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RESUMO

No desenvolvimento de novos medicamentos, nove entre dez candidatos promissores
que iniciam a fase clinica ndo receberéo aprovacdo. Reduzir a falha de candidatos a
farmacos utilizando ensaios in vitro pode reduzir o uso desnecessario de animais, bem
como prever efeitos toéxicos em fases pré-clinicas. O objetivo do presente estudo foi
avaliar a citotoxicidade pelo método MTT de quatro novas substancias nas linhagens
celulares A549, H9C2, HEP-G2, LLC-PK1 e NEURO-2. Para substancia que
apresentou menor citotoxicidade no teste de MTT, realizou-se o teste do vermelho
neutro de acordo com a OECD 129 a fim de extrapolar o resultado obtido como dose
inicial para o teste de toxicidade aguda (OECD 423). A dose inicial de 300 mg/kg nao
promoveu efeitos toxicos observaveis para os animais estudados. Por outro lado, a
dose de 2000 mg/kg causou a morte de um animal em cada grupo, entretanto, nenhum
dos grupos apresentou alteracbes macroscopicas na necropsia. Os resultados do
presente estudo mostram limitacdes do teste de vermelho neutro como preditor da
dose inicial para o estudo de toxicidade aguda devido a varios fatores como limitada

biodisponibilidade in vivo e geracao de metabdlitos téxicos.

Palavras-chave: Toxicologia pré-clinica. Modelos in vivo e in vitro. Citotoxicidade.
OECD 129. OECD 423. Métodos alternativos.



ABSTRACT

In the development of new medicines, nine out of ten promising candidates entering
the clinical phase will not receive approval. Reducing the failure of drug candidates
using in vitro assays can reduce the unnecessary use of animals as well as predict
toxic effects at preclinical stages. The objective of the present study was to evaluate
MTT cytotoxicity of four new substances in the A549, H9C2, HEP-G2, LLC-PK1 and
NEURO-2 cell lines. For the substance that showed the lowest cytotoxicity in the MTT
test, the neutral red test according to OECD 129 was performed in order to extrapolate
the result obtained as the initial dose for the acute toxicity test (OECD 423). An initial
dose of 300 mg / kg did not promote observable toxic effects for the animals studied.
On the other hand, the dose of 2000 mg / kg resulted in the death of one animal in
each group; however, none of the groups presented macroscopic changes at
necropsy. The results of the present study shows limitations of the neutral red test as
a predictor of the initial dose for the acute toxicity study due to several factors such as

limited in vivo bioavailability and generation of toxic metabolites.

Palavras-chave: Preclinical toxicology. in vitro and in vitro models. Cytotoxicity. OECD
129. OECD 423. Alternative methods.
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1 INTRODUCAO

1.1 Desenvolvimento de novos farmacos

O processo de pesquisa e desenvolvimento de um novo farmaco é moroso,
dispendioso e envolve varias etapas (Figura 1). ApGs a selecdo das moléculas com
maior potencial farmacologico, inicia-se uma das etapas mais importantes designada
como etapa de ensaios toxicologicos pré-clinicos, esses permitem a determinacéo dos
efeitos adversos e do risco da exposicdo ao novo farmaco para o ser humano
(HORNBERG et al, 2014; LAVANDEIRA, 2014). As fases clinicas e a aprovagéo de
medicamentos levam cerca de 10 anos, com custos que se aproximam de 2 bilhdes
de délares (ABRACO, 2017; MORGAN et al, 2011), sendo que 90% dos farmacos
falham apds os primeiros estudos em humanos (ARROWSMITH, 2011).

Figura 1 — Pesquisa e desenvolvimento de novos farmacos (Legenda: EMA:

European Medicines Agency — Agéncia Europeia de Medicamentos.

O desenvolvimento de um novo medicamento leva uma média de 10-15 anos

Descoberta do Ensaios Pre- Revisao Escala ate
Farmaco clinicos da EMA producdo

5.000-10.000
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)

Fonte: http://www.icontrolmyhealth.org/treatment-options/pharmaceuticals

O processo de desenvolvimento de medicamentos envolve estudos nao clinicos e
clinicos e sédo conduzidos usando diferentes protocolos, incluindo estudos em animais,
gue seguem principalmente os regulamentos de boas praticas de laboratério (EMA,

2010). Durante o processo inicial de desenvolvimento pré-clinico, também conhecido
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como decisdo Go/No-Go, um candidato a medicamento deve passar por varias
etapas, incluindo estudos sobre farmacocinética: absorcao, distribuicdo, metabolismo
e eliminacdo, além de estudos preliminares que visam investigar a seguranca do
candidato, incluindo genotoxicidade e mutagenicidade. Esses tém como objetivo
investigar a seguranca da molécula para obter a primeira informacédo sobre sua
tolerabilidade em diferentes sistemas que sao relevantes para novas decisdes
(ANDRADE et al, 2016). O processo de avaliagéo toxicologica pré-clinica gradual no
desenvolvimento farmacéutico tem o principal objetivo de caracterizar potenciais
efeitos adversos relacionados a dose em relacéo aos tecidos, 6rgdos e sistemas, e,
guando apropriado, sua reversibilidade potencial (EMA, 2010). Dessa forma, a
migracao de estudos toxicolégicos em fases pré-clinicas impede que os candidatos a
medicamentos com risco de seguranca ingressem no desenvolvimento clinico
(MORGAN et al, 2011).

A toxicidade é a principal causa de desgaste de candidatos a drogas nas etapas pré-
clinicas, representando 44,1% desse total (Figura 2), mais tarde, a eficacia em ensaios
clinicos torna-se a principal causa de falhas: aproximadamente 75% na Fase 3
(SUTER, BABISS, WHEELDON, 2004). Para superar esses desafios, a industria
farmacéutica tem aplicado abordagens inovadoras a fim de minimizar a taxa de
desgaste, interromper o desenvolvimento de candidatos a medicamentos antes de
entrar em fases mais caras dos estudos clinicos e oferecer uma conducdo mais segura
ao processo (KRAMER, SAGARTZ, MORRIS, 2007).
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Figura 2 — Principais causas do insucesso de compostos em desenvolvimento.

Pesquisa de Raz@es para Falha de Compostos em Desenvolvimento

Fases Pré-clinica Fase 1 Fase 2 Fase 3 Registro
Seguranca Clinica 0,5% 27,9% 13,4% 9,8% 30,0%
Eficicia 5,6% 17,5% 52,0% 72,5% 20,0%
Formulagéo 51% 5,8% 1,6% 0,0% 0,0%
Potencial de Mercado 6,2% 3,9% 7,9% 3,9% 30,0%
Farmacocinética/ 11,8% 14,9% 2,4% 0,0% 0,0%

Biodisponibilidade

Estratégia 14,4% 12,3% 13,4% 5,9% 20,0%
Recursos 1,5% 1,3% 0,8% 3,9% 0,0%
Toxicologia 44,1% 10,4% 2,4% 3,9% 0,0% I
Custos dos produtos 1,5% 1,3% 0,0% 0,0% 0,0%
Desconhecido 7,2% 1,3% 4.7% 0,0% 0,0%
Outros 2,1% 3,2% 1,6% 0,0% 0,0%
Numero de projetos 195 154 127 51 10

Fonte: Adaptado de: SUTER, BABISS, WHEELDON, 2004.

Dessa forma, a toxicologia deve ser integrada ao processo de descoberta, com o
objetivo de fornecer decisdes oportunas e direcionar as equipes de pesquisa a afastar-
se do risco de falha na seguranca (CHAPMAN et al., 2012, HORNBERG et al, 2014).

1.2 Toxicologia pré-clinica

Em 2007, o Conselho Nacional de Pesquisa (NRC) dos Estados Unidos publicou
Testando a Toxicidade no século 21: Uma visao e uma estratégia. O relatorio destacou
a necessidade de tecnologias de rastreio de alto rendimento para identificar a
atividade bioldgica induzida quimicamente em células humanas e linhagens celulares.
Também destacou a importancia de se desenvolver modelos preditivos da resposta
biolégica in vivo. Nos anos seguintes a publicacao do relatorio do NRC, houve grande
discussédo pela comunidade cientifica acompanhada de progressos significativos no
desenvolvimento de ensaios e ferramentas que ajudardo a atingir oS objetivos
levantados pelo NRC. Isso levanta a importante questdo de como os dados in vitro e
modelos in silico podem ser usados para entender e prever a toxicidade in vivo
(KNUDSEN et al., 2015; ANDERSEN, KREWSKI, 2010; STURLA et al., 2014).
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O incentivo ao uso de novos métodos in vitro é alto e tal estratégia € reconhecida no
guia da OECD (Organization for Economic Cooperation and Development), n. 404
(Aguda Dermal Irritation/Corrosion), que recomenda a realizagdo de ensaios in vitro
para limitar a gravidade da toxicidade para compostos que progridem para avaliacéo
in vivo. Do mesmo modo, a OECD 437 foi concebida para identificar substancias que
sao corrosivas oculares ou severamente irritantes para os olhos. As substancias que
Sao negativas neste teste seriam obrigadas a submeter-se a testes in vivo adicionais

para permitir uma classificacao precisa (CHAPMAN et al., 2012).

A avaliacdo da seguranca de novos produtos requer a combinacdo de informacdes
advindas de diversas fontes para fornecer uma correta avaliagédo do risco para a saude
(ICCVAM, 2006). Tudo isso é possivel com testes in vitro e in silico aprimorados para
selecionar e/ou dirigir o projeto de compostos visando mecanismos especificos
necessarios para a eficacia terapéutica, evitando os associados com toxicidade
(CHAPMAN et al., 2012).

O ensaio de Ames, aberracdo cromossomica in vitro, microndcleo in vitro e ensaios in
vivo de toxicidade, genotoxicidade, carcinogenicidade e toxicidade reprodutiva sao
alguns dos testes comumente usados em toxicologia preditiva. Embora estes testes
tenham evoluido e sido modificados para especificidade, sensibilidade e capacidades
de alto rendimento, existem varias desvantagens inerentes que se relacionam com o
poder preditivo: a relevancia para a via de exposicdo, a falta de complexidade, os
efeitos especificos do tipo de célula (ensaios in vitro) e diferencas especificas de
espécies (roedores versus humanos). Todos esses fatores sdo limitantes da

extrapolacdo a toxicidade humana (ZHANG, 2014).

1.3 Ensaios de toxicidade in vitro

Ha uma grande variedade de ensaios que sdo usados para avaliar a toxicidade ou
viabilidade celular (STONE, 2009), os testes in vitro oferecem vantagens, incluindo
condicbes de teste controladas; nivel elevado de padronizacdo; reducdo na
variabilidade entre experimentos; baixo custo nos testes; pequena quantidade de
material necessario e quantidade limitada de residuos toxicos. Outra grande vantagem
€ a disponibilidade atual de uma variedade de linhagens em bancos de células, o que
possibilita maior acesso e utilizagdo de modelos in vitro, sendo uma alternativa para

avaliagOes de toxicidade de muitas substancias quimicas (ARAUJO, 2014).
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Um dos ensaios mais comuns € o MTT, esse determina a viabilidade celular medindo
a funcdo mitocondrial pela atividade de enzimas mitocondriais, como succinato
desidrogenase (STONE, 2009; PEREZ, 2017). O mecanismo bioquimico por trds do
ensaio MTT envolve a enzima oxidoredutase celular dependente de NAD(P)H que
converte o MTT no composto formazano, composto insolivel que pode ser
solubilizado com dimetilsulfoxido (DMSO) (BAHUGUNA, 2017). O ensaio gera um
produto colorido, que pode ser quantificado por absorbancia de luz a um comprimento
de onda especifico. O valor de absorbancia gerado é representativo do niumero de
células e da viabilidade funcional dessas células. O ensaio pode, portanto, detectar a
proliferacéo celular, bem como a citotoxicidade (STONE, 2009; PEREZ, 2017).

Outro ensaio conhecido por medir a viabilidade celular, é o teste de vermelho neutro,
O procedimento baseia-se na capacidade de células viaveis incorporarem e ligarem o
vermelho neutro (NR), um corante supravital. O NR é um corante fracamente catiénico
que se difunde rapidamente através da membrana plasmatica e se concentra nos
lisossomas, onde se liga eletrostaticamente a matriz lisossomal aniénica. Substancias
toxicas podem alterar a superficie celular ou a membrana lisossémica causando
fragilidade lisossomal e outras alteracbes adversas que gradualmente se tornam
irreversiveis (ICCVAM, 2006; OECD, 2010). Assim, a morte celular e/ou inibicdo do
crescimento celular diminui a quantidade de NR retido pelas células. Células de
mamiferos saudaveis em proliferacdo, quando adequadamente mantidas em cultura,
continuamente se dividem e se multiplicam com o tempo. Dessa forma, uma
substéancia toxica, independentemente do local ou mecanismo de agéo, iré interferir
com este processo e resultar em uma redugao da taxa de crescimento como refletido
pelo numero de células. A citotoxicidade € expressa como uma reducao dependente
da quantidade captada de NR apds a exposicdo da substancia as células,
proporcionando assim um sinal integrado e sensivel tanto da integridade celular como
da inibicdo do crescimento. (PEREZ, 2017). Com isso, teste de vermelho neutro é
realizado em um formato dose-resposta para determinar a concentracao da droga que
reduz a viabilidade celular em 50% em comparacdo com os controles (isto €, o ICso).
O valor ICs0 € usado em uma equacao de regressao linear para estimar o valor da
DLso oral (dose letal para 50% da populacdo testada), que € entdo usado para
determinar uma dose inicial para o ensaio de toxicidade oral aguda. Esse teste tem
seu método padronizado pela OECD 129 (OECD, 2010; STOKES, 2008).
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O conceito de usar dados de citotoxicidade in vitro para determinar as doses iniciais
para testes de toxicidade oral aguda de roedores foi discutido e avaliado em um
Workshop Internacional sobre Métodos in vitro para Avaliacdo de Toxicidade
Sistémica Aguda, convocado em 2000 (NIH, 2001). As simulagcdes mostraram que o
uso de ensaios de citotoxicidade in vitro para estimar uma DLso para usar como uma
dose inicial poderia reduzir potencialmente o uso de animais em 25-40% (ICCVAM,
2006; STOKES, 2008; PRIETO, 2014).

1.4 Ensaios de toxicidade in vivo

Tradicionalmente, a avaliacdo da seguranca de novos produtos quimicos requer
estudos regulatérios em animais com o fim de proteger a salde humana e 0 meio
ambiente. Dada a sua importancia, a utilidade dos modelos animais para a previsdo
da seguranca humana deve ser revista regularmente a medida que os avancos na
compreensao cientifica e métodos técnicos evoluem (ARAUJO, 2014). Essa pratica é
essencial para garantir o uso adequado dos animais nos estudos de toxicologia, com
0s objetivos de ndo s6 melhorar o seu valor preditivo, mas também reduzir o uso geral

dos animais e melhorar o bem-estar dos mesmos (CHAPMAN et al., 2012).

O programa 3R’s originalmente descrito em 1959 (RUSSELL; BURCH, 1959) é assim
denominado em funcé&o das iniciais, em inglés, de seus principais objetivos: 1) reducao
(Reduction), 2) refinamento (Refinement) e 3) substituicdo (Replacement), que, de
forma resumida, significa a reducdo do numero de animais utilizados na pesquisa, a
melhora na conducdo dos estudos no sentido de reduzir o sofrimento animal ao
minimo possivel, e a busca de métodos alternativos que, por fim, substituam os testes
in vivo (CAZARIN, 2004).

Em 2008, foi aprovada no Brasil, a lei “Arouca” (lei 11794/2008) proposta em 1995
pelo deputado Sérgio Arouca. A Lei estabelece a criacdo do Conselho Nacional de
Controle em Experimentagcdo Animal (CONCEA), composto por pessoas vinculadas a
entidades que defendem os diversos aspectos relevantes a experimentagdo animal,
sendo o 6rgdo maximo de definicAo e fiscalizacdo das diretrizes éticas em
experimentagcdo animal no pais. Além disso, o CONCEA utiliza das Comissdes de
Etica no Uso de Animais (CEUA). Os CEUAs julgam e aprovam projetos de pesquisa
das universidades e outras instituicdes, de acordo com as diretrizes postuladas pelo
CONCEA. Os CEUAs também tém uma composicéo diversificada (pesquisadores,

leigos e religiosos) no intuito de dar ao julgamento dos projetos uma perspectiva
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externa a académica, muitas vezes enviesadas pela grande pressdo cientifica
(MARQUES; MORALES; PETROIANU, 2009).

Os modelos animais de doencas humanas foram usados néo sé para facilitar a
selecdo de compostos e permitir uma compreensao precoce do mecanismo de acao,
mas também para avaliar a seguranca (DENNY, STEWART, 2013). Assim, 0 uso de
modelos animais de doenga para avaliar a atividade in vivo e a toxicidade podem
proporcionar uma melhor compreensédo do indice terapéutico e, portanto, melhorar a
selecdo de dose clinica (CAVAGNARO, 2002). Os documentos de orientacéo
regionais e harmonizados especificam que estudos de toxicidade definitivos devem
ser realizados em pelo menos uma e, possivelmente, duas espécies de animais [um
roedor e um nao roedor (por exemplo, coelho, cachorro, macaco)]. No entanto,
existem muitos casos onde apenas uma espécie (roedor) pode ser aceitavel e uma
espécie ndo roedora nao € utilizada ou limitada ao uso do coelho (vacinas) ou do
macaco (anticorpos) (CAVAGNARO, 2002; DENNY, STEWART, 2013). Os critérios
para a selecdo de espécies sao tipicamente baseados em perfis metabdlicos, perfis
farmacocinéticos, tolerancia de espécies e atividade farmacoldgica da molécula nas

espécies em consideracao para avaliacdo de seguranca (DENNY, STEWART, 2013).

No estudo de toxicidade aguda os animais séo tratados com o produto teste com uma
dose ou, eventualmente, em doses multiplas em um intervalo de 24 horas, a
substancia é administrada via oral em trés animais do mesmo sexo. O método usa
doses pré-definidas (Figura 3) (5 mg/kg, 50 mg/kg, 300 mg/kg e 2000 mg/kg) e os
resultados permitem que uma substancia seja classificada de acordo com o Sistema
Global Harmonizado (GHS) para a classificacdo de produtos quimicos que causam
toxicidade aguda (OECD, 2001). O ensaio permite conhecer a forma de morte
produzida pelo excesso dos produtos em 6rgaos alvo; as altera¢cdes comportamentais;
fornece informacgfes para avaliacdo dos riscos de exposicdo aguda ao produto e
seleciona os valores de dose para estudos prolongados. Além disso, pode prever o
mecanismo de toxicidade; indicar as les6es dos 6rgaos afetados, e verificar os efeitos
tardios do tratamento e se ha reversibilidade da resposta toxica (DENNY, STEWART,
2013).
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Figura 3 — Fluxograma de ensaio para teste de toxicidade oral aguda.
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- GHS: Sistema Har i de Classi 30 (mg/kg p.c.)

Fonte: (OECD, 2001).

A maior vantagem de se usar um animal para testar a seguranca de produtos é que é
um modelo inclusivo de todos os fatores envolvidos na exposicdo humana (DENNY,
STEWART, 2013). A dosagem pode ser alcancada pela rota pretendida e o produto
quimico é distribuido e modificado por mecanismos fisiologicamente e
bioquimicamente apropriados que determinam a concentracdo do(s) metabolito(s)
guimico(s) ou reativo(s) em todos os 6rgaos-alvo negativamente afetados. Apesar de
algumas semelhancas, em muitas situacdes os animais sdo modelos preditivos
inadequados e nao fornecem informagdes reprodutivas em humanos (CAZARIN,
2004).

1.5 Aspectos regulatérios

Estudos toxicoldgicos sédo geralmente exigidos por agéncias reguladoras em todo o
mundo antes que testes nos seres humanos possam comecar ou progredir para um
potencial candidato a novos medicamentos. No entanto, os critérios especificos para
a conducao dos estudos pré-clinicos variam de acordo com a regido. Os trés maiores
blocos econdmicos (Estados Unidos, Europa e Japdo) no desenvolvimento de
medicamentos, trabalharam juntos em um esforco continuo para unificar as
expectativas regulatérias para estudos pré-clinicos que foram publicados através do
compéndio da Conferéncia Internacional de Harmonizacdo (ICH) (DENNY,
STEWART, 2013).
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Para a realizacdo de ensaios toxicoldgicos é necessario o cumprimento de diretrizes
estabelecidas por 6rgaos oficiais (ex: Organization for Economic Cooperation and
Development - OECD, The International Council for Harmonisation of Technical
Requirements for Pharmaceuticals for Human Use - ICH). Essas organizacoes
internacionais determinam um acordo sobre as diretrizes para analise de produtos
qguimicos e regulacdo dos métodos alternativos nos blocos econémicos. No Brasil, o
orgdo responsavel pela regulamentacdo dessas diretrizes é a ANVISA, essa, por sua
vez, é observadora dos métodos da OECD (ANVISA, 2013).

O Centro Brasileiro de Validacédo de Métodos Alternativos (BraCVAM), criado no ano
de 2011 tem como objetivo promover, divulgar e validar os métodos alternativos, além
de treinamento e educacgao a respeito dos 3R’s (BONES, MOLENTO, 2012). Além
disso, por meio da Portaria n° 491, de 3 de julho de 2012, o governo brasileiro criou a
Rede Nacional de Métodos Alternativos (RENAMA), que tem por objetivos estimular a
implantacéo de alternativas ao uso de animais por meio do auxilio e do treinamento
técnico nas metodologias necessérias; monitorar o desempenho dos laboratérios
associados; promover a qualidade dos testes; incentivar a implementacéo do sistema
de qualidade laboratorial; e promover o desenvolvimento, a validagao e a certificagao
de novos métodos alternativos ao uso de animais, sendo o processo de validacéo
realizado no ambito do BraCVAM (BRASIL, 2012).

1.6 Substancias testadas

1.6.1 Antifangica

1.6.1.1 RN104

Heterociclo tiazol com atividade contra Cryptococcus neoformans, com MIC 0,9 uM, e
Cryptococcus gattii, MIC 0.7 e 2.2 uM testado em nove cepas. Em estudo realizado,
ndo demonstrou afetar a viabilidade das células VERO e de macro6fagos murinos a
concentracdes até 100 uM, o que é refletido pelos valores de IC50 superiores a 100
UM (SA, 2015).
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Figura 4 — Estrutura quimica RN104.
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A criptococose é uma infeccao fungica oportunista ou primaria causada por leveduras
do género Cryptococcus. No Brasil, a criptococose € uma doenca fungica com maior
taxa de mortalidade em individuos soropositivos. O aumento da incidéncia de
infecgbes fungicas invasivas é confrontado com um arsenal limitado de opg¢fes de
tratamento, seja pelo aumento de resisténcia fungica, seja pela toxicidade

apresentada pelos agentes antifingicos (SHENG, ZANG; 2011).

1.6.2 Anti-tripanosomatideas

1.6.2.1 PCH

Cicloalcanona com atividade contra Trypanosoma cruzi, com ICsp superior a 250 uM
e Leismania amazonenses com ICs01,2 uM. Em ensaio de citotoxicidade de
fibroblastos murinos, o ICso foi de 23.9 = 9.6 uM (BRAGA et al, 2014).

Figura 5 — Estrutura quimica PCH.

FPCH

1.6.2.2ICH
Cicloalcanona com atividade contra Trypanosoma cruzi, com ICso 68.7 + 8.8 UM e

Leishmania amazonenses com ICso 8,4 uM. Em ensaio de citotoxicidade em
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macréfagos murinos, o ICso foi 78.1 + 9.9 uM, e em fibroblastos murinos, 187.5 + 88.4
UM (BRAGA et al, 2014).

Figura 6 — Estrutura quimica ICH.

A leishmaniose e doenca de Chagas sdo doencas protozoarias endémicas com
prioridades epidemiolégicas pela Organizacdo Mundial de Saude (OMS). Existem
medicamentos limitados disponiveis para o tratamento das doencas, 0os agentes
terapéuticos ainda sdo inadequados devido a sua extrema toxicidade. Além disso, as

cepas de parasitas resistentes aos medicamentos tornaram-se mais prevalentes
(BRAGA et al, 2014).

1.6.3 Antioxidante
1.6.3.1 RI78

Antioxidante analoga a curcumina

Figura 7 — Estrutura quimica RI78.
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Séo relatadas numerosas atividades biologicas, incluindo antioxidantes, antitumorais,
antiinflamatorios e antiviral do produto natural curcumina. Embora seja seguro em
doses mais elevadas e exiba multiplas atividades biolégicas, a curcumina ainda tem
baixa biodisponibilidade, que tem sido uma area de pesquisa atrativa nos ultimos
anos. Uma série de esforgos sao feitos na modificacdo das caracteristicas estruturais
da curcumina afim de se obter um produto com maior biodisponibilidade. (ZY et al,
2013).
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2 OBJETIVOS
2.1 Objetivo geral

Avaliar a toxicidade in vitro e in vivo de quatro moléculas com potencial terapéutico.

2.2 Objetivos especificos

e Avaliar o efeito citotoxico de quatro substancias nas linhagens celulares LLC-
PK1, HEP-G2, A549, NEURO-2A e H9C2 pelo ensaio do MTT;

e Para substancia que revelar mais promissora no teste de MTT, realizar o teste

de vermelho neutro conforme OECD 129;

e Extrapolar o resultado da dose obtida com a aplicacdo da OECD 129 como

dose inicial para teste de toxicidade aguda, OECD 423.
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3.1 NOTA EXPLICATIVA
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ser submetido em revista indexada no formato e com as normas a serem submetidas.

Artigo a ser submetido para publicacdo na revista Basic & Clinical Pharmacology &
Toxicology (Fator de impacto 2015 2.66) intitulado:

‘IN VITRO AND IN VIVO TOXICITY OF INNOVATIVE MOLECULES USING
GUIDELINE OECD 129”.
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IN VITRO AND IN VIVO TOXICITY OF INNOVATIVE MOLECULES USING
GUIDELINE OECD 129

Tonholo, D.R. 2 Silva, I. R.’; Azevedo, P. O.?; Oliveira, R.B.P; Tagliati, C.A.2

aToxicology in vitro Laboratory, Department of Clinical and Toxicological Analysis,

Faculty of Pharmacy - Federal University of Minas Gerais, Belo Horizonte, Brazil.

b Pharmaceutical Chemistry Laboratory, Department of Pharmaceutical Products,

Faculty of Pharmacy - Federal University of Minas Gerais, Belo Horizonte, Brazil.

ABSTRACT

In the development of new medicines, nine out of ten promising candidates entering
the clinical phase will not receive approval. Reducing the failure of drug candidates
using in vitro assays can reduce the unnecessary use of animals as well as predict
toxic effects at preclinical stages. The objective of the present study was to evaluate
MTT cytotoxicity of four new substances in the A549, H9C2, HEP-G2, LLC-PK1 and
NEURO-2 cell lines. For the substance that showed the lowest cytotoxicity in the MTT
test, the neutral red test according to OECD 129 was performed in order to extrapolate
the result obtained as the initial dose for the acute toxicity test (OECD 423). An initial
dose of 300 mg / kg did not promote observable toxic effects for the animals studied.
On the other hand, the dose of 2000 mg / kg resulted in the death of one animal in
each group; however, none of the groups presented macroscopic changes at
necropsy. The results of the present study showed limitations of the neutral red test as
a predictor of the initial dose for the acute toxicity study due to several factors such as

limited in vivo bioavailability and generation of toxic metabolites.

KEY WORDS: Preclinical toxicology; in vitro and in vitro models; citotoxicity; OECD
129; OECD 423; alternative methods.
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INTRODUCTION

Toxicity and clinical safety plays a major impact on the success of drug development.
Toxicological studies in earlier stages of the research and development are necessary
to prevents drug candidates with safety risk from entering clinical development
(MORGAN et al., 2011; SUTER et al., 2004). Improving in vitro assays can reduce
unnecessary animal testing, as well as reduce failure rates of new pharmaceutic
candidates. Therefore, it is important to strive for improvements of in vitro techniques
in a compound selection, which supports higher effectiveness during phases prior to
clinical trials (CHAPMAN et al., 2012). In vitro tests demonstrated several advantages,
including controlled testing conditions; high level of standardization; reduction in
variability between experiments; cost effectiveness; small amount of toxic waste and
use of human cells and tissues (PEREZ, 2017). Another great advantage is the current
availability of a large variety of strains in cell banks, which allows greater access and
use of in vitro models, which means an alternative for toxicity assessments of many
chemical substances (ARAUJO, 2014).

The concept of using in vitro cytotoxicity data to determine the initial doses for acute
oral toxicity of rodents was discussed and evaluated at the International Workshop on
In Vitro Methods for Assessment of Acute Systemic Toxicity, in October 2000 (NIH,
2001). The neutral red test (NRU) is performed in a dose-response format to determine
the concentration of the tested substance that reduces cell viability by 50% compared
to the controls (ICso). The ICso value is used in a linear regression equation to estimate
the oral LDso value (dose that produces lethality in 50% of tested animals), which is
then used to determine an initial dose for the acute oral toxicity test. This test has its
method standardized by OECD 129 (OECD, 2010; STOKES, 2008).

The objective of the present study is to evaluate the cytotoxic effect of four substances
— RN104, RI78, ICH, PCH — on the cell lines LLC-PK1 (pig kidney), HEP-G2 (human
liver), A549 (human lung), NEURO-2A (mouse brain) and H9C2 (rat heart) by the MTT
assay. The molecules chosen for the study comprises four innovative substances with
antiparasitic, antifungal or antioxidant action. The substance that presented the lowest
cytotoxicity in the MTT assay was then tested with neutral red uptake assay, according
to OECD 129 guideline, in order to extrapolate the result obtained as the initial dose
for the acute toxicity test (OECD 423).
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MATERIAL AND METHODS
Bioactive substances

The four substances used in this study (Figure 1) were kindly provided by Laboratory
of Pharmaceutical Chemistry of Faculty of Pharmacy of UFMG. The substances were
solubilized in dimethylsulfoxide (DMSO) 0.5%. A stock solution of each substance
(RN104, RI78, PCH, ICH) was prepared with culture media (RPMI, DMEM or MEM,

according to the cell used) to obtain a final concentration of 1.050 uM.

OCH,

RN104

Heterocyclic Thiazole with activity against
Cryptococcus neoformans, Minimum
inhibitory concentration (MIC) 0.9 uM, and
Cryptococcus gattii MIC 0.7 and 2.2 uM
tested in nine strains (SA, 2015).

Cycloalkanone with activity against
Leishmania amazonensis (ICsq = 8.4 uM)
(BRAGA et al, 2014).

/NQQ S /N
N

H
N

HSCOD/\)'\
HO RI78

Curcumin analogue with antioxidant and
antiinflammatory activities (unpublished data)

PCH

Cycloalkanone with activity against
Leishmania amazonensis (ICsq = 1.2 uM)
(BRAGA et al, 2014).

Fig.1 - Chemical structures of RN104, RI78, ICH and PCH and their main biological activity
Cells culture

LLC-PK1, HEP-G2, A549, NEURO 2A, H9C2 and BALB 3T3 (mouse embryonic
fibroblast) cells were obtained from the cell bank of the Federal University of Rio de
Janeiro (UFRJ). A549, NEURO 2A, H9C2 and BALB 3T3 were cultured in DMEM
(GIBCO®) supplemented with 10% fetal bovine serum (GIBCO®). LLC-PK1 was
cultured in MEM (GIBCO®) supplemented with 4% fetal bovine serum (GIBCO®).
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HEP-G2 was cultured in RPMI (GIBCO®) supplemented with 5% fetal bovine serum
(GIBCO®). All media were supplemented with 1% stabilized antifungal/antibiotic
solution 100x Sigma-Aldrich®. Cells were grown in 75 cm? bottles and incubated at 37
°C with 5% CO:a.

MTT Cytotoxicity Assay

Cells were plated in 96-well plates and incubated for 24 hours. The number of cells to
be plated was determined by previous assay, where different amounts of cells were
plated. Growth was observed within 24 hours, the concentration showing a confluence
of 50 to 60% was selected: A549, Neuro-2A: 7.5x103, LLC-PK1, HEP-G2: 5x10° cells
per well. The substances were added to the wells at concentrations of 1, 15, 30, 45,
60, 75, 90, 105 uM and the plates were incubated for 24 hours. The negative control
was culture medium and DMSO 0.5% (OECD, 129).

After 24 hours of exposure, the substances were removed from de wells, replaced with
200 uL/well of solution containing 0.5 mg/mL MTT and culture medium and incubated
for 3 hours at 37 °C with 5% CO2. The MTT solution was removed and 100 pl/well of
DMSO was added for solubilization of the crystals. Absorbance was read at 570 nm in
spectrophotometer (Molecular Devices SPECTRA Max PLUS 384).

Neutral Red Assay/ OECD 129

BALB 3T3 cells were plated in 96-well plate with 2.5x102 cells per well and incubated
for 24 hours. A stock solution of 1000 ug/mL of the substance was prepared in DMSO
and tenfold serial dilutions were made (100; 10; 0.1; 0.01; 0.001; 0.0001 pg/mL) in
DMEM. Cells were incubated for 48 hours. After incubation, medium was removed and
neutral red solution (25 pg/mL) was added, incubated for 3 hours. The solution with
neutral red was removed and 100 pL/well of desorb solution (water, glacial acetic acid
and ethanol) was added for solubilization of the crystals. Absorbance was read at 540
nm in the spectrophotometer (Molecular Devices SPECTRA Max PLUS 384). The
negative control used was culture medium and DMSO 0.5%. As a positive control,
sodium lauryl sulfate (SLS) was used; subsequently ten tests were performed to
standardize the substance as recommended by the OECD 129. In all tests performed
with the sample, a positive control plate was made at concentrations 6.8; 10; 14.7,;
21.5; 31.6; 46.4; 68.1; and 100 pg/mL.
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A second test was performed in which the cell plating steps were identical to the first
test. A first concentration was chosen after the ICso, successive dilutions were made
according to the dilution factor 1.47 (6V10). These concentrations were applied to the
cells and followed the steps of incubation and reading according to the first test. The
ICs0 value was calculated and used in the following log regression equation to estimate

log LD in mg/kg:
mmol —
log LDs, ( /kg) = 0.4391log IC5, (MM) + 0.621

Acute toxicity/OECD 423

Eighteen mice of the Swiss strain, females weighing 24 to 28 g, were used from the
Central Animal House of the Federal University of Minas Gerais. Animals were kept in
collective cages (3 animals each) with temperature control at 25°C + 2°C, receiving
standard feed and filtered water at will. Animals were fasted 3 hours before exposure
to the substance. The experimental protocol followed OECD 423 and was submitted
and approved by the Committee on Ethics in the Use of Animals/CEUA number
198/2017. According to the OECD 129 guidance, after the neutral red test in vitro, the
established starting dose was 300 mg/kg follow by 2000 mg/kg. The groups of the first
test were a control (C1), receiving filtered water with DMSO 0.5%; and a group
receiving dose of 300 mg/kg (G1) of RN104. The group of the second test receiving a
dose of 300 mg/kg (G2) of RN104. The groups of the third test were a control (C2),
receiving filtered water with DMSO 0.5%; and a group receiving dose of 2000 mg/kg
(G3) of RN104. The group of the fourth test receiving dose of 2000 mg/kg (G4) of
RN104. The substance was solubilized in 0.5% DMSO and filtered water. Each group

consisted of three animals.

Animals were observed in the periods of 30 min, 1, 2, 4, 8, 12 and 24 h, and every 24
h for 14 days after administration. The general disposition, motor coordination, muscle
tone, reflexes and activity of the autonomic nervous system were evaluated. Food
consumption and weight of the animals were observed on days 1, 2, 4, 8, 12 and 15.
On day 15, the animals were weighed, anesthetized with a mixture of xylazine (75
mg/Kg) and ketamine (10 mg/Kg) and euthanized by cervical dislocation, their bodies
were dissected and the organs (brain, heart, liver, lung and kidney) were observed
macroscopically. The liver and kidneys were removed and weighed. The relative mass

of the organs of each animal was calculated by the percentage of total weight.
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Statistical analysis

Statistical significance was determined by one way ANOVA test, followed by the Tukey
test performed using GraphPad Prism version 5.00 (GraphPad Software, Inc); p <0.05

was set as the criterion of significance.

RESULTS
MTT Cytotoxicity Assay

The MTT assay measured the viability of cells by incorporation of dye in the
mitochondria. The concentration that resulted in 50% cell growth inhibition (ICso) was
determined (Table 1).

Compostos A549 HI9C2 NEURO-2A LLC-PK1 HEP-G2
RN104 > 105 > 105 > 105 97.3 > 105
RI78 > 105 59.2 70.3 <1 > 105
ICH > 105 > 105 > 105 77.4 > 105
PCH 27.0 36.7 <1 20.4 5.4

Table 1 - ICso (MM) values of RN104, RI78, ICH, PCH

The substance that exhibited lower cytotoxicity profile in the MTT test was RN104
(Figure 2). For RN104 the ICso for the cell line LLC-PK1 was 97.3 uM, in other cells

line the ICso was greater than 105 pM, indicating low toxicity.
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Fig. 2 - Evaluation of cell viability by MTT metabolism for substance RN104.
Concentration/response curves of cell lines A549, H9C2, HEP-G2, NEURO 2A, LLC-PK1, respectively.
Cells were exposed to increasing concentrations (uM) of the substance for 24 hours. Assay performed
in three independent experiments. Negative control (untreated cells) were considered with 100% cell

viability. (* p <0.05, significantly different values in relation to the control group)
Neutral Red Uptake Assay/ OECD 129

Based on the results obtained in the MTT assay, the substance RN104 was selected

for further testing.
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The SLS was used as positive control and presented an ICso value of 37.3 ug/mL,
close to that found in the literature (39,3 ug/mL) (OECD, 2010). Toxicity is observed at

concentrations above 21.5 pg/mL (Figure 3).
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Fig. 3 - Evaluation of cell viability by Neutral Red in the presence of sodium lauryl sulfate (SLS).
Cells were exposed to increasing concentrations (ug/mL) of SLS for 48 hours. Assay performed in ten
independent experiments. Negative control (untreated cells) was considered with 100% cell viability. (*

p <0.05, significantly different values in relation to the control group).

The effects of RN104 on the cell viability of Balb 3T3 cells were determined using

neutral red assay and showed low toxicity up to a concentration of 4,7 pg/mL (Figure

4).
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Fig. 4 - Evaluation of cell viability by Neutral Red in the presence of the substance RN104. Cells
were exposed to increasing concentrations (ug/mL) of RN104 for 48 hours. Assay performed in three
independent experiments. Negative control (untreated cells) was considered with 100% cell viability. In
the first test the concentrations were 0,0001 up to 1000 pg/mL, in second test the concentrations were

0,1 up to 100 pg/mL. (* p <0.05, significantly different values in relation to the control group).

The value of ICso found for RN104 was 16.8 pg/mL and used in the log regression

equation to estimate log LD in mg/kg. The calculated LDso value was 308 mg/kg. The
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starting dose for the acute toxicity test is the next dose lower than the estimated LDso

in the default dose progression, in that case, 300 mg/kg.
Acute oral toxicity/OECD 423

Regarding the results of acute oral toxicity, no death or any other sign of toxicity were
observed in control animals (groups C1 and C2) nor in animals treated with 300 mg/kg
(groups G1 and G2). No changes were detected in the general activity, awareness and
sensitivity of the mice. In the animals from the groups treated with RN104 at dose 2000
mg/kg (groups G3 and G4), one animal in each group died on day two, the rest of the
animals showed no signs of toxicity during the experiment. The necropsy of all animals
showed no macroscopic alteration that justified the histopathological study of the
organs selected for analysis (kidneys and liver). In accordance with the results
obtained, the GHS classification of the tested substance is category 5, LDso in the
range of 2000-5000 mg/kg.

There was no significant change in the weight of the animals during the experiment,
as well as in feed intake, except in groups G3 and G4 due to the death of animals
(Figures 5 and 6). The percentages in relation to the organs weight remained constant,

presenting no significant differences (Figures 7 and 8).
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Fig. 5 - Weight of the animals during the experiment (g). On day two, the animals that died in the
group G3 and G4 weighed 26.9 g and 31.2 g respectively. (* p <0.05, significantly different values in

relation to the control group).
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Fig. 6 - Feed intake during the experiment (g). From day two, the feed intake of G3 and G4 group
decreased due to the death of an animal. (* p <0.05, significantly different values in relation to the control

group).
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Fig. 7 - Animal data on day of euthanasia: media of percentage of liver weight in relation to total
weight. On the day two, percentage of liver weight from necropsy of animal dead of the groups G4 and
G5 was 5.28% and 4.48%, respectively. (* p <0.05, significantly different values in relation to the control
group).
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Fig. 8 - Animal data on day of euthanasia: media of percentage of kidney weight in relation to
total weight. On the day two, percentage of kidney weight from necropsy of animal dead of the groups
G4 and G5 was 1.24% and 1.22%, respectively. (* p <0.05, significantly different values in relation to

the control group).

DISCUSSION

Thiazolylhydrazone derivatives, such as RN104, demonstrated low cytotoxicity toward
other cell lines (VERO cells) previously studied, with ICso value greater than 100 uM
(SA et al, 2015). Cytotoxic substances cause adverse effects due to the interference
in essential processes for cell survival, proliferation and function. These effects may
interfere with cell membrane and cytoskeletal integrity; changes in metabolism,
synthesis and degradation of cellular constituents and cell division (OECD, 2010). The
regenerative potential of cells is evaluated by cell growth and measured by assays that
evaluate their metabolic activity, viability and cell size (TONDER et al, 2015).

The MTT test can be used in the initial phase of screening of new molecules. However,
the assay has limitations such as interference of external factors and must always be
accompanied by other tests (RISS et al, 2013). Stepanenko and Dmitrenko (2015)
have stated that there might be an over or underestimation of cell viability by the MTT
assay and its significance relies on a cell line, a time point of viability quantification and
other experimental parameters. Different cell lines exhibit different sensitivity to the
same compound since the action of a substance will be perceived in a particular way

by each cell type.
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In the NRU assay, cytotoxicity is expressed as a concentration-dependent in the
uptake of dye neutral red (NR), after substance exposure. Thus, cell death or inhibition
of cell growth decreases the amount of NR retained by the cells. The assay provides
important information of cell integrity and growth inhibition and key mechanisms for
acute toxicity (MCCARVILL et al, 1990; MANNERSTROM et al, 2017; SCHRAGE et
al, 2011). Deaths were recorded days after the start of treatment, and only one of the
groups may be due to an eventual idiosyncratic or biological variable (PIRES-JUNIOR
et al., 2012).

According to EISENBRAND et al. (2002), the cytotoxicity should be the first parameter
evaluated to assess the potential toxicological risk in vivo since it is possible to estimate
the toxicity of substances by in vitro observation of damages causing impairment of

cellular functions, replacing the use of animals in laboratory experiments.

In acute toxicity test, the systemic toxicity of a substance can also be manifested by
reduction in water consumption, behavioral alteration, apathy, bad fur condition and
alteration of the relative mass of the organs. Body weight is one of the most used
parameters in toxicological evaluations to indicate early toxic effects of a given
substance in the animal organism (PIRES-JUNIOR et al., 2012, MANNERSTROM et
al, 2017).

Our results of neutral red test show a probable underestimation of the initial dose
calculated from the acute toxicity study, since the GHS (Globally Harmonized System)
classification of the tested substance is category 5, LDso in the range of 2000-5000
mg/kg, and not category 4 like estimated by neutral red test (OECD 129), LDso in the
range of 300-2000 mg/kg. The mechanistic relevance of the 3T3 NRU assay shows to
be limited to basal cytotoxicity induced through many different toxicity pathways
common to the majority of cell type. The BALB 3T3 cell line have lack of xenobiotic
metabolism and does not capture specific mechanisms of action relating molecular
targets found only in certain tissues (PRIETO, 2013; MANNERSTROM et al, 2017).

Therefore, is important to first better understand the modes of action and disturbance
of biological pathways leading to acute systemic toxicity and then to develop predictive
in vitro and in silico alternative approaches (NIH, 2001; PRIETO, 2013). It's known that
substances inducing acute toxicity by mechanisms specific only to certain cell types or
tissues or requiring metabolic activation may not be correctly predicted (ECHA, 2016).
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In this context, since there are no studies of the RN104 metabolic activation or its

toxicity mechanism, that possibility should be considered.

In addition, the very low aqueous solubility of the RN104 may also have interfered with
the in vivo results, since poor solubility can lead to low bioavailability, resulting in
suboptimal drug delivery (KALEPU, NEKKANTI, 2015; SCHRAGE et al, 2011),
supporting the earlier indications that the 3T3 NRU test method is most suitable for
soluble chemicals (ANON, 2007; OECD 2010). This factor associated to the lack of
metabolism of BALB 3T3 cells, previously mentioned, may justify the underestimation

of the toxic dose for the acute toxicity study observed in our study.

Our results are in accordance with previous studies described in the literature that
shows limitations in neutral red assay how a predictor of starting dose to acute toxicity
study. Schrage et al. (2011) analyzed the usefulness of the in vitro testing for the initial
dose prediction for an in vivo study and the potential reduction in animal use that this
would generate. The study showed that for only 59% (108 of 203 substances studied)
the cytotoxicity assay predicted the initial dose for acute toxicity testing, however, the
use of a standard starting dose of 300 mg/kg by default (without previous cytotoxicity
testing) would have been almost as useful. The study resulted in increased need of
animal when in vitro cytotoxicity data were used for the prediction of starting doses.
This differs from the published data of the validation set outlined in the ICCVAM 2006
Report (ICCVAM, 2006), where the use of the cytotoxicity assay for estimating the
starting dose for the in vivo testing reduced the need for animal use by about 10%.
Reliance on the nominal chemical concentrations in in vitro assays as a marker of
bioactivity may distort potential in vivo effects of these chemicals due to contrasts in
pharmacokinetic factors like clearance, protein binding and bioavailability ( WETMORE,
2014; PRIETO, 2013).

In recent study, Mannerstrom et al. (2017) showed significant differences between
mouse 3T3 fibroblasts and human BJ fibroblasts in their ability to predict cytotoxicity.
This finding supports the earlier conclusion that 3T3 NRU test method gives a high
false-positive rate and this restricts its use in classification and labelling (SJOSTROM
et al, 2008). Due to biological differences between species, chemical substances can
cause very different responses. The concordance of observed effects on many toxic
endpoints between humans and various animal species is about 50%
(MANNERSTROM et al, 2017). The absence of predictivity observed in some human
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clinical outcomes with preclinical animal efficacy findings has led critics to questioning
of the fundamental role that animal-based studies have played in the preclinical field
for some therapeutic areas (POUND and BRACKEN, 2014; EVERITT, 2015).

Although our results are not according to the OECD 129, RN104 showed safety after
OECD 423. Therefore, additional studies of chronic toxicity, histopathological analysis
and evaluation of biochemical parameters are recommended for a better

understanding of repeated dose toxicity.
CONCLUSION

The antifungal RN104 showed low cytotoxicity profile for the cell lines studied in the
MTT test. The results showed that the neutral red assay have limitations as a predictor
of the initial dose for the acute toxicity study due to several factors such as limited in
vivo bioavailability and generation of toxic metabolites, which can generate the
equivocated results. Despite this, the substance has proven to be safe and promising.
Therefore, further studies of bioavailability, repeated dose toxicity, histopathological
analysis and evaluation of biochemical parameters are recommended for a better

understanding of the safety of RN104 substance.
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