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RESUMO
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O ditelureto de difenila (PhTe), € um composto organico de tellrio, com propriedades
anti e pro-oxidantes, as quais sdo dose-dependente. Estudos em diferentes modelos
demonstraram seu potencial citotdxico, mutagénico, genotdxico, neurotdxico e
teratogénico, tendo 0 mecanismo de acgdo toxicoldgica associado a capacidade de reagir
com grupos tiol de moléculas biologicamente relevantes. Compostos de tellrio sdo
nocivos a microrganismos, isso em decorréncia da geracdo de espécies reativas de
oxigénio, que levam ao estresse oxidativo. Em microrganismo como a Escherichia coli
0 aumento das espécies reativas de oxigénio (ERO) desencadeia uma resposta ao
estresse oxidativo que ativa os sistemas de defesas antioxidantes regulado pelos agentes
transcricionais OxyR, que regula a expressdo de genes induziveis por perdxido de
hidrogénio H,0, e SoxS que regula o sistema de transcri¢cdo que responde as espécies
geradoras de superoxido. O objetivo central deste estudo foi avaliar os mecanismos
moleculares de toxicidade do (PhTe),, em células de Escherichia coli (DE3)RIL, e
investigar o efeito antimicrobiano do (PhTe),, através de modelo alternativo de infeccdo
bacteriana por Escherichia coli em Drosophila melanogaster. No artigo 1,
demonstramos que a exposicdo de cepas Escherichia coli ao (PhTe), causou efeitos
toxicoldgicos, aumentando os niveis de espécies reativas, da peroxidacdo lipidica e
carbonilacéo de proteina e a redugédo dos niveis de tiois ndo proteicos, nas concentragdes
de 6, 12 e 24ug/ml. A atividade de enzimas antioxidantes catalase (CAT) e superoxido
dismutase (SOD), foram aumentadas nas concentragfes de 12 e 24ug/ml, ja na
concentracdo de 6ug/ml, apenas a enzima SOD, teve alteracdo de sua atividade. A
analise da expressdo génica, demonstrou a ativacdo positiva dos reguladores de resposta
ao estresse oxidativo soxS e oxyR e 0s genes de resposta antioxidante gnd, katG, sodA e
sodB, ocorreu na concentracdo mais alta (24pg/ml), ja nas concentragdes de 6 e
12pg/ml a expressdo foi suprimida ou permaneceu na linha de base. Associamos seu
potencial toxicolégico, ou parte deste, a oxidacdo de grupos tiol e a formacdo de
espécies reativas, demonstrando por meio da modulacéo dos reguladores soxS e oxyR e
dos genes de resposta antioxidante gnd, katG, sodA e sodB, a resposta ao estresse
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causado por sua exposicdo. Tendo em vista o potencial toxicologico do (PhTe), em
cepas de Escherichia coli, no manuscrito 1, buscamos avaliar o efeito antimicrobiano do
composto (PhTe),, através do uso de modelo de infeccdo por de Escherichia coli em
Drosophila melanogaster. Os achados deste estudo demonstram que o (PhTe), € seguro
para o uso em modelo de infeccdo, foi determinada a seguranca do composto atraves da
concentracdo letal LCso= 44,12uM para o tempo méximo de exposicdo de 48 horas,
avaliou-se se 0 composto alterava o comportamento das moscas através dos testes de
geotaxia negativa e campos aberto, como resultado observou-se que o (PhTe), néo
alterou o comportamento das moscas. Apds avaliar a seguranca do composto no
modelo, determinou-se a concentra¢do de 10 uM, como a concentracdo a ser utilizada
na avaliacdo microbioldgica, e a exposicdo maxima de 48 horas. Para determinar o
potencial antimicrobiano do composto em modelo de infec¢do bacteriana, utilizou-se o
modelo de infeccdo oral, onde moscas axénicas foram criadas em ambiente asséptico, e
expostas por um periodo de 18- 24 horas. A exposi¢do a bactéria se deu por via oral,
onde as moscas apés um periodo de fome, obtiveram como fonte de alimento apenas
solucdo bacteriana pelo tempo de 24 horas, ap6s este periodo os grupos de tratamento
foram expostos ao (PhTe), na concentragdo de 10 uM. Os resultados da avaliacéo
microbioldgica, foram obtidos ap6s os tempos de 0, 3, 6, 12, 24 e 48 horas, estes
resultados demostraram que o composto é capaz de reduzir significativamente as taxas
de contaminacdo bacteriana, quando comparamos com as moscas que apenas foram
expostas a infeccdo oral. Este estudo elucidou o mecanismo toxicoldgico do (PhTe), em
cepas de Escherichia coli, e demonstrou seu potencial antimicrobiano do composto
frente a um modelo alternativo de infeccdo oral de Drosophila melanogaster por
Escherichia coli.

Palavras — chaves: teltrio, (PhTe),, microrganismos, antimicrobiano, Drosophila

melanogaster ,0xyR, SOXS



ABSTRACT
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Molecular mechanisms of diphenyl ditelluride (PhTe), toxicity in Escherichia coli

strains and antimicrobial potential in a model of infection in Dosophila melanogaster

Author: Franciane Cabral Pinheiro
Advisor: Dré, Marina Prigol

Co-supervisor: Dr. Arnaldo Zaha

Site and Date of Defence: Itaqui, september 16th, 2020.

Diphenyl ditelluride (PhTe), is a dose-dependent organic tellurium compound with anti-
and pro-oxidant properties. Studies have demonstrated its cytotoxic, mutagenic,
genotoxic, neurotoxic and teratogenic potential, in different models, with the
toxicological mechanism of action associated with the ability to react with thiol groups
of biologically relevant molecules. Tellurium compounds are harmful to
microorganisms, due to the generation of reactive oxygen species, which lead to
oxidative stress. In microorganisms such as Escherichia coli, the increase in reactive
oxygen species (ROS) trigger responses to oxidative stress that activate antioxidant
defense systems regulated by transcriptional agents OxyR, which regulates the
expression of genes inducible by hydrogen peroxide H,O, and SoxS o which regulates
the transcriptional system that responds to superoxide-generating species. The aim of
this study was to evaluate the molecular mechanisms of (PhTe), toxicity in Escherichia
coli (DE3)RIL cells, and to investigate the antimicrobial effect of (PhTe), through an
alternative model of bacterial infection by Escherichia coli in Drosophila melanogaster.
In article 1, we demonstrated that the exposure of Escherichia coli strains to (PhTe),
caused toxicological effects, increasing the levels of reactive species, lipid peroxidation
and protein carbonylation and the reduction of non-protein thiols levels, in
concentrations of 6, 12 and 24pg/ml. The activity of antioxidant enzymes catalase
(CAT) and superoxide dismutase (SOD) were increased at concentrations of 12 and
24ug/ml, while at a concentration of 6ug/ml, only the SOD enzyme had an alteration in
its activity. Gene expression analysis demonstrated positive activation of the oxidative
stress response regulators soxS and oxyR and the antioxidant response genes gnd, katG,
sodA and sodB, occurring at the highest concentration (24ug/ml), already at
concentrations of 6 and 12ug/ml expression was suppressed or remained at baseline. We
associate its toxicological potential, or part of it, to the oxidation of thiol groups and the
formation of reactive species, demonstrating through the modulation of the soxS and
oxyR regulators and the antioxidant response genes gnd, katG, sodA and sodB, the
response to the stress caused for its exposure. In view of the toxicological potential of
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(PhTe), in Escherichia coli strains, in manuscript 1, we sought to evaluate the
antimicrobial effect of the compound (PhTe),, using a model of oral infection by
Escherichia coli in Drosophila melanogaster. Our findings demonstrated that (PhTe); is
safe for use in an infection model. Of the flies through the negative geotaxis test and
open fields, as a result we observed that (PhTe), did not change the behavior of the
flies. After evaluating the safety of the compound in the model, we determined the
concentration of 10 pM, as the concentration to be used in the microbiological
evaluation, and the maximum exposure of 48 hours. To determine the antimicrobial
potential of the compound in a bacterial infection model, we used the oral infection
model, where axenic flies were reared in an aseptic environment, and exposed for a
period of 18-24 hours. Exposure to the bacteria was given orally, after a starvation
period, the flies were offered only a bacterial solution as a food source for 24 hours,
after which the treatment groups were exposed to the compound. The results of the
microbiological evaluation were obtained after the times of 0, 3, 6, 12, 24 and 48 hours,
these results demonstrated that the compound is able to significantly reduce the rates of
bacterial contamination, when compared with the flies that were only exposed to oral
infection. This study elucidated the toxicological mechanism of (PhTe), in Escherichia
coli strains, and demonstrated its antimicrobial potential of the compound against an
alternative model of oral infection of Drosophila melanogaster by Escherichia coli.

Keywords: tellurium, (PhTe);, microorganisms, antimicrobial, Drosophila

melanogaster oxyR, soxS
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APRESENTACAO

Este documento é requisito parcial para a obtencdo do titulo de Doutor em
Bioquimica pelo Programa de Pds-Graduagdo em Bioquimica, e segue as
recomendacdes do Manual de Dissertacdes e Teses (MDT), da Universidade Federal do
Pampa (UNIPAPA), do ano de 2022. O presente estudo busca avaliar os mecanismos
moleculares de toxicidade do (PhTe),, em células de Escherichia coli (DE3)RIL, e
investigar o efeito antimicrobiano do (PhTe),, através de modelo alternativo de infeccao
bacteriana por Escherichia coli em Drosophila melanogaster. Este estudo é conduzido
baseado em observacgdes coletadas na literatura cientifica e ensaios prévios do grupo de
pesquisa situado no Laboratério de Avaliagdes Farmacoldgicas e Toxicoldgicas
Aplicadas as Moléculas Bioativas, prédio dos laboratorios, sala 504, da UNIPAMPA/
Campus Itaqui, local onde a investigacdo foi desenvolvida e a maioria dos ensaios
realizados. O trabalho aqui apresentado encontra-se dividido em dois tdpicos, onde o
primeiro elucidou os mecanismos moleculares envolvidos na reposta de cepas de
Escherichia coli ao estresse oxidativo decorrente da exposicdo ao (PhTe),, avaliando
seu efeito toxicoldgicos sobre microrganismos. Esses dados estdo disponiveis na forma
de artigo cientifico na revista Toxicology in vitro (Elsevier), com fator de impacto
3.685 e classificacdo B1 (area Ciéncias Bioldgicas Il) da plataforma Qualis Capes
(avaliagdo 2013-2016). A segunda parte deste estudo encontra-se na forma de
manuscrito cientifico estando a ser submetido a revista Applied and Environmental
Microbiology. Na segunda fase do estudo, objetivou-se avaliar o potencial efeito
antimicrobiano do (PhTe),, em um modelo alternativo de infeccdo oral por Escherichia
coli em Drosophila melanogaster, esta segunda fase demonstrou que o composto alvo
deste estudo tem efeito antimicrobiano, sem causar danos ao modelo de estudo. Desta
forma ao final deste estudo podemos caracterizar o0 mecanismo de ac¢do do (PhTe), em

cepas de Escherichia coli e sua aplicabilidade como potencial agente antimicrobiano.
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1. INTRODUCAO

O ditelureto de difenila (PhTe), é um composto solido, ndo volatil, hidrofébico,
simples e estavel, usado como um intermediario importante e versatil na sintese
organica (Jorge et al, 2014). Ao considerar a exposi¢cdo humana e ambiental, a LDs é
baixa em comparacdo com outros contaminantes ecologicos (Pinton et al., 2011).
Estudos de toxicologia com diferentes modelos, entre eles, células humanas, como
eritrocitos e leucdcitos (Caeran Bueno et al., 2013; Schiar et al., 2009),células V79,
cepas da levedura Saccharomyces cerevisiae e cepas de Salmonella typhimurium
(Degrandi et al., 2010; Jorge et al., 2015) e modelo mais complexos com camundongos
e ratos (Heimfarth et al., 2017, 2012; Meinerz et al., 2014; Nogueira et al., 2001; Puntel
et al., 2013; Roman et al., 2007), o (PhTe), demonstrou potencial citotoxico,
mutagénico, genotoxicidade, neurotoxicidade e teratogénico. A toxicidade desse
composto esta associada a capacidade de reagir com grupos tiol de moléculas
biologicamente relevantes, como proteinas e enzimas (Meinerz et al., 2014; Puntel et
al., 2013).

Em contraste com esses efeitos tdxicos, estudos tém mostrado que (PhTe), em
baixas concentracfes é capaz de prevenir o estresse oxidativo induzido por diversos
agentes oxidantes (Hassan et al, 2008). E notavel que (PhTe), tem uma ampla utilidade
devido ao seu potencial antioxidante, que estd associado a capacidade de mimetizar a
atividade enzimatica da glutationa peroxidase (GPx) (Bortoli et al., 2019).

Em estudos pds-exposicdo a oxianions de teldrio e outras formas de teldrio
em bactérias como Escherichia coli, Pseudomonas pseudoalcaligenes e Rhodobacter
capsulatus (Tantalea’n et al., 2003; Tremaroli et al., 2007, 2009; Borsetti et al., 2005,
Pinheiro et al, 2018), estas formas de teltrio levam a um estado de estresse oxidativo,
elevando os niveis de espécies reativas de oxigénio (ERO), como resultado desta
elevacdo os radiais de oxigénio afetam macromoléculas e vias metabdlicas (Arenas et
al., 2014). Os efeitos adversos de ERO em cepas Escherichia coli incluem o aumento da
peroxidacdo lipidica que resulta na geracdo de aldeidos de cadeia curta toxicos
altamente reativos, além disto, 0 aumento das espécies reativas de oxigénio pode causar
estresse oxidativo e levar a oxidacao do tiol, esta acdo tem multiplos efeitos danosos nas

macromoléculas celulares. As respostas ao estresse oxidativo coordenadas por
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reguladores especificos garantem a sobrevivéncia bacteriana durante a exposi¢do a ERO
(Chiang e Schellhorn, 2012).

Microrganismos como a Escherichia coli possuem mecanismos capazes de
protegé-los do estresse ambiental. Esses sistemas de defesa antioxidante sdo bem
caracterizados, o regulador transcricional OxyR regula a expressdo de genes indutiveis
para H,O, que codificam enzimas conhecidas por participarem da resposta bacteriana ao
estresse oxidativo, como katG (peroxidase 1 de hidrogénio), gorA (glutationa redutase)
e outras (Zheng et al., 2001; Zheng e Storz, 1998). Ja o regulador transcricional o Soxs,
por outro lado, regula o sistema de transcricdo que responde as espécies geradoras de
superdxido (Storz e Imlay, 1999).

A industria farmacéutica e médica desde 2015 enfrentam um dos maiores
problemas de saude mundiais, ano que a Organizacdo Mundial da Saude (OMS)
declarou 0 aumento da resisténcia antimicrobiana por bactérias patogénicas, tornando
estudos nesta linha uma prioridades (Gonzélez, A-S et al., 2021). A cada ano os estudos
vém buscando o desenvolvimento de novos farmacos antibidticos, porém, este processo
sofreu uma desaceleracdo associado a um retorno muito baixo sobre os altos
investimentos, por exemplo, a desisténcia da transi¢do in vitro para in vivo em fases pré-
clinicas (Bram Van den Bergh, 2022). A busca por medicamentos antimicrobianos tem
se concentrado na compreensdo das interacdes hospedeiro-patdgeno na célula e os
mecanismos a nivel molecular para identificar vias importantes para a infeccdo e
progresséo da doenca, e 0 uso de modelos alternativos com a Drosophila melanogaster
tem crescido, por ser mais rapido e de baixo custo, e efetivo para a avaliacdo da
interacdo farmaco-hospedeiro (Chamilos, Samonis e Kontoyiannis, 2011).

Com base em outros estudos de exposi¢do de microrganismos ao telrio e outras
formas de tellrio, que apontam os efeitos toxicologicos deste tipo de composto, sobre
bactérias, este trabalho busca avaliar se estes efeitos sdo observados na exposicdo de
cepas de Escherichia coli ao (PhTe),, elucidando o mecanismo de acédo, através da
modulacdo da expressdo génica, de genes envolvidos na resposta ao estresse oxidativo.

O (PhTe), é conhecido por ser dose dependente, e em uma segunda fase deste
estudo buscou-se demonstrar sua dualidade, ou seja, que em concentracGes seguras pode
ter potencial antimicrobiano sem causar danos ao individuo infectado através de modelo

alternativo de infeccdo bacteriana em Drosophila melanogaster.
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2. REFERENCIAL TEORICO

2.1 Ditelureto de difenila: historico e aplicacbes

No ano de 1782, Franz-Joseph Mueller Von Reichenstein, durante estudos com
minérios contendo ouro nas minas hangaras, descobriu um novo elemento, chamando
entdo de Teldrio, que deriva da palavra latina tellus, que significa "Terra" (BA et
al.,2010). A descoberta inicial ndo foi tanto a determinagdo de um novo elemento, mas
a exclusdo de alternativas ja existentes (Chasteen et al., 2009)

Figura 1 - Elemento TelUrio

Te

Teldrio
127.6

Fonte: Arquivo proprio

O teldrio (Te) (Fig.1) pertencente a0 mesmo grupo na tabela periddica que o
oxigénio (O), enxofre (S), selénio (Se) e poldnio (Po), ou seja, grupo 16 ou familia dos
calcogénios, possui propriedades quimicas e fisicas caracteristicas deste grupo. Embora
esse grupo inclua elementos biogquimicos essenciais, como o Se, O e S, o Te
propriamente dito ndo apresenta papel biolégico até o presente momento (Arenas et al.,
2014; Diaz-Vasquez et al., 2014).

Como séo caracteristicos da maioria dos metaloides, os oxianions telario séo
relativamente estadveis no ambiente, 0 Te existe em forma elementar e em formas
oxidadas, sendo o telurito a mais abundante, ja o telureto com sua baixa solubilidade é
limitando a uma concentracdo em aguas biosféricas (Elias et al., 2015; Matharu et al.,
2018).

O teltrio com suas propriedades unicas de metaloide possui diversas utilidades
na industria (Ogra, 2017; Turner et al., 1999), particularmente n&o é tdxico e radioativo,
ao contrario desta afirmativa, a quimica do teldrio € rica em substancias inorganicas e
organicas, 0 que possibilita uma ampla variedade de compostos organotellricos, com as

mais diversas perspectivas farmacoldgicas e toxicologicas (Ba et al., 2010; Pessoa-

17



Pureur et al., 2014). Os usos do teldrio e seus derivados sdo amplos e contemplam as

mais variadas areas, na medicina e sintese organica de novos compostos (Figura 2).

Figura 2 - Esquema de aplica¢des do telurio
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Fonte: Arquivo préprio

O uso do teldrio no tratamento de infecgdes microbianas é datada desde 1926
anterior a descoberta de farmacos com propriedades antibioticas, Alexandre Fleming
relatou as propriedades antibacterianas do TeOs> e no ano de 1984 surgiu como
potencial agente antisséptico de glébulos vermelhos no tratamento de anemia falciforme
(Diaz-Vasquez et al.,, 2015). No ano de 1988 farmacos contendo telurio foram
apresentados como imunomoduladores, sendo propostos como agentes de tratamento
para Sindrome de Imunedeficiente Adquirida - AIDS (Cunha et al., 2009).
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De uma perspectiva farmacologica, o telirio e seus compostos possuem uma
gama de propriedades Unicas que embora pouco exploradas podem fornecer inovacao e
desenvolvimento de medicamentos no futuro, uma vez que muitos estudos com
compostos organicos de telurio demostram claramente que estes, sdo agentes
potencialmente farmacolégicos (Ba et al., 2010).

Os compostos organicos de teltrio sdo sintetizados desde 1840, seu uso no
passado era limitado porém tornaram-se promissores para inumeras aplicacbes nas
ltimas décadas, as evidéncias tém sido acumuladas com avaliacdes farmacologicas
promissoras  destes agentes lhes conferem as seguintes propriedades:
imunomoduladores, antioxidante, anticancer e anti-inflamatério (Degrandi et al., 2010).
Apesar do uso crescente desta classe de compostos na quimica e campos bioquimicos,
tem havido pouca preocupacdo com sua toxicidade uma vez que estes compostos podem
ser toxicos para alguns organismos dependendo da dose de concentracdo aplicada,
consequentemente € importante melhorar nosso entendimento sobre as propriedades
toxicoldgicas destes compostos (Jorge et al., 2015).

Compostos organicos de teltrio possuem estruturas que facilmente introduzem
uma vasta variedade de substratos organicos esta propriedade confere a aplicacdo destes
em inimeras sinteses organicas tornando-os atrativos devido as reacdes serem quimio-
eletro seletivas (Nogueira et al., 2004; Zeni et al., 2000). Estudos tém demonstrado
tanto os efeitos benéficos desta classe de compostos, como seus efeitos potencialmente

téxicos, como demostrado na tabela 1.
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Tabela 1. Estudos de efeitos toxicologicos e farmacologicos de compostos organicos de teltrio

Estudo Autores Principal resultado | Ano

[)_larJI _teluretos,cqmo inibidores da peroxidacéo lipidica em sistemas Andersson et al. Antioxidante 1994
bioldgicos e quimicos
Comp_osto§ _otggnotelurlcos como retardadores eficientes da Engman et al. Antioxiante 1995
peroxidacdo lipidica em metanol
Compostos organ_otelurlcos s,oluvels em agua inibem a tiorredoxina Engman et al. Anticancer 2000
redutase e o crescimento de células cancerosas humanas
Compostos _or.ga}notell_mCOSN soluvgls em agua: protecéo catalitica Jacob et al. Antioxidante 2000
contra peroxinitrito e liberacdo de zinco da metalotioneina
Dlsse!ene_to de _dlfgnlla e (PhTe), afetam o sistema glutamatérgico de Nogueiraa et al. Toxicidade 2001
ratos in vitro e in vivo
Tiorredoxina redutase e inibicdo do crescimento de células cancerosas Antioxidante

o 3 Engman et al A 2003
por antioxidantes organotel(ricos Anticancer
Dietil 2/-fem|-2 tc_elurofepl_l vinilfosfonato: Um  composto Avila et al. Toxicidade 2006
organotelurico com baixa toxicidade
Efeito do (EhTe)z no desenvolylmento embrionario / fetal em Roman et al. Toxicidade 2006
camundongos: diferencas entre espécies
Efel'Fos do tratamentolln vivo com (Ph‘!’e)z na fosforilacdo de proteinas Heimfartha et al. Neurotoxicidade 2007
do citoesqueleto no cortex cerebral e hipocampo de ratos

- - A Eluza Curte Stangherlin, Jodo Batista
@) (PhTe,)g _prejudlca a memoria de curto prazo e altera os parametros Teixeira Rocha e Cristina Wayne | Toxicidade 2009
neurogquimicos em ratos jovens :
Nogueira

Hemodlise de eritrocitos humanos induzida por compostos de selénio e
teltrio aumentada por GSH ou glicose: Um possivel envolvimento de | Schiar et al. Toxicidade 2009
espécies reativas de oxigénio
Avaliagéo da} citotoxicidade, _ger)oFoxwldade e mutagenicidade do Degrandi et al. Citotoxicidade 2010
(PhTe), em diversos modelos biologicos
Comparagdo das propriedades antioxidantes e da toxicidade de p, p’- | Simone Pinton, Cristiane Luchese e | Toxicidade 2010
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diclorodifenil ditelureto com o composto original (PhTe),

Cristina W. Nogueira

Uma possivel acdo neuroprotetora de um telureto vinilico contra a | 7. . Atividade

" : ) Avila et al. 2010
neurotoxicidade induzida por Mn neuroprotetora
pomp_ostos de organotelurio e organosse_lenlo atenuam a t_oxmdade Avila et al Anti-envelhecimento | 2012
induzida por Mn em C. elegans ao prevenir o estresse oxidativo
O tratamento in vivo com (PhTe), induz neurodegeneracdo no corpo . -
estriado de ratos jovens: implicagdes das vias MAPK e Akt Heimfartha et al. Neurotoxicidade 2012
In_|b|(;ao (_1e_ comp_lexos da cadeia deA transferenma de elétrons Puntel et al. Toxicidade 2013
mitocondriais por diferentes organocalcogénios
Avaliacéo de citotoxicidade e genotoxicidade de organocalcogénicos
em leucdcitos humanos: um estudo comparativo entre Ebselen, difenil | Bueno et al. Genotoxicidade 2013
disseleneto e (PhTe),
Mecanismos de sinalizacdo e citoesqueleto interrompido | Regina Pessoa-Pureur, Luana Neurotoxicidade 2014
neurotoxicidade do (PhTe),. Heimfarth e Jodo B. Rocha '
Parada e elpoptose (_jo_ c_|c!0 celular !ndu2|da por ditelureto de difenila: | Jorge et al Citotoxicidade 2014
uma relacdo com a inibicdo da topoisomerase |
Genotoxicidade diferencial do disseleneto de difenila (PhSe), e do | Meinerz et al Genotoxicidade 2014
(PhTe),
Ir_1teragao astrocito-neurdénio na toxicidade de (PhTe), direcionada ao Heimfartha et al. Neurotoxicidade 2017
citoesqueleto

Trindade et al . 2019

(PhTe),: propriedades moduladoras de redox e antiproliferativas

Citotoxicos
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O (PhTe), (Figura 3), € um exemplo de composto organico de tellrio,
caracterizado como um composto solido, ndo volatil, hidrofébico e entre os compostos
de ditelureto de diarila é o mais simples, sendo utilizado como intermediario na sintese
orgdnica e um potencial prototipo para o desenvolvimento de novas moléculas
biologicamente ativas (Degrandi et al., 2010; Heimfarth et al., 2017).

Figura 3 - Estrutura molecular do (PhTe),

Te<
Te

Fonte: Arquivo préprio

O (PhTe), tem sido objeto de varios estudos sobre seu potencial farmacoldgico e
toxicoldgico como demonstrado na figura 4, em estudos farmacolégicos o (PhTe), tem
a capacidade de prevenir o estresse oxidativo induzido por varios agentes oxidantes
(Degrandi et al., 2010b), estudos apontam que o (PhTe), demostra ter propriedades
anticonvulsivante, antioxidante, neuroprotetora, antifingica e antiproliferativa (Brito et
al., 2009; Cunha et al., 2009; Ibrahim et al., 2012; Rossato et al., 2002; Rosseti et al.,
2011).

Figura 4. Esquema potenciais farmacologicos e toxicoldgicos do (PhTe),
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Fonte: Arquivo préprio
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Em contraste ao potencial farmacoldgico estudos apontam efeito toxicolégico do
composto em diferentes modelos. Efeitos genotoxico, citotoxico e mutagénico foram
avaliados em ensaios com leucécitos humanos, leveduras Saccharomyces cerevisiae,
cepas de Salmonella typhimurium e células V79 (Caeran Bueno et al., 2013; Degrandi et
al., 2010; Jorge et al., 2015). Estudos com camundongos apos a exposicdo ao (PhTe),
demonstrou aumento na frequéncia de micronucleos o que indica potencial mutagénico,
além de causar genotoxicidade, sendo associado aos efeitos pro-oxidantes deste
composto (Meinerz et al., 2014).

Em pesquisa que avaliou a atividade dos complexos mitocondriais (I, 11, 1-111, 11-
Il e IV) de figado e rim de ratos, o (PhTe), inibiu os complexos mitocondriais | e 11,
tanto no rim como no figado, enquanto os complexos Il e 1V foram pouco modificados,
sendo considerado que esta disfuncdo mitocondrial pode ser considerada um fator
importante na toxicidade (Puntel et al., 2013a). Em estudos in vivo ap6s uma exposi¢ao
aguda em ratos, demonstrou afetar de maneira complexa o sistema glutamatérgico
(Nogueira et al., 2001).

Em estudos de exposicdo materna em camundongos e ratos o (PhTe),
demonstrou ser teratogénico, causando vérias anormalidades morfologicas em fetos de
camundongos durante o desenvolvimento (Roman et al., 2007; Stangherlin et al., 2009),
em estudos de exposicdo em ratos ao (PhTe), foi demonstrado seu potencial

neurotoxico e de disfuncdes citoesqueléticas (Heimfarth et al., 2017, 2012, 2008).

Figura 5 - Esquema do mecanismo toxicoldgico e farmacol6gico do composto
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W2 Antioxidante
RSSR
RSH RSSR ADP*

PhTeOH &—————— PhTe h*—= PhTe
N €

ROH ROOH y

Fonte: Arquivo proprio, adaptado de Trindade et al., 2019
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A literatura demonstra que o (PhTe), pode ter tanto efeito toxicoldégico como
farmacologico, ou seja, ter atividade antioxidante ou pro-oxidante (Figura 5). Sua
atividade antioxidante é atribuida a sua semelhanca a glutationa peroxidase, e ao fato de
fazer parte de uma classe de compostos que podem ser substrato da tiorredoxina
redutase em mamiferos, esta classe de compostos tem sua atividade antioxidante ligada
a mudanca no estado de oxidacdo do atomo de Te (Te(l)M Te(IV). Enquanto seu
potencial toxicoldgico associa-se em parte a capacidade desta classe de composto
promover a oxidagdo excessiva de grupamentos tiois (Puntel et al., 2013a; Trindade et
al., 2019).

Diante de estudos que apontam diferentes formas de telirio como agente toxico
para microrganismo, estudos que utilizam a Escherichia coli sdo em geral usados como
bactéria modelo para definir fabricas de células microbianas para muitos produtos e para
investigar mecanismos de regulacdo (Wang et al., 2021).

2.2 Estudos de novos farmacos antimicrobianos

Estimativas de 2019 apontam que 1,27 milhdes de individuos morreram em
decorréncia da resisténcia a antibioticos, dentre os patdgenos resistentes destacam-se
seis patdgenos que foram os principais responsaveis por mais de 250.000 mortes
associadas a resisténcia antibiética, Escherichia coli, Staphylococcus aureus, Klebsiella
pneumoniae, Streptococcus pneumoniae, Acinetobacter baumannii e Pseudomonas
aeruginosa, por ordem do numero de @bitos. Para Obitos atribuiveis a resisténcia
antibidtica a bactéria Escherichia coli foi responsavel pela maioria das mortes em 2019,
seguido por Klebsiella pneumoniae, Staphylococcus aureus, Acinetobacter baumannii,
Streptococcus pneumoniae e Mycobacterium tuberculosis, como demostrado no grafico
da figura 6 (Murray et al, 2022).
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Mortes (contadas)

Figura 6 - Grafico de mortes em decorréncia da resisténcia a antibioticos, no ano de 2019.
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Fonte: Arquivo préprio. Adaptado de Murray et al, (2022)
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O surgimento de resisténcia antimicrobiana (RAM) em patdgenos bacterianos
representa um problema de ameaca a salde global, estudos demostram que o estado
metabolico das bactérias esta associado a uma serie de mecanismos genéticos e
fenotipicos de resisténcia, esses processos podem ser direcionados com o objetivo de
ressensibilizar patdgenos aos tratamentos com antibidtico. A analise abrangente do
metabolismo microbiano relacionado a RAM, o que pode facilitar a descoberta de novos
alvos de drogas e estratégias de tratamento. Pode-se observar na figura 7, uma viséo
geral do metabolismo bacteriano frente a acdo de drogas antimicrobianas e mecanismos
de resisténcia (Kok et al,022).

Figura 7 - Visdo geral esquematica dos papéis do metabolismo bacteriano na acéo
de drogas antimicrobianas e mecanismos de resisténcia.
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Fonte: Arquivo proéprio, adaptado de Kok et al., (2022)

O uso em ampla escala de antibi6ticos tornou-se cada vez mais comum na
pratica médica, sendo usados tanto como medidas preventivas ou como agentes
terapéuticos quando individuos sofrem de infeccBes bacterianas, aumentando a
expectativa de vida e qualidade durante o século 20. Uma decorréncia deste uso de certo
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modo abusivo é o aumento da ineficiéncia dos antibidticos e 0 aumento da resisténcia
bacteriana (Pinheiro et al., 2018; Chen et.al; 2021; Bram Van den Bergh, 2022)

A resisténcia bacteriana a antimicrobianos é a capacidade que as bactérias
desenvolveram de resistir a acdo dos antibioticos, isto devido ao desenvolvimento de
mecanismos de adaptacédo e de resisténcia. A selecéo artificial em ritmo acelerado de
bactérias contra antibidticos comuns levou ao surgimento de cepas bacterianas
altamente resistentes que potencialmente tornam uma grande variedade de antibioticos
clinicamente ineficazes. A resisténcia de patdgenos entéricos aos antibioticos atuais esta
aumentando em todo o mundo, com isso 0 surgimento de 'superbactérias’, incluindo
Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter
baumannii, Pseudomonas aeruginosa e Enterobacter spp (Zhang et al,2021).

No passado, o desenvolvimento de novos farmacos antibioticos mantinha-se a
frente do surgimento e disseminacdo da resisténcia, porém, este processo sofreu uma
desaceleracdo associado a um retorno muito baixo sobre os altos investimentos, por
exemplo, de desisténcias na transi¢do in vitro para in vivo em fases pré-clinicas (Bram
Van den Bergh, 2022). Em esforcos mais recentes na busca de medicamentos
antimicrobianos, estas tém se concentrado na compreensdo das interagdes hospedeiro-
patdgeno na célula e niveis moleculares para identificar vias importantes para a infeccao
e progressao da doenca (Chamilos, Samonis e Kontoyiannis, 2011).

Estudos ja demonstraram que as principais classes de antibidticos bactericidas,
independentemente de suas interagcdes droga-alvo, induzem a morte celular através de
dano oxidativo em bactérias, levando a producdo de espécies reativas de oxigénio,
através da interrupcao do ciclo do acido tricarboxilico e cadeia de transporte de elétrons
(Kalghatgi, S et al., 201

2.3  Resposta bacteriana ao estresse oxidativo

Em organismos mais simples, como as bactérias 0 aumento na producdo de
espécies reativas durante o estresse oxidativo leva a oxidacdo dos tiois, entre outros
efeitos. Alguns desses tidis fazem parte de proteinas celulares como o regulador
transcricionais OxyR e SoxRS, que sdo altamente relevantes ao estresse oxidativo
bacteriano e também no estresse gerado por metais toxicos (Chasteen et al., 2009; Pérez
et al., 2007).
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As bactérias, em condigdes aerdbicas, passam por um processo de estresse
oxidativo através da formacdo de espécies reativas de oxigénio que podem danificar
suas estruturas celulares, o que inclui aglomerados de ferro-enxofre, cisteina e residuos
de proteina metionina e DNA. As espécies reativas de oxigénio sdo um subproduto
inevitavel da exposicéo e utilizagdo do oxigénio, dentro da célula bacteriana. Pode-se
citar o radical superéxido (O,") e o peréxido de hidrogénio (H,O), produzidos quando
cofatores sofrem auto-oxidacdo, que reagem com moléculas de Oj; a hidroxila
altamente reativa (OH’) que forma-se a partir da reacdo do perdxido de hidrogénio com
O, ndo incorporado do ferro pela Reagdo de Fenton, e os reativos de 6xido nitrico. Para
garantir sobrevivéncia de organismos em condic¢des aerdbicas, as bactérias evoluiram o
sistema de respostas ao estresse oxidativo (Chiang and Schellhorn, 2012; Cabiscol et al,
2000).

Em respostas ao estresse oxidativo, os dois principais reguladores transcricionais
(OxyR e SoxRS) sdo ativados pelas bactérias (Imlay, 2013; Imaly, 2008). A Escherichia
coli possui este mesmo sistema de regulacdo, e em condicdo normal de crescimento, o
regulador transcricional SoxR é produzido em uma forma inativada (reduzida), mas
quando exposto a superdxido ou farmacos de ciclo redox é ativado, como observado na
figura 8. O regulador transcricional OxyR é ativado principalmente pelo H;O,,
aumentando a transcricdo de um conjunto de genes que aumenta a resisténcia ao

perdxido de hidrogénio (Baez and Shiloach, 2013).

Figura 8 - Esquema de oxidacéo / reducéo dos principais reguladores do estresse
oxidativo de Escherichia coli, OxyR e SoxR
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Fonte: Arquivo préprio, adaptado de Ching e Schellhorn, 2012.
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Em Escherichia coli ambos os fatores de transcricdo SoxRS e OxyR atuam de
formas distintas, enquanto o SoxRS ativa a resposta a producdo de superdxido e seus
radicais, detoxificando por acdo da superdxido dismutase (SOD), o fator OxyRS regula a
expressao de varios genes induziveis de perdxido de hidrogénio que codificam enzimas
que participam da resposta bacteriana ao estresse oxidativo podemos citar como
exemplo a hidroperoxidase |, alquil-hidroperoxido redutase, glutationa redutase,
glutaredoxina 1, tiorredoxina-2, entre outras (Brynildsen et al., 2013; Chasteen et al.,
2009). Na Escherichia coli os niveis de EROs sdo controlados pelas enzimas
antioxidantes SOD, que atua convertendo 02 em H,0,, e a catalase (CAT) que é
responsavel pela converséo de H,0, em H,O (Choi et al., 2015).

A inducdo dos genes reguladores da resposta ao estresse oxidativo e
demonstrado na figura 9, como oxyR e SoxRS juntamente com aqueles que codificam
catalase (katA, katG), superdxido dismutase (sodA, sodB, sodC), fumarase C (fumC),
aconitase A (acnA), aldeido redutase YghD (yghD) e glutationa peroxidase (btuE), ja
foram obreservados em estudos de um grupo de pesquisa no Chile que observou em
seus estudos de exposicdo de cepas de Escherichia coli ao telurito, esta resposta aos

reguladores do estresse oxidativo (Diaz-Vasquez et al., 2014).

Figura 9 - Modelo mostrando dano induzido por telurito a Escherichia coli, com
énfase na regulagéo positiva dos reguladores OxyR e SoxRS,
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Fonte: Arquivo prdprio, adaptado de Vasquez-Diaz et al., (2013)

INT

29



2.4 Estresse Oxidativo, dano oxidativo e defesas antioxidantes

Conceitualmente o estresse oxidativo é definido como uma producéo excessiva
de espécies oxigenadas reativas que ndo pode ser neutralizada pela acdo de
antioxidantes, mas também como uma perturbacéo do equilibrio redox celular (Pisoschi
and Pop, 2015). A producédo de EROs incluem radicais anions superoxido, peroxido de
hidrogénio e radical hidroxila (Pinheiro et al., 2018). Quimicamente, os radicais livres
sdo atomos, moléculas ou ions que apresentam um elétron desemparelhado, reativo e
instavel, o qual, para alcancar a estabilidade, tende a se ligar a outro elétron (Martindale
and Holbrook, 2002).

O estresse oxidativo emerge de uma geracdo de espécies reativas de
oxigénio/espécie reativa de nitrogénio aprimorada ou de uma deterioracdo da
capacidade protetora antioxidante, em 1991 foi descrito por Sies como “um disturbio no
equilibrio entre pro-oxidante e antioxidante em favor das espécies oxidantes, levando a

potenciais danos”, como demonstrado na figura 10.

Figura 10 - Demonstracao do equilibrio redox na célula
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Agentes
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1
Equilibrio
Redox

Fonte: Arquivo proprio.

O desequilibrio entre as espécies oxidantes e o sistema de defesa antioxidante

pode desencadear fatores especificos responsaveis pelo dano oxidativo, o0 aumento na
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taxa de producdo de peréxido de hidrogénio (H,0,), superéxido (O%) e hidroxila (OH *)
estdo entre os agentes mais comuns que danificam estruturas celulares, como a
expressao de genes, geracdo de compostos mutagénicos, promocao de atividade
aterogénica, ocorréncia de placa senil ou inflamagdo, ao mesmo tempo em que atacam
essencialmente todas as macromoléculas celulares, incluindo DNA, RNA, proteinas e
lipidios o que pode levar ao surgimento de céncer, neurodegeneragdo, doencas
cardiovasculares, diabetes, doencas renais (Pisoschi and Pop, 2015).

A fim de compensar o desiquilibrio redox os seres vivos ao longo do processo
evolutivo foram capazes de desenvolver e aprimorar mecanismos protetores contra o
estresse oxidativo e os danos decorrentes deste desequilibrio, que sdo as conhecidas
defesas antioxidantes, compreendendo diversos mecanismos detoxificantes, entre eles
pode-se citar a prevencdo e o reparo, onde estdo incluidos o sistema de defesa
enzimatico e o ndo enzimatico (Kashmiri and Mankar, 2014).

Para proteger-se, sistema de defesa das células podem atuar em duas linhas:
como detoxificador de agente antes que ele cause danos, isso através da atividade das
enzimas glutationa reduzida (GSH), SOD, CAT, GPx e da vitamina E, e através da
funcdo de reparacdo dos danos ocorridos, mediado pelo acido ascorbico, pela GSH e pela
GPx (Ferreira e Matsubara, 1997). As enzimas CAT e SOD reagem com oxidantes
prejudiciais e converte-os em produtos inofensivos a funcdo é eliminar os radicais livres
de oxigénio e proteger o organismo e indiretamente, podem refletir nas mudancas do teor
de oxigénio nos radicais livres nas células vivas (Ezraty et al., 2017).

O papel das espécies reativas de oxigénio no metabolismo bacteriano e nas
respostas ao estresse € um problema em processos fisiologicos e patoldgicos, o estresse
oxidativo em bactérias danifica multiplos alvos celulares, incluindo aglomerados de
ferro-enxofre, residuos de proteinas de cisteina e metionina e DNA (Javega, B., Herrera,
G., O’Connor, JE; 2022).

2.5 Escherichia coli
Em 1984 o microbiologista e pediatra alemdo Theodor Escherich, iniciou um

estudo da microbiota intestinal e seu o papel na digestdo e doenca do trato

gastrointestinal. Durante seu estudo, ele descobriu uma bactéria de crescimento rapido
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gue chamou de Bacterium coli comuna, que hoje é conhecida como Escherichia coli
(Blount, 2015).

A Escherichia coli, pertence a familia bacteriana das Enterobacteriaceae, é
considerado o habitante comensal mais prevalente do trato gastrointestinal de humanos,
sendo um dos patdégenos mais importantes que vive em associacdo mutuamente benéfica
com os hospedeiros, no entanto, também é considerado um dos patégenos humanos
mais comuns, pois é responsavel por um amplo espectro de doencas (Allocati et al.,
2013).

Cepas de Escherichia coli, possuem caracteristicas que facilitam seu manuseio,
disponibilizando a sequéncia completa do genoma e sua capacidade de crescer tanto em
condicdes aerdbicas quanto anaerobicas, fazem desta bactéria um importante organismo
em biotecnologia, sendo utilizada em uma ampla variedade de aplicacfes tanto na area
industrial quanto médica (Allocati et al., 2013;Blount, 2015).

2.6 Drosophila melanogaster como modelo de estudo antimicrobiano

O uso de modelos animais como camundongos, ratos e outros mamiferos tendem
a ser demorados e caros, além das questes éticas envolvidas, no entanto, modelos
alternativos buscam reduzir ndo s6 o tempo de pesquisa e seu custo, mas também
preocupacdes éticas e sofrimento animal (Goethel et.al, 2022). Diante disto, o uso de
modelos alternativos como Drosophila melanogaster, Caenorhabditis elegans e Danio
rerio (Figura 11) sdo alternativas promissoras, uma vez que seu custo é baixo e efetivo,
para testar novos farmacos, possibilitando a observacdo dos mecanismos hospedeiro-

patdgeno (Tabela 2).

Figura 11 - Numeros de publicacdes com modelos animais alternativos.

10001

— C. elegans
" —— Planarians N\
'*DED 8004 — G. mellonella C elegqns
© —— D. rerio 7o
o
T | 6009 — D. melanogaster ‘
® A. salina i
g 400- -_—
3 D. rerio
©
% | 200+

0-
1960

Fonte: Arquivo proprio, adaptado de (Goethel et al., 2022).
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Tabela 2. Vantagens, limitac6es e principais testes de cada modelo alternativo in vivo, adaptado de Goethel et al., (2022).

Modelo Vantagens Desvantagens Principais testes realizados
alternativo
o o ) 3 Angiogénese, imagem do corac¢do, figado, cérebro e
Transparéncia Optica, facil | Alta infraestrutura e manutengdo o custo, | A ] ) )
) . ) o pancreas, cancer, obesidade, diabetes tipo 2,
manuseio, fertilidade, pois os | problemas no controle e quantificacdo da ) 3 o
) i 3 o 3 aterosclerose, ansiedade, depressdo, disturbios
Danio rerio | vertebrados sd0 | exposicdo e absorcdo de drogas, . y )
) ) ) ) o o cognitivos,  neurodegeneracdo, sindrome da
biologicamente mais | desafiador produzir nimeros suficientes ) ) L
] ) serotonina, comer e dormir modelo de disturbios,
semelhantes aos humanos. para triagem de alto rendimento (HTS). ) -
resposta inflamatoria.
Facil manuseio pode dar | Possivel solubilidade e problemas falso- | Letalidade por exposicdo aguda e prolongada,
Artemia salina | resultados preliminares de | positivo devido a médio e baixo agudo | extrapolagdo  de  citotoxicidade, teste de
ecotoxicologia marinha. sensibilidade a toxicidade. eclodibilidade.
. Baixo custo de manutengdo e o
Galleria ] ) ) Falta de padronizacdo dos estudos e o o
implementagdo, sobrevive a | 3 . o Eficécia dos antibioticos.
melonella . informagdes sobre condigdes otimizadas.
Drosophila | Féacil e réapido de obter | Diferencas farmacodinamicas humanas, | Neurodegeneragao, convulsoes, distarbios
melanogaster transgénicos, possui sistema | alguns testes podem exigir 0 manuseio | cognitivos, cancer, doengas cardiovasculares,
imunoldgico, baixa custo de | individual das moscas, dosagem de | inflamacdo, infeccdo e modelos de distdrbios
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manutencao.

drogas entre moscas pode tem alta
variabilidade.

metaholicos.

Planarians
(Dugesia,
Girardia,

Schmidtea,

Phagocata and
Polycelis)

A capacidade de regenerar

completamente  partes  do
corpo perdidas, incluindo o
sistema nervoso, com
neurotransmissores homologos
aos de

mamiferos, pode

fornecer  informacBes  de
ecotoxicidade, facil manuseio

e manutencdo barata.

Nenhum em particular, mas ainda sem

HTS foi feito usando este modelo;

Estudos de regeneracdo e desenvolvimento,
toxicidade, estudos comportamentais, dependéncia

modelos, modelo de ansiedade, reproducdo estudos.

Caenorhabditis

elegans

Facil manuseio com amostras

grandes, baixo custo de

manutencdo, alta homologagédo

genética com  mamiferos,
corpo transparente,
completamente elucidado

genoma e disponibilidade de
transgénicos cepas, capazes de

automatizar e realizar HTS.

Ideal a 20°C.

Letalidade aguda, sub-crénica e cronica, atividade

antioxidante, desenvolvimento, reproducdo e
neurotoxicidade. Pode detectar efeitos no sistema
imunolégico inato e fatores de viruléncia em

modelos de infeccao.
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Pesquisas classicas envolvem ensaios in vitro ou em cultura de células para selecédo
de alvos logo apds essa primeira etapa, a eficacia e a seguranca sdo validadas utilizando
modelos de mamiferos ou hospedeiros invertebrados, o uso do modelo em mamiferos, torna
0s custos da pesquisa mais elevados. Em uma abordagem mais moderna busca-se priorizar a
identificacdo de atributos moleculares de patogenicidade microbiana, avaliando a interacéo
patdgeno hospedeiro, e a validacdo do alvo é subsequentemente realizada usando modelos
de doencas infecciosas em mamiferos (Chamilos, Samonis e Kontoyiannis, 2011), como

demonstrado na figura 12.

Figura 12 - Via tradicional e alternativa para estudo de nossos farmacos
antimicrobianos.
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Fonte: Arquivo proprio, adaptado de Chamilos et al., (2011).

Drosophila melanogaster é conhecida como mosca da fruta e pertence a classe
Insecta e ordem Diptera, possui desenvolvimento indireto (holometabolo). Seu ciclo de vida
engloba quatro estagios de desenvolvimento embrionario: ovo, larva, pupa e adultos (Figura
13). Apos a fertilizacdo, o embrido se desenvolve no ovo durante cerca de um dia (a 25 °C)
antes de eclodir como larva. A larva desenvolve-se ao longo de cinco dias até tornar-se pupa

e sofrer metamorfose. Durante a metamorfose, a maior parte do embrido e o tecido larval sdo
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destruidos. Os tecidos adultos se desenvolvem a partir de grupos de células que foram

retiradas desde o inicio do desenvolvimento embrionario (Jennings B.H; 2011).

Figura 13 - Ciclo de vida da Drosophila melanogaster
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Fonte: Arquivo préprio.

As Drosophila melanogaster possuem morfologia tipica de insetos, seu corpo é
segmentado, sendo dividido em trés partes: a cabeca, o toérax e o abdémen (Figura 14). Sua
cabeca carrega pecas bucais de sucgdo e 6rgdos sensoriais, incluindo um par de antenas e
olhos compostos. No torax apresenta trés segmentos (prd, meso e metatdrax) e um par de
membros, suas asas estdo ligadas ao mesotérax. Os segmentos abdominais ndo possuem

extremidades, mas contém os 6rgdos de cépula do macho e da fémea (Staats, et al., 2018).
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Figura 14. Anatomia da Drosophila melanogaster.
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Fonte: Arquivo préprio, Adaptado de Staats et al., (2018)

Em estudos com modelos de invertebrados sédo usados para avaliar as interagdes
hospedeiro microrganismo, uma vez que, estudos com modelos animais vertebrados
provaram ser muito trabalhosos e caros para serem amplamente aceitos para a descoberta de
antimicrobianos, diante destes pontos os pesquisadores optaram por utilizar organismos
invertebrados geneticamente tratdveis, como moscas Drosophila melanogaster,
Caenorhabditis elegans e Arabidopsis thaliana como hospedeiros de patdgenos
microbianos, desta forma reduzindo o uso de modelos de vertebrados ( Bram Van den Bergh
(2022); Chamilos, Samonis e Kontoyiannis, 2011). Além disso, a simplicidade, baixo custo,
tamanho pequeno e curto tempo de geragdo de esses hospedeiros invertebrados os torna
ideais para triagem.

Em experimentos usando as moscas Drosophila melanogaster como modelo de
infeccdo, 0 patdgeno de interesse pode ser inoculado por diferentes métodos, como
agulhamento e ainda métodos mais fisiologicos de infec¢do, com o método de rolamento e o
método oral, através da alimentagcdo. Quando o intuito do estudo € avaliar a administragdo
de agentes potencialmente antimicrobianos, serem administrados por periodos mais longo, o
método de infeccdo oral por alimentacdo € considerado o mais adequado (Chamilos et al.,
2012).
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3. JUSTIFICATIVA

Tendo em vista o potencial toxicologico dos compostos organicos de telurio para
grande maioria dos microrganismos, em especial o potencial toxicologico do ditelureto de
difenila (PhTe),, este estudo busca elucidar os mecanismos moleculares envolvidos neste
efeito. Outros estudos em organismos mais complexos e com concentragdes de composto
superior as deste estudo, e em estudos com o composto utilizando células e microrganismos,
demostraram que o (PhTe), tem potencial tanto farmacol6gico como toxicoldgico, sendo
seus efeitos dose dependente, uma vez que em concentragdes mais elevadas tende a
apresentar efeito toxicologico e em baixas concentracGes possui potencial farmacoldgico, é
importante ressaltar que as doses aplicadas e o efeito estd associado ao modelo utilizado, ao
tempo de exposicéo e concentragdo do (PhTe)s,.

Porém estes estudos foram capazes de elucidar apenas uma parte deste complexo
mecanismo toxicoldgico buscamos ir alem e demonstrar os alvos moleculares responsaveis
pela resposta da Escherichia coli a exposi¢do ao (PhTe),, através da expressdo dos genes
envolvidos na resposta ao estresse oxidativo. Conhecendo o mecanismo de acao
toxicologica a aplicabilidade deste composto como um possivel antimicrobiano sera

possivel.
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4. OBJETIVOS

4.1 Objetivo geral

O objetivo central deste estudo foi avaliar os mecanismos moleculares de toxicidade
do (PhTe),, em células de Escherichia coli (DE3)RIL, e investigar o efeito antimicrobiano
do (PhTe),, através de modelo alternativo de infec¢do bacteriana por Escherichia coli em

Drosophila melanogaster,

4.2 Objetivos especificos

1 Determinar as concentracGes composto (PhTe), capaz de causar efeito bactericida e

bacteriostatico durante a exposicdo de cepas de Escherichia coli;

1 Verificar se o (PhTe), causa estresse oxidativo intra e extracelular;

1 Avaliar os mecanismos reguladores da resposta ao estresse oxidativo e de defesa

antioxidante;

71 Determinar o impacto da exposi¢do ao (PhTe), sobre a atividades das enzimas de

defesa antioxidantes catalase e superdxido dismutase;

"1 Determinar a seguranca do (PhTe), em Drosophila melanogaster, a fim de utiliza-lo

como modelo de infeccdo por Escherichia coli;

"1 Avaliar efeito antimicrobiano do (PhTe), em modelo animal de infeccdo por

Escherichia coli em Drosophila melanogaster.
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5. RESULTADOS

Os resultados que fazem parte desta tese estdo apresentados sob a forma de 1 artigo
cientifico e 1 manuscrito.

Os itens Introducdo, Materiais e Métodos, Resultados, Discussao e Referéncias,
encontram-se nos textos do artigo e do manuscrito.

Artigo 1: Intitulado: Oxidative stress response system in Escherichia coli arising diphenyl

ditelluride (PhTe), exposure. Publicado na revista: Toxicology in vitro.

Manuscrito 1: Intitulado: Antimicrobial effect of (PhTe), in a model of infection by

Escherichia coli in Drosophila melanogaster. A ser submetido a revista:

O artigo esta publicado na revista da Elsevier, que indicam no item “Can I use material
from my Elsevier journal article within my thesis/dissertation? ” a seguinte sentenca:

“Como autor de um periddico da Elsevier, vocé tem o direito de

incluir o artigo em uma tese ou dissertacdo (desde que ndo seja
publicada comercialmente), no todo ou em parte, sujeito ao devido
reconhecimento; consulte a pagina de direitos autorais para obter
mais informag6es. Nenhuma permissdo por escrito da Elsevier é
necessaria.

Este direito se estende a publicacdo de sua tese no repositério de
sua universidade, desde que, se vocé incluir o artigo de jornal
publicado, ele esteja incorporado em sua tese e ndo possa ser
baixado separadamente”.

Fonte:
https://www.elsevier.com/about/policies/copyright/permissions

Assim sendo, ndo ha permissao por escrito da revista Toxicology in vitro.
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6. ARTIGO 1

Oxidative stress response system in Escherichia coli arising diphenyl ditelluride
(PhTe), exposure.

Publicado na revista: Toxicology in vitro.
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ARTICLE INFO ABSTRACT

Editor: J Davila The toxicity of diphenyl ditelluride (PhTe), is associated with its ability to oxidize sulfhydryl groups from bio-

logical molecules. Therefore, we evaluated possible molecular mechanisms of toxicity induced by this organo-

Keywords: chalcogen in Escherichia coli (E. coli) by evaluating oxidative damage markers, relative expression of genes

O’“dafl"e stress associated with the cellular redox state in bacteria, such as katG, sodA, sodB, soxS, and oxyR, as well as the

;ellur‘fgn . activity of enzymes responsible for cellular redox balance. After exposure of (PhTe); (6, 12, and 24 pg/mL), there
TO-0oX1dan

was a decrease in non-protein thiols (NPSH) levels, an increase in protein carbonylation and lipid peroxidation in
E. coli. Intra- and extracellular reactive species (RS) was increased at concentrations of 6, 12, and 24 pg/mL. The
superoxide dismutase (SOD) activity was increased at the three concentrations tested, while catalase (CAT)
activity was higher at 12 and 24 pg/mL. The soxS gene showed lower expression at the three concentrations
tested, while the oxyR gene was supressed at 24 pg/mL. The katG antioxidant response gene showed lower
expression, and sodA and sodB were positively activated, except for sodB at 6 pg/mL. Our findings demonstrate
that exposure to (PhTe); induced RS formation, NPSH depletion and changes in transcriptional factors regula-
tion, characterizing it as a multi-target compound, causing disruption in cellular oxidative state, as well as
molecular mechanisms associated in E. coli.

Oxidative damage

1. Introduction microorganisms is currently highlighted in the chemical industry,

especially considering those with less environmental impact (Bu-Olayan

Diphenyl ditelluride (PhTe); is an organochalcogen compound and
the subject of numerous pharmacological and toxicological studies,
which have proven that, at low concentrations, it can prevent oxidative
stress induced by various oxidizing agents (Bortoli et al., 2019; Brito
et al., 2009; Ibrahim et al., 2012). Nevertheless, when considering
human exposure, its lethal dose (LDsg) is low compared to other
ecological contaminants (Stacchiotti et al., 2009). However, in studies
with the V79 cell line, microorganisms such as the yeast strains
Saccharomyces cerevisiae and Salmonella typhimurium exposed to (PhTe),
demonstrated cytotoxic and mutagenic potential at the concentrations
of 2.44,12.21, and 24.42 pM (Degrandi et al., 2010; Jorge et al., 2015).

The study of compounds with toxicological and cytotoxic potential in

and Thomas, 2020). In this sense, organic derivatives of tellurium arise,
such as (PhTe),, characterized by having low ecotoxic effects and pro-
moting cytotoxicity in microorganisms, derived from the ability to
deplete thiols, through the depletion and/or conjugation of reduced
glutathione (GSH), leading to an increase in reactive oxygen species
(ROS), and increasing oxidative stress (Trindade et al., 2019; Hara et al.,
2021). Furthermore, exposure to tellurium oxyanion, with similar
mechanisms to (PhTe); have shown to be harmful to most microor-
ganisms, and having toxicological effects in bacteria (Diaz-Vasquez
et al., 2015; Elias et al., 2015; Pérez et al., 2007; Sandoval et al., 2015).

Microorganisms such as E. coli use various defense mechanisms
involving the complementary action of distinct pathways, and this
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includes the evolution of specific mechanisms directed against stressors
and recruiting a well-established general defense (Aradska et al., 2013).
The antioxidant defense system in E. coli is well known, where OxyR
regulates the expression of genes inducible to hydrogen peroxide
(H202). Among these genes, we found those encoding enzymes known to
participate in the bacterial response to oxidative stress, including katG
(hydrogen peroxidase 1), gorA (glutathione reductase), and SoxS,
regulating the transcription system that responds to superoxide-
generating species (Storz and Imlay, n.d.; Zheng and Storz, 1998;
Zheng et al., 2001). Increased oxidative stress levels activate the bac-
terial antioxidant defense response in order to achieve a balance be-
tween reactive species production and its removal. Oxidative damage
causes adverse effects on macromolecules such as proteins and lipids
and alters enzymatic activity through the expression or repression of
genes that regulate oxidative stress; the degree of accumulated damage
is an indicator of the intensity of oxidative stress (Semchyshyn et al.,
2005).

Given this scenario, it is expected that through molecular ap-
proaches, we can elucidate possible responses to oxidative stress
developed by E. coli after exposure to (PhTe),, showing possible mech-
anisms of its toxicity to the microorganism.

2. Materials and methods
2.1. Chemical and strains

Diphenyl ditelluride (PhTe), was prepared according to the method
previously published by Petragnani (1994) (Fig. 1). The 1H NMR and
13CNMR spectra analysis showed analytical and spectroscopic data in
full agreement with their assigned structure; GC/HPLC determined the
chemical purity of (PhTe)s (99.9%), which was diluted with dimethyl
sulfoxide (DMSO). The bacterial strain used in this study is E. coli BL21
(DE3) RIL (B F- ompT hsdS(rB — mB -) dcm + Tet(r) gal endA Hte [argU
ileY leuW Cam(r). The strain was kept frozen in 10% glycerol until use.

2.2. Growth conditions and minimum inhibitory concentration
determination

The strain was grown in Luria-Bertani broth (LB broth) containing
tryptone (1 g), yeast extract (0.5 g), and sodium chloride (1 g) in
distilled water (100 mL) without adding antimicrobials. Twenty-four
hours before the experiments, the strains were transferred to LB broth
to reactivate and replicate. Incubation was performed under shaking at
37 °C for 24 h and 200 rpm; shaking was done in a shaker incubator until
reaching 0.5 OD 600. The minimum inhibitory concentration (MIC) is
defined as the lowest concentration of an antimicrobial that will inhibit
the visible growth of a microorganism overnight of subculture, and for
its determination, aliquots of the cell culture were used in a 96-well
microplate containing different concentrations of (PhTe),, as defined
from the broth macrodilution method (Limbago, 2001), which was used
at concentrations of 1.5, 3, 6, 12, 24, 48, 96, 192, and 384 pg/mL,
corresponding to 3.66, 7.32, 14.64, 29.30, 59.61, 117.239, 234.47,
468.95, and 937.91 pM (PhTe),,

Te-Te

Fig. 1. Chemical structure of the compound diphenyl ditelluride (PhTe),.
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2.3. Sample preparation (cell extract preparation)

An aliquot of E. coli (~1 pL) was transferred from the stock in 10%
glycerol to the LB broth 24 h before the assay; on the day of the
experiment, 0.1 mL was transferred to 100 mL of LB broth and moni-
tored until reaching 0.5 OD 600, centrifuged, and washed with phos-
phate buffer. Then, each vial received one of the three tested
concentrations of the compound (0.5, 1, and 2 MIC), respectively, being
6, 12, and 24 pg/mL, according to Limbago (2001) and Pinheiro et al.
(2018). The E. coli aliquots were incubated for 30 min at 37 °C because
of the acute (PhTe), exposure bias. This time was determined from a
curve of 0, 15, 30, and 60 min, where it was observed that 30 min was
the standard time to assess acute exposure to (PhTe),, as also reported
by Gonzalez et al. (2012) and Elias et al. (2015), where the exposure of
oxyanion tellurite (TeO%’) for 30 min could modulate mechanisms
associated with the endogenous antioxidant defenses of E. coli, pre-
senting responses to acute toxicity. For all analyses, four independent
experiments were carried out (n = 4).

2.4. Determination of pro-oxidant status and oxidative damage

In all analyzes the samples of E. coli BL21 (DE3) RIL were cultivated
in LB broth until reaching 0.5 (OD 600), after which they were incubated
for 30 min at 37 °C with (PhTe); at 6, 12, and 24 pg/mL in all analyzes.

2.4.1. Reactive species — extracellular and intracellular

The extracellular reactive species (RS) were determined according to
Reinoso et al. (2012), with some adaptations. For analysis the samples
were washed, centrifuged, and suspended in 25 mM phosphate buffer
pH 7.0, and the cells were incubated with 1 mM 2'7’-dichlorofluorescein
diacetate (DCF-DA; final concentration of 1 mM) for 30 min in the dark.
Fluorescence intensity was also monitored (428 nm excitation and 522
nm emission).

The intracellular RS levels were measured according to the method
described by Sandoval et al. (2011), with some modifications. Subse-
quently, it was centrifuged and washed with 10 mM potassium phos-
phate buffer, pH 7.0, and incubated for 30 min with 10 mM DCF-DA in
the dark. Then, they were centrifuged and washed with phosphate
buffer; the reaction was stopped by the glass bead lysis method. The
results were obtained and expressed as a percentage of the control DCF
formation in arbitrary units (AU).

2.4.2. Carbonyl protein measurement

The content of carbonyl groups in proteins was determined using 2,4-
dinitrophenylhydrazine (DNPH) according to Lenz et al. (1989). Assays
were performed using cell extracts as described above. Samples were
incubated with 10.0 mM DNPH in 2.0 M HCI at room temperature for 60
min. Proteins were precipitated with 10% trichloroacetic acid (TCA),
centrifuged at 10000 rpm for 5 min, and washed three times with 1 mL
of ethyl acetate/ethanol (1:1). The pellet was kept and allowed to dry at
room temperature; the sodium dodecyl sulfate (SDS) solution was then
added to dissolve the pellet. The final solution was calculated by spec-
trophotometry at 370 nm using a molar extinction coefficient of ¢ = 22
M~ em™! and expressed as nmol carbonyl/mg protein.

2.4.3. Thiobarbituric acid reactive substances (TBARS)

Tests were carried out using the cell extract, according to (Ohkawa
et al., 1979), through the formation of malondialdehyde (MDA). The
samples were prepared by pipetting the cell extract (1 mL) and precip-
itating with 20% TCA (1 mL), centrifugation, and using the supernatant
as a sample. The reaction was performed with 0.8% thiobarbituric acid
solution, acetic acid buffer, 8.1% SDS, water, and the sample (50 pL).
The samples were heated for 120 min at 95 °C in a water bath; the
mixture was later cooled, and the optical density was measured spec-
trophotometrically at 532 nm; the results were expressed as nmol MDA/
g cell extract from a calibration curve of 0.3 mM MDA.
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2.5. Relative gene expression

Gene expression quantification was done by reverse transcriptase-
polymerase chain reaction (RT-qPCR) of the target genes: katG, sodA,
sodB, oxyR, soxS, and rpoD was used as normalized. The strain was
prepared as previously described until 0.5 (OD 600) and exposed to
(PhTe); (6, 12, and 24 pg/mL) for 30 min. RNA extraction was then
performed using the standard TRIzol protocol, and quantification was
performed using the Qubit RNA HS assay kit; the cDNA was prepared
from approximately 1 pg of RNA using the M-MLV-RT kit (Invitrogen) as
recommended. Primers used in qPCR analysis are described in (Table 1).
Reactions were carried out using the LightCycler RNA amplification
SYBR Green I kit (Invitrogen), as recommended by the manufacturer.
Analysis of relative gene expression data was calculated using the 2447
method according to (Livak and Schmittgen, 2001):

ACt control = Ct target gene—Ct normalizing gene (rpoD)
ACt stress = Ct target gene—Ct normalizing gene (rpoD)
Normalization : ACt control — ACt stress

Qualification : 2744

2.6. Evaluation of the enzymatic and non-enzymatic antioxidant system

2.6.1. Enzymatic activity

Measurements of catalase (CAT) and superoxide dismutase (SOD)
activity were made using the cell extract, as previously described. The
CAT activity was quantified by consuming 10 mM H0, at 240 nm, in a
molar extinction coefficient of ¢ = 43.60 M~* cm™! according to Aebi
(1984), with some modifications. Hydrogen peroxide demand was
evaluated in microplates containing the buffer mix KPi 0.25 M/EDTA
2.5mM pH 7.0 and triton X 100, and the sample was then added (30 pL),
and finally, 0.5 M hydrogen peroxide (10 pL); readings were carried out
for 5 min. Blanks were run in the absence of hydrogen peroxide. The
results were expressed in U/mg of protein, where one CAT unit (U)
corresponds to the enzyme activity required to consume 1 pmol of HyO02/
min.

The SOD activity was quantified according to the method of Misra
and Fridovich (1972), with some adaptations. The reaction was per-
formed in a mixture and prepared in a final volume of 290 pL of bicar-
bonate buffer (0.057 M), the bacterial cell extract, and epinephrine (6
mM) and immediately read for 2 min in a microplate reader with an
absorbance of 480 nm in a molar extinction coefficient of & = 4020 M~*
em ™. The results were expressed in U/mg of protein, where one SOD
unit (U) is defined as enzyme activity required for the 50% oxidative
inhibition of epinephrine by dismutation of the superoxide anion.

2.6.2. Non-protein thiol (NPSH) levels

Non-protein intracellular thiol levels were estimated by

Table 1
Oligonucleotides used in this study.
Target genes Primer Sequences
katG (hydroperoxidase [ and II)  katG F 5" GATATGCGTTACGAGTGGAAAG 3’
katG R 5’ GTTAGAACCAAACACCAGATCC 3’
sodA (MnSOD) sodAF  5’TTTCTACTGCTAACCAGGATTC 3’
sodAR  5’CGTTCCAGAACTCTTTGATGTAG3’
sodB (FeSOD) sodB F 5'GGCTATCGTTTCAACCTCTAAC3.
sodB R 5’ CTCTTCCAGTGATTTACCTTCA3’
soxS (oxidative stress soxsF 5’ CTCGTCAATCCATGCGATAA3’
regulator) soxsR 5’GTACCACTTTGAATAGCCTGAT3’
oxyR (oxidative stress oxyF 5’GGTGAAAGTCCTTAAAGAGATGG3’
regulator) oxyR 5’GGTGCAGCATAGGGATAATATG 3’
rpoD (normalizer) rpoDF 5’GACATCGCTAAGCGTATTGAAGA3’

rpoDR 5’TCGTACTGTTCCAGCAGATAGGT3’

Toxicology in Vitro 83 (2022) 105404

spectrophotometry according to Ellman (1959), with adaptations. The
samples were prepared with 200 pL of the supernatant, where 200 pL of
TCA 10% was added, subsequently vortexed for 1 min, and centrifuged
at 3000 rpm for 10 min; 50 pL of the supernatant, 180 pL of 1 M po-
tassium phosphate buffer (pH 7.4), and 20 pL of 10 nM M-5,5’-dithiobis
(2-nitrobenzoic acid) were added. Absorbance was measured at 412 nm
in a molar extinction coefficient of ¢ = 13,60 M~} cm™! immediately
after adding the reagents and expressed in nmol/g cell extract.

2.7. Statistical analysis

Data were verified for normal distribution using the Shapiro-Wilk
test and homogeneity using the Brown-Forsythe test. The analyses of
relative gene expression were calculated through the 2724¢T method
according to Livak and Schmittgen (2001), and the remaining results
were compared using one-way ANOVA and Tukey post-hoc for multiple
comparisons. Descriptive data were expressed as mean =+ standard error
of the mean (SEM). Probability values below 0.05 (p < 0.05) were
considered statistically significant. All statistical analysis results were
performed using the GraphPad Prism 9.1.2 software.

3. Results
3.1. Response concentrations to (PhTe),

As determined by the MIC assay, the concentration of (PhTe); at 12
pg/mL was the lowest concentration that inhibited the visible growth of
E. coli in our study. The 0.5x (6 pg/mL), 1x (12 pg/mL), and 2x MIC
(24 pg/mL) were defined as the lowest concentration to analyze the pro-
oxidant profile, expression of genes that respond to oxidative stress, and
activity of antioxidant enzymes CAT and SOD in 30 min exposure to
(PhTe); in E. coli BL21 (D3) RIL strain, enabling the assessment of acute
toxicity of this organochalcogen.

3.2. Oxidative damage after (PhTe), exposure

Oxidative insults and pro-oxidant effects of the compound were
evaluated by determining RS levels in the intra- and extracellular
environment and through markers of oxidative damage in proteins and
lipids (Fig. 2). The results show that RS levels (intra- and extracellular)
increased at 6, 12 and 24 pg/mL compared to the control group (Fig. 2A
and B, respectively). In Fig. 2C and D, the results are indicators of the
intensity of oxidative damage resulting from higher levels of oxidative
stress caused by exposure to the compound, as demonstrated by the
increased levels of carbonyl proteins (Fig. 2D) and lipid peroxidation
(TBARS) (Fig. 2C) at all three concentrations (6, 12, and 24 pg/mL) after
30 min of exposure to (PhTe),.

3.3. Analysis of gene expression in response to stress caused by (PhTe)»
exposure

Relative expression of oxidative stress-response genes related to
oxidative stress soxS and oxyR and genes responsible for antioxidant
response detoxification process sodA, sodB, and katG were evaluated by
qRT-PCR 30 min after E. coli exposure to (PhTe),. The analysis of the
oxidative stress response genes had a distinct behavior: oxyR was up-
regulated in the concentrations of 1x (12 pg/mL) and 0.5x MIC (6u
pg/mL), and it showed decreased expression at the highest concentra-
tion; when we analyzed soxS expression, a low expression was observed
at the three concentrations (Table 2). The expression of katG, sodA, and
sodB genes was evaluated in order to observe antioxidant defense re-
sponses; katG gene expression remained low at the study concentrations,
while sodA was up-regulated at the three concentrations. Moreover, sodB
remained repressed at 6 pg/mL and up-regulated at 12 and 24 pg/mL.
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Fig. 2. Oxidative damage by exposing an E. coli BL21 (DE3) RIL strain to (PhTe),. Relative fluorescence intensity of intra- and extracellular reactive species (A and B,
respectively). TBARS levels (C) and carbonyl proteins content (D). *Significant difference compared with the control group. Results are the average of four ex-

periments =+ error of the mean (SEM).

Table 2
Relative expression of indicated genes in Escherichia coli exposed for 30 min to 6,
12, and 24 pg/mL concentrations of (PhTe)s.

Relative expression

Gene (PhTe), concentrations

6 pg/mL 12 pg/mL 24 pg/mL
oxyR 1.66 1.01 0.96
50xS 0.54 0.62 0.22
katG 0.64 0.86 0.98
sodA 1.95 1.01 1.36
sodB 0.26 1.27 1.66

3.4. Effects of (PhTe)2 on the enzymatic and non-enzymatic antioxidant
system

The antioxidant system includes antioxidant enzymes and other non-
enzymatic agents. Hence, we sought to determine the effects of (PhTe)y
exposure on E. coli after 30 min of exposure, and the activities of the
main antioxidant enzymes are shown in Figs. 3A and 4B. The CAT ac-
tivity increased at 12 and 24 pg/mL, and at the lowest concentration, it
was maintained at the control level; SOD activity increased at 6, 12, and
24 pg/ mL compared to the control after 30 min of exposure.

As a non-enzymatic antioxidant marker, the non-protein thiols levels
were measured (Fig. 4), and our findings revealed that, for all (PhTe),
concentrations, there was a drop of = 55% in non-protein thiols levels
compared to the control group.

4. Discussion

The toxicological effects of telluric forms and organic compounds of
tellurium are proven for most microorganisms, especially gram-negative
bacteria, including E. coli. (Diaz-Vasquez et al., 2014; Pinheiro et al.,
2018; Sandoval et al., 2015). Our MIC results indicate that the con-
centration of 12 pg/mL (29.30 pM) (PhTe), was the lowest capable of
inhibiting the visible growth of E. coli, evaluated for 30 min and
considering the acute exposure bias of this organochalcogen. In studies
such as Gonzalez et al. (2012) and Elias et al. (2015), acute TeO%‘
exposure for 30 min of is mainly associated with increased production of
RS and lipid peroxidation, increasing the antioxidant responses of E. coli
to the toxicity of TeO%’, which has similar mechanisms to (PhTe), at the
cellular level (Cunha et al., 2009). Furthermore, the MIC concentration
(29.30 pM) of (PhTe); found corroborates Degrandi et al. (2010), in
which the use of (PhTe), at 1-50 pM, at all concentrations, induces
increased oxidative stress, associated with higher genotoxic effects on
V79 cells, causing apoptosis.

In our results, an increase in RS formation at the extra- and intra-
cellular levels was verified at the concentrations of 6, 12, and 24 pg/mL
of (PhTe)2 in E. coli. The toxicity of (PhTe), is associated with its ability
to reduce thiols, depleting GSH, which concomitantly causes high pro-
duction of RS, as demonstrated by Puntel et al. (2012), where (PhTe)y
concentrations of 2.70-44.71 pM of caused toxicity to rat hepatocytes.
The hydrophobic characteristic of (PhTe), allows its diffusion through
the cytoplasmic membrane and can be metabolized into hydrophilic and
potentially more toxic intermediates, such as tellurol/tellurate, due to
the ability of (PhTe)s to reduce thiol groups (thiol-oxidase activity)
(Puntel et al., 2012; Trindade et al., 2019). A known mechanism of



F.C. Pinheiro et al.
A)

604

1

CAT Activity
(U/mg protein)
N
<

olll

«°
N O O )
° X 0\) q?ﬁ

Toxicology in Vitro 83 (2022) 105404

B)
500-
*
*
o F 400- —_ T x
= D
> i
25 3000
< Q.
a2 200-
£
25
=~ 1004
0 T T T
& & &
o N A N
19 o R o>

Fig. 3. CAT (A) and SOD (B) activity after exposure to three concentrations of (PhTe), (6, 12, and 24 pg/mL) after 30 min. *Significant differences compared with the
control group. Results are the average of four experiments + error of the mean (SEM).
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Fig. 4. Levels of non-protein thiols (NPSH) in E. coli BL21 (DE3) RIL exposed to

(PhTe),. *Significant difference compared with the control group. Results are
the average of four experiments =+ error of the mean (SEM).

organochalcogen toxicity is the ability to enter the cell and increase
NPSH depletion (Comparsi et al., 2012), as verified in our results, where
there was a decrease in NPSH levels at concentrations of 6, 12, and 24
pg/mL of (PhTe);, demonstrating the thiol-oxidase activity of this
organochalcogen (Puntel et al., 2012; Trindade et al., 2019). It is note-
worthy that this (PhTe), mechanism occurs mainly at the cellular level,
as its stability allows it to maintain its organic form until it enters cells
(Princival et al., 2017), forming potentially harmful compounds to the
cell (Bueno et al., 2018).

The ability to enhance RS formation by (PhTe), can significantly
damage cellular integrity, including the cytoplasmic membrane of E. coli
(Ezraty et al., 2017). Considering the phospholipid characteristic of the
cytoplasmic membrane, it is important to emphasize that the increased
RS formation can generate peroxyl and hydroperoxide radicals, which
are responsible for increasing the instability of this cytoplasmic mem-
brane, allowing the entry of external harmful agents, in addition to
(PhTe),, increasing the toxic effects of this compound (Doukyu and
Taguchi, 2021). We can observe that at the concentrations of 6, 12, and
24 pg/mL, there were higher MDA levels, which characterizes the in-
crease in lipid peroxidation and, therefore, cellular instability (Winter-
bourn et al., 2016). The increase in the entry of harmful substances is
directly responsible for greater damage to cellular proteins, and at the
three concentrations, one can note higher protein carbonylation, which
may be related to the increased RS binding to 4Fe-4S groups, increasing
the release of iron and inactivating several proteins that are essential for

cellular metabolism, mainly through the reduction and/or cysteine
oxidation and oxidizing sulfhydryl groups. This redox mechanism may
be associated with the regulation and modulation of genes responsible
for controlling oxidative stress in bacteria, such as the expression of
oxyR gene (Sies, 2015; Lu and Imlay, 2019).

By analyzing the results of the relative gene expression, one can note
a decrease in oxyR at the highest concentration of (PhTe),, whereas we
verified that, at the three concentrations, there was a decrease in soxS
expression. The lower oxyR expression at the 24 pg/mL indicates the
lower capacity of redox cycle renewal, and therefore, decreasing the
ability of E. coli to restore GSH levels, disrupting glutathione meta-
bolism, allowing higher cellular toxicity, and reducing its ability to
neutralize peroxides (Pomposiello and Demple, 2001; Fu et al., 2018).
The lower expression of soxS at the three concentrations demonstrates
the lower resistance against peroxide agents at the cellular level, which
in the same way as oxyR, increases GSH depletion (Pomposiello and
Demple, 2001; Meinerz et al., 2014; Puntel et al., 2012; Fu et al., 2018;
Trindade et al., 2019). The analysis of both genes, (oxyR and soxS) helps
to understand the increase in the number of releases of sulfhydryl groups
presented by the low levels of NPSH at the three concentrations E. coli
(Baez and Shiloach, 2013).

The passage of harmful agents into the cell leads to a greater need for
neutralizing agents to reduce these substances and transform them into
less noxious products (Pisoschi and Pop, 2015). For this, we verified that
there were higher levels of CAT activity at the concentrations 12 and 24
pg/mL, whereas SOD activity increased at the three concentrations.
These findings demonstrate that (PhTe)y stimulated the primary anti-
oxidant defenses in E. coli cells, an additional indication of the sensibi-
lization of these mechanisms associated with cellular toxicity (Trindade
et al., 2019). In the relative expression of katG, we observed an increase
in the three concentrations, and this may be mainly associated with the
decreased renewal of enzymes such as CAT, which is responsible for
cellular defenses against HyO,, demonstrating that even with the in-
crease in the activity of enzymes such as CAT, a possible decrease in the
renewal of this enzyme may occur (Zhang et al., 2015).

The increased expression of sodA and sodB genes at all concentrations
(except 6 pg/mL in sodB) indicates the ability of (PhTe); to alter SOD
defense mechanisms. The increased expression of these genes, together
with the increased SOD activity, may be involved with the accumulation
of hydroperoxide and superoxide agents at the cellular level, indicating
redox instability (Tabrizi et al., 2018; Doukyu and Taguchi, 2021). The
expression of sodA is regulated by the marA/soxS/rob and Fur (Ferric
uptake regulator) pathway; both mechanisms are related to the higher
oxidation of sulfhydryl groups, where the decrease in soxS expression
(GSH depletion), and release of groups 4Fe-4S, directly influences the
expression of sodA, which is responsible for preventing DNA damage in
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bacteria (Tabrizi et al., 2018; Doukyu and Taguchi, 2021). Nonetheless,
the toxicity of (PhTe); in sodB is lower as this gene is less sensitive to the
action of hydroperoxides and peroxides compared to sodA. However, the
increase in its expression directly indicates the higher SOD activity at the
cytoplasmic level, indicating an increase in superoxide radicals and
increased cell toxicity induced by (PhTe)s in E. coli (Tabrizi et al., 2018;
Doukyu and Taguchi, 2021).

5. Conclusions

The (PhTe),; was responsible for increased levels of lipid peroxida-
tion, protein carbonylation, and RS at extra- and intracellular levels,
with increased CAT and SOD activity at higher (PhTe), concentrations
involved with the suppression of katG and higher expression of sodA and
sodB, genetic regulators for the metabolism of these enzymes. Our
findings also demonstrated lower NPSH levels, which may be indirectly
associated with increased GSH depletion and lower oxyR and soxS
expression at higher (PhTe), concentrations. This may be associated
with excessive RS production and cell lipid and protein damage, char-
acterizing (PhTe), as a multi-target compound capable of triggering
molecular mechanisms associated with promoting greater cellular
toxicity in E. coli.
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Abstract: Diphenyl ditelluride (PhTe), is an organotelluric compound that has
pharmacological and toxicological properties, this compound has demonstrated
toxicological potential in studies with microorganisms. The use of an alternative animal
model such as Drosophila melanogaster for the study of new antimicrobials has gained
more and more space, since this model is cheaper, easier to handle and as effective as
vertebrate models. Studies that analyze new antimicrobials are necessary, in view of the
growing number of microorganisms resistant to known antibiotics, including
Escherichia coli. In this study, we demonstrate that the concentration of 10uM (PhTe),
is below the LCsy of (PhTe),, for a time of 48 hours (44.12uM) of exposure. We
evaluated through negative geotaxis and open field behavioral tests, possible motor and
neurological damage, it was observed that the compound did not cause motor and/or
neurological damage, as it did not change the behavior of the flies. After confirming that
the compound is safe for the model, we determined it antimicrobial potential of (PhTe)s,
using an oral infection model, with axenic flies. Axenic flies were exposed to
Escherichia coli for 18-20 hours, after which they were treated with 10uM (PhTe), for
0, 3, 6, 12 and 24 and 48 hours, and then plating and colony counts were performed. A
logarithmic curve of bacterial load was constructed to demonstrate the antimicrobial
effect of the compound, where we could observe that the concentration of 10uM of
(PhTe), was able to significantly reduce the bacterial load of flies exposed to
Escherichia coli and later treated with the compound. We observed that this compound
is effective after 3 hours of exposure, and it should be noted that the longer the flies
were exposed to the compound, the lower the number of colonies found. Given these
results, we can conclude that 10uM of (PhTe), is able to reduce the bacterial load in
Drosophila melanogaster without causing motor and/or neurological damage to the
flies.

Key words: oral infection, Difenil ditelureto, Drosophila melanogaster, Escherichia
coli
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1. Introduction

The use of antibiotics, since their introduction in 1940, has progressively
increased, being used both as preventive measures in routine and life-saving procedures,
as curative agents in case of bacterial infections (Bram Van den Bergh, 2022). In 2019,
it was pointed out that about 1,27 million individuals died as a result of antibiotic
resistance six pathogens were primarily responsible for more than 250,000 deaths
associated with antibiotic resistance Escherichia coli, Staphylococcus aureus, K
pneumoniae, S pneumoniae , Acinetobacter baumannii and Pseudomonas aeruginosa,
in order of number of deaths, with Escherichia coli being the most responsible for
deaths due to antibiotic resistance (Matharu et al., 2018; Murray et al, 2022).

Escherichia coli is an Enterobacteriaceae, the most prevalent commensal
inhabitant of the gastrointestinal tract of humans, as well as one of the most important
pathogens that live in mutually beneficial association with the hosts this microorganism
has characteristics that facilitate its handling, providing the complete genome .Its
sequence and ability to grow under both aerobic and anaerobic conditions make this
bacterium an important organism in biotechnology, being used in a wide variety of
applications in both industrial and medical areas (Allocati et al., 2013).

With the emergence of bacterial strains resistant to known drugs, studies that
evaluate new compounds with antimicrobial properties become increasingly relevant to
the academic community, there is an urgent need for new agents with new mechanisms
of action against a growing list of multidrug-resistant pathogens. (Chamilos et al.,
2011). In this sense, compounds such as diphenyl ditelluride (PhTe),, an organic
derivative of tellurium, which has antioxidant, antigenotoxic, antimutagenic and
anticancer properties, have become the subject of studies, as the antioxidant and pro-
oxidant properties of (PhTe), are complex and depend on experimental conditions, such
as which experimental model is used, since in studies with microorganisms they tend to
have a toxicological effect, which may explain the contradictory reports of their
properties (Trintade et al., 2019). In experiments with the V79 cell line, yeast strains
Saccharomyces cerevisiae, Salmonella typhimurium and Escherichia coli strains
exposed to different concentrations of (PhTe), demonstrated the toxicological potential
of this compound (Pinheiro et al., 2022; Degrandi et al., 2010 ; Jorge et al., 2015).

Recent studies with Escherichia coli, where the toxicological effect of (PhTe),

was evaluated, demonstrated that this compound has a toxicological effect on this
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microorganism through the increase in the levels of reactive species, lipid peroxidation,
protein carbonylation and reduction of non-protein thios, in addition to altering the
expression of soxS and oxyR oxidative stress regulators, thus altering the activities of
the antioxidant defense enzymes superoxide dismutase and catalase (Pinheiro et al.,
2022) . Considering that studies with this compound have already demonstrated its
toxicological effect on microorganisms and its molecular mechanism has already been
described, in a study with Escherichia coli, (PhTe), has become a promising agent for
in vivo antimicrobial activity studies.

Therefore, several invertebrate models, including Caenorhabditis elegans,
Drosophila melanogaster and Galleria mellonella, have been developed as promising
alternatives to study the pathogenesis of important drugs (Maliki et al., 2017).
Drosophila melanogaster is a proven model organism in genetic research established as
a model in experimental food and nutrition research, is suitable for nutritional
intervention studies (Staats et al, 2018), as well as being a model for pathogenicity
studies, offers many insights essential information on the development of cell biology
and infectious diseases. (Maliki et al., 2017). Many pharmaceutical companies are using
this model for drug discovery, including drugs with antimicrobial potential, and for
these trials, the use of an oral infection model, via food, is considered the most
appropriate to administer antimicrobial agents when long-term treatment is required
(Chamilos et al., 2012). This study aims to evaluate the antimicrobial effect of (PhTe),,
through an alternative model of bacterial oral infection of Escherichia coli strains in

Drosophila melanogaster.

2. Materials and methods

2.1 Chemical

Diphenyl ditelluride (PhTe), was prepared according to the method previously
published by Petragnani (1994) (Figure 1). The 1 H NMR and 13CNMR spectra
analysis showed analytical and spectroscopic data in full agreement with their assigned
structure; GC/HPLC determined the chemical purity of (PhTe), (99.9%), which was
diluted with dimethyl sulfoxide (DMSO).
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Te-Te

Figure 1. Chemical structure of the compound diphenyl ditelluride (PhTe),.

2.2 Drosophila melanogaster and Escherichia coli stock and culture
Drosophila melanogaster (Harwich strain) of the wild type was obtained from
Laftambio (Unipampa, Itaqui-RS). The flies were kept in glass flasks, under controlled
temperature of 25 + 1 °C, humidity of 60—70% and circadian cycle light/dark of 12 h,
fed with standard food composed of corn flour (76,59%), wheat germ (8,51%), sugar
(7,23%), milk powder (7,23%), salt (0,43%) and Nipagin (antifungal)
The bacterial strain used in this study is E. coli BL21 (DE3) RIL (B F— ompT
hsdS(rB — mB — ) dcm+ Tet(r) gal endA Hte [argU ileY leuwW Cam(r), from
Biotechnology Center (CBiot)/ UFRGS. The strain was kept frozen in 10% glycerol

until use.

2.3. Diphenyl ditelluride (PhTe), safety in Drosophila melanogaster

To determine (PhTe), safe concentrations for the study, we started with
concentrations of 1, 10, 25, 50, 100 and 200 pM of the compound, diluted in
dimethylsulfoxide (DMSO) at 0.1% of the total volume. The different concentrations of
(PhTe), were mixed with 10ml of the standard diet and homogenized, two control
groups were used, one without the compound (PhTe), and the other control with the
vehicle only (DMSOQO). For each group, 50 flies of both sexes kept (50% females, 50%
males) were kept in standard medium, under conditions of 25 + 1°C, in a light:dark
cycle of 12 h:12 h with ~60 % of unit. To determine the safety of the compound

determided by LCs and behavioral tests were evaluated after 48 hours of exposure.

2.3.1 Survival Curve

After the start of treatment, survival counted every day until the end of the 48

hours, the diet changed every day and dead flies were discarded. Mortality rate analysis
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performed at 48 hours to determine the safety of the compound. To determine the safety

of the compound we determined the LCsy.

2.3.2 Behavioral test

Negative geotaxis test: A negative geotaxis test was performed to assess possible
behavioral changes related to hyperactivity in flies, which can determine the locomotor
function of flies. The test was performed with 20 flies from each experimental group,
and the time required to reach the 8 cm of the tube was counted, according to Ternes et
al. (2014). The test was repeated five times for each fly, and data were expressed as the
average of five trials in the treatment group.

Open field test: The open field test was used to assess the locomotor activity of flies, as
in the study by Kaur et al. (2015). Flies after 48 hours of treatment were kept ina 9 cm
diameter arena that was divided into squares (11 cm), and the area was covered with a
Petri dish. The activities and movements of the flies were timed, and the trajectory was
recorded at a given time (60 s). Results are expressed as the average number of squares

crossed by the group of flies. About 20 flies per group were included in this test.

2.4 Oral infection and treatment with diphenyl ditelluride

2.4.1 Bacteria preparation:

Escherichi coli strains Bl 21-DE RIL, these were kept in standard LB broth at
37° C, +/- 150rpm overnight, an aliquot was transferred to 50ml of new LB broth until
reaching the OD600 0.6 — 0.8, were centrifuged at 2,500 Xg for 15 minutes at 4°C, the
supernatant was discarded and the pellet was resuspended in a 5% sucrose water

solution.

2.4.2 Preparation of the fly for exposure:

To obtain axenic flies for the study, eggs were first collected in sterile apple agar
medium (1 L of distilled H,0, 30 g of agar, 33 g of sucrose, 330 ml of apple juice and
Nipagin antifungal agent) with yeast for 24 hours. Then the collected eggs were washed

3x in a 10% sodium hypochlorite solution, interspersed with washing in PBS X1 buffer.
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After the cleaning and asepsis process, the eggs were transferred to flasks containing
Lewis standard medium (1 L triple distilled H,O, 6.1 g agar, 93.6 g brown sugar, 68 g
maize, 18.7 g instant yeast, 10g Nipagin antifungal agent), sterile, and incubators at 25
+ 1 °C, on a 12h:12h light:dark cycle with ~60% humidity. After hatching, 2-3 day old
flies were used for the experiments (Figure 2) (Siva-Jothy et al.,2018) .

Generation F1 Generation F2

(axenic)
Ovi iti . -
9 d i - g - QUpaHtich > : -~
“’g,\ 7. R ™ @ M

Axenic flies treatment

Parental Generation

Figure 2. Experimental design of rearing axenic flies for use in the model of oral

infection of Drosophila melanogaster by Escherichia coli.

2.5 Oral infection model and (PhTe), treatment:

For infection, the infection model used the methodology according to Siva-Jothy
et al. (2018) (Figure 2), where flies were hunger 2-4 hours before exposure to the
bacteria. Sterile 40 ml Falcon vials were placed, where 500 pL of standard sugar agar
was pipetted into the cap and allowed to dry, then sterile filter paper discs were placed
on the agar and 100 pL of bacterial culture at OD600 0.5 -0.8, were pipetted directly
onto filter paper. The seven flies were exposed individually and remained in contact
with the bacterial solution between 18-20 hours at 25°C, in a light and dark cycle of
12h: 12h, with 60% humidity. In the control (without infection), the bacterial solution
was replaced in the same volume by a 5% sucrose aqueous solution on filter paper, and

incubated again at 25°C, in a light and dark cycle of 12h:12H, with 60% of moisture.
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Figure 3: Experimental design of oral infection of Drosophila melanogaster, by

Escherichia coli treated with Diphenyl ditelluride (PhTe),

At the end of the exposure time to the bacteria, a sample of two flies per group
was seeded to confirm contamination. The flies were divided into four groups: 1-
without infection; 2- infection + vehicle; 3- infection + 10uM (PhTe),; 4- infection.
Each group consisted of five flies placed in flasks containing 10ml of agar (2% sucrose,
1% milk powder, 1% agar; 0.08% Nipagin). The flies were exposed to the compound
during times of 0, 3, 6, 12, 24 and 48 hours. The experiments were performed in
experimental triplicate.

After exposure to the compound, flies were washed immediately after bacterial
exposure by placing them in 100 puL of 70% ethanol for +/- 20-30 s, ethanol was
removed and 100 pL of distilled water was added for 20- 30 s, for washing, the washing
process was done three times, the water was removed and 100 pL of 1x PBS was added

and mixed. The experiments were carried out in experimental triplicate.

2.6 Microbiological analysis

The homogenate was transferred to a 96-well plate and 90ul of 1XPBS was
added to each well, the samples were serially diluted, after which 5ul of each serial
dilution were seeded in nutrient LB agar and subsequently incubated for 24 hours at
37°C. The number of CFU per fly was calculated by counting the number of colonies
present in the serial dilution, where the number of colonies was multiplied by the
dilution factor, in order to calculate the probable number of bacteria per fly. For the

statistical analysis of CFUs by flies, a normal distribution was made, transforming into
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Log, once this process was done, and generalized linear models were used to test the

treatment groups. The experiments were carried out in experimental triplicate.

2.7 Analyze statistical

The results were verified for normality of distribution by the Shapiro-Wilk test
and homogeneity by the Brown-forsythe test. Results were compared using one-way
ANOVA and Tukey's post-hoc for multiple comparisons. Descriptive data were
expressed as mean + standard error of mean (SEM). Probability values lower than 0.05
(p < 0.05) were considered statistically significant. All statistical analysis results were
performed by the GraphPad Prism 9.1.2 program.

3 Results

3.1 Diphenyl ditelluride (PhTe), safety in Drosophila melanogaster

To establish the safety of using the compound (PhTe),, the 50% lethal
concentration (LCsp) was determined based on the mortality rate using the same time
interval as the mortality curve. After analyzing the results, we can observe in figure 4,
that in the time of 48 hours the LCsy of the compound was 44,12 uM, this result
demonstrates that the concentration of 10 uM of (PhTe), is safe for the Drosophila
melanogaster model, as this value represents approximately 1/4 of the LCsg in the 48

hours of exposure.
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Figure 4. Determination of LCsy of (PhTe),: Analysis of the lethal concentration of
the compound that can cause 50% of deaths during exposure of flies to different
concentrations (1, 10, 25, 50, 100 and 200 uM) of (PhTe),, within 48 hours. A
logarithmic curve of bacterial load was constructed to demonstrate the antimicrobial
effect of the compound. The mean and SE of each time point are calculated from 5
subjects, in experimental triplicate (p < 0.0001).

3.2 Evaluation of (PhTe), effect on behavior of Drosophila melanogaster

Behavioral tests of negative geotaxis and in open field were performed in order
to determine the safety of the compound (PhTe),. The tests were performed in
experimental triplicate, the results are shown in Figure 5 (A and B) negative geotaxis
test and open field respectively. In the negative geotaxis test, no significant difference
was observed in relation to the control in the tested concentrations (Figure 5-A), which
demonstrates that no alteration occurred in relation to locomotor function of the flies.
Regarding the open field test (Figure 5-B), we observed that the concentrations of 50,
100 and 200uM significantly reduced the exploratory capacity of the flies, when
compared to the control (*) and the DMSO vehicle (#). Behavioral tests were performed
after 48 hours of exposure to concentrations of 1, 10, 25, 50, 100 and 200 pM

compound.
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Figure 5. Assessment of physical and behavioral changes after exposure to (PhTe)..
Behavioral test results, after exposure to 10uM to (PhTe),, for 48 hours. Negative
geotaxis (A) and open field (B). We used 20 adult flies (3-5 days old), male and female.
The statistical analysis used was one-way ANOVA, followed by Tukey's post hoc test
for multiple comparisons. * indicates different from the control and # indicates different
from DMSO. Statistical difference was considered P<0.05.

3.3 Antimicrobial effect of (PhTe), in a model of oral infection in Drosophila
melanogaster
After determining the safety of (PhTe), at a concentration of 10uM, we
evaluated the antimicrobial potential of the compound through an oral infection model,
the results are shown in figure 6 (A). To quantify the bacterial load, the CFUs per fly
were calculated from the number of colonies present in the lowest possible dilution to
count the visible colonies, then the number of CFUs was multiplied by the present
dilution factor, and thus we obtained the number of CFUs. For the statistical analysis
and construction of the logarithmic curve, the CFUs of each fly were log-transformed.
As a result, we obtained a curve of Logio per CFU/fly, where we can observe that the
flies treated with 10uM of (PhTe), had a significant reduction in the bacterial load over
the exposure time, when compared to the infection group and in the group
infection+vehicle. For each experiment, 5 flies were used per group, the experiments

were performed in triplicate.
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Figure 6. Antimicrobial effect of (PhTe), in a model of oral infection in Drosophila
melanogaster. (A) Internal load of Escherichia coli in flies after oral infection and
treatment with 10uM (PhTe),. Mean + SE bacterial load of 1-2 day old female and male
flies after 48 hours of infection with Escherichia coli (OD600 = 0.8) and treatment as
(PhTe), at times of 0.3,6, 12 and 24 hours post-infection. (B) Comparison of treated and
control groups after 48 hours of treatment. The mean and SE of each time point are

calculated from 5 subjects, in experimental triplicate (p < 0.0001).
(A) *Significant difference compared with the infection, infection+vehicle and without infection
groups; “Significant difference compared with the infection, infection+(PhTe), and without infection
groups; “Significant difference compared with the infection, infection+vehicle and infection+(PhTe),
groups;
(B) *Difference between the group and the control

In figure 6 (B), we can see the effect of 10uM of (PhTe), throughout the entire
exposure time, it can be seen that this concentration is capable of reducing the bacterial
load proportionally to the exposure time, starting from the time of 3 hours of exposure
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to the compound.

4. Discussion

In this study, the use of axenic Drosophila melanogaster as a model of oral
Escherichia coli infection was explored, with the central objective of evaluating the
antimicrobial effect of (PhTe), in an alternative animal model, observing the bacterial
load, in order to determine the antimicrobial potential of the compound. Firstly, we
determined the safety of the compound in the Drosophila melanogaster model,
evaluating behavioral tests of negative geotaxis, open field and lethal concentration.

Our LCs result in the maximum time of 48 hours of exposure to the compound
was 44,12 uM of (PhTe),, this result determined the concentration of 10 uM of the
compound to be used in the other phases of the study, since this concentration is well
below the LCs at 48 hours. In studies toxicological capacity of (PhTe), in vitro in yeast
strains Saccharomyces cerevisiae, Salmonella typhimurium and Escherichia coli strains
exposed to different concentrations of (PhTe), demonstrated the toxicological potential,
at different concentrations (Pinheiro et al., 2022; Degrandi et al., 2010; Jorge et al.,
2015). We can say that the compound (PhTe), is safe for Drosophila melanogaster at a
concentration of 10 pM, although it shows toxicity in in vitro studies with
microorganisms with concentrations of up to 100 uM and in animal cells it shows
toxicity at concentrations between 5 and 10 uM (Degrandi et al., 2010) in our study com
an animal model in Drosophila melanogaster concentration of the study is low and does
not cause toxicological effects capable of altering the physical integrity of the flies.

Our results showed that there were no changes in the behavior of the flies during
the climbing time in the negative geotaxis test, in all tested concentrations when
compared to the control group, this test is carried out in order to verify the effects of the
compound on the physical integrity of the flies, presumed from their locomotor
behavior (Fedele et al., 2014). Open field test, corroborates with the evaluation of the
physical integrity of the flies (Prut and Belzung, 2003) in our findings we observed that
the lowest concentrations (1.10 and 25 uM) did not cause significant alterations when
compared to our control group however, at the highest concentrations (50, 100 and
200uM) of the compound we can observe a decline in the exploratory activities of the

flies. Based on our results, we can determine that at low concentrations of 1,10 and 25
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UM of (PhTe),, it does not present toxicity, maintaining the physical integrity of the
flies.

(PhTe), is an organic tellurium compound, with contrasting chemical properties
(Pessoa-Pureur et al., 2014). Studies have demonstrated its dose-dependent
toxicological potential, showing potential neurotoxicity, cytotoxicity, genotoxicity and
mutagenicity (Pessoa-Pureur et al., 2014; Degrandi et al., 2010; Trindade et al., 2019;
Heimfartha et al., 2017; Bueno et al., 2017; Bueno et al., 2010; Trindade et al., 2019;
al., 2013). In a recently published study, it was shown that (PhTe), has a toxicological
effect on a strain of Escherichia coli (Pinheiro et al., 2022). In view of the findings of
our study, we showed that the compound has no harmful effect in the Drosophila
melanogaster model, based on previous studies we observed that this compound has a
toxicological effect on microorganisms, so we performed the model of oral infection in
Drosophila melanogaster with axenic flies.

The use of alternative animal models, such as the fruit fly, has been widely used
in studies to evaluate drug-microorganism interactions, since studies with vertebrate
animal models are very laborious and expensive (Bram Van den Bergh, 2022;
Chamilos, Samonis and Kontoyiannis, 2011). The main objective of this study was to
evaluate the potential antimicrobial effect of (PhTe),. Our results in Figure 6
demonstrate the toxicological effect of the compound on Escherichia coli strains we can
observe that during the period of exposure the bacterial load was progressively
regressing during the periods of time in the treatment group and remained constant in
the control group.

This study demonstrated that the model of infection in Drosophila melanogaster
orally is valid for screening studies of agents with antimicrobial potential it should be
noted that the pharmaceutical industry has demonstrated that the use of this alternative,
low cost and high profitability model, are effective and tend to be used more and more
in research. The results of the microbiological evaluation demonstrate that (PhTe), has
antimicrobial potential at a concentration of 10uM, as it is capable of reducing the
bacterial load, that is, causing damage to the bacteria, without causing damage to the
model.

(PhTe), is described as a contrasting organotelluric compound of interest in
biological activities, which includes its antioxidant properties and pharmacological
potential, but its toxicological properties are expressive (Pessoa-Pureur et al., 2014).

The toxicological potential of this compound is associated with its ability to oxidize —
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SH groups of important biomolecules (Puntel et al., 2013a; Trindade et al., 2019). The
toxicity of (PhTe), is associated with its pro-oxidant potential, through the increase in
the production of reactive species, signaling the expression of genes that regulate
oxidative stress in Escherichia coli soxS and oxyR (Pinheiro et al., 2021). The exposure
of flies to 10uM (PhTe), did not result in physical and locomotor alteration of the flies,
and this concentration is well below the LCs,=44,12 uM, for the proposed exposure
times, demonstrating that the compound at this study dose does not cause toxicity to
flies, but it is able to significantly reduce the bacterial load of axenic flies exposed to
oral contamination by Escherichia coli.

Notes from 2019 estimate that 1.27 million individuals died as a result of
antibiotic resistance, among the six most relevant pathogens is Escherichia coli, which
is identified as responsible for the majority of deaths in 2019, due to antibiotic
resistance ( Murray et al, 2022). Faced with studies like this, there is a need for research
that seeks new alternative drugs for use in resistant microorganisms in a study recently
published by our research group we showed that (PhTe), has a toxicological effect on
Escherichia coli strains, associated with its pro-oxidant potential (Pinheiro et al., 2022).
From this study, (PhTe), can be considered a potential target of studies as an

antimicrobial drug.

Conclusion

This study is unprecedented, as it demonstrated that 10uM of (PhTe), proved to
be effective in controlling bacterial load in an oral infection model without causing
toxicity to Drosophila melanogaster. Based on these findings, and with previous studies
we can place the (PhTe), as an organotelluric compound with antimicrobial,
bacteriostatic and bacteriostatic properties. More tests can be carried out to elucidate the
effect of (PhTe), in the Drosophila melanogaster model, as well as the use of a superior

model, to determine the antimicrobial effect of the compound
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8. DISCUSSAO

Este estudo teve como objetivo central avaliar os alvos moleculares do composto
ditelureto de difenila (PhTe), em células de Escherichia coli, a fim de elucidar a
expressdo génica e os reguladores da resposta ao estresse oxidativo, decorrentes da
exposicdo das células ao composto, bem como investigar o efeito antimicrobiano do
(PhTe), , através de modelo alternativo de infeccdo oral por Escherichia coli em
Drosophila melanogaster.

O composto alvo deste estudo € o ditelureto de difenila (PhTe), , que tem sido
descrito como contrastante e de interesse em atividades bioldgicas, que inclui suas
propriedades antioxidantes e potencial farmacoldgico, porém suas propriedades
toxicologicas sdo expressivas (Pessoa-Pureur et al., 2014; Degrandi et al., 2010;
Heimfarth et al., 2017) em estudos toxicologicos tem demostrado seus efeitos
potencialmente citotoxicos e mutagénicos em ensaios com leveduras Saccharomyces
cerevisiae, cepas de Salmonella typhimurium e células V79 (Degrandi et al., 2010;
Jorge et al., 2015); e efeitos genotoxicos e neurotdxico em estudos com camundongos
demostrou potencial mutagénico (Meinerz et al., 2014; Caeran Bueno et al., 2013;
Heimfarth et al., 2017, 2012, 2008), tendo o efeito toxicologico associado a oxidacdo de
grupamento —SH de moléculas biologicamente importantes.

O ponto de partida deste estudo foi avaliar os efeitos do (PhTe), em células
bacterianas de Escherichia coli, nos alvos moleculares, determinando os marcadores de
estresse oxidativo intra e extracelular; a expressdao dos reguladores da resposta ao
estresse oxidativo soxS e oxyR, e 0s genes de defesa antioxidante katG, sodA, sodB e
gnd; o impacto da exposi¢do ao (PhTe), sobre a atividades das enzimas antioxidantes
catalase e superoxido dismutase e determinar concentracdes do (PhTe), capazes de
causar efeito bactericida e bacteriostatico.

Os resultados desta primeira etapa, demostraram que o potencial efeito
toxicolégico do (PhTe), esta associado aos efeitos pro-oxidantes deste, a regulacéo
desse processo, em resultados a expressdo de soxS foi reprimida nas concentragdes
avaliadas e a expressédo de oxyR foi induzida nas concentragOes de 6 e 12 pug/mL, e
expressdo diminuida na concentracdo mais alta. Estudos demostram que a regulacéo do
soxS e pela oxidacdo dos clusters (2Fe-2S), e permanece em niveis baixos na auséncia
de oxidacdo do regulon soxR. A regulacdo do oxyR ocorre através da oxidacdo dos

grupos -SH do oxyR transcricional e confere ao sistema uma capacidade auto-reguladora
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durante o estresse oxidativo (Pomposiello e Demple, 2001). Os achados deste estudo
trazem a compreensao que a resposta global ao estresse oxidativo foi caracterizada por
uma regulacdo negativa transitéria de genes envolvidos no metabolismo geral, e uma
regulacdo positiva do sistema de defesa, desta forma como resultado da exposi¢édo
aguda ao (PhTe),, ocorreu uma desregulacdo do sistema de resposta e de defesa
antioxidante, impossibilitando uma resposta protetora a célula bacteriana.

No primeiro artigo a exposicdo de cepas de Escherichia coli ao (PhTe), ,
resultou no aumento da atividade das enzimaticas de defesa antioxidante superéxido
dismutase e catalase, e elevou o nivel de peroxidacdo lipidica e de carbonilacdo de
proteinas, além dos niveis de ER tanto a nivel intracelular como extracelular. A
exposicdo também foi capaz de reduzir em ~55% os niveis de tiol ndo proteico, nas
células bacterianas. Ao conectar o potencial toxicolégico do (PhTe), com a producédo
excessiva de espécies reativas e danos oxidativos a lipidios e proteinas, sugerimos que a
toxicidade desse composto afeta a resposta de regulagéo génica ao estresse oxidativo e
defesa antioxidante, levando a morte celular bacteriana. Neste estudo sugeriu-se que 0s
efeitos toxicos do (PhTe), se devam a sua atividade pro-oxidante, que desregula a
expressao do sistema de resposta ao estresse oxidativo, tornando-o ineficaz a ponto de
ndo reverter o dano oxidativo.

Apdbs determinar o mecanismo toxicoldgico de (PhTe), em células bacterianas
de Escherichia coli, na primeira parte do estudo, avaliou-se um possivel efeito
antimicrobiano, utilizando modelo alternativo de infeccdo oral por Escherichia coli em
Drosophila melanogaster. O uso de modelos animais alternativos, ao invés de modelos
animais tradicionais como camundongos, ratos e outros mamiferos que tendem a ser
demorados e com custos mais elevados. Cabe ainda a ressalva sobre as questdes éticas
envolvidas no uso destes modelos, assim o uso de modelos alternativos busca reduzir
ndo s6 o tempo de pesquisa e seu custo, mas também, preocupacles éticas com o
sofrimento animal (Goethel et.al, 2022).

Muitas empresas farmacéuticas e de biotecnologia estdo usando cada vez mais
modelos de mini hospedeiros com a Drosophila melanogaster, para a descoberta de
medicamentos. Em experimentos usando as moscas como modelo de infecgcdo, o
patogeno de interesse pode ser inoculado por diferentes métodos, como o método de
agulhamento, onde o inéculo é injetado no térax dorsal usando agulhas, ou utilizando
métodos mais fisioldgicos de infeccdo com o meétodo de rolamento e 0 método oral,

através da alimentagdo. O método de infecgdo oral, por alimentacdo € considerado o
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mais adequado para administrar agentes antimicrobianos quando € necessario um
tratamento de longo prazo (Chamilos et al., 2012).

Os achados demostraram que o (PhTe), é seguro para 0 uso no modelo
alternativo animal sugerido no estudo, uma vez que nao demostrou causar toxicidade na
concentracédo e tempo de exposicdo do estudo. Os resultados com a dose de 10uM de
(PhTe), ndo alteraram o estado fisico ou locomotor das moscas, parametro que nos
indica a seguranca do uso, e esta bem abaixo da LCsy=44,12uM para 0 tempo maximo
de 48 horas de exposicdo. O uso deste modelo de infeccao, por via oral, demonstrou ser
valido, para este tipo de estudo, pois ao avaliar a carga bacteriana ao longo tempo de
exposicdo, é notavel a diminuicdo significativa dos niveis de carga bacteriana, nas
moscas expostas ao composto e ao indculo. Cabe ressaltar que a dose de 10 uM ¢ a
abaixo da LCsp, 0 que nos da seguranga para colocar o (PhTe), como um potencial
agente antimicrobiano.

A avaliacdo do efeito antimicrobiano do (PhTe), neste estudo, é positiva, a
concentracdo de exposicdo reduzir a carga de bactérias a partir do tempo de 3 horas, e
de acordo com os dados apresentados, pode-se observar que o nimero de col6nias
diminui progressivamente ao tempo de exposicao, chegando a zerar ao final de 48 horas
de exposicdo. Este resultado é empolgante e possibilita acrescer as potencialidades do
(PhTe), a efeito antimicrobiano, comprovado por modelo de alternativo em animal.

As etapas deste estudo elucidaram o mecanismo de acdo do (PhTe), em células
bacterianos e seu potencial antimicrobiano (Figura 15), na primeira etapa do estudo e
de modo pioneiro determinamos as vias de expressao génica em resposta ao estresse
oxidativo decorrente da exposicdo de cepas de Escherichia coli ao composto, 0 que
levou segunda etapa deste estudo, que foi determinar o potencial antimicrobiano do
(PhTe),, em modelo animal alternativo de infec¢do oral em Drosophila melanogaster ,
diante dos resultados deste estudo, sugere-se que o (PhTe), tem potencial
antimicrobiano comprovado e que seu mecanismo de acdo é através do aumento da
producdo de espécies reativas e alteragdo dos mecanismos de reparo dos danos

oxidativos, nas células bacterianas.
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Figura 15 - Esquema resumo do estudo de mecanismos moleculares de toxicidade do ditelureto de difenila (PhTe), em cepas de

Escherichia coli e potencial antimicrobiano em modelo um infec¢cdo em Drosophila melanogaster
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9. CONCLUSAO

Com base nos dados obtidos atraves de nossos estudos, podemos concluir que:

- O composto ditelureto de difenila (PhTe), altera a expresséo dos reguladores do
estresse oxidativo soxS e oxyR; aumenta 0s niveis e estresse oxidativo, diminui os niveis
de tiois ndo proteicos, altera a expressao dos genes sodA, sodB e katG, bem como a
atividade das enzima antioxidantes catalase (CAT) e superoxido dismutase (SOD), além
de aumentar a peroxidagdo lipidica e a carbonilacdo de proteinas, em cepas de
Escherichia coli, demostrando que este composto tem potencial de causar graves danos

oxidativos, levando a morte bacteriana;

- Este estudo demonstrou o potencial bactericida (12ug/ml) e bacteriostatico (6pg/ml)
do (PhTe),, além de demonstrar seu potencial toxicoldgico associado ao seu efeito pro-

oxidante em Escherichia coli;

- Ao final deste estudo demonstramos que uso do (PhTe), na concentracdo de 10uM é
segura e eficaz para estudos de infecgdo oral em Drosophila melanogaster, demostrando

que o0 uso deste é valido e promissor;
- Por fim este estudo foi capaz de demonstrar o potencial efeito antimicrobiano do

(PhTe),, e elucidar os mecanismos moleculares de expressao génica de resposta ao

estresse oxidativo do (PhTe),
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10. PERSPECTIVAS

Este estudo possibilitou elucidar os mecanismos de acdo do (PhTe), e aponta-lo
como promissor agente antimicrobiano. Acreditamos que devemos ir além deste estudo
e buscar compreender o mecanismo que envolve a interacdo hospedeiro—farmaco-
microrganismo. Para tal sugerimos novas etapas, onde, buscaremos esclarecer de que
forma o (PhTe), age durante a exposi¢do das moscas, reduzindo a carga bacteriana e
ndo causando danos as mesmas.

Em uma primeira etapa elucidaremos se os mecanismos de defesa das moscas
foram alterados, possibilitando ampla defesa contra microrganismo invasor, através de
andlises bioquimicas de quantificagdo de pardmetros de estresse oxidativo, como
espécies reativas (RS), TBARs, atividade enzimética (SOD, CAT e GST), carbonilacdo
de proteinas, tiois ndo proteicos. E analisar os parametros comportamentais, a fim de
determinar algum possivel dano decorrente desta interacéo.

Em uma segunda etapa buscaremos determinar o envolvimento do estresse
oxidativo na resposta das moscas a exposicdo ao (PhTe),, avaliando parametros
moleculares. Nosso intuito seria elucidar de que modo o0 composto atua em um modelo

animal e quais sdos seus efeitos tanto modelo com no microrganismo invasor.
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