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Abstract: Ochratoxin A (OTA) is a mycotoxin that enhances renal tumor formation in the
outer medulla of male rat kidney. Direct DNA damage and subsequent mutagenicity may
contribute to these processes. In this study we have determined whether OTA in the
absence or presence of activated rat liver microsomes (RLM) or redox-active transition
metals (Fe(III) or Cu(II)) causes promutagenic DNA damage in the supF gene of the
mutation reporter plasmid pS189 replicating in human Ad293 cells. In addition, we have
assessed the mutagenicity of the hydroquinone metabolite (OTHQ) of OTA in the absence
or presence of cysteine without added cofactors. Our results show that oxidation of OTA,
either by RLM or by transition metal ions, activates OTA to a directly genotoxic
mutagen(s). The Fe(III)/OTA system was the most potent mutagen in our experimental
system, causing a 32-fold increase in mutant fraction (MF) above the spontaneous control
MF. The Cu(II)/OTA system caused a 9-fold increase in MF, while a 6–10-fold increase in
MF was observed for OTA in the presence of RLM. The OTHQ metabolite is also
mutagenic, especially in the presence of cysteine, in which a 6-fold increase in MF was

Toxins 2012, 4

268

observed. Our data provide further insight into OTA bioactivation that may account for its
in vivo mutagenicity in male rat kidney.
Keywords: ochratoxin A; mutagenicity; DNA adduct; genotoxicity; carcinogenesis

1. Introduction
Ochratoxin A (OTA, Figure 1) is a human toxin produced by Penicillium verrucosum and several
Aspergillus species [1,2]. It is found in a variety of human foods, including cereal grains, e.g., wheat
and rye, as well as coffee, beer, and wine [3,4]. OTA has been implicated as a cause of nephropathies
and urothelial tract tumors in the Balkans [5–7] and in North African countries [8]. The International
Agency for Research on Cancer (IARC) has classified OTA as a possible human carcinogen
(group 2B) [9], and OTA exposure has been associated with cancer of the urothelial tract in
rats [10, and reviewed in 5] and chicks [11]. OTA has also been proposed as a cause of testicular
cancer in young men [12,13].
OTA is a substrate for photochemical [14–16], electrochemical [17], and transition metal
ion-mediated [18,19] oxidation. OTA is also a substrate for enzymatic oxidation by microsomal mixed
function oxidases [20–22] and enzymes with peroxidase activity [23,24]. Exposure to OTA is
cytotoxic to cultured cells [25–28] as well as in vivo in rodent models [29–31]. The cytotoxicity of
OTA shows a close correlation with the onset of oxidative DNA damage mediated by the toxin
through production of reactive oxygen species (ROS) [25,27,28].
Figure 1. Structure of OTA, OTHQ and the OTB-dG adduct.

Studies of OTA-mediated mutagenicity have produced inconsistent results. The original assessment
in S. typhimurium in the presence of rat liver post-mitochondrial supernatants was negative [32].
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However, De Groene et al. observed OTA-mediated mutagenesis in NIH 3T3 cells stably expressing
certain P450s [33,34]. Additional studies by the Obrecht-Plumio et al. in the presence of high dose
OTA (403–1210 µg/plate), kidney microsomes, NADPH, and arachidonate caused the formation of
mutagens detectable in S. typhimurium [35]. However, Zepnick and coworkers found negative
evidence for OTA-mediated mutagenicity [36]. Palma et al. found that OTA-mediated mutagenicity is
consistent with oxidative DNA damage and that bioactivation of OTA is not a requirement for the
observed mutagenicity [37]. Several other studies have concluded that enzymatic oxidation of OTA
does not cause covalent adduction of OTA to DNA [38–40] and that mutagenicity stems from
by-products of cellular cytotoxicity [41]. However, other recent studies have produced conflicting
results that indicate that oxidation of OTA in the presence of nucleosides or DNA yields covalent
OTA-DNA nucleoside adducts [42–44]. Included in these studies is liquid chromatography-mass
spectrometry (LC-MS) results that support the presence of the nonchlorinated OTB-2′-deoxyguanosine
(dG) adduct (Figure 1) in male rat kidney [44]. Hibi and coworkers have also demonstrated the
mutagenicity of OTA in the target tissue (outer medulla) of male rats [45]. In these studies the gpt delta
transgenic rat model was employed and the reporter gene mutation assay showed significantly higher
levels of deletion mutations compared to controls using DNA extracted from the outer medulla of male
rat. The extracted DNA was also examined for 8-oxo-dG formation derived from ROS generation and
no evidence for 8-oxo-dG formation was found and OTA exposure failed to increase the frequencies of
GC: TA transversion mutations, which are characteristic of 8-oxo-dG-mediated mutagenicity. The in
vivo mutagenicity assays reported by Hibi et al. suggest that oxidative DNA damage does not
contribute to OTA-mediated mutagenicity and favor a direct genotoxic mechanism [45].
The positive results on OTA-mediated in vivo mutagenicity [45] combined with the finding that
OTA generates the OTB-dG adduct in male rat kidney [44] demonstrates that DNA adduction and
mutagenicity remains a viable mechanism of action for OTA-mediated renal carcinogenesis [46].
These results prompted us to report the current study, in which we address the mutagenicity of OTA in
cell culture, using the human mutation reporter plasmid pSP189 developed by Seidman [47]. The data
presented herein indicate that oxidation of OTA, either by microsomal enzymes or by transition metal
ions, activates OTA to a directly genotoxic mutagen(s). Synthetic ochratoxin hydroquinone
(OTHQ, Figure 1), an OTA metabolite that forms covalent DNA adducts [43], is also mutagenic.
2. Experimental Section
2.1. Reagents
OTA (≥98%), βNADP, glucose-6-phosphate and glucose-6-phosphate dehydrogenase were
purchased from Sigma Chemical Co. (St. Louis, MO, USA). Arochlor®-activated rat liver microsomes
were purchased from In Vitro Technologies, Inc. (Baltimore, MD, USA). Plasmid pSP189 was
received as a generous gift from Dr. Michael Seidman. The construction and properties of pSP189,
including its “signature sequence”, have been reported [48]. OTHQ was chemically synthesized as a
mixture of diastereomers (3(R/S), Figure 1) using the synthetic protocol previously reported [22] and
was ≥96% pure based on reverse-phase HPLC analysis. Stock solutions of OTA and OTHQ (13.7 mM)
were prepared in dioxane. Stock solutions containing 10 mM OTA and 5 mM cupric acetate or ferric
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ammonium citrate (1:2 metal ion:OTA molar ratio) were made in 10 mM MOPS buffer, initially at
pH 4, then adjusted to 7.4 with NaOH. Coordination of copper ions by OTA was verified by the
appearance of an absorbance peak at 365 nm [18,49].
2.2. Treatment of Plasmid PSP189 with OTA
In general reactions were carried out in 50 mM potassium phosphate buffer, pH 7.4, except those
involving Cu(II)- or Fe(III)-OTA complexes, in which case the buffer was 50 mM HEPES, pH 7.4. For
reactions utilizing rat liver microsomes (RLM), a 25 mg/mL microsome suspension and a nucleotide
regenerating system consisting of 0.7 mM βNADP, 7.7 mM glucose-6-phosphate, plus 1.5 units/mL
glucose-6-phosphate dehydrogenase were pre-warmed to 37 °C for 5 min. All reactions were carried
out in 500 µL volumes at 37 °C for 60 min and included 25 µg pSP189, OTA or OTHQ, 625 µg
activated microsomes and 125 µL nucleotide regenerating system, where appropriate. Reactions were
quenched by cooling on ice, followed by phenol:chloroform:isoamyl alcohol (24:24:1) extraction,
chloroform:isoamyl alcohol (24:1) extraction, and ethanol precipitation. Precipitated plasmid was
washed twice with 70% ethanol, dried, and dissolved in 10 mM Tris-HCl, pH 8 for analysis.
2.3. Transfection of Target Cells
Human Ad293 cells, which are immortal, but not malignant, human cells derived from
embryonic kidney, were grown as a monolayer in Dulbecco’s modified Eagle’s medium
(Gibco, Grand Island, NY, USA) containing 5% heat-inactivated fetal bovine serum in a humidified
5% CO2 atmosphere. Target Ad293 cells, grown to ca. 50% confluence in 100 mm3 dishes, were
transfected with 10 µg pSP189 DNA by the diethylaminoethyl dextran technique [50].
2.4. Mutation Analysis
Low molecular weight DNA was isolated from target Ad293 cells 48 h after transfection by the
procedure of Hirt [51]. Plasmid DNA was purified and analyzed for the mutant fraction (MF) as
previously described [52]. Briefly, purified plasmid DNA was treated with 0.1 units/µL Dpn I to
remove unreplicated plasmid DNA, then used to electrotransform Escherichia coli strain MBM7070.
MBMB7070 cells contain an amber mutation in lacZ that is suppressed by wild type supF tRNA,
producing functional β-galactosidase. Transformants were plated on Luria broth plates containing
50 µg/mL ampicillin plus isopropyl-β-D-thiogalactoside (IPTG) and 5-bromo-4-chloro-3-indoyl-β-Dgalactoside (X-gal, the chromogen). Total (blue + white) and mutant supF-containing (white) colonies
are enumerated. Mutant (M) white colonies were confirmed by secondary streaking.
2.5. Statistical Analysis
Poisson regression was used to assess the effect of treatment on the mean number of M colonies.
The log of the number of colonies was used as an offset in the models, and pair-wise treatment
differences were tested using linear contrasts. The Deviance statistic was used to assess goodness of
fit, and a likelihood ratio test comparing the log likelihoods from Poisson and Negative Binomial
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models was used to test for overdispersion. Weighted means and standard errors (SE) are presented in
the text and tables.
3. Results
3.1. Activation with Rat Liver Microsomes
Exposure to OTA did not significantly enhance the mutant fraction (MF) of plasmid pSP189
replicated in human Ad293 cells above the background value of 3.5 × 10−6 (Table 1). Exposure to
0.5–5 mM OTA in the presence of activated rat liver microsomes (RLM) enhanced the MF 6–10 fold
to 3.5 ± 0.93 × 10−5 (Table 1, p < 0.02 for each comparison). However, no dependence of the MF on
OTA concentration in the range 0.5–5 mM was discernible. Replacing activated RLM with boiled
microsomes totally abrogated the OTA/microsome associated enhancement of mutagenicity.
Table 1. Mutagenicity of OTA in the presence of rat liver microsomes.
Expt.
Treatment
Colonies M Colonies a MF (×104) b Mean ± SE
1
Plasmid alone
211267
2
0.09
0.035 ± 0.025
2
81533
0
0.00
3
274100
0
0.00
1
1 mM OTA
145467
1
0.07
0.061 ± 0.035
2
48367
1
0.21
3
295233
1
0.04
1
RLM + 0.5 mM OTA
165233
3
0.18
0.31 ± 0.087
2
81767
2
0.24
3
169300
8
0.47
1
RLM + 1 mM OTA
104167
2
0.19
0.23 ± 0.072
2
57767
2
0.35
3
275867
6
0.21
1
RLM + 5 mM OTA
88900
2
0.22
0.35 ± 0.093
2
31333
2
0.64
3
281700
10
0.36
1
Boiled RLM + 1 mM OTA
56067
0
0.00
0.032 ± 0.032
2
51567
1
0.19
3
204900
0
0.00
a
b
The number of mutant (M) supF-containing (white) colonies; Mutant Fraction (MF) = number of M
colonies (white)/total (blue + white) colonies.

3.2. Mutagenicity of OTHQ
The OTHQ metabolite of OTA can undergo an autoxidative process to generate the quinone
electrophile OTQ [22], that reacts with DNA to generate adduct spots, as evidenced by
32
P-postlabeling [43]. Thus, the OTHQ metabolite of OTA was tested for mutagenicity in the absence
of metabolism. Its mutagenicity was also tested in the presence of 1 equiv. cysteine. These experiments
were prompted by our earlier findings that the OTQ electrophile reacts covalently with cysteine to
form a conjugate that is unstable and undergoes further reactions to afford electrophilic species that
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may react with DNA [16]. A one hour exposure to 1 mM OTHQ senhanced the MF of plasmid pSP189
replicated in human Ad293 cells 3.6 fold above background to 1.4 ± 0.51 × 10−4 (p = 0.049, Table 2).
Addition of 1 mM cysteine to 1 mM OTHQ further increased the MF to 6.3 fold above background to
2.5 ± 0.68 × 10−4 (p = 0.003 vs. background, Table 2).
Table 2. Mutagenicity of OTHQ in the absence or presence of cysteine.
Expt.
Treatment
Colonies M Colonies MF (× 104) Mean ± SE
1
Plasmid alone
40150
2
0.50
0.39 ± 0.22
2
18050
1
0.55
3
19600
0
0.00
1
1 mM cysteine
30500
3
0.98
0.73 ± 0.28
2
32700
3
0.92
3
32700
1
0.32
1
1 mM OTHQ
12400
4
3.2
1.41 ± 0.45
2
29200
3
1.0
3
29350
3
1.0
1
1 mM OTHQ + 1 mM cysteine
11200
6
5.4
2.45 ± 0.60
2
29050
7
2.4
3
29050
4
1.4

3.3. Mutagenicity of OTA-Transition Metal Ion Complexes
The mutagenicity of OTA in the presence of Fe(III) and Cu(II) was also determined, given that
OTA is oxidized by Fe(III) into the quinone electrophile OTQ [22] that provides a rationale for the
mutagenicity of OTHQ (Table 2). OTA also reacts with dG in the presence of Fe to generate the
OTB-dG adduct shown in Figure 1 [53], and forms an OTA-Fe complex that has been implicated in
lipid peroxidation mediated by the toxin [54]. OTA also forms a complex with Cu(II) [18,49] that can
facilitate oxidative DNA strand scission [18,19]. Thus, we were interested to determine whether OTA
would show mutagenicity in the presence of these redox-active transition metal ions. For
these experiments, OTA was kept in a two-fold excess over the transition metal in the
non-metal-coordinating HEPES buffer pH 7.4. Both Fe(III) [54] and Cu(II) [18] form 1:1 complexes
with OTA and at pH 6.0 the equilibrium binding constant (K1:1) for Cu(II) is ~2.5 × 106 M−1 [18],
while a K1:1 value ~2 × 108 M−1 has been determined for Fe(III) binding [54], suggesting complete
metal ion coordination by OTA under our experimental conditions. Free Fe chelated to
diethylenetriamine-pentacetic acid does produce a small dose dependent increase in MF in the
mutation reporter plasmid assay [55]. In these experiments, 5 mM Fe showed a 3-fold increase in MF
compared to control, while 0.1 mM Fe failed to enhance the MF [55]. Free Cu(II) has also been shown
to act as a mutagen [56]. In our experiments, exposure to 1 mM Fe(III):2 mM OTA enhanced the MF
of plasmid pSP189 replicated in human Ad293 cells 32-fold above background to 2.5 ± 0.52 × 10−4
(p = 0.001, Table 3). Exposure to the 1 mM Cu(II):2 mM OTA complex enhanced mutagenicity to a
lesser extent, ca. 9-fold above background to 7.1 ± 2.7 × 10−5 (p = 0.041, Table 3).
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Table 3. Mutagenicity of transition metal ion/OTA complexes.

Expt.
Treatment
Colonies M Colonies MF (× 104) Mean ± SE
1
Plasmid alone
12100
0
0.00
0.080 ± 0.080
2
37200
0
0.00
3
76050
1
0.13
1
1 mM Cu(II)/2 mM OTA
10067
1
0.99
0.71 ± 0.27
2
50700
3
0.59
3
38350
3
0.78
1
1 mM Fe(III)/2 mM OTA
24800
12
4.8
2.52 ± 0.52
2
35600
4
1.1
3
34650
8
2.3

4. Discussion
There has been considerable debate whether OTA is directly genotoxic [38,39,44,46,57,58]. OTA
can promote oxidative DNA damage through ROS generation that causes cytotoxicity [25,27,28] and
oxidative DNA damage has been proposed to play an important role in carcinogenicity [41]. However,
other lines of evidence favour DNA adduction by OTA [23,42–44,46,57]. The in vivo mutagenicity
findings for OTA do not support oxidative base damage as the initiation event and favour direct
genotoxicity in OTA-induced renal carcinogenicity [44]. However, the link between DNA adduction
and OTA-mediated mutagenicity has not been firmly established [46].
The data presented here demonstrate that OTA is activated to a species that is a directly genotoxic
mutagen. The free toxin lacked mutagenicity in the absence of external cofactors, such as RLM
(Table 1) or redox-active transition metal ions (Table 3). These findings differ from the mutagenicity
data presented by Palma et al., which suggested that bioactivation in not required for
mutagenicity [37], and are more in line with the data from Tozlovanu et al., 2006 showing that DNA
adduction by OTA is not observed directly with OTA in the absence of oxidative metabolism [43].
That RLM could be used for the conversion of OTA to a genotoxic mutagen in our experimental
system (Table 1), suggested that the genotoxic metabolite of OTA is an oxidation product. In this
regard, we previously demonstrated that the oxidation of OTA (100 µM) by RLM (1 mg/mL)
generated a GSH-conjugate that suggested the intermediacy of the quinone electrophile (OTQ) in the
oxidation of OTA [59]. Pfohl-Leszkowicz and coworkers have also outlined a role for GSH in
conjugation of OTA-derived electrophiles following bioactivation of the parent toxin [60]. The
oxidation of OTA by activated RLM in the presence of a reducing agent (ascorbate) also generates the
hydroquinone metabolite OTHQ [59]. OTHQ autoxidizes to OTQ that reacts covalently with DNA to
generate DNA adducts [43]; although the structure(s) of such adducts are unknown. This process
occurs spontaneously in aqueous media in the presence of molecular O2, and no other cofactors are
required for conversion of OTHQ into OTQ [22]. While this process has the potential to generate
genotoxic ROS, we have recently demonstrated that OTHQ lacks cytotoxicity in mammalian kidney
cells, suggesting that the metabolite is ineffective at stimulating ROS production [61]. Thus, DNA
damage mediated by OTHQ is mainly due to covalent DNA adduction stimulated by OTQ
formation [43]. This background information implies that OTQ formation is likely responsible for
mutagenicity stimulated by the RLM/OTA system (Table 1).
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Authentic OTHQ was also mutagen in our experimental system, albeit a weak one (Table 2). The
weakness of OTHQ mediated mutagenicity may be a reflection of its slow rate of autoxidation [22].
Prolonged incubation of pSP189 with OTHQ may have enhanced its mutagenicity. However,
interestingly, addition of cysteine enhanced the mutagenicity of OTHQ. A possible mechanism for
enhancement of OTHQ-mediated mutagenicity by cysteine is suggested by our previous work [16] and
outlined by Monks and Lau for the nephrotoxicity of polyphenolic-gluathione conjugates [62]. Thus,
as outlined in Figure 2, autoxidation of OTHQ generates OTQ that reacts with cysteine to afford the
conjugate OTHQ-Cys [16]. This conjugate is not stable [16] and can also undergo an autoxidative
process to reform the quinone structure that reacts covalently with the amine group of the attached
cysteine to afford a quinonimine that upon tautomerization will afford the imine electrophile in the
new six-membered ring system. The imine functional group forms the basis for DNA adduction by the
pyrrolobenzodiazepines, such as anthramycin, that have potential use in anticancer therapies [63]. This
proposed pathway may play a role for the heightened mutagenicity of OTHQ in the presence of
cysteine (Table 2).
Figure 2. Proposed pathway for reaction of cysteine with OTHQ.

In our experimental system, Fe(III)/OTA was the most potent mutagen showing a 32-fold MF
above background levels (Table 3). This observation may correlate with earlier studies on the
reactivity of OTA in the presence of dG to yield OTB-dG [53]. These studies were prompted by
reports that OTA forms guanine-specific DNA adducts [64,65] and demonstrated that OTB-dG
formation resulted from reaction of OTA/dG in the presence of Fe, Cu, or peroxidase enzymes [53].
Interestingly, Fe generated OTB-dG in the highest yield, ~5 orders of magnitude greater than Cu and
peroxidase. The greater reactivity of OTA toward guanine in the presence of Fe, as opposed to Cu,
may provide a rationale for the enhanced MF of the Fe/OTA system (Table 3). However, Fe(III) also
oxidizes OTA to the quinone electrophile OTQ that reacts with DNA [43] and provides a rationale for
the mutagenicity of OTHQ (Table 2). Thus, there are at least two possible mechanisms for
Fe(III)/OTA mediated mutagenesis: (1) OTB-dG formation, and (2) OTQ formation with subsequent
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adduct formation. At present, the DNA adduct(s) formed by OTQ have not been structurally
characterized and it is unknown whether the OTB-dG adduct is mutagenic. Our goal is to first
characterize the DNA adducts formed by OTQ, and incorporate site-specifically the OTQ adducts and
OTB-dG into oligonucleotide substrates so that their biological consequences can be assessed.
The observation of OTA-mediated mutations in the supF gene of plasmid DNA replicating in
human Ad293 cells seemingly is not concordant with the work of Hibi et al. [45], who did not observe
enhanced mutagenesis in the gpt gene in kidneys of OTA-exposed mice. The explanation for the
disparate results is not known; however, methodologic differences may be contributory gpt mutations
are detected phenotypically by resistance to 6-thioguanine due to loss of hypoxanthine-guanine
phosphoribosyl transferase (HGPRT) catalytic activity. Phenotypically silent gpt mutations that do not
affect HGPRT catalytic activity and are therefore not detected in a 6-thioguanine resistance assays may
have contributed to underestimation of OTA-mediated mutations in mouse kidney DNA. In contrast,
there are no phenotypically silent mutations in the supF gene in the reporter assay used in this study.
Hibi et al. [45] did observe enhance OTA-mediated production of large (ca. 10 kb) deletions in mouse
kidney; such mutations are not observable in the plasmid pSP189-based assay. The occurrence of large
deletions in the mouse kidney vs. base substitutions and frameshift mutations in the in vitro plasmid
based assay may reflect differences in the OTA activation pathways to a proximate mutagen. Base
substitution and/or frameshift mutations mediated by OTA in vitro are enhanced by conversion to the
hydroquinone in the presence of cysteine or to the phenoxyl radical in the presence of Fe(III), both of
which produce DNA base-reactive OTA intermediates. It is possible that OTA activation pathways in
the mouse kidney generate phosphodiester backbone reactive intermediates, producing double strand
breaks that lead to large deletions, rather than DNA base reactive intermediates. In this regard,
differences in OTA activation pathways in the kidney as compared to those utilized in the in vitro
mutation reporting system may be attributable to the fact that liver, as opposed to kidney, microsomes
were used for in vitro activation. Future experiments using the in vitro mutation reporting system
described herein will focus on the impact of OTA bioactivation by kidney microsomes, enabling
comparison with the mutagenicity of liver microsome-activated OTA in vitro and the in vivo
OTA-mediated genetic alterations described by Hibi et al.
Acknowledgments
Support from the National Cancer Institute (R01-CA080787) is acknowledged.
References
1.
2.
3.
4.

van der Merwe, K.J.; Steyn, P.S.; Fourie, L.; Scott, D.B.; Theron, J.J. Ochratoxin A, a toxic
metabolite produced by Aspergillus ochraceus Wilh. Nature 1965, 205, 1112–1113.
Pohland, A.E.; Nesheim, S.; Friedman, L. Ochratoxin A, a review. Pure Appl. Chem. 1992, 64,
1029–1046.
Jørgensen, K. Survey of pork, poultry, coffee, beer and pulses for ochratoxin A. Food Addit.
Contam. 1998, 15, 550–554.
Trucksess, M.; Giler, J.; Young, K.; White, K.D.; Page, S.W. Determination and survey of
ochratoxin A in wheat, barley, and coffee—1997. J. AOAC Int. 1999, 82, 85–89.

Toxins 2012, 4
5.
6.
7.

8.

9.

10.

11.
12.
13.

14.
15.
16.

17.
18.

19.

276

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.
Stoev, S.D. The role of ochratoxin A as a possible cause of Balkan endemic nephropathy and its
risk evaluation. Vet. Human Toxicol. 1998, 40, 352–360.
Pfohl-Leszkowicz, A.; Petkova-Bocharova, T.; Chernozemsky, I.N.; Castegnaro, M. Balkan
endemic nephropathy and the associated urinary tract tumours: Review on etiological causes,
potential role of mycotoxins. Food Add. Contam. 2002, 19, 282–302.
Grosso, F.; Saïd, S.; Mabrouk, I.; Fremy, J.M.; Castegnaro, M.; Jemmali, M.; Dragacci, S. New
data on the occurrence of ochratoxin A in human sera from patients affected or not by renal
diseases in Tunisia. Food Chem. Toxicol. 2003, 41, 1133–1140.
IARC. Monographs on the evaluation of carcinogenic risks to humans. In Some Naturally
Occurring Substances: Food Items and Constituents, Heterocyclic Aromatic Amines and
Mycotoxins, No. 56, Ochratoxin A; International Agency for Research on Cancer: Lyon, France,
1993; pp. 489–521.
Boorman, G.A. Toxicology and Carcinogenesis Studies of Ochratoxin A (CAS No 303-47-9) in
F344/N Rats; Technical Report for National Toxicology Program, NIH Publication No. 89-2813;
US Department of Health and Human Services, National Institutes of Health: Research Triangle
Park, NC, USA, 1989.
Stoev, S.D. Studies on carcinogenic and toxic effects of ochratoxin A in chicks. Toxins 2010, 2,
649–664.
Schwartz, G.G. Hypothesis: Does ochratoxin A cause testicular cancer? Cancer Causes Control
2002, 13, 91–100.
Jennings-Gee, J.E.; Tozlovanu, M.; Manderville, R.; Miller, M.S.; Pfohl-Leszkowicz, A.;
Schwartz, G.G. Ochratoxin A: In utero exposure in mice induces adducts in testicular DNA.
Toxins 2010, 2, 1428–1444.
Gillman, I.G.; Yezek, J.M.; Manderville, R.A. Ochratoxin A acts as a photoactivatable DNA
cleaving agent. Chem. Commun. 1998, 647–648.
Il’ichev, Y.V.; Perry, J.L.; Manderville, R.A.; Chignell, C.F.; Simon, J.D. The pH-dependent
primary photoreactions of ochratoxin A. J. Phys. Chem. B 2001, 105, 11369–11376.
Brow, M.E.; Dai, J.; Park, G.; Wright, M.W.; Gillman, I.G.; Manderville, R.A. Photochemically
catalyzed reaction of ochratoxin A with D- and L-cysteine. Photochem. Photobiol. 2002, 76,
649–656.
Calcutt, M.W.; Gillman, I.G.; Noftle, R.E.; Manderville, R.A. Electrochemical oxidation of
ochratoxin A: Correlation with 4-chlorophenol. Chem. Res. Toxicol. 2001, 14, 1266–1272.
Ardus, J.A.; Gillman, I.G.; Manderville, R.A. On the role of copper and iron in DNA cleavage by
ochratoxin A. Structure-activity relationships in metal binding and copper-mediated DNA
cleavage. Can J. Chem. 1998, 76, 907–918.
Manderville, R.A.; Calcutt, M.W.; Dai, J.; Park, G.; Gillman, I.G.; Noftle, R.E.;
Mohammed, A.K.; Dizdaroglu, M.; Rodriguez, H.; Akman, S.A. Stoichiometric preference in
copper-promoted oxidative DNA damage by ochratoxin A. J. Inorg. Biochem. 2003, 95, 87–96.

Toxins 2012, 4

277

20. Stormer, F.C.; Storen, O.; Hansen, C.E.; Pedersen, J.I.; Aasen, A.J. Formation of (4R)- and
(4S)-4-hydroxyochratoxin A and 10-hydroxyochratoxin A from ochratoxin A by rabbit liver
microsomes. Appl. Environ. Microbiol. 1983, 45, 1183–1191.
21. Omar, R.F.; Hasinoff, B.B.; Mejilla, F.; Rahimtula, A.D. Effect of cytochrome P450 induction on
the metabolism and toxicity of ochratoxin A. Biochem. Pharmac. 1996, 40, 1183–1191.
22. Gillman, I.G.; Clark, T.N.; Manderville, R.A. Oxidation of ochratoxin A by an Fe-porphyrin
system: Model for enzymatic activation and DNA cleavage. Chem. Res. Toxicol. 1999, 12,
1066–1076.
23. Pfohl-Leszkowicz, A.; Grosse, Y.; Kane, A.; Creppy, E.E.; Dirheimer, G. Differential DNA
adduct formation and disappearance in three mouse tissues after treatment with the mycotoxin
ochratoxin A. Mutat. Res. 1993, 289, 265–273.
24. Pinelli, E.; Adlouni, C.E.; Pipy, B.; Quartulli, F.; Pfohl-Leszkowicz, A. Roles of cyclooxygenase
and lipoxygenases in ochratoxin A genotoxicity in human epithelial lung cells. Environ. Toxicol.
Pharmacol. 1999, 7, 95–107.
25. Kamp, H.G.; Eisenbrand, G.; Schlatter, J.; Würth, K.; Janzowski, C. Ochratoxin A: Induction of
(oxidative) DNA damage, cytotoxicity and apoptosis in mammalian cell lines and primary cells.
Toxicology 2005, 206, 413–425.
26. Faucet-Marquis, V.; Pont, F.; Størmer, F.; Rizk, T.; Castegnaro, M.; Pfohl-Leszkowicz, A.
Evidence of a new dechlorinated OTA derivative formed in opossum kidney cell cultures after
pre-treatment by modulators of glutathione pathways. Correlation with DNA adducts formation.
Mol. Nutr. Food Res. 2006, 50, 531–542.
27. Arbillaga, L.; Azqueta, A.; Ezpeleta, O.; Lopez de Cerain, A. Oxidative DNA damage induced by
ochratoxin A in the HK-2 human kidney cell line: evidence of the relationship with cytotoxicity.
Mutagenesis 2007, 22, 35–42.
28. Ali, R.; Mittelstaedt, R.A.; Shaddock, J.G.; Ding, W.; Bhalli, J.A.; Khan, Q.M.; Heflich, R.H.
Comparative analysis of micronuclei and DNA damage induced by ochratoxin A in two
mammalian cell lines. Mutat. Res. 2011, 723, 58–64.
29. Baudrimont, I.; Betbeder, A.M.; Gharbi, A.; Pfohl-Leszkowicz, A.; Dirheimer, G.; Creppy, E.E.
Effect of superoxide dismutase and catalase on the nephrotoxicity of subchronical administration
of ochratoxin A in rats. Toxicology 1994, 89, 101–111.
30. Gautier, J.C.; Holzhaeuser, D.; Markovic, J.; Gremaud, E.; Schilter, B.; Turesky, R.J. Oxidative
damage and stress response from ochratoxin A exposure in rats. Free Rad. Biol. Med. 2001, 30,
1089–1098.
31. Kamp, H.G.; Eisenbrand, G.; Janzowski, C.; Kiossev, J.; Latendresse, J.R.; Schlatter, J.;
Turesky, R.J. Ochratoxin A induces oxidative DNA damage in liver and kidney after oral dosing
to rats. Mol. Nutr. Food Res. 2005, 49, 1160–1167.
32. Wurgler, F.E.; Friederich, U.; Schlatter, J. Lack of mutagenicity of ochratoxin A and B, citrinin,
patulin and cnestine in Salmonella typhimurium TA102. Mutat. Res. 1991, 261, 209–216.
33. De Groene, E.M.; Hassing, I.G.A.M.; Blom, M.J.; Seinen, W.; Fink-Gremmels, J.; Horbach, G.J.
Development of human cytochrome P450-expressing cell lines: Application in mutagenicity
testing of ochratoxin A. Cancer Res. 1996, 56, 299–304.

Toxins 2012, 4

278

34. De Groene, E.M.; Jahn, A.; Horbach, G.J.; Fink-Gremmels, J. Mutagenicity and genotoxicity of
the mycotoxin ochratoxin A. Environ. Toxicol. Pharmacol. 1996, 1, 21–26.
35. Obrecht-Plumio, S.; Chassat, T.; Dirheimer, G.; Marzin, D. Genotoxicity of ochratoxin A by
Salmonella mutagenicity test after bioactivation by mouse kidney microsomes. Mutat. Res. 1999,
446, 95–102.
36. Zepnik, H.; Pähler, A.; Schauer, U.; Dekant, W. Ochratoxin A-induced tumor formation: Is there a
role of reactive ochratoxin A metabolites? Toxicol. Sci. 2001, 59, 59–67.
37. Palma, N.; Cinelli, S.; Sapora, O.; Wilson, S.H.; Dogliotti, E. Ochratoxin A-induced mutagenesis
in mammalian cells is consistent with the production of oxidative stress. Chem. Res. Toxicol.
2007, 20, 1031–1037.
38. Gross-Steinmayer, K.; Weymann, J.; Hege, H.C.; Metzler, M. Metabolism and lack of DNA
reactivity of the mycotoxin ochratoxin A in cultured rat and human primary hepatocytes. J. Agric.
Food Chem. 2002, 50, 938–945.
39. Mally, A.; Zepnik, H.; Wanek, P.; Eder, E.; Dingley, K.; Ihmels, H.; Völkel, W.; Dekant, W.
Ochratoxin A: Lack of formation of covalent DNA adducts. Chem. Res. Toxicol. 2004, 17,
234–242.
40. Mally, A.; Pepe, G.; Ravoori, S.; Fiore, M.; Gupta, R.C.; Dekant, W.; Mosesso, P. Ochratoxin A
causes DNA damage and cytogenetic effects but no DNA adducts in rats. Chem. Res. Toxicol.
2005, 18, 1253–1261.
41. Marin-Kuan, M.; Ehrlich, V.; Delatour, T.; Cavin, C.; Schilter, B. Evidence for a role of oxidative
stress in the carcinogenicity of ochratoxin A. J. Toxicol. 2011, 1–15.
42. Faucet, V.; Pfohl-Leszkowicz, A.; Dai, J.; Castegnaro, M.; Manderville, R.A. Evidence for
covalent DNA adduction by ochratoxin A following chronic exposure to rat and subacute
exposure to pig. Chem. Res. Toxicol. 2004, 17, 1289–1296.
43. Tozlovanu, M.; Faucet-Marquis, V.; Pfohl-Leszkowicz, A.; Manderville, R.A. Genotoxicity of the
hydroquinone metabolite of ochratoxin A: Structure-activity relationships for covalent DNA
adduction. Chem. Res. Toxicol. 2006, 19, 1241–1247.
44. Mantle, P.G.; Faucet-Marquis, V.; Manderville, R.A.; Squillaci, B.; Pfohl-Leszkowicz, A.
Structures of covalent adducts between DNA and ochratoxin A: A new factor in debate about
genotoxicity and human risk assessment. Chem. Res. Toxicol. 2010, 23, 89–98.
45. Hibi, D.; Suzuki, Y.; Ishii, Y.; Jin, M.; Watanabe, M.; Sugita-Konishi, Y.; Yanai, T.; Nohmi, T.;
Nishikawa, A.; Umemura, T. Site-specific in vivo mutagenicity in the kidney of gpt delta rats
given a carcinogenic dose of ochratoxin A. Toxicol. Sci. 2011, 122, 406–414.
46. 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.
47. Seidman, M.M.; Dixon, K.; Razzaque, A.; Zagursky, R.J.; Berman, M.L. A shuttle vector plasmid
for studying carcinogen-induced point mutations in mammalian cells. Gene 1985, 38, 233–237.
48. Parris, C.N.; Seidman, M.M. A signature element distinguishes sibling and independent mutations
in a shuttle vector plasmid. Gene 1992, 117, 1–5.
49. Gillman, I.G.; Day, C.S.; Manderville, R.A. Stepwise formation of a nonsymmetric dinuclear
copper complex of ochratoxin A. Inorg. Chem. 1998, 37, 6385–6388.

Toxins 2012, 4

279

50. McCuthen, J.A.; Pagano, J.S. Enhancement of the infectivity of SV40 deoxyribonucleic acid with
diethylaminoethyl dextran. J. Natl. Cancer Inst. 1968, 41, 351–357.
51. Hirt, B. Selective extraction of polyoma DNA from infected mouse cell cultures. J. Mol. Biol.
1967, 20, 365–369.
52. Waters, S.B.; Akman, S.A. A new assay to quantify in vivo repair of G:T mispairs by base
excision repair. Mutat. Res. 2001, 487, 109–119.
53. Dai, J.; Wright, M.W.; Manderville, R.A. Ochratoxin A forms a carbon-bonded
C8-deoxyguanosine nucleoside adduct: Implication for C8-reactivity by a phenolic radical. J. Am.
Chem. Soc. 2003, 125, 3716–3717.
54. Omar, R.F.; Hasinoff, B.B.; Mejilla, F.; Rahimtula, A.D. Mechanism of ochratoxin A stimulated
lipid peroxidation. Biochem. Pharmacol. 1990, 40, 1183–1191.
55. Akman, S.A.; Forrest, G.P.; Doroshow, J.H.; Dizdaroglu, M. Mutation of potassium
permanganate-and hydrogen peroxide-treated plasmid pZ189 replicating in CV-1 monkey kidney
cells. Mutat. Res. 1991, 261, 123–130.
56. Akman, S.A.; Doroshow, J.H.; Kensler, T.W. Copper-dependent site-specific mutagenesis by
benzoyl peroxide in the supF gene of the mutation reporter plasmid pS189. Carcinogenesis 1992,
13, 1783–1787.
57. Manderville, R.A. A case for the genotoxicity of ochratoxin A by bioactivation and covalent DNA
adduction. Chem. Res. Toxicol. 2005, 18, 1091–1097.
58. Turesky, R.J. Perspective: Ochratoxin A is not a genotoxic carcinogen. Chem Res. Toxicol. 2005,
18, 1082–1090.
59. Dai, J.; Park, G.; Wright, M.W.; Adams, M.; Akman, S.A.; Manderville, R.A. Detection and
characterization of a glutathione conjugate of ochratoxin A. Chem. Res. Toxicol. 2002, 15,
1581–1588.
60. Pfohl-Leszkowicz, A.; Grosse, Y.; Kane, A.; Gharbi, A.; Baudrimont, I.; Obrecht, S.;
Creppy, E.E.; Dirheimer, G. Is the oxidative pathway implicated in the genotoxicity of ochratoxin
A? In Human Ochratoxicosis and Its Pathologies; Creppy, E.E., Castegnaro, M., Dirheimer, G.,
Eds.; John Libbey Euro-Text: Montrouge, France, 1993; Volume 231, pp. 177–187.
61. Hadjeba-Medjdoub, K.; Tozlovanu, M.; Pfohl-Leszkowicz, A.; Frenette, C.; Paugh, R.J.;
Manderville, R.A. Structure-activity relationships imply different mechanisms of action for
ochratoxin A-mediated cytotoxicity and genotoxicity. Chem. Res. Toxicol. 2012, 25, 181–190.
62. Monks, T.J.; Lau, S.S. Biological reactivity of polyphenolic-glutathione conjugates. Chem. Res.
Toxicol. 1997, 10, 1296–1313.
63. Rahman, K.M.; James, C.H.; Thurston, D.E. Observation of the reversibility of a covalent
pyrrolobenzodiazepine (PDB) DNA adduct by HPLC/MS and CD spectroscopy. Org. Biomol.
Chem. 2011, 9, 1632–1641.
64. Obrecht-Pflumio, S.; Dirheimer, G. In vitro DNA and dGMP adducts formation caused by
ochratoxin A. Chem. Biol. Interact. 2000, 127, 29–44.

Toxins 2012, 4

280

65. Obrecht-Pflumio, S.; Dirheimer, G. Horseradish peroxidase mediates DNA and deoxyguanosine
3’-monophosphate adduct formation in the presence of ochratoxin A. Arch. Toxicol. 2001, 75,
583–590.
© 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/).

