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RESUMO

DISSELENETO DE DIFENILA EM MODELOS DE INFECCAO
VIRAL CAUSADA POR HERPES SIMPLEX VIRUS DOS TIPOS 1 E 2

Autora: Glaubia da Silva Sartori
Orientadora: Dr.2 Cristina Wayne Nogueira
Co-orientadora: Dr.2 Marina Prigol

Doencas infecciosas ocasionadas pelo herpes simplex virus do tipo 1 e 2 (HSV-1 e HSV-
2) estdo entre as patologias que mais acometem a populagdo. A busca por novas
alternativas terapéuticas para o0 seu tratamento torna-se relevante devido ao
crescimento de casos resistentes ao Aciclovir, referéncia no tratamento de infecgbes
herpéticas. Desta forma, esta tese investigou o efeito do disseleneto de difenila (PhSe)a,
uma molécula organica de selénio, no tratamento de infec¢des geradas pelo herpes
simplex virus humano 1 (HSV-1) e 2 (HSV-2) in vitro e in vivo. No protocolo 1 referente
aos artigos 1 e 2, foi realizado incialmente o teste de viabilidade celular (MTT) para
verificar se ha toxicidade do composto (1-100uM) e posteriormente verificou-se o0 seu
efeito sobre o0 HSV-2 através do ensaio de reducdo de placa viral, ambos os testes
realizados em cultura de células VERO. Apds, foram realizados os experimentos in vivo.
O protocolo consistiu de 5 dias de pré-tratamento com (PhSe). (5 mg/kg, via
intragéstrica, i.g.), infec¢éo intravaginal no dia 6 e pos-tratamento com o composto por
mais 5 dias. Ao final dos tratamentos, os animais foram mortos e analises ex vivo dos
tecidos genital, renal, hepatico e plasma foram realizadas. A evolu¢cdo da leséo
extravaginal foi analisada a cada dia pés-infeccao. Outros parametros também foram
investigados como carga viral, andlise histoldgica, estresse oxidativo, inflamagéo,
resposta imune, atividades de enzimas antioxidantes e anti-inflamatérias, parametros
de toxicidade renal e hepatica. No protocolo 2 referente ao manuscrito 1, as analises do
efeito antiviral do (PhSe). contra a infec¢éo por HSV-1 foram realizadas em dois tempos
diferentes ap0s a infeccao (4 e 24 horas) em culturas de células gliais. Foi quantificada
a carga viral através dos ensaios de reducgéo de placa, inibicdo da sintese de DNA viral
e inibicdo de genes envolvidos no ciclo replicativo (ICP27, ICPO, ICP8 e DNA polimerase
viral). Também foi investigada a ativagcédo do sistema imunolégico (NF-kB e TNF-a) nas
células infectadas por HSV-1. Os resultados referentes aos artigos 1 e 2 demonstraram
um efeito antiviral do (PhSe): in vitro e in vivo bem como a reducéo do estresse oxidativo,
inflamacao, restauracdo da capacidade antioxidante como o contelddo de tiis néo-
proteicos e da atividade de enzimas antioxidantes. Ainda, 0 composto protegeu contra
efeitos toxicos gerados pela infecgéo a nivel renal e hepético. Os achados obtidos no
manuscrito 1 também foram positivos, uma vez que foi confirmado o efeito antiviral do
(PhSe). contra a infeccao por HSV-1 nas células gliais bem como a reducéo da sintese
de DNA viral e regulagdo dos genes do ciclo replicativo. O composto reduziu a
expressao da maioria dos genes virais estudados nos diferentes tempos de analise apos
a infeccdo. E de certa forma apresentou efeito imunomodulador através da reducao da
expressao da citocina TNF-a. A partir dos dados obtidos pode-se considerar o (PhSe),
uma importante alternativa terapéutica frente as infec¢des causadas pelo HSV-1 e HSV-
2.

Palavras-chave: HSV. Selénio. Antiviral. Estresse oxidativo. Inflamagé&o. Citocinas.



ABSTRACT

DIPHENYL DISSELENIDE ON VIRAL INFECTION MODELS CAUSED
BY HERPES SIMPLEX VIRUSES TYPES 1 AND 2

Author: Glaubia da Silva Sartori
Advisor: Dr.2 Cristina Wayne Nogueira
Co-advisor: Dr.2 Marina Prigol

Infectious diseases caused by herpes simplex virus types 1 and 2 (HSV-1 and HSV-2)
are among the pathologies that most affect the population. The search for new
therapeutic alternatives for its treatment becomes relevant due to the growth of cases
resistant to Aciclovir, a reference in the treatment of herpetic infections. Thus, this thesis
investigated the effect of diphenyl diselenide (PhSe)., an organic molecule of selenium,
for the treatment of infections caused by herpes simplex virus 1 (HSV-1) and 2 (HSV-2)
in vitro and in vivo. In the protocol 1 related to articles 1 and 2, the cell viability test (MTT)
was initially performed to check the toxicity of the compound (1-100 uyM) and later its
effect on the virus was verified by the plaque reduction assay, both tests performed on
VERO cell culture. After, the experiments were carried out in vivo. The protocol consisted
of treatment with (PhSe). (5 mg/kg/day, intragastric, i.g.) 5 days before and 5 days after
infection; mice were infected at day 6. The extravaginal lesion score was evaluated from
days 6 to 10. At the end of treatments, the animals were killed and ex vivo analyses of
the genital, renal, hepatic and plasma tissues were performed. Other parameters were
also investigated such as viral load, histological analysis, oxidative stress, inflammation,
immune response, antioxidant and anti-inflammatory enzyme activities, renal and
hepatic toxicity parameters. In the protocol 2 related to the manuscript 1, the antiviral
effect of (PhSe). against HSV-1 infection was investigated at different times post-
infection (4 and 24 hours) in glial culture cells. The viral load was quantified through
plague reduction assay, inhibition of viral DNA synthesis and inhibition of genes involved
in the replicative cycle (ICP27, ICPO, ICP8 and viral DNA polymerase). The activation of
the immune system (NF-kB and TNF-a) in HSV-1 infected cells was also investigated.
The results of articles 1 and 2 demonstrated an antiviral effect of (PhSe)zin vitro and in
vivo as well as the reduction of oxidative stress, inflammation and restoration of
antioxidant capacity, such as the content of non-protein thiols and the activity of
antioxidant enzymes. Furthermore, the compound protected against toxic effects
generated by infection at the renal and hepatic levels. The results obtained in manuscript
1 were also positive because the antiviral effect of (PhSe), against HSV-1 infection in
glial cells was confirmed as well as the reduction of viral DNA synthesis and regulation
of the replicative cycle genes. The compound reduced the expression of most viral genes
studied at different time points after infection. (PhSe), showed an immunomodulatory
effect by reducing the expression of the cytokine TNF-a. From these data, (PhSe). can
be considered an important therapeutic alternative to treat HSV-1 and HSV-2 infections.

Keywords: HSV. Selenium. Antiviral. Oxidative stress. Inflammation. Cytokines.
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1. INTRODUCAO

1.1 Infeccéo Viral

O herpes simplex virus (HSV) pertence a familia Herpesviridae, cujos
membros sao constituidos por um filamento linear de DNA de dupla fita envolvido
em uma capa proteica icosaédrica composta de 162 capsdmeros
(nucleocapsideo). Ao seu redor, ha um tegumento amorfo e um envelope lipidico
externo (MORIARTY et al., 2009) conforme mostra a Figura 1.

Figura 1 - Estrutura do herpes simplex virus. Adaptado de (CITIZENDIUM, 2008).

HERPES SIMPLEX ViRUS

) ] Nucleocapsideo
Glicoproteinas /

Tegumento

Bicamada lipidica

Infec¢des causadas pelo herpes simplex virus tipos 1 e 2 (HSV- 1 e HSV-
2) sdo mais frequentes do que se pode imaginar. Estes virus possuem
caracteristicas bioldgicas particulares, tais como a capacidade de causar
diferentes tipos de doencas como ceratites e encefalites, assim como
estabelecer infeccdes latentes ou persistentes por toda a vida dos hospedeiros.
O contagio ocorre geralmente por contato intimo da pessoa portadora do virus a
partir de uma superficie de mucosa ou de leséo infectante (LAZARINI et al.,
2006; PATEL et al., 2011).
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O ciclo replicativo inicia-se com a ligacdo do virion ao receptor de
superficie celular (heparansulfato), através das glicoproteinas do envelope
externo. Pelo menos, sete glicoproteinas ja foram identificadas, no entanto,
apenas trés (gB, gD e gH) sdo essenciais para a infectividade viral
(MCCORMACK et al., 2006). O virus se adere a trés diferentes tipos de
receptores de superficie celular e logo apdés funde-se com a membrana
plasmatica. O capsideo, menos o0 seu envelope, é transportado para o poro
nuclear através do qual libera o seu DNA viral para o nucleo. O HSV, por sua
vez, replica-se em um ciclo de trés transcricbes: gene a (proteina inicial que
regula principalmente a replicacdo viral denominada immediate early gene — IE);
gene B (proteina inicial da sintese e empacotamento do DNA viral, denominado
early gene); e o gene y (proteina tardia, os quais constituem a

forma infectiva do virus, denominado late gene) (WARD et al., 1994) (Figura 2).

Figura 2 - Etapas do ciclo replicativo viral. Fonte: (HSV-2, 2017).
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Os genes da fase a codificam as proteinas que sado responsaveis pela
regulagdo génica da proxima etapa de transcricdo (expresséo dos genes [3),
dentre elas, as proteinas ICPO, ICP4, ICP22, ICP27 e ICP47. A proteina ICP4


http://pt.wikipedia.org/wiki/Infec%C3%A7%C3%A3o
http://pt.wikipedia.org/wiki/V%C3%ADrus
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reprime a expressdo dos genes imediatamente iniciais (GU et al., 1994;
CARROZZA et al., 1996) ja a ICP27 inibe o processamento do RNAm (SANDRI-
GOLDIN et al., 1992; LINDBERG et al., 2002) e a ICP47 impede o transporte de
peptideos antigénicos para o reticulo endoplasmatico (HILL et al., 1995). A
sintese das proteinas a ocorre entre 2-4 horas apos a infeccdo da célula
(ROIZMAN, 1996).

Na fase B, sdo expressas as proteinas responsaveis pela replicacido do
DNA viral e producao de substratos para a sintese de DNA. Dentre elas, destaca-
se a timidina quinase viral (TK) e a DNA polimerase viral (UL30) (GONG et al.,
2002). O pico da sintese dessas proteinas ocorre entre 5-7 horas apés a infec¢ao
(LEHMAN et al., 1999). Apéds o fim da fase 3, inicia-se a expressédo dos genes
responsaveis pela sintese das proteinas estruturais do HSV, os genes da fase y.
A fase y, ou tardia, se caracteriza pela producédo de proteinas estruturais do
virion, (como proteinas presentes no tegumento e no envelope) e a montagem
da particula viral (ROIZMAN, 1996; BOEHMER et al., 1997). Essas proteinas
estruturais serdo responsaveis pela formacdo e montagem do capsideo. A
replicacdo completa dura em média de 18-20 horas (JACOBS et al., 1999).

Apbés o virus infectar o epitélio, este sofre replicagdo e pode ser
transmitido ao sistema nervoso através do transporte retrégrado nos neurénios
sensoriais. O virion perde o seu envoltério, penetrando nas terminacdes
nervosas cutaneas, depois o nucleocapsideo migra centralmente para o ganglio
nervoso sensitivo, onde estabelece laténcia. A replicacdo no nlcleo e a migracdo
periférica dos virions levam ao surgimento de novas lesdes, podendo ser
distantes do sitio inicial de inocula¢ado, geralmente na segunda semana apos o
episodio primario (WHITLEY et al., 2001).

A célula hospedeira transforma-se em uma verdadeira “fabrica” de HSV,
onde todas as funcdes celulares sdo completamente subordinadas aos
processos replicativos virais. A menos que a laténcia seja estabelecida, ocorre
uma parada imediata na producdo proteica celular, além de ocorrer uma
degradacdo do RNA mensageiro (RNAm) celular, ocasionando a morte da célula
infectada. O HSV torna-se latente nos ganglios nervosos sensitivos,
preferencialmente nas raizes dorsos sacrais para 0 HSV-2 e no nervo trigémeo
para o HSV-1 (WHITLEY, 2002).
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As lesbes herpéticas sdo caracterizadas por papulas eritematosas,
Ulceras geralmente superficiais e intensamente dolorosas, principalmente
durante a infeccdo priméaria. Também podem ocorrer outros sintomas como
prurido, disuria, febre e mal-estar (PATEL et al., 2011).

O HSV-1 é o principal causador do herpes labial na regido orofacial, estas
infecgbes primarias ocorrem em torno dos 20 anos de idade e sdo normalmente
assintoméaticas (Figura 3A). Dados revelam que anticorpos contra o virus sédo
encontrados em cerca de 80% dos adolescentes (WEISS, 2004). A prevaléncia
de infeccao pelo HSV-1 é de 60% a 80% na populacdo mundial, o que pode
significar uma ampla transmissdo viral. Este fato pode ser influenciado por
fatores como idade (a prevaléncia de infec¢éo é de > 40% aos 15 anos de idade,
e de 60 a 90% em adultos; em populacdes ndo expostas a fatores de risco, esta
prevaléncia tende a se elevar linearmente com a idade, com picos durante a
infancia e a adolescéncia); etnia (prevaléncia de 35% em afro-americanos e de
18% em caucasianos americanos) e localizacao geografica (nos EUA, 90% da
populacdo sdo carreadores do virus; no Brasil a soroprevaléncia é classificada
por faixa etaria, sendo a maior incidéncia de casos entre 35 - 44 anos,
aproximadamente 96% dos homens e mulheres) (SMITH et al., 2002; COWAN
et al., 2003).

J4 o herpes genital, causado pelo HSV-2, é uma das doencas
sexualmente transmissiveis mais prevalentes no mundo e é a forma mais comum
de Ulcera na regido genital (Figura 3B). Em geral, seu quadro clinico costuma ser
menos grave do que o do HSV-1. O herpes genital primario aparece como
maculas e papulas, seguidas de vesiculas, pustulas e ulceracdo (eliminacdo
assintomatica do virus ocorre em 12% dos casos). Ja 0os casos de recorréncias
surgem mais brandos, que se resolvem em 2 semanas (trés a quatro vesiculas
penianas ou lesdes ulcerosas vulvares). Um terco dos pacientes apresenta mais
de seis episoédios de herpes genital recorrente ao ano, um terco, dois episodios,
e o0 restante raramente apresenta recorréncia. Um estudo realizado na cidade do
Rio de Janeiro demonstrou que em uma populacdo de doadores de sangue
voluntarios, a soroprevaléncia para o HSV-2 foi de 29,1%, mas, desse total,
apenas 7% referiram historia prévia de herpes genital. Em outro estudo
americano, avaliagdes similares detectaram prevaléncia variavel de 1% a 20%
para o HSV-2 (LUPI, 2011; PATEL et al., 2011).
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Figura 3 - LesbBes herpéticas causadas pelo HSV-1 (A) e HSV-2 (B). FONTE:
(CLINICACISO.NO.COMUNIDADES.NET, 2013).

B

Ha relatos de que apenas 10 a 20% dos pacientes infectados se definam
como portadores de herpes simples; até 60% dos individuos soropositivos para
0 HSV apresentam quadros assintométicos nédo reconhecidos pelos proprios
pacientes como herpes simples (WALD et al., 1996). Esta problematica se
correlaciona ao modo de disseminacgédo do virus na populacao, pois recidivas
sdo interpretadas como estados gripais, aftas ou infec¢cdes genitais
inespecificas.

O HSV-1 e o HSV-2 diferem geneticamente assim como seus efeitos
citopaticos, porém ambos podem gerar um quadro de encefalite necrosante
aguda durante a infancia e idade adulta. A apresentacéao clinica desta doenca é
similar a casos de encefalites causadas por outros tipos de virus endémicos
como enterovirus, varicela zoster e citomegalovirus. Geralmente os pacientes
apresentam dor de cabeca, febre, alteracdes comportamentais e até convulsdes
generalizadas (SHANKAR et al., 2008).

O diagnéstico pode ser confirmado através do isolamento viral em cultura
de células ou deteccdo do seu DNA por Reacdo em Cadeia da Polimerase
(PCR). As amostras devem ser coletadas de vesiculas e lesdes presentes na
pele, armazenadas corretamente e encaminhadas para analise laboratorial. O
diagndstico soroldgico da infeccédo por HSV ajuda somente para determinar se

houve uma prévia exposicao ao virus (RECHENCHOSKI et al., 2016).

1.2 O Processo infeccioso no sistema nervoso central (SNC)
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Como ja citado anteriormente, as infec¢des virais por HSV-1 e por HSV-2
guando atingem laténcia nos ganglios nervosos podem chegar a causar um
quadro preocupante de encefalite. Esta inflamac&o no SNC resulta na ativacao
do sistema imunoldgico inato local, o que pode gerar um dano cerebral
consideravel e consequentemente doencgas neurodegenerativas (MARTIN et al.,
2014). Dados recentes da literatura tém associado a presenca de anticorpos
contra o HSV-1 ao desenvolvimento de doencas neurodegenerativas em
pacientes mais idosos, como, por exemplo, a doenca de Alzheimer (DA), uma
deméncia multifatorial caracterizada por grave mudanca de personalidade e
prejuizo cognitivo (MANCUSO et al., 2014a; MANCUSO et al., 2014b).

Uma das hipo6teses que explica a patogénese molecular da DA baseia-se
em uma superproducédo de peptideos beta amildides (AB) nos neurdnios. Este
acumulo no espaco extracelular, por sua vez, acarreta na formacédo das placas
amiléides, uma caracteristica marcante deste tipo de deméncia. O peptideo AB
€ produzido por uma glicoproteina transmembrana chamada proteina precursora
amiloide (PPA) através de um processo de endoprotedlise (SINHA et al., 1999;
VASSAR, 2001). Outros estudiosos defendem a hipotese de que novas
particulas virais produzidas no sistema nervoso periférico (SNP) podem recrutar
células que contenham a PPA em suas membranas, possivelmente secretadas
pelo aparelho de Golgi (BEARER, 2004). O transporte do virus ao cérebro pode
ocorrer pela liberacéo e hidrolise da PPA, o que pode contribuir de alguma forma
para o acumulo das placas amildides. Alguns dados da literatura sugerem ainda
que a PPA em si pode participar do transporte do virus entre os neurbnios
(SATPUTE-KRISHNAN et al., 2006). Desta forma, estes fatores estimulam uma
investigacdo mais detalhada sobre o papel do HSV-1 na propagacéo e formacao
de fragmentos neurotéxicos, tais como a PPA, que podem estar associados ao
aparecimento da DA.

Evidéncias moleculares demonstraram que infec¢cdes causadas pelo
HSV-1 em células neuronais e gliais geram um aumento nos niveis intracelulares
da AB, uma reducdo da PPA e a fosforilacdo da proteina Tau, principal
componente dos emaranhados neurofibrilares. Estes eventos, por sua vez, sdo
0s mesmos encontrados na DA. Portanto, considera-se que a infec¢ao por HSV-

1 pode estar interligada a formagdo de placas amildides e emaranhados
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neurofibrilares promovidos por uma inflamacéo exacerbada (WOZNIAK et al.,
2009). Desta maneira, destaca-se a relevancia de se estudar o efeito do
composto ndo somente sobre a infec¢cdo viral como também sobre as

consequéncias geradas pelo mesmo.

1.3 Herpes simplex virus e pacientes imunodeprimidos

As complicacdes oriundas da infec¢ao herpética recorrente sao raras mas
ganham atencdo quando se referem a pacientes imunodeprimidos, pois
envolvem casos de encefalites, hepatites, pneumonia, esofagites e queratites
(KOELLE et al., 2003) . Nestes pacientes as infeccdes recorrentes sdo a maior
causa de morbidade e mortalidade ocasional uma vez que o aparecimento das
lesbes sdo mais frequentes e persistentes (FATAHZADEH et al., 2007). Deste
modo, trata-se de um virus bastante frequente em individuos com infeccéo pelo
HIV, em que, numa fase inicial, a doenca tem um comportamento idéntico aos
doentes ndo imunodeprimidos, com a caracteristica erup¢do vesicular, sendo,
na maioria dos casos, seguida de erupcdes ou Ulceras orais ou urogenitais por
vezes de grandes dimensdes e bastante dolorosas, ou ainda, pneumopatias e
meningoencefalites, que requerem um tratamento mais rigoroso ou internacao
hospitalar (DESAI et al., 2015).

Estudos in vitro demonstraram que células de linhagem de linfécitos CD4+
(CEM), quando co-infectadas com HIV-1 e HSV-1 em altos MOIs, produzia uma
quantidade abundante do retrovirus (ALBRECHT et al., 1989). Quando essas
células eram infectadas com cepas de HSV-1 mutantes para proteinas
regulatorias de fase, foi observado que a proteina ICP4 poderia estar envolvida
no aumento da replicacao do HIV-1 na co-infeccdo. Entre as proteinas do HIV-1
criticas na inducdo da replicacdo estimuladas por HSV-1, a Tat desempenha
uma funcdo importante. A inducdo da replicacdo do HIV-1 por HSV-1 so €&
possivel na presenca de Tat, sugerindo que o HSV-1 néo é capaz de induzir o
ciclo replicativo completo do HIV- 1 (POPIK et al., 1994). Estima-se que dois
tergcos dos individuos com HIV-1 séo co-infectados com HSV (CHENTOUFI et
al., 2012), além disso, estudos com mulheres gravidas HIV positivas mostram
esta co-infeccdo aumenta significativamente o risco de transmisséo perinatal do
HIV (CHEN et al., 2005; ANZIVINO et al., 2009).
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O Herpes simples visceral também € mais comum nos pacientes com
AIDS gravemente imunodeprimidos. Os érgdos mais acometidos sdo o pulmao,
eso6fago, figado e as glandulas suprarrenais (LUPI, 2011). J& a Hepatite pode
ser causada tanto por infeccées por HSV-1 como por HSV-2 e pode resultar em
faléncia aguda do figado ou até a morte. Geralmente, o diagndstico precoce é
decisivo para que o quadro clinico seja tratado e recuperado com sucesso
(RIEDIGER et al., 2009). Além disso, as infeccbes virais também acometem
pacientes imunodeprimidos que possuem faléncia renal e pacientes que fizeram
transplante renal e uso de drogas imunossupressoras (ANDRES, 2005;
KHAMENEH et al., 2008).

1.4 O papel do sistema imunolégico nas infeccbes por HSV

O sistema imunolégico desempenha um papel importante na limitacéo da
replicacdo viral durante a infec¢éo primaria e na manutencdo do estado latente
viral durante periodos prolongados com auséncia de infectividade e sintomas
clinicos. Ao invadir a célula hospedeira o virus influencia processos celulares
ativando cascatas oxidativas, inflamatdrias e imunolégicas, as quais podem estar
direta ou indiretamente correlacionadas (STANFIELD et al., 2015). Durante a
resposta imunoldgica inata ocorrem as seguintes etapas: secrecéo de proteinas,
como as do complemento e as defensinas; rapida resposta inicial das células
epitelias e dentriticas induzidas pelo virus, caracterizada predominantemente
pela producdo de interferon; e recrutamento de células de defesa como
neutroéfilos, macréfagos e natural killer (NK) (DUERST et al., 2003).

Modelos de infeccdo in vitro tém explorado quais respostas celulares
podem ser limitantes no ciclo de replicacao viral e de que forma elas podem
propagar o virus uma vez que 0 mesmo se estabelece. Respostas que podem
incluir: producéo de interferon (IFN) tipo 1, os quais sdo gerados nas primeiras
horas apoés a infecgdo; neutrofilos, os quais se acumulam na mucosa dentro de
24 h apos a infecgéo viral e secretam uma grande quantidade do fator de necrose
tumoral a (TNF- a); macréfagos, os quais séo responsaveis pela fagocitose;
células NK, que séo recrutadas ao local da infeccdo, produzem IFN e participam
diretamente na lise da célula infectada; e as células dentriticas, que vinculam a

reposta imune inata e adaptativa (CHAN et al., 2011).
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A cascata de sinalizacdo do IFN tipo 1 é a primeira linha de defesa e
medeia uma ampla variedade de respostas do sistema imune inato contra o
estimulo infeccioso. Geralmente é ativada através do reconhecimento dos
constituintes virais pelos receptores de reconhecimento de padrdes (PPRs), os
quais ativam a expressao de multiplos genes estimulados por IFN. Os PPRs
citosdlicos incluem muitos membros da familia dos receptores do tipo Toll (TRLs
ou Toll-like receptors em inglés) e determinados sensores de DNA e RNA
(WHITLEY, 2006; SU et al., 2016).

A ativacdo da maioria dos PPRs, por exemplo, os TLRs, conduzem a
sinalizacdo de ativacdo do fator nuclear kappa B (NF-kB), o qual ativa a
expressdo de um vasto numero de citocinas que estao envolvidas na resposta
imune inata, especialmente na cascata de sinalizacdo do IFN. A subunidade
p65/RelA do NF-kB é crucial no fator de transcricdo do mesmo principalmente
durante a resposta imune inata da célula hospedeira (PIRET et al., 2015) (Figura
4).

Figura 4 - Deteccdo do HSV por receptores de reconhecimento de patdégenos. Adaptado de
PIRET e BOIVIN, 2015.
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Muitos virus, como os de RNA e DNA, conseguem interferir na resposta
inflamatoéria do hospedeiro através da interacdo com a subunidade p65/RelA.
Estudos sugerem que a US3, uma serinal/treonina proteina quinase viral, &
responsavel por hiperfosforilar a subunidade p65/RelA, evitando assim a
translocacao nuclear do NF-kB de forma que nédo ocorra a sua ativacédo e ainda
a reducado da expressao de varias citocinas inflamatorias (WANG et al., 2014).
Através destes recentes relatos sobre a interacdo virus e resposta imune inata
da célula hospedeira, pode-se imaginar a complexidade deste entendimento,
pois ha muitas etapas da via de sinalizacdo envolvidas na resposta de defesa do

hospedeiro.

1.5 O papel do estresse oxidativo no processo infeccioso

A entrada e subsequente replicacédo viral nas células eucaridticas pode
desencadear rotas de estresse oxidativo, como a de producgéo de radicais livres
(SCHWARZ, 1996; NENCIONI et al., 2011).

Estudos tém demonstrado que ambos os virus da herpes (HSV-1 e HSV-
2) podem induzir a producdo de mediadores pré-inflamatérios, recrutamento e
ativacao de macrofagos e neutréfilos, uma rapida producao de espécies reativas
de oxigénio e eventos apoptéticos, de forma a combater os patégenos invasores
responsaveis pelo desenvolvimento das lesdes (NOVELLI et al., 2004;
SCHACHTELE et al., 2010). Uma superproducdo destas espécies ou um
sistema antioxidante deficiente pode resultar em um processo de estresse
oxidativo e desencadear um metabolismo celular alterado, transducéao de sinais
irregulares e mudancas funcionais entre as células e tecidos (ARRIGO et al.,
2005).

Quando o equilibrio oxidativo intracelular é sobrecarregado, as espécies
reativas de oxigénio (ERO) e de nitrogénio (ERN) se acumulam constituindo um
meio altamente oxidante e conduzem assim ao dano celular. De fato a regulacao
deste estado redox é extremamente importante para o bom funcionamento da
célula, inclusive suas funcdes metabdlicas (KAVOURAS et al., 2007). As ERO
podem derivar especies pro-oxidantes que séo subdivididas em dois grupos:
radicais e nao radicais. O grupo radical inclui componentes como o radical
hidroxil (OH), o éxido nitrico (NO), o superéxido (02), o peroxil (ROO) e alkoxil
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(RO) e o oxigénio singlet (O). O grupo nao radical inclue uma variadade de
substancias, algumas extremamente reativas. Alguns deles sdo o &cido
hipocloroso (HCIO), peroxido de hidrogénio (H202), perdxidos orgéanicos, e o
peroxinitrito (ONOO) (BURCH et al., 2005).

Além disso, a superproducao das EROs ocasionada pelas infec¢des virais
pode interferir no equilibrio do sistema da glutationa (GSH), que afeta também o
estado redox da célula hospedeira e favorece mais ainda a replicagdo viral.
Estudos realizados em diferentes culturas celulares mostram que um aumento
no contetdo de GSH resulta em uma inibicdo concentracdo-dependente da
replicagéo viral (PALAMARA et al., 1995; VOGEL et al., 2005). Estas alteracdes
no estado redox celular estdo representadas na Figura 5.

Figura 5 - Principais vias do estresse oxidativo celular ativadas pela infecg&o viral. FONTE:
Adaptado de NENCIONI et al., 2011.
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Infecgcbes causadas por HSV-1 ou citomegalovirus humano (HCMV)
podem gerar o acimulo de ERO e ERN in vitro (KAVOURAS et al., 2007). Outras



26

pesquisas demonstram que culturas celulares de micrdglia reconhecem o virus
atraves de receptores TLR2 e assim desencadeiam uma resposta inflamatoria
incluindo a producgéo de citocinas, quimiocinas, inducao de apoptose (ARAVALLI
et al., 2005; ARAVALLI et al., 2006; ARAVALLI et al., 2008) e geracdo de EROs
(LEE et al., 2004; YANG et al., 2008).

1.6 Agentes antivirais e 0 desenvolvimento de vacinas

Os agentes antivirais, como o tradicional Aciclovir, Valaciclovir, e
Famciclovir sédo geralmente usados no tratamento do HSV. Estes antivirais orais
penetram nas células infectadas e agem como analogos de nucleosideos; eles
se ligam e séo fosforilados pela timidina quinase viral. Por consequéncia, 0s
antivirais sdo fosforilados novamente pelas enzimas celulares e comecam a
competir com os nucleosideos para se ligar a enzima DNA polimerase viral,
assim inativando-a de forma a reduzir a replicacéo do virus (JIANG et al., 2016).

O Aciclovir, por sua vez, € um anélogo aciclico de guanosina que atua na
inibicdo da enzima viral DNA polimerase, tornando-se um inibidor competitivo da
ligacdo da enzima com a guanosina trifosfato. Contudo, a principal limitagdo do
uso deste medicamento é a sua baixa biodisponibilidade (15-20%) sendo
necessario a administracdo de varias doses diarias, normalmente 5 vezes ao dia
(MCKENDRICK et al., 1986; NOLKEMPER et al., 2010), além do aparecimento
de efeitos adversos, tais como dor de cabeca, nduseas, diarréia, toxicidade
renal. O desenvolvimento de resisténcia ao tratamento devido a mutacdes no
DNA viral, as quais podem desencadear auséncia da timidina quinase ou a
sintese alterada da enzima DNA polimerase (FERRAN et al., 2006; BISWAS et
al., 2008) também é uma caracteristica limitante. Ja o Valaciclovir funciona como
uma pré-droga do Aciclovir, convertida a esta segunda através da metabolizagéo
por hidroxilases intestinais e hepaticas sendo eficaz na reducao da duracéo de
um surto. Ainda, possui maior biodisponibilidade, trés a cinco vezes superior que
a do Aciclovir, necessitando de menor frequéncia posoldgica (uma vez ao dia).
Por serem altamente nefrotdxicos, o Foscarnet e o Cidofovir sdo reservados para
infecgdes mucocutaneas Aciclovir-resistentes, em individuos

imunocomprometidos e administrados por via intravenosa (FATAHZADEH et al.,
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2007).

Estes medicamentos séo indicados principalmente em individuos que
experimentam surtos frequentes e em pacientes imunocomprometidos. Se levar
em consideracdo a extensdo de replicacdo viral nos primeiros 2 dias de
recorréncia, a intervencao precoce torna-se essencial (WHITLEY et al., 2001).
N&o existe cura para a infec¢éo herpética, apenas poucos tratamentos reduzem
0s sintomas da expressao clinica. Em razéo disso, existe uma grande demanda
de pesquisas de antivirais para o tratamento das infeccdes causadas pelo HSV.

Atualmente, o desenvolvimento de outros métodos que possam resolver
e tratar infec¢cdes causadas pelo HSV séo de grande relevancia, como o caso
das vacinas. A criacdo de uma vacina profilatica eficiente torna-se complicada
devido a um complexo ciclo de replicacdo viral latente e também pela falta de
conhecimento suficiente ainda sobre a funcdo imune durante os estagios
primérios e latentes da infeccdo (GOTTLIEB et al., 2017). O estudo de novos
candidatos a vacina para o HSV ainda tem um longo caminho a seguir, porém
ensaios clinicos ja estao nas fases | e Il. Duas estratégias estdo sendo testadas
para vacinacao contra o HSV-2: primeiro uma abordagem classica que utiliza
uma vacina profilatica dirigida a pessoas que nao estao infectadas para prevenir
a aquisicao do virus e segundo, uma vacina terapéutica direcionada aos que ja
estdo infectados para reduzir a transmissao e a laténcia viral (GOTTLIEB et al.,
2017). Devido a complexa resposta imune viral, ainda néo esta claro quais sao
o0s tipos de reagBes imunoldgicas mais importantes. Provavelmente a resposta
mediada por anticorpos neutralizados e a resposta mediada por imunidade
celular podem ser relevantes no desenvolvimento de vacinas profilaticas
(CAIRNS et al., 2015).

Evidéncias recente indicam que a estimulacdo de células T de memoaria
residentes no tecido é essencial para este tipo de vacinacgao terapéutica (ZHU et
al., 2013). O aumento de anticorpos contra gD2 viral estdo associados a maior
eficacia da vacina contra o HSV-1, revelando uma primeira prote¢ao imunoldgica
(BELSHE et al., 2014). Os atuais candidatos estudados estdo voltados para
producdo da vacina contra HSV-2, porém a identificacdo de epitopos reativos
cruzados contra HSV-1 e HSV-2 aumenta a possibilidade do desenvolvimento
de uma vacina mais completa que possa exercer efeitos sobre ambos os tipos

do virus (JING et al., 2016). Outro estudo em camundongos e porcos da india,
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revela a possibilidade do desenvolvimento de um virus atenuado, o R7020, que
promove uma imunogenicidade contra infecgbes causadas tanto por HSV-1
quanto por HSV-2 (CHUNG et al., 2002). Entretanto, estas pesquisas ainda

precisam ser desenvolvidas com maior profundidade.

1.7 Selénio e o Disseleneto de Difenila

O estudo de novas substancias que contribuam de alguma forma para o
tratamento de infeccdes geradas pelo HSV é bastante relevante. Sabe-se que o
elemento Selénio (Se) esta presente em diversos alimentos de importante valor
nutricional, sendo assim fundamental para a manutencao da saude e do sistema
imunolégico. De maneira geral, o Se € raramente encontrado em seu estado
natural, podendo combinar-se com metais ou ndo metais para formar compostos
inorganicos ou apresentar-se sob a forma de compostos organicos (HOFFMANN
et al., 2008; ZENG, 2009).

Muitos estudos relatam o Se como constituinte essencial no SNC, néo
somente pelo seu efeito antioxidante mas também por manter o estado redox
celular, melhorar a dindmica mitocondrial, participar na regulacéo dos canais de
célcio (Ca?*) e na modulacdo da neurogénese. A relevancia do Se na
patogénese de diferentes doencas neuroldogicas tem sido demonstrada em
pesquisas com humanos, em modelos animais e ensaios de cultura celular,
sendo a sua deficiéncia associada a uma perturbacdo no metabolismo destas
células nervosas (PAPP et al., 2010).

Cardoso e cols. revelaram uma correlacdo negativa entre o declinio
cognitivo e niveis de Se (RITA CARDOSO et al., 2014), visto que pacientes que
apresentavam prejuizo cognitivo leve e pacientes portadores da DA
demonstraram uma reducdo dos niveis de Se presentes nos eritrocitos em
comparacao a pacientes saudaveis (sem prejuizo cognitivo), correlacionado a
reducdo da funcéo cognitiva. Estes resultados corroboram com outros estudos
gue relacionam a deficiéncia de Se ao maior risco de aparecimento da deméncia.
Ainda, acredita-se que a suplementagcdo com Se pode ser muito importante para
o desenvolvimento cognitivo. Um outro estudo realizado por Cardoso e cols.

demonstrou que uma dieta com ingesta diaria de castanha do Para por 6 meses
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(aproximadamente 288 mg de Se) melhorou o desempenho cognitivo em
animais experimentais (RITA CARDOSO et al., 2016). Pesquisas in vitro também
revelam que uma suplementacdo com selenito de sodio reduziu a
hiperfosforilagdo da proteina tau, outra proteina responsavel pela perda da
funcdo neuronal (HARATAKE et al., 2013). Além disso, 0 Se participa de varias
rotas metabolicas e do sistema de enzimas antioxidantes, tais como, o da
glutationa peroxidase (GPx) e tioredoxina redutase (TR), desempenhando um
papel de protecdo nestas células contra o estresse oxidativo (PAPP et al., 2007;
HOFFMANN et al., 2008). Também ja foi demonstrado efeito imunomodulador
do Se (RAYMAN, 2012) bem como efeito antiviral contra diferentes doencas
infecciosas (SCHRAUZER et al., 1994; YU et al., 1997).

Compostos organicos de Se destacam-se pelos seus efeitos promissores
relacionados a patologia da DA, principalmente em estudos com animais
experimentais, como por exemplo o disseleneto de p-metoxi-difenila
(MeOPhSe)2, que reduziu o estresse oxidativo e o declinio cognitivo induzido por
estreptozotocina em roedores (PINTON et al., 2013). Entre outros compostos
organicos de selénio, que vém sendo estudados, destaca-se o disseleneto de
difenila (PhSe)z (Figura 6), um composto com diversas propriedades
farmacoldgicas descritas tanto em ensaios in vitro como in vivo. Dentre algumas
atividades dos derivados do Se podemos citar acdo neuroprotetora (GHISLENI
et al., 2003; NOGUEIRA et al., 2004; DOBRACHINSKI et al., 2014) , antiviral
(SARTORI et al., 2016a), antifangica (WOJTOWICZ et al., 2004; LORETO et al.,
2011; CHASSOT et al., 2016; VENTURINI et al., 2016) antioxidante e anti-
inflamatéria (NOGUEIRA et al., 2003; PETRONILHO et al., 2016; SARTORI et
al., 2016b) estas ultimas por sua vez, caracteristicas bem marcantes do

composto.

Figura 6 - Estrutura quimica do (PhSe)2.

Oy
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Com base nas propriedades descritas dos compostos organicos de
selénio e das poucas alternativas terapéuticas disponiveis para o tratamento das
patologias causadas pelo HSV, a avaliacdo dos efeitos do (PhSe)2 em diferentes
modelos de infec¢do viral tornam-se relevantes.

2. OBJETIVOS
2.1 Objetivo geral

Esta tese teve como objetivo geral avaliar os efeitos do composto organico
de selénio, disseleneto de difenila, sobre o processo de infeccdo causado pelos
virus HSV-1 e HSV-2 tanto em testes in vitro como in vivo.

2.2 Objetivos especificos

Considerando os aspectos mencionados, os objetivos especificos desta tese

compreendem:

e Em experimentos in vitro determinar:

- 0 efeito citotoxico do (PhSe)2 em células VERO (células de rim de macaco verde

africano) e astrocitomas;

- 0 efeito antiviral do (PhSe)2 em células infectadas por HSV-1 e HSV-2;

- 0 possivel mecanismo de acdo antiviral do (PhSe)2 através da inibicdo da
expressdo de genes envolvidos no ciclo de replicagdo viral do HSV-1 em
astrocitomas.

- a producao de citocinas no modelo de infeccédo por HSV-1 em astrocitomas;

e Em experimentos in vivo :
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- Avaliar o desenvolvimento das lesdes extravaginais causadas pelo modelo de

infecgao por HSV-2 em camundongos;

e Em experimentos ex vivo investigar:

- o0 efeito antioxidante do composto nos diferentes tecidos dos animais

infectados por HSV-2;

- o efeito anti-inflamatério do composto nos diferentes tecidos dos animais
infectados por HSV-2;

- a producao de citocinas no tecido genital dos animais infectados por HSV-2;

- 0 efeito antiviral do (PhSe)2 no tecido genital dos animais infectados por HSV-
2

- 0 efeito do tratamento com (PhSe)2 sobre as alteracdes histoldgicas no tecido

genital dos animais infectados por HSV-2.

- a toxicidade hepética e renal causada pela infec¢éo por HSV-2.
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3. DESENVOLVIMENTO

O desenvolvimento desta tese estd apresentado sob a forma de dois
artigos cientificos e um manuscrito. Os itens Materiais e Métodos, Resultados,
Discussédo e Referéncias Bibliograficas encontram-se nos proprios artigos ou
manuscrito, 0s quais estdo estruturados de acordo com as normas de cada
revista onde foram publicados ou submetido, respectivamente.

Em anexo a esta tese encontram-se as autorizacdes da editora para
reproducdo dos artigos cientificos, bem como a aprovacdo do projeto de
pesquisa pela Comissdo de Etica no Uso de Animais (CEUA) da Universidade

Federal de Santa Maria.
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3.1 Artigo 1

Efeito Antiviral do Disseleneto de difenila na infec¢céo por herpes simplex

virus 2 em camundongos fémeas BALB/C

ANTIVIRAL ACTION OF DIPHENYL DISELENIDE ON HERPES SIMPLEX
VIRUS 2 INFECTION IN FEMALE BALB/C MICE

Glaubia Sartori, Natalia Silva Jardim, Marcel Henriqgue Marcondes Sari,
Fernando Dobrachinski, Ana Paula Pesarico, Luiz Carlos Rodrigues Jr., Juliana

Cargnelutti, Eduardo F. Flores, Marina Prigol, Cristina W. Nogueira

Journal of Cellular Biochemistry v.117, 1638-1648, 2016
DOI 10.1002/jcb.25457
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ABSTRACT

Diphenyl diselenide, (PhSe);, is an organoselenium compound with pharmacological actions mostly related to antioxidant and anti-
inflammatory properties. The study investigated its antiviral and virucidal actions against herpes simplex virus 2 (HSV-2) infection in vitro
and in a vaginal infection model in mice. The plaque reduction assay indicated that (PhSe); showed virucidal and antiviral actions reducing
infectivity in 70.8% and 47%, respectively. The antiviral action of (PhSe), against HSV-2 vaginal infection was performed by infecting mice
(10° PFU/m1 ') at day 6. The treatment with (PhSe), (5 mg/kg/day, intragastric [i.g]) followed 5 days before and for more 5 days after infection.
The extravaginal lesion score was evaluated from days 6 to 10. At day 11, animals were killed, and histological evaluation, determination of
viral load, and TNF-a and IFN-y levels were performed in supernatants of homogenized vaginal tissue. The levels of reactive species (RS),
protein carbonyl, non-protein thiols (NPSH), nitrate/nitrite (NOx), and malondialdehyde (MDA), and the activities of myeloperoxidase (MPO),
superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), and glutathione reductase (GR) were determined. (PhSe), reduced
the histological damage, extravaginal lesion scores, the viral load of vaginal tissue, and the activity of MPO, but increased the levels of TNF-a,
IFN-v. [PhSe), attenuated the increase of RS, MDA, NOx levels and the activity of GR caused by infection. (PhSe); also attenuated the reduction
of NPSH content and the inhibition of CAT, SOD, and GPx activities. The antiviral action of (PhSe), against HSV-2 infection was related to its
immunomodulatory, antioxidant, and anti-inflammatory properties. J. Cell. Biochem. 117: 1638-1648, 2016. © 2015 Wiley Periodicals, Inc,

KEY WORDS: nsv-2; SELENIUM: IMMUNE SYSTEM: OXIDATIVE STRESS; INFLAMMATION

Infection by herpes simplex virus 2 (HSV-2) is the most common
cause of genital ulcer disease. The virus displays Iytic and latent
cycles that allow the pathogen to increase lifelong infections in
humans [Ahmed et al, 2003; Moriarty et al, 2008]. Clinical
manifestations are influenced by the site of infection, immunological
status of the host, and the immunity developed by previous infections
with this virus. In general, herpetic lesions are characterized by

Grant sponsor: FAPERGS; Grant sponsor: CAPES; Grant sponsor: CNPq.

erythematous papules, ulcers typically superficial with an erythema-
tous outline and a grayish base, which are intensely painful, mainly
during primary infection [Patel et al., 2011]. The replicative activity of
the virus can trigger stress pathways, including those induced by
oxidative stress. It has been reported an increase in inflammatory
mediators and reactive oxygen species (ROS) formation during HSV-2
genital infection and HSV-1 brain infection [Sartori et al., 2012;
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Schachtele et al., 2012]. Herpes virus infections have been reported to
damage the major antioxidant defense glutathione (GSH) and some
antioxidant enzymes. Moreover, it triggers the accumulation of ROS
and reactive nitrogen species (RNS) that can disrupt the redox state of
infected cells and facilitate the viral replication [Kavouras et al., 2007 ;
Nencioni et al,, 2011].

Antiviral agents, such as acyclovir, are normally used in the
treatment of HSV. These oral drugs penetrate in infected cells and act
as nucleoside analogs in order to reduce virus replication
[Nolkemper et al., 2010]. The occurrence of mutations in viral
DNA polymerase and thymidine kinase has led to an increase in drug
resistance mainly in immunocompromised patients [Biswas and
Field, 2008). Because of that, there are intense researches in
molecules and cellular strategies to improve the immune system to
prevent and treat HSV; some therapies can work to strengthen and
activate the innate and specific immune system components against
HSV infections [Ivec et al., 2007].

Diphenyl diselenide, (PhSe),, is an organoselenium compound
(see Supplementary Fig. S1), and the interest in studying this
molecule is due to its pharmacological actions, mostly related to
antioxidant and anti-inflammatory properties [Nogueira and Rocha,
2010]. This way, it has been demonstrated that selenium is an
immunomodulatory element [Rayman, 2012] and shows benefits in
infection diseases, such as HIV [Schrauzer and Sacher, 1994],
Coxsackie B virus (CBV) [Ge et al., 1987] and Hepatitis B virus (HBV)
[Yu et al., 1997].

Considering the need for new strategies to prevent or treat
infections caused by HSV-2, the aim of this study was to investigate
antiviral and virucidal actions of (PhSe), against HSV-2 infection in
vitro and in a vaginal infection model in mice.

CHEMICALS

Reagents, such as dicloroflouresceine diacetate (DCFH-DAJ, N,N,N’,
N'-tetramethylbenzidine, hexadecyl trimethylammonium bromide,
p-dimethylamino benzaldehyde, epinephrine, dinitrophenyl hydra-
zine, Ellman’s rcagent (dithiobisnitrobenzoic acid—DTNB), were
purchased from Sigma (St. Louis, MO).

(PhSe)s was prepared and characterized based on a previous study
carried out by Paulmier [1986]. 'H and "C nuclear magnetic
resonance spectroscopy analysis showed analytical and spectro-
scopic agreement with the assigned structures. The chemical purity
of this organoselenium compound (99.9%) was determined by gas
chromatography-mass spectrometry (Shimadzu QP2010PLUS GC/
MS combination). This compound is stable under storage conditions
at room temperature, humidity, and light. All other chemicals were
obtained of analytical grade or from standard commercial suppliers.

In in vivo experiments, (PhSe); and acyclovir were dissolved in
canola oil and 1% (v/v) dimethy] sulfoxide (DMSO0), and diluted in
distilled water, respectively.

In in vitro experiments, (PhSe), was diluted in 0.6% (v/v) DMSO in
culture medium at different concentrations: 0.1 uM; 1 uM; 5 pM;
15 uM; 30 pM; 50 pM, and 100 pM. Acyclovir was also diluted in
0.6% (v/v) DMSO in culture medium at 10 pM [Cheng et al., 2002].
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ANIMALS

The experiments were carried out using female adult BALB/c mice
(20-22 g, 8 weeks of age) from our own breeding colony. The animals
were kept on a separate animal room, on a 12 h light{dark cycle, at
temperature of 22 + 2°C with free access to food (Guabi, RS, Brazil)
and water. The present experimental study was approved by the
Committee on Care and Use of Experimental Animal Resources from
the Federal University of Santa Maria, Brazil, and registered under
the number of 006/2013. All efforts were made to minimize animal
suffering and to reduce the number of animals used.

VIRUS PRODUCTION AND TITRATION

HSV-2 strain 333 was amplified and quantitated in Vero cells
(African Green monkey kidney cells, ATCC CCL81). Vero cells were
grown in Roswell Park Memorial Institute medium (RPMI)
containing ampicillin (1.6 mg/L), streptomycin (0.4 mg/L), and
amphotericin B (2.25 mg/L), supplemented with 10% fetal bovine
serum (FBS) and maintained in an incubator with CO; at 5% and
37°C. For wvirus amplification, Vero cells were infected with
multiplicity of infection of 0.01 [one plaque formation units per
100 cells) of HSV-2, and incubated at 37°C with CO; at 5%. After
72 h, the infected cells were submitted to freeze-thaw and the viral
suspension was aliquotted and stored at —80°C. Virus quantitation
was performed in duplicate using plates of six wells. For this, the
original virus was submitted to dilution (10" to 10°°), 400 L of
each dilution were inoculated on Vero cells and incubated at
37°C in 5% CO, for 1h and 30 min. After that, the inoculum was
removed and 3 ml of RPMI plus 2% low-melting point agarose was
added to each well, After 72h, viral titres were calculated using the
PFU/ml method [Spear and Roizman, 1972,

EXPERIMENTAL PROCEDURES

In vitro experiments.  Cytotoxicity, virucidal, and antiviral assays.
The viability of Vero cells treated with (PhSe), was determined by
MTS (3-(4,5-dimethylthiazol-2-y1)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H- tetrazolium) assay (Promega kit, Madison,
WI) [Riss and Moravec, 1992]. Briefly, cells were grown in 96-well
microplates (2.5 % 10* cells per well) till confluence, and the media
was replaced by RPMI containing (FBS) 10% supplemented with
(PhSe); at different concentrations (0.1-100 pM). Cells were
incubated at 37°C with CO, at 5% for 48 h. After this time, the old
medium was carefully aspirated, the cells were washed with RPMI,
and 100 pl of new medium containing FBS 10% was added. After
that, 20 ul of ready MTS dye was added and carefully mixed. The
plate was incubated at 37°C for 1h. The optical density was
determined at 490nm. Results were expressed by percentage of
viable cells calculated in comparison to control cells.

The antiviral activity of (PhSe), was measured by plague
reduction assay. [PhSc); action against HSV-2 infection was
evaluated by three different schemes of treatments, which can
contribute to elucidate the mechanisms of action of this compound
in vitro. (PhSe); was applied at different time points: (i) 1 h of pre-
treatment of the virus (virucidal assay); (i) pre-treatment of cells
before infection; or (iii) post-treatment of cells after infection,
as described by Astani et al., [2010] with some modifications [Astani
et al., 2010]. Additional positive control included acyclovir (10 pM).
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The virucidal assay was performed using a constant virus titer
(HSV-2—1.8 % 10* PFU/ml) and the non-cytotoxic concentration
of compound (5 pM). The suspensions (test: virus and compound;
and control: virus and RPMI) were incubated in microtubes for 1 h
at 37°C. Following the incubation period, aliquots of each
suspension were inoculated on Vero cells, and viral adsorption
was performed for 1h at 37°C. Residual inoculum was removed
and the infected cells were overlaid with 3 ml of RPMI containing
2% low-melting point agarose and 10% of FBS, and incubated for
48 h at 37°C. After this time, infected cells were submitted to
fixation, staining using formaldehyde 10%, and crystal violet
0.05% for 2h at room temperature. Finally, the crystal violet was
removed and plaque counting was performed (microscope). The
percentage of virus inhibition was calculated based on the plaque
counts observed in treated cells compared to the virus control
[untreated cultures).

The procedures used to perform the pre- and post-treatment

assays were similar to those deseribed for the virucidal assay. For the
pre-treatment assay, cells were incubated with the compound for 1h
prior to virus inoculation. Afterthe incubation period, the compound
was removed and viral inoculation (1 x 107 PFUJwell) was per-
formed as described above. In the post-treatment assay, after 1 h of
virus adsorption, the plates were washed and the medium replaced
with RPMI containing 2% low-melting point agarose, 10% of FBS,
and (PhSe); at a concentration of 5 pM were added to the cells for a
period of 48 h at 37°C with CO; at 5%. Negative controls (composed
by RPMI and vehicle 0.6% DMSO) were included in all experiments.
All results were calculated as the average of four independent
experiments.
In vivo experiments. Genital infection in mice. Mice were
anesthetized with ketamine (150 mgf/kg) and xylazine (10 mgfkg)
injected intraperitoneally (i.p), and inoculated intravaginally by
scratching small areas of the skin with the needle of a syringe
containing 10°PFU/ml™" of HSV-2 in a 10pl volume. The
concentration used to induce lesions with HSV-2 333 was based
on a pilot study.

Experimental protocol.  Animals were divided in six groups (n = 5-
7). Group I: control (vehicle); group II: HSV-2-infected mice; group
IIIl: (PhSe), (5 mg/kg) treated mice; group 1V: acyclovir (5 mg/kg)
treated mice; group V: (PhSe), treated and HSV-2-infected mice; and
group VI acyclovir-treated and HSV-2 infected mice. Five days
before infection with HSV-2, groups I and II received canola oil
vehicle (10 ml/kg), groups Il and V received (PhSe); at a dose of 5 mg/f
kg by gavage once a day. Atday 5, mice from groups 11, V, and VI were
submitted to HSV-2 infection as previously described. Groups [, 111,
and IV were submitted to the same procedure applied for genital
infection, however, without any viral particle. Animals were treated
with vehicle, (PhSe),, or acyclovir (5 mg/kg) for more 5 days (once a
day by gavage) after HSV-2 infection. The dose of (PhSe), was chosen
based on a previous pilotstudy accomplished to verify toxic effects in
mice and the dose of acycovir was chosen based on a previous pilot
study which confirmed the minimum dose with significant antiviral
effects [Quenelle et al., 2011]. Supplementary Figure 53 shows the
experimental protocol.

Extravaginal lesions were recorded every day foreach animal and
scored according to a six-point scale as follows: 0: no sign of
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infection; 1: slight genital erythema and edema; 2: moderate genital
inflammation; 3: severe exudative genital lesions; 4: hind limb
paralysis; and 5: death [Hayashi et al., 2010]. Then, they were killed
on the 11th day by cervical dislocation, and vaginal tissues were
removed for ex vivo experiments (histology and biochemical
analyses).

Ex vivo experiments.  Tissue preparations (S1) and (P2).
titration, vaginal tissue (n=4) was immediately collected and
homogenized (110, wiv) in RPMI, then it was centrifuged for 10 min
at 3,000g at 4°C to yield a pellet, that was discarded, and a low-speed
supernatant (S1) was obtained.

For antioxidant assays, vaginal tissue [n = 5-7) was immediately
homogenized in cold 50mM Tris-HCl, pH 7.4 (1/10, w/v). The
homogenate was centrifuged for 10 min at 3,0004 to yield a pellet,
that was discarded, and a low-speed supernatant (S1) was obtained

Forviral

and used to determine the levels of reactive species, non-protein
thiols, and malondialdehyde and the activities of glutathione
reductase, glutathione peroxidase, superoxide dismutase, and
catalase.

Protein carbonyl content was determined in vaginal tissues
without centrifugation.

Samples used for myeloperoxidase activity (P2) and nitrite/nitrate
levels assays were prepared under different conditions detailed in
myeloperoxidase (MPO) activity and nitrate/nitrite (NOx) content
sections, respectively.

HISTOLOGICAL ANALYSES

Three mice per group were submitted to detailed necropsy
evaluation. Small pieces of vaginal tissue from individual mouse
were fixed in 10% buffered formalin solution for 24 h. After that, the
samples were dehydrated in ethanol, cleared in xylene, and
embedded in paraffin. Serial sections of 4pm in thickness were
cut and stained with hematoxylin and eosin, and evaluated under
light microscopy. A histologist who was not aware of sample
assignment to experimental groups analyzed the sections. Only
qualitative histology was performed. Morphological changes in the
layers of epidermis and the loose and dense connective tissue in
dermis were observed. The histological features in skin injuries were
as follows: granulation tissue, vascular congestion, hemorrhage,
neutrophil leukocyte infiltration. The tissue morphology was
assessed by light microscopy.

VIRAL TITRATION

Vaginal tissue fragments were collected during the necropsy,
homogenized in RPMI (1/10, w/v) and submitted to virus isolation
and titration in Vero cells. Infectivity in positive samples was
quantitated by serial dilutions and plaque reduction assay using
semi-solid medium (RPMI, 10% of FBS and 2% of agarose). After
72h of incubation at 37°C CO, 5%, the viral titers were calculated
using the PFU/ml method [Spear and Roizman, 1972].

IFN-y AND TNF-c« ANALYSIS

Interferon gamma (INF-v) and tumor necrosis factor alpha (TNF-a)
production were analyzed in the supernatant of vaginal cells extracts
by Cytometric Bead Array (CBA) kit (Dickinson, San Jose, CAJ.
The vaginal tissue samples were homogenized 1/2 (w/v) in cold 50 mM
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Tris-HCl, pH 7.4 and used to combine with the beads of the CBA.
Analyses were performed in FACS Canto using Flowjo software.

MYELOPEROXIDASE (MPQ) ACTIVITY

The samples were homogenized in potassium phosphate buffer
(20mM, pH 7.4) containing EDTA (0.1 mM). After homogenization,
samples were centrifuged at 2,000g at 4°C for 10 min to yield a low-
speed supernatant fraction (S1). Then, S1 was centrifuged again at
20,0004 at 4°C for 15 min to yield a final pellet that was resuspended
in potassium phosphate buffer (50mM, pH 6.0) containing
hexadecyltrimethylammonium bromide (0.5%) (P2). Samples were
finally frozen thawed three times for posterior MPO assay. In
addition, aliquots of vaginal tissue preparations were frozen (—20°C)
for 1 week for posterior analysis [Grisham et al., 1986].

An aliquot of P2 (20 pl) was added to a medium containing
potassium phosphate buffer (50 mM; pH 6.0), hexadecyltrimethyl
ammonium bromide (0.5%), and N,N,N’,N’-tetramethylbenzidine
(1.5 mM) to determine the MPO activity. Kinetic analysis was started
after H,0, (0.01%) addition, and color reaction was measured at 0D
655 nm at 37°C. Results are expressed as mmol MPO/mg of protein.

OXIDATIVE STRESS PARAMETERS

Reactive species (RS) levels. An aliquot of S1 (10 1) was incubated
with 10 pl of 2',7'-dichloro fluorescein diacetate (DCHF-DA; 1 mM) to
determine the levels of RS production in tissue. The oxidation of
DCHF-DA to fluorescent dichlorofluorescein (DCF) occurs through
intracellular RS detection. The DCF fluorescence intensity emission
was recorded at 520 nm (with 480 nm excitation) 30 min after the
addition of DCHF-DA to the medium (spectrofluorimetric method).
The RS levels were expressed as pmol/mg of protein [Loetchutinat
et al., 2005].

Malondialdehyde (MDA) levels. The determination of MDA levels
was performed by the high-performance liquid chromatography
(HPLO)-UV detection method with slight modifications [Grotto et al.,
2007]. Briefly, an aliquot of 75 pl of S1 or malondialdehyde bis
(dimethylacetal) solution (as standard, dissolved in distilled water)
was added to 25 pl of 3N NaOH and incubated at 60°C for 30 min.
After, 125 pl of 6% H3P04 and 125 pl of 0.8% 2-thiobarbituric acid
(TBA) were added and the mixture was heated at 90°C for 2 h. Then,
the mixture was cooled and kept at —20°C until extraction with
n-butanol. For this, samples were added to 50l of 10%
sodiumdodecyl sulfate (SDS) and 300 ! of n-butanol, vortex-mixed
for 1min and centrifuged at 3,000g for 10min. The TBA-MDA
adduct of butanol layer was analyzed on a Shimadzu HPLC
apparatus. The analytical column was 5pm particles and 100 A®
pore size, Phenomenex 0DS-2 C18 reverse-phase column (4.6 9
150 mm, Allcrom, BR). The mobile phase was a mixture of ultrapure
water and methanol (50:50; v/v). The HPLC analysis was performed
under isocratic conditions at a flow rate of 0.6ml/min and UV
detector set at 532 nm, with a sample volume injection of 20 pl. The
lipid peroxidation was expressed as nmol MDA/mg of protein.
Protein carbonyl content. The samples were diluted 1:5 (v/v) and an
aliquot of 1 ml was added to the reaction mixture containing 200 pl
of 10mM dinitrophenyl hydrazine (prepared in 2 MHCI). After that,
the samples were kept in the dark for 1 h and the tubes were mixed
with vortex agitation for for 15 min. After, 500 pl of denaturation
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buffer, 1,500 pl of ethanol and 1,500 pl of hexane were added to
each tube. The tubes were mixed with vortex agitation for 40 s and
centrifuged for 15min. The supernatants obtained were discarded.
Then, the pellets were washed two times with 1 ml ethanol: ethyl
acetate (1:1, v/v) and ressuspended in 1 ml of denaturation buffer.
The sample tubes were mixed with vortex agitation for 5 min and the
absorbance was measured at 370 nm (UV). Results were reported as
carbonyl content (nmol/mg of protein) [Reznick and Packer, 1994].
Nitrate/nitrite (NOx) content. The samples were homogenized with
ZnS0,4 (200 mM) and acetonitrile (96%), centrifuged at 16,000¢ at
4°C for 30min, and the supernatant was collected for the nitrate/
nitrite assay [Miranda et al., 2001]. The resulting pellet was
suspended in NaOH (6 M) for protein determination. NOx content
was estimated in a medium containing 300 pl of 2080 VCl; (in 5%
HCl), 200l of 0.1% N-(1-naphthyl) ethylenediamine dihydro-
chloride, and 200l of 2% sulfanilamide (in 5% HCI). After
incubation at 37°C for 60min, nitrite levels were determined at
540 nm (UV). Results were reported as NOx/mg of protein.
Superoxide dismutase (SOD) activity. SOD activity was based on
the capacity of SOD to inhibit autooxidation of epinephrine to
adrenochrome. The enzymatic reaction was initiated by adding an S1
aliquot (150 pl) of the homogenized tissue and the substrate
(epinephrine) to a concentration of 4mM in a medium containing
50 mM bicarbonate buffer, pH 10.3. The color reaction was measured
at 480 nm. One unit of enzyme was defined as the amount of enzyme
required to inhibit the rate of epinephrine autooxidation by 50% at
26°C [Misra and Fridovich, 1972]. The enzymatic activity was
expressed as U/mg of protein.

Catalase (CAT) activity. CAT activity monitors the disappearance of
H,0; in the homogenate at 240nm. The enzymatic reaction was
initiated by adding an aliquot of 20 pl of S1 and the substrate (H,0,)
to a concentration of 0.3mM in a medium containing 50 mM
phosphate buffer, pH 7.0. The enzymatic activity was expressed in
U/mg of protein (one Unit decomposes 1 wM of H,0, per min at pH7
at 25°C/mg protein [Aebi, 1984].

Glutathione system (GPx and GR activities). The GPx activity in 51
was determined based on the method described by Wendel [Wendel,
198 1], through the GSH/NADPH/glutathione reductase (GR) system
and dismutation of H;0, at 340 nm. The enzyme activity is measured
indirectly by means of NADPH decay. H,0, is decomposed,
generating oxidized glutathione (GSSG) from reduced GSH. GSSG
is regenerated back to GSH by the GR present in the assay media, at
the expense of NADPH. The enzymatic activity was expressed in
nmol NADPH/min/mg of protein.

The GR activity in S1 was determined as described by Calberg £t

Mannervik [Carlberg and Mannervik, 1975]. GSSG is reduced by GR
at the expense of NADPH consumption that is followed at 340 nm.
The GR activity is proportional to NADPH decay and was expressed
as nmol NADPH/min/mg of protein.
Non-protein thiols (NPSH) levels. S1 was mixed (1:1) with 10%
trichloroacetic acid with the aim to determine NPSH levels. After
centrifugation, the protein pellet was discarded and free -SH groups
were determined in the clear supernatant. An aliquot of supernatant
was added in 1M potassium phosphate buffer pH 7.4 and 10 mM
DTNB [Ellman, 1959]. The color reaction was measured at 412 nm.
NPSH levels were expressed as pmol/ mg of protein.
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PROTEIN QUANTIFICATION
Protein concentration was measured by the method of Bradford
[Bradford, 1976] using bovine serum albumin as a standard.

STATISTICAL ANALYSIS

For in vitro assays, one-way analysis of variance (ANOVA) was
performed, followed by post-hoc comparisons using the Newman-
Keuls's multiple comparison test when appropriate. The lesion
score results were analyzed by the D'Agostino and Pearson
omnibus normality test and the non-parametric Scheirer-Ray-
Hare-test followed by the Dunns’s test was applied. Ex vivo data
were analyzed using a two-way analysis ((PhSe); x HSV-2 and
acyclovir x HSV-2) of variance (ANOVA), followed by post-hoc
comparisons using the Duncan’s multiple range test when
appropriate. Main effects are presented only when the second
order interaction was not significant. (PhSe), and acyclovir
treatments were compared using the Student’s r-test. Data are
expressed as the mean(s) £S.EM and analyzed by GraphPad Prism
(version 6). Differences between groups were considered statisti-
cally significant when P < 0.05.

(PhSe), HAD ANTIVIRAL AND VIRUCIDAL ACTIONS AGAINST HSV-2
REPLICATION

The viability of cells treated with (PhSe), at concentrations of
0.1=-5pM was greater than 90%, indicating no toxicity ol this
compound to Vero cells (mean absorbance of control cells was
0.608). By contrast, concentrations equal or higher than 15 pM
were cylotoxic (Supplementary Fig. S2). Therefore, a non-
eytotoxic concentration of 5pM (PhSe), was chosen for further
antiviral studies.

As shown in Figure 1, both pre- and post-treatment with (PhSe),
al a concentration of 5 wM significantly reduced viral replication of
HSV-2 (47.7 % P< 0.01 and 47.3% P < 0.0001, respectively) when
compared with infected control cells. As expected, acyclovir
achieved the highest antiviral effect when applied after the
adsorption period (post-treatment), reducing by 82.6% the wviral
plaques (F< 0.0001) (Fig. 1A). Mean replication rate of HSV-2
infected cells were 9 % 10 PFU/ml.

The virucidal action of (PhSe), was also demonstrated in this
experiment. The viral replication was reduced 70% (P < 0.0001)
when a pre-treatment of virus with (PhSe), occurred before the
infection of cells (Fig. 1B). Mean replication rate of HSV-2 infected
cells were 2.9 % 10° PFU/ml. In all experiments, infected cells with
untreated virus were used as control.

(PhSe), TREATMENT REDUCED EXTRAVAGINAL LESIONS SCORE AND
CELLULAR INFILTRATION IN VAGINAL TISSUES OF MICE

The score results revealed a significant effect of HSV-2 infection
(H{1)=111.73; P<0.0001) in vaginal tissues ol mice (Fig. 2].
HSV-2 infection caused an increase in the lesion score means from
the second day. The results showed that treatment with (PhSe],
delayed the progression of lesions caused by infection from the
second to the fourth day (H(1) =10.68; P < 0.01). (PhSe); was not
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Fig. 1. Antiviral [A) and virucidal (B) actions of (Ph5e); at a concentration of
5 wM against H5V-2 infection determined by plague reduction assay. Acyclovir
at a concentration of 10 pMwas used as positive control. Results (PFUfml) are
expressed as the mean £ 5.EM. [n = 4) and were analyzed by ANOVA, followed
by the Newman-Keuls's multiple comparison test when appropriate.
**P<0.001, ***P<0.0001 versus untreated infected cells; " P< 0.01 versus
acyclovir-treated infected cells.
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Fig.2. Effect of treatment with (PhSe); at a dose of 5 mg/kg on extravaginal
lesion scores of mice infected with HSV-2. Data are expressed as the
mean + S.E.M. (n =5-7) and were analyzed by the non-parametric Scheirer—
Ray-Hare-test followed by the Dunns's test when appropriate. ** P 0.01;
***P< 0001 versus HSV=2 group. Control, control group; HSV-2, HSV-2-
infected group; (PhSe);, (PhSe),-treated group; Acyclovir, acyclovir-treated
group; HSV=2 + (PhSe),, HSV-2 infected and (PhSe)-treated group; HSV=-
2 + Acyclovir, HSV-2 infected and acyclovir-treated group.
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Fig. 3. Histological analyses of vaginal sections of HSV-2-infected and non-infected mice. Cellular infiltration is represented by (*). Epidermis (E); Dermis (D); H.E. 10x and

40, respectively.

effective against lesions on the fifth day. As expected, the positive
control acyclovir protected against the increase in the lesion score
means induced by HSV-2 infection during treatment (fifth day: H
(1) =33.34; P<0.001), but none of treatments were effective to
reverse the lesions. The H (degree of freedom, df) values
correspond to the SS value divided by MSy.,, of the ranked
data. In summary, the H value correspond to the F value of two-
way ANOVA.

In agreement with the lesion score results, histological analyses
of vaginal samples of infected animals treated with (PhSe), showed
normal tissue appearance with the presence of partial reepitheli-
alization and reduction of cellular infiltration in the dermis and
epidermis (Fig. 3). However, vaginal samples obtained from the
HSV-2 infected mice showed intense cellular infiltration, con-
taining neutrophils and mononuclear cells in the dermis, with
disintegration in all epidermis (Fig. 3, 40x). Mice infected and
treated with acyclovir showed complete reepithelialization with
intense reduction of cellular infiltration in dermis and epidermis
(Fig. 3, 40x). Mice from control group (treated with vehicle)
showed epidermis and dermis with normal appearance.

(PhSe), TREATMENT REDUCED THE VIRAL LOAD OF HSV-2
INFECTION

One-way analysis indicated that the HSV-2 infected mice showed a
high viral load in vaginal tissues (10° PFU/ml). Treatment with
(PhSe), or acyclovir reduced the viral titres (10* PFU/ml) (P < 0.001)
of infected mice (Fig. 4).

(PhSe), TREATMENT MODULATED CYTOKINES PRODUCTION AND
REDUCED MPO ACTIVITY IN INFECTED ANIMALS

Two-way ANOVA of INF-y (F(; =39.10; P<0.001) and TNF-a
(F(1.8y=125.3; P<0.0001) levels yielded a significant HSV-2 and
(PhSe), interaction. HSV-2 infection significantly increased INF-vy
and TNF-« levels in vaginal tissues of mice when compared to those

1054+
10524
10504
10444
10464
10444
10424
1040

Viral titer (PFU/mL)

HSV-2 + + A
(Phse). - + -
Acyclovir - = +

Fig. 4. Effect of treatment with (PhSe), at a dose of 5 mg/kg on viral load of
vaginal tissues of mice infected with HSV-2. Results (PFU/ml) are expressed as
the mean +S.EM. (n=4) and were analyzed by ANOVA followed by the
Newman-Keuls’s multiple comparison test when appropriate; *P<0.01;
**P<0.001 versus HSV-2 group.
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of the control group. Treatment with (PhSe), potentiated the increase
of INF-y and TNF-« levels in vaginal tissues of mice (Fig. 5A and B).

The mice infected and treated with acyclovir did not have an
increase in INF-v and TNF-a levels when compared with those of the
HSV-2 group (Fig. 5A and B).

The Student’s f-test revealed that acyclovir reduced INF-vy
[P<0.001) and TNF-« (P < 0.0001) levels in infected mice when
compared with those infected and treated with [PhSe), (Fig. 5A and B).

Two-way ANOVA of MPO activity showed a significant HSV-2
and (PhSe), interaction (F; 0)=9.945; P< 0.01). HSV-2 infection
significantly increased MPO activity in vaginal tissues of mice when
compared to those of the control group. Treatment with (PhSe), was

INF-
@) Y

300+

pg/ mL
*

1004

HSV-2 - + - - + +
(Phse). - - + - + -
Acyclovir - - - + - +

(B
250-

2004
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54

HSv-2 = + - - + +
(PhSe). - - + - + -
Acyclovir - - - + - +

Fig.5. Flow cytometry analysis of the levels of IFN-+y (A) and TNF-w (B) after
HSV-2 infection and treatment with (PhSe); at a dose of 5magfkg. Data are
reported as the mean + S.E.M. (n = 4) and were analyzed by two-way ANOVA
followed by the Duncan’s test when appropriate. The Student's t-test was used
to compare both treatments when appropriate. Results are expressed as pg/ml.
*Significant difference when compared to the control group; *Significant
difference when compared to the control and to the HSV-2 group; ®Significant
difference when compared to acyclovir-treated and acyclovir-infected groups
(P« 0.05).

40

effective in reducing the MPO activity to the control levels. The
activity of MPO was reduced in mice infected and treated with
acyclovir but these values did not attain the control levels. The
Student t-test revealed that the decrease in MPO activity was greater
in mice infected and treated with (PhSe), than with acyclovir
(P<0.01) (Fig. 6).

(PhSe), TREATMENT WAS EFFECTIVE TO REDUCE THE OXIDATIVE
DAMAGE PRODUCED BY HSV-2 INFECTION

Two-way ANOVA analysis of RS levels revealed a significant main
effect of HSV-2 infection. HSV-2 significantly increased RS levels in
vaginal tissues of mice when compared to those of the control group.
Treatment with (PhSe), or acyclovir (P < 0.05) attenuated the
increase of RS levels in vaginal tissues (Fig. 7A).

Two-way ANOVA of MDA levels indicated a significant HSV-2
and (PhSe), interaction (F(; 6= 7.05; P<0.05). HSV-2 infection
significantly increased MDA levels when compared to those of the
control group. Treatment with (PhSe),, but not with acyclovir, was
effective against the increase in MDA levels in vaginal tissues of
mice (Fig. 7B).

Concerning the oxidative damage to proteins, it was not observed
alterations in protein carbonyl levels in all groups tested (data not
shown).

Two-way ANOVA analysis of NOx levels revealed a significant
HSV-2 and (PhSe), interaction (F, 6 =4.48; P <0.05). Posthoc
indicated that HSV-2 infection enhanced NOx levels in vaginal
tissues of mice. In acyclovir treatment, it was observed the same
effect (F; ;6= 5.213; P < 0.05). Both treatments reduced NOx levels
in vaginal tissues of mice to the levels of control group (Fig. 70).

mmol/mg of protein
5

0- T
H5V-2 - + - - + +
(Phse)z - - + - + -
Acyclovir - - - + - +

Fig.6. Effect of treatment with (PhSe); at a dose of 5 mg/kg on MPO activity
in vaginal tissues of mice infected with HSV-2. Data are reported as the
mean & S.E.M. (n = 5-7) and were analyzed by two-way ANOVA followed by
the Duncan’s test when appropriate. The Student’s t-test was used to compare
both treatments when appropriate. Results are expressed as mmol MPO/mg of
protein. *Significant difference when compared to the control group;
*Significant difference when compared to the control and to the HSV-2
group; ®Significant difference when compared to acyclovir-treated and
aeyelovir-infected groups (P« 0.05).
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Fig. 7. Effect of treatment with (PhSe), at a dose of 5 mg/kg on oxidative stress parameters in vaginal tissues of mice infected with HSV-2. (A) RS levels (results are expressed as
pmol/mg of protein); (B) MDA levels (results are expressed as nmol MDA/mg of protein); (C) NOx levels (results are expressed as NOx/mg of protein); (D) SOD activity (results are
expressed as U/mg of protein); (E) CAT activity (results are expressed as U/mg of protein); (F) GPx and (G) GR activities (results are expressed as nmol NADPH/min/mg of protein);

(H) NPSH levels (results are expressed as umol NPSH/mg of protein). Acyclovir at a dose of 5 mg/kg was used as positive control. Data are reported as themean + S.EM. (n

5-7)

and were analyzed by two-way ANOVA followed by the Duncan’s test when appropriate. The Student’s t-test was used to compare both treatments when appropriate. *Significant
difference when compared to the control group; *Ssignificant difference when compared to the control and to the HSV-2 group; @Significant difference when compared to

acyclovir-treated and acyclovir-infected groups (P< 0.05).
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(PhSe), TREATMENT REDUCED THE INHIBITION OF ANTIOXIDANT
ENZYMES INDUCED BY HSV-2 INFECTION

Two-way ANOVA analysis of SOD activity showed a significant
main effect of HSV-2 infection. HSV-2 significantly inhibited SOD
activity in vaginal tissues of mice when compared to those of the
control group. Treatment with (PhSe), (P=0.0753 compared to
control and P = 0.4453 compared to HSV-2) was partly effective to
avoid this inhibition. Similar results could not be observed for the
acyclovir treatment (Fig. 7D).

Two-way ANOVA analysis of CAT activity revealed a significant
main effect of H5V-2 infection. H5V-2 caused an inhibition of CAT
activity in vaginal tissues of mice and both treatments, (PhSe), or
acyclovir (P < 0.05), were effective to avoid this inhibition similar to
control levels (Fig. 7E).

(PhSe), TREATMENT MODULATED THE GLUTATHIONE SYSTEM IN
INFECTED MICE

The two-way ANOVA analysis of GPx activity revealed a significant
HSV-2 and (PhSe), interaction (F ( ;7)=11.61; P< 0.01). HSV-2
infection showed a reduction of GPx activity, and (PhSe), treatment
was effective against this alteration. Treatment with acyclovir did
not alter the reduction in GPx activity caused by HSV-2 infection.
The Student’s t-test revealed a significant difference between (PhSe),
and acyclovir treatments in infected mice (P < 0.01) (Fig. 7F).

Regarding the GR activity, it was observed a significant main
effectof HSV-2 infection. The HSV-2-infected group had an increase
of GR activity, and (PhSe), (P=0.1475 compared to control and
P=0.3596 compared to HSV-2) or acyclovir (P=0.1105 compared
to control and P=0.1799 compared to HSV-2) treatment was partly
effective against this effect (Fig. 7G).

The two-way ANOVA of NPSH levels showed a significant HSV-2
and (PhSe), interaction (F(; ,=9.98; P< 0.01). HSV-2 infection
significantly reduced NPSH levels in vaginal tissues of mice when
compared to those of the control group. Treatment with (PhSe),, but
not with acyclovir, was effective against the reduction of NPSH
levels (Fig. 7H).

The present study demonstrated, for the first time, the antiviral
action of (PhSe), against HSV-2 in vitro and in vivo. (PhSe), showed
an antiviral action against infected Vero culture cells and reduced
the histological damage, extravaginal lesion scores, and the viral
load of vaginal tissue of mice. The antiviral action of (PhSe), against
HSV-2 infection was related to its immunomodulatory, antioxidant,
and anti-inflammatory properties.

(PhSe), had antiviral and virucidal actions at a non-cytotoxic
concentration. It was observed that (PhSe), exhibited antiviral action
due to the inhibition of different steps of infection in plaque
reduction assay. The infectivity of HSV-2 was reduced by a pre-
treatment of the virus with the (PhSe); for 1 h prior to the infection of
cells, which suggests a direct action of the compound over the viral
particle. We assign the antiviral effect at the time of pre-treatment of
cells to the major virucidal action of (PhSe),. It also demonstrated
a similar antiviral action after the adsorption period, at the
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post-treatment (48h p.i.). However, the inhibitory mechanism of
(PhSe), remains to be elucidated. Perhaps, it could be due to the
binding of compound to viral proteins involved in host cell
adsorption or due to damage to the virions possibly their envelopes,
injuring their effectiveness to infect host cells.

The mice infected with HSV-2 showed extravaginal signals of
lesion, such as swelling, edema, and inflammation, which were
similar to those documented in our previous study using this model
of infection [Sartori et al., 2012]. The infected group treated with
(PhSe), demonstrated a slow progression of lesions, with a notable
reepithelialization and reduction of leucocyte infiltration in vaginal
tissue. We analyzed these herpetic lesions during an acute phase of
HSV-2 infection, and it is well characterized in this stage that the
main infiltrating cells in the tissue are macrophages and neutrophils
[Milligan et al., 2001].

Similar to acyclovir treatment, (PhSe), reduced the infiltration of
macrophages and neutrophils to the site of infection. However,
current data do not allow us to affirm that (PhSe); has the same
mechanism of action of acyclovir, which directly blocks the viral
replication but impairs the propagation of the virus cell in vitro and
in vivo. This way, it has been reported that (PhSe); suppresses the
extent of infiltrating macrophages in an experimental encephalo-
myelitis model [Chanaday et al., 2011].

In the present study, (PhSe), similar to acyclovir reduced HSV-2
titres in vaginal tissue, which is consistent with the delay in the
development of vaginal lesions, the reduction in histological
damage, and the increase in response to IFN-v. These results
indicate that the most important effect of (PhSe), is its antiviral
action and that the reduction in oxidative stress and inflammation
process seems to be a consequence of lower viral load levels.

Considering that the successful anti-herpes virus drug, acyclovir,
has several disadvantages including limited potency and efficacy,
particularly against herpes viruses, and that the frequency at which
immunocompromised patients develop resistant infections [Weller
and Coen, 2012], the demonstration of antiviral action of (PhSe), in
invitro and in vivo models is significant to develop new strategies to
prevent or treat infections.

The increase in the levels of two cytokines that mediate the
inflammatory response, IFN-y and TNF-«, was an intricate finding
of this study. In fact, TNF-a levels of infected mice treated with
acyclovir were quite similar to those found in untreated infected
mice. This result indicates that even if viral titers and inflammatory
cells are reduced, TNF-a continues to be produced at the site of
lesion. Similar results were demonstrated in mice infected and
treated with (PhSe),, in which TNF-a levels were higher probably due
to the presence of mast cells in the tissue that contribute to this
increase. Aoki and collaborators [2013] have reported that under
HSV-2 infection, keratinocytes produce IL-33, which lead to the
local releasing of TNF-a by mast cells, a phenomenon independent
of degranulation, and that TNF-a contributes to the protective
antiviral response to HSV-2 in vivo. In agreement with Aoki and
collaborators [2013], the histological images of inflamed tissues
show a few inflammatory cells in vaginal tissues of mice infected and
treated with acyclovir or (PhSe),.

Moreover, the results on IFN-vy levels of infected and treated mice
indicated a direct and positive relationship between this cytokine
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and the evolution of HSV-2 infection. The levels of IFN-y were quite
higher in mice infected with HSV-2 and treated with (PhSe), if
compared to other groups. It is well established that T cells contribute
to the clearance of virus and herpetic lesions through the production
of IFN-v and TNF-« and in part by cytolytic mechanisms in genital
HSV-2 infection [Milligan et al., 1998, 2004]. It is possible that the
high levels of IFN-y and TNF-a found in mice infected and treated
with (PhSe), are explained by the findings of Milligan et al. [2004]. In
support to this latter possibility, selenium exerts its effects on
inflammation and immune responses by the mechanism involving
the stimulation of immunological cells, such as T lymphocytes and
natural killer cell activity, as well as the virulence of viruses or the
inhibitory effect on iNOS [Ferencik and Ebringer, 2003; Hoffmann,
2007; Rayman, 2012].

In agreement with our previous study [Sartori et al., 2012], the
inflammatory process caused by herpetic lesions increased MPO
activity in the vaginal tissue, and (PhSe), was effective against this
increase. The reduction in MPO activity in mice infected and treated
with (PhSe), could reflect the minor production of neutrophils at the
site of injury, which in turn corroborates with histological images
and lower viral load in the vaginal tissues of mice.

Although the results of this study showed an increase in the levels
of IFN-y and a reduction of MPO activity in mice infected and treated
with (PhSe);, we believe that these are independent mechanisms.
These results could indicate the complex action of (PhSe), and the
interaction between components of the immune system and the target
tissue, instead of a direct effect upon a single isolated cell type. Both
the innate and the acquired immune systems and the inflammatory
response are tightly regulated by the redox state and thus by
antioxidant selenoproteins [Chanaday et al., 2011].

RS can contribute to the damage during viral infection by
oxidizing lipids and damaging membranes, proteins, and nucleic
acids or inactivating critical enzymes [Schwarz, 1996; Hu et al.,
2011]. In the present study, (PhSe), reduced the levels of RS, nitrate/
nitrite, and MDA, markers of oxidative damage, in mice infected not
just due to its antioxidant and anti-inflammatory properties
[Nogueira et al., 2003; Nogueira and Rocha, 2010] but because
this compound reduced viral load in vaginal tissue. Similar to the
results found with (PhSe),, acyclovir reduced the viral load, reducing
cells recruitment and consequently the RS and nitrate/nitrite levels.

The overproduction of RS levels caused by virus can disrupt the
GSH system and affect the host cell pro-fantioxidant balance by
inhibiting the synthesis of antioxidant enzymes, such as SOD and
CAT. In vitro cell culture studies revealed that oxidative stress occur
in the host cells after the infection with viruses, including HIV
[Westendorp et al., 1995], hepatitis C [Abdalla et al., 2005], herpes
simplex type 1 [Vogel et al., 2005], and influenza virus [Nencioni
etal., 2003]. In the present study, HSV-2 infection reduced CAT, SOD
and GPx activities and (PhSe), attenuated this effect. These results
corroborate with the most reported property of (PhSe),, the
antioxidant [Nogueira and Rocha, 2010].

Moreover, HSV-2 infection increased the activity of GR and
reduced the levels of NPSH, a non-enzymatic antioxidant defense
that consists in 90% of reduced glutathione, GSH. Probably, the
increase in GR activity is a tentative to compensate the reduced GPx
activity and NPSH content in HSV-2-infected mice. In agreement
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with (PhSe), antioxidant activity, this compound ameliorated the
NPSH content and GR activity in vaginal tissues of mice. It has been
reported that an organoselenium compound increased NPSH levels
in different tissues of mice [Brandao et al., 2009].

The pharmacological effects of (PhSe), demonstrated in this study
are as follows: (i) antiviral action in vitro; (ii) antiviral action in vivo
through the reduction of viral load in infected mice; (iii) interaction
with the immune system; (iv) effectiveness to reduce the inflamma-
tory response caused by viral infection; (v) reduction of virus-
induced oxidative injury (See the representative scheme of (PhSe),
treatment in infected mice in Supplementary Fig. S4). Further
analyses are ongoing to establish the possibility to develop it as an
innovative therapy to treat HSV infections.
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SUPPLEMENTARY MATERIAL ARTIGO 1

FIGURE LEGENDS

Figure S1. Chemical structure of diphenyl diselenide.

Figure S2. Evaluation of cytotoxic effects of (PhSe)2 on Vero cells. Results are
expressed as the mean = S.E.M. (n=4) and were analyzed by ANOVA, followed
by the Newman-Keuls Multiple Comparison test when appropriate. ‘Denotes p <
0.01, ™p < 0.0001 as compared to the control cells.

Figure S3. Representative scheme of experimental protocol.

Figure S4. Representative scheme of (PhSe)2 treatment in vaginal tissues of

female mice infected with HSV-2.

FIGURES

Figure S1.

Se

Figure S2.
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3.2 Artigo 2

Disseleneto de Difenila reduz estresse oxidativo e toxicidade

causada pela infeccdo por HSV-2 em camundongos

DIPHENYL DISELENIDE REDUCES OXIDATIVE STRESS AND TOXICITY
CAUSED BY HSV-2 INFECTION IN MICE

Glaubia Sartori, Natalia Silva Jardim, Marcel Henrique Marcondes Sari,
Eduardo F. Flores, Marina Prigol, Cristina W. Nogueira

Journal of Cellular Biochemistry, 2016 Aug 2, [Epub ahead of print]
DOI: 10.1002/jcb.25667



48

Jon:rnal of ceI!u Iar
Biochemistry

ARTICLE

Journal of Cellular Biochemistry 9999:1-10 (2016)

ABSTRACT

Herpes simplex viruses can cause uncommon systemic complications as acute liver failure (ALT) or urinary tract dysfunctions. Diphenyl
diselenide, (PhSe),, a classical studied organic selenium compound, has a novel antiviral action against HSV-2 infection and well-known
antioxidant and anti-inflammatory properties. This study aimed to investigate if (PhSe); reduces oxidative stress and systemic toxicity caused
by HSV-2 infection in mice. Adult BALB/c mice were pre-treated with (PhSe), (5 mgkg ™' /day, intragastric, i.¢.) during 5 days; at day 6 mice
were infected with HSV-2 (10 pl-10° PFU/mL ™"} and post-treated with (PhSe), for more 5 days. At day 11, they were killed and samples of liver
and kidney were obtained to determine: reactive species (RS); malondialdehyde (MDA), and non-protein thiols (NPSH) levels; the activities
of antioxidant enzymes, superoxide dismutase (SOD), and catalase (CAT). The activities of adenosine deaminase (ADA), Na"/K*-ATPase (liver
and kidney); alanine aminotransferase (ALT), aspartate aminotransferase (AST), and the levels of urea (plasma) were determined as markers of
hepatic and renal toxicity. The results revealed that (PhSe), treatment was effective against the increase of renal and hepatic oxidative stress in
infected mice and also normalized hepatic and renal ADA activity. It recovered the activity of Na*/K*- and was not effective against
the increase in urea levels in infected mice. Different from (PhSe),, acyclovir (positive control), caused an increase in ADA activity and a
decrease in hepatic CAT activity. Considering the interest of alternative therapies to treat HSV-2 infections and secondary complications,
(PhSe), become a notable candidate. J. Cell. Biochem. 9999: 1-10, 2016. © 2016 Wiley Periodicals, Inc.

KEY WORDS: Hsv-2; 0XIDATIVE DAMAGE; TOXICITY; LIVER; KIDNEY; SELENIUM

H erpes simplex virus 2 (HSV-2), one specie of the Herpesviridae
family, is a double-stranded DNA virus enclosed within a
protein capsid (diameter of 100-200 nm) covered by a tegument and
a glycoprotein-containing envelope. It has the capacity to infect
epithelial cells at mucosal surfaces and establish latency in sensory
neurons becoming reactivated in a later time. The consequences can
result in either symptomatic or asymptomatic virus shedding near
the site of original infection [Milligan et al., 2005; Riediger et al.,
2009].

Rare complications of recurrent herpetic infections have a
considerable medical importance in both immune competent and
immune compromised person. The problems include encephalitis,
hepatitis, pneumonia, esophagitis, and keratitis. Although, for most
patients, the viral factors associated with these severe infections
remain unknown [Koelle and Corey, 2008]. Hepatitis is a rare
complication of herpes simplex virus (HSV-1 and HSV-2), often
leading to acute liver failure (ALF), liver transplantation, andfor
death. Usually, the most affected individuals are immunosuppressed
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patients and pregnant women, however HSV hepatitis can occur in
immunocompetent patients. A high degree of suspicion, even in the
absence of skin lesions, combined with early diagnostic modalities
(serology, polymerase chain reaction, liver biopsy) may potentially
upgrade survival. The appropriate treatment of HSV hepatitis is the
systemic therapy with acyclovir. Nevertheless, if a possible
resistance occur for some patients, therapy with foscarnet is applied
[Riediger et al.,, 2009].

It has been reported that both susceptibility to infectious disease
and the severity if contracted are directly linked to the nutritional
status of the host. The absence of one or more nutrients in the diets
as selenium element may worsen the consequences of viral and
[Nencioni et al, 2011]. The selenium
deficiency was associated with more severe lung pathology and

bacterial infections
altered immune function in mice infected with influenza virus
[Beck et al., 2004].

Considering what was mentioned before, we highlight the
organoselenium compound, diphenyl diselenide (PhSe),, that has
been reported to have a potential antiviral activity in vitro and in
vivo against HSV-2 infection [Sartori et al., 2015]. Moreover, it has
been demonstrated that (PhSe), has antifungal and fungistatic
actions in vitro [Loreto et al., 2011; Denardi et al., 2013; Venturini
et al., 2016]. The classical antioxidant and anti-inflammatory
properties have been widely studied over the years. (PhSe),
reproduces endogenous antioxidant enzymes such as glutathione
peroxidase (GPx) or is metabolized by thioredoxin reductase to form
selenol intermediate, which performs the same function of the
antioxidant selenoenzymes [Nogueira and Rocha, 2010].

It is established that the replicative cycle of HSV-2 can trigger
multiple intracellular pathways in their hosts, including those
induced by oxidative stress [Kavouras et al., 2007; Mathew et al.,
2010]. Furthermore, the increase in inflammatory markers and
reactive oxygen species (ROS) has been reported during HSV-2
genital infection [Sartori et al., 2012, 2015].

In this view, the present study aimed to investigate if (PhSe),
diminishes oxidative stress and systemic toxicity caused by HSV-2
infection in mice.

Q2

CHEMICALS
The reagents dicloroflouresceine diacetate (DCFH-DA), p-dimethyla-
mino benzaldehyde, epinephrine, dinitrophenyl hydrazine, acyclovir,
Ellman's reagent (dithiobis nitro benzoic acid—DTNB) were purchased
from Sigma (St. Louis, MO). (PhSe), was prepared in our laboratory
according to the method described in the literature [Paulmier, 1986].
Analysis of the 'H nuclear magnetic resonance (NMR) and *C NMR
spectra showed that (PhSe); displayed analytical and spectroscopic
data in full agreement with its assigned structure. The chemical purity
of compound (99.9%) was determined by GC/MS and was stable under
storage conditions at room temperature, humidity and light. All other
chemicals were obtained of analytical grade or from standard
commercial suppliers.

(PhSe), was dissolved in canola oil and acyclovir was dissolved in
1% dimethyl sulfoxide (DMSO), then diluted in distilled water.
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ANIMALS

The experiments were carried out using female adult BALB/c mice
(20-22 g, 8 weeks of' age) from ourown breeding colony. The animals
were kept on a separate animal room, on a 12 h light/dark cycle, at
temperature of 22 + 2°C with free access to food (Guabi, RS, Brazil)
and water. The present experimental study was approved by the
Committee on Care and Use of Experimental Animal Resources from
the Federal University of Santa Maria, Brazil and registered under the
number of 006/2013. All efforts were made to minimize animal
suffering and to reduce the number of animals used.

VIRUS PRODUCTION AND TITRATION

The HSV-2 strain 333 was amplified and quantitated in Vero cells
(African Green monkey kidneycells, ATCC CCL81). Vero cells were
grown in Roswell Park Memorial Institute medium (RPMI) containing
ampicillin (1.6 mg/L), streptomycin (0.4 mg/L), and amphotericin B
(2.25 mg/L), supplemented with 10% fetal bovine serum (FBS) and
maintained in incubator with CO, at 5% and 37°C. For wvirus
amplification, monolayers of Vero cells were infected with multiplicity
ofinfection of 0.01 (1 plaque formation units per 100 cells) of HSV-2 and
incubated at 37°C with CO, at 5%. 72 h after, the infected cells were
submitted to freeze-thaw and the viral suspension was aliquoted and
stored at —80°C. The virus quantitation was performed in duplicate
using plates of six wells. For this, the original virus was submitted to
limiting dilution (107" 10 107% and 400 pL of each dilution were
inoculated on Vero cells and incubated at 37°C in 5% CO, for 1 h and
30 min. Afterthat, the inoculum was removed and 3 mL of RPMI plus 2%
low-melting point agarose were added to each well. After 72 h, viral
titers were calculated using PFU/mL method [Spear and Roizman, 1972].

GENITAL INFECTION IN MICE

Mice were anesthetized with ketamine (150mgfkg) and xylazine
(10mg/kg) injected intraperitoneally (Lp) and inoculated intra-
vaginally by scratching small areas of the skin with the needle of a
syringe containing 1 x 10° PFU/mL of HSV-2 in a 10 p.L volume. The
dose and the method used to induce lesions with H5V-2 333 was based
onpreviousstudies [Milligan and Bernstein, 1995; Sartori etal., 2012].

EXPERIMENTAL PROTOCOL

Animals were divided in six groups (n=7-8): group I-control
(vehicle); group I-HSV-2 infected mice; group HI—(PhSe), (5 mg/kg)
treated mice; group IV—acyclovir (5 mg/kg) treated mice; group V—
(PhSe), treated and HSV-2 infected mice; and group VI-acyclovir
treated and HSV-2 infected mice. Five days before infection with
HSV-2, groups land [T received canola oil, vehicle, (10 mL/kg), groups
Il and V received (PhSe); at a dose of 5 mg/kg by gavage once a day.
At day 5, mice from groups II, V, and VI were infected with HSV-2.
Groups [, III, and IV were submitted to the same procedure applied for
genital infection but without any viral particle. Animals were treated
with vehicle, (PhSe),, or acyclovir (5 mg/kg) for more 5 days (once a
day by gavage) after HSV-2 infection (See the representative scheme
of experimental protocol in Figure S1, supplementary material). The
doses of (PhSe), and acyclovir were chosen based on our previous
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study [Sartori etal., 2015]. At the 11th day mice were anesthetized for
blood collection (cardiac punction) and the hemolyzed plasma was
discarded. Then, the tissues (liver, kidney) were removed for ex vivo
experiments (biochemical analysis).

SAMPLE PREPARATIONS

To determine parameters of stress oxidative and toxicity, livers and
kidneys (n=7-8 per group) were immediately homogenized in cold
50mM Tris-HCl, pH 7.4 (1/10, w/v). The homogenate was
centrifuged for 10min at 3,000¢ at 4°C to yield a low-speed

supernatant (S1). Samples of S1 were used to determine the levels of

reactive species (RS), malondialdehyde (MDA) and non-protein thiol
(NPSH) and the activities of superoxide dismutase (SOD), catalase
(CAT), and adenosine deaminase (ADA).

For Na* /K- ATPase activity analysis, the samples of kidneys were
prepared under different conditions detailed on the respective
method section.

Samples of plasma were used to determine the levels of urea and
the activities of aspartate aminotransferase (AST) and alanine
aminotransferase (ALT), markers of toxicity.

RS LEVELS

To estimate the level of tissue homogenate RS production, an aliquot
of S1 (10 L) was incubated with 10 wL of 2',7'-dichlorofluorescein
diacetate (DCHF-DA;1 mM). The RS levels were determined by a
spectrofluorimetric method. The oxidation of DCHF-DA to fluores-

cent dichlorofluorescein (DCF) is measured for the detection of

intracellular RS. The DCF fluorescence intensity emission was
recorded at 520nm (with 480 nm excitation) 30 min after the
addition of DCHF-DA to the medium. RS levels were expressed as
nmol DCFH-ox/mg of protein [Loetchutinat et al., 2005].

MDA LEVELS

The determination of MDA levels were performed by high
performance liquid chromatography (HPLC)-UV detection method
with some modifications [Grotto et al., 2007]. This technique is more
specific, reliable and reproducible than the colorimetric method, as
MDA is separated from other interfering substances that react with

thiobarbituric acid (TBA), such as sugars, amino acids, a variety of

aldehydes, and bilirubin. Briefly, an aliquot of 75 pL of S1 or MDA
bis (dimethylacetal) solution (as standard, dissolved in distilled
water) was added to 25 pL of 3N NaOH and incubated at 60°C for
30min. After this, 125 pL of 6% H3P04 and 125 L of 0.8% TBA
were added and the mixture was heated at 90°C for 2h. Then the
mixture was cooled and kept at —20°C until extraction with
n-butanol. For this, samples were added to 50 pL of 10% sodium
dodecyl sulfate (SDS) and 300 pL of n-butanol, vortex-mixed for
1 min and centrifuged at 3,000 x g for 10 min. The TBA-MDA adduct
of butanol layer was analyzed on a Shimadzu HPLC apparatus. The
analytical column was 5pm particles and 100A pore size,
Phenomenex 0DS-2 C18 reverse-phase column (4.6 9 150 mm,
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Allcrom, BR). The mobile phase was a mixture of Milli-Q water and
methanol (50:50; v/v). HPLC analysis was performed under isocratic
conditions at a flow rate of 0.6mL/min and UV detector set at
532 nm, with a sample volume injection of 20pL. The lipid
peroxidation was expressed as nmol MDA/mg of protein.

NPSH LEVELS

S1 was mixed (1:1) with 10% trichloroacetic acid and centrifuged at
4000g for 10min. After the centrifugation, the protein pellet was
discarded and free -SH groups were determined in the clear supernatant.
An aliquot of supernatant was added in 1 M potassium phosphate buffer
pH 7.4 and 10 mM DTNB [Ellman, 1959]. The color reaction was measured
at 412nm. NPSH levels were expressed as mmol NPSH/mg of protein.

SOD ACTIVITY

The enzymatic reaction of SOD was initiated by adding an S1 aliquot
(150 pL) of the homogenized tissue and the substrate (epinephrine) at a
concentration of 4mM in a medium containing 50 mM bicarbonate
buffer, pH 10.3. The color reaction was measured at 480 nm. One unit of
enzyme was defined as the amount of enzyme required to inhibit the
rate of epinephrine autooxidation by 500 at 26°C [Misra and Fridovich,
1972]. The enzymatic activity was expressed as U/mg of protein.

CAT ACTIVITY

The enzymatic reaction was initiated by adding an aliquot (S1) of
20pL and the substrate (H,0, 0.3 mM) in a medium containing
50 mM phosphate buffer (pH 7.0) and was measured at 240 nm. The
enzymatic activity was expressed in Units (one Unit decomposes
1 wmol of H,0, per min at pH 7 at 25°C/mg of protein [Aebi, 1984].

NA*/K*-ATPASE ACTIVITY

Concerning the importance of intracellular K to the viral replication,
we determined the Nat/K'-ATPase activity analysis in kidneys of
mice. The homogenates of samples were prepared in 0.05 M Tris-HC!
buffer (pH 7.4) (1/10, w/v). The homogenate was centrifuged and
supernatant was used for assay of protein Na®/K'-ATPase. The
reaction mixture for Na* /JK"-ATPase activity assay contained 3 mM
MgCl,, 125 mM NaCl, 20 mM KCl, and 50 mM Tris-HCl, pH 7.4, in a
final volume of 500 pL. The reaction was initiated by the addition of
adenosine triphosphate (ATP) to a final concentration of 3 mM.
Controls were carried out under the same conditions with the addition
of 1mM ouabain. Na'/K'-ATPase activity was calculated by the
difference between the two assays. Released inorganic phosphate (Pi)
was measured by the method of Fiske and Subbarow [Fiske and
Subbarow, 1927] .

ADA ACTIVITY

In order to investigate if the ADA activity is affected by
inflammatory and infectious processes, we determined the enzyme
activity in liver and kidney of infected animals according to Giusti
and Gakis [Giusti and Gakis, 1971] . Briefly, 25pL of S1 was
incubated with 21 nmol/(L of adenosine (pH 6.5) at 37°C for 60 min.
This method is based on the direct production of ammonia when
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Fig. 1. Effectoftreatment with (PhSe), ata dose of 5 mg/kg on RS levelsin samples of liver (A) and kidney (B) of HSV-2 infected mice. RS levels are expressed as nmol DCHF-ox/mg
of protein. Acyclovir at a dose of 5 mgfkg was used as positive control. Data are reported as the mean 4 S.E.M. (n= 7-8) and were analyzed by two-way ANOVA followed by the
Duncan's testwhen appropriate. *Denotes significan tdifference when compared to the control group; #Denotes significant difference when compared to the HSV-2 group (P< 0.05).

ADA acts in excess of the adenosine. Results were expressed in units
per mg of protein (U/mg protein). One unit (1 U) of ADA is defined as
the amount of enzyme required to release 1 mmol ammonia per
minute from adenosine at standard assay conditions.

It was performed Pearson's correlation analysis between ADA
activity and MDA levels in liver and kidney of HSV-2 infected mice
and (PhSe), or acyclovir treatment.

TRANSAMINASES ACTIVITY AND UREA LEVELS

The hepatic function was analyzed using plasma ALT and AST
activities (LABTEST, MG). Renal function was analyzed through the
urea levels (LABTEST, MG).

(A)

nmol MDA/mg protein
=
L

HSV-2 - + . . % +
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PROTEIN QUANTIFICATION
Protein concentration was measured by the method of Bradford
[Bradford, 1976] using bovine serum albumin as the standard.

Ex vivo data were analyzed using a two-way analysis ((PhSe), x
HSV-2 or acyclovir x HSV-2) of variance (ANOVA), followed by
post-hoc comparisons using the Duncan's multiple range test when
appropriate. Data were expressed as the mean(s) + S.E.M. All results
were analyzed and approved by the D'Agostino and Pearson
omnibus normality test. Correlation analysis of ADA activity and

nmol MDA/mg protein
s
L

HSV-2 - + - - + +
(PhSe): . . + : i -
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Fig. 2. Effect of treatment with (PhSe); at a dose of 5 mg/kg on MDA levels in samples of liver (A) and kidney (B) of HSV-2 infected mice. MDA levels are expressed as nmol

MDA/mg of protein. Acyclovir at a dose of 5 mg/kg was used as positive control. Data are reported as the mean £ S.EM. [n

7-8) and were analyzed by two-way ANOVA

followed by the Duncan's test when appropriate. * Denotes significant difference when compared to the control group; #Denotes significant difference when compared to the

HSV-2 group (P< 0.05).
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Fig. 3. Effect of treatment with (PhSe); at a dose of 5 mgfkg on NPSH levels in samples of liver (A) and kidney (B) of HSV-2 infected mice. NPSH levels are expressed as mmol

NPSH/mg of protein. Acyclovir at a dose of 5mg/kg was used as positive control. Data are reported as the mean £ S.EM. (n

7-8) and were analyzed by two-way ANOVA

followed by the Duncan's test when appropriate. *Denotes significant difference when compared to the control group; #Denotes significant difference when compared to the

HSV-2 group (P < 0.05).

MDA levels were performed using Pearson’s correlation coefficient
() followed by the Gaussian distribution (two-tailed P-value) to
compare the infection versus treatments. Data are reported as a
single value for each point. Differences between groups were
considered statistically significant when P < 0.05.

OXIDATIVE STRESS

Statistical analysis revealed that HSV-2 significantly increased RS
levels in liver (P<0.01) and kidney (P<0.001) of mice when
compared to those of the control group. (PhSe), was effective in
reducing RS levels in kidney (P < 0.05) (Fig. 1B), but not in liver
(Fig. 1A), of infected mice. On the other hand, acyclovir-treated
infected group showed a reduction in RS levels in liver (Fig. 1A), but
not in kidney (Fig. 1B), of mice (P < 0.05).

Analysis of MDA levels showed that HSV-2 infection significantly
enhanced lipid peroxidation in both tissues in comparison to control
group (P < 0.01). Treatment with (PhSe), abolished the increase in
MDA levels in liver of infected mice (P < 0.05), while acyclovir was
not effective in reducing MDA levels (Fig. 2A). In kidney, both
treatments reduced MDA levels altered by HSV-2 infection
(P< 0.001) (Fig. 2B).

It was observed that H5V-2 infection significantly reduced NP5SH
levels in liver of mice in comparison to those of the control group
(P < 0.01]. (PhSe), treatment in infected mice avoided this alteration
(P< 0.001) and increased even more the levels of NPSH. (PhSe),
treatment in non-infected mice caused an increase of NP5H levels in
liver (per se effect). Acyclovir treatment in infected mice did not
normalize these levels altered by HSV-2 infection (Fig. 3A). In

kidney, both treatments did not protect against the reduction of

NPSH levels caused by HSV-2 infection (Fig. 3B). Moreover,

acyclovir treatment in non-infected mice caused a decrease in
NPSH levels in kidneys of mice (per se effect) (Fig. 3B).

The results demonstrated a reduction in SOD activity in the liver of
animals caused by HSV-2 infection in comparison to that of the
control group (P < 0.01). It was also observed a protection by (PhSe),
treatment (P < 0.05) against this alteration (Fig. 4A). There was no
effect of HSV-2 infection and treatments in the SOD activity in
kidneys of mice (Fig. 4B).

CAT activity was also reduced by HSV-2 infection when
compared to that of the control group (P < 0.001) and treatment
with (PhSe), (P< 0.05), but not with acyclovir, was effective to
normalize the enzyme activity in the liver of infected mice (Fig. 4C).
With respect to kidney, both (PhSe);, (P<0.01) and acyclovir
(P<0.001) treatments protected against the reduction of CAT
activity caused by HSV-2 infection (Fig. 4D).

RENAL AND HEPATIC TOXICITY

HSV-2 infection caused an increase in the Na*/K"-ATPase activity
(P < 0.001) in kidneys of mice in comparison to that of the control
group and treatment with (PhSe), was effective (P < 0.01) against
this raise. Acyclovir treatment also abolished the increase in the
Na' [K*-ATPase activity in HSV-2 infected mice (P < 0.001) (Fig. 5).

Analysis of ADA showed an increase in this enzyme activity in
liver (P < 0.01) and kidneys (P< 0.05) of HSV-2 infected mice in
comparison to that of the control group. Treatment with (PhSe),
(P<0.01), but not with acyclovir, reduced this activity in both
tissues of infected mice (Fig. 6A and B). Acyclovir treatment in non-
infected mice increased the hepatic activity of the enzyme (per se
effect) (Fig. 6A).

Pearson's correlation analysis of (PhSe); treatment versus HSV-2
infection groups revealed a significant positive correlation between
hepatic ADA activity and MDA levels (r=0.633, P< 0.01) (Fig. 7A).
By contrast, acyclovir treatment versus HSV-2 infection revealed a
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Fig.4. Effectof treatment with (PhSe); at a dose of 5 mg/kg on antioxidant enzyme activities in liver (A and C) and kidney (B and D) of HSV-2 infected mice. SOD (A, B) and CAT
(C, D) enzymatic activities were expressed as Ufmg of protein. Acyelovir at a dose of 5 mg/kg was used as positive control. Data are reported as the mean £ S.E.M. (n=7-8) and
were analyzed by two-way ANOVA followed by the Duncan's test when appropriate. * Denotes significant difference when compared to the control group; #Denotes significant

difference when compared to the HSV-2 group (P< 0.05).

non-significant correlation between hepatic ADA activity and MDA
levels (r=0.277, P=0.31, Fig. 7B). There was not a significant
correlation between renal ADA activity and MDA levels for both
treatments (data not shown).

Data of transaminases demonstrated an increase in AST
(P<0.001) and ALT (P<0.01) activities in plasma of HSV-2
infected animals in comparison to those of the control group. The
analysis revealed that both treatments reduced AST and ALT
activities (P < 0.05) in infected animals (Fig. 8A and B).

Regarding the levels of urea in serum, it was observed an increase of
these levels in HSV-2 infected animals when compared to control group
(P < 0.01) and both treatments were noteffective to reduce them (Fig. 8C).

The present study demonstrates that treatment with (PhSe),
minimized hepatic and renal oxidative stress and toxicity caused

by HSV-2 infection in mice. In general, the effects of (PhSe), on renal
and hepatic oxidative stress and toxicity were similar to those
obtained with acyclovir, a positive control drug used in this study.
But different from (PhSe),, acyclovir caused an increase in hepatic/
renal ADA activity and a decrease in hepatic CAT activity in infected
mice.

Infectious diseases are closely related with oxidative stress in
several ways as inflammation and organ damage linked to altered
metabolism [Nencioni et al., 2011; Tawadrous et al., 2012]. In the
experimental model used in this study, oxidative damage is known
to play a significant role in the development of tissue injury
occurring within a few days from HSV-2 infection. Previous reports
have demonstrated that oxidative damage occurs even if the viral
load is very low or no detectable [Podlech et al., 1996; Burgos et al.,
2005). In agreement with a previous HSV-2 infection study from our
research group [Sartori et al., 2015], HSV-2 caused hepatic and renal
oxidative stress reflected by an imbalance of the production of MDA,
RS levels, and the antioxidant capacity, through the decrease of
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NPSH levels and SOD and CAT activities in tissues of mice. Awodele
and collaborators reported similar results in humans, in which blood
antioxidants, as reduced glutathione, were reduced over the long-
term infection in AIDS infected individuals [Awodele et al., 2012].

The classical antioxidant property of (PhSe), was evident in liver
and kidney of infected mice because (PhSe), reduced MDA and RS
levels and increased antioxidant defenses. In fact, administration of
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(PhSe), in HSV-2 infected mice restored CAT activity and the NPSH
levels in liver and kidneys of these animals. Besides its well reported
antioxidant property [Nogueira and Rocha, 2010], it is possible that
(PhSe), controls oxidative stress in these tissues by reducing the viral
load in H5V-2 infected mice. We consider this hypothesis based on
our previous study, which demonstrated that (PhSe), reduced the
viral load, local inflammation and oxidative injury induced by
HSV-2 in a vaginal model of infection in mice [Sartori et al., 2015].
Because the HSV-2 viral load was not monitored in this protocol, we
assume this as a limitation of the present study.

Regarding oxidative stress, acyclovir treatment was effective in
counteracting hepatic MDA and renal RS levels but antioxidant
defenses, such as 50D and CAT activities and NP5SH levels, seem to be
not involved in the antioxidant effect of this drug. This way, GPx
activity was carried out in kidney and liver of mice from all
experimental groups of this study and this enzyme activity was not
altered (data not shown). Therefore, other antioxidant defenses
should be responsible for the effectiveness of acyclovir against
oxidative stress.

The present findings on infection and overproduction of RS are in
agreement with the literature data that report oxidative stress
initiating damage to tissues and resulting in unbalanced regulation
processes [Peterhans, 1997].

The Na*/K"-ATPase enzyme is a plasma membrane cation pump,
which is essential for maintenance of intracellular and extracellular
Na® and K" concentrations, cell volume, osmotic balance, and
electrochemical gradients. Moreover, Na FIK"-ATPase is a central
regulator of kidney functions and the infection caused by a number of
viruses has been shown to result in an alteration of the cell membrane
permeability to ions [Hackstadt and Mallavia, 1982; Mi et al.,
2010]. There are not many studies involving HSV infection and
Na® /K" -ATPaseactivity, which is reduced by HSV-1 infection in Vero
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Fig. 6. Effect of treatment with (PhSe); at a dose of 5 mgfkg on ADA activity in liver (A) and kidney (B) of HSV-2 infected mice. The enzymatic activity was in units per mg of

protein (Ufmg protein). Acyclovir at a dose of 5 gfkg was used as positive control. Data are reported as the mean & S.EM. (n

7-8) and were analyzed by two-way ANOVA

followed by the Duncan's test when appropriate. *Denotes significant difference when compared to the control group; #Denotes significant difference when compared to the

HSV-2 group (P < 0.05).
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Correlation between ADA and MDA analysis were considered statistically significant when P < 0.05.

cells and HeLa cell plasma membranes in vitro, though the exact
mechanism is still unclear [Schaefer et al., 1982; Mi et al., 2010].

In addition, it has been reported the relevance of intracellular K*
to the viral replication on in vitro studies [Nagai et al., 1972; Hartley
etal., 1993; Hartley et al., 2006]. There is notable evidence indicating
modification of cellular membrane structure H5V
infections [Hackstadt and Mallavia, 1982; Palu et al., 1994: Bertol
et al, 2011]. The results obtained in our experimental study

following

demonstrated an increase in renal Na* /K" ATPase activity in HSV-2
infected mice, suggesting that HSV-2 interfered in the permeability
of cell membranes to ions. Treatment with (PhSe), restored
Na " /K*-ATPase activity, which indicates a cellular electrochemical
gradient alteration that could be involved in its mechanism of viral
load reduction.

In this scenario, it was demonstrated that HSV-2 infection
interfered in renal function, demonstrated in this study by the
increase in urea levels. It is possible that the increase in urea levels
and Na'JK' -ATPase activity caused by infection is an attempt to
equilibrate the renal function. It is important to note that although
(PhSe); oracyclovir treatment reduced Na FIKT-ATPase activity they
did not counteract the increase in urea levels in infected mice.

HS5V infects hepatocytes through different mechanisms: one is
exocytosis followed by fusion of viral particles with the cell
membrane of an uninfected cell and other direct cell-to-cell spread
through intercellular junctions [Holt et al., 2013]. HSV-2 infection
increased activities of AST and ALT, markers of hepatic function, in
mice. These present data corroborate with those obtained by White
and collaborators, who showed an impaired liver function associated
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expressed in units per mililiter (U/mL). Acyclovir at a dose of 5 mg/kg was used as positive control. Data are reported as the mean +S.EM. (n

Effect of treatment with (PhSe), at a dose of 5 mg/kg on the activities of AST (A) and ALT (B) and levels of Urea (C) in plasma of HSV-2 infected mice. Results are

7-8) and were analyzed by two-

way ANOVA followed by the Duncan's test when appropriate. *Denotes significant difference when compared to the control group; #Denotes significant difference when

compared to the HSV-2 group (P< 0.05).
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to the degree of aminotransferase elevation and progression of

disease that can lead to death in a human study [White et al., 2011].

Similar to the results obtained in oxidative stress, (PhSe), or
acyclovir treatment was effective in normalizing AST and ALT
activities, decreasing hepatic toxicity caused by infection in mice.

Moreover, in HSV-2 infected mice treated with (PhSe), the
normalization of ADA activity occurred concomitant to the decrease
in oxidative stress. Our findings correlating oxidative stress and the
enzyme activity are in accordance with other studies [Bor et al., 1999;
Scheller et al., 2006] that suggest a blunt of oxidant processes and a
consequent adenosine accumulation which provides protection against
inflammatory damage. ADA is widely present in human tissues and is
involved with the proliferation and differentiation of immune cells. The
increase in ADA activity has been demonstrated in several inflamma-
tory and infectious diseases, such as visceral leishmaniasis, cutaneous
antrax, viral and bacterial pneumonia, and HIV infection [Sunnetcioglu
et al., 2014]. As far as we know, there are no studies focus on the
association between the activity of ADA and HSV-2 infection. With
agreement with Williams and Lemer [1975] who demonstrated the
antiviral action of inhibitors of ADA activity in vitro, our data showed
that ADA activity was increased in HSV-2 infected mice and (PhSe),
treatment could reduce it [Williams and Lerner, 1975]. This result is very

interesting because we already demonstrated an antiviral action of

[PhSe), on a previous study [Sartori et al., 2015]. It is possible that the
decrease of ADA activity caused by (PhSe); or acyclovircould contribute
to the reduction of hepatic and renal toxicity in HSV-2 infected mice.

We performed a Pearson's correlation analysis in order to test the
hypothesis if there is a relationship between ADA activity and MDA
levels in liver of infected mice. A significant positive Person's
correlation was found between ADA activity and MDA levels in
HSV-2 infected mice and treated with (PhSe),. By contrast, there was
no significant Person’s correlation between ADA activity and MDA
levels in HSV-2 infected mice and treated with acyclovir. Similar to
HSV-2 infected mice, an increase in hepatic ADA activity was found
in non-infected mice treated with acyclovir.

It is also important to mention that HSV infections can cause

constipation, urinary retention and weight loss in animal model of

infection [Sanjuan and Zimberlin, 2001] which was also observed in this
experimental study. However, our deeper investigations found no
alterations in histological (liver and kidney) analysis in this animal
model of HSV-2 infection (data not shown). The morphology of hepatic
and renal cells of infected mice did not differ from that of control
animals showing no modification of cellular structure. Although, with
our dataset we suppose that even with hepatic and renal damage, these
complications begin in an oxidative molecular level being not so severe
in this meantime of analysis. (PhSe), treatment could overcome the
majority of negative effects caused by infection.

Considering what was mentioned before, we highlight the
selenium compound (PhSe), as a possible alterative therapy under
acyclovir treatment resistance, HSV injury to immunocompromised
patients (liver and kidney failure) and HSV hepatitis reports.
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ABSTRACT

Herpes simplex virus type 1 (HSV-1) infection is prevalent worldwide as this virus is a
common pathogen. The best known treatment is acyclovir although an increase in drug
resistance has been observed. Because of these considerations it is important to develop
new anti-HSV agents; diphenyl diselenide, (PhSe). was selected for this study. The
organoselenium (PhSe); has been reported to have antiviral action against HSV-2 and in
vive and in vitro antioxidant and anti-inflammatory properties. In the first phase of the
study. the in vitro MTT assay investigated the cytotoxic effect of (PhSe); (0.1 to 100 uM).
The in vitre antiviral action of (PhSe): against HSV-1 (MOI 0.0001 and MOI 0.001) was
examined in astrocytomas at 4 h and 24 h post infection using plaque reduction assay
(supernatant) and real-time PCR (supernatant and cells). It was also investigated the
cytokines expression by PCR (TNF-a and NFK-P) to delineate the effect of selenium
compound on inflammation process during infection. In the MTT assay. (PhSe), was
cytotoxic only at higher concentrations (50 and 100 puM). Results showed a potent
antiviral action of (PhSe): at 15 puM in both viral concentrations tested: for plaque
inhibition, HSV-1 titers were significantly reduced in supernatant and viral DNA copies
were also significantly reduced in supernatant and cells. (PhSe); inhibited wviral
replication at different steps of the cycle: reduced the gene expression of viral proteins
ICP27. ICPS8. ICPO and viral DNA polymerase. (PhSe), modulated the TNF-a expression
in HSV-1 infected cells, showing an immunomodulatory effect. We demonstrate that in
cultured astrocytomas (PhSe)> inhibited HSV-1 replication through interference of viral

replication steps and modulation of cytokines production.

KEYWORDS: organoselenium: Herpes simplex: cytokines: antiviral; astrocytes.



60

INTRODUCTION

Herpes simplex virus (HSV) types 1 and 2 are largely prevalent human
neurotropic pathogens that cause a variety of diseases, including encephalitis (HSE) with
high mortality and neurological morbidity. Members of the Herpesviridae family. they
establish latency in the sensory ganglia of the peripheral nervous system. In stressful
conditions, the virus can reactivate and return to the oral cavity causing lesions (cold
sores) and transmission to new hosts (Fatahzadeh and Schwartz, 2007, Weller and Coen,
2012).

The initial attachment of HSV-1 to the cell surface is mediated by glycoproteins
B (gB) and C (gC). Viruses are parasitic pathogens that replicate in living cells, exploiting
multiple intracellular pathways in their hosts for their own advantage and growth.
Consequently, although the severity and outcome of viral infections are indisputably
conditioned by host factors like immune system functionality, age, general health, and
pharmacological treatments, the metabolic conditions in the cell where the virus replicates
can have important repercussions on different steps of the virus life-cycle (Mettenleiter,
2002).

Virus-host interactions are important for the outcome of infections. The final
outcome of a viral infection depends on a delicate regulation and timing of these antiviral
effector mechanisms in response to the invading virus (Viejo-Borbolla et al., 2012).
Indeed, brain inflammation due to infection, aging, and other deleterious processes is
associated with activation of the local innate immune system. This could be an important
mechanism leading to the neuronal damage observed in different central nervous system

(CNS) diseases (Martin et al.. 2014).



HSV-1 has been linked to the possible etiology or development of
neurodegenerative diseases and virus induced demyelination, such as Alzheimer disease
(AD)(Santana et al., 2012, Mancuso et al., 2014, Piacentini et al., 2014). It was reported
that HSV-1 reactivates in the CNS and causes a productive infection, perhaps recurrently.
It also might periodically reactivate in brain during episodes of stress,
immunosuppression or inflammation, causing cumulative damages, including those
occurring on DNA (Wozniak et al., 2009, De Chiara et al.. 2016).

The most comunon anti-herpetic compounds in clinical use are nucleoside
analogues, such as acyclovir (Jiang et al., 2016). However, an increase in drug resistance
mainly in immunocompromised patients can occur after long-term use (Strasfeld and
Chou, 2010, Rechenchoski et al., 2016). Thus, the discovery of new non-nucleoside
antiviral compounds is a significant alternative to investigate. Supporting this possibility,
we have recently reported the in vifro and in vive antiviral activity of (PhSe), against
HSV-2 infection (Sartori et al., 2016a). Our research group demonstrated a reduced viral
load in the vaginal tissues of mice related to immunomodulatory, antioxidant and anti-
inflammatory properties of (PhSe)2 (Sartori et al., 2016a).

Considering the role of specific and non-specific host defenses against HSV-1,
some therapies can work to strengthen and activate the innate and specific immune system
components against the virus (Viejo-Borbolla et al.. 2012). The aim of this study was to
investigate the antiviral action of a selenium compound against HSV-1 replication in
human neural culture cells. The relevance of this study is based on the severity of viruses
to cause sporadic encephalitis, which even with traditional antiviral therapy, can result in

irreversible neurological defects.

MATERIALS AND METHODS
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Chemicals

(PhSe); was prepared and characterized based on a method carried out by
(Paulmier, 1986). Analysis of the 'H nuclear magnetic resonance (NMR) and *C NMR
spectra showed that (PhSe)» displayed analytical and spectroscopic data in full agreement
with its assigned structure. The chemical purity of this organoselenium compound
(99.9%) was determined by gas chromatography-mass spectrometry (Shimadzu
QP2010PLUS GC/MS combination) and it was stable under storage conditions at room
temperature, humidity and light. All other chemicals were obtained of analytical grade or
from standard commercial suppliers.

(PhSe); was diluted in 0.6% (v/v) dimethyl sulfoxide (DMSO) in the culture medium

at different concentrations 0.1 uM: 1 uM: 5 uM: 15 pM: 30 uM: 50 uM and 100 pM.

Cell culture, virus production and titration

The HSV-1(clinical isolate) was amplified and quantitated in Vero cells (4fiican
Green monkey kidneyv cells, ATCC CCLB81). Vero cells were grown in Dulbecco’s
modified Eagle medium (DMEM) containing 2 mM L-glutamine and 1 % penicillin
(Euroclone, Pero. Milano, Italy). supplemented with 10% fetal bovine serum (FBS) and
maintained in incubator with CO2 at 5% and 37 °C. For virus amplification., monolayers
of Vero cells were infected with multiplicity of infection 0£ 0.01 (1 plaque formation units
(PFU) per 100 cells) of HSV-1 and incubated at 37 °C with CO2at5%. Seventy-two hours
after, the infected cells were submitted to freeze-thaw and the viral suspension was
aliquoted and stored at -80 °C. The virus quantitation was performed in duplicate using
plates of six wells. For this, the original virus was submitted to limiting dilution (10! to

10°%) and 400 uL of each dilution were inoculated on Vero cells and incubated at 37 °C
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in 5% CO, for 1h and 30 min. After that, the inoculum was removed and 3 mL of DMEM
plus 2% low-melting point agarose were added to each well. After 72 h, viral titers were
calculated using plaque-forming unit/ml (PFU/mL) method (Spear and Roizman, 1972).
For the (PhSe); antiviral action analysis, human astrocytoma cell line 132IN1 was used
and grown in DMEM containing 2 mM L-glutamine and 1 % penicillin (Euroclone).

supplemented with 10% FBS and maintained in incubator with CO; at 5% and 37 °C.

Cellular toxicity

The viability of astrocytoma cells treated with (PhSe); was determined by MTT
3-(4,5- dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide) assay following Mosman
protocol (Mosmann. 1983). Briefly, cells were grown in 96-well microplates (1x10° cells
per well) till confluence and the media was replaced by DMEM plus FBS 10%
supplemented with (PhSe); at different concentrations (0.1 pM:1 puM: 5 uM: 15 uM: 30
uM: 50 uM and 100 pM). Cells were incubated at 37 °C with COz at 5% by 48h. After
this time, the compound with old medium was replaced by new DMEM plus 10% FBS
and 20 puL (3mg/mL in phosphate-buffered saline, PBS) of ready MTT dye was added in
each well and mixed in shaker for 1-2 min at 50-60 rpm. The plate was incubated at 37
°C for 4 h. the medium was carefully aspirated and the cells suspended in 200 pL of
dimethyl sulfoxide (DMSOQ). Then. it was mixed in shaker for 5 min at 50-60 rpm. The
optical density of each well was determined at 620 nm. Results were expressed by
percentage of viable cells calculated in comparison to control cells as the average of four

independent experiments.

Virus infection



Astrocytoma cells were incubated with HSV-1 MOI 0.0001 (82 PFU/mL) and
MOT0.001 (820 PFU/mL) (MOTI: multiplicity of infection) for 2 h in serum-free DMEM,
washed with medium and incubated in DMEM supplemented with 10% FBS plus (PhSe);
at 15 pM for 2 h and 22 h of treatment at 37 'C with COs at 5%. Then. after 4 h and 24 h
of infection, the supernatants of cells and the cells were trypsinized and collected to
perform the analysis. Negative controls (composed by DMEM and vehicle 0.6% DMSO)

were included in all experiments.

Plague reduction assay

The antiviral action of (PhSe)2 against HSV-1 (MOI 0.0001 and MOI 0.001) was
examined in supernatants of culture cells 24 h post infection using the plaque reduction
assay. The samples were submitted to serial dilutions (10 — 10°) and aliquots of infected
cells and (PhSe); treated and infected cells were inoculated on Vero cells for 1h 30 min
at 37 °C with COz at 5%. Then, the cells were washed and overlaid with 3 mL of DMEM
containing 2% low-melting point agarose and 10% of FBS for 72 h of incubation period
at 37 °C, COz at 5%. After this time, these cells were submitted to fixation using 10%
tormaldehyde and stained with erystal violet 0.05% for 2 h at room temperature. Finally,
the crystal violet was removed and plaque counting was performed (by microscope). The

viral titers were calculated using the PFU/mL method (Spear and Roizman, 1972).

DNA isolation and detection of HSV-1 viral load by quantitative polvinerase chain

reaction (gPCR)

DNA was extracted from cell lysates or supernatants of culture cells. DNA was

extracted using the spin-columns technique (Nucleospin RNA Virus, Macherey-Nagel,
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Duren, Germany) according to the manufacturer instructions. DNA concentrations were
measured using spectrophotomer (OD: 260 nm). qPCR was carried out on real time PCR
system (Step One, Life Technologies, Foster City, CA) in 25pL of reaction mix
containing TagMan universal master mix (Life Technologies). The HSV-1 DNA
polymerase gene (UL30) was amplified to estimate the amount of viral DNA in each
sample: for primers and probe, see Table 1. Standard curves were generated using purified
HSV-1 DNA. The quantification results were expressed as viral DNA copy numbers per

nanogram of genomic DNA. All experiments were performed in triplicate.

RNA isolation, cDNA retrotranscription

Total mRNA was extracted from infected astrocytomas cells after 2 h and 22 h of
(PhSe); treatment. Total RNA was extracted using the RNA easy Mini extraction kit
(Qiagen, Hilden, Germany) and eluted in RNAse-Free water. Total RNA concentration
was determined by spectrophotometer (OD: 260 nm). Purity was determined as the 260
nm/280 nm OD ratio with expected values between 1.8 and 2.0. RNA was treated with
TURBO DNA free DNAse (Ambion INC, Austin, TX, USA) and retro transcribed with
High-capacity cDNA Reverse Transcription Kit (Applied Biosystems), as specified by

manufacturers. cDNA samples were stored at —20 C until use.

Quantitative PCR (gPCR)

qPCR amplification was performed on real time PCR system (ABI Prism 7000
mstrument, Applied Biosystems) in 25ul of reaction mix containing TagMan universal
master mix (Life Technologies). and specific primers and probe for HSV-1 gene (RL2,

UL29, UL30 and UL54) (Table 1), and specific TagMan gene expression assays (Life
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Technologies) for human cytokine genes. TNF-a (ID: Hs01113624 gl) and NFK-f (ID:
Hs00765730 ml). As reference gene. YWHAZ (Life Technologies, ID:
Hs03044281 gl) for viral genes, whereas HPRT for cytokine genes. For HPRT, qPCR
assay was designed using the Universal Probe Library (UPL) system (Roche Diagnostic,
Mannheim. Germany). Gene-specific primers and the most appropriate universal probe
for HPRT transcripts were defined with the ProbeFinder software (Roche Diagnostic). In
particular, the probe was #34, whereas the primers were: Forward primer: 5°- TGA CCT
TGA TTT ATT TTG CAT ACC -3°; Reverse primer: 5’- CGA GCA AGA CGT TCA
GTG CT -3". Each cDNA template was tested in triplicate by qPCR, with non-template
control for each session. For each sample, relative expression of the target mRNA was
calculated in relation with the appropriate endogenous reference (ACqsampre= Cqtarget —
Cqrer). Viral gene expression levels are presented as normalization ratio calculated as:

JACqHSV-1 i 3 2 — . .
fold: 2 [ACq(HSV-1 infected and (PhSe)2 treated cells) — ACq(HSV-1 infected u:ells]l C}’IO]:{H]E genes expression

levels are presented as normalization ratio calculated as: fold: 2 TACa(centrol cells) = ACq(HSV-1

infected cells or HSV-1 infected and (PhSe)2 treated cell-;](]_:leiae et al 2005)

Statistical Analysis

The Student’s t-test was used to analyze HSV-1 viral load data. One-way analysis
of variance (ANOVA) was performed followed by post-hoc comparisons using the
Newman-Keuls’s multiple comparison test when appropriate for cellular toxicity,
cytokines and viral genes expression analyses. All results were analyzed and approved by
the D'Agostino and Pearson omnibus normality test. Data are expressed as the mean(s)
= S.E.M and analyzed by Graph Pad Prism (version 6). Differences between groups were

considered statistically significant when P= 0.05.
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RESULTS
(PhSe); effects on cellular toxicity

MTT assay showed an effect of (PhSe): on astrocytes viability only at higher
concentrations (50 and 100 pM) (p< 0.0001). Based on these data a concentration of 15

uM was chosen for antiviral assays (Figure 1).

(PhSe); effects on plague formation inhibition and HSV-1 DNA synthesis reduction

The antiviral action of (PhSe); against HSV-1 (MOT 0.0001 and MOT 0.001) was
examined in astrocytes during 24 h post mfection. Thus, for plaque mhibition, HSV-1
titers were significantly reduced in supernatants of cells in both virus concentrations (p<
0.05) (Figures 2A and 2B). Notably, viral DNA copies were also significantly reduced in
supernatants (MOT 0.0001 and MOT 0.001 p=< 0.05) (Figures 3A and 3B) and cells (MOI

0.0001 p=<0.05; MOI 0.001 p< 0.01) (Figures 3C and 3D).

(PhSe): treatinent reduces genes expression of viral replication

Infected cells were collected in two distinct times of analysis to identify in which
step the compound was effective to inhibit viral replication. At 4 and 24 h p.i., (PhSe);
treatment reduced ICP27 gene expression at the lowest MOTI 0.0001 (p< 0.01): however,
at MOI 0.001 the decrease was statistically significant only at 4 h p.i.(p< 0.05) (Figure
4A). As illustrated in figure 4B. the compound inhibited ICP0 expression at 24 h p.i. at
MOI 0.0001 (p< 0.05). Indeed, treatment with (PhSe): reduced ICP8 early gene
expression at two periods of analysis and in both virus concentrations (p< 0.001) (Figure
4C). Finally, it was also observed a statistical significant decrease of wviral DNA
polymerase expression at 24 h p.i. in (PhSe)>-treated infected cells in the lowest viral

concentration MOIT 0.0001 (p< 0.001) (Figure 4D).
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(PhSe): treatment modulates cyvtokines expression during HSV-1 infection

It was examined the cytokines expression by PCR (TNF-a and NFK-f) to
delineate the effect of selenium compound on inflammation process during HSV-1
replication. By comparing infected and non-infected cells, (PhSe): treatment was
effective to modulate TNF-a expression at 4 h and 24 h post-infection being significantly
different (p=< 0.001) (Figure 5Ai and 5Aii) at MOT 0.0001. Additionally, at MOT 0.001 it
was observed a similar situation 4 h p.i. (p< 0.01) (Figure 5Bi1). Results also showed that
treatment with (PhSe); partially reduced TNF-o expression at 24 h p.i. the (Figure 5Bii)
being statistically different from infected and non-infected cells (p< 0.001). In relation to
NFK-f expression. the data demonstrated a significant difference among groups only 4 h
p.i. at MOI 0.0001 (p=< 0.01) while infected and (PhSe)- treated infected cells had minor
cytokine expression (Figure 6A1). The remaining results did not show alterations (Figures

6Ai1, 6B1 and 6Bi1).

DISCUSSION

Herpesviruses generally infect their hosts throughout life, after the initial infection
of epithelial cells, the virions can spread to CNS and establish latent infections in sensory
ganglia (Mitchell et al., 2003). In some cases, the virus causes encephalitis or meningitis,
mmplicating a complex process (Whitley, 2006, Reske et al., 2007, Heldwein and
Krummenacher, 2008).

In this study we demonstrated the antiviral action of (PhSe): against HSV-1 in
vitro; by inhibiting specific steps of virus life-cycle and modulating the immune system.
In particular. (PhSe); inhibited plaque formation when added after infection as well as

HSV-1 DNA synthesis in both viral concentrations (24 h p.i.). Thus, this result further
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confirm that (PhSe): reduced the viral load intra and extracellular. indicating that
astrocytoma culture cells are entirely permissive for the HSV-1 replicative cycle. We
previously demonstrated that this organoselenium compound has antiviral action in
VERO culture cells and by reducing the viral load in infected mice against HSV-2
(Sartori et al., 2016a). Moreover, our recent investigation showed that (PhSe): decreases
oxidative stress and systemic toxicity caused by HSV-2 infection in mice (Sartori et al.,
2016Db).

In the early phase of the lytic replication cycle, the IE-gene products. besides being
transcription factors for the next wave of wiral proteins, intimately regulate cellular
functions in favor of viral replication and immune limitation (Koelle and Corey. 2003).
We then assessed whether (PhSe): could affect genes expression of viral replication such
as ICP27, ICPO, ICP8 and wviral DNA polymerase. In general, the organoselenium
controlled the viral replication but the most significant effect was related to reduction of
ICPS early gene expression at 4 h and 24 h p.i. in both virus concentrations. ICPS8,
encoded by the UL29 gene identified as the major HSV single-strand DNA-binding
protein (SSB), participates in viral DNA synthesis, control of viral gene expression, the
formation of pre-replicative sites and replication compartments (Weller and Coen, 2012).
The reduction of ICP8, an early gene encoding the DNA binding protein, by (PhSe);
prevents DNA replication and true late-gene expression. Immediate-early gene products
in turn activate the transcription of early genes. which are expressed prior to DNA
replication. We found that (PhSe): decreased the immediate-early genes expression,
ICP27 and ICPO at 24 h p.i at a lower viral concentration. Interestingly, it was not found
ICPO gene expression at 4 h p.. in our study in both viral concentrations, this result is
probably explained by the time of sample collection and the type of culture cells used in

our study model. All together, these data indicate that (PhSe), inhibited specific steps of



viral replication, and suggest that late stages of viral replication could be also blocked by
a long treatment. Thus, we can hypothesize that (PhSe), may inhibit the expression of late
proteins, by either preventing their transcription or acting on some cell pathway
responsible for protein translation or for post-translational cascades.

Indeed, the expression of all viral proteins was reduced when the compound was
added to infected cells for a long time (24 h incubation) at lower viral concentration
whereas lower inhibition of cytokine protein synthesis was found when (PhSe), was
added for short treatment (4 h p.i.) for almost all viral concentrations.

In the early hours of a viral infection, the cytokines produced by cells infected or
coming into contact with viral products are vital in conduction of the innate immune
response to the infection. Thus, we investigated the expression of TNF-a, INF-v and NF-
kB. It is well established that HSV- 1 induces NF-kB activation in different cell types
(Santoro et al., 2003). The scientific literature data indicate that the beginning of the
replication cycle and the synthesis of viral proteins are necessary for HSV-1-dependent
NF-«B activation (Amici et al., 2001, Mogensen and Paludan, 2001). In special, two IE
proteins, ICP4 and ICP27 (encoded by the UL54 gene), are important for NF-xB nuclear
translocation (Ren et al., 2011), however, the signaling pathway used by the virus to
activate the factor has still not been defined. Other early studies from Hargett et al.
demonstrated that ICP27 was important for activation of NF-xB (Hargett et al.. 2006) as
well as for activation of JNK and P38 (Hargett et al., 2005) in HSV-1linfected cells.

NF-xB plays an important function in virus-dependent cytokine expression and
pathology (Mikloska et al.. 1998, Patel et al., 1998). Interestingly, we did not observe a
persistent activation of NF-kB expression by HSV-1 in astrocytomas as well as in (PhSe),
treated infected cells, however the TNF-a expression was increased in HSV-1 cells.

Recently, it was discovered that HSV-1 has developed different mechanisms to attenuate
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host antiviral elements and facilitate its infection (Su et al., 2016).

An study with HEK293T and Vero cells reported that HSV-1 infection led to
suppression of NF-kB activity (Wang et al., 2014) and consequently diminished TNF-a
production, which was also described by other members of the herpesvirus family,
including Epstein-Barr virus (EBV) (Sylla et al., 1998), varicella-zoster virus (VZV)
(Jones and Arvin, 2006) and Kaposi’s sarcoma-associated herpesvirus (KSHV) (Seo et
al., 2004). In our study, we believed that the increased TNF-a expression may occur
through another signaling pathway activated during infection, such the MAPKSs pathway
(mitogen-activated protein kinases) as demonstrated by other authors (McLean and
Bachenheimer, 1999, Chen et al., 2015).

Our results corroborate with this teory, it was not observed activation of NF-xB
in the cells treated with (PhSe); 4 h and 24 h after infection and there was still a reduction
of TNF-a expression. These findings indicate that the compound exerted some
modulation of the immune system, acting upstream signaling of NF-xB pathways or via
inhibition of MAPK. A recent study reported the important activation of NF-xB and
MAPKs during HSV infection (Chen et al., 2015). Indeed, these data are confirmed by
reduced viral load, less synthesis of viral DNA and lower viral proteins expression in
astrocytomas treated with (PhSe)s.

On primary HSV infections, the host cells produce a range of cytokines, that
include interleukin-1p (IL-1p), IL-2, IL-6, IL-10, IL-12, tumor necrosis factor alpha
(TNF-o), IFN-o/3, IFN-y, and granulocyte-macrophage colony-stimulating factor (GM-
CSF) (Mogensen and Paludan, 2001). Astrocytes are neuroectoderm-derived cells and
one of the primary sources of cytokines in the CNS (Jack et al., 2005, Haim and Rowitch,
2017). In addition, cytokines and neurotrophic factors are secreted by astrocytes to

regulate the immune response (Wilson et al., 2010). However, whether astrocytes are
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linked to HSV-1 infection and how they act as immune cells during infection is unclear.

Furthermore. it was not observed IFN-v gene expression in infected astrocytoma
cells in two times of collection in all viral concentrations. It was previously reported by
Wang and cols. that HSV-1 protein kinase US3 was a potent inhibitor of IFN response in
vitro, serving as one of several strategies nsed by HSV-1 to interrupt the innate immune
system (Wang et al., 2014). Another study revealed that HSV infection in dorsal root
ganglia (DRG) neuron cultures results in little to no IFN production (Yordy et al., 2012)
and infected neuronal cell lines supported restricted transcriptional upregulation of IFN-
P and interferon-stimulated genes (ISGs). Perhaps, the absence of IFN-y expression in
our experimental model could be explained by one of these evidences.

In addition, it was already demonstrated that (PhSe), has a notable antioxidant
activity against HSV-2 infection in mice (Sartori et al.. 2016a, Sartori et al., 2016b). In
this way. we suggest that (PhSe)> may interfere with some pathways sensitive to redox
changes important for late stages of virus life-cycle in HSV-1 infected cells (Palamara et
al., 2004) and also contribute to the immune system response.

In summary, this study demonstrated that astrocytomas was able to play an
antiviral role by innate imune system activation when infected with HSV-1. enhancing
NF-kB activation and TNF-a production as reported by other authors (Liu et al., 2013)
and (PhSe); treatment reduced the mRNA expression of TNF-a, in accordance to reduced
viral proteins expression and viral load.

Regarding the effect of (PhSe), against HSV-2 infection in vitre and in vive and
also against HSV-1 in culture neuron cells. it could be useful as a potential antiviral drug
to treat not only HSV infections but also associated to HSV-1 as a risk factor for

pathogenesis of Alzheimer’s disease .
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Legends of figures

Figure 1. Viability of astrocytoma cells treated with (PhSe): at a concentration range of
0.1 - 100 uM 1n 48 h of incubation. Results are expressed as mean = S.E.M. (n=4) and
were analyzed by ANOVA followed by the Newman-Keuls’s Multiple Comparison test
when appropriate;  Denotes p < 0.001 vs control cells.

Figure 2. Effect of (PhSe); at a concentration of 15 uM on supernatants of HSV-1
infected cells at MOI 0.0001 (A) and MOI 0.001 (B) 24 h post-infection by plaque
reduction assay. Results (PFU/mL) are expressed as the mean £ S.E.M. (n=3) and were
analyzed by the Student t test when appropriate: = Denotes p < 0.05 vs. HSV-1 infected

cells.
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Figure 3. Antiviral activity of (PhSe); at a concentration of 15 pM against HSV-1
infection determined by qPCR. Viral DNA was extracted from supernatants of infected
cells at MOI 0.0001 (A): at MOI 0.001 (B) and from infected cells at MOI 0.0001 (C): at
MOT 0.001 (D) 24 h post-infection. Results were expressed as viral DNA copy numbers
per microgram of genomic DNA (n=3) and were analyzed by ANOVA followed by the
Student t test when appropriate;” Denotes p<0.05; " Denotes p < 0.01 vs. HSV-1 infected
cells.

Figure 4. mRNA viral genes expression of (PhSe):-treated cells after 4 h and 24 h of
HSV-1 infection at MOT 0.0001 and MOI 0.001 by Real-Time PCR. (A) ICP27 viral
protein expression; (B) ICPO viral protein expression: (C) ICP8 viral protein expression
and (D) viral DNA polymerase expression. Gene expression was calculated relative to
YWHAZ housekeeping gene. The results are shown as relative expression of each target
mRNA (n=3) and were analyzed by ANOVA followed by the Newman-Keuls’s Multiple
Comparison test when appropriate;  Denotes p < 0.05: ~ Denotes p < 0.01: " Denotes p
< 0.001 vs. HSV-1 infected cells.

Figure 5. TNF-o mRNA expression of (PhSe):-treated cells after HSV-1 infection by
Real-Time PCR. TNF-a mRNA expression is demonstrated at 4 h (A;); 24 h (Aj) at MOI
0.0001 and at 4 h (B;): 24 h (B;) at MOI 0.001 post-infection. Gene expression was
calculated relative to HPRT housekeeping gene. The results are shown as relative
expression of each target mRNA (n=3) and were analyzed by ANOVA followed by the
Newman-Keuls’s Multiple Comparison test when appropriate: - Denotes p < 0.05; ™
Denotes p < 0.001 vs. non infected cells. ¥ Denotes p < 0.05 vs. infected cells.

Figure 6. NF-xB mRNA expression of (PhSe);-treated cells after HSV-1 infection by
Real-Time PCR. NF-kB mRINA expression is demonstrated at 4 h (A;); 24 h (Aj) at MOI

0.0001 and at 4 h (B;): 24 h (B:i) at MOI 0.001 post-infection. Gene expression was
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calculated relative to HPRT housekeeping gene. The results are shown as relative
expression of each target mRNA (n=3) and were analyzed by ANOVA followed by the

Newman-Keuls’s Multiple Comparison test when appropriate: ~ Denotes p < 0.05;

Denotes p < 0.01 vs. non infected cells.
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Table

Table 1. Primers and probes used for quantification of HSV-1 viral genes.
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Gene Primer and probe Sequence
name name
ICPO- primer F 5’- AACTCGTGGGTGCTGATTGAC -3’
RL2 ICPO- primer R 5’- CAGGTCTCGGTCGCAGGGAAAC -3’
ICPO- probe 5’FAM- AGCCCGCCCCGGATGTCTGGG -TAMRA 3’
ICP8- primer F 5’- CACCAGGTTGCGCATCAG -3’
UL29 | ICP8- primer R 5’- CTGCATACGGTGGTGAACAAC -3’
ICP8- probe 5’FAM- ACCTCGCGGTCCACG -TAMRA 3’
ICP27- primer F | 5°- CGCCAAGAAAATTTCATCGAG -3’
UL54 | ICP27-primerR | 5°- ACATCTTGCACCACGCCAG -3’
ICP27- probe 5’FAM- CTGGCCTCCGCCGACGAGAC -TAMRA 3’
UL30- primer F 5’- CATCAGCGACCCGGAGAGGGAC -3’
UL30 UL30- primer R 5’- GGGCCAGGCGCTTGTTGGTGTA -3°

UL30- probe

5’FAM- CCGCCGAACTGAGCAGACACCCGCGC -
TAMRA3Z’
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4. DISCUSSAO

InfeccBes por HSV sdo comuns na populacao, que, muitas vezes, ndo tem
0 conhecimento de que possui a doenca. Por ser uma condicdo comum e nao
téo perigosa, ndo causa grande preocupacéao nos cuidados com sua transmisséo
(AHMED et al., 2003; MORIARTY et al, 2009). O HSV é uma doenca
infectocontagiosa crénica e, por vezes, recorrente, tendo como agente etiolégico
duas cepas diferentes do HSV. Dois quadros distintos podem ser
individualizados: o herpes simples extragenital, cujo principal agente € o HSV-1,
e as formas perigenitais, correspondente ao HSV-2. Porém, quando néo tratada
corretamente ou em casos de recorréncia deve-se ter mais atencao aos cuidados
em relacdo a evolucdo da infeccdo, pois tanto o HSV-1 quanto o HSV-2 pode
causar sérios danos ao sistema nervoso central, quando atinge células nervosas
(FATAHZADEH et al., 2007).

Como nao existe cura para a infeccdo herpética, ha um grande namero
de pesquisas focadas no desenvolvimento de farmacos antivirais para
tratamento das infecgbes por HSV. Desde modo, buscou-se estudar no artigo 1
desta tese uma alternativa terapéutica para as lesdes causadas pelo HSV-2.
Investigou-se, primeiramente, se o (PhSe)2 possui algum efeito antiviral e
virucida in vitro perante a infec¢do em células VERO. O efeito antiviral refere-se
ao ensaio de reducdo de placa em dois momentos: um pré-tratamento das
células VERO com o composto 1 h antes da inoculacao viral; um pés-tratamento
destas células apos a retirada do virus por um periodo de 48 h com o (PhSe)a.
Em ambos os tratamentos pode-se observar um efeito inibitério da replicacao
viral do HSV-2, através da contagem reduzida de placas virais. O composto foi
capaz de inativar de forma notavel as particulas virais, conforme demonstrado
no ensaio virucida. Este resultado sugere um efeito direto sobre a particula viral.
Deste modo, pode-se concluir que o (PhSe)2 exerce seu efeito antiviral in vitro
de diferentes maneiras, possivelmente através da interferéncia na ligacdo de
glicoproteinas com seus receptores, interferéncia nas etapas da replicacéo viral
na ceélula hospedeira, inativando a particula viral e prejudicando assim a
infectividade na célula hospedeira.

A partir destes resultados, investigou-se no manuscrito 1 desta tese se o
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efeito antiviral do composto seria similar em cultura celular de astrocitomas
infectadas por HSV-1 e em quais etapas 0 mesmo poderia interferir
demonstrando seu mecanismo de acéo. Assim, observou-se que o (PhSe):2
também inibiu a replicacdo viral em astrocitomas através da reducdo da
formacao de placa viral e sintese de DNA viral 24 h ap0s a infeccdo por HSV-1.
Posteriormente, buscou-se avaliar quais genes virais poderiam estar diminuidos
em decorréncia do tratamento com (PhSe)2. Constatou-se que o composto
conseguiu controlar a replicacdo viral através da reducdo da expressao da
maioria dos genes estudados como ICP27, ICPO, DNA polimerase viral,
exercendo maior efeito sobre o gene ICP8, que bloqueia tanto a sintese do DNA
viral quanto a transcricdo dos genes tardios, tanto em 4 h como 24 h apés a
infeccéo.

A trajetoria deste estudo se deve ao fato de que a infeccao viral pode
atingir células do SNC e causar laténcia nas regibes dos ganglios nervosos e
também no cérebro, o que gera quadros de encefalites ou meningites graves
(MITCHELL et al., 2003). Além disso, sabe-se que astrécitos quando
estimulados podem expressar uma série de citocinas e quimiocinas
inflamatérias, o que culmina na migracdo de leucdcitos que atravessam a
barreira hematoencefalica. Desta forma, estas células demonstram um papel
importante na estimulacdo imunolégica (DONG et al.,, 2001) e participam da
deteccao e da resposta a patégenos invasores como 0s virus neurotroéficos.

O NF-kB faz a regulacdo de uma ampla variedade de genes envolvidos
em diferentes processos fisioldgicos, os quais incluem inflamacao, ativacao
imunoldgica, sobrevivéncia celular, diferenciacéo e proliferacdo celular, estresse
oxidativo, adeséo celular e homeostase do sistema imune (HATADA et al., 2000;
GILMORE, 2006) . Sua ativacdo é um processo complexo que pode ser induzido
por estimulos como virus e outros microrganismos, citocinas, dano ao DNA
celular, estresse oxidativo e radiacdo (VALLABHAPURAPU et al., 2009).

Deste modo, analisou-se a expresséao do fator de transcricdo nuclear NF-
KB e da citocina TNF-a, em um periodo de 4 h e 24 h ap0s a inoculagéo por HSV-
1. Neste modelo de infec¢do, os astrocitomas desempenharam uma funcéo
antiviral através da ativacéo do sistema imunoldgico demonstrando um aumento
da produc¢éo do TNF-a, o que também é mostrado por outros autores (Liu et al.,

2013). Porém, nao foi observado uma ativacao persistente do NF-kB, acredita-
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se que este mecanismo pode ser desencadeado pelo proprio virus a fim de evitar
a ativacao do sistema imune que possa impedir a replicacao viral e inducao da
apoptose. Evidéncias mostram que os virus possuem a capacidade de codificar
certas proteinas que podem interferir ou modular a resposta celular do
hospedeiro tendo como alvo especifico certos pontos da cascata de sinalizacao
do NF-kB (HISCOTT et al., 2001; SANTORO et al., 2003).

Um estudo de Wang e cols. (2014) corrobora com os achados do
manuscrito 1 desta tese, o qual mostrou uma reducao da ativacdo do NF-kB
pelo HSV-1 em células VERO (células de rim de macaco verde africano) e HEK
293T (células embrionarias renais de humanos) (WANG et al.,, 2014).
Inicialmente, 4 h apés a infec¢do, observou-se uma significativa producao do
TNF-a que perdurou nas 24 h seguintes de analise nas células infectadas por
HSV-1, porém nao ha ativacao significativa do NF-kB. No entanto, € possivel que
este aumento da expressao do TNF-a possa ocorrer por outra via de sinalizagéo
durante a infeccdo, como a via das MAPKs (proteinas quinases ativadas por
mitdégenos), conforme demonstrado por outros autores (MCLEAN et al., 1999;
CHEN et al., 2015). Isto é reforcado por evidéncias cientificas que demonstram
0 envolvimento desta via na propagacao viral (ZACHOS et al., 1999).

Nas células tratadas com (PhSe)2 4 h e 24 h apés a infec¢do, ndo se
observou ativacdo do NF-kB e ainda houve uma reducdo da expressdo do TNF-
a. Estes achados indicam que o composto exerceu certa modulacao do sistema
imunoldgico, podendo atuar em vias superiores da cascata de ativacdo do NF-
KB ou via inibicdo da MAPK. Estudos reportam a importante ativagdo do NF-kB
e MAPKSs durante a infeccdo por HSV (CHEN et al., 2015). Estes resultados, por
sua vez, demonstram a tentativa do composto em inibir a produ¢do do TNF-q,
induzida pelo virus via sinalizacdo da MAPK, provavelmente. Dados estes que
corroboram com os demais resultados de carga viral reduzida, menor expresséo
das proteinas virais e menor sintese de DNA viral nas culturas de celulas gliais.
Pesquisas reportam que variados tipos de virus como o Epstein-Barr virus (EBV)
(SYLLA et al., 1998), citomegalovirus (MOUTAFTSI et al., 2004), varicella-zoster
virus (VZV) (JONES et al., 2006) e o HSV-1 (AMICI et al., 2006) podem interferir
na ativacdo do NF-kB de diferentes maneiras.

Novas investigacdes relatam que em alguns casos em que 0 Vvirus

estabelece laténcia no SNC, algumas regides encefadlicas podem estar
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relacionadas severamente ao desenvolvimento de alteracoes
neurodegenerativas como a DA (SANTANA et al., 2012; MANCUSO et al.,
2014b; PIACENTINI et al., 2014). Desta maneira baseado nos resultados obtidos
no manuscrito 1 e nestas evidéncias, especula-se o possivel beneficio do
(PhSe)2 sobre a patogenia da DA associada ao HSV-1.

Ainda relacionado ao artigo 1, além do efeito antiviral in vitro e in vivo
avaliou-se o efeito antioxidante, antiinflamatorio e imunomodulador do composto
frente as alteracbes causadas pelo HSV-2 como a producdo de espécies
reativas, reducéo da capacidade antioxidante bem como a alterac&o da atividade
de algumas enzimas e resposta imune. O tratamento com (PhSe)2 nos animais
infectados mostrou ser efetivo em reduzir a resposta inflamatéria através da
reducdo da atividade da mieloperoxidase (MPO) local, interagiu com o sistema
imunologico com robusta atividade antiviral devido ao aumento de producéo de
IFN-y neste animais e reverteu a maioria dos danos oxidativos induzidos pelo
virus. Além disso, diminuiu as lesdes herpéticas avaliadas por escore e por
analise histolégica bem como a carga viral dosada no tecido vaginal.

A partir destes resultados promissores obtidos no artigo 1 e através dos
sinais clinicos observados nos animais experimentais como constipacao,
retencdo urinaria, coloracdo alterada dos orgdos internos, perda de peso
buscou-se investigar os efeitos toxicos sistémicos da infec¢cdo por HSV-2 em
outros tecidos como rins, figado e plasma destes animais e se o (PhSe)2 mais
uma vez exerceria efeito protetor. Este conjunto de dados constituem o artigo 2,
no qual foi demonstrado o dano renal e hepatico induzido pela infec¢édo através
da producédo de espécies reativas de oxigénio, peroxidacao lipidica, reducéo da
capacidade antioxidante (NPSH) bem como a atividade reduzida das enzimas
superoxido dismutase (SOD) e catalase (CAT), semelhante ao que foi mostrado
no artigo 1 no tecido genital.

Ja estd bem estabelecido que doencas infecciosas estdo intimamente
relacionadas a geracdo de estresse oxidativo e inflamag&o resultando na
alteracdo do funcionamento e metabolismo dos orgaos ou tecidos envolvidos
(NENCIONI et al., 2011; TAWADROUS et al., 2012). O tratamento com (PhSe)2
reverteu a maioria dos danos causados pela infec¢cdo nos diferentes tecidos, e
acredita-se que muitos destes efeitos, de reverter os danos oxidativos e de

toxicidade, se devem, pelo menos em parte, ao efeito antiviral constatado no
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artigo 1, uma vez que ha menor carga viral, consequentemente havera menor
producdo de espécies reativas e inflamacéo e ainda claro, devido ao fato do
composto ser um classico antioxidante (NOGUEIRA et al., 2004).

A partir de todos os dados obtidos, que constituem os artigos 1 e 2 e o
manuscrito 1 (que estabelece um possivel mecanismo de acéo para o (PhSe)2,
podemos considerar a agcédo antiviral uma nova propriedade deste composto
organico de selénio, revelando-o como uma alternativa terapéutica para tratar os
danos causados pelas infec¢Ges herpéticas dos tipos 1 e 2. Um esquema final é

demonstrado abaixo com todos os resultados obtidos (Figura 7).

Figura 7 — Esquema representativo dos resultados finais da tese.
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5. CONCLUSAO

Os resultados apresentados nesta tese, que constituem os artigos 1 e 2

e 0 manuscrito 1, indicam que o (PhSe)::

I) Apresentou efeito antiviral in vitro em células VERO e in vivo em modelos de

infeccdo por HSV-2 em camundongos;

II) Exerceu efeito antioxidante através da reducdo de espécies reativas de
oxigénio e de nitrogénio, e da peroxidacéo lipidica, restaurou niveis de NPSH e
as atividades das enzimas antioxidantes em diferentes tecidos dos
camundongos infectados por HSV-2;

[II) Exerceu efeito imunomodulador através da regulacdo da producdo de
citocinas, tais como, o interferon gama (IFN-y) e o TNF-a em camundongos
infectados por HSV-2;

IV) Apresentou efeito anti-inflamatorio através da reducédo da atividade da MPO

e ADA em diferentes tecidos dos camundongos infectados por HSV-2;
V) Reduziu a toxicidade hepatica e renal causada pela infec¢éo por HSV-2;

VI) Demonstrou efeito antiviral em cultura de células gliais infectadas por HSV-1
através da reducado da sintese de DNA viral e expressdo dos genes virais de

diferentes etapas da replicacéo;

VII) Demonstrou atividade imunomoduladora através da reducédo da producgéo de

citocinas (TNF-a) em cultura de células gliais infectadas por HSV-1;

Para dar continuidade ao estudo dos efeitos antivirais do (PhSe)2
pretende-se avaliar com maior complexidade as vias de sinalizagao envolvidas
na infecgéo por HSV e os efeitos do composto sobre a mesma bem como seus
efeitos sobre o processo de neurodegeneracdo associado a infeccdo por HSV-
1.
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