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a b s t r a c t

Cyanobacterial waterblooms, such as the saxitoxin (STX) producer Cylindrospermopsis raci-
borskii, have been a worldwide concern in environmental health. However, the
bioaccumulation of this neurotoxin in the trophic chain is not completely known. The aim of
the present work was to evaluate STX bioaccumulation through chemical analyses and the
toxic and trophic effects using biomarkers in the tropical freshwater fish Hoplias malabaricus.
Theywere fed once every five dayswithAstyanax sp. before being subjected to intraperitoneal
inoculationwith STX extract (0.08 mg/100 g) obtained by lysis of toxic C. raciborskii strain (T3).
After 20 days the brain was collected for acetylcholinesterase (AChE), superoxide dismutase
(SOD), catalase (CAT), glutathione S-transferase (GST), glutathione peroxidase (GPx),
glutathione (GSH), lipoperoxidation (LPO), protein carbonylation (PCO), and comet assay
analysis. The muscle was collected for STX chemical analysis. The activities of SOD and
concentrations of PCO and LPO increased. The CAT, GST, and GPx activities decreased.
Genotoxicity was observed in the experimental group. STX was not detected in muscle
samples. Thus, an oxidative stress was observed in the brain, leading to the damage of lipids,
proteins, and DNA. The mechanism of action of the neurotoxin in this subchronic exposure
suggests an apoptotic cellular process.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

The occurrence of cyanobacterial waterblooms is a world-
wide concern in environmental health, and theeutrophication
phenomenon due to human activities, mainly waste produc-
tion, has posed a serious danger to water resources. Species
of cyanobacteria such as Cylindrospermopsis raciborkii can
produce saxitoxins (STX), known as Paralytic Shellfish
x: þ55 41 3266 2042.
ssis).

. All rights reserved.
Poison (PSP), whichmay also result in serious damages to the
freshwater aquatic ecosystem (Clemente et al., 2010).

STX is a water-soluble neurotoxin that blocks sodium
(Naþ) channels when applied outside the cell in nano-
molecular (1.2 � 10�9 M) concentrations (Hille, 1992). It
binds and blocks the inward Naþ current while leaving the
outward potassium (Kþ) current unaffected (Cestelle and
Catterall, 2000; Hille, 1975), ultimately leading to the
hyperpolarization of the cell (Bakke and Horsberg, 2007).
However, STX can also bind to calcium (Caþ2) and Kþ

channels, interfering with the speed of opening and closing
of these channels, which can in turn lead to alteration in the
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influxof ions to the cell (Su et al., 2004;Wanget al., 2003). In
addition, the Naþ-channel blockage may alter the selective
permeability of the membrane and may change the flow of
ions, leading to damage to cellular homeostasis (Hille,1992;
Jablonski et al., 2007). Approximately 26 STX analogs have
been described, all of them hydrophilic nonprotein toxins
with low molecular weights (Ibbelings and Chorus, 2007).
Each STX analog shows a different specific toxicity, accord-
ing to its chemical structure (Oshima, 1995).

Human symptoms caused by STX poisoning start with
a burning or tingling sensation on the lips and face within
30 min after exposure, increasing to total numbness. These
sensations and effects may reach the extremities and may
spread to the fingers and the toes. Other minor symptoms
include dizziness, headache, salivation, intense thirst and
perspiration, vomiting, diarrhea, and stomach cramps,
whereas a lethal dose can kill within hours due to respira-
tory failure (Llewellyn, 2006). In fish, the symptoms of STX
toxicity include loss of equilibrium, swimmingon the side or
upside down, or gasping at the surface of the water body,
and in some cases, death of the individual (White, 1984).

Bioaccumulation of STX has been reported worldwide,
mainly in seafood (e.g., shellfish, mussels, lobsters, and
marine fish) (Mortensen, 1985; Cembella et al., 2002; Ito
et al., 2004; Nogueira et al., 2004; Fernández-Reiriz et al.,
2008; Sephton et al., 2007). However, there is little
knowledge about bioaccumulation in freshwater fish,
which can also be a major public health problem.

The freshwater fish species Hoplias malabaricus, for
example, shows a large ecological plasticity, with a wide
distribution in Brazilian rivers and reservoirs (Hensley and
Moody, 1975) and is much appreciated in Brazilian cuisine.
During the early stages of its development, it is omnivo-
rous, feeding onmicrocrustaceans, algae, and insects. In the
juvenile and adult stages, it becomes carnivorous, prefer-
entially feeding small fish such as Astyanax sp. (Magalhães,
1931). Considering that this species occupies high trophic
levels, several studies have shown that it can be used as
a bioindicator of environmental contamination as it can
accumulate several contaminants within its system
(Sundin et al., 1999; Rios et al., 2002).

Biomarkers used by various researchers (Walker et al.,
1996; Regoli et al., 2005; Rocher et al., 2006; Oliveira Ribeiro
et al., 2006; Silva et al., 2009) showed a good response at all
levels of biological organization and have been used as
important tools to evaluate the effects of organism’s exposure
to several environmental pollutants, such as polycyclic
aromatic hydrocarbons (PAHs), polychlorinated biphenyls
(PCBs), and heavymetals. Nevertheless, the use of these tools
to evaluate the ecotoxicological effects of STXs is still rare.

The aim of the present work was to evaluate the bio-
accumulation and the toxic effects of STX in H. malabaricus
after subchronic and trophic exposure using chemical
analyses and biomarkers of environmental contamination.

2. Materials and methods

2.1. STX extraction from C. raciborskii culture

Toxic C. raciborskii strain (T3) was cultured in ASM-1
medium (Gorhan et al., 1964), pH 8.0, temperature of
23 �C � 2, light intensity of 56 mE m�2 s�1, and photoperiod
of 12 h/12 h. To quantify PSP, the T3 strain was freeze-dried
and extracted with 0.5 N acetic acid (Oshima, 1995). The
extracts were stirred for 1 h, centrifuged (40,000 � g for
30 min), and the supernatant filtered using 0.45 mm regen-
erated cellulose filters (Sartorius). The extract was analyzed
by high-performance liquid chromatography–postcolumn
fluorescence derivatization (HPLC–FLD) (Shimadzu) using
a LiChrospher 100 RP-18 reversed-phase analytic column
125 mm � 4 mm � 5 mm (MERCK) (Oshima, 1995).

2.2. Experimental design

Ten individuals per group (experimental STX and control
groups) ofH.malabaricuswere fed once everyfive dayswith
Astyanax sp. before being submitted to intraperitoneal
inoculation with the lysate of C. raciborskii culture contain-
ing PSP constituted by 97% STX and 3% by neosaxitoxin
(NeoSTX) and gonyautoxin (GTX2). The used dose was
0.08 mg/100 g of H. malabaricus, total of four doses. This
chosendose is belowthat acceptable forhuman ingestionby
Food and Agriculture Organization of the United Nations,
which is one daily dose of 800 mg/kg de STXeq. mg/100 g
(Chorus and Bartram, 1999). A control group was main-
tainedwithfish fedAstyanax sp.without PSP; only0.9%NaCl
was administered to this group. After 20 days, the animals
were anesthetized and killed by medullar section. The
muscle was collected for chemical analysis of STX by HPLC,
and the brain was collected for analysis of biochemical
biomarkers, such as superoxide dismutase (SOD), catalase
(CAT), glutathione S-transferase (GST), glutathione peroxi-
dase (GPx), glutathione reduced (GSH), lipoperoxidation
(LPO), protein carbonylation (PCO), acetylcholinesterase
(AChE), and genotoxic test (comet assay).

2.3. Determination of STX in fish muscle tissue

Approximately 10 g of fish muscle were used to deter-
mine the PSP contents in each group. The samples were
homogenized in HCl (0.1 N) and centrifuged at 10,000 � g
at 19 �C for 10 min. The supernatants were filtered with
cellulose filters before HPLC analysis.

Analyses of STX, NeoSTX, and GTX in fish muscle tissue
were carried out by HPLC with postcolumn oxidation using
a fluorescence detector, as described by Oshima (1995). STX
standards from National Research Council (NRC-Canada),
were run before and after sample analyses. The detection
limits for the compounds were STX, 0.89 ng/L; NeoSTX,
2.33 ng/L; GTX 1,1.03 ng/L; GTX 2, 0.72 ng/L; GTX 3, 0.21 ng/
L; GTX 4, 0.24 ng/L; and GTX 5, 0.01 ng/L.

The concentrations of each toxin analog determined by
chromatographic analyses were converted to equivalents of
STX (STXeq) by comparing the toxicity of each variant with
the toxicity of STX (Hall et al., 1990).

2.4. Biochemical biomarkers

Samples of brain were homogenized in phosphate
buffer (0.1 M, pH 7.0) and centrifuged at 10,000 � g for
20 min at 4 �C.
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The supernatants were used to estimate the activities of
the enzymes SOD, CAT, GST, GPx, and AChE, and to estimate
the concentrations of GSH, LPO and products of PCO.

The activity of SOD was assayed by measuring its ability
to inhibit the reduction of nitroblue tetrazolium (NBT),
which was determined by the method described by Crouch
et al. (1981). CAT activity was measured at 240 nm on the
basis of the method described by Aebi (1984). GST activity
was measured at 340 nm by the method described by Keen
et al. (1976),GPxactivitywasmeasuredat340nm(Sies et al.,
1979), and GSH concentration was measured at 415 nm
(Sedlak and Lindsay, 1968).

The analysis of LPO was carried out using the ferrous
oxidation–xylenol orangeassayat 570nm(Jianget al.,1992),
PCO analysis was conducted at 360 nm by derivatization of
the protein carbonyl groups with 2,4-dinitrophenol hydra-
zine to yield dinitrophenyl hydrazones (Levine et al., 1994;
Quinlan and Gutteridge, 2000), and AChE activity was
measured spectrophotometrically at 415 nm by themethod
of Ellman et al. (1961), modified for use in the microplate
assay by Silva de Assis (1998).

Protein concentration was determined using Bradford’s
method (Bradford,1976), with bovine serum albumin as the
standard.

2.5. Comet assay

The comet assay was carried out as described by Singh
et al. (1988), modified by Ferraro et al. (2004). A fragment
of the brain was homogenized in fetal bovine serum; 20 mL
of the homogenate were diluted in 120 mL of low-melting
agarose (LMA) and placed on a slide covered by normal
agarose. The slides were placed in lysis solution stock
solution: NaCl (2.5 M), ethylenediaminetetraacetic acid
(EDTA; 100 mM), tris(hydroxymethyl)aminomethane (Tris;
10 mM), NaOH (0.8%), and N-lauroyl sarcocinate (1%);
working lysis solution: Triton X-100 (1%), dimethyl sulf-
oxide (DMSO) (10% in lysis stock solution) for 24 h at 4 �C.
Then, the slides were immersed in a solution of NaOH
(10 N) and EDTA (200 mM), pH > 13, for 20 min to cause
DNA denaturation and were subjected to electrophoresis at
300 mA/25 V for 25 min. After neutralization in 0.4 M Tris,
pH 7.5, and fixation in ethanol for 10 min, the slides were
stained with 0.02 g/ml ethidium bromide, and the DNA
strand breaks were scored using a Leica DMLS2 epifluor-
escence microscope at a magnification of 400� For each
brain slide, 100 cells were visually analyzed by the method
of Collins et al. (1997) and scored visually as belonging to
one of five classesdfrom undamaged (0) to maximally
damaged (4)dpredefined with reference to the tail inten-
sity. The score of the comets for a group could range from
0 (completely undamaged ¼ 100 cells � 0) to 400
(maximum damage ¼ 100 cells � 4).

2.6. Statistical analysis

The normality test preceded data analysis. The biolog-
ical parameters were analyzed using the unpaired Students’
t-test. The comet assay results were analyzed using the
Mann–Whitney test. All tests were regarded as statistically
significant when p < 0.05.
3. Results

During the experiments any behavioral alterations or
fish death was not observed in both experimental and
control groups.

The chemical analyses did not detect STX, NeoSTX, and
GTX (1,2,3,4,5) in fish muscle.

In the fish brain, the specific activity of SOD increased in
the STX group in relation to the control group (p < 0.005;
Fig.1A), suggesting the generation of free radicals, whereas,
the specific activity of CAT, GST, and GPx decreased in the
STX group in relation to the control group (p < 0.01;
p < 0.01; p < 0.001; Fig. 1B–D, respectively), suggesting
inhibition of the antioxidant system of brain cells in the
group exposed to STX. Meanwhile, the concentration of
GSH and the AChE activity did not show any significant
differences between the groups (p > 0.05).

In addition, the LPO process, expressed as the concen-
tration of hydroperoxides, and the PCO process, expressed
as the concentration of dinitrophenyl hydrazones, increased
in the STX group (p < 0.0001; Fig. 2A, B, respectively).
Increased damages were observed in terms of the DNA
(comet assay), withmost of the incidences being for the 3rd
and4th levels (p<0.0001; Fig. 3), suggesting the occurrence
of oxidative stress, genotoxic damage and apoptotic
processes in fish exposed to STX.

4. Discussion

In this work, the absence of STX in the muscle of
H. malabaricus after exposure is probably due to the STX
being converted to other analogs, which were not analyzed,
or due to the low tested dose. Bioaccumulation is commonly
found for lipophilic toxicants such as PCBs but is less
probable for hydrophilic compounds such as STX (Ibbelings
and Chorus, 2007). However, STX bioaccumulation in the
muscles of aquatic organisms has already been reported
(Asakawa et al., 2004; Jang and Yotsu-Yamashita, 2006;
Ibbelings and Chorus, 2007), suggesting a potential risk
for humans. STX and its analogs were found in the muscles
of Geophagus brasiliensis due to a permanent bloom of toxic
C. raciborskii (Clemente et al., 2010). In addition, PSP
bioaccumulation in the tissues of aquatic organisms has
been reported during cyanobacterial bloom (Montoya et al.,
1998; Nogueira et al., 2004; Pereira et al., 2004; Ibbelings
and Chorus, 2007; Linares et al., 2009).

Although White (1984), White et al. (1989) reported
that fish are not able to accumulate STX in sufficiently high
levels to cause damage to human health, other authors
described that these toxins can be concentrated in fish
through the food chain (Kao, 1993; Oikawa et al., 2002;
Kwong et al., 2006; Sephton et al., 2007). Several
researchers reported STX in the digestive system and the
gills of aquatic organisms (Watson-Wright et al., 1991; Haya
et al., 1994; Desbiens and Cembella, 1997; Cembella et al.,
2002; Jang and Yotsu-Yamashita, 2006; Sephton et al.,
2007). In addition, Salmo salar exposed to STX had
increased activities of the cytochrome-P450 enzymes,
indicating that STX can be detoxicated (Gubbins et al.,
2000), but the possibility of biodegradation of STX in
H. malabaricus was not evaluated in the present work.



Fig. 1. Biochemical biomarkers evaluated in H. malabaricus exposed to the STX extract: (A) Specific activity of Superoxide dismutase (SOD; *p < 0.005);
(B) Specific activity of catalase (CAT; *p < 0.01); (C) Specific activity of Glutathione S-transferase (GST; *p < 0.01); (D) Specific activity of Glutathione peroxidase
(GPx; *p < 0.001). The results are expressed as mean values � standard error. *p values obtained by Students’ t-test.
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In this study, the specific activity of SOD increased,
suggesting a generation of superoxide radicals (O2

��).
Reactive oxygen species (ROS), such as O2

��, can be
produced during the process of xenobiotic detoxification or
due to the changing voltages in cellular membranes (Hayes
et al., 1997). Moreover, transition metals such as Fe2þ can
catalyze the formation of hydroxyl (OH��) radicals from
hydrogen peroxide (H2O2) by reacting with the O2

�� previ-
ously produced; the hydroxyl ion, in turn, is able to damage
the structure of macromolecules such as DNA, proteins,
carbohydrates, and lipids (Halliwell and Gutteridge, 2000).
SOD is reported to be an indicator of oxidative stress and is
Fig. 2. Biochemical biomarkers evaluated in H. malabaricus exposed to the STX extra
of dinitrophenyl hydrazones (PCO; *p < 0.0001); the results are expressed as mean
an important enzyme of the antioxidant system of the cell
against free-radical damage (Hayes et al., 1997; Halliwell
and Gutteridge, 2000).

CAT is the most important enzyme that catalyzes the
degradation of H2O2 produced during both oxidative stress
and dismutation processes by SOD (Hayes et al., 1997;
Halliwell and Gutteridge, 2000; Regoli et al., 2005). In
this experimental exposure of H. malabaricus to STX the
specific activity of CAT decreased. This inhibition can lead
to cellular damages.

Several authors previously described the importance of
GST, GPx, and GSH in preventing cellular damages (George,
ct: (A) Concentration of hydroperoxides (LPO; *p < 0.0001). (B) Concentration
values � standard error. *p values obtained by Students’ t-test.



Fig. 3. DNA damages (comet assay) evaluated in H. malabaricus exposed to
the STX extract. The results are expressed as Median/Quartile 1 (25%) and 3
(75%). *p < 0.0001, obtained by Mann–Whitney test.
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1993; Pompella et al. 2003, Silva et al., 2009). Increase in the
specific activity of GST was found in Salmo salar liver, sug-
gesting thatmetabolites of STX canbe conjugated in the liver
(Gubbins et al., 2000). On other hand, in a study of clams
exposed to STXs, a higher GST activity was observed in the
gills than in thehepatopancreas (Choi et al., 2006). It showed
that some organs in different organisms present antagonic
results after exposure to STXs. In addition, the conjugation
reaction of reactive substances released from the biodegra-
dation processes involving GST is important for excretion of
xenobiotics as inert compounds (George, 1993; Hermes-
Lima, 2004). In this study, the decrease in GST activity
suggests that GST is not able to conjugate the possible
metabolites or reactive substances because STX exposure in
H. malabaricus causes damage to macromolecules.

The GPx is an enzyme that reduces a variety of peroxides
to their corresponding alcohols, whereas CAT uses one
molecule of H2O2 as the donor for the reduction of another
H2O2molecule, because peroxidases use other reductants as
hydroperoxides (Van der Oost et al. 2003). GPx plays an
especially important role in protecting membranes from
damage due to LPO, and themajor detoxification function of
GPx is the termination of free radical–chain propagation by
quick reduction to yield further radicals (Lauterburg et al.,
1983). Increased GPx activity was observed in experiments
with fish exposed to paraquat, PCBs, and hexachloro
benzene (HCB) contaminated food, whereas a decrease was
observed after 3-methylcholanthrene (3MC) exposure (Van
der Oost et al. 2003). The GPx decrease in H. malabaricus
after STX exposure suggests that the integrity of the cell
membranes was compromised, which is associated with an
increase in the levels of PCO and LPO processes.

The GSH is also described as an important molecule for
protection against cellular damage (Pompella et al., 2003),
but in this experiment, its status was not altered. It is
possible that GSH is not as sensitive a biomarker as are CAT,
GPx, and GST for STX exposure at the concentration tested
in this experiment.

The deficiency in the antioxidant system found in this
work may have led to an increase in the hydroperoxide
concentration, thus promoting LPO which can lead to the
loss of cell-membrane integrity (Hayes et al., 1997; Regoli
et al., 2005) and the carbonylation of proteins, which can
provoke cellular damage by forming adducts of proteins,
concurrent with the generation of organic reactive species
leading to oxidative stress.

Alterations in the selective permeability of the
membrane due to STX exposure can lead to intracellular
dysfunction (Hille, 1992), which can decrease the antioxi-
dant enzymes. In some cases, other substances, such as
dichlorovinyl cysteine (DCVC), aminotriazole, and 4,6-
dinitro-o-cresol (DNOC), are able to inhibit the antioxidant
system (Bagnyukova et al., 2005; Van der Oost et al., 2003).
Although the mechanism of the inhibition of antioxidant
activity is still unknown, some of these substances can
inhibit the transcription of specific genes, resulting in the
decrease of mRNA levels, which can reflect in lower activ-
ities of detoxification-specific enzymes (George, 1993;
Halliwell and Gutteridge, 2000; Hayes et al., 1997), such
as those described in this work.

In addition, the comet assay showed that STX can be
a genotoxic substance that can lead to neurodegeneration
(Thompson, 2008). Moreover, the damages found in this
study due to DNA fragmentation are an important result
because may induce cellular death by apoptotic processes
(Fairbairn et al., 1995), and oxidative stress can lead to
neurodegenerative disorders and provoke neuron
pathology (Coyle and Puttfarcken, 1993).

In spite of the fact that STX shows reversible effects
(Hille, 1992; Lefebvre et al., 2004; Llewellyn, 2006), more
studies with chronic exposure are needed, because the
blockage of Naþ influx by STX provokes alterations in the
balance of ions, which perturbs the intracellular homeo-
stasis, and the presence of ROS, as observed in the present
work, can lead to cellular apoptotic processes (Butterfield
et al., 1994; Nobel et al., 2000; Calamita et al., 2005;
Bortner and Cidlowski, 2007; Jablonski et al., 2007; Xuan
et al., 2009). Studies in vitro with this species are being
carried out to elucidate the effects of STX on cell death.

Finally, organophosphates and carbamates are known to
inhibit AChE activity, but other substances, such as PAHs and
metals, canmodify the enzyme activity (Akaishi et al., 2004;
Galgani et al., 1992; Martınez-Tabche et al., 1997; Oliveira
Ribeiro et al., 2006). In this experiment, the enzyme was
not altered, although the Naþ channel could be blocked by
STX (Hille, 1975), indicating that the chemical synapses
continue functioning. Moreover, the pollutants, which are
not enzyme-specific, are required at high concentrations to
cause enzyme inhibition (Sturm et al., 1999).

In summary, the results found in this work suggest that
STXs provoke damage to the brain cells of H. malabaricus,
which can lead to ecological damage because this species is
important to maintain the balance in the aquatic ecosystem
as it occupies high trophic levels. Moreover, a further study
withdifferentdosesof STXs is highly recommendedbecause
H.malabaricus is a freshwaterfishwidelyconsumed inBrazil
and could represent an important vehicle of STX transfer to
humans when exposed to cyanobacterial blooms.

5. Conclusion

Evaluation of biochemical and genotoxical biomarkers
has been used as an efficient tool to investigate the effects of
subchronic and trophic exposure to STX. The results suggest
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that the damage to lipids, proteins, and DNA is due to
a decline in the antioxidant status, which during more
chronic exposure at times of permanent blooms of cyano-
bacteria, could lead to damages such as apoptosis; however,
this process should be investigated by more in vivo and
in vitro studies. Therefore, it is not possible to conclude
whether STX is bioaccumulated or not because although the
inoculated STXs have not been detected in fish muscle, they
could have suffered biodegradation or bioaccumulation in
other organs ormayhave been converted into its analogs. In
addition, more studies should be carried out to evaluate the
risk to public health caused by humans feeding on fresh-
water fish.
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