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Abstract:

Okadaic acid (OA) is a phycotoxin produced by several types of dinoflagellates causing diarrheic shell-fish poisoning (DSP) in humans.
Symptoms induced by DSP toxins are mainly gastrointestinal, but the intoxication does not appear to be fatal. Despite this, this toxin presents
a potential threat to human health even at concentrations too low to induce acute toxicity, since previous animal studies have shown that OA
has very potent tumour promoting activity. However, its concrete action mechanism has not been described yet and the results reported with
regard to OA cytotoxicity and genotoxicity are often contradictory. In the present study, the genotoxic and cytotoxic effects of OA on three
different types of human cells (peripheral blood leukocytes, HepG2 hepatoma cells, and SHSY5Y neuroblastoma cells) were evaluated. Cells
were treated with a range of OA concentrations in the presence and absence of S9 fraction, and MTT test and Comet assay were performed in
order to evaluate cytotoxicity and geno-toxicity, respectively. The possible effects of OA on DNA repair were also studied by means of the
DNA repair competence assay, using bleomycin as DNA damage inductor. Treatment with OA in absence of S9 fraction induced not
statistically significant decrease in cell viability and significant increase in DNA damage in all cell types at the highest concentrations
investigated. However, only SHSY5Y cells showed OA induced genotoxic and cytotoxic effects in presence of S9 fraction. Furthermore, we
found that OA can induce modulations in DNA repair processes when exposure was performed prior to BLM treatment, in co-exposure, or

during the subsequent DNA repair process.
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1. Introduction

Okadaic acid (OA) is a marine toxin produced by several
dinoflagellate species. It is responsible for frequent food poisonings
associated with shellfish consumption [1]. This toxin was firstly
isolated from the black sponge Halichondria okadaii [2] and is fre-
quently found in several types of molluscs usual in the human diet
as those from Mytilus or Ostrea genus.

The ingestion of OA contaminated shellfish results in a syn-
drome known as diarrhoeic shellfish poisoning (DSP) which is
characterized by severe gastrointestinal symptoms including nau-
sea, vomit, diarrhoea, and abdominal ache [3]. These symptoms
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begin within 4h and continue for about 3 days, but they do not
appear to be fatal [4]. DSP toxins are not considered as neurotoxins
[5]. This is despite some studies in the last years, which described
a possible neuronal apoptosis-inductor role for OA [6,7].

The current European regulation on the level of DSP toxins in
shellfish for human consumption exclusively focuses on reduction
of the gastrointestinal symptoms. Following the Regulation (EC)
No. 853/2004 of the European Parliament and of the Council of 29
April 2004 [8], laying down specific hygiene rules for food of animal
origin, the maximum limit of OAis 160 p.g/kg. This means that small
quantities of OA may be present in molluscs that have passed legal
controls before its marketing, and therefore chronic exposure to
this toxin may exist in regular consumers.

In addition to DSP, it has been reported that OA poses a threat to
human health even at concentrations within the nanomolar range
[9]. OA and its derivates (dinophysistoxins DTX1 to DTX5) are spe-
cific inhibitors of serine/threonine protein phosphatases 1 (PP1)
and 2A (PP2A) [10,11]. These inhibitions in turn affect intracellular
processes such as metabolism, contractility, gene transcription, and
the maintenance of cytoskeletal structure [12]; in fact inhibition of



OA-sensitive phosphatases was suggested to be likely responsible
for many, if not all, of the observed cellular responses to OA [13].
Among these responses, OA has been reported to induce micronu-
clei formation [14,15], DNA strand breaks [16], 8-OH-deoxyguanine
adducts [17], minisatellite mutations [18], mitotic spindle alter-
ations [19,20], and cytotoxicity in mammalian cultured cells [1,21].
Besides, this toxin has very potent tumour promoting activity in
two-stage carcinogenesis experiments involving mouse skin [22]
and mucosa of the rat glandular stomach [23]. However, the results
obtained with regard to OA cytotoxicity and genotoxicity are often
contradictory [1,24-26].

The aim of this work was to evaluate the genotoxic and cytotoxic
effects of OA on three different types of human cells: peripheral
blood leukocytes, hepatoma cells (HepG2), and neuroblastoma cells
(SHSY5Y). Cells were treated with a range of OA concentrations
from 5 to 1000nM, in the presence and absence of S9 fraction,
with the purpose of determining if this toxin acts directly or
requires metabolic activation. MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide) test was employed to evaluate
cell viability and the alkaline Comet assay was used to determine
the induction of primary DNA damage (DNA single and double
strand breaks and alkali-labile sites). Furthermore, the DNA repair
competence assay was performed in order to evaluate OA effects
on DNA repair after exposure to bleomycin (BLM).

2. Materials and methods
2.1. Chemicals

OA (95%, CAS No. 78111-17-8), benzo(a)pyrene (B(a)P) (96%, CAS No. 50-
32-8), and BLM (1.2-1.7 units/mg, CAS No. 9041-93-4) were purchased from
Sigma-Aldrich Co. (Madrid, Spain). OA was dissolved in dimethylsulfoxide (DMSO)
and BLM and B(a)P were both dissolved in sterile distilled water. The metabolic acti-
vation fraction used was S9 from male Sprague-Dawley rats from Sigma-Aldrich
Co. (Madrid, Spain). The freshly prepared S9 mix consists of 10% S9, 3.3% 1M KCl,
3.2% 0.25M MgCl,-6H20, 2.5% 0.2 M glucose-6-phosphate, 10% 0.04 M NADP, 21%
distilled water and 50% phosphate buffer (pH 7.4).

2.2. Cell cultures and OA treatments

Human peripheral blood was collected using heparinized vials from three
healthy non-smoker male donors aged 23-30. The University of A Corufla Research
Ethics Committee approved the investigations. Written consent was obtained from
each donor prior to joining the study.

Mononuclear cells (lymphocytes and monocytes) were isolated and frozen as
previously described [27]. Cells were quickly thawed at 37 °C when commencing the
experiment. Then, they were cultured in supplemented RPMI 1640 medium contain-
ing 15% heat-inactivated foetal bovine serum, 1% phytohaemagglutinin (PHA), 1%
L-glutamine (200 mM), and 1% penicillin (5000 U/mL)/streptomycin (5000 pg/mL).
HepG2 cells (human hepatocellular carcinoma cell line) were obtained from the
European Collection of Cell Cultures and cultured in DMEM medium with 1% antibi-
otic and antimycotic solution and supplemented with 10% foetal bovine serum.
SHSYS5Y cells (human neuroblastoma cell line) were obtained from the same Collec-
tion and grown in nutrient mixture EMEM/F12 (1:1) medium with 1% non-essential
aminoacids, 1% antibiotic and antimycotic solution and supplemented with 10%
heat-inactivated foetal bovine serum. The cells were incubated in a humidified
atmosphere with 5% CO, at 37°C.

With regard to the preparation for OA treatments, leukocytes were thawed
and cultured at 37°C for 24 h; SHSY5Y and HepG2 cells (6 x 10 cell/well) were
seeded in 96-well plates and allowed to adhere for 24 h at 37°C. Then, leukocytes
(106 cells/mL) were incubated at 37 °C for 3 h in the presence of OA or the controls
at 1% of final volume. HepG2 and SHSY5Y cells were exposed to OA or the controls
at 1% of final volume also for 3 h. The range of OA concentrations were selected on
the basis of the few previous studies reporting cytotoxic and genotoxic effects of
OA in other different cell types [14,16,26]. All the treatments for cytotoxicity and
DNA damage evaluation were performed in the absence or presence of S9 fraction for
leukocytes and SHSY5Y cells. Treatment with S9 fraction was performed as described
by Pérez-Machado et al. [28]. HepG2 cells were not cultured in the presence of S9
fraction in any case due to their demonstrated ability to activate compounds with-
out the addition of exogenous enzymes [29]. DMSO was used as negative control,
and B(a)P (50 pwg/mL for leukocytes and 5 pg/mL for HepG2 and SHSY5Y cells) and
BLM (15 pg/mL for leukocytes and 1 pg/mL for HepG2 and SHSY5Y cells) were used
as positive controls in the experiments with or without S9 fraction, respectively.

2.3. MTT assay

Cytotoxicity was evaluated by the MTT assay, according to the method of Mos-
mann [30] with minor modifications [31,32]. The cells were exposed to OA (5, 10,
20, 50, 100, and 1000 nM) or the controls, in the presence or absence of S9 frac-
tion, for 3 h at 37 °C. After OA treatment, medium was discarded and 100 w.L of new
medium with 10 nL MTT dye (5 mg/mL solution in PBS) was added to each well
and re-incubated for another 4 h at 37 °C. After this time, the medium was removed
and 200 pL of DMSO was added to each well and mixed thoroughly to dissolve the
released purple formazan dye. After 10 min, absorbance was measured at 510 nm
using a microplate absorbance reader (MRXII, DYNEX Technologies). The percentage
of cell viability was used as a cytotoxicity parameter.

2.4. Comet assay

Cells were incubated with OA (5, 10, 20, 50, 100, and 1000 nM) or the controls,
in the presence or absence of S9 fraction, for 3 h at 37 °C. After treatment time, the
alkaline Comet assay was performed following the general protocol proposed by
Singh et al. [33] with minor changes for leukocytes [34] and for the cell lines [35].
Image capture and analysis were performed using the Comet IV Software (Percep-
tive Instruments) for leukocytes (University of A Coruiia laboratory), and using the
Kinetic Imaging Komet 4.0 for both cell lines (University of Bradford laboratory). In
all cases 50 cells were scored from each replicate slide (i.e. 100 cells in total) and
percentage of DNA in the Comet tail (¥TDNA) was used as a DNA damage parameter.

2.5. DNA repair competence assay

In order to evaluate OA effects on DNA repair this experiment comprised three
consecutive phases: pretreatment (phase A), treatment of cells with BLM for DNA
damage induction (phase B), and DNA repair (phase C). Cells were treated with OA
(50 and 100 nM) in each separate phase. Phase A: cells were incubated for 3 h with
or without OA at 37°C. Phase B: cells were then treated with BLM (20 p.g/mL for
leukocytes and 8 wg/mL for HepG2 and SHSY5Y cells) for 30 min at 37°C in the
presence or absence of OA. Phase C: Subsequently, cells were washed, resuspended
in fresh medium and incubated with or without OA for 15 min at 37 °C to allow DNA
repair. The Comet assay was performed as described above after phase B (half of cells
from each different condition tested, data labelled as before repair) and phase C (the
other half, data labelled as after repair). Comet IV Software (Perceptive Instruments)
was used for image capture and analysis.

The cells were treated with OA (50 and 100 nM) or DMSO for 15 min and the
Comet assay was performed immediately after. This was to confirm that a 15 min
incubation with OA (phase C) does not induce significant DNA damage, and therefore
the possible effects observed in this phase do not arise from OA genotoxicity but from
OA effects on DNA repair.

2.6. Statistical analysis

Three independent experiments were performed for each experimental con-
dition tested. Experimental data were expressed as meanzstandard error.
Distribution of the response variable departed significantly from normality
(Kolmogorov-Smirnov goodness of fit test) and therefore non-parametric tests
were considered adequate for the statistical analysis of these data. The differences
between groups were tested with Kruskal-Wallis test and Mann-Whitney U-test.
Dose-response relationships for OA were determined by Pearson’s correlation. A P-
value of <0.05 was considered significant. Statistical analysis was performed using
the SPSS for Windows statistical package (version 16.0).

3. Results
3.1. Effects of OA on cytotoxicity

Results obtained for the MTT assay in the three types of human
cells evaluated, in the absence and presence of S9 fraction, are
shown in Fig. 1. OA diminished the viability of leukocytes to 90% at
1000 nM in the absence of S9 fraction, but no cytotoxic effects were
observed in the presence of S9 fraction (Fig. 1a). However, a reduc-
tion in viability was found in SHSY5Y cells both with and without S9
fraction. In the absence of metabolic activation this reduction was
to 89% at 100 nM and 71% at 1000 nM, and in the presence it was to
86%at 100 nM and 77% at 1000 nM (Fig. 1b). Besides, OA also dimin-
ished the percentage of viability in HepG2 cells to 91% at 50 nM, 71%
at 100 nM, and 66% at 1000 nM (Fig. 1c). No statistically significant
differences were observed. Furthermore, the possible existence of
dose-response relationships were investigated for the three types
of cells in the presence or absence of S9 fraction, but no statistically
significant dose-responses relationships were found.
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Fig. 1. Cytotoxicity (% viability) in leukocytes (a), SHSY5Y cells (b), and HepG2 cells
(c) treated with OA in the presence and absence of S9 fraction.

3.2. Effects of OA on DNA damage

Data on the OA effects on cell genotoxicity, in the absence and
presence of S9 fraction, obtained by means of the Comet assay for all
the cells studied are summarized in Fig. 2. The incubation of human
leukocytes with OA (5-1000nM) in the absence of S9 fraction
resulted in increases in DNA damage at the highest concentrations
investigated, significant only for 100 nM (Fig. 2a). Statistically sig-
nificant values of ¥TDNA were also observed in SHSY5Y cells, in
the presence (10, 50, 100, and 1000 nM) and absence (50, 100, and
1000 nM) of S9 fraction (Fig. 2b). HepG2 cells treated with OA con-
centrations (50-1000 nM)yielded a statistically significant increase
(Fig. 2¢). Nevertheless, no DNA damage induction was detected in
leukocytes incubated with any OA concentration in presence of S9
fraction (Fig. 2a).
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Fig. 2. Results of Comet assay in human leukocytes (a), SHSY5Y cells (b), and HepG2
cells (c) treated with OA in the presence or absence of S9 fraction. PC, positive con-
trol: BLM for experiments in absence of S9 fraction; B(a)P for experiments in the
presence of S9 fraction. *P<0.05, **P<0.01, significant difference with regard to the
corresponding control.

Furthermore, a statistically significant dose-response relation-
ship was obtained for cells treated with OA in the absence of
S9 fraction (r=0.359, P<0.05 for leukocytes, r=0.782, P<0.01 for
SHSY5Y cells, and r=0.494, P<0.01 for HepG2 cells), and for SHSY5
cellsexposed to OA in the presence of S9 fraction (r=0.559, P< 0.01),
but not for leukocytes with metabolic activation.

3.3. Effects of OA on DNA repair

Fig. 3 shows the results obtained in the DNA repair competence
assay for the three types of cells. Data on treatment with OA for
15 min are included in Fig. 3 in order to prove no additional dam-
age in any of the cell types. On the basis of the results obtained in
the assessment of the effects of OA on DNA damage, only two OA
concentrations (50 and 100 nM) were selected for the evaluation of
the possible effects of this compound on the repair of BLM-induced
DNA damage, since they produced genotoxicity in the three cell
types evaluated.

When DNA damage was induced by BLM and no OA treatment
was carried out, it was statistically significantly repaired in all cells
after the 15 min incubation. In leukocytes, DNA damage decreased
significantly after the repair period when treated with OA during
phase C, but not during phases A and B (Fig. 3a). Data obtained
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Fig. 3. Effect of OA treatment during phases A, B or C on DNA repair in human leukocytes (a), SHSY5Y cells (b), and HepG2 cells (c) challenged with BLM. **P<0.01, significant

difference with regard to the same treatment before repair.

from SHSY5Y cells resulted in a statistically significant decrease in
the DNA damage after the repair period in the case of treatment
with OA in phases B and C (Fig. 3b). No decrease in BLM-induced
DNA damage was observed during the repair period in HepG2 cells,
except for OA exposure to 50 nM in phase C (Fig. 3c).

4. Discussion

The marine polyether OA is a phycotoxin produced by sev-
eral types of dinoflagellates, mainly of the genus Dynophysis and
Prorocentrum, which has a dramatic impact upon human health,
economy, and science [36]. The major reason is that OA is accumu-
lated by molluscs and several fishes by eating the phytoplankton,
and they are consumed by humans causing DSP. This toxin has been
reported to pose a hazard to human health at concentrations too
low to induce acute toxicity [16]. It has long been recognized that
OA is a tumour promoter that exerts its cellular effects by bind-
ing and inhibiting type 1 and 2A Ser/Thr protein phosphatases
[10,23]. OA is also known to induce growth inhibition or apopto-
sis in many cell types like intestinal cells, neuronal cells, leukemic
cells (reviewed in Refs. [37,38]), and OA effects cannot always be

explained by phosphatases inhibition. Little is known about the
molecular mechanisms and the components involved in the cellular
responses induced by this toxin [39].

In this study the OA effects on genotoxicity, cytotoxicity, and
DNA repair were evaluated in three different types of human cells:
peripheral blood leukocytes, neuronal cells (the SHSY5Y cell line),
and hepatic cells (the HepG2 cell line). Peripheral leukocytes were
chosen on the basis of the scarce in vivo studies in mammals that
report a rapid absorption and distribution of OA all over the organ-
ism [4,40]. The SHSY5Y cell line was selected to evaluate the OA
neurotoxic effects on the basis of previous studies in which a pos-
sible neuronal apoptosis-inductor role of OA was described [6,41].
Finally, the HepG2 cell line was selected because of the great simi-
larity of OA with some known hepatotoxins, suggesting that it could
be accumulated in the liver and induce toxicity to this organ [3].

OA induced low levels of cytotoxicity at 100 and 1000 nM in
leukocytes, SHSY5Y cells, and HepG2 cells after 3 h of culture in
the absence of S9 fraction. Previous studies described the cyto-
toxic effects of OA on different mammalian cells including Caco-2,
C6 glioma, DOK, V79, and NIH3T3 cells [1,11,16,21,42]. Among the
three different cell types evaluated, HepG2 was the most sensitive



to OA. This is in agreement with the findings of Souid-Mensi et al.
[1] who determined OA induced cytotoxicity in DOK, Caco-2, HepG
2, and C6 cell lines among which HepG2 was the most sensitive.

The treatment of human cells with OA (5-1000 nM) was carried
out to assess the potential genotoxicity of this marine toxin. This
resulted in increases in DNA damage in the absence of S9 fraction
at 50,100, and 1000 nM of OA in SHSYSY cells and HepG2 cells, and
at 100 nM in leukocytes. Furthermore, a significant dose-response
relationship was obtained in the three cell types investigated. Previ-
ous investigations reported genotoxic effects induced at particular
concentrations of OA in a number of cell lines [16,17,42,43]. By
contrast, no genotoxicity was found after OA treatment in other
cell systems [24,26]. In fact, Souid-Mensi et al. [1] concluded that
OA genotoxicity is chiefly cell type- and concentration-dependent.
Nevertheless, these authors reported that HepG2 cells were highly
sensitive towards OA at concentrations 10-50 nM, meanwhile the
present results showed significant DNA damage only at concen-
trations over 50 nM. A possible explanation lies on the different
methodologies used to analyse the genotoxic effects (Comet assay
and 3D assay), that detect different types of damage in the DNA,
and also on the different time of exposure to OA (3hvs. 12h).

In the presence of S9, the SHSY5Y cell line showed similar cyto-
toxic and lower genotoxic effects than those determined in absence
of S9 fraction. These results suggest that OA acts as both direct
and indirect cytotoxic and genotoxic agent, although the prod-
ucts generated by its metabolic transformation are less effective
in genotoxicity induction than the primary toxin. Several stud-
ies agreed with the fact that OA exerts a direct effect [24,42], but
also the need for OA metabolic activation was found in some other
studies [14,18,26]. This could strengthen the concept that OA acts
differently depending on the type of cell and study conditions. The
literature provides examples of genotoxic compounds responding
in a different manner in vitro depending on the experimental design
and conditions [44-47]. In this regard, there is a review addressing
this matter and the attention that the interpretation of the results
should receive [48].

The influence of OA on repair of BLM-induced DNA damage was
assessed by incubating the cells with OA during phases A, B, and
C (pretreatment, BLM treatment and repair, respectively). No S9
fraction treatment was used in this part of the study due to the
absence of an effect in leukocytes and the lower effect induced in
SHSY5Y cells. DNA damage was evaluated before and after a 15 min
repair period in BLM-free medium. BLM behaves as a radiomimetic
agent capable of inducing a wide spectrum of mutagenic lesions
in mammalian cells including DNA base damage, abasic sites, and
alkali-labile sites [49-52] which result in DNA single and double
strand breaks. BLM is classified as a direct clastogenic agent and acts
in an S-independent fashion [53]. Challenging concentrations of
BLM have been extensively used in DNA repair competence studies
[54,55].

Comparison between the results obtained in the different treat-
ments before and after the repair period showed that OA disrupts
the DNA repair processes to a different extent in the three cell
types. HepG2 was the most sensitive to the effects of OA on DNA
repair since the repair of BLM-induced DNA damage was com-
pletely inhibited in the 3 phases. A short treatment of 15 min
with OA at 100nM (phase C) inhibited the DNA repair processes
except for 50nM OA. In leukocytes, repair was inhibited when
OA was applied before BLM or in co-treatment (phases A and B).
The SHSY5Y cells were the most insensitive. DNA repair alterations
were only observed when cells were treated with OA before BLM
treatment (phase A). This suggest that in HepG2 cells OA may,
somehow, affect the DNA repair systems during the 3 h pretreat-
ment, enhance the strand breaks production by BLM during the
30min damage induction, and alter DNA repair processes when
they are already acting on damaged DNA. However, in leukocytes

the two first processes occur whereas in SHSY5Y cells only the first
one. The fact that leukocytes and SHSY5Y cells repair DNA damage
in a short period of time (15 min) might be indicative of damage
being induced through oxidative stress, at least to some extent.
It has been extensively reported the rapid DNA repair after expo-
sure to genotoxicants inducing reactive oxygen species [56,57].
A small number of previous studies were performed in order to
determine the possible DNA repair alterations induced by OA. The
phosphatases inhibition caused by OA has been suggested to be able
to slightly inhibit DNA repair in a dose-dependent manner [58] and
to affect non-homologous end-joining double strand break repair
[59]. On the contrary, results from another study showed that OA
did not interact with the DNA repair process involved in in vitro
unscheduled DNA synthesis in rat hepatocytes [26].

In conclusion, our results showed that OA acts mainly as a direct
cytotoxic and genotoxic agent for human cells. However, its effects
vary depending on the type of cell and the concentration employed.
We also observed that OA exerts slight indirect effects on neuronal
cells, but not on leukocytes. We concluded that the discordant data
reported in the literature on the cytotoxic/genotoxic OA effects can
be due to the differential experimental conditions. Furthermore,
our data indicate that OA can induce modulations in DNA repair
processes. Further work on this matter may be necessary to shed
light on the cellular responses to OA exposure.

Conflict of interest statement

The authors declare that there are no conflicts of interest.

Acknowledgments

This work was funded by a grant from the Xunta de Galicia
(INCITEO8PXIB106155PR). V. Valdiglesias was supported by a fel-
lowship from the University of A Coruiia.

References

[1] G.Souid-Mensi, S. Moukha, T.A. Mobio, K. Maaroufi, E.E. Creppy, The cytotoxic-
ity and genotoxicity of okadaic acid are cell-line dependent, Toxicon 51 (2008)
1338-1344.

[2] K. Tachibana, PJ. Scheurrer, Y. Tsukitani, H. Kikuchi, D.V. Engen, ]. Clardy,
Y. Gopichand, FJ. Schimitz, Okadaic acid, a cytotoxicity polyether from two
marine sponges of genus Halichondria, ]. Am. Chem. Soc. 103 (1981).

[3] T.Aune, M. Yndestad, Diarrhetic shellfish poisoning, in: L.R. Falconer (Ed.), Algal
Toxins in Seafood and Drinking Water, Academic Press, London and New York,
1993, pp. 87-104.

[4] E.Ito, T. Yasumoto, A. Takai, S. Imanishi, K. Harada, Investigation of the distri-
bution and excretion of okadaic acid in mice using immunostaining method,
Toxicon 40 (2002) 159-165.

[5] FAO (Food and Agriculture Organization), Marine Biotoxins, FAO Food and
Nutritrion Paper 80, Food and Agriculture Organization of the United Nations,
Rome, 2004.

[6] R. Nuydens, M. de Jong, G. Van Den Kieboom, C. Heers, G. Dispersyn, F. Cor-
nelissen, R. Nuyens, M. Borgers, H. Geerts, Okadaic acid-induced apoptosis in
neuronal cells: evidence for an abortive mitotic attempt, J. Neurochem. 70
(1998) 1124-1133.

[7] R. Tapia, F. Pefia, C. Arias, Neurotoxic and synaptic effects of okadaic acid, an
inhibitor of protein phosphatases, Neurochem. Res. 24 (1999) 1423-1430.

[8] Regulation (EC) No. 853/2004 of the European Parliament and of the Council of
29 April 2004 laying down specific hygiene rules for food of animal origin. O] L
139, 30.4.2004, pp. 55-205.

[9] M.L. Xing, X.F. Wang, X. Zhu, X.D. Zhou, L.H. Xu, Morphological and biochemical
changes associated with apoptosis induced by okadaic acid in human amniotic
FL cells, Environ. Toxicol. 24 (2008) 437-445.

[10] C. Bialojan, A. Takai, Inhibitory effect of marine sponge toxin, okadaic acid, on
protein phosphatase: specificity and kinetics, Biochem. J. 256 (1988) 283-290.

[11] D. Rajesh, K. Schell, A.K. Verma, Ras mutation, irrespective of cell type and
p53 status, determines a cell’s destiny to undergo apoptosis by okadaic acid, an
inhibitor of protein phosphatase 1 and 2A, Mol. Pharmacol. 56 (1999) 515-525.

[12] A. Traoré, 1. Baudrimont, S. Dano, A. Sanni, Y. Larondelle, Y.J. Schneider, E.E.
Creppy, Epigenetic properties of the diarrhetic marine toxin okadaic acid: inhi-
bition of the gap junctional intercellular communication in a human intestine
epithelial cell line, Arch. Toxicol. 77 (2003) 657-662.



[13] J.E.IL. Sheppeck, C.M. Gauss, A.R. Chamberlin, Inhibition of the Ser-Thr phos-
phatases PP1 and PP2A by naturally occurring toxins, Bioorg. Med. Chem. 5
(1997) 1739-1750.

[14] L. Le Hegarat, L. Puech, V. Fessard, ].M. Poul, S. Dragacci, Aneugenic potential
of okadaic acid revealed by the micronucleus assay combined with the FISH
technique in CHO-K1 cells, Mutagenesis 18 (2003) 293-298.

[15] P.S.Carvalho,S. Moukha, W.G. Matias, E.E. Creppy, Comparative study of domoic
acid and okadaic acid induced-chromosomal abnormalities in the Caco-2 cell
line, Int. J. Environ. Res. Public Health 3 (2006) 4-10.

[16] A.Traoré,l.Baudrimont,S. Ambaliou, S.D. Dano, E.E. Creppy, DNA breaks and cell
cycle arrest induced by okadaic acid in Caco-2 cells, a human colonic epithelial
cell line, Arch. Toxicol. 75 (2001) 110-117.

[17] V. Fessard, Y. Grosse, A. Pfohl-Leszkowicz, S. Puiseux-Dao, Okadaic acid treat-
ment induces DNA adduct formation in BHK21 C13 fibroblasts and HESV
keratinocytes, Mutat. Res. 361 (1996) 133-141.

[18] H. Nakagama, S. Kaneko, H. Shima, H. Inamori, H. Fukuda, R. Kominami, T.
Sugimura, M. Nagao, Induction of minisatellite mutation in NIH 3T3 cells by
treatment with the tumor promoter okadaic acid, Proc. Natl. Acad. Sci. U.S.A.
94 (1997) 10813-10816.

[19] E.M.Van Dolah, ].S.Ramsdell, Okadaic acid inhibits a protein phosphatase activ-
ity involved in formation of the mitotic spindle of GH4 rat pituitary cells, J. Cell
Physiol. 152 (1992) 190-198.

[20] S.Ghosh, N. Paweletz, D. Schroeter, Effects of okadaic acid on mitotic HeLa cells,
J. Cell Sci. 103 (1992) 117-124.

[21] G.Breven,F. Seatre, K. Halvorson, P.O. Seglen, Effect of diarrhetic shellfish toxin,
okadaic acid, on cytoskeletal element, viability and functionality of rat liver and
intestinal cells, Toxicon 39 (2001) 349-362.

[22] H. Fujiki, M. Suganuma, S. Yoshizawa, S. Nishiwaki, B. Winyar, T. Sugimura,
Mechanisms of action of okadaic acid class tumor promoters on mouse skin,
Environ. Health Perspect. 93 (1991) 211-214.

[23] M. Suganuma, H. Fujiki, H. Suguiri, S. Yoshizwa, M. Hirota, M. Nakayasu, M.
Ojika, K. Wakamatsu, K. Yamada, T. Sugimura, Okadaic acid: an additional non-
phorbol-12-tetrade-canoate-13-acetate type tumour promoter, Proc. Natl.
Acad. Sci. U.S.A. 85 (1988) 1768-1771.

[24] S. Aonuma, T. Ushijima, M. Nakayasu, H. Shima, T. Sugimura, M. Nagao, Muta-
tion induction by okadaic acid, a protein phosphatase inhibitor, in CHL cells,
but not in S. typhimurium, Mutat. Res. 250 (1991) 375-381.

[25] G.P.Rossini, Neoplastic activity of DSP toxins, in: L.M. Botana (Ed.), Seafood and
Freshwater Toxins, Marcel Dekker, New York, 2000, pp. 257-288.

[26] L.Le Hegarat, F. Nesslany, A. Mourot, D. Marzin, V. Fessard, Lack of DNA damage
induction by okadaic acid, a marine toxin, in the CHO-Hprt and the in vitro UDS
assays, Mutat. Res. 564 (2004) 139-147.

[27] B.Laffon, V. Valdiglesias, E. Pasaro, J. Méndez, The organic selenium compound
selenomethionine modulates bleomycin-induced DNA damage and repair, Biol.
Trace Elem. Res. 133 (2010) 12-19.

[28] G. Pérez Machado, ].I. Gonzalez Borroto, N. Castafiedo, A. Creus, R. Marcos, In
vitro genotoxicity testing of the furylethylene derivative UC-245 in human
cells, Mutagenesis 19 (2004) 75-80.

[29] S.Knasmiuiller,V.Mersch-Sundermann, S. Kevekordes, F. Darroudi, W.W. Huber,
C. Hoelzl, ]. Bichler, B.J. Majer, Use of human-derived liver cell lines for the
detection of environmental and dietary genotoxicants; current state of knowl-
edge, Toxicology 198 (2004) 315-328.

[30] T. Mosmann, Rapid colorimetric assay for cellular growth and survival: appli-
cation to proliferation and cytotoxicity assays, ]. Immunol. Methods 65 (1983)
55-63.

[31] S. Patel, M. Bajpayee, A.K. Pandey, D. Parmar, A. Dhawan, In vitro induction
of cytotoxicity and DNA strand breaks in CHO cells exposed to cypermethrin,
pendimethalin and dichlorvos, Toxicol. In Vitro 21 (2007) 1409-1418.

[32] P.W. Maenetje, N. de Villiers, M.F. Dutton, The use of isolated human
lymphocytes in mycotoxin cytotoxicity testing, Int. J. Mol. Sci. 9 (2008)
1515-1526.

[33] N.P.Singh, M.T. McCoy, R.R. Tice, E.L. Schneider, A simple technique for quanti-
tation of low levels of DNA damage in individual cells, Exp. Cell Res. 175 (1988)
184-191.

[34] B. Laffon, E. Pasaro, ]. Méndez, DNA damage and repair in human leukocytes
exposed to styrene-7,8-oxide measured by the comet assay, Toxicol. Lett. 126
(2002) 61-68.

[35] E.Cemeli, E.D. Wagner, D. Anderson, S.D. Richardson, M.]. Plewa, Modulation of
the cytotoxicity and genotoxicity of the drinking water disinfection byproduct

lodoacetic acid by suppressors of oxidative stress, Environ. Sci. Technol. 40
(2006) 1878-1883.

[36] A.H. Daranas, P.G. Cruz, A.H. Creus, M. Norte, JJ. Ferndndez, Self-assembly of
okadaic acid as a pathway to the cell, Org. Lett. 9 (2007) 4191-4194.

[37] L. Ao, J.Y. Liu, LH. Gao, S.X. Liu, M.S. Yang, M.H. Huang, ]. Cao, Differential
expression of genes associated with cell proliferation and apoptosis induced
by okadaic acid during the transformation process of BALB/c 3T3 cells, Toxicol.
In Vitro 22 (2008) 116-127.

[38] G.Dogliotti, E. Galliera, E. Dozio, E. Vianello, R.E. Villa, F. Licastro, I. Barajon, M.M.
Corsi, Okadaic acid induces apoptosis in Down syndrome fibroblasts, Toxicol.
In Vitro (2009), doi:10.1016/j.tiv.2009.12.012.

[39] R.Jayaraj, N. Gupta, P.V. Rao, Multiple signal transduction pathways in okadaic
acid induced apoptosis in HeLa cells, Toxicology 256 (2009) 118-127.

[40] W. Matias, E.E. Creppy, Evidence for an enterohepatic circulation with okadaic
acid in mice, Toxic. Subst. Mech. 15 (1996) 405-414.

[41] M.T.Fernandez, V. Zitko, S. Gascon, A. Novelli, The marine toxin okadaic acid is a
potent neurotoxin for cultured cerebellar neurons, Life Sci. 49 (1991) 157-162.

[42] C.G.Rogers, C. Heroux-Metcalf, I. Langlois, Evaluation of cytotoxicity and geno-
toxicity of okadaic acid, a non-phorbol ester type tumour promoter, in V79
Chinese hamster lung cells, Toxicol. In Vitro 8 (1994) 269-276.

[43] L.Le Hegarat, A.G. Jacquin, E. Bazin, V. Fessard, Genotoxicity of the marine toxin
okadaic acid, in human Caco-2 cells and in mice gut cells, Environ. Toxicol. 21
(2006) 55-64.

[44] P. Poli, M. Aline de Mello, A. Buschini, R.A. Mortara, C. Northfleet de Albu-
querque, S. da Silva, C. Rossi, T.M. Zucch, Cytotoxic and genotoxic effects of
megazol, an anti-Chagas’ disease drug, assessed by different short-term tests,
Biochem. Pharmacol. 64 (2002) 1617-1627.

[45] E.Cemeli,]. Carder, D. Anderson, E. Guillamet, M.]. Morillas, A. Creus, R. Marcos,
Antigenotoxic properties of selenium compounds on potassium dichromate
and hydrogen peroxide, Teratogen. Carcinogen. Mutagen. 23 (2003) 53-67.

[46] E. Cemeli, R. Marcos, D. Anderson, Genotoxic and antigenotoxic properties of
selenium compounds in the in vitro micronucleus assay with human whole
blood lymphocytes and TK6 lymphoblastoid cells, Sci. World J. 6 (2006)
1202-1210.

[47] V. Valdiglesias, E. Pasaro, ]. Méndez, B. Laffon, In vitro evaluation of selenium
genotoxic, cytotoxic, and protective effects: a review, Arch. Toxicol. (2009),
doi:10.1007/s00204-009-0505-0.

[48] E. Zeiger, Illusions of safety: antimutagens can be mutagens, and anticarcino-
gens can be carcinogens, Mutat. Res. 543 (2003) 191-194.

[49] S. Puerto, J. Surrallés, M.]. Ramirez, E. Carbonell, A. Creus, R. Marcos, Analy-
sis of bleomycin- and cytosine arabinoside-induced chromosome aberrations
involving chromosomes 1 and 4 by painting FISH, Mutat. Res. 439 (1999) 3-11.

[50] ]. Chen, J. Stubbe, Bleomycins: new methods will allow reinvestigation of old
issues, Curr. Opin. Chem. Biol. 8 (2004) 175-181.

[51] M. Milic, N. Kopjar, Evaluation of in vitro genotoxic activity of bleomycin and
mitomycin C in human lymphocytes using the alkaline comet assay, Arh. Hig.
Rada. Toksikol. 55 (2004) 249-259.

[52] K. Wozniak, M. Arabski, E. Malecka-Panas, ]. Drzewoski, ]. Blasiak, DNA damage
in human colonic mucosa cells induced by bleomycin and the protective action
of vitamin E, Cell. Mol. Biol. Lett. 9 (2004) 31-45.

[53] LF. Povirk, MJ.F. Austin, Genotoxicity of bleomycin, Mutat. Res. 257 (1991)
127-143.

[54] M. Gajecka, M. Rydzanicz, R. Jaskula-Sztul, M. Wierzbicka, W. Szyfter, K. Szyfter,
Reduced DNA repair capacity in laryngeal cancer subjects, Curr. Res. Head Neck
Cancer 62 (2005) 25-37.

[55] Z. Wei, ]. Lifen, H. Jiliang, L. Jianlin, W. Baohong, D. Hongping, Detecting DNA
repair capacity of peripheral lymphocytes from cancer patients with UVC chal-
lenge test and bleomycin challenge test, Mutagenesis 20 (2005) 271-277.

[56] D. Cavallo, C.L. Ursini, A. Setini, C. Chianese, P. Piegari, B. Perniconi, S. lavicoli,
Evaluation of oxidative damage and inhibition of DNA repair in an in vitro study
of nickel exposure, Toxicol. In Vitro (2003).

[57] S.L. Starcevic, N.M. Diotte, K.L. Zukowski, M.]. Cameron, R.F. Novak, Oxidative
DNA damage and repair in a cell lineage model of human proliferative breast
disease (PBD), Toxicol. Sci. 75 (2003) 74-81.

[58] M. Herman, Y. Ori, A. Chagnac, T. Weinstein, A. Korzets, D. Zevin, T. Malachi, U.
Gafter, DNArepair in mononuclear cells: role of serine/threonine phosphatases,
J. Lab. Clin. Med. 140 (2002) 255-262.

[59] P.Douglas, G.B. Moorhead, R. Ye, S.P. Lees-Miller, Protein phosphatases regulate
DNA-dependent protein kinase activity, ]. Biol. Chem. 276 (2001) 18992-18998.



	Página en blanco
	Página en blanco
	Página en blanco



