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ABSTRACT

Cyanotoxins: from poisoning to healing –a possible pathway?

Cyanobacteria are photosynthetic microorganisms known for their multiple, and occasionally dual, ecologic roles. Cyanobac-
teria are major contributors to oxygen production on earth, but they often bloom in freshwater environments, depleting oxygen
and inducing massive fish kills by anoxia. In addition, cyanobacteria are primary producers and the base of the food web in
aquatic ecosystems, but they often “crowd out” other phytoplanktonic organisms by competing for nutrients. Cyanobacteria
produce an array of beneficial, biologically active compounds, but some of their secondary metabolites are also known to
be highly toxic to humans. Many cyanobacterial characteristics are still a mystery and raise many unsolved questions: Why
do they bloom? How do they “communicate” with each other and “synchronise” to flourish? How do they colonise so many
diverse habitats and are resistant to the most adverse of environments? Why do some strains produce toxins while others do
not? Current research on cyanobacteria may provide answers to these “old” questions, but may also challenge us to consider
new perspectives. In this paper, we will discuss the potential therapeutic application of cyanobacterial toxins, most of which
are known as potent toxicants, but some of which have a non-negligible potential for drug discovery.
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RESUMEN

Cianotoxinas: de venenos a medicamentos –una vía posible

Las cianobacterias son microorganismos fotosintéticos conocidos por sus múltiples y a veces opuestos, roles ecológicos:
son importantes contribuyentes en la producción de oxígeno en la Tierra, pero a menudo tienen floraciones en ambientes
de agua dulce y llegan a agotar el oxígeno del agua, en este caso inducen la muerte masiva de peces por anoxia; son
productores primarios y la base de la cadena alimenticia en los ecosistemas acuáticos, pero a menudo impiden la presencia
de otros organismos fitoplanctónicos con los que compiten por los nutrientes disponibles; producen una amplia diversidad de
compuestos biológicamente activos explotables para aplicaciones útiles, pero algunos de sus metabolitos secundarios también
son conocidos por ser altamente tóxicos para los seres humanos. Muchas características de las cianobacterias son todavía un
misterio y plantean muchas preguntas sin resolver: ¿por qué tienen floraciones? ¿cómo se comunican entre sí y se sincronizan
para producir floraciones? ¿cómo se las arreglan para colonizar hábitats tan diversos y resistir en los entornos más adversos?
¿por qué algunas cepas producen toxinas, mientras que otras no lo hacen? etc. La investigación actual sobre cianobacterias
puede dar respuestas a esas preguntas antiguas, pero también puede desafiarnos para debatir nuevas perspectivas. En este
artículo discutiremos la posible aplicación terapéutica de las cianotoxinas, más conocidas por ser tóxicos potentes aunque
empiezan a mostrar tímidamente una potencialidad creciente en el descubrimiento y desarrollo de nuevos fármacos.

Palabras clave: Cianotoxinas, salud humana, nuevos fármacos.

CAN CYANOTOXINS KILL?

Toxin production by cyanobacteria has garnered
the attention of the scientific community for

many decades. A recent bibliometric study
reported that more than 5000 papers on cyan-
otoxins were published prior to 2012 (Merel
et al., 2013). Meanwhile, the ecologic role of
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cyanotoxins is still under debate, and many
hypotheses have been proposed that indicate
a competitive advantage to or a physiological
function of toxin production (Holland & Kinnear,
2013). Indubitably, one of the most intriguing
aspects of cyanotoxins is their toxic action
upon organisms that are not direct predators of
cyanobacteria, such as mammals and humans.
Much data have been reported and discussed on
the negative impact of cyanotoxins on human
health (Chorus et al., 2000; Duy et al., 2000;
Apeldoorn et al., 2007), but many doubts persist
regarding the real effects of these compounds on
human populations.

In some countries, the risk of acute intoxi-
cation by cyanotoxins is most likely negligible,
given that proper water treatment and wa-
ter quality surveillance programs ensure that
populations are not exposed to high levels of
cyanotoxins (Codd et al., 2005). However, for
economic/geographic reasons, many populations
still drink untreated water, and in these cases,
the occurrence of cyanotoxins is certainly under-
evaluated. According to the WHO statistics in
2013, impressive progress has been observed
in the last two decades concerning access to treated
water. Nevertheless, significant disparities re-
main between regions, and 1.1 billion people
still have no access to any type of improved
drinking water source (WHO, 2013). In some
countries, the issue of cyanobacteria/cyanotoxins
is restricted to academic circles, and even when
monitoring programs are implemented, they
are often limited by the demands on analyti-
cal resources (Cood et al., 2005). In Europe,
medical case-reports on human intoxications
are sporadic, and no human fatalities have been
attributed to cyanotoxins. However, even in
countries with adequate monitoring programs,
the risk of continuous exposure to low levels
of cyanotoxins remains unevaluated (Spoof,
2005). Such chronic exposure to water that is
contaminated with residual levels of cyanotoxins
is particularly relevant for the case of potentially
carcinogenic compounds such as microcystins,
nodularin and cylindrospermopsin (Žegura et al.,
2011). A first guideline value of 1.0 µg L−1 for
microcystin-LR in drinking water was proposed

by the WHO in 1999 based on a Tolerable Daily
Intake of 0.04 µg kg−1 of bw/day (Duy et al.,
2000; Funari & Testai, 2008). At that time, given
that toxicological studies were not sufficiently
consistent, the WHO did not include a guideline
for chronic effects. Updated data led the USA En-
vironmental Protection Agency (U.S.EPA) to set
a seven-fold lower acute TDI level (0.006 MC-
LR µg kg−1 of bw/day) and to propose for the
first time a chronic TDI level (0.003 MC-LR µg
kg−1 of bw/day), thus recognising microcystins
as potential contributors to human chronic
pathologies (U.S.EPA, 2006). However, many
uncertainties still persist. It is known that micro-
cystins induce acute hepatotoxicity through the
inhibition of protein phosphatases PP1/PP2A and
oxidative stress (Campos & Vasconcelos, 2010)
and function as tumour promoters, most likely
though the deregulation of mitogen-activated
protein kinases and the activation of proto-
oncogens (Gehringer, 2004; Li et al., 2009; Dias
et al, 2010). It has also been hypothesised that
microcystins are genotoxic agents (Žegura et al.,
2011) and, consequently, tumour initiators. In
2006, the International Agency for Research on
Cancer (IARC) classified MC-LR as a possible
carcinogen for humans (group 2B) (IARC,
2006); however, the epidemiologic evidence
concerning its carcinogenicity is scarce, and
available studies are inadequate for proposing a
guideline for carcinogenicity (U.S.EPA, 2006).
Namely, confounding risk factors associated with
other contaminants or organisms were not ruled
out, and information about the levels of exposure
are limited (IARC, 2006). Consequently, an
unequivocal cause-effect relationship between
human exposure to microcystins and cancer
development has not yet been established. We
assume, therefore, that microcystins are harmful
to human health, but we still do not know how to
evaluate and manage the risks of microcystins.
The toxicological knowledge concerning other
toxins is even more limited but, based on local
requirements, guidelines for other cyanotoxins
have been implemented in a few countries, even
with significant discrepancies that imply that
doubts still exist regarding the effects of toxins
on human populations (Burch, 2008).
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Why does our knowledge about the impact of
cyanobacteria on human health remain so limited
even though toxicology (24%), ecology (19%),
chemistry (18%) and pharmacology (17%) con-
stitute the main research areas for cyanotoxins
(Merel et al., 2013)? In fact, the 5% share of
“public health and epidemiology” among the li-
terature concerning cyanotoxins elucidates the
relatively low percentage of scientific focus given
to health issues (Merel et al., 2013). Epidemiol-
ogy is certainly hindered by the following: 1) the
absence of specific biomarkers of exposure/effect
for the different toxins (Batoréu et al., 2005); 2)
the fact that exposure is presumably diminished
where adequate surveillance and early warning
systems are implemented; and 3) analytical lim-
itations; e.g, analyses of complex matrices, such
as animal/human tissues, require the use of rela-
tively complex methods (tandem mass spectrom-
etry), while most screening methods have limited
sensitivity and selectivity to detect toxins below
the U.S.EPA chronic TDI levels.

Moreover, it seems that despite the depen-
dence of humanity on water supplies, a low level
of attention is devoted by many governments to
the issue of the impact of cyanobacteria/cyano-
toxins on water quality and health (Codd et al.,
2005). Occurrences and impacts are not really
evaluated worldwide and are most likely under-
estimated, which can be demonstrated by the fact
that only 12 countries are responsible for more
than 90% of worldwide research on cyanotox-
ins (Merel et al., 2013). Moreover, the scientific
community dedicated to this issue is small (Codd
et al., 2005), likely reflecting the low diversity
of scientific areas involved. Most importantly,
the financial support for research on cyanotox-
ins comes mostly from public entities (govern-
ment agencies, national institutes, foundations,
ministries, etc.), and limited funding is certainly
related to the lack of potential commercial appli-
cations for cyanotoxins.

Lately, however, there has been some evi-
dence arising from clinical and experimental
studies that indicates that this scenario may
change in the coming years.

CAN CYANOTOXINS HEAL?

The search for biologically active secondary
metabolites for medical purposes, including
therapeutic drugs, is not new. In fact, nature
has been recognised as an important source
of potential drugs since ancient times, well
before their active principles were first isolated
and identified. Potent toxins such as atropine,
morphine and colchicines were among the first
active compounds to be isolated, and some are
still considered to be essential drugs in medical
practice and health care systems. Throughout
the 20th century, many other life-saving drugs,
including antibiotics, immunosuppressants, anti-
cancer drugs, etc., have been developed from
active human exploitation of natural sources.
Even today, the majority of new chemical entities
introduced as drugs in the market are derived
or inspired from natural products (Newman &
Cragg, 2012). This clearly demonstrates the
central role that these compounds continue to
play as major platforms for the discovery of new
front-line drugs.

After Fleming’s discovery of penicillin,
the main focus of pharmaceutical research for
natural products has been on microbial sources.
Cyanobacteria have a long evolutionary history
and constitute a unique group of ubiquitous
oxygenic, photosynthetic bacteria that are capa-
ble of colonising a vast diversity of ecological
niches. It is therefore reasonable to assume
that cyanobacteria have evolved to create a
large pool of active compounds with diverse
structures and functions. In fact, cyanobacteria’s
potential as a new source of bioactive molecules
has been actively examined, mostly during the
last two decades. Hundreds of cyanobacterial
compounds have been recently identified, some
being associated with antibacterial, antiviral,
or antitumor activities, among other properties
(revised in Singh et al., 2011; Costa et al., 2012),
as exemplified in Table 1. However, despite their
potent biological activities, very few cyanobac-
terial compounds have entered clinical trials, and
no cyanobacterial-derived compound has ever
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Table 1. Cyanobacterial metabolites and potential pharmacologic/medical applications. Metabolitos de cianobacterias y sus
potenciales aplicaciones farmacológicas/médicas.

Metabolite Class Activity/target Reference

Antiviral

Spirulan polysaccharide HIV-1, HIV-2, HSV, Influenza

Singh et al., 2011

Nostoflan polysaccharide HSV-1, HSV-2,
Cytomegalovirus, Influenza,
Adenovirus , Coxsackievirus

Cyanovirin-N lectin HIV-1, HIV-2, SIV, FIV, HSV-6,
Measles virus

Scytovirin N polypeptide HIV-1

Sulfoglycolipid glycolipid HIV-1

Antibacterial

Noscomin diterpenoid Bacillus cereus, Staphylococcus
epidermidis, Escherichia coli

Singh et al., 2011

Carbamidocyclophanes paracyclophanes Staphylococcus aureus

Ambiguine I isonitrile alkaloid E. coli, S. aureus, Bacilllus
subtilis

Norbiethanediterpenoid diterpenoid Staphylococcus aureus

Phenolic compound phenolic compound B. subtilis, B. cereus, E. coli,
Salmonella typhi, S.aureus

Hapalindole T alkaloid S. aureus, Pseudomonas
aeruginosa, S. typhi, E. coli

Pahayokolide A cyclic peptide Bacillus sp.

Fatty acids fatty acids B. subtilis, S. aureus and
Micrococcus flavus

Antiprotozoal

Viridamide A lipopeptide Trypanossoma cruzei,
Leishmania mexicana,
Plasmodium falciparum

Singh et al., 2011

Symplocamide A depsipeptide T. cruzei, Leishmania
donovani,P. falciparum

Venturamides cyclic hexapeptides P. falciparum

Dragomabin lipopeptide P. falciparum

Ambigol C chlorinated aromatic compound P. falciparum,Trypanosoma
rhodesiense

Anticancer/antitumoral

Cryptophycin 1 and 52 cyclic depsipeptides breast/lung cancer cell lines

Curacin A lipopeptide inhibiton of microtubule
assembly

Dolastatin 10, 15 and analogues depsipeptides affects microtubule assembly
Cont.

Hola Hola
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Table 1. (cont.) Cyanobacterial metabolites and potential pharmacologic/medical applications. Metabolitos de cianobacterias y sus
potenciales aplicaciones farmacológicas/médicas.

Metabolite Class Activity/target Reference

Anticancer/antitumoral

Apratoxins cyclic depsipeptides G1 phase cell cycle arrest

Singh et al., 2011;
Costa et al., 2012

Tolyporphin porphyrin photosensitizers of tumor cells

Somocystinamide A lipopeptide dimer citotoxic for neuroblastoma cells

Aurilide B cyclic depsipeptide microfilament disruption

Belamide A tetrapeptide microtubule disruption, actin
filament stabilization

Calothrixins pentacyclic
indolophenanthridine

cell cycle inhibition, oxidative
stress

Coibamide A cyclic depsipeptide cell cycle inhibition

Hectochlorin lipopeptide cell cycle inhibition

Lyngbyabellin A and B cyclic depsipeptide cell cycle inhibition,
microfilament disruption

Lyngbyastatins cyclic depsipeptide microfilament disruption, serine
protease inhibition

Symplocamide cyclic peptide serine protease inhibition, cell
cycle inhibition, microtubule
depolimerization

Symplostatins 1 and 3 pentapeptide Bcl-2 fosforilation, caspase-3
stimulation, microtubule
depolimerization

Microcystins cyclic heptapeptides induction of aberrant mitotic
spindles

Lankoff et al., 2003

potent cytotoxicity in
OATP’s-transfected HeLa cells

Monks et al., 2007

Analgesic/anesthesic

Neosaxitoxin alkaloid local anesthesia Rodriguez-Navarro et al., 2007

Gonyautoxins alkaloids pain relief in tension-type
headache

Lattes et al., 2009

Antiparkinsonian

RVSF analog peptide
(based on MCLR-ADDA
side chain)

cyclic heptapeptide modulating agent of PP1 in
Parkinson disease

Tappan & Chamberlin, 2008
Braithwaite et al., 2012

Muscle relaxant

Neosaxitoxin alkaloid reversible relaxing effect in
esophageal sphincter in patients
with alchalasia

Rodriguez-Navarro et al., 2006

Gonyautoxins alkaloids reversible anal sphincter
relaxation in patients with anal
fissure

Garrido et al., 2005
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been approved by the European Food Safety Au-
thority (EFSA) in Europe or by the Food and
Drug Administration (FDA) in the United States.

Perhaps the most promising cyanobacterial
secondary metabolites that were once considered
leading candidates for an anti-cancer drug were
the Nostoc sp. compounds called cryptophycins.
Cryptophycin A was first isolated by a group
from Merck, with the intention of using it as
an antifungal agent. Later, cryptophycins were
reported as one of the most potent tubulin
destabilising agents, capable of arresting tumour
cells at the G1-M phase (Smith et al., 1994)
and causing hyper-phosphorylation of Bcl-2,
which triggers the apoptotic cascade (Lu et al.,
2001). Following such promising results, a syn-
thetic analogue named cryptophycin 52 entered
phase II of a clinical trial. However, the initial
tests indicated severe toxicity and prevented
further developments with this molecule as an
anti-cancer treatment (Edelman et al., 2003).

Cryptophycins are just one among thousands
of candidate molecules that fail to meet the safety
criteria of clinical trials before reaching the ap-
proval of drug authorities. It has been estimated
that the pharmaceutical industry has to spend ap-
proximately 400 to 1800 million euros to bring a
new chemical entity as a new drug into the mar-
ket (Adams & Branter, 2006), and such high costs
are reflected in the scarcity of new drugs that are
available for increasing numbers of diseases. In-
terest in cyanobacteria metabolites has still a long
way to trek and dificulties such as those seen
with cryptophycins should not hamper further re-
search on this topic.

One of the most interesting and perhaps unique
breakthroughs concerning the therapeutic use of
cyanobacteria secondary metabolites in human
illness comes from the most potent toxins associ-
ated with these organisms, the Paralytic Shellfish
Toxins. It may be perplexing at first that a highly
toxic family of compounds turns out to be a good
candidate for pharmaceutical purposes, but the
use of potent natural toxicants is not new in drug
discovery. Botulinum toxin is a recent example:
“. . . once a food poison and latter exploited as a
biological weapon, is currently one of the most
versatile pharmaceuticals for the treatment of

human diseases in ophthalmology, neurology and
dermatology” (Ting & Freiman, 2004).

Saxitoxins and derivatives

The parallelism between Botulinum toxin and
Paralytic Shellfish Toxins is notorious: they are
both potent neurotoxins, they first became notori-
ous as food contaminants, leading to many deaths
worldwide, they have both been exploited as bio-
logical/chemical weapons, and now, both are be-
ing exploited for medical use.

Paralytic shellfish toxins (PST) are po-
tent neurotoxic alkaloids that are produced
by freshwater cyanobacteria and marine eu-
karyotic dinoflagellates. PST share a common
tricyclic structure based on a 3,4,6-trialkyltetra-
hydropurine skeleton and form a family of
more than 50 known analogues with different
substituent side chains (Wiese et al., 2010).
PST act by binding voltage gated sodium ion
channels in neuronal cells through reversible
interaction with a neurotoxin receptor on the
extracellular side of the channel (Cestèle &
Catterall, 2000). Such interaction blocks sodium
influx through the cell membrane, preventing the
generation/propagation of electrical impulses in
these excitable cells, leading to muscle paralysis.
Saxitoxin, the first identified PST analogue,
is one of the most potent natural neurotoxins
known to date, exhibiting an LD50 in mice (i.p.)
of 10 µg/Kg b.w. (Deeds et al., 2008) and a
human lethal dose of 1 mg of saxitoxin equiv-
alents (Wiese et al., 2010). PST accumulates
through aquatic food webs, and the ingestion of
contaminated molluscs (the most traditional PST
vectors) leads to a potentially fatal syndrome
known as Paralytic Shellfish Poisoning (PSP).
After ingestion, toxins are readily absorbed,
and systemic distribution occurs in less than an
hour, producing the following known sequence
of symptoms: paresthesia and numbness of the
lips, mouth, face and neck; muscular weakness;
sensation of lightness and floating; ataxia; motor
incoordination; drowsiness; incoherence; pro-
gressively decreasing ventilator efficiency; and
eventually death if artificial ventilation is not
immediately available (Deeds et al., 2008).
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Symptoms of PSP result from the systemic
distribution of the ingested toxins. However,
when applied locally (by intramuscular injection
–i.m.), STX and its analogues induce muscular
relaxation (flaccid paralysis) for periods that are
dose-dependent (Kao, 1966). Based on these
local actions, researchers from the University
of Chile have recently proposed new therapies
based on PST injection (i.m. or s.c.) at low doses
to treat a number of medical disorders that result
from sustained involuntary muscular contraction.

One of those disorders is achalasia, a gastroin-
testinal motility disorder characterised by a fail-
ure of the lower esophageal sphincter (involun-
tary) to relax during swallowing due to damage in
the neural network of the myenteric plexus in the
lower two thirds of the esophagus. The muscula-
ture of the lower esophagus remains spastically
contracted because the myenteric plexus has lost
its ability to transmit a signal to cause “recep-
tive relaxation” (Goyal, 2005). In a pilot study
involving 2 patients with a diagnosis of achala-
sia, Rodriguez-Navarro et al. (2006) showed that
neosaxitoxin injected into the endoscopically es-
timated lower esophageal sphincter produced an
immediate and reversible relaxing effect on the
muscle. Symptoms resulting from achalasia (dys-
phagia, regurgitation and chest pain) were sig-
nificantly relieved 2 hour after injection, and pa-
tients stayed asymptomatic for 48 hours with no
signs of inflammatory reaction to neosaxitoxins
(Rodriguez-Navarro et al., 2006). The prospec-
tive nature of the study was noted, but no further
developments were published.

Another medical disorder in which these
toxins have proven to be good candidates as an
alternative to other conservative treatments is
anal fissure (Garrido et al., 2005). Anal fissure
begins as a linear split in the long axis of the
distal anal canal and generally follows a trauma
associated with defecation (Lund & Scholefield,
1996). Anal fissure can be acute or chronic.
Acute anal fissure is treated conservatively with
dietary modification and tends to heal within
1 to 2 weeks. However, continuous irritation
caused by repeated trauma to the anal canal (e.g.,
constipation) results in increased resting pressure
of the internal (involuntary) sphincter. Increased

sphincter tone results in a relative ischemia in
the region of the fissure, leading to poor healing
of the anoderm (Gearhart & Bulkley, 2005). This
causes more pain, which increases anal tone and
a chronic “vicious circle” takes place. Chronic
anal fissures do not respond to conservative treat-
ment and tend to persist for more than 6 weeks
(Lund & Scholefield, 1996). In a rather ingenious
study, Garrido et al. (2005) showed that local
injection of gonyautoxins (PST analogues) in the
internal sphincter of patients suffering from this
condition was safe and effective in the treatment
of chronic anal fissures. In their trial, 50 patients
with an anal fissure history were subjected to the
treatment with a mixture of gonyautoxins 2 and
3, purified from shellfish highly contaminated
with PST, and collected in Chilean Patagonia
fjords. Toxins were locally infiltrated in both
sides of the fissure, directly in the internal anal
sphincter. The healing criteria and primary
endpoints of the study were pain relief and
fissure epithelisation. The authors observed the
total remission of acute and chronic anal fissures
within 15 and 28 days, respectively. Ninety-eight
percent of the patients healed before 28 days,
with a mean time healing of 17.6± 9 days. Only
one relapsed during 14 months of follow-up.
Neither faecal incontinence nor other side effects
were observed. All patients showed immediate
sphincter relaxation. The authors concluded that
gonyautoxin breaks the vicious circle of pain
and spasm that leads to anal fissure and proposed
gonyautoxin anal sphincter infiltration as a safe
and effective alternative therapeutic approach
to conservative and surgical therapies for anal
fissures (Garrido et al., 2005).

From the abovementioned study, it also be-
came evident that local injection of PST induced
an effective anaesthetic effect, as evaluated by
the pain relief evoked by the patients shortly af-
ter sphincter injection of toxins (Lagos, person.
comm.). A few years later, the same researchers
conducted a randomised, double-blind, placebo-
controlled trial in healthy volunteers to evalu-
ate the local anaesthetic effect of neosaxitoxin
(Rodriguez-Navarro et al., 2007). Subcutaneous
doses of neosaxitoxin (50 µg) were injected in
the middle posterior skin of the calf of 10 adults,
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and subsequent anaesthetic effects were evalu-
ated using standardised human sensory analyses
and pain scales. According to the authors, an ef-
fective and complete local sensory blocking was
obtained on the first hour after injection, revert-
ing to normal values after 3 to 24 hours depend-
ing on which specific neurosensory parameter
was evaluated (warm, cold, pain and mechanical
touch perception). This was the first human trial
to demonstrate an effective local anaesthetic ef-
fect of PST injected subcutaneously.

One last example of PST used in clinical
trials concerns its applicability in a chronic head
pain syndrome known as tension-type headache
(Lattes et al., 2009). The pathophysiologic basis
of tension-type headache remains unknown.
However, abnormalities of cervical and temporal
muscle contraction are likely to exist (Raskin,
2005). Though the exact nature of the dys-
function has not yet been elucidated, relaxation
almost always relieves this type of headache.
While simple muscle relaxants and/or analgesics
such as acetaminophen, aspirin, ibuprofen, or
other nonsteroidal anti-inflammatory drugs are
useful treatments for most individuals, headaches
are more resistant to medication for others, fluc-
tuating in severity and periodically persisting
more or less continuously for many days (Raskin,
2005). In the PST human trial, 27 patients suf-
fering from chronic tension-type headaches were
locally infiltrated with gonyautoxins (50 µg) in
ten sites considered as “pain trigger points” (Lat-
tes et al., 2009). EMG recording was performed
before and immediately after infiltrations. The
healing criteria were the significant decrease in
the acute headache pain score and the number
of days without headache pain. The authors
observed that 19 patients (70%) responded suc-
cessfully to the treatment, reporting immediate
effects after infiltration with a decrease in pain
score five minutes post-injection and an average
of 8 weeks without headache (without a second
infiltration or use of any additional analgesic
medication). No side effects were reported in
the follow-up period. The authors determined
that local infiltration of gonyautoxin is safe
and effective in relieving pain in patients with
chronic tension-type headaches, thus proposing

this method as a new therapy for this syndrome.
No further developments have been published.

Microcystins

Unlike PST, microcystins have never been used
in human clinical trials. However, experimental
studies suggest some therapeutic potentialities
associated with microcystis structure/function,
such as the potential application of an ADDA-
derived molecule in the treatment of Parkinson’s
disease.

Parkinson’s disease (PD) is a complex neuro-
degenerative disorder characterised by resting
tremor, rigidity (increased muscular tone), bra-
dykinesia (slow movements), postural insta-
bility and gait impairment (Shulman et al.,
2011). Highly phosphorylated proteins are a
pathological hallmark in the progression of the
disease (Arima et al., 1999). The abnormal
hyperphosphorylation of pathogenic proteins,
such as α-synuclein in the Lewy bodies, is
believed to be implicated in their misfolding and
aggregation (Ross & Poirier, 2004). Other key
processes in PD, such as apoptotic cell death
mechanisms (Blum et al., 2001) and neuroin-
flammation (Hirsch & Hunot, 2009), are also
heavily dependent on phosphorylation.

Phosphatases have been considered in recent
years as valid targets for the pharmacological
modulation of PD-relevant hyperphosphorylation
pathways (Braithwaite et al., 2012). The activ-
ity of serine/threonine protein phosphatase PP1
appears to be decreased in PD as a result of ni-
gral dopaminergic neuron degeneration (Brown
et al., 2008). This happens because dopamine de-
pletion increases the interaction between PP1 and
spinophilin, leading to the hyperphosphorylation
of synaptic proteins (Brown et al., 2008).

In 2008, Tappan and Chamberlain (2008)
demonstrated that a small molecule based on the
ADDA sub-structure of microcystin-LR (MCLR)
binds at the PP1 allosteric site with an affinity
similar to small peptides derived from PP1
regulatory proteins while increasing PP1 activity
by almost 200%. This finding contrasts with the
toxicity mechanism of MCLR and analogues,
which involves the inhibition of PP1 and other
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serine/threonine-specific phosphatases via inter-
actions between specific groups in the molecular
structure of microcystins (ADDA including) and
the catalytic subunits of these enzymes (Pereira
et al., 2013). More recently, Braithwaite et al.
(2012) proposed that this small MCLR-based
molecule could be used as a modulating agent
of PP1 in PD. By increasing PP1 activity, this
agent could be a useful therapeutic approach
to normalise protein phosphorylation and treat
some PD symptoms. Nevertheless, the activation
of PP1 by this ADDA-derived molecule remains
to be demonstrated in vitro and in vivo.

Microcystins have a wide range of effects
on mammalian cells and exhibit dualistic dose-
response behaviour (Liang et al., 2011; Menezes
et al., 2013). In fact, microcystins are cytotoxic
for many cell types in vitro (e.g., Batista et al.,
2003; Pichardo et al., 2005; Dias et al., 2009;
Shimizu et al., 2014), but they also induce
cell proliferation at non-cytotoxic levels (Dias
et al., 2010; Zhang et al., 2013). In addition,
microcystins cause severe hepatotoxicity in vi-
vo (revised in Duy et al., 2000; Apeldoorn et
al., 2007), but they are also tumour promot-
ers in experimental animals (Falconer, 1991;
Nishiwaki-Matsushima et al., 1992; Humpage et
al., 2000). This duality has been correlated with
the dose-dependent inhibition or activation of
serine/threonine protein phosphatases PP1/PP2A
(Gehringer, 2004; Liang et al., 2011).

The inhibition of PP1/PP2A unbalances the
phosphorylation status of proteins involved in
the cytoskeleton organisation, leading to the
disruption of cellular structure that is respon-
sible for the well-known microcystins-induced
hepatotoxicity (Toivola & Eriksson, 1999;
Gehringer, 2004; Campos & Vasconcelos, 2010).
The organotropism of microcystins has been
attributed to their selective uptake by organic
anion transporters polypeptides (OATPs) that
are primarily expressed in liver cells (Fischer
et al., 2005). However, cells derived from the
liver, colon and pancreatic tumours may express
OATP1B1/OATP1B3 (Monks et al., 2007).
Additionally, it has been reported that OATP1B3
is up-regulated in several cancer types, such as
non-small cell lung tumours, prostate cancer

and invasive ductal carcinomas in breast cells,
compared to normal control tissue (Monks et al.,
2007; Obaidat et al., 2012). Monks et al. (2007)
demonstrated in the HeLa cell model transfected
with functional OATP1B1 and OATP1B3 that
subnanomolar levels of microcystins induce
potent cytotoxicity, which is mediated by the
inhibition of PP2A. This study provided a po-
tential clue to the exploration of microcystins as
anti-cancer agents for tumours expressing the
OATP transporters.

However, if the cytotoxicity of microcystins,
mediated by the inhibition of PP’s and targeted
to tumour cells through OATPs, at doses that do
not affect healthy organs may be exploited as
a promising anti-cancer mechanism, can we hy-
pothesise other mechanisms? Can we think about
other receptors that are specifically expressed by
tumour cells that can be targeted by microcystins
or a microcystin-carrier conjugate? Can we think
about other intracellular mechanisms induced by
microcystins that can trigger tumour cells’ death?

In addition to the effects on PP1/PP2A, micro-
cystins induce many other mechanisms associ-
ated with oxidative stress, mitochondria dysfunc-
tion, apoptosis and cell cycle arrest (Campos &
Vasconcelos, 2010), all of which are potentially
useful mechanisms underlying the development
of anti-cancer compounds (Costa et al., 2012).

Interestingly, microcystin-LR was found to
induce the formation of aberrant mitotic spindles,
resembling those formed by taxol (Lankoff et
al., 2003), an anti-mitotic compound commonly
used in the treatment of breast and ovarian can-
cers (Gascoigne & Taylor, 2009). It has already
been considered that “a therapy that combines
an anti-mitotic agent with an apoptosis-inducer
might induce a more potent anti-tumour effect”
(Gascoigne & Taylor, 2009). Considering the
multiplicity of the effects triggered by micro-
cystins, the search for their potential application
in the development of anti-tumour drugs seems
to be an interesting area for future research.

Anatoxins

Most cyanotoxins have a specific site of action,
activating or inhibiting specific pathways in spe-
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cific cells or tissues. These specificities render
them quite attractive for drug discovery given
that most known pathologies result from the dis-
ruption of particular sites or pathways of cell
function. The specific mode of action of ana-
toxins might suggest a potential applicability in
cholinergic system disorders.

Myasthenia gravis (MG) is an autoimmune
disorder clinically characterised by fluctuating
weakness and fatigability of skeletal muscles
(Carr et al., 2010). This chronic condition is
caused by a decrease in the number of available
acetylcholine receptors (AChRs) at the neuro-
muscular junction due to an antibody-mediated
autoimmune attack against components of the
muscle membrane, including the AChR (85% of
patients) (Lindstrom et al., 1976).

Acetylcholinesterase (AChE) inhibitors are
the first-line treatment in patients with MG.
AChE inhibitors produce at least partial im-
provement in most myasthenic patients, and they
are most helpful as the initial therapy in newly
diagnosed patients or as a sole long-term treat-
ment of milder disease (Skeie et al., 2010). There
is no substantial difference in efficacy among
the various anticholinesterase drugs, although
neostigmine and pyridostigmine are most widely
used (Gilhus et al., 2011). These drugs are car-
bamates that inhibit hydrolysis of acetylcholine
by competing reversibly with acetylcholine for
binding to the anionic site of AChE (Yu et al.,
2010). Organophosphates (OP) exhibit activity
similar to carbamates. Inclusively, they exhibit
much more prolonged effects because they act as
potent noncompetitive irreversible inhibitors of
AChE activity by establishing a covalent bond
with the serine hydroxyl group at the active
site of AChE (Leibson & Lifshitz, 2008). How-
ever, most OP are highly lipid-soluble agents
that cross the blood-brain barrier, inducing
not only peripheral overstimulation but also
deleterious effects in the central nervous system
(Kamanyire & Karalliedde, 2004). This effect
inconveniently limits the use of OP for potential
pharmacological applications.

Anatoxin-a(s), however, is an unusual natural
hydrophilic OP that specifically inhibits AChE
activity only at the periphery level (Mahmood

& Carmichael, 1986) and is unable to cross the
blood-brain barrier (Cook et al., 1989). These
properties would avoid the deleterious effects in
the central nervous system induced by other OP.
Moreover, anatoxin-a(s) exhibits much more pro-
longed effects on AChE activity than pyridostig-
mine (Cook et al., 1991). Unfortunately, pharma-
cokinetic data on anatoxin-a(s) is virtually inex-
istent and most toxicological studies using this
toxin date back to the late 80s and early 90s.
Anatoxin-a(s) has an LD50 (mice, i.p.) of 20 µg
Kg−1 of body weight and has been associated
with animal toxicosis in several countries (Patoka
et al., 2011). Clinical signs of nicotinic recep-
tor overstimulation are most commonly observed
before a lethal outcome, including a rapid onset
of hypersalivation, lacrimation, tremors, incoor-
dination, convulsions, urinary incontinence and
respiratory arrest (Cook et al., 1989; Matsunaga
et al., 1989; Puschner & Roegner, 2012). Further
studies are needed to understand if this natural
toxin, which is similar in its action to the chem-
ical sarin and soman weapons, could be used in
the future with a more beneficial purpose such as
MG management.

Cholinergic compounds such as anatoxins
may have a role in the search for therapeutic
agents for other pathologies involving cholin-
ergic pathway disorders. Alzheimer’s disease
is associated with decreased levels of several
proteins and neurotransmitters in the cerebral
cortex, especially acetylcholine, its synthetic
enzyme choline acetyltransferase and nicotinic
cholinergic receptors. This demential disorder
cannot be cured, and no drugs are more effec-
tive than cholinesterase inhibitors, which are
used for the mere symptomatic management
of behavioural problems. Anatoxins act either
on cholinergic receptors (anatoxin-a) or on the
cholinesterase enzyme (anatoxin-a(s)). In our
view, such a highly specific mode of action has
not yet been totally explored.

CONCLUSION

In this paper, we have approached new areas
of the cyanobacteria/cyanotoxins-human health
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interception. Cyanotoxins, as well as other
secondary metabolites from cyanobacteria, are
given their first steps as potential sources of
new drugs for medical purposes. The results are
promising for one or two compounds, but an im-
mense field of research is still waiting for further
developments. One of the major advantages of
cyanobacteria as a natural source for active com-
pounds lies in the economy of their cultivation,
even compared with other microorganisms. Be-
ing oxygenic autotrophs, cyanobacteria require
only sunlight and simple inorganic mediums for
growth. Cyanobacteria populate diverse habitats
throughout the world and are relatively easy to
collect and manipulate. Therefore, their poten-
tial for biotechnology deserves more scientific
attention and interdisciplinary research.
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