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Fig. 13. A proposal of the regulatory loop of miR-24, miR-34a and HNF4o. in bile acid synthesis. Bile acids
are known to activate PKC and ROS generation, resulting in the activation of MAPK pathway. The miR-24 and
miR-34a expression are induced by MAPK-dependent and -independent pathways, respectively. In turn, miR-24
and miR-34a negatively regulate the HNF4a. The down-regulation of HNF4a. decreases the expression of bile
acid-synthesizing enzymes CYP7A1 and CYP8BI resulting in the decrease of bile acids.

miRNAs regulate the expression of target
genes by binding to complementary regions
of transcripts to repress their translation or
mRNA degradation. The roles of miRNAs
have received attention especially in the
cancer field, but hardly yet in the field of
pharmacokinetics. In the present study, the
possibility of miRNA-dependent regulation
of the nuclear receptors expression and its
impact on the metabolism of
endo/xenobiotics were investigated.

In the present study, it was demonstrated

that the human HNF4a expression is
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regulated by miR-24 and miR-34a by
mRNA degradation and translational
repression, respectively. miRNA-dependent
down-regulation of the HNF4a \expression
decreased its downstream genes involving in
bile acid synthesis and gluconeogenesis.
These miRNAs were found to be regulated
by PKC/MAPK and/or ROS pathways,
suggesting the presence of
miRNA-mediated negative feedback
regulation of bile acid synthesis. Since
HNF4a has been known to control

homeostasis in the liver, this regulatory



mechanism might contribute to the
pathogenesis of the liver disease.

In conclusion, the post-transcriptional
repression of the PXR and HNF4a
expression by miRNAs was clarified. In this
thesis, I could throw new insights into the
molecular mechanism regulating the nuclear
receptor expression and its effects on the

metabolism of xeno/endobiotics.

G. HroE3eR

1. FSCHER

Takuya Mohri, Miki Nakajima, Shingo Takagi
and Tsuyoshi Yokoi; MicroRNA regulates
human vitamin D receptor. Int J Cancer, 125:

1328-1333 (2009).

Takuya Mohri, Miki Nakajima, Tatsuki Fukami,
Masataka Takamiya, Yasuhiro Aoki and
Tsuyoshi Yokoi. Human CYP2EI is regulated
by miR-378. Biochem. Pharmacol., 79:

1045-1052 (2010).

Shingo Takagi, Miki Nakajima, Katsuhiko Kida,
Yu Yamaura, Tatsuki Fukami, and Tsuyoshi
Yokoi: MicroRNAs regulate human hepatocytes
nuclear factor 4o modulating the expression of

metabolic enzymes and cell cycle. J. Biol.

Chem., 285: 4415-4422 (2010).

2. FRFEK

Katsuhiko Mizuno, Miki Katoh, Hirotoshi
Okumura, Nao Nakagawa, Miki Nakajima, and
Tsuyoshi Yokoi. Metabolic activation of
benzodiazepines by CYP3A4. 3rd Asia
Pacific ISSX Meeting, 2009. 5. 10-12,
Bangkok, Thailand.

Shingo Takagi, Miki Nakajima, Katsuhiko
Kida, Tatsuki Fukami, and Tsuyoshi Yokoi.
Human hepatocyte nuclear factor 4 a is
regulated bymiR-24. 3rd Asia Pacific ISSX
Meeting, 2009.5.10-12, Bangkok,
Thailand.

Shingo Takagi, Miki Nakajimq, Katsuhiko
Kida, Yu Yamaura, Tatsuki Fukami, and
Tsuyoshi Yokoi. Human hepatocyto nuclear
factor 4 o is regulated by stress—induced
micro-RNAs. % 24 Bl H AKY BB
2009. 11.27-29 M =HHR

i 8, T EER. mAGEE, WRREE,
Hilz—, B & FEEOAMF~v—D
— & 72 B M microRNA O¥EFR, 5 37 B H A
h oo mm O RSES 2010, 6. 16-18

OEEH&RAZ— i

H. 5B EMED HFE - BER i

AL



2% 3k
Aouabdi S, Gibson G, Plant N (2006)
Transcriptional regulation of the PXR gene:
identification and characterization of a functional
peroxisome proliferator-activated receptor a
binding site within the proximal promoter of PXR.

Drug Metab. Dispos. 34, 138-144,

Barad O, Meiri E, Avniel A, Aharonov R, Barzilai
A, Bentwich I, Einav U, Gilad S, Hurban P, Karov
Y, Lobenhofer EK, Sharon E, Shiboleth YM,
Shtutman M, Bentwich Z, Einat P (2004)
MicroRNA expression detected by oligonucleotide
microarrays: system establishment and expression
profiling in human tissues. Genome Res. 14,

2486-2494.

Bartel DP (2004) MicroRNAs: genomics,
biogenesis, mechanism, and function. Cell 116,

281-297.

Battle MA, Konopka G, Parviz F, Gaggl AL, Yang
C, Sladek FM, Duncan SA (2006) Hepatocyte
nuclear factor 4a orchestrates expression of cell
adhesion proteins during the epithelial
transformation of the developing liver. Proc. Natl.

Acad. Sci. USA 103, 8419-8424.

Bertilsson G, Heidrich J, Svensson K, Asman M,
Jendeberg L, Sydow-Béckman M, Ohlsson R,
Postlind H, Blomquist P, Berkenstam A (1998)
Identification of a human nuclear receptor defines a
new signaling pathway for CYP34 induction. Proc.
Natl. Acad. Sci. US4 95, 12208-12213,

162

Blumberg B, Sabbagh W Jr, Juguilon H, Bolado J Ir,
van Meter CM, Ong ES, Evans RM (1998) SXR, a
novel steroid and xenobiotic-sensing nuclear receptor.

Genes Dev. 12,3195-3205.

Chang J, Nicolas E, Marks D, Sander C, Lerro A,
Buendia MA, Xu C, Mason WS, Moloshok T, Bort R,
Zaret KS, Taylor JM (2004) miR-122, a mammalian
liver-specific microRNA, is processed from Acr
mRNA and may downregulate the high affinity
cationic amino acid transporter CAT-1. RNA Biol. 1,

106-113.

Chang TC, Wentzel EA, Kent OA, Ramachandran
K, Mullendore M, Lee KH, Feldmann~G, Yamakuchi
M, Ferlito M, Lowenstein CJ, Arking DE, Beer MA,
Maitra A, Mendell JT (2007) Transactivation of
miR-34a by p53 broadly influences gene expression

and promotes apoptosis. Mol. Cell 26, 745-752.

Cheng AM, Byrom MW, Shelton J, Ford LP (2005)
Antisense inhibition of human miRNAs and
indications for an involvement of miRNA in cell
growth and apoptosis. Nucleic Acids Res. 33,
1290-1297.

Day CP (2002) Non-alcoholic steatohepatitis
(NASH): where are we now and where are we going?
Gut 50, 585-588.

Dotzlaw H, Leygue E, Watson P, Murphy LC
(1999) The human orphan receptor PXR messenger
RNA is expressed in both normal and neoplastic

breast tissue. Clin. Cancer Res. 5,2103-2107.



Erdmann S, Senkel S, Arndt T, Lucas B, Lausen J,
Klein-Hitpass L, Ryffel GU, Thomas H (2007)
Tissue-specific transcription factor HNF4a inhibits
cell proliferation and induces apoptosis in the
pancreatic INS-1 b-cell line. Biol. Chem. 388,
91-106.

Floyd MD, Gervasini G, Masica AL, Mayo G,
George AL Jr, Bhat K, Kim RB, Wilkinson GR
(2003) Genotype-phenotype associations for
common CYP3A44 and CYP3AS5 variants in the basal
and induced metabolism of midazolam in European-
and African-American men and women.

Pharmacogenetics 13, 595-606.

Forman JJ, Legesse-Miller A, Coller HA (2008) A
search for conserved sequences in coding regions
reveals that the let-7 microRNA targets Dicer within
its coding sequence. Proc. Natl. Acad. Sci. USA 105,
14879-14884.

Geier A, Zollner G, Dietrich CG, Wagner M,
Fickert P, Denk H, van Rooijen N, Matern S, Gartung
C, Trauner M (2005) Cytokine-independent
repression of rodent Ntcp in obstructive cholestasis.

Hepatology 41, 470-477.

Gonzalez FJ (2008) Regulation of hepatocyte

nuclear factor 4a-mediated transcription. Drug Metab.

Pharmacokinet, 23,2-7.

Goodwin B, Hodgson E, Liddle C (1999) The
orphan human pregnane X receptor mediates the

transcriptional activation of CYP344 by rifampicin

163

through a distal enhancer module. Mol. Pharmacol.
56, 1329-1339.

Goodwin B, Jones SA, Price RR, Watson MA,
McKee DD, Moore LB, Galardi C, Wilson JG, Lewis
MC, Roth ME, Maloney PR, Willson TM, Kliewer
SA (2000) A regulatory cascade of the nuclear
receptors FXR, SHP-1, and LRH-1 represses bile
acid biosynthesis. Mol. Cell 6,517-526.

Goodwin B, Moore LB, Stoltz CM, McKee DD,
Kliewer SA (2001) Regulation of the human CYP2B6
gene by the nuclear pregnane X receptor. Mol.

Pharmacol. 60,427-431.

Griffiths-Jones S (2004) The microRNA Registry.
Nucleic Acids Res. 32, D109-111.

Guo H, Gao C, Mi Z, Wai PY, Kuo PC (2006)
Phosphorylation of Ser158 regulates inflammatory
redox-dependent hepatocyte nuclear factor-4a

transcriptional activity. Biochem. J. 394, 379-387.

Hand NJ, Master ZR, Le Lay J, Friedman JR (2009)
Hepatic function is preserved in the absence of

mature microRNAs. Hepatology 49, 618-626.

Hatzis P, Kyrmizi I, Talianidis 1. (2006)
Mitogen-activated protein kinase-mediated
disruption of enhancer-promoter comrﬁunication
inhibits hepatocyte nuclear factor 4a expression. Mol.

Cell. Biol. 26, 7017-7029.

He L, He X, Lim LP, de Stanchina E, Xuan Z,
Liang Y, Xue W, Zender L, Magnus J, Ridzon D,
Jackson AL, Linsley PS, Chen C, Lowe SW, Cleary

MA, Hannon GJ (2007) A microRNA component of



the p53 tumour suppressor network. Nature 447,
1130-1134.

Huang S, He X, Ding J, Liang L, Zhao Y, Zhang Z,
Yao X, Pan Z, Zhang P, Li J, Wan D, Gu J (2008)
Upregulation of miR-23a~27a~24 decreases
transforming growth factor-beta-induced
tumor-suppressive activities in human hepatocellular

carcinoma cells. Int. J. Cancer 123, 972-978.

Hwang-Verslues WW, Sladek FM (2008) Nuclear
receptor hepatocyte nuclear factor 4al competes with
oncoprotein c-Myc for control of the p21/WAF1
promoter. Mol. Endocrinol. 22, 78-90.

Hylemon PB, Zhou H, Pandak WM, Ren §, Gil G,
Dent P (2009) Bile acids as regulatory molecules. J.
Lipid Res. 50, 1509-1520.

Kamiyama Y, Matsubara T, Yoshinari K, Nagata K,
Kamimura H, Yamazoe Y (2007) Role of human
hepatocyte nuclear factor 4a in the expression of
drug-metabolizing enzymes and transporters in
human hepatocytes assessed by use of small
interfering RNA. Drug Metab. Pharmacokinet. 22,
287-298.

Kliewer SA, Goodwin B, Willson TM (2002) The
nuclear pregnane X receptor: a key regulator of

xenobiotic metabolism. Endocr. Rev. 23, 687-702.

Kretschmer XC, Baldwin WS (2005) CAR and
PXR: xenosensors of endocrine disrupters? Chem.

Biol. Interact. 155, 111-128.

164

Kriitzfeldt J, Rajewsky N, Braich R, Rajeev KG,
Tuschl T, Manoharan M, Stoffel M (2005) Silencing
of microRNAs in vivo with 'antagomirs'. Nature 438,
685-689.

Kubitz R, Saha N, Kithlkamp T, Dutta S, vom Dahl
S, Wettstein M, Hiussinger D (2004) Qa2+—dependent
protein kinase C isoforms induce cholestasis in rat

liver. J. Biol. Chem. 279, 10323-10330.

Lal A, Kim HH, Abdelmohsen K, Kuwano Y,
Pullmann R Jr, Srikantan S, Subrahmanyam R,
Martindale JL, Yang X, Ahmed F, Navarro F,
Dykxhoorn D, Lieberman J, Gorospe M (2008)
pl16(INK4a) translation suppressed by miR-24. PLoS
One 3, ¢1864.

Lamba JK, Lin YS, Thummel K, Daly A, Watkins
PB, Strom S, Zhang J, Schuetz EG (2002) Common
allelic variants of cytochrome P4503A4 and their
prevalence in different populations.

Pharmacogenetics 12, 121-132.

Lamba V, Yasuda K, Lamba JK, Assem M, Davila J,
Strom S, Schuetz EG (2004) PXR (NR112): splice
variants in human tissues, including brain, and
identification of neurosteroids and nicotine as PXR

activators. Toxicol. Appl. Pharmacol. 199, 251-265.

Lee YK, Dell H, Dowhan DH,
Hadzopoulou-Cladaras M, Moore DD (2000) The
orphan nuclear receptor SHP inhibits hepatocyte
nuclear factor 4 and retinoid X receptor

transactivation: two mechanisms for repression. Mol.

Cell. Biol. 20, 187-195.



Lehmann JM, McKee DD, Watson MA, Willson
TM, Moore JT, Kliewer SA (1998) The human
orphan nuclear receptor PXR is activated by
compounds that regulate CYP3A44 gene expression
and cause drug interactions. J. Clin. Invest. 102,

1016-1023.

LiT, Jahan A, Chiang JY (2006) Bile acids and
cytokines inhibit the human cholesterol
Ta-hydroxylase gene via the INK/c-jun pathway in
human liver cells. Hepatology 43, 1202-1210.

Lytle JR, Yario TA, Steitz JA (2007) Target mRNAs
are repressed as efficiently by microRNA-binding
sites in the 5' UTR as in the 3' UTR. Proc. Natl. Acad.
Sci. USA 104, 9667-9672.

Mangelsdorf DJ, Thummel C, Beato M, Herrlich P,
Schiitz G, Umesono K, Blumberg B, Kastner P, Mark
M, Chambon P, Evans RM (1995) The nuclear
receptor superfamily: the second decade. Ce// 83,

835-839.

Martinez-Jiménez CP, Jover R, Donato MT, Castell

JV, Gomez-Lechén MJ (2007) Transcriptional

regulation and expression of CYP3A4 in hepatocytes.

Curr. Drug Metab. 8, 185-194.

Meijerman I, Beijnen JH, Schellens JH (2006)
Herb-drug interactions in oncology: focus on

mechanisms of induction. Oncologist 11, 742-752.

Ozdemir V, Kalowa W, Tang BK, Paterson AD,
Walker SE, Endrenyi L, Kashuba AD (2000)

Evaluation of the genetic component of variability in

165

CYP3A4 activity: a repeated drug administration

method. Pharmacogenetics 10, 373-388.

Parviz F, Matullo C, Garrison WD, Savatski L,
Adamson JW, Ning G, Kaestner KH, Rossi JM, Zaret
KS, Duncan SA (2003) Hepatocyte nuclear factor 4a
controls the development of a hepatic epithelium and

liver morphogenesis. Nat. Genet. 34,292-296.

Pascussi JM, Drocourt L, Fabre JM, Maurel P,
Vilarem MJ (2000) Dexamethasone induces
pregnane X receptor and retinoid X receptor-a
expression in human hepatocytes: synergistic
increase of CYP3A4 induction by pregnane X

receptor activators. Mol. Pharmacol. 58, 361-372.

Pikuleva 1A (2006) Cytochrome P450s and
cholesterol homeostasis. Pharmacol. Ther. 112,

761-773.

Popowski K, Eloranta JJ, Saborowski M, Fried M,
Meier PJ, Kullak-Ublick GA (2005) The human
organic anion transporter 2 gene is transactivated by
hepatocyte nuclear factor-4a and suppressed by bile

acids. Mol. Pharmacol. 67, 1629-1638.

Raver-Shapira N, Marciano E, Meiri E, Spector Y,
Rosenfeld N, Moskovits N, Bentwich Z, Oren M
(2007) Transcriptional activation of miR-34a
contributes to p5S3-mediated apoptosis. Mol. Cell 26,

731-743.

Rehmsmeier M, Steffen P, Hochsmann M,
Giegerich R (2004) Fast and effective brediction of
microRNA/target duplexes. RNA 10, 1507-1517.



Sekine S, Ogawa R, McManus MT, Kanai Y,
Hebrok M (2009) Dicer is required for proper liver
zonation. J. Pathol 219, 365-372.

Stanger BZ (2008) HNF4A and diabetes: injury
before insult? Diabetes 57, 1461-1462.

Staudinger JL, Goodwin B, Jones SA,
Hawkins-Brown D, MacKenzie K1, LaTour A, Liu Y,
Klaassen CD, Brown KK, Reinhard J, Willson TM,
Koller BH, Kliewer SA (2001) The nuclear receptor
PXR is a lithocholic acid sensor that protects against
liver toxicity. Proc. Natl. Acad. Sci. USA 98,

3369-3374.

Synold TW, Dussault I, Forman BM (2001) The
orphan nuclear receptor SXR coordinately regulates

drug metabolism and efflux. Nat. Med. 7, 584-590.

Takada T, Ogino M, Miyata M, Shimada M, Nagata
K, Yamazoe Y (2004) Differences in transactivation
between rat CYP34 1 and human CYP3A44 genes by
human pregnane X receptor. Drug Metab.

Pharmacokinet. 19, 103-113.

Tay Y, Zhang J, Thomson AM, Lim B, Rigoutsos I
(2008) MicroRNAs to Nanog, Oct4 and Sox2 coding

regions modulate embryonic stem cell differentiation.

Nature 455, 1124-1128.

Tsuchiya Y, Nakajima M, Kyo S, Kanaya T, Inoue
M, Yokoi T (2004) Human CYP1B1 is regulated by
estradiol via estrogen receptor. Cancer Res. 64,

3119-3125.

166

Tsuchiya Y, Nakajima M, Takagi S, Taniya T, Yokoi
T (2006) MicroRNA regulates the expression of
human cytochrome P450 1B1. Cancer Res. 66,
9090-9098.

Watanabe M, Kumai T, Matsumoto N, Tanaka M,
Suzuki S, Satoh T, Kobayashi S (2004) Expression of
CYP3A4 mRNA is correlated with CYP3A4 protein
level and metabolic activity in human liver. J.

Pharmacol. Sci. 94, 459-462.

Westlind-Johnsson A, Malmebo S, Johansson A,
Otter C, Andersson TB, Johansson I, Edwards RJ,
Boobis AR, Ingelman-Sundberg M (2003)
Comparative analysis of CYP3A expression in
human liver suggests only a minor role for CYP3AS
in drug metabolism. Drug Metab. Dispos. 31,
755-761.

Xie W, Radominska-Pand

ya A, Shi Y, Simon CM, Nelson MC, Ong ES,
Waxman DJ, Evans RM (2001) An essential role for
nuclear receptors SXR/PXR in detoxification of
cholestatic bile acids. Proc. Natl. Acad. Sci. USA 98,

3375-3380.

Xie X, Liao H, Dang H, Pang W, Guan

Y, Wang X, Shyy JY, Zhu Y, Sladek FM (2009)
Down-regulation of hepatic HNF4a gene expression
during hyperinsulinemia via SREBPs. Mol.
Endocrinol. 23, 434-443.

Xu C, Li CY, Kong AN (2005) Induction of phase 1,
II and I1I drug metabolism/transport by xenobiotics.

Arch. Pharm. Res. 28, 249-268.



I11. BFEREOTFUTICET I —& &K

167



WEREOFITICET 2 —R&

* alb

RERE KA LT A BvA HBE| AU HRE
Y ukitaka Yoshikawa, [Knockdown of superoxide dismut 264 189-95 2009
Mayu Morita, Hiroko |ase-2 enhances acetaminophen-ind
Hosomi, Koichi Tsuneluced hepatotoxicity in rat.
yama, Tatsuki Fukami,
Miki Nakajima and T
suyoshi Y okoi
Eisuke Kobayashi, Mas/Halothane-induced liver injury is [Toxicological 111 [302-310| 2009
anori Kobayashi, Koichimediated by interleukin-17 in mi
i Tsuneyama, Tatsuki [ce.
Fukami, Miki Nakajim|
a and Tsuyoshi Yokoi
Sayaka Komagata, MikHuman CYP24 catalyzing the ina 76 {702-709 | 2009
i Nakajima, Shingo Talctivation of calcitriol is post-trans
kagi, Takuya Mohri anicriptionally regulated by miR—lZSPhar macology
d Tsuyoshi Yokoi b.
Yukitaka Yoshikawa, [Establishment of knockdown of s 23 {1179- 2009
Hiroko Hosomi, Tatsukjuperoxide dismutase 2 and expre 1187
i Fukami, Miki Nakajilssion of CYP3A4 cell system to
ma and Tsuyoshi Yok evaluate drug-induced cytotoxcit
[ y.
Mayu Morita, Sho Aka/Drug-induced hepatotoxicity test [Toxicology 189 |159-165 | 2009
i, Hiroko Hosomi, Koilusing y-glutamylcysteine synthetas Lett
chi Tsuneyama, Mikile knockdown rat. etters
Nakajima and Tsuyoshi
Y okoi
Akinobu Watanabe, TalHuamn arylacetamide deacetylase{Drug Metabab| 37 [1513- 2009
tsuki Fukami, Miki Na| is a principle enzyme in flutamilolism and Dis 1520
kajima, Masataka Takalde hydrolysis. \position
miya, Yasuhiro Aoki a
nd Tsuyoshi Yokoi
Takuya Mohri, Miki NiMicroRNA regulates human vitalnternational 37 [1328- 2009
akajima, Shingo Takagiimin D receptor. Journal of
and Tsuyoshi Y okoi Cancer 1333

168




Kenji Ishihara, Naruo |[dentification of urinary biomarke{Basic and Cli 105 |156-166 | 2009
Katsutani, Naoki Asai,rg yseful for distinguishing a diffjnical Pharmac
UAk”a Inomata, YUjilerence in mechanism of toxicololology and T

emura, Akiyoshi Sug| " . ;
anuma, Kohei Sawada 8y in rat model of cholestasis. |oxicology

Tsuyoshi Yokoi, and
Toyohiko Aoki
Katsuhiko Mizuno, MilMetabolic activation of benzodiazlDrug Metabab| 37 345-351|2009
ki Katoh, Hirotoshi Oklepine by CYP3A4. olism and
umura, Nao Nakagawa, Disposition

Toru Negishi, Takano
ri Hashizume, Miki Na
kajima, and Tsuyoshi
Y okoi
Taiga Maruichi, TatsukTranscriptional regulation of hum\Biochemical 79 [288-295 | 2010
i Fukami, Miki Nakajilan carboxylesterase 1Al by nuclelPharmacology
ma and Tsuyoshi Yokl facor —erythroid 2 related fact
o or 2 (Nif2).
Ryoichi Fujiwara, Mikilnteractions between human UDPJournal of 99 442-454 12010
————-L———NaHk.a.imakz %haing(r’lagf—glucuronosyltransferese (UGT) 2\Pharmaceutica
a, Hiroyuki Yama , ;

Shin—ig,hi Tkushiro, TOB7 and UGTIA enzymes. [ Sciences
shiyuki Sakaki, and Ts
uyoshi Y okoi
Shingo Takagi, Miki N|MicroRNAs regulate human hepalJournal of 2854415~ 2010
akajima, Katsuhiko Kidtocytes nuclear factor 4o modulatiBiological 4422
a, Yu Yamaura, TatsuEing the expression of metabolic e{Chemistry
; f,%ll(gim’ and I-S—L—IB@—S“nzymes and cell cycle.
Hiroko Hosimi, Sho Al|An in vivo drug-induced hepatotiToxicology 24 11032- 2010
kai, Keiichi Minami, Yloxicity screeing system using CY| in Vitro 1038
ukitaka Yoshikawa, Talp3aq expressing and y-glutamylc
suki Fukami, Miki Na tei thetase knockdown cel
kajima and Tsuyoshi %’SS eimne syn
Y okoi

169




ShS
&
gnu

RHERHRKA ILH A v R R4 FKB | R—Y |HRE
T & SR ENRE L B KA O K - RUMETRREY 43 1262- 2009
-tz & LT-
1266
&
RRE KA WL E A P4 feFwe | K5 XY HRE
Tsuyoshi Y okoi Troglitazone Handbook of | 196 |419-435} 2010
Experimental P
harmacology

170



VI. WFZEEEOTIITY - B

171



Toxicology 264 (2009) 89-95

Contents lists available at ScienceDirect

Toxicology -

journal homepage: wwwielsevier.com/lscate/toxicol

E1SEVIER

Knockdown of superoxide dismutase 2 enhances acetaminophen-induced
hepatotoxicity in rat

Yukitaka Yoshikawa?, Mayu Morita?, Hiroko Hosomi?, Koichi Tsuneyama b,
Tatsuki Fukami?, Miki Nakajima?, Tsuyoshi Yokoi®*

3 Drug Metabolism and Toxicology, Faculty of Pharmaceutical Sciences, Kanazawa University, Kakuma-machi, Kanazawa 920-1192, japan
b Department of Diagnostic Pathology, Graduate School of Medicine and Pharmaceutical Science for Research, University of Toyama, Sugitani, Toyama 930-0194, fapan

ARTICLE INFO ABSTRACT

Article history: Drug-induced hepatotoxicity is a major problem in drug development, and oxidative stress is known

Eecefveg 29 May 2(10?9 22 July 2008 as one of the causes. Superoxide dismutases (SODs) are important antioxidant enzymes against reac-
eceived in revised torm uly tive oxygen s ecies (RO Mi H H H 3 H

Accepted 23 July 2009 ygen species (ROS). Mitochondria are the major source of superoxide production, and SOD2 is

mainly localized in mitochondria and, with other SODs, plays an important role in scavenging superox-
ide. Previously, we reported the establishment of an adenovirus vector with short hairpin RNA against rat
S0D2 (AdSOD2-shRNA), and applied this to evaluate drug-induced cytotoxicity. In this study, infection
of AdSOD2-shRNA to Fisher 344 rats resulted in a significant decrease of SOD2 mRNA, protein expres-
sion, and SOD2 enzyme activity to 28%, 35%, and 39%, respectively, 7 days after infection. Serum AST and
ALT were significantly increased by single oral administration of acetaminophen (1000 mg/kg) to these
soD2-knockdown rats without fasting compared with the control adenovirus infected groups. Heme
oxygenase-1 protein, known to be induced by oxidative stress, was detected in SOD2-knockdown rats
administered acetaminophen. In addition, protein carbonyl and lipid peroxidation, also known to be
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induced by oxidative stress,

were significantly increased in SOD2 knockdown rats. This is the first report

of a SOD2-knockdown rat model that could be useful to evaluate the drug-induced hepatotoxicity with

high sensitivity.

© 2009 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Oxidative stress is one of the causes of drug-induced hepatotox-
icity (Kaplowitz, 2005) and is known to be induced by superoxide,
which is mainly generated in mitochondria. Superoxide is able
to react with NO to form peroxynitrite or, after conversion to
hydrogenperoxide, undergo metal-catalysed Fenton reactions to
form highly reactive hydroxyl radicals (Boelsterli and Lim, 2006).
Superoxide dismutases (SODs) are the first and most important
line of antioxidant enzymes against reactive oxygen species (ROS)
and, particularly, superoxide anion radicals (Zelko et al., 2002). At
present, three distinct SOD isoforms, SOD1, SOD2, and SOD3, have
been identified in mammals. SOD1, SOD2 and SOD3 are mainly
localized to the cytoplasm, mitochondria and plasma, respectively
(Zelko et al, 2002). In addition, SOD2 is known to be induced
by a wide range of compounds, including anticancer drugs and
lipopolysaccharide (Dasetal., 1998; Visner etal., 1990). Meanwhile,
the importance of the SOD2 function in mammalian organisms was
confirmed by disruption of the SOD2 gene, which turns out to be

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

0300-483X/$ - see front matter © 2009 Eisevier Ireland Ltd. All rights reserved.
doi:10.1016/}.t0x.2009.07.017
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lethal for mice due to neurodegeneration and damage to the heart
(Lebovitz et al., 1996). These suggest that SOD2 plays an especially
important role in the detoxification of ROS and superoxide anion
radicals.

At present, a heterozygous Sod2 knockout mouse, whose Sod2
activity is decreased by 55% in the liver, has been developed (Van
Remmen et al., 1999). However, mouse is much smaller than rat,
which is the most frequently used experimental animal for phar-
macological and toxicological studies in the drug development
process because of its body weight and ease of sampling blood or
urine. A standard technique of gene knockout in rat has not been
established yet. Recently, recombinant adenovirus methods are
being developed and used for the purpose of gene delivery (Akai et
al., 2007; Yoshikawa et al., 2009). Furthermore, a small interfering
RNA strategy, which has been proven to be more specific and
efficient than the full-length antisense cDNA strategy, has been
established (Meister and Tuschl, 2004). In a previous study, we con-
structed a recombinant adenovirus expressing SOD2-short hairpin
RNA (AdSOD2-shRNA) that could knockdown rat SOD2 mRNA
efficiently (Yoshikawa et al,, 2009).In that report, a cell model with
SOD2-knockdown and CYP3A4-overexpression was constructed
using AdSOD2-shRNA and AdCYP3A4, and SOD2 activity was
decreased by 50% with high CYP3A4 activity 3 days after infection.
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Treatment with various drugs known to induce hepatotoxicity in
this cell model demonstrated a decrease in the cell viability and an
increase in the production of superoxide (Yoshikawa etal,, 2009).In
the present study, we established the SOD2-knockdown rat model
to evaluate the drug-induced hepatotoxicity with high sensitivity.

2. Materials and methods
2.1. Materials

Acetaminophen (APAP) and glutathione (GSH) were obtained from Wako Pure
Chemical Industries (Osaka, Japan). ReverTra Ace (Moloney Murine Leukemia Virus
Reverse Transcriptase RNaseH Minus) was from Toyobo {Tokyo, Japan). The Ade-
novirus Expression Vector kit (Dual Version), RNAiso, random hexamer and SYBR
Prermnix Ex Tag were obtained from Takara (Osaka,Japan). The QuickTiter Adenovirus
Titer Immunoassay kit and protein carbonyl kit were obtained from Cell Biolabs
(Tokyo, Japan). Lipofectamine 2000 was obtained from Invitrogen (Grand island,
NY). The GeneSilencer shRNA Vector kit was obtained from Gene Therapy Systerns
(San Diego, CA). Dulbecca’s modified Eagle’s mediurn was obtained from Nissui
Pharmaceutical (Tokyo, japan). All primers and oligonucleotides for shRNA were
commercially synthesized at Hokkaido System Sciences (Sapporo, Japan). Lipid per-
oxidation measurement kit was obtained from BIOMOL (Philadetphia, USA). Other
chemicals were of analytical or the highest grade commercially available.

2.2. Animals

Male Fisher 344 rats (7 weeks old, 130-150g) were obtained from SLC Japan
(Hamamatsu, Japan). Animals were housed in a controlled environment {tempera-
ture 25 + 1°C, humidity 50 £ 10%, and 12 h light/12 h dark cycle) in the institutional
animal facility with access to food and water ad libitum. Animals were acclimatized
for a week before use for the experiments. Animal maintenance and treatment were
conducted in accordance with the National Institutes of Health Guide for Animal
Welfare of Japan, as approved by the Institutional Animal Care and Use Committee
of Kanazawa University, japan.

2.3. Design of short hairpin RNA

Rat SOD2 {Gene Bank™, accession code NM.017051 Gene bank)knockdown was
achieved by RNA interference using the adenovirus vector-based short hairpin RNA
(shRNA) approach as previously described (Yoshikawa et al,, 2009). As a negative
control, the oligonucteotide sequences of the shRNA target for luciferase from a
GeneSilencer shRNA Vector kit were used.

2.4, Recombinant adenovirus

We generated the recombinant adenovirus vector expressing SOD2-shRNA
(AdSOD2-shRNA) as previously described (Yoshikawa et al., 2009). in brief, pGSU6-
GFP plasmids were recombined into the pAxcwit using the cosmid-terminal protein
complex method according to the manufacturer's instructions. The recombinant
adenovirus was isolated and propagated into the 293 cells. Then, an adenovirus
containing shRNA of SOD2 was constructed. As a negative control, the oligonu-
cleotide sequences of the shRNA target for luciferase from a GeneSilencer shRNA
Vector kit were used (AdLuc-shRNA). The titer was determined by a QuickTiter Ade-
novirus Titer Immunoassay kit. The titers of AdSOD2-shRNA and AdLuc-shRNA were
6.0 x 10° pfujmL and 1.0 x 10 pfu/mL, respectively.

2.5. Real-time reverse transcription (RT)-PCR analysis

RNA from the hepatic cells was isolated using RNAiso. Rat SOD2 and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were quantified by reai-time
RT-PCR. The primer sequences used in this study were as follows: rat SOD2,
5. GAGGCTATCAAGCGTGACTTTGG-3' and 5-AAGCGTGCT! CCCACACATCAATC-3'; fat
GAPDH, 5'-GTTACCAGGGCTGCCTTCTC-3' and 5-GGGTTTCCCGTTGATGACC-3'. For
the reverse transcription process, total RNA (2 pg) and 150 ng of random hexamer
were mixed and incubated at 70°C for 10 min. RNA solution was added to areaction
mixture containing 100 units of ReverTra Ace, reaction buffer, and 0.5 mM dNTPs
in a final volume of 40 j.L. The reaction mixture was incubated at 30°C for 10min,
42°C for 1 h, and heated at 98°C for 10 min to inactivate the enzyme. The real-time
RT-PCR was performed using the Smart Cycler (Cepheid, Sunnyvale, CA). The PCR
mixture contained 1 L of template cDNA, SYBR Premix Ex Taq solution, and 10 pmol
of sense and antisense primers. The PCR condition for GAPDH and SOD2 were as fol-
tows: after an initial denaturation at 95 °C for 30, the amplification was performed
by denaturation at 94°C for 4s, annealing and extension at 64°C for 20s for 45
cycles. Amplified products were monitored directly by measuring the increase of
the dye intensity of the SYBR Green | {Molecutar Probes, Eugene, OR) that binds to
double strand DNA amplified by PCR.
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2.6. Western blot analysis

In the SOD2, HO-1 or sulfotransferase (SULT) 1 protein measurement, 10 pg of
denatured mitochondrial (SOD2) or cytosol (HO-1 and SULT1) protein were loaded
per lane, separated on 15% (SOD2 and HO-1) or 7.5% (SULT1) SDS-potyacrytamide
gels and transferred onto polyvinylidene difluoride (PVDF) membrane (Immobilon-
p: Millipore). These specific proteins were detected by rabbit anti-human SOD2
polycional antibody, cross-reacting to rat SOD2 (sc-30080; Santa Cruz Biotechnol-
ogy, Santa Cruz, CA), goat anti-human HO-1 polyclonal antibody, cross-reacting
to rat HO-1 (sc-1796; Santa Cruz Biotechnology), and rabbit anti-human SULT1
polyclonal antibedy, cross-reacting to rat SULT1 (sc-32928; Santa Cruz Biotech-
nology, Santa Cruz, CA) at a dilution of 1:200. The protein bands were developed
by biotinylated second antibody-peroxidase reaction. The quantitative analysis of
protein expression was performed using ImageQuant TL Image Analysis software
(Amersham Biosciences).

2.7. SOD2 activity

The enzyme activity of SOD2 was measured in 1 pg of protein using a kit (Cay-
man Chemical, MI, USA). The method utilizes tetrazolium saltto quantify superoxide
radicals generated by xanthine oxidase and hypoxanthine. The standard curve was
generated using a quality controlled SOD standard included with the kit. SOD2 activ-
ity was determined by performing the assay in the presence of potassium cyanide
to inhibit SOD1, and thus measuring the residual SOD2 activity.

2.8. GSH level

Livers {100 mg) were homogenized with ice-cold 5% sulfosalicylic acid and cen-
trifuged at 8000 x g at 4°C for 10 min. The GSH concentration in the supernatant
was measured as described previously (Tietze, 1969).

2.9, Adenovirus infection and APAP administration in rats

Seven days after single intravenous injection of AdSOD2-shRNA or AdLuc-shRNA
at 2.0 x 10" pfu/body, the rats were orally administered APAP suspended in 0.5%
carboxymethylceliulose (0,300, 1000 mg/kg body weight). Blood samples were col-
tected at 0, 1, 2, 3, and 12h after the APAP treatment. Twenty-four hours after
the administration of APAP, serum samples were collected for assessment of the
transaminase levels and for APAP metabolite analysis. The liver was fixed in buffered
neutral 10% formalin. The fixed samples were embedded in paraffin and sectioned
at a thickness of 2 pm and stained with hematoxylin-eosin for microscopic exam-
ination. Rat liver cytosol and microsomes were prepared as described previously
(Tabata et al,, 2004). In all experiments, the rats were not treated by fasting prior to
the APAP treatment or sacrifice.

2.10. Determination of plasma concentrations of APAP and its metabolites

The plasma concentrations of APAP and its metabolites were measured
using high performance liquid chromatography (HPLC) as follows. Plasma (50 L)
was mixed with an equivalent aliquot of acetonitrile containing 200 pmol m-
aminophenol as an internal standard. After extraction and centrifugation, the
resulting supernatant was evaporated under nitrogen. The residue was diluted
with the mobile phase (2% methanol-50 mM sodium acetate) before being injected
into HPLC. APAP and its metabolites, APAP-glucuronide, APAP-sulfate, and APAP-
mercapturate, were separated in a Mightysil RP-18 column (4.6 x 150 mm; 5 pm;
Kanto Chemical, Tokyo, Japan). The retention times of APAP, APAP-glucuronide,
APAP-sulfate, APAP-mercapturate, and m-aminophenol were 7.60, 2.75,5.00,10.50,
and 4.20 min, respectively. APAP and the metabolites, eluted with the mobile phase
at a flow rate of 1.0 mL/min, were monitored at 248 nm.

2.11. Protein carbonyl measurements

The protein carbonyl was measured in 1 ugof protein using a kit. In brief, protein
samples were added to the 96 well Protein Binding Plate, and incubated at 37 °C for
3h. After rinsed with PBS, dinitrophenylhydrorazine (DNPH) working solution was
added, and incubated for 45 min at room temperature in the dark. After rinsed with
PBS/ethanol (1:1, v/v), blocking solution was added, and incubated for 1h. After
rinsed with wash buffer, anti-DNP antibody was added, and incubated for 1 h. After
rinsed with wash buffer, secondary antibody was added, and incubated for 1h. After
rinsed with wash buffer, substrate buffer was added, and incubated for 10 min, and
then absorbance at 405 nm was measured.

2.12. Lipid peroxidation measurement

The lipid peroxidation was measured in 10mg of protein using a kit. In brief,
for each reaction, 10 pL of probucol and 640 L of diluted R1 reagent (1:3 of
methanol:N-methyl-2-phenylindole) were added, and mixed with 150pLof 12M
HCL Each reaction was incubated at 45 °C for 60 min and centrifuged at 10,000 x gfor
10 min. The supernatant was taken and used to measure malondiaidehyde (MDA)
formation at 586 nm. MDA data were normalized versus the protein concentration.
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Fig. 1. Effects of adenovirus infection on hepatic SOD2 mRNA (A), protein (B), and activity (C). SOD2 mRNA (A), protein (B), and enzyme activity (C) were determined in rats
infected with AdLuc-shRNA (control, 2.0 x 10" pfu/body or AdSOD2-shRNA (5.0 x 10 pfu/body and 2.0 x 10" pfu/body). SOD2 protein was quantified by immunoblotting
as described in Section 2. The control SOD2 enzyme activity was 12.85 + 0.06 (U/mg protein). Data are mean£SD (n=3). *p<0.05, **P<0.01, and ***P<0.001 compared with

AdLuc-shRNA infected rats.

2.13. Statistical analysis

Statistical analyses were performed with a GraphPad Instat version 2.0 computer
program (GraphPad Software, San Diego, CA) by Student t-test. A value of P< 0.05
was considered statistically significant.

3. Results
3.1. Effects of adenovirus infection on hepatic SOD2

To investigate the most efficient condition of AdSOD2-shRNA
infection, Fisher-344 rats were infected with AdSOD2-shRNA at
5.0 x 1019 or 2.0 x 10! pfu/body for 3, 5, 7, and 14 days (Fig. 1).
SOD2 mRNA, protein expression, and enzyme activity began to
decrease 3 days after infection, and 72%, 65%, and 61% decreases
were achieved 7 days after infection in the 2.0 x 10'! pfu/body
infected group, respectively. Fourteen days after infection of
AdSOD2-shRNA, SOD2 mRNA, protein expression, and enzyme
activity had recovered a little. These results suggested that 7 days
infection would be the most efficient condition for knocking down
SOD2. In addition, serum AST and ALT were not increased in any
group (Supplementary Fig. 1). These results suggested that 7 days
infection at 2.0 x 10" pfu/body would be an appropriate condition
for AdSOD2-shRNA infection.

3.2. Hepatotoxic effect of APAP in adenovirus-infected rats

To determine whether APAP-induced hepatotoxicity was poten-
tiated by the suppression of hepatic SOD2, rats were tail
vein-injected once with 2.0 x 10'* pfuf/body AdSOD2-shRNA or
AdLuc-shRNA. After 7 days, APAP was orally administered with-
out previous fasting treatment. The serum AST and ALT levels are
shown in Fig. 2A. Twenty-four hours after APAP administration,
the 300 mg/kg treated groups did not demonstrate hepatotoxi-
city. In contrast, the AdSOD2-shRNA infected rats treated with
1000mg/kg APAP demonstrated a significant increase of AST
(114.25+40.91U/L) and ALT (51.79+16.11U/L) compared with
AdLuc-shRNA infected rats. The AdLuc-shRNA rats administered
1000 mg/kg APAP did not demonstrate hepatotoxicity. The results
of the histological examination in 1000 mg/kg APAP-administered
rats are shown in Fig. 2B. Remarkable hepatic necrosis, espe-
cially around the central vein, and lymphocyte infiltrations were
observed in AdSOD2-shRNA infected rats given 1000 mgfkg APAP,
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consistent with the elevation of AST and ALT. There were no histo-
logical changes in the other groups.

3.3. Changes of the plasma concentrations of APAP and its
metabolites in adenovirus infected rats

Changes in the plasma concentration of APAP and its metabo-
lites are shown in Fig. 3. For APAP and APAP-sulfate, the maximum
plasma concentration was observed 1h after APAP administration.
In the AdSOD2-shRNA infected group, the time to peak concentra-
tion of APAP-glucuronide was earlier than that of the AdLuc-shRNA
infected group. On the other hand, APAP-sulfate, a major detoxifi-
cation product inrats generated directly from APAP, was decreased.
For APAP-mercapturate, the maximum plasma concentration was
observed 3h after APAP administration in rats infected with
AdSOD2-shRNA, and was significantly decreased compared with
the AdLuc-shRNA infected group.

3.4. Change of expression of HO-1 protein and GSH concentration
in APAP-administered rats infected with AdSOD2-shRNA

To investigate the mechanism of APAP-induced hepatotoxicity
in AdSOD2-shRNA infected rats, HO-1 protein, known to be induced
by oxidative stress, was measured. Superoxide itself is not able to
be measured in vivo, thus HO-1 protein was measured as an alterna-
tive method to evaluate APAP-induced oxidative stress. The HO-1
protein band was observed only in AdSOD2-shRNA infected rats
given 1000 mg/kg APAP (Fig. 4A), suggesting that APAP-induced
hepatotoxicity was caused by oxidative stress. The GSH concentra-
tions in AdSOD2-shRNA infected rats were significantly increased
compared with the AdLuc-shRNA infected control rats (Fig. 4B). In
contrast, the GSH concentrations in AdSOD2-shRNA infected rats
given 1000 mg/kg APAP were significantly decreased compared
with the AdLuc-shRNA infected rats (Fig. 4B).

3.5. Change of protein carbonyl and lipid peroxidation in
APAP-administered rats infected with AdSOD2-shRNA

HO-1 was known to be induced by oxidative stress, but also
induced by hypoxia. Thus, we measured protein carbonyl and
lipid peroxidation in mitochondria and serum to reveal that APAP-
induced hepatotoxicity in SOD2 knockdown rats was caused by
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oxidative stress more clearly. In both mitochondria and serum,
protein carbonyl and lipid peroxidation concentrations in AdSOD2-
ShRNA infected rats given 1000 mg/kg APAP were significantly
increased compared with the AdLuc-shRNA infected rats (Fig. 5),
indicating that APAP-induced hepatotoxicity was caused by oxida-
tive stress.

4. Discussion

In our previous study, a cell model with SOD2-knockdown
and CYP3A4-overexpression was constructed using an aden-
ovirus expressing SOD2-short hairpin RNA (AdSOD2-shRNA) and
AdCYP3A4, which decreased SOD2 activity by 50% 3 days after
infection with high CYP3A4 activity (Yoshikawa et al., 2009). Treat-
ment with various drugs known to induce hepatotoxicity to this cell
model demonstrated decreases in the cell viability and increases in
the production of superoxide. Inthe present study, the SOD2 knock-
down rat model was established using AdSOD2-shRNA, which
decreased the SOD2 activity by 60% 7 days after infection (Fig. 1).
In addition, acetaminophen (APAP)-induced hepatotoxicity was
demonstrated in AdSOD2-shRNA infected rats (Fig. 2).

We successfully produced a SOD2-knockdown rat model by
means of adenovirus-mediated RNA interference technology in
order to detect drug-induced hepatotoxicity with high sensitivity.
A previous report described that over 2.0 x 10" pfu/body infec-
tion of an adenovirus caused adenovirus derived hepatotoxicity
(Akai et al., 2007). There were no differences in AST and ALT
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*P<0.05 compared with AdLuc-shRNA infected rats.

between PBS-injected rats (AST: 31.98+3.12, ALT: 16.20+1.12)
and adenovirus-infected rats. Therefore, we infected AdLuc-shRNA
or AdSOD2-shRNA at 2.0 x 10! pfu/body, which resulted in no
hepatotoxicity. In AdSOD2-shRNA infected rats, SOD2 activity was
decreased by 60% in rat liver. This decrease in the level of SOD2
is a little greater than that in heterozygous Sod2 knockout mice
(55% decrease). Therefore, we determined that a single injection of
AdSOD2-shRNA (2.0 x 101" pfu/body) was the proper condition for
testing the drug-induced hepatotoxicity in this study.

In previous APAP-induced hepatotoxicity studies, in most cases
rats were fasted for a half or 1 day before drug administration
(Merrick et al., 2006; Kim et al,, 2006: Pessayre et al., 1980). In
the present study, in order to clarify the involvement of SOD2
knockdown, the rats were not fasted throughout the experiment,
Previous reports demonstrated that fasting caused an approxi-
mately 50% decrease of GSH in liver. Moreover, the CYP2E1 activity
is significantly increased (8- to 9-fold) by fasting (Hu et al,, 1995;
Jaeschke and Wendel, 1985). APAP is metabolized to N-acetyl-p-
benzo-quinone imine, mainly by CYP2E1, and thus fasting would
cause an overestimation of APAP-induced hepatotoxicity. As an in
vivo hepatotoxicity screening system, a single oral administration
dose of APAP at 300 and 1000 mg/kg to normal rats in a fasting
condition was reported by a Pfizer group (Kikkawa et al., 2006),
and there was no increase of ALT and AST at 300 mg/kg at 24 h after
p.o. administration, although there was a potent increase of ALT
(209.0+252.3) and AST (573.3 +490.1) at 1000 mg/kg in normal
rats. The same single oral administration of APAP (1000 mg/kg)ina
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fasting condition was also adopted by the National Toxicogenomics
project in Japan as a screening system, and a significant increase of
ALT and AST was shown at 24 h after treatment (Morishita et al.,
2006). Based on these lines of considerations, we performed the
experiments without fasting treatment.

Infection of AdSOD2-shRNA caused a significant decrease of
APAP-sulfate in the rat plasma compared with AdLuc-shRNA
infected control rats (Fig. 3), suggesting that SOD2 knockdown
caused a suppression of the sulfotransferase (SULT) activity.
In SOD2 knockdown rat, SULT1 expression was significantly
decreased (Supplementary Fig. 2), thus the concentration of APAP-
sulfate was decreased. In our previous report using adenovirus
vector with short hairpin RNA against rat y-glutamylcysteine syn-
thetase, the concentration of APAP-sulfate was also decreased
(Akai et al., 2007), thus adenovirus-mediated suppression in SULT1
protein might be occurred. However, the mechanism remains
unknown. Furthermore, infection of AdSOD2-shRNA caused a
significant decrease of APAP-mercapturate in the plasma. The
GSH concentration was increased in AdSOD2-shRNA infected rats
(Fig. 4), thus the plasma concentration of APAP-mercapturate
should be increased, however, the opposite result was obtained,
suggesting that the other metabolites of APAP resulted in com-
pensatory increases, however, it was difficult to identify the whole
metabolites. This result also remains to be clarified.

In the present study, APAP-induced hepatotoxicity was caused
by knocking down SOD?2 in rats. The mechanism of APAP-induced

hepatotoxicity is very complex, and many reports have been pub-
lished (McConnachie et al., 2007; Ganey et al,, 2007; Gunawan et
al., 2006; Lei et al., 2008). In one of these papers, APAP-induced
hepatotoxicity was reported not to be occurred in Sod1 knock-
out mice (Lei et al., 2006). In our study, there was no difference
in SOD1 expression between AdLuc-shRNA and AdSOD2-shRNA
infected group (data not shown), suggesting that SOD2 knock-
down was not affected on SOD1 expression. Thus, SOD1 might be
not involved in APAP-induced hepatotoxicity in SOD2 knockdown
rat. Actually, it is difficult to evaluate APAP-induced hepatotox-
icity only by SOD2 knockdown, as many factors are thought to
be involved in the toxicity. However, it became clear that SOD2
is partly involved in APAP-induced hepatotoxicity in vivo in rat.
In the near future, by using AdSOD2-shRNA infected rats, we will
evaluate the hepatotoxicity of other drugs that induced cytotoxi-
city in SOD2 knockdown- and CYP3A4 overexpressing-cells in our
previous report (Yoshikawa et al., 2009).

In conclusion, we firstly established SOD2-knockdown rats. This
rat model could be useful as a highly sensitive drug-induced hepa-
totoxicity test for drug candidates in preclinical drug development.
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Drug-induced liver injury is a major problem in drug de-
velopment and clinical drug therapy. In most cases the
mechanisms are still unknown, thus, it is difficult to predict or
prevent these reactions. It has been known that halothane, an
inhaled anesthetic, induces liver injury. To investigate the
mechanisms of halothane-induced liver injury, we used a recently
established mouse model of liver injury. The expression of
transcription factors and cytokines specific for Thi and Th2
(helper T cells), respectively, were compared between BALB/c and
C57BL/6 mice. The mRNA expression ratios of mouse T-bet(a
Thil-specific transcription factor)/GATA-binding protein (GATA-
3, a Th2-specific transcription factor) and interferon ~vlinterleukin
(IL)-10 were lower in BALB/c mice compared with C57BL/6 mice,
suggesting that a typical Thl or Th2-dominant response could not
be distinguished in halothane-induced Liver injury. We observed
increases of the plasma IL-17 level and hepatic macrophage
inflammatory protein 2 expression in halothane-administrated
BALB/c mice, as well as neutrophil infiltration. Neutralization of
IL-17 suppressed the hepatotoxic effect of halothane. Adminis-
tration of recombinant IL-17 (1 pg per mouse, single ip) to the
halothane-treated mice resulted in a remarkable increase of
alanine and aspartate aminotransferases. In conclusion, we
demonstrated that IL-17 is involved in the halothane-induced
liver injury.

Key Words: cytokine; MIP-2; neutrophils; helper T cells;
prostaglandin E;.

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

Halothane, an inhaled anesthefic, causes asymptomatic
increases of plasma transaminases in approximately 20% of

! To whom all correspondence should be addressed at Drug Metabolism and
Toxicology, Faculty of Pharmaceutical Sciences, Graduate School of Medical
Science, Kanazawa University, Kakuma-machi, Kanazawa 920-1192, Japan.
Fax: +81-76-234-4407. E-mail: tyokoi@kenroku.kanazawa-u.ac.jp.

patients and life-threatening fulminant hepatitis is induced in
a small percentage of patients (Ray and Drummond, 1991).
Halothane is metabolized to trifluoroacetyl radicals by
cytochrome P450 2E1 and covalent binding to target
macromolecules (Eliasson et al., 1998). Although trifluoroa-
cetylated-protein in the liver was believed to cause the liver
injury, interstrain, and intrastrain differences in metabolism
were not correlated with susceptibility in guinea pigs,
suggesting that the inherent ability of metabolizing halothane
cannot completely account for the mechanism of halothane-
induced liver injury (Farrell er al., 1996; Lind ef al., 1989).

Recently, a new animal model of halothane-induced liver
injury was established which demonstrated the existence of
strain differences between BALB/c and C57BL/6 mice (You
et al., 2006). However, no significant difference in either the
patterns or levels of hepatic trifluoroacetylated-protein adducts
formed in these two strains was observed.

Helper T cells (Th cells) are an important regulator of
acquired immunity. Th cells are subdivided into Thl, Th2, and
Th17 subsets by their unique production of cytokines and
characteristic transcription factors (Kidd, 2003; Zhu and Paul,
2008). Thl and Th2 direct different immune response pathway
(Kidd, 2003). Thl responses drive cellular immunity to kill
intracellular pathogens and overactivation of Thl cells induces
some autoimmune diseases. On the other hand, Th2 responses
drive humoral immunity and cause allergic inflammatory
diseases including asthma (Zhu and Paul, 2008). C57BL/6
and BALB/c mice develop predominantly Thl and Th2
responses, respectively (Knight et al., 2007; Mizuhara ef al.,
1998; Tanaka et al., 1996). Mouse T box expressed in T cells
(T-bet) and GATA-binding protein (GATA-3) are two major
T helper—specific transcription factors that regulate the
expression of Thl or Th2 cytokine genes and play a crucial
role in T-helper cell differentiation. Interferon-y (IFN-y) is
a major cytokine of Thi cells, whereas, interleukin-10 (IL-10)
is a cytokine mainly synthesized by Th2 cells that inhibits IFN-y
expression in Thl cells (Fiorentino et al., 1989).

Th17 is a newly defined Th-cell subset which mainly
produces IL-17 and plays critical roles in the protection against
microbial challenges and the induction of autoimmune
diseases. IL-17 can induce many inflammatory cytokines and
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