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APRESENTACAO

De acordo com as normas vigentes no Regimento do Programa de Pos-

Graduacdao em Ciéncias Farmacéuticas, da Universidade Federal do Rio

Grande do Sul, a presente tese foi redigida na forma de capitulos, com encarte

de publicacdes, para uma melhor compreenséo e discussdo dos resultados

obtidos. Assim, este exemplar encontra-se dividido da seguinte forma:

Introducéo: contendo a apresentacao do tema;

Objetivo geral e objetivos especificos;

Revisdo Bibliogréafica;

Capitulo I: Modelo microbiano para estudo de metabolismo:
biotransformacédo da ambrisentana através da Cunninghamella elegans
ATCC 9245;

Capitulo II: Biotransformagé&o da rifampicina através da Cunnighamella
elegans ATCC 9245;

Capitulo 1lI: Biotransformacdo da ambrisentana através do Aspergillus
niger ATCC 9029 e Penicillium minioluteum URM 6889;

Capitulo IV: Biotransformacdo da rifampicina através do fungo
Aspergillus niger e avaliagdo da atividade antimicrobiana dos
metabdlitos propostos;

Discussao geral;

Conclusobes;

Referéncias;

Anexos.






RESUMO

A biotransformacdo de farmacos através de microrganismos € considerada
uma tecnologia econémica e ecologicamente viavel, sendo muito utilizada
para modificar estruturas de compostos biologicamente ativos, estudar o
metabolismo de novos farmacos e eliminar ou reduzir sua toxicidade. Estes
estudos constituem uma alternativa promissora para elucidacdo dos
metabdlitos formados de diferentes classes farmacolégicas. Este trabalho teve
como objetivo empregar trés diferentes fungos filamentosos: Cunninghamella
elegans, Penicillium mineoluteum e Aspergillus niger, para estudar a
biotransformacdo dos farmacos ambrisentana e rifampicina. Os farmacos
foram escolhidos por apresentarem metabolismo via CYP450 e também por
ndo haver relatos na literatura sobre estes estudos. Para o0 monitoramento da
formacdo dos metabdlitos foi necessario desenvolver metodologias analiticas
com caracteristicas adequadas para esta aplicacdo. O monitoramento da
formacdo dos metabdlitos foi empregado por cromatografia liquida de alta
eficiéncia e para identificacdo destes foi empregado cromatografia liquida de
ultra eficiéncia acoplada a espectrometria de massas sequencial (UHPLC-
QTOF/MS). O Capitulo | apresenta a biotransformacdo da ambrisentana
(AMB) através do fungo Cunnighamella elegans ATCC 9245. Primeiramente,
foi realizada a otimizacdo do estudo (meio de cultura, pH, concentracdo do
farmaco e agitacdo) para identificar da melhor condicdo de biocatalise. A
metodologia analitica para monitoramento dos metabdlitos formados foi
desenvolvida e validada. A biotransformacao da AMB resultou na formacgéo de
um metabolito conhecido como glicosideo da ambrisentana (CasH33N20o),
ainda néo relatado na literatura, confirmado a capacidade do fungo em realizar
fase Il do metabolismo. O Capitulo Il apresenta os resultados obtidos no
estudo de biotransformacao utilizando o mesmo fungo filamentoso para o
farmaco rifampicina (RIF). A concentracdo de inéculo foi otimizada (10
esporos), a fim de verificar o0 aumento na formacéo dos possiveis metabdlitos.
Os resultados relacionados a RIF mostram que ocorre o consumo do farmaco
pela C. elegans, representado pela reducdo da concentracdo do mesmo,
assim como formacdo de um metabdlito j& conhecido como produto de
degradacdo, em maior concentracdo no meio biotransformado quando
comparado com o controle negativo. Além disso, foi observada a presenca de
picos adicionais ndo observados nos controles. Posteriormente, as amostras
foram analisadas em UHPLC-QTOF/MS para a elucidacao estrutural dos
sinais formados. Com isso, foi identificada a rifampicina quinona e um sinal de
menor polaridade formado somente no meio de biotransformacéo (452 m/z), o
qgual foi proposto como uma mono-oxigenacao da RIF. No Capitulo I, foi



realizado o estudo de biotransformacdo da ambrisentana através dos fungos
Aspergillus niger ATCC 9029 e Penicilium mineoluteum URM 6889,
empregando meio de cultura Czapek. No meio reacional com o A.niger, ocorre
formacéo de dois sinais mais polares que o farmaco, indicando a formacéo de
possiveis metabdlitos, que foram elucidados através da UHPLC-QTOF/MS.
Foi possivel propor dois metabdlitos ainda nédo relatados na literatura de m/z
301,1339 e 313,1907, respectivamente. Entretanto, a biocatalise através do
P.mineoluteum nao apresentou formacdo de sinais adicionais quando
comparado aos controles. No Capitulo IV, sdo apresentados os resultados
obtidos da biotransformacédo da RIF através do fungo A.niger. O fungo foi
capaz de reduzir drasticamente a concentracdo de RIF em meio reacional.
Devido a isto, a amostra foi avaliada em UHPLC-QTOF/MS para verificar a
possivel formacdo de metabolitos. Foi observada a formacdo de dois
compostos mais polares que a RIF com mesma massa e fragmentacdo
(455.3115 m/z), caracterizando isémeros, além da RIF quinona.
Posteriormente, foi investigada a atividade antimicrobiana da RIF apos
transformacao através do método da microdiluicdo em pocos preconizados por
guia internacional, resultando em aumento da concentracao inibitoria minima,
consequentemente perda da atividade antimicrobiana. Os resultados obtidos
neste estudo demonstram que biostranformacbes com fungos sdo uma
importante alternativa para mimetizar a biotransformacdo em humanos e
também para obtencao de metabdlitos de farmacos. Os dois fungos propostos
nesse estudo Cunninghamella elegans ATCC 9245 e Aspergillus niger ATCC
9029 apresentaram capacidade de metabolizar os farmacos ambrisentana e
rifampicina.

Palavras-chave: ambrisentana, rifampicina, Cunnighamella elegans,
Penicillium mineoluteum, Aspergillus niger, biotransformacédo, metabdlitos.



ABSTRACT

Biotransformation of drugs by microorganisms is an economical and
ecologically viable technology and is widely used to modify structures of some
biologically active compounds, study the metabolism of molecules and
eliminate or reduce their toxicity. These studies constitute a promising
alternative for the elucidation of metabolites formed from different
pharmacological classes. This work aims to employ three different flamentous
fungi: Cunninghamella elegans, Penicillium mineoluteum e Aspergillus niger, to
study the biotransformation of the drugs ambrisentan and rifampicin. These
drugs were chosen because they have metabolism through CYP450 and also
there are no reports in the literature about these studies. To monitor the
formation of metabolites, it was necessary to develop and validate analytical
methodologies with characteristics suitable for this application. High
performance liquid chromatography was used to monitor the formation of the
metabolites, and ultra-high performance liquid chromatography coupled to
sequential mass spectrometry (UHPLC-QTOF/MS) was used to identify the
metabolites. The first chapter presents the optimization of the study (culture
medium, pH, drug concentration and agitation), the results obtained in the
biotransformation of ambrisentan by the fungus Cunnighamella elegans ATCC
9245 in Czapek medium, the development and validation of the analytical
methodology for monitoring the metabolites formed and the identification of
their molecular structures. The biotransformation of AMB resulted in the
formation of a metabolite known as ambrisentan glycoside (CzsH33N2Og), not
reported yet in the literature, confirming the ability of the fungus to perform
phase Il metabolism. Chapter Il presents the results obtained in the
biotransformation study using the same filamentous fungus for the drug
rifampicin (RIF). The inoculum concentration was optimized (10*° spores) in
order to verify the increase in the formation of the possible metabolites. The
results related to RIF show that the consumption of the drug by C.elegans,
represented by the reduction of the concentration of the drug, as well as the
formation of a metabolite already known as degradation product, in a higher
concentration in the biotransformed medium when compared to the negative
control. In addition, the presence of additional peaks not observed in the
controls was demonstrated. Subsequently the samples were analyzed in
UHPLC-QTOF/MS for the structural elucidation of the formed signals. With
this, rifampicin quinone was identified along to another compound of lower
polarity formed only in the biotransformation medium (452 m/z), which was
proposed as a mono-oxygenation of the RIF. In Chapter Ill, the
biotransformation of ambrisentan was carried out through the fungus



Aspergillus niger ATCC 9029 and Penicilium mineoluteum URM 6889, using
Czapek culture medium. In the reaction medium with A.niger, formation of two
more polar signals than the drug was observed, indicating the formation of
possible metabolites, which were elucidated through UHPLC-QTOF/MS. It was
possible to propose two metabolites not yet reported in the literature, with m/z
301.1339 and 313.1907, respectively. However, the biocatalysis through
P.mineoluteum showed no additional signal formation when compared to the
controls. In Chapter IV, the results obtained from the biotransformation of the
RIF through the A.niger fungus are presented. The fungus was able to
drastically reduce the concentration of RIF in reaction medium. Due to this, the
sample was evaluated in UHPLC-QTOF/MS to verify the possible formation of
metabolites. It was observed the formation of two more polar compounds than
the RIF with the same mass and fragmentation (455.3115 m/z), characterizing
isomers, besides RIF quinone. Subsequently, the antimicrobial activity of RIF
was evaluated after transformation through the microdilution method in wells
recommended by international guidelines, resulting in an increase in the
minimum inhibitory concentration, consequently loss of antimicrobial activity.
The results obtained in this study demonstrate that biotransformation with fungi
are an important alternative to mimic the biotransformation in humans and also
to obtain drug metabolites. The two fungi proposed in this study
Cunninghamella elegans ATCC 9245 and Aspergillus niger ATCC 9029 were
able to metabolize the drugs Ambrisentan and Rifampicin.

Keywords: ambrisentan, rifampicin, Cunnighamella elegans ATCC 9245,
Penicillium mineoluteum, biotransformation, metabolites.
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1. INTRODUCAO







O metabolismo é definido como uma modificagdo estrutural e quimica
de farmacos por sistemas enzimaticos que levam a formacdo de substancias
de polaridade crescente, a fim de facilitar a sua eliminacdo pelo organismo.
Desempenha um papel importante na eliminacdo de farmacos e impede que
estes compostos permanecam por tempo indefinido no organismo (BEALE e
BLOCK, 1998).

Antes de um medicamento ser aprovado pelas agéncias reguladoras,
devem ser realizados estudos extensivos para estabelecer sua eficacia e
seguranca, sendo que um dos fatores importantes na avaliagdo € o
conhecimento de como o farmaco é metabolizado. Além disso, é importante
identificar os metabolitos formados a fim de verificar a sua toxicidade e/ou
acao no organismo (AZERAD, 1999).

O metabolismo, in vivo, ocorre em varios 6rgaos do corpo humano
como intestinos, pulmdes, cérebro, epitélio nasal e pele. Porém, o figado é o
mais importante por ser uma rica fonte de ferro heme, e por conter
principalmente o sistema enzimético citocromo P450 (CYP450). O organismo
humano faz uso das reacbes de biotransformacédo como defesa diante de
substancias xenobiodticas, incluindo farmacos e produtos quimicos ambientais.
Neste caso, essas reacfes geralmente resultam em moléculas mais polares
gue as de partida e consequentemente eliminadas mais facilmente pelo
organismo (FURA, 2006; PIEPER et al., 2009; TESTA, PEDRETTI e VISTOLI,
2012).

A biotransformacdo através de microrganismos € considerada uma
tecnologia economicamente e ecologicamente viavel, sendo muito utilizada
para modificar estruturas de alguns produtos biologicamente ativos, estudar o
metabolismo de farmacos, eliminar e reduzir a toxicidade (YU-JUAN et al,
2010). O uso de microrganismos para prever a biotransformacéo de farmacos
€ um meétodo in vitro que ndo requer uso de animais, sendo assim uma
metodologia menos complexa para elucidar a transformacdo de novas
moléculas no organismo humano, uma vez que alguns microrganismos tem a

capacidade de metabolizar farmacos de maneira similar ao que ocorre nos
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mamiferos. Desta maneira, estudos in vitro com a utilizac&o, principalmente,
de fungos tem recebido especial atencédo (SUN et al, 2004).

Microrganismos podem ser utilizados na producdo de medicamentos,
na degradacdo de agentes poluentes e na recuperacdo de ambientes
quimicamente contaminados. E relatado que o0s processos de
biotransformagdo s&o considerados uma &area altamente promissora
especialmente para o desenvolvimento de tecnologias sustentaveis para a
producdo de farmacos e produtos quimicos, assim sdo denominadas de
“‘quimica verde” (BORGES et al, 2009). A utilizacdo destes em processos de
biotransformacdo pode gerar metabdlitos ja existentes ou novos produtos,
inclusive em escala industrial, constituindo uma alternativa para a producéo de
novos medicamentos pelas industrias farmacéuticas (POLLARD e WOODLEY,
2007).

Tendo em vista que o emprego de fungos na biotransformacgéo de
farmacos pode ser uma importante fonte de metabdlitos conhecidos e
desconhecidos, 0os quais podem ser empregados em estudos para o
estabelecimento de suas propriedades farmacoldgicas e toxicoldgicas, e que
se trata de uma metodologia que ndo utiliza animais, mas passivel de
mimetizar os metabolitos formados em humanos, esta se mostra uma técnica
relevante para estudos iniciais no desenvolvimento de novos farmacos. Neste
contexto, ainda ndo ha relatos na literatura cientifica sobre estudos de
biotransformacéo através de fungos filamentosos para farmacos propostos
(ambrisentana e rifampicna), portanto o presente estudo avaliou a capacidade
de biotransformacdo da Ambrisentana e da Rifampicina por trés diferentes
fungos: Cunninghamella elegans, Penicillium mineoluteum e Aspergillus niger,
alétm do desenvolvimento de novas metodologias analiticas para o

monitoramento e identificacdo dos possiveis metabdlitos formados.
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2. OBJETIVOS







2.1 Objetivo Geral

Estudar a biotransformacdo in vitro dos farmacos ambrisentana e
rifampicina empregando fungos filamentosos, visando estabelecer quais
metabdlitos serdo formados nas reacdes, bem como desenvolver

metodologias analiticas para o0 monitoramento destas reacdes.

2.2 Objetivos Especificos

e Desenvolver e validar métodos analiticos empregando Cromatografia
Liquida de Alta Eficiéncia (CLAE) para a deteccédo e quantificacdo dos
farmacos e seus metabdlitos;

e Otimizar as condi¢des dos estudos de biotransformacao;

e Verificar a formacao dos possiveis metabdlitos no periodo de incubacéo
em meio de cultivo;

e Verificar o perfil de decaimento da concentracdo dos farmacos no
periodo de incubagcdo em meio de cultura liquido;

e Realizar a elucidacao estrutural dos metabdlitos formados a partir da
biotransformacao com os fungos propostos;

e Determinar 0 espectro antimicrobiano dos biotransformados da

rifampicina.

26






3. REVISAO BIBLIOGRAFICA







3.1 Metabolismo de farmacos

Os tecidos do corpo humano séo diariamente expostos a substancias
estranhas que ndo sdo encontradas naturalmente no corpo. Os farmacos sédo
utilizados para modular fungdes corporais com finalidade terapéutica. Esses
guando absorvidos no organismo sao modificados por uma enorme variedade
de enzimas. As transformacles bioldgicas efetuadas por essas enzimas
podem alterar o composto, tornando-o benéfico, prejudicial ou simplesmente
sem efeito farmacolégico desejado (TANIGUCHI E GUENGERICH, 2011).

Os medicamentos e outras substancias quimicas ambientais que
penetram em nosso organismo sofrem uma série de biostranformacdes que
resultam geralmente em produtos de metabolismo de maior polaridade, que
por sua vez, serdo mais facilmente eliminados através da urina, fezes ou ainda
da respiracdo e do suor. Desta forma, durante o processo de desenvolvimento
de um novo farmaco, os estudos de metabolismo possibilitam a identificacéo
de sitios moleculares mais vulneraveis a metabolizacdo, a estrutura quimica
dos principais metabdlitos e sua toxicidade, além de identificar prot6tipos que
apresentam maior atividade do que o farmaco original (pré-farmacos)
(PEARSON e WIENKERS, 2005).

A acdo de um farmaco, quando administrado a humanos ou animais,
pode ser dividida em trés fases: fase farmacéutica, fase farmacocinética e fase
farmacodinamica (Figura 1). Na fase farmacéutica, ocorre a desintegracdo da
forma de dosagem, seguida da dissolucdo da substancia ativa. A fase
farmacocinética abrange os processos de absorcao, distribuicdo, metabolismo
e excregcdo. A fase farmacodindmica esta relacionada com a interagdo do
farmaco com seu alvo (receptor, enzimas etc.) e a consequente producéo do
efeito terapéutico (PEREIRA, 2007).
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|. Fase Farmacéutica II. Fase Farmacocinética IIl. Fase Farmacocinética

Desintegragdo da forma Absorcdo Interagdo

ADMINISTRAGAO > farrPacéutica eA . Distribuicdo farmaco-

dissolugdo da substancia | pisponibilidade Metabolizagdo Disponibilidade |  receptor no
ativa farmacéutica Excredo bioldgica tecido alvo

——> EFEITO

Figura 1: Etapas importantes da acdo dos farmacos (Adaptado de PEREIRA, 2007).

O metabolismo dos mamiferos ocorre principalmente em células do
figado e rins e pode ser dividido em duas fases: Fase | ou funcionalizacao,
que engloba reacdes de oxidacdo, reducdo e hidrélise; e Fase Il ou
conjugacao, que envolve reacdes de conjugacao do farmaco com moléculas
enddgenas, como acido glicurbnico, sulfato, glicina, acetato, grupos metila e
acidos inorganicos. Normalmente, as duas vias resultam na formacdo de
metabdlitos que sdo mais hidrossollveis e desse modo serdo mais facilmente
excretados (ABOURASHED, 1999, AZERAD, 1999). Esses produtos, por sua
vez, podem ser inativos ou ativos. Em relacdo ao farmaco de origem, os
metabdlitos ativos podem agir por mecanismos de acdo similares ou
diferentes, ou até mesmo por antagonismo (LIN e LU, 1997).

Na fase |, ocorrem reacdes que aumentam a hidrofilicidade dos
farmacos pela adicdo ou exposicdo de grupos funcionais polares, como
grupos hidroxila (-OH), tiol (-SH) ou amina (-NH2). Com frequéncia, esses
metabdlitos sdo farmacologicamente inativos e podem ser secretados sem
qualquer modificacdo adicional. Todavia alguns produtos de reaclOes de
oxidacédo e de reducao necessitam de modificacdes adicionais antes de serem
excretados. As reacdes de Fase Il, por sua vez, modificam os compostos por
meio da ligacdo de grupos hidrofilicos, como o acido glicurénico, criando
conjugados mais polares e que sdo rapidamente excretados pela urina ou nas
fezes. Essas reacOes de conjugacdo ocorrem independentemente das
reacOes de oxidacao/reducdo e que as enzimas envolvidas nas reacfes de
fase | e Il frequentemente competem pelos substratos (LIN e LU, 1997; ISIN e
GUENGERICH, 2007).
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No entanto, em alguns casos, o metabolismo de farmacos pode
produzir substancias farmacologicamente ativas ou metabdlitos toxicos
reativos, justificando, assim, a necessidade de um estudo farmacoldgico e
toxicologico detalhado do destino metabdlico do farmaco.

As enzimas responsaveis pelo metabolismo de farmacos participam de
uma série de reagfes bioquimicas inter-relacionadas, de natureza oxidativa ou
redutora, nas quais o produto de uma reacado pode constituir-se em substrato
para outra reacdo (THOMAS, 2003). As reacdes metabdlicas que ocorrem em
mamiferos sdo, geralmente, catalisadas pelo sistema enzimético citocromo P-
450 (CYP450), cujas enzimas sdo mais predominantes no figado e rins e
requerem NADPH como coenzima e oxigénio usado como substrato. Esta
superfamilia de enzimas (CYPs) pode ser encontrada desde as bactérias até
ao homem, sendo até este momento conhecidas, pelo menos, 2400 formas de
enzimas CYP (ASHA e VIDYAVATHI, 2009).

Em humanos, 57 genes funcionais de CYP450 foram identificados,
codificando 18 familias e 44 subfamilias de CYP. Apenas trés entre as 18

familias CYP estéo relacionadas ao metabolismo de farmacos (Figura 2).

CYP Superfamilia

(T EvilH 2 £ 2] Familia

|
I I I

CYP1A| |CYP2C || CYP2D || CYP2E I CYP 3A | Subfamilia
I I I I I
CYP1A2 | | CYP2C9 || CYP2D6 | | CYP 2E1 || CYP 3A4 | Isoenzimas
I
CYP2C19

Figura 2: Principais familias, subfamilias e enzimas de CYP envolvidas no
metabolismo de farmacos (BARREIRO, 2014).

O complexo enzimatico CYP450 constitui uma superfamilia de

proteinas heme-tiolato responsaveis pela metabolizacdo de um grande
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namero de substratos enddgenos e exdgenos. A maior parte do metabolismo
mediado pelos CYPs é baseado na reacdo de oxidacdo-reducdo, sendo a
mono-oxigenacao reacdo basica catalisada por essas enzimas, em que um
atomo de oxigénio (derivado do O2) € incorporado no substrato, e 0 outro
atomo € reduzido a &gua com os equivalentes redutores do NADPH
(GUENGERICH, 2007).

As enzimas CYP apresentam diferentes mecanismos de regulacdo e
uma baixa especificidade em substrato, desta forma uma dnica enzima CYP
pode metabolizar diferentes classes de substratos e um Unico substrato pode
ser metabolizado por diferentes CYPs (TIMBRELL, 2008).

As enzimas P450 sdo capazes de catalisar uma grande variedade de
reacdes, participando de mais de 20 diferentes, como hidroxilacéo,
epoxidagcao, N-, S- e O-dealquilacdo, oxigenacao, reducéo, desidrogenacao,
dehalogenacéo, dentre outras (DE MONTELLANO, 2005; FURGE;
GUENGERICH, 2006).

O ciclo catalitico basico das enzimas do citocromo P450 envolve
diversas etapas, iniciando com a ligacdo do farmaco ao citocromo P450
oxidado (Fe®*"). A seguir, o primeiro elétron é transferido & enzima P450 via
NADDPH (fosfato de nicotinamida adenina dinucleotidio-P450 redutase,
reduzindo o grupo heme ao estado ferroso. Um oxigénio molecular é
incorporado ao grupo heme e o segundo elétron é transferido ao a4tomo de
ferro, via NADPH-P450-redutase. A seguir, ocorre a clivagem da ligagao O-O
e liberacdo de uma molécula de agua. Um complexo FeO** é formado,
retirando um atomo de hidrogénio do substrato, seguido de transferéncia de
um atomo de oxigénio ao substrato. Finalmente o produto € liberado e o grupo
heme retorna ao estado férrico (FURGE e GUENGERICH, 2006).

O estudo do metabolismo de farmacos € uma etapa imprescindivel na
descoberta e desenvolvimento de farmacos. Pode ser realizado in vivo,
utilizando modelos animais de pequeno porte, como ratos, caes e gato. Por
meio da andlise do plasma e da urina desses animais € possivel identificar a

formacao de metabalitos. Este método sofre muitas limitagdes, como custo de
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animais experimentais, questdes éticas e variagfes interespécie. No entanto
estudos in vitro e ex vivo, empregando cultura de células e tecidos, perfusao
em o6rgdo e preparacdes microssomais sao utilizados como complemento ao
uso de animais (COLLINS et al., 2001; SRISILAM e VEERESHAM, 2003).
Esses estudos exigem o emprego de técnicas analiticas sensiveis e eficazes
aliadas a procedimentos de extracao eficientes e quantitativos conjugado com
meétodos de caracterizacdo estrutural, de modo a garantir a elucidacéo
inequivoca da estrutura quimica dos metabdlitos formados, inclusive quanto a
definicdo de centros estereogénicos quando presentes (BARREIRO, 2014).

A Organizacdo Mundial da Saude (OMS) recomenda e a ANVISA
(Agéncia Nacional de Vigilancia Sanitaria) exige que o estudo do metabolismo
de farmacos seja parte integrante obrigatoria de todos os programas de
avaliacdo pré-clinica e clinica de quaisquer novos medicamentos. Esses
permitem identificar a presenca de metabdlitos ativos, o0s quais
obrigatoriamente deverdo ser estudados quanto a seu perfil de atividade e
seguranca, estabelecer a cinética de formacéo e as estruturas quimicas dos
metabolitos, estabilidade metabdlica, entre outros (BARREIRO, 2014).

3.2 Utilizacao de fungos em processos de biotransformacéao

A biocatélise através de microrganismos tornou-se uma ferramenta
cada vez mais valiosa para 0s quimicos sintéticos por ser uma estratégia
economicamente viavel para sintese de substancia de interesse farmacéutico.
O desenvolvimento de novos métodos biocataliticos € uma éarea em
crescimento continuo de quimica, microbiologia e engenharia genética, e
Novos microrganismos e/ou suas enzimas Sao sujeitos a rastreio intensivo.
Frequentemente, as reacdes de biotransformacdo s&o quimio-, regio- e
estereosseletivas, produzindo uma grande variedade de produtos quimicos
intermediarios e/ou novos farmacos, ingredientes alimentares e intermediarios
agroquimicos (LAUMEN; KITTELMANN; GHISALBA, 2002).

Modelos utilizando microrganismos podem constituir uma alternativa
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para a utilizacdo de modelos animais, pois tem a capacidade de mimetizar o
metabolismo dos mamiferos fornecendo informagcbes sobre o destino
metabdlico do medicamento e também podem formar novos compostos que
apresentam atividade farmacoldgica que sdo impossiveis de serem obtidos
através de procedimentos quimicos convencionais e também devido a facil
manipulacéo das células e biotransformar de maneira eficiente e rapida, os
guais sao pontos fundamentais sob o ponto de vista industrial. Além disso, o
gue foi relatado em varios estudos € a possibilidade de gerar metabdlitos em
formas enantioméricas puras (SRISILAM e VEERESHAM, 2003; BORGES et
al., 2009; BORGES et al., 2011).

Reacbes que ocorrem em mamiferos também ocorrem em modelos in
vitro com microrganismos (fungos e bactérias), como as rea¢fes metabdlicas
de fase | em mamiferos (introducdo de um grupo funcional) e as reacbes
metabdlicas de fase Il (conjugacdo com compostos enddgenos), dentre as
guais de destacam a hidroxilacdo, desidrogenacao e conjugacao com sulfato e
acido glicurbnico. Estas reacbes ocorrem predominantemente através do
sistema enzimatico CYP450, os quais sdo encontrados em diversas espécies
de diferentes organismos, incluindo vegetais, microrganismos e humanos
(WERCK-REICHART e FEYEREISEN, 2000; SUN et al, 2004; ASHA e
VIDYAVATHI, 2009).

Ha uma série de vantagens na utilizacao de sistemas microbianos como
modelos para metabolismo de farmacos como: os meios de culturas séo
facilmente preparados e de baixo custo; € possivel realizar um estudo
preliminar com diversas cepas de microrganismos para avaliar a
metabolizacdo; podem ser isolados novos metabdlitos com atividade
farmacolégica nova ou diferente; reduzir a utlizagdo de animais,
principalmente nas fases iniciais do desenvolvimento do farmaco; permite
melhor deteccdo pelo método analitico devido a grande quantidade de
metabdlitos formados, isolamento e elucidagdo estrutural; podem ser
realizados estudos em larga escala para maior producdo dos metabdlitos
formados, com isso pode ser realizado estudos farmacologicos e

toxicolégicos. O uso de microrganismos pode auxiliar na previsdo das reacdes
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metabdlicas mais favoraveis em mamiferos (SRISILAM; VEERESHAM, 2003;
ASHA e VIDYAVATHI, 2009).

Um dos primeiros empregos da biotransformacdo utilizando fungos
visando a obtencdo de novos compostos foi relatado em 1858 por Pasteur,
usando o fungo Penicillium glaucum para obtencao de L-tartarato de amoénia a
partir de DL-tartarato de amoénia Outras espécies como Cunninghamella sp,
Beauveria bassiana, Rhizopus arrhizus, Mucor plumbeus tém sido bastante
utilizadas por serem uma alternativa promissora para elucidacdo dos
metabdlitos formados a partir de diferentes classes farmacoldgicas (PUPO et
al, 2008).

Um grande numero de estudos tem demonstrado que os fungos
filamentosos, particularmente o género Cunninghamella, possuem um sistema
enziméatico citocromo P450 analogo ao dos mamiferos. Essa espécie é capaz
de metabolizar uma grande variedade de xenobidticos, utilizando tanto
reacdes de biotransformacéo de fase | e Il. A habilidade dos fungos do género
Cunninghamella em biotransformar farmacos ja foi descrita algumas vezes,
como por Zhong e colaboradores (2003) para o anti-inflamatério naproxeno;
por Xie, Huang e Zhong (2005) para o inibidor da bomba de prétons
pantoprazol e por Sun e colaboradores (2004) para o inibidor de canais de
calcio verapamil, entre outros (SUTHERLAND et al., 2001; MOODY et al.,
2002; PEARCE; LUSHNIKOVA, 2006; ASHA e VIDYAVATHI, 2009).
Abourashed e colaboradores (2012) realizaram um estudo de
biotransformacgéo microbiana da silibina (principal ativo da Silybum marianum)
isolando quatro metabdlitos, um metabdlito de fase | produzido por Beauveria
bassiana e outros trés metabolitos de fase Il produzidos pelo genéro
Cunninghamella.

Cunninghamella é um fungo filamentoso encontrado no solo e material
vegetal, particularmente em zonas mediterranicas e subtropicais. S&o
considerados um dos fungos mais importantes em processos de
biotransformacéo de varias classes de substdncias quimicas devido a sua
capacidade metabolizar uma grande variedade de farmacos (QUINN et al,
2015; PISKA et al, 2016).
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Dentre os inumeros fungos que sdo utilizados para a realizacdo da
biotransformacdo, outro género de destaque € o Penicillium. Estudos
demonstram o potencial de biotransformacdo desse género. No estudo de
Eshrat e Aroona (2011), utilizou-se Penicilium para a biotransformacao de
progesterona em androstenediona e androstona-1,4-dieno-17-diona. Parshiko
e colaboradores (1999) utilizaram Aspergillus niger, Cunninghamella
verticillata e Penicillium simplicissimum na biotransformagdo de N-
acetilfenotiazina e observaram a transformacdo do farmaco em cinco
metabolitos. Através do estudo da biotransformacdo da capsaicina utilizando
fungo Penicillium janthinellum AS 3.510 foi possivel obter nove metabdlitos,
gue foram formados a partir de reacfes de hidroxilacdo, metilacdo, reducao e
epoxidacao (Xin et al, 2017). Tai e colaboradores (2016) realizaram um estudo
de otimizacdo com o fungo Penicilium digitatum obtendo um melhor
rendimento do metabdlito de interesse a-terpenol a partir do limoneno.

Outro fungo filamentoso que tem grande atencdo também €& o
Aspergillus niger, um fungo aerdbio que cresce sobre uma grande variedade
de substratos e apresenta grande habilidade para produzir vitaminas como
biotina, tiamina, riboflavina, que sdo amplamente utilizadas pela industria
farmacéutica (PARSHIKOV e SUTHERLAND, 2014). Hussain e colaboradores
(2016) realizaram um estudo de biotransformacdo do enantato de metenolona
com dois fungos, entre eles o Aspergillus niger, identificando trés metabdlitos

ja descritos na literatura e trés ainda ndo conhecidos.

3.3 Técnicas analiticas aplicadas no monitoramento, identificacdo e

guantificacdo dos metabolitos

O monitoramento do processo de formacdo, identificacdo e
guantificacdo de metabdlitos no meio de cultivo é uma etapa importante do
processo de biotransformacdo pelos fungos, para isto € necesséario o
desenvolvimento de técnicas analiticas sensiveis e precisas. Entre as
técnicas existentes as de mais destaque € a Cromatografia Liquida de Alta
Eficiéncia (CLAE).
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A CLAE foi introduzida na analise farmacéutica pouco depois da sua
descoberta no final da década de 1960. Esté técnica fornece um numero de
variantes altamente seletivas para resolver quase todos os tipos de problema
relacionados a separacdo, devido a isto pode ser considerada o método
analitico mais importante na analise farmacéutica contemporanea (GAZDAG,
2011).

Esta técnica é uma das mais utilizadas na determinacdo quantitativa de
farmacos, sendo considerado o método de escolha para analises de rotina
para determinagdo quantitativa e qualitativa de compostos ativos em formas
farmacéuticas, para o monitoramento da estabilidade de medicamentos, com a
capacidade de detectar os produtos de degradacéo e as impurezas. Por essas
aplicacdes € um método de escolha nas industrias farmacéuticas e € o mais
preconizado pelos codigos oficiais. Além disso, apresenta inUmeras vantagens
como: precisao, exatidao, seletividade e inovagdo em colunas e softwares de
controle, versatilidade e separacfes rapidas, permitindo sua utilizacdo nas
mais diversas fases de desenvolvimento de produtos farmacéuticos (SKOOG,
2002; AHUJA e DONG, 2005; WATSON, 2005; SHABIR et al., 2007).

A cromatografia liquida de alta eficiéncia acoplada com a
espectrometria de massas (CLAE/EM) tornou-se o principal método de anélise
de misturas em pesquisa e desenvolvimento farmacéutico. E uma técnica
analitica que combina a alta resolucdo da CLAE juntamente com a deteccéo,
sensibilidade e seletividade do espectrometro de massas. Geralmente sua
aplicacdo é orientada para a determinacdo e identificacdo de farmacos em
misturas complexas (JENA, 2011).

A espectrometria de massas sequencial associada a cromatografia
liguida (CLAE-EM/EM) € uma técnica de quimica analitica que associa a
capacidade de separacdo da CLAE e a analise da espectrometria de massas.
Desempenha um papel importante nos estudos de farmacocinética e
metabolismo em varias etapas do desenvolvimento dos farmacos, desde a sua
introducao na industria farmacéutica (JENA, 2011; STEVENSON; TARAFDE;
GUIOCHON, 2012).
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A aplicacdo desta técnica esta muito associada a estudos de
farmacologia e toxicologia, sendo considerada mais vantajosa em trés areas:
desenvolvimento de meétodos especificos para analise de rastreamento,
deteccdo e caracterizacdo de metabolitos e estudos de interacfes entre
moléculas de farmacos e peptideos. Geralmente sua utilizacdo € orientada
para deteccdo e identificacdo de produtos quimicos na presente de outras
substancias (matriz complexa) (JENA, 2011).

Devido sua alta sensibilidade e seletividade a CLAE-EM/EM tornou-se
uma técnica predominante em bioensaio e estudos farmacocinéticos e
identificacdo de metabdlitos. Além disso, outro novo desenvolvimento neste
campo foi a introducdo de colunas compostas por particulas ultrafinas
permitindo a utilizacdo de colunas curtas e analises rapidas sendo empregas
em equipamento de CLUE (cromatografia liquida de ultra eficiéncia) (HOLME
et al., 2011).

3.4 Ambrisentana

A hipertensédo arterial pulmonar (HAP) é uma sindrome causada pelo
aumento progressivo da pressado arterial dos vasos que irrigam os pulmdes
caracterizados pela vasoconstricdo e obstrucéo vascular que pode levar a um
aumento da resisténcia vascular e insuficiéncia cardiaca, com consequente
hipertrofia e faléncia do ventriculo direito que, se ndo abordadas de forma
especifica, evoluem em curto espaco de tempo para 6bito (CHENG, 2008;
RUFINO et al, 2013).

A lesao vascular na HAP ocorre de forma idiopatica ou em associacdes
com outras doencas, podendo-se citar a presenca de insuficiéncia cardiaca
congestiva, historico de coagulo de sangue no pulméo, infeccdo por HIV,
doenca pulmonar ou de valvula cardiaca, distarbios autoimunes que lesam o0s
pulmbes, como a esclerodermia e artrite reumatoide, e qualquer outra
condicao que cause niveis baixos de oxigénio no sangue. A caracterizacao da

doenca € dada em situagdo onde a pressdo média pulmonar é maior do que
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25 mmHg em repouso ou de 30 mmHg em exercicio e também através dos
sintomas pesquisados e encontrados na historia clinica que traduzem o grau
da doenca, como: dispnéia, cansaco, fadiga, limitacdo para atividades diarias,
dor precordial e toréacica, tonturas, sincope, cianose (BARST et al., 2007;
ROMANO, 2010; TAICHMAN; MANDEL, 2013).

A classificacdo da doenca segundo a OMS tem como objetivo
caracterizar o impacto inicial da doenca, sua influencia nas atividades fisicas
habituais e servindo também para orientacdo progndstica. Assim sao
classificadas em quatro classes: classe | pacientes que nao apresentam
sintomas na realizagdo de atividades fisicas; classe Il na realizagdo das
atividades fisicas habituais causam sintomas acarretando discreta limitacao,
nao apresenta sintomas no repouso; classe lll: minima atividade fisica habitual
causa importante limitacdo, ndo apresentam sintomas no repouso; classe IV:
incapacidade para qualquer tipo de atividade fisica habitual, os sintomas
podem estar presentes mesmo em repouso, sinais de faléncia de ventriculo
direito (ROMANO, 2010).

A HAP é considerada uma doenca complexa e rara. Devido ao fato de
nado ser ‘“lembrada”, seu sub diagndstico contribui para diminuir sua
prevaléncia, porém registros como da Franca estimam uma prevaléncia de 15
casos por milhdo de adultos. Estima-se que a HAP idiopatica ocorra em torno
de 5,9 casos por milhdo de habitantes, com incidéncia de 2,4 novos casos por
ano para cada 1 milhdo de habitantes. Ha um discreto predominio no sexo
feminino (relacdo de 1,7:1), principalmente jovens na 3a década. Nado ha
predominio étnico. Em entre 6 a 10% dos pacientes com HAP idiopatica, a
transmissdo hereditaria tem sido notada. E uma doenca incuravel, com
prognoéstico ruim e aproximadamente 15% de mortalidade em 1 ano nos
pacientes tratados com as terapias mais modernas. A média da expectativa de
vida sem tratamento € de 2,8 anos (GAINE; RUBIN, 1998; MCLAUGHLIN et
al, 2009; ROMANO, 2010; RUFINO et al, 2013).

A ambrisentana (Figura 3) é um agente vasodilatador e antiproliferativo
gue pertence a classe dos antagonistas da endotelina, inibindo seletivamente

os receptores da endotelina. Estes receptores séo classificados em 1, 2 e 3,
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porém os receptores de endotelina Tipo 1 sdo os mais importantes em
situagBes de disturbios clinicos a eles associados. E o segundo farmaco
antagonista do receptor A da endotelina oral disponivel para o tratamento da
HAP em doentes com sintomas da classe Il ou Ill (CADA; LEVIEN; BAKER,
2007; CHENG, 2008).

A Ambrisentana, com nome quimico (+)-2(S)-(4,6-dimetilpirimidina-2-
iloxi)-3-metoxi-3,3- &cido difenilpropionico possui peso molecular de 378,4
gramas/Mol. A estrutura quimica da ambrisentana esta demonstrada na Figura

3 a sequir.

Figura 3: Estrutura quimica da ambrisentana (AMB)

Quando administrada por via oral, é bem absorvida, e alcanca
concentragdo plasmatica maxima entre 1,7 e 3,3 horas apds administragédo.
Apresenta ligacao as proteinas plasmaticas na fracdo de 99%. O farmaco é
eliminado principalmente por vias nao renais (77%) (DRUGBANK, 2017).

Dados in vitro indicam que o metabolismo da ambrisentana ocorre
principalmente pela enzima uridina 5'-difosfato glucuronosiltransferases
(UGTs) 1A9S, 2B7S, 1A3S para formar ambrisentana glucuronideo. A
ambrisentana também é metabolizada em menor grau por CYP3A4, CYP3A5
e CYP2C19 para formar 4-hidroximetil ambrisentana que € adicionalmente
glucorinidada em 4-hidroximetil ambrisentana glucuronideo (CHENG, 2008;
CASSERLY e KLINGER, 2008, DRUGBANK, 2017). Na patente do farmaco
constam os metabdlitos elucidados encontrados em ratos, coelhos, cachorro

e humanos (Figura 4).
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Figura 4: Metabdlitos da Ambrisentana descritos na literatura identificados
em diferentes organismos (Fonte: Melvin et al., 2012).

A ambrisentana foi aprovada pelo FDA (Food and Drug Administration)
em junho de 2007. E o medicamento recomendado para pacientes que tem
resposta negativa para uso de vasodilatadores convencionais (CHENG, 2008;
CONITEC, 2014).

3.5 Rifampicina

A tuberculose (TB) continua sendo mundialmente um importante
problema de saude, exigindo o desenvolvimento de estratégias para o0 seu
controle, considerando aspectos humanitarios, econémicos e de saude
publica. Segundo estimativas da OMS, é a doenca infecciosa que mais mata
no mundo, superando as mortes causadas pelo HIV e a maléaria juntos (DE
SOUZA; VASCONCELOS, 2005).
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Segundo o Boletim Epidemiologico (2016), haviam sido diagnosticados
e registrados, em 2015, 63.189 casos novos de tuberculose no Brasil. O
coeficiente de incidéncia de tuberculose passou de 38,7 por 100 mil habitantes
em 2006 para 30,9 por 100 mil habitantes em 2015, o que corresponde a uma
reducédo de 20,2%. De acordo com a nova classificagdo da OMS 2016-2020, o
Brasil ocupa a 202 posicéo na lista dos 30 paises com alta carga de TB (Figura
5) (BRASIL, 2016).
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Figura 5: Coeficiente de incidéncia de tuberculose no Brasil, 2006 a 2015.

A tuberculose é considerada uma doenca comum e fatal em pacientes
imunocomprometidos, a qual compromete a vida de jovens e adultos em todo
0 mundo. Causada por um microrganismo chamado de Mycobacterium
tuberculosis também denominado de Bacilo de Koch (BK). Outras espécies de
micobactérias também podem causar a tuberculose, séo elas: Mycobacterium
bovis, M. africanum e M. microt. (PATIL e SURESH, 2009).

A transmissdo direta ocorre pelo ar, quando uma pessoa inala
pequenas gotas de saliva, contendo o BK, expelidas por um individuo
acometido pela TB pulmonar ao falar, tossir ou espirrar. Quando um individuo
entra em contato com o M. tuberculosis, este é fagocitado por macréfagos
alveolares e reside no pulméo até que o sistema imune do hospedeiro humano
seja comprometido, desencadeando, assim, a sua ativacédo resultando uma

infeccdo sintomatica eventual. Dentro de 2 a 10 semanas, no entanto, O
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sistema imune usualmente intervém, impedindo que os bacilos continuem a se
multiplicar, prevenindo disseminagao posterior (BRASIL, 2002a).

A rifampicina (RIF) (Figura 6) é um antibidtico semissintético
tuberculostatico e hansenostatico, obtida através da fermentacdo do
Streptomyces mediterranei ATCC 13685, muito usada para o tratamento da
tuberculose com associacdes de outros tuberculostatico. Apresenta atividade
bactericida de amplo espectro, inibindo o crescimento da maioria das bactérias
gram-positivas e de numerosos microrganismos gram-negativos, como
Escherichia coli, Pseudomonas, Proteus e Klebsiella. E altamente ativa contra
Neisseria meningitidis e Haemophilus influenzae (SOUZA, 2005; NADEJDE et
al, 2009)

O mecanismo de acdo deste farmaco ocorre através do bloqueio da
transcri¢do, inibindo a sintese do RNA do microrganismo, especificamente a
enzima RNA-polimerase-DNA-dependente da bactéria, bloqueando assim, a
sintese de RNA mensageiro que produz proteinas essenciais para a
informacéo genética da bactéria, o DNA (SOUZA, 2005). Quando administrada
via oral é bem absorvida e amplamente distribuida nos tecidos e fluidos
corporais. E metabolizada no figado e eliminada na bile e, em menor
extensdo, na urina (DRUGBANK, 2015).

A rifampicina sofre desacetilacdo e hidrélise hepatica originando o
metabdlito desacetilrifampicina, o qual mantem praticamente toda a atividade
antibacteriana, ocorre também formacéo de formilrifampicina que é resultante
da hidrélise da RIF (GOODMAN GILMAN et al., 2003; RIFALDIN, 2017).
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Figura 6: Estrutura quimica da Rifampicina (RIF).

Foi descoberta em 1965 e aprovada pelo FDA em 1989. A partir da sua
utilizacdo em 1966, a RIF vem sendo utilizada como um farmaco essencial no
tratamento da TB, apresentando um sucesso terapéutico da ordem de 95%
(SOUZA, 2005). E o medicamento de escolha, juntamente com associacdes,
recomendado pela OMS, para o tratamento de varias formas de tuberculose,
devido sua capacidade de combater a infeccdo causada pelo Mycobacterium
tuberculosis (WHO, 2016).

A RIF com formula molecular C4sHsgN4O12, possui peso molecular de
822,94 gramas/mol. Apresenta-se como um po cristalino, de cor castanho-
avermelhada a vermelho-acastanhada, pouco solivel em &gua, alcool e
acetona, e soluvel em metanol (FB, 2010).

Em um estudo realizado por Prasad e Singh (2009) foram identificados,
no total, 21 metabdlitos, relatados e ndo relatados na literatura, através de
duas metodologias in vitro (fracdo hepatica S9 e microssomal de ratos) e in
vivo (ratos Sprague—Dawley). Na figura 7 estdo dispostos metabdlitos
encontrados pelos autores acima citados e conhecidos na literatura. Nao ha
relatos na literatura sobre estudos de biotransformacéao utilizando fungos para

este farmaco.
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4. CAPITULO | — BIOTRANSFORMACAO DA AMBRISENANA ATRAVES
DO FUNGO FILAMENTOSO Cunninghamella elegans ATCC 9245







4.1 Introducgéao

Os fungos da classe Zygomycetes possuem habilidade de adaptacéo a
diferentes condigbes ambientais, resultado de variagdes em duas atividades
fisiologicas, bioquimicas e genéticas, representando um elemento fundamental
na compreensdo de seu comportamento celular, com vistas a identificacdo de
mecanismos especificos de desenvolvimento, maturacdo, diferenciacdo e
sobrevivéncia. E por isso sao considerados organismos com grande potencial
econdmico, industrial e na medicina. Entre os fungos dessa classe encontram-
se 0s do género Cunninghamella, foram primeiramente descritos em 1903
como fungos filamentosos (LIMA, 2003).

A Cunninghamella elegans é o principal representante dos desse
género, possui carater ubiquitario, por sua ampla distribuicdo mundial e tem
sido cotado por muitos autores, como habeis em realizar varios processos
biotecnoldgicos (FRANCO et al, 2005a).

Deste modo, no capitulo | esta descrito o estudo de biotransformacéo
da AMB através do fungo filamentoso Cunninghamella elegans ATCC 9245.
Inicialmente foi realizado a otimizac&o do estudo de biotransformacao a fim de
determinar as melhores condi¢cdes de estudo como: meio de cultura e sua
concentragdo para verificar qual meio iria interferir menos na corrida
cromatografica e também formar os metabdlitos; pH do meio de cultura
evitando assim a degradacdo do farmaco e a atividade 6tima a capacidade
metabolémica do fungo; meio de cultura em agitacdo ou na condicdo estatica,
com a finalidade de verificar o melhor desempenho do fungo em estudo.

A formacdo dos metabdlitos foi monitorada através de um método
bioanalitico desenvolvido e validado, seguindo os parametros oficiais
(BRASIL, 2003; FDA, 2013) por cromatografia liquida de alta eficiéncia com
deteccédo de arranjo de diodos (CLAE/DAD) para determinag¢do simultanea do
metabdlito formado e da AMB.

Um método por cromatografia liquida de ultra eficiéncia acoplada a

espectrometria de massas sequencial (UHPLC-QTOF/MS) foi desenvolvido, e
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posteriormente foram analisados os espectros formados a fim de propor a
estrutura quimica do metabdlito formado.
O trabalho esta disposto na forma de artigo cientifico, de acordo com as

normas da revista o qual foi publicado.
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Abstract

The purpose of this paper is to describe the glycosylation of ambrisentan
(AMB) by cultures of Cunninghamella elegans ATCC 9245. AMB is an
endothelin receptor antagonist, which is used to treat pulmonary arterial
hypertension. Filamentous fungi are morphologically complex and may exhibit
different forms depending on species and the nature of the culture medium.
Biotransformation study was conducted to investigate the ability of C. elegans
to metabolize AMB. Parameters were optimized by testing on different culture
media and concentrations, pH, drug concentration, static and shaking
conditions. Ambrisentan’s metabolite, obtained after 240 h of incubation as a
result of glycosylation pathway, was separated by HPLC and determined by
high-resolution mass spectrometry. The method showed it became linear over
300-1000 pg mL™ (r = 0.998). Accuracy, precision, robustness, and stability
studies agree with international guidelines. Results are consistent in
accordance to the principles of green chemistry as the experimental conditions

had a low environmental impact, and few solvents use.

Keywords: ambrisentan; Cunninghamella elegans; biotransformation;

glycosylation; mass spectrometry.
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1. Introduction

Prior to the approval of a new substance for human use, several studies
must be performed to prove its efficacy and safety. This includes knowing its
target metabolite in the body. Although biotransformation reactions generally
lead to their detoxification, sometimes more active substances may be formed
than the original compound, or even toxic (Azerad, 1999). Traditionally, drug
metabolism studies have relied on the use of animal models. These methods
suffer from limitations due to the ethical issues, species variation, and cost of
experimental animals. However, in vitro and ex vivo studies using cell and
tissue culture, organ perfusion, and microsomal preparations have been
chosen as a complement of animals use (Collins et al., 2001; Sirisilam and
Veeresham, 2003).

Biotransformation provides an efficient and environmentally friend way
to produce large-scale metabolites of drugs and is considered an alternative
approach to the asymmetric synthesis and conventional in vivo and in vitro
metabolism studies (Pearce and Lushnikova, 2006; Borges et al., 2011). This
process is attractive for the synthesis of new drugs, which are required for
biological and toxicity tests and analytical standards as well.
Biotransformation studies of biologically active compounds through
microorganisms, mainly by filamentous fungi, and their possible glycosylated
derivatives have been extensively investigated because biotransformation
usually shows advantages such as one-step simple reaction and eco-friendly
production Cunninghamella is a genus of filamentous fungi that has frequently
been proposed for glycosylation reactions and it is a very interesting tool in the
production of molecules with improved pharmacological profiles
(Mukhopadhyay et al., 2004; Miyakoshi et al., 2010; Lustosa et al., 2010;
Shao-Hua et al., 2015).

Ambrisentan (AMB) is a highly selective endothelin-1 type A receptor
antagonist which is indicated for the treatment of pulmonary arterial
hypertension (PAH) (Casserly and Klinger, 2008). PAH is a chronic

progressive disease characterized by an increasing in the pulmonary vascular
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resistance of lungs, intimal hyperplasia, and smooth muscle cell hypertrophy
(Galié et al., 2005; Barst, 2007) AMB is absorbed with peak concentrations
occurring approximately after 2 hours of oral administration in healthy
individuals and PAH patients. It is a substrate for P-glycoprotein, being about
99.0% bound to plasma protein. It is primarily eliminated by nonrenal pathways
(77%), mostly via glucuronidation. In vitro data indicate that the metabolism of
AMB is performed by cytochrome P450 (CYP) 3A4 and 2C19 isozymes, as
well as by strong inhibitors of P-glycoprotein (Letairis., 2016). They are
currently the most frequently prescribed group of drugs for the control of
pulmonary arterial hypertension. Until now, there have been no reports in the
literature of metabolism studies by fungi filamentous performed with AMB. This
approach may contribute to a better understanding of the human metabolism of
AMB and to produce new derivatives.

This study aimed to perform the capacity of evaluating of AMB to be
metabolized by the fungus C. elegans ATCC 9245 as microorganism model.
Furthermore, liquid chromatography method was developed and validated for

AMB analysis in liquid culture medium.

2. Materials And Methods
2.1 Chemicals

AMB was obtained from BOC Sciences (98%, USA). Dichloromethane
was purchased from Dinamica (Diadema, Brazil) and N,N-dimethylformamide
bought from Labsynth (Diadema, S&o Paulo). Methanol and acetonitrile of

HPLC grade were purchased from Merck (New Jersey, USA) and Vetec (S&o

Paulo, Brazil), respectively. Czapek broth Sabouraud dextrose agar was
obtained from Kasvi (Parana, Brazil). Water was purified by a Milli-Q system
Millipore (Molsheim, France).
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2.2 Microorganism

Stock cultures of Cunninghamella elegans ATCC 9245 were cut in discs
of 0.5 cm of diameter and maintained on sterile sodium chloride 0.9% (w/v) at
5 °C and transferred every 6 months to maintain viability.

2.3 Biotransformation procedures

Spore solutions of C. elegans were prepared by growing the fungi for 72
hours at 28 °C in tubes containing a sabouraud dextrose agar. Fungal spore
suspension with 102 spores/mL (2 mL) was inoculated in a 100 mL of Czapek
culture medium and cultivated for 72 hours at 28 °C in an orbital shaker (New
Brunswick™ Innova® 2300) at 120 rpm. The substrate (200 mg), which was
previously solved in N,N-dimethylformamide:ethanol (1:1, v/v) was added into
each flask to give the final AMB concentration of 666.6 ug mL™. The cultures
were incubated at 28 °C, shaking at 120 rpm, for 240 h. Every 48 hours, a 2
mL aliquot of the liquid culture medium was aseptically collected in triplicate
and the substances were immediately extracted. Three kinds of controls were
conducted simultaneously with the biotransformation procedure. Culture
controls consisting of a blank (culture broth). The microorganisms without AMB
(positive control: C+), were operated to eliminate the interference possibly
brought by the microorganism itself or residues of the fermentation cultures.
The substrate controls were prepared by adding AMB to sterile medium and
incubated without the microorganism (negative control: C-) to determine
whether AMB could chemically degradate or spontaneously be transformed
under fermentation conditions.

To determine optimal conditions for biocatalysis, some conditions were
optimized: two culture media (potato and czapek-dox broth) were tested at six
pH values (4.0, 5.0, 6.0, 7.0, 8.0, and 9.0) and four AMB concentrations (50,
130, 260, and 666.6 pg/mL). Besides, shaken and static conditions were

evaluated.
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2.4 Extraction procedure and quantitative analysis by Liquid Chromatographic

All analytes were removed from the Czapek culture medium by liquid-
liquid extraction procedure. Aliquots of 2 mL of samples obtained from the
biotransformation reaction (BIO), C -, C+, and W were extracted three times
with 4 mL of dichloromethane by shaken vigorously. The organic phase (12
mL) was separated and the solvent evaporated to dryness in exhaust hood at
room temperature. The resultant residues were dissolved in 2 mL
methanol:water (80:20, v/v), filtered and 30 pL analyzed by liquid
chromatography.

2.5 Quantitative analysis by Liquid Chromatographic

Liguid chromatographic analyses were conducted in a Shimadzu LC-
10A system (Kyoto, Japan) equipped with an LC-20AT pump, SPD-20AV UV-
VIS variable wavelength detector (254 nm), DGU-20A5 degasser, CBM-20A
controller system, and SIL-20A injection valve with 100 uL loop. Agilent C18
column (5 ym, 250 mm x 4.6 mm i.d.) and C8 guard column (4 x 3.0 mm,;
Phenomenex, USA) were kept at 40 °C. Methanol:water (80:20, v/v), 0.1%
trimethylamine and 0.1% formic acid in isocratic mode, at 0.8 mL/min flow rate

was chosen as mobile phase.

2.6 ldentification of biotransformation products by UHPLC-MS/MS

A Nexera x2 UHPLC Shimadzu instrument with 6400 Series triple
guadruple mass spectrometer system equipped with an electrospray ionization
(ESI) source in positive ion mode (ESI+) was used for identification of
metabolites of AMB. Substances were separated by reversed-phase UHPLC
on a Shim-pack XR-ODS Il column (50 mm x 2 mm; particle size 1.6 pum). The
mobile phase consisted of methanol: water (35:65, v/v) with formic acid 0.1%.
The injection volume was 5 L, the solvent flow rate was 0.2 mL/min. Capillary
and end plate offset voltages were set at 4500 and 500V, respectively.

Solvation gas flow was maintained at 10 L/min with desolvation gas
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temperature at 200 °C. Mass spectra were recorded by full scan mode ranging
50 to 1200 m/z. After 240 h of experiment, aliquots of BIO, C- , C+, and W
were collected, extracted, and analyzed by UHPLC-MS/MS.

3. Results

3.1 Optimization of biotransformation study

Culture medium was investigated in the present study to check if
substances present in each medium would interfere with metabolites
identification after extraction. Then, fungal growth was observed at potato broth
(infusion of potatoes 200 g/L, glucose 20 g/L, and water, pH 5.0) and Czapek-
Dox medium (Sodium nitrate 2.0 g/L, Magnesium Sulphate 0.5 g/L, Potassium
Chloride 0.5 g/L, Di Potassium Phosphate 1.0 g/L, Ferrous Sulfate 0.01 g/L
and Sucrose 30 g/L, pH 7.0). A high number of interfering signals were
observed in the analysis during the liquid chromatography using 100% potato
medium or 50% compared to the Czapek medium. In the same way, the
formation of the metabolite was not noticed in potato medium being just
detected in Czapek which was decisive to choose Czapek medium to run the
study.

The effect of the medium-hydrogenionic concentration was investigated
to identify the most suitable pH to favor the biotransformation. AMB can
degrade in acidic media resulting in side products (Ramisetti and Kuntamukkla,
2014). Thus, analyzes were performed in the pH range of 4-9. Results
indicated the range optimum pH is 6.0-9.0 to the present biotransformation
(Figure 1), once the AMB remains stable. Most fungi tolerate wide variations of
pH, however metabolomics-capacity is favored at 5-7 pH-range. Hence, pH 6
was chosen for the study since side products were not noticed and interfered

at fungal growth.
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Figure 1: Representative chromatograms of drug evaluation stability with broth

pH modification.

Static and shaken conditions were evaluated to identify the best
condition of metabolite formation. The best condition that was defined for the
study was to maintain shaken condition at 120 rpm, for the reason that in this

condition metabolites were observed.

3.2 Fungal biotransformation study

Therefore, the biotransformation of AMB by this fungus was followed by
10 days. Aliquots were collected every 48 h and analyzed by the liquid
chromatograph method. After liquid-liquid extraction and analysis, the analyte
concentrations were obtained.

The biotransformation process showed to be slow since the formation of
the metabolite started after the tenth day of reaction under the conditions
optimized. The chromatograms obtained by HPLC analysis showed the
production of one metabolite (Figure 2, peak 1). A more polar substance was
eluted (4.25 minutes) before than the AMB (4.98 minutes).
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Figure 2: Chromatogram of the specificity study (a) biotransformation of AMB
by Cunninghamella elegans after 240 h of incubation; (b) sterile medium plus

AMB (c) culture medium in the presence of fungi (d) culture medium.

In order to elucidate the structures of metabolites through the mass
spectra, the cleavage pathways of AMB were studied first. The metabolites
were analyzed by UHPLC-MS. The mass spectrum in positive mode to the new
substance presents a molecular ion at MS m/z 541.2193 (M"), corresponding
to the (M+H)" ion. Considering the mass difference between the standard and
the new molecule (162 m/z) we observed a fragmentation related to glucoside
conjugated (CzgH33N20y) in the molecule of AMB with consequent loss of one
hydrogen atom of the drug molecule (Figure 3). These results corroborate with
the findings by Lustosa et al (2012), which performed biotranformation by
Cunninghamella enchinulata and identified entacapone glycoside with a mass
difference of m/z 162 for the standard structure. These outcomes suggest the
incorporation of a glycoside molecule into ambrisentan. The yield was
approximately 0.54%, based on peak area normalization. However, it is a
preliminary result, on a small scale, since the objective of the study was to

follow the biotransformation by fungus in a qualitative aspect.
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Figure 3. Mass spectrum and structure to the metabolite obtained by the

biotransformation of ambrisentan by C. elegans.

The identification of AMB was confirmed by comparison of the retention
time (Figure 2) and mass spectra with the authentic reference. The compound
eluting at 4.98 min was identified as ambrisentan. UHPLC-MS/MS spectra of
AMB and proposed fragmentation of their molecular ions are shown in Figure
4. Precursor ion can be observed in the mass spectrum with MS m/z: 379.1654
(M%) and major fragments there of MS m/z: 347.1393 and 303.1492.These
results are as expected for this molecule (Nirogi et al., 2012).

The analytical method was validated (data not shown).
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Figure 4. UHPLC-MS/MS spectra of AMB, and the proposed fragmentation

patterns of their molecular ions.

4. Discussion

We reported a successful biotransformation of ambrisentan by C
elegans ATCC 9245 in this study. This fungus demonstrated its potential to
metabolize AMB to metabolite glucoside ambrisentan.

Several studies have demonstrated the ability of fungi Cunninghamella
elegans to metabolize different classes of drugs and to generate metabolites
using mechanisms similar to the reactions that occur via mammalian
cytochrome P450 (CYP450) complex (Moody et al, 2002; Pearce and
Lushnikova, 2006; Asha and Vidyavathi, 2009).

Filamentous fungi are morphologically complex microorganisms,
exhibiting different structural forms throughout their life cycle. Several

parameters related to the culture medium affect the fungi morphology during
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the process of fermentation, among them: speed of culture medium shacking,
amount of oxygen solved, fungi concentration into the medium, pH,
temperature, traces of minerals, nitrogen, phosphate, etc. The fungi growth
morphology affects nutrient consumption and oxygen uptake rate. This may
have a significant effect on the rheology of the fermentation broth altering the
biocatalysis performance (Pazouki and Panda, 2000; Papagianni, 2004).

Stirring allowed fungi to grow in pellets which are advantageous for
biocatalysis since the medium becomes less viscous and can be easier
aerated. Besides, small pellets led to higher oxygen and nutrients diffusion
(Pazouki and Panda, 2000; Posch et al.,, 2013). The optimization of the
biocatalysis study is of great importance since many factors can affect the
performance of the microorganism. In this way, it is relevant to define the
optimum conditions of fermentation to guarantee the maximum performance of
the fungus under study.

After several tests, it was defined that the best performance for
biocatalysis with Cunnighamella elegans ATCC 9245 was using Czapek-Dox
medium with pH adjusted to 6.0, under agitation conditions of 120 rpm at a
controlled temperature of 28 °C.

The transformation of ambrisentan by C. elegans furnished one major
glycosylated derivatives that had not been described in the literature before.
The metabolism of AMB is established in humans and animals (Melvin et al.,
2012). However, AMB-metabolites produced by Cunninghamella elegans are
unknown. After 10 days, the biotransformation sample was analyzed and AMB
and trace amounts of metabolite were detected. Based on the above results,
from HPLC and UHPLC-MS/MS, it was found that the Cunninghamella elegans
converted AMB to glucoside ambrisentan by hydrolysis. This glycosylation
reaction occurs on hydroxyl group, carboxylic acid and free sulfhydryl groups,
and is catalyzed by UDP-glycosyltransferase. Glycosylation is a reaction that
deserves special attention in this context. This is because microorganisms
appear to conjugate D-glucose to glucuronidation sites in mammals, resulting

in phase Il metabolites (Azerad, 1999). Hydrolysis of a hisperidine, a flavonoid,
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and its active metabolite hesperitine by Cunninghamella elegans was also
reported by Swathi et al. (2012).

The use of a microbial model for biocatalysis of drugs has the
advantage of reducing the demand of animals, especially in the early stages of
drug development. In addition, it offers a number of advantages over the use of
animals in a metabolism study, such as (1) being simple and easy, being able
to prepare at a low cost; (2) the possibility of screening a large number of
strains; (3) useful in cases where regional and stereospecificity are necessary;
(4) maintenance of micro-organism cultures is simpler and cheaper than
cultures of cells or tissues or laboratory animals; (5) ease of handling (Asha e
Vidyavathi, 2009).

The use of fungi is advantageous since they present a fast growth and
beause of the easy formation of the multienzimatic system. In addition,
biotransformation is considered by synthetic organic chemicals as an
economical and competitive technology, in search of new routes of production
of chemical and pharmaceutical products (Borges et al., 2007).

Cunninghamella is a genus that has frequently been proposed for
glycosylation reactions and it is a very interesting tool in the production of
molecules with improved pharmacological profiles. It was suggested that the
conversion based on microbial specific reactions was useful for the production
of new AMB derivatives (Miyakoshi et al., 2010; Lutosa et al., 2012).

Many fungal species may give several types of phase Il metabolites
(conjugates), including glycoside (Sun et al., 2004; Keum et al., 2009). In
general, glucosides were the most commonly found phase Il metabolites in
fungal xenobiotic metabolism. The glycoside is likely obtained through the
action of fungal glucosidases in a direct reaction on a primary or secondary
alcohol as the nucleophile (Faber and Faber, 1992). Chemical reactions, such
as glycosylation reactions may be difficult, involving various stages of
protection and de-protection, considerably reducing efficiency (Mukhopadhyay
et al., 2004).

The formation of metabolites in biotransformation processes requires a

careful monitoring that must be performed through the execution of analytical
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techniques capable of characterizing and measuring the contents of the
analyzed analytes. For this, the development of analytical methods with
characteristics suitable for each study drug is essential. The analytical method
in HPLC analysis was validated. The parameters recommended by official
guides were evaluated: specificity, linearity, precision, accuracy, robustness
and stability of the drug (FDA, 2001; EMA, 2011).

5. Conclusions

The biotransformation of ambrisentan by C. elegans ATCC 9245
furnished one major glycosylated derivatives that had not been described in
the literature before. Microorganisms can be seen as a reliable and efficient
alternative to the employment of small animals or synthetic chemistry for
obtaining sizable amounts of a number of drug derivatives. It demonstrates the
importance and necessity of investment in these studies involving filamentous
microorganisms. Thus, the models can be scaled up easily for the preparation
of metabolites for structure confirmation by NMR and further pharmacological
and toxicological studies. The proposed analytical methodology is sensitive,
accurate, precise, and robust for the detection and quantification of AMB in

complex matrix, being in accordance with international standards.
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5. CAPITULO Il — ESTUDO DE BIOTRANSFORMACAO DA RIFAMPICINA
UTILIZANDO FUNGO FILAMENTOSO Cunninghamella elegans ATCC
9245







5.1 Introducéao

O modelo de metabolismo microbiano evoluiu como um dos modelos in
vitro para substituir as desvantagens e falhas de modelos in vivo que
mimetizam o metabolismo humano (DUBE; KUMAR, 2016).

A literatura revela um aumento crescente dos estudos com espécies do
género Cunninghamella, devido a sua habilidade de metabolizar compostos
xenobioticos de maneira similar ao que ocorre em mamiferos. Assim, esses
microrganismos sdo estudados em funcdo de sua potencialidade nos
processos de biodegradacdo e biotransformacdo (LISOWSKA et al., 2006;
PEARCE; LUSHNIKOVA, 2006; ABERG et al., 2010; MA et al, 2015).

As espécies do género Cunninghamella sao principalmente fungos do
solo das zonas mediterranica e subtropical; Raramente s&o isolados em
regides menos temperadas (PISKA et al, 2016).

Estes fungos produzem enzimas de metabolizacdo que podem realizar
tanto as reacBes de biotransformacdo de fase | como de fase Il. Esta
comprovado que C. elegans transporta pelo menos um gene gue codifica uma
enzima CYP estreitamente relacionada com a familia CYP51 (PISKA et al,
2016). Apresentam habilidade de gerar quantidades significativas de
metabdlitos iguais e/ou diferentes daqueles produzidos em humanos e
animais. Esses metabolitos podem ser produzidos em menor tempo e de
forma mais rentavel do que os produzidos por animais experimentais e cultura
de células (MOODY et al, 2002).

E relatado que a rifampicina induz inimeras enzimas em Seu processo
de metabolizacdo, apresentando maiores efeitos na expressao do citocromo
P450 3A4 no figado e no intestino delgado (NIEMI et al.,, 2003). Até o
momento ndo ha relatos na literatura sobre estudo de biotransformacéao
utilizando fungos com o farmaco proposto.

Nesse contexto, este capitulo descreve o estudo da biotransformacao
da RIF através do fungo filamentoso Cunnighamella elegans ATCC 9245.
Inicialmente foram realizados testes preliminares para otimizar as condi¢cdes

do estudo a fim de visualizar a formacdo dos metabdlitos no meio Czapek.
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Posteriormente foi desenvolvido e validado um método bioanalitico em
cromatografo a liquido de alta eficiéncia com detector de arranjo de diodo
(CLAE/DAD) com a finalidade de desenvolver um método sensivel e preciso
para verificar a formacdo do metabdlito e a quantificacdo do decaimento da
concentracédo da RIF com pureza de pico adequada.

Para elucidacdo dos metabdlitos formados foi desenvolvido um método
analitco em cromatografo a liquido de ultra eficiéncia acoplado a
espectrometria de massas sequencial (UHPLC-QTOF-MS), e analisado 0s
espectros de massas das amostras: padrao (RIF), meio biotransformado (meio
de cultura, fungo e farmaco; BIO), controle negativo (meio de cultura e
farmaco; C-), controle positivo (meio de cultura e fungo; C+) e branco (meio de
cultura; W),

O trabalho esta disposto na forma de artigo cientifico.
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5.2Artigo cientifico
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Abstract

The fungus Cunninghamella elegans was used as a microbial model of
mammalian metabolism to biotransform the semisynthetic macrocyclic
antibiotic rifampicin (RIF). In 120 h, C. elegans transformed the drug into the
following two metabolites: rifampicin quinone and novel metabolite. The
products of rifampicin formed in vitro were monitored by HPLC-PDA, being
identified through UHPLC-QTOF/MS. Metabolites were characterized
according to their chromatographic profile, mass fragments and UV spectral
data. The major metabolic pathways of rifampicin transformed by the fungus
were oxidation, demethylation and mono-oxidation. The microbial
transformation of RIF showed the potential of Cunninghamella species to
produce RIF metabolites. This process can be used for a cost effective method
for both known and unknown metabolite production.

Keywords: biotransformation; metabolite; rifampicin; Cunninghamella elegans;
UHPLC-MS.
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1. Introduction

Rifampicin (RIF), a semisynthetic macrocyclic antibiotic, is widely used in
the treatment of tuberculosis and staphylococcal infection. RIF acts by binding
to the bacterial RNA polymerase which consequently blocks the synthesis of
the bacterial RNA messenger [1]. RIF is well absorbed orally being widely
distributed in body tissues and fluids. Its metabolism in humans occurs in the
liver by the cytochrome P450 resulting in the active metabolite 25-
desacetylrifampicin among other molecules [2,3]. This drug has peculiar
pharmacokinetic properties. It is readily absorbed in the gastrointestinal tract
and may have this profile modified in the presence of food. It has a high
binding rate to plasma proteins and is widely distributed in tissues and body
fluids [4].

Microbial transformation has been used as a simple methodology for in vitro
drug metabolism studies [5]. Biotransformation using microorganisms offers
the opportunity to help elucidating biosynthetic pathways, anticipate
mammalian metabolism, and toxicity [6]. Additionally, biotransformation
reaction technology is considered to be an alternative for the development of
sustainable technologies for the production of chemicals and drugs using
principles of green chemistry [7]. Biotransformation products can be labelled
as ‘natural’ according to US and European [8].

Cunninghamella, a filamentous fungus, is considered one of the most
important microorganisms for biotransformation studies since it can catalyze
several reactions to various classes of compounds. Studies have
demonstrated the ability of this fungus to metabolize a wide variety of drugs by
mechanisms which are similar to what is observed during Phase | and I
metabolism of mammals [9-12]. C. elegans carries at least one gene coding for
a CYP enzyme closely related to the CYP51 family. These enzymes produce
metabolites in amounts which allow the isolation of the same compounds
generated by humans and animals metabolism. Besides, novel C. elegans

metabolites presenting pharmacological interest also can be isolated [13,14].
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The aim of the present work was to evaluate the formation of metabolites of
rifampicin using filamentous fungi Cunninghamella elegans ATCC 9245.
UHPLC-QTOF/MS was used for analysis and prediction of the chemical

structure of the metabolites in the sample.

2. Material and Methods

2.1 Chemicals and reagents

RIF (purity > 95%) was donated (Pernambuco Federal University,
Brazil). Rifampicin quinone (purity > 99.99%) United States Pharmacopeia
(USP) reference standard was purchased from USP. Dichloromethane was
purchased from Dindmica (Diadema, Brazil) and N,N-dimethylformamide from
Labsynth (Diadema, Sao Paulo). Methanol, acetonitrile, and ethanol of HPLC
grade were purchased from Merck (New Jersey, USA), Vetec (Sao Paulo,
Brazil), and Panreac (Barcelona, Spanish), respectively. Czapek-Dox broth
and sabouraud dextrose agar were obtained from Kasvi (Parana, Brazil).

Water was purified by a Milli-Q system Millipore (Molsheim, France).

2.2 Microbial Culture and Biotransformation Conditions

Cunninghamella elegans ATCC 9245 was donated by the Bioconversion
laboratory, Goias Federal Univesity, Goiania, Brazil. Stock cultures were cut in
discs of 0.5 cm of diameter and maintained on sterile sodium chloride 0.9%
(wiv) at 5 °C.

Spore solutions of C. elegans were prepared by growing the fungi for 3
days at 28 °C in tubes containing a sabouraud dextrose agar. 100 mL of a
Czapek-Dox liquid medium diluted to 50% (Sodium nitate 1.0 g L™, Magnesium
Sulphate 0.25 g L™, Potassium Chloride 0.25 g L™, Di Potassium Phosphate
0.5 g L™, Ferrous Sulfate 0.005 g L™, and Sucrose 15 g L™, pH 7.0), with 10*°
spores mL™ of strain inoculated for 3 days at 28 °C in an orbital shaker (New
Brunswick™ Innova® 2300) at 120 rpm. Then, the substrate (250 mg), which
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was previously solved in N,N-dimethylformamide:ethanol (1:1 v/v) was added
into each flask to give the final RIF concentration of 500 pg mL™. The cultures
were incubated at 28 °C, shaking at 120 rpm, for 120 h. Samples (2 ml) of the
liquid culture were periodically (1, 3, 4 and 5 days) withdrawn from each culture
and extracted three times successively with dichloromethane (4 mL). Each
extract was separately evaporated to dryness in exhaust hood at room
temperature. The residues obtained were dissolved in 2 mL acetonitrile:water
(1:1), filtered and 25 pL analyzed by liquid chromatography. Control flasks
consisted of culture broth without RIF (positive control: C+), only sterile
medium with RIF (negative control: C-), and culture broth (blank: W). Control

flasks were included in the HPLC analysis.

2.3 Instrumentation and HPLC conditions

For characterization of metabolites, an HPLC method was first
developed and validated (data nor shown) followed international guidelines.
Liquid chromatographic analyses were conducted on a Shimadzu LC-10A
system (Kyoto, Japan) equipped with an LC-20AT pump, SPD-20AV UV-VIS
variable wavelength detector, DGU-20A5 degasser, CBM-20A controller
system, and SIL-20A injection valve with 100 uL loop. Phenomenex C18
column (5 ym, 250 mm x 4.6 mm i.d.) and C8 guard column (4 x 3.0 mm;
Phenomenex, USA) were kept at 30 °C using a mobile phase consisting of a
mixture of ammonium acetate 0.01M, pH 4.0 and acetonitrile (50:50, v/v) at a

flow rate of 1.0 mL min™* with UV detection at 254 nm.

2.5 Identification of metabolites: LC -QTOF/MS analysis

The structural elucidation of the metabolites formed was performed
through the UHPLC-QTOF/MS system, UHPLC (Shimadzu-Nexera x2)
equipped with a Shin-pack XR ODS Ill column (2.0 mm x 50 mm, 1.6 ym) from
Shimadzu coupled to the QTOF-MS mass analyzer (Impact IlI, Bruker
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Daltonics). The QTOF-MS system was equipped with an electrospray
ionization (ESI) source, operating in positive ionization mode. The mobile
phase consisted of acetonitrile and ammonium acetate 0,001M pH 4.0. The
operation parameters of ESI were the following: capillary voltage, 4000 V; end
plate offset, 500 V; nebulizer pressure, 4 bar (N2); drying gas, 0.28 L min—1
(N2); and drying temperature, 200 °C. The QTOF-MS system was operating in
broadband collision-induced dissociation (bbCID) acquisition mode and
recorded spectra over the range m/z 50-1000 with a scan rate of 2 Hz. A
QTOF-MS external calibration was performed before each injection with a
sodium formate solution. Data treatments were processed with Data Analysis
4.2 Software.

After 120 h of experiment, aliquots of biotransformation medium (drug,
fungus, and medium: BIO), C- , C+, and W were collected, extracted, and
analyzed by UHPLC-QTOF/MS.

3. Results and Discussion

Few information regarding the chromatographic analysis of RIF
metabolites in vivo and in vitro are known. Prasad and Singh (2009) studied
the biotransformation of rifampicin in vitro (rat liver S9 fraction and
microsomes) and in vivo (Sprague—Dawley rats). A total of 21 metabolites were
identified, among then 3-formylrifamycin, rifampicin quinone and
desacetylrifampicin.

A representative HPLC—PDA chromatogram of rifampicin and its
metabolites after 120 hours of transformation by C. elegans is shown in Fig. 1.
The substrate controls showed there were no interference signals with the
formed metabolites and the drug. The results of HPLC-PDA analyses
indicated that RIF was metabolized in the biotransformation medium. It is
possible to observe the RIF standard in 5.0 min, and RIF quinone in 9.5 min
(Fig 1, peak 2), which was confirmed by injection RIF quinone standard plus
Czapek-Dox medium. Furthermore, in biotransformation medium (Fig 1A)
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another two peaks were detected, which can be related to possible metabolites
(Fig 1; peaks 1 and 3).
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Figure 1. Chromatographic profile (HPLC-DAD) of reactional medium after
120h. Chromatograpfic conditions: isocratic elution by using acetonitrile and
buffer (ammonium acetate 0.01 M, pH 4.0) 50:50, flow rate 1.0 mL/min, UV
detection at 254 nm, Phenomenex C18 column (5 pm, 250 mm x 4.6 mm i.d.)
and C8 guard column (4 x 3.0 mm; Phenomenex, USA) kept at 30 °C. (A)
biotransformation medium, (B) negative control and (C) standard RIF quinone.
(1) and (3): possible metabolites. (2): RIF quinone.

After 120 h of incubation, it is possible to observe the reduction of the
drug concentration in relation to the negative control, which was submitted to
the same extraction process (Fig 2).. This behavior suggests drug consumption
due to the action of the fungus and not only a process of drug oxidation caused
by the culture medium. In this case, the fungus acts as a catalyst, accelerating

the metabolization/degradation of RIF.
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Figure 2: Decay representative graph of RIF concentration in 5 days of
biotransformation, compared to the negative control in the same conditions.

The modern analytical techniques, in special hyphenated systems like
UHPLC-QTOF/MS, are very useful to identify the biotransformation products
even without previous treatment for separation of individual metabolites. Here
in the present work, the samples were analyzed through UHPLC-QTOF/MS for
elucidation of probable metabolites formed. Our analytical results were
obtained from well-planned experiments, testing different chromatographic
conditions, followed by the choice of better responses from MS conditions.
Analyzing the biotransformation medium (BIO) by UHPLC-QTOF/MS it is
possible to detect the derivative rifampicin quinone (m/z 821.3962). Mass
studies revealed the difference of two hydrogens (2.0157) in the structure, as
compared to the drug standard. As illustrated on Fig 3, this metabolite is also
detected in the negative control sample, but in a small intensity as compared to

biotransformation medium.
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Figure 3: MS spectra of proposed metabolite, rifampicin quinone, in ESI mode
positive and comparative chromatograms of biotransformation medium (BIO)
and negative control.

As shown in Fig 4, mass fragmentation of RIF quinone resulted two
stable fragments of m/z 789.3694 (N-demethylation) and 436.2324 (loss of
aromatic and piperazine rings). Others peaks were detected on zooming the
spectra. Literature reports that this metabolite is formed in aqueous solutions
favored by neutral and basic conditions, as well as naturally by oxidation.
Then, RIF quinone is suggested as a degradation product whose formation is
stimulated in the biotransformation medium, thus indicating that the fungus
accelerated the formation of the degradation product [15,16]. The degradation
of an antibiotic favored by a filamentous fungus, which is found in the

environment, is a positive point when the subject is bioremediation.
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Rifampicin (m/z 823.41006)

(mass fragment m/z 436.2324)

Figure 4: Proposed structures of RIF quinone and mass fragments obtained
from UHPLC-QTOF/MS in ESI positive ion mode, after 120 hours of the
biotransformation.

RIF can be metabolized either by hydrolysis to formylrifampicin or by
deacetylation to form desacetyl rifampicin which retains practically all
antibacterial activity. It was not possible to identify these known metabolites in
the biotransformation medium. Modifications such as culture medium,
agitation, substrate (drug) concentration, inoculum or the use of another
microorganism may make possible to observe those known molecules
described in literature [17,18].

Observing the chromatogram illustrated in the Fig 5 obtained from
UHPLC-QTOF/MS analysis, the metabolite eluted at retention time of 10.0 min
refers possibly to the peak detected in 11.5 min in HPLC-PDA analysis (Fig 1,
peak 3). This product was found only in the biotransformation medium with C.
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elegans. The mass spectrum of this metabolite showed a molecular ion at m/z
452.3217 (Fig.5), with a loss of 370.6622 in reference to the molecular weight

of rifampicin.
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Figure 5: UHPLC-QTOF/MS chromatogram obtained from analysis of
biotransformation medium in the study of rifampicin using Cunninghamella
elegans. Chromatograms of overlapping biotransformation medium and
negative control for comparison of the detected peaks (A), and mass spectrum
of proposed metabolite (m/z 452.3217) (B).

The proposed molecular formula for this metabolite is CasHeO7
indicating the loss of eighteen carbons, five oxygen atoms and four nitrogens.
It is possible that formation this metabolite occurred through ring cleavage,
demethylation and loss of piperazine moiety, being characterized as a mono-
oxygenation product of RIF (m/z 452.3217) (Fig 6). For elucidation, our results
were evaluated considering the study from Prasad and Singh (2009), which
purposes a biotransformation pathway for rifampicin. Mono-oxygenation is
mentioned as a way for metabolism and probably is involved to increase the
drug polarity. In our case, the acetyl group is maintained intact, even being an
important metabolic route, as reported by the same authors. These have

mentioned three metabolites formed by desacetylation: desacetyl rifampicin,
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desacetyl-3-formylrifampicin, and N-demethyl-desacetylrifampicin. From our
mass spectra results and possibilities for fragmentation, we have indicated a
possible loss of hydroxyl group (m/z 435.2951) and desacetylation with other
few modifications (m/z 317.1954) (Fig. 6). This mono-oxygenated RIF
metabolite with this purposed chemical structure is a novel compound, being

described for the first time in the literature.
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Rifampicin (m/z 823.4106)

Figure 6: Proposed chemical structure of RIF metabolite (m/z 452.3217)
obtained from biotransformation study with C. elegans ATCC 9245.

Conclusions

In the present study, the microbial transformation of an important antibiotic with
C. elegans was investigated. The results showed that rifampicin was
biotransfomed by fungi Cunninghamella elegans ATCC 9245 generating a

compound known as rifampicin quinone and another metabolite not yet
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reported in the literature. The structural elucidation of all metabolites were
done based on mass fragmentation study combined with accurate mass
measurements. In this study we observed the great ability of C. elegans to
metabolize rifampicin demonstrating that this microbial system represents an

attractive alternative to the use of mammalian systems or chemical synthesis.
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6. CAPITULO Ill - Biotransformacdo da ambrisentana através do
Aspergillus niger ATCC 9029 e Penicillium minioluteum URM 6889.







6.1 Introducéao

Assim como o0 metabolismo de mamiferos, o metabolismo de
microrganismos permite modificacbes de grupamentos funcionais de produtos
biologicamente ativos que, geralmente, sO seriam possiveis através de
reacdes quimicas convencionais (SRISILAM; VEERESHAM, 2003; BORGES
et al., 2009).

Microrganismos sdo capazes de metabolizar moléculas organicas
produzindo metabdlitos muitas vezes semelhantes ao dos humanos. O uso de
microrganismos para prever a biotransformacdo de farmacos € um método in
vitro que dispensa o0 uso de animais. Além disso, 0s microrganismos podem
ser aplicados na producdo de medicamentos, na degradacdo de compostos
poluentes e na recuperacdo de ambientes quimicamente comprometidos. A
utilizacdo de microrganismos em processos de biotransformacdo pode
proporcionar a producao de metabolitos ja existentes ou de novas substancias
com potencial atividade farmacoldgica (POLLARD; WOODLEY, 2007; ASHA;
VIDYATHI, 2009).

O fungo Aspergillus é um género dos fungos filamentosos amplamente
estudados. As espécies apresentam grande distribuicdo mundial, estando
presentes na superficie, no ar e na agua, além de estarem associadas com a
deterioracdo de materiais vegetais e alimentos. Muitas das espécies de
Aspergillus séo utilizadas para obtencdo de enzimas, na biossintese quimica e
na transformacéo de compostos (ROSA et al., 2002).

As espécies do género Penicilium apresentam a capacidade de
crescerem em varios ambientes, possuem o solo como seu habitat natural. A
maioria dessas espécies ndo é muito exigente nutricionalmente e tolera
diferentes condic¢des fisico-quimicas. Assim, crescem em qualquer ambiente
onde exista uma quantidade minima de sais minerais ou as mais diversas e
complexas fontes de carbono organico. O género Penicillium é de extrema
relevancia na natureza, pois as suas espécies atuam ativamente na

degradacéao da matéria organica (PITT, 1991).
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Além da importancia ambiental na degradacdo de matéria organica,
espécies de Penicillum possuem largo potencial biotecnoldgico, sendo
amplamente utilizadas para a producdo de enzimas de interesse industrial,
ambiental, farmacéutico, alimenticio, entre outros (BON et al., 2008).

Nesse contexto, este capitulo descreve o estudo da biotransformacédo
da ambrisentana através dos fungos filamentoso Aspergillus niger ATCC 9029
e Penicillium mineoluteum URM 6889.

O trabalho esta disposto na forma de artigo cientifico, de acordo com as

normas da revista o qual foi submetido.
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6.2 Artigo cientifico
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Abstract

The focus of the present study was the in vitro biotransformation of
ambrisentan (AMB) a selective endothelin type A, receptor antagonist, used for
pulmonary arterial hypertension, by two fungal cultures: Aspegillus niger ATCC
9029 and Penicillium mineoluteum URM 6889. In vitro metabolism study was
carried out by incubating AMB with fungus and culture medium under
controlled conditions for further analysis of metabolites formed, in order to
study the formation of metabolites through an alternative method. After
incubation of 240 hours with A. niger, the drug was metabolized two
metabolites, one is known with 3.75 min (M2) retention time and another
unknown in 4.37 min retention time (M3) in HPLC-DAD and structures were
elucidated by using UHPLC-QTOF/MS. However, when submitted to
biotransformation with P. mineolluteum, no different signals than those formed
in the controls were observed. The fungi A. niger could be used to generate
mammalian metabolites of AMB on a small scale and can also be used as
reference standards for identification and analytical tests of mammalian

metabolites of ambrisentan.

Keywords: ambrisentan, biotransformation, Aspergillus niger, Penicillium

mineolluteum, metabolites.
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1. Introduction

Biocatalysis through microorganisms has become an increasingly
valuable tool for synthetic chemicals as it is viable strategy for synthesis of
substances with pharmaceutical interest. This technology is ecofriendly, once
uses green solvents and mild conditions as room temperature without the need
for high pressures and extreme situations, with the subsequent benefits in
terms of decreasing costs [1].

Microorganisms are able to metabolize organic molecules producing
metabolites often similar to humans. The use of these to predict drug
biotransformation is an in vitro method that does not require the use of
animals. In addition, they can be applied in the production of drugs, in the
degradation of pollutants and in the recovery of chemically compromised
environments. The use of microorganisms in biotransformation processes can
provide the production of existing metabolites or new substances with potential
pharmacological activity [2,3].

Biotransformation studies have been shown to be a very efficient field of
research in the production of compounds of pharmaceutical interest as well as
being a promising alternative model of drug metabolomics studies. Different
therapeutic classes of drugs that have metabolism via CYP450 appear as
possible candidates for substrates for enzymatic reactions mediated by
endophytic fungi [4].

Besides the environmental importance in the degradation of organic
matter, Penicillium species have a great biotechnological potential, being
widely used for the production of enzymes of industrial, environmental,
pharmaceutical, food, among others interest. This fungus was selected since it
is renowned to transform many organic compounds [5,6].

Furthermore, Aspergillus niger is a well-known fungus that has been
used for many different biotransformation of organic compounds. Aspergillus
species, as some other microorganisms, are capable of mimicking human P-

450 metabolism of organic compounds [7-10].
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Ambrisentan (AMB), chemically known as (2S)-2-(4,6-dimethylpyrimidin-
2-yl)oxy-3-methoxy3,3diphenylpropanoicacid, is used in the treatment of
Pulmonary Arterial Hypertension(PAH) in patients with WHO (World Health
Organization) class Il or Ill symptoms. In humans undergoes extensive
metabolism and accounts for excretion of 3.35% in urine and 36.49% in
faeces. Ambrisentan is glucuronidated by several UGT enzymes (UGT1A9S,
UGT2B7S and UGT1A3S) to form ambrisentan glucuronide. Drug also
undergoes oxidative metabolism, mainly by CYP3A4 and, to a lesser extent, by
CYP3A5 and CYP2C19 to form 4-hydroxymethyl ambrisentan, subsequently
glucuronidated to 4-hydroxymethyl ambrisentan [11].

The aim of the present work was to evaluate the formation of
ambrisentan metabolites by using Aspegillus niger ATCC 9029 and Penicillium
mineoluteum URM 6889. HPLC-PDA and UHPLC-QTOF/MS were used for
analysis and prediction of the chemical structure of the proposed metabolites in
the study.

2. Experiments
2.1 Materials

AMB was obtained from BOC Sciences (98%, USA). Dichloromethane
was purchase from Dindmica (Diadema, Brazil) and N,N-dimethylformamide
bought from Labsynth (Diadema, S&o Paulo). Methanol and acetonitrile of
HPLC grade were purchased from Merck (New Jersey, USA) and Vetec (Séao
Paulo, Brazil), respectively. Czapek broth and sabouraud dextrose agar were
obtained from Kasvi (Parana, Brazil) Water was purified by a Milli-Q system

Millipore (Molsheim, France).
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2.2 Microbial culture and biotransformation condition

Stock cultures of Aspergillus niger ATCC 9029 and Penicillium
mineoluteum URM 6889 were cut in discs of 0.5 cm of diameter and
maintained on sterile sodium chloride 0.9% (w/v) at 5 °C and transferred every
6 months to maintain viability.

Spore solutions of A. niger and P. mineoluteum were prepared by
growing the fungi for 3 and 7 days, respectively, at 28 °C in tubes containing a
Sabouraud dextrose agar. 150 mL of a liquid medium with 10® and 10'°
spore/mL strain were inoculated in a 100 mL Czapek medium cultivated for 3
and 7 days, respectively, at 28 °C in an orbital shaker (New Brunswick™
Innova® 2300) at 120 rpm. This medium consisted on KNO3 (2 g/L), KCI (0.5
g/L), FeSO4 (0.01 g/L), MgS0O4 (0.5 g/L), KH2PO4 (1 g/L), yeast extract (5
g/L), glucose (30 g/L) and adjusted to pH 6.0. Then, the substrate (200 mg),
which was previously solved in N,N-dimethylformamide:ethanol (1:1 v/v) was
added into each flask to give the final AMB concentration of 500 pg mL™. The
cultures were incubated at 28 °C, shaking at 120 rpm, for 240 h and 360 h,
respectively. Every 48 h, a 2 mL aliquot of the liquid culture medium was
aseptically collected in triplicate and stored at -5 ° C.

After last day of incubation, collected samples that were thawed, filtered
and extracted with three equal volumes of dichloromethane. The organic
extracts were evaporated to dryness in exhaust hood at room temperature.
The residue was dissolved in 2 ml of methanol:water (80:20) for HPLC
analysis. In all the experiments, one control flask without fungus (for checking
drug stability: C-), one culture control without drug (for checking fungi
endogenous metabolites: C+) and blank (only culture medium) was used in

the two analytical methods analyzed.
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2.3 Liquid chromatographic analyses

Liquid chromatographic analyses were conducted in a Shimadzu LC-
10A system (Kyoto, Japan) equipped with an LC-20AT pump, SPD-20AV UV-
VIS variable wavelength detector (254 nm), DGU-20A5 degasser, CBM-20A
controller system, and SIL-20A injection valve with 100 pL loop. Agilent C18
column (5 pym, 250 mm x 4.6 mm i.d.) and C8 guard column (4 x 3.0 mm;
Phenomenex, USA) were kept at 40 °C. Methanol:water (80:20, v/v), 0.1%
trimethylamine and 0.1% formic acid in isocratic mode, at 0.8 mL/min flow rate

was chosen as mobile phase.

2.4 UHPLC-QTOF/MS analysis

Analysis was carried out using a UHPLC-QTOF-MS system, UHPLC
(Shimadzu-Nexera x2) equipped with a Shin-pack XR ODS Il column (2.0 mm
x 50 mm, 1.6 ym) from Shimadzu thermostated at 40 °C coupled to the QTOF-
MS mass analyzer (Impact I, Bruker Daltonics). The QTOF-MS system was
equipped with an electrospray ionization (ESI) source, operating in positive
ionization mode. The adopted elution gradient mode, the mobile phase
consisted of A: acetonitrile (0.1% formic acid) and B: aqueous phase (0.1%
formic acid). The elution gradient started at 10% of A maintained for 2 min,
increased to 90% in the next 8 min, and kept for 1 min. Then 90% A linearly
decreased to 10% in 4 min, kept for 5 min. The flow rate was 0.3 mL min-1
and the injection volume was 10 uL. The operation parameters of ESI were the
following: capillary voltage, 4000 V; end plate offset, 500 V; nebulizer pressure,
4 bar (N2); drying gas, 9 L min—-1 (N2); and drying temperature, 200 °C. The
QTOF-MS system was operating in broadband collision-induced dissociation
(bbCID) acquisition mode and recorded spectra over the range m/z 50-1000
with a scan rate of 2 Hz. A QTOF-MS external calibration was performed
before each injection with a sodium formate solution. Data treatments were

processed with Data Analysis 4.2 Software.
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3. Results and discussion

First microbial biotransformation of AMB with Aspergillus niger ATCC
9029 and Penicillium mineolluteum URM 6889 is being reported here. The
study was monitored by HPLC-DAD what gave information about formation of
products during the course of the process. In those biotransformation samples
where a signal was verified, an UHPLC-QTOF/MS analysis was also
performed.

In the chromatograms of culture controls, there was no interference from
endogenous or secondary metabolites from A. niger and P.mineollutem for the
analyses of ambrisentan and its metabolites.

The biotransformation reaction of the filamentous fungus Penicillium
mineoluteum URM 6889 was performed also with duplicate inoculum (10*°
spores/mL) to verify if metabolite formation could occur interference with the
increase in cell concentration. The experiment was monitored for 15 days
(sampling every two days and stored at -5°C). After the end of the period,
samples were extracted, as described in item 2.2, however no additional
signals were observed on HPLC-DAD analysis, only the substrate (AMB) and
the same peaks that were formed in the controls. This way, they can be
considered degradation products of the drug. In the chromatograms of culture
controls, there was no interference from endogenous or secondary metabolites
from P. mineollutem for the analyses. The fungus under study has the ability to
biocatalyst compounds of industrial interest, but under the conditions
submitted, there were no signs of possible metabolite. During the study, it was
observed difficulty in growing the fungus. For this reason, it was left for 7 days
in culture medium until the addition of the drug. However, in a study described
in the literature the substrate is added in 48 hours [12].

Biotransformation of AMB by means of A. niger ATCC 9029 culture after
12 days led to formation of two more polar compounds (3.75 and 4.37 min
retention time), which were not present in the controls (Fig 1). In the
chromatograms of culture controls, no interference from A.niger for the

analyses was observed and no significant decrease in negative control of AMB
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was observed. The presence of peaks 1 and 5 (Fig 1) in both negative control
and biotransformation chromatograms suggest that of the drug is undergoing
some form of degradation in culture medium after 12 days of incubation.
However, the presence of peaks 2 and 3 were detected only in the
biotransformation chromatogram, indicating the formation of two metabolites
more polar then AMB (peak 4), being that this characteristic is observed in
metabolites because they are more easily eliminated from the organism. The
structures of two metabolites (M2 and M3) were identified and proposed by
UHPLC-QTOF/MS and were deduced by comparing their spectroscopic data
with the AMB molecule, and other related metabolites reported earlier [11,13].

uvy
4
40000 |
3
\
30000 l
20000 \ \
s \ °
2
10000- J 1 \ N
_\\J\n‘/\ I‘v ]\ a
O,— — B e c
L s B B B L |
0.0 25 5.0 75 10.0 125 min

Figure 1: Representative LC-DAD chromatograms obtained from the analysis
of biotrasformation study by A.niger fungi. (a) Biotransformation medium; (b)
negative control and (c) blank. Peak numbers correspond to the suggested
chemical compounds. (1 and 5) degradation product; (2 and 3) metabolite; (4)
ambrisentan standard.

Through the use of UHPLC-QTOF/MS it was possible to identify of the
AMB and two possible metabolites. In Figure 2 and 3 it is probable to visualize
the chromatograms, mass spectrum (MS and MS/MS) and the proposed
structures of the AMB fragments.
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Figure 2. Mass spectrum of the AMB (m/z 379.1646 protonated and m/z
401.1465 sodium adduct), mass accuracy (err ppm), isotopic profile (mSigma:
values below 50 are accepted) and ring double bond equivalents (rdb).
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Figure 3. MS/MS of the AMB, mass accuracy (err

(rdb) of the AMB fragments.
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In the biotransformation medium it was possible to identify two

metabolites (M2 and M3). These two signals appear only in biotransformation

medium. With a 1.3 ppm error in mass accuracy, the suggested molecular

formula for M2 is CoH17N>O" (Fig 4).
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Ambrisentan (m/ )
Meas. m/z | Ilon Formula m/z err [ppm] | mSigma rdb e Conf | N-Rule
[AMB+H] | 379.1646 | C,H,N,0, |379.1652| 1.7 71 125 even ok
M2 3011339 | CuHN,0 |301.1335| -1.3 8.1 13.5 even ok

Figure 4: Proposed metabolic profile formation of M2 from AMB by A.niger
ATCC 9029, mass accuracy (err ppm), isotopic profile (mSigma: values below
50 are accepted) and ring double bond equivalents (rdb).

Probably M2 was obtained as result of decarboxylation and loss of
methoxy functional group of AMB molecule (Fig 4). The M2 presents a unit of
RDB (ring double bond equivalents) more than the AMB, this justifies the
additional double bond in the proposed chemical structure for the M2 (Fig 4). In
Figure 5 it is possible to visualize the mass spectrum (MS/MS) of the M2. This
proposed molecule is also mentioned in the works of Indian researchers
[11,14], which proposed the same molecular mass in mass spectroscopy as a
fragment of ambrisentan, while in our study the fungus was able to

biotransform AMB in this product under mild environmental conditions.
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Figure 5. MS/MS of the m/z 301.1339 (M2) for biotransformation medium,
signal m/z 74.0601 is noise).

The 1.1 ppm error for protonated ion and 0.8 ppm error for sodium
adduct ion, in mass accuracy, suggests the molecular formula for M3 is
C19H24N20: (Fig 6). Probably M3 was obtained as result of opening of the 4,6-
dimethylpyrimidine moiety and decarboxylation of AMB molecule (Fig 6). An
indication of this ring opening is in the formation of the sodium adduct.
According to Kruve et al. (2013) [15] it is possible the formation of sodium

adducts between the oxygen and nitrogen atoms.

CH; H+
.C;OJ O N%C"f’
- /J\
_—
A. niger 07 SNH NcH,
CH,4 H.c—0
O M3
Meas. m/z Ion Formula m/z err [ppm]| mSigma rdb ¢ Conf | N-Rule
[AMB+H]| 379.1646 C,H,,)N,0, 379.1652 1.7 7.1 12.5 even ok
[M3+H] | 313.1907 C H, N0, [313.1911 | 1.1 1.6 8.5 even ok
[M3+Na] | 335.1727 C,H,,N,NaO, 335.173 0.8 22 8.5 even ok
Fragment | 203.1178 C,H,;;N,O 203.1179 | 0.6 18.6 6.5 even ok

Figure 6. Proposed metabolic profile formation of M3 from AMB by A.niger
ATCC 9029, mass accuracy (err ppm), isotopic profile (mSigma: values below
50 are accepted) and ring double bond equivalents (rdb).

In Figure 7, it is demonstrated a proposition of the structure of the
adduct formed, as well as it is proposed a structure for the fragment of the M3

(Fig 8), resulting from a rearrangement in fragmentation. This metabolite is not
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described in studies of forced degradation and characterization of metabolites

in vitro or in vivo.
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Figure 7. Mass spectrum of the m/z 313.1909 (M3) for biotransformation
medium.
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Figure 8. MS/MS of the m/z 313.1909 (M3) for biotransformation medium.

Through this study is interesting to note the possibility to produce new
metabolites, not described in literature yet, when this drug is submitted under
these conditions with fungi. The use of microorganisms in a metabolism study
was intensified from the 70's when the Microbial Model of Animal Metabolism
was proposed by Smith and Rosazza (1983) [16]. Thereafter, both bacteria
and fungi are used to mimic the metabolism of xenobiotics in mammals.

The use of filamentous fungi for reactions catalysis is a promising
strategy for the large scale production of metabolites from a variety of drugs.
Through the optimization of biotransformation conditions such as: use of higher
substrate concentration and consequently increase of culture medium and cell

concentration, it is possible to obtain higher yields of the metabolites, may be
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cheaper, faster and more cost-effective compared to the use of animals, cell
culture or mammalian enzymatic systems [3].

Hussain et al. (2016) [17] conducted a study with the objective of
evaluating the biotransformation by A. niger ATCC 10549 fungus of the
anabolic-androgenic drug methenolone enanthate, which resulted in the
identification of 3 known and 3 new metabolites. In the same way, Sutherland
et al (2011) [18] carried out a study with the purpose of evaluating the
biotransformation of two structures quinazoline and phthalazine are found in
various pharmaceuticals and dyes by A. niger NRRL-599 fungus, which
resulted in the formation of two metabolites from quinazoline (2-quinazolinone
and 2,4-quinazolinedione) and one from phthalazine (1-phthalazinone).

Aspergillus species, as some other microorganisms, are capable of
mimicking human CYP450 metabolism of organic compounds. Thus, it plays
an important role in drug safety and efficacy studies using a green biomethod.

Biotransformation can be understood as the use of biological systems
for the synthesis of chemical compounds through biotechnological
methodologies [19]. As a model of biotransformation system, the use of
microorganism metabolism allows modifications of functional groups of
biologically active compounds that would generally only be possible through
conventional chemical reactions. Thus, the biotransformation studies are
applied in different areas such as biodegradation studies of pollutants in the
recovery of chemically compromised environments, synthesis of chemical
structures with pharmaceutical potential, and pharmacological studies of new
drugs [4,20,21].

4. Conclusions

In this paper, A. niger ATCC 9029 and P. mineoluteum were applied to
the biotransformation of ambrisentan. In summary, biotransformation of AMB
by A. niger ATCC 9029 was performed and two metabolites were identified by
a reliable and sensitive UHPLC-QTOF/MS method. The proposed structures

have been reported for the first time when applied to a biocatalysis study with
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filamentous fungi. Fungal biotransformation by Aspergillus niger is an efficient
and green way to obtain the proposed metabolites, considering that it
employed non-pathogenic soil microorganism and water as solvent for culture
media. Therefore, fungal transformation is a good alternative, since other semi
and synthetic methods use toxic and pollutant reagents and solvents.
However, when the P.mineoluuteum fungus was used under optimized study
conditions, it was not possible to observe the formation of signs of possible

metabolites.
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7. CAPITULO IV: Biotransformacdo da rifampicina através do fungo
Aspergillus niger ATCC 9029 e atividade antimicrobiana dos metabaolitos

propostos







7.1 Introducéao

Os microrganismos apresentam elevada capacidade de transformar
estruturalmente compostos organicos, permitindo assim que sejam utilizados
para inumeras aplicabilidades bioldgicas, sendo o modelo de biotransformagéo
de compostos organicos e os modelos de mimetizagdo do metabolismo
humano de farmacos bastante representativos. Somado a isso, a ideia da
“‘quimica verde”, ou seja, a producdo de moléculas de interesse farmacéutico
com reduzida geracdo de residuos téxicos, que sdo comuns na sintese
organica tradicional (ASHA e VIDYAVATHII, 2009; BORGES et al., 2007,
MURPHY; HORGAN, 2005; POLLARD e WOODLEY, 2007).

Os fungos filamentosos, como o Aspegillus, sédo utilizados na industria
farmacéutica e alimenticia, por apresentarem caracteristicas uteis e
vantajosas na producdo de diversos produtos e na biotransformacdo de
moléculas (MEYER; WU; RAM, 2011). Dentre as vantagens desta espécie
destacam-se a facil manipulacdo e rapido crescimento, capacidade de
fermentacdo de inUmeras matérias-primas com baixo custo e producao
elevada do produto de interesse (MURPHY e HORGAN, 2005).

O fungo Aspergillus niger tem sido estudo ha muitos anos, devido sua
capacidade de transformar moléculas. Como um organismo de fermentacéo é
economicamente importante para a producdo de acido citrico, apresentando
grandes rendimentos. E muito utilizado por crescer facilmente em qualquer
lugar, que apresente uma variedade de nutrientes demonstrando assim sua
grande versatilidade metabodlica e flexibilidade nutricional (MAGNUSON e
LASURE, 2004; BAKER, 2006).

Nesse contexto, este capitulo descreve o estudo da biotransformacao
da rifampicina através do fungo filamentoso Aspergillus niger ATCC 9029,
monitoramento do estudo através do CLAE-DAD e a identificacdo e elucidacéo
estrutural através de meétodos analiticos de alta sensibilidade. A atividade
antimicrobiana dos metabdlitos formados foi avaliada na amostra bruta para
verificar a concentracao inibitéria minima através do método padronizado pela

CLSI (Clinical and Laboratory Standards Institute).
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Abstract

Drug biotransformation studies appear as an alternative to pharmacological
investigations of metabolites, development of new drug candidates with
reduced investment and most efficient production. The objective of this study
was to evaluate the capacity of biotransformation of Rifampicin (RIF) by the
filamentous fungus Aspergillus niger ATCC 9029. After incubation for 312 h,
the drug was metabolized to two molecules: an isomer (m/z 455) and the
rifampicin quinone (m/z 821). The monitoring of metabolites formation was
performed by high-performance liquid chromatography (HPLC) and the
characterization done by UHPLC-QTOF/MS. In vitro antimicrobial activity of the
proposed metabolites was evaluated against S.aureus microorganisms,
resulting in loss of inhibitory activity when compared to the standards, with MIC
of 7.5 pg/mL. These results contribute to increase the knowledge of the

enzymatic system of the fungus Aspergillus niger.

Keywords: Aspergillus niger, biotransformation, rifampicin, metabolites,
antimicrobial activity.
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1. Introduction

Biotransformation had been an exciting area of research for decades,
and enzymes from various sources, that is, microorganisms, animal, and plant
cells, have been employed for carrying out reactions at chemically inaccessible
positions of organic compounds (ZAFAR et al., 2012). Cell suspension cultures
of plants have also been efficiently employed for the biotransformation of
organic compounds (SUTHERLAND et al., 2011).

The biotransformation process provides a number of advantages over
chemical synthesis. Therefore, biotransformation is a useful method for
production of novel compounds; enhancement in the productivity of a desired
compound; overcoming the problems associated with chemical analysis;
leading to basic information to elucidate the biosynthetic pathway (SURESH et
al., 2006). Microbial factories pose advantages such as rapid growth, low cost,
is an ecologically viable technique, convenient genetic manipulations, and with
optimization of the method can production high level on products
biotransformation, through a process known as “green chemistry” (SRISILAM,;
VEERESHAM, 2003; SURA et al., 2015).

Filamentous fungi are also considered promising as new biocatalysts,
especially when they involve chiral compounds, since many authors report
stereoselective reactions mediated by these microorganisms. These chemo-,
and stereoselective processes are very important in the synthesis of various
chemicals and pharmaceuticals (BORGES et al., 2009).

Fungi the genus Aspergillus, are capable of mimicking P450 reactions,
providing possible products of the metabolism, which is important in the
assessment of its efficacy and safety for the development of new drugs (LAMB
et al., 2013).

Rifampicin (RIF) is a bactericidal semisynthetic antibiotic derived from
rifamycin. It acts by stable binding to RNA polymerase, blocking the synthesis
of messenger RNA from mycobacteria. RIF, combined with other

antimicrobials, is considered a fundamental drug in the tuberculosis treatment
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regimen, and resistance to this drug requires more extensive pharmacological
therapy (BANG et al., 2006).

Considering the previous significant antimicrobial activities, the present
study has been undertaken to obtain rifampicin metabolites through microbial
biotransformation by Aspergillus niger and to evaluate the possible

antimicrobial activities of its biotransformation proposed metabolites.

2. Material and Methods

2.1 Chemicals

RIF (purity > 95%) was donated (Pernambuco Federal University,
Brazil). Dichloromethane was purchase from Dinamica (Diadema, Brazil) and
N,N-dimethylformamide bought from Labsynth (Diadema, S&o Paulo).
Methanol, acetonitrile, and ethanol of HPLC grade were purchased from Merck
(New Jersey, USA), Vetec (Sao Paulo, Brazil), and Panreac (Barcelona,
Spanish), respectively. Czapek-Dox broth and sabouraud dextrose agar were
obtained from Kasvi (Parana, Brazil). Water was purified by a Milli-Q system
Millipore (Molsheim, France). Luria Bertani (LB) medium obtained from Kasvi

(Parand, Brazil).

2.2 Microorganism

Aspergillus niger ATCC 9029 was donated of Departamento of
Microbiology of Hospital de Clinicas, Porto Alegre, Rio Grande do Sul, Brazil.
Stock cultures were cut in discs of 0.5 cm of diameter and maintained on
sterile sodium chloride 0.9% (w/v) at 5 °C and transferred every 6 months to
maintain viability. Staphylococus aureus ATCC 25923 was stored at -80 °C in
1% glycerol and maintained on Luria Bertani medium and transferred every 6

months to maintain viability.
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2.3 Biotransformation conditions and extractions of metabolites

Spore solutions of A. niger were prepared by growing the fungi for 3
days at 28 °C in tubes containing a Sabouraud dextrose agar. 100 mL of a
Czapek-Dox liquid medium (Sodium nitate 2.0 g L™, Magnesium Sulphate 0.5
g L™, Potassium Chloride 0.5 g L™, Di Potassium Phosphate 1.0 g L™, Ferrous
Sulfate 0.01 g L™, and Sucrose 30 g L™, pH 7.0), with 10° spores mL™ of strain
inoculated for 3 days at 28 °C in an orbital shaker (New Brunswick™
Innova® 2300) at 120 rpm. Then, the substrate (250 mg), which was previously
solved in N,N-dimethylformamide:ethanol (1:1 v/v) was added into each flask
to give the final RIF concentration of 500 pg mL™. The cultures were incubated
at 28 °C, shaking at 120 rpm, for 312 h. Samples (2 mL) of the liquid culture
were periodically withdrawn from each culture and frozen at -5 °C. The end of
the experiment the samples were thawed and extracted three times
successively with dichloromethane (4 mL). Each extract was separately
evaporated to dryness in exhaust hood at room temperature. The residues
obtained were dissolved in 2 mL acetonitrile:water (1:1), filtered and 25 pL
analyzed by liquid chromatography. Control flasks consisted of culture broth
without RIF (positive control: C+), only sterile medium with RIF (negative
control: C-), and culture broth (blank: B). Control flasks were included in the
HPLC and UHPLC-QTOF/MS analysis.

2.4 HPLC conditions

HPLC method was first development and the specificity was evaluated
against this complex matrix (A. niger), since in other studies our method had
already been validated according to international guidelines (data not shown).
Liquid chromatographic analyses were conducted in a Shimadzu LC-10A
system (Kyoto, Japan) equipped with an LC-20AT pump, SPD-20AV UV-VIS
variable wavelength detector, DGU-20A5 degasser, CBM-20A controller
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system, and SIL-20A injection valve with 100 uL loop. Phenomenex C18
column (5 pym, 250 mm x 4.6 mm i.d.) and C8 guard column (4 x 3.0 mm,;
Phenomenex, USA) were kept at 30 °C using a mobile phase consisting of a
mixture of ammonium acetate 0.01M, pH 4.0 and acetonitrile (50:50, v/v) at a
flow rate of 1.0 mL min™ with UV detection at 254 nm.

2.5 LC-QTOF/MS analysis

The structural elucidation of the metabolites formed was performed
through the UHPLC-QTOF/MS system, UHPLC (Shimadzu-Nexera x2)
equipped with a Shin-pack XR ODS Ill column (2.0 mm x 50 mm, 1.6 ym) from
Shimadzu coupled to the QTOF-MS mass analyzer (Impact Il, Bruker
Daltonics). The QTOF-MS system was equipped with an electrospray
ionization (ESI) source, operating in positive ionization mode. The mobile
phase consisted of acetonitrile and ammonium acetate 0,001M pH 4.0. The
operation parameters of ESI were the following: capillary voltage, 4000 V; end
plate offset, 500 V; nebulizer pressure, 4 bar (N2); drying gas, 0.28 L min~
(N2); and drying temperature, 200 °C. The QTOF-MS system was operating in
broadband collision-induced dissociation (bbCID) acquisition mode and
recorded spectra over the range m/z 50-1000 with a scan rate of 2 Hz. A
QTOF-MS external calibration was performed before each injection with a
sodium formate solution. Data treatments were processed with Data Analysis

4.2 Software.

2.5 Determination of Minimum Inhibitory Concentration (MIC)

The minimum inhibitory concentration evaluation was first performed on
the crude sample (BIO: RIF plus metabolites) in order to evaluate if there was
a decrease in the minimum inhibitory concentration. The protocol used was
based on the broth microdilution method which is recommended by CLSI
(Clinical Laboratory Standards Institute) adapted by the laboratory which did
the experiment (CLSI, 2012; OSTROSKY et al., 2008).
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Gram-positive bacteria Staphylococcus aureus ATCC 25923, obtained
from the American Type Culture Collection, was selected. The choice of this
microorganism was due to the fact that it is recommended by official guides for
conducting a microbiological study by agar diffusion to verify the
potency/activity of antibiotics (BRASIL, 2010).

The microorganisms, S. aureus, was stored at -80 °C in 1% glycerol
and maintained on Luria Bertani (LB - 10 g/L of tryptone, 5 g/L de yeast extract
5 g/L of NaCl). They were subcultured in Petri dishes prior to use for purity
check. The strains were previously grown in LB medium for24 hat36+1°C
in a bacteriological stove (J. PROLAB JP 101). After this period the bacterial
suspension corresponded to approximately 102 cells/mL.

The test consisted of serial microdilutions of standard RIF with LB broth
in 96-well ELISA microplates until the concentrations of 8, 4, 2, 1, 0.5, 0.25,
0.125, 0.065, 0.03125, 0.015625 pg /mL in triplicate. The concentrations
evaluated for the test sample started at 15 pg/mL and serial microdilutions
were performed up to a concentration of 0.014648 ug/mL, performed in
triplicate.

Then, 10 pl of bacteria were then inoculated, read (0 h) in ELISA
microplate reader (Bio Tek Instruments EL 800) and incubated for 24 h at 36 +
1 °C in a bacteriological stoven. After this period the microplate was read (24
h) in ELISA microplate reader and the difference in turbidity density caused by
microbial growth after 24 h was determined. MIC was defined as the lowest
concentration in pg/mL, capable of inhibiting microbial growth. As controls the
culture medium and the culture medium were evaluated with the bacterium in

order to monitor the growth/turbidity.

3. Results and Discussions

First microbial biotransformation of rifampicin with Aspergillus niger is
being reported here. This microorganism is a well-known filamentous fungus,
used in numerous biotechnological processes for biochemical

transformations of organic compounds, being considered an alternative
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method to mimic the metabolites found in mammals considered economically
viable. The fungus Aspergillus niger has already been used in some drug
biotransfomations with promising results (SUTHERLAND et al., 2011,
SEVERIANO et al.,, 2013; ARUDA et al.,, 2017). The study reported by
Hussain et al (2016), the fungus Aspergillus niger biotransformed of
methenolone enanthate in three new, and three known metabolites,
demonstrating that the fungus under study has great capacity of transformation

organic compounds.

3.1 High performance liquid chromatography of metabolites (HPLC)

After 312 h of the biotransformation process, the verification of the
presence of metabolites and Rifampicin in samples was done using HPLC-
PDA. The solvent system used was effective to separate RIF from the formed
signals, demonstrating the specificity of the method (Fig 1). According to
Figure 1 it is possible to visualize the drastic reduction of the area of the drug
signal in relation to the negative control submitted to the same extraction
process, thus representing RIF is consumed by the A. niger fungus.

Some more polar signals were detected in the chromatographic analysis
of the biotransformation medium, and may be considered possible metabolites,
but rifampicin may be metabolized in compounds that are not detected by the
chromatographic method with diode array detector (PDA). Therefore, UHPLC-
QTOF/MS analysis was performed with the purpose of identifying and
elucidating possible metabolites that are being formed due to a great reduction

of the concentration of rifampicin in the reaction medium.
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Figure 1. Representative HPLC-DAD chromatograms obtained from the
analysis of biotrasformation study. (a) negative control; (b) biotransformation
medium; (c) RIF quinone standard. Peak numbers correspond to chemical
compounds. (1) rifampicin; (2) degradation product; (3) RIF quinone. Graph
representative of consumption of RIF in 13 days of biotransformation study
compared with the negative control in the same conditions.

3.2 ldentification and characterization of rifampicin metabolites by UHPLC-
QTOF/MS

Due to the high sensitivity, selectivity and resolution, UHPLC-QTOF/MS
has become a predominant technique in bioassay and pharmacokinetic studies
in the identification of metabolites (HOLME et al., 2011). Therefore it is the
method of choice to propose RIF metabolites formed through the
biotransformation study with A.niger.

The compounds eluted at 0.7 (M1) and 1.0 min (M2) in UHPLC-
QTOF/MS (peaks 1 and 2, Fig 2) were only observed in the biotransformation
medium. They have more polar characteristics than the RIF (3.8 min) (Fig 2), in
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accordance to metabolites properties, since these become molecules with

such peculiarity to facilitate elimination by the organism.
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Figure 2: Representative chromatograms of the metabolites M1 and M2
formed in the RIF biotransformation medium with A.niger fungus. The
chromatogram below is a enlargement (zoom) of the observer signals from
above.

The M1 and M2 mass spectra showed [M+H]" ions at m/z 455.3116 for
both signals, therefore they have identical molecular formula of C,4H43N2Og, in
ESI positive mode. Their MS/MS spectra showed the same fragmentations,

indicating that they have the same structure, characteristic of isomers (Fig 3).
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Figure 3: Mass spectrum of the RIF metabolite with m/z 455.3116 (M1 and
M2) for biotransformation medium.

Structures of compound were deduced by comparing their spectroscopic
data with and related metabolites reported earlier (PRASAD; SINGH, 2009).
Probably M1 and M2 were obtained as result of loss of the piperazine ring and
the saturated aliphatic moiety, cleavage on the ketone ring and hydroxylation.
This metabolite is considered phase | reactions of the metabolism, in this way
the molecule becomes more polar and consequently easier to be eliminated by
the urine (Fig 4).
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Figure 4: Proposed chemical structure for metabolite M1 and M2, identified

from MS analysis of biotransformation with fungi A.niger ATCC 9029.

Another metabolite (M3) was identified as rifampicin quinone by

comparison of reports from the literature and analyzes of this same drug with

another fungus carried out by our research group (PRASAD; SINGH, 2009).

This product is formed through an oxidation reaction of the RIF, occurring the

loss of two hydrogen molecules when compared with the drug standard. The

formation of M3 was intense in biotransformation medium when compared to

the negative control (Fig 5), in this way it is probable that the fungus acts as a

catalyst in the reaction of degradation of the drug.

122



Rifampicin 823.4122 m/z [M+H] Rifampicin quinone 821.3978 m/z [M+H]

Intens.
x105

(1) BIO

08

06

044

@c-

024

00

T T = T 7 7 v v
0 1 2 3 4 5 Time [min]
l COH_06_03 D 1.2 01_1853d 8C 821 367820 01 ~All LS B0 _28 02_1.5 01 1654 d BC 821 367820 01 <Al WS

Intens. +MS, 2.7min H308
x10°
E 8213978

0384
064

04+
255.2193

1510965 509.4311

397.1510
I 783.3704
590603 tad oy - o d L e

Figure 5: Chemical structure of RIF quinone (M3) and mass spectrum (m/z
821.3978) in biotransformation medium.
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3.3 In vitro antimicrobial activity of metabolite

Rifampicin is a complex molecule macrolide antibiotic, obtained
commercially through the fermentation of Streptomyces mediterranei (ATCC
13685). RIF and proposed metabolites were evaluated for their antimicrobial
effect using the broth microdilution method recommended by the official organ,
which is considered a practical and fast method (MARTIN et al, 2005).

In order to evaluate if there would be an increase in the antimicrobial
activity of the metabolites formed in the biotransformation medium, rifampicin

was first quantified by the method developed and validated by HPLC (data not
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shown) in the biotransformation medium, and then dilutions were performed in
the same concentration as the standard to verify if there would be a decrease
in MIC with the presence of the metabolite. Controls of the broth sterility with
inoculum and only the broth were also performed.

When the standard was evaluated against the bacteria, the MIC was 4.0
pg/mL. When the experiment was carried out with the biotransformation
sample the MIC increased to 7.5 ug/mL. With these results, the isolation of the
metabolites was not performed, as the antimicrobial activity decreased. The
decrease in pharmacological activity after drug metabolism in human organism
is usually expected, as they make molecules more polar and consequently
more easily eliminated.

These results are interesting in studies on bioremediation, which is a
process that explores the metabolic properties of organisms to degrade
contaminants and recover chemically compromised environments (ILYINA et
al., 2003; SHERAFATMAND; NG, 2015). In this way, an area contaminated
with the antibiotic under study, which may come from industries or the post-
consumer society, can be treated through filamentous fungi, specifically A.
niger, which live part or all of their life cycle in the interior of plants without
causing apparent damage to the host, protecting the plant through the
production of alkaloids, enzymes, antibiotics under stress conditions
(AZEVEDO, 1999; AZEVEDO et al., 2000).

A. niger fungus is widely used in bioremediation of sites containing
polycyclic aromatic hydrocarbons, heavy metals, pesticides, and textile dye
effluents. It oxidizes indole to 3-hydroxyindole, later cleaving both benzo and
pyrrole rings (KAMATH; VAIDYANATHAN, 1990). Corroborating with reports in
the literature on the use of A. niger in the treatment of wastewater and have
shown wide application in recent years (Chao et al., 2019). Bioremediation is a
cost effective and nature friendly biotechnology that is powered by microbial

enzymes.
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4. Conclusions

In this paper, rifampcin was transformed to isomer metabolites and
rifampicin quinone metabolite by A.niger ATCC 9029. These metabolites M1
and M2 were firstly reported in literature and could be used as reference in
further study on mammalian metabolism of RIF. The proposed metabolites did
not present a reduction of the minimum inhibitory concentration against the
bacteria studied. The present study contributes to increase the knowledge of
the enzymatic system of the fungus Aspergillus niger and describes in an
unprecedented way the ability they present in biotransforming rifampicin. To
the best of our knowledge, our results provided a new biotechnological method
for the microbial production of compounds from Rifampicin reported for the first

time in this study.
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8. DISCUSSAO GERAL







A utilizagdo de microrganismos em estudo de metabolismo foi
intensificada a partir da década de 70 quando foi proposto o Modelo
Microbiano do Metabolismo Animal por Smith e Rosazza. A partir de entao,
tanto bactérias como fungos séo utilizados para mimetizar o metabolismo de
xenobioticos em mamiferos (SMITH e ROSAZZA, 1983)

A biotransformacgéo através de microrganismos € considerada uma
tecnologia economicamente e ecologicamente viavel, sendo muito utilizada
para realizar modificagdes estruturais de substancias bioativas, investigar o
metabolismo de farmacos como forma de mimetizar o metabolismo humano,
eliminar e reduzir a toxicidade de compostos. Além de ser empregada de
maneira alternativa e complementar no estudo do metabolismo de farmacos,
visto que nao requer uso de animais de laboratério, as culturas sédo de facil
manuseio e baixo custo (ASHA e VIDYAVATHII, 2009; AZERAD, 2009).

Para tanto, o presente trabalho visou estudar a biotransformacgéo de
dois farmacos, ambrisentana e rifampicina através de fungos filamentosos, o0s
guais ndo havia relatos na literatura referente a esses estudos. Em relacédo a
escolha dos fungos utilizados foi devido apresentarem embasamento cientifico
gue apresentam capacidade de biotransformar compostos organicos , e
expressam enzimas iguais aos seres humanos, desta forma esses mimetizam
0 que ocorre no organizamos humano, sendo um método alternativo para
estudos de metabolismo de novas moléculas.

No primeiro capitulo foi desenvolvido e validado um método analitico
para quantificacdo da ambrisentana e identificacdo dos possiveis metabdlitos
formados. Este método foi aplicado no estudo de biotransformacao utilizando
o fungo filamentoso Cuninghamella elegans ATCC 9245. O desenvolvimento
microbiolégico requer um ambiente com condi¢des adequadas, portanto o
estudo foi otimizado em relagcdo a pH do meio reacional, meio de cultura
(Czapek e caldo batata), concentracdo do farmaco adicionado no meio e
agitacao.

A condicao estatica ndo proporciona o desenvolvimento de metabdlitos
no meio reacional, por este motivo optou-se por utilizar a condicdo de

agitacdo. O pH do meio foi definido em 6 para evitar a degradacdo do
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farmaco, por ocorrer em condi¢Bes acidas. Optou-se pela utilizacdo do meio
de cultivo Czapek liquido, por ser um meio amplamente utilizado em estudo de
biotransformacao, interferir menos na analise cromatografica, por viabilizar a
biotransformacgéao por C. elegans, e apresenta em sua formulagdo macro e
micronutrientes (sodio, potdssio, magnésio e ferro) importantes para o
metabolismo fungico proporcionando um desenvolvimento adequado. Apos
esta etapa, foi realizada a biotransformacdo e monitorada por CLAE-DAD.
Observou-se a formacdo de dois sinais cromatograficos sugestivos de
metabolitos do farmaco em estudo. A validagdo do método bioanalitico para a
ambrisentana assegurou a confiabilidade e credibilidade do método
bioanalitico desenvolvido neste estudo, conforme guias normativas de
validacdo (BRASIL., 2003; FDA, 2013).

Posteriormente as amostras foram analisadas em UHPLC-QTOF/MS
com a finalidade de identificar os sinais formados. E ferramenta analitica que
permite que substancias quimicas possam ser identificadas de acordo com
suas razbes massa-carga (m/z), fornecendo o valor do seu ion molecular e
seus fragmentos moleculares (HOFFMANN; STROOBANT, 2007).

Foi possivel elucidar um metabdlito ainda ndo relatado na literatura,
ambrisentana conjugada com uma molécula de glicose, ambrisentana-
glicosideo. O fungo em estudo apresentou a capacidade de gerar metabdlitos
de fase Il de biotransformacdo em humanos de forma economicamente e
ecologicamente viavel. Contudo as informacdes apresentadas neste capitulo
representam o primeiro relato de uma biotransformacdo da ambrisentana cm o
fungo Cunninghamella elegans ATCC 9245.

Posteriormente, no segundo capitulo, visou-se a realizacdo do estudo
de biotransformacao da Rifampicina com o mesmo fungo (C. elegans ATCC
9245). A rifampicina é um farmaco semissintético, utilizado em esquema
terapéutico padronizado com outros farmacos com duracdo de 6 meses para
combater a tuberculose (ARBEX et al., 2010).

Desta forma, neste capitulo realizou-se a otimizacdo do estudo atraves
do ajuste da concentracao do inoculo e no caldo Czapek (100 e 50%), a fim de

verificar o aumento da formacao de possiveis metabdlitos e a capacidade do
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fungo em estudo a biotransformar o farmaco. Na literatura ndo foram
encontrados estudos que padronizam o indculo do microrganismo utilizado na
biotransformacao. Porém, com o objetivo de acompanhar a metabolizacdo do
farmaco e permitir uma perspectiva transposicdo de escala considerou-se
necessario que a quantidade de células incubadas fosse padronizada.

Entretanto, observou-se que nédo houve diferenca em relagédo a novos
sinais formados somente uma maior intensidade do sinal cromatografico.
Optou-se entdo por utilizar meio Czapek diluido a 50% e o inéculo 10*°
UFM/mL, pois um ambiente de estresse microbiolégico dado pela reduzida
disponibilidade de fonte de carbono para o desenvolvimento fungico propicia o
consumo de substancias exégenas ao meio. Desta forma, o consumo e
metabolizacdo de farmacos pelos fungos se tornam favoravel.

Foi observada a formacéo de picos atribuidos a degradacéo do farmaco
em meio Czapek em maior concentracdo no meio reacional do que no controle
negativo, isso pode indicar que o fungo esteja atuando como catalisador na
degradacéao do farmaco. Esta reacdo consiste na oxidacado da rifampicina com
consequente perda de dois hidrogénios formando a rifampicina quinona, uma
reacdo ja relatada e conhecida na literatura (PRASAD; SINGH, 2009) a qual
ocorre devido a presenca de oxigénio e favorecida em pH alcalino (7,5). Foi
possivel identificar e elucidar essa estrutura molecular através da analise das
amostras por UHPLC-QTOF/MS.

No meio reacional na presenca do fungo foi observada uma reducao
drastica da concentracdo da RIF, desta forma poderia estar formando sinais
nao detectados no CLAE-DAD, portanto foi feita uma analise minuciosa no
UHPLC-QTOF/MS, a fim de encontrar possiveis metabdlitos. Observou-se
entdo a formacdo de mais um sinal detectado somente no meio de
biotransformagéo, sendo assim indicativo de processo metabodlico. O
composto apresentou massa molecular de 452.3217 m/z. Este metabdlito foi
proposto baseado em estudo relatado na literatura (PRASAD; SINGH, 2009).
Os autores sugerem uma forma mono-oxigenada da rifampicina, a qual € uma
sugestdo de metabdlito, provavelmente responsavel pela reducdo da

polaridade da molécula.
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No intuito de avaliar a biotransformacdo com diferentes fungos
filamentosos que apresentam relatos na literatura de sua capacidade de
metabolizar compostos, estudou-se a biotransformacdo ambrisentana com om
fungo Penicillium mineoluteum URM 6889 e Aspergillus niger ATCC 9029.

Conforme pesquisa bibliogréfica realizada, Tai e colaboradores (2016)
realizaram estudo de biotransformacao com o Penicillium digitatum DSM 6284,
gue apresentou a capacidade de transformar (R)-(+)-limonene em a-terpineol.
Demyttenaere e colaboradores (2000) utilizaram o fungo Penicillium
chrysogenum, que apresentou capacidade de biotransformar nerol em a-
terpineol e outros compostos ndo identificados. N&o hé relatos na literatura de
biotransformacdo dos farmacos em estudos utilizando o fungo Penicillium
mineoluteum.

Em relagdo ao fungo A.niger existem inumeros relatos de estudos de
biotransformacdo com moléculas organicas obtendo grande quantidade de
metabdlitos. Severiano et al. (2013) estudaram a biotransformacdo de
diterpeno (acido ent-pimaradienoico) e obtiveram um composto ja conhecido e
trés novos compostos, os quais foram isolados e identificados através de
analises espectroscépicos e estudos computacionais. Em outro estudo
Hussain e colaboradores (2016) estudaram a transformacdo de enantato de
metenolona, um anabolizante androgénico utilizado no tratamento do
carcinoma de mama pOs-menopausa, através do fungo A.niger, foi possivel a
identificacdo de trés moléculas novas e trés ja relatadas na literatura.

Desta forma, o terceiro capitulo relata o estudo de biotransformacéo da
AMB com o fungo A.niger ATCC 9029 e P.mineolluteum URM 6889. O estudo
in vitro foi realizado através da incubacdo da AMB em meio Czapek sobre
condi¢des controladas ja pré-estabelecidas nos estudos anteriores com este
mesmo farmaco (temperatura, agitacdo e inoculo) a fim de favorecer a
formacao de metabdlitos.

A biotransformacdo com o fungo A. niger apresentou resultados
promissores. Apds 240h de experimento as amostras foram extraidas e
avalias em HPLC-DAD, observou-se a formacao de dois sinais adicionais mais

polares que o farmaco, somente no meio de biotransformacdo (quando
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comparado com 0s controles), sugestivo de metabdlitos. Essas amostras
foram entdo analisadas em UHPLC-QTOF/MS com a finalidade de elucidar as
estruturas quimicas. Desta forma, foi possivel propor dois metabdlitos
formados um com 301.1339 m/z (M2) e outro 313.1907 m/z (M3). O M2 tem
sua estrutura relatada em estudos como uma fragmentacdo da molécula da
AMB (Ramisetti; Kuntamukkala, 2014; Rani et al, 2018),) enquanto que o M3 é
uma estrutura ainda ndo relatada na literatura. Desta forma o trabalho
demonstra a capacidade do fungo em metabolizar o farmaco em estudo,
através de uma técnica economicamente e ecologicamente viavel.

Por outro lado, quando realizado o estudo com o fungo P.
mineolluteum nao foi observado sinais sugestivos de metabdlitos quando
comparado com os controles, e também nédo se observou reducdo da
concentracdo do farmaco. Este fungo apresentou grande dificuldade de
crescimento e desta forma o estudo teve que ser adaptado.

Ainda no intuito de avaliar a biotransformacao através do fungo A.niger,
0 capitulo quatro apresenta os resultados da biocatélise da rifampicina através
deste ultimo fungo. O estudo foi realizado utilizando caldo Cezapek, sob
agitagdo de 120 rpm e temperatura mantida a 28 °C, condi¢bes iguais as
otimizadas no primeiro capitulo. As amostras foram coletadas congeladas e
apo6s 312 horas de incubacédo foram analisadas em CLAE-DAD. Observou-se
decaimento significativo na concentragdo da rifampicina em meio de
biotransformacdo comparado ao controle negativo (farmaco e meio de
cultura). Foram observados sinais adicionais em menos intensidade, desta
forma essas amostras foram analisadas em UHPLC-QTOF/MS a fim de
detectar e identificar possiveis metabdlitos.

Com isso, foi possivel observar a formagdo de trés metabolitos, dois
ainda nao relatados na literatura e um ja relatado (rifampicina quinona: 821
m/z) o qual foi também observado em nosso experimento com o fungo C.
elegans.

Os metabolitos identificados como isdbmeros, apresentaram idéntica
massa carga (455.3116) e mesmo padrao de fragmentacéo, indicando dessa

forma que sdo estruturas idénticas. Sua estrutura foi elucidada baseada em
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um artigo publicado por PRASAD e SINGH (2009) ocorrendo perda do anel
piperazina, clivagem e hidroxilagdo da molécula, tornando-a mais polar, sendo
caracteristico de metabalito.

A rifampicina quinona, considerada um metabdlito de fase |, por sofrer
reacdo de oxidacdo da molécula, e também um produto de degradacao, foi
observada na analise por CLAE-DAD, quando comparada a anélise do meio
de biotransformac&o com o padréo da rifampicina quinona e posteriormente foi
confirmada através da elucidacao estrutural pelo UHLPC-QTOF/MS.

Ainda neste ultimo capitulo foi avaliada a atividade antimicrobiana dos
metabdlitos formados, foi realizada com a amostra bruta, ou seja, 0s
metabdlitos ndo foram isolados, pois antes de realizar esta etapa seria
importante verificar se a amostra bruta apresentaria reducdo da concentracao
inibitéria  minima quando comparada com o padrdo da rifampicina. O
experimento foi realizado através de um método padronizado resultando em
aumento da CIM, consequentemente os metabdlitos ndo foram isolados. Esse
resultando é relevando quando biorremediacéo, o qual € o uso de processos
biol6gicos para degradar, transformar e/ou remover contaminantes de uma

matriz ambiental, como agua ou solo.
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Figura 8: Estruturas elucidadas através dos estudos de biotransformacéo da

ambrisentana com o fungo Cuninghamella elegans ATCCC 9245 e Aspergillus
niger ATCC 9029, pela técnica por UHPLC-QTOF/MS.
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Figura 9: Estruturas elucidadas através dos estudos de biotransformacao da

rifampicina com o fungo Cuninghamella elegans ATCCC 9245 e Aspergillus
niger ATCC 9029, pela técnica por UHPLC-QTOF/MS.
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Para finalizar, este é o primeiro estudo que relata a biotransformacéo
dos farmacos ambrisentana e rifampicina empregando fungos filamentosos.
Os resultados apresentados contribuem para ampliar o conhecimento de
biotransformagé&o por fungos filamentosos de farmacos de diferentes classes.
Portanto, as informag0es aqui prestadas podem ser usadas pra identificacéo e
isolamento de novos metabodlitos a serem empregados em estudos
farmacoldgicos e toxicolégicos, bem como para mimetizar os estudos de

biotransformac¢do em mamiferos.



9. CONCLUSOES







Para realizacédo do estudo de biotransformacéo da Ambrisentana com o
fungo Cunninghamella elegans ATCC 9245, foi necessario otimizar as
condi¢cles de biotransformacéo quanto aos parametros de agitacdo, pH
do meio reacional, concentracao final do farmaco, composi¢cdo do meio
de cultura, a fim de obter meio reacional 6timo para a formacédo de
metabdlitos;

A validacdo do método bioanalitico para a ambrisentana assegurou a
confiabilidade e credibilidade do método bioanalitico desenvolvido neste
estudo para quantificar a ambrisentana e acompanhar a formacédo dos
metabdlitos, conforme guias normativas de validacéo bioanalitica;

No experimento da biotransformacdo da ambrisentana com o fungo
Cunninghamella elegans ATCC 9245, foi possivel detectar a formacéo
de um metabdlito apds 240 horas de incubagdo. O metabdlito formado
foi identificado como um glicosideo de ambrisentana;

A biotransformacdo com o fungo Cunninghamella elegans ATCC 9245
foi aplicada para o farmaco Rifampicina. Foram mantidas as condi¢des
otimizadas para o farmaco Ambrisentana, porém a concentracdo de
in6culo foi alterada, o qual apresentou resultados positivos quando foi
utilizou concentracdo 10*° UFM/mL;

O método bioanalitico foi validado para o estudo de biotransformacao
da rifampicina o qual se apresentou especifico, sensivel, preciso e
robusto para quantificar o farmaco e acompanhar a formacdo dos
metabalitos;

Foram identificados dois sinais formados no meio de biotransformacao
com o fungo C. elegans e rifampicina sendo considerados possiveis
metabdlitos. Rifampicina quinona, foi identificada quando realizada
analise em UHPLC-QTOF-MS, a qual, além de um metabdlito, pode ser
considerada produto de degradacao, por ser facilmente formada em
meio aquoso. O segundo metabdlito proposto apresentou caracteristica
de menor polaridade que a rifampicina. Desta forma, através de

142



embasamento da literatura, sugere-se que seja uma forma mono-
oxigenada da rifampicina.

A biotransformacdo do farmaco Ambrisentana empregando o fungo
Aspergillus niger ATCC 9029 resultou na formacéao de dois compostos
mais polares que o farmaco, sugestivos de metabdlitos nas condicdes
estudadas. Estes foram propostos através da técnica UHPLC-
QTOF/MS, indicando a ocorréncia de reacbes de descarboxilacédo
caracterizando reacao de fase | do metabolismo;

Quando submetida ambrisentana ao estudo de transformacédo com o
fungo filamentoso Penicillium mineoluteum, ndo se observou formacéo
de sinais adicionais quando comparado com os controles;

A rifampicina foi submetida ao estudo de biotransformacdo com o fungo
A.niger ATCC 9029. Apo6s 312 horas de estudo o farmaco foi
consumido em grande quantidade pelo fungo. Apés este tempo, foi
observado formacéo de alguns sinais adicionais no CLAE-DAD, quando
comparados os resultados analiticos do controle negativo com o0 meio
de biotransformacéo, apdés as amostras foram avaliadas em UHLPC-
QTOF/MS;

Foram identificados dois metabdlitos, a rifampicina quinona, metabdlito
ja conhecido e considerado também um produto de degradacao, e o
outro um isémero da rifampicina;

A avaliacdo da atividade antimicrobiana foi realizada com a amostra
bruta, ou seja, com os metabdlitos formados juntos com a rifampicina
em menor concentracdo, e observou-se um aumento da concentragéo
inibitéria minima, consequentemente, perda da atividade.

Os resultados apresentados nesse estudo contribuem para ampliar o
conhecimento de biotransformacdo por fungos filamentosos de

farmacos de diferentes classes
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11. ANEXOS







11.1 Ambrisentana: validacdo da metodologia bioanalitica desenvolvida por
CLAE-DAD
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Figure 10: Cromatogramas representativos da avaliagcdo da especificidade do
método bioanalitico. (a) biotransformacdo da ambrisentana através da
Cuninghamella elegans ATCC9245 apds 240 h de incubacao; (b) meio Czapek
esterilizado mais AMB (c) meio de cultura na presenca do fungo (d) meio de
cultura.

A linearidade do método foi verificada por meio de regresséo linear da
area do padrao da AMB versus as concentracdes nominais da AMB. O método
foi linear no intervalo de concentracdo de 300-1000 pug/mL. De acordo com 0s
dados obtidos da ANOVA, é possivel garantir uma regressao linear significativa
(Fcalculado = 6711,94 >> Fcritico = 5,06) sem desvio da linearidade (Fcalculado
= 0,189 <Fcritico = 5,41).

O efeito matriz foi investigado comparando a inclinacdo da curva de
calibracdo dos padrdoes RIF em solucdo com as matrizes. Os efeitos da matriz
para o RIF foram de 13,39%. Os efeitos da matriz foram considerados baixos
para uma faixa entre -20% <C% <-20% ou 20%> C%> 50% e alta para as faixas
C% <-50% ou C%> 50% (Niessen et al ., 2006). Estes dados indicam que o AMB
exibiu baixo efeito de matriz.

Os limites de deteccdo e quantificacdo foram de 0,06 e 0,21 pg/mL,
respectivamente. A precisdo e exatiddo do método foram avaliadas em termos
de recuperagcédo de AMB do meio de cultura (n = 3) (Tabela 1). Estes resultados
mostram que o método € preciso e preciso dentro dos limites apropriados para

validagcéao analitica.
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Tabela 1: Precisdo e exatiddo do método para quantificacdo da AMB em meio
de cultura Czapek.

Dia 1 Dia 2 Dia 3
Concentracdo Concentracao DPR Concentracdo DPR Concentracdo DPR DPR
(Mg/mL) recuperada intra- recuperada intra recuperada intra- inter-
dia -dia dia dia
300 279,02 5,49 269,69 6,63 276,93 3,86 5,42
600 579,41 3,37 561,19 1,87 573,29 1,54 2,68
900 884,30 0,53 877,68 1,25 893,27 1,25 1,26

RSD (%); Recovery (ug/mL)

Tabela 2: Parametros alterados para verificar a robustez do método proposto.

A . Concentragéo
Parametros Fator cauda Tempo de retengdo Pratos tedricos
AMB (pg/mL)
_ Variagéo _ Variagéo _ Variagéo _ Variagéo
Medida Medida Medida Medida
(%) (%) (%) (%)
Inicial 1,23 - 5,78 - 10214 - 552,66 -
% organico (+) 1,26 2,44 5,2 10,03 9967 2,42 558,84 1,12
% organico (-) 1,22 0,81 6,21 7,44 10686 4,62 550,44 0,40
Fluxo (+) 1,23 - 4,64 19,72 7915 22,51 551,26 0,25
Fluxo (-) 1,24 0,81 7,53 30,28 11584 13,41 551,77 0,16
Coluna 1,33 8,13 5,96 3,11 10776 5,50 549,60 0,55
cromatografica
(Phenomenex)

% organico: porcentagem de solvent organico alterada (+):duas unidades acima da
condicao normal; (-): duas unidades abaixo da condicdo normal.
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Tabela 3: Avaliacdo da estabilidade da AMB em meio Czapek-Dox quando
submetida a condicbes de congelamento e descongelamento.

Analito Ambrisentana

Concentragdo da amostra 621

Estabilidade
Ciclos de congelamento e
descongelamento (n = 4)

Extracdo apds congelamento

573,57
Concentracéo
Precisao 3,01
Exatidao 95,59
Extragdo antes do congelamento
Concentracédo 537,01
Precisao 2,38
Exatidao 89,50
Temperatura ambiente por 12h
(n=4)
Concentracédo 569,53
Precisao 2,04
Exatidao 94,92

Concentracao (ug/mL), Precisdo (DPR %), Exatidao (% recuperacao).

11.2 Rifampicina: validacdo da metodologia bioanalitica desenvolvida por
CLAE-DAD

A seletividade do método foi confirmada através da analise cromatografica
das amostras do meio de cultura Czapek com RIF, meio de cultura com o fungo
C. elegans ATCC 9245 e somente o meio de cultura. Foi observado que ndo ha
picos interferentes nos mesmos tempos de retencédo do analito. Esta informagé&o

foi confirmada pela pureza do pico cromatografico da rifampicina (Figura 9).

A linearidade do método foi avaliada através de sete concentracdes (30,0
— 300,0 pg/mL). O coeficiente de correlacao (r) encontrado foi superior a 0,9989,
mostrando ndo haver falta de ajuste para o método desenvolvido. Os dados

analiticos foram analisados por meio de ANOVA que demonstrou uma regressao
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linear significativa (Fcalculado = 1647,30 >> Fcritico = 4,06) e nenhum desvio
significativo da linearidade (Fcalculado = 0,33 <Fcritico = 2.96). Durante o
desenvolvimento de método bioanalitico € necessario considerar o efeito das
matrizes envolvidas. O efeito matriz foi investigado comparando a inclinacéo da
curva de calibracdo dos padrbes RIF em solucdo com as matrizes. Os efeitos da
matriz para o RIF foram de 11,57%. Os efeitos da matriz foram considerados
baixos para uma faixa entre -20% <C% <-20% ou 20%> C%> 50% e alta para as
faixas C% <-50% ou C%> 50% (Niessen et al., 2006). Estes dados indicam que

0 RIF exibiu baixo efeito de matriz.
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Figura 11: Cromatograma da especificidade do método (A) Biotransformacédo da
RIF através do fungo C.elegas ATCC 9245 ap6s 120 h de incubacéo; (B) meio
de cultura na presenca do fungo (C) meio de cultura Czapek-Dox.
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Tabela 4: Precisdo e exatiddo do método para quantificacdo da RIF em meio de

cultura Czapek.

Dia 1 Dia 2 Dia 3
Concentragdo Concentragd DPR Concentragd DPR  Concentragd DPR DPR
(Mg/mL) o] intra- o recuperada intra- o recuperada intra- inter-
recuperada dia dia dia dia
100 86.95 1.88 85.39 0.81 87.83 0.87 1.29
200 258.57 2.75 261,19 2.34 244.11 2.05 2.75
300 301.43 2.99 378.65 0.77 359.38 4.70 4.02

Tabela 5: Avaliagdo da estabilidade da RIF em meio Czapek-Dox quando
submetida a condi¢cdes de congelamento e descongelamento.

Analito Rifampicin
Concentragdo da amostra
478,32
Estabilidade
Ciclos de congelamento e
descongelamento (n = 4)
Extracdo ap6s congelamento
469,08
Concentracdo
Preciséo 3,42
Exatidao 98.07
Extracdo antes do congelamento
Concentracdo 393,47
Precisdo 9,03
Exatiddo 82,26
Temperatura ambiente por 12h
(n=4)
Concentracdo 443,68
Precisao 2,57
Exatiddo 92,63
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Pareto Chart of the Standardized Effects Pareto Chart of the Standardized Effects

(response is Tail factor: a = 0.05) (response is Retention time: a = 0.05)
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Figura 12: Grafico de Pareto representando os efeitos das variaveis no ensaio
de robustez do método desenvolvido por CLAE-DAD usando o design de
Plackett-Burman.
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