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ABSTRACT — Expressed in renal caremoms (ERCYimesothelin iy 2 goodd biomarker for human mes-
othelioma and has been tnvestigated for s mechanistic rationale during the mesothelioms development,
Studies are thus ongoing n our laborstories o assess expression of ERC/mesothelin in sera and normal/
proliferativerneoplastic mesothelial Gsaues of antmals untrested or given patentially mesothelioma-iduce
ible xenobiotics, by an enzvine-linked warmmasorbent assay (BELISA) for N- and C-(terminal fragnients
ofy ERCAnesothelin aad immunohistochenmistry for CERCAnesothelin. In the present paper, we intend
o conuminicate sur preluninary duts, because tiis is tie firat report w show how and from what stage
the BRC/megothelin expression changes during the chemical induction of mesothelinl proliferative/neo-
platic lesions, Serum N-ERC/mesothelin levels were 314 4 5.6 ngiml in contral male Fischer 344 o,
ireased 1o 83.6 2 112 ng/mi in ras given o single intraserotal adwministration of | my/ky body weight
of multi-wall carbon nanotube (MWONT) and bearing mesothelinl hyperplasia 52 weeks thereafter, and
further elevated to 180 = 77 ng/ml in rots similarly treated and becomsing moribund 40 weeks thepeats
ter, or killed as scheduled ar the end of week 32, benring mesothelioma. While C-ERC/nesothelin was
expressed fn normal and hyperplastic mesothelia, the protein was detected only in epithelioid mesothelio-
s cells at the most superficial Jayer, 1Uis thus suggested that ERC/mesothelin can be used ag 2 biomarker
of smesothelial proliferstive lesions also in spimals, and that the inerease of levels may start from the ey
stage and be enhanced by the progression of the mesothelioma development.

Key words: Senon mesothelin, Rat, MWUNT, Mesothelial proliferative lesiong

INTRODUCTION with sarly stage tumors or ven as yer without tumorg
among the Mgh-risk population.
Mesothelioma is s highly aggressive malignast wimer Expressed in renal carcinoma (FRCYmesothelin s 2

anid developed in peaple previously exposed to asbestas,  product of the Ere gene discovered in rensl carcinomas
after & long latency period of 30-40 vemrs, Tt is desired o of the Bher vats (Hno o7 af, 1993) and confirmed 55 2
establish & biomurker that can identily potential patients  homolog of the human mesorhelinfmegakarvocyte poten-
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caaning fucrer gene {Hina, 2004, Yamashila of of., 2000},
A Ti-kDa glveosyiphosphatidylinositol anchortype mem-
sranous prodem s produced and physiologically dleaved
by a furin-like protease to yield 2 membrane-binding 40-
kDa Cuermpnal {C-ERC/mesothelind and a seereting 31
kDa Neterminal (N-ERC/mesothelin) fragments (Chang
and Pastan, 1996 Maeda and Hino, 2006; Yamaguehi, o
al., 19943 BERCAnesothelin is o oseful marker for human
mesothelioma cases (Hino e o, 2007: Maeds and Hino.
2006) and s spectiic enzyme-linked immunosorbent
assiy {ELISA) systen has been developed (Hagiwars o7
al, 2008 Nakuishi e o, 2007} for the elinjeal use (Maeda
ard Hino, 2006; Bliomi, er af, 2006, 2008; Tajima o7 of,
2008}, The most important question is as to whether ER(/
masothelin can be efficient also in the emly phase of the
mesothelioms development, aud studies are ongoing in
our laboratories o assess BRO mesothelin levels in anm-
mals unteeated or given potentially mesothelioma-induc-
ible xenobiotics.

We preliminarily assessed ERC/mesothelin leve
ls using the samples of our previous study demeonstrat
ing the induction of mesothehial prohiferative Tesions in
mule Fisher 344 rats given multi-wall carbon nanotube
{(MWUNT) (Sakamoto ¢7 o, 2009 In the present paper,
we intend to conmmunicate this preliminary data, despite
ity very {imited semple numbers, because this is the first
report o show how and from what gtage the ERC/mes-
othelin expression changes during the chemical induction
of mesothelial proliferative/neoplatic lesions,

MATERIALS AND METHODS

Ethical consideration of the experiments

An experimental protocol was approved by the Exper-
wments Regulation/Animal Bxperiment Convnitiees of the
Tokve Metropolitan Institute of Public Health for its sel-
entific and ethical appropriatensgss, nchuding concers for
animal welfare, with strict obadience 1o domestically asd
internationally apphicable declarations. laws, guidelmes
and rules.

Samples
Male Fisher 344 rats were purchased at their age of
4 weeks ofd from Churles River Laboratories Jupen Inc.
fi(mzsfmwa Japan) and maintained it our animal room
S25R, 30-60% relative humidity, 10 timeshr air ven-
éiiaﬁma and 12-0 hghtidark oyele) wntil use.

Normd vat sumples

Sergm swmples wers obisiped o 4, 1 and 2 untreand
rats at their ages of 11, 42 and 81 weeks old, respectively.

Wl 3% Ne

Vetiicle MWON Ttreatod v samples

Az detailed elsewhere {Sakamoto e of, 20093 etz
wers given a single mirssorotsd administration of | §
hody weight of wehicle {2% carboxvmethyleeliulo
| mg/kg body weight of MWONT at the age of 12 weeks
old and left untrented for up t{} 32 wesks. In the present
staly, 9 samples were used: 3 frx}m vehicle-treated mis
kitled as scheduled at the end of week 32, without any
mesothelial changes: 3 from MWONT-treated rats similar
Iy killed. with mesothelial hyperplasios but without mes-
otheliomas; and 3 from other MWON Tarenated animads, |
killed as moritbund st week 40 and 7 killed a5 scheduled
at the end of week 32, with early and advanced stages
mesotheliomas and hemorrhagic ascites. Serom samples
and in the fast case an ascites sample were obtained at the
wime of the autopsy, and 19% nentrally buffered forma-
fin-fixed, paraffin-embedded, mesothehal dssue samples
were routinely prepared.

(‘f"’ f}s'

ERCHnesothelinin ELIBA assay

Serum and ascites ERC/maesothelin levels werg ana-
lyzed using rat N- and C-BRC/mesothelin assay ki
{Immuno-Bialogival Laboratories [IBL] Co., Lid., Gun-
ma, Japan) atiap{;;z& from the method of Hagiwara er ol
{2008}, the detection limit being 0.1 ng/ml A 644 aligs
yot was difuted with 234 ul of piu;sphate»imﬁémi saline
containing 1% hovine serum albumin and 0.05% Tween
20, Assays were conducted according 1o the manufactur-
er’ instruction to measure an optical density &t 450 nm.
Fach sample was assessed in duplicate,

Histology and C-ERCImesothelin
immunohistochemistry

Two serial, 4-gm-thick sections were prepared and
deparaffinized. Une was processed through a routine
hematoxylin and eosin (HE) stataing procedure and his-
giologically examined. The ather wmﬁ; heated i 10 mM
citrate buffer, pH 6.0, treated with 3% hydrogen perox.
e, incubated with o primary antioat C-ERChmesothelin
antibody (IBL} avernight at 4°C, washed with tris-buil
ered saline, and re-ingubated using an Bavision system
{DAKO Jupan Company, Limited. Tokye, Jepan}, Signals
wore visuslized by 3.3 -dlaminobenzidine, gnd the see-
o were coumerstidaed with hematoxylin,

Statistical analysis
Statistical significance of miergroup difference for the
N-ERC/mesothelin level was axsessed using Suaudent’s &

test. and povalnes fess than 5.08 were considered sigmificant,
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Fig, 1. Serum levels of A, NERC/mesorheltt and B, CERCAmesothulin, Bach data is & mean of dupbicate assays, #1-

BoERCuesothelin

0.5 1.0
ng/ml

#6 in Fig, A

und #- #9 In Fig, B show sample numbers, "MD", mor detestabie dndoates that the dale wis below the detection limit of
010 nofml, Valoes of N-ERC msesothelin of «;zzm:yks; figun vebicle, hvparplisia, ami mosothetioms groups in Pl B reprosent

fhe memns 2 8.0 (o= 3,
Statistical signitficent difference by Swadent’s best P <
ws eompared frowy the hyperplastic group.

RESULTS AND DISCUSSION

Serum N-ERC/mesothelin levels of the normal rats
were 434, 85,1 and 37.% npfml, 47,1 pgfmd and 557 and
67.5 ng/mik; while those of C-ERCanesothelin were < 0.1,

6.8 and < 0.1 nghsl, 0.2 ng/mi and 0.3 and 0.3 ng/ml; ?af
B, 4w 81 wesks Y el ages, regpectively (Fig,

These were respectively within the same range, and ;s%x

U3, P 8] as compared from the vehicle groupand * P 003

N-ERC/mesothelin levels were substantially higher than
the C-ERChamesothelin levels, No apparent age-dependent
changes were obtained for enther fragmant,

Serum Nefn = 3y and Odn = 3 ERCimesothelin levels
of the vehicle-freased rat was 514 £ 5.6 ng/ml and < 0.1
ng/mi, respectively, within ihe normal ranges, wheress
sevurn N-BERCAnesothelin tevels of MWONT-reated mi
were mereased by the induction of mesothelial hyperpla-
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Fig, 2
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Hepraseraative histology wnd C-ERCmesothelin immunohinochemisey,

A, intgol mesothelia i the pariets] peritanenm of the vebicle-troated st FES B A" sertd section, CERCAmesothelin £, 1
mesothelial hyperplusia in the setroperadineal fi tssue of the MWONTwested rat, HE: B, O seddal gection, C-ERC mes-
athelin: £, an ewrly-stage epithulivid/polypoid rype masotheliony in retroperotineal & tssue of the other MWONTobreatesd
ran, BB B sedal seotion, C-BROC mesothaling G, an advansed-stape mostbesarcomsteidnvastveandolsr sroe mesothe.
Homs inthe Gaphragm of the MWONTreatzd rad (the same anlmal us BFY HE ML G seriel section, O-BERCrnesathelin,
Bars with thelr longths are inseried 10 indicase magnifications,
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st (83,6 = 11.2 pgimlb) and turther by that of mesothel-
oms (179 2 77 ne/ml 3004 £ 665 ng/mi dn aseites) (Fig
3 Sevam N-ERC/mesothehn levels iy experimental ani-

wmals have only been sssessed in Bker and Wistar rats and
nude mice, untrested or transplanted with a rat mesothel-
omma cell line, MetBr40 (Hagiwara 2 of.. 2008; Rakaishi
et al., 2047, The presest duta for the first time damon-
steates that serum N-BERC/mesothelin fovel was increased
alrendy at the stige of preneoplastic, mesothelial hyper-
phasia sad farthier ereased by the chemieal induction of
mesothelioma. This may be i Hae with the recent find-
iigs that elevated seram mesothelin 1s detected before the
development of grossly visible careinorn festons i g mt
pancreatic carcinoma models (Fukamaehi or of . 2009}, In
fman mesotheliona, 1 has been reporied that N-ERL/
mesothelis level inereased with the stage went up of epie
thetioide type mesothelioma in aman case {Shiomit o1 of,,
20083, It is not known, however, how N-ERC/mesothetin
levels change in the slage of preneoplasia 8t this moment,
Large-scaled, detatled investigations using the MWUNT-
mesothelioma model are ongoing in our laboratories,

Serum C-ERC/mesothehin levels of MWUNT-treat-
ed rats were 0.4 and 0.6 ng/ml, within the normal/vehi-
cle range (Fig. 18). This is in accordance with the previ-
ous finding in nade mce transplanted with MetET-40
{Hagiwara of al., 2008), and can be attributed 1o the mess-
brane-binding property of C-ERCAmesothelin (Maeds and
Hino, 20065, Ascites level of C-ERC/hnesothelin in the
mesothelioma case was shightly inereased to 10.9 ng/ml
tFig. 18} This 1 speculated to resull from a release of
CERC/mesothelin by phosphatidylinosital-specitic phos-
pholipase U {Chang and Pastan, 1996) or 4 comamination
of desquamated mesgihelioma celis.

immuohistochenical C-ERC/mesothelin signals were
constantly detected in cell membranes. C-ERC/mesothe-
o was detected in imact (Figs. 2A and B} and liyperpas-
tic {Figs, 2¢ and D) mesothelis, Taken the BLISA daw
wogether, 1t might be possible that the ERC/mesothelin
fevel starts increased from the preneoplastic stage,

CERC/mesothelin was found only In epithebold {mes-
otheliond) tmor cells present at the most superficial lay-
er of varly-stage. epithelichVpolypoid (Figs. 28 and F)
and advanced-stage, mosthy-sarcomatdinvasive-nodu
fat {Figs. 2G and HI types of mesothehiomas. {n humans.
epithehioid types, butl nod ssrcomatoid types or sarco.
matoid components of biphasic (mixed) types, immn-
nohtochemicstly express C-ERC/mesothelin (Chang
and Pastan, 1996; Shiomd ¢ of., 2008, Ordssiez, 20050
Accordingly, serum N-ERC/mesothelin levels wers
auty shightly ineressed or often unchanged in $hroo-
matoxd and biphasic types. in contrast 1o the epithe-

liotd type (Hassan o of.. 2000, Shiomi ¢f of,, 2008} The
present fndings suggest that the lnoreaseof ERC/mesothe-
Hin levels in mesothelionmas way be  unlversal event for
all types and stages, and that Coermingl fragments may
become unpridiuced or changed Hs tertiary structure and/
or epitope constriction by the neoplastic conversion.

1 conchusion, the present data suggests that ERC/mes-
othelin can be used as 4 bionurker of mesothelial prolif
erative lesions also in apimals, and that fis Incvease of s
fevels mamy start from the varly stage and be enbanced by
the progresston of the mesothelioma development.
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ABSTRACT

The fzo Liver Mode! and the lto Muiti-organ Model are used in conjunction and constitute an ¢fficient and rapid bioassay for the iden-
tification of both genotoxic and nong ic carci ic chemicals. The Ito Liver Model is an 8-weck bioassay system that uses the number
and size of foci of hepatocytes positive for glutathione S-transferase placental form (GST-P) as the end-point marker. One hundred fifty-ninc
compounds were tested using the Ito Liver Model: 61 of 66 hepatocarcinogens tested positive, and 10 of 43 nonliver carcinogens were also
positive, The false-positive detection of noncarcinogens was low; a single false-positive result was obtained from the 50 noncarcinogens
1ested. Since more than half of all known carcinogens are hepatocarcinogens in rodents. the initial 8-week bioassay is abl¢ to detect most
carcinogens. The Ito Multi-organ Model is a 28-week biocassay system for the detection of carcinogens that were ot identificd by the Jio
Liver Model, Results are evaluated by preneoplastic and neoplastic lesions in major organs. Forty-faur compounds werc tested using the lo
Multi-organ Model: 17 out of 17 liver carcinogens were positive, and 19 out of 22 (86%) noaliver carcinogens werc positive. None of the

five nencarcinogens tested positive.

Keywords:

INTRODUCTION

identification and control of carcinogens in the environ-
ment are of prime importance to reduce cancer risk ia
humans. Long-term chronic administration assays for the
detection of carcinogenicity and toxicity using rodents have
been the standard for the evaluation of the carcinogenic
potential of chemicals. The requirements call for testing in
two rodent species, usually rats and mice, of each sex. at
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three dose levels (zero, low. middle, and high) of the test
compound for 2 years.

Although this standard has Jong been used worldwide,
2-year carcinogenicity studies are too costly to testall the che-
micals being introduced into the environment. Furthermore,
there is political pressure to decrease the number of animals
used for carcinogenicity testing because of animal welfare
considerations (Ashby and Tennant 1991). A guideline pro-
posed by the Internatioral Conference on Harmonization
(ICH) recommends reducing long-term protocols by utilizing
only one rodent speeies and replacing the second long-term
rodent assay with an alternative bioassay (ICH Steering
Committee 1997).

it is known that mutagenicity docs not always correlate with
carcinogenicity, and there are a variety of chemicals in use.
typically represented by pesticides and herbicides, that are not
mutagenic but are carcinogenic. A whole-body animal study is
the only method to test the carcinogenic potential of a nonge-
notoxic chemical. Therefore, any alternative bioassay must
be an in vivo, whole-body assay. Our iaboratories have focused
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on the developmeut of a rapid in vivo bioassay system able to
detect both genotoxic and nongenotoxic carcinogens.

Since more than half of all known carcinogens are hepato-
carcinogens in rodents, we initially focused on establishment
of a medium-term liver bioassay system. We developed an
8-week rat liver bioassay, known as the Ito Liver Model, which
is able to detect rat hepatocarcinogens with a high degree of
accuracy (Shirai, Hirose, and Ito 1999). This protecol is cited
in the sixth edition of Casarett and Doull's TOXICOLOGY
as a potential alternative bioassay (Pitot and Dragan 2001).
In addition, we developed a 28-week model, known as the as
ito Multi-organ Model, to detect carcinogens that are not iden-
tified by the lto liver model.

Using the Iro Liver Mode! in conjunction with the ito Multi-
organ Model, most carcinogens can be identified after 8 weeks,
and the remaining carcinogens can be identified after an addi-
tional 28 weeks. in the present review, the Ito Liver Model and
the Ito Multi-organ Model are briefly described.

BACKGROUND

In 1976, Solt and Farber developed a protocol in which
foci of liver cells expressing an altered repertoire of enzymes
could be induced in rats within 4 weeks. Their protocol
was based on their observation that in rats treated with
diethylnitrosamine (DEN) followed by the hepatocarcinogen
2-acetyleminofluorene (2-AAF), DEN-altered hepatocytes
were able to respond to growth stimuli evoked by a two-
thirds partial hepatectomy and form distinct foci. In contrast,
normaj hepatocytes were not able to respond to the growth sti-
muli because of the toxic effect of 2-AAF. This observation
was described as 2 “selection process” by altered hepatocytes
(Solt and Farber 1976). The application of this observation for
carcinogen detection was examined by treating rats with test
compounds to generate altered hepatocytes followed by feed-
ing with 2-AAF and stimuli to induce hepatocyte proliferation,
and the principle of the method was validated: treatrnent with
representative carcinogens resulted in the formation of foci
of aftered hepatocytes (Tsuda, Lec, and Farber 1980).

in other studies, Peraino and associates reported a two-stage
model in which hepatic tumor growth was enhanced by chemi-
cals such as phenobarbital given after initiation with 2-AAF
{Peraino et al. 1975, 1977, 1980). Their data suggested that a
two-stage approach could be utilized for detection of carcino-
genic responses 10 chemicals: either test compounds could
given at the initiation stage followed by appropriate promeoting
agents or test compounds couid be given during the promotion
stage after initiation with DEN.

Based on the concepts presented above, we established an
assay system to evaluate the hepatocarcinogenicity of chemi-
cals for their promotion potential (lto et al. 1996, 1997; Ito,
Tamano, and Shirai 2003). we used the promotion potential
of hepatocarcinogens because almost all carcinogens have 2
promotion cffect when repeatedly administered (Peraino
et al. 1975, 1977, 1980). The preneoplastic nature of altered

hepatic toci and the usefulness of such lesions as tndicators
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Suvimals: Male P344 rals, 6 weeks of age
: Test compound
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& : DEN, 200 mgiies bowt. ip injection

0 : Saline, ip Mjection

Y Twodbirss partial hepatectomy (PH)
Ficure 1.—Protocol of fto Liver Model. Six-week-0ld male F334 rats
are initially given a singie intraperitoneal injection of dicthylnitrosa-
mine (200 mg/kg) to initiate liver carcinogenesis. Two weeks after
initiation, the 1est compound is administered for 6 weeks. Animals are
sacrificed at the end of week 8. All rats are subjected to two-thirds par-
tial hepatectomy on week 3. The end-point marker is glutathione
S-transferase placentz] form-pasitive (GST-P™) liver cell foci. The
numbers and sizes of GST-P¥ liver cell foci are analyzed using an
image-analyzer and expressed as values per unit liver section
{1 cm®). When values, number, and/or area per unit area of GST-P*
foci are significantly enhanced (P < .05) over the control value, 3
chemical is judged to possess carcinogenic potential for the liver.

of preneoplastic development are now well accepted
(Bannasch 1986; Oesterle and Deml 1990; Tatematsu et al.
1977). The phenotypic characteristics of preneoplastic lesions
in the liver have been extensively studied, and immunohisto-
chemical staining for glutathione S-transferase placental form
{GST-P) was found to be the best marker for visualization of
lesions and their quantitative analvsis (Ogiso et al. 1985; Tsuda
et al. 2003, 1983).

Assay PROTOCOL anD RESULTS
Ito Liver Model

Figure 1 shows the protocol employed in Ito’s iaboratory as
a medium-term liver bioassay model. Male F344 male rats,
5 weeks old, are divided into three groups consisting of 15 to
20 animals each. Group 1 is given a single intraperjtoneal injec-
tion of DEN, 200 mg/kg b.wt., dissolved in saline to initiate
hepatocarcinogenesis. After 2 weeks, the rats receive a test
compound mixed in the basal diet or drinking water or by
repeated intraperitoneal, subcutaneous or intravenous mijec-
tions. The rats are subjected to two-thirds partial hepatectomy
{PH) at the cnd of week 3. Group 2 is given DEN and PH in the
same manner as for group 1, but without administration of the
test compound. Group 3 is injected with saline instead of DEN
and then subjected to administration of the test compound and
PH as in groups 1 and 2 (Figure 1). All animals are sacrificed at
the end of week 8. The liver tissues, three to four stices from the
cranial and caudal lobes of the right lateral lobe and caudal and/

or cranial part of the caudal lobe, are excised and fixed in ice-
cold acetone ar 4% pamformaldchyde solution in phosphate
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Ficure 2.—GST-P-positive liver cell foci. Three to four slices from paraffin embedded liver (left) are immunostained with GST-P antibody.
Lesions greater than 200um (right) i diameter are included for counting. GST-P js consistently expressed from small foci to adenomas and hepa-
tocellular carcinomas. A clear correlation between GST-P-positive foci and the incidence of hepatocellular carcinomas can be scen. (a) A low
magnification view of  slide from a rat treated with phenobarbital (0.05%, in the diet). (b} Smallest focus included for counting purposes. (¢}
A low~magnification view of 2 slide from a rat treated with 2-AAF (0.02%. tn the diet). (d) Higher-magnification view of hepatocelluiar carci-
noma: the carcinoma is clearly positive for GST-P.

buffer at pH. 7.4 for subsequent paraffin embedding and
immunohistochemical demonstration of GST-P-positive foci
(Figare 2). Numbers and areas of GST-P-positive foci more

model (Hasegawa and lto 1992; Ito et al. 1997, 1992; Shirai
1997; Shirai, Hirose, and Ito 1999):

than 0.2 mm® in mean diameter are included for measuring 1. use of PH as a tool for induction of hepatocyte
by an image processor. The results are assessed by comparing proliferation,

the values between group 1 (DEN-test compounds) and group 2 2. the most suitable end-point marker enzyme,

(DEN alone). Group 3 serves to assay the potential of the test 3. whether results with GST-P-positive foci can predict
chemicals 10 induce GST-P-positive foci without prior DEN carcinoma development in 2 dose dependent manner,
exposure. Statistical analysis of differences between mcans is and

carried out using Student’s or Welch's #tests after application 4. specificity of the protocol for detection of

of a preliminary F-test for equal variance, and scoring of
carcinogenicity, promotion, or inhibition is made on the basis
of differences in P-values between groups; positive = increase
at P < 05 in either number or area of foci.

carcinogens.

Since PH was introduced by Higgins and Anderson in 1931,
it has been extensively employed for investigation of cell pro-

Until the protocol was finalized, the following were exten-
sively investigated to maximize the predictive potential of the

Cownlonded trom

liferation and regencration. After two-thirds PH, the rodent
liver recovers quickly and returns to near preoperative weight
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Fiure 3.~Comparison of GST-P-positive foci and carcinoma.
Results obtained from the lto Liver Model and long-term 2-year stud-
ies are shown. Different doses of three representative hepatocareino-
gens—2-acetylaminofivorene, 3'-methy-4-diaminoazobenzene, and
ethionine——were administered.

within | week with peak DNA synthesis at about 24 hr; induc-
tion of hepatocyte growth factor appears to be one mechanism
by which the liver recovers from PH (Matsumoto and
Nakamura 1992). Use of hepatotoxins such as carbon tetra-
chloride (CClg) or D-galactosamine is an alternative method
to induce liver cell proliferation. However, neither of these
agents stimulates cell proliferation equivalent to PH in our sys-
tem because induction of cells to enter S-phase of the cell cycle
by these chernicals is sluggish (data not shown).

We have not yet elucidated the role of cell proliferation
induced by PH at week 3 in the appearance of liver cell foci.
It is possible that a majority of carcinogens are toxic to hepato-
cytes, causing retardation of the compensatory regenerative
response to PH by noninitiated hepatocytes, allowing focal
expansion of initiated hepatocytes, In this regard, it is known
that initiated cells reduce phase I CYP enzyme expression and
increase phase I enzyme expression (Liu et al. 2005; Tsuda
at al. 1996), and this altered enzyme expression enables them
to escape the effects of toxic compounds.

The expression of several different enzymes is altered in
liver preneoplastic lesions (Ogawa et al. 1982; Tsuda et al.
1992). We compared the use of a variety of enzyme markers
to visualize liver lesions (Tsuda et al. 2003, 1984). GST-P was
found to be the most appropriate for practical use and is
expressed continuously from the early lesion to the appearance
of hepatocellular carcinoma {Kitahara et al. 1984; Tsuda et al.
1986, 2003).

Several studies have shown the validity of using GST-P-
positive foci as 4 surrogate end-point in predicting carcinogenic
potential (Ogawa et al. 1982; Tatemartsu et al. 1985; Tsuda
ct al. 1984, 1988). One of these studies is shown in Figure 3.
There was a clear correlation between GST-P-positive foci and

incidence of hepatocellular carcinomas after administration
ot different doses of the well-known hepatocarcinogens
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TasLe 1.—Results for 159 Compounds in the lto’s Test

No. of Positive Compounds/Examined (%)

Mutagenicity (Ames west)

Test Compounds Positive Negative  Unknown Total

Liver carcinogen 3BT 263388 V/I(1G0F  61/66(52)

Noun-liver carcinogen 7826(27) 2415(13) 1/2(50) 10/43(23)%

Not carcinogenic 0/6(0) 1/42(2) 0/2(0) 150(2}
* 4 a-Diaminodiphenylmed gasive results

gave
" Four chemicals, Clofibrate, Di{2-cthylhexyi edipste, Di(2-cibythexylyphthatate,
Trichloroacctic acid, gave negative result.

pro €
widd
=Y

Z‘SWKS

Y sl A

i A Organs to be examined:
BBN, §.05% in d.w. Livar, Lung, Kidney, Bizdder,
DHPN, 0.1% in d.w. Upper digestive tract,
DEN, 100 mafkg. ip Intastines
MRU, 28 mglkg, ip
DUH, 40 mgikg. s

Figure 4.~—Protocol of The Ito Mulii-organ Mode] (DMBDD Model).
Six-week-o0ld F344 male rats are given i.p. injections of diethylnitro-
samine (DEN, 100 mg/kg body wt.) and N-methylnitrosourea (MNU,
20 mg/kg body wt.), 5.¢. injections of 1,2-dimethylhydrazine (DMH,
40 mg/kg body wt.), and 0.05% N-butyi-N-(4-hydroxybutyl)zitrosa-
mine (BBN) and 0.1% 2,2’-dihydroxy-di-p-propyinitrosamine
{DHPN). both in the drinking water, for a total initiation peried of
4 weeks (DMBDD treatment). The test compound is then administered
for the following 24 weeks. The rats are sacrificed at the end of week 28,
The liver, lung, thyroid, kidney, bladder, upper digestive tract (esopha-
gus and forestomach), and intestines are examined for preneoplastic
and neoplastic lesions and compared with the control rats.

2-acetylaminofluorene, 3'-methy-4-diaminoazobenzene, and
ethionine (Hagiwara et al. 1993).

A total of 159 compounds were examined using the Ito Liver
Model. They are classified into three categories (Table 1):
(1) hepatocarcinogens; (2) carcinogens targeting organs other
than the liver (nonhepatocarcinogens); and (3) compounds neg-
ative for carcinogenicity in 2-year tests in rats and mice {noncar-
cinogens). The compounds can also be divided into three
categories according to their reported mutagenicity: mutagenic
compounds, nonmutagenic compounds, and compounds with
unknown mutagenic potential. Comparisons of the results
obtained using the Ito Liver Model and reported Salmonella
mutagenicity and long-term carcinogenicity testing are
sumrnarized in Table 1. It is especially noteworthy that the Iwo
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Tasre 2.—Results of 44 Compounds in the Medium-term
Multi-organ Carcinegenesis Bioassay (OMD/DMBDD Model)

Positive Compounds/Examined (%)

Mutagenicity (Ames test)

Test compounds Positive Negative  Unknown Total
Liver carcinogen 12/12¢100) /5(100) Oy [7/37100)
Non-liver carcinoges WAL $/1080Y  1/1(100) 19/22(86)
Not carcinogenic H/1{0) L] 0/0(0) 0/5(0y
* One nogati pound is Benzofalpyrene.
® Two negative compounds asc % and Daminozid

Liver Model identified 59 of 64 (92%) liver carcinogens, irre-
spective of their mutagenicity, leaving only 5 false negatives;
30 out of 31 (97%) mutagenic and 29 out of 33 (88%)
nonmautagenic hepatocarcinogens were identified. Three out of
the four nommutagenic carcinogens that gave false negative
results were carcinogenic peroxisome proliferators, known to
suppress GST-P expression. It is noteworthy that the false-
positive and false-negative rates are 2.1% and 3.1%, respec-
tively. It was also noted that many chemicals positive in the Ito
Liver Mode] were hepatotoxins (Ward et al. 1989). These results
clearly demonstrate that this medium-term liver bioassay is
excellent for detection of liver carcinogens (Ito, Tamano, and
Shirat 2003; Shirai 1997).

A formula for the validity of carcinogen screening tests is
described by Cooper, Saracei, and Cole (1979). This formula
evaluates five categories: sensitivity, specificity, predictive
value (positive predictivity), false-positive rate, and false-
negative rate of the screening test. When the Ito Liver Model
was evaluated, all five categories demonstrated excellent values
(Shirai, Hirose, and Ito 1999). The Ito Liver Model was accepted
as an alternative protocol to replace one of the 2-year chronic
administration assays at the Fourth Interpational Conference
on Harmonization (ICH Steering Committee 1997).

Ito Multi-organ Model (DMBDD Model)

The Ito Multi-organ Model was developed for the detection
of carcinogens not identified by the Ito Liver Model. F344 male
rats are given ip. injections of diethylnitrosamine (DEN,
160 mg/kg body wt) and N-methylnitrosourea (MNU,
20 mg/kg body wt.), s.c. injections of 1,2-dimethylhydrazine
(DMH, 40 mg/kg body wt), and 0.05% N-butyl-N-(4-hydro-
xybutyDnitrosamine (BBN) and 0.1% 2,2°-dihydroxy-di-n-
propyluitrosamine (DHPN), both in the drinking water, for 2
total injtiation period of 4 weeks {DMBDD teatment) (Akagi
et al. 1995; Ito et al. 1996). Then rats are given the test
compound in the diet or drinking water or by injection for the
following 24 weeks. The animals are sacrificed at the end of
week 28 (Figure 4). The organs targeted by the 5 differemt
carcinogens—the liver, lung, thyroid, kidney, bladder, upper
digestive wact (esophagus and forestomach), and intestines—
are histojogically examined for preneoplastic and neoplastic
lesion development (Fukushima et al. 1991; Ito et al. 1996).

ToxieoLoese PatHoLuGy

Sirategy for use of Ho's Model

Test coBf:-ound

tiverfonebiZwecksy

ﬁPcsrh:rl 2;:? =1 Non-fiver carcinogen?
j Positive egativé | : n?
k4 {1 ’

fAuitizoroan Modele(20-25 weeks)

L 4 4
3) Positive  4) Negative

{Livey carcinogen :

4 Q_
{Montiver Carcinogen | Probably not
2.year test = Cmmgenm

Figuee 5 —Strategy for the Use of Ito’s Model. (1) Positive compound
in the liver model: is a liver carcinogen. (2) Negative compound in the
liver model: test using the multi-organ model. (3) Positive compound
in the multi-organ model: is a carcinogen. (4) Negative in both the
tiver and multi-organ models: is probably not carcinogenic.

A total of 44 compounds were examined using the {to Multi-
organ Model. A summary of the results is presented in Table 2.
All 17 liver carcinogens tested positive, including peroxisome
proliferatars, and 19 of 22 nonliver carcinogens (86%) tested
positive. The Ito Multi-organ Model was able to identify carci-
nogens irrespective of their mutagenicity; 22 of 23 mutagenic
carcinogens and 13 of 15 nonmutagenic carcinogens were iden-
tified (Table 2).

The medium-term bioassay described here is a rapid, reli-
able, and practical tool for the prediction of the carcinogenic
potential of chemicals. The strategy for the use of the 1to Modei
is presented in Figure 5.

Positive in liver model: carcinogen.

Negative in liver model: apply the multi-organ model.
Positive it the multi-organ model: carcinogen.
Negative in both the liver and multi-organ models:
probably not carcinogenic.

P

The system is now internationally well recognized and recom-
mended as an alternative carcinogenicity test.
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