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changes in protein phosphatase activity. These effects have
been partially explained by the discovery in the blood-brain
barrier of the same membrane transporters involved in
microcystins hepatotoxic mechanisms. Additionally, this paper
reviews other cyanotoxins that are known or suspected to target
cholinergic synapses and voltage-gated channels, including
anatoxin-a, anatoxin-a(s), antillatoxins, cylindrospermopsin,
homoanatoxin-a, jamaicamide, kalkitoxin and saxitoxins. The
neurotoxic and cytotoxic effects of the cyanotoxins discussed
here are of particular interest because of their pharmacological
potential. This review also discusses the potential of these
compounds to serve as drugs for cancer and central nervous
system failure.
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ABSTRACT

Eutrophication of marine- and fresh-waters can lead to excessive
development of cyanobacterial blooms, which may contain
strains that produce toxins. These toxins are secondary
metabolites which can accumulate in the food chain and
contaminate drinking water, thus posing a potential threat to the
health of humans and aquatic organisms. These toxins include
a variety of compounds with different mechanisms. This review
focuses on the neurotoxicity of microcystin and other
cyanotoxins. Although the hepatotoxic action of microcystins is
commonly known, its neurotoxic effects have also been
described, e.g. oxidative stress, cytoskeletal changes and
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ABBREVIATIONS

Ach acetylcholine 
AchE acetylcholinesterase
AldH aldehyde dehydrogenase 
ANTX-a anatoxin-a 
ANTX-a(s) anatoxin-a(s) 
ATX antillatoxin 
BMAA L-β-N-methylamino-L-alanine
CoA coenzyme A
CYN cylindrospermopsin 
EGFR epidermal growth factor receptor
HSP heat shock protein
MC microcystin 
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mWBC murine whole brain cells 
NADH nicotinamide adenine dinucleotide
NMDAR N-methyl D-aspartate receptor
NOD nodularin 
Oatp/OATP organic anion transporting polypeptide 
PPs protein phosphatases 
PSP paralytic shellfish poisoning 
ROS reactive oxygen species
SLCO organic anion transporting family
STX saxitoxin 
VGSC voltage gated sodium channels
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IN TRO DUC TION

Cyanobacteria are important component of phytoplankton.
They occur in almost every freshwater and marine
environment. Cyanobacteria constitute up to 70% of the total
phytoplankton biomass and they produce more than 30% of
total free O2 and account for more than 30% of total primary
production (Paerl et al. 2001).

Accumulation of cyanobacteria in eutrophic conditions
may lead to toxicity of affected waters. Among phytoplankton,
cyanobacteria have the greatest share in the overall
production of toxins in aquatic ecosystems (Paerl et al. 2001).
Cyanobacteria toxins may affect organisms by direct

absorption from water or via ingestion (Cazenave et al. 2005)
(Figure 1). Several cyanobacterial toxins can be accumulated
by and transferred through the members of food webs
(Figure 1), which may lead to short- or long-term
destabilization of natural systems (Christoffersen 1996).
These toxins also cause organ damage, cancers or even
human deaths. The problem of cyanobacterial blooms is a
growing concern worldwide as the abundance of cyanotoxin
producing bacteria continues to expand with each summer
(Merel et al. 2013). This review focuses on the mechanisms
and effects of neurotoxic cyanotoxins, such as microcystins. It
describes the results of recent research and what still remains
to be determined. 



according to the effect that they provoke. Hepatotoxins cause
liver damage, cytotoxins are responsible for cell dysfunction
and damage, neurotoxins cause damage to nervous tissue,
whereas dermatotoxins are linked with allergenic reactions
(Stewart et al. 2006).

Nonetheless, the toxic effects of cyanotoxins are not
straightforward. For example, exposure to microcystins may
cause hepatotoxic effects (Gupta and Guha 2006; Li et al.
2005; Solter et al. 1998), as well as oxidative stress (Angeles
et al. 2005), growth inhibition (Bury et al. 1995; Zhao et al.
2006), reproductive disorders (Ding et al. 2006) and kidney
damage (Fischer and Dietrich 2000; Kotak et al. 1996).
Many authors describe hematological and biochemical
consequences (Malbrouck et al. 2003; Vajcova et al. 1998;
Zhang et al. 2007) including apoptosis in a variety of cell
types (McDermott et al. 1998). In case of sufficiently high
doses, microcystins may cause even death (Lindholm et al.
1999). A detailed examination of Caruaru case in Brazil
(1996) after which 60 patients died after severe intoxication
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CYANOTOXINS

Cyanotoxins are produced within cells and are only released
into water during cell senescence or cell death and lysis
(Sivonen and Jones 1999). The latter may be caused by water
treatment processes such as algaecide application (Babica et al.
2006; Gupta et al. 2001; James and Fawell 1991). It is known
that blooms of different cyanobacterial species (e.g. Anabaena
circinalis and Microcystis aeruginosa) have been observed to
occur in the same water body but also may overlap when
occurring in rapid succession to one after another (Dietrich et
al. 2008). Moreover, many cyanobacterial species have been
observed to be capable of producing several different toxin
types as well as different toxin congeners.

Numerous bioactive compounds produced by cyanobacteria
have been described: non-ribosomal peptides, alkaloids,
lipopeptides, esters, amino acids and polyketides. They all
present a wide diversity of structures, variants and include
potent toxins. Cyanotoxins are usually divided into groups

Figure 1. Cyanotoxins in aquatic environment. Cyanotoxic strains and toxic secondary metabolites affect different aquatic
organisms. The cyanobacteria compete with other algae species (red arrows), and their toxins are harmful (green arrows) to
plankton-feeding organisms (e.g. zooplankton, benthos, fishes), as well as predators feeding on intoxicated organisms. Presence of
cyanotoxins in drinking water may pose a risk for humans.
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This review focuses on cyanotoxins which are capable of
inducing adverse effects in nervous tissue. For this purpose, we
classified them by similarities in their chemical structure: cyclic
peptides, alkaloids, phosphate esters, lipopeptides, amino-acids
(Table 1). Here, we present cyanotoxins of proven neurotoxicity
and those whose neurotoxicity has been suggested. 

with diverse cyanobacterial toxins showed that affected
humans not only suffered from liver failure but also exhibited
symptoms of neurological disorders: dizziness, vertigo,
tinnitus, mild deafness, visual disturbance, blindness, and
grand mal convulsion (epilepsy), nausea, vomiting (Pouria et
al. 1998).

Table 1. Examples of adverse effects and stability in environment of the cyanobacteria toxins discussed in the article.

Toxin Chemical Organism Adverse Stability in 
structure (genera) effects the environment

Microcystin Microcystis
Anabaena 
Oscillatoria 
Planktothrix 
Chroococcus

Nodularin Nodularia

Saxitoxin Alexandrium 
Pyrodinium
Gymnodinium 
Anabaena 
Aphanizomenon, 
Cylindrospermopsis
Lyngbya

Cylindrospermopsin Cylindrospermopsis
Aphanizomenon
Umezakia 
Rhaphdiopsis 
Anabaena
Lyngbya

Behavioral changes; Neuronal
loss and morphology changes;
Oxidative stress; Cytoskeletal
changes: microtubule
depolymerization, growth
inhibition, axonal damage;
Enchanced protein phosphate
activity; Affection of
aminopeptidase activity;
Reduced level of apoptosis
preventing proteins;
Hyperphosphorylation of Tau
protein; Disturbed energy
generation and organic acid
metabolism. 

Inhibition of PP1 and PP2A;
Tumors promotion;  Oxidative
stress; Induction of apoptosis.

Blockage of sodium ion
channels in nerve axon
membrane; Blockage of
calcium channels;  Prolonged
gating of the potassium
channels;  Nerve dysfunction;
Paralysis;  Damage of cellular
homeostasis; Embryos edema
and body curvature;
Sensorimotor impairments
and paralysis in herring
larvae; Abnormal growth of
embryos with high
neurogenesis and cellular
proliferation.

Affection of protein
synthesis, inhibition of
glutathione and cytochrome
P450; DNA damage;
Potentially affection of
nicotinergic ACh receptors of
the neurones.

Stable compound,
could persist even
several months or
years; UV and
degrading bacteria
speeds up removal.

May persist in
aquatic systems for
weeks;
Photodegradation
speed up in the
presence of
turbidity and humic
acid or humic
substances.

In water could
persist over 3
months; In high
temperatures it is
degraded into more
toxic variants.

More than 90% of
total toxin volume
degrades within few
days in sunlight and
in the presence of
cell pigments.
Stable in the dark.
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STABILITY OF CYANOTOXINS 
IN AQUATIC ENVIRONMENT

The chemical stability of a toxic compound in the water
environment is the key factor determining both its
persistence in aquatic reservoirs and distribution within an
organism. Cyclic peptide cyanotoxins are highly stable
compounds, and after being released from cell, they may
persist in aquatic systems for weeks (Edwards et al. 2008),

several months or even years (Sivonen and Jones 1999).
However, some studies report that sunlight UV or
biodegradation may speed up their removal from the
environment (Sivonen and Jones 1999). Results also
demonstrate that the duration of photochemical
degradation of microcystin and nodularin may vary from
two to six weeks depending on the presence of water-
soluble cell pigments (Tsuji et al. 1994; Welker and
Steinberg 2000). However, the photolysis is an important

Toxin Chemical Organism Adverse Stability in 
structure (genera) effects the environment

Anatoxin-a Anabaena 
Cylindrospermum 
Microcystis
Oscillatoria 
Raphidiopsis
Planktothrix 
Aphanizomenon

Homoanatoxin-a Oscillatoria

Anatoxin-a(s) Anabaena

Antillatoxin Lyngbya 

Kalkitoxin Lyngbya

Jamaicamide Lyngbya 

BMAA Cycas 
Trichodesmium

Potent agonists of the muscular
and neuronal nicotinic
acetylcholine receptor;
Membrane depolarization and
desensitization; Paralysis;
Intoxication resulting in
vomiting, respiratory
difficulties, convulsion.

Enhanced release of
acetylcholine from peripheral
cholinergic nerves through
opening of endogenous voltage
dependent neuronal L-type
calcium channels. 

Irreversible inhibition of
acetylcholinesterase from
degradation of acetylcholine;
Constant stimulation of
muscle; Muscular paralysis.

Activation of the mammalian
voltage-gated sodium
channels; Up-regulating
NMDAR function; Respiratory
irritation; Eye inflammation;
Contact dermatitis. 

Inhibition of the voltage-gated
sodium channels.

Inhibition of the voltage-gated
sodium channels.

Bind to glutamate receptors;
Cause of neurodegenerative
syndrome; Incorporation into
proteins.

Unstable in
alkaline water,
where it 
undergoes rapid
photochemical
degradation into
non-toxic form.

No data

No data

No data

No data

No data

Could persist and
accumulate in the
environment due to
incorporation into
proteins.
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the acetylcholine (Ach) induced depolarization. An action
potential involves activating and then deactivating two
different ion channels: sodium-selective and potassium
channels. In smooth muscles and many neurons sodium
channels are substituted by voltage-gated calcium channels.
Additionally calcium ions flowing through channels
mediate the exocytotic release of neurotransmitter into the
synaptic cleft at nerve terminals (Kem 2000).

Toxicity can only occur when toxins are transported into
cells or interact with specific receptors or channels present
on cells membrane (Stillwell 2013) (Figure 2). Thus almost
every ion channel seems to be a potential target for natural
toxins (Kem 2000). A known example involves Na+ and K+

channels (Figure 2), which are both facilitated diffusion
carriers that conduct the cation down the ion's
electrochemical gradient (Stillwell 2013). Neurotoxicity of
saxitoxins (STXs) depends on blocking sodium ion
channels in the nerve axon membrane (van Apeldoorn et
al. 2007). In addition STXs are known to block calcium
channels (Su et al. 2004). Ca2+ channels significantly
coordinate with Na+ channels in regulating signal
transduction pathways, including cell cycle and apoptosis
(Belkacemi et al. 2005). STXs also affect heart muscle cells
by prolonging gating of the potassium channels, which can
in turn lead to alteration in the influx of ions to the cell
(Wang et al. 2003). In addition, the Na+ channel blockage
may alter the selective permeability of the membrane and
may change the flow of ions, leading to damage of cellular
homeostasis (Hille 1992). Jamicamide and kalkitoxin are
another toxins possessing neurotoxic properties in sodium
channel-blocking activity (Edwards et al. 2004; LePage et
al. 2005). In contrast to above-mentioned toxins,
antillatoxin is an activator of the mammalian voltage-gated
sodium channels (VGSCs) that elevates intracellular Na+

concentration in intact neurons (Cao et al. 2008; Li et al.
2001). However, its precise recognition site on the channel
protein remains to be defined (Jabba et al. 2010).

Acetylcholine (Ach) is the most common neurotransmitter
at synapses. It initiates an action potential, although it may
also act as inhibitor of the signal at some synapses. Then
activity of the Ach is terminated by the acetylcholinesterase
(AchE). Other signals are transmitted by newly Ach
released from presynaptic neuron. Anatoxin-a and
homoanatoxin-a are potent agonists of the muscular 
and neuronal nicotinic acetylcholine receptor (Aráoz 
et al. 2010). Anatoxin-a has an affinity to the 
acetylcholine receptors without being degraded by
acetylocholinesterase. The receptor channel remains active
and in consequence a constant inflow of sodium ions to
cells take place (Valério et al. 2010). Homoanatoxin-a
enhance the release of acetylcholine from peripheral
cholinergic nerves through opening of endogenous voltage
dependent neuronal L-type calcium channels (Aas et al.
1996; Lilleheil et al. 1997). Anatoxin-a(s) irreversibly
inhibits acetylcholinesterase from degradation of acetylcholine
(Molica et al. 2005). 

process only in shallow lakes, as the half-life of
microcystins in deep lakes is longer than the season of
cyanobacteria growth (Welker and Steinberg 2000). Recent
studies by Thirumavalavan et al. (2012) which were
conducted in laboratory conditions, revealed that the
presence of turbidity and humic acid affected the
photodegradation process of nodularin. Another study has
shown, that in sea water the rate of nodularin photolysis
could be accelerated by the presence of some cell
components and humic substances (Welker and Steinberg
1999).

Alkaloidal cytotoxins exhibit various chemical stability.
It is known, that saxitoxins are difficult to degrade and
highly stable even after heating (Falconer and Humpage
2005). They can persist over 90 days in water, but they are
degraded in high temperatures into more toxic variants
(Sivonen and Jones 1999). A cylindrospermopsin, another
cytotoxic alkaloid, is relatively stable in the dark. However,
in sunlight and in the presence of cell pigments
degradation occurs rapidly. More than 90% of total
cylindrospermopsin volume degrades within 2–3 days
(Chiswell et al. 1999). Another alkaloid, anatoxin-a, is
unstable in alkaline water, where it is transformed by
sunlight into a non-toxic form. This neurotoxin is relatively
stable in the dark, but it undergoes rapid photochemical
degradation in sunlight, particularly in alkaline conditions
and even in the absence of cell pigments (Smith and Sutton
1993; Stevens and Krieger 1991). Unfortunately, even
though they can affect the health of the organisms, data on
the chemical stability of many other cyanobacterial toxins
are scarce.

GENERAL MECHANISMS OF CYANOBACTERIAL
NEUROTOXICITY

Aquatic animal health problems are most likely related to
chronic exposure to variable concentrations of diverse
cyanobacterial toxins through drinking of contaminated
waters and eating contaminated food (e.g. fish, and
molluscs; Figure 1). Besides the liver (a common target
organ for many toxins), exposure to the cyanotoxins also
affects other organs (Nagarajan et al. 2012). In recent years
much attention has been paid to adverse effects of
cyanotoxins on the nervous system of animals. The nervous
system (NS) is a prime target for toxins which are known to
rapidly disrupt functioning of whole organism. NS
functions as a master communication network. Rapid
communication within NS relies on the generation 
of two types of electrical signal. Dendrites respond to
neurotransmitters released from adjacent neurons by
generating slow depolarizing junctional potential which
elicits an action potential. Then, it rapidly travels to the
end of the axon where the neurotransmitter is released
again (Kem 2000). Postsynaptic membrane of the muscle
cell is able to generate an action potential in response to



xenobiotics) which is independent of sodium ions
(Hagenbuch and Meier 2004). It is known, that some of the
Oatps/OATPs are expressed in various tissues, some occur
just in one type of organ, and some occur in many, e.g. in the
liver as well as in the brain (Fischer et al. 2005). The work of
Feurstein et al. (2009) on primary murine whole brain cells
(mWBC) showed the expression of five mOatps at the
mRNA level. Oatp1b2 was thought to be specific to the liver
in mice and rats but its transcripts (as well as proteins) are
also present in the brain homogenates (Fischer et al. 2005). 
A study confirming that mOatps are involved in the neuronal
uptake of MC was done by Feurstein et al. (2009, 2010).
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Microcystins and nodularins which are similar in
structure require active transport through cell membranes.
In case of neurotoxicity another prerequisite is toxin being
capable of passing blood-brain barrier/blood-cerebrospinal
fluid barrier (Feurstein et al. 2010) e.g. via MC-transport
competent Oatp/OATP or other yet unknown transporters.
Organic anion transporting polypeptides (Oatps/OATPs) are
members of the solute carrier organic anion transporting
family (SLCO). Oatps/OATPs mediate uptake of a wide
diversity of amphipathic organic compounds (bile salts,
anionic peptides, steroid conjugates, thyroid hormones and
an increasing number of pharmaceutical drugs and

Figure 1. Schematic representation of targets of the central nervous system affected by cyanobacterial toxins (illustrated as green
circles).  A) blood-brain barrier; neurotoxicity of microcystins and probably nodularin depends on active transport from vessels into
the brain carried by organic anion transporting polypeptides (OATPs). B) ion channels in cell membrane of neuron; many
cyanotoxins (i.e. jamicamide, kalkitoxin, saxitoxin) may disturb flow of ions responsible for proper functioning of the nervous
system. C) synapse; various locations and types of toxic actions triggered by synapse-targeting toxins (i.e. anatoxin‑a,
anatoxin‑a(s), homoanatoxin‑a).  See text for more details.
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when the animal is exposed to a hazardous environment, and
indicate how the animal feels and responds (Begout Anras
and Lagard`ere 2004). Possible neurotoxic effects have been
reported in fish exposed to microcystin: changes in behavior,
swimming activity or swimming performance (Baganz et al.
1998, 2004; Bogo et al. 2011; Cazenave et al. 2008). Baganz et
al. (2004) compared zebrafish (Danio rerio) and belica
(Leucaspius delineatus), using dissolved MC-LR in an
environmental range between 0.5µg·L-1 (which is the lowest
observed effect concentration of MC-LR; Oberemm et al.
1997) and 50µg·L-1. In both species, higher microcystin
concentration caused significantly decreased locomotion
during daytime, whereas lower concentration led to increased
mobility (Baganz et al. 1998, 2004). Results showed different
nocturnal activity in both species. The activity of D. rerio at
higher, as well as lower concentrations was decreased, while
that of L. delineatus was increased. Furthermore Baganz et al.
(2004) found the latter species to be more sensitive to 
MC-LR: it reacted earlier and for a longer time, than
zebrafish. These results show, that MC is capable of
altering behavioral day and night rhythms, as L. delineatus
is predominantly a diurnal fish.

In another study, Cazenave and coworkers (2008)
examined the impact of microcystin-RR on a small
omnivorous–planktivorous fish Jenynsia multidentata, and
showed increased nocturnal activity at lower doses
(0.01µg·g-1), whereas higher dosage (1µg·g-1) elicited no
changes or it decreased swimming activity only during the
last hours of exposure. Cazenave proposed that the
hyperactivity of J. multidentata could be the consequence of
fish attempting to escape from a contaminated
environment, however it also could be a reaction caused by
the presence of MC in the brain. In the work on 
a nematode C. elegans exposed to MC-LR, Ju et al. (2013)
observed changes in locomotion behavior. They found
neuronal loss and morphology changes in GABAergic
neurons, but not in cholinergic, serotonergic, dopaminergic,
nor glutamatergic neurons. These results showed potent
neurotoxicity of MC and suggested design of further
research to study more aspects of the responses that MC
causes.

The experimental proof that MCs are actually responsible
for causing adverse effects in neurons may come from studies
at the proteomic level. Wang et al. (2010a) showed striking
accumulation of MC-LR and enhanced PP activity in
zebrafish brains after 30 d exposure. The treatment resulted
in alteration of levels of proteins involved in the cytoskeleton
assemblage, signal transduction, protein degradation,
metabolism, transport, apoptosis and translation. Such 
a response indicates that MC-LR toxicity in the fish brain is
complex and diverse, and involves several molecular
pathways. Authors suggest that the chronic neurotoxicity of
MCLR might initiate the PP pathway via an upregulation of
PP2C in the zebrafish brain, in addition to the reactive
oxygen species and endocrine signaling pathways (Wang et al.
2010a).

Their research group tested for six mOatps in neuronal
membranes and found that two of the proteins were present,
mOatp1b2 and mOatp1a5.

NEUROTOXIC EFFECTS OF CYCLIC PEPTIDES 

Microcystins

The group of cyclic peptides includes a wide number of
toxins. One of these is microcystin (MC), which forms the
most structurally diverse group among cyanotoxins
(Table 1). Microcystins are described as monocyclic
heptapeptides containing D-amino and L-amino acids plus
N-methyldehydrolamine and a unique B-amino acid side-
group (ADDA) (Neilan et al. 2010). The peptide rings
contain seven amino acids, two of which are used to
distinguish different structural variants of the microcystins.

The MCs are potent hepatotoxins produced by the
cyanobacteria of the genera Planktothrix, Microcystis,
Aphanizomenon, Nostoc and Anabaena (Kaasalainen et al.
2012; Neilan et al. 2010), and microcystin-LR, -RR or –YR
are the most dominant variants found in the environment
(Ettoumi et al. 2011). These cyclic heptapeptides have strong
affinity to serine/threonine protein phosphatases (PPs)
thereby acting as an inhibitor of this group of enzymes.
Through this interaction a cascade of events responsible for
the MC cytotoxic and genotoxic effects in animal cells may
take place (reviewed in Campos and Vasconcelos 2010).
Moreover, MCs induce oxidative stress in animal cells and
together with the inhibition of PPs this pathway is considered
to be one of the main mechanisms of MC toxicity.
Microcystin-LR (MC-LR) is both the most toxic and the most
commonly encountered member of MC family (Bogo et al.
2011).

Toxic effects of MCs are compound-specific. In general,
MC-LR causes greater cytotoxicity than MC-RR (Huguet et
al. 2013). The effects of the acute toxicity of microcystin-LR
are different to chronic exposure where formation of reactive
oxygen species (ROS) dominates, instead of the PP inhibition
pathway (Wang et al. 2010a). A recent study done by
Niedermeyer and coworkers (2014) has proven differences in
potency between MC variants and above-mentioned studies,
suggesting that in vivo toxicity is dependent on OATP
transport kinetics rather than on differences in PP inhibition
(Blom and Jüttner 2005; Fischer et al. 2010). However,
Oatps/OATPs may differ in their ability to transport
structurally varied MC congeners. There are suggestions that
the Oatp/OATP which is not capable of transporting one
given MC (e.g. MC-LR) may still be able to transport other
types of MCs (Feurstein et al. 2009). Thus, the potential
neurotoxicity of individual MC congeners should depend on
functional expression of Oatps/OATPs in the blood-brain
barrier and in the neuronal cell membrane.

Behavioral changes (such as different swimming habits
and uncommon daily activity) are the first line of defense,
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also increased after higher doses of the toxin (Wang et al.
2010a), although this is inconsistent with other studies (Guzman
et al. 2003; Malbrouck et al. 2003, 2004). Overexpression of
PP2Cα2 leads to G2/M cell cycle inhibition and apoptosis
through p53 protein kinase pathway activation (Ofek et al.
2003). Overexpression of PP2Cα2 might be involved in the
interruption of the protein kinase pathway (e.g. MAPK and
AMPK). On the other hand, it could be a compensatory effect
of the cells responding to the toxin attack (Wang et al. 2010a),
which, however, deserves further investigation.

Wang et al. (2010b) also observed another change in the
brain’s proteome after MC-LR treatment. It has been shown,
that microcystin could reduce levels of Ywhai protein
(belonging to the 14-3-3 family, a phosphoserine specific
adapter protein, which binds Bad protein and, as a result,
prevents apoptosis). Down-regulation of Ywhai protein leads
to a release of phosphorylated Bad protein into cytoplasm,
where it could induce pro-apoptotic activity.

In a more recent paper, Li et al. (2012) have shown that
MC‑LR hyperphosphorylates tau protein. Tau protein is 
a principal neuronal microtubule protein associated with
assembly, stabilization and maintaining normal morphology
of axonal microtubules (Goode et al. 1997). Studies have
shown that PPs are involved in the regulation of the
phosphorylation of tau (Feurstein et al. 2011). Inhibition of
PPs in neurons causes hyperphosphorylation and aggregation
of tau protein, leading to neuronal degenerative changes and
apoptosis which were similar to those observed in the brains
of Alzheimer patients (Li et al. 2012). Li and coworkers
(2012) also observed the impairment of memory and
cognitive function in MC-treated rats which is also associated
with Alzheimer’s disease as a result of inhibition of PPs.

Microcystins may destroy energy-generating pathways and
organic acid metabolism in the zebrafish brain (Wang et al.
2010b). MC-LR was shown to decrease protein levels of
NADH (ubiquinone) dehydrogenase I alpha subcomplex
subunit 10 (NDUFA10 is a subunit of NADH ubiquinone
oxidoreductase), which may decrease energy production
from the respiratory chain. But it is also known that the
complex I of the respiratory chain is a potent source of ROS
(Murphy 2009), so decreased levels of NDUFA10 may
prevent the brain from producing ROS. Overexpression of
propionyl-CoA carboxylase, beta polypeptide and 3-oxoacid
CoA transferase 1a, and 3-hydroxyisobutyrate dehydrogenase 
b is thought to be a compensatory mechanism in facing the
decreasing energy production caused by MC-LR induced
oxidative stress, as they are involved in catabolism processes
(Wang et al. 2010b).

Nodularin

Nodularin (NOD) is one of the most frequently encountered
toxins found in the Baltic Sea during summer months. This is
because of Nodularia spumigena, whose blooms occur there
annually (Sivonen et al. 1989). Toxin production by
N. spumigena tends to be highest in conditions that also

Indications of the complexity of neurotoxic effects by MC-
LR exposure have also come from the measurements of
antioxidant activity in the affected tissues. Chen et al. (2006)
showed, that the microsystin-LR in the liver especially attacks
mitochondrial aldehyde dehydrogenase 2 (AldH2). In the
work on zebrafish, Wang et al. (2010a) showed significant
decrease in expression of the AldH2 in the brain, which was
concurrent with the expression of the aldehyde
dehydrogenase 9A1a (Wang et al. 2010a). This led to
interrupted metabolism of aldehydes, which is an indicator of
DNA damage, enzyme deactivation or protein modifications
(Lindahl 1992; O’Brien et al. 2005).

Data from the study of Li et al. (2012) indicate, that
microcystin-LR causes oxidative stress and apoptosis
response in brain cells. Six proteins (GFAP, Hsp70, Hsp75,
Prdx2, SOD, and Stip1) involved in oxidative stress and
apoptosis responses in rats' hippocampi have been identified
(Li et al. 2012). Induction of HSP (marker of oxidative stress)
as well as SOD and Prdx2 (antioxidant enzymes) are defense
systems against reactive oxygen species, therefore this
suggests oxidative stress caused by MC-LR. Moreover, the
research group has showed the induction of septin 5, 
a-internexin, and a-synuclein, which are known to be related
to neurodegenerative diseases and could be involved in the
progression of Alzheimer's disease.

Cytoskeletal changes result in loss of cell shape and also
create obstacles in mitosis due to a lack of chromosome
separation and creation of binucleated cells (Mezhoud et al.
2008). It has been shown that MC-LR treatment of zebrafish
affects expression of diverse cytoskeletal proteins in the
fishes’ brain (Wang et al. 2010a). In this study, cellular
damage caused by MC-LR has been related to cytoskeletal
disruptions linked with accumulation of tubulin folding
cofactor B. Accumulation of this protein leads to microtubule
depolymerization, growth inhibition, axonal damage and, in
consequence, neuronal decay (Lopez-Fanarraga et al. 2007).
Moreover, Wang et al. (2010a) have shown that transient
ischemia in gebril brains decreased the mRNA expression of
β-actin. They concluded that decreased β-actin RNA may be
due to oxidative stress caused by MC-LR, as other studies
consider actin to be a direct target for oxidative modifications
(Fiaschi et al. 2006; Lassing et al. 2007). β-actin is a major
protein of actin filaments which are present in synaptic areas,
it plays a role in cell adhesion, neurite growth, formation of
synapse and is involved in exocytosis of neurotransmitters
(Asanuma et al. 1993; Sobue and Kanda 1989). Thus,
decreased mRNA levels of β-actin may suggest severe
physiological consequences: oxidative stress, cytoskeletal
disruptions or even neuronal death (Asanuma et al. 1993).

Protein phosphatase activity in the brain of zebrafish was
enhanced in the study of Wang et al. (2010a), which could be
the consequence of upregulation of PP2Cα2 after MC-LR
treatment. However, lethal doses of MC-LR inhibit PP
activity in the nuclear compartment. In another study, MC-
RR was responsible for upregulation of A subunit of PP2A in
human amniotic epithelial cells (Fu et al. 2009). PP activity is
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2014). PSPs form a group of neurotoxins that accumulate
mainly in shellfish, and STX being the most common and the
most lethal toxin amongst them (Wong et al. 2011). STX can
specifically accumulate in mussels, gastropods, fish,
copepods, as well as many other water organisms which all
have a world-wide geographical distribution (Kumar-Roiné
et al. 2011; Neilan et al. 2010).

Expanding blooms of STX producing cyanobacteria have
led to mass deaths of fish, as well as other animals, including
livestock (Negri et al. 1995; Reyero et al. 1999). Because
STXs accumulate through the food chain, intoxication with
these compounds is not necessarily associated with drinking
water (Shumway 1995). STXs have been linked to many
poisoning events, including humans (Merel et al. 2013). STXs
induce nerve dysfunction and paralysis. In lethal doses, they
cause respiratory failure due to muscle paralysis (van
Apeldoorn et al. 2007). Adverse effects after direct exposure
to STXs such as fever, eye irritation, abdominal pain, and
skin rashes, have been reported in infants and children
(Rapala et al. 2005). These effects are related to STXs ability
to modulate activity of ion channels (Belkacemi et al. 2005;
Su et al. 2004). 

There are several reports documenting adverse effects of
STXs on fish. For example, studies conducted on D. rerio
embryos show that exposure to STX results in edema and
body curvature. Sensorimotor impairments and paralysis in
herring larvae were also noted (Lefebvre et al. 2004, 2005).
Tian et al. (2014) found that treated marine medaka (Oryzias
melastigma) embryos exhibited abnormal growth with high
neurogenesis and cellular proliferation after exposure to STX.

Cylindrospermopsin

Cylindrospermopsin (CYN) is another biologically active
alkaloid found in several cyanotoxin genera (Neilan et al.
2010; Table 1). In contrast to a highly differentiated group
of microcystins the structural variability of CYN is much
lower. So far, only three variants of the cylindrospermopsin
molecule have been described (Valério et al. 2010). It was
first recognized in 1979 when 148 people were hospitalized
with symptoms of hepatoenteritis on Palm Island (Queensland,
Australia). Since then, the toxin has been linked to a bloom
of Cylindrospermopsis raciborskii in a drinking water source
(Bourke et al. 1983; Byth 1980), and has been found
responsible for the death of domestic animals (e.g. Saker et
al. 1999). C. raciborskii is a highly adaptive cyanobacterium
capable of inducing considerable physiological and
morphological changes, which presents a major problem
for water management on a global scale (Neilan et al.
2003). C. raciborskii is one of the most invasive
cyanobacterial species in the world (Kling 2009; Sinha et al.
2012). In contrast to other cyanotoxins CYN is more often
found at higher levels in dissolved form than within cells as
it readily leaks from cells under normal growth conditions
(Falconer and Humpage 2005; Norris et al. 2001; Wormer
et al. 2008).

promote its growth (Lehtimäki et al. 1997). During recent
decades, the intensity of blooms has increased considerably
in the Baltic Sea region (Finni et al. 2001; Suikkanen et al.
2007), which has led to increased exposure to the toxin for
animals in the aquatic environment, as well as domestic
animals (Simola et al. 2012). Nodularin induces similar toxic
effects as microcystin and it is associated with the same
transporters (Runnegar et al. 1995a).

Due to similarity of NOD structure with microcystin
(Table 1), the toxin is considered to present molecular
mechanisms of up-take and toxicity similar to those of MC.
Simola et al. (2012) studied mechanisms of NOD toxicity in
dogs. They found that nodularin is absorbed from the ileum
by bile acid carriers; the toxin enters the liver with portal
blood flow and is transported into hepatocytes via bile acid
carriers (Simola et al. 2012). Nodularin inhibits PP1 and
PP2A and is a potent tumor promoter that may also act as a
carcinogen or tumor initiator (Valério et al. 2010). However,
it does not covalently bind to serine/threonine protein
phosphatase-1 and 2A (Bagu et al. 1997). It has been
reported that the toxin induces harmful effects on wide rage
of organisms (fish, invertebrates), but some species may be
resistant to the NOD’s harmful effects (Karjalainen et al.
2007). Zhang et al. (2012) found that nodularin at low doses
can induce apoptosis in fish lymphocytes in vitro and that the
main mechanism in nodularin-induced apoptosis is oxidative
stress. He also showed the accumulation of ROS in fish cells
after exposure to nodularin and found that NOD can destroy
intracellular antioxidant enzymes and cause oxidation
damage in fish immune cells. The effect was reversed with
natural antioxidants, which improved the activity of enzymes
and inhibited cellular lesions (Zhang et al. 2012).

Although only several data on neurotoxic effects of non-
ribosomal peptides, such as MCs or NOD, have been
gathered so far, the molecular background of underlying
processes remains obscure. The successful elucidation of the
aberrant signaling pathways, by exploiting new types of
experimental tools and new thinking about the organization
of complex signaling circuits in nervous tissues of diverse
animal systems, should shed light on neurotoxic effects
caused by the natural heptapeptides. 

ALKALOIDS 

Saxitoxin

Alkaloids constitute an important group of cyanotoxins
which occur in the aquatic environment. One of them is
Saxitoxin (STX), which is a trialkyl tetrahydropurine
produced by cyanobacteria of different genera (Neilan et al.
2010; Table 1). Saxitoxins differ structurally at four positions
which can be hydroxylated, sulfated or carbamyolated
(Sivonen and Jones 1999). Saxitoxins are part of a wider
group of toxins - Paralytic Shellfish Poisoning (PSP) toxins,
which is produced by harmful dinoflagellates (Tian et al.
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The presence of guanidino and sulfate groups makes CYN
a zwitterionic molecule and hence more soluble in water.
Moreover, small compounds are likely to be taken by the cells
through diffusion (Valério et al. 2010). After ingestion from
water, the toxin mainly bears upon the liver, affecting protein
synthesis and inhibition of glutathione and cytochrome P450
(Froscio et al. 2003, 2008; Metcalf et al. 2004; Runnegar
1995b). CYN can also covalently bind to DNA and there is
evidence that CYN causes DNA breakage (Shen et al. 2002).
It exerts general cytotoxic, hepatotoxic and neurotoxic effects
(Kiss et al. 2002) and it is considered as a carcinogen due to
DNA damaging activity. However, the exact mode of action
has yet to be determined (Falconer and Humpage 2001;
Valério et al. 2010). The only study related to neurotoxicity of
cylidrospermopsin (Kiss et al. 2002) was performed on crude
extract from C. raciborskii. It showed that the extract had 
a component that affected nicotinergic ACh receptors of the
neurones. However, these effects are more similar to effects
caused by anatoxin-a, therefore authors of the paper linked
them with anatoxin-like substances. In support of this view a
recent pharmacological study confirmed the presence of
some unidentified anatoxin-a like neurotoxins produced by
C. raciborskii (Vehovszky et al. 2013). Further studies are
necessary to confirm or deny neurotoxic properties of the
toxin.

Anatoxin-a and homoanatoxin-a

Anatoxin-a (ANTX-a) and its homologue homoanatoxin-a
are highly water-soluble alkaloids, synthesized by species of
the genera: Anabaena, Cylindrospermum, Microcystis,
Oscillatoria, Raphidiopsis, Planktothrix and Aphanizomenon
(Valério et al. 2010; Table 1). Neurotoxic effects of
anatoxin-a have been proven in many studies (reviewed by
Osswald et al. 2007). ANTX-a causes overstimulation of
the muscle cells as a result of membrane depolarization
and desensitization (Figure 2). This leads to paralysis or
even death when respiratory muscles are affected (Osswald
et al. 2007). ANTX-a is considered to be responsible for
poisoning different animal species resulting in vomiting,
respiratory difficulties and convulsion (Gugger et al. 2005;
Henriksen et al. 1997; Krienitz et al. 2003; Wood et al.
2007).

PHOSPHATE ESTERS 

Anatoxin-a(s)

Anatoxin-a(s) (ANTX-a(s)) is a phosphate ester of cyclic 
N-hydroxyguanine (Sivonen and Jones 1999; van Apeldoorn
et al. 2007), which is synthesized by Anabaena lemmermanni
(Henriksen et al. 1997) and Anabaena flos-aquae (Mahmood
and Carmichael 1986) (Table 1). Despite the similarity in
names it is not structurally related to anatoxin-a (Table 1) and
it exhibits different physiological properties. ANTX-a(s)

irreversibly inhibits hydrolysis of acetylcholine by
acetylcholinesterase (Molica et al. 2005). As a result, muscles
become constantly stimulated (Matsunaga et al. 1989)
(Figure 2). Exposure to anatoxin-a(s), as with anatoxin-a,
could lead to muscular paralysis with possible respiratory
arrest leading to death (Molica et al. 2005).

LIPOPEPTIDES 

Antillatoxins

First reported in 1995, Lyngbya majuscula metabolite,
antillatoxin (ATX; Table 1) is an extremely potent
ichthyotoxic compound. L. majuscula grows on solid or sandy
substrates or epiphytically on seagrass, macroalgae and corals
in the coastal zones of many sub-tropical and tropical oceans
(e.g. it has been observed seasonally in Moreton Bay,
Queensland, Australia). It has been noted that after periods
of high light and temperatures combined with calm weather,
bubbles from rapid photosynthesis by the L. majuscula are
trapped within the filament matrix and cause the
L. majuscula to eventually float to the water surface to form
large surface aggregations. This may enable L. majuscula to
spread to other regions (Albert et al. 2005).

Antillatoxin is a lipopeptide with a high degree of
methylation. Antillatoxin is one of the lipid-soluble gating
modifier toxins of voltage-gated sodium channels (Figure 2).
This group includes brevetoxins, batrachotoxin, veratridine
and gambierol (Cao et al. 2008). It is among the most
ichthyotoxic metabolites isolated and is considered to be the
second most potent compound obtained from marine waters
after brevetoxin (Orjala et al. 1995). Studies show that
exposure to blooms of L. majuscula may cause adverse
human health effects like irritation of the respiratory system,
eye inflammation and also contact dermatitis (Jabba et al.
2010). In addition ATX is neurotoxic in cerebellar granule
cells. As a consequence of glutamate release, ATX has been
shown to be an indirect activator of N-methyl-D-aspartate
receptors (NMDARs) (Li et al. 2001, 2004). Jabba et al.
(2010) found that ATX was capable of mimicking activity-
dependent neuronal development by up-regulating NMDAR
function.

Kalkitoxin and jamaicamide

Kalkitoxin is another toxin produced by marine
cyanobacterium Lyngbya majuscula. It is a lipid derivative
containing thiazoline (Table 1) and it was first discovered
from samples collected from Curaçao (Wu et al. 2000). This
study reported that kalkitoxin was toxic to the Carassius
auratus, as well as to the aquatic crustacean brine shrimp
(Artemia salina). Data collected by LePage et al. (2005)
confirmed, that kalkitoxin acted like an inhibitor to the
voltage-gated sodium channels in the cerebellar granule cell
culture (Figure 2).
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PHARMACEUTICAL POTENTIAL OF CYANOTOXINS

Cyanobacteria are one of the richest known sources of potent
bioactive compounds. These compounds include toxins,
which may have wide pharmaceutical applications. Extracting
drugs from the sea environment started in the late 1960s.
Between 1977-87, about 2500 new compounds were reported
from a variety of marine organisms. These early studies
clearly demonstrated a novel source of potentially useful
chemicals not found in freshwater sources (Zanchett and
Oliveira-Filho 2013). For example, extracts isolated from
cyanobacteria strains showed antimicrobial activity against
the fungus C. albicans, Gram-positive and Gram-negative
bacteria. Natural products from cyanobacteria seemed to
possess strong growth-inhibitory potential against several
prokaryotic pathogens and eukaryotic parasites (Nagarajan
et al. 2012).

Metabolites of cyanobacteria are potent drugs in cancer
treatment (Zanchett and Oliveira-Filho 2013). An increasing
number of compounds (such as curacin A and dolastatin 10)
were found to target tubulin or actin filaments in cells (Jordan
and Wilson 1998). The above-mentioned compounds have
undergone clinical or preclinical trials as potent drugs
(Gerwick et al. 2001) and were used in drug development of
synthetic analogues where they were found to be superior over
currently used anticancer drugs (Uzair et al. 2012). In vitro
studies of a synthetic analog of dolastatin 10, soblidotin,
showed promising results against human colon
adenocarcinomas. A synthetic compound derived from
dolastatin 15 (sythadotin) has shown promising results in
phase II clinical trials of inoperable, locally advanced or
metastatic melanoma (Liu and Rein 2010). Cryptophycin I, 
a natural compound isolated from Nostoc sp. GSV224, showed
anticancer abilities against nasopharyngeal cancer cells and
human colorectal cancer cells. It was 100-1000 times more
potent than the currently available drugs (Singh et al. 2011).
Anticancer activity against cell lines of human breast cancer
was shown by Oscillatoria boryana (Nair and Bhimba 2013).
Further anti-cancer activity was observed in cyanobacteria
strains isolated from the Portuguese coast. Six selected strains
were able to induce cytotoxic effects in human cancer cell lines
and they were marked for the future as promising compounds
with potential anticancer activity (Costa et al. 2014).

Bioinformatic molecular approaches have shown that 33
cyanobacterial compounds from 9 species have potential to
be used in treating lung cancer (Vijayakumar and Menakha
2014). All of these compounds have the potential to block the
epidermal growth factor receptor (EGFR). The EGFR
regulates cell proliferation, apoptosis, angiogenesis, and
tumor invasion. Mutations and amplification of EGFR are
common in non-small cell lung cancer (Salgia and Skarin
1998). Of the analyzed compounds, the tiglicamide A,
derived from Lyngbya confervoides, had the strongest
interaction and binding with the EGFR (Vijayakumar and
Menakha 2014). This finding has encouraged further study of
tiglicamide A for potential therapeutic use.

Jamaicamide (Table 1) is also produced by L. majuscula,
a strain found growing in low abundance in Hector’s Bay,
Jamaica. There are three forms (A, B, C) of jamaicamide,
which differ structurally. All three forms showed similar
cytotoxicity to mouse neuroblastoma cell lines. Edwards
and coworkers (2004) revealed, that all jamaicamide isomers
showed channel-blocking activity (Figure 2). However,
none of the toxin isomers exhibited sodium channel-
activating activity (Edwards et al. 2004). This study also
included toxicity assay on C. auratus, which concludes that
different jamaicamide isomers display different lethal dose
levels.

NEUROTOXIC AMINO ACIDS

L-ββ-N-methylamino-L-alanine (BMAA)

L-β-N-methylamino-l-alanine (BMAA; Table 1) is a neurotoxic
amino acid produced by cyanobacteria that were originally
isolated from cycad seeds (Cycas micronesica) used by the
Chamorro people of Guam to prepare food (Cox et al. 2005).
Its structure basically consists of alanine with an added
methylated amino group (Banack et al. 2007). BMAA was
thought to be linked only with neurodegenerative illness
among the Chamorro people of Guam (Ince and Codd 2005).
It was proven, that the toxin accumulates in food webs,
making Chamorro people diets rich in BMAA (Cox et al.
2003). BMAA has been considered as a “slow toxin” which
produces delayed symptoms. This theory was confronted with
another, more probable one: incorporation of the toxin into
proteins. Recently BMAA has been found incorporated into
protein fraction of cyanobacteria, cycads and animals that
forage on cycad seeds. Furthermore, it was found that toxin
incorporated into protein could easily be released due to
protein catabolism (Cox et al. 2003; Murch et al. 2004).
Following this observation Cox and co-workers examined
BMAA production by cyanobacteria, including 30 laboratory
strains of free-living cyanobacteria, representing five major
microbiological taxonomic groups. Results showed that 29
strains had free or protein-bound BMAA, including a sample
of an ocean Trichodesmium bloom (Cox et al. 2005).

Storage of BMAA through incorporation into proteins
could explain observed biomagnification of a water-soluble
molecule. It also explains disease latency, indicating the
intermittent release of the endogenous neurotoxic reserves
stored in the proteins (Murch at al. 2004). Moreover, the
finding that BMAA occurs with other cyanotoxins in
contaminated water sources suggests that people may be
exposed to the toxin in many parts of the world. For
example, it was found in brain tissues of Canadian patients
with Alzheimer’s disease (Metcalf et al. 2008). According
to Aráoz et al. (2010) monitoring for the presence of
BMAA in water supplies should be recommended. Data
collected so far indicate the need for more research on
BMAA to be done.
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Cyanobacteria metabolites also include neurotoxins
which could be used as therapeutic drugs. They seem to be
particularly advantageous in the field of neurology and
diseases correlated with nervous system failure. In recent
years they have also been studied as potent pharmaceutical
drugs involved in pain management. Antillatoxin, as a modifier
of sodium channels, is a source of important molecular
information about characterization of VGSC, as well as
potential analgesics and neuroprotectants (Uzair et al.
2012). PSP toxins such as STX and gonyautoxins, may
provide a new source of selective ion channel blockers
which have proved to be effective analgesics (Zhang et al.
2013). In 2004, US Food and Drug Administration
approved the first marine sourced natural       product –
Ziconotide. The drug reduces chronic pain in spinal cord
injury by selectively blocking N-type voltage-gated Ca2+

channels. Research done on VGSC has demonstrated that
these channels are also involved in pain management. STX
and its analogs may have pharmacological potential,
possibly a novel class of analgesics in neuropathic and
inflammatory pain (Zhang et al. 2013).

A study by Feurstein et al. (2010) confirming that
organic anion-transporting peptides are involved in the
neuronal uptake of MC, has raised questions and hopes
about microcystin being suitable as leads for drug
substances against cancer. OATP1B1 and OATP1B3 are
the most efficient microcystin transporters (Hagenbuch
and Gui 2008). As the OATP1B3 has been found to be
expressed in a number of cancer tissues: colon tumors,
breast tumors, lung tumors, pancreatic and hepatocellular
tumors, the peptide is a discussed target for cancer therapy
(Sainis et al. 2010). A challenge of using MCs as a lead for
a drug is based on the finding that MC is selectively
transported by OATPs only by cancer cells (Buxhofer-
Ausch et al. 2013). On the other hand even with selective
MC variants, side effects of the treatment, such as toxicity
to healthy tissues, may also be challenging (Niedermeyer et
al. 2014).

Although a wide range of cyanobacterial metabolites
may have anti-cancer properties, thus being useful for
human medicine, they have not been used in clinical trials
due to difficulties in synthesizing them in laboratory. To
minimize risk of various activities of toxins it may be
necessary to identify and synthesize only the active parts
of metabolites (Nagarajan et al. 2012). Further research
and clinical trials are essential to solve the problem of
delivering therapeutic compounds at the right time to the
right cells. 

SUMMARY

Cyanotoxins are a diverse group of natural compounds,
including non-ribosomal peptides, alkaloids, lipopeptides,
esters, amino acids and polyketides. These toxins have
been implicated in the deaths of wild and domestic animals

as well as in incidents of human illness. The liver is the
most affected organ in humans but the exposure to the
toxin is likely to affect organs such as the kidney, colon,
gonads, and brain as evidenced by in vivo and in vitro
studies. The neurotoxicity of cyanotoxins is a multi-
pathway process, and despite recent achievements, the
molecular mechanisms underlying neurotoxic effects
remain elusive. There remains a lack of knowledge
regarding the specific target/interacting proteins, the
signaling pathways triggering the cell responses and the
downstream pathways of toxicity and cell injury. The
neurotoxic and cytotoxic effects of the cyanotoxins
discussed here are of particular interest because of their
pharmacological potential. However, further detailed
studies of the mode of action of cyanobacterial toxins, their
targets and possible side effects are essential.
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