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Abstract:

 The aim of the present study was to evaluate the effect of long-term cyanidin 3-O-β-D-glucoside (C3G) and/or Ochratoxin A (OTA)-exposure on dimethylarginine dimethylamino hydrolase/nitric oxide synthase (DDAH/NOS) pathway in rats. The experiments were performed in rats supplemented with C3G (1 g/kg feed), OTA (200 ppb), and OTA + C3G. After 4 weeks of daily treatment, liver and kidneys were processed for eNOS, iNOS and DDAH-1 Western blotting, nitrite levels evaluation and DDAH activity determination. Results show that OTA is able to induce iNOS both in kidney and liver, whereas OTA is able to induce eNOS and DDAH-1 overexpression and DDAH activation only in kidney, resulting in increased nitrite levels. In kidney of OTA + C3G fed rats, iNOS, eNOS and DDAH-1 expression were less pronounced compared with those observed in the OTA-treated group. Coherent with the decreased iNOS, eNOS and DDAH-1 expression a decrease in nitrite levels and DDAH activity was observed in the OTA + C3G group. Results demonstrate that C3G is able to counteract the deleterious effects of chronic consumption of OTA and also suggest a possible involvement of iNOS-eNOS-DDAH impairment in OTA nephrocarcinogenity.
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1. Introduction

Ochratoxin A (OTA), or (R)-N-[(5-chloro-3,4-dihydro-8-hydroxy-3-methyl-1-oxo-1H-2-benzopyran-7-yl)carbonyl)-L-phenylalanine, is a natural contaminant of the food chain worldwide [1,2] produced, as a secondary metabolite by some filamentous fungi species belonging to the genera Aspergillus and Penicillium [3]. It has been reported that OTA is toxic in rodents and other animals [4] and is involved in the development of different type of cancers in rats, mice and humans [5]. However, the mechanism of OTA carcinogenicity has not been definitively elucidated. OTA toxicity and carcinogenity might be attributed to the formation of reactive oxygen species such as the superoxide anion (O2–), hydroxyl radical (–OH) and peroxide (ROO–), which induce a wide range of lesions to cell components, or to reduction in antioxidant defenses [6,7]. Moreover, Cavin et al. [8] reported an OTA-mediated increase of the inducible nitric oxide synthase (iNOS) expression in a normal rat kidney cell line and in rat hepatocyte cultures, suggesting the induction of both oxidative and nitrosative stress. Strong evidence suggests that nitric oxide (NO), produced by three isoforms of nitric oxide synthases (neuronal NOS, endothelial NOS and inducible NOS), mediates a variety of actions such as vasodilatation, neurotransmission, host defense against bacteria and angiogenesis [9,10].

Although conflicting data has been reported, an overwhelming amount of clinical and experimental evidence suggests a positive association between iNOS/eNOS overexpression, NO production and tumor progression [11,12,13,14]. In particular, NO produced by eNOS may be involved in tumor angiogenesis [15]. Modulation of NO production may therefore play an important role in regulation of angiogenesis and consequently in tumor progression. Kostorou et al. reported the involvement of dimethylarginine dimethylaminohydrolase (DDAH) in cerebral tumor growth and development of tumor vasculature [16]; this enzyme metabolizes the endogenous NOS inhibitor asymmetric dimethylarginine (ADMA). Two isoforms of DDAH with distinct tissue distribution have been identified: DDAH-1 and DDAH-2 [17]. Both isoforms have been identified in the kidney and liver tissues, but the expression of the DDAH-1 isoform appears more abundant [18,19]. In consideration of OTA nephrotoxicity and its possible involvement in the development of urinary tract tumors and also in view of the involvement of DDAH and NOS in tumor growth and development of tumor vasculature, the aim of the present study was to evaluate the effect of chronic OTA-exposure on the DDAH/NOS pathway in rats. Moreover, in our previous studies we demonstrated that anthocyanin, cyanidin 3-O-β-D-glucoside (C3G), is able to protect human fibroblasts against OTA induced DNA damage in vitro [20] and efficiently counteracted deleterious effects of OTA in vivo because of its antioxidant and HO-1-inducing properties [7]. Therefore, the present in vivo study was performed to evaluate the effect of prolonged C3G and/or OTA-exposure on DDAH/NOS pathway in rats.



2. Material and Methods


2.1. Chemicals

OTA from Aspergillus ochraceus was purchased from Sigma-Aldrich (St Louis, MO, USA) and C3G was purchased from Polyphenols Laboratories (Sandnes, Norway). Mouse monoclonal eNOS antibody was from Sigma Aldrich, rabbit polyclonal iNOS antibody was from SantaCruz Biotechnology (Santa Cruz, CA, USA), goat polyclonal DDAH-1 antibody was from Calbiochem EMD Biosciences, Inc., an affiliate of Merck KGaA (Darmstadt, Germany), anti-actin antibody was from Sigma Aldrich and secondary horseradish peroxidase conjugated anti-mouse, anti-rabbit and anti-goat antibodies were from Amersham Biosciences Piscataway-NJ-USA. The enhanced chemiluminescence system for developing immunoblots and nitrocellulose membranes was purchased from Amersham Pharmacia Biotech (Milan, Italy). All other chemicals were purchased from Merck (Frankfurt, Germany).



2.2. Animals and Treatment

The experiments reported in the present paper complied with current Italian and European law (National law: Art 7 D.L. 116 27/01/1992; European law: Directive 2010/63/EU) and met the guidelines of the Institutional Animal Care and Use Committee of University of Catania (Italy). The experiments were performed in male Sprague-Dawley albino rats (150 g body weight and age 45 d at the beginning of experiments). They had free access to water and were kept at room temperature with a natural photo-period (12 h light–12 h dark cycle). Rats were subdivided into four groups (each group consisted of ten animals; each animal was placed into a separate cage) and received the test compounds orally, via their food pellets (20 g feed per rat and day), for 4 weeks. A control group received a commercial balanced standard diet, group C3G received the standard control diet supplemented with C3G (1 g/kg feed), group OTA received the standard control diet supplemented with OTA (200 ppb), group OTA + C3G received the standard diet of the OTA group supplemented with C3G. Both OTA and C3G dosage were chosen according to overall literature data relating to toxic chronic effect and antioxidant properties, respectively. After 4 weeks of daily treatment, animals underwent euthanasia by an overdose of anaesthetic (ethyl urethane, intraperitoneally) and the liver and kidneys of each rat were rapidly removed in a cold room and immediately frozen (−80 °C). Samples were processed within 1 week of collection.



2.3. Western Blot Analysis

Tissues were homogenized in 9 volumes of cold PBS. Samples of homogenate were used to evaluate eNOS, iNOS, and DDAH-1 expressions. Whole kidney and liver homogenates were processed for Western blot analysis and protein levels were visualized by immunoblotting as previously described [21] with antibodies against eNOS, iNOS, DDAH-1.

Briefly, 50 μg protein was separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to a nitrocellulose membrane using a semidry transfer apparatus (Bio-Rad, Hercules, CA). The membranes were incubated with 5% milk in 10 mM Tris-HCl (pH 7.4), 150 mM NaCl, and 0.05% Tween 20 buffer at 4 °C overnight. After washing with 150 mM NaCl and 0.05% Tween 20 buffer, the membranes were incubated with a 1:1000 dilution of specific antibody overnight at 4 °C, with constant shaking. The filters were then washed and subsequently probed with horseradish peroxidase–conjugated donkey anti-rabbit, anti-mouse, anti-goat immunoglobulins G at a dilution of 1:2000. Chemiluminescence detection was performed with the Amersham Enhanced Chemiluminescence detection kit according to the manufacturer’s instructions.

Densitometric analysis was then performed and normalized with relative actin.



2.4. NO2−/NO3− Quantification

Nitrite, the stable metabolite of nitric oxide, was measured colorimetrically via Griess reaction. Aliquots of homogenates, employed for Western blotting, were preincubated for 30 min at room temperature with 50 μM nicotinamide adenine dinucleotide phosphate (Sigma-Aldrich, St Louis, MO, USA) and 24 mU nitrate reductase (Roche Diagnostics Gmbh, Mannheim, Germany), then the samples were treated with 0.2 U lactate dehydrogenase (Roche, Mannheim, Germany) and 0.5 μmol sodium pyruvate for 10 min. The coloration was developed by adding Griess reagent (1:1, v/v). Finally, after 10 min at room temperature, absorbance was recorded by 96-well plate microtiter (Thermo Labsystems Multiskan, Milford, MA, USA) at λ = 540 nm. Nitrite levels were determined using a standard curve and expressed as nanomoles of NO2−/NO3− per milligram of protein. Protein content was determined by Lowry assay [22].



2.5. DDAH Enzyme Activity Assay

Tissues were homogenized in 0.1 M phosphate buffer, pH 6.5, containing 2 mM mercapto-ethanol and protease inhibitor cocktail (Sigma-Aldrich) (1:1000); homogenates were centrifuged at 5000 g for 60 min, and supernatants were collected for DDAH enzyme activity assay. DDAH enzyme activity was assayed by determining L-citrulline formation in a 96-well microtiter plate according to Knipp and Vasak [23]. One unit of enzyme activity was defined as the amount of enzyme catalyzing the formation of 1 μmol L-citrulline/min at 37 °C.



2.6. Statistical Analyses

The data are presented as means ±SD for 4 experiments in triplicate. Student’s t test was used where appropriate; for all analyses, p < 0.05 was considered statistically significant. All statistical analyses were performed using the statistical software package SYSTAT, version 9 (Systat, Evanston, IL, USA).




3. Results

During the experiment rats showed neither reduced vitality nor evident symptoms of toxicity. No significant differences were observed with regard to body weight and feed intake (data not shown).

Figure 1A reports representative Western blotting of iNOS, eNOS and DDAH-1 expression in kidney. A significant reduction of iNOS expression is evident in the C3G-fed group whereas an induction of iNOS is evident in the OTA group. The simultaneous intake of both substances resulted in a decrease in iNOS expression with respect to the OTA group. A moderate increase of kidney eNOS expression is evident in the OTA group. The simultaneous intake of both C3G and OTA resulted in a decreased kidney eNOS expression with respect to the OTA group. A significant increase of kidney DDAH-1 expression is evident in OTA groups, whereas C3G, in the C3G + OTA group was able to reduce DDAH-1 induction by OTA (Figure 1B).

Figure 1. (A) Representative Western blotting of iNOS, eNOS and DDAH-1 expression in the kidney; (B) Effect of chronic consumption of cyanidin 3-O-β-D-glucoside (C3G) or ochratoxin A (O) or O + C3G compared with control treatment (C) on iNOS, eNOS and DDAH-1 protein expression levels in rat kidney. Values are means of 4 experiments in triplicate, with standard deviations represented by vertical bars. * Mean value was significantly different from that of the control group (p < 0.005); ** Mean value was significantly different from that of the (O) group (p < 0.005); § Mean value was significantly different from that of the control group (p < 0.05); §§ Mean value was significantly different from that of the (O) group (p < 0.05).
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Figure 2A reports representative Western blotting of iNOS, eNOS and DDAH-1 expressions in liver. A significant reduction of iNOS expression is evident in the C3G-treated group whereas an induction of iNOS is evident in the OTA group. The simultaneous intake of both substances resulted in a decreased iNOS expression with respect to the OTA group. None of the dietary treatments significantly affected liver eNOS expression. A moderate increase of liver DDAH-1 expression is evident in OTA groups, whereas C3G, in the C3G + OTA group, was able to reduce DDAH-1 induction by OTA (Figure 2B).

Figure 2. (A) Representative Western blotting of iNOS, eNOS and DDAH-1 expression levels in the liver; (B) Effect of chronic consumption of cyanidin 3-O-β-D-glucoside (C3G) or ochratoxin A (O) or O + C3G compared with control treatment (C) on iNOS, eNOS and DDAH-1 protein expressions in rat liver. Values are means of 4 experiments in triplicate, with standard deviations represented by vertical bars. * Mean value was significantly different from that of the control group (p < 0.005); ** Mean value was significantly different from that of the (O) group (p < 0.005).
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Table 1 reports results regarding kidney DDAH activity and nitrite and nitrate levels. According to DDAH-1 expression a significant increase of DDAH activity is evident in kidney-OTA group, whereas the simultaneous intake of both C3G and OTA resulted in a decrease of kidney DDAH-1 activity with respect to the OTA group. According to iNOS and eNOS expression, nitrite and nitrate levels were decreased in thhe kidney C3G group and increased in kidney OTA group. The simultaneous intake of both C3G and OTA caused a decrease of kidney nitrite and nitrate levels with respect to the OTA group.

Table 1. Effect of chronic consumption of ochratoxin A (O), cyanidin 3-O-β-D-glucoside (C3G) or O + C3G compared with control treatment (C) on DDAH activity (nmoles citrulline/min/mg prot) and nitrite/nitrate levels (nmoles NO2−NO3−/mg prot) in rat kidney. Values are means of 4 experiments in triplicate ± standard deviation. * Mean value was significantly different from that of the control group (p < 0.005); ** Mean value was significantly different from that of the (O) group (p < 0.005).


	Kikney
	C
	C3G
	O
	O + C3G





	DDAH activity
	3.59 ± 0.03
	3.58 ± 0.05
	5.31 ± 0.04 *
	2.93 ± 0.01 **



	nitrite/nitrate levels
	5.15 ± 0.04
	2.01 ± 0.02 *
	9.37 ± 0.09 *
	6.34 ± 0.08 **










Table 2 reports results regarding liver DDAH activity and nitrite/nitrate levels. None of the dietary treatments significantly affected liver DDAH activity. According to iNOS expression, nitrite and nitrate levels were decreased in liver C3G group and increased in liver OTA group. The simultaneous intake of both C3G and OTA caused a decrease of liver nitrite and nitrate levels with respect to the OTA group.

Table 2. Effect of chronic consumption of ochratoxin A (O), cyanidin 3-O-β-D-glucoside (C3G) or O + C3G compared with control treatment (C) on DDAH activity (nmoles citrulline/min/mg prot) and nitrite/nitrate levels (nmoles NO2−NO3−/mg prot) in rat liver. Values are means of 4 experiments in triplicate ± standard deviation. * Mean value was significantly different from that of the control group (p < 0.005); ** Mean value was significantly different from that of the (O) group (p < 0.005).


	Liver
	C
	C3G
	O
	O + C3G





	DDAH activity
	1.74 ± 0.01
	1.58 ± 0.03
	1.50 ± 0.01
	1.41 ± 0.02



	nitrite/nitrate levels
	6.86 ± 0.09
	3.14 ± 0.02 *
	11.42 ± 0.10 *
	7.10 ± 0.07 **












5. Discussion

In recent years, increasing attention has been focused on the study of the biological effects of phytochemicals in diverse plants [24,25,26], and the number of molecules isolated and characterized continues to increase. Anthocyanins are one kind of phytochemical and they are widely found in plants that are used for food. Glycosides of aglycon cyanidin represent the most abundant anthocyanins in vegetables. Among anthocyanins, C3G, contained in pigmented oranges and fruits of the berry family, has been found to possess several biological properties; it scavenges free radicals [27], suppresses inflammation [28], decreases myocardium damage [29] and protects against endothelial dysfunction [30]. C3G might also help prevent cancer as other anthocyanins do [31].

The present study aimed to verify the hypothesis that prolonged consumption of C3G might counteract OTA-mediated injury. OTA is a widespread mycotoxin, a natural contaminant of moldy food with important implications for animal and human health. Exposure to OTA is a worldwide phenomenon, as evidenced by its detection in sera from human individuals of many countries. Due to a lack of data, the actual health significance of low levels of OTA exposure in humans cannot be evaluated based on epidemiology. Instead, risk assessment has to rely on studies conducted in laboratory animals where it causes various toxic effects, the most relevant being nephrotoxicity and nephrocarcinogenicity in rats [32]. A number of mechanisms have been proposed to account for OTA toxicity and OTA-induced renal tumor formation [8,20,33,34,35].

Several authors and expert groups have concluded that OTA is genotoxic [20,34,36]. However other authors indicate that OTA is unlikely to act through a direct genotoxic mechanism [32,37] and that its carcinogenicity is due to an indirect mechanism such as induction of oxidative stress [33,38]. Other authors hypothesized that OTA may stimulate the production of NO resulting in nitrosative stress and DNA damage [8]. Thus, further research is necessary to describe precisely the molecular mechanisms involved.

The kidney is the target organ of OTA toxicity, probably because OTA is actively accumulated in kidney cells [39]. Nevertheless, OTA has been shown to affect other organs as well, including the liver. OTA has been shown to be hepatotoxic in rats [40]. Although the liver is not the main target organ for OTA, hepatocytes are exposed to OTA since it has to pass through the liver after intestinal absorption [41]. Results obtained in the present study, in line with in vitro studies by Cavin [8] and Ferrante [42], allow us to suggest that, through iNOS induction, OTA is able to induce overproduction of NO, both in kidney and liver, resulting in increased nitrite and nitrate levels. Under normal conditions, NO presents a broad range of biological activities; conversely, in excess, it may behave as a toxic radical. In fact, NO is known to react with O2– to form the prooxidant peroxynitrite ONOO– [43] with consequent nitrosative stress. As reported in our previous research [7], 4 week-OTA exposure is able to induce oxidative damage, both in kidney and in liver; then overproduction of OTA-induced NO, in the same experimental conditions, may form the prooxidant ONOO, both in kidney and liver. However, our data demonstrate that, only in kidney, OTA is also able to induce eNOS and DDAH-1 overexpression and DDAH activation with further increase of NO levels. These data allow us to speculate that, even if 4 weeks of exposure to OTA were much too low to induce renal tumors, one of the many possible mechanisms by which long-term OTA exposure may cause nephrocarcinogenity might consist in eNOS-DDAH involvement. Therefore, modulation of NO production may play an important role in regulation of angiogenesis and consequently in tumor progression.

According to Wang et al. [44], a decreased expression of iNOS was observed in liver and kidney of C3G-supplemented rats. The results of the OTA + C3G group reported here demonstrate that C3G, besides its well-known antioxidant activity, may also act with different molecular mechanisms. In fact, in kidney of rats treated with OTA + C3G, iNOS, eNOS and DDAH-1 expression levels were less pronounced compared with those observed in the OTA group. Coherent with decreased iNOS, eNOS and DDAH-1 expression, a decrease of nitrite and nitrate levels and of DDAH activity was observed in the OTA + C3G group. These results allow us to speculate that long-term consumption of C3G might contribute to reduce OTA-induced tumor growth and tumor angiogenesis in kidney.

Overall, the results obtained in the present study confirm that kidney is the main target organ affected by toxic effects of OTA, but also demonstrate that OTA toxicity to other organs, as well as liver, should not be underestimated. Moreover, the results obtained demonstrate that C3G is able to counteract the deleterious effects of chronic consumption of OTA and confirm the potential effectiveness of dietary strategies to counteract OTA toxicity.






References


	1. 
Clark, H.A.; Snedeker, S.M. Ochratoxin A: Its cancer risk and potential for exposure. J. Toxicol. Environ. Health B Crit. Rev. 2006, 9, 265–296. [Google Scholar]

	2. 
Jörgensen, K.; Rasmussen, G.; Thorup, I. Ochratoxin A in Danish cereals 1986–1992 and daily intake by the Danish population. Food Addit. Contam. 1996, 13, 95–104. [Google Scholar]

	3. 
Pitt, J.I. Penicillium viridicatum, Penicillium verrucosum, and production of ochratoxin A. Appl. Environ. Microbiol. 1987, 53, 266–269. [Google Scholar]

	4. 
Pfohl-Leszkowicz, A.; Manderville, R.A. Ochratoxin A: An overview on toxicity and carcinogenicity in animals and humans. Mol. Nutr. Food Res. 2007, 51, 61–99. [Google Scholar]

	5. 
Vrabcheva, T.; Petkova-Bocharova, T.; Grosso, F.; Nikolov, I.; Chernozemsky, I.N.; Castegnaro, M.; Dragacci, S. Analysis of ochratoxin A in foods consumed by in habitants from an area with balkan endemic nephropathy: A 1 month follow-up study. J. Agric. Food Chem. 2004, 52, 2404–2410. [Google Scholar]

	6. 
Cavin, C.; Delatour, T.; Marin-Kuan, M.; Holzhauser, D.; Higgins, L.; Bezencon, C.; Guignard, G.; Junod, S.; Richoz-Payot, J.; Gremaud, E.; Hayes, J.D.; Nestler, S.; Mantle, P.; Schilter, B. Reduction in antioxidant defenses may contribute to ochratoxin A toxicity and carcinogenicity. Toxicol. Sci. 2007, 96, 30–39. [Google Scholar]

	7. 
Di Giacomo, C.; Acquaviva, R.; Piva, A.; Sorrenti, V.; Vanella, L.; Piva, G.; Casadei, G.; La Fauci, L.; Ritieni, A.; Bognanno, M.; di Renzo, L.; Barcellona, M.L.; Morlacchini, M.; Galvano, F. Protective effect of cyanidin 3-O-β-D-glucoside on ochratoxin A-mediated damage in the rat. Brit. J. Nutr. 2007, 98, 937–943. [Google Scholar]

	8. 
Cavin, C.; Delatour, T.; Marin-Kuan, M.; Fenaille, F.; Holzhauser, D.; Guignard, G.; Bezencxon, C.; Piguet, D.; Parisod, V.; Richoz-Payot, J.; Schilter, B. Ochratoxin A-Mediated DNA and protein damage: Roles of nitrosative and oxidative stresses. Toxicol. Sci. 2009, 11, 84–94. [Google Scholar]

	9. 
Chinje, E.C.; Stratford, I.J. Role of nitric oxide in growth of solid tumours: a balancing act. Essays Biochem. 1997, 32, 61–72. [Google Scholar]

	10. 
Griffioen, A.W.; Molema, G. Angiogenesis: potentials or pharmacologic intervention in the treatment of cancer; cardiovascular diseas and crhonic inflammation. Pharm. Rev. 2000, 52, 237–268. [Google Scholar]

	11. 
Chen, G.G.; Lee, T.W.; Xu, H.; Yip, J.H.; Li, M.; Mok, T.S.; Yim, A.P. Increased inducible nitric oxide synthase in lung carcinoma of smokers. Cancer 2008, 112, 372–381. [Google Scholar]

	12. 
Lukes, P.; Pàcovà, H.; Kucera, T.; Vesely, D.; Martinek, J.; Asti, J. Expression of endothelial and inducible nitric oxide synthase and caspase-3 in tonsillar cancer; chronic tonsillitis and healthy tonsils. Folia Biol. 2008, 5, 141–145. [Google Scholar]

	13. 
Brennan, P.A.; Palacios-Callender, M.; Zaki, G.A.; Spedding, A.V.; Langdon, J.D. Type II nitric oxide synthase (NOS2) expression correlates with lynphnode status in oral squamous carcinoma. J. Oral Pathol. Med. 2001, 30, 129–134. [Google Scholar]

	14. 
Lim, K.H.; Ancrile, B.B.; Kashatus, D.F.; Counter, C.M. Tumour maintenance is mediated by eNOS. Nature 2008, 452, 646–649. [Google Scholar]

	15. 
Shang, Z.J.; Li, J.R. Expression of endothelial nitric oxide synthase and vascular endothelial growth factor in oral squamous cell carcinoma: its correlation with angiogenesis and disease progression. J. Oral Pathol. Med. 2005, 34, 134–139. [Google Scholar]

	16. 
Kostourou, V.; Robinson, S.P.; Cartwright, J.E.; Whitley, G.S. Dimethylarginine dimethylaminohydrolase I enhances tumour growth and angiogenesis. Br. J. Cancer 2002, 87, 673–680. [Google Scholar]

	17. 
Leiper, J.; Santa Maria, J.; Chubb, A.; MacAllister, R.J.; Charles, I.G.; Whithley, G.S.J.; Vallance, P. Identification of two human dimethylarginine dimethylaminohydrolases with distinct tissue distributions and homology to microbial arginine deiminases. Biochem. J. 1999, 343, 209–214. [Google Scholar]

	18. 
Nijveldt, R.J.; Teerlink, T.; van Guldener, C.; Prins, H.A.; van Lambalgen, A.A.; Stehouwer, C.D.; Rauwerda, J.A.; van Leeuwen, P.A. Handling of asymmetrical dimethylarginine and symmetrical dimethylarginine by the rat kidney under basal conditions and during endotoxaemia. Nephrol. Dial. Transplant. 2003, 18, 2542–2550. [Google Scholar]

	19. 
Tran, C.T.; Fox, M.F.; Vallance, P.; Leiper, J.M. Chromosomal localization; gene structure; and expression pattern of DDAH1: comparison with DDAH2 and implications for evolutionary origins. Genomics 2000, 68, 101–105. [Google Scholar]

	20. 
Russo, A.; la Fauci, L.; Acquaviva, R.; Campisi, A.; Raciti, G.; Scifo, C.; Renis, M.; Galvano, G.; Vanella, A.; Galvano, F. Ochratoxin A-induced DNA damage in human fibroblast: Protective effect of cyanidin 3-O-β-D-glucoside. J. Nutr. Biochem. 2005, 16, 31–37. [Google Scholar]

	21. 
Acquaviva, R.; Campisi, A.; Murabito, P.; Raciti, G.; Avola, R.; Mangiameli, S.; Musumeci, I.; Barcellona, M.L.; Vanella, A.; Li Volti, G. Propofol attenuates peroxynitrite-mediated DNA damage and apoptosis in cultured astrocytes: An alternative protective mechanism. Anesthesiology 2004, 101, 1363–1371. [Google Scholar]

	22. 
Lowry, O.H.; Rosenbrough, N.J.; Farr, A.J.; Randall, R.G. Protein measurement with the Folin phenol reagent. J. Biol. Chem. 1951, 193, 265–275. [Google Scholar]

	23. 
Knipp, M.; Vasak, M. A colorimetric 96-well microtirer plate assay for the determination of enzymatically formed citrulline. Anal. Biochem. 2000, 286, 257–264. [Google Scholar]

	24. 
Grusak, M.A. Phytochemicals in plants: genomics-assisted plant improvement for nutritional and health benefits. Curr. Opin. Biotechnol. 2002, 13, 508–511. [Google Scholar]

	25. 
Palombo, E.A. Phytochemicals from traditional medicinal plants used in the treatment of diarrhoea: modes of action and effects on intestinal function. Phytother. Res. 2006, 20, 717–724. [Google Scholar]

	26. 
Talalay, P.; Fahey, J.W. Phytochemicals from cruciferous plants protect against cancer by modulating carcinogen metabolism. J. Nutr. 2001, 131, 3027S–3033S. [Google Scholar]

	27. 
Noda, Y.; Kaneyuki, T.; Mori, A.; Packer, L. Antioxidant activities of pomegranate fruit extract and its anthocyanidins: delphinidin; cyanidin; and pelargonidin. J. Agric. Food Chem. 2002, 50, 166–171. [Google Scholar] [CrossRef]

	28. 
Seeram, N.P.; Momin, R.A.; Nair, M.G.; Bourquin, L.D. Cyclooxygenase inhibitory and antioxidant cyanidin glycosides in cherries and berries. Phytomedcine 2001, 8, 362–369. [Google Scholar]

	29. 
Amorini, A.M.; Lazzarino, G.; Galvano, F.; Fazzina, G.; Tavazzi, B.; Galvano, G. Cyanidin-3-O-beta-glucopyranoside protects myocardium and erythrocytes from oxygen radical-mediated damages. Free Radic. Res. 2003, 37, 453–460. [Google Scholar]

	30. 
Serraino, I.; Dugo, L.; Dugo, P.; Mondello, L.; Mazzon, E.; Dugo, G.; Caputi, A.P.; Cuzzocrea, S. Protective effects of cyanidin-3-O-glucoside from blackberry extract against peroxynitrite- induced endothelial dysfunction and vascular failure. Life Sci. 2003, 73, 1097–1114. [Google Scholar]

	31. 
Ding, M.; Feng, R.; Wang, S.Y.; Bowman, L.; Lu, Y.; Qian, Y.; Castranova, V.; Jiang, B.H.; Shi, X. Cyanidin-3-glucoside; a natural product derived from blackberry; exhibits chemopreventive and chemotherapeutic activity. J. Biol. Chem. 2006, 281, 17359–17668. [Google Scholar]

	32. 
World Health Organization (WHO). Evaluation of certain food additives and contaminants. In Proceedings of the Joint FAO/WHO Expert Committee on Food Additives (JECFA), Geneva, Switzerland, 19–28 June 2007; 947, pp. 169–180, WHO Food Additives Series 44.

	33. 
Arbillaga, L.; Azqueta, A.; van Delft, J.H.; Lopez de Cerain, A. In vitro gene expression data supporting a DNA non-reactive genotoxic mechanism for ochratoxin A. Toxicol. Appl. Pharmacol. 2007, 220, 216–224. [Google Scholar]

	34. 
Pfohl-Leszkowicz, A.; Manderville, R.A. An update on direct genotoxicity as a molecular mechanism of ochratoxin a carcinogenicity. Chem. Res. Toxicol. 2012, 25, 252–262. [Google Scholar]

	35. 
Fusi, E.; Rebucci, R.; Pecorini, C.; Campagnoli, A.; Pinotti, L.; Saccone, F.; Cheli, F.; Purup, S.; Sejrsen, K.; Baldi, A. Alpha-tocopherol counteracts the cytotoxicity induced by ochratoxin a in primary porcine fibroblasts. Toxins 2010, 2, 1265–1278. [Google Scholar]

	36. 
Manderville, R.A. A case for the genotoxicity of ochratoxin a by bioactivation and covalent DNA adduction. Chem. Res. Toxicol. 2005, 18, 1091–1097. [Google Scholar]

	37. 
European Food Safety Authority (EFSA). Opinion of the scientific panel on contaminants in the food chain on a request from the commission related to ochratoxin A in food. EFSA J. 2006, 365, 1–56.

	38. 
Petrik, J.; Zanic-Grubisic, T.; Barisic, K.; Pepeljnjak, S.; Radic, B.; Ferencic, Z.; Cepelak, I. Apoptosis and oxidative stress induced by ochratoxin-A in rat kidney. Arch. Toxicol. 2003, 77, 685–693. [Google Scholar]

	39. 
Gekle, M.; Sauvant, C.; Schwerdt, G. Ochratoxin A at nanomolar concentrations: A signal modulator in renal cells. Mol. Nutr. Food Res. 2005, 49, 118–130. [Google Scholar]

	40. 
Gagliano, N.; Doone, I.D.; Torri, C.; Migliori, M.; Grizzi, F.; Milzani, A.; Filippi, C.; Annoni, G.; Colombo, P.; Costa, F.; Ceva-Grimaldi, G.; Bertelli, A.A.; Giovannini, L.; Gioia, M. Early cytotoxic effects of ochratoxin A in rat liver: A morphological, biochemical and molecular study. Toxicology 2006, 225, 214–224. [Google Scholar]

	41. 
Vettorazzi, A.; de Trocóniz, I.F.; González-Peñas, E.; Arbillaga, L.; Corcuera, L.A.; Gil, A.G.; de Cerain, A.L. Kidney and liver distribution of ochratoxin A in male and female F344 rats. Food Chem. Toxicol. 2011, 49, 1935–1942. [Google Scholar]

	42. 
Ferrante, M.C.; Mattace Raso, G.; Bilancione, M.; Esposito, E.; Iacono, A.; Meli, R. Differential modification of inflammatory enzymes in J774A.1 macrophages by ochratoxin A alone or in combination with lipopolysaccharide. Toxicol. Lett. 2008, 181, 40–46. [Google Scholar] [CrossRef]

	43. 
Radi, R. Nitric oxide, oxidants, and protein tyrosine nitration. Proc. Natl. Acad. Sci. USA 2004, 101, 4003–4008. [Google Scholar]

	44. 
Wang, Q.; Xia, M.; Liu, C.; Guo, H.; Ye, Q.; Hu, Y.; Zhang, Y.; Hou, M.; Zhu, H.; Ma, J.; Ling, W. Cyanidin-3-O-β-glucoside inhibits iNOS and COX-2 expression by inducing liver X receptor alpha activation in THP-1 macrophages. Life Sci. 2008, 83, 176–184. [Google Scholar]





© 2012 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/).







nav.xhtml


  toxins-04-00353


  
    		
      toxins-04-00353
    


  




  





media/file0.png
(&)

1MOS eNO3 DDAH-1





media/file1.png
(A)






media/file2.png





