Table 1. Body and liver weights of mice treated with PBO after DEN-initiation

DEN-alone DEN+PBO
No of animal 8 15
Final body weight  (g) 5143+637° 4638 +2.84%
Absolute liver weight  (g) 291092 8.12£2.52%*
Relative liver weight (% body weight) 5.60+1.54 1742+ 4.99%*

a) mean2SD, *,** P<0.05,0.0] vs. DEN-alone (Student’s-t test)

Table 2. Incidences and multiplicitis of proliferative lesions in the liver of mice treated with PBO after
DEN-initiation

DEN-alone DEN+PBO
Incidence Muttiplicity Incidence Multiplicity
Foci of alteration 8/8 585+3.71% 15/15 453+2.06
Hepatocellular adenoma 3/8 1534230 15/15 6264223
Hepatocellular carcinoma 0/8 0£0 6/15 045+0.67

a) mean+SD
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Table 3. List of genes showing up-regulation of methylation status by promotion with PBO in a two-stage
hepatocarcinogenesis model (ratio of PBO 1.5 fold and ratio of DEN =1 fold)

Probe No.

Genome
Location

Downstream
Gene Symbol

CHRO1FS122434416

CHRO2FS032434346

CHRO2FS118593175

CHRO4FS106750569
CHRO4FS131320681
CHRO5FS031728995

CHRO5FS111079836

CHROGFS003448611
CHRO7FS029435360
CHRO7FS142278313

CHROTFS143426694
CHRO8FS013870120
CHROBFS075169137

CHRO8FS127118305

CHRO9FS064609389
CHRO9FS108436470
CHRO9FS114580016
CHR10FS041499044
CHR10FS079090972

CHR11FS114980153

CHR12FS071371758
CHR12FS102684134
CHR12FS104739680
CHR13FS095040997
CHR16FS011167882

CHR17FS006095443
CHR17FS024233973
CHR17FS084177453

CHR19FS025572722
CHRXFS146153853
CHRYFS002115571

chr1:122434416-122434465

chr2:32434346-32434395

chr2:118593175-118593224

chr4:106750569-106750618
chr4:131320681-131320730
chr5:31728995-31729044

chr5:111076836-111079885

chr6:3448611-3448660
chr7:29435360-29435409
chr7:142278313-142278373

chr7:143426694-143426743
chr8:13870120-13870176
chr8:75169137-75169186

chr8:127118305-127118354

chr8:64609389-64609438
chr:108436470-108436519
chrd:114580016-114580065
chr10:41499044-41499093
chr10:79090972-79091021

chr11:114980153-114980202

chr12:71371758-71371807
chr12:102684134-102684183
chr12:104739680-104739729
chr13:95040997-95041056
chr16:11167882-11167931

chr17:6095443-6095492
chr17:24233973-24234022
chr17:84177453-84177502

chr19:25572722-25572771
chrX;146153853-146153902
chrY:2115571-2115629

Description

Downstream
MGI No.

Enl

Stbgalnach

Bahd!1

Lrred2

Epb4.1
Zfp512

Hscb

Cedc132
1700067C01 Rik
Lsp1

Tnfrsf26
Zfp828

Apimi

Galnt2

F730015K02Rik
Wdr6

Cmtm6

Sesnl

Cdc34

Sle9a3r1

Tmxl

Rin3
Serpina3m
Arsb
Geptl

Tulp4
Caskinl
Thada

Dmrt1
Maged2
Rbmylal

engrailed 1

ST6(alpha—N-acetyl-neuraminyl-2,3-

beta—galactosyl-1,3)-N-

acetylgalactosaminide alpha-2,6-

sialyltransferase 6

bromo adjacent homology domain

containing 1

leucine rich repeat containing 42

erythrocyte protein band 4.1

Mus musculus zinc finger protein 512
HscB iron—sulfur cluster co-chaperone

homolog(E. coli)

coiled-coil domain containing 132
RIKEN cDNA 1700067C01 gene

lymphocyte specific 1

tumor necrosis factor receptor

superfamily,member 26
zinc finger protein 828

adaptor-related protein complex AP-1,

musubunit 1
UDP-N-acetyl~alpha-D-

e

galacte

aoctylﬂlactosamia;rltrransfarasu 2

Mus musculus RIKEN cDNA
F730015K02 gene
WD repeat domain 6

CKLF-like MARVEL transmembrane

domaincontaining 6

sestrin 1

cell division cycle 34 homolog
(S.cerevisiae)

solute carrier family 9

(sodium/hydrogenexchanger), isoform 3

regulator 1

thioredoxin-related transmembrane

protein 1

Ras and Rab interactor 3
serine (or cysteine) peptidase
inhibitor,clade A, member 3M
arylsulfatase B

Mus musculus G1 to S phase transition

1 (Gspt1), transcript variant 1
tubby like protein 4

CASK interacting protein 1
thyroid adenoma associated

Mus musculus doublesex and mab—3

related transcription factor 1
melanoma antigen, family D, 2
RNA binding motif protein, Y

MGI No.; Gene ID of Mouse Genome Informatics Database

chromosome. family 1, member Al

MGIL:95389

MGL1355316

MGL2139371

MGI:1925059
MGL95401

MGL:2141135

MGIL:1920538
MGL1923968
MGL:96832

MGL2651928

MGL102776

MGI:894694

MGL1930140
MGL2447165
MGL2155278
MGL102657

MGL:1349482

MGI:1919986
MGI:2385708
MGL:98378
MGL:88075

MGIL:1916092
MGIL:2442952
MGL:3039623

MGL1354733
MGI:1833391
MGL104732




Table 4. List of genes showing up-regulation of methylation status in the DEN-alone group in a two-stage
hepatocarcinogenesis model (ratio of PBO = 1 fold and ratio of DEN 2 1.5 fold),

Genome Downstream N Downstream
Probe No. Lacutioh Gene S Description MGI No.
CHROTFS074884653 chr1-74884653-74884702 _ Thh Indian hedgehog MGL96533
. Mus musculus olfactory receptor 1411 .
CHRO1FS094426839 chrl:04426839-94426888  Olfr1411 o e opg MGL1345184
CHROIFS095167483 chrl-95167483-95167532  Pask f:f’:“"‘“‘ OONESIng Sarine/ threcning o sced 188535
CHROIFS133571875 chrl;133571875-133571924 Sic26a0 soluts carrier family 28, member 9 MGI:2444504
g nicotinamide nucleotide '
CHROIFS154718339 chrl:154718339-154718388 Nmnat2 s MGL2444155
CHROTFS169303357 chrl:169303357-169303406 Lrre52 leucine rich repeat containing 52 MGL1924118
1 ¥ : potassium inwardly-rectifying :
CHROIFS174165641 chrl:174165641-174165680 Kcnjd g MGI:108007
L Mus musculus immunoglobulin ’
CHROIFS174318882 che1:174318892-174318941 [gsf ety MGI2135283
GHROIFS175372333 chrl:175372333~175372383 BOC094916 cDNA sequence BC094916 MGL:3584522
CHRO1FS175887051 chrl:175887051-175887100 Oifrd32 oifsctory receptor 432 MGI:3030266
CHROIFS180701274 chel:180701274-180701332 Kif26b kinesin family membar 268 MGI2447076
CHRO2FS018504687 chr2:18504687-18504736  Commads3 COMM domain containing 3 MGL88218
CHRO2FS025401053 chr2:25401053-25401102  Gm996 gene model 996, (NCBI) MGI:2685842
CHRO2FS032035019 chr2:32035010-32035968  5830434P21Rik RIKEN cDNA 5830434P21 gene MGL:1923304
CHRO2FS090918021 chr2:80916021-90818070  Mybpc3 myosin biding proteis O MGL102844
CHRO2FS124759585 chr2:124759585-124759634 Sic24a5 solits carrier family 24, membse 5 MGL2677271
CHRO2FS148087386 chr2:148087386-148087435 Sstrd somatostatin receptor 4 MGL105372
CHRO2FS153635767 chr2:153635767-153635816 Gm1006 gene mode! 1008, (NCBD MGL:2685852
CHRO2FS168626303 chr2:168626303-168626352 2fp6d Zina finger protain 64 MGL107342
CHRO2FS172150622 chr2:172150622-172150680 2410001C21Rik RIKEN cDNA 2410001C21 gene MGL:1913654
CHRO3FS088452136 chr3:88452136-88452185  Paqré PIRIN 03 SIPOQ Mowtor Ol sar 151wt
CHRO3FS089402303 chr3:80402303-89402352  Efnal ephrin A3 MGL106644
CHRO3FS094864583 chr3:04864583-94864632  Cgn cingulin MGL:1927237
CHRO3FS096081265 chr3:06081265-96081314  Plekhol fm&mmﬁ“ domain containing. 111914470
CHRO3FS102142038 chr3:102142038-102142087 Nhih2 nescient heltx loop helbe 2 MGI97324
X " Mus musculus glutathione S~
CHRO3FS108172863 chr3:108172863-108172012 Gstmd sy s g MGL:95862
CHRO4FS122691107 chrd:122691107-122691156 Hpcald hippocalcin—tike 4 MGI2157521
CHRO4FS125664852 chrd:125664952-125665001 1700029G01Rik RIKEN cDNA 1700029GO01 gene MGL:1914188
CHROAFS136568411 ched:136568411-136568460 Wntd wingless-related MMTV integration site MGI-98857
CHRO4FS138091192 chrd:138091192-138091241 PlaZg5 phospholipase A2, group V MGI:101899
CHRO4FS138346852 chr4:138346852-138346901 Hur6 fm'":t':f“e” Sossrion eeoton) MGL:1196627
. = SPEN homolog, transcriptional i
CHROAFS140750724 chrd:140750724-140750773 Spen bt yerssschriol MGL:1891706
CHRO5FS097632432 chr5:97632432-07632481  CBO00S expressed sequence CB0008 MGI:2141314
CHROSFS137166978 chr5:137166978-137167027 Emid2 EMI domain containing 2 MGI:2155345
CHROSFS137252516 chr5:137252516-137252565 Cldn15 claudin 15 MGL1913103
CHRO5FS137273570 chr5:137273570-137273619  Plod3 "’““’“'::’;‘“" Z-oxogutarateS~  \ar1347008
CHRO5FS139659081 chrf:139646237-139646286 3110082(17Rk RIKEN cDNA 3110082117 gene MGI:1920462
CHROSFS140776716 che5140776716-140776765 Chst12 carbohydrate sulfotransferase 12 MGI-1929084
g o nugclectide—binding olij izati i
CHROBFS054873953 chrB:54873053-54874002  Nod1 e iz Or aton MGI:1341839
CHROBFS072479359 chr6:72479350-72479408  Capg A protein (actin filament).gelsolin~ 150875
CHROBFS129741545 _chr6.129741545-129741604 _Gm156 Mus musculus gene model 156, (NCBI) _ MGI:1088259
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Table 4. Continued

Genome Downstream A Downstream
Prabe Ho. Location Gene Symbol _Description MGI No.
CHRO7FS004529254 chr7-4529254-4520303 A430110N23Rik RIKEN cDNA A430110N23 gene MGI-3606211
CHROTFS005735465 chr7:5735465-5735514 260787 zine finger protein 787 MGL1914359
CHROTFS024841137 chr7:24841137-24841186  Pou2f e e T
CHRO7FS024934929 chr7:24934929-24934978  Zfp526 zinc finger protein 526 MGI:2445181
i 4 eytochrome P450, family 2, subfamily .
CHROTFS026544322 chr7-26544322-26544371  Cyp2a5 et § MGI:88597
i 37 latent transforming growth factor :
CHRO7FS027035161 chr7:27035161-27035210  Ltbpd g odnsaiioned MGI:1321395
CHROTFS044420509 chr7:44420509-44420558  Nrih2 P Norrter kel | ot e
CHROTFS045106499 chr7:45106499-45106548  Cd37 CD37 antigen MGL:88330
‘ i transient receptor potential cation s
CHROTFSD45195243 chr7:45195243-45195202  Trpmd posisardiile i ppenbi sty MGL1915917
CHRO7FS101267533 chr7:101267533-101267582 Centd2 centaurin, delta 2 MGI:1916960
CHRO7FS101980550 chr7:101980550~101980599 Art1 ADP-ribosyltransferase | MGL107511
GHRO7FS103820599 chr7:103820599-103820648 OIfr633 olfactory receptor 633 MGL:3030467
CHRO7FS127235365 chr7:127235365-127235414 Zfp689 zinc finger protein 689 MGI:1918381
CHROTFS127921026 chr7:127921026-127921075 ltgax integrin alpha X MGL:96609
CHRO7FS140053611 chr7:140053611-140053660 Ofr524 offactory receptor 524 MGI:3030358
CHROTFS142253205 chr7:142253205-142253254 Tnni2 troponin |, skeletal, fast 2 MGI:105070
CHRO7FS142301096 chr7:142286913-142286962 Lspl lymphoeyte specific 1 MGL:96832
CHRO7FS142704815 chr7:142704815-142704864 Th tyrosine hydroxylase MGIL:98735
CHRO7FS142850591 chr7:142850591-142850640 R74862 expressed sequence R74862 MGL2142382
" S potassium voltage—gated channel, :
CHROTFS143203802 chr7:143128613-143128662 Konql s D MGL:108083
: s solute carrier family 22 (organic 3
CHROTFS143288403 chr7:143288403-143288452 Slc22a18 R s MGI: 1336884
CHROTFS143381706 chr7-143381706-143381755 Cars cysteinyltRNA synthetase MGI:1351477
CHROSFS027250450 chrB:27250459-27250508  Bagd BCL2-associated athanogene 4 MGI:1914634
CHROBFS073843410 chr8:73843410-73843459  Mtapls microtubule—associated protein 1S MGL:2443304
CHROBFS074606932 chr8:74606032-74606981 [nsl3 Janus kinase 3 MGI:98928
i o potassium voltage-gated channel, :
CHROSFS122512155 chrB:122512155-122512204 Kongd s i MGI:1913983
CHRO9FS020778685 ohr8:20778685-20778743  loam intercellular adhesion molecule MGI:96392
CHROYFS026780236 chr9:26780236-26780285  Noapd3 non-SMC condensin Il complex, subunit MGI:2142989
CHRO9FS057900034 chr9:57900034-57900083  4930535E21Rik RIKEN cDNA 4930535E21 gene MGI: 1922464
sema domain, immunoglobulin domain
CHRO9FS107457343  chr8:107457343-107457392 Semadb (Ig).short basic domain, secreted, MGI:107561
(semaphorin) 3B
CHRO9FS107909977 chr9:107909977-107910028 Rnf123 ring finger protsin 123 MGI:2148796
CHR10FS005977662 chr10:5977662-5877711  Zbtb2 zinc finger and BTB domain containing 2 MGI-2685949
CHRI0FS075818488 chr10:75818488-75818537 Pent pericentrin (kendrin) MGI:102722
CHR10FS079142355 chr10:79142355-79142404  Polrmt :i‘:':':;:;";“ (RNA) mitochondrial (DNA 1) 101 c043
CHRI10FS079538519 chr10:79538519-79538568  Dos downstream of Stk11 MGL:1354170
CHR10FS080009499 chr10:80009499-80009548 Scampd secretory carrier membrane protein 4  MGL:1928947
CHR11FS035851671 chrl1:35851671-35851720  Odz2 odd Oz/ten-m homolog 2 MGI:2685949
CHR11FS053478126 chrl1:53478126-53478175 113 Mus musculus interleukin 13 MGL:102722
CHR11FS059387549 chr11:59387549-59387598  OIfr222 offactory receptor 222 MGI:3030055
P heparan sulfate (glucosamine)3-0- [
CHR11FS064336586 chr11:64336586-64336635  Hs3st3al g sirmiseabnh MGI:1333861
CHRI11FS075324993 chr11:75324993-75325042  Prpf8 pre-mRNA processing factor 8 MGL2179381
CHR11FS076417696 chr11:76417696-76417745  Abr active BCR-related gene MGL107771
solute carrier family 13 (sodium-
CHR11FS078213996 chr11:78213996-78214045  Sic13a2 dependentdicarboxylate transporter),  MGL:1276558
member 2
CHR11FS106165084 chr11:106165084-106165133 Sonda :‘I’p‘:::‘“ channel, voltage-gated. tyoe IV. uq106550
CHR12FS099080122 chr12:99090122-99090171  Ptpn21 f;‘;:’p'{‘m phosphatase, non=  \1a.1344408
CHRI2FS111747618 chr12:111747618-111747667 Cdod2bpb Cdc42 binding protein kinase bata MGL:2136459
CHRI12FS113127430 chr12:113127430-113127479 £G382639 predicted gene. EG382639 MGI:3644133
CHR13FS50309855247 chr13:30055247-30955296 Exoc? exocyst complex component 2 MGL:1913732
CHR13FS050442342 chr13:50442342-50442391  Fbxw17 F-box and WD-40 domain protein 17 MGL:1923584
CHR13FS055006265 chr13:55006265-55006314 UncSa unc-5 homolog A (C. elegans) MGL:894682
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Table 4, Continued

Genome Downstream A Downstream
Probe No: Location Gene Symbol Desssions MGI No.
CHR14FS030005279 chr14:30005279-30005328 Nisch nischarin MGL1928323
CHR14FS050957960 chr14:50957960-50958008 OIfr221 olfactory receptor 221 MGI:303005
CHR14FS061952411 chr14:61952411-61952462 NP.001034214.1 defensin beta 41 MGI:3644478
2 = Mus musculus C1q and tumor necrosis .
CHR15FS010896986 chr15:10896986-10897035 Cilgtnfl factor related protein 3 MGI:1932136
CHR15FS076033996 chr15:76033996-76034050 Plecl plectin 1 MGI:1277961
CHR15FS084546977 chr15:84546977-84547026 3110043J09Rik Rho GTPase activating protein 8 MGL:1824714
CHR15FS088895567 chr15:B8895567-BB895616 Panx2 pannexin 2 MGIL:1880615
1 Mus h If; yr pt 281 ”
CHR15FS098284261 chr15:98284261-98284310 OIfr281 (OIfr281). mRNA MGL3030115
CHR15FS101630178 chr15:101630178-101630227 Krt73 keratin 73 MGI:3607712
CHR15F5103142419 chr15:103142419-103142468 Zfp3B85 zinc finger protein 385 MGI:1352495
CHR16FS088662690 chr16:BB662690-88662739 2310057TN15Rik RIKEN cDNA 2310057N15 gene MGL1916946
CHR17FS023491207 chr17:23491207-23401256  Flywchl FLYWCH-type zinc finger 1 MGIL:2442638
CHR17FS025573640 chr17:25573640-25573689 3230401M21Rik RIKEN cDNA 3230401M21 gene MGIL:1921267
CHR17FS032128598 chr17:32128598-32128647 A430107D22Rik RIKEN cDMA A430107D22 gene MGL:2444128
CHRI17FS034764518 chr17:34764518-34764567 Bat2 HLA-B associated transcript 2 MGL1915467
CHRITFS035114411 chrl7:35114411-35114460  Pousf1 e it T
CHR17FS036070382 chr17:36070382-36070438 H2-M10.4 histocompatibility 2. M region locus 10.4 MGI:1276527
CHR18FS038017348 chr18:39017348-39017397  Fgfl fibroblast growth factor 1 MGL95515
CHRIBFS061089035 chr18:61089035-61089084 Camk2a et ’;I g " protein  \iGras2se
CHR19FS004868067 chr19:4868067-4868116 Actnd actinin alpha 3 MGI:99678
CHR19FS007172220 chr19:7172220~7172269 D930010J01Rik RIKEN cDNA D930010J01 gene MGL:2147583
CHRXFS011285618 chrX:11285618-11285667 Beor Belb interacting corepressor MGL1918708
CHRXFS034146197  chrX:34146197-34146246 Rhox8 reproductive homeobox 9 MGL1890128

MGI No.; Gene ID of Mouse Genome Informatics Database
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Table | Body, liver and relative liver weights of
gpt delta mice given PBO or PB

Control PBO PB
P53 (+/+)
Body weight (g) 3120245 1920% 1.29** 3240 %= 241
Liver weight (g) 140016 1.57 £0.26 1.80 + 027 *

Relative liver weight (g%) 449+ 0.16 8.19 £ 1.55** 5.82 %+ 0.50

p33(-/-)
Body weight (g) 324+ 400 2198+ 1.41** 31.68+293
Liver weight (g) 1291033 1.77x 041 1.56 = 0.47

Relative liver weight (g%) 396+ 080 8.03 + 146%** 488X 1.12

P=00S, 001 v Control
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Figure 1. Histopathological features in the livers of
p33-deficient gpt delta mice given PBO or PB

Figure 2. Changes in 8-OHdG levels in liver DNA of gpt
delta mice given PBO or PB

P33 (+1+)

8-OHdG/10°dG
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Involvement of oxidative stress in hepatocellular
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Abstract The tumor-promoting effects of oxfendazole
(0X), a benzimidazole anthelmintic, were investigated
using a medium-term rat hepatocarcinogenesis model. Six-
week-old male F344 rats received an intraperitoneal
injection of N-diethylnitrosamine (DEN) and were given a
powdered diet containing 0 or 500 ppm OX for 6 weeks
from 2 weeks after DEN treatment. All animals were sub-
jected to two-thirds partial hepatectomy 1 week after OX
treatment. The numbers and areas of glutathione S-transfer-
ase placental form (GST-P)-positive foci were significantly
increased in the livers of rats treated with OX, with con-
comitantly increased cell proliferation, compared with
those in the livers of the DEN alone group. Quantitative
real-time RT-PCR analysis revealed that OX induced not
only mRNA expression of phase 1 enzymes Cyplal,
Cypla2, but also Nrf2-regulated phase I1 enzymes such as
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Gpx2, Nqol, Ye2, Akr7a3 and Gstml, presumably due to an
adaptive response against OX-induced oxidative stress.
Reactive oxygen species production increased in micro-
somes isolated from the livers of OX-treated rats. Further-
more, OX enhanced oxidative DNA damage (as assessed
by 8-hydroxydeoxyguanosine; 8-OHdG) and lipid peroxi-
dation (as assessed by thiobarbituric acid-reactive sub-
stances; TBARS). These results suggest that administration
of OX at a high dose and for a long term enhances oxidative
stress responses, which may contribute to its tumor-promot-
ing potential in rats.

Keywords Oxfendazole - Reactive oxygen species -
Oxidative stress - Tumor-promotion - Rat

Introduction

Fenbendazole [methyl 5-(phenylthio)-2-benzoimidazolec-
arbamate] (FEN) and oxfendazole [methyl 5-(phenylsulfi-
nyl)-2-benzimidazolecarbamate] (OX) are benzimidazole
anthelmintics that have been widely used for the treatment
and prevention of gastrointestinal parasites in livestock ani-
mals, including cattle, pigs, and sheep (Jacobs and Taylor
2001; Velik etal. 2004). The pharmacological effects of
these chemicals depend on their inhibition of glucose
uptake and tubulin polymerization in parasitic worms (Del-
atour and Parish 1986), FEN, which is first metabolized 1o
its sulphoxide form (OX) in vivo, has been reported to
cause a slight increase in the incidence of hepatocellular
carcinomas in female rats treated orally with a high dose
(WHO 1991). On the contrary, OX has not been found to
elicit any carcinogenic response in rats or mice; however,
the 38th meeting of the joint FAO/WHO expert committee
on food additives (JECFA) indicated that the lack of carcin-
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