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Abstract:

 This review highlights several in vivo studies utilizing non-genotoxic and genotoxic chemical carcinogens, and the mechanisms of their high and low dose carcinogenicities with respect to formation of oxidative stress. Here, we survey the examples and discuss possible mechanisms of hormetic effects with cytochrome P450 inducers, such as phenobarbital, α-benzene hexachloride and 1,1-bis(p-chlorophenyl)-2,2,2-trichloroethane. Epigenetic processes differentially can be affected by agents that impinge on oxidative DNA damage, repair, apoptosis, cell proliferation, intracellular communication and cell signaling. Non-genotoxic carcinogens may target nuclear receptors 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. We further discuss role of oxidative stress focusing on the low dose carcinogenicities of several genotoxic carcinogens such as a hepatocarcinogen contained in seared fish and meat, 2-amino-3,8-dimethylimidazo[4,5-f]quinoxaline, arsenic and its metabolites, and the kidney carcinogen potassium bromate.
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1. Introduction

In aerobic organisms, the balance in production of various oxidants like reactive oxygen and nitrogen species (ROS/RNS), which are invariable components of the aerobic metabolism, and their elimination by intracellular antioxidants of enzymatic nature such as superoxide dismutase (SOD), catalase and glutathione peroxidase (GTPx) and nonenzymatic nature such as radical scavengers like vitamin E, ferritins, different thiols, and others helps to maintain cellular homeostasis and to protect from formation of cellular oxidative stress [1,2,3]. On the other hand, organisms are exposed daily to oxidants generated either endogenously or exogenously (water and air pollutants, cigarette smoke, etc.), which physical and chemical characteristics (size, transition metal content, speciation, stable free radicals, etc.) play an important role in formation of oxidative stress. Continuous cellular damage induced by ROS/RNS is known to result in sustained cell proliferation, which if occurs in an environment rich in inflammatory cells, growth factors and activated stroma, will potentiate carcinogenesis [1]. Furthermore, oxidative stress itself initiates the synthesis of mediators of inflammation in cells and initiation of carcinogenic mechanisms [2,3].

Carcinogenesis is known to be promoted by: (1) direct induction of oxidative stress due to irradiation DNA damage produced by ROS [4]; and (2) indirect actions with possible consequences for homeostasis and reactions, involving inflammation following enhanced nitric oxide (NO) and RNS production, which triggers a cascade of oncogenic events [1]. It is necessary to note that chronic infection and inflammation have become well recognized as risk factors for a variety of human cancers. It has been proposed that ROS/RNS, both formed in infected and inflamed tissues, play roles in the multistage carcinogenic process. NO, a potential toxic substance with free radical properties, is generated from L-arginine by constitutive NO synthase or iNOS. Furthermore, one of the possible mechanisms underlying enhancement of initiation and promotion in carcinogenesis by oxidative stress is the ability to induce prostaglandin formation catalyzed by the enzyme cyclooxygenase (Cox) which converts arachidonic acid to prostaglandins. Presently, two Cox enzymes, Cox1 and Cox2, an important mediators of inflammation, whose synthesis can be stimulated rapidly by tumor promoters, are known [5].

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 that may result in non-linear dose-effects exist. Endogenous ROS cause detectable background levels of DNA damage, namely in the form of oxidized bases, 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-ethenodeoxycytidine [6,7,8]. Such adducts will have mutation-associated consequences upon cell replication [9]. The continuous production of free radicals from chemicals 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 cancer [10].



2. Induction of Oxidative Stress by Environmental Chemical Carcinogens and Toxicants

Functions of three “orphan” nuclear receptor superfamily members, designated constitutive androstane receptor (CAR; NR1I4), pregnane X receptor (PXR; NR1I2) and peroxisome proliferator receptors (PPARs), in respectively mediating the induction of hepatic cytochrome P450 isoenzymes (CYPs) belonging to families CYP2, CYP3, and CYP4 and other proteins involved in the detoxification and elimination of chemical carcinogens from the body are well recognized [11,12,13,14,15,16]. CAR and PXR are expressed in the liver, intestine, lung, and other tissues, where they have central roles in detecting and removal of xenobiotics [12,17]. CAR is activated by a restricted set of chemical carcinogens like phenobarbital (PB) and the planar hydrocarbon 1,4-bis[2-(3,5-dichloropyridyloxy)]-benzene (TCPOBOP) [15,18]. CAR was originally demonstrated to regulate CYP2B expression and like PXR, to bind to xenobiotic response elements as a heterodimer with 9-cis-retinoic acid receptor [16]. PPARs activation has been linked with liver tumor formation and the mechanisms include induction of sustained oxidative stress, enhanced cell replication, promotion of preneoplastic lesions, and inhibition of apoptosis [19]. In particular, the activation of PPARα by peroxisome proliferators in rats and mice was reported to produce oxidative stress, due to the induction of enzymes like CYP4A1 and fatty acyl coenzyme A (CoA) oxidase (AOX) [20]. Recently, the existence of a cross talk between these receptors providing a mechanism for amplifying the body’s detoxification response to a broad range of chemicals was reported [21,22,23].

ROS are generated due to induction of various cytochrome P450 isoenzymes during detoxification of chemical carcinogens, lipid peroxidation and other intracellular processes and involved in regulation of numerous factors, such as transcription factors kappa B, NFkB and AP-1, partly through protein kinase C activation [24,25] and PPARγ leading to chronic inflammation [26]. Furthermore, the transcription factor NF-E2-related factor 2 (Nrf2) is considered responsible for regulating a battery of antioxidant and cellular protective genes, primarily in response to oxidative stress [27]. ROS oxidize lipid and protein molecules, generating intermediates, which can react with DNA and form adducts, or directly attack the DNA, damaging the bases and deoxyribose residues and producing single strand breaks.

8-Hydroxy-2'-deoxyguanosine (8-OHdG), a well-known oxidative DNA damage marker, was reported to be involved in chemical carcinogenesis in various experimental models [28]. Induction of a significant and steady elevation of 8-OHdG is thought to play an integral role in chemical carcinogenesis [29]. It has been shown to cause mutations, predominantly G to T transversions [30]. The time- and dose-dependent generation of 8-OHdG in rat hepatic DNA have been demonstrated after single i.p. administration of genotoxic carcinogens including diethylnitrosamine (DEN) and aflatoxin B1 [28,31,32]. In addition, 8-OHdG levels assessed after 1 week of dietary MeIQx application were also dose-dependently increased, although the effect was not observed at the end of the treatment period [33]. These effects are suggested to be involved in initiation of hepatocarcinogenesis by genotoxic chemicals. Previously, in case of non-genotoxic chemical carcinogens, it has been concluded that only long-term high dose treatment results in accumulation of 8-OHdG [34]. However, recent studies demonstrated its dose and time-dependent generation after 1 week of administration of such non-genotoxic carcinogens as PB and ethyl tert-butyl ether (ETBE) [35,36]. Since 8-OHdG in DNA is attributed to production of ROS, especially hydroxyl radicals [37] and can be rapidly repaired [38], the actual level in the tissue is determined by changes in rates of these processes. In addition, it is known that glutathione (GSH) deficiency, or a decrease in the GSH/glutathione disulphide (GSSG) ratio, leads to an increased susceptibility to oxidative stress implicated in the progression of cancer, elevated GSH levels increase the antioxidant capacity and the resistance to oxidative stress as observed in many cancer cells [39].

Assessment of carcinogenic potential of chemical agents to which human beings are exposed is clearly of prime importance. Chemical carcinogens are divided into genotoxic and non-genotoxic classes on the basis of their ability to react with DNA and form adducts. The mechanisms of carcinogenesis induced by exposure to genotoxic agents are suggested to be related to the damage of target cells DNA, formation of DNA adducts, errors in DNA repair and fixation of mutations induced by metabolically activated ultimate carcinogens, leading to activation of cell proliferation and formation of preneoplastic lesions and tumors (benign and malignant) [40]. However, many chemicals producing tumors in laboratory animals were shown to act by epigenetic mechanisms that do not involve DNA attack or hereditable genetic alteration [41]. It was accepted that the indirect nature of the mechanisms involved means that prolonged exposure to high levels of chemicals is necessary for the production of tumors [42]. With such non-genotoxic carcinogens, theoretically cancer would not occur at exposure below a threshold at which the relevant cellular effect is not operative.

It has been recently discovered that body respond differentially to the high and low doses of chemical carcinogens. Interestingly, in the field of carcinogenesis, a lot of attention has been attracted to the phenomenon of hormesis, a biphasic dose-response relationship, in which a toxicant exerts opposite effects dependent on the dose. There is considerable experimental evidence that non-genotoxic agents exert hormetic effects. Thus, several studies in experimental animals have demonstrated that low doses of non-genotoxic carcinogens may inhibit hepatocarcinogenesis. The possible mechanisms of carcinogenic hormesis with cytochrome P450 inducers, such as PB [43], α-BHC [44,45] and DDT [46] included suppression of generation of oxidative DNA base modifications in terms of 8-OHdG in the rat liver. Furthermore, epigenetic processes differentially can be affected by agents that impinge on oxidative stress, DNA repair, apoptosis, cell proliferation, 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.



3. Hormesis in Carcinogenicity of Non-Genotoxic Carcinogens


3.1. Carcinogenicity of Phenobarbital (PB)

Non-genotoxic hepatocarcinogen, PB exerts promoting effects on hepatocarcinogenesis after suitable initiation in rats [47], and enhances the proliferation of carcinogen-exposed hepatocytes in vitro [48]. PB chronic administration to mice and rats results in liver carcinogenicity [49,50]. Inhibition of cell proliferation, DNA synthesis and increased TGF-β1 concentrations have all been observed in the liver tissue depending on the time point [51,52]. On the other hand, growth of preneoplastic lesions induced by PB might predominantly be attributable to an inhibition of programmed cell death/apoptosis or to induction of ROS, oxidative DNA damage and genetic alterations by spontaneous errors in DNA replication and repair [53,54].

Previously, to evaluate the risk of exposure to non-genotoxic chemicals and elucidate mechanisms underlying their promoting activity on rat liver carcinogenesis the formation of 8-OHdG, P450 and hydroxyl radicals induction, DNA repair, and alteration to apoptosis and cellular proliferation in the rat liver were investigated during short-term administration of PB at a carcinogenic dose of 500 ppm [36]. Significant elevation of hydroxyl radical levels by day 4 of PB exposure accompanied the accumulation of 8-OHdG in the nucleus and CYP2B1/2 and CYP3A2 in the cytoplasm of hepatocytes (Table 1 and Figure 1A).

Figure 1. (A) Representative microphotograph of double staining for 8-OHdG (black/brown) and CYP3A2 (red) in the livers of rats treated with 500 ppm PB for 8 days (×400). Note, the increase of 8-OHdG in the nuclei of pericentrally localized hepatocytes most strongly stained for CYP3A2; (B) Alteration to 8-OHdG, apoptosis and cell proliferation in the liver of rats treated with 500 ppm PB.
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Table 1. Key in vivo findings observed with several non-genotoxic and genotoxic chemical carcinogens.






	Chemical
	Key in vivo findings





	PB
	Induction of P450 isoenzymes (e.g., CYP2B and CYP3A), 8-OHdG, cell cycle arrest and apoptosis in the rat liver (short-term study)

Promotion of hepatocarcinogenesis in rats at high doses (60–500 ppm) and inhibition at low doses (1 and 2 ppm) (medium-term rat liver bioassay, 2-step carcinogenicity test)



	α-BHC
	Promotion of hepatocarcinogenesis in rats at high doses (0.5 to 500 ppm) and inhibition at low doses (0.01 and 0.1 ppm) (medium-term rat liver bioassay, 2-step carcinogenicity test)



	DDT
	Promotion of hepatocarcinogenesis in rats at high doses (20–500 ppm) and inhibition at low doses (0.005 and 0.01 ppm) (medium-term rat liver bioassay, 2-step carcinogenicity test)



	ETBE
	Induction of P450 (e.g., CYP2B, CYP3A, CYP2E1), 8-OHdG, cell cycle arrest and apoptosis in the rat liver (short-term study)

Tumorigenicity in the rat liver (2-year carcinogenicity test) and promotion of hepatocarcinogenesis in rats (multi-organ carcinogenesis bioassay)



	Organic arsenicals
	



	MMAV
	Promotion of preneoplastic lesions development in the liver (medium-term rat liver bioassay)



	DMAV
	Induction of P450 isoenzymes (e.g., CYP2B1, CYP3A1 and CYP1A2), phase II metabolizing enzymes, 8-OHdG, cell cycle arrest and apoptosis in the rat liver (short-term study)

Promotion of carcinogenesis in the rat urinary bladder, kidney, liver and thyroid gland (multi-organ carcinogenesis bioassay, medium-term rat liver bioassay)

Carcinogenicity in the rat bladder (2-year carcinogenicity test)

Carcinogenicity in the lung of Mmh/Ogg1-deficient mice (long-term carcinogenicity test)



	TMAOV
	Induction of P450 isoenzymes (e.g., CYP2B1 and CYP1A2), phase II metabolizing enzymes, 8-OHdG, cell cycle arrest and apoptosis in the rat liver (short-term study)

Promotion of preneoplastic lesions in the rat liver (medium-term rat liver bioassay)

Tumorigenicity in the rat liver (2-year carcinogenicity test)



	MeIQx
	Induction of GST-P positive foci and liver tumors (100 to 400 ppm), formation of MeIQx-DNA adducts, elevation of 8-OHdG, lacI and H-ras mutation levels (long-term carcinogenicity test)



	KBrO3
	Increase of lacI mutations, 8-OHdG levels, and promotion of carcinogenesis in the rat kidney (2-step carcinogenicity test)










Conspicuous elevation of 8-OHdG and apoptosis in the liver tissue were associated with reduction of proliferating cell nuclear antigen (PCNA) index after 8 days of PB application (Figure 1B). Thereafter 8-OHdG levels decreased with increase in mRNA expression for the enzyme responsible for the repair of 8-OHdG lesions, oxoguanine glycosylase 1 (Ogg1). Induction of cyclin D1 (CD1) and p21WAF1/Cip1 mRNA expression on days 4 and 6, respectively, preceded marked elevation of PCNA and apoptotic indices. Authors suggested that non-genotoxic chemicals might induce reversible alteration to nuclear 8-OHdG in the rat liver after several days of continuous application [36]. Increased 8-OHdG formation is likely to be the result of developing oxidative stress or apoptotic degradation of DNA and coordinated with enhanced expression of CD1 mRNA and cell proliferation, subsequent increase of p21WAF1/Cip1 mRNA expression, cell cycle arrest and apoptosis, while activation of 8-OHdG repair mechanisms contributes to protection of tissue against ROS-induced DNA damage and cell death.



Especial attention has been recently devoted to the carcinogenicity of low doses of PB. To determine the threshold level for its hepatopromoting effects, firstly, the dose dependence was investigated using a rat liver medium-term bioassay (Ito test) (Table 1) [55,56]. When the chemical was administered to 6 week-old F344 rats in a wide range of doses of 0.01 (the lowest) to 500 ppm (the highest) in the diet for 6 weeks, with 2/3 partial hepatectomy after a single intraperitoneal injection of DEN at 200 mg/kg in serial experiments, the end point marker of hepatocarcinogenesis in rats, glutathione S-transferase placental form (GST-P) positive foci, 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, being statistically significant at 1 and 2 ppm. It was concluded that PB exerted hormetic effect in the rat liver, indicating the existence of a threshold for its carcinogenicity, which is likely to be related to suppression of CYP3A2 protein expression by low doses of the chemical.

The hormetic influence of PB was further clarified in an in vivo experiment in which male F344 rats were treated with the chemical at doses of 0, 2, 15 and 500 ppm in diet for 10 or 33 weeks after initiation of hepatocarcinogenesis with DEN (Table 1) [43]. After 10 and 33 weeks of administration, formation of liver tumors and GST-P positive foci was inhibited at 2 ppm. Significant reduction in the multiplicity of total tumors, in particular, hepatocellular carcinomas (HCCs), and a tendency for decreased incidences of HCCs and hepatocellular adenomas at 2 ppm was demonstrated. However, 500 ppm PB treatment resulted in strong elevation of HCC and total tumor multiplicities. Interestingly, the mechanism of hepatocarcinogenicity inhibition at 2 ppm 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 apoptosis, in background liver parenchyma (Figure 2A,B). Furthermore, the decrease of 8-OHdG levels induced by PB at low dose was possibly a result of elevated expression of Ogg1.

Figure 2. Double immunohistochemistry for GST-P (red) and PCNA (blue), GST-P (red) and apoptosis (ssDNA) (blue) and immunohistochemical assessment of 8-OHdG (black/brown) in the livers of F344 rats treated with PB for 10 weeks after DEN initiation. (A and B) GST-P and PCNA after PB at 500 ppm (×100); and 2 ppm (×100), respectively; (C) GST-P and apoptosis after PB at 500 ppm (×200); (D) 8-OHdG immunohistochemistry in the liver of the rat treated with PB at 500 ppm (×200). Note, that C and D are serial liver sections and the good concordance between 8-OHdG and ssDNA stainings; (E) Co-ordinated change in GST-P positive foci numbers and PCNA indices, for apoptosis and 8-OHdG levels in background liver parenchyma after DEN then PB for 10 weeks. Note the inhibitory effects of PB at the dose of 2 ppm and elevation at 500 ppm.
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3.2. Carcinogenicity of α-Benzene Hexachloride (α-BHC)

A major organochlorine byproduct in the manufacture of lindane (γ-BHC), α-BHC, has been used in admixtures with lindane for agricultural purposes. Among the eight isomers of BHC, the α-isomer has been categorized as a non-genotoxic carcinogen as it has been shown to have no mutagenicity in the Ames test but to induce liver tumors in rodents after high dose administration. 2,4,6-Trichlorophenol is the major metabolite in α-BHC metabolism by the cytochrome P450 oxidoreductase system. Removable chlorine atoms might react with hydrogen peroxide to produce hypochlorous radicals binding to DNA and formation of chlorinated DNA adducts, like 8-chloro-2-deoxyguanosine, 5-chloro-2-deoxycytidine and 8-chloro-2-deoxyadenosine after dechlorination and dehydrochlorination of α-BHC [57,58]. Long-term treatment with α-BHC, but not β- and γ-BHC, at high doses (500 or 1,000 ppm) has been revealed to induce hyperplastic nodules and liver carcinomas in rats and mice [59,60]. Furthermore, several toxicological studies found that α-, β-, and γ-BHC are potent inducers of hepatic monooxygenases in rats [61], in addition to causing liver enlargement [62].

The dose dependence of α-BHC promoting effects regarding rat hepatocarcinogenesis was first investigated by Masuda et al. [44] in a medium-term rat liver bioassay (Table 1). When F344 male rats were given α-BHC at a wide range of doses from 0.01 to 500 ppm in their 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. On the contrary, a tendency for a decrease was observed with 0.01 and 0.1 ppm α-BHC. In line with PB data, CYP3A2 protein levels and activities showed a good correlation with the numbers and areas of GST-P positive foci. Supportive evidence for hormesis in the promotion of rat hepatocarcinogenesis by α-BHC was provided and the mechanism was suggested to be related to suppression of CYP3A2 protein expression by low doses of the chemical [44].

The possibility of a hormetic effect of α-BHC regarding formation of liver preneoplastic lesions and tumors in vivo, was further examined in F344 rats at doses from 0.01 to 500 ppm in the diet for 10 and 36 weeks after initiation of hepatocarcinogenesis with DEN (Table 1) ([63,64]). The formation of GST-P positive foci was promoted by α-BHC treatment at the dose of 500 ppm, however, both their numbers and areas were found to be significantly reduced with 0.05 ppm. Furthermore, 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 liver preneoplastic lesions. At week 10, dose response curves of cytochrome P450 total content, NADPH-cytochrome P450 reductase activity and 8-OHdG formation reflected those of GST-P positive foci. Similar to the PB hepatocarcinogenicity case, α-BHC at low dose also tended to up-regulate Ogg1 mRNA expression. As for PB, 500 ppm α-BHC treatment led to increase in cell proliferation within areas of GST-P positive foci but decreased their values at low doses. The response curves for catalytic activity, protein levels and mRNA expression of CYP2B1 and CYP3A2 exhibited thresholds, but CYP2C11 activity exhibited an inverted J-shape. This major constitutive male-specific P450 isoform, CYP2C11 was found to be up-regulated by a low dose of α-BHC treatment at the transcriptional level and with regard to catalytic activity. Thus, CYP2C11 was suggested to take part in detoxification while CYP2B1 and CYP3A2 isoenzymes and considered to participate in bioactivation of α-BHC and increase of its hepatotoxicity, given the correlation with GST-P positive foci and 8-OHdG. The non-linear threshold dose response observed at low doses with respect of CYP2B1 and CYP3A2 can be deemed a result of a multi-step process “turning on” orphan nuclear receptors, CAR and PXR, which are known to regulate CYP2B1 and CYP3A2 transcription [65,66]. From these results α-BHC was concluded to exert hormetic effect 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.



3.3. Carcinogenicity of 1,1-bis(p-Chlorophenyl)-2,2,2-trichloroethane (DDT)

Inhibitory effects on development of GST-P positive foci were also noted with low doses of the organochlorine insecticide and a non-genotoxic carcinogen, DDT. Firstly, 21-day-old F344 rats, received DDT at doses from 0.005 to 500 ppm in their diet for 16 weeks (Table 1) [67]. Secondly, Kushida et al. [46] re-examined the possibility of hormesis after DDT administration to F344 rats for 11 and 43 weeks after the initiation of hepatocarcinogenesis with DEN (Table 1). In both studies, the doses of 20 ppm and above were associated with dose-dependent induction of GST-P positive foci in the liver. On the contrary, in the low doses of 0.005 and 0.01 ppm groups, a tendency for decrease in values below the control level was observed. Moreover, histopathological analysis of liver nodules revealed a tendency for decrease in the incidence and multiplicity of HCCs in the low dose groups as compared to the DEN initiation controls. Interestingly, the correlation was found with PB and α-BHC, as the numbers and areas of GST-P positive foci in the low dose DDT 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 apoptosis [67].

It was found that within GST-P positive areas, cell proliferation was slightly lower in the 0.005 ppm DDT dose group as compared to DEN initiation control [67]. As observed in experiments with PB and α-BHC, CYP2B1/2 and CYP3A2 protein levels in the liver microsomal fraction were significantly elevated by high doses of DDT. Furthermore, in line with previous results, 8-OHdG formation was significantly suppressed by low dose of DDT, presumably related to effective DNA repair, which may exceed formation of adducts. Oxidative stress was suggested to be decreased in the low dose group because of the lowered CYP3A2 expression and 8-OHdG formation balanced through elimination by Ogg1 [46,67]. Furthermore, in the low DDT dose group, mRNA and protein expressions of connexin 32 (Cx32) were found to be elevated [46]. Previously, numerous studies reported that high doses of DDT and other non-genotoxic carcinogens inhibit Cx32, resulting in the loss of function of gap junction intracellular communication and release of potentially initiated cells from growth constraints imposed by normal neighboring cells, leading to clonal expansion and ultimately tumor formation and progression [68,69].




4. Carcinogenicity of Ethyl Tertiary-Butyl Ether (ETBE)

ETBE is a well-known chemical and gasoline oxygenate synthesized from bioethanol and isobutene which is used as a gasoline blending component in order to reduce the exhaust emissions such as carbon monoxide, unburned hydrocarbons, polycyclic aromatics and oxides of nitrogen. Nevertheless, humans are at risk of exposure to oxygenates not only by inhalation while fueling automobiles but also orally when drinking contaminated water [70,71]. ETBE has been demonstrated to be non-genotoxic in several test systems including gene mutation tests using Chinese hamster ovary (CHO) cells and Salmonella typhimurium strain, chromosomal aberration test with CHO cells, and in vivo micronucleus test with bone marrow cells of mice orally treated with ETBE and mice exposed to ETBE by inhalation [71].

Importantly, ETBE-administered to male F344 rats by inhalation at a dose of 5,000 ppm for 2-years has been recently shown to induce the development of liver preneoplastic lesions (eosinophilic and basophilic foci) and hepatocellular adenomas (Table 1) [72]. Furthermore, in a multi-organ carcinogenesis bioassay, 1,000 mg/kg b.w./day ETBE by gavage was found to promote hepatocarcinogenesis in male F344 rats [73]. Recently, for elucidation of possible mode of action (MOA) and human relevance of hepatotumorigenicity in rats for ETBE, a short-term study was performed in F344 rats which were administered ETBE at doses of 0, 150 and 1,000 mg/kg body weight twice a day by gavage for 1 and 2 weeks [35]. Significant increase of P450 total content and hydroxyl radical levels by both doses of ETBE treatments at weeks 1 and 2, and 8-OHdG formation at week 2, accompanied accumulation of CYP2B1/2, CYP3A1/2 and CYP2C6 and induction of apoptosis and cell cycle arrest in hepatocytes, respectively. The similarities were found with PB MOA. Up-regulation of CYP2E1 and CYP1A1 at week 1 and 2, and peroxisome proliferation at week 2 was found in high dose ETBE group. Results of proteome analysis predicted activation of upstream regulators of gene expression altered by ETBE including CAR, PXR and PPAR nuclear receptors. The results demonstrated that short-term exposure to the non-genotoxic chemical, ETBE administered to rats by gavage activated CAR and PXR nuclear receptors in the livers similar to the mechanism possessed by the non-genotoxic chemical carcinogen, PB, and furthermore specifically activated PPARs, thus, leading to conspicuous elevation of 8-OHdG formation, cell cycle arrest and apoptosis due to the development of oxidative stress, activation of fatty acid metabolism in mitochondria and peroxisome proliferation in hepatocytes [35].



5. Carcinogenicity of Genotoxic Carcinogens and Involvement of Oxidative Stress


5.1. Arsenic Carcinogenicity

Inorganic arsenicals, trivalent arsenite (As3+) and pentavalent arsenate (As5+), are naturally occurring and ubiquitously present in the environment. Epidemiological data have shown that long-term exposure of humans to inorganic arsenic compounds is associated with liver injury, peripheral neuropathy, and an increased incidence of cancers of the lung, skin, urinary bladder, and liver [74,75]. Organic arsenicals monomethylarsonic acid (MMAV), dimethylarsinic acid (DMAV) and trimethylarsine oxide (TMAOV) are the primary metabolites of inorganic arsenic formed by methylation, the major pathway of inorganic arsenic biotransformation and detoxification, which requires reduced cellular glutathione.

Recent data from biochemical and carcinogenic studies of DMAV suggest that the methylation of arsenic may result in activation instead of detoxification [76]. In a rat multiorgan carcinogenesis bioassay based on the two-stage model of carcinogenesis, DMAV in drinking water has been reported to promote carcinogenesis in the rat urinary bladder, kidney, liver and thyroid gland [77,78], and exhibit carcinogenicity in the urinary bladder of rats in a two-year carcinogenicity test (Table 1) [79]. MMAV, DMAV and TMAOV were also shown to enhance the formation of preneoplastic lesions in the liver, when administered to F344 rats in a drinking water in a medium-term bioassay (Table 1) [80]. Furthermore, TMAOV have been shown to exert tumorigenic potential in the liver, when administered to F344 rats in the drinking water in a 2-year study (Table 1) [81]. Arsenic carcinogenicity is considered to involve complex mechanisms, which could involve more than one MOA. Oxidative stress, stimulation of cell proliferation and induction of chromosomal abnormalities are considered to be the three main possibilities of arsenic carcinogenic action [82]. Previously, in long-term carcinogenicity tests and medium-term liver bioassay, increased formation of 8-OHdG and stimulation of cell proliferation were implicated as possible mechanisms of arsenical carcinogenicity in the liver, urinary bladder and kidney of rats [77,79,80]. In mice, DMAV-induced lung-specific DNA damage can be attributed to free radicals, particularly dimethylarsenic peroxyl radical ((CH3)2AsOO·), arising from the reaction of DMAV with molecular oxygen [83].

To clarify the mechanisms of organic arsenicals’ carcinogenicity and to compare biological responses in the liver and bladder, a short-term study was performed in male F344 rats which were sequentially treated for 5, 10, 15, 20 days with MMAV, DMAV and TMAOV in their drinking water at a dose of 200 ppm (Table 1) [84]. P450 total content and generation of hydroxyl radicals were significantly increased in the rat livers from 10 and 15 days of treatment with arsenicals, respectively, with the highest levels induced by TMAOV. Similarly, elevation of 8-OHdG formation was found in the DNA with significant increase by TMAOV treatment in the liver at days 15 and 20, and DMAV in the bladder after 20 days treatment (Figure 3). In addition, cell proliferation and apoptosis indices were significantly increased by TMAOV in the liver and by DMAV in the bladder of rats. These events were accompanied by differential up-regulation of phase I (CYP2B1 and CYP1A2 in the liver and CYP2B1, CYP3A1 and CYP1A2 in the bladder) and phase II metabolizing enzymes, cyclins D1 and E, PCNA, caspase 3 and FasL. The results indicated that early elevation of 8-OHdG and cell proliferation via generation of oxidative stress by TMAOV and DMAV contributes to their carcinogenicity in the rat liver and bladder [84]. These results were further supported by another study, in which DMAV was shown to exert carcinogenicity in the lungs of homozygous Mmh/Ogg1-deficient mice defective in repair of oxidative DNA base modifications [85]. These data indicated that significant persistent elevation of 8-OHdG, with induction of Pola1, Cyp7b1, Ndfua3, Mmp13 and Hspb1 genes expression induced by DMAV with high background levels of cell proliferation might be responsible for DMAV carcinogenicity in the Ogg1−/− mutant mouse lung.

Figure 3. 8-OHdG formation in the rat liver (A) and bladder (B, 20th day only) after MMAV, DMAV and TMAO administration.
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5.2. Carcinogenicity of 2-Amino-3,8-dimethylimidazo[4,5-f]quinoxaline (MeIQx)

A genotoxic carcinogen, MeIQx is a heterocyclic amine contained in fried meat and fish, and 100 to 400 ppm doses of MeIQx were found to be carcinogenic in the rat liver (Table 1) [86].To investigate the effect of MeIQx exposure at low doses, 1145, 21-day-old male F344 rats were administered MeIQx in the diet at doses of 0, 0.001, 0.01, 0.1, 10 ppm (low dose groups) or 100 ppm (high dose group) for 16 and 32 weeks [87]. The total numbers and areas of GST-P positive foci were not changed in the 0.001–1 ppm MeIQx groups, however, at 10 ppm there was an indication for an increase and at 100 ppm a significant elevation was noted as compared to non-treated controls, both in 16 and 32-week studies (Figure 4). Furthermore, after 4 and 16 weeks of administration, the formation of MeIQx-DNA adducts was dose-dependently induced. 8-OHdG formation was elevated at MeIQx doses higher than 1 ppm. Moreover, the mutation level of H-ras, which role in rat hepatocarcinogenesis is still unclear, was significantly increased in livers of rats treated with MeIQx at doses higher than 1 ppm [88]. Interestingly, in a Big Blue transgenic rat mutagenesis assay, MeIQx at doses of 1 ppm and less was found not to induce lacI mutations in the liver, loosely correlating with non-induction of GST-P positive foci [89]. On the other hand, the MeIQx dose at which significant increase of in vivo mutagenicity was noted, appeared to be lower than the dose inducing formation of GST-P positive foci (Figure 5). Increase of carcinogen-DNA adducts, 8-OHdG levels, in vivo mutagenicity, H-ras mutations, development of GST-P positive foci and lastly, liver tumors appeared to be the chain of sequential events, dependent on the dose of carcinogen, indicating the existence of threshold, at least a “practical” threshold for carcinogenicity of genotoxic carcinogens such as MeIQx.

Figure 4. Hepatocarcinogenicity of MeIQx at low doses in rats.
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Figure 5. Risk of liver cancer: Reaction curves of the carcinogenicity markers dependent on the dose of MeIQx.
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5.3. Carcinogenicity of Potassium Bromate (KBrO3)

KBrO3, known as a pollutant of tap water and as a food additive, was shown to exert carcinogenicity in the rat kidney (Table 1) [90]. Furthermore, KBrO3 was reported to belong to the class of the DNA non-reactive genotoxic carcinogens [90]. To investigate the mutagenicity in the rat kidney, it was administered to Big Blue rats in their drinking water at doses of 0.02 to 500 ppm for 16 weeks [91]. The significant increase of lacI mutations was found at a dose of 500 ppm, however, no mutagenicity was observed for doses lower than 125 ppm. At a dose of 500 ppm, KBrO3 was found to induce oxidative DNA damage-specific mutations (GC to TA transversions). Furthermore, the significant increase of 8-OHdG level in the kidney was detected only at a dose of 500 ppm. In another study, for the examination of KBrO3 carcinogenic potential in the kidney, male Wistar rats were treated with N-ethyl-N-hydroxyethylnitrosamine for initiation of kidney carcinogenesis, and thereafter administered KBrO3 over wide dose range [92]. Increase in induction of kidney tumors was obvious in the highest dose group (the dose was changed during the experiment from 500 to 250 ppm due to the developed toxicity), but not for the dose of 125 ppm or lower. Furthermore, formation of 8-OHdG in rat kidneys was significantly elevated by KBrO3 at doses of 125 ppm and above but not 30 ppm and below. The results indicated that only high doses of KBrO3 induced oxidative DNA damage and exerted promotion effects on development of EHEN-initiated kidney lesions.




6. Induction of ROS, Cell Proliferation, Apoptosis and DNA Repair

Exposure to different chemical carcinogens for which hormetic effects are proposed frequently leads to induction of cytochrome P450 species and formation of ROS, thus producing oxidative stress (Figure 6). 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.

Figure 6. Flow scheme toward dose-effect relations and mechanisms of action of non-genotoxic chemical carcinogens.
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Induction of ROS has been observed to alter cell proliferation and apoptosis (Figure 6). While marked increase in oxygen radicals in the rat liver in cases of non-genotoxic carcinogens, PB, α-BHC and DDT at high dose, for example, leads to elevation of cell proliferation in areas of GST-P positive foci, cell proliferation rates at low doses were found to be decreased in the foci [43]. 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 foci, was suppressed in the low dose 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 the rat liver treated with PB, the results of cDNA microarray analysis indicated low dose to specifically enhance mRNA expression for glutamic acid decarboxylase (GAD65), an enzyme involved in the synthesis of γ-aminobutyric acid (GABA), while suppressing expression of MAP kinase p38, JNK1, 2 and other intracellular kinases [43] (Figure 6). Recently, 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 stimulation [93,94]. 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 PB at low dose 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 be more than compensation for deleterious influence. Application of high doses of the same substance may result in tumor induction because of cell cycle acceleration due to cytotoxicity and regenerative cell proliferation which represent the key parameters concerning threshold mechanisms, although apoptosis also contributes. This would be important for non-genotoxic carcinogens. 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-response curve in carcinogenicity.



7. Conclusions

Recent data on the effects of non-genotoxic carcinogens such as PB, α-BHC, and DDT indicate the existence of hormesis which implies the maintenance of homeostasis, with adaptive responses involving alteration to formation of oxidative stress, DNA damage and repair, apoptosis, cell proliferation and signaling, and cell-cell communication. The findings have broad implications for the present concept of threshold in non-genotoxic carcinogens response and therefore, for cancer risk assessment of medicines, agrichemicals, food additives and so on.

In case of genotoxic carcinogens, increase of DNA adducts at low doses preceded the elevation of 8-OHdG at somewhat higher doses, related to rise in gene mutations, and lastly by formation ofpreneoplastic lesions. These data point the primary importance of formation of DNA adducts by genotoxic chemicals, which contributes to the initiation stage of carcinogenesis. The probable secondary mechanism for their carcinogenicities involves the formation of oxidative stress which is likely to be implicated in promotion and progression stages. In addition, the possibility of existence of threshold for the carcinogenicities of genotoxic carcinogens is the next question of interest.






Acknowledgements

These studies were supported by the grants from the Japan Science and Technology Corporation, included in the Project of Core Research for Evolutional Science and Technology (CREST), Ministry of Education, Culture, Sports, Science and Technology of Japan and by Petroleum Industry Technology and Research Institute, Inc., Japan.



Conflicts of Interest

The authors declare no conflicts of interest.



References


	1. 
Nowsheen, S.; Aziz, K.; Kryston, T.B.; Ferguson, N.F.; Georgakilas, A. The interplay between inflammation and oxidative stress in carcinogenesis. Curr. Mol. Med. 2012, 12, 672–680. [Google Scholar] [CrossRef]

	2. 
Valavanidis, A.; Vlachogianni, T.; Fiotakis, K. Tobacco smoke: Involvement of reactive oxygen species and stable free radicals in mechanisms of oxidative damage, carcinogenesis and synergistic effects with other respirable particles. Int. J. Environ. Res. Public Health 2009, 6, 445–462. [Google Scholar] [CrossRef]

	3. 
Valavanidis, A.; Vlachogianni, T.; Fiotakis, K.; Loridas, S. Pulmonary oxidative stress, inflammation and cancer: Respirable particulate matter, fibrous dusts and ozone as major causes of lung carcinogenesis through reactive oxygen species mechanisms. Int. J. Environ. Res. Public Health 2013, 10, 3886–3907. [Google Scholar] [CrossRef]

	4. 
Loft, S.; Poulsen, H.E. Cancer risk and oxidative DNA damage in man. J. Mol. Med. 1996, 74, 297–312. [Google Scholar] [CrossRef]

	5. 
Wilson, K.T.; Fu, S.; Ramanujam, K.S.; Meltzer, S.J. Increased expression of inducible nitric oxide synthase and cyclooxygenase-2 in Barrett's esophagus and associated adenocarcinomas. Cancer Res. 1998, 58, 2929–2934. [Google Scholar]

	6. 
Bartsch, H.; Nair, J. Ultrasensitive and specific detection methods for exocylic DNA adducts: Markers for lipid peroxidation and oxidative stress. Toxicology 2000, 153, 105–114. [Google Scholar] [CrossRef]

	7. 
Marnett, L.J. Oxyradicals and DNA damage. Carcinogenesis 2000, 21, 361–370. [Google Scholar] [CrossRef]

	8. 
Nair, J.; Barbin, A.; Guichard, Y.; Bartsch, H. 1,N6-ethenodeoxyadenosine and 3,N4-ethenodeoxycytine in liver DNA from humans and untreated rodents detected by immunoaffinity/32P-postlabeling. Carcinogenesis 1995, 16, 613–617. [Google Scholar] [CrossRef]

	9. 
Hang, B.; Chenna, A.; Sagi, J.; 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 and endonuclease IV. Carcinogenesis 1998, 19, 1339–1343. [Google Scholar]

	10. 
Anisimov, V.N. Ageing and the mechanisms of carcinogenesis: Some practical implications. J. Exp. Clin. Cancer Res. 1998, 17, 263–268. [Google Scholar]

	11. 
Palut, D.; Kostka, G.; Strucinski, P. The role of nuclear receptors in cytochrome P-450 induction by xenochemicals. Rocz. Panstw. Zakl. Hig. 2002, 53, 321–332. [Google Scholar]

	12. 
Maglich, J.M.; Stoltz, C.M.; Goodwin, B.; Hawkins-Brown, D.; Moore, J.T.; Kliewer, S.A. Nuclear pregnane X receptor and constitutive androstane receptor regulate overlapping but distinct sets of genes involved in xenobiotic detoxification. Mol. Pharmacol. 2002, 62, 638–646. [Google Scholar] [CrossRef]

	13. 
Bertilsson, G.; Heidrich, J.; Svensson, K.; Asman, M.; Jendeberg, L.; Sydow-Backman, M.; Ohlsson, R.; Postlind, H.; Blomquist, P.; Berkenstam, A. Identification of a human nuclear receptor defines a new signaling pathway for CYP3A induction. Proc. Natl. Acad. Sci. USA 1998, 95, 12208–12213. [Google Scholar] [CrossRef]

	14. 
Blumberg, B.; Evans, R.M. Orphan nuclear receptors-new ligands and new possibilities. Genes Dev. 1998, 12, 3149–3155. [Google Scholar] [CrossRef]

	15. 
Moore, L.B.; Parks, D.J.; Jones, S.A.; Bledsoe, R.K.; Consler, T.G.; Stimmel, J.B.; Goodwin, B.; Liddle, C.; Blanchard, S.G.; Willson, T.M.; et al. Orphan nuclear receptors constitutive androstane receptor and pregnane X receptor share xenobiotic and steroid ligands. J. Biol. Chem. 2000, 275, 15122–15127. [Google Scholar]

	16. 
Honkakoski, P.; Negishi, M. Regulatory DNA elements of phenobarbital-responsive cytochrome P450 CYP2B genes. J. Biochem. Mol. Toxicol. 1998, 12, 3–9. [Google Scholar] [CrossRef]

	17. 
Moore, L.B.; Maglich, J.M.; McKee, D.D.; Wisely, B.; Willson, T.M.; Kliewer, S.A.; Lambert, M.H.; Moore, J.T. Pregnane X receptor (PXR), constitutive androstane receptor (CAR), and benzoate X receptor (BXR) define three pharmacologically distinct classes of nuclear receptors. Mol. Endocrinol. 2002, 16, 977–986. [Google Scholar] [CrossRef]

	18. 
Sueyoshi, T.; Kawamoto, T.; Zelko, I.; Honkakoski, P.; Negishi, M. The repressed nuclear receptor CAR responds to phenobarbital in activating the human CYP2B6 gene. J. Biol. Chem. 1999, 274, 6043–6046. [Google Scholar]

	19. 
Dzhekova-Stojkova, S.; Bogdanska, J.; Stojkova, Z. Peroxisome proliferators: Their biological and toxicological effects. Clin. Chem. Lab. Med. 2001, 39, 468–474. [Google Scholar]

	20. 
O’Brien, M.L.; Spear, B.T.; Glauert, H.P. Role of oxidative stress in peroxisome proliferator-mediated carcinogenesis. Crit. Rev. Toxicol. 2005, 35, 61–88. [Google Scholar]

	21. 
Lim, Y.P.; Huang, J.D. Interplay of pregnane X receptor with other nuclear receptors on gene regulation. Drug Metab. Pharmacokinet. 2008, 23, 14–21. [Google Scholar] [CrossRef]

	22. 
Pascussi, J.M.; Gerbal-Chaloin, S.; Duret, C.; Daujat-Chavanieu, M.; Vilarem, M.J.; Maurel, P. The tangle of nuclear receptors that controls xenobiotic metabolism and transport: Crosstalk and consequences. Annu. Rev. Pharmacol. Toxicol. 2008, 48, 1–32. [Google Scholar] [CrossRef]

	23. 
Moreau, A.; Vilarem, M.J.; Maurel, P.; Pascussi, J.M. Xenoreceptors CAR and PXR activation and consequences on lipid metabolism, glucose homeostasis, and inflammatory response. Mol. Pharm. 2008, 5, 35–41. [Google Scholar]

	24. 
Feig, D.I.; Reid, T.M.; Loeb, L.A. Reactive oxygen species in tumorigenesis. Cancer Res. 1994, 54, 1890s–1894s. [Google Scholar]

	25. 
Klaunig, J.E.; Xu, Y.; Isenberg, J.S.; Bachowski, S.; Kolaja, K.L.; Jiang, J.; Stevenson, D.E.; Walborg, E.F., Jr. The role of oxidative stress in chemical carcinogenesis. Environ. Health Perspect. 1998, 106, 289–295. [Google Scholar]

	26. 
Kim, Y.W.; West, X.Z.; Byzova, T.V. Inflammation and oxidative stress in angiogenesis and vascular disease. J. Mol. Med. 2013, 91, 323–328. [Google Scholar] [CrossRef]

	27. 
Shelton, P.; Jaiswal, A.K. The transcription factor NF-E2-related factor 2 (Nrf2): A protooncogene? FASEB J. 2013, 27, 414–423. [Google Scholar] [CrossRef]

	28. 
Nakae, D.; Kobayashi, Y.; Akai, H.; Andoh, N.; Satoh, H.; Ohashi, K.; Tsutsumi, M.; Konishi, Y. Involvement of 8-hydroxyguanine formation in the initiation of rat liver carcinogenesis by low dose levels of N-nitrosodiethylamine. Cancer Res. 1997, 57, 1281–1287. [Google Scholar]

	29. 
Fraga, C.G.; Shigenaga, M.K.; Park, J.W.; Degan, P.; Ames, B.N. Oxidative damage to DNA during aging: 8-Hydroxy-2'-deoxyguanosine in rat organ DNA and urine. Proc. Natl. Acad. Sci. USA 1990, 87, 4533–4537. [Google Scholar]

	30. 
Shibutani, S.; Takeshita, M.; Grollman, A.P. Insertion of specific bases during DNA synthesis past the oxidation-damaged base 8-oxodG. Nature 1991, 349, 431–434. [Google Scholar] [CrossRef]

	31. 
Shen, H.M.; Ong, C.N.; Lee, B.L.; Shi, C.Y. Aflatoxin B1-induced 8-hydroxydeoxyguanosine formation in rat hepatic DNA. Carcinogenesis 1995, 16, 419–422. [Google Scholar] [CrossRef]

	32. 
Shen, H.M.; Ong, C.N.; Shi, C.Y. Involvement of reactive oxygen species in aflatoxin B1-induced cell injury in cultured rat hepatocytes. Toxicology 1995, 99, 115–123. [Google Scholar] [CrossRef]

	33. 
Kato, T.; Hasegawa, R.; Nakae, D.; Hirose, M.; Yaono, M.; Cui, L.; Kobayashi, Y.; Konishi, Y.; Ito, N.; Shirai, T. Dose-dependent induction of 8-hydroxyguanine and preneoplastic foci in rat liver by a food-derived carcinogen, 2-amino-3,8-dimethylimidazo[4,5-f]quinoxaline, at low dose levels. Jpn. J. Cancer Res. 1996, 87, 127–133. [Google Scholar] [CrossRef]

	34. 
Denda, A.; Endoh, T.; Nakae, D.; Konishi, Y. Effects of oxidative stress induced by redox-enzyme modulation on rat hepatocarcinogenesis. Toxicol. Lett. 1995, 82, 413–417. [Google Scholar]

	35. 
Kakehashi, A.; Hagiwara, A.; Imai, N.; Nagano, K.; Nishimaki, F.; Banton, M.; Wei, M.; Fukushima, S.; Wanibuchi, H. Mode of action of ethyl tertiary-butyl ether hepatotumorigenicity in the rat: Evidence for a role of oxidative stress via activation of CAR, PXR and PPARs signaling pathways. Toxicol. Appl. Pharmacol. 2013. [Google Scholar] [CrossRef]

	36. 
Kinoshita, A.; Wanibuchi, H.; Imaoka, S.; Ogawa, M.; Masuda, C.; Morimura, K.; Funae, Y.; Fukushima, S. Formation of 8-hydroxydeoxyguanosine and cell-cycle arrest in the rat liver via generation of oxidative stress by phenobarbital: Association with expression profiles of p21(WAF1/Cip1), cyclin D1 and Ogg1. Carcinogenesis 2002, 23, 341–349. [Google Scholar] [CrossRef]

	37. 
Floyd, R.A. The role of 8-hydroxyguanine in carcinogenesis. Carcinogenesis 1990, 11, 1447–1450. [Google Scholar] [CrossRef]

	38. 
Boiteux, S.; Radicella, J.P. Base excision repair of 8-hydroxyguanine protects DNA from endogenous oxidative stress. Biochimie 1999, 81, 59–67. [Google Scholar] [CrossRef]

	39. 
Traverso, N.; Ricciarelli, R.; Nitti, M.; Marengo, B.; Furfaro, A.L.; Pronzato, M.A.; Marinari, U.M.; Domenicotti, C. Role of glutathione in cancer progression and chemoresistance. Oxid. Med. Cell Longev. 2013. [Google Scholar] [CrossRef]

	40. 
Kuraoka, I.; Endou, M.; Yamaguchi, Y.; Wada, T.; Handa, H.; Tanaka, K. Effects of endogenous DNA base lesions on transcription elongation by mammalian RNA polymerase II. Implications for transcription-coupled DNA repair and transcriptional mutagenesis. J. Biol. Chem. 2003, 278, 7294–7299. [Google Scholar]

	41. 
Williams, G.M.; Whysner, J. Epigenetic carcinogens: Evaluation and risk assessment. Exp. Toxicol. Pathol. 1996, 48, 189–195. [Google Scholar] [CrossRef]

	42. 
Bombail, V.; Moggs, J.G.; Orphanides, G. Perturbation of epigenetic status by toxicants. Toxicol. Lett. 2004, 149, 51–58. [Google Scholar] [CrossRef]

	43. 
Kinoshita, A.; Wanibuchi, H.; Morimura, K.; Wei, M.; Shen, J.; Imaoka, S.; Funae, Y.; Fukushima, S. Phenobarbital at low dose exerts hormesis in rat hepatocarcinogenesis by reducing oxidative DNA damage, altering cell proliferation, apoptosis and gene expression. Carcinogenesis 2003, 24, 1389–1399. [Google Scholar]

	44. 
Masuda, C.; Wanibuchi, H.; Otori, K.; Wei, M.; Yamamoto, S.; Hiroi, T.; Imaoka, S.; Funae, Y.; 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. 2001, 163, 179–185. [Google Scholar] [CrossRef]

	45. 
Puatanachokchai, R.; Kakuni, M.; Wanibuchi, H.; Kinoshita, A.; Kang, J.S.; Salim, E.I.; Morimura, K.; Tamano, S.; Merlino, G.T.; Fukushima, S. Lack of promoting effects of phenobarbital at low dose on diethylnitrosamine-induced hepatocarcinogenesis in TGF-alpha transgenic mice. Asian Pac. J. Cancer Prev. 2006, 7, 274–278. [Google Scholar]

	46. 
Kushida, M.; Sukata, T.; Uwagawa, S.; Ozaki, K.; Kinoshita, A.; Wanibuchi, H.; Morimura, K.; Okuno, Y.; Fukushima, S. Low dose DDT inhibition of hepatocarcinogenesis initiated by diethylnitrosamine in male rats: Possible mechanisms. Toxicol. Appl. Pharmacol. 2005, 208, 285–294. [Google Scholar]

	47. 
Peraino, C.; Fry, R.J.; Staffeldt, E. Reduction and enhancement by phenobarbital of hepatocarcinogenesis induced in the rat by 2-acetylaminofluorene. Cancer Res. 1971, 31, 1506–1512. [Google Scholar]

	48. 
Kaufmann, W.K.; Ririe, D.G.; Kaufman, D.G. Phenobarbital-dependent proliferation of putative initiated rat hepatocytes. Carcinogenesis 1988, 9, 779–782. [Google Scholar] [CrossRef]

	49. 
Butler, W.H.; Hempsall, V. Histochemical observations on nodules induced in the mouse liver by phenobarbitone. J. Pathol. 1978, 125, 155–161. [Google Scholar]

	50. 
Feldman, D.; Swarm, R.L.; Becker, J. Ultrastructural study of rat liver and liver neoplasms after long-term treatment with phenobarbital. Cancer Res. 1981, 41, 2151–2162. [Google Scholar]

	51. 
Jirtle, R.L.; Meyer, S.A. Liver tumor promotion: Effect of phenobarbital on EGF and protein kinase C signal transduction and transforming growth factor-beta 1 expression. Dig. Dis. Sci. 1991, 36, 659–668. [Google Scholar] [CrossRef]

	52. 
Manjeshwar, S.; Rao, P.M.; Rajalakshmi, S.; Sarma, D.S. Inhibition of DNA synthesis by phenobarbital in primary cultures of hepatocytes from normal rat liver and from hepatic nodules. Carcinogenesis 1992, 13, 2287–2291. [Google Scholar] [CrossRef]

	53. 
Schulte-Hermann, R.; Timmermann-Trosiener, I.; Barthel, G.; Bursch, W. DNA synthesis, apoptosis, and phenotypic expression as determinants of growth of altered foci in rat liver during phenobarbital promotion. Cancer Res. 1990, 50, 5127–5135. [Google Scholar]

	54. 
Waxman, D.J.; Azaroff, L. Phenobarbital induction of cytochrome P-450 gene expression. Biochem. J. 1992, 281, 577–592. [Google Scholar]

	55. 
Ito, N.; Tamano, S.; Shirai, T. A medium-term rat liver bioassay for rapid in vivo detection of carcinogenic potential of chemicals. Cancer Sci. 2003, 94, 3–8. [Google Scholar] [CrossRef]

	56. 
Kitano, M.; Ichihara, T.; Matsuda, T.; Wanibuchi, H.; Tamano, S.; Hagiwara, A.; Imaoka, S.; Funae, Y.; Shirai, T.; Fukushima, S. Presence of a threshold for promoting effects of phenobarbital on diethylnitrosamine-induced hepatic foci in the rat. Carcinogenesis 1998, 19, 1475–1480. [Google Scholar] [CrossRef]

	57. 
Roos, D.; Winterbourn, C.C. Immunology. Lethal weapons. Science 2002, 296, 669–671. [Google Scholar]

	58. 
Whiteman, M.; Hong, H.S.; Jenner, A.; 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. 2002, 296, 883–889. [Google Scholar] [CrossRef]

	59. 
Ito, N.; Hananouchi, M.; Sugihara, S.; Shirai, T.; Tsuda, H. Reversibility and irreversibility of liver tumors in mice induced by the alpha isomer of 1,2,3,4,5,6-hexachlorocyclohexane. Cancer Res. 1976, 36, 2227–2234. [Google Scholar]

	60. 
Ito, N.; Nagasaki, H.; Aoe, H.; Sugihara, S.; Miyata, Y. Development of hepatocellular carcinomas in rats treated with benzene hexachloride. J. Natl. Cancer Inst. 1975, 54, 801–805. [Google Scholar]

	61. 
Koransky, W.; Portig, J.; Vohland, H.W.; Klempau, I. Activation of microsome enzymes by hexachlorocyclohexane isomers. Its effect on scilliroside poisoning in rats. Naunyn Schmiedebergs Arch. Exp. Pathol. Pharmakol. 1964, 247, 61–70. [Google Scholar] [CrossRef]

	62. 
Schlicht, I.; Koransky, W.; Magour, S.; Schulte-Hermann, R. Enlargement and DNA synthesis by the liver under in influence of substances alien to the body. Naunyn Schmiedebergs Arch. Exp. Pathol. Pharmakol. 1968, 261, 26–41. [Google Scholar] [CrossRef]

	63. 
Puatanachokchai, R.; Morimura, K.; Wanibuchi, H.; Oka, M.; Kinoshita, A.; Mitsuru, F.; Yamaguchi, S.; Funae, Y.; Fukushima, S. Alpha-benzene hexachloride exerts hormesis in preneoplastic lesion formation of rat hepatocarcinogenesis with the possible role for hepatic detoxifying enzymes. Cancer Lett. 2006, 240, 102–113. [Google Scholar] [CrossRef]

	64. 
Wongpoomchai, R.; Morimura, K.; Wanibuchi, H.; Kakehashi, A.; Fukushima, S. Department of Pathology, Osaka City University Graduate School of Medicine, Osaka, Japan, Unpublished work. 2013.

	65. 
Gastel, J.A. Early indicators of response in biologically based risk assessment for nongenotoxic carcinogens. Regul. Toxicol. Pharmacol. 2001, 33, 393–398. [Google Scholar] [CrossRef]

	66. 
Honkakoski, P.; Zelko, I.; Sueyoshi, T.; Negishi, M. The nuclear orphan receptor CAR-retinoid X receptor heterodimer activates the phenobarbital-responsive enhancer module of the CYP2B gene. Mol. Cell Biol. 1998, 18, 5652–5658. [Google Scholar]

	67. 
Sukata, T.; Uwagawa, S.; Ozaki, K.; Ogawa, M.; Nishikawa, T.; Iwai, S.; Kinoshita, A.; Wanibuchi, H.; Imaoka, S.; Funae, Y.; et al. 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 2002, 99, 112–118. [Google Scholar] [CrossRef]

	68. 
Chipman, J.K.; Mally, A.; Edwards, G.O. Disruption of gap junctions in toxicity and carcinogenicity. Toxicol. Sci. 2003, 71, 146–153. [Google Scholar] [CrossRef]

	69. 
Mally, A.; Chipman, J.K. Non-genotoxic carcinogens: Early effects on gap junctions, cell proliferation and apoptosis in the rat. Toxicology 2002, 180, 233–248. [Google Scholar] [CrossRef]

	70. 
Ahmed, F.E. Toxicology and human health effects following exposure to oxygenated or reformulated gasoline. Toxicol. Lett. 2001, 123, 89–113. [Google Scholar] [CrossRef]

	71. 
McGregor, D. Ethyl tertiary-butyl ether: A toxicological review. Crit. Rev. Toxicol. 2007, 37, 287–312. [Google Scholar]

	72. 
Saito, A.; Sasaki, T.; Kasai, T.; Katagiri, T.; Nishizawa, T.; Noguchi, T.; Aiso, S.; Nagano, K.; Fukushima, S. Hepatotumorigenicity of ethyl tertiary-butyl ether with 2-year inhalation exposure in F344 rats. Arch. Toxicol. 2013, 87, 905–914. [Google Scholar] [CrossRef]

	73. 
Hagiwara, A.; Doi, Y.; Imai, N.; Nakashima, H.; Ono, T.; Kawabe, M.; Furukawa, F.; Tamano, S.; Nagano, K.; Fukushima, S. Medium-term multi-organ carcinogenesis bioassay of ethyl tertiary-butyl ether in rats. Toxicology 2011, 289, 160–166. [Google Scholar] [CrossRef]

	74. 
Leonard, A.; Lauwerys, R.R. Carcinogenicity, teratogenicity and mutagenicity of arsenic. Mutat. Res. 1980, 75, 49–62. [Google Scholar] [CrossRef]

	75. 
Taylor, P.R.; Qiao, Y.L.; Schatzkin, A.; Yao, S.X.; Lubin, J.; Mao, B.L.; Rao, J.Y.; McAdams, M.; Xuan, X.Z.; Li, J.Y. Relation of arsenic exposure to lung cancer among tin miners in Yunnan Province, China. Br. J. Ind. Med. 1989, 46, 881–886. [Google Scholar]

	76. 
Kitchin, K.T.; Ahmad, S. Oxidative stress as a possible mode of action for arsenic carcinogenesis. Toxicol. Lett. 2003, 137, 3–13. [Google Scholar]

	77. 
Wanibuchi, H.; Yamamoto, S.; Chen, H.; Yoshida, K.; Endo, G.; Hori, T.; Fukushima, S. Promoting effects of dimethylarsinic acid on N-butyl-N-(4-hydroxybutyl)nitrosamine-induced urinary bladder carcinogenesis in rats. Carcinogenesis 1996, 17, 2435–2439. [Google Scholar] [CrossRef]

	78. 
Yamamoto, S.; Konishi, Y.; Matsuda, T.; Murai, T.; Shibata, M.A.; Matsui-Yuasa, I.; Otani, S.; Kuroda, K.; Endo, G.; Fukushima, S. Cancer induction by an organic arsenic compound, dimethylarsinic acid (cacodylic acid), in F344/DuCrj rats after pretreatment with five carcinogens. Cancer Res. 1995, 55, 1271–1276. [Google Scholar]

	79. 
Wei, M.; Wanibuchi, H.; Yamamoto, S.; Li, W.; Fukushima, S. Urinary bladder carcinogenicity of dimethylarsinic acid in male F344 rats. Carcinogenesis 1999, 20, 1873–1876. [Google Scholar] [CrossRef]

	80. 
Nishikawa, T.; Wanibuchi, H.; Ogawa, M.; Kinoshita, A.; Morimura, K.; Hiroi, T.; Funae, Y.; Kishida, H.; Nakae, D.; Fukushima, S. Promoting effects of monomethylarsonic acid, dimethylarsinic acid and trimethylarsine oxide on induction of rat liver preneoplastic glutathione S-transferase placental form positive foci: A possible reactive oxygen species mechanism. Int. J. Cancer 2002, 100, 136–139. [Google Scholar]

	81. 
Shen, J.; Wanibuchi, H.; Salim, E.I.; Wei, M.; Kinoshita, A.; Yoshida, K.; Endo, G.; Fukushima, S. Liver tumorigenicity of trimethylarsine oxide in male Fischer 344 rats—Association with oxidative DNA damage and enhanced cell proliferation. Carcinogenesis 2003, 24, 1827–1835. [Google Scholar] [CrossRef]

	82. 
Kitchin, K.T. Recent advances in arsenic carcinogenesis: Modes of action, animal model systems, and methylated arsenic metabolites. Toxicol. Appl. Pharmacol. 2001, 172, 249–261. [Google Scholar] [CrossRef]

	83. 
Yamanaka, K.; Hoshino, M.; Okamoto, M.; Sawamura, R.; Hasegawa, A.; Okada, S. Induction of DNA damage by dimethylarsine, a metabolite of inorganic arsenics, is for the major part likely due to its peroxyl radical. Biochem. Biophys. Res. Commun. 1990, 168, 58–64. [Google Scholar] [CrossRef]

	84. 
Kinoshita, A.; Wanibuchi, H.; Wei, M.; Yunoki, T.; Fukushima, S. Elevation of 8-hydroxydeoxyguanosine and cell proliferation via generation of oxidative stress by organic arsenicals contributes to their carcinogenicity in the rat liver and bladder. Toxicol. Appl. Pharmacol. 2007, 221, 295–305. [Google Scholar] [CrossRef]

	85. 
Kinoshita, A.; Wanibuchi, H.; Morimura, K.; Wei, M.; Nakae, D.; Arai, T.; Minowa, O.; Noda, T.; Nishimura, S.; Fukushima, S. Carcinogenicity of dimethylarsinic acid in Ogg1-deficient mice. Cancer Sci. 2007, 98, 803–814. [Google Scholar] [CrossRef]

	86. 
Kato, T.; Ohgaki, H.; Hasegawa, H.; Sato, S.; Takayama, S.; Sugimura, T. Carcinogenicity in rats of a mutagenic compound, 2-amino-3,8-dimethylimidazo[4,5-f]quinoxaline. Carcinogenesis 1988, 9, 71–73. [Google Scholar]

	87. 
Fukushima, S.; Wanibuchi, H.; Morimura, K.; Wei, M.; Nakae, D.; Konishi, Y.; Tsuda, H.; Uehara, N.; Imaida, K.; Shirai, T.; et al. Lack of a dose-response relationship for carcinogenicity in the rat liver with low doses of 2-amino-3,8-dimethylimidazo[4,5-f]quinoxaline or N-nitrosodiethylamine. Jpn. J. Cancer Res. 2002, 93, 1076–1082. [Google Scholar] [CrossRef]

	88. 
Yano, Y.; Yano, T.; Kinoshita, A.; Matoba, A.; Hasuma, T.; Wanibuchi, H.; Morimura, K.; Otani, S.; Fukushima, S. Sensitive quantitative assay for point mutations in the rat H-ras gene based on single nucleotide primer extension. Exp. Ther. Med. 2010, 1, 657–661. [Google Scholar]

	89. 
Hoshi, M.; Morimura, K.; Wanibuchi, H.; Wei, M.; Okochi, E.; Ushijima, T.; Takaoka, K.; Fukushima, S. No-observed effect levels for carcinogenicity and for in vivo mutagenicity of a genotoxic carcinogen. Toxicol. Sci. 2004, 81, 273–279. [Google Scholar] [CrossRef]

	90. 
Kurokawa, Y.; Maekawa, A.; Takahashi, M.; Hayashi, Y. Toxicity and carcinogenicity of potassium bromate—A new renal carcinogen. Environ. Health Perspect. 1990, 87, 309–335. [Google Scholar]

	91. 
Yamaguchi, T.; Wei, M.; Hagihara, N.; Omori, M.; Wanibuchi, H.; Fukushima, S. Lack of mutagenic and toxic effects of low dose potassium bromate on kidneys in the Big Blue rat. Mutat. Res. 2008, 652, 1–11. [Google Scholar] [CrossRef]

	92. 
Wei, M.; Hamoud, A.S.; Yamaguchi, T.; Kakehashi, A.; Morimura, K.; Doi, K.; Kushida, M.; Kitano, M.; Wanibuchi, H.; Fukushima, S. Potassium bromate enhances N-ethyl-N-hydroxyethylnitrosamine-induced kidney carcinogenesis only at high doses in Wistar rats: Indication of the existence of an enhancement threshold. Toxicol. Pathol. 2009, 37, 983–991. [Google Scholar]

	93. 
Biju, M.P.; Pyroja, S.; Rajeshkumar, N.V.; Paulose, C.S. Enhanced GABA(B) receptor in neoplastic rat liver: Induction of DNA synthesis by baclofen in hepatocyte cultures. J. Biochem. Mol. Biol. Biophys. 2002, 6, 209–214. [Google Scholar]

	94. 
Erlitzki, R.; Gong, Y.; Zhang, M.; Minuk, G. Identification of gamma-aminobutyric acid receptor subunit types in human and rat liver. Am. J. Physiol. Gastrointest. Liver Physiol. 2000, 279, G733–G739. [Google Scholar]





© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).







media/file4.png
GST-P positive foci

MelQx-DNA adduct

Number (/em?) Adduct/107 ntd
100
- 100 T,
P<0.01 i P<0.05
10
1
01 4 wks
0.01 ¢
0 g 0.001
0 0.001 001 0.1 10 100 0.01 0.1 1 10 1

MelQx dose (ppm, in diet)

MelQx dose (ppm, in diet)

8-OHdG
8-OHdG /10° dG
1w
“P<0.01 *]
p
1 =
4 wks
0.1
0.001 0.01 0.1 1 10 100

MelQx dose (ppm, in diet)






nav.xhtml


  cancers-05-01332


  
    		
      cancers-05-01332
    


  




  





media/file5.png
Control level

MelQx-DNA
adduct

GST-P
8-OHdG, positive foci
H-ras, lacl mutation,
initiation activity Y

-

7
.
Liver cancer

7/
/

MelQx doses






media/file3.png
A
B-OHAG 107dG Liver
0.5

" l* P<005
0.45 4 i

5 10 15 200 davs
O Control: O MMAY: B DMAY: B TMAD

B ) ~ Bladder
B-OHAG/ 10°dG

0.35 ;
0.3 ]

*P=0.05 -

0 1 —
Control MMAY DMAY TMAQ





media/file0.png





media/file1.png
A 400, .
CYP3A2/8-OHdG B .
2 L

Relative of non-treated control
=
in

~

-
1 2 4 6 8 10 12 14 days





media/file2.png
GST-P+ foci (No./em2) and
Apoptosis (No./1000 cells)

100

(2
30
GST-P* foci 1%
" (No./cm?) PCNA/
| GST-P* foci
20
B Apoptosis/ 15
surrounding
r area 110
‘\‘__—k”‘ 8-OHdG 5
0

(51199 0001/ON)VNDd
pue Hp,01/DPHO-8





media/file6.png
N
(chemicals, pollutants, tumor promoters, P450 inducers, hormones, TCDD)

v
Mutagenicity negative
(DNA non-reactive)
-
Induction of oxidative stress
(P-450, ROS, 8-OHdG)

Inhibition of oxidative stress
(CYP3A2, 8-OHdG)
Inhibition of cell proliferation in the areas of
GST-P positive foci

Elevation of cell proliferation in the areas
of GST-P positive foci

Suppression of apoptosis in normal-appearing liver area |

‘ liver area |
Protection of GJIC

Inhibition of GJIC

Activation of liver detoxification system
(CYP2C11, P-450 NADPH oxidoreductase)

Activation of
nuclear receptors

Hormetic effect on carcinogenesis
(Inhibition of GST-P pasitive foci and
tumor development)

Promotion of carcinogenesis
(Induction of GST-P positive foci and
tumnor development)

Oxidative stress
Plasma membrane Lipid peroxidation
Cytoplasm

Mitochondria

Endoplasmic

n
<:l reticuluny

0, MnsO0y o

ration, survi
e N N
— Antioxidant and angiogenesis
Inflammat -
nflammato
mediators Cellular defense,

Inflammatory response SUrVival g
survival, cell proliferation DNA repair (0GG1, APEX)






