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Abstract: Toxins producing species of cyanobacteria have been detected worldwide in fresh and marine
waters. Tthe most commonly cyanotoxins found in the aquatic medium are the hepatotoxic microcystins. These toxins
are responsible for numerous cases of poisoning and death of animals and present a potential hazard to human health.
The water eutrophication can enhance the toxic cyanobacteria growth hence increasing the risk of exposure to
microcystins. The present paper aims at providing a short overview of cyanobacteria forming water-bloom and their
ability to synthesize cyanotoxins, focusing on MCYSTs biosynthesis, occurrence and their in vitro and in vivo toxic
effects. Microcystins toxic effects are largely due to the inbition of protein phosphatase and induction of oxidative
stress. Consequences of exposure to high levels of microcystins include structural damage and apoptosis, whereas the
exposure for long periods of time to lower toxin concentrations can lead to liver tumours.
Keywords: cyanobacteria, microcystins, toxic effects, apoptosis, tumour promotion, in vitro, in vivo.

Introduction
Economic development during the last centuries has led to a severe degradation of the
environment, with water being a heavily affected resource. Residential, agricultural and industrial
activities are linked to production and release of huge amounts of chemicals. These chemicals
enter the water by direct discharge as waste, by runoff from agricultural land or by disposition
from air. Their presence in the aqueous environment changes the regular chemical composition,
which can, for example, be reflected in an altered taste or smell. Therefore, it is not surprising that
the man-made input of chemicals into the water, which is generally referred to as water pollution,
may also impact on the composition and/or health of the organisms living in this environment.
The nature and sources of water pollution can be manifold. However, a major cause of
pollution is the high input of nutrients such as nitrates and phosphates. The main source of the
nitrate pollution is runoff of fertilizers from agricultural land, whereas most phosphorus pollution
comes from industry (e.g. detergents based on phosphorus). Enrichment of water bodies with
nitrates and phosphates is also known as eutrophication. This phenomenon in association with
other factors, such as proper temperature and sunlight, can lead to over-stimulation of
macrophyte, algal and cyanobacterial growth. Among these, cyanobacteria are a prokaryote
photosynthetic group of microorganisms that cause significant environmental and human health
concern.
Accelerated growth of cyanobacteria leads to the occurence of massive blooms, which can
accumulate in large mats. These mats disturb the balance of organisms present in the water by
using up the dissolved oxygen and by reducing light penetration into deeper waters. Importantly,
some of cyanobacteria have the ability to release toxic metabolites, called cyanotoxins [24].
The cyanotoxins include a wide spectrum of chemically diverse substances that act as
potent neurotoxins (e.g. anatoxins), dermatotoxins (e.g. lyngbyatoxins) and hepatotoxins (e.g.
microcystins). Exposure to these toxins can cause severe illness in animals and humans and in
some cases cause death. The earliest record of acute cyanotoxin poisoning of domestic animals
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was reported in Nature journal by G. Francis [73]. Cyanobacterial-based poisonings of farm
animals, wildlife and humans involving cyanobacterial water-blooms are now frequently reported
from large areas of the world [25, 81]. Observations of human deaths caused by acute exposure to
cyanotoxins are limited to a single reported case so far. In 1996, several cases of liver failure and
human death occurred in a Brazilian dialysis clinic, being caused by the exposure of the patients
to cyanotoxin-contaminated water used for dialysis (Caruaru syndrome) [29, 157]. Cyanotoxins
do not have to be present in high concentration in the consumed water in order to have a harmful
effect on humans. Chronic exposure to low levels of microcystins through drinking water has
been linked to the development of liver cancer in people living in some areas in China [216].
It is very probable that the occurrence of cyanobacteria in the aquatic environment,
including associated toxin production, will continue to increase as a result of human activity. This
is one reason why cyanobacteria and related toxins have recently become the object of an
increasing number of government-sponsored research projects. It is of further interest to use these
toxins as potential drugs, e.g. for anti-cancer treatment [196, 197]. Among the environmentally
relevant cyanotoxins, the hepatotoxic microcystins (MCYSTs) are the most commonly found,
which might be explained by their relative stability in the aquatic environment [105].
Microcystins are also the cyanobacterial toxins most frequently associated with animal and human
poisonings. The present paper aims at providing a short overview of cyanobacteria forming waterbloom and their ability to synthesize cyanotoxins, focusing on MCYSTs biosynthesis, occurrence
and their in vitro and in vivo toxic effects.
1. What cyanobacteria are?
Cyanobacteria are an ancient group of organisms comprising more than 150 genera and
2000 species [34]. Their ecological importance lies in their role in the global carbon, oxygen and
nitrogen cycles. Fossil studies showed that cyanobacteria have been present on the Earth for about
3.3-3.5 billion years [27, 28]. Therefore, they were among the pioneer organisms of early earth
and had an important role in the oxygen evolving in the ancient atmosphere [18, 174].
One characteristic feature of cyanobacteria is their bluish colour, the cellular phycocyanin
(a blue phycobilin pigment) and chlorophyll a being responsible of their pigmentation. The colour
of blooms and several other generic similarities between cyanobacteria and eukaryotic microalgae
led to the early name “blue-green algae” for these microorganisms. However, their cellular
structure and functions are of bacterial type, which explains their relatively recent designation as
cyanobacteria. Being equipped with a photosynthetic apparatus similar to that of the plastids,
cyanobacteria have ability, just as algae, of performing oxygenic photosynthesis. Yet, like
prokaryotes, they do not possess a nucleus [89] nor are they equipped with organelles. They have
a wall structure based on a peptidoglycan layer and contain 70S rather than 80S ribosomes [19,
67].
Cyanobacteria are also known by their considerable morphological diversity, rare for the
prokaryote world [17, 18]. The basic morphology comprises unicellular, colonial and
multicellular filamentous forms. Cyanobacteria are able to establish symbiotic associations with
a large variety of organisms, such as gymnosperms, angiosperms, protozoa, bryophytes,
pteridophytes, and fungi [124, 159]. The lichens, where the phycobiont is represented either by
cyanobacteria or by green algae, are a classical example. There is a general acceptance in
connecting the cyanobacteria with the endosymbiotic origin of plastids found in algae and higher
plants [52]
Cyanobacteria are the first to colonize bare areas and inhabit very diverse environments,
including arctic lakes, thermal waters (with temperatures exceeding 70-73ºC), desert sands, rocks,
volcanic ash [34] and, of course, all surface waters, from tropical to temperate zones. In
continental waters, cyanobacteria are quite abundant, showing a high ecological plasticity, benthic
and planktonic species are frequently present together in water bodies. The planktonic species
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posses gas vesicles, which enable them to adjust their position in the water column [208], to float
on water surfaces and, under appropriate conditions, to develop blooms which can accumulate as
scum. The scum formation increases many times the detrimental aspects of a cyanobacterial
bloom because of a generalized cell lysis followed by release and increased aqueous
concentrations of cyanotoxins at harmful levels.
Studies on water blooms of planktonic and mass developments of benthic cyanobacteria in
different countries revealed that about 25% to 90% of the blooms are toxic [5, 23, 37, 179]. The
cyanotoxins are considered to be present mainly within the cyanobacterial cell and readily
available in high concentration in water after cellular senescence and lysis [150, 180]. Some
researchers [151] have reported a release of MCYSTs out of young growing cyanobacterial cells.
Recent identification of a putative ABC transporter gene (mcyH), a part of the mcy gene cluster
involved in microcystin production, may suggest the existence of an active microcystin transport
system. The possibility of such active release, however, requires further investigation.
2. Cyanotoxins
Based on their chemical structure, cyanotoxins have been separated in three groups: cyclic
peptides, alkaloids and lipopolysaccharides (LPS). Table 1 summarizes the general features of
these groups. The cyclic peptides comprise the microcystins (MCYSTs) and the nodularins,
named according to their producers.
Both compound classes present many structural variants. All variants are powerful
hepatotoxins, which target the liver and act as inhibitors for protein phosphatases [57]. Whereas
MCYSTs are cyclic heptapeptides containing two protein amino acids and five non-protein amino
acids, the nodularins have only five amino acids in their peptide ring. The overall structure of
microcystins and nodularins is similar, a fact that may explain their identical hepatotoxic action
(Table 1). Furthermore, the gene cluster involved in their biosynthesis suggests a common
evolution of these toxins, indicating that nodularin is a variant of MCYSTs class (discussed
below) [161]. The alkaloids anatoxin-a, anatoxin-a (S), and saxitoxins (paralytic shellfish
poisons) are neurotoxins that act by blocking synaptic transmission [3, 5, 98, 205]. In general, the
first two act at cholinergic synapses. Anatoxin-a mimics acetylcholine and binds irreversibly to its
nicotinic receptor at neuromuscular junctions, and also throughout the central nervous system.
Acetylcholinesterase is not able to displace the bound cyanotoxin. As a result, overstimulation at
the level of synaptic junction occurs. If the chest muscles responsible for respiration are affected,
convulsions appears due to a lack of oxygen supply to the brain. Suffocation is the final result and
occurs few minutes after toxin ingestion. Anatoxin-a (S), in turn, binds to and inactivates
acetylcholinesterase, the enzyme responsible for acetylcholine degradation. Anatoxin-a (S)
triggers reactions such as excessive salivation, urination and defecation and, like anatoxin-a,
causes severe respiratory problems. Saxitoxin binds to the voltage-dependent sodium channels in
brain, peripheral nerves and skeletal muscles and blocks the transmission of the nerve impulse.
The symptoms are paralysis followed by respiratory failure. While anatoxins seem to be unique
for cyanobacteria, the saxitoxins are also produced by various dinoflagellates [180]. The other
cyanotoxins of alkaloidic nature are cylindrospermopsins, lyngbyatoxins and aplysiatoxins.
Cylindrospermopsins elicit hepatotoxic effects, whereas lyngbyatoxins and aplysiatoxins are
dermatotoxins. The latter two are generated mainly by tropical and subtropical marine benthic
cyanobacteria. The lipopolysaccharides (LPS) are cell wall components of all Gram-negative
bacteria, including cyanobacteria. Cyanobacterial LPS cause irritation and allergic reactions that
may potentially affect any exposed tissue. Keleti and Sykora [108] have shown that
cyanobacterial LPS generally have a lower biological activity than LPS from other Gram-negative
bacteria.

Table 1: General informations about the cyanotoxins including their target organs and the cyanobacterial genera known to produce them.
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Alkaloids
Cyanobacteria
genera
Toxin group

Anabaena, Aphanizomenon,
Oscillatoria, Thrichodesmium
Anatoxin-a

Anatoxin-a (S)

Primary target
Cyanobacteria
genera

Nerve synapse
Lyngbya

Nerve synapse
Oscillatoria

Lyngbyatoxin-a

Debromoaplysiatoxin

Liver
Lyngbya,Anabaena, Aphanizomenon,
Cylindrospermopsis
Saxitoxins

Skin, Gastro- intestinal tract

Skin

Nerve axon

Primary target

Anabaena

Aphanizomenon, Cylindrospermopsis,
Umezakia
Cylindrospermopsin

Lipopolysaccharides
Cyanobacteria genera
Toxin group
Primary target

All
LPS
Potential irritant, affects any exposed tissue

124

D.A. BOARU, K. SCHIRMER, C. TARBA, N. DRAGOŞ

Thus, among all of the cyanobacterial toxins, the hepatotoxic MCYSTs are so far
considered the most hazardous. This is partly reflected by the attention they have been gaining
recently by the scientific community. For example, a quick PubMed search reveals 1028
publications on MCYSTs (since 1981) compared to 777 for anatoxins and only 72 for
cylindrospermopsins. One of the MCYSTs variants, MCYST-LR, is also the only cyanobacterial
toxin for which a regulatory level of acceptance exists. In 1998, the World Health Organization
established a provisional guideline level of 1 µg/L for this MCYST in drinking water [1].
3. The microcystins (MCYSTs)
The more than 80 MCYSTs congeners known thus far are produced by a wide range of
cyanobacteria, including species of Microcystis, Anabaena, Oscillatoria (Planktothrix), Nostoc,
Hapalosiphon and Anabaenopsis genera [89]. Within the species, there can be both toxic and
non-toxic strains. Inside the Microcystis genus, M. aeruginosa and M. viridis species are
commonly associated with cyanobacterial blooms and MCYSTs production [107, 203, 212]. The
production of MCYSTs by cyanobacteria is a very complex process modulated by a combination
of genetic and ecological factors ([180]; see also section 3.1. and 3.2.). A cyanobacterial bloom
can be dominated by a single species or by a variety of species that may or may not differ in their
ability to produce MCYSTs. Furthermore, a single cyanobacterial species has ability of
producing more than one MCYST variant as shown e.g. for M. aeruginosa-dominated blooms
[53, 193].
The different MCYSTs variants described so far have been isolated directly from bloom
samples or from cyanobacterial strains cultivated in the laboratory. The congeners are
collectively referred to as MCYSTs because the first hepatotoxic compound from this class was
isolated from M. aeruginosa strain NRC-1 (SS-17) [8, 111] and the first MCYST chemical
structure described was that of MCYST-LR [165]. Structurally, MCYSTs are monocyclic
heptapeptides with low molecular weight ranging between 909-1115 Da and containing seven
amino acids. Two of them are variable L-amino acids (L-AA), and two are special D-amino
acids (D-AA). The general structure of MCYSTs is: D-alanine at position 1, the two variable LAAs at position 2 and 4, γ-linked D-glutamic acid at position 6, β-linked D-erythro-βmethylaspartic acid at position 3, ADDA (3-amino-9-methoxy-2.6.8-trimethyl-10-phenyldeca4.6-dienoic acid) at position 5 and N-methyldehydroalanine (MDha) at position 7. Structural
variations have been reported in all seven AAs, but the most frequent are the substitution of LAA at position 2 and/or 4 and methylation/demethylation of AA at position 3 and/or 7 (Table 1).
The name of MCYSTs variants are derived from these substitutions. For example, MCYST-LR
contains two L-AA: leucine (L) and arginine (R), MCYST-YR contains tyrosine (Y) and
arginine (R) while MCYST-RR contains two arginines (R) [34].
3.1. Gene cluster and MCYSTs biosynthesis
The MCYSTs are produced non-ribosomally by a hybrid multienzyme complex. This
complex consists of polyketide/peptide synthetase and the tailoring enzymes. Both polyketide
and peptide synthetases catalyze the condensation of simple metabolites in order to form
complex secondary metabolites. They have a modular organization, with each module carrying
the information for recognition, activation and modification of one substrate (e.g. amino acids
for peptide synthetases) into the growing chain. Each module comprises domains responsible for
a specific biochemical reaction [30]. The MCYSTs production occurs through the so-called thiotemplate mechanism found in bacteria and lower eukaryotes [2]. The best-characterised example
of this mechanism is the synthesis of gramicidin S and tyrocidin in Bacillus [119] [128].
The genes encoding the multienzyme complex involved in MCYSTs synthesis are
clustered together forming the mcy gene cluster [48]. The entire gene cluster and flanking
regions, spanning more than 55 kb (mcy A-J) of the mcy region of Microcystis strain PCC 7806
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was initially characterised by Tillett et al. [190]. At about the same time, sequencing of the
microcystin biosynthesis gene cluster in a different Microcystis strain (K139) was reported [147,
148]. Recently, the mcy gene cluster of other cyanobacteria strains, such as Planktothrix strain
CYA 126 [35] and Anabaena strain 90 [168] were also characterised. The pattern organisation of
the gene clusters shows little variation among cyanobacterial genera [50]. Even the nodularin
synthetase gene cluster has a high degree of sequence similarity to the microcystin synthetase
gene cluster, a fact that suggests their homology [139]. It seems that nodularin synthetase gene
set is originating from an ancestral microcystin synthetase gene set through deletion of two
modules, parts of the mcyA and mcyB gene and by mutation(s) in mcyA, which change the
substrate specificity [161]. Therefore, it was proposed that nodularin should be regarded as a
structural variant of microcystin [161].
The first mcy cluster characterised, however, was that of the Microcystis genus. It
comprises two polycistronic operons (mcy A-C and mcy D-J) transcribed from an internal
bidirectional promoter as shown in Fig.1.
The operons consist of six large open reading frames (mcyA-E and G) and four small
open reading frames (mcyF and H-J): mcyA, B and C genes encode peptide synthetases
(comprising five modules), mcy D encodes a bimodular polyketide synthetase and mcyE and
mcyG, two hybrid enzymes consisting of peptide synthetase and polyketide synthetase modules
[190]. The small mcyJ, mcyF and mcyI encode enzymes putatively involved in the tailoring
[190]. The gene mcyH encodes a supposed ABC transporter [152]. As described by Tillett et al.
[190] the biosynthesis of MCYSTs starts with ADDA formation and its linkage to D-glutamate.
The enzymes encoded by the mcyD-J genes accomplish this. The next step, achieved with
enzymes encoded by the genes mcyA, mcyB and mcyC, comprises the extension of the dipeptidyl
intermediate to the heptapeptidic cyclic structure (Fig.1). By comparison of 19 Microcystis
strains, by means of phylogenetical analysis, several genetic variations were noticed within the
mcyB gene [134]. These differences are probably the result of recombination events between the
sequences of mcyB and mcyC genes [134]. The same authors found the variations in the mcyB
gene to be highly correlated with the production of certain MCYSTs congeners. Therefore, it is
proposed that these genes play a role in the activation of the variable L-AA(s) of the MCYSTs.
The role of peptide synthetase genes in MCYSTs production was characterized by
knockout experiments [48]. Further studies have shown that the difference between toxic and
non-toxic Microcystis strains is the presence or absence of the mcyB gene [9, 48] and probably
other mcy genes such as mcyA and mcyD [48, 147, 191]. Chorus and Bartram [34] confirmed
that very few non-toxic Microcystis strains posses the mcyB gene. It is not know whether the
mcyB gene is down regulated or mutated in these strains. Another possibility advanced by these
authors is that these non-toxic strains contain a gene very similar to the mcyB gene that might be
involved in the biosynthesis of another peptide. Recent studies suggest that microcystin
synthetase genes were originally present also in the now non-toxin producing strains and that the
microcystin biosynthesis pathway is very ancient [161, 134]. Based on these findings, the
MCYST biosynthesis genes were explored as tools for the molecular identification of potentially
toxic cyanobacterial strains [47, 145]. Indeed, such studies confirmed that a Microcystis strain
containing the intact microcystin gene cluster should be viewed as potentially toxigenic (toxin
producing).
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Fig. 1: In the upper section is presented the mcy gene cluster coding for the biosynthesis of MCYSTs
in Microcystis (modified after [50]). The cluster consisit of: open reading frames (ORFs) containing regions coding
to nonribosomal peptide synthetases (mcyA, mcyB and mcyC), to polyketide synthetases (mcyD) or to hybrid
enzymes consisiting of combinated modules (mcyG and mcyE). Additional the cluster contains ORFs of putative
microcystin tailoring function (mcyF, mcyI and mcyJ), of non-microcystin synthetase ORFs (Uma 1-6) and the
putative ABC-transporter ORFs (mcyH), respectively. In the following section, the synthetic model for formation of
MCYST-LR is presented.

3.2. Environmental factors involved in MCYSTs production
A number of studies have been undertaken in order to establish the influence of
environmental factors that lead to bloom formation and modulate the toxin production in
cyanobacteria. The initial observation that freshwater cyanobacterial blooms form in eutrophic
waters mostly during the summer seasons, when the temperature and the light exposures are
high, was confirmed by laboratory work. For example, in M. aeruginosa culture the toxin
production was found to increase proportionally with the intensity of light up to 40
microeinsteins/m2/s but decreases at higher intensities [199]. These results were confirmed for
several strains of Oscillatoria agarhii [178] and Anabaena sp [163]. For Oscillatoria, a direct
relationship was found between nitrate and phosphorus concentrations, and toxin production
[178]. An increase of intracellular toxins due to extracellular phosphorus concentrations was also
recorded in two Anabaena strains [163] and for Microcystis [149, 211], suggesting that different
cyanobacterial genera may respond similarly to the same external factors. The optimal
temperature was established to be around 25°C for Oscillatoria [178], like in Anabaena [163]
and between 20 and 24°C for Microcystis [201]. Interestingly, the toxin production seems to be
limited by other factors such as zinc and iron [122, 200]. Despite a considerable pool of data
collected up to now, more information is needed regarding the influence of the chemical and
physical factors on toxin production and cyanobacterial growth in order to understand the
dynamics of toxic blooms in nature.
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3.3 The ecological role of MCYSTs
The exact ecological advantage gained by cyanobacteria due to MCYSTs production and
release is as of yet little understood. A number of hypotheses have been put forward. Rohrlack et
al. [167] have proposed a role of MCYSTs against zooplankton grazing. Sedmak and Kosi [175]
and Pflugmacher [154] suggested that MCYSTs impact on proliferation and diversity of other
phytoplankton species (allelopathic effect). MCYSTs may also act, under high light conditions,
as extracellular signalling molecules in a quorum-sensing like mechanism required during the
formation of a bloom [49]. Future work is required to fully understand the ecological role of
these peptides. Overall, cyanobacterial secondary metabolites have been considered as powerful
toxins affecting both aquatic (mussels, crayfish and various species of fish) and terrestrial
organisms (locusts, birds and mammals). Indications for changes in ecosystem structure due to
cyanobacterial toxins have been occasionally reported (e.g. for fish by [59]). These impacts,
however, are unlikely to be a dominant advantage for cyanobacteria, because they are not direct
competitors in an ecological sense with higher eukaryotic organisms, as mentioned above.
3.4. Toxic effects of MCYSTs on vertebrates
MCYSTs are essentially selective for liver. Once taken up by hepatocytes, they affect
cell structure and functions by inducing oxidative stress and lipid peroxidation, DNA
fragmentation, cytoskeletal disorganisation, loss of organelles and plasma membrane integrity,
apoptosis and/or necrosis. Some of these effects are caused by MCYSTs’ capacity to inhibit
cellular protein phosphatases and to induce oxidative stress [78]. The in vivo reported outcome
of acute exposure to MCYSTs are liver tissue disintegration, internal liver haemorrhage and
animal death due to hemorrhagic shock (Fig 2).

II.

I.
b
a

d
c

Fig. 2: I-Aspect of normal liver with intact hepatocytes structure (a) and capillary endothelial cells (b). IIAspect of liver affected by MCYSTs with injured hepatocytes (c) and damaged sinusoid capillaries (d)
(modified after [26]).

The MCYSTs variants differ in their toxic potential as determined by the conventional
mouse bioassay. The reports indicate an LD50 value (lethal dose 50) that ranges from 50 to 1200
µg/kg body weight [34, 166]. For example, the MCYST-LR seems to have a lower LD50 value
(50 µg/kg) than other variants, such as MCYST-RR and MCYST-WR, where values of 600 and
150-200 µg/kg body weight were reported [34].
The MCYSTs toxicity data reported in diverse studies are difficult to compare. A number
of differences appear regarding LD50 for the same MCYST variant, both in in vivo and in vitro
studies. These discrepancies can be explained by both species sensitivity and assay variability.
In mice, for example, LD50s for MCYST-LR were reported to range between 25 and 150 µg/kg
of body weight [1]. Several studies in rats yielded an LD50 between 106 µg/kg and 122 µg/kg of
body weight [138, 140]. Despite assay variability, fish have consistently been reported to be less
sensitive than mammals. Fladmark et al. [71] observed by an in vitro study that salmon
hepatocytes were 2 to 5 times less sensitive toward MCYST-LR than rat’s hepatocytes. Sugaya
et al. [184] found in an in vivo study that goldfish (Carassius auratus) was 30 times less
susceptible than mice to an intraperitoneal (i.p.) injection of MCYSTs. Differences between fish
species are also reported. For instance, rainbow trout is less responsive to MCYSTs when
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compared to brown trout and carp [21, 186]. In mammals (mice) differences were also reported
among different strains used for testing. Ito et al. [102] found Balb/C mice to be more
responsive to oral MCYST-LR exposure than ICR mice. According to Lovell et al. [121],
Balb/C mice were approximately two times more sensitive than Swiss Webster mice after i.p.
exposure to MCYST-LR. Ito et al. [101] and Rao et al. [162] reported differences in sensitivity
according to age despite identical strains of mice: older mice were more susceptible to MCYSTs.
Other factors influencing susceptibility toward MCYSTs appear to be the physical state and sex.
Miura et al. [138] called for caution when interpreting MCYSTs in vivo toxicity results, showing
that the MCYST LD50 for fed rats was 122 µg/kg body weight while for fasted animals it was 72
µg/kg body weight. Similarly, in vivo and in vitro studies on goldfish identified a greater
susceptibility toward MCYST-LR in fasted versus fed animals [125, 126]. In vitro studies
pinpoint other differences related to the type of cell used, primary hepatocytes being the most
sensitive [55, 57, 213], the type of culture [7], the medium used [188] and the time spent from
hepatocytes isolation until their exposure [11].
Rao et al. [162] suggested that variation in response might be partly due to the source
from where MCYSTs are purified or bought. Additionally, the different analytical laboratory
methods need to be taken into account, since many laboratories purify and quantify these toxins
“in house”. An international comparison trial clearly showed discrepancies between 31
laboratories attempting to establish an accurate MCYSTs concentration in common samples [65]
The study points out that even the same working group found 4 to 15% variation when
individual results were repeated. Moreover, a 24 to 49% variation in reproducibility between all
working groups was reported. These data emerged when the laboratories tested the agreed
samples with identical toxin standard (provided at the same time as the samples). In the same
study, by using their own laboratory standard (bought or manufactured “in house”) further
variation existed (up to ± 30%). These results clearly showed that, beside variation induced by
the analytical protocols used, the quantification of the toxin might be influenced by the
variability of available standards. Fastner et al. [65] assumed an equal value of about 30% error
in quantification of MCYSTs in their experiments. Other authors stress the possibility that the
toxins might be lost from aqueous and methanol stock solutions kept in glass or plastic vials. In
such a study, the toxin concentration dropped to 32% as compared to the initial concentration
[99]. Some researchers point out that the MCYST referred to in most of the studies as reference
standards is not actually sold as such and, thus, the provided amounts cannot be guaranteed
[130]. These variations in MCYSTs quality and quantity ultimately influence the conclusions
drawn from toxicity studies. Chernoff et al. [32] found that two different lots of MCYST-LR
obtained from the Sigma Company, led to different levels of toxicity. Using the same mice strain
(CD1), LD50s (i.p.) for the first and second MCYST-LR lot were 127 µg and 64 µg per body
weight, respectively. Taken together, these data clearly show the weaknesses of the analytical
and toxicological investigations in assessing the complete health impact due to MCYSTs. They
emphasise the need for the production of a certified reference MCYST to be used by all
laboratories, and an international operating procedure for standardised experiments.
3.5. The MCYSTs uptake in hepatocytes
The selectivity of MCYSTs for the liver can be explained by the active uptake of
MCYSTs via the transport system for bile salts, which constitute an important fraction of the
organic anions excreted by bile. Uptake of bile salts in mammalian liver occurs through the basolateral plasma membrane via sodium-dependent (Na+ -taurocholate cotransporting polypeptides,
NTCP) transporters and sodium-independent (organic anion-transporting polypeptides, OATPs)
transporters [202]. In contrast, in liver of fish, such as Raja erinacea (little skate: [16, 75]) and
Oncorhynchus mykiss (rainbow trout: [158]), the NTCP transporters are absent. The sodium
independent transport system (OATPs transporters) seems to have a wide substrate spectrum.
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Along with bile salts, bile acids, anionic diagnostic dyes, uncharged steroids and various linear
and cyclic peptides (such as MCYSTs) may be transported.
So far, 36 Oatps (in rodents)/OATPs (in humans) have been identified [84]. The OATPs
are currently classified within the solute carrier family (SLC21/SLCO), sharing as common
features the 12 transmembrane-spanning topology and the large extracellular loop between
transmembrane domains 9 and 10 [84]. OATPs share at least 40% amino acid sequence identity
[202]. Dissimilar expression of OATPs in the gastrointestinal tract, liver and kidney, as well as at
the level of the blood-brain barrier, has important implications for MCYSTs penetration. Their
presence in the intestinal cells explains how MCYSTs pass the microvillus border upon oral
intake [42, 62, 102] or by accidental ingestion [24]. A similar assertion is the basis of kidney
damage observed in fish [68] and rats [136, 137] following MCYSTs exposure. The degree of
uptake and the subsequent toxic effects varied with the cell types since the diverse OATPs
isoforms do not have identical uptake rates and substrate specificity. A low level of MCYSTs is
sufficient for a response in primary hepatocytes [57] whereas only at very high levels, the toxins
are able to act as well on permanent cell lines [33, 155, 156, 218]. Along with primary
hepatocytes and permanent cell lines, the blood cells, such as lymphocytes [117] or
polymorphonuclear leukocytes [114] have been shown to be relatively sensitive to MCYSTs.
The blood cells and tested permanent cell lines frequently lack the specific transporters [16, 54],
therefore the probable mechanism of uptake implied here is different and may not involve the
OATPs. Some of the MCYSTs congeners, such as MCYST-LF and -LW are more hydrophobic
than MCYST-LR and might cross cell membranes by diffusion [206].
An involvement of OATPs in MCYST uptake was initially suggested in mammals
because of the protection elicited against MCYSTs toxicity by known OATP inhibitors (in vitro
[58, 170, 172, 189] and in vivo [115]). One such inhibitor is rifampicin, which has been shown to
inhibit human OATP-C and rat Oatp4 [192, 204]. A recent study on MCYST uptake [70] clearly
confirmed the link between OATP and MCYST-LR uptake both in humans and in rodents. The
importance of bile/organic anion transporters in MCYSTs uptake was also identified in fish,
particularly in rainbow trout liver [187] and gut [22], but a specific transport protein has not yet
been ascribed.
In hepatocytes, MCYST uptake through OATPs quickly reaches a plateau [57].
Thereafter, lower amounts of MCYSTs are transported inside the cells, probably either due to
saturation of the transport system [189] or to some other cellular effect that may inhibit further
uptake [170, 172].
4. Mechanisms of MCYSTs action
4. 1 Phosphatase inhibition
After entering a cell, MCYSTs interact with several protein phosphatases (PPs) and
inhibit their regular action. PPs are categorised in two major subtypes (PP1 and PP2) originally
distinguished by their specificity for the phosphorylase kinase enzyme. PP1 dephosphorylates
phosphorylase kinase β-subunit and PP2 dephosphorylates its α-subunit. PP2 are further divided
into three subtypes: 2A, 2B and 2C, according to their requirement for divalent cations. Recent
studies have shown that the amino acid sequences of PP1, PP2A, PP2B are related. They share
about 49% sequence similarity in their catalytic subunits [92]. PP2C is structurally distinct and
belongs to a separate gene family [38, 209]. Multiple isoforms of PP1, PP2A, PP2B and PP2C
are present in mammals [92].
In vivo and in vitro studies indicate MCYSTs as inhibitors of cytoplasmic PP 1 and 2A in
many phyla [87, 123, 171]. Beside cytoplasmatic PP, MCYSTs also target nuclear PP [82, 83].
MCYSTs seem to have no inhibitory potency on similar PPs found in cyanobacteria [177]. The
IC50 (inhibition concentration 50) for either PP1 or PP2A is about 0.1-1.0 nM as determined for
MCYST-LR, -LA and -YR in a standard inhibition assay [91, 96, 123]. Despite the apparent
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specificity of MCYSTs for PP1 and PP2, some effect on other protein phosphatase isoforms, like
PP4, PP5 and PP2B, at higher MCYSTs concentrations cannot be ruled out [87].
The nature of interaction between MCYSTs and PPs has been thoroughly described and
the crystal structure of PP1 in a complex with MCYS-LR has been reported [79]. This
interaction occurs in two steps [41] with the ultimate result being the blocking of the active
centre of the PP enzymes by the MCYSTs. Three distinct regions of PP are involved in the
interaction: the hydrophobic groove, the metal binding site and the edge of the C-terminal
groove near the active site [79]. The high affinity of MCYSTs for PP1 is probably due to the
similar conformation of the toxin in solution and in the toxin-enzyme complex [4]. Gulledge et
al. [80] reviewed the PP and MCYSTs interaction. Some specific structure of MCYSTs (Tab. 2)
relating to ADDA chain, Mdha and iso-linked D-glutamate seems to be necessary for their
toxicity, particularly for the inhibition of PP [80, 86, 166, 183].
Table 2: Variation in MCYSTs associated with reducing their biological activity (after [80])

Residue present in MCYST-LR
ADDA

Variations that eliminate toxicity
(6Z)-ADDA

Mdha

N-Methyllanthionine

IsoGlu

IsoGlu-OMe
IsoGlu-OC2H3(Me)OH

The general role of PPs in the cells is to antagonise the action of protein kinases (PKs).
PKs phosphorylate the target proteins at specific sites (serine, threonine, tyrosine). The
phosphate group is subsequently removed by the action of specific PPs. In eukaryotic cells,
phosphorylation/dephosphorylation cycles of proteins is a key mechanism to control a multitude
of cellular processes such as cell division, metabolism, contractility, membrane transport,
transcription and translation. The balance of phosphorylation/dephosphorylation is tightly
regulated. This balance can be severely disturbed by substances that have either PP or PK as a
target [92].
4.2. Tumour promotion as a consequence of sublethal microcystin-induced protein
phosphatase inhibition
Since the PPs play an important role in cell division, their inactivation by MCYSTs may
affect cell proliferation and the homeostatic balance between cell proliferation and cell death. It
is well known that PP2A is a major negative regulator of several steps in the MAP kinase
(mitogen activated protein kinase, MAPK) signaling pathway which regulates the transcription
of genes that are activated during cell proliferation [97]. It was shown that MCYST treatment
can cause transformation (initial step in carcinogenesis) of immortalized colorectal crypt cells
through activation of the MAPK pathway [219]. MAPKs are involved in a wide range of cellular
responses, including inflammation and apoptosis. Thus an effect on the MAPK signaling
pathway might produce two contradictory effects: in one way, the cell proliferation and tumor
promotion and in a second way, apoptosis. In support of the idea that MCYSTs have tumour
promoting potential stands their reported effect on p53 proteins. The p53 protein is a
transcription factor that regulates the expression of a wide variety of genes involved in cell cycle
arrest and apoptosis in response to genotoxic or cellular stress. More precisely, p53 arrests cell
growth when some stress conditions are acting on or within the cell that are able to produce
injures (e.g. DNA damage). Then, by arresting the cell cycle, p53 protein allows the repair of
damaged DNA before the cells undergo replication. When the harm is too severe, p53 proteins
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induce apoptosis. If p53 is not operational, the damaged cell may not be arrested to restore the
injuries or the programmed cell death might not occur [6]. The result is unstoppable proliferation
of these damaged cells that might further develop into a tumour. The p53 is a phosphorylated
protein, its phosphorylation /dephosphorylation status being controlled by several PK and PP.
For example, it is known that p 53 is dephosphorylated by the PP2A. Thus, PP2A inhibition by
MCYSTs may further result in alteration of p53 function. Indeed, some studies on mouse cells
exposed to MCYSTs report the hyperphosphorylation of p53 and an increment of their
expression level, followed by apoptosis [76, 83].
The dualistic involvement of MCYSTs in apoptosis and in tumour promotion is difficult
to comprehend. As reviewed by Gehringer [78], these dualistic responses originate in the
MCYSTs doses used, being difficult to draw an exact border. Okadaic acid, an inhibitor of PPs
acting in the same manner as MCYSTs, is also capable of inducing tumours [77] as well as
apoptosis [160]. Thus, exposure to low doses of MCYSTs may possibly result in an enhanced
proliferation of cells [94] which may cause tumour promotion in humans, as suggested by the
cases of hepatic cancer reported after sublethal, prolonged exposure to MCYSTs [216]. Exposure
of cells to high MCYSTs doses might result in apoptosis (see 4.3). One early study showed that
ingestion of a Microcystis extract promoted skin tumours in mice after initiation by exposure to a
carcinogen (dimethylbenzanthracene) [61]. Single i.p. injection of diethylnitrosamine followed
by i.p. MCYST-LR injections over several weeks induced preneoplastic liver foci and nodules in
rats [146]. Different studies have shown the formation of neoplastic liver nodules in mice
exposed to repeated i.p. injections of MCYST-LR (20µg/kg, 100 injections over 28 weeks)
without any pre-treatment with initiators [101]. More recently, Humpage et al. [95] showed that
after i.p. injection with the carcinogen azoxymethane, followed by MCYST exposure, an
increase in the number of aberrant crypt foci in the mouse colon occurred.
4.3. Cellular effects of microcystin-induced protein phosphatase inhibition
Disruption of the cytoskeleton. Covalent binding to, and inhibition of, PPs by MCYSTs
lead to hyperphosphorylation of cellular proteins followed by disturbance of a number of
important cellular mechanisms.
Two significantly affected proteins are the K8 and K18 keratins [194, 195], which are the
only cytoskeletal intermediate filament proteins in hepatocytes. MCYST treatment also produces
hyperphosphorylation of desmoplakin I and II (desmosomal linking proteins) [194]. These
findings confirm the results of Stappenbeck et al. [182], who showed that keratins directly
interact with desmoplakin in a phosphorylation-dependent way. MCYST-LR also cause
hyperphosphorylation of dynein [173]. Dynein is a motor protein associated with microtubules
and involved in the transport of organelle along the microtubular pathways of the cytoskeleton
[106]. The enzymes responsible for phoshorylation of these cytoskeletal proteins were assumed
to be protein kinase C, protein kinases A or calcium/calmodulin-dependent protein kinases II
[194]. Since the PPs necessary to reverse the action of the protein kinases (PK) are inactivated
results unabated activation of the PK enzymes and overall hyperphophorylation of the proteins.
Other groups [56, 194, 121] found that MCYSTs also induce the reorganization of the
microfilaments (e.g. F-actin) and the time-dependent disassembly of the microtubules. The net
result of MCYSTs action is the complete disruption of hepatocyte cytoskeleton, with an impact
on the intracellular distribution and shape of organelles, such as the ER [120] and the lysosomes
[11, 118, 155, 156]. This also affects the intracellular transport [85, 173] as well as processes
such as endocytosis or autophagy [90]. The ultimate step is cell deformation and loss of cell-cell
adhesion contacts. As a result, the normal liver architecture breaks down, leading to massive
hepatic haemorrhage and animal death [24, 26, 82].
Apoptosis. Despite numerous reports on MCYSTs toxic effects, there is no clear picture
of the exact mechanism of their toxicity. There is no agreement yet on what type of cell death
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these toxins elicit - apoptosis or necrosis. Apoptotic or necrotic death seems to be, at the first
glance at least, two disparate extremes. Largely, the distinction is based on morphological
features, particularly the ability of the cells to maintain the integrity of the plasma membrane.
Necrotic cells disassemble and release their membrane compounds (e.g. derivates of membrane
phospholipids, such as arachidonic acid). The extracellular presence of these molecules
constitutes a signal for the neighbouring cells, which react to defend themselves, with the overall
induction of the inflammatory response. Conventionally, cell lysis and the inflammatory
response are features specific to necrosis. However, in some cases, the apoptotic cells may
undergo secondary necrosis during which the cell lyses and might produce an inflammatory
response, which makes it difficult to catalogue the type of cell death. It is generally accepted that
MCYSTs induce primarily the apoptotic events. The necrosis [69, 101] and the inflammatory
reaction (see 4.6.) reported in a number of studies appear to be, more probably, secondary
responses.
Several in vitro studies revealed that MCYSTs appear to be able to initiate apoptosis [12,
45, 129]. Results were supported by reactions, such as membrane blebbing, cell contraction,
externalization of membrane phosphatidyl serine, chromatin condensation and intranucleosomal
DNA fragmentation. The in vitro findings also were confirmed in vivo, upon i.p. administration
of MCYST-LR induced apoptosis in rats and mice [31, 82, 93, 181]. Based on toxin doses used,
two independent pathways, involved in MCYSTs induced apoptosis, were proposed by [31]. The
lower toxin doses initiate the mitochondrial pathway trough the pro- and anti-apoptotic proteins
BAX-BCL2-BID. Higher toxin doses can cause apoptosis via the reactive oxygen species
pathway. It is difficult to draw a strict border between these two proposed pathways, and to
study their interconnection is a very important perspective. The apoptotic mechanism of
MCYSTs is currently an active area of research.
The BAX-BCL2-BID pathway. A number of recent studies demonstrate that MCYSTLR induces apoptosis trough the involvement of BAX-BCL2-BID proteins and mitochondria
[31, 76]. Mitochondria are a vulnerable target for many different toxins [207]. BCL2 is an antiapoptotic protein located in the endoplasmic reticulum membrane and in the outer mitochondrial
membrane. BID and BAX are cytosolic pro-apoptotic proteins that are activated by diverse cell
death signals. After activation through dephosphorylation or cleavage, they localize to the
mitochondrial surface and interact with BCL2 disrupting its normal function and leading to the
formation of pores in the mitochondrial membranes [20]. The newly formed holes allow the
release of cytochrome c and other pro-apoptotic molecules into the cytosol. These molecules
lead to activation of caspase or calpain pathways and finally to apoptosis. The cell sensitivity
towards apoptotic stimuli depends on the balance of these pro- and anti-apoptotic proteins. An
excess of pro-apoptotic proteins makes the cells more sensitive to apoptosis, whereas an excess
of anti-apoptotic proteins leads to more resistant cells. Transcriptomic and proteomic analyses in
mice showed that the level of BCL2, BAX and BID proteins seems to increase as a result of
toxin treatment [31]. Related findings were reported in rats [76]. These authors found that
MCYST-LR exposure can increase the expression of p53 and of BAX proteins both in vivo and
in vitro. The level of BCL2 seems to decrease only in vitro, with no differences observed under
in vivo conditions. Both studies concluded the involvement of these proteins in the regulation of
MCYSTs induced apoptosis. The participation of mitochondria in MCYST induced apoptosis is
also supported by some other studies. For example, a rapid decrease of mitochondrial membrane
potential and changes in mitochondrial permeability transition was shown after toxin treatment
[44]. The membrane potential is essential for the proper functioning of mitochondria, particularly
in the process of oxidative phosphorylation. Alterations of this potential may indicate some
functional alterations of mitochondria and might be a cause of MPT (mitochondrial permeability
transition) pore formation. The formation of such a pore complex was demonstrated through

MICROCYSTINS: POWERFUL CYANOBACTERIAL TOXINS

133

increased permeability of the mitochondrial inner membrane following MCYST exposure [45,
46]. After the opening of MPT pore, the cytochrome c and Ca2+ are released from the
mitochondria and further activate specific caspases, the Ca2+-dependent protein kinases or the
calpains, which in turn determine the cell to enter apoptosis. The cytochrome c release [46] and
calpain activation [13] have been reported to occur subsequently to MCYST treatment.
Furthermore, a role of calcium/calmodulin-dependent protein kinase II in the apoptotic process
due to MCYST action has been assumed [72, 112]. Its activation is based on a mitochondrionmediated release of Ca2+ due to toxin treatment and on cellular protein hyperphosphorylation as a
response to PP inhibition. The increase of cytoplasmatic Ca2+ level in the treated hepatocytes has
been previously shown by Runnegar et al. [170]. The involvement of protein kinases (PKs) in
MCYSTs apoptosis is supported by Blankson et al. [10] who showed that naringin, a PK
inhibitory flavonoid, can protect the hepatocytes against toxin-induced apoptosis and also against
hyperphosphorylation and disruption of the keratin cytoskeleton network. Pre-treatment with
naringin has been shown to protect mice against a lethal dose of MCYST-LR [115]. The manner
of PK action in apoptosis induction is still under investigation. Mikhailov et al. [135] proposed a
different pathway for MCYST-induced apoptosis. By means of specific antibodies for MCYST,
they demonstrated that the toxin, at high concentration, is able to bind to the β-subunits of the
ATP-synthetase. They hypothesized that this binding may act as a signalling target for apoptosis,
leading to the disturbance of mitochondrial function and the release of cytochrome c.
The pathway involving the oxidative stress. As previously mentioned, the second
pathway involved in MCYSTs induced apoptosis is related to oxidative stress and reactive
oxygen species production. Oxidative stress is defined as an exposure of cells or tissues to
excessive level of oxidants, particularly, the superoxide or hydroxyl free radicals. These radicals
are termed reactive oxygen species (ROS). The oxidative stress can be triggered by a high
production of ROS, a low level of cellular antioxidants, or both. Both factors seem to be
involved in MYCST induced oxidative stress. ROS production (determined by changes in H2O2
and O2- concentrations) followed by lipid peroxidation and reduction of glutathione levels have
been confirmed consecutive to MCYST exposure [15, 198]. It is well established that ROS can
promote the opening of the mitochondrial MPT pore [39] and trigger the apoptotic events.
Conjugation of MCYSTs with glutathione, as shown by Kondo et al. [109, 110] and Takenaka
[185], plays an important role in the metabolism and detoxification of MCYSTs [153] (Fig. 3).
Collectively, glutathione- and cysteine-derivatives of MCYSTs have been found to be less toxic
than MCYSTs themselves, as evidenced by an LD50 of 38 µg/kg for parent MCYST-LR, 630
µg/kg for MCYST-LR-GSH and 267 µg/kg for MCYST-LR-Cys, respectively [103].
MCYSTs+gluthatione

1

glutathione conjugate

2

cysteine conjugate

1. Glutathione S transferase
2.Carboxypeptidase and Glutamyltranspeptidase
Fig. 3: The MCYSTs detoxification steps involving enzymes of phase II detoxification
pathway. This is called the conjugation pathway: glutathione and other molecules are
added to a toxic chemical or drug to make it more water-soluble, so it can be excreted
from the cells thus be detoxified (after [176]).

Other glutathione-dependent detoxification enzymes, such as glutathione peroxidase and
glutathione reductase, as well as superoxide dismutase and catalase, have been shown to be
decreased in liver and kidney of rats exposed to MCYST [140]. Beside oxidative damage to
lipids via lipid peroxidation, ROS can also induce oxidative damage of DNA [40]. Oxidative
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damage of DNA caused by MCYSTs-induced oxidative stress has been reported [15, 217]. In
addition, Mankiewicz et al. [127] reported genotoxicity following exposure to cyanobacterial
extracts containing MCYSTs. The DNA damage is normally reversed by DNA repair
mechanisms involving processes such as base and nucleotide excision pathways. Unrepaired
oxidative DNA damage can lead either to mutation and transformation of cells into malignant
ones [40], or might activate the p53 pathway and subsequently trigger apoptosis [214].
Earlier in vivo studies have shown that antioxidants, such as E vitamin, silymarin and
glutathione can provide protection against MCYSTs induced toxicity in mice and rats [88, 132].
Silymarin and N- acetylcysteine (a glutathione precursor) protect against MCYSTs toxicity in
vitro as well. They attenuated lactate dehydrogenase release, cell detachment and the disruption
of the cytoskeleton [44, 45, 131]
Nucleus related effects. MCYSTs have been shown to inhibit protein synthesis in vitro,
without interfering with the amino acid transport [36]. Guzman and Solter [82] confirmed this
effect by showing that total mRNA levels decline in MCYSTs treated cells. These inhibitory
effects might be explained by a direct impact of the cyanotoxins on nuclear functions. Some
reports indicate that MCYSTs can accumulate in the nucleus [69, 215] and covalently bind the
nuclear PP [83]. Repavich et al. [164] showed that, along with nuclear accumulation, the purified
toxins have a clastogenic (microscopically visible damage or change to chromosomes) response
on human lymphocytes, seen as a dose-related increase of chromosomal breakage. More
recently, it has been shown that a cyanobacterial extract containing MCYSTs had a strong
mutagenic effect as measured by the Ames test (with and without S9 activation). The extract
induced DNA damage in primary rat hepatocytes and micronucleated polychromatic
erythrocytes from the bone marrow of mice [44]. Decordier et al. [43] showed that the
micronucleated cells or cells that acquired chromosomal aberrations could strongly trigger the
apoptosis. Thus, these additional findings sustain the role of MCYSTs in inducing apoptotic
phenomena.
4.4. Possible reproductive and developmental effects
In vivo experiments carried out on mice have shown that the administration of MCYSTs
(approximately 2800 µg/kg body weight/day) for 17 weeks prior mating, throughout pregnancy
and during early lactation, have no effect on fertility, embryonic mortality or teratogenicity but
reduce the brain size of neonatal mice by about 10% as compared to controls [60]. The gavage
administration of pure MCYST-LR to mice (up to 2000 µg/kg body weight/day) from day 6 to
day 15 of pregnancy evidenced retardation of foetal weight and of skeletal ossification. No
effects of the toxin on sex ratio, implantation, post- implantational loss or visceral/skeletal
abnormalities were registered [66]. No evidence was found that MCYST-LR (up to 100 µM)
affects the in vivo embryonic, foetal or postnatal development in the mouse or the in vitro
embryonic development [32] or rabbit [74]. This lack of toxicity was assumed to be due to a lack
of MCYSTs uptake through the placenta or the generally limited sensitivity of embryonic tissues
to these toxins. The effects of MCYSTs on embryonic development of fish are controversial due
to differences in the embryos membrane permeability between fish species. To avoid this
problem it was suggested to inject the MCYSTs directly into embryos. Exposure of embryo of
medaka fish (Oryzias latipes) to up 10 µg/ml MCYST-LR by microinjection resulted in 90%
mortalities. Embryos also exhibited hepatobiliary abnormalities like hepatic hemorrhage and
increasement of the liver size [104]. Various abnormalities and lethality was reported also for
zebrafish (Danio rerio) embryos microinjected with MCYST-LR (900 nM intracellular
concentration [210].
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4.5. Other reported effects
In addition to liver damage, Le Claire et al. [119] observed certain effects of MCYSTs
on the circulatory system in rats. The various noticed effects included a decreased heartbeat,
followed by acute hypotension and peripheral vasoconstriction.
MCYSTs decreased the glycogen levels in the livers of treated mice [133, 138]. These
results correlate with the data of Runnegar et al. [169] who observed an activation of glycogen
phosphorylase A. In addition, Guzman and Solter [82] reported the inhibition of glycogen
synthetase following MCYSTs treatment. This activation/inhibition process can easily be
interpreted by protein hyper-phosphorylation elicited via PP inhibition due to MCYSTs. The
glycogen synthetase enzyme is inhibited by phosphorylation whereas glycogen phosphorylase,
which hydrolyses the glycogen to glucose phosphate, is stimulated by phosphorylation [100], the
final result being liver glycogen breakdown.
Studies focused on macrophages indicate that they are susceptible to MCYST exposure
as well, thus suggesting a role of white cells in MCYST-induced progressive liver damage and
tumour promotion. For example, macrophages responded to MCYSTs exposure by producing
interleukin-1 (IL-1), and tumour necrosis factor-α (TNF-α) [113, 142, 143]. Naseem et al. [144]
showed that MCYSTs induce the release of arachidonic acid and prostaglandins in hepatocytes.
IL-1 and TNF-α are pro-inflammatory cytokines involved in the acute phase response of the
liver. Prostaglandins are highly potent substances (hormone-like compounds), not stored but
produced as needed by cell membranes in virtually every body tissue. The prostaglandins are
formed following the oxygenation of arachidonic acid (a polyunsaturated fatty acid) through the
cyclooxygenase (Cox) pathway. It is known that the releases of arachidonic acid and of
prostaglandins are steps in activation and modulation of inflammatory responses. Thus, the
compounds that are characteristic for inflammed tissues may act, together with PP inhibition, in
the promotion of liver tumours.
5. Conclusions
The data summarised in this review emphasise the risk raised by cyanobacterial
proliferation in relation to their ability to produce and release powerful toxins. Once freed in the
water, these toxins may harm both aquatic environment and terrestrial organisms, via accidental
ingestion, inhalation or by dermal contact [51]. Depending on the route of exposure and on the
level of cyanotoxins in the organism, diverse outcomes can emerge. The worst scenarios are
those ending in animals’ death, a fact many times reported in the case of cyanotoxins [63]. In
several countries, governmental and non-governmental organizations initiated monitoring
programs to assess the cyanobacterial occurrence and the risk of human exposure. Obviously, the
field of cyanotoxin research has to be extended to cover a much wider range of the toxin variety.
Until now, the research was mostly focused on microcystins. Despite this, not all of the MCYST
toxic mechanisms were deciphered and many reported effects are contradictory. Initial steps
have to be taken in regard to standardization of the toxicity experiments and the establishment of
a certified reference for MCYSTs. Moreover, most of the data concern MCYST-LR, a fact that
may artificially overemphasise the importance of this variant. Up to now more than 80 MCYSTs
variants were described and most of them are as of yet not tested for their toxicity. Testing the
potential toxic effect of other variants may help us to understand the toxicity of extracts that
normally contain more than one MCYST variant. In natural conditions, a cyanobacterial bloom
produces diverse MCYSTs, which might interact in potentiating or inhibiting their action.
Some other directions would be the investigation of MCYSTs toxicity towards more
directly exposed organisms that reside within the same aquatic environment. The following
issues need to be addressed: what mechanisms do these organisms possess to protect their PP
against MCYSTs? Why are the toxins produced? Why are they so diverse? Why are they
produced by some species or strains but not by others? Every day, more information is collected

D.A. BOARU, K. SCHIRMER, C. TARBA, N. DRAGOŞ

136

but more research is needed to fully understand the mechanisms of action and the potency of the
cyanobacterial toxins.
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MICROCISTINELE: TOXINE CIANOBACTERIENE PUTERNICE
(Rezumat)
Prezenţa în apele eutrofe a cianobacteriilor capabile să producă un spectru larg de toxine (cianotoxine) a
fost semnalată în toate zonele geografice. În funcţie de efectele produse, cianotoxinele au fost clasificate ca
neurotoxine (anatoxine), dermatotoxine (lingbiatoxine) şi hepatotoxine (microcistine). Dintre toate cianotoxinele,
cele mai comune în mediul acvatic sunt microcistinele, responsabile pentru numeroase cazuri de otrăviri şi decese
ale animalelor şi chiar ale oamenilor. Eutrofizarea apelor continentale, asociată dezvoltării economice, a cauzat o
frecvenţă din ce în ce mai mare a înfloririlor cianobacteriene toxice ceea ce atras după sine creşterea riscului de
expunere la microcistine. Scopul acestei sinteze este de a oferi un scurt sumar al cianobacteriilor capabile să
genereze înfloriri şi să sintetizeze cianotoxine. Lucrarea vizează în special microcistinele şi oferă informaţii
începând cu calea de biosinteză a acestor toxine şi terminând cu efectele lor toxice.
Microcistinele – denumite astfel deoarece sunt generate în primul rând, dar nu numai, de specii din genul
Microcystis, prima microcistină fiind caracterizată la M. aeruginosa – sunt heptapeptide monociclice sintetizate în
numeroase variante structurale. Toate variantele structurale ale microcistinelor inhibă protein-fosfatazele, în special
pe cele hepatice. Capacitatea de biosinteză a microcistinelor a fost evidenţiată la mai multe cianobacterii din
genurile Microcystis, Anabaena, Oscillatoria, Planktothrix, Nostoc şi Anabaenopsis, atât in situ cât şi în culturi de
laborator. Microcistinele sunt sintetizate neribosomal de către un complex enzimatic în care rolul principal revine
poliketid-sintetazei şi peptid-sintetazei. Complexul multienzimatic este codificat de genele clusterului mcy (de
aprox. 55 kb) compus – la Microcystis – din 2 operoni (mcy A-C şi mcy D-J).
Microcistinele acţionează în mod selectiv asupra ţesutului hepatic. Odată ce sunt preluate de hapatocite, ele
afectează structura şi funcţiile celulare provocând stres oxidativ şi peroxidarea lipidelor, fragmentarea ADN,
dezorganizarea citoscheletului, a organitelor şi a membranei plasmatice precum şi apoptoză/necroză. Moartea
μg/kg corp, pentru
survine ca urmare a şocului hemoragic. DL50 variază în funcţie de varianta structurală (50
MCYST-LR, cea mai bine studiată dintre microcistine). Expunerea la doze subletale creşte incidenţa cancerelor.
Activitatea selectivă a microcistinelor asupra hepatocitelor este datorată sistemului de transport al sărurilor biliare,
exprimat şi localizat în membrana bazolateră a hepatocitelor (transportorul OATP – „organic anion-transporting
polypeptides”), responsabil de preluarea în celule a microcistinelor.
Studiile in vitro şi in vivo au indicat inhibarea protein-fosfatazelor citoplasmice PP 1 şi PP 2A din celulele
animale, fără a inhiba însă protein-fosfatazele din celulele cianobacteriene. Interacţiunea microcistinelor cu proteinfosfatazele afectează (doze subletale) proliferarea celulară şi echilibrul dintre acest proces şi moartea celulară. Studii
recente au demonstrat că MCYST-LR induce procese apoptotice în care sunt implicate proteinele BAX-BCL2-BID
şi mitocondriile. Cu toate progresele recente obţinute în investigarea microcistinelor, în lucrare sunt evidenţiate
numeroase probleme care sunt încă necunoscute sau insuficient documentate şi sunt identificate pe această bază
câteva direcţii profitabile pentru cercetările ulterioare.

