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Abstract
Cyanotoxins, toxic secondary metabolites of cyanobacteria, are able to induce a wide range of neg-

ative health effects in the intoxicated organisms. Except for their well-described hepatotoxic or neuro-
toxic activities, cyanotoxins are also considered to possess other properties, such as immunotoxicity or
genotoxicity. The aim of the work was to study the potential cytotoxic/genotoxic impact of selected cyan-
otoxins (microcystin-LR, cylindrospermopsin and anatoxin-a) on common carp leukocytes. The cells
were exposed to the toxins at 0.5 µg/ml for 18 h. DNA damage in the cells was studied with the use of
the alkaline version of the comet assay detecting single- and double-strand DNA breaks. Apoptotic cells
were identified on the basis of phosphatidylserine translocation in the plasma membrane and the cell
viability was checked by the propidium iodide staining. The most substantial changes were detected in
the leukocytes exposed to microcystin-LR, in which a high level of DNA damage was observed, but there
was also a high number of apoptotic cells. No such effects were observed after cell exposure to anatox-
in-a. Cylindrospermopsin did not intensify apoptosis or necrosis, however some increase in DNA dam-
age was detected.
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Introduction
Cyanotoxins, which are mostly secondary metabolites

of cyanobacteria, are responsible for a wide range of nega-
tive health effects in the intoxicated aquatic and terrestrial
organisms [1, 2]. During decay of cyanobacterial water
blooms, the content of the bloom-forming cells is released
into the water and cyanobacterial-derived toxic compounds
may reach high concentrations, posing a threat to the organ-
isms using such contaminated water. Except for well-
described negative outcomes of intoxication with cyan-
otoxins, such as hepatotoxicity or neurotoxicity [3], there is
an increasing number of reports indicating also other possi-
ble effects of the toxins, of not fully understood mechanisms,
such as immunotoxicity or genotoxicity [4-6]. Microcystins
(MCs), the most frequently detected cyanotoxins, are trans-
ported through plasmatic membranes by the multispecific
organic anion transporting polypeptide superfamily (rodent

Oatps, human OATPs), mainly expressed on hepatocytes
[7], which makes the liver the target for these toxins. The
main mode of action of MCs inside the cell is inhibition of
serine/threonine phosphatases 1 and 2A (PP1 and PP2A).
In addition to such effects as hyperphosphorylation of the
cytoskeleton, disorders of vital cellular processes and, in
consequence, the hepatocyte disruption [8], MCs are also
able to induce DNA damage in these cells [8-10]. Moreover,
it has been found that MCs may exert genotoxic changes
not only in the liver, but also in such cells as fibroblasts, kid-
ney cells [11] or in human lymphocytes [12, 13].

The other potent toxin produced by cyanobacteria is
cylindrospermopsin (CYN). Its main mechanism of the tox-
ic activity is irreversible inhibition of protein synthesis at
the stage of elongation [14]. There is also another way in
which CYN affects the cells and this manner needs previ-
ous toxin transformation by P450 enzymes [14]. Similarly
to MCs, the main target for CYN is the liver. The studies
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on CYN genotoxic potential revealed that the toxin is also
responsible for DNA damage in hepatocytes [15]. Recent-
ly, the toxin-induced formation of DNA single-strand
breaks, increase in the frequency of micronuclei and nuclear
buds in human peripheral blood lymphocytes exposed to
CYN were reported [16].

On the other hand, there is nearly no information on
possible genotoxic properties of the another frequently
detected cyanotoxin, anatoxin-a (Antx-a). That toxin is
a small alkaloid of strong neurotoxic activity. Only one
study was found in the literature, which assessed toxin geno-
toxicity with the use of the umuC assay, in which the induc-
tion and expression of the umuC – lacZ reporter gene in
bacteria Salmonella typhimurium was examined [17].

Fish, due to their habitat, are especially subjected to
intoxication with cyanotoxins. There are only a few stud-
ies on the potential genotoxicity of cyanobacterial products
on these organisms. Available data indicate that cyanotox-
ins may induce changes in nuclei of kidney cells, erythro-
cytes or embryos of different fish species [18-20]. More-
over, disruption of some vital functions of immune cells of
fish was reported [21]. To the authors’ knowledge, there are
no data on genotoxic effects of cyanotoxins on common
carp (Cyprinus carpio L.) blood leukocytes.

The aim of the present work was to study the potential
cytotoxic/genotoxic impact of three cyanotoxins – MC-LR,
the most toxic variant among all MCs, CYN and Antx-a on
common carp leukocytes. The comet assay (single cell gel
electrophoresis, SCGE) was chosen because of its sensi-
tivity and possibility to detect a wide range of DNA dam-
age, such as single/double-strand DNA breaks, alkali labile
sites (apurinic/apyrimidinic sites), DNA cross-links and
base/base-pair damage in the cells. Additionally, to eluci-
date if the potential positive effects in the comet assay came
from the cyanotoxin-induced genotoxic damage or they
were the effects of nuclear fragmentation being a part of
apoptosis, the percentage of apoptotic/necrotic cells in the
leukocyte cultures was estimated.

Material and methods
Cyanotoxins

The following cyanotoxins in pure form were used: MC-
LR and CYN purchased from Alexis (Switzerland) and Antx-
a as a fumarate salt obtained from Tocris Bioscience (USA).

Experimental setup

In the study, the principles of laboratory animal care and
the national laws (Opinion and Approval of Local Commit-
tee of Ethics No. 3/2009) were followed. Five common carps
of either sex and mean body weight of 320 ±35 g were
obtained from the local breeding farm. Blood of fish was
sampled from vena caudalis with heparin at 50 IU/mL and
diluted with a Dulbecco’s Phosphate Buffered Saline (DPBS,

BI, Israel). Leukocytes were isolated by blood centrifuga-
tion on Gradisol G (1.119 g/ml, Aqua-Med, Poland).
Obtained cells (containing about 80% of lymphocytes) at
a concentration of 5 × 106 cell/ml were suspended in com-
plete RPMI 1640 medium (BI, Israel) containing 5% of heat-
inactivated autological serum and 1% of penicillin/strepto-
mycin solution. The cell suspension was dispensed to the
24-well microtitre plates in the aliquots of 1 ml per well with
an addition of the appropriate toxin (MC-LR, CYN or Antx-
a) at 0.5 µg/ml and incubated at 24°C, 0.5% CO2, in the dark.
After 18 h, the cells were harvested for further research.

DNA damage detection

The alkaline version of the comet assay was performed
with the use of the CometAssay kit (Trevigen) to detect
DNA damage in the cells after their exposure to the cyan-
otoxins. The producer’s protocol was followed. Shortly,
leukocytes at 1 × 105 cell/ml were combined with low melt-
ing point agarose (LMA) and placed onto the slides. For
each toxin, two slides were prepared. After 30 min incuba-
tion at 4°C in the dark, the cells were lysed with Lysis Solu-
tion for 60 min at 4°C. Then, the slides were immersed in
Alkaline Unwinding Solution (pH > 13) for 60 min. Elec-
trophoresis was carried out with chilled Alkaline Electro-
phoresis Solution (200 mM NaOH, 1 mM EDTA, pH > 13)
at 1 V/cm, 300 mA, for 30 min at 4°C in the dark. The slides
were immersed twice in dH2O and for 5 min in 70%
ethanol. After drying, the slides were stained with SYBR
Green I dye and viewed with a Nikon Eclipse Ti inverted
fluorescence microscope. The comet images were analyzed
with CASP ver. 1.2.3b1 software to determine the percent-
age of DNA within the comet tail (at least 100 nuclei per
treatment and per control).

Apoptosis/necrosis detection

After the end of the incubation period, the cells were
washed in DPBS and adjusted to the concentration of 5 ×
× 106 cell/ml. Then, leukocytes were stained with annexin
V conjugated to fluorescein (An V FITC) and propidium
iodide (PI) with the use of the Annexin-V-FLUOS Staining
kit (Roche Diagnostic, Germany) for 15 min, according to
the producer’s protocol. Stained cells were analyzed with
the fluorescence microscope. Approximately 100 cells for
each toxin treatment were counted. The cells with green flu-
orescence (An V FITC positive) were treated as apoptotic,
while the cells with red fluorescence (PI positive) or with
red and green fluorescence (An V FITC and PI positive)
were treated as necrotic. The results are presented as a per-
centage of apoptotic/necrotic cells in the cultures exposed
to the toxins in relation to the control cells.

Statistical analysis

Statistical analyses were performed by nonparametric
Mann-Whitney U test with Statistica 8.0 software from Stat-
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Soft Inc. (Tulsa, OK, USA). P values < 0.05 were consid-
ered as statistically significant.

Results

DNA damage

Percentage of DNA in the tail of the exposed cells was
significantly higher (p < 0.05) comparing to the control cells

in two cases (Fig. 1). The most substantial DNA damage was
observed in the cells exposed to MC-LR (Fig. 2B). The cells
treated with CYN were affected to a lesser extent, however
still to a significant degree (Fig. 2C). On the contrary, no
signs of increased DNA fragmentation were observed in the
cells incubated in the presence of Antx-a, and generally the
images taken from the control cell nuclei did not differ essen-
tially from those of Antx-a treated cell (Fig. 2A and 2D).

Apoptosis/necrosis

According to the phosphatidylserine dislocation in the
plasma membrane, a high number of apoptotic cells was
found after cell treatment with MC-LR. In the other cell
populations, i.e. the CYN-treated and the Antx-a-treated,
apoptotic cells were not substantially more frequent than in
the control population. Moreover, there were low rates of
necrosis in all studied cell groups, estimated on the basis of
the cell membrane integrity (Fig. 3).

Discussion
Leukocytes, the cells of the immune system, play a cru-

cial role in sustaining organism homeostasis. Thus, it is
important to recognize the possible factors influencing their
viability and normal functioning. It is known that some tox-
ic substances, except for their direct effects on the target
organ/tissue, are also able to disrupt various immune reac-

45

40

35

30

25

20

15

10

5

0

%
of

ta
il

D
N

A

control MC-LR CYN Antx-a

Fig. 1. DNA damage (expressed as a percent of DNA in the
comet tail) in common carp blood leukocytes exposed to cyan-
otoxins (MC-LR, CYN or Antx-a) at 0.5 µg/ml for 18 h (mean
± SD, *p < 0.05)

Fig. 2. The examples of comet images obtained after cell treatment with the toxins: A) control cell, B) cell treated with MC-
LR, C) cell treated with CYN, D) cell treated with Antx-a
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tions. In these cases, in a hazard assessment, also changed
or reduced abilities to fight pathogenic microorganisms or
malignant cells should be taken under consideration.

The present study was conducted to examine whether
well-known cyanotoxins, hepatotoxins MC-LR and CYN,
as well as neurotoxin Antx-a, are able to exert cytotox-
ic/genotoxic effects on carp leukocytes.

The most evident results were obtained after the cell
treatment with MC-LR. Observed high amounts of DNA in
the comet tails after electrophoresis of the lysed cells indi-
cated the presence of numerous DNA breaks. As the main
components of the cell population were lymphocytes, the
observed effects refer mainly to that kind of fish leukocytes.

The toxin-induced nuclear damage was also reported in
many hepatocyte-based experiments, even at much lower
concentrations than used in the present study [22-24], as well
as in non-hepatocytic mammalian cells [25]. Human lym-
phocytes were relatively widely studied in that regard [12,
13]. In general, it is believed that MC-LR is a potent reac-
tive oxygen species (ROS) inducer [8, 26]. In consequence,
oxidative DNA lesions may be expected. Indeed, formation
of 8-oxo-7,8-dihydro-2’-deoxyguanosine (8-oxo-dG), one
of the most abundant products of DNA oxidation, has been
found in the cells exposed to MC-LR [9, 27]. Moreover, the
toxin inhibits enzymes involved in the repair of DNA dam-
age [28]. On the other hand, Zegura et al. [25] did not
observe any substantial DNA strand break induction in the
NCNC human B-lymphoblastoid cell line exposed to the
toxin at concentrations up to 10 µg/ml for 2-16 h. It indi-
cates differences among different cells as the susceptibility
of the cells from different tissues may vary and some cell
lines may possess other susceptibility than primary cells.

There are not many data from studies on fish cells in
this respect. Recently, Wu et al. [20] has found that
a cyanobacterial extract containing MC-LR was able to
induce DNA and chromosome damage detected by the
micronucleus assay and the SCGE assay in carp erythro-
cytes and kidney cells after a few-day in vivo exposure.
Proapoptotic and cytotoxic influence of MC-LR on carp
leukocytes, manifested as the increase of LDH leakage,
increased number of apoptotic and necrotic cells, changes
in intracellular GSH levels and affected phagocytic activi-
ty, was also observed by Rymuszka [21].

When assessing genotoxic effects with the comet assay,
we have to consider some demands. The low viability of
the studied cell population, as well as the cells during
S phase, may give false positive results [29]. In the present
study, there were not many necrotic cells, but we saw a high
rate of apoptotic cells. During apoptosis, caspase-depen-
dent degradation of nuclear DNA occurs [30]. It gives an
increased amount of DNA fragments of a specified length,
while the comet assay does not provide exact information
on the size of fragments in the comet tail. That is why the
assay alone may not testify to direct genotoxicity of the
studied agent [29]. The method of apoptotic cell identifi-

cation used here is based on detection of translocations of
phosphatidylserine from the inner layer of the cell mem-
brane to the outer one, which is a hallmark of early stages
of apoptosis [31]. Whereas major DNA fragmentation is
generally a late event in apoptosis [32], and late apoptotic
cells stain with both An V FITC and PI, we think that a high
rate of DNA in comet tails after MC-LR treatment is at least
partially a sign of direct genotoxic disruption.

On the contrary, in the CYN-treated cell population the
number of apoptotic cells was low. Nevertheless, an
increased amount of DNA strand breaks was observed, indi-
cating genotoxic potency of the toxin. Most studies con-
cerning the cytotoxic/genotoxic influence of CYN was con-
ducted with liver cells or hepatoma cell lines as CYN is
known to be a hepatotoxin. These studies confirmed that
the toxin is able to induce genotoxic damage, such as DNA
strand breaks, the increase in the micronuclei number,
nuclear buds and nuclear bridges [15, 33-35]. Similar effects
were also observed in other metabolically active cells, e.g.
kidney or ileum cells [34, 36]. It has been also found that
inhibition of P450 enzymes abolished the genotoxicity
induced by that toxin, which proves that CYN metabolites
are mainly responsible for DNA damage [15]. Recently,
Zegura et al. [16] has described the genotoxic effects of
CYN on human lymphocytes, in which increase in the
amount of DNA strand breaks, the induction of micronu-
clei and nuclear buds was observed after cell exposure to
the toxin at a concentration of 0.5 µg/ml and below. In the
present study, a similar increase in DNA fragments in comet
tails was observed. On the other hand, Liebel et al. [37] did
not detect any DNA damage in hepatocytes from Prochilo-
dus lineatus exposed to the toxin at concentrations up to
10 µg/ml for 72 h. In that study, however, increased reactive
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Fig. 3. Percentage increase of apoptotic (An V FITC positive)
and necrotic (PI positive or An V FITC and PI positive) cell
numbers in relation to the control level, after common carp
blood leukocytes exposure to cyanotoxins (MC-LR, CYN or
Antx-a) at 0.5 µg/ml for 18 h (mean ± SD, *P < 0.05)
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oxygen/nitrogen species levels and lipid peroxidation were
found. In tilapia (Oreochromis niloticus) acutely exposed in
vivo on CYN, increase in NADPH oxidase activity, a bio-
marker of reactive oxygen species formation, as well as lipid
peroxidation and protein oxidation were described. At the
same time, neither significant DNA oxidation nor reduction
in glutathione levels was detected [38]. Based on the avail-
able data it can be concluded that CYN may be responsible
for the oxidative stress and its consequences, but their range
is varied and depends on the cell type.

The least studied toxin on its potential genotoxic activ-
ity is Antx-a. It has been detected that the toxin at a con-
centration of 0.5-2 µg/ml is able to induce the expression
of the umuC gene, one of the SOS genes, in Salmonella
typhimurium TA 1535 (pSK1002) [17]. Induction of the
SOS genes is a way of bacterial responses to genotoxic dam-
age. Further studies with the use of the Ames test with dif-
ferent bacterial strains did not confirm mutagenic potential
of that toxin (unpublished data). There is no information on
the Antx-a influence on genetic material of eukaryotic cells.
In the present study we did not observe any DNA damage
in the toxin-exposed fish cells. There was no increase in the
apoptotic cell number, either, however in our previous stud-
ies, when longer exposure time was applied, the neurotox-
in occurred to be able to activate caspases 3/7 in carp cells.
Additionally, alterations in phosphatidylserine location in
cell membranes were seen at a toxin concentration of
1 µg/ml, indicating dose-dependent proapoptotic activity
of Antx-a [39].

In conclusion, MC-LR occurred to be the most toxic
agent among the studied toxins toward carp leukocytes,
exerting a proapoptotic and/or genotoxic influence. Some
increase in DNA fragmentation was also detected after the
cells treatment with CYN, not connected with the cell death.
No effects of Antx-a on the treated cell under used in this
study conditions were observed.
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