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Hormesis in Carcinogenicity of Non-genotoxic Carcinogens

Anna Kinoshita1, Hideki Wanibuchi1, Min Wei1, and Shoji Fukushima1,2

1Department of Pathology, Osaka City University Medical School, 1–4–3 Asahi-machi Abeno-ku, Osaka 545–8585, 
Japan

2Present: Japan Bioassay Research Center, 2445 Hirasawa, Hadano, Kanagawa 257–0015, Japan

Abstract:  Recently the idea of hormesis, a biphasic dose-response relationship in which a chemical exerts opposite 
effects dependent on the dose, has attracted interest in the field of carcinogenesis.  With non-genotoxic agents there is 
considerable experimental evidence in support of hormesis and the present review highlights current knowledge of dose-
response effects.  In particular, several in vivo studies have provided support for the idea that non-genotoxic carcinogens 
may inhibit hepatocarcinogenesis at low doses.  Here, we survey the examples and discuss possible mechanisms of 
hormesis with cytochrome P450 inducers, such as phenobarbital, 1,1-bis(p-chlorophenyl)-2,2,2-trichloroethane (DDT), 
α-benzene hexachloride (α-BHC), and other non-genotoxins.  Epigenetic processes differentially can be affected by 
agents that impinge on oxidative stress, DNA repair, cell proliferation, apoptosis, intracellular communication and cell 
signaling.  Non-genotoxic carcinogens may target nuclear receptors, cause aberrant DNA methylation at the genomic 
level and induce post-translational modifications at the protein level, thereby impacting on the stability or activity of key 
regulatory proteins, including oncoproteins and tumor suppressor proteins.  Via multiple epigenetic lesions, non-
genotoxic carcinogens can elicit a variety of changes contributing to cellular carcinogenesis.   (J Toxicol Pathol 2006; 
19: 111–122)
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Exposure to Carcinogens and Human Cancer

The risk of cancer in humans is dependent on 
environmental, occupational and recreational exposure to 
carcinogens as well as on spontaneous events that reflect 
human variation in the efficiency or fidelity of various 
cancer-critical processes.  Assessment of carcinogenic 
potential of agents to which human beings are exposed is 
clearly of prime importance but this is complicated by the 
existence of both genotoxic and non-genotoxic classes of 
chemical carcinogens, divided on the basis of their ability to 
react with DNA and form adducts.  It is well established that 
genotoxic agents can covalently bind to DNA and increase 
the number of mutations, thereby causing errors in DNA 
replication.  Positive data for chromosomal effects like 
aneugenici ty or  clastogenici ty,  in  the absence of  
mutagenicity, may support separate characterization of 
compounds that exert carcinogenic effects only at high 
doses 1 .   Non-DNA-reac t ive  compounds ,  such  as  
topoisomerase inhibitors2,3 or inhibitors of the spindle 
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apparatus or associated motor proteins4–7 are considered to 
act by this mechanism8.

Many chemicals that produce tumors in experimental 
animals have been shown to act by epigenetic mechanisms 
that do not necessarily involve DNA attack or hereditable 
genetic alteration9.  The indirect nature of the mechanisms 
involved means that prolonged exposure to high levels of 
chemicals is necessary for the production of tumors10.  With 
such non-genotoxic carcinogens, theoretically cancer would 
not occur at exposures below a threshold at which the 
relevant cellular effect is not operative.  Also, in contrast to 
DNA-reactive genotoxic effects, epigenetic mechanisms 
may be unique to the rodent species used for testing.  Certain 
chemical carcinogens have been well studied and provide 
examples for the use of mechanistic information in risk 
assessment.  Non-genotoxic carcinogens including tumor 
promoters, like dioxin for example, do not bind directly to 
DNA but alter cell proliferation and physiology by inducing 
expression of enzymes involved in xenobiotic metabolism, 
DNA repair, methylation and cell signaling.  An altered 
hormonal environment may enhance the rate of cell 
replication by mechanisms involving receptor-mediated 
processes without DNA-reactivity, thus increasing the 
likelihood of promotion/progression of spontaneously 
initiated cells11.
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Threshold in Carcinogenicity of Environmental 
Carcinogens

With examination of the risk of human exposure to 
chemicals with carcinogenic potential in the environment, a 
natural question is whether a threshold exists for observed 
effects.  Recently the concepts of “practical” and “perfect” 
thresholds for genotoxic and non-genotoxic compounds, 
respectively, have been proposed8.  The idea is that 
carcinogens can be further classified as: (i) Genotoxic agents 
without a threshold in their effects; (ii) Genotoxic 
compounds for which the existence of a threshold is possible 
but is not yet sufficiently supported; (iii) Genotoxic 
carcinogens for which a “practical” threshold is supported by 
studies on mechanisms and/or toxicokinetics; (iv) Genotoxic 
carcinogens for which a “perfect” threshold is associated 
with a no-observed effect level (NOEL) and (v) Non-
genotoxic carcinogens for which a “perfect” threshold is 
associated with a NOEL8.

Until recently, risk assessment in the field of chemicals 
distinguished between two types of agents: the first 
comprising potentially toxic chemicals that may induce 
physical damage to human beings at above a certain 
threshold of exposure or intake12.  The second class is 
believed to cause harm at any level above zero, even at very 
tiny doses (stochastic effects).  However, the conventional 
view of toxicity and risk has been challenged by recent 
investigations pointing to potential beneficial effects of 
exposure to otherwise hazardous substances at very low dose 
levels.  Most of the substances involved are non-genotoxic 
chemicals, acting as cytochrome P-450 inducers at high 
d o s e s  a n d  e x h i b i t i n g  p ro m o t i n g  e f f e c t s  o n  
hepatocarcinogenesis in rodents, and the existence of a 
threshold was postulated for examples acting by epigenetic 
mechanisms, such as phenobarbital13,14, α-benzene 
hexachloride (α-BHC)15, 1,1-bis(p-chlorophenyl)-2,2,2- 
trichloroethane (DDT)16, 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD) or caffeic acid17.  However, genotoxic 
carcinogens, such as 2-acetylaminofluorene (2-AAF)18,19

and ionizing radiation20 may also be included.  Inhibitory 
effects of all these agents on carcinogenesis at low doses 
have been subsumed under the heading of hormesis12.

The Hormesis Theory

Hormesis has been defined as a dose/response 
relationship in which there is a biological activation at low 
doses, but an inhibition at high doses, or vice versa, resulting 
in a U, J or inverted U-shaped dose response21,22.

The history of hormesis originated in the laboratory of 
Prof. Hugo Schulz at the University of Greifswald in 
Northern Germany.  He found that many agents appeared to 
stimulate metabolism at low concentrations but inhibit them 
at higher doses21.  This provided a toxicological explanation 
for his development of homeopathic ideas.  Interest in the 
effects of low doses rapidly expanded, especially with many 
studies of interactions involving (mainly) plants, bacteria 
and fungi, most notably in Europe, the USA and Japan21. 
Hormetic effects were observed at low exposure levels based 
on the dose-response pattern with data from developmental 
toxicity studies, indicating that there might actually be a 
reduced risk of toxic effects at low exposure levels23. 
Hormesis implies the existence of a threshold dose level and 
there are dose-response models that include parameters that 
account for the threshold.

With ionizing radiation, hormesis was interpreted to be 
due to adaptation to background radiation exposure, as well 
as metabolic protection against the array of other abiotic 
stresses in the environment20,24.  Weak endogenous 
carcinogens, such as reactive oxygen species (ROS), as well 
as micronutrient deficiencies and environmental toxins are 
obvious causes of non-radiation induced DNA damage 
which might lead to oncogenic transformation in non-
irradiated cells25.  The results suggested that at the level of 
background radiation, various forms of non-radiation DNA 
damage in tissues occur to much higher extents than those 
due to the low-dose radiation exposure.  It has been proposed 
from the published data that mammalian cells have the 
physiological capacity to protect themselves constantly by 
preventing and repairing DNA damage.  Furthermore, 
damaged cells are susceptible to removal by apoptosis or the 
immune system and chronic low-dose-rate radiation activate 
the immune system of the whole body26.  Low-dose radiation 
was suggested to induce cellular signaling that may stimulate 
cellular protection systems over hours to weeks.  Enhanced 
and persistent protective responses might reduce the steady 
state level of non-radiation DNA damage, thereby impacting 
on deleterious outcomes such as cancer and aging25.

Hormetic Effects in Carcinogenesis

The question whether the concept of hormesis can be 
generalized to carcinogenesis has been recently discussed27–

29.  E. Calabrese and L. A. Baldwin cite numerous examples 
in well-designed studies providing evidence for U- and J-
shape dose relationships with respect to different biomarkers 
of carcinogenesis in different animal models.  For some 
chemicals tested, carcinogens were found to be similar to 
other toxicants in improving the outcome at low doses, 
although the mechanisms of their action remained unclear. 
Therefore, it appears very important to answer the question 
of how carcinogens act at low doses.  Early stage 
carcinogenesis includes initiation with the occurrence of 
DNA damage and adaptive DNA repair.  In 1983, Camurri et 
al.30 observed a decrease of chromosomal aberrations with 
low dose styrene treatment.  The response of human 
keratinocytes to a low dose of the well-known methylating 
agent, N-methyl-N’-nitro-N-nitrosoguanidine, was studied 
by Kleczkowska and Althaus31.  It was found that at 
concentrations in the 0.05 to 50 nM range DNA unwinding 
and DNA strand breaks were significantly reduced, while at 
high doses they were enhanced compared to the control case. 
Inhibition activity regarding DNA damage at low doses was 
explained by activation of poly(ADP)-ribose.  Furthermore, 
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assessment of the effects of Hg2+ on O6-methylguanine-
DNA methyltransferase activity of human buccal fibroblasts 
by Liu et al.32 revealed elevation at low doses of 0.3 to 3 µM. 
With the dose-response curves of rat hepatic DNA damage 
for different types of carcinogens assessed by Kitchen and 
Brown33, 11 showed non-monotonic character with some 
treated values lower than in controls.

The promotion stage of carcinogenesis has also been 
studied in the low dose range with regard to various 
parameters of interest.  Examples include cell turnover with 
caffeic acid in the rat forestomach and kidney, altered 
hepatic foci formation with TCDD in diethylnitrosamine 
(DEN)-pretreated partially hepatechtomized rats17, and 
urinary bladder hyperplasia in saccharin-treated rats34. 
Several chronic bioassays for carcinogenicity in rats and 
mice have demonstrated a negative correlation between 
proliferative hepatocellular lesions and lymphomas at low 
and medium dose levels3 5.   In addit ion, TCDD at 
hepatocarcinogenic doses was reported to be capable of 
causing dose-dependent reduction in mammary and uterine 
tumors36.  In 1994, Cook37 reported that dioxin-treated rats 
displayed substantial decrease in tumors of the adrenals and 
pancreas and more modestly, in the liver.  Examples of 
hormesis also include TCDD-mediated reduction in tumor 
incidence after exposure to low doses of radiation20 or metals 
such as selenium38.  U-shape responses were also observed 
for chemically induced pulmonary tumors39–41 and testicular 
cancer42.

Threshold in Phenobarbital Hepatocarcinogenicity

Recently, especial attention has been devoted to the 
carcinogenicity of low doses of phenobarbital, a sedative and 
anticolvulsant, which is used widely for long-term clinical 
therapy.  It is also a well-known non-genotoxic carcinogen 
and tumor promoter in rodents.  Epidemiological studies 
have not shown phenobarbital-related tumors in humans, 
indicating that humans may have low sensitivity to toxic 
effects of phenobarbital.  In the rat, Goldsworthy et al.43

reported no promotion by phenobarbital below 10 ppm with 
regard to the enzyme-altered foci.  Furthermore, Kitagawa et 
al.44 found inhibitory effects of both phenobarbital and 
another tumor promoter, DDT, on carcinogenesis when 
given together with relatively high doses of carcinogens. 
Similarly, Pitot et al.45 found a slight decrease of altered 
hepatic foci by 10 ppm phenobarbital, and Maekawa et al.46

demonstrated similar results with 1 ppm phenobarbital.  To 
determine the practical threshold level for hepatopromoting 
effects of phenobarbital, Kitano et al.13 investigated dose 
dependence using a rat liver medium-term bioassay (Ito 
test)47.  When phenobarbital was administered to rats in a 
wide range of doses of 0.01 to 500 ppm in the diet for 6 
weeks after a single intraperitoneal injection of DEN in 
serial experiments, glutathione S-transferase placental form 
(GST-P) positive foci, preneoplastic lesions in the liver, 
were found to be increased dose dependently in rats given 
60–500 ppm.  However, with doses in the range of 1–7.5 
ppm, decrease was evident as compared to the control group, 
this being statistically significant at 1 and 2 ppm (Fig. 1).  It 
was concluded that phenobarbital effects reflect hormesis in 
the rat liver, indicating the existence of a threshold for its 
carcinogenicity, suggested to be related to inhibition of 
cytochrome P-450 CYP3A2 protein expression by low doses 
of the chemical13.

For further clarification of the hormetic influence of 

Fig. 1. Induction of GST-P positive foci in the livers of rats treated 
with phenobarbital in a medium-term bioassay (Ito test).  PH, 
2/3 partial hepatectomy.  S, sacrifice.
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phenobarbital, Kinoshita et al.14 investigated doses of 0, 2, 
15 and 500 ppm applied in diet to male F344 rats for 10 or 33 
weeks after initiation of hepatocarcinogenesis with DEN. 
Formation of GST-P positive foci and liver tumors was 
inhibited at 2 ppm after 10 and 33 weeks of phenobarbital 
administration, respectively (Fig. 2).  Histopathological 
examination further demonstrated a significant reduction in 
the multiplicity of total tumors, in particular, hepatocellular 
carcinomas (HCCs), and a tendency for decreased 
incidences of HCCs and adenomas at 2 ppm14.  In contrast, 
high dose administration resulted in strong elevation of HCC 
and total tumor multiplicities, this appearing to be related to 
increased generation of hydroxyl radicals, a marker of 
oxidative damage 8-OHdG, CYP2B1/2 and CYP3A2 
mRNAs and the protein level, activity, and gene expression 
of other Phase I and II xenobiotic metabolizing enzymes. 
Inhibition at low doses was considered to be due to the 
suppression of 8-OHdG generation and cellular proliferation 
within areas of GST-P positive foci, as well as programmed 
cell death, apoptosis, in background liver parenchyma.  The 
decrease of 8-OHdG levels induced by phenobarbital at low 
dose was possibly a result of elevated expression of the gene 
encoding the enzyme responsible for the repair of 8-OHdG 
lesions, oxoguanine glycosylase 1 (Ogg1).  The reduction of 
apoptosis in the normal-appearing liver tissue surrounding 
the GST-P positive foci, which might have been due to the 
inhibition of oxidative DNA damage, was suggested to 
suppress enlargement of foci because of elevated sensitivity 
to stimuli for regeneration14.  Another explanation for the 
suppressive effect of phenobarbital on the development of 
preneoplastic lesions might involve stimulation of hepatic 
drug-metabolizing enzymes, which detoxify carcinogens45. 
Activation of P-450 isoenzymes CYP2C11 and NADPH-
cytochrome P-450 reductase (OR) in liver microsomes 
observed after administration of phenobarbital at low dose, if 
not accompanied by elevation of their protein expression 
leading to the generation of large amount of hydroxyl radical 
OH, might have a protective effect14.  The available results 
thus indicate that the compound exhibits hormetic effects on 
ra t  hepa tocarc inogenes i s  in i t i a ted  wi th  DEN by  
differentially altering cell proliferation, apoptosis and 
oxidative DNA damage at high and low doses.

Dose-response for α-benzene hexachloride 
hepatocarcinogenicity

α-BHC, a major organochlorine byproduct in the 
manufacture of lindane (γ-BHC), has been used in 
admixtures with lindane for agricultural purposes.  The α-
isomer of BHC has been categorized as a non-genotoxic 
carcinogen because of induction of liver tumors in rodents 
after high dose administration in the long-term but no 
mutagenicity in the Ames test.  2,4,6-trichlorophenol is the 
major metabolite in α-BHC metabolism by the cytochrome 
P-450 oxidoreductase system.  After dechlorination and 
dehydrochlorination of α-BHC, removable chlorine atoms 
migh t  reac t  wi th  hydrogen  perox ide  to  p roduce  
hypochlorous radicals binding to DNA and formation of 
chlorinated DNA adducts, like 8-chloro-2-deoxyguanosine, 
5 - c h l o r o - 2 - d e o x y c y t i d i n e  a n d  8 - c h l o r o - 2 -
deoxyadenosine48,49.  Hyperplastic nodules and carcinomas 
in the livers of rats and mice were found induced by the long-
term administration of high doses of α-BHC (such as 500 or 
1000 ppm), but not β- and γ-BHC50,51.  Furthermore, early 
toxicological studies revealed that α-, β-, and γ-BHC are 
potent inducers of hepatic monooxygenases in rats52, in 
addition to causing liver enlargement53,54.  Since induction of 
the monooxygenase system is assumed to influence the 
p romot ion  s t age 5 5 , 5 6 ,  t he  mechan i sm o f  α -BHC 
carcinogenicity is likely to be due to its influence on 
spontaneously initiated hepatocytes50,51.

To search whether α-BHC exhibits hormesis regarding 

Fig. 2. Hepatocarcinogenicity of phenobarbital in the rat liver: 
GST-P positive foci and tumor development (DEN→PB). 
S, sacrifice.
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its hepatocarcinogenicity in rodents the dose dependence of 
its promoting effects was first investigated by Masuda et 
al.15 in a medium-term rat liver bioassay (Ito test).  When 
F344 male rats were given α-BHC at a wide range of doses 
from 0.01 to 500 ppm in the diet for 6 weeks after a single 
intraperitoneal injection of DEN, quantitative values for 
numbers and areas of GST-P positive foci were dose-
dependently increased at 0.5 to 500 ppm.  However, a 
tendency for a decrease was observed with 0.01 and 0.1 ppm 
α-BHC (Fig. 3).  As observed with phenobarbital, CYP3A2 
protein levels and activities showed a good correlation with 
the numbers and areas of GST-P positive foci.  This 
experiment provided supportive evidence for hormesis in the 
promotion by α-BHC of rat hepatocarcinogenesis and 
suggested that the mechanism might be related to the 
suppression of P-450 isoenzyme CYP3A2 protein 
expression by low doses15.

A second study was conducted with α-BHC applied to 
F344 rats at doses of 0.01 to 500 ppm for 10 weeks after 
DEN initiation57.  While α-BHC promoted the formation of 
GST-P positive foci at the dose of 500 ppm, both the 
numbers and areas of preneoplastic lesions were found to be 
significantly reduced with 0.05 ppm.  The dose response 
curves for cytochrome P-450 content, NADPH-cytochrome 
P-450 reductase activity and 8-OHdG formation exhibited 
essentially the same patterns as for GST-P positive foci.  A 
low dose of α-BHC also tended to up-regulate Ogg1 mRNA 
expression.  Similar to the phenobarbital case, α-BHC 
treatment lead to increase in PCNA positive cells within the 
areas of GST-P positive foci at a dose of 500 ppm but 
decreased values at low doses.  Though the response curves 
for CYP2B1 and 3A2 catalytic activity, protein levels and 
mRNA expression showed thresholds, CYP2C11 activity 
exhibited an inverted J-shape.  This major constitutive male-
specific isoform was thus found to be up-regulated by a low 
dose of α-BHC treatment at the transcriptional level and 
with regard to catalytic activity detected with 2α- and 16α-
testosterone metabolites.  Thus, CYP2C11 might take part in 
detoxification while CYP2B1 and 3A2 isoenzymes are 
considered to participate in bioactivation of α-BHC and 
increase its toxicity, given the correlation with GST-P 
positive foci and oxidative DNA damage.  The non-linear 
threshold dose response observed at low doses with respect 
of CYP2B1 and 3A2 can be deemed a result of a multi-step 
process “turning on” orphan nuclear receptors, constitutive 
androstane receptors and the pregnane X receptor, which is 
known to regulate CYP2B1 and 3A2 transcription by 
binding as a heterodimer to the retinoid X receptor58,59. 
Furthermore, in the same study it  was shown that 
glutathione-S transferase, which plays an important role in 
detoxifying α-BHC, demonstrates a threshold in its activity 
towards α-BHC at low doses57,60.

The possibility of a hormetic effect of α-BHC regarding 
formation of liver tumors in vivo, was further examined in 
F344 rats at doses from 0.01 to 500 ppm in the diet for 36 
weeks after initiation of hepatocarcinogenesis with DEN 
(unpublished data).  Incidences and multiplicities of liver 
tumors were found increased in a dose-dependent manner by 
α-BHC at doses of 0.5–500 ppm, while a tendency for 
decrease in their values was found in the low dose 0.01 and 
0.1 ppm groups,  similar to the case with rat  l iver  
preneoplastic lesions.

From these results it was concluded that α-BHC indeed 
exhibits hormesis regarding its hepatocarcinogenicity by 
mechanisms involving induction of detoxifying enzymes at 
low dose, as well as influencing free radical production and 
oxidative stress, and consequently pathological change in the 
liver.  In these studies, the dose response relationship for 
GST-P positive foci was represented by a J-shape curve, in 
line with the previous investigation of this chemical using 

Fig. 3. Induction of GST-P positive foci in the liver of rats treated 
with α-BHC in a medium-term bioassay.  PH, 2/3 partial 
hepatectomy.  S, sacrifice.
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the Ito test15.

Possibility of a Hormesis for Hepatocarcinogenicity 
of DDT

Inhibitory effects on the induction of GST-P positive 
foci were also noted with low doses of another non-
genotoxic carcinogen, DDT28.  First, in the study of Sukata et 
al., F344 rats, 21-day-old at the commencement, received 
DDT at doses from 0.005 to 500 ppm in the diet for 16 
weeks.  In another experiment Kushida et al.61 investigated 
the possibility of hormesis after DDT administration to F344 
ra ts  for  11 and 43  weeks fol lowing ini t ia t ion  of  
hepatocarcinogenesis with DEN.  In both experiments the 
doses of 20 ppm and above were associated with dose-
dependent induction of GST-P positive foci in the liver.  In 
contrast, 0.005 and 0.01 ppm administration resulted in a 
tendency for decrease in values below the control level (Fig. 
4).  Histopathological analysis of liver nodules also revealed 
a tendency for decrease in the incidence and multiplicity of 
hepatocellular carcinomas in the low dose groups as 
compared to the DEN initiation controls.  The multiplicity of 
total tumors also tended to decrease, although incidences 
were similar.  Alteration of the GST-P positive foci in the 
low dose groups was correlated with a tendency for decrease 
in the CYP3A2 protein level as well as induction of IL-1 
receptor type I (IL-IRI) and TNF-α receptor type I, whose 
ligands have roles in downregulating CYP3A2 and 
influencing cellular proliferation or apoptosis16.  IL-1R1 is 
known to be a cell surface molecule involved in cell 
signaling62, while IL-1 inhibits regeneration of rat liver 
cells63 and tumor cell growth64, and inhibitory actions of IL-
1β on hepatocyte DNA synthesis are effected by iNOS gene 
expression and NO production under IL-1R1 control65.

It was found that within GST-P positive areas, cell 
proliferation was slightly lower in the 0.005 ppm DDT dose 
group than in the DEN only treated group16.  As observed in 
experiments with phenobarbital and α-BHC, CYP2B1/2 and 
CYP3A2 protein levels in the liver microsomal fraction were 
significantly elevated by high doses of DDT.  In line with 
previous results, 8-OHdG formation was significantly 
suppressed by a low dose of the chemical, presumably 
related to effective DNA repair and co-repair of endogenous 
damage, which may exceed formation of adducts61. 
Oxidative stress in the low dose group was suggested to be 
decreased because of the lowered CYP3A2 expression and 
formation of 8-OHdG balanced through elimination by 
Ogg116,61.  Furthermore, in the low DDT dose group, mRNA 
expression and immunohistochemical staining of connexin 
32 (Cx32) were found to be elevated16.  Many previous 
studies indicated that high doses of DDT and other non-
genotoxic carcinogens inhibit Cx32, resulting in the loss of 
the function of gap junction intracellular communication 
(GJIC) and release of potentially initiated cells from growth 
constraints imposed by normal neighboring cells, resulting 
in clonal expansion and ultimately tumor formation and 
progression66–70.  In the present study, mRNA expression of 
one of the transcriptional factors, HNF-1α, which regulates 
Cx32 expression71,72, was in good correlation with that of 
Cx3261.  Differential alteration of HNF-1α is suggested to be 
one of the possible mechanisms by which DDT might inhibit 
or promote rat hepatocarcinogenesis.

Hormetic Effects Observed with Ethanol

Effects of alcohol intake on cardiovascular diseases73, 
stroke74, all causes of death73,75, and cancer mortality76 are 
known to demonstrate U- or J-shaped curves; that is, those 
who consume a little alcohol have the lowest risk.  The 
relationship between smoking or drinking dose and risk for 
stomach cancer has also attracted great interest as to whether 
strict dose-dependence or a U-shaped curve might be 
evident77.  Recently, the risk of stomach cancer was reported 
to increase linearly with the smoking dose, but not with the 
drinking dose.  Kikuchi et al.78 showed that light drinkers in 
Japan have the lowest risk of developing stomach cancer 
among both male and female subjects, and heavy drinkers 
the highest risk among males, the association being J-shaped 
among male subjects, and U-shaped among female subjects, 
and thus very similar to the association with risk of 
cardiovascular diseases and stroke.  J- or U-shaped dose-
responses were suggested to offer an explanation for the fact 
that more studies on stomach cancer have demonstrated an 
association with smoking than with drinking78.

In a recent study the promoting effects of ethanol at 
different doses on MeIQx induced liver carcinogenesis in 

Fig. 4. Induction of GST-P positive foci in the livers of rats treated 
with DDT for 16 weeks.  S, sacrifice.



Kinoshita, Wanibuchi, Wei et al. 117
F344 rats was evaluated79.  No significant inhibitory activity 
on hepatocarcinogenesis was observed after administration 
of ethanol at low doses (0.1–1%), while a high dose of 
ethanol (10–20% in drinking water) was found to exert clear 
promotion of development of MeIQx induced liver cancer in 
rats.

Adaptive Mechanisms

To explain hormetic effects, adaptive responses have 
been proposed.  When experimental animals are exposed to 
biologically effective levels of chemicals, their bodies have 
to deal with chemical perturbation and diverse responses are 
elicited.  For some chemicals, the initial response constitutes 
an adaptive effect that maintains homeostasis1 9 , 21.  
Disruption of this balance at any level of organization may 
lead to an adverse effect, or toxicity.  When target cells are 
exposed to non-genotoxic carcinogens, as described above, 
it is to be expected that machinery to conserve homeostasis 
would be switched on, for detoxification and excretion, with 
preservation of the cell cycle and programmed cell death 
regulation through cell signaling.  At very low doses of 
chemicals, such mechanisms in target cells might more than 
compensate for cell injury, so that not only a dose threshold 
but also a reduction in lesion development, as compared to 
the control case, may occur.  This would explain the U- or J-
shaped response curves obtained for phenobarbital, α-BHC 
and DDT hepatocarcinogenicity (Fig. 5).

Hepatic adaptive responses usually involve actions of 
the chemical on cellular signaling pathways, often receptor 
mediated, leading to changes in gene expression and 
ultimately alteration of the “metabolome”, directed toward 
maintaining homeostasis through modulation of various 
cellular and extracellular functions.  At all levels of 
organization, adaptive responses are beneficial in that they 
enhance the capacity of all units to respond to chemical 
induced stress, are reversible and preserve viability.  In 
contrast, adverse or toxic effects produced by genotoxic 
chemicals often involve chemical reactions with cellular 
macromolecules such as DNA or proteins and result in 
disruption of homeostasis.  Such effects can be nonreversible 
at all levels of organization resulting in mutations or inactive 
protein molecules.  Examples of compounds eliciting 
adaptive effects are provided by phenobarbital and 
ciprofibrate, whereas p-dichlorobenzene and 2-AAF, for 
instance, exhibit primarily toxic effects.

Hormetic Effects with Endogenous ROS

Exposure to different chemical carcinogens for which 
hormetic effects are proposed leads to formation of ROS, 
and frequently to induction of cytochrome P-450 species, 
with induction of oxidative stress.  ROS are genotoxic in 
principle, and the question arises as to whether chemicals 
that increase ROS production will add to an endogenously 
produced background level of DNA lesions, or whether 
compensatory mechanisms exist that may result in non-
linear dose-effects.  Endogenous ROS cause detectable 
background levels of DNA damage, namely in the form of 
oxidized bases (e.g. 8-OHdG), apurinic (AP) sites, and 
strand breaks.  Oxygen radicals also attack other cellular 
components such as lipids, to generate reactive intermediates 
that couple to DNA and give rise to exocyclic etheno- and 
propane-adducts and 1,N6-ethenodeoxyguanosine and 3,N4-
ethenodeoxycytidine80–82.  Such adducts will have mutation-
associated consequences upon cell replication83.  The 
continuous production of free radicals from radiation and 
other sources has stimulated organisms to evolve repair 
systems for oxidative base modifications or chromosome 
breaks.  Alteration to DNA molecules triggers repair, and 
frequent activation may increase the general repair capacity, 
irrespective of the cause of the damage.  Repeated exposure 
to ROS may thus lead to an adaptive response, mitigating the 
mutagenicity of oxidative DNA lesions.  DNA repair is a 
crucial factor in maintaining a low steady-state level of DNA 
damage and its impairment is implicated in processes that 
promote human cancer84.  It is difficult to state at the present 
time the precise role of ROS-induced DNA damage in 
carcinogenesis and how genetic and epigenetic events 
induced by ROS interact with cell transformation and 
malignant progression.  However, many aspects have 
already been elucidated, indicating that at low levels of ROS, 
adaptive responses, repair and antioxidative defenses are 
strengthened, whereas at  high levels they may be 
overwhelmed.  Whether induction of a detoxifying enzyme 
qualifies as a basis for a practical threshold depends on the 
speed and capacity of removal of the reactive species from 
the system compared with the speed of the translocation of 
the reactive species from the site of its generation to the 
nucleus and reaction with the DNA.

Bystander Effects

Numerous investigations have revealed that several 
cancer relevant effects of ionizing radiation can occur in 
cells that have received only cytoplasmic or plasmalemmal 

Fig. 5. Potential mechanisms mediating hormesis in carcinogenesis.
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membrane exposure to ionizing radiation85–92.  Furthermore, 
many effects that have been attributed to ionizing radiation-
induced damage to nuclear DNA or that occur following 
irradiation of the cytoplasmic compartment of cells can also 
occur in cells that have received no direct exposure to 
ionizing radiation.  These so-called “bystander effects” as 
well as adaptive responses are linked to biological effects of 
radiation and chemical treatments and involve intracellular 
communication systems (both gap junctional  and 
extracellular communication)85.  Bystander effects are 
considered to be induced by radiation in non-irradiated cells 
when an extracellular signal produced by a radiation-
targeted cell is received by a non-hit cell, or by gap 
junctional direct transfer of some radiation-induced 
signals86.  Bystander effects may include increase in 
intracellular ROS, induction of mutations, enhanced cell 
growth, apoptosis, genomic instability and neoplastic 
transformation, as well as cell death87–92.  Both direct transfer 
of small molecules or ions through gap junctions and 
extracellular signaling by secreted factors (hormones, 
cytokines, growth regulators, etc.) maintain homeostasis and 
might be related to hormesis86.  The implications of 
bystander effects of low and high dose radiation exposure for 
potential health endpoints still need to be resolved.

Dose Response in Cell Proliferation, Apoptosis 
and DNA Repair

Induction of ROS has been observed to alter cell 
proliferation and apoptosis in the tissues.  While marked 
increase in oxygen radicals in the rat liver in cases of non-
genotoxic carcinogens phenobarbital, α-BHC and DDT at 
high dose, for example, leads to elevation of PCNA indices 
in areas of GST-P positive foci, cell proliferation rates at low 
doses were found to be decreased14.  Suppression of liver 
nuclear DNA 8-OHdG formation at low dose may be 
associated with reduction of cell proliferation within GST-P 
positive foci.  Furthermore, apoptosis, significantly induced 
by high dose administration in liver tissue surrounding GST-
P positive foci, was suppressed in the low groups, with 
strong similarity to the pattern observed for 8-OHdG. 
Apoptosis of normal-appearing liver tissue has been 
proposed as one factor regulating the size of foci, as 
enlargement of GST-P positive foci presumably requires 
regenerative stimuli.  In a low dose phenobarbital study, the 
results of cDNA microarray analysis indicated 2 ppm to 
specifically enhance mRNA expression for glutamic acid 
decarboxylase (GAD65), an enzyme involved in the 
synthesis of gamma-aminobutyric acid (GABA), while 
suppressing expression of MAP kinase p38, JNK1, 2 and 
other intracellular kinases14.  A negative correlation between 
the expression of GABA-A receptors in hepatocytes and 
thymidine incorporation in liver specimens was reported, 
albeit without evidence of a causal relationship, and the 
GABA-B receptor subtype is known to be involved in 
hepatocyte DNA synthesis and mediation of growth 
stimulation93,94.  Thus, the suppression of gene expression of 
signal transduction modulators, such as MAP kinase p38, 
JNK1, 2 and other intracellular kinases might be a factor 
related to the inhibitory effect of phenobarbital on cell 
proliferation.

The fact that DNA repair protects cells from fixation of 
DNA damage in the newly synthesized DNA strand as 
heritable mutations, means that outcome of exposure to 
carcinogens is dependent on the race between repair and 
proliferation-dependent DNA synthesis.  The combination 
of elevated repair and decreased cell division may more than 
compensate for deleterious influence.  Application of higher 
doses of the same substance may result in an increased tumor 
incidence because of cell cycle progression due to 
cytotoxicity and regenerative cell proliferation.  As a 
consequence, a J-shaped dose-effect curve results.  It is 
proposed that cell cycle progression and regenerative 
proliferation represent the key parameters concerning 
threshold mechanisms, although apoptosis also contributes. 
This would be particularly important for epigenetic 
carcinogens, whereas the genotoxic substance levels of DNA 

Fig. 6. Proposal of a flow scheme toward dose-effect relations, risk 
assessment and mechanisms of action of non-genotoxic 
chemical carcinogens.
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damage in target tissues are far higher.  Furthermore, it 
should be borne in mind that apoptosis and the control of 
neoplastically transformed cells by the immune system may 
be additional factors influencing the shape of the dose-effect 
curve.

Conclusions

In summary, recent data on the effects of non-genotoxic 
carcinogens, indicate the existence of hormesis and a 
“perfect” threshold for carcinogenicity (Fig. 6).  Hormesis 
by non-genotoxic carcinogens implies the maintenance of 
homeostasis, with adaptive responses involving cell 
proliferation and apoptosis, DNA damage and repair, cell 
signaling, and cell-cell communication.  The findings have 
broad implications for cancer risk assessment methods, 
experimental design, and the establishment of optimal drug 
doses, taking advantage of adaptive effects.  Quantitative 
analyses based on biological models are necessary, with 
attention to factors that  affect  the degree of non-
monotonicity.  Further analyses along these lines should 
promote scientific discussion of biphasic dose responses and 
the concepts of "hormesis" and thresholds, particularly for 
tumor induction by non-genotoxic carcinogens.

Acknowledgements:  These studies were supported by a 
grant from the Japan Science and Technology Corporation, 
included in the Project of Core Research for Evolutional 
Science and Technology (CREST) and by a grant from the 
Ministry of Education, Culture, Sports, Science and 
Technology and Ministry of Economy, Trade and Industry 
of Japan.

References

1. Schoeny R. Use of genetic toxicology data in U.S. EPA risk 
assessment: the mercury study report as an example. Environ 
Health Perspect. 104 (Suppl 3): 663–673. 1996.

2. Hengstler JG, Bogdanffy MS, Bolt HM, and Oesch F. 
Challenging dogma: thresholds for genotoxic carcinogens? 
The case of vinyl acetate. Annu Rev Pharmacol Toxicol. 43: 
485–520. 2003.

3. Lynch A, Harvey J, Aylott M, Nicholas E, Burman M, 
Siddiqui A, Walker S, and Rees R. Investigations into the 
concept of a threshold for topoisomerase inhibitor-induced 
clastogenicity. Mutagenesis. 18: 345–353. 2003.

4. Decordier I, Dillen L, Cundari E, and Kirsch-Volders M. 
Elimination of micronucleated cells by apoptosis after 
treatment with inhibitors of microtubules. Mutagenesis. 17: 
337–344. 2002.

5. Kirsch-Volders M, Vanhauwaert A, Eichenlaub-Ritter U, 
and Decordier I. Indirect mechanisms of genotoxicity. 
Toxicol Lett. 140–141: 63–74. 2003.

6. Thier R, Bonacker D, Stoiber T, Bohm KJ, Wang M, Unger 
E, Bolt HM, and Degen G. Interaction of metal salts with 
cytoskeletal motor protein systems. Toxicol Lett. 140–141: 
75–81. 2003.

7. Bonacker D, Stoiber T, Bohm KJ, Unger E, Degen GH, 
Thier R, and Bolt HM. Chromosomal genotoxicity of 
nitrobenzene and benzonitrile. Arch Toxicol. 78: 49–57. 
2004.

8. Bolt HM, Foth H, Hengstler JG, and Degen GH. 
Carcinogenicity categorization of chemicals-new aspects to 
be considered in a European perspective. Toxicol Lett. 151: 
29–41. 2004.

9. Williams GM and Whysner J. Epigenetic carcinogens: 
evaluation and risk assessment. Exp Toxicol Pathol. 48: 
189–195. 1996.

10. Bombail V, Moggs JG, and Orphanides G. Perturbation of 
epigenetic status by toxicants. Toxicol Lett. 149: 51–58. 
2004.

11. Rozman KK. Rebuttal to Haseman. Threshold extrapolation 
in chemical carcinogenesis. Toxicol Pathol. 31: 714–716. 
2003.

12. Renn O. Hormesis and risk communication. Hum Exp 
Toxicol. 22: 3–24. 2003.

13. Kitano M, Ichihara T, Matsuda T, Wanibuchi H, Tamano S, 
Hagiwara A, Imaoka S, Funae Y, Shirai T, and Fukushima S. 
Presence  of  a  threshold  for  promot ing ef fec ts  of  
phenobarbital on diethylnitrosamine-induced hepatic foci in 
the rat. Carcinogenesis. 19: 1475–1480. 1998.

14. Kinoshita A, Wanibuchi H, Morimura K, Wei M, Shen J, 
Imaoka S, Funae Y, and Fukushima S. Phenobarbital at low 
dose exerts hormesis in rat hepatocarcinogenesis by 
reducing oxidative DNA damage, altering cell proliferation, 
apoptosis and gene expression. Carcinogenesis. 24: 1389–
1399. 2003.

15. Masuda C, Wanibuchi H, Otori K, Wei M, Yamamoto S, 
Hiroi T, Imaoka S, Funae Y, and Fukushima S. Presence of a 
no-observed effect  level  for  enhancing effects  of  
development of the alpha-isomer of benzene hexachloride 
(alpha-BHC) on diethylnitrosamine-initiated hepatic foci in 
rats. Cancer Lett. 163: 179–185. 2001.

16. Sukata T, Uwagawa S, Ozaki K, Ogawa M, Nishikawa T, 
Iwai S, Kinoshita A, Wanibuchi H, Imaoka S, Funae Y, 
Okuno Y, and Fukushima S. Detailed low-dose study of 1,1-
bis(p-chlorophenyl)-2,2,2- trichloroethane carcinogenesis 
suggests the possibility of a hormetic effect. Int J Cancer. 99: 
112–118. 2002.

17. Kitchin KT, Brown JL, and Setzer RW. Dose-response 
relationship in multistage carcinogenesis: promoters. 
Environ Health Perspect. 102 (Suppl 1): 255–264. 1994.

18. Williams GM, Iatropoulos MJ, and Jeffrey AM. Thresholds 
for the effects of 2-acetylaminofluorene in rat liver. Toxicol 
Pathol. 32 (Suppl 2): 85–91. 2004.

19. Williams GM and Iatropoulos MJ. Alteration of liver cell 
function and proliferation: differentiation between 
adaptation and toxicity. Toxicol Pathol. 30: 41–53. 2002.

20. Pollycove M and Feinendegen LE. Biologic responses to 
low doses of ionizing radiation: Detriment versus hormesis. 
Part 2. Dose responses of organisms. J Nucl Med. 42: 26N–
32N, 37N. 2001.

21. Calabrese EJ. Hormesis: changing view of the dose-
response, a personal account of the history and current 
status. Mutat Res. 511: 181–189. 2002.

22. Stebbing AR. Hormesis: the stimulation of growth by low 
levels of inhibitors. Sci Total Environ. 22: 213–234. 1982.

23. Hunt DL and Bowman D. A parametric model for detecting 
hormetic effects in developmental toxicity studies. Risk 
Anal. 24: 65–72. 2004.

24. Parsons PA. Energy, stress and the invalid linear no-



120 Hormesis in Chemical Carcinogenesis
threshold premise: a generalization illustrated by ionizing 
radiation. Biogerontology. 4: 227–231. 2003.

25. Pollycove M and Feinendegen LE Radiation-induced versus 
endogenous DNA damage: possible effect of inducible 
protective responses in mitigating endogenous damage. Hum 
Exp Toxicol. 22: 290–306, discussion 307, 315–317, 319–
323. 2003.

26. Ina Y and Sakai K. Activation of immunological network by 
chronic low-dose-rate irradiation in wild-type mouse strains: 
analysis of immune cell populations and surface molecules. 
Int J Radiat Biol. 81: 721–729. 2005.

27. Calabrese EJ and Baldwin LA. Can the concept of hormesis 
be generalized to carcinogenesis? Regul Toxicol Pharmacol. 
28: 230–241. 1998.

28. Calabrese EJ. Hormesis: from marginalization to 
mainstream: A case for hormesis as the default dose-
response model in risk assessment. Toxicol Appl Pharmacol. 
197: 125–136. 2004.

29 Calabrese EJ. Cancer biology and hormesis: human tumor 
cell lines commonly display hormetic (biphasic) dose 
responses. Crit Rev Toxicol. 35: 463–582. 2005.

30. Camurri L, Codeluppi S, Pedroni C, and Scarduelli L. 
Chromosomal aberrations and sister-chromatid exchanges in 
workers exposed to styrene. Mutat Res. 119: 361–369. 1983.

31. Kleczkowska HE and Althaus FR. Response of human 
keratinocytes to extremely low concentrations of N-methyl-
N'-nitro-N-nitrosoguanidine. Mutat Res. 367: 151–159. 
1996.

32. Liu Y, Egyhazi S, Hansson J, Bhide SV, Kulkarni PS, and 
Grafstrom RC. O6-methylguanine-DNA methyltransferase 
activity in human buccal mucosal tissue and cell cultures. 
Complex mixtures related to habitual use of tobacco and 
betel quid inhibit the activity in vitro. Carcinogenesis. 18: 
1889–1895. 1997.

33. Kitchin KT and Brown JL. Dose-response relationship for 
rat liver DNA damage caused by 49 rodent carcinogens. 
Toxicology. 88: 31–49. 1994.

34. Office and Technology Assessment (OTA). Cancer Testing 
Technology and Saccharin. U.S. Government Printing 
Office, Washington, DC, 1977.

35. Young SS and Gries CL. Exploration of the negative 
correlation between proliferative hepatocellular lesions and 
lymphoma in  r a t s  and  mi ce—es tab l i shmen t  and  
implications. Fundam Appl Toxicol. 4: 632–640. 1984.

36. Kociba RJ, Keyes DG, Beyer JE, Carreon RM, Wade CE, 
Dittenber DA, Kalnins RP, Frauson LE, Park CN, Barnard 
SD, Hummel RA, and Humiston CG. Results of a two-year 
chronic toxicity and oncogenicity study of 2,3,7,8-
tetrachlorodibenzo-p-dioxin in rats.  Toxicol Appl 
Pharmacol. 46: 279–303. 1978.

37. Cook RJ and Farewell VT. Guidelines for monitoring 
efficacy and toxicity responses in clinical trials. Biometrics. 
50: 1146–1152. 1994.

38. Nordberg GF and Andersen O. Metal interactions in 
carcinogenesis: enhancement, inhibition. Environ Health 
Perspect. 40: 65–81. 1981.

39. Nesnow S, Ross JA, Nelson G, Wilson K, Roop BC, Jeffers 
AJ, Galati AJ, Stoner GD, Sangaiah R, Gold A, and Mass 
MJ. Cyclopenta[cd]pyrene-induced tumorigenicity, Ki-ras 
codon 12 mutations and DNA adducts in strain A/J mouse 
lung. Carcinogenesis. 15: 601–606. 1994.

40. O’Gara RW, Kelly MG, Brown J, and Mantel N. Induction 
of  tumors  in  mice  g iven a  minute  s ingle  dose  of  
dibenz[a,h]anthracene or 3-methylcholanthrene as 
newborns. A dose-response study. J Natl Cancer Inst. 35: 
1027–1042. 1965.

41. Prahalad AK, Ross JA, Nelson GB, Roop BC, King LC, 
Nesnow S, and Mass MJ. Dibenzo[a,l]pyrene-induced DNA 
adduction, tumorigenicity, and Ki-ras oncogene mutations in 
strain A/J mouse lung. Carcinogenesis. 18: 1955–1963. 
1997.

42. Waalkes MP, Rehm S, Riggs CW, Bare RM, Devor DE, 
Poirier LA, Wenk ML, Henneman JR, and Balaschak MS. 
Cadmium carcinogenesis in male Wistar [Crl:(WI)BR] rats: 
dose-response analysis of tumor induction in the prostate 
and testes and at the injection site. Cancer Res. 48: 4656–
4663. 1988.

43. Goldsworthy T, Campbell HA, and Pitot HC. The natural 
history and dose-response characteristics of enzyme-altered 
f oc i  i n  r a t  l i v e r  fo l l owi ng  p he n o ba rb i t a l  a n d  
diethylnitrosamine administration. Carcinogenesis. 5: 67–
71. 1984.

44. Kitagawa T. Promoting and anticarcinogenic effects of 
phenobarbital and DDT in the rat hepatocarcinogenesis. 
Toxicol Pathol. 14: 309–314. 1986.

45. Pitot HC, Goldsworthy TL, Moran S, Kennan W, Glauert 
HP, Maronpot RR, and Campbell HA. A method to 
quantitate the relative initiating and promoting potencies of 
hepatocarcinogenic agents  in their  dose-response 
relationships to altered hepatic foci. Carcinogenesis. 8: 
1491–1499. 1987.

46. Maekawa A, Onodera H, Ogasawara H, Matsushima Y, 
Mitsumori K, and Hayashi Y. Threshold dose dependence in 
phenobarbital promotion of rat hepatocarcinogenesis 
initiated by diethylnitrosamine. Carcinogenesis. 13: 501–
503. 1992.

47. Ito N, Tamano S, and Shirai T. A medium-term rat liver 
bioassay for rapid in vivo detection of carcinogenic potential 
of chemicals. Cancer Sci. 94: 3–8. 2003.

48. Roos D and Winterbourn CC. Immunology. Lethal weapons. 
Science. 296: 669–671. 2002.

49. Whiteman M, Hong HS, Jenner A, and Halliwell B. Loss of 
oxidized and chlorinated bases in DNA treated with reactive 
oxygen species: implications for assessment of oxidative 
damage in vivo. Biochem Biophys Res Commun. 296: 883–
889. 2002.

50. Ito N, Nagasaki H, Aoe H, Sugihara S, and Miyata Y. 
Development of hepatocellular carcinomas in rats treated 
with benzene hexachloride. J Natl Cancer Inst. 54: 801–805. 
1975.

51. Ito N, Hananouchi M, Sugihara S, Shirai T, and Tsuda H. 
Reversibility and irreversibility of liver tumors in mice 
i n d uc e d  by  t h e  a l p ha  i so m e r  o f  1 , 2 , 3 , 4 , 5 ,6 -
hexachlorocyclohexane. Cancer Res. 36: 2227–2234. 1976.

52. Koransky W, Portig J, Vohland HW, and Klempau I. 
Ac t i va t i on  o f  m ic ro some  enzymes  by  
hexachlorocyclohexane isomers. Its effect on Scilliroside 
poisoning in rats. Naunyn Schmiedebergs Arch Pharmacol. 
247: 61–70. 1964.

53. Schlicht I, Koransky W, Magour S, and Schulte-Hermann R. 
Enlargement and DNA synthesis by the liver under in 
influence of substances alien to the body. Naunyn 
Schmiedebergs Arch Exp Pathol Pharmacol. 261: 26–41. 
1968.



Kinoshita, Wanibuchi, Wei et al. 121
54. Schulte-Hermann R, Thom R, Schlicht I, and Koransky W. 
Number and “ploidy” of liver cell nuclei under the influence 
of substances alien to the body. Analysis by means of an 
electronic particle counter. Naunyn Schmiedebergs Arch 
Exp Pathol Pharmacol. 261: 42–58. 1968.

55. Butterworth BE. Consideration of both genotoxic and 
nongenotoxic mechanisms in predicting carcinogenic 
potential. Mutat Res. 239: 117–132. 1990.

56. Butterworth BE and Goldsworthy TL. The role of cell 
proliferation in multistage carcinogenesis. Proc Soc Exp 
Biol Med. 198: 683–687. 1991.

57. Puatanachokchai R, Morimura K, Wanibuchi H, Oka M, 
Kinoshita A, Mitsuru F, Yamaguchi S, Funae Y, and 
Fukushima, S. Alpha-benzene hexachloride exerts hormesis 
in preneoplastic lesion formation of rat hepatocarcinogenesis 
with the possible role for hepatic detoxifying enzymes. 
Cancer Lett. 240: 102–113. 2006.

58. Honkakoski P, Zelko I, Sueyoshi T, and Negishi M. The 
nuclear  orphan receptor  CAR-ret inoid X receptor  
heterodimer activates the phenobarbital-responsive enhancer 
module of the CYP2B gene. Mol Cell Biol. 18: 5652–5658. 
1998.

59. Gastel JA. Early indicators of response in biologically based 
risk assessment for nongenotoxic carcinogens. Regul 
Toxicol Pharmacol. 33: 393–398. 2001.

60. Kraus P, Gross B, and Kloft HD. The elevation of rat liver 
g l u t a t h i o ne - S - t r a n s fe ra se  ac t i v i t y  by  a l pha -
hexachlorocyclohexane. Biochem Pharmacol. 30: 355–361. 
1981.

61. Kushida M, Sukata T, Uwagawa S, Ozaki K, Kinoshita A, 
Wanibuchi H, Morimura K, Okuno Y, and Fukushima S. 
Low dose DDT inhibition of hepatocarcinogenesis initiated 
by diethylnitrosamine in male rats: possible mechanisms. 
Toxicol Appl Pharmacol. 208: 285–294. 2005.

62. Ito A, Takii T, Matsumura T, and Onozaki K. Augmentation 
of type I IL-1 receptor expression and IL-1 signaling by IL-6 
and glucocorticoid in murine hepatocytes. J Immunol. 162: 
4260–4265. 1999.

63. Boulton R, Woodman A, Calnan D, Selden C, Tam F, and 
Hodgson H. Nonparenchymal cells from regenerating rat 
liver generate interleukin-1alpha and -1beta: a mechanism of 
negative regulation of hepatocyte proliferation. Hepatology. 
26: 49–58. 1997.

64. Ross HJ. The antiproliferative effect of trans-retinoic acid is 
associated with selective induction of interleukin-1 beta, a 
cytokine that directly inhibits growth of lung cancer cells. 
Oncol Res. 8: 171–178. 1996.

65. Wang Z, Wang M, and Carr BI. The inhibitory effect of 
interleukin 1beta on rat hepatocyte DNA synthesis is 
mediated by nitric oxide. Hepatology. 28: 430–435. 1998.

66. Conolly RB and Lutz WK. Nonmonotonic dose-response 
relationships: mechanistic basis, kinetic modeling, and 
implications for risk assessment. Toxicol Sci. 77: 151–157. 
2004.

67. Plante I, Charbonneau M, and Cyr DG. Decreased gap 
j unc t i ona l  i n t e r ce l l u l a r  comm unic a t i on  i n  
hexachlorobenzene-induced gender-specific hepatic tumor 
formation in the rat. Carcinogenesis. 23: 1243–1249. 2002.

68. Mally A and Chipman JK. Non-genotoxic carcinogens: early 
effects on gap junctions, cell proliferation and apoptosis in 
the rat. Toxicology. 180: 233–248. 2002.

69. Chipman JK, Mally A, and Edwards GO. Disruption of gap 
junctions in toxicity and carcinogenicity. Toxicol Sci. 71: 
146–153. 2003.

70. Klaunig JE, Xu Y, Isenberg JS, Bachowski S, Kolaja KL, 
Jiang J, Stevenson DE, and Walborg EF, Jr. The role of 
oxidative stress in chemical carcinogenesis. Environ Health 
Perspect. 106 (Suppl 1): 289–295. 1998.

71. Piechocki MP, Toti RM, Fernstrom MJ, Burk RD, and Ruch 
RJ. Liver cell-specific transcriptional regulation of 
connexin32. Biochim Biophys Acta. 1491: 107–122. 2000.

72. Koffler LD, Fernstrom MJ, Akiyama TE, Gonzalez FJ, and 
Ruch RJ. Positive regulation of connexin32 transcription by 
hepatocyte nuclear factor-1alpha. Arch Biochem Biophys. 
407: 160–167. 2002.

73. Camargo CA, Jr, Stampfer MJ, Glynn RJ, Gaziano JM, 
Manson JE, Goldhaber SZ, and Hennekens CH. Prospective 
study of moderate alcohol consumption and risk of 
peripheral arterial  disease in US male physicians.  
Circulation. 95: 577–580. 1997.

74. Berger K, Ajani UA, Kase CS, Gaziano JM, Buring JE, 
Glynn RJ, and Hennekens CH. Light-to-moderate alcohol 
consumption and risk of stroke among U.S. male physicians. 
N Engl J Med. 341: 1557–1564. 1999.

75. Gaziano JM, Gaziano TA, Glynn RJ, Sesso HD, Ajani UA, 
Stampfer MJ, Manson JE, Hennekens CH, and Buring JE. 
Light-to-moderate alcohol consumption and mortality in the 
Physicians’ Health Study enrollment cohort. J Am Coll 
Cardiol. 35: 96–105. 2000.

76. Tsugane S, Fahey MT, Sasaki S, and Baba S. Alcohol 
consumption and all-cause and cancer mortality among 
middle-aged Japanese men: seven-year follow-up of the 
JPHC study Cohort I. Japan Public Health Center. Am J 
Epidemiol. 150: 1201–1207. 1999.

77. Calabrese EJ and Baldwin LA. Ethanol and hormesis. Crit 
Rev Toxicol. 33: 407–424. 2003.

78. Kikuchi S, Nakajima T, Kobayashi O, Yamazaki T, Kikuichi 
M, Mori K, Oura S, Watanabe H, Nagawa H, Otani R, 
Okamoto N, Kurosawa M, Anzai H, Konishi T, Futagawa S, 
Mizobuchi N, Kobori O, Kaise R, Inaba Y, and Wada O. U-
shaped effect of drinking and linear effect of smoking on 
risk for stomach cancer in Japan. Jpn J Cancer Res. 93: 953–
959. 2002.

79. Kushida M, Wanibuchi H, Morimura K, Kinoshita A, Kang 
JS, Puatanachokchai R, Wei M, Funae Y, and Fukushima S. 
Dose-dependence  o f  p romot ion  o f  2 -amino-3 ,8 -
d ime thy l imid azo[ 4 ,5 - f ]qu inoxa l ine - indu ced  r a t  
hepatocarcinogenesis by ethanol: evidence for a threshold. 
Cancer Sci. 96: 747–757. 2005.

80. Bartsch H and Nair J. Ultrasensitive and specific detection 
methods for exocylic DNA adducts: markers for lipid 
peroxidation and oxidative stress. Toxicology. 153: 105–
114. 2000.

81. Marnett LJ. Oxyradicals and DNA damage. Carcinogenesis. 
21: 361–370. 2000.

82. Nair J, Barbin A, Guichard Y, and Bartsch H. 1,N6-
ethenodeoxyadenosine and 3,N4-ethenodeoxycytine in liver 
DNA from humans and untreated rodents detected by 
immunoaffinity/32P-postlabeling. Carcinogenesis. 16: 613–
617. 1995.

83. Hang B, Chenna A, Sagi J, and Singer B. Differential 
cleavage of oligonucleotides containing the benzene-derived 
adduct, 1,N6-benzetheno-dA, by the major human AP 
endonuclease HAP1 and Escherichia coli exonuclease III 



122 Hormesis in Chemical Carcinogenesis
and endonuclease IV. Carcinogenesis. 19: 1339–1343. 1998.
84. Anisimov VN. Ageing and the mechanisms of 

carcinogenesis: some practical implications. J Exp Clin 
Cancer Res. 17: 263–268. 1998.

85. Goldberg Z and Lehnert BE. Radiation-induced effects in 
unirradiated cells: a review and implications in cancer. Int J 
Oncol. 21: 337–349. 2002.

86. Trosko JE, Chang CC, Upham BL, and Tai MH. Low-dose 
ionizing radiation: induction of differential intracellular 
signalling possibly affecting intercellular communication. 
Radiat Environ Biophys. 44: 3–9. 2005.

87. Little JB. Radiation carcinogenesis. Carcinogenesis. 21: 
397–404. 2000.

88. Mesnil M, Piccoli C, and Yamasaki H. A tumor suppressor 
gene, Cx26, also mediates the bystander effect in HeLa cells. 
Cancer Res. 57: 2929–2932. 1997.

89. Mothersill C and Seymour C. Radiation-induced bystander 
effects, carcinogenesis and models. Oncogene. 22: 7028–
7033. 2003.
90. Shao C, Furusawa Y, Aoki M, and Ando K. Role of gap 
junctional intercellular communication in radiation-induced 
bystander effects in human fibroblasts. Radiat Res. 160: 
318–323. 2003.

91. Shao C, Furusawa Y, Kobayashi Y, Funayama T, and Wada 
S. Bystander effect induced by counted high-LET particles 
in confluent human fibroblasts: a mechanistic study. Faseb J. 
17: 1422–1427. 2003.

92. Snyder AR. Review of radiation-induced bystander effects. 
Hum Exp Toxicol. 23: 87–89. 2004.

93. Biju MP, Pyroja S, Rajeshkumar NV, and Paulose CS. 
Enhanced GABA(B) receptor in neoplastic rat liver: 
induction of DNA synthesis by baclofen in hepatocyte 
cultures. J Biochem Mol Biol Biophys. 6: 209–214. 2002.

94. Erlitzki R, Gong Y, Zhang M, and Minuk G. Identification 
of gamma-aminobutyric acid receptor subunit types in 
human and rat liver. Am J Physiol Gastrointest Liver 
Physiol. 279: G733–739. 2000.


