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Major Intrinsic Factor Involved in Carcinogenic Processes and
a Possible Target for Cancer Prevention

Dai Naka€", Takashi Umemur&, Yuji Kurokawa 3

Abstract

Reactive oxygen and nitrogen oxide species and their inducing stress are involved in a variety of physiological
and pathological phenomena in aerobes, including humans. For multistage carcinogenic processes, reactive oxygen
and nitrogen oxide species-induced stress (RONOSS) serves as a major intrinsic factor and is involved in every step.
This means that free radicals, RONOSS and their inducing downstream events may be targets for cancer prevention.
It is therefore of importance to elucidate the mechanisms underlying the participation of RONOSS in carcinogenesis
and to apply the obtained results for establishment of strategies to control cancer development. Despite the large
body of accumulated knowledge due to worldwide efforts dealing with this research field, there still remain numerous
uncertainties. In this mini-review, we introduce two examples of such efforts, one concerning a renal carcinogen
KBrO , and the other dealing with hepatocarcinogenesis caused by a choline-deficierimino acid-defined diet, in
order to give some idea about the current understanding of the roles of RONOSS in carcinogenesis.
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Introduction other hand, it has become well recognized that the presence
of continuous stimulation, such as chronic inflammation, is
Carcinogenesis involves a series of qualitatively differentrucially involved in many cases of development of cancers.
stages that occur as a result of the sequential accumulatidypical examples of factors causing such continuous
of genetic and epigenetic lesions. While these lesions astimulation include chronic viral hepatitis for hepatocellular
induced mainly by exposure to extrinsic factors such asarcinomas (Montalto et al., 2002), cholelithiasis and chronic
various substances present in the environment, intrinsinflammation due to varied infectious and non-infectious
factors have also attracted attention for their participatioreasons for biliary tract cancers (Lazcano-Ponce et al., 2001,
in carcinogenic processes (Ames et al., 1995; Loeb, 198%azuma and Kajiyama, 2001), chronic inflammation due to
Pitot et al., 1991). Among such intrinsic factors, reactivehe infection oHelicobacter pylorfor gastric cancers (Ebert
oxygen and nitrogen oxide species-induced stresat al., 2002; Peek and Blaser, 2002; Terry et al., 2002), and
(RONOSS) have been shown to play significant role®iormonal imbalance for mammary and genital cancers
through a wide variety of alterations including injury to (Cavalieri and Rogan, 2002, Imagawa et al., 2002; Liao and
subcellular components, mutations, abnormal genBickson, 2002). Such continuous stimulation may cause
regulation and signal transduction abnormalities (Deshpandemor-inductiorper sg but in most cases it serves to provide
and Irani, 2002; Epe, 2002; Jackson and Loeb, 2001; Kovadic“hypercarcinogenic state” which enhances carcinogenic
and Jacintho, 2001; Lala and Chakraborty, 2001). On thgrocesses (Shimizu et al., 1999 and 2000; Umeda and Hino,
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2001). RONOSS play significant roles in most of thesaxidation (Murata et al., 2001).
continuous stimulation cases, and this is one of the most
typical pathways for stress to be involved in neoplasia (Amb8-OHdAG Formation by KBrQ
et al., 1999; Deshpande and lIrani, 2002; Lala and Itis well known that reactive free radicals attack cellular
Chakraborty, 2001; Shacter and Weitzman, 2002). In thiBNA and nucleotide pools to form various types of oxidized
sense, free radicals, RONOSS and their downstream evemtases; e.g., 8-OHdG (Kasai et al., 1998), 5-
are essential intrinsic factors and may thus be good targedigdroxydeoxycytidine (Feig et al., 1994) and 2-
for cancer prevention. lItis then of importance to investigatbydroxydeoxyadenosine (Kamiya and Kasai, 1995). Among
concrete examples of their participation in carcinogenesithese oxidized bases, 8-OHdG has especially received much
to draw conclusions for practical strategies to control cancerattention because of the accumulated data indicating that it
In this mini-review, we introducing two models, one may play crucial roles in a chain of events from RONOSS
concerning the renal carcinogen KBiid the other dealing  to carcinogenesis (Kasai, 1997). 8-OHdG pairs with adenine
with hepatocarcinogenesis caused by a choline-deficient, as well as cytosine, subsequently yielding GC-to-TA
amino acid-defined (CDAA) diet in the absence of anytransversions upon replication by DNA polymerases (Cheng
carcinogen exposure, in order to give some idea about tle¢ al., 1992; Shibutani et al., 1991). This mutation is
current understanding of the roles of RONOSS irconsidered to contribute to the activation of oncogenes and/
carcinogenesis. or the inactivation of tumor suppressor genes, leading to
carcinogenesis (LePage et al., 1995). In fact, it has been
Possible Roles for an 8-Hydroxydeoxyguanosine (8- demonstrated that KBrMas the potential to induce 8-OHdG
OHdG) Adduct in KBrO , Carcinogenesis formation in bothn vitro andin vivo situations.
In vitro: The 8-OHdG levels were increased in renal
KBrO, has been classified as a “genotoxic” carcinogemroximal tubular cells isolated from rats using collagenase
based on positive mutagenicity in the Ames (Ishidate et aland incubated with KBrQand in isolated rat renal nuclei
1984), chromosome aberration (Ishidate and Yoshioka, 198@)cubated with a lipid-peroxidation system (Sai et al., 1994).
and micronuclear (Hayashi et al., 1988) tests, and positiye the presence of GSH, KBgQ@lso induces 8-OHdG
carcinogenicity in rats after a 2-year oral administration wittmodification in DNA of bacteriophage PM2 (Ballmaier and
the standard long-term bioassay protocol (Kurokawa et alEpe, 1995), calf thymus DNA (Chipman et al., 1998; Persons
1982). We have shown that antioxidants, especialland Chipman, 2000) and the human leukemia cell line HL-
sulfhydryl compounds, are protective against thes0 and its HO,-resistant clone, HP100 (Murata et al., 2001).
clastogenicity of KBrQ suggesting the participation of This 8-OHdG formation by KBr¢then indeed causes gene
reactive oxygen species in its underlying mechanisms afutations, as shown at th#PRT locus of V79 Chinese
action (Sai et al., 1992a). In fact, ribo- andhamster cells (Speit et al., 1999) angb3exon 7 of LLC-
deoxyribonucleosides of 8-hydroxyguanine induce sistePK1 cells (Richter and Vamvakas, 1998). Additionally,
chromatid exchange in human lymphocytes (Arashidani etepletion of GSH by buthionine sulfoximine exerts only a
al., 1998). We have, therefore, hypothesized that thiémited inhibitory effect on KBrQ-induced 8-OHdG
oxidizing property of KBrQ is responsible for its formationin DNA of human leukemia cell lines, suggesting

“genotoxicity” and carcinogenicity. an important role for Cys as well as GSH (Murata et al.,
2001). It is thus indicated that KBy@equires reduction
Generation of Reactive Free Radicals by KBrO systems, especially those featuring sulfhydryl groups

We have analyzed reactive oxygen species caused byovided by GSH and Cys, to exert its oxidizing properties
the interaction of KBrQwith cells from rat kidney by means leading to oxidative DNA damage. In the kidney, GSH is
of electron spin resonance spectrometry and revealdiftered through glomeruli into the lumen of renal tubules
generation of 5,5-dimethyl-1-pyrroling-oxide-hydroxide, and then hydrolyzed by the brush-border enzymes to the
this being inhibited by singlet oxygen scavengers such anstituent amino acids including Cys, which are reabsorbed
dimethylsulfoxide and ethanol. Superoxide dismutasen the proximal tubules. The location of the 8-OHdG
catalase and various hydroxyl radical scavengers, were niarmation by KBrQ may thus be in accordance with the
found to exert any significant inhibition. Furthermore, usingtarget site of the carcinogen.
2,2,6,6-tetramethylpiperidine, a singlet oxygen-trapping In vivo. A single administration of KBrQOto rats by
agent, its oxide could be detected in mixtures of KBvith ~ gavage causes elevation of 8-OHdG levels in the kidney
homogenates of kidney tissue. Together with our data frodNA, but not in liver DNA (Kasai et al., 1987). A single
the chemiluminescence analysis, the results suggested tiatraperitoneal injection of KBrQalso increases the 8-
singlet oxygen is the most probable candidate for the reacti@HdG level in rat kidney DNA (Sai et al., 1991). In addition,
oxygen species generated by KB(Sai et al., 1992b). On such increase in the 8-OHdG level following a single
the other hand, it was recently reported that the reduction afiministration of KBrQis inhibited by co-treatment with
KBrO, by sulfhydryl compounds such as glutathione (GSHyarious antioxidants; such as vitamin C (Sai et al., 1992c),
and cysteine (Cys) results in yields of bromine oxides antesveratol, melatonin and vitamin E (Cadenas and Batrja,
bromine radicals, which can effectively cause the guanin&999). While the doses of KBr@sed in these studies were
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considerably higher than its carcinogenic dose, we havendogenous” carcinogenesis and exploring strategies for
shown that the 8-OHdG levels in the kidney DNA, but nottancer chemoprevention (Nakae, 1999 and 2000).

in liver DNA, significantly increase from the ends of weeks

1 and 4, respectively, in male and female rats continuous{gharacteristics of Hepatocarcinogenesis in Rats fed the
administered KBrQat an concentration of 500 ppm in the CDAA diet

drinking water, and that high 8-OHdG levels are maintained When male Fischer 344 or Wistar rats are fed the CDAA
until the end of week 13 (Umemura et al., 1995 and 1998jliet continuously, hepatocellular carcinomas begin to
A 13-week administration of KBrQat 500 ppm in the develop at the end of week 40 and reach an incidence of
drinking water is sufficient to induce renal cell tumors inalmost 100% at the end of week 104 (Nakae, 1999; Nakae
male rats after a subsequent 91-week maintenance of animatsal., 1992). The hepatocarcinogenesis proceeds with
on drinking water without any carcinogen (Kurokawa et al.packground induction of fatty liver (by day 2), apoptotic
1990). However, another group claimed that a singldeath and proliferation of hepatocytes (from day 3 and
intragastric administration of KBr@o rats at a dose enough thereafter repeatedly continuing) and fibrosis (from week 4
to elevate the 8-OHdG level fails to exert initiating activityand thereafter progressing) (Nakae, 1999). Fibrosis becomes
in a renal carcinogenesis model (Kurata et al., 1992). It ifank cirrhosis by the end of week 30 (Nakae, 1999). In the
therefore, plausible that persistent increase of the 8-OHd@esence of these non-tumor changes, foci of cellular
level is required for generation of gene mutations sufficierdlteration with positive glutathior@transferase placental

for carcinogenicity of KBrQ form (GST-P) phenotype are induced and grow (Nakae,
1999). The foci then progress to hepatocellular adenomas
Repair Enzymes for 8-OHdG and are finally converted into hepatocellular carcinomas

In Escherichia coli three kinds of DNA glycosylases (Nakae, 1999). The histological sequence for the
have been found to prevent mutagenesis caused by 8-OHdfevelopment of hepatocellular carcinoma in rats fed the
Fpg protein acts in the excision of 8-OHdAG (Michaels et alCDAA diet thus closely resembles that seen in human cases
1991). MutY protein, in contrast, excises adenine residuesspecially those preceded by hepatitis C virus infection (Yao
incorporated by DNA polymerases opposite 8-OHdG (Tajirand Terrault, 2001). The liver damage induced in rats by
etal., 1995) and Mut T protein hydrolyses 8-OHdGTP fronthe CDAA diet feeding and chronically present during the
the pool of DNA precursors (Maki and Sekiguchi, 1992) hepatocarcinogenic processes may serve as a continuous
Recently, a gene encoding a human repair glycosylase fstimulation to cause a “hypercarcinogenic state”, as does
8-OHdG,hOGG], was cloned (Rosenquist et al., 1997). Itchronic hepatitis induced in humans by hepatitis C virus
has been shown that the repair rate of 8-OHdG induced liyfection.

KBrO, in a Chinese hamster ovary cell line is more rapid in
hOGG1transfectants than in the parental cells. Thénvolvement of RONOSS in Hepatocarcinogenesis in Rats
overexpression dGG1, however, does not affect mutation fed the CDAA diet
frequencies of thgptlocus in AS52 cells exposed to KBfO When male Fischer 344 or Wistar rats are fed the CDAA
(Hollenbach et al., 1999). At present, therefore, theliet, hydrogen peroxide is over-produced in hepatocyte
relationship between the repair systems for 8-OHdG anehitochondria 3 days after the commencement (Hensley et
KBrO,-initiated carcinogenesis is still a matter ofal., 2000), suggesting the induction of RONOSS in the livers
controversy, although th©@GG1 deficient mouse might from a very early time-point. The hepatocyte nuclear DNA
provide some information (Klungland et al., 1999). is oxidatively injured, and the levels of 8-OHdG are
significantly elevated by the end of the first day of the feeding
Hepatocarcinogenesis in Rats Fed a CDAA Diet and the and accumulate thereafter (Yoshiji et al., 1992). Other sub-
Participation of RONOSS in Its Underlying Mechanisms  hepatocellular components are then oxidatively injured,
detected as the significantly increased levels of 2-

Dietary choline deficiency with limited methionine thiobarbituric acid-reacting substances (TBARS) at the end
availability in rats induces hepatocellular carcinomas in malef day 3, the levels increasing continuously thereafter
Fischer 344 rats in the absence of any exposure to exogend¥eshiji et al., 1992). Whereas the exact nature of the
carcinogenic substances (Ghoshal and Farber, 1984; LockEBARS is not as yet identified, byproducts of peroxidation
et al., 1986; Newberne et al., 1982). The cancer incidencef lipids and proteins are suggested to contribute (Nakae,
however, is low at around 30-40% when using conventiondl999). In fact,w-6 lipid hydroperoxide-mediated DNA
choline-deficient diets, which makes it difficult to exploreadducts are generated in the hepatocytes of rats fed the
underlying carcinogenic mechanisms (Ghoshal and FarbeZDAA diet for 3 days (Kawai et al., 2002). These findings
1984; Locker et al., 1986; Newberne et al., 1982). Tandicate that RONOSS is indeed induced in hepatocytes of
overcome this problem, we have produced a new digats from the very beginning of the CDAA diet feeding and
deficient in choline and low in methionine and demonstratethat the stress continues as long as the diet is fed. Then the
strong hepatocarcinogenicity of this CDAA diet in malenext query must be whether RONOSS is biologically
Fischer 344 rats (Nakae et al., 1990 and 1992). Using thesgnificant for “endogenous” carcinogenesis. The time-
diet, we have been investigating the mechanisms underlyimmpurse of the accumulation of TBARS significantly
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correlates with those of hepatocyte apoptosis anpeferences

proliferation (Nakae, 1999). Furthermore, it appears that

8-OHdG formation and TBARS generation are criticallyAmbs S, Hussain SP, Marrogi AJ, Harris CC (1999). Cancer-prone
involved in the induction and growth of putatively oxyradical overload diseasARC Sci Puhl150,295-302.
preneoplastic, GST-P-positive, hepatocyte focal lesiondmes BN, Gold LS, Willen WC (1995). The causes and prevention
(Kobayashi et al., 1998; Nakae et al., 1994). In addition, ©°f cancer.Proc Natl Acad Sci USA2,5258-65.

various chemicals modify the extent of apoptosis anfi'@shidani K, lwamoto TN, Muraoka M, Kasai H (1998).

. . . . Genotoxicity of ribo- and deoxyribonucleosides of 8-
pm“feratlon of hepatoc_:ytgs and hgpgtocgrcmogeness itself hydroxyguanine, 5-hydroxycytosine, and 2-hydroxyadenine:
in rat_sf feq the CDAA diet in association with the concurrent ;.\ 4.,ction of SCE in human lymphocytes and mutagenicity in
modification of RONOSS-related changes (Denda et al., saimonella typhimurium TA 100Mutat Res403, 223-7.

2002; Kobayashi et al., 1998; Nakae , 1999 and 2000; Nakg@limaier D, Epe B (1995). Oxidative DNA damage induced by
et al.,, 1994 and 1998). It is thus strongly suggested that potassium bromate under cell-free conditions and in
RONOSS induced by the continuous feeding of the CDAA mammalian cells Carcinogenesisl 6, 335-42.

diet is causally involved in the induction of a Cadenas S, Barja G (1999). Resveratol, melatonin, vitamin E and
“hypercarcinogenic state” due to continuous liver damage PBN_protect against renal oxidative D_NA_damage induced by
and, in turn, progress of “endogenous” hepatocarcinogenesis 1€ kidney carcinogen KBrOFree Radic Biol Med26, 1531-

in rats. While the underlying mechanisms .remam Iarge.l}éavalieri EL, Rogan EG (2002). A unified mechanism in the
O_bscure' V\{0rk haS. rev?aled .the g(_enerat.'on Qf rea_(:t!ve initiation of cancer. Ann N Y Acad Sc959,341-54.
nitrogen oxide species via the induction of inducible nitriccheng Kc, Cahill DS, Kasai H, et al (1992). 8-Hydroxyguanine,
oxide synthase, activation of several transcription factors an abundant form of oxidative DNA damage, causes G-T and
including nuclear factokB and activator protein-1, A-C substitutions.J Biol Chem267,166-72.
induction and activation of inducible cyclo-oxygenaseChipman JK, Davies JE, Persons JL, et al (1998). DNA oxidation
(Denda et al., 2002; Nakae et al., 1998), and the sequential by potassium bromate; a direct mechanism or linked to lipid
and accumulating overexpression of cell cycle regulating Peroxidation.Toxicology 126,93-102. _
protooncogenes (Tsujiuchi et al., 1995) and VariougendaA’ Kitayama W, MurataA, etal_(2002). Increased_expressm_n
cytokines (Nakae, 1999). It is, therefore, indicated that of cyclooxygenase-2 protein during rat hepatocarcinogenesis
! . L T . caused by a choline-deficiemtamino acid-defined diet and
RONOSS causes aV"’.‘”ety of S'Q“a' transduction alterat'ons' chemopreventive efficacy of a specific inhibitor, nimesuride.
and these may provide a main clue as to the causative carcinogenesis23, 245-56.
involvement of stress in “endogenous” hepatocarcinogenesifeshpande SS, Irani K (2002). Oxidant signalling in

in rats fed the CDAA diet. carcinogenesis: a commentaiyum Exp Toxicql21, 63-4.
Ebert MP, Schandl L, Malfertheiner P (200Belicobacter pylori
Conclusions infection and molecular changes in gastric carcinogendsis.

Gastroenterql37 Suppl 13,45-9.

Multi-stage carcinogenic mechanisms are mediated HyP€ B (2002). Role of endogenous oxidative DNA damage in
carcinogenesis: What can we learn from repair-deficient mice?.

both.extrlnsm and intrinsic factors. It is thus necessary 10 pi /' cpam 383.467-75.

eIuc!dgte th these acf[ alone and in Combmat'on tQeig DI, Sowers LC, Loeb LA (1994). Reverse chemical
participate in neoplastic processes. Assuming the mytagenesis: identification of the mutagenic lesions resulting
importance of RONOSS as a major intrinsic factor, in this  from reactive oxygen species-mediated damage to DMéc
context, the precise mechanisms underlying the influence Natl Acad Sci US£01,6609-13.

of RONOSS itself and/or its induction of a Ghoshal AK, Farber E (1984). The induction of liver cancer by
“hypercarcinogenic state” on the Carcinogenic behaviors of dieta_lry deficiency of choli_ne and methionine without added
various other factors either intrinsic or extrinsic, including ~ c&rcinogensCarcinogenesiss, 1367-70. _
environmental chemicals, are expected to be studied usﬂi@yashl M, Kishi M, Sofuni T, Ishidate M Jr (1988). Micronucleus

L . [ tests with mice on 39 food additives and 8 miscellaneous
appropriatén vivoanimal models as well as the modifying chemical substance€hem Toxicql26, 487-500

effects due to various natural and synthetic agents. §BrQlensley K, Kotake Y, Sang H, et al (2000). Dietary choline
can serve as a good model compound, because it is a restriction causes complex | dysfunction and increasey H
“genotoxic” carcinogen causing RONOSS during its  generation in liver mitochondrigCarcinogenesis21, 983-9.
carcinogenicity, it therefore no longer being used as a foddbllenbach S, Dhenaut A, Eckert |, et al (1999). Overexpression
additive. The hepatocarcinogenesis model in rats fed the of Ogglin mammalian cells: effects on induced and
CDAA diet also provides a good tool, because it causes a Spontaneous oxidative DNA damage and mutagenesis.
“hypercarcinogenic state” closely resembling the human Carcinogenesis20, 1863-8.

“counterpart” of chronic hepatitis. It is strongly expectedMa9awa W, Pedchenko VK, Helber J, Zhang H (2002). Hormone/

- . . . . growth factor interactions mediating epithelial/stromal
that studies on the rples of ROI_\IOSS in carcinogenesis using ¢ nication in mammary gland development and
!(Br03, t_he CDAA diet and various ot_her tools will prowde_ carcinogenesis) Steroid Biochem Mol Bip80, 213-30.
information useful for the understanding of the carcinogenighidate M Jr, Sofuni T, Yoshikawa K, et al (1984). Primary
mechanisms and in turn the establishment of the practical mutagenicity screening of food additivies currently used in

strategy to control cancers. Japan.Food Chem ToxicpR2, 623-36.
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