 |,
or HLA-B*1521, which are members of the HLA-B75 type

along with HLA-B*|502, were detected in studies in India
and Thailand. In the current study, we genotyped the
HLA-B locus from 14 Japanese typical and atypical SJS/
TEN patients in whom carbamazepine was considered to
be involved in the onset of adverse reactions. Although
there were no HLA-B*1502 carriers, four patients had
HLA-B*151 1. Our data suggest that HLA-B*151 1, a mem-
ber of HLA-BTS, is a risk factor for carbamazepine-induced
SJS/TEN in Japanese.

KEY WORDS: HLA-B*1502, HLA-B75, Serotype.

Stevens-Johnson syndrome (SJS) and toxic epidermal
necrolysis (TEN) are severe adverse drug reactions (ADRSs)
with mucosal and cutaneous disorders, and often are accom-
panied by high fever and systemic complications. Although
incidence is low, SIS and TEN are life-threatening and their
mortalities are estimated at 5% and 30%, respectively. On
the basis of summarized spontaneous reports of severe
ADRs to the Ministry of Health, Labor and Welfare
(MHLW) from 2006 to 2008, the incidence of SIS/TEN in
Japan can be calculated as 3.4 patients per million per year
(approximately 430 cases annually), and major causative
drugs are allopurinol and carbamazepine.
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As for carbamazepine-induced SJS/TEN, involvement of
HLA-B*1502 in Han Chinese SJS/TEN patients has been
reported (Chung et al., 2004), and has been confirmed in
Asians in Hong Kong (Man et al., 2007), Europe (Lonjou
et al., 2006), Thailand (Locharernkul et al., 2008), and
India (Mehta et al., 2009). However, no association
between HLA-B*1502 and carbamazepine-related SJS/TEN
was detected in our previous study with seven Japanese SIS/
TEN patients (Kaniwa et al., 2008). Therefore, we extended
the investigation to explore other biomarkers in Japanese
SJS/TEN patients who were administered carbamazepine.

METHODS

Patients

The ethics committee of each participating institute of the
JSAR (Japan Severe Adverse Reactions) research group
approved this study. Written informed consent was obtained
from each patient. Fifteen unrelated Japanese patients who
were prescribed carbamazepine before the onset of SJS/
TEN were recruited from participating institutes or through
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a nationwide blood sampling network in Japan operated by
the National Institute of Health Sciences in cooperation with
the MHLW and the Federation of Pharmaceutical Manufac-
turers’ Association of Japan. Patient characteristics are sum-
marized in Table 1. Seven patients were included in our
previous report (Kaniwa et al., 2008), and two patients were
in another study (Ikeda et al., 2009). Twelve patients
were diagnosed as definite SJS or TEN and three patients
were diagnosed as probable SJS due to atypical or mild
symptoms by the JSAR research group experts. This diagno-
sis was based on criteria proposed by Bastuji-Garin et al.
(1993) using a standardized case report form including
medicinal records, disease progress, and involvement of sys-
temic complications as well as treatment. Severity of ocular
complication was scored as follows: 0, no involvement; 1,
only hyperemia of bulbar and palpebral conjunctiva; 2,
pseudomembrane formation; 3, defect of conjunctival or
corneal epithelia.

HLA-B typing

High-resolution HLA-B typing was performed by a
sequence-based method using SeCore B Locus Sequencing
kit (Invitrogen Corp., Brown Deer, WI, U.S.A.) and an ABI
3730 DNA sequencer (Applied Biosystems, Foster City,
CA, US.A)). Genomic DNA (250 ng) was used for PCR
amplification and sequencing exons 2, 3, and 4. HLA-B
haplotype was estimated with the Assign SBT software
(version 3.2.7b; Conexio Genomics, Applecross, WA,
Australia).

Statistical analysis

HLA-B*1511 allele frequency reported by Tanaka et al.
was used as the control frequency (Tanaka et al., 1996).
Fisher’s exact test was conducted using JMP ver. 7.0.1 (SAS
Institute Japan, Co., Ltd., Tokyo, Japan) to calculate the
odds ratio and its 95% confidence interval (CI).

RESULTS

Demographics, symptomatic state, coadministered drugs
with carbamazepine, and HLA-B diplotypes of 15 patients
are summarized in Table 1. However, Patient 12 was
excluded from the following statistical analyses because
zonisamide was a more likely causative drug. Involvement
of carbamazepine in the onset of SIS/TEN could not be
excluded for the remaining 11 definite SJIS/TEN patients
and three probable SJS patients.

In contrast to data on Han Chinese (Chung et al.,
2004) and Thai populations (Locharernkul et al., 2008),
HIA-B*1502 was not detected in this work. However, two
patients with definite SJS/TEN and two patients with prob-
able SJS carried HLA-B*1511. The allele frequencies of
HIA-B*1511 in the SJS/TEN groups were compared with
the allele frequency in a Japanese population reported by
Tanaka et al. (1996) (n = 493) instead of that in carbamaz-
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epine-tolerant patients, because the incidence of SJS/TEN
in Japan is very low (three per million/year). Allele fre-
quencies of HLA-B*1511 increased significantly in the
SJS/TEN group regardless of the exclusion or inclusion of
probable SJS patients [0.0909 (2 of 22) and 0.143 (4 of
28), respectively) than in the Japanese population (0.01),
and the odds ratios were 9.76 (p = 0.0263, CI 2.01-47.5)
and 16.3 (p=0.0004, CI 4.76-55.6), respectively. No
patients with HLA-B*1511 had severe ocular complica-
tions.

DISCUSSION

Recently, HLA-B*1502 involvement has been reported in
carbamazepine-induced SJS/TEN in Southern Asian
patients (Chung et al., 2004; Man et al., 2007; Locharernkul
et al., 2008; Mehta et al., 2009) and patients of Asian ances-
try living in Europe (Lonjou et al., 2006). Although we did
not detect SJIS/TEN patients receiving carbamazepine who
carried HLA-B*1502, we did find four patients carrying
HLA-B*1511. HLA-B*1511 and HLA-B*1502 belong to the
same HLA-B75 serotype. Other major members of HLA-
B75 are HLA-B*1508, HLA-B*1515, and HLA-B*1521.
Mehta et al. (2009) have investigated the association
between HLA-B*1502 and carbamazepine-induced SIS
using eight Indian patients. Although in their study most
patients (six of eight) did carry HLA-B*1502, one patient
was homozygous HLA-B*1508. Tassaneeyakul et al.
(2010)have also performed a case—control study using 42
CBZ-induced SJS/TEN patients and 42 carbamaze-
pine-tolerant controls in a Thai population. In their study,
37 SIS/TEN patients carried HLA-B*1502 and the very
strong association of HLA-B*1502 with SJIS/TEN was again
confirmed. Although the statistical significance was not
examined, two patients carrying heterozygous HLA-B*1521
and one patient carrying heterozygous HLA-B*1511 were
detected, suggesting that not only HLA-B*1502 but also
some subfamilies of serotype HLA-B75 are involved in the
onset of carbamazepine-induced SIS/TEN.

Allele frequencies of individual HLA genotypes in
worldwide populations obtained from various studies are
shown at Allelefrequencies.net (Middleton et al., 2003).
Table 2 summarizes the population allele frequencies of
representative types of HLA-B7S5 in various ethnic groups.
In Han Chinese, Thai and Indians, carriers of HLA-B*1502,
HLA-B*1521, and HLA-B*1508 are at high risk of carba-
mazepine-induced SJS/TEN, although HLA-B*1502 is
mainly involved. A comparable allele frequency of
HLA-B*1511 (higher than 3.8%) to that of HLA-B*1502 in
Han Chinese in Beijing has been reported recently by Yang
et al. (Yang et al., 2010). Because the allele frequency of
HLA-B*1511 is higher than that of HLA-B*1502 in Japanese
and Koreans, carriers of the former may more easily be
detected in association studies than carriers of the latter in
northeast Asian populations. HLA-B*1521 can be a risk
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Population allele frequencies reported in allelefrequencies.net website'

Ethnic group HLA-B*1502 HLA-B*1515 HLA-B*1521 HLA-B*1508 HLA-B*1511
Japanese 0.001 Data unavailable Data unavailable Data unavailable 0.004-0.008"<
Koreans 0.002 0.000 0.000 0.000 0.020
Han Chinese 0.019-0.124° 0.010 0.000-0.002 0.005-0.015 0.000-0.017¢
Thai 0.061-0.085° Data unavailable 0.007-0.010° 0.010 0.010°
Indians 0.000-0.060° Data unavailable Data unavailable 0.005-0.033° Data unavailable
Caucasians (West Europe) 0.000 0.000 0.000 0.000-0.004 0.000-0.003
Caucasians (East Europe) 0.000 0.000 0.000 0.000-0.009 0.000
Sub-Saharan Africans 0.000 0.000-0.008 Data unavailable 0.000 0.000
Hispanics 0.000 0.004-0.008 0.000 0.000-0.006 0.000
Arabians 0.000 0.000 0.000 0.000-0.007 0.000
Australian aborigine 0.000-0.007 Data unavailable 0.026-0.135 Data unavailable Data unavailable

“New Allele Frequency Database: http://www.allelefrequencies.net/ (Middleton et al., 2003).

PSJS/TEN patients carrying the allele shown in the second row have been reported in the study using an ethnic group shown in the first column.

“The frequency of 0.1 was reported by Tanaka et al. (1996).

IHigher value than 0.038 in Han Chinese in Beijing was recently reported by Yang et al. (2010).

factor for carbamazepine-induced SJS/TEN for Thai and
Australian aborigine. Interestingly, HLA-B75 has not
been detected in carbamazepine-induced SJS/TEN
Caucasian patients (Lonjou et al., 2006). This may be due to
extremely low allele frequencies or no existence of HLA-
B75 subfamilies.

HLA-B*1502 has been reported to have associations with
SJS/TEN caused by other aromatic antiepileptic drugs such
as phenytoin and lamotrigine in Han Chinese and Thai (Man
et al., 2007; Locharernkul et al., 2008). In this study we
detected a patient carrying HLA-B*]511 whose causative
drug was probably zonisamide, an aromatic antiepileptic
drug. Therefore, HLA-B*1511 may be also involved in the
onset of SJIS/TEN induced by other aromatic antiepileptic
drugs as well as HLA-B*1502, although further investiga-
tion is needed.

The odds ratio of HLA-B*1511 for SIS/TEN obtained in
this study was low in comparison with those observed in
Thai, Indians, and Han Chinese in Taiwan (25.5, 71.4, and
25.04 respectively) (Chung et al., 2004; Locharernkul
et al., 2008; Mehta et al., 2009). One reason for this may
be the low allele frequency (<0.01) of HLA-B*1511 among
the Japanese. The administration of multiple drugs to Japa-
nese patients may also contribute to the low odds ratio.
Indeed, on average, more than three drugs were adminis-
tered to the patients in this study. We concluded that
patients receiving multiple drugs developed SIS/TEN due
to carbamazepine by comparing the periods of latency of
the individual drugs prior to SJIS/TEN onset. However, we
cannot completely exclude the possibility of other causa-
tive drugs. Another possibility is that HLA-B*1502 is more
prone than HLA-B*1511 to cause carbamazepine-induced
SJS/TEN. Carbamazepine or its metabolites may cova-
lently (Weltzien et al., 1996) or noncovalently (Wu et al.,
2007; Yang etal, 2007) bind more easily to the
HLA-B*1502 protein or its binding peptide.

Epilepsia, 51(12):2461-2465, 2010
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There are no SJS/TEN patients carrying HLA-B*1511
who had severe ocular complications. This result coincides
with the previous report that none of the 71 SIS/
TEN patients with ocular surface complications had
HLA-B*1511 (Uetaet al., 2008).

ACKNOWLEDGMENTS

This study was supported in part by the Health and Labor Sciences
Research Grant (Research on Advanced Medical Technology) from the
Ministry of Health, Labor and Welfare. We deeply appreciate the Federa-
tion of Pharmaceutical Manufacturers’ Association of Japan for their assis-
tance in recruiting patients. We also thank all patients and medical doctors
for their cooperation with our study. We thank Ms. Sachiko Tsutsumi, Ms.
Hina Kato, Dr. Akiko Miyamoto, and Mr. Jun Nishikawa for their assis-
tance.

DISCLOSURE

We confirm that we have read the Journal’s position on issues involved
in ethical publication and affirm that this report is consistent with those
guidelines. None of the authors has any conflict of interest to disclose.

REFERENCES

Bastuji-Garin S, Rzany B, Stern RS, Shear NH, Naldi L, Roujeau JC.
(1993) Clinical classification of cases of toxic epidermal necrolysis,
Stevens—Johnson syndrome, and erythema multiforme. Arch Dermatol
129:92-96. The diagnostic criteria are reflected in the currently used
following Japanese guidance; Diagnostic criteria of Stevens-Johnson
syndrome (Hashimoto K representing a Research Group on the Con-
quest of Intractable Diseases, Health and Labor Sciences Research
Grant from the Ministry of Health, Labor and Welfare, 2005) and Diag-
nostic criteria of Toxic Epidermal Necrolysis (Hashimoto K represent-
ing a Research Group on the Conquest of Intractable Diseases, Health
and Labor Sciences Research Grant from the Ministry of Health, Labor
and Welfare, 2005).

Chung WH, Hung SI, Hong HS, Hsih MS, Yang LC, Ho HC, Wu JY, Chen
YT. (2004) Medical genetics: a marker for Stevens-Johnson syndrome.
Nature 428:486.

Ikeda H, Takahashi Y, Yamazaki E, Fujiwara T, Kaniwa N, Saito Y, Aihara
M, Kashiwagi M, Muramatsu M. (2010) HLA Class I markers in



2465

Marker for CBZ-Induced SJSITEN in Japanese

Japanese patients with carbamazepine-induced cutaneous adverse reac-
tions. Eplepsia 51:297-300.

Kaniwa N, Saito Y, Aihara M, Matsunaga K, Tohkin M, Kurose K, Sawada
J, Furuya H, Takahashi Y, Muramatsu M, Kinoshita S, Abe M, Ikeda H,
Kashiwagi M, Song Y, Ueta M, Sotozono C, Ikezawa Z, Hasegawa R;
JSAR research group. (2008) HLA-B locus in Japanese patients with
anti-epileptics and allopurinol-related Stevens-Johnson syndrome and
toxic epidermal necrolysis. Pharmacogenomics 9:1617-1622.

Locharernkul C, Loplumlert J, Limotai C, Korkij W, Desudchit T,
Tongkabpetch S, Kangwanshiratada O, Hirankamn N, Suphapeetiporn
K, Shotelersuk V. (2008) Carbamazepine and phenytoin induced
Stevens—Johnson syndrome is associated with HLA-B*1502 allele in
Thai population. Epilepsia 49:2087-2091.

Lonjou C, Thomas L, Borot N, Ledger N, de Toma C, LeLouet H, Graf E,
Schumacher M, Hovnanian A, Mockenhaupt M, Roujeau JC; Regi-
SCAR Group. (2006) A European study of HLA-B in Stevens—Johnson
syndrome and toxic epidermal necrolysis related to five high-risk drugs.
Pharmacogenet Genomics 18:99-107.

Man CB, Kwan P, Baum L, Yu E, Lau KM, Cheng AS, Ng MH. (2007)
Association between HLA-B*1502 allele and antiepileptic drug-
induced cutaneous reactions in Han Chinese. Epilepsia 48:1015-1018.

Mehta TY, Prajapati LM, Mittal B, Joshi CG, Sheth JJ, Patel DB, Dave
DM, Goyal RK. (2009) Association of HLA-B*1502 allele and carba-
mazepine-induced Stevens—Johnson syndrome among Indians. Indian J
Dermatol Venereol Leprol 75:579-582.

Middleton D, Menchaca L, Rood H, Komerofsky R. (2003) Brief communi-
cation. New allele frequency database: http:/fwww.allelefrequencies.
net. Tissue Antigens 61:403-407.

Tanaka H, Akaza T, Juji T. (1996) Report of the Japanese central bone mar-
row data center. Clin Transpl 1996:139-144,

Tassaneeyakul W, Tiamkao S, Jantararoungtong T, Chen P, Lin SY,
Chen WH, Konyoung P, Khunarkornsiri U, Auvichayapat N,
Pavakul K, Kulkantrakorn K, Choonhakarn C, Phonhiamhan §,
Piyatrakul N, Aungaree T, Pongpakdee S, Yodnopaglaw P. (2010)
Association between HLA-B*1502 and carbamazepine-induced severe
cutaneous adverse drug reactions in a Thai population. Epilepsia
51:926-930.

Ueta M, Sotozono C, Inatomi T, Kojima K, Hamuro J, Kinoshita S.
(2008) HLA class I and I gene polymorphisms in Stevens—Johnson
syndrome with ocular complications in Japanese. Mol Vis 14:550-
555.

Weltzien HU, Moulton C, Martin S, Padovan E, Hartmann U, Kohler J.
(1996) T cell immune responses to haptens. Structural models for aller-
gic and autoimmune reactions. Toxicology 107:141-151.

Wu Y, Farrell J, Pirmohamed M, Park BK, Naisbitt DJ. (2007) Generation
and characterization of antigen-specific CD4 +, CD8 +, and
CD4 + CD8 + T-cell clones from patients with carbamazepine hyper-
sensitivity. J Allergy Clin Immunol 119:973-981.

Yang CW, Hung SI, Juo CG, Lin YP, Fang WH, Lu [H, Chen ST, Chen YT.
(2007) HLA-B*1502-bound peptides: implications for the pathogenesis
of carbamazepine-induced Stevens-Johnson syndrome. J Allergy Clin
Immunol 120:870-877.

Yang G, Deng YJ, Qin H, Zhu BF, Chen F, Shen CM, Sun ZM, Chen LP,
Wu J, Mu HF, Lucas R. (2010) HLA-B*15 subtypes distribution in Han
population in Beijing, China, as compared with those of other popula-
tions. Int J Immunogenet 37:205-212.

Epilepsia, 51(12):2461-2465, 2010
doi: 10.1111/.1528-1167.2010.02766.x



Drug Metab. Pharmacokinet. 25 (2): 122-133 (2010).

Review

Prediction of Severe Adverse Drug Reactions Using
Pharmacogenetic Biomarkers

Masahiro ToHkiIN'-*, Akihiro IsHIGURO "2, Nahoko KANIWA',
Yoshiro Samo!, Kouichi Kurose! and Ryvichi HASEGAWA!

1Division of Medicinal Safety Science, National Institute of Health Sciences, Tokyo, Japan
2Office of Safety 1, Pharmaceuticals and Medical Devices Agency, Tokyo, Japan

Full text of this paper is available at http: # www.jstage.jst.go.jp/browse/dmpk

Summary: Severe adverse drug reactions (ADRs) are a major issue for drug therapy because they can cause
serious disorders and be life-threatening. Many severe ADRs appear to be idiosyncratic and unpredictable.
Genetic factors may underlie susceptibility to severe ADRs, and identification of predisposing genotypes may
improve drug therapy by facilitating prescreening of carriers for specific genetic biomarkers. In this review, we
clarify the current status of ADRs in Japan from open ADR data sources. Then, we introduce recent progress
in the field of pharmacogenetic biomarkers for severe cutaneous ADRs, liver injury, and statin-induced my-
opathy. Key challenges for discovery of predictable risk alleles for these severe ADRs are also discussed.

Keywords: drug-induced liver injury; drug-induced myopathy; human lymphocyte antigen; Stevens-
Johnson syndrome; toxic epidermal necrolysis

Introduction

Severe adverse drug reaction {ADR) is a major reason
for failure of new drug development and withdrawal of
approved drugs from the market, The classical phar-
macological classification of ADRs by Rawlins and Thom-
pson distinguished two types of severe ADRs.V Type A
reactions are dose-dependent and predictable on the ba-
sis of the drug’s known pharmacological actions. Type A
reactions are relatively common and include hypoglyce-
mia induced by diabetic drugs and bleeding induced by
warfarin, an oral anti-coagulant. By contrast, type B reac-
tions are idiosyncratic, unpredictable from the phar-
macological action of the drug, and are not necessarily
dose-dependent. These type B reactions make up approx-
imately 10-15% of all ADRs and include severe cutane-
ous disorders, such as Stevens-Johnson syndrome (S]S)
and toxic epidermal necrolysis (TEN), and drug-induced
liver injury (DILI) caused by various drugs.

The aim of this review is to provide an update on the
current understanding of pharmacogenetic analysis relat-
ed to severe ADRs, especially severe cutaneous ADRs,

DILI, and statin-induced myopathy; great progress has
been recently observed in pharmacogenetic biomarkers
of these ADRs, and this should facilitate early-stage de-
tection of severe ADRs. Therefore, pharmacogenetic
biomarkers of ADRs hold promise for reducing severe
ADRs and pave the way for creating more affordable
pharmaceuticals.

Domestic case reports for severe
adverse drug reactions in Japan

Domestic cases of severe ADRs are reported to the
Pharmaceuticals and Medical Devices Agency (PMDA) by
pharmaceutical companies based on the Pharmaceutical
Affairs Law in Japan. The ADR report in Japan includes
information on suspicious drugs; ADR diagnoses, which
are expressed using the Medical Dictionary for Regulato-
ry Activities preferred terms (MedDRA-PT); and patient
background such as gender, age, and concomitant use of
other drugs. Because the quotation frequency of Med-
DRA-PTs in ADR reports reflects the number of ADR e-
vents, the quotation frequency provides basic informa-
tion for estimating the event frequency of each ADR. Ac-
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Table 1. Accumulated number of each adverse drug reaction term in cases reported from April 2004 to February 2009

Number of ADR terms
in each classification

Representative ADR terms concerning SIS/TEN, hepatotoxicity,
and rhabdomyolysis*

Classification of accumulated
frequency of each ADR term

> 1,000 30 Hepatic function abnormal (4,866), Liver disorder (3,936), Rhabdomyolysis
(1,648), Stevens-Johnson syndrome (1,202)
500-1,000 26 Toxic epidermal necrolysis (751), Jaundice (715)
100-499 221 Hepatitis fulminant (406), Hepatitis acute (388), Oculomucocutaneous
syndrome (324), Hepatitis (310), Cholestasis (184)
<100 4,491
Total 4,768

Based on the open data source MHLW website: http://www.mhlw.go.jp/shingi/yakuji.html#anzen
*Accumulated frequency is listed in parentheses.

Table 2. Number of case reports concerning SJS/TEN for fiscal years 2005 to 2008

Year (fiscal) 2005 2006 2007 2008

Molecular entities )¢ TEN  Sum SIS TEN  Sum SIS TEN  Sum SIS TEN Sum
Allopurinol 14 12 26 22 8 30 15 11 27 33 18 51
Carbamazepine 17 5 22 17 4 21 24 6 30 26 10 36
Diclofenac 9 5 14 8 2 10 [ 1 7 7 9 16
Loxoprofen 9 2 11 11 5 16 7 7 14 12 9 21
Phenaobarbital 5 5 10 2 4 6 6 0 6 8 4 12
Non-pyrines 6 4 10 2 4 6 1 9 10 2 4 6
Zonisamide 9 1 10 3 2 5 1 4 5 9 6 15
Acetaminophen 1 4 5 1 5 6 1 12 13 3 10 13
Mortality (rate, %) 13 (6) 41 (27) 14 (5) 41 (30) 17 () 36 (23) 12 (4) 50 (26)

Total 223 151 374 271 136 407 260 156 416 289 189 478

Based on the open data source PMDA drug safety information website: http:/fwww.info.pmda.go.jp/fukusayou/menu_fukusayou_attention.html

cording to material from the Committee on Safety of
Drugs of the Ministry of Health, Labour and Welfare
(MHLW, see footnote for URL address), the total number
of MedDRA-PTs was 4,768 terms cited among 168,045
ADR events from domestic cases reported to PMDA
from April 2004 to February 2009. As shown in Table
1, the number of MedDRA-PTs cited more than 100
times among 168,045 ADR events was 277. SJS/TEN,
hepatotoxicity, and rhabdomyolysis are considered to be
major ADRs in Japan because the frequently cited top
277 MedDRA-PTs included most ADR terms concerning
SJS/TEN, hepatotoxicity, and rhabdomyolysis. In particu-
lar, accumulated quotation frequency of abnormal hepat-
ic function (4,866) and liver disorder (3,936) ranked se-
cond and third, followed by interstitial pneumonia
(5,190).

Major severe cutaneous ADRs, SJS and TEN, are life-
threatening skin disorders which are often accompanied
by high fever and systemic complications.>” SJS/TEN in-
cidence is generally very low and more than 100 differ-
ent causative drugs have been reported.*® We counted
the event number for major suspected drugs in domestic

cases concerning S]S and TEN from April 2005 to March
2009 based on the open data source of PMDA, and the
results are shown in Table 2. Allopurinol, an anti-
hyperuricemia drug, is the most frequently reported drug
for SJS and TEN (Table 2). Many cases were reported
with anticonvulsant drugs including carbamazepine
(CBZ), phenobarbital, and zonisamide and non-steroidal
anti-inflammation  drugs (NSAID), which include
diclofenac, loxoprofen, non-pyrines, and acetaminophen
(Table 2). Although it is difficult to calculate the exact
incidence of SJS and TEN in Japan, the Japanese mortali-
ty rates of SJS and TEN based on domestic cases were
about 4-7% and 23-30%, respectively, which were in ac-
cordance with rates reported in other populations”®
(Table 2). Therefore, the mortality rate calculated by
ADR reports can be a useful reference to estimate the
mortality rate of severe ADRs such as S]S and TEN.
The liver is a common target for drug toxicity due to
its pivotal role in drug metabolism. Moreover, any drug
has the potential to cause liver injury."’ Therefore,
hepatotoxicity is the most common ADR, causing drug
withdrawals and post-marketing regulatory decisions and



