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Abstract 

The mycotoxin ochratoxin A (OTA) is a potent nephrotoxin and renal carcinogen in rodents. 

However, the mechanism of OTA-induced tumour formation is unknown and conflicting 

results regarding the potential of OTA to react with DNA have been obtained. While 

experiments using radiolabelled (
3
H or 

14
C) OTA and liquid scintillation counting or 

accelerator mass spectrometry indicate lack of formation of covalent DNA-adducts, spots 

detected by 
32

P-postlabelling have been attributed to treatment with OTA. However, these 

putative DNA-adducts have not been shown to contain OTA or part of the OTA molecule and 

so far no structural information has been provided. Consistent with the absence of DNA-

binding of radiolabelled OTA, studies on biotransformation in vivo and in vitro indicate that 

OTA is poorly metabolized and does not form reactive intermediates capable of interacting 

with DNA. Recently however, the structures of a carbon- and an oxygen-bonded OTA-

deoxyguanosine adduct which is formed by photoirradiation of OTA in the presence of 

deoxyguanosine have been reported and suggested to be involved in OTA carcinogenicity. 

The aim of this manuscript is to provide an overview of the available literature regarding 

DNA adduct formation by OTA. 
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Introduction 

Ochratoxin A (OTA) (N-{[(3R)-5-chloro-8-hydroxy-3-methyl-1-oxo-7-isochromanyl]-

carbonyl}-3-phenyl-L-alanine) is a mycotoxin produced by Aspergillus and Penicillium 

species. OTA may contaminate a variety of food items such as cereals, coffee, wine etc., 

resulting in chronic human exposure. OTA is nephrotoxic and induces renal tumours in 

rodents, whereby it exhibits significant sex- and species differences (NTP, 1989). Male rats 

are most susceptible to OTA carcinogenicity and repeated administration of low doses of 

OTA (up to 210 µg/kg b.w.) for two years results in high incidences of renal adenomas and 

carcinomas  arising from the straight segment (S3) of the proximal tubule epithelium (NTP, 

1989; Boorman et al., 1992). Interestingly, no increase in tumour incidence was observed 

following treatment with 21 µg/kg b.w, suggesting a non-linear dose-response for renal 

tumour formation by OTA (NTP, 1989). Kidney tumours in OTA exposed rats develop with a 

relative rapid onset and are characterized by their malignant and aggressive behaviour 

(Boorman et al., 1992). In the NTP study, decreased survival rates in the mid- and high dose 

groups were associated with high incidences of metastasis. Histopathological changes induced 

by OTA in the kidney consist of disorganization of the S3 tubules, single cell death, 

karyomegaly, polyploidy and frequent mitosis (Boorman et al., 1992; Maaroufi et al., 1999; 

Rasonyi et al., 1999). These histopathological alterations together with the aggressive nature 

of the tumours are unique to OTA and suggest that the mechanism of OTA carcinogenicity is 

not merely based on sustained regenerative cell proliferation as a consequence of cytotoxicity, 

as frequently observed in response to non-genotoxic renal carcinogens such as chloroform and 

d-limonene (Lock and Hard, 2004). However, results of genotoxicity studies also do not 

suggest that OTA is mutagenic or a potent genotoxin. With respect to the potential of OTA to 

covalently bind to DNA, conflicting results have been obtained and the purpose of this 

manuscript is to present a review of the available literature. 

                                                                                                                                                         
*
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Genotoxicity 

Results from a range of studies assessing the mutagenicity and genotoxicity of OTA are 

summarized in Table 1. In most studies, OTA was found to be negative in the Ames-test even 

in the presence of metabolic activation systems. Increased mutation frequencies were only  

observed using modifications of the standard Ames-test with culture media from OTA-treated 

hepatocytes and in the presence of mouse, but not rat kidney microsomes (Hennig et al., 

1991; Obrecht-Pflumio et al., 1999). Moreover, OTA was only found to be mutagenic in 

Salmonella typhimurium strain TA 100, but not in TA 1535, although mechanisms of 

mutagenicity are identical in both strains (Obrecht-Pflumio et al., 1999). In the light of the 

large number of negative studies, these results are difficult to interpret since they provide no 

direct evidence for the mutagenicity of  OTA and are not consistent with the known species 

differences in susceptibility to the carcinogenicity of OTA.  

However, genotoxic effects such as DNA strand breaks, sister chromatid exchanges, 

chromosomal aberrations and induction of micronuclei have been observed in some 

mammalian cell systems in response to OTA exposure. However, in most cases, these effects 

occurred independently of metabolic activation (Table 1).  

 

Biotransformation 

Biotransformation of OTA to reactive intermediates with the potential to bind to DNA has 

been suggested to be involved in renal tumour formation by OTA. However, no metabolites 

indicative of reactive intermediate formation have been detected in rodent blood or urine after 

OTA-exposure. Results from several studies both in vivo and in vitro indicate that OTA is 

poorly metabolized both by cytochromes P450 and by peroxidases (Gautier et al., 2001; 

Zepnik et al., 2001; Gross-Steinmeyer et al., 2002; Zepnik et al., 2003). The major metabolite 

formed in vivo is ochratoxin α, which results from cleavage of the peptide bond (Zepnik et 
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al., 2003). In vitro, oxidative biotransformation by cytochromes P450 yields low amounts of 

hydroxylated derivatives, but their presence in urine could not be confirmed in recent studies 

despite the use of sensitive LC-MS/MS analysis (Gautier et al., 2001; Zepnik et al., 2001; 

Zepnik et al., 2003). However, two novel metabolites formed in rat hepatocytes in vitro and 

excreted in urine of OTA treated animals were recently identified as hexose- and pentose-

conjugates (Gross-Steinmeyer et al., 2002; Zepnik et al., 2003). The OTA metabolites 

identified are considered to be less toxic than OTA and it is unlikely that their mechanisms of 

formation involves electrophilic intermediates (Figure 1) (Xiao et al., 1996; Gautier et al., 

2001; Zepnik et al., 2001; Gross-Steinmeyer et al., 2002). 

By electrochemical and photochemical oxidation of OTA, formation of a 

hydroquinone/quinone redox couple has recently been reported and speculated to be involved 

in OTA carcinogenicity (Calcutt et al., 2001). In addition to generation of reactive oxygen 

species due to redox cycling, the electrophilic quinone may potentially react with tissue 

nucleophiles to form covalently bound adducts or glutathione conjugates. However, 

experimental proof of this pathway has not been obtained. Several studies in vitro indicate 

that OTA does not form DNA adducts even in the presence of activation systems such as 

horseradish peroxidase which may catalyze formation of the hydroquinone derivative (Gautier 

et al., 2001; Mally et al., 2004). Moreover, OTA-derived S-conjugates which may be directed 

to the kidney could not be detected (Zepnik et al., 2003; Mally et al., 2004; Mally et al., 

2005b). The involvement of a nephrotoxic S-conjugate in OTA toxicity and carcinogenicity is 

also not consistent with the potency of other hydroquinones activated by a glutathione-

conjugation pathway, which usually require administration of much higher doses to induce 

nephrotoxicity (English et al., 1994; Monks and Lau, 1994; Boatman et al., 1996) and/or 

renal tumours. Furthermore, it is well established that nephrotoxic hydroquinone S-conjugates 

promote tumour formation by inducing sustained regenerative cell proliferation in response to 

cytotoxicity and tissue necrosis, which is also not consistent with the histopathological 
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changes observed after treatment with OTA (NTP, 1989; Boorman et al., 1992; English et al., 

1994; Nakagawa et al., 1998; Lock and Hard, 2004). 

 

DNA binding using radiolabelled compound 

The use of radiolabelled compounds combined with liquid scintillation counting or 

accelerator mass spectrometry (AMS) allows the unambiguous determination as to whether or 

not the compound of interest covalently binds to DNA. Both decay counting and AMS can 

produce false positive results if insufficiently pure DNA is used (i.e. contamination with 

proteins or RNA which often bind reactive intermediates with higher yields) or if parts of the 

molecule containing radiolabel are metabolically incorporated into DNA. In contrast, negative 

results by both methods clearly indicate lack of DNA binding.  

In three independent studies, binding of OTA to rat kidney DNA could not be demonstrated 

after administration of 
3
H or 

14
C-labelled OTA to rodents using liquid scintillation counting 

(
3
H) or AMS (

14
C) as analytical procedures (Schlatter et al., 1996; Gautier et al., 2001; Mally 

et al., 2004). Similarly, adduct formation was not observed by scintillation counting in DNA 

extracted from rat and human hepatocytes treated with 
3
H-OTA in vitro (Gross-Steinmeyer et 

al., 2002). Conditions and results of these studies are summarized in Table 2. Limits of 

detection in all studies were well below those required to detect “adducts” present in 

concentrations indicated by 
32

P-postlabelling and doses of OTA administered were similar to 

those used in the 
32

P-postlabelling experiments. Thus, studies using radiolabelled OTA have 

been sufficiently sensitive to detect DNA-modifications as indicated by postlabelling 

containing the OTA-molecule if present.  

 

DNA adduct formation analyzed by 
32

P-postlabelling 

The 
32

P-postlabelling assay is a highly sensitive method for the detection of DNA 

modifications in response to carcinogen treatment. The postlabelling procedure involves 
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isolation and enzymic hydrolysis of DNA from tissues, enrichment of the adduct fraction, 

enzymic labelling of the 3´-monophosphates using [γ-
32

P]-ATP followed by separation using 

two-dimensional thin layer chromatography. Adducts “spots” are then detected and quantified 

by autoradiography. The advantages of 
32

P-postlabelling over other methods such as 

scintillation counting or AMS are the requirement of only small sample sizes (1-10 µg of 

DNA), the ability to assess DNA adduct formation when radioactive compound is not 

available, and the potential to detect DNA base modifications that do not contain parts of the 

compound of interest, such as oxidative lesions or I-compounds (Randerath et al., 1993). 

However, thin layer chromatography does not offer high resolution and is often difficult to 

reproduce. Moreover, labelling of hydroxylated compounds still present in the incubation 

mixtures and the presence of endogenous DNA base modifications may lead to false positive 

results, particularly in the absence of reference compounds (Masento et al., 1989; Scates et 

al., 1995). Incomplete DNA digestion, which can occur in the presence of bulky DNA 

adducts, may also produce false negative results. Most importantly, postlabelling does not 

provide structural information and it is not possible to determine if the “adduct” spots 

observed actually contain covalently bound compound. In this respect, low “adduct” levels of 

classic non-genotoxic carcinogens, which may alter concentrations of endogenous DNA base 

modifications but which do not bind to DNA, have been reported and raised concerns that the 

postlabelling procedure may be too sensitive (Liehr et al., 1993; Randerath et al., 1993). 

Using this method, DNA adducts ascribed to OTA have been reported by one laboratory in a 

wide range of tissues from rodents (summarized in Table 3), pigs after OTA-exposures and 

from humans presumably exposed to OTA, as well as in various cell lines in response to OTA 

treatment (Pfohl-Leszkowicz et al., 1993; Grosse et al., 1995; El Adlouni et al., 2000; Arlt et 

al., 2001; Faucet et al., 2004). In some tissue samples, up to 24 adducts spots were detected. 

These unusually large numbers of adducts were often reported to be tissue, sex- or species 

specific and occurred with variable kinetics (some “adducts” disappeared rapidly, others 
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persisted). However, “adduct” maps were not consistent over a range of studies and a clear 

dose-response for the formation of these adducts could not be established. Large numbers of 

OTA-derived “adducts” have also been reported to be present in mice, which are far less 

susceptible to OTA carcinogenicity, or in liver DNA of rodents treated with OTA. However, 

the liver is not a target organ for tumorigenicity or toxicity of OTA (Boorman et al., 1992), 

further questioning the relevance of the observed “adducts” for OTA carcinogenicity. 

Frequently, background adduct levels in DNA extracted from control animals were not 

assessed or were reported to be below the limit of detection. This is in contrast to a large 

number of studies assessing “endogenous” DNA base modifications (modifications present in 

control animals) which demonstrate the presence of a number of “spots” in DNA from control 

animals (Vulimiri et al., 1998; Gupta et al., 1999; Gupta and Lutz, 1999; Zhou et al., 1999). 

Most importantly, however, “adduct spots” attributed to OTA treatment were never shown to 

contain parts of the OTA molecule, suggesting that these DNA modifications – if present - 

may be due to oxidative stress or modulation of endogenous DNA base modifications.  

 

Recently, the structures of a photochemically generated carbon- and oxygen-bonded C8-

OTA-dGMP adduct have been reported. It has been suggested that these compounds represent 

the DNA-adducts presumably formed from OTA in vivo (Figure 2) (Dai et al., 2003; Faucet 

et al., 2004). In a recent paper., synthetic standards of these compounds were reported to co-

migrate with two of the adduct “spots” found in kidney from OTA treated rats(Faucet et al., 

2004). This observation has been claimed as evidence for covalent DNA binding of OTA. 

However, two other laboratories were independently unable to confirm the presence of OTA 

related “spots” suggestive of DNA-modifications using 
32

P-postlabelling (Mally et al., 2004; 

Mally et al., 2005a). In these studies, rats were repeatedly given by gavage high doses (up to 2 

mg/kg b.w.) of OTA (5 days/week for two weeks), which correspond to approximately ten 

times the top dose used in the NTP bioassay resulting in a renal tumour incidence of 74%. 
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This dosing regimen resulted in high plasma and tissue concentrations and OTA-specific 

histopathological changes in the kidney of treated animals (Mally et al., 2005b). OTA-dGMP 

adduct standards obtained by photoirradiation of OTA in the presence of dGMP as well as 

positive controls (aristolochic acid) were included. In these studies, “spots” were detected in 

OTA-treated animals, but the same “spot” patterns were also present in controls and total 

“adduct” levels were not increased in response to OTA exposure. Furthermore, formation of 

the postulated carbon-bonded C8-OTA-dG adduct in response to OTA treatment could not be 

confirmed using either 
32

P-postlabelling or LC-MS/MS (Mally et al., 2004; Mally et al., 

2005a). However, DNA strand breakage was evident in target and non-target tissues as 

assessed by the Comet Assay. These effects were further enhanced in the presence of 

formamidopyrimidine glycosylase, which is known to convert oxidative lesions into DNA 

strand breaks, suggesting that the observed DNA damage may be a result of oxidative stress 

rather than formation of covalent DNA-adducts (Mally et al., 2005a). 

 

In the context of substantial evidence arguing against metabolic activation and covalent 

binding to DNA, the results of the study by Faucet et al. (2004) should be interpreted 

carefully. In this study, only one chromatographic system was applied, which is not very 

selective and does not offer a high resolution for lipophilic compounds. As previously 

reported, up to 19 adduct spots were detected in kidney DNA of rats administered OTA for 

two years (0.4 mg/kg b.w., 3 times per week) and all of these migrated to the upper right-hand 

corner of the plates (Pfohl-Leszkowicz et al., 1998). It is therefore not surprising that the 

synthetic standard which also migrates to this region co-eluted with one of these spots. 

Clearly, confirmation of the presence of the postulated OTA-DNA adducts requires further 

qualifiers such as mass- or UV-spectra or at least co-chromatography in at least two 

chromatographic systems with high resolution and different selectivities. A clear and 

reproducible separation is also required. Therefore, it is highly questionable if co-
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chromatography in one system with poor resolution and low specificity, even in the absence 

of conflicting data, provides sufficient “evidence” for adduct formation.  

 

Conclusions 

By a weight of evidence approach, the lack of mutagenicity and only weak genotoxicity of 

OTA, the lack of formation of reactive metabolites and absence of DNA-binding of 

radiolabelled OTA in several independent studies, and the inconsistencies and difficulties in 

reproducing results obtained by 
32

P-postlabelling, do not support the conclusion that covalent 

DNA adduct formation is important in the mechanism of OTA carcinogenicity. 
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Table 1  Mutagenicity and genotoxicity of ochratoxin A in vitro 

Test system Results 
(positive / negative) 

Reference 

Ames Test 
S. typhimurium TA 98, 100, 1535, 
1537, 1538 

negative (Wehner et al., 1978) 

S. typhimurium TA 102 negative (Wurgler et al., 1991) 

S. typhimurium TA 98, 100, 1535, 
1537, 1538 

 
negative 

 
(Bendele et al., 1985) 

S. typhimurium TA 98, 100, 1535, 
1538, 102,104 

negative (Follmann and Lucas, 
2003) 

S. typhimurium TA 97, 98,100, 1535 negative (NTP, 1989) 

S. typhimurium TA 100, 2638 negative (Zepnik et al., 2001) 

S. typhimurium TA 98, 1535, 1538 positive 
(in the presence of mouse, 

but not rat kidney 
microsomes) 

(Obrecht-Pflumio et al., 
1999) 

S. typhimurium TA 100, 1535, 1538 positive  
(hepatocyte culture medium) 

(Hennig et al., 1991) 

SOS DNA Reparatur negative  (Sakai et al., 1992) 

SOS Chromotest 
E. coli PQ 35, 37 

negative (Krivobok et al., 1987) 

E. coli PQ 35, 37 positive 
(at cytotoxic concentrations) 

(Malaveille et al., 1991) 

Mutagenicity in mammalian cells 
L5178Y TK+/- mouse lymphoma cells 

 
negative 

 
(Bendele et al., 1985) 

HPRT negative (Umeda et al., 1977) 

lacZ`-mutations (NIH/3T3 mouse 
fibroblasts expressing human CYP450 

 
positive 

 
(de Groene et al., 1996) 

DNA repair 
rat and mouse hepatocytes 
 

positive 
(weak effects only at 

cytotoxic concentrations) 

(Mori et al., 1984) 

rat hepatocytes negative (Bendele et al., 1985) 

rat hepatocytes positive (Dorrenhaus and 
Follmann, 1997) 

DNA strand breaks 
Chinese hamster ovary cells 
rat fibroblasts 

positive (Stetina and Votava, 
1986) 

mouse splenocytes positive (Creppy et al., 1985) 

MDCK kidney epithelial cells positive (Lebrun and Follmann, 
2002) 

HepG2 cells positive (Ehrlich et al., 2002) 

Micronuclei-Test 

Syrian embryo fibroblasts 

 
positive 

 
(Dopp et al., 1999) 

HepG2 cells positive (Ehrlich et al., 2002) 

Sister Chromatid Exchange 
Chinese hamster ovary cells 

 
negative 

 
(NTP, 1989) 

porcine urinary bladder epithelial cells positive (Follmann et al., 1995) 

human lymphocytes positive (?) (Hennig et al., 1991) 

human lymphocytes negative (Cooray, 1984) 
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Table 2 Results from DNA binding studies using radiolabelled ochratoxin A 

Treatment conditions Results Limit of detection Reference 

Male rat, single oral dose 

of 1 mg/kg b.w., 24 h 

No adducts detected, 

3
H 

2.7 / 10
9
 DNA bases (Gautier et al., 2001) 

Rats, single oral dose of 

210 µg/kg, 24 h 

No adducts detected, 

3
H 

1.3 / 10
10

 DNA bases  (Schlatter et al., 1996) 

Rats, single oral dose of 

500 µg/kg, 48h 

No adducts detected, 

14
C 

< 3 / 10
9
 DNA bases (Mally et al., 2004) 

Human and rat 

hepatocytes 

No adducts detected, 

3
H 

2 / 10
9
 DNA bases (Gross-Steinmeyer et 

al., 2002) 
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Table 3  Results from a range of in vivo studies using 
 32

P-postlabelling to assess DNA adduct formation by ochratoxin A. 
 

Species/Strain Dosing regimen DNA adducts in kidney Comments / Conclusions Reference 

Γ Swiss mice 2.5 mg/kg b.w. by gavage 
sacrifice 24-72h after single dose 

24 adduct spots 
maximum adduct levels after 72h  
40 / 10

9
 nucleotides,  

no background 

9 adduct spots in liver 
maximum adduct levels after 72h 
7 / 10

9
 nucleotides 

(Pfohl-Leszkowicz et al., 
1991) 

Γ Swiss mice 2.5 mg/kg b.w. by gavage 
sacrifice 8-384h after single dose 

24 adduct spots 
maximum adduct levels after 48h  
103 / 10

9
 nucleotides, 

no background 

15 adduct spots in liver 
maximum adduct levels after 48h 
42 / 10

9
 nucleotides 

no background 

(Pfohl-Leszkowicz et al., 
1993) 

Γ Swiss mice 2.0 mg/kg b.w. by gavage 
sacrifice 48h after single dose 

221 / 10
9
 nucleotides, 

no background 
pretreatment with indomethacin and aspirin reduced adduct 
formation by 95%: involvement of prostaglandin-H-synthethase 
suggested 

(Obrecht-Pflumio et al., 
1996) 

  Ε BDF1-C57B1 mice 
 

  
   0.5 mg/kg b.w. by gavage 
  2 mg/kg b.w. by gavage 
sacrifice 48h after single dose 

 5 adduct spots 
 4.5 / 10

9
 nucleotides 

 13 / 10
9
 nucleotides 

 no background 

  15 adduct spots in liver  
   66 / 10

9
 nucleotides 

   984 / 10
9
 nucleotides 

(Petkova-Bocharova et 

al., 1998) 

Γ Sprague Dawley rats 
 

   0.2 mg (/kg b.w.?) by gavage 
1.0 mg (/kg b.w.?) by gavage 
0.2 mg(/kg b.w.?) in feed 
1.0 mg(/kg b.w.?) in feed 
for 5 days, sacrifice on day 6 

22 / 10
9
 nucleotides  

41 / 10
9
 nucleotides  

6 / 10
9
 nucleotides  

11 / 10
9
 nucleotides   

OTA in plasma     5.9 µg/ml     (14.6 µM) 
                           42.4 µg/ml   (105.3 µM) 
                              5.7µg/ml     (14.0 µM) 
                            31.0 µg/ml    (77.0 µM) 
kidney pathology and loss of body weight only after 1 mg by gavage 

(Miljkovic et al., 2003) 

Γ Lewis rats 
 

2 mg/kg b.w. by gavage 
sacrifice 48h after single dose 

12 adduct spots 
70 / 10

9
 nucleotides  

 

pretreatment with N-acetyl-cysteine, acivcin or buthionine-
sulfoximine reduced addduct formation: involvement of oxidative 
stress and a glutathione conjugate suggested 

(Pfohl-Leskowicz et al., 
2002) 

Γ Lewis rats 
 

0.4 mg/kg b.w. by gavage 
3 times / week for 2 years 

up to 10 adduct spots 
4 to 25 / 10

9
 nucleotides 

cotreatment with MESNA reduced adduct formation:  
involvement of a glutathione conjugate suggested   
Dark Agouty more susceptible than Lewis rats: CYP 2C and CYP 
1A implicated in OTA genotoxicity 

(Pfohl-Leskowicz et al., 
2002) 
(Castegnaro et al., 1998) 

Γ Dark Agouti rats 
 

   0.4 mg/kg b.w. by gavage 
3 times / week for 2 years 

up to 12 adduct spots 
2.6 to 114 / 10

9
 nucleotides 

background 0.5 / 10
9
 nucleotides 

  (Pfohl-Leskowicz et al., 
2002) 
(Castegnaro et al., 1998) 

Γ Dark Agouti or Lewis 
rat? 

0.4 mg/kg b.w. by gavage 
3 times / week for 2 years 

2 distinct adduct spots 
 

 (Arlt et al., 2001) 

Γ Dark Agouti rats 
 

  0.4 mg/kg b.w. by gavage 
3 times / week for 2 years 

up to 19 adduct spots 
 

 (Pfohl-Leszkowicz et al., 
1998) 

Γ F344 rats 
 

1 mg/kg b.w. by gavage 
sacrifice 24h after single dose 

31 - 71 /10
9
 nucleotides  

background 6 - 24 / 10
9 
nucleotides 

 no binding of 
3
H-ochratoxin A  to DNA detected, suggesting spots 

observed by postlabelling may be caused by oxidative stress and/or 
cytotoxicity 

(Gautier et al., 2001) 

Γ F344 rats 
 

2 mg/kg b.w. by gavage 
5 times / week for 2 weeks, sacrifice 
72h after final dose 

no treatment related adducts detected  (Mally et al., 2004) 

Γ F344 rats 
 

0.5 - 2 mg/kg b.w. by gavage 
5 times / week for 2 weeks, sacrifice 
72h after final dose 

no treatment related adducts detected high blood and organ concentrations of OTA at   terminal sacrifice, 
prominent kidney pathology, (oxidative) DNA damage present  as 
indicated by the Comet Assay 

(Mally et al., 2005a) 

Page 18 of 21

http://mc.manuscriptcentral.com/tfac  Email: fac@tandf.co.uk

Food Additives and Contaminants

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review
 O

nly

 19 

 

Figure legends 

 

Fig. 1  Biotransformation of Ochratoxin A 

 

Fig. 2   Chemical structure of a carbon- and an oxygen-bonded C8-deoxyguanosine 

formed by photorirradiation of OTA in the presence of dGMP. 
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Fig. 2 
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