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Resumo

As microcistinas sao metabolitos secundarios produzidos por cianobactérias de
agua doce e constituem um risco para a saude publica uma vez que a ingestdo de agua
contaminada com microcistinas tem sido associada a episdédios de hepatotoxicidade
humana aguda e cronica.

As cianobactérias sdo constituintes naturais do fitoplancton de agua doce e
proliferam massivamente em condi¢cdes ambientais favoraveis. Porém, a pressdo
antropogénica sobre os recursos hidricos tem contribuido para o aumento deste
fenomeno a nivel global, designadamente através da contaminagdo das massas de agua
com residuos urbanos, industriais e agricolas, cujo conteudo enriquecido em azoto e
fosfatos constitui um estimulo para o crescimento cianobacteriano. A proliferagao
intensa de cianobactérias (florescéncia) tem como consequéncia a acumulagdo de
densidades elevadas de biomassa que, apos a fase de senescéncia, liberta para a agua
niveis potencialmente nocivos de cianotoxinas. Uma proporcdo elevada das
florescéncias € composta por cianobacterianas toxicas e as cianotoxinas mais frequentes
sd0 as microcistinas.

As microcistinas sao um conjunto de aproximadamente 60 variantes estruturais
partilhando a estrutura heptapeptidica ciclica comum ciclo(-D-alanina'-L-x*-D-eriro-3-
iso-aspartato’-L-z'-Adda’-D-glutamato®-N-metil-desidroalanina’) em que x e z sdo
aminoacidos-L variaveis e Adda ¢ o acido (2§, 3S, 8S, 95)-3-amino-9-metoxi-2,6,8-
trimetil-10-decafenil-4,6-diendico. A MCLR (com leucina e arginina nas posigdes
variaveis) € a variante mais toxica € mais comum.

O o6rgao-alvo principal das microcistinas ¢ o figado uma vez que os hepatdcitos
expressam ao nivel da membrana citoplasmatica polipéptidos transportadores dos anides
organicos, através dos quais as microcistinas entram na célula. Assim, a maioria dos
estudos toxicologicos com microcistinas tem sido conduzida no figado in vivo e em
células hepaticas in vitro.

Com base em estudos de toxicidade aguda em animais, foi estabelecido em 1998
pela Organizacdo Mundial de Saude o valor-guia de 1 nM para a MCLR em 4agua de
consumo. Porém, este valor constitui uma medida preventiva parcial, uma vez que nao
contempla efeitos noutros orgaos nem efeitos cronicos, nomeadamente efeitos
cancerigénicos. No entanto, estudos recentes tém demonstrado que a MCLR apresenta
toxicidade noutros 6rgaos tais como os intestinos, os rins, o cérebro, pulmdes e sistema

reprodutor. Por outro lado, e embora a informacao disponivel sobre a toxicidade cronica



ndo permita ainda a revisdo daquele valor, a MCLR esta actualmente classificada pela
IARC (International Agency for Research on Cancer) como um composto
potencialmente cancerigénico (classe 2B).

Alguns estudos epidemiologicos associaram o aumento da incidéncia de
hepatocarcinoma e cancro do colon em populagdes humanas ao consumo de agua
contaminada regularmente com microcistinas. Por outro lado, estudos de
carcinogenicidade em ratinhos revelaram que a MCLR ¢ um promotor tumoral no
figado, pele e colon. Recentemente tem sido descrita a actividade genotdxica da MCLR
em diferentes tipos celulares. Contudo este ¢ ainda um assunto alvo de alguma
controvérsia na comunidade cientifica e ndo ¢ ainda claro que a MCLR tenha, per si,
capacidade de iniciagdo tumoral. Portanto, o conhecimento dos mecanismos subjacentes
a uma eventual ac¢do cancerigénica das microcistinas apresenta imensas lacunas.

O objectivo do trabalho apresentado nesta tese foi a avaliagdo do potencial
cancerigénico de microcistinas. Numa fase inicial seleccionou-se um modelo
experimental in vitro (trabalho apresentado no capitulo 2). Para tal avaliou-se o efeito de
extractos semi-purificados de duas estirpes de Microcystis aeruginosa, uma produtora
de MCLR e outra nao produtora de cianotoxinas, no crescimento e viabilidade de linhas
celulares de hepatdcitos humanos (HepG2) e de ratinho (AML12) e numa linha celular
de rim de macaco (Vero-E6), através de testes de citotoxicidade (MTT e LDH). A
escolha dos hepatocitos ¢ dbvia, uma vez que o figado € o 6rgao-alvo das microcistinas.
Usaram-se hepatdcitos humanos e de ratinho porque a sensibilidade a MCLR pode
depender da espécie. Usou-se também uma linha celular de rim, com o intuito, a data do
planeamento do trabalho, de incluir nos ensaios um modelo celular ndo hepatico como
controlo negativo. As estirpes de M. aeruginosa foram isoladas de florescéncias naturais
colhidas na albufeira de Montargil e sdo actualmente mantidas na coleccdo de algas
“Estela Sousa e Silva” do Instituto Nacional de Saude Dr. Ricardo Jorge (INSA). A
caracterizacdo da producdao de cianotoxinas pelas estirpes usadas neste trabalho foi
elaborada previamente no ambito de outros trabalhos de investigacdo decorridos no
Departamento de Saude Ambiental do INSA. A utilizacdo da estirpe de M. aeruginosa
nao téxica teve como finalidade assegurar que os efeitos observados se deviam a MCLR
e nao a qualquer efeito da matriz do extracto cianobacteriano. Contrariamente ao
esperado, a linha celular de rim Vero-E6 apresentou uma sensibilidade similar ou até
ligeiramente superior a dos hepatocitos (HepG2 e AML12). Por outro lado, o extracto

da estirpe produtora de MCLR induziu um efeito genotdxico (aumento da frequéncia de
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micronucleos) nas células Vero-E6. Perante estes resultados inesperados e considerando
o desconhecimento ainda existente acerca da toxicidade das microcistinas em células
nao hepaticas, seleccionou-se este modelo celular para a avaliagdao dos potenciais efeitos
genotoxicos da MCLR. Para tal, a citotoxicidade da MCLR nas células Vero-E6 foi
confirmada através da comparagdo dos efeitos de extractos de M. aeruginosa ¢ MCLR
pura (capitulo 3) e o limiar de citotoxicidade (25 uM) foi determinado, usando os testes
MTT, LDH e Neutral Red. Os resultados deste trabalho demonstraram que a
citotoxicidade da MCLR apresenta uma forte dependéncia do bindmio dose/tempo de
exposi¢ao e indiciaram que podera manifestar-se primeiramente ao nivel lisossomal e,
sequencialmente, ao nivel da mitocondria e da membrana citoplasmatica. Essa hipotese
foi comprovada pelas metodologias de microscopia electronica de transmissdo e de
imunofluorescéncia (capitulo 4). Estas metodologias permitiram identificar os alvos
intracelulares da MCLR (reticulo endoplasmatico, lisosomas, citosqueleto, mitocondria
e membrana citoplasmatica) e concluir que, de acordo com a dose e tempo de
exposi¢ao, a MCLR desencadeia uma resposta autofagica nas células Vero, seguida da
morte celular por apotose e necrose a medida que a dose e o tempo de exposi¢ao
aumentam. Muitos destes resultados haviam sido ja descritos para hepatdcitos, mas
apenas muito pontualmente para outros tipos celulares.

Caracterizados os efeitos citotoxicos da MCLR, foram avaliados os efeitos
genotoxicos nas células Vero e nas células HepG2 (capitulo 5) através do teste do
Cometa e do ensaio dos microntcleos (MN). O primeiro permite detectar quebras na
cadeia de ADN, enquanto que o segundo avalia efeitos ao nivel cromossomico,
designadamente efeitos resultantes da quebra de cromossomas (clastogénese) ou da
perda de cromossomas (aneugénese). Os resultados obtidos comprovaram que a MCLR
(em doses subcitotoxicas, 5-20 uM) induz o aumento da frequéncia de micronucleos em
ambas as linhas celulares, mas nao induz danos na molécula de ADN. A semelhanca
dos resultados obtidos com as células Vero e HepG2 sugerem que a MCLR actua
através de um mecanismo genotoxico comum nas cé€lulas hepdaticas e renais, muito
possivelmente através de um mecanismo aneugénico. A distingdo entre actividade
clastogénica e aneugénica podera ser importante para a avaliacao do risco, uma vez que
para os agentes aneugénicos pode ser possivel estabelecer um limiar de exposicao
abaixo do qual nao decorrem riscos de efeitos genotoxicos, o que ndo ¢ aplicavel aos

agentes clastogénicos. A identificagdo do tipo de microntcleos pela técnica de FISH
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recorrendo a uma sonda pancentromérica permitird esclarecer qual o mecanismo
associado a este efeito genotdéxico da MCLR.

Com o intuito de avaliar o efeito da MCLR na proliferagdo da linha celular
Vero-E6, utilizou-se o teste de incorporagao de BrdU, que avalia a transicao G1/S do
ciclo celular (capitulo 6). Os resultados permitem concluir que a exposicdo a doses
muito baixas (1-10 nM) de MCLR estimula a prolifera¢ao das células Vero-E6. Note-se
que a dose de 1nM correspondente ao valor-guia da MCLR em 4gua de consumo
definido pela OMS e esta contemplado na legislagdo portuguesa (Dec-Lei 306/ 2007, 27
Agosto) como valor paramétrico de referéncia. A analise por Western-blot da expressao
de cinases proteicas activadas por mitogénicos (ERK1/2, JNK, p38) revelou que a
MCLR estimula a proliferagao da linha celular Vero-E6 através da activagao da via de
sinalizagao ERK1/2.

Integrando os resultados apresentados nesta dissertacao, poder-se-a concluir que
a MCLR desencadeia uma multiplicidade de efeitos nas células Vero, sugerindo que
estas poderdo constituir um modelo celular adequado para o estudo dos efeitos
nefrotdxicos das microcistinas. Embora o figado seja o principal 6érgao de acumulagao e
eliminagdo da MCLR, cerca de 10% ¢ excretada pela urina, pelo que os rins poderdo
também estar expostos a esta toxina. E de particular importancia a avaliagio dos efeitos
decorrentes da exposicdo continuada a baixas doses, atendendo ao potencial
cancerigénico da MCLR. Os resultados aqui apresentados acerca do efeito genotdxico e
da capacidade da MCLR estimular a proliferacao nas células Vero contribuem para o
conhecimento dos efeitos € mecanismos subjacentes a eventual ac¢ao cancerigénica das
microcistinas, sobretudo porque os estudos nesta area tém sido conduzidos
maioritariamente em modelos hepaticos. Os resultados salientam, também, a

necessidade de rever o valor-guia estabelecido para as microcistinas.
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Abstract

Microcystins are secondary metabolites produced by freshwater cyanobacteria
that constitute a risk for human health because they have been associated with acute and
chronic human hepatotoxicity after the ingestion of microcystin-contaminated water.

Cyanobacteria are freshwater phytoplanktonic organisms that proliferate
massively under favourable environmental conditions. However, the anthropogenic
pressure on water resources has contributed to the increase of cyanobacterial
proliferation worldwide, namely, through the water contamination with nitrogen- and
phosphate- enriched urban, industrial and agriculture residues, that constitute a growth
stimulus for cyanobacteria. The massive cyanobacterial proliferation (bloom) leads to
the accumulation of high biomass densities in water that, after senescence phase,
releases potential harmful levels of cianotoxins. Cyanobacterial blooms are often
composed by toxic species and microcystins are the most frequent cianotoxins.

Microcystins are a group of approximately 60 structural variants sharing the
common cyclic heptapeptide struture cyclo (-D-alanine'-L-x*-D-erythro-B-iso-aspartic
acid’-L-z*-adda’-D-Glu®-N-methyl-dehydroalanine’), where x and z are variable L-
aminoacids and ADDA is (2S5, 3S, 8S, 95)-3-amino-9-methoxy-2,6,8-trimethyl-10-
phenyldeca-4,6-dienoic acid. MCLR (with leucine and arginine in variable positions) is
the most toxic and common variant.

The main target organ for microcystins is the liver because hepatocytes express
the membrane organic anion polypeptide transporters; through witch microcystins
enters the cell. For this reason, toxicological studies have been conducted mainly in
liver in vivo and in cultured hepatic cells.

Based on animal acute toxicity studies, the World Health Organization has
established, in 1998, the guideline of 1 nM for MCLR in drinking water. Nevertheless,
this value constitutes only a partial preventive measure because it does not include the
toxicity of MCLR on other organs, neither chronic effects, namely carcinogenic effects.
However, recent studies have been demonstrated the MCLR induces toxicity on other
organs such as the intestines, kidney, brain, lungs and reproductive system. On the other
hand, despite the information on chronic toxicity of MCLR does not allow the revision
of that value, MCLR is classified by the International Agency for Research on Cancer
(IARC) as a potential human carcinogen (class 2B).

Some epidemiologic studies have associated the increase of human

hepatocarcinoma and colorectal cancers with the ingestion of frequently microcystin-



contaminated water. On the other hand, rodent carcinogenicity studies have revealed
that MCLR is a tumour promoter in liver, skin and colon. Recently, the genotoxic
activity of MCLR has been described in several cell types. However, this is a matter of
some controversy in scientific community and it is still not clear if MCLR can act as a
tumour initiator. Thus, the mechanisms underlying an eventual carcinogenic activity of
microcystins are still largely unknown.

The aim of this thesis was the evaluation of the carcinogenic potential of
microcystins. The first step was the selection of an in vitro cell model (presented in
chapter 2). For that purpose, the effects of semi-purified extract from two Microcystis
aeruginosa strains, a MCLR-producer and a non-toxigenic strain, on the growth and
viability of human (HepG2) and mouse (AML12) hepatocytes and of a monkey kidney-
derived cell line (Vero-E6), were evaluated by cytotoxicity assays (MTT and LDH).The
use of hepatocytes is obvious given the fact of the liver be the target-organ of
microcystins. Human and mouse hepatocytes were tested because the sensibility to
MCLR may be specie-dependent. The kidney cell line was used, with the initial intent,
to include a non-hepatic cell line as a negative control. M. aeruginosa strains were
isolated from natural blooms collected in Montargil reservoir and belongs, presently, to
the “Estela Sousa e Silva” algal collection from National Health Institute Dr. Ricardo
Jorge (INSA). The characterization of cyanotoxin production by those strains was
previously performed by other researchers at the Department of Environmental Health
/INSA. The non-toxigenic M. aeruginosa strain was used to ensure that the observed
toxic effects of MCLR-producer strain were due to MCLR and not to the cyanobacterial
extract matrix. Conversely to what could be expected, the kidney Vero-E6 cell line
showed a similar, or even higher, sensitivity to MCLR than the hepatocyte cell lines
(HepG2 and AML12). In addition, the extract from the MCLR-producer strain induced
a genotoxic effect (increase of micronuclei frequency) in Vero cells. Given these
unexpected results, and considering the uncertainties regarding the toxicity of
microcystins in non-hepatic cells, the Vero-E6 cell model was selected to further
evaluate the potential genotoxic effects of MCLR. For that purpose, the cytotoxicity of
MCLR was confirmed in this cell model, by comparing the effects of M. aeruginosa
extracts and pure MCLR (chapter 3). The threshold of cytotoxicity was determined (25
uM) by the MTT, LDH and Neutral Red cell viability assays. The results from this work
have demonstrated that the cytotoxicity of MCLR strongly depends on the dose/time of

exposure and showed that it is exerted sequentially on lysossomes, mitochondria and
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cell membrane. This hypothesis was confirmed by transmission electron microscopy
and immunofluorescence (chapter 4). These methods enabled to identify the
intracellular targets of MCLR (endoplasmic reticulum, lysosomes, mitochondria and
cell membrane) and to conclude that, accordingly to the dose and time of exposure,
MCLR triggers an autophagic response in Vero cells, followed by apoptotic and
necrotic cell death. Many of these results were previously described for hepatocytes, but
rarely for other cell types.

After the characterization of the cytotoxic effects of MCLR, the genotoxic
effects were evaluated on Vero and HepG2 cell lines (chapter 5) by the comet and the
micronucleous (MN) assays. The Comet assay detects DNA strand breaks and the MN
assay evaluates the effects at chromosome level, namely, chromosome breaks
(clastogenic effect) or chromosome loss (aneugenic effect). The results demonstrate that
MCLR (at subcytotoxic doses, 5-20 uM) induces the increase in MN frequency on both
cell lines, but it does not induce damages in DNA molecule. The similarity of results
between Vero and HepG2 cells suggests that MCLR acts through a common genotoxic
mechanism in liver and kidney cells, probably by an aneugenic mechanism. The
distinction between clastogenic and aneugenic activity could be important for risk
assessment, because for aneugenic compounds it may be possible to establish a
threshold level, below which no hazard to human health is predicted, witch is not valid
for clastogens. The identification of the MN by the fluorescence in situ hybridization
(FISH) technique using a pancentromeric probe will enable to clarify the mechanism
underlying this genotoxic effect of MCLR.

To effect of MCLR on Vero-E6 cell line proliferation was determined by the
BrdU incorporation assay that evaluates the G1/S transition in cell cycle (chapter 6).
The results showed that the exposure to low doses of MCLR (1-10 nM) stimulates the
proliferation of Vero-E6 cells. It should be noted that InM corresponds to the WHO
guideline for MCLR in drinking water and is a mandatory level in Portuguese water
legislation (Dec-Lei 306/ 2007, 27 Agosto). The Western-blot analysis of mitogen
activated protein kinases (ERK1/2, JNK and p38) revealed that MCLR stimulates Vero
cells proliferation by the activation of the ERK1/2 signalling pathway.

Taken together, the results presented in this thesis shows that MCLR triggers a
multiplicity of effects on Vero-E6 cell line, suggesting that this cells might be an
appropriate cell model to study the nephrotoxic effects of MCLR. Although the main

target organ for MCLR accumulation and elimination is the liver, approximately 10 %
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is excreted by the urine, witch means that the kidney might also be exposed. Given the
potential cancerigenic effects of MCLR, it is of major importance to evaluate the effects
of prolonged exposure to low doses. The results presented here regarding the genotoxic
activity of MCLR and its ability to stimulate the proliferation of Vero cells contributes
to the knowledge of the effects and mechanisms underlying the eventual cancerigenic
activity of microcystins, primarily because the studies in this area have been conducted
mainly in hepatic models. The results also emphasise the importance to re-evaluate the

guideline of microcystins.
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Lista de abreviaturas

ABS, absorvancia;

ADDA, acido 3-amino-9-metoxi-2,6,8-trimetil-10-decafenil-4,6-diendico;
ADME, absorgao, distribui¢dao, metabolizacdo, eliminagio;

ADN, acido desoxirribunucleico;

BrdU, 5-bromo-2-deoxiuridina;

Cys, cisteina;

DDI, dose diaria aceitavel,

ELISA, enzyme-linked immunusorbent assay;

EMS, sulfonato de etilmetano

ERK1/2, extracellular-signal-regulated kinase;

FISH, hibridacao in situ de fluorescéncia;

GSH, forma reduzida do glutationo;

HCC, carcinona hepatocelular;

HepG2, linha celular de hepatocarcinoma humano;

HPLC-DAD, cromatografia liquida de alta pressdo com detec¢do por diodos;
IARC, international agency for cancer research;

i.p., intreperitoneal;

i.v., intravenoso;

JINK, Jun amino-terminal kinases;

LDsy, dose letal para 50% dos animais testados,

LDH, lactato desidrogenase;

LMECYA, colec¢do de culturas de cianobactérias “Estela Sousa e Silva” do Instituto Nacional de Saude
Dr. Ricardo Jorge;

LOAEL, dose minima que causa efeito adverso,

MAPK, cinases proteicas activadas por mitogéneos;

MC, microcistina(s);

MC-LA, -LR, -RR, -YR, microcistina-LA, -LR, -RR e YR, respectivamente;
Mdha, metildesidroalanina;

MeAsp, acido metilaspartico;

MTT, brometo de 3-(4.5-dimetiltiazol-2-il)-2,5-difeniltetrazolium,;

NOAEL, dose maxima que ndo causa efeito adverso;

NR, vermelho neutro;

OATP, transportadores polipeptidicos dos anides organicos;

OMS, organizagdo mundial da satde;

PP1/PP2A, fosfatases proteicas do tipo 1 e 2A;

ROS, espécies reactivas de oxigénio,

t12, tempo de semi-vida;

TUNEL, terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick end-labeling;

Vero-E6, linha celular epitelial de rim de macaco verde africano Cercopithecus aethiops;
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Avaliacdo do potencial cancerigénico de microcistinas (cianotoxinas)

CAPITULO 1

INTRODUCAO



Introducgao

1.Cianobactérias e cianotoxinas

A Ecotoxicologia de cianobactérias ¢ uma area cientifica que floresceu nos anos
1980-1990, quando o desenvolvimento de metodologias analiticas permitiu identificar
as toxinas cianobacterianas (Sivonen e Jones, 1999). Porém, e ndo obstante o impacto
que a ocorréncia de fitoplancton téxico de agua doce podera ter na saide humana e
animal, e de alguns paises disporem de um quadro legal que regulamenta o teor de
cianobactérias e cianotoxinas (apenas microcistinas) em agua para utilizacdo humana,
existem ainda muitas lacunas no conhecimento técnico e cientifico que impedem a
avaliacdo inequivoca do risco de exposi¢do humana a cianotoxinas.

Neste capitulo introdutério apresentar-se-a resumidamente o estado da arte
relativamente a ocorréncia de cianobactérias e toxinas associadas em reservatorios de
agua doce superficial e rever-se-4, com maior detalhe, o conhecimento sobre as

microcistinas.

1.1. Ocorréncia de florescéncias cianobacterianas em meio hidrico

As cianobactérias sdo procariontes fotossintéticos que povoam diversos habitats,
sobretudo o meio dulcaquicola (Mur et al.,, 1999). Constituem uma classe muito
diversificada de organismos, abrangendo cerca de 2000 espécies agrupadas em 150
géneros (Mur et al., 1999). Em determinadas condi¢des ambientais favoraveis
reproduzem-se massivamente, dominando toda a comunidade fitoplanctonica e
formando uma densa camada de biomassa que se distribui horizontalmente, a superficie,
ou verticalmente pela coluna de agua. Este fendmeno designa-se habitualmente por
florescéncia ou bloom.

As florescéncias cianobacterianas resultam da versatilidade metabolica e
fisiologica das cianobactérias. As cianobactérias sdo organismos procariontes,
unicelulares ou coloniais, que embora sejam classificadas de acordo com o codigo de
taxonomia bacteriano, apresentam a particularidade de produzir oxigénio através da
fotossintese. Alias, sao considerados os organismos responsaveis pela introducao de
oxigénio na atmosfera primitiva da terra. Tém a capacidade de adaptagcdo cromatica, ou
seja, de regular o seu teor de pigmentos fotossintéticos de modo a utilizarem
eficazmente o espectro da radiacdo. Muitas espécies tém vesiculas gasosas de forma a
poderem ajustar o seu posicionamento na coluna de agua, de acordo com as condigdes
de luz e temperatura mais favoraveis. Algumas espécies coloniais desenvolvem células

especializadas na fixagdo de azoto atmosférico (heterocistos), ou que constituem formas
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de resisténcia celular (acinetos) em condi¢des adversas. Estas sdo apenas algumas das
caracteristicas que conferem as cianobactérias uma elevada capacidade de adaptagdo ao
meio ambiente e, portanto, uma vantagem competitiva sobre os outros organismos
fitoplanctonicos [revisto em Graham e Wilcox (2000) e Mur et al. (1999)].

A pesquisa bibliografica sobre a ocorréncia de cianobactérias revela que os
blooms cianobacterianos apresentam uma distribuicdo mundial generalizada e uma
maior frequéncia nas ultimas décadas. Este aumento tem sido atribuido a causas
antropogénicas (Mur et al., 1999), tais como a retencao artificial dos cursos de agua, a
utilizacao excessiva de fertilizantes, a producdo animal intensiva e a contaminacao dos
recursos hidricos com residuos industriais e urbanos, resultando no excessivo
enriquecimento das massas de agua com nutrientes ¢ minerais (compostos azotados,
fosfatos, metais, etc.). Porém, a eutrofizacdo dos recursos hidricos nao justifica
totalmente a ocorréncia de florescéncias, uma vez que estas dependem também de
variagOes climaticas e sazonais, sendo um fendmeno natural caracterizado por alguma
imprevisibilidade. De facto, mesmo em casos de reservatorios de agua doce superficial
sujeitos a um plano de monitorizacdo adequado, nem sempre ¢ possivel detectar
antecipadamente a ocorréncia massiva de cianobactérias. Recentemente, tém surgido
alguns trabalhos na area da modelagdo ambiental com o intuito de desenvolver modelos
que permitam prever este fenomeno (Teles et al., 2006).

As florescéncias cianobacterianas apresentam um impacto negativo do ponto de
vista ambiental. De entre outras consequéncias, destacam-se a turvagdo da agua, com o
consequente impedimento da passagem de luz para niveis de maior profundidade, e a
desoxigenacdo da agua, o que podera traduzir-se no desequilibro do ecossistema,
incluindo, por exemplo, a mortandade de peixes (Vasconcelos, 2006). Por outro lado, os
sistemas de tratamento de 4gua nem sempre estao preparados para a remocao de grandes
quantidades de biomassa e de matéria organica (resultantes da decomposicdo das
florescéncias), o que podera resultar na alteracdo das caracteristicas organolépticas da
agua para consumo humano (Codd, 2000). Acarretam também consequéncias negativas
do ponto de vista econdmico na area da aquacultura, designadamente a mortalidade dos
organismos e o decréscimo de produtividade do sistema (Smith et al., 2008). Contudo, a
consequéncia mais preocupante associada a ocorréncia de cianobactérias ¢ a sua
capacidade de produzir toxinas potencialmente nocivas para os animais € para o

Homem.
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1.2. Toxinas produzidas por cianobactérias

A caracteristica mais surpreendente das cianobactérias ¢ a sua capacidade de
produzir metabolitos secundarios que apresentam elevada toxicidade para outros
organismos. As cianotoxinas constituem um grupo diversificado de compostos quer em
termos quimicos, quer em termos toxicologicos, €, sob este aspecto, podem dividir-se
em toxinas com  efeitos hepatotoxicos  (microcistinas, nodularinas e
cilindrospermopsina), neurotoxicos (anatoxina-a, anatoxina a(S), saxitoxina e
derivados) e dermatotéxicos (aplysiatoxina, lyngbyatoxina, LPS) (Sivonen e Jones,
1999). Porém, ¢ ainda uma incognita para a comunidade cientifica a razao pela qual as
cianobactérias produzem toxinas. Embora possam afectar organismos do zooplancton,
as cianotoxinas apresentam baixa toxicidade nos moluscos e crustaceos (pelo que estes
poderdo constituir vectores de toxicidade), a toxicidade nos peixes pode depender das
espécies e dos seus habitos alimentares, mas sdo no entanto bem conhecidos os seus
efeitos toxicos nos mamiferos (Vasconcelos, 2001a). Assim, as cianotoxinas afectam,
sobretudo, organismos que ndo competem directamente com as cianobactérias pelo
habitat, que ndo sdo seus predadores directos € que estdo muito distantes na escala
evolutiva.

Embora as cianotoxinas possam acumular-se em varios organismos aquaticos e
propagar-se através da cadeia alimentar (Ibelings e Chorus, 2007; Zhang et al., 2009),
os casos de intoxicagdo humana por cianotoxinas que tém sido descritos (revisto em
Chorus et al., 2000; Duy et al., 2000) resultam fundamentalmente da ingestao acidental
de 4gua de recursos hidricos contaminados durante actividades balneares, ou de ingestao
de agua para consumo indevidamente tratada. A hemodidlise ¢ outra via de exposi¢ao
humana, em casos em que o tratamento da respectiva dgua de abastecimento para
remog¢ao de cianobactérias e cianotoxinas for insuficiente. Alids, o caso mais
emblematico de intoxicagdo humana grave ocorreu precisamente numa unidade de
hemodialise (ver 2.4). A maior parte destes registos relacionam-se com intoxicagdes
agudas, embora estejam ja descritos alguns efeitos a longo termo (cancro hepatico e do
colon) em populagdes expostas cronicamente a agua nao tratada e frequentemente
contaminada com cianobactérias (Yu, 1995; Ueno et al., 1996; Zhou et al, 2002) (ver
2.4).

Tal como os blooms cianobacterianos, também a ocorréncia de cianotoxinas ¢
extremamente dificil de prever, sobretudo porque a producdo de toxinas nao estd

confinada a determinadas espécies de cianobactérias. De facto, dentro do mesmo
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género/espécie podem encontrar-se espécies/estirpes toxigénicas € nao toxigénicas
(Sivonen e Jones, 1999). Uma mesma estirpe pode até produzir mais do que um tipo de
toxina. Por outro lado, a mesma toxina pode ser produzida por espécies pertencentes a
géneros distintos. Portanto, para além de depender da densidade de organismos
produtores, a ocorréncia de cianotoxinas ¢ fortemente determinada pela composicao da
comunidade fitopanctonica e, em ultima analise, pelo estado fisiolégico e metabdlico
das espécies toxigénicas e mesmo até¢ de condigdes ambientais favordveis (Sivonen e
Jones, 1999; Funari e Testai, 2008).

Até a data ndo ¢ ainda possivel proceder a uma correcta avaliacdo do risco de
exposi¢ao humana a cianotoxinas. Por um lado, por insuficiéncia de informagao
cientifica que permita caracterizar cabalmente os respectivos mecanismos de accao e
efeitos toxicos. Por outro lado, alguns desses efeitos poder-se-ao confundir com efeitos
de outros contaminantes (alimentares e hidricos) ou at¢é mesmo com sintomas
associados a determinadas patologias. Adicionalmente, e atendendo as possiveis vias de
exposi¢ao humana a toxinas cianobacterianas, torna-se dificil determinar com precisao a
dose a que o Homem estd potencialmente sujeito. Estas limitacdes ndo permitem,
portanto, estabelecer inequivocamente uma relagdo causa-efeito entre a exposi¢ao a
cianotoxinas e a enfermidade humana.

Porém, e com base nos dados disponiveis, a Organizagdo Mundial de Saude
(OMS) estabeleceu Niveis de Alerta relativamente a densidade de cianobactérias em
agua bruta na origem (Chorus et al., 2000) e um Valor Guia de caracter provisorio (ver
3.3) relativo, apenas, ao teor de microcistinas na dgua para consumo humano (WHO,
1998). As microcistinas foram as unicas toxinas para as quais se estabeleceu um valor
de seguranga porque sdo potencialmente produzidas pelas espécies cianobacterianas
predominantes nas florescéncias de dgua doce (pertencentes aos géneros Microcystis,
Oscillatoria (Planktothrix), Anabaena e Nostoc) (Sivonen e Jones, 1999). Por outro
lado, as microcistinas apresentam uma elevada distribuicdo a escala mundial e a sua
ocorréncia tem sido descrita na Europa (Alemanha, Dinamarca, Eslovénia, Espanha,
Finlandia, Franga, Holanda, Irlanda, Noruega, Portugal, Reino Unido, Russia,), América
(Brasil, Canad4, EUA), Asia (China, Japdo), Norte de Africa (Marrocos, unisia), Africa
do Sul e Australia (Sivonen e Jones, 1999; Fastner et al. 2001). Consequentemente, sao

as toxinas mais estudadas e sobre as quais existe mais informagao toxicologica.
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1.3. Ocorréncia de microcistinas em Portugal

A monitorizagdo de cianobactérias e cianotoxinas em Portugal revela-se da
maior importancia em termos de saude publica, uma vez que ¢ comum a utilizagao de
reservatorios de agua superficial eutrofizados como fonte de agua para consumo
humano (Vasconcelos et al., 1996). Por outro lado, a densidade cianobacteriana em
aguas superficiais portuguesas ultrapassa, com alguma frequéncia, o nivel de alerta de
risco moderado ou mesmo elevado estabelecidos pela OMS (Galvao et al., 2008;
Valério et al., 2008, Vasconcelos, 1994). Na figura 1A exemplifica-se o aspecto que a
massa de dgua pode apresentar durante uma florescéncia cianobacteriana, neste caso
junto a torre de captagdo da albufeira do Roxo (em 2005), que fornece agua para
consumo da populacdo de Beja.

Embora o estudo da ocorréncia de cianobactérias em reservatérios de agua doce
em Portugal remonte a década de 1930, s6 nos anos 90 teve inicio o estudo da
toxicidade e distribuicdo de espécies toxicas com os trabalhos de Vasconcelos e
colaboradores, sobretudo no centro e norte do pais (revisto em Vasconcelos, 2001a).

A primeira descri¢ao da ocorréncia de cianobactérias toxicas data de 1993, apos
a andlise de um bloom dominado por Microcystis aeruginosa na albufeira de Crestuma
(Rio Douro) em 1989 (Vasconcelos, 1993). A andlise de toxinas na biomassa
cianobacteriana revelou a presenca de microcistina-LR (MCLR), a variante mais toxica
das microcistinas (ver 2.1). Este trabalho alertou para a necessidade de monitorizar agua
destinada ao consumo humano, ja que se acumularam densidades elevadas de M.
aeruginosa junto aos pontos de captacdo na albufeira de Crestuma que fornece agua
para a regido do grande Porto (populagdo de cerca de 2,000.000 habitantes).

Um estudo mais abrangente, realizado entre 1989 ¢ 1992 em 36 sistemas de agua
doce (rios, lagoas e albufeiras) de norte a sul do pais, confirmou que a propor¢do de
blooms toxicos ¢ elevada (60%), nomeadamente em reservatdrios destinados ao
fornecimento de agua para consumo humano (rios Douro, Minho e Guadiana e Lagoa de
Quiaios, por exemplo) e que a espécie M. aeruginosa ¢ predominante (73%)
(Vasconcelos, 1994). Este estudo alertou também para o facto dos processos de
tratamento a data praticados na maioria das estagdes de tratamento, nao incluirem a
filtragdo em carbono activado e ozonizagao, os Uinicos processos eficazes na remocgao de
microcistinas (Vasconcelos, 1994; Rodriguez et al., 2007).

A caracterizacdo das microcistinas produzidas por 10 estirpes de M. aeruginosa

isoladas a partir de reservatorios e lagoas do norte e centro do pais em 1991 confirmou
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que a variante MCLR ¢ dominante, sendo produzida por todas as estirpes e
correspondendo entre 44 a 100% do teor total de microcistinas (Vasconcelos et al.,
1995). A variante MCLA apenas foi detectada nas estirpes isoladas de lagoas (50% das
estirpes) € o seu teor variou entre 0,6-47%. A variante MCYR s6 foi detectada em
estirpes de albufeiras (20% das estirpes) e o seu teor variou entre 11,6 e 14.7%. A
variante MCRR foi detectada s6 numa estirpe (10%), mas numa proporcio elevada
(33%). Outras duas variantes foram detectadas apenas numa amostra e a sua propor¢ao
foi reduzida (MCAR, 2,8% e [D-Asp’]MCLR, 0,8%). Estes resultados sugerem que as
variantes metiladas das microcistinas (ver 2.1) sdo as mais comuns em Portugal
(Vasconcelos et al., 1995).

A caracterizacdo das microcistinas em amostras naturais colhidas entre 1989 e
1992 nos rios Minho e Guadiana, nas Lagoas de Mira e Barrinha de Mira e nas
albufeiras de Crestuma, Torrao, Carrapatelo, Agueira ¢ Vale das Bicas, confirmaram
que, de facto, as microcistinas sdo as toxinas predominantes em Portugal e que a
variante MCLR ¢ a mais comum, com uma propor¢ao, relativamente ao contetido total
de microcistinas, de 45,5 a 99,8%, sendo também frequentes as variantes MCRR e
MCYR (Vasconcelos et al., 1996).

Em 1996 foi proposto pela Direccao Geral da Saude (DGS) o programa nacional
de monitoriza¢do de cianobactérias e cianotoxinas em reservatorios de agua doce que,
desde entdo, tem sido aplicado regularmente por alguns laboratoérios.

No Laboratorio de Biologia e Ecotoxicologia (LBE) do Instituto Nacional de
Satde Dr. Ricardo Jorge, tém sido monitorizadas, fundamentalmente, albufeiras do
centro e sul de Portugal. O acompanhamento de reservatérios de d4gua doce do Alentejo
(Alqueva, Alvito, Enxoé, Monte Novo, Odivelas e Roxo) utilizados para producao de
agua de consumo humano e rega, entre Maio/Dezembro de 2005 e Abril/Julho de 2006,
revelou que as cianobactérias sao os organismos fitoplanctonicos dominantes, ocorrendo
em 52 das 53 amostras analizadas (Valério et al., 2008). Revelou, ainda, que as espécies
Microcystis spp. sdo predominantes, correspondendo a 30 % da densidade total de
cianobacterias, e que em duas das albufeiras foram identificados blooms
monoespecificos de M. aeruginosa. Em 23% das amostras foram detectadas
microcistinas.

A partir de amostras de florescéncias tém-se isolado estirpes de cianobactérias

que constituem parte da Colecg¢do de Culturas de Microalgas “Estela Sousa e Silva” do
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LBE', que, de alguma forma, espelha a diversidade de espécies de cianobactérias que
ocorrem no ambiente natural. A caracterizagao morfologica e molecular de 95 estirpes
isoladas de 21 albufeiras’ mostrou que a espécie M. aeruginosa representa 44% das
estirpes isoladas (Valério et al., 2009a). A analise da capacidade toxigénica dessas
estirpes demonstrou que 21% produzem microcistinas, que 42% produzem mais do que
uma variante simultaneamente e que as variantes detectadas sao: MCLR (69%), MCRR
(62%), MCYR (31%) e [D-Asp’]MCRR (4%) (Valério et al., 2009b).

A compilagcdo numa publicacdo recente (Galvao et al., 2008) dos resultados da
monitorizagdo do rio Guadiana desde 1996, de quatro albufeiras do Algarve (Bravura,
Funcho, Odeleite e Beliche) desde 2001 e de cinco albufeiras do Alentejo (Alqueva,
Alvito, Enxoé, Odivelas e Roxo) em 2005/2006, confirmou que cerca de 23% das
amostras continham microcistinas, maioritariamente associadas a espécie M.
aeruginosa.

A situagdo em Portugal, relativamente a dominancia de Microcystis spp. € ao
perfil de microcistinas, parece assemelhar-se a de outros paises como a Republica
Checa, Coreia e Japao (Vasconcelos, 1996; Chorus, 2001). Nos paises do norte da
Europa, como a Noruega e¢ a Finlandia, por exemplo, as espécies dominantes e
produtoras de microcistinas sdao sobretudo Anabaena spp. e as variantes desmetiladas de
microcistinas (que de um modo geral sdo menos toxicas - ver 2.1) sdo bastante comuns
(Vasconcelos et al., 1996).

Saliente-se, ainda, que em Portugal a espécie M. aeruginosa também co-ocorre
com outras espécies potencialmente produtoras de microcistinas, tais como Anabaena
spp. (Vasconcelos, 1994; Valério et al., 2008; Galvao et al., 2008) (figura 1B) e
Planktothrix rubescens (Valério et al., 2008; Paulino et al., 2009), bem como com
espécies produtoras de neurotoxinas (Pereira et al., 2001). Em Portugal foram também
ja isoladas estirpes da espécie Cylindrospermopsis raciborskii que, no entanto, nao
apresentaram capacidade toxigénica (Saker et al., 2003). Porém, esta espécie tem sido
descrita noutros paises como produtora de cianotoxinas, nomeadamente microcistinas e

cilindrospermopsina (citado em Saker et al., 2003).

" A colecgdo de microalgas “Estela Sousa e Silva” inclui 168 organismos fitoplanctonicos, de entre os
quais 128 s@o cianobactérias.

2 Agolada de Baixo, Alvito, Beliche, Bravura, Caia, Corgas, Crato, Divor, Enxoé, Funcho, Magos,
Maranhao, Montargil, Mte. da Barca, Mte. da Rocha, Mte. Novo, Odivelas, Patudos, Roxo, Torrao,
Toulica.



Introducao

O teor de microcistinas detectado em amostras naturais € muito variavel (ver 3.2
e tabela 4). Nalguns reservatorios ¢ comum manter-se um nivel persistente, mas residual
de microcistinas, mas tém sido também detectados com frequéncia niveis superiores ao

valor-guia da OMS para aguas de consumo (ver 3.3).
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\
Anabaena planctonica\
\
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Figura 1. Aspecto macroscopico de uma florescéncia cianobacteriana junto a torre de
captacdo de agua na albufeira do Roxo em 2005 (A); aspecto microscopico de um bloom
detectado na albufeira de Odivelas em 2005, dominado pelas espécies Microcystis spp. e
Anabaena spp. (B). ©2005 Sérgio Paulino.

2. Aspectos toxicologicos das microcistinas

2.1. Relacao estrutura-actividade

As microcistinas sao heptapéptidos ciclicos cuja estrutura se apresenta na figura
2. Sao constituidas por quatro aminoacidos D conservados [D-alanina (D-Ala), acido D-
eritro-fB-metilaspartico (D-MeAsp), acido D-isoglutamico (D-Glu) e N-metil-desidro-
alanina (Mdha)], dois aminioacidos L variaveis (L-X e L-Z) e um aminoacido invulgar
(até agora apenas identificado nas microcistinas e nodularinas) designado por ADDA,
acido (25, 38, 8S, 95, 4F, 6E)-3-amino-9-metoxi-2,6,8-trimetil-10-decafenildienodico. A
variagdo dos aminoacidos nas posicoes 2 ¢ 4 e dos radicais R1 ¢ R2 (como a
desmetilagdo, por exemplo) resulta num conjunto de mais de 60 variantes. A variante
que apresenta X= L-leucina, Z= L-arginina, R1=R2=CHj3, designada por microcistina

LR (MCLR), ¢ a mais toxica e também a mais comum (Fawell et al., 1993). O peso
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molecular das microcistinas varia entre 500 e 4000 dalton, tendo a maioria das variantes
um valor entre 909 e 1115 dalton e a MCLR, 994 dalton (Duy et al., 2000).

O mecanismo de acg¢do toxica das microcistinas, designadamente a
hepatotoxicidade aguda, deve-se a sua actividade de inibi¢ao das fosfatases proteicas
PP1 e PP2A (Yoshizawa et al., 1990). A cadeia lateral hidrofoba do Adda e o grupo
carboxilo do &cido glutdmico desempenham um papel fulcral na toxicidade das
microcistinas (Nishiwaki-Matsushima et al., 1991), estabelecendo uma interac¢do nao
covalente inicial entre a toxina e as fosfatases PP1 ¢ PP2A. Por outro lado, a N-metil-
desidro-alanina (Mdha) permite estabelecer uma ligagdo covalente entre a microcistina e
os residuos de cisteina cys-273 e cys-266 das fosfatases PP1 e PP2A, respectivamente
(MacKintosh et al., 1995; Runnegar et al., 1995), que nao sendo estritamente necessaria
para a inibi¢do dos enzimas, contribui para o aumento da afinidade das microcistinas

(Dawson, 1998; Bischoff, 2001).

3. D-MeAsp or D-Asp

Figura 2. Estrutura quimica das microcistinas (Chen et al., 2006).

As microcistinas sdo moléculas anfipaticas contendo fungdes hidrofilas (grupos
carboxilo e grupo guanidino da arginina) e hidrofobas (residuo ADDA) (Vesterkvist e
Meriluoto, 2003). Modificagdes na estrutura-base resultam em variantes com graus de
hidrofilicidade/lipofilicidade e polaridade distintos, o que se repercute em diferencas na
toxicocinética (Vesterkvist e Meriluoto, 2003), e em variantes com afinidades diferentes

para as fosfatases proteicas (Dawson e Holmes, 1999; Chen et al., 2006). Ambos os
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factores se traduzem em graus de toxicidade diferentes, tal como se exemplifica na
tabela 1. As variantes LR, LA e YR sdo as que apresentam um grau de toxicidade mais
elevado; as variantes desmetiladas em R1/R2 e a MCWR, caracterizam-se por uma
toxicidade intermédia e as variantes RR, M(O)R e LY sdo as menos toxicas (Harada,
1996; Moreno et al., 2003).

As microcistinas sao compostos hidrossoluveis que podem persistir até cerca de
20 dias na agua apo6s tratamento com algicidas para destruicdo de fluorescéncias (Jones
e Orr, 1994), sendo decompostas naturalmente através de biodegradacdo e fotdlise
(Kenefick et al., 1993; Tsuji et al., 1994). As microcistinas apresentam uma elevada
estabilidade quimica, quer em termos de temperatura quer em termos de pH, resistindo a
condigdes extremas. Alias, sdo resistentes ao pH do estobmago e ndo sofrem a ac¢ao das
peptidases gastricas, sendo absorvidas intactas ao nivel do duodeno e tendo como

orgao-alvo principal, o figado.

Tabela 1. Exemplos de variantes estruturais e toxicidade de microcistinas (adaptado de Sivonen e
Jones, 1999).

. . e LDs (ng/Kg)
Variante de microcistina X V4 R1 R2
(i.p., murganho)

Microcistina-LR Leu Arg CH; CH; 50
Microcistina-LA Leu Ala CH; CH; 50
Microcistina-YR Tyr Arg CH; CH; 70
Microcistina-RR Arg Arg CH; CH; 600
Desmetil 3,7 — microcistina-LR Leu Arg H H 300

2.2. Absorcio, distribuicdo, metabolizacio e eliminacao (ADME)

A informagdo disponivel sobre a toxicocinética das microcistinas tem sido
obtida através de estudos em animais administrados intravenosa (i.v.) ou
intraperitonealmente (i.p.) (Kuiper-Goodman et al. 1999). Muito possivelmente porque

os custos de aquisi¢do de toxinas para os ensaios de administra¢ao oral sdo proibitivos,
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atendendo ao facto da toxicidade oral das microcistinas ser 100 vezes menor que a
toxicidade por administracao i.p. (tabela 2).

Os primeiros estudos sobre a toxicocinética das microcistinas foram conduzidos
em ratos ¢ murganhos administrados i.v. com toxina marcada radiactivamente com '*°I e
*H, respectivamente (citados em Stotts et al., 1997a). Estes autores verificaram que a
microcistina ¢ rapidamente removida da corrente sanguinea e concentrada no figado,
processo caracterizado por uma curva bifasica com tempos de semi-vida #;, (o) = 2,1
min. € ¢, (f) = 42 min. nos ratos. Nos murganhos este processo ¢ ainda mais rapido
com t;, (o) = 0,8 e ¢, () = 6,9 min. (Stotts et al., 1997a). Em suinos administrados i.v.
com [3H]2H-MCLR foi também observada a remocgdo rapida e bifasica da toxina do
sangue ¢ a acumulacao no figado. Porém, nestes, a clearence sanguinea ¢ mais lenta do
que em roedores e parece depender da dose de toxina [#;, () =3 -4 min. e ¢, () = 2,2
- 4,5 h] (Stotts et al., 1997a). A capacidade de eliminar a microcistina podera variar com
as espécies, o que podera justificar as diferengas referidas (Duy et al., 2000).

A MCLR ¢ absorvida nos intestinos, sobretudo através dos transportadores dos
acidos biliares no ileum, mas também por difusdo passiva no jejunum (Dahlem et al.,
1989), transportada para a corrente sanguinea e concentrada no figado (Bischoff, 2001).
O organotropismo das microcistinas resulta do facto destas toxinas entrarem nos
hepatdcitos através do sistema de transporte activo OATP - Organic Anion Transporter
Polypeptide (Fisher et al., 2005). Este sistema, presente em varios orgdos dos
mamiferos, constitui uma superfamilia de transportadores transmembranares que
permitem a passagem de um vasto espectro de solutos organicos anfipaticos,
componentes essenciais dos processos metabodlicos e fisioldgicos naturais. O figado
expressa selectivamente alguns destes transportadores (OATPA, OATPB, OATPC,
OATP1, OATP4, OATPS) envolvidos no transporte de muitos agentes xenobiodticos
cuja biotransformacdo e eliminacdo ocorre por via hepatica, enter os quais as
microcistinas (Hagenbuch e Meier, 2003; Fisher et al., 2005). Porém, alguns destes
transportadores (OATPA, OATPB) também sdo expressos noutros Orgaos, tais como
rins, intestinos e cérebro ainda que numa menor propor¢ao (Hagenbuch e Meier, 2003).

Estudos acerca da distribuicdo das microcistinas em murganhos demonstraram
que entre 50 a 70% da dose total de toxina administrada por i.p. ou i.v. se acumula no
figado, 7 a 10% nos intestinos e 1 a 5% nos rins (Robinson et al.1989; Meriluoto et al.,

1990). Um padrao de distribui¢ao similar foi observado num estudo em suinos (Stotts et
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al., 1997b), mas, no entanto, a acumulacdo da MCLR no figado de rato ¢ inferior (20%)
(citado em Duy et al., 2000). Para além do figado, intestinos e rins, as microcistinas
também se distribuem pelo coracdo, bago, cérebro, gonadas e estdmago, ainda que em
propor¢des muito reduzidas, de acordo com estudos em ratos (Wang et al., 2008) e
suinos (Stotts et al., 1997b). De facto, evidéncias crescentes t€ém demonstrado que para
além dos efeitos hepaticos as microcistinas também exercem toxicidade nos rins (Nobre
et al., 1999; Milutinovi¢ et al., 2002, 2003; Moreno et al, 2005; Andrinolo et al., 2008),
intestinos (Botha et al, 2004; Gaudin et al, 2008a), pulmdes (Soares et al., 2007),
sistema reprodutor (Ding et al, 2006) e cérebro (Maidana et al., 2006), apesar dos
processos toxicocinéticos e toxicodindmicos das microcistinas nestes 0rgaos serem
ainda desconhecidos.

Alguns trabalhos tém demonstrado que no figado as microcistinas se conjugam
com com o glutationo reduzido (GSH) e a cisteina (Cys), reaccdes da fase II dos
processos de biotransformacao/destoxificagdo. No entanto, o conhecimento acerca da
metabolizacdo das microcistinas ¢ ainda muito limitado. Num estudo com murganhos
administrados i.v. com MCLR tritiada, Robinson et al. (1990) sugeriram, pela primeira
vez, a formagdo de eventuais produtos de destoxificacio da MCLR. Num estudo in vivo
com ratos e murganhos tratados com MCLR e MCRR, Kondo et al. (1996) observaram
que 3 h e 24h ap6s administragdo i.p., uma pequena percentagem das microcistinas era
detectada na forma conjugada com GSH e Cys, respectivamente. Os autores concluiram
que estes metabolitos sdo formados pela ligagao dos grupos tiol do GSH (figura 3) e da
Cys com o aminoacido Mdha das microcistinas. Neste estudo foi também identificado
outro metabolito resultante ndo s6 da conjugacao de Mdha com GSH, mas também da
epoxidacao, hidrolise e sulfatacdo do aminoidcido ADDA, o que pressupde o
envolvimento de enzimas da fase I no processo de destoxificagdo das microcistinas. Ito
et al. (2002), num ensaio com murganhos, demonstraram que os metabolitos MCLR-
GSH e MCLR-CYS apresentam uma toxicidade menor que a MCLR (cerca de 12 vezes,
similar a toxicidade da variante MCRR), embora com uma actividade inibidora das
fosfatases PP1 e PP2A idéntica a da toxina ndo metabolizada. A conjugagdo de
microcistinas com GSH foi também descrita em inimeros organismos aquaticos, desde
plantas a peixes (Pflugmacher et al., 1998). Estes trabalhos sugerem, assim, que o GSH

desempenha um papel central na metabolizagdo e destoxificagdo das microcistinas.
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Figura 3. Conjugacdo da MCLR com o glutationo (adaptado de Pflugmacher e Wiegand, 2001).

Esta hipdtese tem sido também suportada pela observagao de que a exposicao a
MCLR reduz o nivel de GSH (Ding e Ong, 2003) e que a conversao das microcistinas
no figado em compostos mais polares se correlaciona com a deplecio de GSH
(Pfugmacher et al., 1998). Porém, resultados de outros estudos com suinos, roedores e
peixes (Bischoff, 2001) tém vindo a mostrar que a MCLR ndo ¢ metabolizada e que a
deplecao dos niveis de GSH pode estar relacionada com a defesa antioxidante em
resposta a produgdo de espécies reactivas de oxigénio (ROS) (Ding e Ong, 2003; Zegura
et al., 2006). Esta ainda por esclarecer se o pool de GSH intracelular ¢ suficiente para,
simultaneamente, combater o stress oxidativo e metabolizar as microcistinas e que
condi¢gdes de exposicdo determinam a actividade para a qual ¢ canalizado o GSH
disponivel.

As diferencas da concentracdo méxima de microcistina detectada no sangue de
suinos administrados no loop ileal relativamente aos animais administrados i.v, sugerem
que o efeito da primeira passagem ¢, em parte, responsavel pela eliminagdo de MCLR
(Stotts et al, 1997a). No murganho, 1 hora apds administracao i.v. de uma dose subletal
de [’H]dMCLR, cerca de 24% da dose total de microcistina é excretada, 15% pela via
biliar e 9% pela urina, sendo a toxina detectavel nas fezes até cerca de 6 dias apos a
administracao (Robinson et al., 1990). Quer a forma livre, quer a forma conjugada com
GSH e CYS foram detectadas nas fezes e urina (Ito et al. 2002). Estes dados
comprovam que embora o tempo de permanéncia e a dose de toxina a que o figado esta

sujeito seja maior do que noutros orgaos, os intestinos € os rins, pelo seu papel na
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absor¢ao e/ou eliminacdo das microcistinas, constituem alvos potenciais da sua

toxicidade. Na figura 4, esquematizam-se os processos de absorcdo, distribuicao,

metabolizacao e eliminacdo (ADME) da MCLR.
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Figura 4. Representagdo esquematica dos processos ADME da MCLR.

A toxicidade aguda das microcistinas depende nao s6 da variante de toxina, mas

também da via de exposi¢ao (tabela 2) e da espécie de organismo exposto. Considera-se

que a MCLR ¢ cerca de 30 a 100 vezes menos toxica pela via oral do que pela via 1i.p.

(Fawell, 1999) devido as diferengas na toxicocinética; ou seja, na administracdo i.p. a

toxina nao sofre o processo de absor¢do através do trato gastrointestinal ficando

directamente disponivel na corrente sanguinea para ser internalizada nos hepatocitos
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(Funari e Testai, 2008). Os murganhos sdao mais sensiveis que os ratos, pelo que
constituem um modelo animal de estudo da toxicidade das microcistinas mais adequado
(Rao et al., 2005). A idade parece ser outro factor que influencia a toxicidade das
microcistinas uma vez que os animais mais velhos apresentam uma maior
susceptibilidade a MCLR (Ito et al, 1997% Rao et al., 2005), muito possivelmente

devido a menor capacidade de destoxificagao.

Tabela 2. Toxicidade (LDsp) da MCLR no murganho de acordo com a via de exposigdo.

Via de
LDs (ng/Kg) Referéncia
exposicio
Oral 5000 Yoshida et al. (1997)
50
Chen et al. (2006)
Valor geralmente aceite para a LDsg (i.p.) no murganho.
o 43 Gupta et al. (2003)
Intraperitonial
65 Yoshida et al. (1997)
65 Robinson et al. (1989)
Intratraqueal 100 Ito et al. (2001)

2.3. Mecanismos de toxicidade das microcistinas

2.3.1. Inibicao das fosfatases proteicas PP1 e PP2A e alteracoes do citosqueleto

O mecanismo de hepatotoxicidade aguda das microcistinas ¢ mediado pela
inibicao das fosfatases proteicas PP1 e PP2A (Yoshizawa et al., 1990). Estudos in vitro
com as subunidades cataliticas das PP1 e PP2A purificadas a partir do musculo
esquelético de coelho, permitiram determinar o valor de ICsy de 0.04 nM para a PP2A e
1.7 nM para a PP1 (Honaken et al., 1990), o que demonstra a elevada poténcia da
MCLR como inibidora das fosfatases PP1 e PP2A.

A inibi¢do destes enzimas perturba o equilibrio entre os estados de fosforilagao e
desfosforilagdo, conduzindo a hiperfosforilagdao de proteinas envolvidas na dindmica de
organizacdo do citoesqueleto (figura 5) que, por sua vez, induz alteragdes na estrutura

do hepatocito (Toivola e Eriksson, 1999). Os danos estruturais nos hepatocitos tém
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como consequéncia a perda do contacto intercelular, o colapso dos hepatocitos e das
sinusoides hepaticos, a necrose e hemorragia hepatica (o volume hepatico aumenta
notavelmente até cerca de 100% em consequéncia da acumulacdo de sangue),

culminando, em situagdes extremas, na morte (Falconer e Yeung, 1992; Bishoff, 2001).
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Figura 5. Esquema representativo dos efeitos das microcistinas no citosqueleto mediados pela
inibicao das fosfatases proteicas PP1 e PP2A (adaptado parcialmente de Boelsterli, 2009).

Os efeitos das microcistinas na morfologia e ultrastrutura do citosqueleto t€ém
sido amplamente documentados em células hepaticas de roedores (Eriksson et al., 1990;
Khan et al., 1995, 1996; Ito et al., 1997a; Toivola e Eriksson, 1999; Billam et al., 2008).
Efeitos similares foram também descritos em hepatocitos humanos (Batista et al., 2003)
e de peixes (Li et al., 2001; Pichardo et al., 2005), em cé€lulas epiteliais de rim de rato e
fibroblastos de pele (Khan et al., 1995, 1996) e embrides de coelho (Frangez et al.,
2003).

O citosqueleto ¢ constituido por trés sistemas fibrilares: os microtubulos, os
microfilamentos e os filamentos intermédios (Plancha e David-Ferreira, 1999). Os

microtibulos sdo polimeros do heterodimero tubulina o / tubulina B e estdo envolvidos
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no trafego de vesiculas e organelos intracelulares, na constru¢ao do fuso mitotico e no
movimento de cromossomas (Plancha e David-Ferreira, 1999). Os microfilamentos sao
polimeros de actina-G e estdo associados, também, a movimentagao intracelular e a
transduc¢dao de sinais intercelulares (Plancha e David-Ferreira, 1999). Os filamentos
intermédios sdao constituidos por varios tipos de proteinas (citoqueratinas, vimentina,
laminas) e contribuem para a estabilidade mecanica e para a organizacao multicelular
tridimensional (Plancha e David-Ferreira, 1999).

A 1inibicao das fosfatases PP1 e PP2A pela MCLR induz a hiperfosforilacao das
citoqueratinas 8, 9 ¢ 18 e das desmoplaquinas I e II, proteinas associadas aos filamentos
intermédios, ¢ da dineina, proteina associada aos microtubulos (Toivola e Eriksson,
1999; Gheringer, 2004). De um modo geral, a hiperfosforilacao induzida pela inibi¢ao
de PP1 ¢ PP2A causa a dissociacao dos filamentos intermédios, dos microfilamentos de
actina e microtubulos (Bischoff, 2001) induzindo a agregacdo ou colapso quer dos
microtibulos quer dos microfilamentos, o que culmina na perda da estrutura do

citosqueleto (Khan et al., 1996; Ding et al., 2000a).

2.3.2. Stress oxidativo e apoptose

Para além dos efeitos das microcistinas ao nivel do citosqueleto, t€m também
sido descritos outros efeitos a nivel subcelular, em particular efeitos associados ao
processo de apoptose, tais como o retraimento celular, a formagdo de projeccdes
membranares (blebs) e a fragmentacdo de ADN. Estes efeitos foram descritos em
hepatécitos humanos e de roedores (McDermott et al, 1998; Ding et al., 2001;
Mankiewicz et al., 2001; Bouaicha e Maatouk, 2004), em linfécitos humanos
(Mankiewicz et al., 2001; Lankoff et al., 2004) e nalgumas linhas celulares (Rao et al.,
1998; McDermott et al., 1998; Lankoff et al., 2003). A capacidade das microcistinas
induzirem apoptose no figado in vivo foi também ja confirmada em estudos com
murganhos (Guzman e Solter, 1999; Hooser, 2000; Chen et al., 2005; Weng et al., 2007)
e com peixes (Li et al., 2005). Alguns estudos sugerem que o stress oxidativo e as
alteragdes na fun¢do mitocondrial sdo os principais processos de indugdo da apoptose
pela MCLR. De facto, tal como foi ja referido, tem sido demonstrado que a MCLR
induz a producao de espécies reactivas de oxigénio (ROS) e a deplecao dos niveis de
glutationo reduzido (GSH) em hepatocitos de murganho (Ding e Ong, 2003). Foi

também demonstrado que a MCLR induz alteragdes no potencial de membrana
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mitocondrial (MMP) e na permeabilidade mitocondrial (MPT), com a consequente
libertagdo de citocromo ¢ e Ca®" (Ding et al., 2000b, 2001), a activacio de calpina ¢ da
proteina cinase II dependente do complexo Ca2+/calmodulina (Fladmark et al., 2002),
alteragcdes na cadeia transportadora de electrdes e na ultraestrutura mitocondrial (Zhao
et al., 2008). Outros mecanismos tais como a activagdo de caspases (Fladmark et al.,
1999), a alteracdo da expressao de proteinas pro-apoptdticas da familia Bel-2 e do gene
p53 (Fu et al., 2005; Weng et al., 2007; Billam et al., 2008) foram também associados a
inducdo de apoptose pela MCLR. Alguns autores demonstraram, ainda, o envolvimento
dos lisossomas no processo de apoptose induzido pela MCLR (Bouaru et al., 2006; Li et

al, 2007).

2.3.3. Cancerigenicidade

O processo de cancerigénese tem sido explicado através do modelo multifaseado
que, de uma forma simplificada, descreve a sequéncia de eventos genéticos e
epigenéticos conducentes a formacao de neoplasias malignas (Yuspa, 2000). Este
modelo considera trés fases sequenciais distintas: a iniciagdo, a promog¢ao tumoral ¢ a
progressao (Yuspa, 2000). A iniciagdao corresponde a uma alteragdo irreversivel no
ADN (mutagdo), resultante de danos induzidos por agentes genotoxicos. A interacc¢ao
das células iniciadas com promotores tumorais induz alteragdes epigenéticas (por
exemplo, activacao de vias de sinalizacdo) que estimulam a proliferacdo das células
previamente alteradas (expansdo clonal). Nesta lesdo pré-maligna ocorrem uma série de
alteracdes bioquimicas e metabdlicas (hipoxia, stress oxidativo, alteracdes de pH,
interferéncia com os mecanismos de reparacdo de ADN) que criam um microambiente
propicio para a acumulacdo de danos no ADN e aumento da instabilidade genomica
(por exemplo, aneuploidia) (Yuspa, 1998; Laconi, 2007). Nesta situacdo, surgem as
condi¢des adequadas a selec¢ao dos clones com maior capacidade de sobrevivéncia,
culminando na progressao para a malignidade (Laconi, 2007).

Alguns estudos epidemioldgicos (ver 2.4) permitiram associar a exposi¢ao
croénica humana a baixas doses de microcistinas na dgua de consumo e o aumento da
incidéncia de cancro hepatico (Yu, 1995; Ueno et al., 1996) e colorectal (Zhou et al,
2002). Estudos de cancerigenicidade em roedores demonstraram, também, que a MCLR
promove a tumorigénese no figado (Nishiwaki-Matsushima et al. 1992), na pele
(Falconer, 1991) e no colon (Humpage et al., 2000a) em animais previamente tratados

com agentes mutagénicos. Por outro lado, Ito et al. (1997b) demonstraram que a MCLR
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induz, per si, a formagcdo de nddulos neoplasicos no figado de ratinho sem uma
exposi¢ao prévia a um agente iniciador tumoral, o que sugere que a MCLR possa
constituir um carcinogéneo completo.

Embora a MCLR esteja classificada pela Agéncia Internacional para a
Investigacdo do Cancro (International Agency for Research on Cancer, IARC, 2006)
como potencialmente cancerigénica para o Homem (pertencente ao grupo 2B), os

mecanismos responsaveis por essa acgao estao ainda por esclarecer.

2.3.3.1. Genotoxicidade

Estudos recentes de genotoxicidade in vivo e in vitro tém revelado que a MCLR
apresenta, de facto, propriedades genotoxicas, corroborando a hipdtese da MCLR ser
capaz de induzir alteragdes genéticas que poderdo estar na génese do processo
cancerigénico. No entanto, esta ¢ uma matéria que tem gerado alguma controvérsia.

Os primeiros trabalhos acerca da eventual genotoxicidade de microcistinas
demonstraram que extractos de estirpes de Microcystis sp. produtoras de MCLR nao
induzem mutagdes pontuais pelo teste de Ames (Grabow et al., 1982; Repavich et al.,
1990). Mais recentemente, Wu et al. (2006) também nao encontraram actividade
mutagénica em extractos cianobacterianos usando os testes de mutagénese in vitro ara,
Ames ¢ SOS/umu. Contrariamente, Ding et al. (1999) obtiveram uma forte resposta
mutagénica no teste de Ames quando testaram um extracto de M. aeruginosa, mas o
resultado foi negativo quando testaram MCLR pura, tal como havia sido descrito
previamente por Tsuji et al. (1995). Contudo, Susuki et al. (1998) observaram um
aumento na frequéncia de mutacao no locus de resistencia a oubaina em células Rsa
expostas a MCLR e Zhan et al. (2004) um aumento na frequéncia de mutagao no gene
hprt da linha celular linfoblastoide TK6, indicando uma actividade mutagénica em
genes endogenos de células somaticas humanas. Por outro lado, foi demonstrado que a
MCLR nao forma aductos com o ADN em cé¢lulas de figado de rato (Bouaicha et al.,
2005), o que constituiria um indicador de lesdo pré-mutagénica, sugerindo que a
actividade genotoxica da MCLR sera provavelmente mediada por um mecanismo
indirecto.

Tem sido descrito nalgumas publicacdes que a MCLR induz quebras no ADN de
células do figado in vivo (Rao e Bhattacharya, 1996; Rao et al., 1998; Gaudin et al,
2008a), em hepatdcitos em cultura (Ding et al., 1999; Zegura et al, 2003, 2004, 2006;
Nong et al., 2007;) e noutros tipos celulares (Rao et al., 1998; Mankiewicz et al., 2002;
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Lankoff et al., 2004; Zegura et al, 2008a). Porém, o mecanismo subjacente a estas
lesdes no ADN (avaliadas pelo ensaio do Cometa) nao foi ainda claramente definido e
parece ser fortemente dependente da dose e do tipo celular. De facto, alguns autores
atribuiram as quebras de ADN (quantificadas no ensaio do Cometa) a degradagao
endonucleolitica decorrente da apoptose (Lankoff et al., 2004) ou necrose (Rao et al.,
1998) e ndo a um efeito genotoxico. Contrariamente a esta hipotese, alguns autores
mostraram que as lesdes de ADN induzidas por doses sub-citotoxicas de MCLR nas
linhas celulares derivadas de hepatoma humano, HepG2 (Zegura et al. 2003, 2004,
2006; Nong et al., 2007) e de carcinoma do célon CaCo-2 (Zegura et al 2008a) eram,
provavelmente, uma consequéncia de stress oxidativo induzido pela MCLR e, portanto,
decorrentes de um efeito genotdxico indirecto. Corroborando esta hipdtese, foi
demonstrado em células hepaticas que doses sub-citotoxicas de MCLR induzem a
formacdo de 8-oxo-desoxiguanina, um marcador de dano oxidativo no ADN (Maatouk
et al., 2004; Bouaicha et al., 2005).

A inibi¢ao da reparacdo de danos no ADN ¢ outro mecanismo indirecto de
genotoxicidade que podera contribuir para os efeitos genotdoxicos da MCLR. Lankoff et
al. (2006a,b) observaram que a MCLR inibe a reparacdo de danos induzidos pela
radiacdo UV e gama em células CHO-K1 e em linfécitos humanos, respectivamente.
Gaudin et al. (2008b) colocaram também esta hipOtese na tentativa de explicar os
resultados negativos do teste UDS (Unscheduled DNA Synthesis) em ratos
administrado i.v. com MCLR. Este teste indica se um composto induz danos no ADN
ao quantificar a sintese de ADN de novo na sequéncia de um processo de reparagao por
excisdo nucleotidica.

A pesquisa de efeitos das microcistinas ao nivel cromossomico esta descrita num
numero muito reduzido de publicagdes. Lankoff et al. (2004, 2006b) nao detectaram a
presenca de aberragdes cromossomicas em linfocitos humanos expostos a MCLR. De
acordo com esses resultados, Fessard et al. (2004) e Lankoff et al. (2006a) nao
observaram inducdo de MN na linha celular CHO-K1 apods tratamento com MCLR.
Porém, noutros trabalhos, foi ja descrito um aumento da frequéncia de micronucleos
(MN) em eritrocitos de ratinho (Ding et al., 1999) e na linha linfoblastéide humana TK6
(Zhan et al., 2004). Os MN sao corpusculos intacitoplasmaticos constituidos por
fragmentos cromossdOmicos ou cromossomas inteiros que nao sao incorporados nos
nucleos das células-filhas durante a divisdo celular (Fenech, 2000). A formacao de

micronucleos reflecte, assim, um efeito genotdxico decorrente de um mecanismo de
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accdo clastogénico ou aneugénico, respectivamente. Até ao presente ainda nao foi
descrito o mecanismo de formag¢dao dos micronucleos induzidos pela MCLR. A
elucidacdo desse mecanismo sera bastante importante, ndo s6 para a investigacdo da
cancerigénese da MCLR, mas também do ponto de vista da avaliacao e da quantificagao
do risco de exposi¢do a microcistinas, uma vez que a distingao entre agente aneugénico
e clastogénico determinara ou nao, respectivamente, a possibilidade de estabelecer um
limiar de exposi¢ao (Kirsch-Volders et al., 2002; Bolt et al., 2004; Iarmarcovai et al.,
2006). Tem sido defendido que para agentes aneugénicos, cujo efeito ¢ indirecto e
envolve mais do que um alvo, ¢ possivel determinar a dose abaixo da qual nao hé efeito
adverso (NOAEL, No Observed Adverse Effect Level), enquanto que para agentes
clastogénicos que actuem directamente no ADN, qualquer exposi¢do causara efeito
adverso (Kirsch-Volders et al., 2002; Bolt et al., 2004).

Na figura 6 sumarizam-se os efeitos genotoxicos (directos e indirectos) da

MCLR até agora sugeridos.
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Figura 6. Esquema representativo de eventuais mecanismos de genotoxicidade induzidos pela

MCLR.
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2.3.3.2. Promocio tumoral

Apesar da MCLR ser considerada um potente promotor tumoral, na medida em
que ¢ capaz de induzir a transformagao em células ou organismos previamente expostos
a um agente genotoxico, desconhecem-se ainda os mecanismos através dos quais esse
efeito € exercido. No entanto, tem sido sugerido que a actividade de promocao tumoral
da MCLR ¢ mediada pela inibigao das fosfatases proteicas PP1 e PP2A, uma vez que
estes enzimas desempenham um papel crucial na regulacdo de inimeros processos
celulares tais como a divisdo e a proliferagdo celular, designadamente através da
activacdo das cinases proteicas activadas por mitogéneos (MAPK - Mitogen-activated
protein kinases) (Gehringer, 2004).

As MAPK sdo enzimas eucaridoticos conservados, envolvidos nas vias de
sinaliza¢ao que regulam, através de cascatas de fosforilagdao, quase todos os processos
celulares tais como a expressao génica, a proliferagao celular, a motilidade e a morte
celular. As MAPK dos mamiferos dividem-se em quatro grupos distintos: ERK1/2
(extracellular signal-related kinases), JNK (Jun amino-terminal kinases), proteinas 38 e
ERKS, que, de um modo geral, sdo activados por cinases distintas e regulam fungdes
celulares diversas (Chang e Karin, 2001).

As cinases ERK1/2 sao expressas de forma ubiqua nas células dos mamiferos,
fosforilam uma vasta gama de substratos em todos os compartimentos celulares e
desempenham um papel central no controlo da proliferacdo celular através de trés
processos principais: 1) estimulacdo da sintese de ADN através da fosforilacdo de
carbamoil fosfato sintetase II (enzima envolvido na biosintese de pirimidinas); 2)
estimulagdo da progressao celular através da inactivacdo de MYT]1 (cinase inibidora do
ciclo celular); 3) estimulagdo da actividade do complexo AP-1, com a consequente
inducdo da ciclina D1 (Chang e Karin, 2001; Meloche e Pouysségur, 2007).

A via de sinalizagdo ERK1/2 ¢ activada sobretudo por factores de crescimento e
agentes mitogénicos (figura 7). Ao ligarem-se ao receptor de membrana RTK (receptor
tyrosine kinase), activam-no através de dimerizagdo, autofosforilagdo e ligacdo a
enzimas e proteinas adaptadoras como a Shc o que, por sua vez, activa a GTPase Ras.
Esta proteina-G de membrana passa de um estado inactivo (ligada a GDP) a uma forma
activa (ligada a GTP) e inicia o processo de activagdo, em cascata, da via de sinalizagao
ERK1/2 (McKay e Morrison, 2007). Na forma activa, a proteina Ras recruta a cinase
citoplasmatica Raf tornando-a activa. Subsequentemente, a Raf fosforila as cinases

MEK (isoformas 1 e 2) em dois residuos de serina que, por sua vez, tém como substrato
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as cinases ERK (isoformas 1 e 2), fosforilando-as num residuo de tirosina e treonina.
Para que a transmissao do sinal entre os varios componentes da cascata Ras-Raf-MEK-
ERK seja eficaz, ¢ necessario maximizar a sua proximidade, através da ancoragem dos
efectores a montante ¢ a jusante da via em proteinas scaffold tais como KSR (cinase
supressor of Ras) e MP1 (MEK binding protein) (Kolch, 2000; Junttila et al., 2008).

As formas activas de ERK1/2 sdo translocadas para o nucleo, induzindo a
activacdo de varios factores de transcricdo tais como c-Fos e c-Jun (complexo
transcripcional AP1), c-Myc e Etsl (Junttila et al., 2008), desencadeando, assim, a
proliferagdo celular.

O balango entre a fosforilacdo (catalisada por cinases) e a desfosforilagao
(catalisada por fosfatases) tem um papel fundamental na regulagdo e propagacdo do
sinal na cascata Ras-Raf-MEK-ERK. Todos os passos da via podem ser regulados por
fosfatases (Junttila et al., 2008). De acordo com a especificidade para os substratos,
foram caracterizados trés tipos de fosfatases que actuam na via de ERK1/2: MKPs
(MAPK phosphatases), PSPs (protein serine/threonine phosphatases) ¢ PTPs (protein
tyrosine phosphatases). As fosfatases proteicas PP1 e PP2A incluem-se no grupo das
PSPs, que removem especificamente grupos fosfato em residuos fosforilados de serina e
treonina. A PP2A, em particular, desempenha sobretudo uma fun¢do de inibi¢do da via
ERK1/2: liga-se a proteina Shc ao nivel do receptor de membrana, inibindo a activacao
da Ras e, portanto, a propagacao do sinal, e inactiva as cinases MEK e ERK (Junttila et
al., 2008). No entanto, também pode activar a proteina KSR e a cinase Raf, através da
desfosforilagdo de locais de inibi¢do, promovendo a sua activacao pela Ras (Raman et
al., 2007).

Para além do seu papel na indugdo da proliferacao, as cinases ERK1/2 também
medeiam processos conducentes a sobrevivéncia celular. A forma activa de ERK1/2
induz a fosforilagdo da cinase RSK que inactiva, por fosforilagdo, a proteina apoptotica
BAD. Por outro lado, a RSK activa o factor de transcricdo CREB que regula
positivamente a transcricdo das proteinas anti-apoptoticas Bel-2, Bel-x1 e Bel-1 (Junttila
et al., 2008).

A estimulagdo do crescimento celular e a inibigdo da apoptose podem, assim,
constituir os mecanismos subjacentes ao efeito de promog¢ao tumoral das microcistinas

(Gheringer, 2004).

24



Introducgao

Factores de crescimento

Agentes mitogénicos

|

Ras Ras Membrana citoplasmatica

e

PP2A —1| MEK1/2 §

ERK1/2 ©

RTK

>
A
Q9
-

= = =E= = =
-~ v S
7 N
// ERK1/2 © \\
/Nl]cleo l ¢ \ \0

AP1

0 [ ]
C-Fos C-Jun C-Myc Ets-1
A Transcrigéo

ADN

Figura 7. O papel da fosfatase proteica PP2A na regulagdo da via de
sinalizagcdo Ras-Raf-MEK1/2-ERK1/2.

Legenda: AP1 (activator protein-1); c-Fos, c-Jun, c-Myc, ETS-1 (factores de
transcri¢do); ERK (extracellular-signal-regulated kinase); GDP (difosfato de guanosina);
GTP (trifosfato de guanosina); KSR (kinase supressor of Ras); MAP (mitogen activated
protein); MEK (MAP kinase kinase); MP1 (MEK partner 1); PP2A (fosfatase proteica do
tipo 2A); P (grupo fosfato); Raf (MAP kinase kinase kinase); Ras (GTPase); RTK

(receptor tyrosine kinase); She (proteina adaptadora); | activagdo, L inibicdo.

O envolvimento da via ERKI1/2 na promog¢dao tumoral induzida pelas
microcistinas tem sido suportado por alguns estudos. Li et al. (2009) demonstraram que
um extracto de microcistinas purificado a partir de um bloom cianobacteriano induz a
activacdo dos proto-oncogenes c-jun, c-fos € c-myc (componentes que constituem o
complexo transcripcional AP-1) no figado, rim e géonadas de ratos administrados por 1.v.
Zhu et al. (2005) verificaram que a MCLR tem a capacidade de transformar células da
cripta do colon imortalizadas, tornando-as independentes da adesdo e estimulando a sua
proliferagdo, através da activagdo das vias AKT e MAPK (p38 e JNK). Estes resultados
suportam a hipdtese de que a MCLR constitui um risco de cancro colorectal (Zhou et
al., 2002). No mesmo estudo, Zhu et al. (2005) também verificaram que as proteinas

Ras e Raf sdo activadas pela MCLR, sem que isso se traduza, no entanto, na activacao
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de ERK1/2. Contrariamente, Komatsu et al. (2007) observaram que a MCLR induz a
fosforilagdo de ERK1/2 na linha celular renal HEK293. No entanto, este processo
ocorreu para uma concentracdo de toxina (50 nM) que induziu apoptose, pelo que os
autores concluiram que naquela linha celular o efeito apoptotico da MCLR ¢ mediado

pelas cinases ERK1/2.

2.4. Impacto das microcistinas na saiide humana

Tém sido registados inimeros casos de mortalidade animal por ingestao de agua
contaminada por cianobactérias produtoras de microcistinas, sobretudo com a espécie
Microcystis aeruginosa. Esses episodios estdo descritos em paises tdo diversos como a
Argentina, Australia, Escocia, Finlandia, Inglaterra ¢ Noruega, ¢ os animais afectados
tém sido sobretudo gado ovino e bovino, caes e peixes (Duy et al., 2000).

Alguns casos de intoxicacdo aguda humana, incluindo casos letais, por
exposicao a agua contaminada com microcistinas tém também sido registados em
alguns paises (tabela 3).

O caso mais emblematico remonta a 1996 e sucedeu numa unidade de
hemodialise em Caruaru, no Brasil (revisto em Pouria et al., 1998). O episodio ocorreu
num periodo de seca que deixou a localidade sem acesso a agua tratada, pelo que a
unidade de hemodialise teve de ser abastecida com 4agua proveniente de um reservatorio
superficial de uma localidade vizinha, onde tinha ocorrido um bloom de Microcystis sp.
e Anabaena sp. Todos os 126 hemodializados desenvolveram sintomas, poucas horas
apods o tratamento, tais como fraqueza, mialgia, sintomas neurologicos (dores de cabega,
vertigens, surdez, cegueira e convulsdes), nduseas e vomitos, hepatomegalia, alteragdes
dos marcadores bioquimicos hepaticos, apoptose e necrose hepatica e faléncia hepatica.
Cerca de 85% dos doentes apresentavam danos hepaticos evidentes, a maioria homens
na faixa etaria entre os 50 e 59 anos, e 60 pacientes acabaram por falecer, a maioria
entre a primeira € a quinta semana apos o tratamento. A analise de amostras biologicas
dos pacientes revelou a presen¢a de microcistinas (LR, YR e LA) no soro (1-10 ng.mL"
" e no figado (0,1-0,5 ng.mg™"). Com base no teor de microcistinas determinado no
figado dos pacientes ¢ no volume de exposi¢do, foi estimada em 19,5 ugL' a
concentracdo de microcistinas a que os doentes estiveram expostos (Apeldoom et al.,

2007).
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Para além dos efeitos agudos, alguns estudos epidemioldgicos evidenciam uma
possivel associacdo entre o aumento da incidéncia de hepatocarcinoma (Yu, 1995; Ueno
et al., 1996) e de cancro colorectal no Homem (Zhou et al, 2002) ¢ a ingestdo de agua
indevidamente tratada e frequentemente contaminada com M. aeruginosa e

microcistinas.

Tabela 3. Exemplos de episodios de intoxicagdo humana por microcistinas (adaptado de Chorus et
al., 2000; Duy et al., 2000).

N° pessoas
Pais / Ano Efeitos Via de exposicio
afectadas
Ingestdo de agua tratada proveniente dos rios Ohio e
Potomac apds a ocorréncia de blooms intensos de
EUA/1931 5000-8000 Gastroenterite Microcystis spp. O tratamento da dgua (precipitacdo,
filtragdo e cloragem) ndo foi suficiente para remover
as toxinas
Ingestdo acidental de agua de um lago durante
Canadé/1959 13 Gastroenterite actividades balneares. Nas fezes de um paciente foram
detectadas células de Microcystis spp. € Anabaena sp.
Aumento da )
) o Ingestdo de 4gua tratada proveniente de um
Australia/ 1981 (ndo especificado) actividade dos i )
) ] reservatdrio contaminado com Microcystis spp.
enzimas hepaticos
) Gastroenterite Ingestdo de 4agua fervida proveniente de um
Brasil/1988 2000 ) ) ) ) )
88 obitos reservatdrio com densidade elevada de cianobactérias
Tratamento por hemodialise numa unidade abastecida
Brasil/1996 126 60 obitos por um reservatorio com bloom de Microcystis sp. e
Anabaena sp.
Reino 10 Gastroenterite Ingestao acidental de 4gua de um lago com um bloom
Unido/1989 Pneumonia de Microcystis spp. durante treinos militares
121 Néauseas, vomitos, Ingestdo de agua da rede acidentalmente misturada
Suécia/1994 (40% da populagio  diarreia, espasmos  com dgua bruta contaminada com Planktothrix
de uma aldeia) musculares. agardhii

O carcinoma hepatocelular (HCC) ¢ uma das formas de cancro com maior
incidéncia e mortalidade, tendo causado 607.000 O6bitos a nivel mundial
(correspondendo a 1.1 % da totalidade das causas de mortalidade) em 2001 (Hernandez
et al., 2009). Na Republica Popular da China, o HCC ¢ a segunda causa de morte por
cancro, correspondendo a uma taxa de mortalidade de 20/100.000 em 1990 e tendo
causado 28.463 mortes em 1999 (Lian et al., 2006). Os principais factores de risco de

HCC sao a infecg¢ao cronica com os virus da hepatite B e C e a ingestdo de alimentos
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contaminados com aflatoxinas. Porém, o consumo continuado de agua contaminada
com microcistinas ¢ actualmente considerado como um factor de risco emergente (Lian
et al., 2006; Hernandez et al., 2009). Observou-se, com efeito, que a co-ingestdo de
MCLR com aflatoxina Bl aumenta para o triplo a incidéncia do HCC induzido por
aflatoxinas em animais experimentais (Lian et al., 2006). O cancro colorectal tem vindo
a aumentar nos paises “desenvolvidos” e estd associado ao consumo de proteina e
gordura animal, bem como ao consumo de bivalves contaminados com acido ocadaico
(uma ficotoxina produzida por fitoplancton marinho que, tal como as microcistinas, ¢
um inibidor potente das fosfatases proteicas) (Hernandez et al., 2009). O estudo
epidemiologico de Zhou et al. (2002) demonstrou que a ingestdo de agua contendo 50
pg.mL" de microcistinas aumenta em cerca de 8 vezes o risco de cancro colorectal.

Muito possivelmente, a frequéncia de intoxicagdo humana e a extensdo das
populagdes afectadas ¢ maior do que aquela se pode inferir pelos dados disponiveis. Isto
deve-se, em grande medida, ao facto da sintomatologia associada a intoxicagdo com
microcistinas nao ser especifica destes compostos, contrariamente a de outras
ficotoxinas, como por exemplo a saxitoxina que causa uma dorméncia tipica dos ldbios
e dedos (Kuiper-Goodman et al., 1999). A exposi¢cao humana a microcistinas induz um
conjunto de sinais e sintomas facilmente atribuiveis a patologias como hepatite, cirrose,
cancro hepatico e alcoolismo. Nao existem, portanto, biomarcadores de efeito que
permitam estabelecer uma relacdo causal entre a exposi¢ao a microcistinas e um quadro
clinico especifico de intoxicagdo humana. Por outro lado, o desconhecimento ainda
profundo acerca dos processos de biotransformacgdo e eliminacao das microcistinas nao
permitiu, ainda, definir um biomarcador de exposicao especifico que permita identificar
ou prever o risco de intoxicacdo humana. Um dos problemas associados aos estudos
toxicocinéticos com microcistinas tem sido a dificuldade de detectar quantidades
vestigiais de microcistinas ou derivados, normalmente por HPLC e MS, em amostras de
tecidos ou fluidos que, naturalmente, apresentam uma propor¢ao elevada de compostos
interferentes. A utilizacdo de métodos de purificacdo por imunoafinidade permitiram, de
alguma forma, aperfeigoar o processo de purificagdo e clarificagdo das amostras, e
ultrapassar, em parte, essa dificuldade (Kondo et al., 1996). No entanto, a incapacidade
analitica para deteccdo de niveis vestigiais ¢ certamente ainda uma limitagdo a
monitorizagdo de populagdoes (WHO, 2003).

A via de exposicdo humana a microcistinas também dificulta a identificagdo e

quantificagdo do risco. De facto, essa exposicao ocorre sobretudo pela ingestdo de agua
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contaminada ou pela contaminacdo sanguinea em unidades de hemodidlise. Contudo,
alguns trabalhos revelam a bioacumulacdo de microcistinas em bivalves, lagostins de
agua doce, peixes e plantas irrigadas com agua contaminada (Vasconcelos 2001a,b;
Codd et al., 2005; Wiegand e Pflugmacher, 2005; Ibelings ¢ Chorus, 2007). Nalguns
paises ¢ também comum o consumo de suplementos alimentares a base de pellets
cianobacterianos (Dietrich e Hoeger, 2005; Funari e Testai, 2008). Assim, os alimentos
podem constituir uma fonte adicional de toxinas relativamente a exposi¢do humana por
via oral.

Dado os condicionalismos que impossibilitam a detec¢ao atempada e, portanto, a
prevengdo, dos riscos de exposi¢do humana a microcistinas, ¢ fundamental a
sensibilizacao das autoridades de satide e do ambiente para o impacto destas toxinas e
para a importancia de estabelecer programas de monitorizagao adequados. Isto aplica-
se, sobretudo, a regides onde a agua para abastecimento publico ¢ proveniente de
reservatorios de agua superficial, ou onde se desenvolve actividade balnear em rios,
barragens e albufeiras frequentemente contaminados com cianotoxinas. Contudo, a
implementagdo de medidas correctivas e preventivas do risco para as populagdes,
mesmo em reservatorios frequentemente monitorizados, podera nem sempre ser eficaz
uma vez que a ocorréncia de efeitos nas populacdes podera estar desfasada no tempo
relativamente a ocorréncia de blooms téxicos. Por um lado, apos o decaimento do
bloom, desaparece o sinal visual de risco, embora as toxinas possam permanecer por
mais tempo na agua. Por outro, o teor de cianobactérias e microcistinas pode ser muito
residual mas persistente, o que podera acarretar um risco, dificilmente identificavel, de
exposi¢ao cronica a baixos niveis de toxinas. Saliente-se, ainda, que algumas espécies
de cianobactérias, tais como Planktothrix rubescens (Paulino et al., 2009), ndo formam
blooms superficiais, pelo que estes poderdo ocorrer a niveis mais profundos nas massas
de agua, eventualmente coincidindo com o ponto de captagao de dgua para a estagdo de
tratamento. Neste caso, a simples inspeccao ao local de captagdo ndo sera suficiente
para detectar a presenca de cianobactérias. O cuidado com a amostragem,
nomeadamente a frequéncia das colheitas e o tipo de amostragem (superficial ou
composta — combinagdo de amostras colhidas a varias profundidades), sao aspectos
fundamentais a considerar no estabelecimento de programas de monitorizagdo de

cianobactérias e toxinas associadas.
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3. Monitorizacio ambiental de microcistinas

3.1. Métodos de deteccao de microcistinas

Um dos métodos mais utilizados na quantificagdo de microcistinas ¢ o método
imunoquimico ELISA (“Enzime Linked Immunosorbent Assay’). Para o efeito, existem
comercialmente disponiveis kits que possibilitam a anélise relativamente rapida de um
numero elevado de amostras. Por este motivo, ¢ uma metodologia bastante util na
monitorizagdo de cianobactérias e toxinas associadas em reservatorios de agua doce. O
método baseia-se na competicdo entre a toxina das amostras a analisar ¢ um andlogo
estrutural das microcistina imobilizado na superficie de placas de 96 pogos, pela ligagao
a anticorpos que reconhecem o aminoacido ADDA em solugdo. Apos a remocdo da
fracdo ligada (por lavagem) ¢ adicionado um anticorpo secunddrio marcado com o
enzima HRP (Horse Radish Peroxidase) cujo producto de reaccdo com o substrato
respectivo apresenta um sinal espectrofotométrico inversamente proporcional a
quantidade de microcistina presente na amostra a analisar. O limite de quantificagao
deste método é de 0.1 pg.L"' de microcistinas. Este método apresenta como principal
desvantagem a impossibilidade de distinguir as varias variantes de microcistinas, uma
vez que apenas permite quantificar o teor total de microcistinas.

A cromatografia liquida de alta pressao (HPLC - High Performance Liquid
Chromatography) com detecg¢ao por UV ou por diodos (DAD) com base no principio de
particdo em colunas de silica de fase reversa ¢ o método standard (ISO 20179) para a
identificacdo e quantificagcdo de microcistinas. O teor de microcistinas na amostra ¢
confirmado e quantificado pela comparacao dos tempos de retengdo, area dos picos dos
cromatogramas ¢ espectro de absor¢cdo das amostras com os de solugdes padrao. O
limite de quantificacio deste método ¢ de 1 pg.mL"'. Embora permita identificar entre
varias variantes de microcistinas, essa identificacdo estd restringida apenas aquelas para
as quais existe um padrao comercialmente disponivel.

As maiores limitagdes metodologicas relativamente a deteccdo de microcistinas
sdo a auséncia de um método robusto e simultaneamente especifico e inexisténcia de
padrdes certificados para todas ou, pelo menos, para um numero significativo de

variantes de microcistinas.
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3.2. Niveis ambientais e de exposi¢ao humana

A consulta bibliografica sobre a ocorréncia de microcistinas nos reservatorios de
agua doce revela que o teor de microcistinas na agua bruta ¢ bastante variavel. Tal como
se referiu no ponto 1.2., a producdo de cianotoxinas depende de uma série de factores
tais como a densidade e composi¢ao dos blooms e as condigdes ambientais. A
concentracdo de microcistinas em amostras ambientais ¢ frequentemente determinada
na biomassa (correspondendo a frac¢do intracelular e expressa em ug.g” de peso seco)
ou na agua bruta, quer em termos da frac¢do de toxinas dissolvidas (extracelular), quer
em termos da frac¢do total (intracelular + extracelular), valores expressos em ug.L™. Na
tabela 4 apresentam-se alguns exemplos dos niveis de microcistinas detectados em agua
bruta no ambito da monitorizacao de reservatdrios superficiais (rios, albufeiras, lagoas),
usados para produgdo de agua de consumo e/ou para actividades recreativas. Indica-se,
também, o teor de microcistinas detectados em agua tratada.

Embora ndo se possa definir um padrado sazonal e geografico relativamente
a ocorréncia de cianobactérias téxicas, a sua propor¢do em determinadas regides
durante os meses mais quentes pode ser elevada, o que se podera traduzir em
niveis de microcistinas preocupantes. Como se poder constatar pela tabela 4, o teor
de microcistinas na agua bruta podera atingir niveis susceptiveis de causar
intoxicacao no Homem.

Relativamente a dgua bruta, foi efectuado um calculo aproximado do volume de
agua que seria necessario ingerir para induzir um caso de intoxicacdo humana letal
(Chorus e Fastner, 2001). Foi tracado o pior cendrio com base na facto das criancas
serem os individuos mais sensiveis porque ingerem um volume de dgua maior do que os
adultos relativamente ao seu peso corporal (Kuiper-Goodman et al., 1999). Assim,
considerando que uma crianga com o peso de 10 Kg ingere d4gua da margem de uma
albufeira onde se acumula uma florescéncia cianobacteriana e que a toxicidade oral
aguda da MCLR para o Homem ¢ equivalente a do murganho (5-10,9 mg.Kg™), 50 mg
de toxina podera corresponder a uma dose letal. De acordo com o valor maximo de
toxina detectado em agua bruta (25.000 ug.L™"), o volume de 4gua necessario para
causar a morte seria de 2L. A ingestao deste volume de dgua podera ser pouco provavel,
mas a ingestdo de um volume mais baixo poderd eventualmente causar efeitos toxicos
menos graves. Porém, e considerando que o teor de MCLR na célula cianobacteriana ¢

de 3 ug.mm™ de biovolume, o que equivale a 3 mg.mL™" de material celular, a ingestdo
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de 17 mL de biomassa cianobacteriana podera ser letal para uma crianga (Chorus e

Fastner, 2001). Este exemplo correspondera apenas a um caso extremo de ingestdo de

material celular, mas revela bem o risco de efeitos agudos graves que poderao decorrer

da exposicdo humana a agua contaminada com um bloom cianobacteriano intenso e

produtor de MCLR.

Tabela 4. Teor de microcistinas detectado em amostras de agua bruta e tratada.

Teor de microcistinas (ug MCLR eq.L'l)

Local Data Agua bruta Referéncias
po Agua tratada
Fraccao
Total
extracelular
1995-97 0,1-16 - - Fastner et al., 2001
1993-94 0,07 - 0,76 0,15-36 - Citado em Sivonen e
Alemanha 1997 - 1-25.000 - Jones, 1999
1996-97 <1,0 1,0-10 0,07 -0,11 Kruschwitz et al, 2001
1998 - 7,5-10 0,1-0,3 Chorus et al., 2001
Australia 1993 1300 - 1.800 - - Jones e Orr, 1994
0,15-43 0,09 - 0,64
Canadi 1332-92 0,1-1,0 - 0,1-0,6 Gupta et al., 2001
0,15-2,28 0,05-0,18
Citado em Sivonen e
. 1993-94 0.05-1,6 - - Jones, 1999
China -
) 0-55 ) ) Citado em Duy et al.,
2000
Coreia 1992-96 - 04 -171 - Park, 2001
Citado em Sivonen e
EUA 1993 0,07 - 200 - - Jones, 1999
Finlandia ~ 1993-94 0,001 - 0,21 . - Citado em Fastner et
al., 2001
1992-95 0,02 -3,8 0,04 -480
Japao 1993-95 0-5,6 0,05 -1.300 ) Citado em Sivonen e
1993-94 0,08 -0,8 0,06 - 94 Jones, 1999
1989-94 - 300 -19,500
1994-98 - 0,2 -31,0 - Vasconcelos, 2001b
2005 0,8-1,1 - 0,0 Paulino et al., 2009
Portugal 2005-06 - 0-72 - Valério et al., 2008
2005-06 - 0,5 -222 = Valério et al., 2009b
1999-05 = <1-6,8 _ Galvio et al, 2008
Reino Citado em Sivonen e
Unido 1992 ) 17-131 ) Jones, 1999
Republica Bldha e Marsalek,
Checa 1999 0,09 — 8,7 - 0,89 -7,79 2001
A g Citado em Sivonen e
Tailandia 1994 0,07 - 0,35 - - Jones, 1999

Por outro lado, e, como se referiu em 2.4, a ingestao continuada de 50 ng.L'1

poderd estar associada a um aumento da incidéncia de cancro do colon. Considerando os

valores da tabela 4, a exposicdo humana a niveis de microcistinas similares ¢ um
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cenario real, em locais onde os blooms sdo frequentes e onde o tratamento de agua ¢
muito rudimentar.

A informagao acerca do teor de microcistinas na agua tratada ¢ bastante restrita e
resume-se, fundamentalmente, a dados obtidos em estudos de eficacia dos sistemas de
tratamento de 4gua. Porém, a informacdo disponivel sugere que os métodos
convencionais de tratamento de agua, incluindo a utilizacdo de carbono activado,
ndo sao totalmente eficazes na remoc¢do de microcistinas (Duy et al., 2000). Por
outro lado, nalguns paises o tratamento da agua bruta resume-se apenas a
cloragem, ndo se efectuando os processos de filtracao e adsorgao e, inclusivamente,
ha populacdes que consomem agua ndo tratada (Duy et al, 2000). Um estudo
efectuado em 1995 em 160 reservatdrios de 4gua doce no Canada, revelou que 68% das
amostras de agua tratada provenientes de agua bruta contaminada com microcistinas
continha toxinas (Gupta et al., 2001). O episédio da unidade de hemodialise de Caruaru
revelou que os pacientes estiveram expostos a 19,5 ug.L™' de microcistina e que o
processo de tratamento da dgua na origem nao foi adequado. Contudo, se admitissemos
que o tratamento tenha removido 99% das toxinas, o valor na 4gua bruta seria de 1.900
ug.L' de microcistina, valor perfeitamente espectavel, de acordo com os niveis
maximos detectados em alguns paises.

De um modo geral, e considerando que o tratamento da dgua é adequado,
sobretudo se for empregue a ozonizacdo, a exposicdo humana a microcistinas
através da agua de consumo nao excedera o valor de 1 pg.L! (Duy et al., 2000;WHO,
2003). Porém, embora o tratamento da 4gua bruta possa salvaguardar a ocorréncia
de episddios de intoxicagdo humana aguda, esta ainda por esclarecer o impacto na

saude humana decorrente da ingestdo prolongada de doses inferiores.

3.3. Regulamentac¢ao do teor de microcistinas na agua — o valor guia da OMS

Em 1998 a Organizagao Mundial de Saude estabeleceu como valor-guia para o
teor de microcistinas em 4gua de consumo o valor de 1 ug.L" (1 nM), expresso em
equivalentes da MCLR (WHO, 1998). Este valor representa a concentragdo maxima de
microcistinas cujo consumo, durante todo o periodo de vida dos individuos, ndo acarreta

qualquer risco para a saide humana.
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A determinacdo do valor-guia para a MCLR (VGycrr) baseou-se num estudo
sub-cronico com murganhos (15 machos e 15 fémeas) administrados oralmente durante
13 semanas com MCLR (40, 200 e 1000 ug.Kg,.'.dia') (WHO, 1998). Os animais
tratados com a dose mais baixa (40 ug.Kg') nio apresentaram quaisquer sinais de
patologia hepatica. A dose de 200 ug.Kg™' induziu apenas patologia ligeira em alguns
animais. A maioria dos animais administrados com a dose mais elevada (1000 ug.Kg™)
apresentou alteragdes hepaticas tais como inflamacdo cronica, degeneragao hepatica e
depositos de hemosiderina (complexo de ferro cuja deposi¢ao em 6rgaos ¢ um processo
caracteristico de situagdes hemorragicas). Para as duas doses mais elevadas (nos
machos) registou-se um aumento significativo dos niveis séricos de transaminases, a
reducdo do nivel de gama glutamil transferase, proteina total e albumina. As fémeas
apresentaram alteracdes nas transaminases apenas a dose mais elevada. Para os animais
de ambos os sexos tratados com 1000 ug.Kg' observou-se o aumento do consumo de
alimentos (entre 14-20%), mas a reducdo do peso corporal em 7%. A concentracdo de
40 ug.Kg"' foi considerada como a dose de MCLR que ndo induz efeitos nocivos
(WHO, 1998).

O valor guia foi calculado de acordo com a formula:

VGucerr = (DDA x pex fa) /v com DDA =NOAEL //fi

Em que:

DDA = Dose diaria aceitavel (ug.Kgpc’l.dia’l);

pc = peso corporal (60 Kg, para um adulto);

fa = factor de alocacdo (considerou-se que 80% da exposi¢io humana a microcistinas ocorre através da gua de consumo);
v = volume de dgua consumido diariamente (2L, para um adulto);

NOAEL = dose que ndo causa efeito nocivo (No Observed Adverse Effects Level, ug Xg™");

fi = factor de incerteza.

Com base no NOAEL de 40 ug.Kg"' e num factor de incerteza de 1000 (100
para variagdes intra e inter especificas e 10 para a limitacdo de informacgao sobre
toxicidade croénica), determinou-se um valor de DDA de 0,04 pgkg,-1.dial
Considerando o peso médio de um adulto de 60 Kg, o consumo de 2L de agua por

dia e um factor de alocacdo de 0,8, obteve-se o valor-guia de 0,96 ug.L},

34



Introducgao

relativamente ao teor total de MCLR (extracelular + intracelular) em agua de
consumo. Este valor foi aproximado para 1 ug.L-1 (WHO, 1998).

Este valor foi posteriormente confirmado através de um estudo sub-croénico com
suinos (grupos de 5 animais) expostos através da agua de beber a um extracto de M.
aeruginosa contendo MCLR (184, 522 e 860 ug.kgpc1.dial) durante 44 dias (Duy et al.,
2000). Para a dose mais baixa apenas um animal foi afectado, pelo que a dose de 184
ng.kg!' foi considerada como a dose minima que causa efeito (LOAEL, Lowest
Observed Adverse Effect Level). Aplicando o valor de LOAEL em vez do NOAEL na
férmula anterior e considerando um factor de incerteza de 5000 (100 para variagdes
intra e interespecificas, 5 pela utilizagdo do LOAEL e 10 pelo tempo do estudo ser
inferior ao tempo de vida dos animais), o valor-guia para adultos foi recalculado e
determinou-se os valores-guia para criangas de 5 e¢ 10 Kg (Duy et al.,, 2000),
considerando um consumo de dgua de 0,75 L e 1 L, respectivamente (tabela 5). Estes
autores calcularam, também, valores-guia para a MCLR tendo em conta a sua
capacidade de promocgao tumoral, usando para tal o valor de NOAEL e um factor de
incerteza de 3000 (100 para variagdes intra e interespecificas, 10 para o tempo de vida e
3 para a actividade de promogao tumoral), tendo obtido os valores indicados na tabela 5.

Estes valores ndo vigoram, ainda, como valores-guia oficiais.

Tabela 5. Valores-guia para a MCLR em agua de consumo (adaptado de Duy et al., 2000).

Valores-guia (ug.L™)
Grupos etarios

Toxicidade aguda Promogao tumoral
Bebés (5 Kg) 0,20 0,07
Criancas (10 Kg) 0,29 0,11
Adultos (60 Kg) 0,88 (similar a0 VGyycLr da OMS) 0,32

Alguns paises adoptaram directamente o VGycr da OMS para o seu direito
interno como valor paramétrico de referéncia para as microcistinas em agua de
consumo: Brasil, Coreia, Espanha, Franca, Japao, Noruega, Nova Zelandia, Polonia e
Republica Checa (Burch, 2008). Outros paises como a Australia ou Canad4, adoptaram
o mesmo método de determinagdo do valor guia da OMS e aplicaram alguns requisitos
locais, tendo obtido valores similares (Burch, 2008). Em Portugal este valor ¢ também

de 1 ug.L™" (Decreto-Lei 306/2007 de 27 de Agosto).
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Para massas de dgua destinadas a actividades recreativas a OMS estabeleceu trés
niveis de alerta relativamente a densidade cianobacteriana (Chorus et al., 2000): um
nivel de risco reduzido (= 20.000 células.mL™); um nivel de risco moderado (20.000 —
100.000 células.mL™); um nivel de risco elevado (> 100.000 células.mL™"). Estes
valores foram determinados com base no valor-guia das microcistinas para agua de
consumo ¢ no teor intracelular méximo de microcistinas na célula cianobacteriana (0,2
pg), pelo que correspondem a potenciais concentragdes de microcistinas de 2-4 ug.L™,
10-20 ug.L" e >1 mg.L", respectivamente (Codd et al., 2005). Estes niveis de alerta
constituem uma ferramenta util para as autoridades de saude e para as entidades
gestoras dos recursos hidricos uma vez que permitem instituir algumas medidas
preventivas do risco de exposi¢ao a microcistinas, tais como a proibi¢cdo temporaria de
utilizagdo dos reservatorios.

No entanto, o VGumcrr €, consequentemente, os niveis de alerta, apresentam
limitagdes em termos de protec¢cdo da satide publica. Por um lado, foram determinados
com base, apenas, em dados de hepatotoxicidade aguda, ndo contemplando efeitos
decorrentes da exposicdo prolongada a baixas doses, designadamente efeitos
cancerigénicos. A esta restrigdo somam-se as limitagdes analiticas. Como se referiu em
3.1, os limites de deteccdo dos métodos mais usados na monitorizacdo de microcistinas
sao da mesma ordem de grandeza (HPLC) ou uma ordem de grandeza abaixo (ELISA)
do VGumcrr €, portanto, as metodologias poderdo ndao detectar doses que induzem
eventuais efeitos sub-agudos e cronicos. Por outro lado, o valor-guia e os niveis de
alerta ndo incluem potenciais efeitos noutros Orgdos nem, consequentemente, a
toxicidade total no organismo.

Saliente-se ainda que ndo foram instituidos valores-guia para outras
cianotoxinas. Exceptua-se apenas o Brasil, que estabeleceu recomendacdes para a
cilindrospermopsina (15 ug.L™) e saxitoxina (3 ug.L™") (Burch, 2008). Porém, tal como
para as microcistinas, evidéncias crescentes apontam para uma eventual acgdo
genotoxica da nodularina (Lankoff et al., 2006¢) e da cilindrospermopsina (Humpage et
al., 2000b), que sdo produzidas por espécies que co-ocorrem frequentemente com as
espécies produtoras de microcistinas. Assim, as populagdes poderdo estar expostas a
baixas doses de uma mistura de potenciais genotoxinas cianobacterianas. Desconhece-se

se os efeitos das varias toxinas sdao cumulativos, sinergisticos ou antagonicos, mas, de
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qualquer forma, este risco supostamente acrescido de exposi¢do humana a misturas de
cianotoxinas nao foi contemplado em qualquer valor guia ou recomendagao.

Embora seja cada vez mais evidente que as microcistinas se
propagam/acumulam na cadeia alimentar (Vasconcelos 2001a,b; Cood et al., 2005;
Wiegand e Pflugmacher, 2005; Ibelings e Chorus, 2007), ndo ¢ possivel, a luz do
conhecimento actual, estabelecer quaisquer valores guia ou de alerta para actividades
como a produgdo agricola e a pesca (Burch, 2008).

Tal como foi referido anteriormente, ainda ndo foi desenvolvido um método
simultaneamente robusto, rapido, especifico e econdmico que permita a identificacao e
quantificagdo de microcistinas, um requisito fundamental para a monitorizagao
ambiental e biomonitorizacdo de populagdes. Como tal, ndo ¢ ainda possivel
regulamentar com rigor os niveis de microcistina no ambiente nem tao pouco proceder a

uma avaliacao do risco rigorosa da exposi¢ao humana a microcistinas.
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4. Objectivos

Objectivo principal

Atendendo a que a exposicdo cronica a concentragdes vestigiais de microcistinas
¢ a forma de exposicdo humana mais provavel e face a hipotese de que esta exposi¢ao
poderd estar associada ao desenvolvimento de cancro, o trabalho conducente a presente
dissertacao teve como principal objectivo a avaliacdo do potencial cancerigénico de
microcistinas.

Os resultados experimentais obtidos através de varias abordagens
metodologicas foram estruturados na forma de seis artigos (publicados ou em fase de

submissdo) que constituem os capitulos 2 a 6 e cujos objectivos especificos se enunciam

seguidamente:
Objectivos especificos
Capitulo 2
* Seleccao de um modelo celular in vitro sensivel

a microcistina-LR (MCLR), através do estudo da citotoxicidade de extractos
cianobacterianos em trés linhas celulares de mamifero: hepatocitos humanos
(HepG2), hepatocitos de murganho (AMLI12) e células epiteliais de rim de

macaco (Vero-E6);

* Estudo preliminar da genotoxicidade de extractos cianobacterianos no modelo

previamente seleccionado (Vero-E6).

Capitulo 3

* Confirmacao da toxicidade da MCLR no modelo celular Vero-E6 através da
comparacdo dos efeitos citotoxicos de extractos cianobacterianos e de toxina

pura (comercial).

* Determinac¢ao do limiar de citotoxicidade.
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Capitulo 4
* Identificagdo dos alvos intracelulares da MCLR na linha celular Vero-E6.

* (aracterizagao dos efeitos da MCLR ao nivel intracelular.

Capitulo 5
* Estudo dos efeitos genotoxicos da MCLR no modelo celular Vero-E6.

* Comparagao com o modelo de hepatocitos HepG2.

Capitulo 6

* Analise do efeito da MCLR nas vias de activacao de sinais mitogénicos ERK1/2,

p38 e JNK no modelo celular Vero-E6.

* Avaliacdo do efeito da MCLR na proliferacao celular.
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Abstract

Microcystin-LR (MCLR) has been recognized as a tumour promoter, but its carcinogenic mechanisms remain
largely unknown. In this work we evaluated the genotoxic potential of microcystins (extracted from M. aeru-
ginosa strains) in a mammalian cell line by the micronucleus assay (5-40 ug/mL). Cytotoxicity tests (MTT
reduction, LDH release) were used to determine the sensitivity of several cell lines (Vero, HepG2 and AML12)
to MCLR (1-175 pg/mL). Although all MCLR-treated cell lines presented some cytotoxic response, Vero cells
were the most sensitive, showing more than 80 % decrease in viability when exposed to 22 pg/mL MCLR for
72 h. Preliminary results revealed an aneugenic or clastogenic activity of MCLR (= 20 pg/mL) in Vero tells.
In summary, we identified a permanent mammalian cell line as a useful model system for microcystin toxicity
assessment and we show that MCLR has genotoxic properties.

Introduction

The chronic effects of human exposure to low doses
of microcystins (MC) are poorly understood.” Mi-
crocystin-LR (MCLR) is considered a tumour pro-
moter (Nishiwaki-Matsushima et al. 1992), probably
through the inhibition of protein phosphatases. How-
ever, it is not clear it MCLR can also act as tumour
initiator by a genotoxic mechanism. Several tests with
bacteria (Grabow et al. 1982; Repavich et al. 1990;
Tsuji et al. 1995; Ding et al. 1999) and human cell
lines (Susuki ef al. 1998; Zhan et al. 2004) have been
performed to evaluate the mutagenic potential of MC.
However, results are somehow contradictory and in-
conclusive. On the other hand, results from Comet
(Rao and Battacharaya 1996; Rao er al. 1998; Ding et
al. 1999; Mankiewics et al. 2002; Zegura et al. 2002,
2003; Lankoff et al. 2004) and Micronucleus (Ding et
al. 1999; Zhan et al. 2004) assays suggest that MCs
may produce DNA and chromosome breaks. None-
theless, it remains unclear whether these effects are
due to a cytotoxic or genotoxic activity and, if genoto-
xic, what the mechanisms are. This paper reports our
first results on the analysis of cytotoxic and genotoxic
effects of MC in mammalian cell lines.

Methods

1. Microcystin production from Microcystis aerugi-
nosa ('Il]llll'(’.\'

Two strains of M. aeruginosa isolated from cyano-
bacterial blooms were cultured under laboratory-con-

trolled conditions. The LMECYAT7 strain is a MCLR
producer (Pereira e al. 2001) and the LMECYA 127
is a non-toxigenic strain used to exclude eventual cy-
anobacterial matrix effects. Biomass from both strains
was extracted with 75 % methanol and the resulting
aqueous extracts were semi-purified by size exclusion
followed by reverse phase preparative chromatogra-
phy. The extracts were freeze dried, dissolved in the
respective cell lines culture medium, and sterilized by
filtration. Toxin analysis was performed for both ex-
tracts by HPLC-DAD (Watanabe er al. 1996).

2. Mammalian cell line maintenance

HepG2 (human hepatocellular carcinoma), AML12
(mouse hepatocytes) and Vero (African green monkey
kidney) cells were obtained from the American Type
Culture Collection. AML12 cells were maintained in
DMEM:Ham’s F12 (1:1) with 10 % foetal bovine se-
rum (FBS), I % insulin-transferin-selenium mixture,
and penicillin (100 U/mL)/streptomycin (100 pg/
mL). HepG2 and Vero cells were maintained in MEM
with 10 % FBS, 0.1 mM non-essential amino acids,
1 mM sodium pyruvate, and penicillin (100 U/ml.)/
streptomycin (100 pg/mL). All cells were cultured at
37 °Cin a5 % CO, humidified incubator. All media
and supplements were purchased from Gibco BRL
(Paisley, UK).

3. Cytotoxicity assays

HepG2, AML12, and Vero cells were cultured in 96-
well plates (5000 cells/well) in triplicate and exposed
to serial dilutions of M. aeruginosa extracts after cell

Moestrup, @. et al. (eds) Proceedings of the 12th International Conference on Harmful Algae. International
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adherence. The extract from the LMECYA7 strain
contained MCLR ranging from 1 to 175 pg/mL. In
parallel, the non-toxigenic extract from LMECYA127
was applied at the same dilutions. Cells were exposed
for 24, 48, 72, and 96 h to both extracts. The negative
control consisted of cells plus culture medium. After
each incubation period, LDH release to the growth
medium (Legrand et al. 1992) and MTT reduction
by adherent cells (Mossmann 1983) were determined
spectrophotometrically.

4. Cytogenetic assay

The Cytokinesis-Blocked —Micronucleus — Assay
(Fenech and Morley 1986) was used to evaluate the
genotoxic potential of MCLR in Vero cells. Cultured
cells were exposed for 24 h to LMECYA?7 extract con-
taining MCLR ranging from 5 to 40 pg/mL. Cytokinesis
was blocked with cytochalasin B (6 pg/mL) for 24 h.
Cells were fixed, spread onto glass slides, and stained
according to standard protocols. For each treatment
condition, 1000 binucleated cells were scored to de-
termine the frequency of micronucleated cells.

Vero cells MCLR (ugmL-1) AML12 cells

0 1 3 5 11 22 44 88 175 0 1 3

MCLR (ug.mL-1)

1M 22 44

Results

1. Cytotoxic effects

All cell lines showed a cytotoxic response when ex-
posed to the LMECYA7 extract containing MCLR,
revealed by an increase of LDH release and a de-
crease of MTT reduction throughout all incubation
times. Fig. 1 shows the results obtained after cells
were exposed for 72 h, with values corresponding to
the maximum responses. In the MTT assay, Vero cells
showed a 50 % decrease in viability after exposure
to 11 pg/mL of MCLR. Exposure to higher doses of
MCLR (22-175 pg/mL) produced an 80 % reduction
in cell viability. A pronounced cytotoxicity was also
observed in AML12 cells, but at a higher MCLR con-
centration (44 pug/mL). For HepG2 cells the viability
decrease never exceeded 50 %. LDH rpsults were in-
versely related to those of the MTT assay. Again, the
highest cytotoxicity was obtained in Vero cells (156
% increase in LDH release at 175 pg/mL). Some vari-
ation was observed in cells exposed to the non-tox-
igenic extract, but they never exceeded 35 % of the
control (Fig. 2). Based on these data, Vero cells were

HepG2 cells MCLR (ug.mL-1)

88 175 0o 1 3 5 1

22 44 88 175
300 +

300 bt 300
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Figure 1. LDH release and MTT reduction by Vero, AML12 and HepG2 cells after exposure for 72 h to a serial dilution of
LMECYA7 extract containing MCLR (1-175 pg/mL). Results are expressed as mean % + SD of three replicates relative

to the control.
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Figure 2. LDH release and MTT reduction by Vero, AML12 and HepG2 cells after exposure for 72 h to a serial dilution
of non-toxigenic LMECYA127 extract. Results are expressed as mean % = SD of three replicates relative to the control.
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the most sensitive and were selected to evaluate the
potential genotoxicity of MCLR.

2. Genotoxic effects

In a pilot experiment the frequency of micronuclei
(MN) was analyzed in Vero cells after 24 h of expo-
sure to a M. aeruginosa extract containing MCLR
(Fig. 3). MCLR concentrations of 20 and 40 pg/mL
increased 3.4- and 4.1-fold the number of cells with
MN, respectively, compared to the control. A linear
dose-response relationship between the frequency of
micronucleated cells and the MCLR concentration
was obtained (t test for a Pearson correl. coeff., p =
2,81E-4).

8

y=0.92x+ 12,96
R?=09079

Micronucleated cells / 1000 cells

0 - , e - :
0 10 20 30 40 50
MCLR (ug mL-1)

Figure 3. Induction of Micronuclei in Vero cells exposed
to a M. aeruginosa extract (LMECYA7) containing 5, 10,
20 and 40 pg/mL of MCLR for 24 h. Data are expressed as
mean + SD of two replicates.

Discussion

The organotropism of MC has been attributed to the
mechanism of their uptake by cells. MC enters the cells
through the Organic Anion Transporting Polypeptides
(OATP) (Fisher et al. 2005), present mainly in the liv-
er and to a much lesser extent in other organs. It has
been assumed that primary hepatocytes preserve these
transporters, but that permanent cell lines tend to lose
them. This assumption and the failure of some authors
to obtain toxic responses in mammalian cell lines in
vitro may explain, at least in part, the relatively low
number of toxicological studies on microcystins using
permanent cell lines as the experimental model.

In this work we showed that M. aeruginosa ex-
tracts containing MCLR induced strong cytotoxic
responses in human (HepG2). monkey (Vero), and
mouse (AML12) cell lines. The failure of a non-tox-
igenic M. aeruginosa extract to cause a similar effect
lead us to conclude that microcystin-LR was respon-
sible for the cytotoxicity. Interestingly, and contrary
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to what we expected, the most sensitive cells were the
non-liver derived Vero cells. No previous data have
been published regarding the cytotoxic effects of mi-
crocystins in AML12 cells. However, Boaru et al.
(2006) and Chong et al. (2000) reported that HepG2
and Vero cells are insensitive to MCLR. These con-
tradictions might be explained by the use of different
experimental set-ups. Those authors used pure toxin,
whereas we used semi-purified toxin. We did not de-
tect other microcystins besides MCLR in the LME-
CYAT7 extract. Thus, our results can not be justified by

a synergistic effect of different toxin variants. How- -

ever, the complex and unidentified cyanobacterial
matrix may somehow influence MCLR toxicity. The
present work points to the usefulness of Vero cells as a
model to study microcystin toxicity and suggests that
this permanent cell line might preserve their OATP,
or that MCLR uptake/toxicity might be triggered by
another unknown mechanism. On the other hand, the
observed induction of micronuclei in Vero cells by the
toxic M. aeruginosa extract suggests that MCLR has a
genotoxic activity. This raises the question of whether
MCLR acts as a clastogenic or an aneugenic agent

and supports the previous suggestion that MC can act .
as tumour initiators. Further studies using centromere

labelling by fluorescence in situ hybridization will
clarify the mechanism behind the genotoxic effect.
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Microcystin-LR (MCLR) is a potent hepatotoxin, but increasing evidences suggest that it
might also induce kidney injury. The aim of this work was to evaluate the cytotoxicity of
MCLR on a kidney cell line (Vero-E6). Cells were exposed for up to 72 h either to Microcystis
aeruginosa extracts from both MCLR-producer and non-MCLR-producer isolates or to pure
MCLR (1.5-200 uM). The cytotoxic effects were evaluated by several cell viability assays
(MTT, Neutral Red and LDH). Pure MCLR, the extract from MCLR-producer and the mixture

;ilei;é\:;ocryist:m_m of the non-MCLR-producer with pure MCLR, induced cell viability decrease in a similar
Cytotoxicity dose/time-dependent manner. Conversely, no effects were induced by the extract of non-
Vero cells MCLR-producer. These results suggest that the cytotoxic effects of M. aeruginosa extract

Kidney were due to MCLR and excluded the eventual toxicity of other cyanobacteria bioactive
compounds. The lowest cytotoxic MCLR concentration varied between 11 and 100 M
depending on the employed cell viability assay and is within the range of MCLR dosage
reported to affect other mammalian cell lines. The NR assay was the most sensitive to
evaluate the MCLR-induced cytotoxicity. Our results suggest that Vero-E6 cell line may
constitute a cell model to evaluate the nephrotoxicity of microcystins.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Microcystins are a family of hepatotoxic heptapeptides
produced by freshwater cyanobacteria. The knowledge of
their severe hepatotoxicity has been derived both from
acute human and animal poisoning incidents (Duy et al.,
2000; Chorus et al., 2000) and from in vivo and in vitro
experimental studies (Runnegar and Falconer, 1982; Aune
and Berg, 1986; Eriksson et al., 1989; Mereish and Solow,
1990; Yoshizawa et al., 1990; Gupta et al., 2003). Micro-
cystins act by inhibiting serine/threonine protein phos-
phatases 1 and 2A in the liver cells (Yoshizawa et al., 1990).
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This induces overphosphorylation of cytoskeletal filaments,
leading to the collapse of liver tissue organization, liver
necrosis and, eventually, acute intrahepatic bleeding
(Falconer and Yeung, 1992). The chronic ingestion of small
doses has also been associated to human primary hepato-
cellular carcinoma (Ueno et al., 1996). In 1998, the World
Health Organization defined a drinking water guideline
value of 1.0 pgL~! for microcystin-LR (MCLR), the most
toxic and widespread microcystin variant, revealing the
importance of these toxins as a potential public health
hazard (WHO, 1998).

The organotropism of microcystins has been attributed
to a specific transport system - the Organic Anion Poly-
peptide Transporter (OAPT) - in the hepatocytes that
mediates the uptake of a wide spectrum of amphipathic
organic solutes into the cells. Some of the members of this
transporter superfamily are selectively expressed in the
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liver and are involved in the uptake and elimination of
numerous xenobiotics, including microcystins (Hagenbuch
and Meier, 2003). This system is absent or present at
a lower extent in cells from other organs and is lost by
hepatocytes during in vitro culture procedures for the set
up of permanent cell lines (Runnegar et al., 1991; Fischer
et al., 2005; Boaru et al., 2006).

Though microcystins are primarily hepatotoxic, some
papers have already described an in vivo nephrotoxic
activity of MCLR in rats (Nobre et al., 1999; Multinovic et al.,
2002, 2003). Additionally, and despite the apparent
insensitivity of permanent cell lines to microcystins, Khan
et al. (1995) demonstrated that MCLR was able to induce
morphological and ultrastructural effects on a kidney cell
line. Moreover, one of the known microcystin’s carriers
(OATP-A) has been recently identified at mRNA level in the
human kidney (Hagenbuch and Meier, 2003). These data
suggest that the kidney might also be an important target
organ for microcystins and that the risk of kidney damage
resulting from the human exposure to these toxins should
be more accurately characterized.

The objectives of this work were to compare the cyto-
toxic effect of pure MCLR and of MCLR from Microcystis
aeruginosa extracts in a monkey kidney cell line, Vero-E6.
Using several cytotoxicity assays we show that Vero-E6 cell
line is a useful cell model to study the nephrotoxicity of
microcystins. In these cells, MCLR triggered a dose- and
time-dependent cytotoxic response, irrespective of the
origin of the toxin: commercial or prepared from an M.
aeruginosa strain isolated from a natural bloom. Our data
also show that the neutral red assay is the most sensitive
method to evaluate the MCLR toxicity in Vero cells, as
compared to MTT and LDH cell viability assays.

2. Materials and methods
2.1. Microcystin-LR and cyanobacteria extracts

Microcystin-LR was purchased from Sigma-Aldrich
(CAS Number 101043-37-2) as a white solid film (purity
>95%, by HPLC). A stock solution of MCLR (1 mM) was
prepared by dissolving the toxin in cell culture medium.
This solution was sterilized by filtration through 0.22 um
filters (Millex-GV, PVDF, Millipore) and kept at —20 °C until
use. This form of MCLR is thereafter named “pure MCLR”.

The cyanobacteria extracts were prepared from two
M. aeruginosa strains (LMECYA 7 and LMECYA 127) isolated
in 1996 from Montargil reservoir (Portugal) and success-
fully maintained in the laboratory as monoalgal, free of
eukaryotes, non-axenic cultures. Toxin analysis of LMECYA
7 was characterized in a previous report (Pereira et al.,
2001) showing that this strain produces exclusively the
MCLR variant of microcystins. The determination of
microcystins by HPLC-DAD in the LMECYA 7 extract used
here as working solution also confirmed that the process of
extract preparation did not influence the microcystin
composition of the LMECYA 7. The LMECYA 127 was used
for control purposes as a non-microcystin producer.
Cultures of both isolates were grown in plankton light
reactors (Aqua-Medic, Bissendorf, Germany) containing
2.5L of Z8 medium (Skulberg and Skulberg, 1990) under

continuous aeration, in a 16/8 h L/D cycle (light intensity
30 piEm 2571, aprox.) at 22 +1 °C. Cells harvested during
late exponential growth phase were lyophilized in a freeze
drier (Micromodul Y10, Savant, NY, USA) and extracted
with a 75% methanol solution (10 mL per 100 mg of freeze
dried material) overnight under magnetic stirring. The cell
suspensions were further sonicated with an ultrasonic
probe (Sonics Vibra-Cell CV33, Sonics & Materials Inc., CA,
USA). The extracts were centrifuged and the pellets were
re-extracted by the same procedure. Supernatants of the
two extractions were combined and subjected to rotary
evaporation to eliminate methanol. The resulting aqueous
extracts were subjected to solid phase extraction for
microcystin clean-up on Sep-PakC18 cartridges (500 mg,
Millipore, Bedford, MA, USA). The cartridges were previ-
ously activated with 10 mL of methanol (100%) and 10 mL
of water. After applying the extract, the cartridge was
rinsed with 10 mL of water and 5 mL of methanol 20%.
Microcystins were then eluted with 20 mL of 80% methanol
and collected in glass vials. The eluted fraction was evap-
orated to dryness in a Speed-Vac system (AES 1000, Savant)
and re-suspended in cell culture medium. The final extracts
were sterilized by filtration through 0.22 um filters (Millex-
GV, PVDF) and kept at —20 °C until use. The extracts were
analysed by HPLC-DAD for microcystin’s quantification
using a Shimadzu LC10A system (Shimadzu, Kyoto, Japan)
following the method of Harada (1996).

2.2. Vero cell line maintenance

The Vero-E6 cell line (kidney epithelial cells derived
from the African green monkey-Cercopithecus aethiops) was
obtained from the American Type Culture Collection (ATCC-
CRL 1586). All media and supplements were purchased
from Invitrogen (Paisley, UK). Cells were grown in Modified
Eagle Medium (MEM) supplemented with 10% FBS, 0.1 mM
non-essential aminoacids and 1 mM sodium pyruvate, in
a 5% CO, humidified incubator at 37 °C. Cells in exponential
growth phase were detached from the growth surface
(trypsin, 0.5%, Invitrogen), centrifuged (300 x g) and the cell
viability was determined by the trypan blue dye exclusion
method (Philips, 1973). 5000 viable cells were seeded per
individual 96-microplate wells and cultured for 24 h for cell
adherence and growth.

2.3. Cell exposure to M. aeruginosa extracts and pure MCLR

After the 24 h incubation period, the growth medium was
replaced by serial dilution of the LMECYA 7 extract in fresh
growth medium, corresponding to final concentrations of
MCLR from 1.4 up to 175 pM. The same biomass dilutions
(from 0.6 to 83 mg mL~!) of LMECYA127 extract (devoid of
microcystins) were tested in parallel to evaluate the eventual
toxicity of M. aeruginosa extract matrix. The negative control
consisted of cells grown in fresh culture medium. For both
extracts the cells were exposed for 24, 48 and 72 h and the
cytotoxic effect was evaluated by the 3-(4,5-Dimethyl-2-
thizaolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) and
lactate dehydrogenase (LDH) assays.

To further evaluate the influence of the matrix of
M. aeruginosa extracts on microcystin’s toxicity, Vero
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cells were exposed for 24 h to serial dilutions of the
MCLR stock solution (from 1.5 to 100 pM) and, in parallel,
to the LMECYA127 extract spiked with pure MCLR at
equivalent concentrations. The cell viability was assessed
by the MTT assay.

A similar procedure was followed to test the cytotoxic
effects of pure MCLR. Vero cells were exposed to serial
dilutions of MCLR stock solution in fresh growth medium,
corresponding to final concentrations of 1.5-200 uM of
MCLR. In a first trial, the cytotoxicity was evaluated by the
neutral red (NR), MTT and LDH assays after 24, 48 and 72 h
of exposure. In a second trial, the cytotoxicity was assessed
by the NR assay after 2, 6 and 12 h of exposure.

All the exposure conditions were tested in triplicate for
cytotoxicity and photomicrographs were taken for cell
morphological analysis, using an Olympus CK40 inverted
microscope coupled with an Olympus PM-20 camera.

2.4. Cytotoxicity evaluation by LDH, MTT and NR assays

The lactate dehydrogenase leakage into extracellular
medium reflects the loss of cell viability due to cell
membrane damage. After each incubation period, the
exposure medium was transferred to a new microplate and
centrifuged at 250 x g for 4min to remove cells in
suspension and cell debris. LDH activity was determined in
the clean supernatant (Legrand et al., 1992) using the
commercial Tox-7 kit (Sigma, St. Louis, MO, USA) according
to the manufacturer procedure.

The MTT assay measures the reduction of the 3-(4,5-
Dimethyl-2-thizaolyl)-2,5-diphenyl-2H-tetrazolium bromide
into an insoluble and impermeable compound (formazan)
by mitochondria dehydrogenases, which accumulate in
healthy cells. This assay was performed with the adherent
cells according to the method of Mossmann (1983). After
the exposure period, the medium was removed and the
cells were incubated for 3 h at 37 °C with fresh growth
medium containing 10% of MTT solution (5 mg mL~! in PBS,
Calbiochem, Darmstadt, Germany). To dissolve the MTT-
formazan crystals, the MTT containing medium was dis-
charged and a solution of acidified propan-2-ol solution
(0.04 M HCl) was added for 15 min under shaking. The
absorbance was recorded at 570 nm using a Multiscan
Ascent spectrophotometer (Labsystems, Helsinki, Finland).

The Neutral Red assay measures the incorporation of the
NR dye by the lysosomes of viable cells (Borenfreund and
Puerner, 1985). At each time point, the exposure medium
was replaced by fresh growth medium containing 10% of
NR solution (50 pgmL~!, Merck, Darmstadt, Germany).
After a 3 h incubation period, cells were rinsed with PBS
and the incorporated NR was extracted with a mixture of
ethanol:acetic acid:water (50:1:49). NR incorporation was
quantified spectrophotometrically at 540 nm.

2.5. Data and statistical analyses

Results are presented as mean % =+ standard deviation of
three replicates relative to the control values. Data from
LDH assay were converted to 1/ABS rather than absorbance
itself, in order to be graphically compared to data from the
MTT and NR assays. An arbitrary threshold of 50% cell

viability was considered as an indicator of a marked cyto-
toxic effect. Statistical differences were analysed with
a Factorial ANOVA followed by the Tukey’s test. Values of
p < 0.05 were considered as statistically significant.

3. Results

The effects of MCLR-producer LMECYA7 and non-MCLR-
producer LMECYA 127 cyanobacteria extracts on Vero cells,
evaluated by MTT and LDH assays, are shown in Fig. 1. The
viability of cells exposed to LMECYA 7 decreased signifi-
cantly (p <0.001) with MCLR concentrations and time of
exposure in both assays. The lowest toxin concentration
needed to induce a significant (p <0.05) and marked
cytotoxic response (cell viability < 50%) by the MTT assay
was 22 pM at 24 h and 11 pM at 48 h and 72 h. By the LDH
assay, although a significant decrease in cell viability was
observed above 22 pM of MCLR at 72 h, a marked cytotoxic
effect was only detected after exposure to the highest toxin
concentration (175 uM). On the other hand, no cytotoxic
effects were detected in cells exposed to several dilutions
and time points of the extract from the non-MCLR-
producer cyanobacteria LMECYA 127. In fact, no differences
in cell viability measured by MTT (p>0.2) and LDH
(p > 0.1) assays were found between the cells treated with
this extract and the negative control (Fig. 1).

Cells exposed to the extract from the non-MCLR
producer spiked with pure MCLR showed values of cell
viability similar to those exhibited by cells exposed to
equivalent concentrations of pure MCLR by the MTT assay
(Fig. 2). For both treatments, it can be seen that cell viability
decreases significantly with increasing MCLR concentration
(p<0.0001), and no significant differences were found
between the two dose-response curves (p > 0.9).

Fig. 3 shows the cytotoxic effects of pure MCLR on Vero
cells treated for 24 h, 48 h and 72 h and evaluated by NR,
MTT and LDH assays. Concerning the MTT and LDH assays,
the results show a pattern similar to those obtained with
LMECYA 7 extract. Both assays showed a significant
(p <0.0001) dose- and time-dependent cytotoxic effect of
MCLR on cell viability. The lowest MCLR concentration
required to elicit a significant cytotoxic response by the
MTT assay at 24 h (25 uM) was quite similar to that of
LMECYA 7 extract (22 uM) but a more pronounced decrease
in cell viability occurred for higher pure toxin concentra-
tions. However, for the 48 and 72 h treatments, lower MCLR
concentrations in the LMECYA 7 extract were needed to
achieve a significant difference over control and higher
cytotoxicity levels. On the other hand, as observed for the
toxic LMECYA 7 extract, the effects of pure MCLR evaluated
by the LDH assay only became significant at toxin
concentrations higher than those shown to be cytotoxic by
the MTT assay (200 uM at 24 and 48 h; 100 uM at 72 h).

Data from the NR assay also show that pure MCLR
induces a significant dose- and time-dependent decrease in
Vero cells viability (p < 0.0001). The lowest MCLR concen-
trations that induced marked cytotoxicity were 50 uM for
the 24 h treated cells and 25 uM for the 48 h and 72 h
treatments. However, the decrease of cell viability deter-
mined by the NR assay was, in general, more pronounced
than that detected by the MTT assay. This was particularly
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Fig. 1. Viability of Vero-E6 cell line exposed for 24,48 and 72 h to a toxic M. aeruginosa extract containing 1.4-175 uM of MCLR (on the left) and to a non-MCLR-producer
M. aeruginosa extract (on the right). The two extracts were applied at the same biomass dilutions. Cell viability was assessed by the MTT and LDH assays. Results are
expressed as the mean percentage of three replicates relative to control + standard deviation. * represents a statistically significant difference between the treated and
the control cells (p < 0.05).
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Fig. 2. Comparison of the cytotoxicity induced by pure MCLR (1.5-100 uM)
and by a mixture of the non-MCLR-producer M. aeruginosa extract (0.7-
47 mg dwmL™") spiked with MCLR (at equivalent concentrations) on Vero-
E6 cell line. Cytotoxicity was evaluated by the MTT assay after 24 h of
exposure of Vero cells to both solutions. The secondary x-axis represents the
corresponding biomass concentrations (mg dw mL™!). Results are expressed
as the mean percentage of three replicates relative to control + standard
deviation. * represents a statistically significant difference between the
treated and the control cells (p < 0.05).

evident for the 48 h and 72 h exposure experiments where
higher MCLR doses were needed for MTT assay to detect
cell viabilities losses similar to the ones detected by the NR
assay.

Given this apparently higher sensitivity of NR assay to
detect the cytotoxic effects of MCLR, we searched for MCLR-
induced cytotoxicity at lower exposure periods (Fig. 4).
After 12 h of exposure, a significant decrease in cell viability
was detected above 25 uM of MCLR in comparison to
control, but the loss of cell viability never exceeds 55%. No
significant effects were detected with shorter exposures
(2 h and 6 h), even in cells treated with high toxin doses
(100 and 200 pM).

Fig. 5 shows optical photomicrographs of Vero cells
exposed to pure MCLR and to each of the M. aeruginosa
extracts. Control cells and cells exposed to the non-toxic
LMECYA 127 extract displayed a similar high confluence
and typical polyhedral morphology (Fig. 5A and B). Cultures
exposed to the LMECYA 127 extract spiked with pure MCLR
(100 pM) presented a lower cell confluence and a high
proportion of rounded cells i.e., cells detached from the
culture monolayer (Fig. 5C). Similar effects on the cell
morphology were observed after treatment with equimolar
doses of pure MCLR and toxic LMECYA 7 extract (Fig. 5D
and E). For both treatments, the effects of MCLR on cell
morphology were dose- and time-dependent, being
detectable within the first 24 h of exposure to 20 uM of
MCLR (data not shown) and more pronounced at 50-
100 uM (Fig. 5C-E). With MCLR concentrations above
100 pM, the majority of the cells rounded up and detached
from the dish (Fig. 5F). These effects were also detected at
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Fig. 3. Viability of Vero-E6 cell line exposed to pure MCLR (1.5-200 uM) for
24,48 and 72 h, assessed by NR, MTT and LDH assays. Results are expressed
as the mean percentage of three replicates relative to control + standard
deviation. * represents a statistically significant difference between the
treated and the control cells (p < 0.05).
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Fig. 4. Viability of Vero-E6 cell line exposed to pure MCLR (1.5-200 uM) for
2, 6 and 12 h, assessed by NR assay. Results are expressed as the mean
percentage of three replicates relative to control + standard deviation. *
represents a statistically significant difference between the treated and the
control cells (p < 0.05).

lower toxin concentrations for longer incubation periods
(Fig. 5G).

4. Discussion

The toxicity of microcystins is relatively well charac-
terized in hepatic cell models, given the fact that liver is the
target organ for these environmental toxins. However,
increasing evidence suggests that microcystins might also
induce toxic effects on other organs such as the kidney.

In a previous work, we reported the cytotoxic effects of
M. aeruginosa extracts in human (HepG2), monkey (Vero)
and mice (AML12) cell lines (Dias et al., 2008). Interestingly,
when exposed to extracts containing equivalent micro-
cystins concentrations, kidney-derived Vero cells showed
to be more strongly affected than the liver-derived HepG2
and AML12 cell lines. However, the use of cyanobacteria
extracts to evaluate toxicological properties of microcystins
requires careful validation. It is well known from the liter-
ature that crude or semi-purified extracts of Microcystis are
likely to contain bioactive compounds other than micro-
cystins which might be responsible for, or contribute to, the
observed toxicity (Falconer, 2007). Therefore, the observed
effects could not be unequivocally attributed to micro-
cystins prior to checking if the pure toxin actually had the
same effect.

In this work, we demonstrate that the cytotoxic effects
of MCLR-containing cyanobacteria (LMECYA 7) extract on
Vero cells are comparable to those induced by commer-
cially available MCLR (pure MCLR). Cells exposed to several
extract dilutions showed cell viability decrease and
morphological defects similar to those treated with
equivalent doses of pure MCLR. In addition, MCLR produced
similar cytotoxic effects either applied in a pure state or
mixed with the non-toxic cyanobacteria extract. Such

effects were not detected in cells exposed to the extract
from a non-MCLR producer. Thus, the complex matrix of
cyanobacteria extracts showed no activity, either syner-
gistic or antagonistic, on MCLR toxicity. Our data disagree
with some previous studies that have shown that crude
cyanobacterial extracts may result in stronger toxic effects
than pure microcystins when applied in equivalent
concentrations (Falconer, 2007; Pietsch et al., 2001). A
possible explanation for this discrepancy is that our assays
were performed with extracts previously subjected to
a clean-up procedure that might have eliminated eventual
bioactive substances from the crude cyanobacteria extracts.

To our knowledge, there are only few reports regarding
the effects of microcystins on Vero cell line. Thompson et al.
(1987) found no effects on the morphology and on LDH
release of Vero cells treated with cyanobacteria extracts
containing up to 10 uM of MCLR. Grabow et al. (1982)
reported cytophatogenic effects (rounding and disintegra-
tion of cells) caused by M. aeruginosa extracts containing
500 uM of MCLR. In a more recent report, Chong et al.
(2000) evaluated the sensitivity of Vero cells to pure MCLR
by the MTT assay and found no effects with toxin concen-
trations of up to 37.5 uM for 24-96 h treatments. The data
from these reports can hardly be comparable given that the
authors used toxins from different sources (pure or crude
extracts), applied them in different dosages and evaluated
the effects by different end points. In our experiments, clear
morphological signs of cell injury were observed at 25-
50 uM MCLR/24 h exposure and MTT results showed
a significant decrease in cell viability at 25 puM MCLR/24 h.
These results show a higher sensitivity of Vero cells to
MCLR than that previously reported. The differences might
result in part from the use of different clones of Vero cells.
The cell line used in our experiments was from kidney
epithelial cells derived from the African green monkey
(ATCC-CRL 1586). It is possible that Grabow et al. (1982)
and Chong et al. (2000) have used different Vero cell lines,
showing different sensitivities to MCLR.

The cytotoxic effects on Vero cells detected in our work
were induced within the MCLR dose-range reported to
affect the viability of other permanent cell lines. Khan et al.
(1995) found MCLR to exert morphological changes on a rat
kidney epithelial cell line (NRK-52E) at 100 uM MCLR/24 h,
while McDermott et al. (1998) reported the onset of cyto-
toxic effects in different human permanent non-liver cell
lines at similar MCLR dose/time treatments. Using Caco-2
(human colon carcinoma) and MCF-7 (human breast
adenocarcinoma) cells, Botha et al. (2004) detected
a decrease in the cell viability by both MTT and LDH assays
at 50 uM of MCLR/24 h. Chong et al. (2000) reported cyto-
toxic effects by MTT test on KB (oral epidemoid carcinoma),
NIH (mouse embryo) and H-4-1I-3 (rat hepathoma) cell
lines for lower MCLR doses, but for longer exposure periods
(18.75 pM MCLR/96 h). Our results from the MTT assay
showed that the viability of Vero cells was significantly
affected by MCLR, at doses similar or slightly lower than
those reported in most of these studies. However, higher
MCLR concentrations were needed to obtain significant
detectable effects by the LDH method (200 pM MCLR/24 h
and 100 pM/72 h). On the other hand, the mean values of
cell viability measured by the NR assay were, in general,
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Fig. 5. Morphology of Vero cells exposed for 24 h to (A) culture medium (negative control); (B) non-toxic (NT) M. aeruginosa extract; (C) NT extract spiked with
MCLR (100 puM); (D) pure MCLR (100 puM); (E) toxic M. aeruginosa extract (100 uM MCLR); (F) toxic M. aeruginosa extract (175 uM MCLR); (G) toxic M. aeruginosa
extract (44 uM MCLR/48 hours). Scale bars = 100 pm.
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lower than the ones measured by MTT at equivalent MCLR
treatments. This suggests that NR assay is the most suitable
to evaluate MCLR-induced cytotoxicity.

The differences obtained from each assay might reflect
a differential mode of action of MCLR in the cells. While the
NR assay reproduces the lysosome integrity, the MTT assay
relates to the mitochondrial activity and the LDH assay to
cell membrane damages. Thus, the higher sensitivity
revealed by the NR assay, especially at longer exposure
periods, suggests that the lysosomes are primarily affected
by MCLR and then the mitochondria and the cell
membrane. This apparently higher sensitivity of lysosomes
to MCLR, has also been reported for other cells. While
testing the effects of MCLR on primary fish hepatocytes,
Boaru et al. (2006) found that the toxin dose required to
attain a significant effect on lysosomes (0.25 uM, NR assay)
was lower than that needed to affect similarly the mito-
chondria and the endoplasmatic reticulum (2.5 pM, Alamar
Blue assay). The authors also evaluated the disruption of
the plasma membrane by the CFDA-AM assay and did not
find any effect caused by MCLR, even at higher toxin dose
(2.5 uM). Using fish cell lines, Pichardo et al. (2005)
reported that significant effects were detected by NR assay
with 10 uM of MCLR while no LDH release was determined
up to 150 uM. Thus, our data on Vero cells support the
indication that the NR assay is an important tool to evaluate
cytotoxic effects of MCLR in different permanent cell lines.
When applied simultaneously with other end point assays,
it might also give important insights on the toxic action of
MCLR at a sub-cellular level. Indeed, further studies con-
ducted in our laboratory (data not published) revealed that
purified extracts from toxic M. aeruginosa affected several
cellular organelles of Vero cells and, in particular, the
lysosomes.

MCLR concentrations required to trigger a cytotoxic
response on Vero cells (11-25 uM) are within the range of
previously reported levels of microcystins found in natural
environments (Sivonen and Jones, 1999; Funari and Testai,
2008). Such levels are usually found in cyanobacterial
blooms reaching extremely high cell densities.

Several comparative studies have shown that perma-
nent cell lines require more prolonged exposures and
higher MCLR doses to develop the same cytotoxic response
than primary hepatic cells (Khan et al., 1995; McDermott
et al., 1998; Boaru et al.,, 2006). This has been attributed to
the lack/decrease of OATP expression by continuous cell
cultures (Boyer et al., 1993; Boaru et al., 2006). We observed
that MCLR concentrations required to trigger a toxic
response in Vero cells were similar to those reported for
other mammalian cell lines. However, those concentrations
were 10-1000 times higher than those previously reported
to induce cytotoxicity in primary hepatocytes. To our
knowledge, the expression of OATP in Vero cells has not yet
been described. However, at least one microcystin carrier
(OATP-A) has already been identified at mRNA level in the
human kidney (Hagenbuch and Meier, 2003). Further
research is needed in order to clarify whether differences in
OATP expression might explain different sensitivities of
non-liver cells to microcystins.

Despite the high toxin levels needed to induce cytotoxic
effects on Vero cells, we consider that this cell line might

constitute a valuable model to study the toxicity of micro-
cystins. In fact this high threshold should not drive us to
conclude that MCILR is not able to exert a toxic effect on
kidney at lower doses. Nobre et al. (1999) reported renal
vascular, glomerular and urinary effects of MCLR on rat
kidneys perfused with 1 puM toxin solution for 120 min.
Milutinovic et al. (2002) also showed that chronic treatment
of rats with intraperitonial injections of sublethal doses of
microcystins (10 ugKg~!) could induce severe kidney
injuries. The authors further showed that the mechanisms
that underlie the chronic nephrotoxicity of microcystins are
similar to the ones implicated in the acute hepatotoxicity
(Milutinovic et al., 2003). More recently, it was shown that
evenin the absence of renal injury, the acute exposure of rats
(Moreno et al., 2005) and the sub-chronic exposure of mice
(Andrinolo et al., 2007) to hepatotoxic doses of MCLR,
induces a decrease of antioxidant defences and an increase
of lipoperoxidation in kidneys. These results suggest that
the nephrotoxicity of microcystins might be masked under
severe acute hepatotoxic exposure but can be manifested
after the hepatic effects have been overwhelmed or under
a sub-acute or chronic exposure to lower toxin doses.

Additionally, Gaudin et al. (2008) reported that MCLR
induces genotoxic effects (DNA damage by the Comet
Assay) in mice kidney in vivo. Our preliminary data on the
genotoxic potential of MCLR on Vero cells also showed that
LMECYA 7 extract induces micronucleous formation, sug-
gesting an aneugenic or clastogenic activity of microcystins
(Dias et al., 2008).

Data presented here, together with those reported by
others, point out the need to further clarify the effects of
chronic exposure to low doses of MCLR at the kidney level,
namely to what concerns the potential genotoxic and
carcinogenic effects.
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The aim of this study was to examine the toxic effects of a microcystin-LR (MCLR)-con-
taining cyanobacteria extract on the subcellular organization of a kidney cell line (Vero-
E6). Cells were exposed to different MCLR concentrations (1.3-150 uM) for 24, 48 and 72 h
and two cytotoxicity assays were performed. This information was combined with the
analysis of lysosomal, mitochondrial and cytoskeleton integrity and with an ultrastructural
study. Biochemical and microscopic data revealed a good agreement and demonstrated
that cellular response to MCLR is dependent on the dose/exposure time. Cell viability
decayed markedly after 24 h of exposure to toxin concentrations greater than 30 pM.
Furthermore, it was demonstrated that lysosome destabilization precedes mitochondria
dysfunction. The ultrastructural analysis showed that mild toxin incubation conditions
induce endoplasmic reticulum (ER) vacuolization and assembly of large autophagic
vacuoles, suggesting that autophagy is an early cellular response to the toxin. After
exposure to higher MCLR doses, the number of apoptotic cells increased, as identified by
microscopic observations and confirmed with TUNEL assay. Additionally, drastic exposure
conditions induced the increase of necrotic cells. These results suggest that the ER is the
primary microcystin target in Vero cells and that autophagy, apoptosis and necrosis are
induced in a dose- and time-dependent manner.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

poisoning of humans and animals (Chorus et al., 2000;
Duy et al., 2000). An association between the increase of

Increasing eutrophication of freshwater plays an
important role in the development of cyanobacterial
blooms. Cyanobacteria are distributed worldwide and
have the ability to produce several types of toxins, the
most frequent of which are microcystins, a family of
potent hepatotoxins (Carmichael, 1994). Among these
toxins, the most common and toxic variant is micro-
cystin-LR (MCLR), which has been responsible for acute

* Corresponding author. Tel.: +351 217519393; fax: +351 217526400.
E-mail address: Elsa.Alverca@insa.min-saude.pt (E. Alverca).

0041-0101/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.toxicon.2009.04.014

hepatocarcinoma incidence in populations and exposure
to water frequently contaminated with toxic strains of
Microcystis aeruginosa was also reported (Ueno et al.,
1996). In fact, MCLR is considered a tumor promoter
(Nishiwaki-Matsushima et al., 1992; Humpage et al,
2000) and is classified by the International Agency for
Research on Cancer as possibly carcinogenic to humans
(IARC, 2006).

The acute hepatotoxicity of microcystins has been
attributed to their activity as potent inhibitors of protein
phosphatases PP1 and PP2A (Honkanen et al, 1990;
Matsushima et al., 1990). This inhibition induces the
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hyperphosphorylation of cytoskeleton proteins, disas-
sembly of its components, resulting in hepatocyte
deformation, dissociation and necrosis and ultimately, in
intrahepatic hemorrhage and death (Bischoff, 2001;
Carmichael, 1994). The effects of microcystins on cyto-
skeleton morphology and ultrastructure have been
extensively documented for rodent liver cells (Billam
et al., 2008; Toivola and Eriksson, 1999; Ito et al., 1997;
Khan et al., 1995, 1996; Eriksson et al., 1990). Similar
effects were also reported for fish (Pichardo et al., 2005;
Li et al, 2001) and human (Batista et al., 2003) hepa-
tocytes, rat kidney epithelial cells and skin fibroblasts
(Khan et al, 1995, 1996) and rabbit embryo cells
(Frangez et al., 2003).

More recently other subcellular effects have been
reported, particularly those consistent with apoptosis.
These include cell shrinkage, membrane blebbing and DNA
fragmentation, which have been described for rodent or
human hepatocytes (Bouaicha and Maatouk, 2004; Ding
et al., 2001; Mankiewicz et al., 2001; McDermott et al.,
1998), human lymphocytes (Mankiewicz et al., 2001;
Lankoff et al., 2004) and for some mammalian cell lines
(Lankoff et al., 2003; McDermott et al., 1998; Rao et al,,
1998). Additionally, the ability of microcystins to induce
liver apoptosis in vivo has been already confirmed in
studies with mouse (Weng et al., 2007; Chen et al., 2005;
Hooser, 2000; Guzman and Solter, 1999) and fish (Li et al.,
2005). Several cellular and molecular mechanisms have
been proposed for MCLR-induced apoptosis, and the most
widely accepted are those related with the mitochondria
pathway and oxidative stress. It has been shown that MCLR
causes the reactive oxygen species (ROS) overproduction
and glutathione (GSH) depletion in mouse hepatocytes
(Ding and Ong, 2003). Furthermore, it has been demon-
strated that MCLR induces changes in mitochondrial
membrane potential (MMP) and permeability with the
consequent release of mitochondrial cytochrome c and
Ca’* (Ding et al., 2000a, 2001), activation of calpin and
Ca®*/calmodulin-dependend kinase II (Fladmark et al,
2002), impairment of the electron transport chain as well
as mitochondria ultrastructure changes (Zhao et al., 2008).
Additionally, it has been proposed that other mechanisms
might also be involved in the microcystin-induced
apoptosis such as the activation of caspases (Fladmark
et al,, 1999), altered expression of pro-apoptotic proteins
from Bcl-2 family and of p53 gene (Billam et al., 2008; Fu
et al,, 2005; Weng et al., 2007). Besides the changes in
mitochondria functions and structure, few authors have
also reported the involvement of lysosomes (Boaru et al.,
2006; Li et al.,, 2007) in the MCLR-mediated apoptosis.

Despite the increasing recognition of the toxic effects of
microcystins, the underlying mechanisms of toxicity are
still poorly characterized, particularly in non-liver cell
models. The organ specificity of microcystins is due to the
selective uptake of the toxin by the Organic Anion Poly-
peptide Transporter (OAPT), a family of transport proteins
that are selectively expressed by hepatocytes (Fischer et al.,
2005). Microcystins are excreted mainly by the liver, but
a small proportion is also eliminated through the urine (9%)
(Bischoff, 2001). Some papers have described toxic effects
of microcystins in kidney (Nobre et al., 1999; Milutinovic

et al., 2003; Gaudin et al., 2008) and intestine cells (Botha
et al,, 2004; Gaudin et al., 2008), showing that, besides the
liver, other organs might also be targets for microcystins. In
previous studies (Dias et al., 2008, 2009), we showed that
MCLR is able to induce cytotoxicity in the monkey kidney
cell line Vero-E6. However, its impact on subcellular orga-
nization has never been characterized in this cell line. In the
present work, we evaluated the effects of a semi-purified
MCLR-containing cyanobacterial extract in Vero cells at
morphologic and ultrastructural levels using both Fluo-
rescence and Transmission Electron Microscopy (TEM)
approaches, respectively.

2. Material and methods
2.1. Cyanobacteria extracts

The MCLR-containing extract was obtained from a toxic
M. aeruginosa strain (LMECYA 113), isolated from a natural
bloom (Montargil reservoir, Portugal) and maintained in
monoalgal, free of eukaryotes, non-axenic laboratory
cultures. The characterization of microcystins production in
this strain was previously done by Valério et al. (in press).
HPLC-DAD revealed that LMECYA 113 chromatogram
exhibited only one peak with the typical absorbance
spectrum of microcystins and the retention time of the
MCLR variant. LMECYA 113 grew in 2 L plankton light
reactors (Aqua-Medic, Bissendorf, Germany) containing Z8
medium (Skulberg and Skulberg, 1990) under continuous
aeration, with a 14/10h L/D cycle (light intensity
164 pEm 25 1) at 20+ 1 °C. Cells harvested during late
exponential growth phase were lyophilized in a freeze drier
(Micromodul Y10, Savant, NY, USA) and extracted with 75%
methanol (10 mL/100 mgdw) overnight at 4°C under
magnetic stirring. The extract was further sonicated with
an ultrasonic probe (Sonics Vibra-Cell CV33, Sonics &
Materials Inc., CA, USA), centrifuged and submitted to
rotary evaporation at 35 °C (Buchi-R, Flawil, Switzerland) to
eliminate the alcoholic fraction. The resulting aqueous
extract was cleaned-up by solid phase extraction on Sep-
Pak C18 cartridges (500 mg Waters, Massachusetts, USA)
previously conditioned with 20 mL of methanol and
equilibrated with 20 mL of distilled water. The microcystin-
LR containing fraction was eluted with methanol at 80%
(v/v) and evaporated to dryness. The solid residue was re-
suspended in 25 mM acetic acid and manually injected into
a Bio-Gel P2 (40-90 um, Bio-Rad Inc., CA, USA) packed
preparative column (Amersham Biosciences, XK 26/40, i.d./
length). The mobile phase consisted of 25 mM acetic acid,
and the flow rate was set at 1 mLmin~! (Knauer Well-
Chrom K-120 pumps, Germany). Elution fractions (5 mL)
were collected on a fraction collector (Bio-Rad Mod. 2110,
CA, USA) and analyzed by HPLC-DAD according to the ISO
standard method 20179 (ISO 2005). The purity of the MCLR
fractions (>85%) was assessed by quantifying the closely
retaining impurities (peaks eluting within 4 min before and
after toxin peak) by fitting them to the MCLR calibration
curve (Ramanan et al., 2000). The later was constructed by
analyzing commercially available MCLR standards (Alexis
Biochemicals, CA, USA). MCLR-containing fractions were
evaporated to dryness and re-suspended in MEM culture
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medium (see following section). The final extracts were
sterilized by filtration on 0.22 um syringe filters and kept at
—20 °C until use.

2.2. Vero cell line culture

African green monkey Cercopithecus aethiops kidney
cells (Vero-E6, FTVG, Vircell, Granada, Spain) were main-
tained in 25cm? flasks (Nunc, Roskilde, Denmark) in
Minimum Essential Medium (MEM), supplemented with
1% essential amino acid, 1% sodium pyruvate and 10% Foetal
Bovine Serum (FBS), at 37 °C in a 5% CO, humidified incu-
bator. All culture media and supplements were purchased
from Gibco BRL (Paisley, UK). Exponential growing cells
were trypsinized and counted using a haemocytometer by
the trypan blue exclusion method (Philips, 1973). Densities
of: (1) 1 x 10% cells were seeded in 96-well microtitre plates
(Sarstedt, Newton, USA) for the cell viability assays; (2)
3.5 x10% cells were seeded on coverslips in sterile
4-chamber slides (Nunc) for morphological evaluation by
fluorescence microscopy and apoptosis analysis by the
TUNEL assay; (3) 1 x 10° cells were seeded in 6-well tissue
culture plates (Nunc) for ultrastructure analysis by Trans-
mission Electron Microscopy (TEM).

2.3. Toxin exposure

For the viability assays, the culture medium was
replaced by several dilutions of the LMECYA 113 extract
containing 1.3-150 uM of MCLR and cells were exposed
for 24, 48 and 72 h. A similar procedure was conducted
for the microscopic analysis. After medium discharge the
cells were exposed for 24 h and 48 h to the LMECYA 113
extract containing 5, 20 and 40 uM of MCLR for the
fluorescent morphologic assays, 20 and 40 uM of MCLR
for the TUNEL assay and 5, 10, 20, 30, 40 and 75 uM of
MCILR for the TEM analysis. The negative controls for all
the exposure conditions consisted of cells grown in MEM
culture medium.

2.4. Cytotoxicity assays

The effects on cell viability were evaluated by MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) and NR (neutral red) methods described by Mos-
mann (1983) and Borenfreund and Puerner (1985), respec-
tively. Briefly, after toxin exposure, the cells were washed
with PBS and incubated for 3 h with the MTT (0.5 mg mL™!)
or NR (50 pgmL™!) solutions prepared in MEM culture
medium. For MTT assay, a 100 pul of acidified propan-2-ol
solution (0.04 M HCl) was added to dissolve MTT-formazan
crystals and after shaking for 15 min, absorbance was
recorded at 570 nm using a Multiscan Ascent spectropho-
tometer (Labsystems, Helsinki, Finland). For the NR assay,
the cells were washed twice with PBS and the intracellular
neutral red was extracted with 50% aqueous ethanol con-
taining 1% acetic acid. The plates were shaked for 20 min in
the dark and the absorbance was measured at 540 nm. MTT
was purchased from Calbiochem (Darmstadt, Germany) and
NR from Merck (Darmstadt, Germany).

2.5. Fluorescence microscopy

2.5.1. Lysosomes and mitochondria

Acridine Orange (AO) and Rhodamine (Rh)-123
(Molecular Probes, Oregon, USA) were used as fluorescent
probes for lysosome and mitochondria staining, respec-
tively. Cells were incubated for 10 min with 10 uM AO or
15 ug mL~! Rh-123, thoroughly washed with PBS or culture
medium, and observed wunder fluorescent filters
(A=487 nm for AO and A =505 nm for Rh-123).

2.5.2. Actin filaments

Cells were fixed with freshly prepared 3.7% para-
formaldehyde (PFA) in CBS buffer (10 mM MES, 138 mM
KCl, 3mM MgCl,, 2 mM EGTA, 0,32 M sucrose, pH 6.9)
for 15min. The cells were permeabilized with 0.5%
Triton X-100 in phosphate-buffered saline (PBS) for
3 min, and then blocked with 2% bovine serum albumin
in PBS for 10 min at room temperature. The microfila-
ments (MFs) and nuclei were then stained with Alexa
Fluor® 488 Phalloidin (30 U/mL) (Molecular Probes,
Oregon, USA) and 1pugmL~! DAPI (4',6-diamidino-2-
phenylindole), respectively.

2.5.3. Microtubules

The cells were first washed with a microtubule stabi-
lizing buffer (MTB) containing 50 mM PIPES, 2 mM EGTA,
2 mM MgS04-7H20 (pH 6.1). Afterwards they were fixed
with freshly prepared 3.7% PFA in MTB for 45 min, washed
twice with the same buffer and permeabilized with 0.5%
Triton X-100 in PBS. The cells were then incubated with the
primary antibody DM1A (dilution 1:50) (Sigma, MO, USA)
for 90 min. Antigen-primary antibody complex visualiza-
tion was achieved with an anti-mouse secondary antibody
conjugated to Alexa Fluor® 488 (dilution 1:200). The
preparations were then counterstained with 1 pgmL~!
DAPI for nuclei visualization.

For both microtubule (MT) and MFs staining, the
coverslips were mounted on glass slides with a drop
of Vectashield mounting medium (Vector Laborato-
ries, Burlingame, CA, USA). All preparations were
observed under an Olympus BX60 microscope and
microphotographs captured with a CCD camera
(Olympus DP11).

2.6. Transmission Electron Microscopy

After the exposure treatments, both supernatant and
trypsinized adherent cells were centrifuged at 209 x g for
5 min. The supernatant was removed and the pellet was
fixed with 2.5% glutaraldehyde in 0.1 M sodium cacodylate
buffer plus 2.5 mM CaCl, (pH 7.2), for 90 min at room
temperature. Cells were post-fixed in an aqueous solution
of 1% 0sO4 and 1.5% K3Fe(CN)g, for 90 min; contrasted with
1% uranyl acetate for 1h, dehydrated in ethanol and
embedded in Spurr’s resin (EMS, Washington, USA).
Ultrathin sections were contrasted with saturated uranyl
acetate and lead citrate and examined under a Morgagni
268D EM. Digital images were acquired with a CCD Mega-
View (SIS, Miinster, Germany).
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2.7. TUNEL assay

The apoptotic effect was determined using the terminal
deoxynucleotidyl transferase (TdT)-mediated dUTP nick
end labeling (TUNEL) technique. Labeling of DNA strand
breaks by TUNEL was performed using a commercial kit (In
situ Cell Death Detection Kit, Roche Diagnostics, Indian-
apolis, USA), according to the manufacturer’s instructions.
This assay was applied on both adherent cells on the
coverslips and supernatant cells, which after MCLR treat-
ment detached from growth surface to the exposure
medium. After labeling, cells were counterstained with
1 pgmL~! DAPI and mounted on slides with Vectashield.
Negative (no TdT) and positive (DNase I treatment) controls
were prepared as indicated in the TUNEL kit.

2.8. Statistical analysis

In cell viability assays, each treatment condition was
assayed in triplicate. Results are expressed as mean -
+ standard deviation of the percentage of that found in
control cultures. The statistical differences were analyzed
with a factorial ANOVA and Tukey’s test (Statistica software
7.0). Cell viability data were fitted by multiple regression to
polynomial curves (p < 0.0001) and the ECsg value for each
exposure time was calculated by interpolation of those
polynomial dose-response curves. For TUNEL assay,
experiments were performed in duplicate. For each expo-
sure condition, apoptotic nuclei were counted in a total of
500 cells. The data were expressed as percentage of
apoptotic nuclei (apoptotic index) and presented as
mean + standard deviation. The statistical differences were
analyzed with Qui-square, Qui-square for Trend and Fisher
method using the Statistica software 7.0. The level of
statistical significance employed in all cases was p < 0.05.

3. Results
3.1. Cell viability

The cytotoxic effect of MCLR on Vero cell line was
assessed by the reduction of MTT and the uptake of NR by
viable cells (Fig. 1). A significant dose- and time-dependent
loss of cell viability (p <0.0001, factorial ANOVA) was
observed in both assays. For the 24 h treatment, the cell
viability started to decrease significantly at 30 uM of MCLR.
After 48 h of exposure, the cell viability became signifi-
cantly (p < 0.05, Tukey’s test) distinct from control at lower
MCLR concentrations (20 uM by the MTT assay, 5 uM by the
NR assay). At 72 h, a similar trend was observed and by the
NR assay only 10% of cells were viable above 10 uM MCLR.
Regardless the duration of exposure, the ECso values
calculated from the MTT results were always higher
(1.3-2.7 times) than those obtained by the NR assay (Fig. 2).
These differences might be attributed to distinct sensitiv-
ities of NR and MTT assays, or might reflect the end-points
assessed by those methods. Considering that the MTT and
NR assays evaluate mitochondrial and lysosomal integrity,
respectively, MCLR seems to affect lysosomes earlier than
mitochondria in Vero cells.

3.2. Cell morphology

To further investigate the mechanisms underlying the
MCLR-mediated cytotoxicity, fluorescence techniques were
used to study lysosomal, mitochondrial and cytoskeleton
integrity.

In untreated Vero cells, the Acridine Orange (AO)
staining revealed the presence of a large number of red
fluorescent lysosomes, uniformly distributed within the
cytoplasm (Fig. 3A). Cells exposed to 5 uM MCLR for 24 h
presented enlarged lysosomes (Fig. 3B), effect seen before
viability decrease. Following 20 and 40 uM MCLR (24 h)
exposure, the presence of enlarged lysosomes was also
observed. However, it was evident a drastic reduction on
the number of intact lysosomes and an increase of green
cytosolic fluorescence, reflecting the leakage of lysosomal
AO to the cytoplasm (Fig. 3C, D). Doubling the duration of
the exposure to the toxin (48 h), there was a reduction in
the number of intact lysosomes, their redistribution in the
cell and an increase in cytoplasmic green fluorescence.
These effects were detected in cells exposed to 5 pM MCLR
(Fig. 3E), but became more evident with higher MCLR
concentrations (data not shown).

Mitochondrial integrity was evaluated by Rh-123
incorporation into viable mitochondria. In control cells,
labeled mitochondria appeared as a reticular network with
a perinuclear distribution (Fig. 3F). The same pattern was
observed in cells treated with 5 pM MCLR for 24 h (Fig. 3G).
Higher MCLR doses induced mitochondria structural
damage in most of the cells as shown by the diffusion of
fluorescence to the cytosol (Fig. 3H, I). As shown in Fig. 3],
this process of mitochondrial degradation was also noted in
some cells exposed to 5 uM MCLR for 48 h, although it was
more pronounced in cells treated with higher MCLR
concentrations (20 uM and 40 pM, data not shown).

To analyze the MCLR effects on the cytoskeleton, immuno-
labelling of microfilaments and microtubules was used (Fig. 4).

Untreated cells displayed a highly organized mesh of
cortical actin filaments, prominent stress fibers and dense
actin bundles at the cell periphery (Fig. 4A). No changes to
this structure were observed in cells exposed to 5uM
MCLR, for 24 h (data not shown), while treatments with
higher MCLR concentrations caused the progressive disas-
sembly of actin filaments, as well as the shortening or
disappearance of stress fibers (Fig. 4B, C). Similar dose-
dependent effects were observed in cells exposed to the
toxin for 48 h. As can be seen in Fig. 4D, cells treated with
5 uM MCLR for 48 h presented already short stress fibers
that seem to be collapsed into several cytoplasmic points.

Microtubule immunolabelling of control cells, revealed
the presence of a complex network of filaments radiating
from nucleus to the cell periphery (Fig. 4E). Again, at 24 h
treatments, toxin doses higher than 5pM (20 uM and
40 pM) induced the microtubule aggregation, forming
intense green bundles (Fig. 4F, G). Some cells exposed to
40 pM MCLR, also showed partially collapsed microtubules
in the perinuclear region (Fig. 4G). Similar effects were
observed when cells were subjected to 48 h treatments, but
at lower toxin concentrations (Fig. 4H). Longer exposure
time also induced slightly microtubule disassembly, as
shown by the presence of fluorescent dots (Fig. 4H).
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a significant difference from control, p < 0.05.

3.3. Cell ultrastructure

Transmission Electron Microscopy analysis was per-
formed to determine ultrastructural changes occurring
during MCLR treatments (Fig. 5). After 24 and 48 h of
culture, control Vero cells showed the typical ultrastruc-
tural organization as depicted in Fig. 5A. After 24 h treat-
ment with 5 uM MCLR, some cells presented one or more
large digestive vacuoles with cytoplasmic contents and
frequently showing signs of fusion with lysosomes (Fig. 5B).
In some cases, it was also evident the swelling of the
endoplasmic reticulum (ER) cisterns (Fig. 5C). Doubled
exposure time additionally induced the Golgi apparatus
vacuolization (Fig. 5D). Both cell blebbing and Golgi appa-
ratus vacuolization were also observed in cells exposed to
the toxin for 24 h, but with 10 pM and higher MCLR doses

(Fig. 5E, F). Mitochondrial ultrastructure began to be altered
in cells exposed to 10 pM MCLR for 48 h (Fig. 5G). They
appeared reduced in size and with a condensed matrix.
Similar effects could also be observed after 24 h of incu-
bation but with higher MCLR concentrations (data not
shown). The presence of cells with condensed chromatin
and amorphous cytoplasm, ultrastructurally consistent
with apoptotic cells, was more frequently detected with
longer (48 h) treatments, using 20 uM or higher toxin
concentrations (Fig. 5H, J). With this treatment condition
there were also non-apoptotic cells, presenting the previ-
ously mentioned organelle injuries, as well an abnormal
microtubules aggregation (Fig. 5I).

In cultures treated with 40 uM or higher MCLR
concentrations, most of the cells showed drastic ultra-
structural changes. Besides the condensed apoptotic cells, it
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was evident the increase on the proportion of necrotic cells,
especially after 48 h of incubation with the toxin. These
cells were characterized by a generalized cytoplasmic
disorganization and membrane disruption (Fig. 5L).

Cells exposure to the toxin, affected progressively
different organelles in a dose- and a time-depending
manner.

3.4. Apoptosis detection (TUNEL assay)

Quantification of MCLR-induced apoptotic cells by the
TUNEL assay identified 4% of apoptotic cells after the 5 pM/
24 h treatment (Fig. 6). Statistical analysis confirmed
a significant dose- and time-dependent increase in
apoptotic cells after treatments with MCLR (p < 0.001).
Additionally, TUNEL assay results revealed that the occur-
rence of apoptotic cells in the supernatant was significantly
superior when compared to the correspondent adherent
cells.

4. Discussion

In previous studies we showed that the MCLR effects on
Vero cells are highly dependent on dose/time of exposure,
as well as on the cytotoxicity end-point. We also demon-
strated that the cytotoxic effects of a MCLR-containing M.
aeruginosa extract was similar to those induced by
commercial MCLR, excluding potential toxicity from other
eventual extract compounds (Dias et al., 2009). In this
work, we used an extract from another MCLR-producer (M.
aeruginosa strain LMECYA 113) prepared by the same
purification procedure. This extract induced dose-response
curves similar to those obtained with pure MCLR: 1 - cell
viability decrease was highly dependent on the MCLR
concentration/time of exposure; 2 - the cytotoxicity
threshold of LMECYA 113 extract was 25 pM MCLR/24 h;

3 - the neutral red assay was the most sensitive to evaluate
the MCLR-induced cytotoxicity.

The morphological and ultrastructural analysis of
LMECYA 113-treated Vero cells, allowed us to clarify the
cellular damages underlying the identified MCLR-induced
cytotoxicity. According to the data from TEM studies, the
ER is the most sensitive organelle to the MCLR toxic
effects, probably representing the first intracellular target
for this toxin. In fact, ER vacuolization was evident even
at the mildest toxin treatment tested (5uM/24h).
Similar effects were reported by Berg et al. (1988) and Li
et al. (2001) using MCLR from crude cyanobacterial
extracts in hepatocytes from rats and carp, respectively.
These authors suggested that the mentioned structural
effects were related with cytoskeleton modifications.
However, our results from immunolabelling of microfil-
aments and microtubules showed no changes in these
structures at this toxin concentration, suggesting
a different cause. Cells exposed to higher incubation
times or higher MCLR concentrations, displayed simul-
taneous vacuolization of the Golgi apparatus. This is
a highly dynamic organelle, whose structure is partially
dependent on the ER-Golgi transport equilibrium (Dinter
and Berger, 1998; Lee and Linstedt, 1999). As described
by Davidson et al. (1992) in a study done with ovary and
kidney cell lines, this transport is inhibited as a conse-
quence of MCLR action on PP2A activity, indicating
a casual relationship between the ER and Golgi ultra-
structural changes observed. Recent studies further sug-
gested that the ER and the Golgi apparatus have
detection and signaling stress mechanisms that are able
to activate cell repair or death pathways (Maag et al,
2003; Hicks and Machamer, 2005), supporting the idea
that these organelles may play an important role in cell
response to MCLR.

Autophagy is a mechanism highly conserved from yeast
to mammalian cells. This process is characterized by
sequestration of cytosolic proteins and/or organelles in
double membrane vesicles and their subsequent degrada-
tion by the cell’s lysosomal system (Broker et al., 2005). In
our study, the presence of cells with prominent digestive
vacuoles was frequently observed following MCLR treat-
ment. Both TEM and AO incorporation observations
revealed that these large autophagic vacuoles were
predominantly present in cells grown under mild toxin
exposure conditions. The formation of autophagic/digestive
vacuoles in mouse hepatocytes has been previously
reported by Dabholkar and Carmichael (1987), after a lethal
injection of MCLR, suggesting that they were involved in
the toxin neutralization. Additionally, studies developed in
silver carp revealed an increment of secondary lysosomes
after microcystin treatments, indicating that this might be
a mechanism to eliminate or minimize the toxin impact on
cells (Li et al., 2007). In fact, it has been proposed that in
some mammalian cell lines the attempt to remove injured
organelles through an autophagic process precedes the
cells’ commitment to death, namely by apoptosis (Bauvy
et al., 2001). In our work, the observed stimulation of the
autophagic cellular response under mild MCLR exposure
conditions is compatible with a cell survival strategy.
Furthermore, there is a growing body of evidence that the
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Fig. 3. Fluorescence microscopy analysis of Vero cells stained with AO (A-E) or Rh-123 (F-]) after treatments with MCLR. A. Control cells showing brightly labeled
lysosomes dispersed within the cytoplasm. B. Note the presence of some swelled lysosomes (arrow) already after 24 h exposure to 5 uM MCLR. C. Cells treated with
20 uM for 24 h, with some enlarged lysosomes (arrow) and an increase of cytoplasmic and nuclear AO green fluorescence. D. Dense cytoplasmic green fluorescence
and few red labeled lysosomes in cells exposed for 24 h to 40 pM MCLR. E. Cells treated with 5 uM MCLR for 48 h with low density of cytoplasmic lysosomes. F. Control
cells showing areticular network of mitochondria. G. After exposure to 5 uM MCLR/24 h cells appear similar to the negative control. H. Cells treated with 20 yM MCLR
for 24 h showing some mitochondria with altered shape. I. Note the change of the reticular pattern of mitochondria and the increase on diffuse labeling in cells treated
with 40 uM MCLR for 24 h. J. Cells treated with 5 uM for 48 h, with a diffuse labeling or presenting spherical mitochondria. Scale bar 10 pm.
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Fig. 4. Fluorescence microscopy analysis of Vero cells microfilaments stained with Alexa Fluor® 488 Ph (A-D) or microtubule immunolabelling (E-H) after
treatments with MCLR. A. Control cells showing a highly organized actin mesh with abundant stress fibers (arrows). B. Cells treated for 24 h with 20 uM MCLR
with reduced number of stress fibers. C. Note a drastic microfilaments disassembly after exposure to 40 pM/24 h. D. Cells treated with 5 uM for 48 h showing the
partial collapse of actin fibers into cytoplasmic points (arrows). E. Control cells with a dense network of microtubules radiating from the nucleus. F and G. Cells
treated for 24 h with 20 uM and 40 uM MCLR respectively, showing the intense fluorescence beams in the nucleus periphery (arrows). H. Cells exposed to 5 uM
MCLR for 48 h, showing already a slight microtubules aggregation. Scale bar 10 pm.

endoplasmic reticulum stress (ERS) response is tightly
linked to the mechanisms of autophagy activation, and that
these two systems have interdependent controls, even
though they function independently (Schénthal, 2008). The
co-occurrence of ER ultrastructural changes and morpho-
logical autophagy markers in MCLR treated Vero cells is

consistent with this knowledge, and suggests that the ER
participates in an early MCLR-induced autophagic
response.

At toxin concentrations higher than 10 uM, there were
a growing number of cells presenting marked alterations
on several subcellular structures, namely membrane
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Fig. 5. Transmission electron micrographs of Vero cells exposed to different MCLR treatments A. Control cells; B and C. 5 uM MCLR for 24 h, cells showing a large
autophagic vacuole (arrow) (B) and swelling of the endoplasmic reticulum (*) (C). D. 5 uM MCLR for 48 h, cell with vacuolated Golgi apparatus. E and F. 10 uM
MCLR for 24 h, cells with clear vacuolization of the Golgi (E) and blebbing of the cell membrane (F). G. 10 uM MCLR for 48 h, cell showing small and condensed
mitochondria. H and I. 20 pM MCLR for 48 h, cells showing chromatin condensation (H) and cytoplasmic aggregation of microtubules forming a bundle (I).
J. 30 uM MCLR for 48 h, apoptotic cell with vacuolated cytoplasm and condensed nucleus. L. 75 uM MCLR for 48 h, necrotic cell with disrupted membranes
(arrow). (N) Nucleus; (M) Mitochondria; (AV) Autophagic Vacuole; (ER) Endoplasmic Reticulum; (G) Golgi apparatus. Scale bar 0.5 pm.

blebbing and chromatin condensation. Similar effects were
also observed by other authors in primary and permanent
cell lines exposed to pure MCLR or cyanobacterial extracts
(Li et al., 2001; Mankiewicz et al., 2001; McDermott et al.,
1998), which were associated with apoptosis. Accordingly,
our TUNEL results showed an increase of apoptosis in cells
exposed to the toxin, in a dose- and time-dependent
manner.

The exact mechanisms involved in MCLR-induced
apoptosis are still unknown. However, there is growing
evidence that the increase of ROS generation, the onset of
mitochondrial permeability transition (MPT) and the loss of
mitochondrial membrane potential (MMP) have funda-
mental roles in this process (for a review see Ding and Ong
2003). In vivo studies developed in mouse liver suggested
that MCLR stimulates ROS formation, and related this
increase with a higher expression of pro-apoptotic
members of Bcl-2 family (Weng et al., 2007), supporting
the importance of oxidative stress on MCLR-induced
apoptosis. Besides its association with mitochondria, Bcl-2
proteins are also bound to the ER, and they appear to be

involved in an alternative pathway of mitochondrial
apoptosis activation (Nutt et al., 2002; Pinton et al., 2001).
Apparently this process is regulated by Bcl-2 proteins
localized at the ER and not at mitochondria (Scorrano et al.,
2003). Additionally, it has been shown that in yeast the ER
oxidative stress activates autophagy, and when autophagy
is blocked the ERS-induced cell death is enhanced (Ogata
et al,, 2006; Yorimitsu et al., 2006). Our ultrastructural
observations are consistent with these data, supporting the
idea that changes in the ER can trigger both autophagic and
apoptotic cellular response to MCLR.

As previously mentioned, in our experiments mito-
chondrial alterations were always preceded by MCLR-
induced lysosomal damages. The importance of lysosome
disruption as an inductor of mitochondrial membrane
destabilization has already been suggested by several
authors (for a review see Kurz et al., 2008). Additionally, it
has been demonstrated that the partial release of lysosomal
enzymes into the cytosol may induce apoptosis either
directly by pro-caspase activation and/or indirectly, by
mitochondrial attack and consequent release of
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cytochrome c (Li et al., 2000). These data suggest that in
Vero cells there is a lysosome-mitochondria crosstalk
which is important for the MCLR-induced apoptosis acti-
vation and that lysosomal permeabilization is an early
event in the apoptotic cascade.

In the present study, an increase in the number of cells
presenting signs of necrosis and an extensive rupture of the
lysosomal apparatus became evident after prolonged
exposure to high concentrations of MCLR (75 uM/48 h).
Studies using the lysosomotropic detergent MSDH indicated
that the key factor in determining the type of cell death is the
magnitude of lysosomal permeabilization and the amount
of proteolytic enzymes released into the cytosol (Li et al.,
2000). Thus, it seems that in Vero cells partial, selective
lysosome permeabilization triggers apoptosis, whereas
massive breakdown of lysosomes results in necrosis.

MCLR is a potent inhibitor of phosphatases PP1 and PP2A,
important to the cytoskeleton integrity. The disassembly of
cytoskeleton induces the loss of cell contact, detachment
from the growth surface and severe morphological changes
(Li et al., 2001). The MCLR effects on cytoskeleton compo-
nents have been extensively described (Batista et al., 2003;
Frangez et al,, 2003; Toivola and Eriksson, 1999; Li et al,,
2001; Ito et al, 1997; Khan et al., 1996, 1995). In general,
these effects are characterized by the aggregation or
collapse of both MTs and MFs towards the interior of the
cells and in some cases the loss of cytoskeleton structure
(Ding et al., 2000b; Khan et al., 1996). The MF and MT
alterations reported here are in accordance with these
authors. However, the cytoskeleton disorganization was
only evident at toxin concentrations and exposure times
higher than those affecting other subcellular compartments.
In several eukaryotic cells, it has been reported that
autophagy requires a functional cytoskeleton network for its
initiation and progression, thus appearing largely preserved

during that process, whereas during apoptosis it is dis-
assembled early in the process (Bursch et al, 2000).
According to this, our findings further support the hypoth-
esis that MCLR induces either an autophagic or an apoptotic
cellular response depending on the exposure conditions.

Our results indicate that Vero cells respond to MCLR-
induced stress through autophagy, apoptosis or ultimately
through necrosis. The type of response seems to be highly
dependent on the strength of the stimulus. Furthermore,
the data presented also suggest that MCLR-mediated
autophagy and apoptosis involve a considerable crosstalk
among several organelles, in which the ER seems to have
a determinant role.

It has been described that the ER stress is implicated in
several kidney diseases (Pallet et al., in press) and in the
nephrotoxicity of several compounds (Cribb et al., 2005).
Moreover, increasing evidences suggest that the kidney
might be a target organ for microcystins (Nobre et al., 1999;
Milutinovic et al., 2003; Gaudin et al., 2008). Additionally,
a microcystin carrier (OATP-A) has already been identified
at mRNA level in the human kidney (Hagenbuch and Meier,
2003). Thus, further studies conducted with distinct kidney
cell models should elucidate if microcystins are nephro-
toxic and, in that case, if RE-targeting is a general mecha-
nism for the microcystins-mediated nephrotoxicity.
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Abstract

Microcystins are a class of potent hepatotoxins produced by freshwater cyanobacteria,
which constitute a risk for human health. Despite their well known acute toxic effects in
liver, chronic toxicity has not been sufficiently studied and constitutes an important
issue to be clarified for risk assessment of human exposure. It is recognized that
microcystins are potentially carcinogenic through their tumour promoter activity and
some evidences exist that they might also display genotoxic activity. However,
uncertainties about the mechanisms involved in their potential genotoxicity and
carcinogenicity still remain. Furthermore, it has been demonstrated that they may target
organs other than liver, such as kidney, producing acute and chronic nephrotoxicity. In
this work, we used the alkaline version of the single cell gel electrophoresis (comet
assay) and the micronucleus (MN) assay in cytokinesis-blocked cells to characterize the
genotoxicity of microcystin-LR (MCLR), the most toxic and widespread variant of
microcystins, in a monkey kidney (Vero-E6) and a human hepatoma-derived (HepG2)
cell lines. The results show that non-cytotoxic concentrations of MCLR induce a
significant increase in the frequency of MN in both cell lines, although it does not
produce a detectable level of DNA damage in the comet assay. These findings are in
agreement with previous MN data obtained with an extract from a MCLR-M.
aeruginosa producer strain in Vero cells and indicate that MCLR is able to produce a
genotoxic effect in cell lines derived from liver and kidney, which might be related to a

clastogenic or to an aneugenic effect.

Keywords: Microcystin-LR, genotoxicity, micronuclei, comet assay, Vero-E6, HepG2

cells.
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Introduction

The natural and anthropogenic-induced eutrophication of water resources has
contributed to the worldwide increase in massive proliferation (bloom) of cyanobacteria
in surface freshwater reservoirs. This phenomenon constitutes a risk for public health,
given the ability of cyanobacteria to produce toxic secondary metabolites, including
hepatotoxins (microcystins, nodularin, cylindrospermopsin), neurotoxins (saxitoxin and
derivatives, anatoxins) and lipopolysaccharides (revised in Duy et al, 2000).
Microcystins (cyclic heptapeptides) are widespread hepatotoxins produced by several
cyanobacterial species, such as Microcystis aeruginosa, and have been associated with
episodes of human and animal acute liver toxicity (Chorus et al., 2000; Duy et al.,
2000).

The liver specificity of microcystins has been attributed to the selective
expression of a family of membrane transporters, the Organic Anion Polypeptide
Transporter (OAPT), by the hepatocytes (Hagenbuch and Meier, 2003, Fisher et al.,
2005). through which microcystins enter into the cells. The mechanism of acute
hepatotoxicity is believed to be mediated by the inhibition of serine/threonine protein
phosphatases 1 and 2A (PP1 and PP2A) in the liver cells (Yoshizawa et al., 1990). The
inhibition of PP1 and PP2A induces the hyperphosphorylation of cytoskeletal proteins,
which leads to hepatocyte deformation, with the consequent collapse of liver tissue
organization, necrosis, liver haemorrhage and death (Falconer and Yeung, 1992).
Increasing evidences have demonstrated that microcystins also might target other organs
such as the kidney (Nobre et al., 1999; Milutinovi¢ et al., 2002, 2003), intestine (Botha
et al, 2004; Gaudin et al, 2008), lungs (Soares et al., 2007), reproductive system (Ding
et al, 2006) and brain (Maidana et al., 2006), although the knowledge of the
toxicokinetics and toxicodynamics of microcystins on these organs is still very
restricted.

In 1998, the World Health Organization (WHO, 1998) defined a drinking water
guideline value of 1.0 ug.L™' (1 nM) for microcystin-LR (MCLR), the most toxic and
prevalent microcystin variant. This value was calculated from the acute hepatotoxicity
data in experimental animals and, thus, it only accounts for the prevention of acute liver
hazards. Although the adverse effects from repeated and prolonged exposure to low
doses of MCLR through drinking water have not been taken into consideration, they
might also be relevant for the assessment of risks to the human health. Epidemiological

studies have suggested an association between human chronic exposure to low doses of

83



microcystins in drinking water and an increase in primary hepatocellular (Yu, 1995;
Ueno et al., 1996) and colorectal cancers (Zhou et al, 2002). Moreover, two-stage rodent
carcinogenesis assays have demonstrated that MCLR is involved in tumour promotion
in rat liver (Nishiwaki-Matsushima et al. 1992) and mouse skin (Falconer, 1991) and
tumour progression in mouse colon (Humpage et al., 2000a). It has been proposed that
the tumour-promoting activity of microcystins is mediated by its inhibitory effect on
protein phosphatases PP1 and PP2A, resulting in the activation of the proto-oncogenes
c-jun, c-fos and c-myc (Gehringer, 2004; Li et al., 2009).

Additionally, it has been equally suggested that MCLR might be a complete
carcinogen because it is able to induce per se the formation of neoplastic nodules in
mouse liver, without pre-treatment with a tumour initiator (Ito et al., 1997). Data from
several in vivo and in vitro genotoxicity studies have been corroborating this finding,
showing that MCLR might have genotoxic activity, although this is still a matter of
some controversy. Another possibility is that MCLR interferes with DNA repair
processes, namely the repair of gamma radiation- and ultra-violet-induced DNA damage
(Lankoff et al., 2004; 2006a,b), thus increasing the genotoxic potency of those agents
and contributing to their carcinogenesis.

The results from mutagenesis assays have not been conclusive. The early papers
by Grabow et al. (1982) and Repavich et al. (1990) reported that extracts from
Microcystis sp. failed to induce point mutations in the Ames test. In line with these data,
Wu et al. (2006) did not find any mutagenic activity of cyanobacterial extracts in
several short-term assays (ara, Ames and SOS/umu assays). Conversely, in another
study, a Microcystis aeruginosa extract yielded a positive result in the Ames test, while
pure MCLR gave a negative result (Ding et al., 1999), such as previously shown by
Tsuji et al. (1995). On the other hand, results from mutation analyses in endogenous
genes of human cells showed that MCLR is able to increase the frequency of ouabain-
resistant RSa mutant cells (Suzuki et al., 1998) as well as the frequency of mutations in
the Aprt gene of the TK6 lymphoblastoid cell line (Zhan et al., 2004).

Several reports have shown that MCLR induces DNA damage in liver cells in
vivo (Rao and Bhattacharya, 1996; Rao et al., 1998; Gaudin et al, 2008), in cultured
hepatocytes (Ding et al., 1999; Zegura et al, 2003, 2004, 2006; Nong et al., 2007) and in
other cell types (Rao et al., 1998; Mankiewicz et al., 2002; Lankoff et al., 2004; Zegura
et al, 2008a). However, the mechanism behind the observed DNA breakage is not clear

and seems to be dose- and cell type- dependent. A study with rat liver cells has shown
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that MCLR does not induce the formation of MCLR-DNA adducts, which would
represent a pre-mutagenic lesion (Bouaicha et al., 2005) and, to our knowledge, no
MCLR adduct has been identified so far, suggesting an indirect mechanism for its
genotoxicity. In fact, some authors have attributed the MCLR-induced DNA lesions
measured in the comet assay to endonucleolytic DNA degradation associated with
apoptosis (Lankoff et al., 2004) or necrosis (Rao et al., 1998) rather than to genotoxic
events. In contrast, some studies have shown that the positive results produced by
subcytotoxic concentrations of MCLR in the comet assay, using the human hepatoma
HepG2 (Zegura et al. 2003, 2004, 2006; Nong et al., 2007) and colon carcinoma CaCo2
(Zegura et al 2008a) cell lines, were a consequence of oxidative stress and, thus, of an
indirect genotoxic effect. Supporting this hypothesis, studies with liver cells have
demonstrated that subcytotoxic doses of MCLR induce the formation of 8-oxo-dG, a
marker of oxidative DNA damage (Maatouk et al., 2004; Bouaicha et al., 2005). In
addition, reactive oxygen species (ROS) are believed to play a central role in the
MCLR-mediated apoptosis (Revised in Ding and Ong, 2003).

A chromosome damaging activity has been suggested for microcystins by an
increase of the micronucleus (MN) frequency in mouse erythrocytes (Ding et al., 1999)
and in the human TK6 cell line (Zhan et al., 2004). However, no effect on the
micronucleus frequency has also been reported for MCLR-treated CHO-K1 cells
(Fessard et al., 2004; Lankoff et al., 2006a) in agreement with the negative results of the
chromosome aberrations analysis in lymphocytes (Lankoff et al., 2004, 2006b).

In previous reports, we showed that a monkey kidney (Vero-E6) cell line
presented a higher sensitivity to the cytotoxic effects of an extract from a MCLR-
producer Microcystis aeruginosa strain, than human (HepG2) and mouse (AML12)
hepatocyte cell lines. Additionally, we observed that the same extract induced a
significantly increased frequency of MN in Vero cells (Dias et al., 2008). However, we
could not attribute undoubtedly those effects to MCLR because cyanobacterial extracts
may contain other bioactive compounds that could interfere with overall extracts
toxicity (Falconer, 2007). In further studies, we confirmed that pure (commercial)
MCLR triggers a dose- and time-dependent cytotoxic effect on Vero cells (Dias et al.,
2009). Depending on the toxin concentration, those effects included morphologic and
ultrastructural alterations of cellular organelles consistent with autophagy, apoptosis or

necrosis (Alverca et al., 2009). According to those previous results, we considered that

85



Vero cells constitute a valuable cell model to study MCLR toxicity, particularly,
genotoxicity.

The aim of the present work was to characterize the genotoxic effects of pure
MCLR in Vero cells, at non-cytotoxic concentrations, using the alkaline version of the
comet assay and the analysis of micronucleus assay in cytokinesis-blocked cells. In
addition, the same endpoints were evaluated in the liver-derived HepG2 cells,
representative of the main target organ of microcystins. Our data show that MCLR does
not induce DNA damage detectable by the Comet assay, but is capable of inducing
micronucleation in both cell lines. We suggest that the MCLR-induced micronuclei are

formed by an aneugenic mechanism.

Materials and methods

1. Microcystin-LR

Microcystin-LR was purchased from Sigma-Aldrich (CAS Number 101043-37-
2) as a white solid film (purity =95%, by HPLC). A stock solution of MCLR (3 mM)
was prepared by dissolving the toxin in cell culture medium. This solution was sterilized
through PVDF 0.22 um syringe filters (Millex-GV, Millipore) and kept at -20°C until
use. Work solutions of 5 and 20 uM of MCLR were prepared immediately before

testing, by diluting the stock solution in cell culture medium.

2. Cell lines

The Vero-E6 (African green monkey-Cercopithecus aethiops kidney epithelial
cells) and HepG2 (human hepatocellular carcinoma) cell lines were obtained from the
American Type Culture Collection (ATCC-CRL 1586) and German Collection of
Microorganisms and Cell Cultures (DSMZ ACC 180), respectively. All media and
supplements were purchased from Invitrogen (Paisley, UK). Vero cells were grown in
Modified Eagle Medium (MEM) supplemented with 10% FBS, 0.1mM non-essential
aminoacids and ImM sodium pyruvate. HepG2 cells were grown in RPMI
1640+Glutamax, containing 15% FBS. Both cell lines were maintained at 37°C, in a 5%

CO, humidified incubator.
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3. Cytotoxicity (Neutral Red) assay

The NR assay (Borenfreund and Puerner, 1985) was conducted in 96-well plates
containing 1x10* viable cells /100pL growth medium for 24h. Cells were exposed to 5
and 20 uM of MCLR during 24 hours. H,O; (400mM, 1h) was included as positive
control and non-treated cells were the negative control. Mitomycin C (0.1 pg/mL, 24h)
was tested as the positive control of the micronucleus assay. Three replicates were used
per treatment condition. After treatment, the exposure medium was replaced by fresh
culture medium containing a NR solution (50 pg.mL™") and incubated for 3h. Cells were
rinsed with PBS and the incorporated NR was extracted with an ethanol: acetic acid:
water (50:1:49) solution. NR incorporation was quantified spectrophotometrically at
540 nm using a Multiscan Ascent spectrophotometer (Labsystems, Helsinki, Finland).
Cell viability was calculated as the percentage of ABSssonm value from treated cells in

relation to the negative control cells.

4. Genotoxicity assays

Comet assay

Cells were inoculated in 25 cm” flasks (5x10° viable cells/5 ml) for 24 hours to
allow cell adherence and growth. After 24 h, the culture medium was replaced by fresh
medium containing 5 and 20 uM of MCLR. Vero cells were exposed for short (2 and 4
h) and longer (24h) periods while HepG2 cells were exposed for a single 4 h period.
Simultaneously, positive and negative controls (EMS 20mM, 1h and non-treated cells,
respectively) were included. The comet assay was performed according to Singh et al.
(1988) and Tice et al. (2000). Following exposure, 5x10” cells were mixed with 80uL of
0.7% low melting point agarose to prepare 2 microgels on microscope slides previously
covered with a 1% agarose layer. Cells were lysed (2.5M NaOH, 100mM Na,EDTA,
10mM Tris-HCI, 1% N-laurylsarcosine, 10% DMSO, 1% Triton X-100, pH 10) for 1h
at 4°C and subjected to electrophoresis in alkaline conditions (300mM NaOH, 1mM
NaEDTA, pH>13), 20 min at 25 V. Finally, slides were rinsed with neutralization
buffer (0.4M Tris, 4M HCI, pH 7.5), stained with ethidium bromide (0.125 pg/uL) and
analysed using a fluorescence microscope (Zeiss, Axioplan 2). Images of 50 randomly
selected cells per coded slide, two slides per treatment, were analysed with image
analysis software (Comet Imager 1.2.12, MetaSystems, GmbH). The % of DNA in the

comet tail was selected to measure DNA damage.

87



Micronucleus assay

Cells were seeded in 6-well plates at a density of 5x10* viable cells per well.
Following 24 hours, the growth medium was replaced by fresh medium containing 5
and 20uM of MCLR and 1 hour later cytochalasin B (6 pg/mL) was added. For each
experiment, negative (non-treated cells) and positive (mitomycin C, 0.1 pg/mL, 24h)
controls were included. At 23h post treatment, cells were trypsinized and harvested
using a hypotonic treatment (0.075M KCI; 3 min., at room temperature) followed by
fixation with cold fixative (acetic acid: methanol, 1:3) and spread onto glass slides by
cytocentrifugation (Shandon Cytospin, ThemoScientific, MA, USA) at 1200 rpm, 5
min. After air-dried, slide preparations were stained in 4% Giemsa.

This assay was performed in three independent experiments for Vero cells and in
two independent experiments for HepG2 cells, using two replicate cultures per each
treatment condition. A total of 1000 cytokinesis-blocked cells (binucleated cells) per
replica was scored for the presence of micronuclei, using the criteria described by
Fenech et al. (2003). In addition, the proportion of mono-, bi- and multinucleated cells
was calculated by scoring 1000 cells per treatment condition. The nuclear division index
(NDI) was calculated by the formula: NDI = M1+2M2+3M3+4M4)/N, where M1-M4
represents the number of cells with 1-4 nuclei and N is the total number of scored cells

(Fenech et al., 2000).

5. Statistical analysis
Results are presented as mean + SD. Statistical differences were analysed with a

two-tailed Student #-test. p<0.05 was considered a statistically significant difference.

Results

We used the NR test, in parallel with the genotoxicity assays, in order to
evaluate the effect of MCLR (5 and 20 uM) on cell viability. As it is demonstrated in
Fig.1, none of the tested toxin concentrations induced a loss of cell viability of Vero and
HepG2 cell lines.

We analysed the DNA damaging effect of pure MCLR both in Vero and HepG2
cell lines by the comet assay and data from the percentage of DNA in the tail is shown
in Table 1. Both MCLR concentrations (5 and 20 uM) did not increase the level of DNA

lesions neither in Vero cells (2, 4 and 24 h exposure) nor in HepG2 cells (4 h exposure),
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as compared to controls. Similar negative data were obtained in a single experiment
using other time points (1, 6, 12 and 18h) with Vero cells (data not shown).

The genotoxicity of pure MCLR was further evaluated by the cytokinesis-
blocked micronucleus (MN) assay in Vero and HepG2 cells. The results are depicted in
Fig 2. In both cell lines the lowest concentration of MCLR (5 uM) was able to induce
an increase in the frequency of binucleated cells with micronucleus (MNBC). In
MCLR-treated HepG2 cells, the 1.8 times increase in the MNBC frequency was
statistically significant as compared to the negative control (Fig. 2), while in Vero cells
the observed induction in the level of MNBC did not reach statistical significance. For
the highest toxin concentration tested (20 uM) a significant increase in the MNBC was
found in both cell lines (1.8-fold in Vero cells and 2.1-fold in HepG2 cells) (Fig. 2). The
data were also analysed in terms of induced frequency of micronucleated cells (after
subtracting the level of spontaneous MNBC from that of MCLR-treated cells) to
account for the different background frequencies of MNBC in the two cell lines. The
frequency of MNBC induced by 20 uM of MCLR was 17 and 20 per 1000 cytokinesis-
blocked Vero and HepG2 cells, respectively (Fig. 3).

For each treatment condition the proportion of mono, bi- and multinucleated
cells was calculated per 1000 cells to evaluate potential effects of MCLR on cell cycle
progression. The percentage of binucleated cells varied between 45%-56% and 64%-
72% in Vero and HepG2 cultures, respectively, and no differences were observed
between MCLR-treated and non-treated cells, independently of the dose. The
percentages of binucleated cells are in agreement with values for optimal culture
conditions (Fenech, 2000; Parry et al., 2002). The estimated NDI was 1.5-1.6 for Vero
cells and 1.6-1.7 for HepG2 cells, and was not affected by the MCLR treatment. This
suggests that MCLR does not interfere with the normal progression of Vero and HepG2
through the cell cycle and confirms that the tested toxin concentrations do not impact on

cell proliferation (Rosefort et al., 2004).

Discussion

The increasing use of surface freshwater reservoirs as a source of drinking water
is raising the problem of prolonged human exposure to cyanobacterial toxins,
particularly microcystins. The establishment of the WHO guideline for microcystins
constitutes a preventive measure to human health but, given that it only accounts for the

acute hepatotoxic effects, the foreseeable prevention can only be partial. MCLR is
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classified by IARC (2006) as a 2B class compound, that is, a potential carcinogen to
humans. However, the scientific knowledge is still insufficient to clearly ascertain a
complete toxicological profile of MCLR, particularly regarding its carcinogenic
potential.

In the present work, we combined the comet and the MN assays to characterize
the potential genotoxicity of MCLR and its mechanisms on Vero and HepG2 cell lines,
since in the comet assay primary and potentially reversible DNA lesions are detected,
while MN represent irreversible chromosome damage, either chromosome breakage or
chromosome loss (Valentin-Severin et al., 2003). The human hepatocarcinoma HepG2
cell line has been considered a suitable cell model to evaluate the genotoxicity of many
compounds because these cells retain the activity of metabolizing/detoxifying enzymes
as well as many of the morphologic characteristics of liver cells (Valentin-Severin et al.,
2003; Knasmiiller et al., 2004a). This is particularly important for MCLR, since liver is
its primary target organ. Likewise, the Vero cell line has been used for mutagenicity
research (Chen et al., 2009) and, in preceding works, we showed that this cell line
constitutes a valuable in vitro model to evaluate the nephrotoxicity of MCLR (Alverca
et al., 2009; Dias et al., 2009). Our previous results also revealed that a M. aeruginosa
extract containing 20 uM of MCLR induced a 3.4-fold increase in the frequency of
micronucleated Vero cells (Dias et al., 2008). The results were in agreement with those
of Ding et al. (1999), who found a 5-fold increase in bone marrow micronucleated
polychromatic erythrocytes from mice injected (i.p.) with a toxic extract from a M.
aeruginosa strain (45 ng MCLR / Kg bw), although those positive results could not be
unequivocally attributed to MCLR, since cyanobacterial extracts could contain other
bioactive compounds contributing to the overall extract toxicity (Falconer, 2007).

In the present work, we show that pure MCLR at non-cytotoxic concentrations
(5-20 uM) is able to increase the frequency of micronucleus, both in Vero and in the
human HepG2 cells. A similar effect has been previously described in the human
lymphoblastoid TK6 cell line, treated for 24 h with 40 uM of MCLR (Zhan et al.,
2004). In contrast, studies using the Chinese hamster ovary (CHO-K1) cell line
exposed to either MCLR (5 uM) or a purified extract from M. aeruginosa (containing
I, 10 and 20 uM of MCLR) failed to detect a significant induction of micronuclei
(Fessard et al., 2004; Lankoff et al., 2006a). Micronuclei can reflect events of both
chromosome breakage and chromosome loss and thus an increase in the frequency of

micronuclei can be related to clastogenic and/or aneugenic effects. Despite inducing
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micronuclei, MCLR is not able to induce neither chromosome aberrations in
lymphocytes (Lankoff, 2004, 2006b) nor sister chromatid exchanges in Vero cells
exposed to a purified extract from a toxic M. aeruginosa containing up to 40 uM of
MCLR (unpublished data), indicating that it is not clastogenic and suggesting that it
may rather act as an aneugenic agent. To our knowledge, however, the nature of
MCLR-induced micronuclei has not been determined, yet.

Several experimental evidences have been pointing to the possibility of an
indirect disturbance of the mitotic spindle by MCLR, through its well documented
inhibitory activity of protein phosphatases PP1/PP2A (Honkanen et al., 1990;
Matsushima et al., 1990). The effect of MCLR on cytoskeleton components is, indeed,
well known (Khan et al., 1995, 1996; Toivola and Eriksson, 1999; Batista et al., 2003;
Billam et al., 2008) and we also have observed MCLR-induced morphological and
ultrastructural changes (disassembly, depolimerization, aggregation) in microfilaments
and microtubules of Vero cells (Alverca et al., 2009) at the same dose range (5 - 20 uM)
as that reported herein to cause micronucleus formation in Vero and HepG2 cell lines.
In addition, it is known that protein phosphatases PP1 and PP2A, through their central
role on phosphorylation-dephosphorylation reactions, participate in the control of
assembly and constant turnover of microtubules (Tournebize et al., 1997), required for
both spindle formation and chromosome movement (Cassimeris, 1999). In fact, it was
demonstrated for CHO-K1 cells that MCLR (> 50 uM) induces damages in mitotic
spindle apparatus (Lankoff et al., 2003). Thus, it can be hypothesized that the observed
MCLR-induced micronucleation would be mediated by an aneugenic activity. Using
FISH with a human pancentromeric DNA probe other authors demonstrated that
nodularin - a MCLR-structurally related cyanotoxin which also displays protein
phosphatases inhibition activity - induces micronuclei that contain whole
chromosomes/centric fragments in HepG2 cell line, indicative of an aneugenic activity
(Lankoff et al., 2006¢).

In a preliminary approach to study the MCLR genotoxic activity by the Comet
assay, we tested the effect of a cyanobacterial extract from a MCLR-producer strain of
M.aeruginosa on the Vero cell line. Several concentrations of MCLR (1, 5, 20 and 40
uM) and time-points (1, 2, 4, 6, 12, 18 and 24h) were tested in order to find a dose- and
time- range for further experiments. Exposure of Vero cells to that cyanobacterial
extract did not induce a detectable level of DNA damage in the alkaline version of the

comet assay, for all the tested toxin concentrations and incubation periods (data not
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shown). In line with that data, in the present work we show that MCLR (5 and 20 uM)
does not induce DNA damage in Vero and HepG2 cell lines, independently of the time-
points tested. These results disagree with previous reports of Zegura et al. (2003, 2004,
2006), describing a dose-dependent and transient induction of DNA damage by MCLR
in the HepG2 cell line. The maximum level of DNA lesions was observed in HepG2
cells exposed to 1 pM of MCLR (Zegura et al., 2003, 2004) and in CaCo2 cells exposed
to 5 uM of MCLR for 4 h, although other cell lines (human astrocytoma IPDDC-A2 and
human B-lymphoblastoid NCNC cells) gave negative results (Zegura et al., 2008a).
Nong et al. (2007) have also reported positive results in the Comet assay in HepG?2 cells
exposed to MCLR, but for a higher toxin dose-range (30-100 uM), raising the question
of a possible confounding effect from DNA degradation due to early apoptosis, in the
comet data. In another work using the comet assay, it was reported that MCLR is able to
induce DNA damage in human lymphocytes in a time- and dose-dependent manner,
reaching its maximum at 25 uM after 18 h exposure (Lankoff et al., 2004). However,
the observed positive correlation between the frequency of apoptotic cells and the level
of DNA damage led to the conclusion that the MCLR-induced DNA damage observed
in the comet assay might be related to the early stages of apoptosis due to cytotoxicity
and not to genotoxicity (Lankoff et al., 2004). In our work, although exposure
conditions were comparable to those described above, no increase in DNA damage over
control was observed. A possible explanation for this discrepancy may be that different
cell lines and even distinct clones of the HepG2 cell line can generate divergent data.
Knasmiiller et al (2004a) reported that strong differences exist in the sensitivities of
several HepG2 clones that might explain discrepant results in the comet or in the MN
assays, under similar experimental conditions. For example, differences in the
mechanism of MCLR uptake among different cell lines (different patterns of OATP
expression or even alternative uptake mechanism) might result in different intracellular
MCLR effective concentration, in cells exposed to a similar toxin dose-range. In
addition, differences in the cell defences against genotoxic insults might also have
several outcomes in terms of DNA or chromosome damage. The mechanism proposed
for MCLR-induced DNA damage in HepG2 cells was the production of reactive oxygen
species (Zegura et al., 2003, 2004, 2006; Nong et al., 2007) because it was demonstrated
that MCLR stimulates the increase of intracellular glutathione content (Zegura et al.,
2006) and that transient MCLR-induced DNA breaks corresponded to intermediates
formed during the repair of oxidative DNA lesions (Zegura et al., 2003, 2004). In
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addition, the formation of 8-oxo-dG, an oxidative DNA adduct, has been already
reported in cultured primary rat hepatocytes and in vivo rat liver exposed to non
cytotoxic concentrations of MCLR (Maatouk et al., 2004; Bouaicha et al., 2005). Thus,
MCLR-induced DNA damage seems to depend, at least in part, from the balance
between the ability of MCLR to induce oxidative stress and the cells ability to activate
the cellular antioxidant defences to overcome that stress. In this way, cells more
resistant to oxidative stress might not display ROS-induced DNA damage derived from
MCLR treatment. The reversibility or persistence of MCLR-induced DNA lesions
giving rise to mutations or chromosome alterations might depend, as well, of the DNA
repair capacity of the target cells. In HepG2 cells it has been shown that MCLR
transiently induces the expression of p53 and its downstream-regulated genes involved
in DNA repair, providing evidence that they respond to MCLR-induced DNA damage
(Zegura et al., 2008b).

In general, most compounds that give positive results in the MN assay are also
positive in the comet assay and both assays seem to have identical sensitivity to detect
genotoxicants (Knasmiiller et al., 2004a). However, there are some exceptions, e.g., the
mycotoxin citrinin, that induces MN but no DNA damage (comet assay) in HepG2 cells
(Knasmiiller et al., 2004b). This apparent discrepancy can be explained by the fact that
citrinin induces aneuploidy, which results in MN formation but not through DNA
breaks detectable by the comet test (Knasmiiller et al., 2004b). Based on our data, a
similar mechanism of genotoxic action through aneuploidy induction can be proposed
for MCLR. However, further studies, involving characterization of the content of
MCLR-induced MN with centromere specific FISH probes are needed, before a firm
conclusion can be drawn.

In summary, using kidney- and liver-derived cell lines, we show that MCLR
consistently induces chromosome damage, reflected as increased levels of micronuclei,
although we could not observe any increase in DNA damage, using the comet assay.
These data, together with those from other works on the genotoxicity of MCLR, are
suggestive that MCLR might not be a clastogenic but rather an aneugenic agent.
Aneuploidy induction might be a common mechanism of MCLR genotoxicity in liver
and kidney cells and might result from its interference with the mitotic spindle as part of
a more general effect on cell cytoskeleton. Aneuploidy has been associated with cell
transformation towards malignancy and human cancer development (Kirsch-Volders et

al., 2002) and thus can contribute to the carcinogenic activity of MCLR.
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The distinction between clastogens and aneugens is an important feature for risk
assessment because, conversely to clastogens, aneugens usually exhibit a dose-response
pattern, which enables the establishment of a threshold level below which no hazard to
human health is envisaged (Kirsch-Volders et al., 2002; Iarmarcovai et al., 2006). Thus,
our results emphasize the importance of the revision of the provisional guideline value
for MCLR taking into account the accumulating evidences that MCLR is also a
carcinogenic agent, acting through genotoxic (probably aneugenic) and tumour
promoting mechanisms.

Moreover, the effect of simultaneous exposure to distinct cyanotoxins should be
considered for cancer risk assessment purposes because it is well known that
cyanobacterial blooms are often composed by several species/strains producing
different cyanotoxins (Chorus et al., 2000; Duy et al, 2000). It has been described that
besides MCLR, the MCRR microcystin variant (Zegura et al., 2002) and other toxins,
such as nodularin (Lankoff et al., 2006¢) and cylindrospermopsin, (Humpage et al.,
2000b) are also potential genotoxins. Further studies should be conducted in order to
determine if the simultaneous exposure to these cyanotoxins may present an overall

antagonistic or synergistic genotoxic effect.
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Captions from Figures

Figure 1. Viability of Vero and HepG2 cell lines exposed to MCLR (5 and 20 uM, 24
h) assessed by the NR assay. H202 (400 mM/1h) was used as a positive control;
mitomycin C (MitC, 0.1 pg/mL, 24h) was tested as the positive control of the
micronucleus assay. The results are expressed as the mean percentage of absorbance
values relative to the negative control (+ standard deviation). Results were obtained
from three independent experiments and each treatment condition was tested in
triplicate.* represents a statistically significant difference between the treated and the

control cells (p<0.05).

Figure 2. Results of the micronucleus assay in citokinesis-blocked Vero and HepG2
cells, following exposure to 5 and 20 uM of MCLR for 24 hours. Mitomycin C (MitC,
0.1 pg/mL, 24h) was used as the positive control of the assay. Results are expressed as
the mean number of micronucleated binucleated cells (MNBC) (+ standard deviation)
and were obtained from three (Vero) or two (HepG2) independent experiments, using
duplicate cultures.*represents a statistically significant difference between the treated

and the control cells (p<0.05).
Figure 3. Induced micronucleated binucleated (MNBC) Vero and HepG2 cells

calculated by subtracting the frequency of spontanecous MNBC cells from those
obtained following MCLR treatment.
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Table I. Results of DNA damage (% of tail DNA by the Comet assay) in the Vero and
HepG2 cell lines after exposure to MCLR.

Cells Concentration (uM) % of DNA in the Comet tail '
Exposure time
2h 4h 24 h
MCLR 0 3.0+0.3 3.1+£0.8 25+03
5 3.1+£0.3 3.0+£0.3 19+04
Vero
20 23+04 24+0.7 24+£02
EMS?  2x10* 43 +29 68+ 15 55+ 11
MCLR 0 2.1+0.3
5 2.0+0.1
HepG2
20 24+03
EMS?  2x10°* 53+5

" Values are the mean (+ SD) of three independent experiments.

*1h of exposure.
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Figure 2
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Figure 3
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Abstract

Microcystin-LR (MCLR) is a potent hepatotoxin produced by freshwater
cyanobacteria. The guideline level for MCLR (1 nM) in drinking water established by
the World Health Organization (WHO) was based only on acute toxicological data.
Despite increasing evidence suggesting that MCLR may be a potential carcinogen, the
available chronic toxicity data on MCLR is yet unsuficient to enable the revision of this
value. It is known that MCLR 1is a potent tumour promoter and it has been proposed that
this activity is mediated by the inhibition of protein phosphatases PP1 and PP2A,
possibly through the activation of proto-oncogenes c-jun, c-fos and c-myc. However, the
mechanisms underlying MCLR-induced tumour promotion are still largely unknown,
particularly in non-liver cells. In previous studies we have characterised the cytotoxicity
of MCLR in the kidney derived Vero-E6 cell line and also found genotoxic effects at
subcytotoxic concentrations. The purpose of the present work was to evaluate whether
the exposure to very low concentrations of MCLR was sufficient to interfere with cell
cycle progression and proliferation of Vero cells. Through BrdU incorporation assays
we show that even at concentrations below the 1 nM guideline, exposure to MCLR is
sufficient to stimulate cell cycle progression in Vero cells. Moreover, the analysis of
mitogen activated protein kinases p38, JNK and ERK1/2 activity under these conditions
revealed that the proliferative effect of MCLR is associated with the activation of the
pro-proliferative ERK1/2 pathway. These results alert to the potential MCLR-induced
tumour promotion in the kidney and emphasize the need to review the WHO guideline

for MCLR in drinking water.

Keywords: microcystin-LR, tumour promotion, ERK1/2, Vero cells, kidney
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Introduction

Microcystins (MC) are secondary metabolites produced by freshwater
cyanobacteria that have been associated with severe episodes of human and animal
acute hepatotoxicity (Chorus et al., 2000; Duy et al., 2000). MC are a group of
approximately 70 structural variants sharing the common cyclic heptapeptide structure
cyclo(-D-Ala'-L-X*-MeAsp*-L-Z*-Adda’-D-Glu®-N-Mdha’) where X and Z are variable
L-amino acids. MeAsp, Mdha and Adda are abbreviations of methylaspartic acid,
methyldehydroalanine and  3-amino-9-methoxy-2,6,8-trimethyl-10-phenyldeca-4,6-
dienoic acid, respectively (Chen et al. 2006). MCLR (with leucine-L- and arginine-R- in
the variable positions) is the most frequent and toxic variant (Funari and Testai, 2008).
MC are produced by several cyanobacteria species from distinct genera such as
Microcystis, Anabaena, Planktothrix (Sivonen and Jones, 1999). Under favourable
environmental conditions, particularly in eutrophic water resources, those organisms
proliferate massively forming dense biomass concentrations (bloom) that, during the
senescence phase, can release high proportions of MC into water column/surface (van
Apeldoorn et al., 2007). The ingestion of contaminated raw water or inefficiently treated
drinking water and haemodialysis treatment are the principal routes for human exposure
to MC (Codd, 2000).

The hepatotoxicity of MC is relatively well characterized both in vivo and in
vitro models (revised in Duy et al., 2000; van Apeldoorn et al., 2007). The liver
specificity of MC is due to their selective uptake by hepatocytes through the membrane
transport family OAPT- Organic Anion Polypeptide Transporters- that mediates the
uptake and elimination of numerous xenobiotics (Hagenbuch and Meier, 2003; Fisher et
al., 2005). Inside the hepatocytes, MCLR inhibits the serine/threonine protein
phosphatases 1 and 2A (Yoshizawa et al., 1990). The inhibition of PP1 and PP2A
induces the hyperphosphorylation of cytoskeletal proteins, which leads to hepatocyte
deformation, with the consequent collapse of liver tissue organization, liver necrosis,
liver haemorrhage and death (Falconer and Yeung, 1992).

Based on animal acute toxicological data, the World Health Organization
(WHO, 1998) has established a guideline for microcystins in drinking water (1 nM of
MCLRcquiv). This guideline constitutes a partial preventive measure to human health

since it only accounts for the acute hepatotoxic effects.
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In fact, although OATPs are absent, or less expressed, in most non-liver cells
(Fisher et al., 2005) some of the specific MC carriers have been already identified in
human kidney (OATPA, OATPB) and intestine (OATPB) (Hagenbuch and Meier,
2003). In addition, some studies described in vivo toxic effects of MCLR in the kidney
(Nobre et al., 1999; Milutinovi¢ et al., 2002, 2003), intestine (Botha et al., 2004; Gaudin
et al., 2008), brain (Maidana et al., 2006), lungs (Soares et al., 2007) and reproductive
system (Ding et al., 2006).

Epidemiological data has suggested an association between human chronic
exposure to low levels of microcystins in drinking water and an increase in primary
hepatocellular (Yu, 1995; Ueno et al., 1996) and colorectal cancers (Zhou et al, 2002).
Moreover, in vivo two-stage rodent carcinogenesis assays have demonstrated that
MCLR induces tumour promotion in rat liver (Nishiwaki-Matsushima et al. 1992) and
mouse skin (Falconer, 1991) and tumour progression in mouse colon (Humpage et al.,
2000). In addition, several studies suggest that MCLR may also have genotoxic activity
in several cell types (Ding et al., 1999; Zegura et al., 2004, 2008; Dias et al., 2008),
although this is still a matter of some controversy. Nevertheless, MCLR is classified by
IARC (2006) as a potential carcinogen to humans (class 2B), though the data collected
so far is still insufficient to unequivocally characterize its carcinogenic potential.

The mechanisms underlying the MCLR-induced tumour promotion are largely
unknown. However, it was suggested that mitogen-activated protein kinases (MAPK)
may be involved in the tumour promotion activity of MCLR given its ability to inhibit
protein phosphatases PP1 and PP2A (Gheringer, 2004). The MAPK cascade Ras-Raf-
MEK1/2-ERK1/2 has a key role in cellular proliferation and is regulated by several
types of phosphatases including the serine/threonine phosphatases PP1 and PP2A
(Junttila et al., 2008). PP2A, in particular, has primarily an inhibitory effect on the
pathway, namely on the Ras, MEK1/2 and ERK1/2 components (Junttila et al., 2008).
Thus, it could be hypothesised that by inhibiting PP2A, MCLR deregulates the ERK1/2
pathway and promotes cell proliferation.

The involvement of the ERK1/2 pathway in MCLR-mediated tumour promotion
has been supported only by few studies. Li et al. (2009) demonstrated that an extract of
microcystins purified from a cyanobacterial bloom induced the activation the proto-
oncogenes c-jun, c-fos € c-myc in mouse liver, kidney and testis. In fact, Fos and Jun
proteins form the composite transcription factor activating protein-1 (AP-1), a mitogen-

activating transactivator important for cell proliferation (Turatti et al, 2005). It is known
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that active ERK1/2 accumulates in the nucleus and activates transcription factors (Elk-1
and Sapla) that stimulate the transcription of c-Fos (Gilley et al, 2009) and that the
activation of ERK1/2 stimulates the activity of AP-1 complex. This induces expression
of cyclin D and promotes cell cycle progression (Chang e Karin, 2001; Fang and
Richardson, 2005; Meloche e Pouysségur, 2007).

Zhu et al. (2005) have demonstrated that MCLR induces the transformation of
immortalized colorectal crypt cells through the constitutive activation of AKT and
MAPK (p38 and JNK) cascades. This supports the hypothesis that MCLR represents a
risk of colorectal cancer because cellular transformation is an initial step of
carcinogenesis (Zhu et al., 2005). They also found that MCLR activates Ras and Raf,
but without further effect on ERK1/2 status. Interestingly, Komatsu et al. (2007)
showed that MCLR induces the phosphorylation of ERK1/2 on the embryonic kidney
HEK?293 cell line. However, this effect was associated with apoptosis and not with cell
survival and growth.

In previous studies we have demonstrated that MCLR induces cytotoxic
(organelle changes/damages, cell lysis, apoptosis, necrosis) and genotoxic (induction of
micronuclei) effects on the kidney-derived Vero-E6 cell line (Dias et al., 2008, 2009
Alverca et al., 2009). These effects were observed within the concentration range of 5 to
20 uM of MCLR, according to a dose and time-dependent manner. The purpose of the
present work was to evaluate the effects of low levels of MCLR (within the nM range)
on the same cell line regarding the activation status of MAP kinases and the stimulation

of cell cycle progression and proliferation.

Materials and Methods

1. Microcystin-LR and cyanobacterial extracts

Microcystin-LR was purchased from Sigma-Aldrich (CAS Number 101043-37-
2) as a white solid film (purity =95%, by HPLC). A stock solution of MCLR (1 mM)
was prepared by dissolving the toxin in MEM cell culture medium (see following
section). This solution was sterilized by filtration through 0.22 um filters and kept at -
20°C until use. This form of MCLR is thereafter named “pure MCLR”. Work solutions

were prepared by diluting this solution in MEM culture medium.
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The cyanobacteria extracts were prepared from two Microcystis aeruginosa
strains (LMECYA110 and LMECYA 127) isolated in 1996 from a natural hloom at
Montargil reservoir, Portugal (Valério et al., 2009a) and successfully maintained in the
laboratory as monoalgal, free of eukariotes, non-axenic cultures. The microcystin
production by those strains was previously characterized by HPLC-DAD, ELISA and
PCR (Valério et al., 2009b). LMECYA110 produces exclusively the MCLR variant
while LMECYA127 is a non-microcystin producer. This strain was tested as a negative
control of M. aeruginosa matrix. Cultures of both isolates were performed in 2.5 L
plankton light reactors (Aqua-Medic, Bissendorf, Germany) containing Z8 medium
(Skulberg and Skulberg, 1990) under continuous aeration, in a 14/10 h L/D cycle (light
intensity 16 + 4 uE.m™.s”, aprox.) at 20 = 1°C. Cells harvested during exponential
growth phase were lyophilized in a freeze drier (Micromodul Y10, Savant, NY, USA)
and extracted with a 75% methanol solution (10 mL per 100 mg of freeze dried
material) overnight at 4°C under magnetic stirring. The extract was further sonicated
with an ultrasonic probe (Sonics Vibra-Cell CV33, Sonics & Materials Inc., CA, USA),
centrifuged and evaporated at 35°C (Buchi-R, Flawil, Switzerland) to eliminate the
alcoholic fraction. The resulting aqueous extract was subjected to solid phase extraction
for microcystin clean-up on Sep-PakC18 cartridges (500 mg, Millipore, Bedford, MA,
USA) preconditioned with methanol and equilibrated with distilled water. The MCLR
containing fraction was eluted with methanol (80%, v/v) and evaporated to dryness. The
solid residue was re-suspended in 50 mM acetic acid and purified by preparative
chromatography through Bio-Gel P2 (40-90 pum, Bio-Rad Inc. CA, USA) packed
column (Amersham Biosciences, XK 26/40, i.d./length). The mobile phase consisted of
50 mM acetic acid and the flow rate was set at | mL.min.” (Knauner WellChrom K-120
pumps, Geramny). The elution fractions (5 mL) were collected on a fraction collector
(Bio-Rad Mod. 2110, CA, USA) and analyzed by HPLC-DAD according to the ISO
standard method 20179 wusing commercially available MCLR standards (Alexis
Biochemicals, CA, USA). MCLR-containing fractions of LMECYA 110 and
correspondent fractions from LMECAY 127 were dried in a Speed-Vac system (AES
1000, Savant), re-suspended in MEM culture medium, sterilized through PVDF 0.22
um syringe filters and kept at -20°C until use. Those final extracts was further analysed
by HPLC-DAD to confirm the MCLR concentration. Work solutions were prepared by

diluting the purified extracts in MEM culture medium.
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2. Vero-Eo6 cell line culturing

The Vero-E6 cell line (kidney epithelial cells derived from the African green
monkey-Cercopithecus aethiops) was obtained from the American Type Culture
Collection (ATCC-CRL 1586). All media and supplements were purchased from
Invitrogen (Paisley, UK). Cells were grown in 25 cm2 flasks (Nunc, Roskilde,
Denmark) in Modified Eagle Medium (MEM) supplemented with 10% FBS, 0.1mM
non-essential aminoacids and 1mM sodium pyruvate, in a 5% CO, humidified incubator
at 37°C. Cells in exponential growth phase were detached from the growth surface
(trypsin, 0.5%), centrifuged (300 x g) and the cell viability was determined by the
trypan blue dye exclusion method (Philips, 1973).

3. Evaluation of MCLR effect on ERK1/2 activation

3. 1. Cell exposure to cyanobacterial extracts and pure MCLR

Vero cells were seeded in 35 mm culture dishes and cultured for 24 hours for
cell adherence and growth. The growth medium was replaced by serial dilutions of the
LMECYA 110 extract in fresh growth medium, corresponding to final concentrations of
MCLR ranging from 0.005 to 5 uM of MCLR. The same biomass dilutions (from 0.56
to 556 ug.mL") of the non-toxic LMECYA127 extract were tested in parallel as a
control of M. aeruginosa extract matrix. Serial dilutions of pure MCLR stock solution
containing 0.005 to 5 uM of toxin were also tested. The cells were exposed to
LMECYA extracts and pure MCLR for 24 h prior to MAPK analysis by
immunoblloting (ERK1/2, P38 and JNK in cells exposed to LMECYA 110; ERK1/2 in
cells exposed to LMECYA 127 and pure MCLR). The negative control consisted of
cells grown in fresh culture medium. The positive control of the assay consisted in cells
exposed to Epidermal Growth Factor — EGF (10 ng.mL™, 5 min) or anisomycin (0.25
uM, 1 h). Experiments were performed in two (M. aeruginosa extracts) or three (pure

MCLR) independent experiments.

3.2 Cell lysis, SDS-PAGE and Western blot analysis of ERK1/2
After toxin exposure, cells were washed with PBS and lysed with 2x Laemmli
buffer. Lysates were denaturated at 95°C for 10 min. and proteins were separated on

10% SDS-polyacrylamide gels. After electrophoresis, proteins were transferred onto
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PVDF (polyvinylidene difluoride) membranes (BioRad) and probed with either mouse-
anti-phospho-ERK 1/2, anti-phospho-JNK or anti-phospho-p38 antibodies from Sigma-
Aldrich (dilution 1/500, Madrid, Spain). The same membranes were stripped (200 mM
NaOH, 5min) and probed with rabbit-anti-ERK1/2 antibody (dilution 1/1000, Cone
MAPK-YT, Sigma-Aldrich) and mouse-anti-a-tubulin (dilution 1/1000, Sigma-Aldrich)
as loading controls. Specific binding was detected after incubation with goat-anti-rabbit
or goat-anti-mouse peroxidase-conjugate antibodies (dilution 1/3000, BioRad) by

Enhanced ChemiLuminescence (ECL) detection.

4. G1/S progression assay

The effect of MCLR on cell proliferation was determined using the BrdU assay,
which is based on the measurement of incorporation of 5-bromo-20-deoxyuridine
during DNA synthesis. Vero cells (2x10°) were seeded on 10x10 mm cover slips placed
in 35mm culture dishes and were maintained for 24 h to allow cell attachment and
growth. Culture medium was then replaced by toxin exposure medium supplemented
with 1% of FBS and containing 0.5, 1, 5 or 10 nM of MCLR. Controls consisted of cells
in culture medium supplemented with 1% or 10% of FBS. After 23 h of exposure, 60
pM BrdU (Sigma) was added for 1 h. Cells were washed with PBS, fixed in 4% (v/v)
paraformaldehyde in PBS for 30 min at 4°C, permeabilized with 100% methanol for 10
min at rt and then incubated with 4N HCI for 10 min to denature DNA. After
neutralization with 1M Tris, pH 8.8 cells were washed 3x with PBS, coverslips were
incubated with the mouse-anti-BrdU primary antibody (Roche) (dilution 1/20), followed
by goat-anti-mouse secondary antibody conjugated with TexasRed (Jackson
Immunoresearch Laboratories) (dilution 1/200). Coverslips were counterstained with
Dapi (1.25 pg/mL), post-fixed with PFA, mounted on glass slides with Vectashield
mounting medium (Vector Laboratories, Berlingame, CA, USA) and sealed with nail
polish. All preparations were observed under a Leica TCS fluorescence microscope. At
least 300 randomly chosen nuclei were scored for BrdU incorporation for each sample.
This procedure was repeated in three independent experiments for each toxin

concentration.
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6. Statistical analysis
Results were expressed as mean values + standard deviation (mean+SD).
Statistical analysis was performed by Student’s z-test. Differences were considered

significant when p < 0.05.

Results

The effect of exposure to a MCLR-containing M. aeruginosa extract on the
activation state of the canonical MAP kinases p38, JNK and ERK1/2 on Vero cells was
analysed by Western-blot using phospho-specific antibodies (figure 1). Interestingly,
while all the LMECYA 110 extract dilutions (containing 0.005, 0.05, 0.5 and 5 uM of
MCLR) induced a marked increase of phosphorylated ERK1/2 (p-ERK1/2), no
considerable variation was found in the phosphorylation state of p38 and JNK (figure
1). To further confirm that the observed results on ERK1/2 activity were due to MCLR
exposure and not to an unknown contaminant present in the LMECYA 110 extract, the
experiment was repeated using equivalent dilutions of the LMECYA 127 extract (figure
2) and similar concentrations of commercially available MCLR (figure 3). As shown in
figure 2, none of the dilutions of the LMECYA 127 extract induced any effect on the
activation state of ERK1/2. Exposure of Vero cells to commercial MRLC reproduced an
increase in ERK1/2 phosphorylation consistent with the observed with the LMECYA
110 extract (figure 3).

Densitometric analysis of Western-blots from independent experiments with M.
aeruginosa extracts (figure 4) revealed that exposure to LMECYA 110 extract
containing low concentarions of MCLR was sufficient to induce a 1.71 to 3.66 fold
increase in p-ERK1/2 with maximum effect at 50 nM. A significant difference was
found between the dose-response curves from LMECYA 110 and LMECYA 127
extracts, witch confirms the inability of LMECYA 127 to activate ERK1/2. The overall
effect in p-ERK1/2 was slightly higher for pure MCLR (2.8 to 4 fold increase) and the
maximum effect was achieved at a lower toxin concentration (5 nM) as shown by
densitometric analysis of Western-blots from 3 independent experiments (figure 5).

We then chose a range of pure MCLR concentrations (0.5, 1, 5 and 10 nM)
around the one with highest ERK1/2 activation (5 nM) and evaluated its effect on cell
cycle progression of Vero cells by the G1/S transition BrdU assay. As shown in figure
6, exposure of starved cells (1% FBS) to a range of 1 to 10 nM of MCLR clearly

promoted BrdU incorporation (red cells) when compared to untreated starved cells
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(negative control). Quantification of the observed variations revealed a statistically
significant stimulation of G1/S progression at all three concentrations, with a maximum

2,2-fold increase at 5 nM of MCLR (figure 7).

Discussion

In this work we demonstrated that MCLR stimulates the proliferation of kidney-
derived Vero-E6 cell line in the concentration range of 1 to 10 nM. We showed that
both pure toxin and an extract obtained from a MCLR-producer M. aeruginosa strain
had no effect on the activation of p38 and JNK kinases but significantly increased
ERK1/2 phosphorylation with maximum effects in the 5 nM and 50 nM dose-range,
respectively. This indicates that the stimulatory activity of low MCLR concentrations
on Vero cell proliferation is mediated by the activation of this MAPK pathway.

MCLR is a potent inhibitor of protein phosphatases PP1 and PP2A (Yoshizawa
et al., 1990). The key role of PP1 and PP2A in the regulation of cell division through
the modulation of phosphorylation/dephosphorylation of signalling pathways have
suggested that the MCLR-induced tumour promotion is mediated by MAPK (Gheringer,
2004).

Up to now, only few reports described the role of MAPK on MCLR-mediated
toxicity. A study from Zhu et al. (2005) demonstrated that MCLR (0.1 nM) is able to
transform immortalized colorectal crypt cells (NCC), rendering them anchorage
independent and highly proliferative through the activation of the Akt and the p38 and
JNK MAPK pathways. Since the transformation of colorectal cells is an important
initial step in carcinogenesis (Zhu et al., 2005), these results support the hypothesis of
MCLR being a risk factor of colorectal cancer (Zhou et al., 2002). In the same study, it
was also demonstrated that members of the Ras and Raf families were activated, but
without further activation of ERK1/2 kinases (Zhu et al., 2005). Here we found in Vero
cells that low MCLR concentration affected the ERK1/2 but not the p38 and JNK
MAPK pathways. Interestingly, Komatsu et al. (2007) also reported that MCLR induced
the phosphorylation of ERK1/2 in human embryonic kidney (HEK) 293 cells. They
described that the activation of ERK1/2 occurred at the same toxin concentration (50
nM) that induced apoptosis and concluded that, in this cell line, apoptosis is mediated
by ERKI1/2. However, the HEK293 cells studied were transfected with the human
hepatocyte uptake transporters OATP1B1 and OATP1B3. Therefore, the toxicokinetics
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of MCLR in transfected HEK293 cells is surely quite distinct from non-OATP
transfected cells, given the fact that OATP expression in immortalised cell lines is
reduced or even abolished (Bouaru et al., 2006). Hence, the putative higher toxin
absorption and accumulation in these HEK293 cells might justify their higher sensitivity
to MCLR compared with Vero cells, which presented cytotoxic effects only for MCLR
concentrations in the range of uM (Dias et al., 2009). Moreover, our study revealed that
ERK1/2 is activated in Vero cells within a broad range of concentrations (5 nM — 5
uM), however, cell proliferation was mainly stimulated at a MCLR concentration of
only 5 nM. In contrast, we previously demonstrated that MCLR induces autophagy in
Vero cells exposed to 5 uM, followed by apoptosis above 20 uM (Alverca et al., 2009).
Autophagy is a process that eliminates damaged or redundant organelles and misfolded
proteins, contributing to the maintenance of cell homeostasis and survival. However, it
could also function as a cell death mechanism that might collaborate with apoptotic cell
death (Codogno and Meijer, 2005; Eskelinen and Saftig, 2009). Notably, the ERK1/2
pathway has been implicated in the positive regulation of autophagy (Ogier-Denis et al.,
2000; Pattingre et al. 2003; Meijer and Codogno, 2004) and in the inhibition of
apoptosis (Junttila et al., 2008). Thus, we hypothesise that the MCLR-mediated ERK1/2
activation has a binary effect in Vero cells: the stimulation of cell proliferation at low
MCLR concentrations and the induction of autophagic (pre-apoptotic) mechanisms at
(sub)cytotoxic concentrations of MCLR. We also speculate that under the autophagic
response, the stimulation of the ERK1/2 pathway may contribute to the inhibition of
apoptotic cell death that occurred only at higher toxin concentrations.

Although the main target organ of MCLR is the liver and despite most of the
toxin being excreted via biliar route, a small (9%) percentage of the toxin (free or
conjugated with GSH and Cys) is also eliminated through the urine (Robinson et al.,
1990; Ito et al. 2002). It should be noted that although MCLR metabolites are less toxic
than non-metabolized toxin, they still maintain the inhibitory activity of protein
phosphatases PP1 and PP2A. In this way, the nephrotoxic effects of MCLR should not
be disregarded, in particular those related with chronic exposure to low levels of toxin.

In conclusion, this work demonstrates that MCLR (pure or extracted from
cyanobacteria) stimulates the G1/S transition of the kidney cell line Vero-E6 for toxin
concentrations close to the mandatory level of MCLR for drinking water (1 nM). Our
results also suggest that the effect of MCLR on cell proliferation is mediated by the
activation of the ERK1/2 pathway, which is known to be deregulated in approximately
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one-third of all human cancers (Dhillon et al., 2007). These results emphasise the
importance to confirm in vivo the impact of MCLR on tumour promotion at kidney

level.
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Captions from figures

Figure 1. Activation status of ERK1/2, p38 and JNK kinases in Vero cells by a MCLR-
producer M. aeruginosa strain (LMECYA 110). Cells were exposed for 24 h to
LMECYA 110 extract dilutions containing 0.005, 0.05, 0.5 and 5 uM of MCLR. The
levels of active (phosphorylated) ERK1/2, p38 and JNK, total ERK1/2 and a-Tubulin
(as loading control of JNK and p38) were detected by Western-Blot. The negative
control consisted in non-treated cells. The positive controls consisted of cells treated for
Epidermal Growth Factor (EGF, 10 ng.mL", 5 min) for ERK1/2 analysis and of cells
treated with anisomycin (0.25 uM, 1h) for JNK and p38 analysis. Results were obtained

from two independent experiments.

Figure 2. Activation status of ERK1/2 kinases in Vero cells by a non-MCLR producer
M. aeruginosa strain (LMECYA 127). Cells were exposed for 24 h to LMECYA 127
extract dilutions containing biomass concentration equivalent to LMECYA 110 (0.56,
5.6, 56 and 560 ug dw.mL™). The levels of active (phosphorylated) and total ERK1/2
kinases were detected by Western-Blot. The negative control consisted in non-treated
cells. The positive control consisted of cells treated with EGF (10 ng.mL", 5 min).

Results were obtained from two independent experiments.

Figure 3. Activation of the ERK1/2 kinases by low doses of pure MCLR in Vero cells.
Cells were exposed for 24 h to MCLR (0.005, 0.005, 0.05, 0.5 and 5 uM) prior to
Western-Blot analysis of active (phosphorylated) and total ERK1/2 levels (negative and
positive controls as described for figure 2). Results were obtained from three

independent experiments.

Figure 4. Activation of ERK1/2 in Vero cells exposed to M. aeruginosa extracts
LMECYA 110 (MCLR-producer strain) and LMECYA 127 (non-toxic strain),
calculated by densitometry analysis of Western blots. The results are presented as mean
+ standard deviation of treated cells in relation to negative control. Secondary x-axis
represents the M. aeruginosa biomass concentration. p indicates the significance of the

difference between the two dose-response curves by a paired Student’s #-test.
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Figure 5. Activation of ERK1/2 in Vero cells exposed to pure MCLR, calculated by
densitometry analysis of the bands obtained from Western blot analyses. The results are
presented as mean + standard deviation of treated cells in relation to negative control. *

represents a statistically significant difference between treated and control cells

(»<0.05).

Figure 6. Effect of pure MCLR on cell cycle progression of Vero cells. Cells were
exposed to 0.5, 1, 5 and 10 nM of MCLR for 24 h under 1% FBS starvation conditions,
then incubated with BrdU, fixed and stained with anti-BrdU and DAPI. Fluorescence
images show BrdU incorporation into replicating nuclei in red and are representative of
three independent experiments. Negative control consisted of untreated, 1% FBS
starved cells. Positive control consisted of cells grown in 10% FBS-supplemented

culture medium.

Figure 7. Quantification of the effect of pure MCLR (0.5, 1, 5 and 10 nM) on Vero cell
proliferation. BrdU incorporation was scored in at least 300 randomly chosen nuclei per
sample and repeated in three independent experiments.Bars represent the mean
percentage of replicating cells (+ standard deviation). Line represents the induced fold-
increase in G1/S transition, in relation to the negative control cells. Results were
obtained from three independent experiments. p indicates the significance of the

difference between treated and control cells.
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Figure 4
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Figure 6
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Avaliacdo do potencial cancerigénico de microcistinas (cianotoxinas)

CAPITULO 7

DISCUSSAO GERAL E CONCLUSOES



Discussdo Geral e Conclusoes

Este trabalho teve como principal objectivo a avaliagdo do potencial
cancerigénico da MCLR no modelo experimental Vero-E6 (linha celular epitelial
derivada do rim de Macaco Verde Africano). Os estudos toxicologicos in vitro com a
MCLR tém sido conduzidos maioritariamente em hepatdcitos, uma vez que o figado € o
orgao-alvo principal da toxicidade aguda das microcistinas. Contudo, estudos recentes
mostram que outros o6rgaos, tais como o rim (Nobre et al., 1999; Milutinovi¢ et al.,
2002, 2003; Moreno et al., 2005; Andrinolo et al., 2008), também estao sujeitos a ac¢ao
toxica da MCLR. Embora a eliminagdo desta toxina seja efectuada sobretudo pela via
biliar, uma pequena percentagem (9%) ¢ também excretada por via urinaria (Robinson
et al., 1990), pelo que os potenciais efeitos nocivos da MCLR ao nivel renal ndo
deverdo ser negligenciados. A discussdo sobre o impacto das microcistinas noutros
orgdos ¢ importante em termos de saude publica, uma vez que as medidas preventivas
associadas a ocorréncia de microcistinas em agua de consumo humano baseiam-se no
valor-guia da OMS (1 nM) que, por sua vez, foi calculado com base apenas na
hepatotoxicidade aguda da MCLR (WHO, 1998). Assim, aquelas medidas poderao nao
contemplar a toxicidade total das microcistinas no organismo uma vez que excluem a
sua toxicidade noutros 6rgaos para além do figado. Por outro lado, ndo consideram os
efeitos decorrentes da exposi¢do continuada a baixas doses de microcistinas, em

particular os seus potenciais efeitos cancerigénicos.

1. A multiplicidade de efeitos da MCLR na linha celular Vero-E6.

Os resultados obtidos neste trabalho demonstram que a MCLR desencadeia uma
multiplicidade de efeitos na linha celular Vero-E6. Nos capitulos 2 a 6 da presente
dissertagao descreveram-se efeitos a varios niveis usando abordagens metodologicas

diversas, tal como se indica na tabela 1.
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Discussdo Geral e Conclusoes

Tabela 1. Efeitos induzidos pela MCLR na linha celular Vero-E6.

) Concentracdo de MCLR ]
Efeito Abordagem metodologica Capitulo

(24h de exposicao)

Testes de viabilidade celular

Citotoxicidade 25-200 uM 2e3
(NR, MTT e LDH)

Autofagia 5—-10 uM
Microscopia Electronica de Transmissao/
Apoptose 20 — 40 uM 4
Imunofluorescéncia / Teste de Tunel

Necrose 75 uM
Genotoxicidade 5-20 uM Ensaio do Microntcleo 2e5
Proliferagdo Teste de incorporagdo de BrdU

1- 10 nM 6
celular Analise da expressio de MAPK

No seu conjunto, os resultados obtidos neste trabalho permitiram estabelecer
uma relacdo entre a dose de MCLR e o tipo de efeito nas células Vero-E6. De facto,
para doses na gama de 1-10 nM a MCLR estimula a proliferagao celular através da
activacdo da via de sinalizacdo ERK1/2. Para concentra¢des na ordem dos uM a MCLR
desencadeia uma variedade de efeitos em praticamente todos os compartimentos
celulares, desde efeitos genotoxicos (inducao de microntcleos) e autofagia até a efeitos

conducentes a morte celular por apoptose ou necrose (figura 1).

100000 -
I Necrose
I Apoptose
10000 - . I,
Autofagia e genotoxicidade
S 1000 A
£
14
o 100
=
10 -
Activacao de MAPK e proliferagao celular
1 4
0 -

Figura 1. Relagdo dose-efeito da MCLR na linha celular Vero-E6.
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Embora alguns destes efeitos possam ocorrer simultaneamente em func¢do do
bindbmio dose/tempo de exposi¢cdo, poder-se-a inferir, no entanto, uma sequéncia de
eventos toxicos induzidos pela MCLR, sobretudo no que diz respeito aos efeitos
citotoxicos (perda de viabilidade celular). Primeiro, e talvez numa estratégia de
sobrevivéncia, as cé€lulas desencadeiam mecanismos de autofagia, tal como pode ser
deduzido pelo aumento do niimero de autofagossomas e pelas alteracdes ao nivel do
sistema Golgi-Reticulo Endoplasmatico (capitulo 4). Mantendo-se o estimulo toxico a
niveis elevados, e ndo sendo suficiente a estratégia anterior para eliminar o efeito da
MCLR, parecem ser entdo desencadeados mecanismos conducentes a morte celular
programada (apoptose). Este efeito foi determinado pelo teste de Tunel e corroborado
pelas alteracdes morfoldgicas e ultrastruturais ao nivel da mitocondria, citosqueleto e do
nucleo (capitulo 4). Para condigdes de exposi¢do extremas os mecanismos de
sobrevivéncia ndo serdo eficazes e a toxicidade da MCLR manifesta-se
“descontroladamente”, levando a total desorganizagdao da célula e morte celular por
necrose, tal como foi observado ao nivel da ultrastrutura e corroborado pelos testes de
viabilidade celular (capitulos 3 e 4).

A MCLR desencadeia, portanto, um efeito dual na linha celular Vero-E6: a
doses baixas constitui um estimulo positivo relativamente ao crescimento celular,
enquanto que a doses altas induz processos conducentes a inviabilidade e morte celular
(figura 2).

O facto da MCLR induzir uma diversidade de efeitos na linha celular Vero-E6 e
do seu impacto no crescimento celular poder ser descrito por uma fun¢ao dose/resposta,
sugere que esta linha celular ¢ um modelo celular adequado para o estudo da

nefrotoxicidade das microcistinas
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Efeito estimulatério

[MCLR]

Efeito inibitdrio

Figura 2. Efeito dual da MCLR no crescimento da linha celular Vero-E6 em fungdo da

concentracao.

2. O papel da MCLR no processo de cancerigénese.

O papel das microcistinas no processo de cancerigénese esta ainda por
esclarecer. Alguns estudos em murganhos in vivo permitem concluir que a MCLR
promove a formagao/crescimento tumoral no figado (Nishiwaki-Matsushima et al.
1992), na pele (Falconer, 1991) e no célon (Ito et al., 1997; Humpage et al., 2000a).
Contudo, a informacdo acerca dos mecanismos responsaveis por essa actividade
resume-se a um numero de publicagcdes muito diminuto (Gheringer, 2004; Zhu et al.,
2005; Komatsu et al., 2007), que sugerem o envolvimento de cascatas de sinalizacao da
familia das MAPK. Os resultados descritos no capitulo 6 reforcam esta hipdtese, uma
vez que mostram que a MCLR estimula a proliferacdo celular no modelo Vero-E6
através da activacao da via de sinalizacdo ERK1/2. Estes resultados sdo particularmente
interessantes, uma vez que os efeitos observados ocorreram a doses muito baixas, da
ordem do valor paramétrico de referéncia da MCLR para agua de consumo humano.
Salientam, portanto, o interesse de avaliar a capacidade da MCLR induzir a proliferagao

celular no rim in vivo e alertam para a importancia de rever o valor paramétrico de
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referéncia / valor-guia no sentido de contemplar eventuais efeitos cancerigénicos, nao so
no figado como também noutros 6rgaos.

A pesquisa de efeitos genotoxicos da MCLR tem gerado alguns resultados
contraditorios e inconclusivos. A hipotese da MCLR formar aductos com a molécula de
ADN e ser, assim, um agente directamente mutagénico parece pouco provavel.
(Bouaicha et al., 2005). Por sua vez, a capacidade da MCLR induzir quebras de cadeia
dupla no ADN (avaliada pelo ensaio do Cometa) tem também originado interpretacdes
distintas. Por um lado, alguns autores consideram que essas lesdes decorrem da indugao
de stress oxidativo (Zegura et al., 2003, 2004, 2006, 2008; Nong et al., 2007). Por outro
lado, outros autores consideram que as quebras de ADN observadas sdao um reflexo da
fragmentacdo de ADN durante a apoptose e ndo de efeitos genotoxicos (Rao et al.,
1998; Lankoff et al., 2004). Embora no presente trabalho ndo tenha sido avaliado o
efeito da MCLR ao nivel do stress oxidativo, alguns dos efeitos celulares descritos no
capitulo 4 (danos mitocondriais e apoptose) sugerem o envolvimento de espécies
reactivas de oxigénio na toxicidade da MCLR na linha celular Vero-E6. No entanto, os
resultados negativos obtidos no teste do Cometa (capitulo 5) discordam com a hipotese
de, nas concentragoes testadas, a MCLR induzir danos oxidativos no ADN, detectaveis
como quebras de ADN no referido ensaio, nos modelos celulares Vero-E6 e HepG2.

A anélise de anomalias cromossoémicas estruturais nao evidenciou qualquer
efeito associado a MCLR (Lankoff et al., 2004, 2006a). No entanto, o aumento da
frequéncia de micronucleos nas células Vero-E6 ¢ HepG2 (capitulos 2 e 5) ¢ indicativo
da capacidade da MCLR induzir danos ao nivel cromossémico. Estes resultados,
juntamente com os de outros autores, sugerem que esse efeito nao ocorre através de um
mecanismo de clastogénese (quebra cromossdmica), mas possivelmente de aneugénese
(perda cromossomica), quer em células hepaticas quer em células renais. Esta hipotese ¢
compativel com a observacao de que a MCLR induz a desorganizagdo de elementos do
citosqueleto nas células Vero (capitulo 4), uma vez que a aneugénese pode resultar de
danos nos microtibulos do fuso mitoético (Tournebize et al., 1997; Parry et al., 2002). A
aneugénese pode ter como consequéncia a aneuploidia (alteracdo do numero diploide de
cromossomas), que tem sido associada ao desenvolvimento de cancro no Homem
(Kirsch-Volders et al., 2002), podendo assim contribuir para a eventual
cancerigenicidade da MCLR.

A distingdo entre actividade aneugénica e clastogénica pode ser um aspecto

importante para a avaliagdo do risco, um vez que o0s agentes aneugénicos,
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contrariamente aos clastogénicos, caracterizam-se por uma relacdo dose-resposta que
permite estabelecer um limiar de genotoxicidade, abaixo do qual ndo decorrem
quaisquer riscos para a saude (Kirsch-Volders et al., 2002; larmarcovai et al., 2006).

Apesar das lacunas que ainda permanecem acerca da genotoxicidade das
microcistinas, a publicacdo crescente e recente de estudos sobre esta matéria salienta,
novamente, a importancia do estudo aprofundado acerca do potencial cancerigénico das
microcistinas e da revisao da legislacdo sobre o teor destas cianotoxinas em agua
destinada a utilizagao humana.

Numa exercicio de reavaliagdo do valor-guia das microcistinas, de forma a
contemplar o seu efeito de promogao tumoral, Duy et al. (2000) propde o valor de 0.07
ug.L" (0.07 nM). Por outro lado, um estudo epidemioldgico (Zhou et al., 2002) revelou
que a ingestdo de 4gua contendo 50 ng.L™' (0.05 nM) de microcistinas aumenta em cerca
de 8 vezes o risco de cancro colorectal. Na linha celular Vero-E6, a MCLR estimulou a
proliferagdo celular na gama de 1-10 nM. Estes dados indicam que o actual valor guia (1
nM) poderé estar, de facto, acima de um valor de seguranga que salvaguarde efeitos
potencialmente cancerigénicos.

De salientar, ainda, que a exposicdo a doses baixas de MCLR podera
corresponder a situagao mais realista ao nivel renal. Nao sendo um 6rgao onde a MCLR
se acumule significativamente, o rim € responsavel, em parte, pela eliminacao da toxina.
Assim, e embora nao esteja devidamente caracterizada a toxicocinética da MCLR,
poderd presumir-se que a dose interna de MCLR neste 6rgao seja baixa. Além disso, e
de acordo com os resultados discutidos no capitulo 6, podera supor-se que a dose
biologica efectiva para induzir a progressao no ciclo celular seja igualmente baixa.
Neste sentido, € nao descurando os eventuais efeitos nefrotoxicos (agudos) da MCLR, o
estudo dos seus efeitos cronicos assume particular importancia.

Um outro aspecto importante relativamente a avaliacdo do risco € a eventual
exposi¢ao simultdnea a varias cianotoxinas. Os blooms cianobacterianos sao
frequentemente compostos por espécies ou estirpes distintas, que produzem diferentes
toxinas (Chorus et al., 2000; Duy et al, 2000). Para além da MCLR também a variante
MCRR (Zegura et al., 2002), a nodularina (Lankoff et al., 2006b) e a
cilindrospermopsina (Humpage et al., 2000b), sdao potenciais genotoxinas,
desconhecendo-se, ainda, se apresentam entre si efeitos genotoxicos antagonistas ou

sinergisticos.
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3. Fosfatases proteicas PP1/PP2A e stress oxidativo: os pontos centrais na

toxicidade da MCLR no modelo celular Vero-E6?

A inibi¢ao das fosfatases proteicas PP1 ¢ PP2A tem sido considerada como o
mecanismo responsavel pela hepatotoxicidade aguda da MCLR (Yoshizawa et al.,
1990). Foi também sugerido que ¢ possivelmente um mecanismo que medeia a
actividade de promog¢ao tumoral associada a MCLR (Gehringer, 2004). As fosfatases
PP1 e PP2A tém um caracter ubiquo nas células de mamifero, tém um papel fulcral na
regulacao de inimeros processos metabolicos e fisiologicos, bem como na manutengao
da homeostase celular (Dawson e Holmes, 1999). Embora no presente trabalho nado
tenha sido avaliado o efeito da MCLR na actividade das fosfatases PP1 e PP2A, propde-
se que estas desempenhem um papel central na toxicidade da MCLR no modelo celular
Vero-E6, tal como tem sido descrito para células hepaticas. De facto, efeitos tdo
distintos como as alteragdes da estrutura do citosqueleto (Toivola e Eriksson, 1999), o
disturbio do fuso mitotico e a consequente indu¢ao de micronucleos por aneugénese
(Tournebize et al., 1997), bem como a actividade das cinases ERK1/2 (Junttila et al.,
2008) poderao ser, efectivamente, desencadeados pelo desequilibrio entre os estados de
fosforilagdo e desfosforilagdo e, portanto, dependentes do turnover entre cinases e
fosfatases.

Por outro lado, o stress oxidativo tem sido também considerado com um
processo central da toxicidade da MCLR em hepatocitos. A inducao de espécies
reactivas de oxigénio pela MCLR, resultante da deple¢do dos niveis de GSH, tem sido
associada a efeitos tdo diversos como genotoxicidade (Zegura et al., 2003, 2004, 2006,
2008) e apoptose (Ding e Ong, 2003). Tal como se referiu anteriormente, o stress
oxidativo ndo parece ter um papel preponderante na genotoxicidade induzida pela
MCLR nas linhas celulares HepG2 e Vero-E6 (capitulo 5), embora sejam ainda
necessarios mais estudos para clarificar este aspecto. No entanto, a maioria dos efeitos
descritos nas células Vero-E6 ao nivel dos organelos celulares (capitulo 4) e da
citotoxicidade (capitulo 3), associados a autofagia, apoptose e necrose, resultaram,
possivelmente, do desequilibrio entre a indugdo de espécies reactivas de oxigénio e a
capacidade de defesa antioxidante. Na figura 3 esquematizam-se os efeitos induzidos
pela MCLR no modelo celular Vero-E6 e propde-se alguns mecanismos eventualmente

envolvidos na toxicidade da MCLR.
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Figura 3. Efeitos e mecanismos de toxicidade da MCLR no modelo celular Vero-E6.

Legenda: AF (autofagossoma); AL (autolisossoma); CG (complexo de Golgi); ERK1/2
(extracellular-signal-regulated kinase); FI (filamentos intermédios); FT (factores de
transcri¢do); GSH (forma reduzida de glutationo); L (lisossoma); M (mitocondria); MF
(microfilamentos); MT (microtibulos); OATP (transportadores polipeptidicos dos anides
organicos); P (grupo fosfato); PP1/PP2A (fosfatases proteicas do tipo 1 ¢ 2A); RE (reticulo

endoplasmatico); ROS (espécies reactivas de oxigénio). L inibigao.
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Conclusoes e perspectivas

Enumeram-se, seguidamente, as principais conclusdes do trabalho apresentado na

presente dissertacao:

1-

A MCLR induz varios tipos de efeitos toxicos na linha celular renal Vero-E6, em

fung¢do da concentragio;

A MCLR tem actividade genotoxica (indugdo de micronucleos) através,

presumivelmente, de um mecanismo aneugénico;

Destaca-se a capacidade da MCLR induzir a proliferacdo celular (através da activacdo
da via de sinalizacdo ERK1/2) para concentragdes de toxina na ordem de grandeza do

valor paramétrico de referéncia / valor-guia para agua de consumo humano;

A linha celular Vero-E6 parece constituir um modelo celular adequado ao estudo de

efeitos da MCLR ao nivel renal, designadamente efeitos potencialmente cancerigénicos.

Ficaram por esclarecer algumas questdes que poderdo constituir tema de

pesquisa futura. Sugere-se, assim, como trabalho de continuidade ao que aqui foi

apresentado:

1-

Esclarecer qual o mecanismo de genotoxicidade das microcistinas, atendendo a
importancia da distingdo entre actividade aneugénica e clastogénica. Esta distin¢do
podera ser conseguida através da caracterizagdo do conteido dos micronucleos por
aplicacdo da técnica hibridagdo in situ de fluorescéncia de (FISH) recorrendo a uma

sonda pan-centromérica;

Estudar os mecanismos de ac¢do da MCLR a montante das cinases ERK1/2 de forma a

elucidar o efeito da MCLR na via de sinaliza¢do Ras-Raf-MEK-ERK;

Avaliar a capacidade da MCLR induzir efeitos no rim, em particular efeitos
cancerigénicos. Um estudo preliminar estd ja a ser conduzido em murganhos (no
Laboratorio de Toxicologia Genética / INSA) com o objectivo de avaliar a actividade

genotoxica da MCLR in vivo.
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