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RESUMO

A febre Chikungunya é uma doenca que causou grandes danos a populacdo brasileira nos anos
de 2015 e 2016 e até hoje uma parcela dessa populacdo sofre com dores articulares crénicas
decorrentes dessa doenca. A dor articular em casos de Chikungunya ndo tem tratamento; porém
ela é similar aquelas causadas na artrite reumatoide e para esta Ultima o exercicio fisico vem
sendo empregado na melhoria dos danos articulares. O exercicio fisico é capaz de modular o
metabolismo oxidativo e atuar na melhoria de quadros inflamatoérios diminuindo inflamacdes
de cunho articular. Dessa forma, esse trabalho avaliou os efeitos da infec¢édo pelo CHIKV, sobre
a expressdao de genes relacionados a bioenergética, dindmica mitocondrial e enzimas
antioxidantes de células linfo mononucleares (PBMC) de pacientes submetidos a um
treinamento fisico e realizar uma revisdo sistematica. Foram selecionadas as plataformas:
Medline, SCOPUS, COCHRANE e Web of Science. Foram usados os descritores/Mesh:
Arbovirus, arboviroses, infeccbes por arbovirus, mitocondria, estresse oxidativo e espécies
reativas de oxigénio. Os dados foram descritos em tabelas e escrito pelas diretrizes do PRISMA.
Em relacdo as PBMC, o sangue foi coletado de pacientes do sexo feminino (n=42) e
centrifugado para obtencao do soro e das PBMC pré e p6s treinamento (tanto do grupo controle
quanto do grupo infectado). O soro obtido foi utilizado para identificacdo de anticorpos 1Gg
para CHIKV, enquanto que as células armazenadas foram submetidas a analises moleculares
por PCR para avaliacdo dos genes de bioenergética (complexo I-NDUFB8, Complexo I11-
UQCRC2), biogénese (TFAM), dinamica mitocondrial (Fus&do-OPAL, Fissdo-DRP1) e enzimas
antioxidantes (Superéxido dismutase-SOD, catalase-CAT). Uma parcela dos pacientes foi
submetida ao protocolo de exercicio fisico moderado durante 4 semanas com frequéncia
semanal de trés vezes por semana, com duracéo de 40 minutos por sesséo, e intensidade de 50-
70% da frequéncia cardiaca maxima (FCMax). Os dados foram analisados por ANOVA One
way seguido pelo pos-teste de TUKEY, mantendo o p<0,05. Os resultados da reviséo
mostraram que infeccdo por arbovirus leva a um aumento de na producdo de ROS e aumento
na atividade mitocondrial proximas as regifes de zonas convolutas, além disso, nessas regides
ocorre um aumento no processo de dindmica mitocondrial, tanto por fissdo quanto fusdo. As
analises moleculares mostraram que a infec¢do crénica por CHIKV causou um aumento na
expressao da SOD (42 vezes, p<0,0001), DRP 1 (37 vezes, p=0,0017), complexo 1 (17 vezes,
p=0,0022) e complexo 3 (20 vezesp=0,0049) como também do TFAM (14 vezes, p<0,0001)
em comparagdo ao grupo controle. Apos o treinamento, ocorreu diminui¢do da expressdo do
complexo 3 (2 vezes, p=0,0235) e do TFAM (14 vezes, p<0,0001) e aumento na expressdo do
complexo 1 (3 vezes, p<0,0001) e DRP1 (2 vezes, p=0,0017). Além disso, o0 treinamento
aumentou a expressao de OPA1L (16 vezes, p<0,0001) e das enzimas antioxidantes SOD (2
vezes, p<0,0001) e CAT (50 vezes, p<0,0001) em comparagdo com o grupo CHIKV. Assim,
nosso trabalho mostrou que em modelos de infecgéo in vitro por arbovirus o aumento exagerado
de espécies reativas pode levar ao estresse oxidativo e sinalizacdo para morte celular.
Mostramos também ocorrem alteracGes na expressdo de genes associados ao balanco oxidativo
e homeostase mitocondrial e o treinamento fisico proposto promove uma maior expressao de
genes do sistema antioxidante e de dindmica mitocondrial, podendo resultar também em
melhoria do quadro inflamatério. Palavras-chaves: Arbovirus. CHIKV. Estresse oxidativo.
Exercicio fisico. Mitocondria.



ABSTRACT

Chikungunya fever is a disease that caused great damage to the Brazilian population in 2015
and 2016 and to this day a portion of this population suffers from chronic joint pain resulting
from this disease. Joint pain in Chikungunya cases is untreated; however, it is similar to those
caused in rheumatoid arthritis and for the latter, physical exercise has been used to improve
joint damage. Physical exercise is able to modulate the oxidative metabolism and act in the
improvement of inflammatory conditions, reducing joint inflammation. Thus this study
evaluated the effects of CHIKV infection, on the expression of genes related to bioenergetics,
mitochondrial dynamics and antioxidant enzymes of mononuclear lymphatic cells (PBMC) of
patients undergoing physical training and conducting a systematic review. The platforms were
selected: Medline, SCOPUS, COCHRANE and Web of Science. The descriptors / Mesh were
used: Arbovirus, arboviruses, arbovirus infections, mitochondria, oxidative stress and reactive
oxygen species. The data were described in tables and written by the PRISMA guidelines.
Regarding PBMCs, blood was collected from female patients (n = 42) and centrifuged to obtain
serum and PBMCs before and after training (both in the control and in the infected group). The
obtained serum was used to identify 1Gg antibodies to CHIKV, while the stored cells were
subjected to molecular analyzes by PCR to evaluate the bioenergetic genes (I-NDUFB8
complex, Complex I11-UQCRC?2), biogenesis (TFAM), mitochondrial dynamics (Fusion-
OPAL1, Fission-DRP1) and antioxidant enzymes (Superoxide dismutase-SOD, catalase-CAT).
A portion of the patients underwent a moderate exercise protocol for 4 weeks with a weekly
frequency of three times a week, lasting 40 minutes per session, and intensity of 50-70% of the
maximum heart rate (FCMax). Data were analyzed by One-way ANOVA followed by the
TUKEY post-test, keeping p <0.05. The results of the review showed that arbovirus infection
leads to an increase in the production of ROS and an increase in mitochondrial activity close to
the regions of convoluted zones, in addition, in these regions there is an increase in the process
of mitochondrial dynamics, both by fission and fusion. Molecular analyzes showed that chronic
CHIKYV infection caused an increase in SOD expression (42 times, p <0.0001), DRP 1 (37
times, p = 0.0017), complex 1 (17 times, p = 0, 0022) and complex 3 (20 timesp = 0.0049) as
well as TFAM (14 times, p <0.0001) compared to the control group. After training, decreased
expression of complex 3 (2 times, p = 0.0235) and TFAM (14 times, p <0.0001) and increased
expression of complex 1 (3 times, p <0.0001 ) and DRP1 (2 times, p = 0.0017). In addition,
training increased the expression of OPAL (16 times, p <0.0001) and the antioxidant enzymes
SOD (2 times, p <0.0001) and CAT (50 times, p <0.0001) compared to the CHIKV group. Thus,
our work showed that in in vitro arbovirus infection models, the exaggerated increase in reactive
species can lead to oxidative stress and signaling for cell death. We also show changes in the
expression of genes associated with oxidative balance and mitochondrial homeostasis and the
proposed physical training promotes greater expression of genes in the antioxidant system and
mitochondrial dynamics, which may also result in improvement of the inflammatory condition.

Key word: Arbovirus. CHIKV. Oxidative Stress. Physical exercise. Mitochondria.
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AS49 Células epiteliais de pulmao humano
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CAT Catalase

CHIKV Chikungunya virus

CHPV Chandipura virus

CREB Proteina de ligacéo ao elemento responsivo CAMP 1
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MIDNA DNA mitocondrial

NADH Nicotinamida adenina dinucleotidio (estado reduzido)
NADP* Nicotinamida adenina dinucleotidio fosfato (estado oxidado)
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1 DELIMITACAO DO PROBLEMA

Arboviroses sdo doencas virais transmitidas por insetos reconhecidas pela Organizagédo
Mundial de Saude como um problema global de saude publica (WHO, 2009). No Brasil, sabe-
se que a partir dos anos 2000 surtos de arboviroses como dengue, Zika e Febre Chikungunya
tornaram-se motivo de preocupacdo para a salude (BRASIL, 2015). No ano de 2015, o pais
passou uma epidemia de Febre Chikungunya onde cerca 17.971 habitantes em cerca de 704
municipios foram notificados como infectados (BRASIL, 2016).

O namero de casos notificados associado ao comprometimento da qualidade de vida da
populacdo devido as sequelas geradas durante a fase crénica pos infeccdo sdo fatores que
causam preocupacdo para a populacdo (CHOW et al.,, 2011). A Febre Chikungunya €
sintoméatica em aproximadamente 80% dos pacientes infectados, podendo desenvolver trés
fases clinicas: aguda, subcrénica e cronica, havendo uma persistente artralgia em todas elas.
Amaral et al. (2019), mostraram que as dores articulares em pacientes com Febre Chikungunya
sdo semelhantes a dores causadas por doencas reumaticas graves e que esta segundo Breivik et
al. (2006) presente em 19% dos pacientes com problemas reuméaticos (AMARAL et al., 2018;
BREIVIK et al., 2006). Porém, em relacdo a dor em pacientes acometidos por Febre
Chikungunya, SA et al. (2008) mostraram que em Salvador-BA, 40% das pessoas acometidas
pela fase cronica afirmaram ter dor articular. Um dos fatores que pode estar associado a esses
quadros da doenca seria 0 estresse oxidativo. Estudos mostram que o estresse oxidativo
induzido durante infeccdo por Alfavirus pode contribuir para o aumento da resposta
inflamatdria e replicacdo viral durante a infeccdo (RESHI et al., 2014; CAMINI et al., 2017).
Além disso, ja se sabe que algumas proteinas de Alphavirus podem afetar o funcionamento da
mitocondria, induzindo aumento na producao de espécies reativas de oxigénio (TERASAKI;
WON; MAKINO, 2013).

Diante disso, alternativas que minimizem os efeitos adversos causados pelo virus
Chikungunya (CHIKV) sdo cada vez mais necessarias. O exercicio fisico como atividade de
salde tem efeito terapéutico comprovado diante de patologias com comprometimento articular
cronico que em muito se assemelha a encontrada em pacientes com Febre Chikungunya. Em
um estudo realizado por Silva (2011) foi visto que o treinamento fisico tem sido associado a
melhoria de quadros inflamatdrios, havendo diminuigéo da liberacdo de citocinas inflamatdrias
e melhora na acdo dos sistemas antioxidantes (SILVA, 2011). O exercicio como fator ambiental

também esté atrelado a modulag@es antioxidantes, diminui¢do do estresse oxidativo, regulacédo
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de proteinas anti-apoptoéticas, aumento do fluxo protetor de autofagia e maior reciclagem de
componentes celulares (GONCALVES et al., 2013). O exercicio fisico também tem sido
associado a melhorias na capacidade de complexos mitocondriais, como aumento da atividade
mitocondrial dos complexos I, IV e V, além de aumento na atividade de enzimas antioxidantes
como glutationa-S-transferase (GST) (SUN et al.,, 2010), glutationa peroxidase (GPx)
(VENDITTI; DI MEO, 1996) e reducdo da oxidacao de proteinas, em modelos experimentais
(LIU et al., 2000).

Diante da limitacdo de recursos terapéuticos para o tratamento dos sintomas durante a
infeccdo por CHIKV, novas estratégias terapéuticas sdo importantes para garantir uma melhor
qualidade de vida a populacdo. Além disso, sabendo que o exercicio fisico melhora o
metabolismo oxidativo, diminui lesdes inflamatorias e esta associado com melhoria do humor
e da aptidao fisica, este pode ser considerado um potencial agente terapéutico nao
farmacoldgico contra a Febre da Chikungunya. Assim, esse trabalho tem por objetivo avaliar
os efeitos da infec¢do pelo CHIKV durante a fase cronica, a expressdo de genes relacionados a
bioenergética, dindAmica mitocondrial e enzimas antioxidantes de células linfo mononucleares
(PBMC) de pacientes submetidos a um treinamento fisico e realizar uma revisao sistematica
sobre a bioenergética mitocondrial e o balango oxidativo em modelos in vitro de infecgao por

arbovirus.
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2 REVISAO DA LITERATURA

2.1 Febre Chikungunya

2.1.1 Caracteristicas gerais dos Alphavirus

Os arbovirus pertencentes ao género Alphavirus e a familia Togaviridae s&o
globalmente reconhecidos como causadores de diversas doengas que atingem mamiferos,
incluindo o ser humano (WEAVER; REISEN, 2010). Sendo encontrados em praticamente
todos os continentes, exceto na Antartica. S&o divididos em virus do velho e novo mundo,
conforme os locais onde foram primeiramente identificados (FORRESTER, 2012). Entre 0s
virus do velho mundo, encontram-se os causadores de encefalite humana como os virus da
encefalite equina venezuelana (VEEV) e da encefalite equina do leste (EEEV), enquanto que
aqueles do novo mundo abrangem os virus geralmente associados a uma sintomatologia febril
aguda e artrogénica, que em alguns casos podem levar a morte (PIERRO et al., 2008; SYNDER
etal., 2013).

Mesmo diante da diversidade de virus, os representantes do género Alphavirus
compartilham entre si caracteristicas morfoldgicas e moleculares. Assim, sdo caracterizados
como um conjunto de virions esféricos que apresentam RNA de polaridade positiva que é
responsavel pela expressao de quatro proteinas nao-estruturais (nsP1, nsP2, nsP3, sP4) e cinco
estruturais (C, E3, E2, 6K, E1), conforme a Figura 1 (HOWLEY et al., 2013; WEGWE et al.,
2016; AN et al., 2017). As proteinas ndo estruturais sdo responsaveis pela patogenicidade dos
virus, enquanto que as proteinas estruturais vdo compor a formacédo do capsideo, membrana e

demais estruturas que compdem a particula viral (FUMAGALLO, 2018).

Figura 1 - Proteinas expressas no genoma de Alphavirus
i
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Fonte: Adaptado de Fumagalli (2018).
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2.1.2 Ciclo de replicacao viral dos Alphavirus

A infeccdo por Alphavirus em vertebrados acontece durante o repasto sanguineo de
vetores infectados atraves da inoculagdo de particulas virais contidas na saliva. Apos a
inoculacdo viral no meio extracelular, o sitio inicial de replicagdo viral s&o as células dendriticas
e de Langherans até chegarem a circulacdo sanguinea onde se disseminam para outros 6rgéos e
tecidos. A replicacdo eficiente, disseminacao e imunidade determinam a intensidade da viremia
e gravidade da doenca (SCHILTE et al., 2013).

Os Alphavirus sdo capazes de infectar uma variedade de células, desde células de
artropodes como as da linhagem C6/36, até macréfagos humanos. Como explicacdo para a
interacdo desses virus com as células tem sido proposto que pode haver o uso de um ou mais
receptores altamente conservado entre os Alphavirus (WANG et al., 2012; VANEY et al.,
2013). A interacdo do virus com o receptor € mediada pela acdo da proteina E2 a qual reconhece
0 receptor e media uma endocitose. Em seguida, ao chegar no citosol o virus desmonta o
capsideo e libera 0 RNA genémico no interior da célula (Figura 2) (NASSAR et al., 2012;
VANEY et al., 2013). Para inicio da replicacdo o RNA é transcrito e é produzida uma proteina
precursora das proteinas ndo estruturais (nS).

Apbs a producdo das nS tem inicio a producdo das proteinas estruturais. O RNA
subgendmico, produz uma poliproteina (p130) que da origem as proteinas estruturais C, E3, E2,
6K e E1 (FIRTH et al., 2008). Em seguida, a proteina C é liberada da cadeia da p130, e entdo,
as demais proteinas estruturais sdo inseridas no reticulo endoplasmatico e sdo clivadas por
diferentes enzimas. Posteriormente, essas proteinas sdo glicosiladas no complexo de Golgi e
sofrem uma série de interacdes entre si e quando maduras sdo liberadas no meio extracelular
dando continuidade ao ciclo (Figura 2) (KUHN, 2007; VAN REGENMORTEL et al., 2000).
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Figura 2 - Representacdo esquematica do ciclo de replicacédo viral de um Alphavirus
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2.1.3 Alphavirus artrogénicos

As infecgBes por Alphavirus podem ser assintomaticas ou sintomaticas, nesse ltimo elas
podem se apresentar sobre formas leves e graves. Os virus do novo mundo sdo responsaveis
por quadros de poliartrite que muitas vezes podem trazer prejuizos para a qualidade de vida dos
pacientes (FUMAGALLI, 2018).

Alphavirus patogénicos como o chikungunya virus (CHIKV) e o virus mayaro (MAYYV)
sdo comumente associados a problemas articulares. Esses virus apresentam uma fase de viremia
que pode durar de 3 a 7 dias no periodo agudo. Na fase aguda sdo comuns outros sintomas além
da artralgia, como febre, cefaleia, fadiga e mialgia (WEAVER; REISEN, 2010; JAFFAR-
BANDJEE et al., 2010). As petéquias podem surgir durante ou apds o periodo de artralgia e
tende a durar em torno 7 a 10 dias de infecgd@o. Estima-se que elas estejam presentes em cerca
de 40% dos casos de infecgéo por esses arbovirus. Em relacéo a artralgia, ela € bastante comum

em infecgdes por esses virus e geralmente as dores diminuem ap0s a fase de viremia, porém ja
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se tem relatos de dores articulares que duram meses ou anos (JAFFAR-BANDJEE et al., 2010;
KURKELA et al., 2008). O inchaco ocorre em pequenas articulacbes como pulso e dedos
podendo se expandir para dores nos joelhos e outras articulagdes maiores; além disso, pode
haver dores articulares simultaneas (JAFFAR-BANDJEE et al., 2010; KURKELA et al., 2008).

Ap0s a picada do vetor a disseminagdo viral ocorre por vasos linfaticos e sanguineos. A
leucopenia € bastante evidente em algumas infec¢des, sugerindo que em alguns Alphavirus os
linfécitos podem ser sitios primarios de infeccédo, além deles o figado e o bagco também séo
bastante usados para a replicacdo viral (Figura 3). Os arbovirus ao atingirem as articulacfes
induzem um processo inflamatério marcado por um infiltrado linfocitario contendo ainda
neutrofilos, macrofagos e células Natural Killer (NK) (LABADIE, 2010).

Figura 3 - Representagdo esquematica do ciclo de infeccdo de um Alphavirus.
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2.2 Chikungunya virus: Caracteristicas gerais e epidemiologia

O CHIKYV foi isolado pela primeira vez na Tanzania, em 1952, tendo aproximadamente
70 nm de diametro, envelopado e com capsideo formado por uma Unica proteina, sendo
organizado em 13 arranjos icosaédricos com simetria. O nucleocapsideo é protegido pelo
envelope que € adquirido da membrana plasmatica do hospedeiro apds a liberagdo para o meio
extracelular. Essa estrutura contém ainda as proteinas E1 e E2 que estdo presentes em
heterodimeros e que sdo organizados na superficie do virion em arranjos de 240 cépias de cada
proteina interagindo com as 240 copias do capsideo. O seu material genético € RNA de fita
simples com polaridade positiva, apresentando na terminagdo 5’NTR as proteinas nao
estruturais (nsP1, nsP2, nsP3, nsP4), ¢ na terminagdo 3’NTR as proteinas estruturais que sdo
C,E3,E2,6KeELl (Figura4) (HOWLEY etal., 2013; WEGWE et al., 2016; AN et al., 2017).

Figura 4 - lustracdo do virus CHIKV: Morfologia e RNA
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Fonte: Adaptado de AS ROSE et al. (2018).

O arbovirus se disseminou rapidamente pelo mundo, tornando-se ameaca em regifes
tropicais e causando grandes problemas para a saude publica (PACHAURI; MAYER, 2014).
Segundo Burt et al. (2017), o virus criou alarde em 2004 em uma epidemia que se espalhou
da costa do Quénia para ilhas do Oceano indico ressurgindo também na india, apds auséncia
de 32 anos. Desde entdo, os casos de epidemia por CHIKV vem aumentando cada vez mais, e
segundo Wilder-Smith et al. (2017) isto esta relacionado com a triade do mundo moderno que
sdo urbanizacdo, globalizacdo e mobilidade internacional.

No Brasil, este virus surgiu primeiramente no Amapa e na Bahia e em 2015 se espalhou
para a regido sudeste (BRITO et al., 2016; NUNES et al. 2015). A maior concentracdo de
casos de febre chikungunya ocorreu na regido Nordeste, onde em 2017, cerca de 76,6% dos
casos notificados se encontravam nessa regido, porém dados do SINAN de 2019 mostram um

aumento no numero de casos nas regides sudeste e nordeste (Figura 5) (BRASIL, 2017;
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BRASIL, 2019). Essa porcentagem é preocupante uma vez que no mesmo ano houve 168 casos
de oObito confirmados no Brasil, além de vérias pessoas infectadas as quais apresentaram
sequelas apos o periodo de viremia (BRASIL, 2017).

Figura 5 - Incidéncia de provaveis casos de Febre Chikungunya por municipio
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Fonte: Sinan online, banco atualizado em 18.03.2019

2.2.1 ManifestacGes clinicas e imunopatogénese

Em relacdo as manifestacBes clinicas, ja se sabe que a Febre Chikungunya pode
apresentar uma fase assintomatica (aproximadamente 30% das pessoas infectadas) e trés
sintométicas: aguda, subcronica ou cronica. A infeccdo aguda tem um inicio abrupto,
caracterizada por febre alta, artralgia, mialgia, dor de cabeca e edema. Os sintomas geralmente
comecam de 4 a 7 dias ap0s a ocorréncia da picada do mosquito (PIALOUX et al., 2007,
MOHAN, 2006). A fase subcrbnica ocorre entre 0 15° ao 90° dia, apresentando como sintomas
a permanéncia da artrite e disseminag&o da inflamacao para estruturas préximas a articulagéo,
como tenddes e ligamentos (AN et al. 2017; SIMON, 2015). Enquanto que na fase cronica da
infeccdo ha poliartralgia muito dolorosa podendo persistir por semanas, meses ou até anos,
incapacitando assim o individuo de realizar determinados movimentos (MANIMUNDA et al.,
2010).

A artralgia caracteriza-se como uma inflamacdo da membrana sinovial que gera um
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aumento da espessura da membrana e acaba dificultando a producéo do liquido sinovial. Os
problemas na producdo do liquido acarretam no aumento de células imunes que destroem a
cartilagem e ossos causando uma dor intensa (COSTA; BECK, 2011). Em pacientes infectados
por CHIKV, ocorre o desencadeamento de artralgia persistente, sendo associada a sinovite
cronica (HAWMAN et al. 2013). A dor cronica nas articulagdes é um problema cada vez mais
comum em infeccdes por CHIKV, estando presente em 17% a 46% da populacdo afetada
(BREIVIK et al., 2006). Porém, um estudo realizado em uma Unidade Bésica de Saude (UBS)
da cidade de Salvador-BA, mostrou um percentual maior de pessoas afetadas com dor crénica,
onde 40% da populagdo acometida com Chikungunya apresentaram essa sintomatologia (SA
et al., 2008). Esse quadro patolégico pode interferir diretamente na qualidade de vida da
populacdo afetada, além de gerar impactos econdmicos significativos, devido a reducdo da
produtividade (CHARREL et al., 2007; BRASIL, 2017).

Os mecanismos fisioldgicos associados a infecgdo e a imunopatogénese relacionada ao
CHIKYV sdo poucos conhecidos, mas ja se sabe que o virus entra diretamente nos capilares
subcutaneos infectando macroéfagos, fibroblastos e células endoteliais (SOURISSEAU et al.,
2007). Em seguida, o virus € lancado para circulacéo linfatica e sanguinea por onde migra para
figado, musculos, articulacfes e cérebro. Nestes tecidos, a infec¢do é associada a uma marcada
infiltracdo de células mononucleares (GALLAN-HUERTA et al. 2015). Nas células linfo
mononucleares ha relatos de tropismo do virus por mondcitos e macrofagos, embora estudos in
vitro tenham mostrado que a infeccdo nessas células é relativamente baixa. Em relacdo aos
linfdcitos, estudos in vitro com linfocitos B e T primarios mostraram que ndo ha infec¢cdo nessas
celulas (SOURISSEAU et al , 2007 ; HER et al. , 2010) . Contudo, mesmo que a infec¢do em
mondcitos e macrofagos seja baixa, acredita-se que eles sdo cruciais na imunopatogénese da
doenca, principalmente por recrutarem células NK para agir na resposta inflamatoria nos
masculos e articulagdes (LABADIE et al , 2010) .

2.2.2 Diagndstico e Tratamentos farmacoldgicos da doenca

Nos primeiros 5 dias da infeccdo podem ser realizados os métodos moleculares para o
diagnostico pois devido a presenca de viremia. Técnicas moleculares como a rea¢do em cadeia
da polimerase transcricional (PCR) e/ou em tempo real (RT-PCR), ensaio de amplificacdo
isotérmica mediada por loop (LAMP) usando primers especificos para genes estruturais e nao
estruturais sdo ferramentas Uteis no diagnéstico rapido do CHIKV. Além dos métodos

moleculares 0 método de imunoensaio enzimatico, por exemplo, ELISA é aconselhavel em


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6110311/#msb177862-bib-0085
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6110311/#msb177862-bib-0033
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6110311/#msb177862-bib-0044
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periodos apds viremia, onde é possivel detectar anticorpos de memdria IgG (AN et al., 2017).
A IgM é detectavel em 5-7 dias ap6s o inicio da doenca e permanece elevada por semanas,
enquanto que a IgG pode ser detectada apds o desaparecimento da viremia, e permanece
detectavel por meses a anos (JOHNSON et al., 2016; SILVA; DERMODY, 2017). Na figura 6

é possivel ver a relacdo do teste utilizado por dias de infec¢éo.

Figura 6 - Relacdo do tipo de diagndstico pelo tempo de infeccdo e fases da Febre
Chikungunya.
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O tratamento farmacoldgico especifico para Chikungunya ainda néo foi desenvolvido,
diante disso € preconizado o uso de analgésicos, antipiréticos e agentes anti-inflamatdrios para
minimizar os sintomas associados a doenca. O tratamento com alguns agentes antivirais comuns
é utilizado contra o virus como, ribavirina (RBV), o favipiravir (FAV) e o interferon-alfa IFN-
0, mas esses compostos atingem uma ampla variedade de virus, ndo sendo especifico para o
CHIKV (FRANCO, et al., 2018; THIBERVILLE et al., 2013).

Os medicamentos utilizados variam de acordo com a fase da doenca. Durante a fase
crbnica sdo utilizados analgésicos para minimizar as dores musculoesqueléticas. Na fase
subcrénica é indicado o uso de anti-inflamatérios para minimizar o quadro inflamatério e
impedir que se dissemine em outras articulages. Por fim, na fase cronica sdo utilizados
analgesicos e opioides para diminuir as dores articulares (FRANCO, et al., 2018; MARQUEZ,
et al. 2017; SILVA, 2017).
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O uso de vacinas para prevencao contra CHIKV é uma possibilidade, porém apresenta
limitacbes uma vez que as imunizagdes precisam realizar uma prote¢do contra todos os
gendtipos do CHIKV, caso contrario o virus pode se tornar mais forte e resistente a tratamentos
(SCHWAMEIS, 2015). Assim, a vacina é considerada altamente segura, mas o0 processo de
inativacdo pode alterar os epitopos do virus, resultando na alteracdo da imunogenicidade
(DEZURE et al., 2016; ERASMUS et al., 2016). Em rela¢do ao uso de vacinas, ndo se tem uma
vacina pronta para Chikungunya, mas ha alguns candidatos a vacinas ja foram identificados
como o LAV CHIKYV 181/25, o qual se baseia na troca dos cddons de leucina e serina por
cddons mutacionais para parar na estrutura de leitura aberta estrutural (ORF) do genoma
CHIKV (CARRAL et al., 2019).

2.2.3 Exercicio fisico como ferramenta terapéutica ndo farmacoldgica

O exercicio fisico é caracterizado como um conjunto de movimentos corporais
produzidos pelo musculo esquelético, os quais sdo planejados, estruturados e repetitivos e tem
como objetivo final ou intermedidrio a melhoria ou manutencdo da aptiddo fisica
(CASPERSEN; POWELL; CHRISTENSON, 1985). Quando 0s exercicios progressivos sao
trabalhados de maneira organizada e sistematica, impactando na execucdo de tarefas de
demanda motora, esses exercicios compdem um treinamento fisico (BARBANTI; TRICOLI,
UGRINOWITSCH, 2004). Estudos mostram que treinamento com exercicio fisico resistido de
via aerdébia tem melhorado a resisténcia a insulina, hipertensdo arterial e problemas articulares
em individuos com problemas artrogénicos (MORAIS et al., 2011; RODEN, 2012).

Diante disso, 0 exercicio fisico tem sido bastante empregado como tratamento nao
farmacoldgico para diversas doencas, entre elas doencas que apresentam em sua génese
patoldgica danos articulares. Ja se sabe que em individuos que possuem problemas articulares,
0 exercicio fisico pode melhorar a lubrificacao articular, manter bom nivel de for¢ca muscular,
diminuir a dor, melhorar a amplitude de movimento e diminuir a resisténcia articular (ALVES;
BASSITT, 2013). Um estudo realizado por Vasilceac (2011) com ratos mostrou que 0 exercico
fisico conseguiu gerar um remodelamento do coldgeno em cartilagens que estavam danificadas
por osteoartrite (VASILAC, 2011). Outro estudo realizado por Verhoeven et al. (2015) com
individuos acometidos com artrite reumatoide mostrou que o exercicio fisico gerou melhora da
funcdo endotelial e lentiddo do processo aterosclerdtico, melhorou a mineragdo 0ssea,
retardando a progresséo da doenga em pequenas articulagfes e aumentando a densidade mineral
0ssea no colo do fémur (VERHOEVEN et al., 2015).
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Além de atuar na atenuagdo dos sintomas clinicos de artrite reumatoide, o exercicio
fisico pode agir interferindo nas vias metabdlicas do organismo, melhorando processos como
oxidacdo de acidos graxos, melhorando a homeostase, metabolismo dos 6rgaos, modulando e
ativando vias sistémicas relacionadas a bioenergética, funcdo e estrutura mitocondrial
(BELEZA et al., 2018; FLETCHER et al., 2016). Nesse sentido, as mitocondrias séo
extremamente importantes no desempenho do exercicio, pois irdo auxiliar na produgdo de
energia (LIMA et al., 2013). Um estudo realizado por Wadley e colaboradores (2015)
demonstraram que em PBMCs de homens sedentarios submetidos a trés diferentes sessdes
curtas de exercicio (60%, 80% e 90% do VO>max), h&d aumento da ativagdo do NF-kf3 em todas
as intensidades e concomitantemente a isso, 0s autores mostraram uma reducdo da atividade
antioxidante da tioredoxina no exercicio moderado em relacdo ao de alta intensidade,
mostrando que houve melhor eficécia do treinamento moderado (WADLEY et al., 2015).

Entretanto, vale salientar que a duragéo e intensidade do exercicio fisico determinam os
efeitos produzidos sobre os mecanismos antioxidantes e os niveis de estresse oxidativo (TOFAS
et al., 2020). J& se sabe que o exercicio de alta intensidade tem relacdo com o aumento da
producdo de EROs e diminuicéo de defesas antioxidantes (LI et al., 2015). Porém, evidéncias
tem demostrado que exercicios de intensidade leve a moderada induzem aumento na atividade
de enzimas antioxidantes, diminuindo os niveis de EROs e melhorando o estado REDOX
intracelular (STEINBACHER; ECKL, 2015). Além disso, quando se trata de exercicios
moderados, sabe-se que eles tém efeito benéfico em melhorar danos mitocondriais,
apresentando efeitos benéficos na funcéo, morfologia e bioenergética mitocondrial (BELEZA
etal., 2018).

2.3 Mitocondria: Caracteristicas Gerais

Mitocondrias sdo organelas relacionadas com a producdo de energia utilizada para
manutencdo dos processos celulares (LEVERVE, 2007). A energia produzida nessas organelas
é armazenada na forma de adenosina-trifosfato (ATP) e sua producéo esta relacionada a fatores
bioquimicos, moleculares e morfoldgicos das mitocdndrias (NELSON; COX, 2014).
Evolutivamente, essas organelas surgem a partir de um processo endossimbi6tico onde um
organismo eucariotico fagocita uma bactéria capaz produzir ATP, essa simbiose se mantém no
processo evolutivo e até hoje seres eucarioticos apresentam mitocondria (NELSON; COX,
2014).

Morfologicamente, as mitocéndrias sdo constituidas pela membrana externa e interna. A

membrana externa é lisa, envolve a organela e também é permeavel a ions e moléculas que
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entram livremente através de canais proteicos transmembranas formadas por porinas. Por outro
lado, a membrana interna é pouco permedvel, sendo extremamente seletiva para ions e
moléculas. A membrana interna é extremamente importante para manutencdo da funcéo
mitocondrial uma vez que nelas encontram-se 0s complexos enzimaticos responsaveis pelo
transporte de elétrons, translocases de ATP e ADP, a ATP sintase e outros transportadores de
membrana (Figura 7) (NELSON; COX, 2014).

Figura 7 - Imagem ilustrativa da morfologia mitocondrial
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Fonte: Nelson e Cox (2011).

As mitocdndrias possuem seu préprio sistema genético o qual é constituido por um DNA
circular que codifica 13 polipeptideos que sdo traduzidos nos ribossomos mitocondriais para
formacdo das unidades estruturais dos complexos presentes na matriz mitocondrial. A
transferéncia de elétrons na membrana interna € realizada por essa série de complexos que sdo
compostos por proteinas integrais de membranas apresentando grupos prostéticos capazes de
aceitar ou doar um ou dois elétrons. A entrada de elétrons na cadeia respiratoria ocorre sob a
acdo de aceptores universais de elétrons, como os nucleotideos de nicotinamida (NAD" ou
NADP*) ou nucleotideos de flavina (FMN ou FAD) (NELSON; COX, 2014).

O DNA mitocondrial (mtDNA) circular é responsavel pela expressao das proteinas que
vao constituir os complexos mitocondriais. As subunidades proteicas NDUFB8, NDUFB7,
NDUFB9, por exemplo, sdo expressas no mtDNA e vao constituir o complexo I, também
conhecido como NADH desidrogenase, este é capaz de catalisar a transferéncia de elétrons

provenientes da coenzima reduzida NADH, para a ubiquinona (UQ) forma oxidada da
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coenzima Q, gerando a UQH2, forma reduzida da coenzima Q. Além dessas subunidades
proteicas, genes como o0 da subunidade D do complexo desidrogenase succinato (SDHD) irdo
expressar as proteinas do proximo complexo mitocondrial, o complexo Il. O complexo Il
transfere os elétrons provenientes da coenzima reduzida FADH; para a UQ. Em seguida, a
ubiquinona transfere os elétrons dos complexos | e 1l para 0 Complexo Il que apresenta suas
subunidades proteicas expressas por genes como o da proteina central 2 de ubiquinol-citocromo
¢ redutase (UQCR?2). Posteriormente, a ubiquinona é desprotonada para a forma semiquinona
(UQH?) e os elétrons sdo transferidos do Complexo III para o Citocromo ¢ que doa os elétrons
para o Complexo IV, conhecido como citocromo ¢ oxidase (MTCO1). Em seguida, o complexo
IV transfere elétrons para o oxigénio, e através do complexo V a maior parte desses prétons
retornam a matriz mitocondrial gerando forca préton motriz para sintese de ATP a partir da
ADP+Pi. O complexo V é expresso pelo gene (ATP5F1A) (NICHOLLS; FERGUSON, 2002).

Normalmente, alguns elétrons sofrem fuga da cadeia transportadora de elétrons (CTE),
esses elétrons sdo extremamente reativos e se ndao controlados podem causar danos a célula.
Entre essas espécies reativas de oxigénio (EROs) destacam-se os radicais superéxido (O2) que
é formado apo6s uma redugdo mono-eletrénica do Oz, peroxido de hidrogénio (H20.), e hidroxila
(OH") (Figura 8). O radical OH" é considerado 0 mais reativo e perigoso, devido a sua meia-
vida extremamente curta, e sua neutralizagdo pelos antioxidantes € dificultada e dificilmente
ocorre devido a sua instabilidade eletrénica. Apesar de ndo ser um radical livre, o peréxido de
hidrogénio (H20.) é capaz de gerar grandes danos devido ao seu tempo de meia-vida longo e
capacidade de atravessar a bicamada lipidica das células e de reagir com metais, como o Fe?**,
e gerar o radical OH (VALKO et al., 2006; JOMOVA, VALKO, 2011; NELSON, COX, 2014).

Figura 8 - llustracdo da atividade do sistema antioxidante enzimatico.

Geragio
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Fonte: Adaptado de Hermes-Lima (2004).
Siginificado das siglas: SOD: Superodxido dismutase, GPX: Glutationa peroxidade, CAT: Catalase, H20:
Molécula da agua, H202: Peroxido de Hidrogénio, O~: Anion superdxido
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Sobre suas funcbes, a mitocondria exerce um papel importante na manutencéo da
homeostase corporal participando da B-oxidacdo de &cidos graxos, fosforilagdo oxidativa, ciclo
do acido citrico e da ureia, regulacdo de sinalizacdo de morte celular e controle intracelular de
Ca?*, (NELSON, COX, 2014).

Em relagdo ao Ca?* para manter os niveis desse ion controlado a célula conta com a agio
do reticulo endoplasmatico e da mitocondria. Na mitocondria, desregulagbes que levem ao
acumulo de Ca?* na matriz mitocondrial pode levar a redugdo do potencial elétrico de membrana
mitocondrial (A%¥m) e aumento na produgdo de espécies reativas de oxigénio, e em consequéncia
a esses estimulos, pode ocorrer a abertura nha membrana mitocondrial interna de poros de
transicdo de permeabilidade mitocondrial (PTPM) levando a liberacéo de citocromo c e fatores

pro-apoptéticos no espaco intermembranas (NELSON; COX, 2014).

2.3.1 Producao de espécies reativas de oxigénio e defesas antioxidantes

Em condic¢Bes normais, 0 organismo consegue controlar a producéo excessiva de EROs
através dos mecanismos de defesa, reparo e pelos sistemas antioxidantes (VALKO et al., 2006).
Ele atua através de cascatas enzimaticas com agdo das enzimas superdéxido dismutase (SOD),
catalase (CAT), glutationa peroxidase (GPx) e glutationa-S-transferase (GST); ou através de
mecanismos nao enzimaticos usando nutrientes como acido ascorbico (vitamina C), a-tocoferol

(vitamina E) e glutationas (DINAKAR; DJILIANOV; BARTERLS, 2012).

Desequilibrios na producdo de EROs tambeém podem ocorrer frente a microrganismos
patogénicos. Em infeccdes virais, as EROs sdo produzidas por células imunoldgicas para
destruir o virus por meio de rea¢des oxidativas (RESHI et al., 2014). Um estudo realizado por
Caetano (2016) mostrou que macrdfagos frente a infeccdo por Mayaro apresentaram maior
producdo de espécies reativas de oxigénio (EROs) (CAETANO, 2016). Em um estudo com
células hepaticas infectadas pelo virus da febre do vale do Rifti (RVFV) realizado por
Narayanan et al. (2011), foi evidenciado que em células infectadas ha um aumento na produgéo
de EROs associado a uma regulagdo-negativa da SOD. Diante disto, percebe-se que as EROs
desempenham papéis importantes no combate as infecgdes e sdo vistas como um mecanismo
de protecdo da célula, no entanto, caso ndo haja uma efetiva resposta antioxidante, o0 excesso
de EROs pode culminar com o estresse oxidativo resultando em disfuncdes celulares e
metabolicas para o hospedeiro (CAETANO, 2016).



32

2.3.2 Biogénese e Dinamica Mitocondrial

A biogénese mitocondrial é caracterizada como o crescimento e divisdo de mitocondrias
pré-existentes. O controle celular sobre a quantidade de mitocondrias esta relacionado com a
necessidade da célula de aumentar a producdo de molécula energética. Quando surge a
necessidade de produzir novas mitocondrias ocorre o desencadeamento de vias de sinalizagéo
que resultardo em um aumento da expressao de genes para a formacgédo de dessas organelas nas
células. Além disso, esse processo € controlado pelos niveis de Ca?*, oxido nitrico (NO), tenso
de oxigénio e metabolismo energético, além de outras condi¢des que irdo influenciar no estado
redox da célula (NISOLI, 2004).

O processo da biogénese é complexo, uma vez que necessita da interacdo entre o
genoma nuclear e mitocondrial. Assim, para que a biogénese ocorra é necessario que haja
sinalizagdes eficientes para que os eventos no DNA nuclear ocorram ao mesmo tempo em que

a replicacdo, transcricdo e traducdo na mitocondria (HOOD, 2009).

Diversas proteinas tém sido relacionadas como ativadores do processo de biogénese,
entre elas, a proteina coativador la do receptor gama (PGC-1a) tem sido apontada como
principal reguladora na formacdo de novas mitocondrias nos musculos esqueléticos e no
coragdo. Essa proteina é co-regulada pelo fator de transcricdo da proteina de ligacdo ao
elemento responsivo CAMP 1 (CREB). Na presenca de estimulos como o aumento de célcio
intracelular ocorre ativacdo de sinalizadores da biogénese como a proteina quinase dependente
de célcio/calmodulina (CaMK), as proteinas quinases ativadas por mitdgeno (MAPK) e AMP
quinase (AMPK) (FERRARESSO, 2015; REIS, 2014).

Apbs a ativacdo dos sinalizadores de biogénese, fatores de transcricdo se ligam a regido
promotora do PGC-1a no ntcleo. A PGC-1a também ¢ capaz de autorregular sua propria
transcricdo, assim, ela se liga a sua regido promotora e ativa a transcricdo de seus genes-alvo e
de genes relacionados a varias proteinas oxidativas e dos fatores respiratérios nucleares 1 e 2
(NRF-1 e NRF-2). O NRF-1 ativa genes nucleares codificadores de proteinas destinadas a
mitocondria tais como o fator de transcricdo mitocondrial A (TFAM). Depois de ativado o
TFAM migra para o DNA mitocondrial e induz sua duplicacdo (FERRARESSO, 2015).

As proteinas produzidas no citosol da célula migram em direcdo ao interior da
mitocOndria. Essas proteinas, em sua maioria, encontram-se na forma de precursores proteicos
que apresentam uma sequéncia sinalizadora. Essa sequéncia precursora se ligaa uma chaperona

ou fator estimulador de importagcdo mitocondrial (MSF) que o desenovela e o direciona para a
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membrana externa. No interior da mitocondria as proteinas que sdo transcritas apos a a¢do da
TFAM sdo montadas para formar complexos de multi subunidades que compdem a cadeia de
transporte de elétrons. Além da biogénese, outros processos que regulam o numero de
mitocondrias sdo o0s processos de fusdo e fissdo mitocondrial (HOOD et al., 2006;
ROMANELLDO, 2013).

O processo de fissdo mitocondrial consiste em um mecanismo que segrega 0S
componentes disfuncionais ou danificados de mitocondrias através da autofagia mitocondrial
(OTERA; MIHARA, 2011). Engquanto que o processo de fusao esta relacionado com juncéo de
diversas mitocondrias para a formacdo de uma rede interconectada que permite a redistribuicédo
de metabolitos e proteinas (Figura 9) (ROMANELLO, 2013).

Figura 9 - llustracdo dos processos de fissdo e fusdo mitocondrial
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Fonte: Ferraresso (2015).

Ambos os processos de dindmica mitocondrial sdo extremamente importantes para
manutencdo da morfologia, comprimento, tamanho e nimero das mitocdndrias, podendo afetar
a funcdo mitocondrial (LIU et al., 2012). Além disso, esses processos sdo criticos para a
manutencdo de populacdes saudaveis de mitocdndrias, uma vez que a fusdo mitocondrial
permite a troca de metabdlitos entre mitocondrias reduzindo a quantidade de mitocdndrias
defeituosas nas células, enquanto a fissdo permite a eliminacdo de danos irreversiveis na
organela, mantendo a integridade mitocondrial. A dindmica mitocondrial € um processo
passivel de mudancas e € extremamente relacionado com a acdo de GTPases que atuam gerando
efeitos antagonicos a depender do processo, se fissdo ou fusdo (Figura 9) (LIU et al., 2012;
NELSON, COX, 2014).

A fusdo esta relacionada com o aumento na expressdo das Mitofusina 1 (MFN1),
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Mitofusina 2 (MFN2) e Proteina atrofia éptica 1 (OPA1) (LIU et al., 2012). A expressao de
MFN1 e MFNZ2 esta relacionada com a fusdo da membrana externa, essas proteinas através da
interacdo de seus dominios podem formar complexos que realizam a juncdo de mitocéndrias
vizinhas. O aumento na expressdo de OPAL esta relacionado com a fusdo da membrana interna,
assim, quando expressa, essa proteina migra para o espaco intermembrana onde fica proéxima a
membrana interna e realiza sua jun¢do (WANG et al., 2009).

Enquanto que o processo fissdo € controlado pela acdo das proteinas Proteina 1
semelhante & dinamina (DRP1) e Fissdo 1 (FIS1). A proteina DRP1, quando expressa, encontra-
se no citoplasma e migra para a superficie mitocondrial para realizar a fissdo. Durante o
processo de fissdo a DRP1 se liga a FIS1 e utilizando a hidrélise de GTP comeca a comprimir
0s tabulos mitocondriais e assim divide a mitocdndria (WANG et al., 2009; NELSON; COX,
2014).

Em infeccBes por arbovirus, estudos vem mostrando que frente ao patégeno invasor, as
mitocondrias sofrem modificacbes em sua dindmica para combater o processo infeccioso. Em
um estudo realizado por Barbier et al. (2017) com o virus da dengue, foi identificado
diminuicdo das proteinas de fissdo, onde a queda nos niveis DRP1 nas mitocondrias das
linhagens Huh7 e células dendriticas derivadas de mondcitos (DCs) foi correlacionada a uma
reducdo da fosforilacdo de DRP1 em S616. Entretanto, um outro estudo realizado por Yu et al.
(2015) mostrou que os niveis de proteina de fissdo se mantem constantes, mas ocorre aumento
nos niveis das proteinas de fusdo MFN1 em infeccGes por dengue virus (DENV) em células de
A549. Assim, as modificagdes mitocondriais estdo associadas ndo sé ao arbovirus, como

também aos tipos celulares expostos a infeccéo.
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3 HIPOTESE

Danos moleculares na atividade antioxidante enzimética, biogénese e dinamica
mitocondrial de células imunes de pacientes com infec¢do pelo virus Chikungunya na fase

cronica sdo minimizados quando os individuos sdo submetidos a um treinamento fisico.
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4 OBJETIVOS
4.1 Objetivo geral

Avaliar os efeitos da infeccdo pelo virus Chikungunya durante a fase crénica, sobre a
expressdo de genes relacionados & bioenergética, dindmica mitocondrial e enzimas
antioxidantes de células linfomononucleares de pacientes submetidos a um treinamento fisico;
e realizar uma revisdo sistematica sobre sobre a bioenergética mitocondrial e o balanco

oxidativo em modelos in vitro de infecgéo por arbovirus.

4.2 Obijetivos especificos

e Realizar uma revisdo sistematica;

¢ Realizar a analise soroldgica dos pacientes para identificacdo de anticorpos de memoria
(1gG) por ELISA;

e Auvaliar a expresséo de genes associados com a dinamica mitocondrial (OPA1, DRP1);

e Avaliar a expressdao de genes relacionados a subcomplexos mitocondriais (NDUFBS,
UQCRC?2);

e Auvaliar a expressdo genica de enzimas antioxidantes como a superéxido dismutase (SOD)
e Catalase (CAT);

e Avaliar a expressao de gene relacionado a biogénese mitocondrial (TFAM).
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5 METODOLOGIA

5.1 Revisao sistematica

Foi realizada uma revisdo sistematica com base nas plataformas de dados Medline /
PubMed (Online System of Search and Analysis of Medical Literature), SCOPUS,
COCHRANE, Lilacs (Health Sciences of Latin America and the Caribbean) and Web of
Science. Sendo utilizados os seguintes descritores e Mesh: Arbovirus, Arboviruses, Arbovirus
infections, Mitochondria, Oxidative stress and Reactive oxigen species. Os trabalhos
selecionados tiveram titulo e resumos lidos, em seguida, aqueles selecionados para leitura
completa foram submetidos a analise de risco de Vviés e os resultados apresentados em forma de

tabelas para posterior discussao.

5.2 Populacao e tipo de estudo

O estudo é caracterizado como longitudinal, de natureza quantitativa, experimental de
campo. Foram identificados individuos residentes no municipio de Vitoria de Santo Antdo-
PE, com resultado imunoldgico positivo para infeccdo pelo CHIKV nos anos de 2016 a 2019
e que apresentem sintomatologia musculoesquelética e articular crbnica, pds-infeccdo. O
presente projeto foi aprovado pelo Comité de ética em humanos da UFPE de Vitoria de Santo

Antdo sob nimero de parecer 3.511.388.

A amostra (N=42 pacientes) foi composta de individuos do sexo feminino, com idade
no intervalo de 40-60 anos residentes do municipio de Vitéria de Santo Antdo localizado na
Zona da Mata Sul do estado de Pernambuco e a 55 km da capital, Recife. A escolha da amostra
se deu pela quantidade de inviduos localizados que apresentam a infeccdo onde as mulheres
foram mais facilmente notificadas, um possivel fator atrelado a isso é o fato de mulheres

procurarem assisténcia médica com mais frequéncia que homens.

5.3 Critérios de incluséo e exclusdo

Os critérios de inclusdo para esse estudo foram ser residentes no bairro de Redencéo,
com resultado imunoldgico positivo para infeccdo pelo CHIKV e que apresentassem

sintomatologia articular, pds-infec¢do. A escolha desse bairro deu-se atraves de analise dos
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dados do Levantamento de indice Rapido para o Aedes aegypti (LIRAa) do ano de 2015-16 do
municipio, que segundo a vigilancia epidemioldgica e ambiental da Secretaria de Saude do
municipio, considerou Redencdo como regido critica e de alto risco de transmissao do CHIKV
e outras arboviroses tropicais devido a alta presenca de vetores e criadores. Com a orientagédo
das Agentes Comunitaria de Saude foi realizada busca ativa dos pacientes. Foram excluidos 0s
individuos do sexo masculino, individuos que com diagnostico prévio de doenga com

comprometimento articular crénico e fora da faixa etaria do estudo.

5.4 Coleta e processamento do sangue

Os individuos identificados foram avaliados sobre diagndstico sorolégico. O sangue dos
pacientes foi coletado e as células linfomononucleares foram isoladas por separacdo de
gradiente de densidade, realizado pelo manual (Histopaque-Sigma). Essas células foram

utilizadas para as analises morfoldgicas e moleculares.

As amostras de sangue venoso foram obtidas através de puncdo de veia em dois tubos
com véacuo (BD Vacutainer) contendo heparina. Para separacdo do sangue e do soro, as
amostras foram centrifugadas a 1000xg por 6 min. Apds centrifugacdo e separacdo, as
amostras de soro foram congeladas a -80°C até realizacdo dos ensaios. O sangue obtido foi
transferido para tubo falcon de 15 mL contendo 3 mL de Histopaque para a obtencéo de células
linfomononucleares. O isolamento e contagem das células seguiu o protocolo descrito no
Manual do Histopaque 1077 (Sigma). A concentracdo de proteina total nas células foi
determinada pelo método de Bradford (BRADFORD, 1976). Aos individuos foi apresentado

o Termo de Consentimento Livre Esclarecido sobre a coleta de 20 mL de sangue periférico.

O soro obtido, foi submetido a pesquisa de anticorpos da classe 1gG, especificos para o
CHIKYV, por ELISA. Em todas as amostras foi utilizado o Kit Antivirus Chikungunya Elisa
IgG da Euroimmun ® (Lubeck, Alemanha), seguindo orientacbes do fabricante. Foi
adicionado 100pL de amostras de plasma diluidas em tampdo de amostra nos pocos da
microplaca, revestidos com antigeno recombinante especifico CHIKV. Para validacdo da
reacdo foram utilizados controles positivo e negativo, bem como um calibrador, fornecidos
pelo kit. A medicdo fotométrica da intensidade da cor foi feita em espectrofotémetro (TP

READER NM) num comprimento de onda de 450nm apds a adi¢do da solugédo de parada

5.5 Programa de treinamento fisico
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Apos a confirmagdo do IgG positivo para o0 CHIKV, as voluntarias foram convidadas a
participarem do programa de exercicio fisico. Os individuos que aceitaram participar do
programa foram submetidos a uma anamnese e avaliagéo fisica no Centro Académico de Vitoria
— UFPE.

Como critério de inclusdo do programa de exercicio fisico, as voluntarias ndo poderiam
apresentar diagndstico prévio de doenga com comprometimento articular cronico e estar fora
da faixa etaria do estudo. As pacientes foram divididas nos seguintes grupos: Controle nédo
treinado; Chikungunya néo treinado e Grupo Chikungunya treinado. O programa de exercicio
fisico foi elaborado pelos professores Adriano Bento, Rarmon Nascimento e José Antonio, além
do apoio de académicos de Educacéo Fisica, segundo as recomendac6es do Colégio Americano
de Medicina do Esporte (ACSM) e pela Sociedade Brasileira de Reumatologia (SBR), uma vez
gue ndo existe na literatura um programa de exercicio fisico para pacientes acometidos por

arboviroses e que apresentem dor articular cronica.

As intervencbes ocorreram na associa¢do dos comunitarios do bairro de Redencao,
Vitéria de Santo Antdo — PE e foram realizadas com frequéncia semanal de trés vezes na
semana, com duracgdo de 40 minutos por sessdo, e intensidade de 50-70% da frequéncia cardiaca
méaxima (FCMax). A duracdo do programa foi de 4 semanas, com 12 sessdes de treino total; o
programa proposto teve predominancia da via metabolica aerdbia. As atividades foram
realizadas através de um circuito com exercicios de mobilidade articular, exercicios de
resisténcia para grandes grupos musculares e caminhada. Todas as mulheres que participaram
do program de treinamento tiveram que executar todas as sessdes precritas no protocolo de

treino.

5.6 Extracédo de RNA e RT-PCR

Para a extracdo de RNA, foi utilizado 60 uL de celulas que foram lizadas em 200 uL de
solugéo contendo Trizol e Cloroférmio, em seguida, as amostras foram centrifugadas e a fase
aquosa transferida para outro tubo contendo isopropanol. Posteriormente, 0 RNA formado foi
lavado em etanol (75%) e centrifugado a 7000g por 5min. O sedimento de RNA foi secado a
temperatura ambiente, ressuspenso em agua livre de RNAse e armazenado a -80°C. A
quantificacdo do RNA foi realizada por espectrofotometria (260/280 nm).

Para a sintese do DNA complementar (cDNA) foi utilizado 2 pug do RNA total com a
mistura de 146 ng de randomprimers, 200 U da enzima transcriptase reversa, tampao da enzima
(Tris-HCI a 50 mM (pH 8.0), KCI 75 mM, MgCl, 3 mM), DTT (5 mM), dNTP (500 uM) para
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um volume final de 20 pL. Esta mistura foi incubada por 2 min a 25°C para permitir a
hibridizacdo dos oligonucleotidios randémicos ao RNA.

Posteriormente, a expressao dos genes listados na tabela 1 foi quantificada por PCR
em tempo real. As reacdes foram realizadas em mistura (12 pL), a mistura continha cDNA da
amostra (2 pL) sequéncias de primersense e antisense (0,6 uL/300nM), agua DEPC (3,25 pl)
e mix Eva Master Mix- SYBR 1-step QRT-PCR Invitrogen (6 uL), sequindo as condigdes de

ciclagem indicada pelo fabricante do mastermix.

Tabela 1 - Lista de primers que foram avaliados no projeto.

ALVO | FOWARD | REVERSA
BIOGENESE MITOCONDRIAL
TFAM GGGCAAGGCTTGATTCATGTG AGGCTTATGAGTGCTGTGGT
DINAMICA MITOCONDRIAL
DRP1 CACTGTTGGCTTTCGTGAGA GTTCTCGAAACCTGGTGGAA
OPAL AGGGGACAGTGAACGCATAC GGCTTGGACCTGCTACTCTG
SUBCOMPLEXOS MITOCONDRIAIS
NDUFB8 GGGACTTCGCAGGATCAGTG CGAGACCTCAGTGTGGGAAG
UQCRC2 ACATGCCACCATCCACAGTC ACTGCCCAAGGACGCTTATG
ENZIMAS ANTIOXIDANTES
CAT CTGCAAATGCCCCAACTGTC AGAAACTGAGACGGAGTCTGC
SOD AAAGATGGTGTGGCCGATGT TGGATCTTTAGAAACCGCGACT

5.7. Analise Estatistica
Os resultados foram apresentados como média e desvio padrdo da média. Para
comparacdo dos dados foi utilizado o teste de analise de variancia ANOVA One Way seguido

do pos-teste de comparagdes maltiplas TUKEY. O nivel de significancia foi mantido em 5%
(p <0.05).
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6 RESULTADOS

Analise soroldgica e molecular da bioenergética, dinamica mitocondrial e enzimas
antioxidantes de células linfomononucleares (PBMC) de pacientes com infeccdo pelo

virus Chikungunya na fase cronica submetidos a um treinamento fisico.

6.1 Ensaio imunoenzimatico

Na primeira etapa da pesquisa foram conseguidos 42 pacientes. Esses pacientes
tiveram seu sangue coletado e submetidos a técnica de ELISA para identificacdo de
anticorpos de memoéria para CHIKV (Tabela 1). Dos 42 pacientes, cerca de 21,4%
apresentaram resultado negativo para anticorpos de memdria, assim, estes foram alocados
para o0 grupo controle. Os outros 78,6% foram agrupados como grupo infectado por
apresentarem anticorpos de memoria para CHIKV. Desses individuos foi realizada a razdo
semiquantitativa e média da absorbancia da cronicidade do virus por 1Gg, onde o grupo
controle (<0,08/0,570) apresentou resultados menores de IGg em relagdo ao infectado (>
1,1/162,81), o célculo para medida de cronicidade foi baseado no protocolo descritos pelos
fabricantes do kit. A fase cronica era identificada quando os pacientes apresentam sequelas
da doenca apds cerca de 3 meses do periodo de viremia.

Entretanto, ap6s avaliar o interesse e disponibilidade dos individuos em participar do
programa de treinamento proposto, a amostra ficou composta por 21 pacientes, sendo destes,

8 com resultado negativo e 13 com resultado positivo pelo ensaio imunoenzimatico.

Tabela 2 - Resultados do teste imunoenzimatico por ELISA
IDENTIFICAGCAO RESULTADO IDENTIFICACAO RESULTADO
POSITIVO NEGATIVO
P1 + P8 -
P2 + P25 -
P3 + P26 -
P4 + P30 -
P5 + P35 ]
P6 + P39 ]
P7 + P40 -
P9 + P41 -
P10 + P42 -
P11 +
P12 +
P13 +
P14 +
P15 +
P16 +
P17 +
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P18
P19
P20
P21
P22
P23
P24
P27
P28
P29
P31
P32
P33
P34
P36
P37
P38
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6.2 Analise molecular

6.2.1 Expressao génica das enzimas antioxidantes

Para realizar a avaliagdo do sistema antioxidante enzimatico foi realizada a analise
da expressdo génica das enzimas Catalase (CAT) e Superdxido dismustase (SOD), que séo
componentes importantes do sistema antioxidante enzimatico que visam controlar a
producdo excessiva de espécies reativas através da transformacdo desses compostos em
outros menos nocivos as células.

Os resultados do RT-PCR mostram que a infecgdo crénica por CHIKV causa um
aumento na expressao da SOD (C: 1,000£0,9220 vs CHIIKV: 42,22+3,040, p<0,0001),
entretanto, a CAT ndo sofre mudancas na sua expressao devido a infecgdo cronica. Por outro
lado, quando os pacientes sdo submetidos ao treinamento fisico, é identificado um aumento
na expresséo de ambas as enzimas antioxidantes, SOD (CHIIKV: 42,22+3,040 vs CHIKV +
EF: 113,2+10,30, p<0,0001) e CAT (CHIKV: 1,294+0,7200 vs CHIKV + EF: 50,80+9,058,
p<0,0001) (Figura 10).
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Figura 10- Enzimas antioxidantes. A-Expressdo génica da enzima catalase nos individuos com CHIKYV e
nos individuos submetidos ao treinamento; B- Expressdo génica da enzima superdxido dismutase nos
individuos com CHIKYV e nos individuos submetidos ao treinamento. N=4 pacientes por grupo. Os graficos

foram expressos em média do 2AACt £ EPM considerando o teste Anova One Way, seguido pelo pos-teste de
TUKEY.****p<0,0001.

6.2.2 Expressdo génica das proteinas de dindmica mitocondrial

Para avaliar a dindmica mitocondrial das PBMC, foi realizado o RT-PCR dos genes
das seguintes proteinas: Dinamina citosélica 1 (DRP1) e da proteina de atrofia dptica 1
(OPAL). Nossos resultados mostram que a infecgdo cronica pelo CHIKV resulta em um
aumento no processo de fissdo mitocondrial, onde a expressdo de DRP1 foi maior no grupo
CHIKYV em relacdo ao grupo Controle (C: 1,000+1,434 vs CHIKV: 37,40+10,43, p=0,0017),
entretanto, ndo houve diferenca significativa na expressdo de OPA 1 (C: 1,000+£0,9760 vs
CHIKV: 1,193 + 1,160) nos individuos do grupo CHIKV. Em relagdo ao grupo submetido
ao exercicio fisico, os resultados mostram que o processo de fissdo mitocondrial aumentou
quase 2 vezes mais em comparagdo com o grupo CHIKV (CHIKV: 37,40 + 10,43 vs CHIKV
+ EF: 67,00 £12,53, p=0,0017). Além disso, o treinamento aumentou aproximadamente 16

vezes a expressdo de OPA1l (CHIKV: 1,193 + 1,160 vs CHIKV + EF: 16,06 + 0,9699,
p<0,0001).
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Figura 11- Dindmica mitocondrial. A-Expressdo génica da proteina dinamina citosélica 1 nos individuos
com CHIKYV e nos individuos submetidos ao treinamento; B- Expressao génica da proteina de atrofia optica 1
nos individuos com CHIKV e nos individuos submetidos ao treinamento. N=3-5 pacientes por grupo. Os
gréaficos foram expressos em média do 2AACt = EPM considerando o teste Anova One Way, seguido pelo
pos-teste de TUKEY. **p=0,0017 ****p<0,0001.

6.2.3 Expressao génica do TFAM e complexos mitocondriais

Para avaliar como se encontra o processo de biogénese mitocondrial e a atividade da
cadeia transportadora de elétrons (CTE), foi analisada a expressdao génica do fator de
transcricdo mitocondrial (TFAM) e de subunidades dos complexos mitocondriais 1 e 3.
Nossos resultados mostram que a infecgcdo cronica aumentou a expressao génica de ambos
0s complexos mitocondriais, o complexo 1 (C: 1,000+2,182 vs CHIKV: 17,21+ 5,440,
p=0,0022) e o complexo 3 (C: 1,000£1,020 vs CHIKV: 20,74+8,072, p=0,0049), como
também a expressdo do TFAM (C: 1,000+0,9682 vs CHIKV: 14,25+2,885, p<0,0001). Apds
0 treinamento, ocorreu diminuigdo da expressdo do complexo 3 (CHIKV: 20,74+8,072 vs
CHIKV+EF: 7,846+7,055, p=0,0235) e do TFAM (CHIKV: 14,25+2,885 vs CHIKV + EF:
0,1470+0,1160, p<0,0001) e aumento na expressao do complexo 1 (CHIKV: 17,21+ 5,440
vs CHIKV + EF: 56,10+5,641, p<0,0001) em comparac¢do com o grupo CHIKV, conforme
mostra a figura 12.
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Figura 12- Complexos mitocondriais e TFAM. A-Expressdo génica do complexo 1 nos individuos com
CHIKYV e nos individuos submetidos ao treinamento; B- Expressao génica do complexo 3 nos individuos com
CHIKYV e nos individuos submetidos ao treinamento; C- Expressdo génica do TFAM nos individuos com
CHIKYV e nos individuos submetidos ao treinamento. N=3-5 pacientes por grupo. Os graficos foram expressos
em média do 2AACt = EPM considerando o teste Anova One Way, seguido pelo pos-teste de TUKEY. **p=
0,0022 (figura 12-A); *p=0,0235 **p=0,0049 (figura 12-B), ****p<0,0001.
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7 DISCUSSAO

A literatura vem mostrando que em infeccGes virais de perfil crénico ocorre uma
constante geracdo de espécies reativas, o que dependendo da intensidade nessa producao
pode desencadear um estado de estresse oxidativo ao organismo (PETERHANS, 1979;
RESHI et al., 2014). Em nosso estudo, investigamos algumas alteragdes moleculares que a
infeccdo por CHIKV causa nos individuos que apresentam a fase cronica da infecgédo e
propomos um programa de exercicio fisico como terapia ndo farmacoldgica para o
tratamento desses pacientes.

Dois pontos importantes a se destacar é que, primeiro, ndo ha tratamento
farmacoldgico especifico para infec¢do por CHIKV; e segundo, existe uma escassez sobre a
fisiopatologia dos arbovirus artritogénicos na literatura. Sabendo disso, destaca-se a
importancia de novos recursos que possam auxiliar essa parcela da populacdo infectada na
melhoria de sua qualidade de vida.

Os resultados desse estudo mostram que a fase cronica da infeccdo causa diversas
modificacbes em parametros moleculares das PBMC e que o programa de exercicio fisico
proposto foi capaz de modular varios desses parametros. Em relacéo ao sistema antioxidante
enzimatico foi visto que a fase crénica da infeccdo por CHIKV promove aumento na
expressao da enzima antioxidante SOD, e que o exercicio fisico proposto induziu tanto um
maior aumento na expressao da SOD, como também na CAT em células imunes desses
pacientes. Narayanan et al. (2011), mostrou em seu trabalho que em infec¢des por Virus da
Febre do Vale do Rift (RVFV), os niveis de SOD aumentam apds 24h de infeccdo e isso
acontece como uma resposta do hospedeiro em melhorar suas defesas antioxidantes para
combater o patdgeno invasor (NARAYANAN et al., 2011). Além desse estudo, outro
proposto por Banerjee, Mukhopadhyay (2018) com PBMC de pacientes acometidos por
CHIKV também mostrou que durante a infeccdo, os niveis de SOD aumentam e que, além
disso, existe uma correlacao negativa entre a SOD e os niveis de MDA que é um biomarcador
de peroxidacéo lipidica, onde quanto maior a atividade da SOD, menor os niveis de MDA
(BANERJEE; MUKHOPADHYAY, 2018). Sobre a catalase, alguns estudos com arbovirus
artrogénicos ja vem mostrando o aumento de sua atividade, como no estudo de Cmini et al
(2017), em que células de hepatocarcinoma humano infectadas com Mayaro virus (MAYV)
demonstraram aumentar a atividade da catalase 15h apds a infeccdo, o que ndo foi
encontrado em nossos resultados da infeccdo, porém, o exercicio fisico foi capaz de

estimular a expressao dessa enzima para melhorar a atividade antioxidante de celulas
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linfomononucleares desses pacientes. Nossos resultados sobre a infeccdo, atrelados a
melhoria na expressdo de enzimas do sistema antioxidante séo indicios de que o treinamento
atuou como um agente modulador celular positivo contra o estresse oxidativo.

Outro achado importante no nosso estudo foi a expressao dos genes relacionados a
dindmica mitocondrial, que € um processo importante para manutencdo de mitocéndrias
saudaveis metabolicamente e para a formacdo de novas mitocondrias, no processo de
biogénese mitocondrial. Durante infeccbes ou outras desregulacdes que danifiqguem a
mitocondria, essa organela tem a capacidade de se fusionar com outras mitocondrias para
tornar-se uma maior e metabolicamente mais ativa ou pode sofrer fissdo das partes
mitocondriais danificadas para melhorar sua atividade. Nossos resultados sugerem que a a
fase cronica da infeccdo por CHIKV aumenta a expressdo do gene DRP1 relacionado ao
processo de fissdo e que apos o treinamento ocorre um aumento tanto dos genes de fissao
quanto de fusdo (OPA1). Mostrando assim que o treinamento ajuda a mitocondria tanto na
retirada de suas partes lesadas e/ou disfunicionais pelo aumento de DRP1, quanto auxilia as
mitocondrias saudaveis a aumentarem de tamanho e se tornarem uma organela
metabolicamente mais ativa. Essas altera¢cdes na dindmica mitocondrial ja foram encontradas
em outros estudos com arbovirus, por exemplo, no estudo realizado por Barbier et al. (2017)
com ceélulas Vero infectadas por dengue virus (DENV), foi encontrado um aumento na
expressdao de DRP1 durante a infeccdo, além disso, quando realizaram uma superexpressao
do DRP1 ocorreu inibicdo da replicacdo viral, sinalizando pelo autor que talvez haja uma
relacdo do aumento da replicagéo viral e 0 aumento de DRP1 (BARBIER et al., 2017). Outro
estudo realizado por Yu et al. (2015) com células das linhagens Vero marcadas com
mitoYFP e mitoCherry infectadas por DENV, mostrou que o0s niveis de proteinas de fissao
se mantem aumentados durante a infeccdo, porém diminuem os niveis das proteinas de fuséo,
0 que corrobora com nossos resultados. Assim, o0 treinamento ao aumentar a expressao de
proteinas de fissdo e fusdo mostrou ser um agente eficaz em auxiliar a mitocondria em
manter-se metabolicamente mais ativa.

Em relagdo a expressdo de genes relacionados a cadeia transportadora de elétrons e
biogénese mitocondrial foram avaliados a expressdao de genes dos subcomplexos
mitocondriais I e 11 e do TFAM, respectivamente. O TFAM é um importante gene associado
a duplicacdo do DNA mitocondrial durante a formacgdo de novas mitocondrias, alem disso,
ele apresenta uma forte relacdo como sinalizador do processo inflamatorio, auxiliando no
controle da producdo de citocinas por linfocitos (DESDIN-MICO et al., 2020). Sobre os

complexos mitocondriais da CTE, a literatura ndo mostra como se encontra sua expressao
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em infecgdes por arbovirus, entretanto, alguns estudos analisam a atividade de fosforilagdo
oxidativa atraveés da avaliacdo da respiracdo mitocondrial e fazem uma co-relagdo com as
atividades dos complexos da cadeia. Em um estudo realizado com células de neuroblastoma
de camundongo infectadas por Sindbis virus, foi identificado que ocorre um aumento na
fosforilagéo oxidativa e o autor sugere que esse resultado pode estar associado a um aumento
na capacidade de fosforilag&o suportadas pelos complexos I e 11 (COSTA et al., 2012). Em
um outro estudo realizado com células vero e células de astrocitoma humano infectadas com
0 virus da encefalite equina venezuelana, foi identificado que a infeccéo reduz o potencial
elétrico da membrana mitondrial, sugerindo que essa diminuicdo afeta a cadeia
transportadora de elétrons (CTE) diminuindo sua atividade de transporte reduzindo assim a
fosforilacdo oxidativa (KECK et al., 2018). Embora haja essa divergéncia de aumento ou
diminuicdo da atividade da CTE em infec¢es virais na literatura, nosso estudo se assemelha
aos resultados de Keck et al. (2018) mostrando uma reducdo na expressdo do complexo |
que € o primeiro complexo da CTE, além disso, 0 exercicio aumentou a expressdo de uma
subunidade desse complexo em células imunes de pacientes submetidos ao exercicio.

Nos nossos resultados, 0 TFAM apresentou-se aumentado no grupo CHIKV e apos
0 exercicio ocorreu uma reducdo bastante acentuada da sua expressdo. Essa proteina €
associada ao processo de biogénese mitocondrial, entretanto, alguns estudos vém mostrando
que existe uma relacdo do TFAM com a atividade inflamatoria. Em um estudo realizado por
Desdin-mico et al. (2020) foi visto que em células T de camundongos em que ha o blogueio
na expressdo do TFAM ocorre uma desregulacdo na producado de citocinas aumentando seus
niveis circulantes no sangue gerando um desequilibrio imunometabélico (DESDIN-MICO
etal., 2020). N&o ha estudos com humanos que analisem a relacdo do TFAM com a atividade
inflamatdria mediada por células T, porém, nossos resultados sugerem que 0 aumento na
expressdo do TFAM estd associado a uma tentativa das PBMC de regular a producéo
excessiva de citocinas inflamatérias mesmo na fase cronica da infecgdo, a fim de evitar um
distarbio imunometabdlico. Dessa forma, sua diminui¢do ap0s o exercicio fisico estaria
associada a uma melhoria do quadro inflamat6rio observado nesses pacientes. Um fator que
merece ser destacado foram os relatos das pacientes que tiveram a infeccdo e realizaram o
treinamento fisico, todas elas disseram que faziam uso de analgésicos por conta das dores
articulares recorrentes e que ap0s o0 treinamento ndo precisaram fazer mais uso de

medicacdes.
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8 CONCLUSAO

Em modelos de infec¢do in vitro por arbovirus, alterac6es na bioenergética mitocondrial
podem auxiliar os virus no processo de replicacéo, entretanto, alteracdes celulares decorrentes
do aumento exagerado de espécies reativas causam um desequilibrio no estado REDOX que
pode levar ao estresse oxidativo e sinalizacdo para morte celular.

Esse trabalho também mostrou que individuos acometidos por CHIKYV na fase cronica
apresentam alteracGes na expressdo de genes associados ao balango oxidativo e homeostase
mitocondrial. Além disso, o treinamento fisico proposto nesse estudo parece promover uma
maior expressdo do sistema antioxidante enzimético e de genes relacionados a dindmica
mitocondrial, podendo resultar numa melhoria da bioenergética de células linfomononucleares

e no quadro inflamatdrio crénico observado nesses pacientes.
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Abstract

Objectives: The review aimed to assess mitochondrial bioenergetics and oxidative balance
in in vitro arbovirus infection models. Methods: The review was written in accordance with
the PRISMA and submitted to the Open Science FrameWork platform with DOI 10.17605 /
OSF.10 / 8ZFSW. The search for articles based on the descriptors/MeSH (Arbovirus,
Arboviruses,  Arbovirus  infections,  Mitochondria, = Oxidative  stress  and
Reactive oxygen species) was carried out on the platforms: PubMed, SCOPUS,
COCHRANE, Lilacs and Web of Science. The quality analysis of the studies was performed
using the ARRIVE tool adapted to the CONSORT, followed by the KAPPA concordance
test. Were used according to the eligibility criteria, 24 articles remained. Results: Results
show morphological alterations in the mitochondria, such as swelling, fragmentation, and
the appearance of membranes. Mitochondrial stretching was more intense in regions close
to the convoluted zones, associated with changes in the genes of mitochondrial dynamics.
Changes in oxidative stress biomarkers, antioxidant enzymes and ROS production were
evident in most articles, except for those that used cells of immunological origin in the
studies. Conclusion: This review showed that changes in mitochondrial bioenergetics can
assist the virus in the replication process, however, cellular changes resulting from the
exaggerated increase in reactive species lead to imbalance in the oxidative state of the cell,
causing damage and a possible framewotk of oxidative stress.

Keywords: Arboviruses; cells; mitochondria; REDOX balance.

Introduction
The incidence of arboviruses has come to be considered one of the main public health
problems in recent years.> According to the World Health Organization (WHO) (2014)?,

more than a billion people are infected and more than a million people die every year from
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arboviruses. This index is associated with the diversity of arboviruses and the pathologies
caused by them, as it is estimated that there are more than 500 species of arboviruses, among
which, more than 100 are associated with diseases in humans .2

Among the diversity of arboviruses, some, such as Dengue, Zika, and Chikungunya
stand out in this century for presenting the highest combined numbers of morbidity and
mortality.* In addition to these, yellow fever virus, Rift valley fever virus, Japanese
encephalitis virus, Venezuelan equine encephalitis virus, and West Nile virus, also cause a
large number of infections every year. Most individuals infected with arboviruses are
asymptomatic, but in symptomatic cases, symptoms can vary depending on the tropism of
the virus by cells, organs, and systems. In mild and moderate cases of viral pathogenesis
there may be the presence of fever, severe headaches, body aches, joint pain, vomiting,
diarrhea, and rash.> In more severe cases, other clinical manifestations may appear
depending on the type of virus, such as, for example, meningitis or encephalitis, chronic
arthralgia, hemorrhage, congenital malformations, and microcephaly, which can lead to
death.®

During infections, host cells can undergo modifications due to virus replication and
infection, many of which are related to changes in cell metabolism.” One of the consequences
of these changes induced by the virus in the metabolic pathways is the preference of infected
cells to oxidize specific energetic substrates, such as, for example, the use of glucose for the
replication of the virus, which can compromise cellular functions®®. In addition, viral
infections can also interfere with mitochondrial bioenergetics through effects on cellular
respiratory functions and oxidative pathways °. These interferences include the altered redox
state, dysregulation of energy metabolism, and changes in the structure and functions of the
main complexes of the respiratory chain and mitochondrial enzymes. 101112

Mitochondria have several functions such as the detection of intracellular
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homeostasis disorders and regulation and transduction of signaling responses, especially
during stress conditions.'® These organelles are responsible for the production of ATP,
through the oxidative phosphorylation process, which occurs in the internal mitochondrial
membrane through the respiratory chain, using oxygen as a substrate for consumption. 4
During the transport of electrons through mitochondria, the formation of reactive oxygen
species (ROS) also occurs, which in excess, when the action of antioxidant systems overlaps,
can cause tissue damage and cell apoptosis. °> To combat excessive ROS production, the cell
has antioxidant defense mechanisms (enzymatic and non-enzymatic). The enzyme system is
composed mainly of the enzymes superoxide dismutase (SOD), catalase, and glutathione
peroxidase (GPX), which have the function of reducing the levels of ROS, preventing
oxidative stress. 16

In arbovirus infections, these mitochondrial functions can be affected, as shown in a
study carried out with the Venezuelan equine encephalitis virus in which structural changes,
excess ROS production, decreased mitochondrial membrane electrical potential, and
induction of fission of the organelle were observed. 1" In addition, other studies have already
shown that viruses in the family Flaviviridae, such as dengue,'® and West Nile virus *°
induced increased ROS production and oxidative stress in infected cells. In addition to these,
another study carried out with CHIKV, a virus of the Togaviridae family, showed that the
virus induces a decrease in the mitochondrial membrane potential and an increase in MDA
levels. Knowing this, the current review proposes to evaluate mitochondrial bioenergetics
and oxidative balance in in vitro arbovirus infection models.

1. Methodology

2.1. Search strategy

The search  for articles was carried out in the following

platforms: Medline / PubMed (Online System of Search and Analysis of Medical
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Literature), SCOPUS, COCHRANE, Lilacs (Health Sciences of Latin America and the
Caribbean), and Web of Science. The following descriptors and MeSH were used in the
platforms: Arbovirus, Arboviruses, Arbovirus infections, Mitochondria, Oxidative stress and
Reactive oxygen species. The following crossings were performed: “Arbovirus Infections
AND Mitochondria”, “Arboviruses AND Mitochondria”, “Arbovirus AND Mitochondria”,
“Arbovirus AND Oxidative Stress”, “Arboviruses AND Oxidative Stress”, “Arbovirus
Infections AND Oxidative Stress”, “Oxygen-reactive Species AND Arbovirus”, “Oxygen-
reactive Species AND  Arboviruses”, “Oxygen-reactive Species AND  Arbovirus
Infections”. The search was carried out without restriction of publication period and
language. The references cited by the articles were also reviewed to identify any possible
additional publications. This review was submitted to the Open Science Framework with
identification DOI 10.17605 / OSF.10 / 8ZFSW.

2.2 Eligibility criteria and exclusion criteria

After removal of duplicates, the full articles were analyzed when they met the
following criteria: 1) Type of study, in vitro studies that did not carry out pharmacological
intervention; 2) Studies that performed some analysis on mitochondrial bioenergetics and /
or oxidative balance; 3) Studies that used an arbovirus for infection in cells; 4) Original
studies.

Thus, the following were excluded from this research: Review articles, case reports,
papers that did not address mitochondrial bioenergetics or oxidative balance, papers without
comparison with control, and any other study that did not meet the eligibility criteria.

2.3 Methods for data extraction

Two reviewers independently extracted data from each included article. A pre-

piloted and standardized form was used to extract data from the included studies to assess

the quality and synthesis of evidence. The primary outcomes of the study were: oxidative
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stress biomarkers, mitochondrial morphology, activity of antioxidant systems, and
production of ROS. Secondary outcomes were: type of virus, concentration of virus for
infection, viral incubation period, and relationship of regression of infection over time.
2.4 Quality assessment of included studies

In the absence of a consensus standard for evaluating the quality of in vitro studies,
we used the modified ARRIVE tool, combined with the CONSORT guidelines
(Consolidated standards for evaluation reports) for in vitro experiments, based on previous
studies. The checklist contains 12 items to evaluate. For each item, a judgment related to the
article was assigned, taking into account a pre-specified question. Next, Kappa statistics
were used to assess interobserver agreement for items at risk of bias, using the softwere
Statistical Package for the Social Sciences - SPSS versdo 20 para Windows (IBM SPSS
Software, Armonk, NY, EUA). The results were synthesized in the form of summary tables
and a descriptive summary to enable their comparison.

2. Results

After searching the electronic databases, 1741 articles were found. After the
evaluation of duplicates, 1206 articles were excluded and 535 were submitted to reading of
the title and abstract. In total, 28 articles were read in full because they fit the eligibility
criteria, of which 4 were excluded due to the exclusion criteria. All results were published
in English. The details of this search are shown in the Figure 1.
3.1 Evaluation of the quality of studies
The results of the Kappa tests revealed an almost perfect agreement, Kappa = 0.82 for the
items evaluated by the tool (table 1) by described Viera, Garrett, 2005. The biggest
disagreements were found in the objective items, sample discrimination, and reporting of
procedures to reduce bias. %11:17:18.20,21,22,23,24,25,26,27,28,29,30,31,32.33.34 Ragarding the objectives,

some articles did not make their objective clear, with a tendency when writing the articles to
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observe the objectives implicit in the main results mentioned in the introduction. Regarding
the discrimination of the samples, a failure was identified in the articles to detail the
concentration of cells for the analyses, as well as the MOI (multiplicity of infection) of
viruses that would be used for infection, which can represent a risk of bias when
the analyses are associated with the evolution of the infection over a period of time. In
addition, 13 of the 24 articles did not report any procedure to minimize possible bias in the
study. Most of the articles presented a clear and adequate description of the results (n=17)
and discussion (n=23) for the proposed study, indicating a good written and argumentative
relationship between the results and discussion, as well as clearly stating the values (mean,
error, and standard deviation) of the results obtained.

3.2 Cell characteristics and virus titration used in the studies

The cells used in the studies, for the most part, were of human origin. The results
show that 79% of the studies with in vitro virus infection used cells of human origin and the
other 21% used neuronal cells from mice and / or rats. The diversity of cells of human origin
was associated with the type of virus and its preference for the cell type. The mahority of the
studies, especially those with Flavivirus, used blood cells for the experiments (dendritic
cells, monocytes / macrophages, lymphomononuclear cells). Regarding the concentration of
cells used for the experiments, the lowest concentration used was 10%cel / mL, ' but most
articles used the concentration of cells 106 cel / mL. Y’

Regarding the virus titer, not all articles adequately defined the concentration used
for the infection, but those which reported it presented an MOI variation from 0.1 to 10. The
MOI value used in each experiment varied according to the cellular response to the virus
infection, in general, an MOI of 2 or 5 was used in most articles. The studies were carried
out with 5 families of pathogenic viruses in humans, covering the following families:

Rhabdoviridae (n=1), Flaviviridae (n=13), Togaviridae (n=7), Peribunyaviridae (n=1), and
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Bunyaviridae (n=2).
3.3 Arbovirus Infection and Mitochondrial Bioenergetics

The results of the studies show that arbovirus infections cause a series of
mitochondrial changes that arise as a result of viral action or metabolic alterations in cells.
To facilitate the understanding of the virus and mitochondria relationship, the results are
described according to the family of the virus studied (Table 2).

In relation to the family Peribunyaviridae, infection by the La Cross virus, showed
that in neurons there is an increase in the expression of the SARML1 binding protein and that
this protein has a strong relationship with mitochondrial damage. The neurons infected by
the virus showed mitochondria in a state of degeneration and increased production of EROS.
The increase in the production of EROS was also identified in infections by viruses of the
Togaviridae and Flaviviridae family.

With respect to the Flaviviridae family, in infected cells, the mitochondria in the host
undergo changes in the consumption of energy substrate, for example, in DENV infections,
mitochondria use palmitate and glucose as an energy substrate, whereas in non-infected cells
glutamine is the most commonly used substrate. In addition, studies show that DENV
infection increases the oxidation capacity of fatty acids. In another study,® showed that in
infected cells there is an increase in the mitochondrial respiration process, indicating greater
availability of ATP for the cell, which contributes to viral replication®®. Mitochondrial
morphology also changes during Flavivirus infections, as the results indicate that the
infection inhibits the expression of proteins associated with mitochondrial fusion and
induces an increase in DRP1 expression. The increase in DRP1 expression associated with
a decrease in MFN1 and MFN2 proteins induces a mitochondrial fission process. An
increase in mitochondria elongation was also seen in some regions of the cell, especially

near the convoluted membranes (CM), regions of intense viral replication during Flavivirus
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infection, 9:18:222535

Regarding the Togaviridae family, studies were found with MAYV, VEEV, CHIKV,
and SINV viruses. Regarding MAYYV, studies show that infected cells demonstrate an
increase in the production of ROS after 6 hpi and that this production signals the immune
system to produce TNF-a, indicating that there is a relationship between the immune
response and the production of EROS. With respect to SINV, in intact cells, there is no
change in O2 consumption during 15hpi, but there is a reduction in the electron transport
system (ETS); in permeabilized cells, however, there is a reduction, although not statistically
significant, in the capacity of oxidative phosphorylation of cells when using substrates of
Complex 1 or 11, of the electron transport chain. Thus, the capacity of the ETS dependent on
Cl and CII was not significantly affected after 15 h of infection by SINV, contrasting with
the results with intact cells, where a significant decrease in maximum uncoupled respiration
was observed at this time. However, the data point to a decrease in the activity of the
mitochondrial membrane potential of cells infected by CHIKV and VEEV. Along with this
change there is an increase in DRP1, indicating an increase in mitochondrial fission, in
addition to changes in infected mitochondria such as swelling, membrane compression, and
aggregation of damaged mitochondria.!”2128:30
3.4 Oxidative balance and Arbovirus infection

Oxidative balance is extremely important for maintenance of cellular homeostasis.
The results show several changes in the levels of oxidative stress biomarkers, and expression
and/or antioxidant enzymes activity, in addition to changes in the cellular redox state.
Changes were verified in the ROS production in more than 80% of the articles of this review.
All the results described with respect to oxidative balance are shown in Table 3.
3.4.1 Antioxidant enzymes and oxidative stress biomarkers

In the Bunyaviridae family, the results show that in infections with Rift VValley Fever
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Virus (RVFV), SOD activity decreases in infected cells, and when the SOD is blocked,
apoptosis levels increase about seven times.!!. These results are similar to those of Banerjee
and Mukhopadhyay (2018)*?, who observed a decrease in SOD activity in Chikungunya
virus (CHIKV) infections, but differ from those found in the Flaviviridae family, where
Valero et al. (2013)%, showed an increase in SOD activity in Dengue virus (DENV)
infections. In the Togaviridae family, a study conducted with Mayaro virus (MAYYV)
showed an increase in SOD activity throughout the period of infection. In addition, in the
Bunyaviridae family a negative regulation was observed between the SOD levels and ROS
production.

Regarding catalase, no studies have evaluated its activity in the family Bunyaviridae
and Rhabdoviridae. However, studies with the Flaviviridae and Togaviridae families show
that Arbovirus infection results in increased catalase activity associated with the proportion
of virus per cell. 2433

The articles that assessed GSH levels were performed with viruses from the families
Flaviviridae and Togaviridae. The results show that in DENV and MAYYV infections, there
is an increase in GSH levels, however, in cells infected with CHIKYV there was a decrease in
GSH, associated with an increase in the time of infection. The GSH/GSSG ratio was
performed in only one article, in which a decrease in the cell REDOX status between 15 to
24 hpi was observed in MAYYV infections. 243

Some articles also evaluated MDA levels in infected cells. For Flavivirus infections,
Cherupanakkal et al (2018)?” showed that in lymphomonuclear cells, DENV infection did
not cause changes in MDA levels, however when related to cell apoptosis there was a
significant difference between the infected group and the control group. In contrast, Valero
et al (2013) showed that monocytes infected by DENV show increased MDA levels?*. These

discrepancies may be associated with the methodology used to infect the cells depending on
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the strain type. Regarding the Togaviridae family, Banerjee and Mukhopadhyay (2018)
showed that in infections by the Chikungunya virus, lymphomonuclear cells of patients with
or without polyarthralgia have high levels of MDA and high levels of the MDA/SQOD ratio,
indicating a possible situation of oxidative stress in these cells.32

3.4.2 ROS and NO production

The ROS production was evaluated in most studies, thus, the ROS levels of all virus
families in this review were quantified. Only one article did not show an increase in
intracellular ROS levels; in that article the neutrophils infected by DENV with an MOI of
10 did not demonstrate an increase in the ROS production. In addition, the author concluded
that the production and neutrophil activity are not associated with ROS.%

In the Bunyaviridae family, there was an increase in the ROS production in liver cells
infected by RVFV, associated with the presence of non-structural viral proteins and a
decrease in SOD levels, where the author reports that there is down-regulation between the
decrease in SOD levels and increase in ROS.!! In the family Flaviviridae, the ROS increase
was found in infections by DENV and JEV, in several cell types. In addition, astrocytes
isolated from rats and infected by JEV showed a relationship between the increase in ROS
and the expression of metalloproteinase-9 (mmp-9).2426:27:3637.38 St dies with Flavivirus
have shown that an increase in ROS occurs between 18 to 48 hpi. The Togaviridae and
Rhabdoviridae families also demonstrated increases in ROS in infections by VEEV,
CHIKYV, SINV, and CHPV.2%31

Regarding NO production, two studies carried out experiments to quantify NO
production. In the first study performed with DENV, it was observed that in infections by
the 4 dengue serotypes there is an increase in NO production, however the highest production
was found in DENV-2. In addition, the NO increase was associated with an increase in

MDA. 2* The other study was carried out with CHPV, in which Verma et al. (2016) showed
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that at 16hpi there is an increase in NO production associated with ROS production in BV-
2 cells?®. In addition, when the neuronal apoptosis index was evaluated, an increase in the
cell death of the infected group was evidenced, indicating that NO and ROS production may
be associated with apoptosis of infected cells.
Discussion

Viral infections have already been associated with imbalances in the oxidative
metabolism of infected people, however, to date, no review has been carried out to identify
how arbovirus infections act on REDOX status and mitochondrial activity in in vitro models.
Therefore, the current study aimed to evaluate how arbovirus infections affect oxidative
balance and mitochondrial bioenergetics in in vitro study models. Thus, analyzing the effects
that infections cause in in vitro models, can serve as a basis for understanding the
pathological mechanisms caused by arboviruses and directing pharmacological or non-
pharmacological treatments to act more effectively in minimizing cell damage caused by
infections.
4.1 Cell response to arbovirus infection

In general, all articles indicate an increase in the production of reactive oxygen

species as a result of infection. The increase in the production of ROS was also associated
with an increase in proteins such as sterile Protein oo and TIR containing protein 1 (SARM1)
as well as which, changes in the energy substrate were also identified, as a result of the
process of infection and viral replication. The change in the energy substrate associated with
an increase in the breathing process, and an increase in the MMP, indicate greater availability
of ATP for the virus, which may indicate a viral stimulus to obtain energy through changes
in cellular homeostasis. This became more evident when it was identified that the
morphofunctional changes in the mitochondria occurred close to the CM, an area where viral

replication is intense. 2031
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Regarding the changes in mitochondrial morphodynamics, of the 24 selected articles,
only 4 performed analyses related to mitochondrial dynamics, in which, in the consequences,
it was identified that arbovirus infections increase the expression of Drpl, indicating a
process of fission of mitochondria. In addition, two of the studies showed that the expression
of MFN1 and MFN2 decreased with viral infection. In relation to the total number of articles
found in the research, few assess the mitochondrial dynamics in infections; of the 24 articles,
only 8% show analyses on the mitochondrial dynamics. 223°

The mitochondrial elongation was quite expressive in the mitochondria, however,
this was not the only change in morphology found; since the articles show that there are
partially swollen mitochondria, and inner membrane compaction and mitochondria
agglomeration. Therefore, mitochondria respond to viral infections by increasing their
respiratory activity and generating morphofunctional changes, however, it was not clear in
the studies whether these responses decrease the infectious process or if, due to the increase
in the availability of ATP, they facilitate the viral replication process, or even if there were
harmful changes to the cell, especially as a result of the increase in ROS.

Therefore, the increase in total cell ROS was evaluated by some studies, followed by
analyses of some biomarkers of oxidative stress. One study stated that there was no increase
in the production of reactive species in neutrophils infected by DENV. This result implies
that there is no relationship between the increase in ROS and infection of neutrophils by the
dengue virus. However, other studies show a relationship between the increase in ROS as a
signal for an immune response. The study by Qi Y et al (2015), showed that in infections by
DENV, the increase in ROS is associated with the production of IFN-6 and that this affects
the cell's MMP. %8 In addition, another study by Narayanan et al (2011) showed that there is
a negative relationship between ROS, SOD, and the increase in TNF-a . Thus, although

ROS does not stimulate the production of neutrophils, it is associated with the activation of
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some mechanisms related to the immune system, indicating that it may be one of the triggers
for the activation of the immune response against viral infection. Regarding biomarkers and
enzymes, viral infection induces an increase in the activity of SOD and CAT enzymes. In
the studies in which SOD levels were reduced, there was an increase in MDA associated
with an increase in apoptosis of infected cells. In addition, the levels of GSH and the GSH /
GSSG ratio were also reduced in viral infections. In short, the reduction in the activity of the
antioxidant defense system is associated with an increase in the MDA biomarker, indicating
a possible framework of oxidative stress during infection. In addition, MDA levels were also
associated with increased NO in infected cells and increased apoptosis.

4.1 Study information

The availability of articles that evaluated the damage to mitochondria and the
oxidative balance of infected cells is quite scarce when taking into account the diversity of
pathogenic arboviruses that affect humans. Most studies are related to Flavivirus or
Togavirus, such as Dengue and Chikungunya; this result may be associated with the
importance that these viruses have for public health, principally in this century (Who, 2019).
However, some arboviruses that were also of great importance in this century were not the
subject of in vitro studies and research that met the eligibility criteria of this work, for
example, none of the studies available with the Zika virus were found in the search.

In the majority of the studies, the cell infection process is not very detailed and, in
some articles, important parameters such as infection time, virus MOI, cell concentration,
and culture medium details were not identified. These results can serve as a bias for
comparing the work, where the evolution of the infectious process may be associated with
the concentration of virus used.

In addition, another limitation of the studies was the use of the term “oxidative stress”

in studies that evaluated, solely, the production of reactive species or a single biomarker of
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oxidative stress, therefore, few methodological analyses were performed to indicate that the
cells really were experiencing oxidative stress.
1. CONCLUSION
The results of this review indicate that in in vitro arbovirus infection models changes
in the mitochondrial bioenergetics can help the virus in the replication process, however,
cellular changes resulting from the exaggerated increase in reactive species cause an

imbalance in the cell REDOX state which can lead to oxidative stress and cell death signaling
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Table 2 Results related to mitochondrial bioenergetics.

Author Family of Type Virus/MOI | Cell/Concentratio Objective Results
virus n
Mukherj, | Peribunyavirid | La Cross virus Primary To assess the SARML protein is associated with mitochondrial
et al ae (LACV)/0.01; 0.1 Neurono/8.10° relationship of damage;
(2013) and 1 cel/Ml SARML in Infected cells showed an increase in the
neuronal expression of SARM1 binding proteins with the
apoptosis that mitochondria.
Is caused by -
LACY Ngurons co_nta_lnlng swolle_n and / or damaged
infections . mltochor_1dr|a in (?ell bodies and axons from
cultures infected with LACV;

Blocking the mitochondrial antiviral signaling
protein (MAVS), showed an inhibition of SARM1
activity and ERQOS production.

There is no blockage of MAVS when there is an
increase in the production of EROS;
SARML1 interacts with MAVS and induces
oxidative stress, mitochondrial damage, and
neuronal death.
Fernandes- | Flaviviridae. Dengue virus Huh7 cells, a strain |  Using high- Infection of cells by DENV inhibits mitochondrial
siqueira et (DENV) / MOI of of human resolution breathing;




83

al (2018) 1 hepatocarcinoma/ | respirometry to Infected Huh7 cells effectively use palmitate as an
The cells were assess oxidative substrate, since oxygen consumption in
seeded in 60 cm metabolic the presence of palmitate was higher than that
plastic Petri dishes, | circuits that observed in the control:
at a density of .105 occur during Glutamine was the best substrate used by control
cel /-mL, but in .DEN.V cells in all conditions, however, DENV infection
experiments such infection L . .
as oxygen strongly inhibited the use of this nutrient as an
consumption, energy substrate for cells; _
concentrations of The presence of glucose in the control cells
10° cel / mL were inhibited consumption, but these effects were
used attenuated in cells infected by DENV, confirming
that the use of glucose by these cells increases the
oxidation capacity of endogenous fatty acids.
Olagnier et | Flaviviridae Dengue virus Dendritic cells To conduct an The number of mitoSOX positive cells increased
al (2014) (DENV)/ not derived from in-depth from 31.9 + 12.3% (uninfected) to 56.8 + 7.9%
described primary human analysis of the (infected) after 48 hours of infection;
monocytes (Mo- | transcriptome, Both the mitochondrial release of ROS and
DC) / 10° cel/mL along with mitochondrial depolarization were associated with
biochemical the induction of apoptosis, through the
and functional mitochondria-dependent pathway in Mo-DC cells
analyses of the infected with DENV.
early host
response to
DENV
infection in
Mo-DC
Yu CY et Flaviviridae DENV/ MOl of Cells A549 / To evaluate, in In  simulation-infected  cells,  continuous
al (2015) 10 mitoYFP and A549 DENV mitochondrial fusion / fission led to uniform

/ mitoCherry

infections, how

redistribution and colocalization of mitoYFP and
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the
mitochondrial
dynamics
behave

mitoCherry (mitochondrial markers) in fused
cells, while much less colocalization of mitoYFP
and mitoCherry was observed in DENV infected
cells within 24 days after infections, but without
significant cytotoxicity.

The levels of proteins related to fission, Drpl,
pDrpl, optic atrophy 1 (OPA1) and mitochondrial
fission 1 (Fisl) were similar during the course of
infection, while MFN1 and MFNZ2 proteins were
reduced in infected cells;

In cells that had induction of MFN1
overexpression, the proportion of cells with
clustered mitochondria decreased from 86.2% to
37.1% when compared to cells simulated to those
infected with DENV;

It has been suggested that DENV can block
MFN1-mediated mitochondrial fusion.

Barbier et
al (2017)

Flaviviridae

Dengue virus
(DENV) / Not
described

Vero cells, reporter

cells (Huh7.5), and

human liver cancer
cells (HepG2) /
Not described

To evaluate the
relationship of
Drpl with
mitochondrial
length and
respiration
during DENV
infection.

Using images of live cells from cultures infected
with DENV, it was seen that the infection induces
mitochondrial elongation;

The mitochondria of cells infected with DENV
showed increased respiration, which can lead to an
increase in ATP production, when compared to
uninfected cells;

Viral proteins, such as NS4b, were preferentially
located in subcellular fractions of mitochondria;
The characterization of fusion and fission proteins
revealed a decrease in Drpl in mitochondria in the
Huh7 cell line and in monocyte-derived dendritic




85

cells (DCs);

The decrease in Drpl was correlated with a
reduction in the phosphorylation of Drpl in S616
in the Huh7 cell line. On the other hand, the
induction  of  mitochondrial  fission  or
overexpression of Drpl and Drpl S616D of wild
type (WT) inhibited DENV replication.

Chatel-
Chaix. et
al., 2016

Flaviviridae

Dengue virus
(DENV) / Not
described

Huh7 cells / 1.10°
cel/mL

To evaluate the
function of
NS4B protein
during DENV
infection

Mitochondria were elongated and often in
physical contact with punctuated structures that
contained NS3 and NS4B;

In cells infected with DENV, the elongation of the
mitochondria became visible for the first time 23
hours after infection (hpi) and remained between
35 and 50 hpi;

The development of infection in the mitochondrial
network collapsed, concomitantly with cell death
due to cytopathic effects induced by DENV;
Elongation of the mitochondria has been observed
in cells infected with DENV?2;

The greatest mitochondrial elongation was found
close to the convoluted membranes (CM) of the
infected cells, which are sites of greater viral
replication;

A large spatio-temporal relationship was detected
between the increase in CM and mitochondrial
elongation, where cells with CMs were detectable
at 21 hours after infection and accumulated over
time, and 86% of cells with CMs showed a
network of elongated mitochondria. In
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approximately 36% of infected cells, it was seen
that the formation of CMs and the elongation of
mitochondria occurred simultaneously;

The decrease in the expression of DRP1
stimulated the mitochondria elongation, while the
reduced expression of MFN2 favored its
fragmentation, without affecting cell viability
during a 5-day observation period;

The elongation mediated by the decrease in DRP1
stimulated the replication of both strains of DENV
(DVs and NGC), while the fragmentation of
mitochondria forced by the decrease in MFN2
inhibited DENV replication, suggesting a
relationship of viral replication capacity and
expression of mitochondrial dynamics proteins.

Lai etal Flaviviridae Dengue virus Dendritic cells To evaluate the The total number of cell mtDNA copies
(2018) (DENV) / MOl of | (DC) and Human role of the decreased slightly after DENV infection within
5 lung epithelium TLR9 gene 24 hours;
cell (A549) / DC: (specific There was a significant and proportional increase
10 °cel /mL and | mitochondrial in cytosolic mtDNA 12 and 24 hours after
A549:25x10° | DNA receptor) DENV infection:
cel/mL in DENV DENV-induced TLR9 activation and mtDNA
infection

release were also demonstrated when DCs were
infected with different DENV serotypes
(serotypes 1, 3, and 4), as well as different
DENV?2 strains;

DENYV infection induced an increase in ROS in
DCs, evidenced by increased staining with
MitoSOX. These effects were inhibited by
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MitoTEMPO, a mimetic of superoxide dismutase
directed at mitochondria, which has properties
for eliminating superoxide and alkyl radicals;
Treatment with MitoTEMPO reduced the total
oxidized DNA and, specifically, the levels of
cytosolic oxidized DNA;

MitoTEMPO inhibited the release of mtDNA
induced by DENV in the cytosol and expression
of TLR9;

EROS production induces the release of mtDNA
that activates TLR9 expression.

Cavalheiro | Togaviridae Mayaro virus | Macrophages/ To investigate MAYYV induces a progressive increase in the
etal (2016) (MAYV)/ MOI of | 108cel/mL MAYV's generation of ROS in the early stages of infection
1to5 ability to (6 h), with intense viral replication before the peak

replicate in of TNF production and cell death.
macrophages Investigation of the role of ROS in the production
and to induce of virus-induced TNF showed a reduction in the
inflammatory release of TNF by infected cells to baseline levels,
responses and indicating an involvement of ROS signaling in the
cell death release  of inflammatory  cytokines by

macrophages during MAY'V infection.
Silva  da | Togaviridae Sindbis virus Mouse To characterize The routine breathing of Neuro 2a cells (in culture
Costa et al (SINV) / MOI of neuroblastoma morphologicall medium containing 5 mM glucose) did not differ
(2012) 1to5 (Neuro 2a) / 10° y and between infected and simulation;

cel/mL biochemically, The rate of oxygen consumption in the presence of

and evaluate

mitochondrial

bioenergetics
and energy

oligomycin in cells with simulated infection was
31.1 and that of cells infected with SinV was 26.6
pmoles. There was a statistical tendency for
leakage breathing to decrease after 15 h of SinV
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homeostasis in
SINV
infections

infection;

The capacity of the electron transport system
(ETS) was reduced by 36% in Neuro 2a cells after
15 h of infection by SinV, while the average rates
in the infected simulations and SINV-infected
Neuro 2a cells were 139.6 and 102.7 pmoles;
After 24 h the infected cells cleared, so that the
same fraction of ETS was activated to conduct
ATP synthesis;

Regarding permeabilized cells, after 15 h of
infection, there was a reduction, although not
statistically ~ significant, of the oxidative
phosphorylation capacity of Neuro 2a cells
supported by Complex | (CI: pyruvate / malate) or
Complex 11 (CIl) substrates: succinate).

The maximum uncoupled breath measured after
adding the FCCP did not differ in infected and
infected cells by simulation. Therefore, the
capacity of the ETS depending on Cl and CII was
not significantly affected after 15 h of infection by
SinV, contrasting with the results of intact cells,
where a significant decrease in  maximum
uncoupled respiration was observed at this time.

Keck f et
al (2018)

Togaviridae

Venezuelan
Equine
Encephalitis
Virus (VEEV) /
MOI of 2 to 10

Human
astrocytoma cells
(U-87 MG), VERO
cells, and murine
microglial cells
(BV2) / U-87TMG
and BV2

To determine
whether
murine
microglia is
susceptible to
VEEV
infection and

Treatment with BAY-82 and MitoQ not only
recovered the electrical potential of the
mitochondrial membrane (MMP) in the infected
cells, but also increased this electrical potential in
the treated samples compared to the uninfected
simulated control.
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whether the
infection
results in
mitochondrial
dysfunction

In their most effective form, BAY-82 and MitoQ
increased the membrane potential by 29% and
48%.

The antioxidant directed at mitochondria is more
effective in restoring mitochondrial function than
the anti-inflammatory BAY-82.

Dhanwani Togaviridae Chikungunya Human To evaluate the The results indicated a significant change in the
R et al virus (CHIKV) / neuroblastoma role of electrical potential of the mitochondrial
(2012) MOl of 0.1to 5 | (SH-SY5Y)/1.10° | apoptosis and membrane (MMP).
cel/mL oxidative JC-1 staining of infected cells revealed a change
damage in SH- in fluorescence from red to green, consistent with
SY5Y cells a decrease in mitochondrial membrane potential
infected with
CHIKV
Keck, fet | Togaviridae Venezuelan Human To assess the TC-83 infection resulted in a decrease in
al (2017) Equine astrocytoma cells role of membrane potential at all times tested, with
Encephalitis (U87MG cells) and | mitochondrial significant reductions of 6 hpi in the highest MOls
Virus (VEEV)/ African green dynamics in (10 and 20) and in all MOls tested at 24 hpi when
MOI of 2to 10 monkey kidney VEEV compared to the respective controls simulated.
cells (Veros) / infections The infected group showed an increase in the

Concentration
varied according to
the average tests
used/ 103 cel/mL

expression of the Drpl protein from 24 dpi in MOI
of 5 to 10, while in MOI of 20 there was a drop in
levels.

Infected cells showed a series of changes in
structure, including partially swollen
mitochondria, inner membrane compaction, and
assembled mitochondria.

Abbreviations: Moi (multiplicity of infection); dpi (days after infection); hpi (hours after infection)
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Table 3. Oxidative balance in arbovirus infections

Author Family of virus | Type Virus/MOI | Cell/Concentration Objective Results
Narayanan et | Bunyaviridae | Rift Valley Fever | Lung epithelial cells To determine if The infected cells showed a consistent
al., 2011 Virus (RVFV) / of small human RVFV infection decrease in expression of superoxide

The viruses of the
MP12 strain were
infected at an MOI
of 3, while the
viruses of the
ZH501 strain at an
MOI of 2

airways
(HSAECs)/ 1.10°
cell/mL

caused oxidative
stress in infected
human cells and if
there were host
responses associated
with this condition of
cellular stress and
production of tumor
necrosis factor alpha
(TNF-a)

dismutase 1 (SOD1) from the initial
moments (24 and 30 h);

There was an increase in the ROS
production in infected cells related to the
negative regulation of cytosolic SOD;

The increase in the production of
superoxides was visible from 12dpi

and 24dpi;

Control cells treated with TNF-a showed
lower levels of SOD1 compared to untreated
cells, in a 24-hour period;

After depletion of SOD1, the percentage of
cells undergoing apoptosis was almost
seven times higher than the control cells;
SOD1-depleted cells that were not infected
by the virus had significantly less apoptosis
(1.5 times greater than control cells; data not
shown);

The results indicate that SOD1 depletion
makes the cells more susceptible to
apoptosis during MP12 infection;
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Activation of the AMPK pathway was
necessary to combat the damage caused by
changes in the SOD1 concentration;

Cells infected with the ZH501 strain of
RVHV were subjected to the same
experiments and demonstrated similar
results, but the MOI used was lower than
that of the MP12 strain due to its
pathogenicity.

Narayanan et

Bunyaviridae

Rift Valley Fever

Liver stellate cell

To investigate

Quantification of fluorescence revealed an

al (2014) Virus line whether oxidative approximate 6-fold increase in superoxide
(RVFV) /MOl of | (CFSC-8B)/1.10° stress occurs and levels in virus-infected cells over controls
3.50r10 cell/mL whether it leads to infected by simulation;
apoptotic responses The presence of the viral protein NSs in the
in patients infected mitochondria of infected cells contributes to
with RVFV the early increase of ROS;
ROS increased levels correlated with the
activation of nuclear factor-xB (NFxB),
p65 and p53 responses, which together with
the infection were also reflected as
macromolecular rearrangements;
ROS act as critical contributors to liver cell
apoptosis during RVFV infection.
Moreno- Flaviviridae Dengue Virus Neutrophils To assess whether There was no change in the ROS production
Altamirano et (DENV) / MOI of | /10° cell/mL Nets (extracellular in DENV infections, thus, the production
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al (2015) 10 neutrophil traps) are and activity of neutrophils is not associated
released by DENV2- with ROS production;
infected neutrophils
Yang T et al Flaviviridae Japanese Human lung To identify apoptotic The ROS production in JEV infected cells
(2010) encephalitis virus epithelial cells processes and increased tenfold 24 and 48 hours post-
JEV)/MOI10.1to0 (A549) / 5.10° pathways related to infection;

1 cell/mL JEV infection The ROS increase signaled cell apoptosis
and correlated with negative regulation of
thioredoxin in infected cells.

Olagnier et al Flaviviridae Dengue virus Primary human To perform an The ROS production was observed in Mo-
(2014) (DENV)/ Not monocyte-derived analysis of the DC infected by DENV, with a 2-fold increase
described dendritic cells transcriptome, along in DCF fluorescence detected by cytometry,
(Mo-DC) / 10° with biochemical and 18 h after infection;

cell/mL functional analyses of DENYV infection increased the intracellular
the host's early accumulation of ROS in a dose dependent

response to DENV manner.

infection in Mo-DC

Datan et al Flaviviridae Dengue virus Canine renal cells To evaluate the The inhibition of ER stress or ataxia mutated
(2016) (DENV) / MOI of | Madin-Darby mechanism of telangiectasia (ATM) signaling cancels the

5 (MDCK) / 10* autophagy in DENV protection provided by dengue against other

cell/mL infection at an early cellular stressors;

stage and how this
process is related to
the endoplasmic
reticulum (ER) and
the protein kinase of
the type R
endoplasmic
reticulum (PERK)

Direct inhibition of the ER stress response in
infected cells decreases the renewal of the
autophagosomes,  reduces the ROS
production, and limits the dengue virus
reproduction;

Blocking ATM activation, which is an early
response to infection, decreases the
transcription of ER stress response proteins,
but the ATM has a limited impact on the
ROS production and viral titers;
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The ROS production determines only late-
onset autophagy in infected cells and is not
necessary for dengue-induced protection
against stressors;

Among the various autophagy-inducing
pathways during infection, ER stress
signaling is most important for viral
replication and cell protection.

Valero et al
(2013)

Flaviviridae

Dengue virus
(DENV-1, DENV-
2 and DENV-4) /

MOI of 1

Monocytes / 3.10°
cell/mL

To analyze the
oxidative (nitric
oxide-NO
and malondialdehyde
-MDA levels) and
antioxidant (catalase-
CAT, superoxide
dismutase-SOD and
reduced glutathione-
GSH) responses of
monocytes of
newborns, young
adults, and older
adults during in vitro
study of dengue virus
infection

Lower values of SOD, MDA, GSH, and NO
were found in neonates and older adults,
whereas the highest values were observed in
adults;

The increase in NO, MDA production,
catalase and SOD activities, and the GSH
content were induced by different viral
serotypes and LPS in monocytes of neonatal
individuals, adults, and older adults;
DENV-2 induced the highest NO production
accompanied by high MDA production;

The antioxidant response was observed in all
types of DENV;

The highest values of catalase activity were
observed for DENV-1 and DENV-4 and
SOD activity for DENV-1,;

The highest GSH content was observed in
DENV-4 infected monocytes in all groups
analyzed;

The degree of oxidative and antioxidant
response was influenced by the source of
monocytes.
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QiYetal Flaviviridae Dengue virus Primary isolates To evaluate the The decrease in mitochondrial membrane
(2015) (DENV-2) / MOI from human interferon 6 (IFN-6) potential (MMP) was noticeable from 24
of 4 umbilical veins role in infection by hours to 48 hours after DENV?2 infection;
(HUVECs) / 108 DENV-2 Infected IFN 6 cells (+/+) showed no changes
cell/mL in MMP for long periods of time. On the
other hand, IFN6 -/- cells appeared to be
more sensitive to DENV-2.
Tung et al Flaviviridae Japanese Rat brain astrocytes To evaluate the Treatment with JEV induced a significant
(2010) encephalitis virus (RBA-1)/Not molecular increase in ROS levels, measurable in 5
(JEV) / Not described mechanisms minutes and sustained for more than 90 min,
described underlying JEV- which may be associated with an increase in
induced MMP-9 NADPH oxidase;
expression in RBA-1 JEV-induced MMP-9 expression was
cells mediated through ROS-dependent activation
of p42 / p44 MAPK in RBA-1 cells.
Cherupanakkal Flaviviridae Dengue Lymphomonuclear | To assess biomarkers Increased levels of lipid peroxidation were
et al (2018) virus (DENV) cells of oxidative stress, found in the infected group when compared
/ Not described /Not described apoptosis, and DNA to controls with febrile illnesses and controls
damage in individuals without febrile illnesses;
infected by dengue When MDA data were correlated with
virus apoptosis levels, a positive correlation was
found according to Spearman's correlation.
Keck et al Togaviridae Venezuelan Human astrocytoma To evaluate The data indicated a significant ROS increase
(2017) Equine cells (UB7TMG) mitochondrial in cells infected with TC-83 compared to
Encephalitis Virus | and African green dynamics and ROS uninfected cells, in all MOIs and time
(VEEV)/ MOI of | monkey kidney production in VEEV intervals tested,;
2at 10 cells infections U87MG cells treated with hydrogen peroxide
(Veros)/ 103 (H20.) demonstrated ROS accumulation.
cell/mL
Banerjee N, Togaviridae | Chikungunya virus | Lymphomonuclear | To evaluate the ROS The MDA level was high in infected patients
Mukhopadhyay (CHIKV) / Not cells concentration, who did not have persistent polyarthralgia

(2018)

described

/Not described

oxidative stress
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markers, antioxidant
potential, and
cytokines in the
peripheral blood of
patients infected by
CHIKV

(ChikWoPP) when compared to healthy
controls;

Nitric oxide (NO) was 1.82 times higher in
infected patients who had persistent
polyarthralgia (ChikWPP);

The ChikWopp group had higher levels of
thiols than ChikWPP;

Carbonyl levels were higher in patients with
polyarthralgia;

SOD levels were lower than the control;

The SOD level was 1.02 times lower, while
the radical scavenging activity was 1.16
times lower in infected patients than in
controls;

The MDA/SOD ratio was 1.57 times higher
in the ChikWPP group;

There was a 2.42-fold increase in
intracellular  ROS  production  when
compared to the control group

Silva da Togaviridae Sindbis virus Neuroblastoma of To characterize After 15 h of infection, there was a 40%
Costa et al (SINV) /MOl of 1 mice morphologically and increase in the ROS accumulation when
(2012) ath (Neuro 2a) / 10° biochemically, compared to uninfected cells;
cell/mL evaluate ROS accumulation increased significantly
mitochondrial (2.3-fold increase) after 24 hours of SINV
bioenergetics and infection, suggesting that ROS could have
energy homeostasis contributed to mitochondrial dysfunction and
in SINV infections cell death of Neuro 2a induced by SINV.
Keck et al Togaviridae Venezuelan Human astrocytoma | To determine whether At 24 hpi using an MOI of 2, the ROS
(2018) Equine cells (U-87 MG), murine microglia is levels increased 256% and 171% in U-87

Encephalits Virus
(VEEV) / MOI of
2at10

VERO cells and
murine microglial
cells (BV2) /U-

susceptible to VEEV
infection and whether
the infection results

MG and BV?2 cell lines, respectively;
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87MG and BV2 10*
cell/mL, VERO 10°
cell/mL

in mitochondrial
dysfunction

The ROS increase corresponded to a
decrease in the mitochondrial membrane
potential (MMP) in both cell lines;

At 24 hpi, astrocytes infected with TC-83
exhibited a 53.6% decrease of the MMP
compared to uninfected control;
Correlating with the lower ROS level, the
BV2 microglia suffered a 40% decrease in
MMP at 24 hpi;

The ROS accumulation and the MMP
decrease were not dependent on the MOI
and, therefore, all subsequent experiments
were conducted using the MOI of 2;

The anti-inflammatory BAY-82 decreased
the total ROS levels by 16% at 6 hpi and
22% at 24 hpi when compared to the control
infected by TC-83.

Cmini FC et al
(2017)

Togaviridae

Mayaro virus
(MAYV) / MOI of
5

Human
hepatocarcinoma
cells

(HepG2) or
Macrophages
(J774) / 2.5.10*
cell/mL or 1.10
6 cell/mL

To investigate
whether MAYV
causes oxidative

stress in infected cells
and affects the host's
antioxidant system

There was an increase in total SOD activity
at all times in cells infected with MAYV;
There was an increase in the CAT activity at
15 hpi, in cells infected with MAYYV;

The total glutathione content in cells
infected with MAY'V increased by
approximately 4 and 2.5 times at 6 and 15
hpi;

Total glutathione levels remained normal in
cells at 24 hpi;

There was a progressive decrease in the
GSH/GSSG ratio in HepG2 cells after
infection by MAYV, with 35% and 37%
reductions in this ratio at 15 and 24 hours
after infection, respectively;
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Similar to observations in HepG2 cells,
ROS production was increased in MAYV-
infected J774 cells;

Regarding HepG2 cells, there was an
increase in ROS generation at all times
tested (1, 2, 4, 6, 15, and 24 h pi), while in
J774 cells an increase was observed after
longer periods of infection (6, 15, and 24 h
pi);

J774 cells showed a decrease in total SOD
activity and increase in MDA levels at 6, 15,
and 24 hpi

Dhanwani R et
al (2012)

Togaviridae

Chikungunya virus
(CHIKV) / MOI of
0.1to5

Human
neuroblastoma
(SH-SY5Y) / 1.10°
cell/mL

To evaluate the role
of apoptosis and
oxidative damage in
SH-SY5Y cells
infected with CHIKV

There was a decline in the GSH level over
time;

Substances reactive to thiobarbituric acid
(TBARS) production reached a maximum at
48 hpi. In addition, the oxidative stress level
increased in parallel with the viral titer, at
all times.

Verma AK et
al (2016)

Rhabdoviridae

Chandipura virus
(CHPV) / MOI of
0.1 for 2h

Rat hippocampal
neuronal cell line
(HT-22 cells) and
mouse microglial
cell line (BV2
cells)/
3.10% cell/mL

To evaluate the
pattern of microglial
activation and dosage
of pro-inflammatory
cytokines in CHPV
infection

The ROS and NO levels were evaluated at
different incubation times and increased
concomitantly with time;

It was found that the NO level was higher at
16 hpi;

The ROS level in the sample infected by
CHPV was higher at 24 hpi, compared to
those infected by simulation;

Regarding cell death, neuronal cells treated
with the supernatant obtained from CHPV-
infected microglia showed a greater number
of TUNEL positive cells, compared to cells
infected by simulation.
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Tabela 4: Diretrizes PRISMA

Section/topic Checklist item REpaiee
on page #

TITLE

Title 1 | Identify the report as a systematic review, meta-analysis, or both. 1

ABSTRACT

Structured summary 2 | Provide a structured summary including, as applicable: background; objectives; data sources; study eligibility criteria, 2
participants, and interventions; study appraisal and synthesis methods; results; limitations; conclusions and
implications of key findings; systematic review registration number.

INTRODUCTION

Rationale 3 | Describe the rationale for the review in the context of what is already known. 3-4

Obijectives 4 | Provide an explicit statement of questions being addressed with reference to participants, interventions, comparisons, 4-5
outcomes, and study design (PICOS).

METHODS

Protocol and registration 5 | Indicate if a review protocol exists, if and where it can be accessed (e.g., Web address), and, if available, provide 5
registration information including registration number.

Eligibility criteria 6 | Specify study characteristics (e.g., PICOS, length of follow-up) and report characteristics (e.g., years considered, 5-6
language, publication status) used as criteria for eligibility, giving rationale.

Information sources 7 | Describe all information sources (e.g., databases with dates of coverage, contact with study authors to identify 5
additional studies) in the search and date last searched.

Search 8 | Present full electronic search strategy for at least one database, including any limits used, such that it could be 5
repeated.

Study selection 9 | State the process for selecting studies (i.e., screening, eligibility, included in systematic review, and, if applicable, 5-6
included in the meta-analysis).

Data collection process 10 | Describe method of data extraction from reports (e.g., piloted forms, independently, in duplicate) and any processes 6

for obtaining and confirming data from investigators.
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Data items 11 | List and define all variables for which data were sought (e.g., PICOS, funding sources) and any assumptions and *
simplifications made.

Risk of bias in individual 12 | Describe methods used for assessing risk of bias of individual studies (including specification of whether this was 6

studies done at the study or outcome level), and how this information is to be used in any data synthesis.

Summary measures 13 | State the principal summary measures (e.g., risk ratio, difference in means). 6

Synthesis of results 14 | Describe the methods of handling data and combining results of studies, if done, including measures of consistency *

(e.g., 15 for each meta-analysis.

Page 1 of 2

Section/topic Checklist item REpEEE
on page #

Risk of bias across studies 15 | Specify any assessment of risk of bias that may affect the cumulative evidence (e.g., publication bias, selective *
reporting within studies).

Additional analyses 16 | Describe methods of additional analyses (e.g., sensitivity or subgroup analyses, meta-regression), if done, indicating *
which were pre-specified.

RESULTS

Study selection 17 | Give numbers of studies screened, assessed for eligibility, and included in the review, with reasons for exclusions at 7
each stage, ideally with a flow diagram.

Study characteristics 18 | For each study, present characteristics for which data were extracted (e.qg., study size, PICOS, follow-up period) and 8-12
provide the citations.

Risk of bias within studies 19 | Present data on risk of bias of each study and, if available, any outcome level assessment (see item 12). 7 -

Annex

Results of individual studies 20 | For all outcomes considered (benefits or harms), present, for each study: (a) simple summary data for each Annex
intervention group (b) effect estimates and confidence intervals, ideally with a forest plot.

Synthesis of results 21 | Present results of each meta-analysis done, including confidence intervals and measures of consistency. *

Risk of bias across studies 22 | Present results of any assessment of risk of bias across studies (see Item 15). 7

Additional analysis 23 | Give results of additional analyses, if done (e.g., sensitivity or subgroup analyses, meta-regression [see Iltem 16]). *

DISCUSSION
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Summary of evidence 24 | Summarize the main findings including the strength of evidence for each main outcome; consider their relevance to 13-15
key groups (e.g., healthcare providers, users, and policy makers).

Limitations 25 | Discuss limitations at study and outcome level (e.g., risk of bias), and at review-level (e.g., incomplete retrieval of 15
identified research, reporting bias).

Conclusions 26 | Provide a general interpretation of the results in the context of other evidence, and implications for future research. 13-14

FUNDING

Funding 27 | Describe sources of funding for the systematic review and other support (e.g., supply of data); role of funders for the 16

systematic review.

From: Moher D, Liberati A, Tetzlaff J, Altman DG, The PRISMA Group (2009). Preferred Reporting Items for Systematic Reviews and Meta-Analyses: The PRISMA Statement. PLoS Med 6(7):
€1000097. doi:10.1371/journal.pmed1000097

For more information, visit: www.prisma-statement.org.
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ANEXO A - COMPROVANTE DE SUBMISSAO DO ARTIGO NO SAO PAULO
MEDICAL JOURNAL

29-Jan-2021
Dear Mr. Almeida Oliveira:

Your manuscript entitled "Mitochondrial bioenergetics and oxidative balance in in vitro arbovirus infection models: A systematic review™ has been successfully
submitted online and is presently being given full consideration for publication in the S&o Paulo Medical Joumnal.

Be aware that there may be delays in the processing and review of manuscripts due to interruptions caused by the COVID-19 pandemic. The Journal is prioritizing
the review of articles on COVID-19. This means that there may be delays in processing your manuscript. We have a small staff, but we hope to start processing your
manuscript soon.

Your manuscript ID is SPMJ-2021-0079.

Please mention the above manuscript ID in all future correspondence or when calling the office for questions. If there are any changes in your street address or e-

Thank you for submitting your manuscript to the S&o Paulo Medical Joumnal.

Sincerely,
S#o Paulo Medical Journal Editorial Office
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