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RESUMO

O é&cido galico (acido 3,4,5-trihidroxibenzéico - AG) é um composto fendlico presente
em muitas plantas. Seus n-alquil ésteres, também conhecidos como galatos, em
especial o galato de propila, octila e dodecila, sdo amplamente utilizados como
antioxidantes pelas industrias de alimentos, cosméticos e medicamentos. Os efeitos
inibitérios do &cido gélico e de quinze galatos sobre a replicacdo do Herpes Simplex
Virus tipo 1 (HSV-1) foram investigados. Inicialmente, a citotoxicidade e a atividade
anti-HSV-1 em células Vero foram avaliadas através do ensaio colorimétrico com o
brometo de 3-(4,5-dimetiltiazol-2-il)-5-difeniltetrazolium (MTT). ApGs a selecdo dos
compostos com atividade superior aos demais, sua atividade antiviral foi confirmada
através do ensaio de reducdo de placas de lise. Em seguida, ap0s nova selecao,
agora de 2 compostos com atividade superior, 0 mecanismo da acdo anti-herpética
destes compostos foi estudado através de uma seérie de ensaios que visaram avaliar
a possivel interferéncia dos compostos sobre as diversas etapas da replicacao viral.
Dentre as avaliacdes realizadas estdo: a atividade virucida, a influéncia sobre a
adsorcao e penetracdo dos virus nas células, a avaliacdo do possivel sinergismo dos
compostos entre si e com o aciclovir, a avaliacdo da interferéncia sobre a sintese de
proteinas virais através do ensaio de Western blotting, a avaliagdo da interferéncia
sobre a expressao génica viral através do ensaio de RT-PCR e a avaliacdo da
interferéncia sobre a sintese do DNA viral através do ensaio de PCR. Ap6s uma
triagem preliminar, o AG e o galato de pentila (GP) mostraram-se mais ativos e
tiveram o seu mecanismo de acdo estudado através de uma série de ensaios, que
visaram determinar em qual(is) etapa(s) da replicacdo viral eles atuam. O
mecanismo de sua atividade antiviral parece ser mediado, ao menos em parte, pela
reducdo da infectividade viral (apenas GP), inibicdo da adsorgéo e penetracédo viral
nas ceélulas, diminuicdo dos niveis da proteina do capsideo viral ICP5, da proteina a
ICP27 e das proteinas do envelope gB, gC, gD e gE, e interferéncia na sintese da
proteina gD através do bloqueio da sintese de seu mMRNA (apenas GP). Embora os
tratamentos concomitantes com AG/GP, AG/aciclovir e GP/aciclovir ndo tenham
resultado em interacdo alguma, a interferéncia destes dois compostos (AG e GP) em
varias etapas da replicacdo do HSV-1 sugere a importancia de estudos adicionais.

Unitermos : atividade antiviral; Herpes Simplex Virus tipo 1 (HSV-1); mecanismo de
acao; galatos; 4cido galico; galato de pentila.



ABSTRACT

In Vitro Antiherpetic Activity and Mode of Action o f Gallic Acid and Pentyl
Gallate.

Gallic acid (3,4,5-trihnydroxybenzoic acid - GA) is a phenolic compound present in a
great variety of plants. Its synthetic n-alkyl esters, also known as gallates, especially
propyl, octyl and dodecyl gallates, are vastly employed as antioxidants in food,
cosmetic and pharmaceutical industries. The inhibitory effects of GA and fifteen
gallates on herpes simplex virus type 1 (HSV-1) replication were investigated.
Initially, the cytotoxicity and the anti-HSV-1 activity in Vero cells were evaluated by
the MTT [3-(4,5-dimethylthiazol-2,5-diphenyl tetrazolium bromide] assay. After the
selection of the compounds with the most prominent activities, their antiviral activity
was confirmed by a plaque reduction assay. Then, after a selection of two
compounds with the higher activities, their mechanism of action was studied through
a series of assays in order to identify in which point of the replication process the
compounds were active. Several evaluations were performed: the virucidal activity,
the influence on the attachment and entry of virus into cells, the possible synergism
of compounds with acyclovir, the interference with viral proteins synthesis through a
Western blotting assay, the interference with viral gene expression through a RT-
PCR assay, and the interference with the viral DNA synthesis through a PCR assay.
After a preliminary screening, GA and pentyl gallate (PG) seemed to be the most
active compounds and had their mechanism of action studied through a set of
assays, as an attempt to identify in which point of the viral replication cycle the
impairment occurred. Their mechanism of antiviral activity seem to be mediated, at
least in part, by reduced viral infectivity (only PG), inhibition of virus attachment and
entry to cells, impaired levels of viral capsid protein ICP5, a protein ICP27 and
envelope proteins gB, gC, gD and gE and interference with gD protein synthesis due
to blockage of gD mMRNA synthesis (only PG). Although the combination of GA and
PG with acyclovir resulted in no interaction, the detected multiple modes of action of
both compounds suggest that further studies are merited.

Keywords : antiviral activity; Herpes simplex virus type 1 (HSV-1); mechanism of
action; gallates; gallic acid; pentyl gallate.
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1 INTRODUCAO

A pesquisa de novos farmacos passou por avanc¢os significativos nos ultimos
anos, principalmente depois da introducdo de modelos biolégicos realizados in vitro
e em grande escala, 0os quais podem avaliar varias amostras, em um curto periodo
de tempo, permitindo a realizacdo de vérias repeticdes dos experimentos e
propiciando uma analise estatistica consistente dos resultados. Os avancgos
tecnolégicos que contribuiram para a busca de novos compostos referem-se a
descoberta de novos alvos moleculares, impulsionados pelas novas ferramentas de
biologia molecular, e a evolugdo de novas técnicas de sintese organica, resultando
em substancias ativas mais eficazes e/ou menos toxicas, que podem ser utilizadas
como protétipos de farmacos com atividades farmacoldgicas semelhantes as
originais (HOUGHTON, 1996; ROBBERS; SPEEDIE; TYLER, 1996; HOUGHTON,
2000; NIELSEN, 2002; NEWMAN; CRAGG, 2003, 2004).

Em contraste com a enorme quantidade de farmacos antibacterianos e
antifingicos disponiveis, o atual arsenal terapéutico antiviral compreende em torno
de 40 farmacos, sendo a maioria destes utilizados no tratamento de infec¢des pelo
virus da imunodeficiéncia humana (HIV) (DE CLERCQ, 2004, 2005).

Uma das principais razdes para a falta de sucesso no desenvolvimento de
farmacos antivirais € a natureza dos virus, 0s quais possuem uma estrutura
extremamente simples e um sistema enzimatico bastante restrito, sendo totalmente
dependentes dos processos metabdlicos celulares para sua multiplicacdo e
sobrevivéncia. Assim, agentes que inibem a replicacdo viral e/ou causam a morte do
virus, exibem também certo grau de toxicidade as células hospedeiras. O
compromisso com a especificidade pelas células infectadas, a eficacia e um baixo
nivel de toxicidade séo indispensaveis e, destes problemas, advém a escassez de
medicamentos antivirais (WHITE; FENNER, 1994).

Dentre os inumeros virus de importancia clinica, destaca-se a familia
Herpesviridae, na qual se incluem os Herpes Simplex Virus tipos 1 e 2 (HSV-1 e
HSV-2), que infectam um grande numero de pessoas no mundo todo. Os sintomas
da doenca ndo sao sempre aparentes, mesmo durante a infec¢cao primaria, e podem
variar desde lesGes cutaneas e de mucosas até encefalites ou doencas sistémicas
envolvendo multiplos 6rgaos. A transmissdo da infeccdo de pessoa a pessoa ocorre,

geralmente, pelo contato intimo e o compartilhamento de fluidos contendo os virus.
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O HSV-2 causa, principalmente, o herpes genital, que € uma das doencas
sexualmente transmissiveis de maior prevaléncia no mundo, e que esta relacionada
com um aumento na transmissao efetiva do HIV. O HSV-1, apesar de também poder
causar infec¢cdes genitais, provoca mais comumente o herpes labial (SCHACKER,
2001; ROIZMAN; KNIPE, 2001; CELUM, 2004; SPEAR et al., 2006).

O composto de escolha para profilaxia e tratamento das infecgcdes causadas
pelos HSV é o aciclovir, que inibe seletivamente a replicacdo do DNA viral, com
baixa toxicidade as células hospedeiras. Contudo, a resisténcia dos virus herpéticos
a este farmaco, a disseminacéo das cepas resistentes em pacientes, principalmente
0s imunocomprometidos, e a decorrente progressao da doencga fizeram com que as
infeccdes herpéticas se tornassem um grave problema de saude publica (CASSADY;
WHITLEY, 1997; FIELD, 2001; BRADY; BERNSTEIN, 2004), fatos que estimulam
pesquisas para que novas terapias anti-herpéticas sejam encontradas (NIELSEN,
2002).

Diante deste quadro, o Laboratorio de Virologia Aplicada da UFSC vem, ha
varios anos, avaliando a citotoxicidade e a potencial atividade antiviral de produtos
naturais e também de compostos sintéticos. Neste ambito, recentemente, foi
avaliada a atividade anti-HSV-1 de um grupo de substancias sintéticas, os ésteres
alquilicos do acido galico, também conhecidos como galatos , que foram preparados
com base na estrutura de um composto de origem natural, o acido galico (acido
3,4,5-trihidroxibenzdico). Neste trabalho foi estabelecida uma série de relacdes
estrutura-atividade para estas moléculas, ndo somente no que diz respeito a acéo
anti-herpética, mas também a sua acéo antioxidante e sua genotoxicidade (SAVI et
al., 2005).

Embora relagbes estrutura-atividade ja tenham sido propostas, o0 mecanismo
pelo qual os galatos exercem sua atividade anti-herpética in vitro ainda néo havia
sido estudado. Levando em conta este fato, o presente trabalho teve como objetivo
analisar em qual(is) etapa(s) da multiplicacdo viral os compostos em questdo atuam,
avaliando sua possivel interferéncia na adsorcéo, na penetragcao, na sintese do DNA
viral, na transcricdo génica e/ou na expressdo de proteinas virais, além de sua
atividade virucida e os efeitos da sua provavel associacdo com o aciclovir, que € o

farmaco de escolha para o tratamento de infeccbes por HSV-1.
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2 REVISAO BIBLIOGRAFICA

2.1  Herpes Simplex Virus tipo 1

Virus sdo parasitas intracelulares obrigat6rios, que necessitam da atividade
metabdlica e das organelas da célula hospedeira para producdo de energia e
sintese de macromoléculas, ou seja, para sua multiplicacdo. Eles contém apenas um
tipo de material genético (RNA ou DNA) e seu material de reserva constitui-se
apenas de proteinas ou glicogénio. Essas entidades infecciosas consistem de um
genoma DNA ou RNA, acondicionado num capsideo protéico, que pode ou ndo ser
circundado por uma membrana de revestimento, o envelope. O material nucléico
recoberto por proteina é denominado nucleocapsideo. O termo virion serve para
designar particulas virais completas, potencialmente infecciosas, formadas na ultima
fase da replicacdo viral. O capsideo € composto por um numero definido de
unidades morfologicas, os capsdmeros. A montagem dos virus € definida pela
natureza das ligacbes formadas entre os capsémeros individuais, 0 que confere a
simetria do capsideo, podendo esta ser helicoidal, icosaédrica ou mista (VOYLES,
1993).

Os virus sdo capazes de reconhecer e de penetrar em células-alvo
apropriadas, principalmente, pela especificidade dos receptores existentes na
superficie dessas células hospedeiras e dos préprios virus. O conjunto de eventos
que vao desde a penetracdo do genoma viral na célula até a liberagéo dos virions, &
chamado de ciclo de multiplicacdo viral. A forma pela qual o virus realiza as etapas
do seu ciclo de multiplicagdo é determinada pela estrutura do genoma [se DNA ou
RNA; se RNA positivo (+) ou negativo (-); segmentado ou ndo] e da estrutura do
proprio virion a ser replicado. As principais etapas de multiplicacdo de um virus
qualquer podem ser resumidas numa fase inicial, com adsorcado do virus a célula
hospedeira, penetracdo e desnudamento (decapsidacéo) da particula, e uma fase
tardia, que vai desde a sintese macromolecular até a automontagem e liberacao dos
virions (WHITE; FENNER, 1994).

Os virus herpéticos séo altamente disseminados na natureza.
Aproximadamente 100 virus da familia Herpesviridae foram caracterizados, sendo

gue existem oito virus herpéticos humanos (Tabela 1). Além disso, o virus herpético
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B de macacos pode também infectar o homem causando encefalite mortal
(ROIZMAN; KNIPE, 2001; DA SILVA, 2000).

Tabela 1: Virus herpéticos humanos.

Género Nome oficial Nome Comum Sigla
Alphaherpesvirinae
Herpes simplex 1 Herpesvirus humano-1 | Virus herpes simples tipo 1 | HSV-1
Herpes simplex 2 Herpesvirus humano-2 | Virus herpes simples tipo 2 | HSV-2
Varicella zoster Herpesvirus humano-3| Virus da varicela zoster \Y/AY,

Betaherpeswfmae Herpesvirus humano-5 Citomegalovirus CMV
Cytomegalovirus

, Herpesvirus humano-6 | Virus herpes humano tipo 6 | HHV-6
Roseolovirus

Herpesvirus humano-7 | Virus herpes humano tipo 7 | HHV-7

Gamaherpesvirinae

Epstein-Barr Herpesvirus humano-4 Virus Epstein-Barr EBV

Herpesvirus humano-8 | Virus herpes humano tipo 8 | HHV-8

Fonte: adaptado de DA SILVA (2000).

O HSV-1 pertence a subfamilia Alphaherpesvirinae, apresentando
propriedades biolégicas de crescimento rapido, lise das células infectadas e
estabelecimento de infeccbes latentes em ganglios nervosos sensoriais. O fato de o
proprio virus herpético codificar as principais enzimas necessérias a replicagdo do
DNA viral, mantendo um grau de viruléncia suficiente para ndo ser subjugado pelos
mecanismos de defesa do hospedeiro, faz com que sua sobrevivéncia em células
neurais constitua um fato bastante provavel de ocorrer (WHITE; FENNER, 1994;
LUPI; PEREIRA JR., 2000).

Ao contrario da maioria das outras familias de virus, os virus herpéticos
podem causar infeccOes liticas, latentes e transformadas. A infeccéo latente com
subsequente doenca recorrente € uma de suas caracteristicas. Durante o periodo da
laténcia herpética, os virus sdo inacessiveis ao sistema imune e aos medicamentos
atualmente disponiveis (ROIZMAN; KNIPE, 2001).

O HSV-1 é composto de quatro componentes distintos. No interior do virion
esta o cerne contendo DNA linear de fita dupla, com aproximadamente 152 kbp. O

genoma é dividido em dois segmentos ligados covalentemente, denominados longo
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(L) e curto (S), ambos contendo sequiéncias unicas (U, e Us, respectivamente), que
sao flanqueadas por regides de seqiéncias repetitivas invertidas. O rearranjo destes
dois componentes da origem a quatro populacdes de moléculas de DNA, diferindo
entre si apenas na orientacdo das sequéncias do DNA. Seu genoma é um dos
maiores genomas virais dos virus herpéticos humanos, codificando cerca de 70 a
200 proteinas (WHITE; FENNER, 1994; BOEHMER; LEHMAN, 1997; SUBAK-
SHARPE; DARGAN, 1998; WHITLEY; ROIZMAN, 2001).

Os demais componentes do virion envolvem o core. Um capsideo
icosaédrico de 100nm de diametro composto de 162 capsémeros (150 hexameros e
12 pentdmeros); uma camada de proteinas amorfa, chamada de tegumento; e um
envelope lipoprotéico de 120-200nm revestido por até 11 tipos de glicoproteinas
virais e diversas proteinas nédo glicosiladas, lipidios e poliaminas (WHITE; FENNER,
1994; WHITLEY; ROIZMAN, 2001).

Na infec¢d@o primaria pelos virus herpéticos ou primo-infecc¢édo, o virus penetra
Nno corpo por invasdo das mucosas ou solucdes de descontinuidade da pele. Muitos
individuos séo infectados ja em idade precoce. O virus sofre, entdo, replicacdo nas
células situadas na base do sitio de entrada, podendo ou nao produzir lesdes
vesiculares (ROIZMAN; KNIPE, 2001; WHITLEY; ROIZMAN, 2001).

O ciclo de multiplicagdo dos virus herpéticos consiste em uma sequéncia
complexa de eventos. Resumidamente, para iniciar sua infeccédo, o HSV-1 precisa se
ligar a receptores celulares, fundir seu envelope com a membrana plasmatica, e
permitir que o capsideo seja transportado até os poros da membrana do nucleo da
célula, onde o genoma viral seré liberado. Os eventos chave que ocorrem no nucleo
incluem a transcricdo, sintese de DNA e proteinas, montagem do capsideo,
empacotamento do DNA e envelopamento, culminando com a liberacdo de um novo
virion potencialmente infeccioso (WHITLEY; ROIZMAN, 2001).

O contato inicial do HSV com a célula consiste no processo de adsorgdo. A
ligacdo do virion com cadeias de glicosaminoglicanas (GAG) de proteoglicanas da
superficie celular inicia esta etapa. O sulfato de heparana, um dos diversos tipos de
GAG, é preferencial e € considerado o principal receptor de ligagdo do HSV-1. Duas
glicoproteinas (das onze descritas até o momento) presentes no envelope viral,
denominadas gB e gC, séo capazes de se ligar ao sulfato de heparana e mediar a
adsorcdao viral, além de induzir a resposta imune (SHUKLA; SPEAR, 2001; SPEAR,
2004).
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Embora a adsorcdo aumente significativamente a eficiéncia da infecgao
herpética, ela ndo é absolutamente essencial, a0 menos em infec¢des de células em
cultura, uma vez que as particulas virais podem penetrar na célula-alvo por
encocitose. A auséncia de gC reduz a eficiéncia da infeccdo em até 10 vezes, ao
passo que, a auséncia das duas glicoproteinas envolvidas neste processo impede a
infeccéo, sendo este fato creditado ao papel que a gB desempenha no processo de
entrada do virus, descrito a seguir (SHUKLA; SPEAR, 2001; SPEAR, 2004; SPEAR
et al., 2006).

A principal via de penetragdo do HSV é por fusdo na membrana da superficie
celular, mas também pode ocorrer por endocitose. Neste Ultimo caso, o capsideo é
digerido por enzimas lisossomais celulares, enquanto que, no primeiro caso, a fusédo
do envelope viral com a membrana celular permitird que o material genético seja
liberado (WHITLEY; ROIZMAN, 2001).

Para que ocorra a penetragdo por fusdo, apds a adsorcao da particula viral &
superficie celular, € necessario que a glicoproteina gD interaja com um dos seus
diversos receptores de entrada. Estes receptores estdo divididos em trés classes:
um membro da familia dos receptores do fator de necrose tumoral, o HVEM
(mediador de entrada de herpesvirus); as nectinas 1 e 2, membros da superfamilia
das imunoglobulinas; e sitios especificos no sulfato de heparana, gerados por certas
3-O-sulfotransferases (SHUKLA; SPEAR, 2001; SPEAR, 2004; SPEAR et al., 2006).

A ligacdo de gD com um dos receptores resulta na fusdo do envelope viral
com a membrana da célula, possibilitando a entrada do nucleocapsideo e do
tegumento no citoplasma celular. Neste processo estdo envolvidas, além da gD e
seus receptores, também a glicoproteina gB e o heterodimero gH-gL (SHUKLA;
SPEAR, 2001; SPEAR, 2004).

Apés a penetracao, o nucleocapsideo é transportado até a membrana nuclear
e, através de poros, o DNA viral penetra no nucleo, acompanhado pelas proteinas
do tegumento a-TIF ou VP16 e vhs, que, como muitas outras, além de serem
proteinas estruturais, desempenham importantes papeéis no processo de replicacao
viral. O a-TIF possui a funcdo de promover a transcricdo viral imediata, através da
formacédo de um complexo multiprotéico com os fatores celulares de transcricdo Octl
e HCF, que se liga a uma regido especifica do genoma viral. J4 a proteina vhs
parece permanecer no citoplasma, onde desempenha a fungédo de degradar RNA

celular e viral, sendo que o Ultimo possui vantagem, uma vez que sua producao esta
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altamente induzida (WHITE; FENNER, 1994; MCKNIGHT; KRISTIE; ROIZMAN,
1987; WHITLEY; ROIZMAN, 2001).

A sintese dos produtos génicos virais, tanto RNA quanto proteinas, é
realizada em trés fases sequenciais (Figura 1): imediata (a), precoce (), e tardia (y),
sendo a Ultima ainda subdividida em tardia falsa (yl) e tardia verdadeira (y2)
(MCKNIGHT; KRISTIE; ROIZMAN, 1987; BOEHMER; LEHMAN, 1997; WHITLEY;
ROIZMAN, 2001; ROIZMAN; GU; MANDEL, 2005).
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Figura 1. Diagrama representando a transcricdo, traducéo e replicacdo do DNA dos
virus herpéticos. Fonte: WHITE; FENNER (1994).

Na fase imediata, cinco genes sdo expressos, regulados por a-TIF, gerando
0s produtos de traducgéo: ICPO, ICP4, ICP22, ICP27 e ICP47, que funcionam como
trans-ativadores da fase seguinte, regulando a expressdo génica viral em nivel
transcricional. O pico de sintese destas proteinas a ocorre entre 2-4 horas poés-
infeccdo, e estas sdo necessarias para a producdo de todas as proteinas virais
codificadas (BOEHMER; LEHMAN, 1997; WHITLEY; ROIZMAN, 2001).

A proteina de célula infectada 4 (ICP4) liga-se diretamente ao DNA tanto em
sitios de alta quanto de baixa afinidade, atuando como repressor ou promotor,
respectivamente, da transcricdo de genes virais. Na auséncia desta proteina todos
0S processos transcricionais pos-a ndo ocorrem (ROIZMAN; GU; MANDEL, 2005).

Outra a-proteina, ICPO, atua como ativador ndo especifico de diversos genes.
As funcbes relativas a esta proteina tém, pelo menos, dois papéis importantes:

estabilizar importantes proteinas reguladoras do ciclo celular, obrigando a célula a
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entrar em fase S (entretanto sem permitir divisdo celular), e manter um vigoroso
processo de sintese protéica (WHITLEY; ROIZMAN, 2001; ROIZMAN; GU;
MANDEL, 2005).

A ICP27, por sua vez, também possui diversos papeéis. O mais destacado € o
controle do processamento poés-transcricional do RNA. Diferentemente dos genes
celulares, a grande maioria dos genes virais ndo possui introns. Esta proteina
bloqueia o processamento do mRNA, o que acarreta numa diminui¢cdo da producao
de proteinas celulares. Adicionalmente, a ICP27 atua como transportadora de RNAs
tardios do ndcleo para o citoplasma e, consequlientemente, regula a expressao de
proteinas da fase tardia ou y (WHITLEY; ROIZMAN, 2001; LARRALDE et al., 2006;
ROIZMAN; GU; MANDEL, 2005; SMITH; MALIK; CLEMENTS, 2005).

Apés a ativacdo da maquinaria transcricional da célula pelos produtos dos
genes qa, inicia-se a sintese de proteinas da fase precoce ou [3, que atinge seu pico
entre 5-7 horas pos-infeccdo. Nesta classe estdo incluidas enzimas necessarias
para a replicacdo do genoma viral, como a DNA polimerase viral, a proteina de
ligacdo de DNA fita simples ou polipeptideo de célula infectada 8 (ICP8), DNA
helicase-primase e as demais enzimas envolvidas no metabolismo de nucleotideos.
A replicacdo do DNA viral inicia-se imediatamente apdés o acumulo das primeiras
proteinas 3, e pode estender-se até 15 horas pos-infeccdo (BOEHMER; LEHMAN,
1997; WHITLEY; ROIZMAN, 2001).

O programa temporal de expressdo génica alcanca sua ultima fase com o
aparecimento de transcritos da fase tardia ou y. Com o inicio da replicacdo, e
consequente acumulo de DNA viral, ocorre a sinalizagdo para que os genes tardios
sejam transcritos, gerando mais de 30 produtos de transcri¢ao tardios, que codificam
proteinas estruturais do capsideo e tegumento, e outras proteinas que formaréo o
virion, como as glicoproteinas presentes no envelope viral (BOEHMER; LEHMAN,
1997; WHITLEY; ROIZMAN, 2001).

As proteinas estruturais do capsideo sao transportadas para o nucleo, onde
sdo reunidas em pro-capsideos vazios, que posteriormente sdao preenchidos com
DNA viral associado a poliaminas de carater basico. Os nucleocapsideos ligam-se
em porcdes modificadas da membrana nuclear interna, que contém glicoproteinas
virais, s&o temporariamente envelopados e liberados no espaco nuclear

intermembranario (Figura 2).
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Figura 2. Herpesvirus — microscopia eletronica de transmisséo. (a) Trés particulas
virais ndo envelopadas; (b) No nucleo da célula hospedeira / formacdo do envelope
na membrana nuclear. Fonte: BIENZ (2005).

Posteriormente, os virions passam para o citoplasma ainda sem o envelope.
No citoplasma sédo adicionadas as proteinas do tegumento e ocorre a maturagdo
final, onde o capsideo e o tegumento fundem-se com vesiculas exociticas, cujas
membranas contém todas as glicoproteinas virais, formando o envelope. Os virions
infectivos, agora prontos, podem permanecer na célula associados a estas vesiculas
ou serem liberados da célula. Este processo, iniciando na adsorgéo e culminando na
liberacdo de uma particula viral infectiva, leva em torno de 18h (WHITE; FENNER,
1994; WHITLEY; ROIZMAN, 2001; METTENLEITER, 2002).

Apbs a infecgdo priméria, o virus pode disseminar-se para células nervosas
adjacentes. Nos neurbnios, 0 nucleocapsideo é encaminhado para o nucleo,
iniciando a infeccdo latente. Nesta fase, o genoma viral esta reprimido e
parcialmente integrado ao DNA da célula, sendo que apenas algumas regifes bem
especificas do genoma viral sdo transcritas, as chamadas regiées LAT. O virus
pode, entdo, ser ativado por varios estimulos, como estresse, febre, trauma,
mudanc¢as hormonais, radiacdo ultravioleta, etc, e depois passar retrogradamente
pelo nervo, causando lesfes caracteristicas em sitios especificos da pele e mucosas
(CLEMENTS; TIMBURY; GRIFFITHS, 1990; LUPI; PEREIRA JR., 2000).

As manifestacdes clinicas primarias e recorrentes podem variar desde

gengivomastites, faringotonsilites e herpes labial até querato-conjuntivites,
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encefalites e doenca disseminada. Apds a recuperacdo da infecgcdo primaria, o
individuo retém o DNA herpético no ganglio trigémeo por toda a vida, com no minimo
50% de chances de sofrer ataques recorrentes de herpes labial, varias vezes no
decorrer da sua existéncia. Em pacientes imunocomprometidos (submetidos a
transplantes, terapia antineoplésica e individuos com AIDS), as infec¢des latentes
sao frequentemente reativadas (WHITE; FENNER, 1994; WHITLEY; ROIZMAN,
2001). Adicionalmente, este virus tem sido apontado como um importante fator na
disseminacao do HIV, através do recrutamento de células do sistema imune para as
mucosas afetadas, acarretando numa maior disponibilidade das células-alvo do virus
HIV (SCHACKER, 2001; CELLUM, 2004).

Conforme dito anteriormente, o HSV-1 esta associado a infeccbes orais,
engquanto que o HSV-2 a infecc¢des genitais. Contudo, ambos os virus podem causar
infec¢des clinicamente indistinguiveis em varios locais e podem permanecer latentes
no ganglio sensorial, o qual pode ser reativado em infeccOes recorrentes
sintomaticas ou assintomaticas (BRADY; BERNSTEIN, 2004).

Normalmente, o isolamento do HSV é feito em cultura de tecidos, onde 2-7
dias sdo necessarios para a visualizagdo dos efeitos citopéticos caracteristicos. O
diagnostico mais rapido para lesdes mucocutaneas é a imunofluorescéncia direta de
fragmentos corados de pele. O uso da reacdo em cadeia da polimerase (PCR) para
amplificar o DNA do HSV em fluido cérebro-espinhal € mais rapido e mais sensivel
do que a cultura viral, e o diagnéstico pode detectar encefalite herpética, além de
confirmar infeccbes em outros locais do corpo. Testes soroldgicos especificos
podem ser usados para diferenciar infecgdes por HSV-1 e/ou HSV-2, ou confirmar
casos suspeitos (BRADY; BERNSTEIN, 2004).

As infeccbes herpéticas estdo descritas na literatura médica ha seéculos,
porém, a terapia anti-herpética comecou a ser desenvolvida somente na década de
60. Atualmente, as infec¢coes causadas pelo HSV estéo entre as mais comuns na
populacao e, é estimado que 60-95% das pessoas adultas estejam infectadas. Para
a selecdo do tratamento, alguns fatores importantes devem ser considerados, tais
como a imunidade do paciente, o local da infec¢do e, se a infeccdo é priméria ou
recorrente. Os agentes anti-herpéticos (anti-HSV-1 e anti-HSV-2) atualmente

disponiveis na clinica sao:
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Aciclovir e Valaciclovir : possuem acgdo seletiva contra os virus herpéticos,
pois esses induzem a atividade de uma timidina quinase (TQ) nas células que
infectam. Essa enzima catalisa a fosforilacdo do aciclovir em monofosfato e as
enzimas celulares completam a fosforilacdo em trifosfato. A atividade destes
farmacos contra os virus herpéticos esta diretamente relacionada a sua capacidade
indutora de TQ. Os virus HSV-1 e 2 sdo os indutores de TQ mais ativos e sao
facilmente inibidos pelo aciclovir. Para tornar-se ativo, ele precisa ser fosforilado, o
gue ocorre somente em ceélulas infectadas por virus herpéticos. O trifosfato de
aciclovir inibe a replicacao viral através da competicdo com o trifosfato de guanosina
pela DNA polimerase viral. Essa enzima incorpora o trifosfato de aciclovir a cadeia
do DNA em formacdo, uma vez que o aciclovir ndo possui a hidroxila em 3,
essencial a incorporacao dos demais nucleotideos a cadeia de DNA em formacao. O
aciclovir € cem vezes mais seletivo para a DNA polimerase viral do que para a
enzima celular, possuindo, desta forma, toxicidade minima. O aciclovir ndo elimina o
virus do hospedeiro e deve ser usado nas recidivas. A resisténcia dos virus
herpéticos ao aciclovir ndo € uma questao recente, mas a disseminacdo de cepas
resistentes em pacientes imunocomprometidos e a decorrente progressao da
doenca sdo preocupantes. A resisténcia pode ser devido a expresséo reduzida da
TQ viral nessas cepas, ou a existéncia de uma TQ ndo funcional, além de TQ
mutantes capazes de selecionar o0 substrato nucleosidico do aciclovir. O
desenvolvimento da resisténcia pode estar relacionado com o0 uso de altas doses
terapéuticas ou profilaticas do aciclovir, associado a imunossupressdo no caso de
pacientes com AIDS. A biodisponibilidade do aciclovir oral € de 10-20%, enquanto
que a do valaciclovir (éster L-valina do aciclovir) é em torno de 50%. A administracao
oral do valaciclovir resulta na conversao em aciclovir, no figado e no intestino, sendo
mais eficiente do que a administracdo parenteral. Devido & sua maior
biodisponibilidade, o valaciclovir pode ser administrado com menor freqiéncia,
tornando-se uma opcao conveniente para o tratamento oral de infec¢cdes herpéticas
em pacientes imunocompetentes. Entretanto, o valaciclovir ndo € efetivo contra
infecgdes resistentes ao aciclovir.

Penciclovir e Fanciclovir : possuem mecanismo de acgao similar ao do
aciclovir. O trifosfato de penciclovir € cerca de cem vezes menos potente na inibicdo
da replicacéo viral do que o aciclovir; entretanto, esse atinge maior concentracéo

plasmatica e tem maior tempo de meia-vida nas células infectadas. O penciclovir s
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esta disponivel em cremes para uso tépico, e estudos sobre sua seguranca e
eficicia ainda estdo em andamento. O fanciclovir, éster diacetil do penciclovir, € bem
absorvido no trato gastrointestinal, e estd disponivel somente em formas
farmacéuticas orais.

Trifluoridina : o trifosfato de trifluoridina inibe a DNA polimerase celular e
viral, em baixas concentracdes; porém, é toxico no uso sistémico. Esta disponivel
como solucédo nos tratamentos de infeccdes oculares pelo HSV.

Vidarabina : analogo da adenina, que é fosforilado por quinases celulares a
trifosfato de vidarabina, o qual inibe a DNA polimerase viral e, um pouco menos, a
celular. Esta disponivel em pomadas para o tratamento de infec¢gdes oculares.

Foscarnet : inibe diretamente a DNA polimerase viral e nado requer
fosforilacdo pela TQ do virus. E ativo contra virus resistentes ao aciclovir e virus
deficientes de TQ. A resisténcia ao foscarnet € rara e surge de mutac¢des do virus.

Cidofovir : nucleosideo 5"-monofosfato, que é fosforilado por TQ de células
hospedeiras em um metabdlito biologicamente ativo, o qual inibe seletivamente a
replicacdo viral. Por ndo ser dependente da TQ viral, pode ser ativo contra virus
deficientes em TQ. A resisténcia ao cidofovir € rara e surge de mutacdes virais. Seu
tempo de meia-vida é longo e, por isso, permite apenas uma dose semanal. Pode
ser usado topicamente ou por via intravenosa no tratamento de HSV resistente ao
aciclovir e ao foscarnet.

Docosanol : inibe a fusdo entre a membrana plasmatica da célula hospedeira
e 0 envelope do HSV, bloqueando a entrada do virus. E disponivel em cremes
topicos no tratamento de herpes labial recorrente.

Brivudina : atua como inibidor da DNA polimerase viral, apés fosforilacdo
intracelular. Pode atuar como um substrato alternativo e, portanto, ser incorporado
pelo DNA viral, reduzindo sua integridade e prejudicando seu funcionamento. Esta
disponivel para uso topico e oral no tratamento de infec¢des causadas pelo HSV-1.

Ganciclovir : atua na DNA polimerase viral, onde é fosforilado a trifosfato de
ganciclovir, sendo entéo incorporado como monofosfato de ganciclovir ao DNA viral,
impedindo sua replicacdo. E encontrado em formas intravenosas, orais e implantes
intra-oculares.

Todas as informacOes sobre a terapia anti-HSV-1 e anti-HSV-2 aqui
apresentadas encontram-se na literatura consultada (CASSADY; WHITLEY, 1997;
BRADY; BERNSTEIN, 2004; DE CLERCQ, 2004, 2005).
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2.2 Acido gélico e seus ésteres n-alquilicos

O acido gélico (acido 3,4,5-trihidroxibenzdico - AG) € um composto fendlico
presente em diversas plantas, que pode ser obtido através de hidrdlise acida ou
alcalina de taninos. Seus ésteres n-alquilicos, também conhecidos como galatos, em
especial o galato de propila, octila e dodecila, sdo utilizados como aditivos
antioxidantes em alimentos, para prevenir mudancas no sabor e no valor nutritivo
devido a oxidacdo de gorduras insaturadas (Figura 3) (VAN DER HEIJDEN;
JANSSEN; STRIK, 1986; KUBO et al., 2002a; MUNOZ et al., 2002; OW; STUPANS,
2003).

HO
OR

HO

OH

Figura 3. Estrutura basica dos galatos. No acido galico, o radical R = H e nos
galatos, R = cadeia alquilica com numero variavel de carbonos.

Os galatos podem ser usados isoladamente ou em combinacdo com outros
antioxidantes, como o hidroxitolueno butilado (BHT). Contudo a sua quantidade deve
permanecer dentro de limites estabelecidos. Nos EUA, o percentual permitido para
esta classe de antioxidantes é de 0,01% em qualquer tipo de alimento, j& na
Holanda a quantidade permitida € de 0,01% em Gleos e gorduras, como antioxidante
total, e de 0,04 e 0,01% na fracéo lipidica de biscoitos e sopas, respectivamente.
Este controle acerca da quantidade presente nos alimentos deve-se principalmente
a estudos anteriores a década de 60, onde o perfil toxicolégico destas substancias
foi tracado (para revisdo ver VAN DER HEIJDEN; JANSSEN; STRIK, 1986), e aos
diversos relatos de sensibilizacdo e dermatite de contato, em especial ao galato de
propila (BOJS; NICKLASSON; SVENSSON, 1987; POULSEN, 1991; HAUSEN;
BEYER, 1992; MAHENDRAN; QUINLAN; WILKINSON, 2002; MUNOZ et al., 2002)

A acdo destes compostos sobre os radicais livres ja foi bastante estudada, e

atualmente sabe-se que o tamanho da cadeia alquilica interfere nesta atividade, e
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gue algumas destas moléculas podem agir tanto como antioxidantes como pro-
oxidantes (GUNKEL et al., 1998; KUBO et al., 2002a; YOSHINO et al., 2002; HA,;
NIHEI; KUBO, 2004; AZMI et al., 2005). Sua atividade benéfica esta relacionada com
a prevencao da formacao de radicais superoxido e de acido urico atraves da inibicao
da enzima xantina oxidase, além da modula¢do da atividade da mieloperoxidase e
sequestro de acido hipocloroso (KUBO et al., 2002a; MASUOKA; NIHEI; KUBO,
2006; ROSSO et al., 2006). J4 a acdo pro-oxidante é cobre-dependente, e resulta
em quebras na molécula de DNA e formacéo de 8-hidroxi-2’-desoxiguanosina, dano
reconhecidamente provocado por espécies reativas de oxigénio (YOSHINO et al,
2002; AZMI et al., 2005).

Além da atividade antioxidante, diversas outras atividades bioldgicas ja foram
descritas para este grupo de moléculas. As observacgdes feitas variam enormemente
entre si, entretanto, tornou-se inquestionavel o fato de que o tamanho da cadeia
alquilica interfere nas atividades biol6gicas, porém nado existe um padrdo para tal,
sendo necessaria a avaliacdo de cada caso. Dentre as atividades relatadas estéo:
influéncia sobre enzimas hepaticas (OW; STUPANS, 2003), sobre 5-alfa-redutases
envolvidas no processamento de horménios como a testosterona (HIIPAKKA et al.,
2002), e sobre a esqualeno epoxidase, enzima relacionada com a biossintese do
colesterol (ABE; SEKI; NOGUCHI, 2000); atividades antiinflamatéria (MURASE et
al., 1999), vaso-relaxante (PAULINO et al., 1999) e neuroprotetora (BASTIANETTO
et al., 2006). Entretanto, grande parte dos esforcos na busca por um melhor
entendimento das atividades biolégicas destes compostos restringe-se ao ambito da
sua utilizacdo como agentes antineoplasicos e antiinfeciosos.

Na pesquisa do cancer, Feng e colaboradores (2003) relataram que o0s
galatos possuem atividade antimutagénica e de inibicdo de CYP1A, uma enzima do
metabolismo de xenobidticos da familia do citocromo p450, enquanto que outros
pesquisadores demonstraram citotoxicidade e inducdo de apoptose em células
tumorais, modulacédo da glicoproteina P, envolvida no mecanismo de extrusao de
quimioterapicos, e supressao do gene do virus tumoral mamario de camundongos
(BAER-DUBOWSKA; GNOJKOSWKI; FENRYCH, 1997; SAEKI et al, 2000; ABE et
al., 2001; GNOJKOSWKI; KRAJKA-KUZNIAK; BAER-DUBOWSKA, 2001; FIUZA et
al., 2004; KITAGAWA et al., 2005; FREY et al., 2006; VELURI et al., 2006)

Em relacédo a atividade dos galatos contra agentes infecciosos, grande parte

dos estudos tem demonstrado propriedades antibacteriana e antifiungica (KUBO;



Revisdo Bibliografica 25

XIAO; FUJITA, 2001, 2002; FUJITA; KUBO, 2002a, b; KUBO; FUJITA; NIHEI, 2002;
KUBO et al., 2002b, 2003, 2004; STAPLETON et al., 2004; KREANDER; VUORELA;
TAMMELA, 2005; SHIBATA et al., 2005; HSU; CHANG; CHANG, 2007) e, mais
recentemente e, em menor namero, acao antiviral (KANE et al., 1988; AHN et al.,
2000; SAVI et al., 2005; UOZAKI et al., 2006) e tripanocida (ALBINO, 2005).

Primeiramente, Kane e colaboradores (1988) relataram a potente inibicdo dos
virus herpéticos tipo 1 e 2 pelo galato de metila, evidenciando a importancia da
cadeia carbbnica lateral e da presenca de trés hidroxilas na molécula para
manutencado da atividade. Além disso, demonstraram que a inibicdo do HSV-2 pelo
galato de metila é 40 e 110 vezes maior que a do acido galico e do galato de propila,
respectivamente.

Ahn e colaboradores (2000), em um estudo com diversos compostos fendlicos
com o grupamento galoil, também presente nos galatos, evidenciaram a importancia
desta estrutura na atividade destes compostos contra a integrase do HIV-1; no
entanto, o AG apresentou uma fraca atividade em relacdo aos compostos com mais
de um grupamento galoil avaliados neste estudo.

Mais recentemente, a atividade anti-herpética de diversos galatos foi relatada
em um trabalho que estabeleceu uma série de relagBes estrutura-atividade para
estas moléculas, ndo somente no que diz respeito & acdo anti-herpética, mas
também a sua acdo antioxidante e sua genotoxicidade (SAVI et al., 2005). Ainda
mais recentemente, Uozaki e colaboradores (2006) demonstraram a atividade
antiviral pronunciada do galato de octila contra o0 HSV-1 e a capacidade deste
composto de acelerar a morte de células infectadas, e, também, sua atividade contra
dois virus de RNA, o virus da estomatite vesicular e o poliovirus.

Tendo em vista o potencial deste grupo de compostos na terapia anti-
herpética, o presente trabalho teve como obijetivo principal o estudo do mecanismo
pelo qual os galatos inibem a replicagdo do HSV-1.
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OBJETIVOS

3.1 OBJETIVO GERAL
» Estudar a citotoxicidade e o mecanismo da acdo anti-herpética in vitro do

acido galico e do galato de pentila.

3.2 OBJETIVOS ESPECIFICOS

» Avaliar a citotoxicidade e a acdo anti-herpética (anti-HSV-1, cepa KOS) do
acido galico e 15 galatos em células VERO, através do ensaio colorimétrico do
MTT.

» Confirmar a atividade antiviral dos seis compostos que apresentaram melhor
acao antiviral numa triagem preliminar, através do ensaio de placas de lise e
selecionar os dois compostos com melhor atividade antiviral confirmada
(acido gélico e galato de pentila).

» Avaliar a possivel atividade virucida destes dois compostos.

» Avaliar a possivel acdo destes compostos na adsor¢cao e penetracéo viral.

* Avaliar a influéncia destes compostos na multiplicacdo viral em fungcéo do
tempo, através da sua adicao em diferentes periodos pés-infecgéo.

» Auvaliar o possivel sinergismo destes compostos com o aciclovir.

* Avaliar a possivel interferéncia destes compostos na sintese do DNA viral,
através da técnica de PCR.

* Auvaliar a possivel interferéncia destes compostos na expressao génica viral,
em diferentes fases da replicacao viral, utilizando a técnica de RT-PCR.

» Avaliar a possivel interferéncia destes compostos na expressao de proteinas
virais, em diferentes fases da replicacao viral, através do ensaio de Western
Blotting.

* Propor o mecanismo de acdo anti-herpética para estes dois compostos.
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ABSTRACT

Galllic acid (3,4,5-trihydroxybenzoic acid - GA)agphenolic compound present in a great variety
of plants. Its synthetic n-alkyl esters, also knasgrgallates, especially propyl, octyl and dodecyl
gallates, are vastly employed as antioxidants by feosmetic and pharmaceutical industries.
The inhibitory effects of GA and fifteen gallates lserpes simplex virus type 1 (HSV-1)
replication were investigated. After a preliminagreening, GA and pentyl gallate (PG) seemed
to be the most active compounds and had their nméaineof action studied through a set of
assays, which attempted to localize the point éninal replication cycle where impairment
occurred. Their mechanism of antiviral activity se® be mediated, at least in part, by reduced
viral infectivity (only PG), inhibition of virus #chment and entry to cells, impaired levels of
viral capsid protein ICP%y protein ICP27 and envelope proteins gB, gC, gDgifdas well as

by interference with gD protein synthesis due tickhge of gD mMRNA synthesis (only PG).
Although the combination of GA and PG with acyctand@sulted in no interaction, the detected

multiple modes of action of both compounds sugtiestfurther studies are merited.
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INTRODUCTION

Herpes simplex virus type 1 (HSV-1) is an envelop&tA virus that causes one of the most
common viral infections in humans, leading to detsrof diseases ranging from mild to severe
and sometimes life-threatening. Immunocompromissaepts are at increased risk of severity
and recurrence of HSV-1 infection. In addition, H&\&nd HSV-2 may facilitate the
transmission of human immunodeficiency virus (H(8) 9, 51, 52).

The sequentially ordered transcriptional prograrki8¥-1 is regulated by viral and cellular
factors. The virion-associated factoiT IF in association with two cellular factors Oetdd HCF
promote expression of the immediate-eady-(IE) mMRNAs, encoding the infected-cell proteins
ICPO, ICP4, ICP22, ICP27 and ICP47. After the atton of the transcriptional machinery, early
(B — E) genes, such as DNA polimerase and thymidimesk are expressed followed by viral
genome replication and latg-{ L) gene expression, which leads to the produoatiostructural
proteins such as glicoprotein B (gB). Inhibitionaofy of these stages blocks HSV-1 replication
and, consequently, is a potential target for argtitherapy (12, 21, 36, 52).

Several nucleoside analogues have been approvetimoal use. Among those, acyclovir is
widely used for the systemic treatment of HSV infats. It is a highly selective antiviral agent
because it is specifically phosphorylated by uingimidine kinase in infected cells (12).
However, acyclovir-resistant HSV infection in imnmoompromised patients such as
transplanted patients and patients with AIDS hasnty been observed. Therefore, it is
desirable to develop new anti-HSV agents in ordeyubstitute or complement acyclovir (8, 12,
14).

The gallic acid (3,4,5-trihydroxybenzoic acid) ipl@enolic compound present in a great variety

of plants. Its synthetic n-alkyl esters, also kn@agrgallates, especially propyl, octyl and dodecyl



70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

Artigo submetido para publicacdo 30

gallates, are vastly employed as antioxidants by feosmetic and pharmaceutical industries
(27, 49).

Besides the antioxidant activity, other biologiaativities have been described for this group of
molecules. The reports vary enormously, but onecidpas become very perceptible: the
variable influence of the alkyl chain on the prefdf the biological activitiesAmong them, it can
be cited their influence on hepatic enzymes (3j;iaflammatory activity (32), neuroprotective
effects (4), and mainly anticancer (15, 16, 23, &@jibacterial and antifungal properties (17, 24,
25, 26, 28, 46).

There are few reports about the antiviral actieityi-alkyl esters of gallic acid. In 1988, a study
described the potent inhibition of HSV-1 and HSYy2methyl gallate (20). In 2000, as part of
the screening of phenolic compounds against HI¥itégrase, gallic acid was found to be active
(1). More recently, the anti-herpetic activity everal gallates was describedday research
group, which proposed various structure-relatigpsinegarding the antiviral, antioxidant and
genotoxic effects (38). Furthermore, the pronourasgdHSV-1 activity of octyl gallate, its
ability to induce the death of infected cells, a@sdnhibitory effect against RNA viruses were
also recently demonstrated (48).

In the present study, gallic acid and fifteen galavere screened for anti-HSV-1 activity,
followed by the selection of the most promising pmunds and the study of their mechanism of

antiviral action.
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MATERIALS AND METHODS

Compounds.Gallic acid and all the gallates used in this gt{llg. 1) were synthesized as
described previously (38). The compounds (50 mMeveiéssolved in dimethyl sulphoxide,
stored at -20°C protected from light, and furthiéutdd in culture medium prior to use. Acyclovir
was purchased from Sigma® (St. Louis, MO, USA).

Cells and viruses African green monkey kidney (Vero) cells (ATCC:C@L, Rockville, MD,
USA) were grown in minimum essential medium (MEMgji{co BRL, Grand Island, NY, USA)
supplemented with 10% fetal bovine serum (FBS -€GBRL, Grand Island, NY, USA),
penicillin (100U/ml), streptomycin (100 pg/ml) aathphotericin B (25 pg/ml). African green
monkey kidney (GMK AH1) cells (obtained from Depaéent of Clinical Virology, Géteborg
University, Goteborg, Sweden) were grown in Eagheisimum essential medium (EMEM,
Gibco BRL, Grand Island, NY, USA) supplemented Wit newborn calserum (NCS, Gibco
BRL, Grand Island, NY, USA) and 0.05% Primaton Ribstance (Kraft Inc., Norwich, CT,
USA), penicillin (100 U/ml) and streptomycin (10@/ml). The cell cultures were maintained at
37°C in a humidified 5% Cg@atmosphere. HSV-1 strains, KOS (obtained from katooy of
Pharmacognosy, Faculty of Pharmacy, University erfiies, France) and KOS 321, a plaque
purified isolate of wild-type strain KOS (19), wayeopagated in Vero and GMK AH1 cells,
respectively. Stock viruses were prepared as destpreviously (41). After three cycles of
freezing/thawing the fluids were titrated on theibaf PFU count as previously described (7)
and stored at -80°C until use.

Virus purification. Extracellular HSV particles were purified as pomsly described (22), with
some modifications. Briefly, GMK AHL1 cells were @tdted with HSV-1, KOS 321 strain, at a
multiplicity of infection (MOI) of 3 PFU per cellAfter 1-2 h of incubation at 37°C, 20 uCi/ml of

methyl-PH] thymidine (Amersham Pharmacia Biotech, Upps&ieeden) were added and the
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cells were incubated for 48 h at 37°C. All subsedqisteps of the procedure were carried out at
4°C. The cells and the infectious medium were heteceand centrifuged for 15 min at 1,890
The supernatant medium was further clarified bytrifeigation for 7 min at 5,00@, and then
centrifuged for 2 h at 22,08§. The resulting viral pellet was stored overnight°C and
resuspended in PBS. The virus suspension was |laad&gp of a discontinuous sucrose gradient
consisting of 2 ml each of 50, 40 and 30% sucrsimM Tris-HCI, 1 mM EDTA at pH 7.4,
and centrifuged for 2 h at 20,000 rpm (SW28.1 rdBackman Coulter, Fullerton, CA, USA).
The 40/50% interphase band was aspirated, dilat&BS and centrifuged for 90 min at 19,000
rpm (SW28.1 rotor). The resulting viral pellet waashed twice with PBS, then dissolved in the
same buffer and stored at 4°C. The specific agti@bunts per minute [com]/PFU) was 1.29 x
102 for HSV-1, KOS 321 strain.

Cytotoxicity evaluation. Vero or GMK-AH1 cells were seeded into 96-well rojglates

(Corning, Corning, NY, USA) at 2.5 x 1@ells per well. After 24h, cells were treated with
compounds at 37°C in a humidified 5% £&mosphere for 72h at concentrations ranging from
7.8 to 1000 uM (ratid:2). Cell viability was assessed by MTT [3-(4,Bréthylthiazol-2,5-
diphenyl tetrazolium bromide] assay (47). Each expent was repeated three times, and the
concentration (Cgp) of each compound that inhibited cellular growdtb0% in comparison to
untreated controls was estimated by nonlinear ssgva of concentration-response curves
generated from these data.

Screening of in vitroanti-HSV-1 effect.Vero cells were seeded into 96-well microplates
(Corning, Corning, NY, USA) at 2.5 x 1@ells per well. After 24h, cells were infected lwit
HSV-1 at a MOI of 0.5t 37°C in a humidified 5% C{atmosphere and treated for 72h with non
cytotoxic concentrations of each compound. Cethhand acyclovir (100 uM) controls were run

simultaneously. The same method used to evaluiteiaaility with MTT was followed. Each
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experiment was repeated three times and the 50/itioy concentration (I16s) of each
compound was calculated as [(A-B)/(C-B) x 100], véhA, B and C indicate the absorbances of
the tested compound, virus and cell controls, retspey.

Plague reduction assayThis assay followed the procedures previously ilesd (29) with
minor modifications. Acyclovir (10 uM) was usedapositive control. Vero cells were seeded
into 24-well microplates (Corning, Corning, NY, UBat 2.5 x 18 cells per well. After 24h,
cells were incubated with 100 PFU of HSV-1. Aftérdf adsorption at 37°C, the cells were
washed three times with phosphéatdfered saline (PBS) and overlayed with MEM + 1.5%
carboxymethylcellulose (CMC) containing or not diint concentrations of the compounds.
After 72h at 37°C in a humidified 5% G@tmosphere, the overlay medium was removed and the
cells were fixed and stained with naphtol blue-klé&igma®, St. Louis, MO, USA). The
inhibitory activity (%) of each compound was detarea by the following formula: (Number of
plaques control — Number of plagues experimentP& /L(Number of plagues control). Each
experiment was repeated three times, and the ctratien that inhibited 50% of plaque
formation (1Gy) in comparison to untreated controls was estimbtedonlinear regression of
concentration-response curves generated from thedae

Direct virucidal assay. This assay followed the procedures previously rilesd (41). Gallic

acid (GA) and pentyl gallate (PG) at 125 pM wereaedi individually, with an equal volume of
HSV-1 suspension for 2h at 37°C. Each mixture Wwas serially diluted 10-fold and their
residual infectivity was determined by plaque reaaucmethod, as described above.
Time-of-addition study. This assay followed the procedures described pusly (29) with
minor modifications. Vero cells were seeded inten@dl microplates (Corning, Corning, NY,
USA) at 2.5 x 18cells per well. After 24h, cells were incubatedhaiSV-1 at a MOI of 0.1 and

125 pM of GA or PG was added into wells either ptaoinfection (-3h), concomitantly with
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infection (Oh) or at intervals of 2, 4, 6, 8, 1B,dr 24h post-infection. After 25h of infection at
37°C in a humidified 5% C@atmosphere, cells were submitted to three cydles o
freezing/thawing and the virus titre of each sup&ant was determined by plaque assay, as
described above.

Inhibition of virus attachment assay.(a) This assay followed the procedures described
previously (39) with minor modifications. Vero celvere seeded into 24-well microplates
(Corning, Corning, NY, USA) at 2.5 x 1@ells per well. After 24h, cells were incubatedhwi
100 PFU of HSV-1 in the presence or absence ofrdifft concentrations of GA or PG for 2h at
4°C. Then the virus inocula and the compounds wareved, cells were washed three times
with PBS and the inhibitory activity of the compasnvas determined by the plaque reduction
assay, as described abo{®. GMK AHL1 cells in 24-well microplates were pre-cedlfor 30

min at 4 °C. Serial two-fold dilutions of compounasre mixed with purified radiolabelled
HSV-1 KOS 321 in PBS supplemented with 1 mM Gagtid 0.5 mM MgCl (PBS-A) and were
incubated for 15 min at 37°C. Cells were washeth witld PBS-A, the virus-compound mixture
was added, and the plates were left for virus gudigor for 2 h at 4°C under moderate agitation.
Subsequently, the cells were washed three timésRBIS-A and lysed with PBS-A containing
5% SDS. The lysates were transferred to scintihatiials for radioactivity quantification. The
results are expressed as a percentage of attachédpm found with test compound-treated
virions relative to mock-treated controls. Valukewn are means of four determinations from
two separate experiments.

Inhibition of virus entry assay. This assay followed the procedures described pusiy (40)
with minor modifications. Briefly, mixtures of GAr &G (125 pM) and radiolabelled virus in
serum-free EMEM were pre-incubated for 15 min &C3prior to the addition to GMK AH1

cells in 12-well microplates and subsequent indobdbr 3 h at 37°C. After twice washing with
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190 PBS, cells from six wells were harvested for radivéty quantification as in the virus

191 attachment assay. The remaining cells were incdhaité warm citrate-buffered saline (pH 3)
192 for 1 min, then washed twice with PBS and treatéd pronase (200 pg/ml; Sigma®, St. Louis,
193 MO, USA) for 15 min at 37°C. The cells were haregsand washed twice with PBS by

194 centrifugation at 25@ for 5 min. Half of the volume of sedimented celss mixed with 5%

195 SDS and subjected to quantification of radioadtjwithereas the remaining cells were lysed with
196 1% NP40 solution in hypotonic phosphate buffer ematrifuged for 10 min at 889 to sediment
197 the nuclei. The sedimented fraction was lysed &#hSDS and subjected to quantification of
198 radioactivity. The results are expressed as a ptage of cpm found with test compound-treated
199 virions relative to mock-treated controls. Valueswn are means of four determinations from
200 two separate experiments.

201 Extraction of total cellular DNA and RNA. Vero cells (2.0 x 19 were seeded into 25 ém

202  culture flasks (Corning, Corning, NY, USA). Aftedl2, cells were incubated or not with HSV-1
203 at a MOI of 0.1for 1h at 37°C. Then, cells were washed three twids PBS and incubated in a
204 humidified 5% CQ atmosphere at 37°C in the presence or absen@bqi¥ of GA or PG and
205 harvested at various times. For DNA extractior®,at, 8, and 16h post-infection, cells were
206 lysed with 10 mM Tris-HCI, pH 7.5, 5 mM EDTA, 0.58DS (w/v), and 100 pg/ml proteinase
207 K, at 37°C for 30 min. The samples were then excwith an equal volume of phenol-

208 chloroform-isoamyl alcohol (25:24:1), followed byteaction with an equal volume of

209 chloroform (CHCY). The nucleic acids were precipitated from theeaqs phase using 3

210 volumes of cold 100% isopropanol. The resultindgtelwere washed with cold 70% (v/v)

211 ethanol and suspended in 50 pl of Milli-Q water)(30r RNA extraction, 8h post-infection, 1ml

212 of Trizol® reagent (Invitrogen, Carlsbad, CA, USAas added to cells and RNA was extracted
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according to the manufacturer instructions. Theceatrations of DNA and RNA samples were
determined by measuring the optical density at2Z8Dhm.

Synthesis of first-strand cDNA. For cDNA synthesis, a two-step RT-PCR using th@riom-
II® Reverse Transcription System (Promega, SouthampJK) was performed according to the
manufacturer instructions. Aliquots of 5 pug of RNAQ6 pug/ml of random primers (Invitrogen,
Carlsbad, CA, USA), and 10 U of RNAse OUT® (Invgem, Carlsbad, CA, USA) were used.
Annealing and first-strand synthesis were carriedad 25°C for 5 min and at 42°C for 60 min,
respectively.

PCR. The assay followed the procedures described prslid29) with minor modifications.
Briefly, 5 ul of cDNA or total cellular DNA were med with 35 pmoles of primers, 1.5 UTdq
polymerase, 10 mM Tris-HCI (pH 8.3), 50 mM KCI, 0.0M EDTA, 5% glycerol, 1.5 mM
MgCl,, 0.2 mM of each dNTP and water in a total volurhBGpul. The oligonucleotide primer
pairs were as follows: for gB (amplicon, 341 bp)CFGGTCAGCTTTCGGTACGA-3’ and 3’-
GTTTGTCGACGTGCTGGAC-5’; for ICPO (amplicon, 157 bp)-
TTCGGTCTCCGCCTGAGAGT-3' and 3-AGCATACGCCGACCTCCCAS; for ICP27
(amplicon, 289 bp), 5-TTTCTCCAGTGCTACCTGAAGG-3' dI8’-
GCTCAGCACCGACGCTCAACT-5for gD (amplicon, 222 bp), 5'-
ATCACGGTAGCCCGGCCGTGTGACA-3' and 3'-GTATGGCCTTGCGTI GTGTT-5’;

for B-actin as PCR control (amplicon, 461 bp), 5-TCATEGAGACCTTCAA-3 and 3'-
CAGAAACGCCTACAGGTGC-5’ (5, 13, 30). The PCR ampt#ition was carried out at the
following settings: denaturing temperature of 946€1 min, annealing temperature of 53°C for
1 min, and elongation temperatures of 72°C for & for the first 25 cycles and then 72°C for 10

min for final extension. The amplified products weanalyzed by 1% agarose gel electrophoresis
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followed by ethidium bromide staining. The sizelled amplified products was determined by
comparison with standard DNA markers (100 bp, Si@nt. Louis, MO, USA).

Western blotting analysis.This assay followed the procedures described pusly (29) with
minor modifications. Vero cells were seeded intwdl microplates (Corning, Corning, NY,
USA) at 6.0 x 18cells per well. After 24h, cells were incubatechot with HSV-1 at a MOI of
0.1 for 1h at 37°C. Then, cells were washed threeg with PBS and 125 uM of GA or PG was
added. The plates were incubated in a humidifiedZ3%atmosphere at 37°C for 18h. Extracted
cellular proteins (~50 pg — Bradford) were dissdluethe dissociation buffer (2% sodium
dodecyl sulfate (SDS), 5@mercaptoethanol, 0.125 M Tris-HCI, 30% glycero8%
bromophenol blue, and phenylmethylsulfonyl fluor{d@0 pg/ml - PMSF) (Sigma®, St. Louis,
MO, USA) and boiled for 5 min. Then proteins wegealved by 10% SDS-PAGE and
transferred to Immobilon PVDF® membranes (Millip8eBillerica, MA, USA). Membranes
were blocked overnight with 10% nonfat dry milKTins-Base saline buffer (TBS), and then
were incubated with the following antibodies: mouasenoclonal antibodies raised against HSV-
1y proteins gD and gC (Santa Cruz Biotechnology, &@mtiz, CA, USA[42, 43],

respectively); rabbit polyclonal antibody raiseciagt HSV-1y protein ICP5 (kindly provided
by Dr. G. Cohen and Dr. R. Eisenberg, UniversitfPefinsylvania, Philadelphjaand goat
polyclonal antibody raised against HS\&Jrotein ICP27 (Santa Cruz Biotechnology, Santa
Cruz, CA, USA). Specific reactive proteins wereedétd by diaminobenzidine (DAB)
colorimetric reaction, after incubation with a rakdnti-mouse, a swine anti-rabbit or a donkey
anti-goat immunoglobulin secondary antibodies, eetpely, linked to horseradish peroxidase.
ELISA. The assay followed the procedures described preli¢83). Briefly, serial two fold

dilutions of compounds were mixed with HSV-1 suspen, KOS 321 strain (MOI 0.1) and were
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incubated for 10 min at room temperature. The megdwere added to GMK AH1 cells in 96-
well microplates and incubated at 37°C for 24h.M leells were washed with PBS and fixed
with 0.25% glutaraldehyde in PBS for 10 min at ro@mperature. Thereafter, cells were washed
repeatedly and blocked with 2% BSA in PBS for 3@ @ati room temperature and incubated with
monoclonal antibodies B1C1B4 (anti-gC-1), B11D8&itgB) or BLE6AS (anti-gE) (42, 43) for 1
h at room temperature. After incubation, cells weashed three times with PBS and incubated
with alkaline phosphatase-conjugated goat anti-mdgS (Jackson ImmunoResearch
Laboratory, Newmarket, Suffolk, UK). Finally, cellere washed three times with PBS and
incubated with diethanolamine buffer containpigitrophenyl phosphate. Absorbance value of
the supernatant was measured at 405 nm with baskdrsubtraction at 690 nm. Each
experiment was repeated three times, and the ctratien that inhibited 50% of absorbance
(ICs0) in comparison to untreated controls was estimbyedonlinear regression of
concentration-response curves generated from thedae

Drug combination assay.This assay followed the procedures described pusily (18) with
minor modifications. A plaque reduction assay wasfggmed as described above, and the
treatment consisted in GA, PG or acyclovir alondZB x 1Go, 0.25 X 1Gg, 0.5 X 1Gg, 1 X 1Gsg,

2 x 1Gsp), and the mixture of varying concentrations ofreaompound in a fixed ratio (i.e. 0.5 x
ICs0 of GA + 0.5 x 1G of acyclovir; 0.25 x g of GA + 0.25 x I1Gy of PG). Based on the
inhibitory activities, the synergistic or antagdiusantiviral effect among compounds was
determined using the software MacSynergy Il (kingllgvided by Dr. Mark Prichard, University
of Michigan), through a three-dimensional analytioathod (35).

Statistical analysis.Data were presented as means + standard deviatiodsthe differences

between groups were assessed with Studete® or one-way ANOVA + SNK post test.
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RESULTS

Cytotoxicity evaluation and screening of in vitro ati-HSV-1 effect. As shown in Table 1,
gallic acid and its alkyl esters were evaluatedheir cytotoxicity and anti-HSV-1 activity in
Vero cells by MTT assay. After 72h of treatmentotgxic effects increased along with the
number of carbons in the alkyl moiety, reaching imaxn effect at carbon number 11 (undecyl
gallate), while compounds with a longer alkyl chasre gradually less cytotoxic. Similar results
were obtained with GMK-AH1 cells (data not showhiter the determination of cytotoxic
concentrations, gallic acid and gallates were swedor their anti-HSV-1 activity, in which,
different degrees of antiviral activity were fouidhile gallates with more than seven carbons in
the alkyl moiety had little effects in viral repditon, in exception of nonyl and octadecyl gallates
gallic acid and the other gallates showed a conagomn-depended response, withyd@alues
varying from 15.0 to 288.5 pM. Analyzing the resyitesented in Table 1, we selected six
compounds (gallic acid, methyl, ethyl, propyl, dwgd pentyl gallates) which presented a good
ratio between cytotoxicity and anti-HSV-1 activityigher Sl values) in order to confirm their
antiviral activity by a plaque reduction assay.ddetcyl gallate was excluded due to its low
solubility in aqueous media.

Gallic acid and pentyl gallate presented higher paentages of HSV-1 inhibition.To confirm
and further select the best candidates to haverezhanism of action studied, we performed a
plague reduction assay with the six compounds chivsthe MTT screening. Acyclovir was
used as positive control (6= 0.43 + 0.1 uM). After 72h of treatment, thgd@alues were 57.1
+ 2.3 uM for gallic acid, 102.4 £ 2.7 uM for mettgdllate, 112.5 + 19.7 uM for ethyl gallate,
110.8 + 20.7 uM for propyl gallate, 101.5 + 26.6 [idvl butyl gallate and 45.4 + 2.5 uM for

pentyl gallate. As shown in Fig. 2, at the higlesicentration evaluated (125 uM), only gallic
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acid and pentyl gallate thoroughly inhibited HSVeblication. Thus the following study was
focused on these compounds.

Effect of GA and PG on viral infectivity. In order to evaluate the direct virucidal effett o
compounds, 3.75 x I®PFU of HSV-1 were incubated with 125 pM of GA @@ for 2h at
37°C. The results demonstrated that GA had noteffethe viral infectivity (data not shown)
while PG reduced the virus titre in over 34@ghen compared to virus control, with a
percentage of inhibition of 99.9 + 0.1%.

Time-of-addition studies of GA and PG on viral repication. Time course experiments were
performed to investigate in which step of the egtion process GA and PG inhibited HSV-1
replication. 125 uM of each compound were addduteejprior to infection (-3h), concomitantly
with infection (Oh) or at intervals of 2, 4, 6,22, 16 or 24h post-infection, and infected cells
were harvested at 25h post-infection. The effectiars yield was determined by plaque
reduction assay. The results showed that GA orétptetely inhibited virus yield when added
at 0-8h post-infection, and this activity remaimegbortant when compounds were added 12h
post-infection (Fig. 3). Delaying the time of adgliRG did not critically affect its antiviral
activity, since 85.7 = 0.1% of inhibition is stidbserved when PG is added 24h post-infection.
Nonetheless, when GA was added 16h post-infectsoantiviral activity decreased to 60.7
1.0% of inhibition and at 24h post-infection norsfggant reduction in virus yield was observed.
These results indicate that GA and PG may affeetdtages of HSV-1 replication, even though
GA activity is dramatically decreased at 24h postgtion.

Also, during the time-of-addition experiments, nder to evaluate the effects of GA and PG on
prophylaxis of HSV-1 infection, Vero cells were ul@ated with each compound for 3h prior to

infection. The results indicated that both compaudid not exert any significant effect on the
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number of HSV-1 plaques when compared to untreatattols (data not shown), thus, neither
GA nor PG possess in vitro prophylactic effect dd\HL infection.

Effect of GA and PG on virus attachment and entryTo further elucidate whether GA and PG
antiherpetic activity was related to blocking tlzelg events of HSV-1 infection, their effect on
virus attachment and entry were investigated. Eigushows the effect of each compound on the
attachment of HSV-1 to GMK AH1 cells. Both compoanhibited virus attachment, although
GA presented a superior effect, with agd@alue of 23.9 £ 9.4 uM. PG presented substantial
inhibition of virus attachment only at 125 uM, whh.0 + 4.6% of inhibition. Since similar
results were obtained in the modified plaque redoassay in Vero cells (data not shown), the
pre-treatment of virus with compounds was not negilifor the inhibition of its attachment to
cells, which suggests that the blockage of vir@dment component(s) rather than the
disintegration of viral particles by GA and PG wasponsible for the observed effects. The entry
of HSV-1 into GMK AH1 cells was also investigat&lirified radiolabelled HSV-1 virions were
treated with GA or PG for 15 min at 37°C prior keir incubation with cells for 3 h at 37°C. The
amount of radiolabelled virus associated with intadls (Figure 5; attachment), the low pH- and
pronase treated cells (Figure 5; entry 1 — celygnand the NP40 resistant nuclear fraction
(Figure 5; entry 2 — nucleus entry) were quantifead compared with controls. The decreased
amounts of labeled HSV-1 in all these fractionsgasg that GA and, in a lesser extension, PG
impaired the capability of the virus to attach éi€and to enter into the cell or into the nucleus
However, the reduced cell- and nuclear-entry of HISMight be a consequence of impairment in
the virus binding to cells. These results indichte GA and PG affect early stages of HSV-1
replication.

Effect of GA and PG on HSV-1 DNA synthesisWe further defined whether GA and PG has

any effect on HSV-1 DNA replication, a key eventidg the complex transcription program of
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the virus. After HSV-1 adsorption, total DNA wadmacted at 2, 4, 8 and 16h post-infection and
viral DNA was analyzed by PCR using the ICP27 pripedr. As shown in Fig. 6A, HSV-1

DNA could not be detected in uninfected Vero c@liee 1) but its presence was clearly verified
in HSV-1 infected cells (lanes 2 to 5). In relatiorthe effect of compounds, 125 uM of PG did
not suppressed viral DNA synthesis in Vero celig.(6C) since corresponding bands were
found in all points of the extraction. Although GAemed to inhibited HSV-1 DNA synthesis
(Fig. 6B), its effect could not be determined sifieactin DNA, the internal control, was also
absent. The cause could not be determined, butipis were raised in the discussion section
of this work. These results suggested that théargetic activity of compounds is not related to
impairment of HSV-1 DNA synthesis in Vero cells.

Effect of GA and PG on HSV-1 gene expression in Vercells.RT-PCR analysis was
performed to determine whether inhibition of gerpression caused the impairment of viral
protein production in GA and PG-treated cells. Af&SV-1 adsorption, total RNA was extracted
at 8h post-infection and analyzed by RT-PCR. AsasimoFig. 7, while ICP27, gB and gD
MRNAs were absent in uninfected Vero cells (lanarg present in HSV-1 infected cells (lane
2), the treatment with PG (125 puM) suppressed xipeession of gD mRNA in the cells (lane 4).
Once again, the effect of GA could not be deterahisiacef3-actin RNA, the internal control,
was also absent. These results suggested thattheade of gD proteins caused by PG was the
result of its impairment of gD mMRNA expression ierd cells.

Effect of GA and PG on HSV-1 protein synthesisWe also analyzed whether GA and PG
inhibition of HSV-1 replication was related to bkieg the synthesis of proteins in Vero and
GMK AHL1 cells. After cells have been treated wi2bJuM of each compound for 18h (1 cycle

of HSV-1 replication), the expression of viggbroteins gD (61 kDa), gC (130 kDa) and ICP5
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(154 kDa) andx protein ICP27 (63 kDa) in Vero cells was deterrdibg Western blotting
analysis. As shown in Fig. 8, while uninfected €€lane 1) did not express these proteins, all of
them were detectable in HSV-1 infected Vero cétiad 2). Treatment with 125 pM of GA (lane
3) and PG (lane 4) suppressed the expression s freteins. Additionally, the effect of
compounds on the expression of viggiroteins gB, gC and gE in GMK AH1 cells was
determined by an ELISA-based procedure. As showirabie 2, both GA and PG presented
inhibitory effects, although in different degreB& presented l§g values at least 2.5 times lower
than GA, revealing its higher inhibitory effect aggt HSV-1 proteins synthesis. These results
suggest that GA and PG inhibit HSV-1 replicationpart, through the blockage of viral proteins
synthesis.

Combined effect of GA, PG and ACV on viral replicaton. In order to evaluate the possible
synergism among compounds and acyclovir, drug coatioin assays were performed with
combinations of GA, PG and ACV in various concemtres in a fixed ratio. The analyses were
done using the software MacSynergy Il through adfdtimensional analytical method. Our
results demonstrated that the combined treatmeht®@A/PG, GA/ACV or PG/ACV presented

no significant interaction (data not shown).
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DISCUSSION

In a previous study from our group, the antiviretivaty of GA and its alkyl esters (gallates)
against HSV-1, strains KOS and 29R, was descriB&jl Although structure-relationships
regarding the antiviral, antioxidant and genotceffects were proposed, the mechanism of the
antiherpetic activity was not determined (38). Aclogly, in the present study, extemporaneous
preparations (in contrast with our previous stuafy(6A and 15 gallates were screened for their
in vitro anti-HSV-1 activity, and the best candiggthad their mechanism of action studied. The
extemporaneous preparation was employed to minithe@ossible degradation of compounds
in agueous media stock solutions.

The screening process initiate with the evaluatibcytotoxic effects of compounds in Vero cells
followed by the determination of their antiviraltiz@y by MTT assay. While cytotoxicity
increased along with the number of carbons in tkgd enoiety, GA and gallates with as much as
five carbons in the alkyl chain presented the optmanti-HSV-1 activity (higher Sl values)
among the evaluated compounds, and therefore,ah#SV-1 activity was confirmed by a
plague reduction assay, in which, GA and PG weoseh due to their higher percentages of
HSV-1 inhibition at 125 pM (Fig. 2).

In the present study, we clarified the mechanistmefHSV-1 inhibition of GA and PG. The first
step was the evaluation of the interference of emmgs on viral infectivity. Even though GA
did not present virucidal activity, the treatmenthAPG for 2h at 37°C reduced the virus titre in
99.9 £ 0.1% in a cell-free system. The direct Vdatactivity was also found in other gallate
derivatives, such as epigallocatechin-3-gallateautyl gallate (45, 48).

The pretreatment of cells with GA and PG did n&etfviral multiplication, thus, neither GA

nor PG possess in vitro prophylactic effect on HSwWifection. However, the addition of GA and

PG concomitantly with virus, in specific conditiomevealed that both compounds affect virus
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attachment and entry into cells (Fig. 4 and 5).sEh@bservations suggest that GA and PG affect
the virus infection process not through the bindmghembrane molecules, but possibly
detaching viruses that have already bound to pethaps by disturbance of viral glycoproteins
(11).

We found that GA and PG suppressed ICP27 proteithegis in Vero cells. Since no inhibition
of its MRNA expression was detected, the mechabismihich compounds suppresses ICP27
synthesis remains unknown. ICP27 plays importaesrim the post-transcription processing of
RNA, and acts as\aRNA transporter from nucleus to cytoplasm, regatathe synthesis of
proteins (31, 36, 44, 52). Accordingly, we foundttthe production of gB, gC, gD, gE and ICP5
proteins was attenuated in infected cells treatigldl 125 pM of GA and PG (Fig. 8 and Table 2).
These results suggested that the antiviral actofitgA and PG may be in part related to the low
levels of viral proteins, however, the protein $ysis impairment cannot be fully understood,
since, in despite of ICP27 depletion, the addibbtested compounds 12h post-infection still
inhibited HSV-1 replication, and the decreased esgion of gD mMRNA was detected only in PG
treated cells but not in those GA treated (Fig. 7).

Additionally, we examined the effect of compoundstioee HSV-1 DNA synthesis. While PG
presented no effect, GA seemed to inhibited HSVWNIARynthesis, although its effect could not
be determined sind&actin amplicon, the internal control, was alsoesibsThese results
suggested that the antiherpetic activity of compisus not related to impairment of HSV-1
DNA synthesis in Vero cells. In order to find arpknation, the viability of infected Vero cells
treated with GA was evaluated by a trypan blueeaka@usion method. The results showed that
viability was not substantially affected when comgubto untreated infected controls (data not

shown). In a further attempt, genotoxicity of GAJdPG in Vero cells was evaluated by a
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micronucleus assay, as previously described (2)le/G did not induce genotoxicity, the
results showed that concentrations as low as 3U.2fUGA induced an increase in the number of
micronucleated cells when compared to controlsa(dat shown). Therefore, we believe that
DNA damage induced by GA may explain the failuréhaf amplification of3-actin and/or HSV-

1 genes, since its ability to induce DNA damagalnisady described (38, 53).

During the course of our studies, Uozaki et al) @&scribed the pronounced anti-HSV-1 activity
of octyl gallate, its ability to induce the deathrdected cells, and its inhibitory effect against
RNA viruses. In their study, the antiviral activiiypd cytotoxicity increased along with the alkyl
moiety, reaching its maximum at carbon 12 (dodgejliate), although octyl gallate showed a
marked antiviral activity with a relatively modegatytotoxicity. In our study, the cytotoxicity
presented a similar profile, although the antivaetivity was found only in gallates with as much
as 7 carbons in the alkyl moiety. The discreparetyben the studies may comes from the
different wayin which antiviral activity was evaluated, as already suppdsy the authors, when
referring to our previous work (38).

The results shown here indicated that GA and P@regped HSV-1 replication in Vero and
GMK AHL1 cells (both African green monkey kidneylsglat multiple stages of virus infection,
as also observed in other studies on the antiaatity of gallate-related compounds (10, 48) or,
for instance, tannins (11, 30).

From the present results, we hypothesize thattipairment of HSV-1 replication in GA- and
PG-treated Vero/GMK AH1 cells, at least in partswelated to (a) reduced viral infectivity

(only PG), (b) inhibition of virus attachment anatry to cells, (c) impaired levels of viral capsid
protein ICP5a protein ICP27 and envelope proteins gB, gC, gDgtdd) interference with

gD protein synthesis due to blockage of gD mRNAtlsgsis (only PG). Although the
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combination of GA and PG with acyclovir resultechminteraction, the detected multiple modes

of action of both compounds suggest that furthediss are merited.
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R Comproundl
1 H Gallic Acid
2 CH, Meth gallate
3 | C-Hg Ethyl gallate
4 | CH- Propy gallate
5 | CHq Butyl gallate
)T\ 6 | CH,, P entyl gallate
HO 7 1 CHis Hexyl gallate
| o 2 8§ | C-His | Hepty gallate
e 9 | CH; Octy gallate
HO 10| CHis | Nonyt gallate
OH 11 | CiH2 | Decyl gallate
12 | CyHx: | Undecyl gallate
13 | Ci:Hxs | Dodecyl gallate
14 [ C\Hx | Tetradecyl gallate
15 [ CiH:: | Hexadecyl gallate
16 [CieHx | Odadecy gallate

Figure 1. Chemical structures of gallic acid and its n-alisters (gallates).
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Figure 2. Effects of 125 uM of gallic acid (GA), thgl gallate (MG), ethyl gallate (EG), propyl

gallate (PrG), butyl gallate (BG), pentyl gallaB3) and acyclovir (ACV — 10 uM) on HSV-1
replication in Vero cells determined by plaque &thin assay. Each bar represents the mean
standard deviation of three independent experim&MN©OVA/SNK tests were carried out as
described in Materials and Methods. Different kstiedicate significant statistical differences

among groupsp<0.05).
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687 Figure 3. Kinetics of inhibition of HSV-1 replicati by gallic acid (GA) and pentyl gallate (PG).
688 Vero cells (2.5 x 1%) were infected with HSV-1 at a MOI of 0.1 and GARG (125 puM) were
689 added at the indicated times. Cells supernatants eadlected at 25h post-infection and HSV-1
690 titers were determined as described in MateriatsMeathods. Each bar represents the mean
691 standard deviation of three independent experimé&iNe significant differences between test
692 sample and virus control (Student’s t tg5{0.05).
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Figure 4. Effect of gallic acid (GA) and pentyl lg& (PG) on HSV-1 attachment to GMK AH1
cells. Mixtures of each compound and purified réabelled HSV-1 were incubated for 15 min at
37°C prior to the addition to cells. After the \8radsorption for 2h at 4°C, cells were washed and
then lysed with 5% SDS to quantify radioactivitjhelresults are expressed as a percentage of the
average number of counts per minute (CPM) fount wampound-treated virus relative to
mock-treated controls. Values shown are the mebfindeterminations from two separate

experiments + standard deviation.
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100 -
. Gallic Acd
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Figure 5. Effect of gallic acid (GA) and pentyl lga (PG) on HSV-1 entry into GMK AH1

cells. Mixtures of each compound (1281) and radiolabelled HSV-1 were incubated for 1% mi
at 37°C prior to the addition to and incubationhagtlls for 3 h at 37°C. The cells in some wells
were harvested by lysis with SDS and subjecteditmtification of radioactivity (attachment
column). The cells in remaining wells were washétth witrate-buffered saline (pH 3), then
treated with pronase and half of the volume of cegd cells were lysed to quantily label

(entry 1). The remaining cells were treated with N0 solution to quantify radioactivity in the
nuclear fraction (entry 2). The results are expdss a percentage of the average number of
counts per minute (CPM) found with compound-treatieds relative to mock-treated controls.
Values shown are the means of four determinatimom fwo separate experiments + standard

deviation.
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735

736 Figure 6. Effects of 125 uM of gallic acid (GA) apentyl gallate (PG) on HSV-1 DNA

737 synthesis in Vero cells detected by PCR. Vero ¢@lis 1) were infected with HSV-1 (MOI

738 0.1) or were not infected in the presence or alessehGA or PG. The cells were harvested at 2,

739 4, 8 and 16h post-infection and total DNA was estrd with phenol-chloroform. The PCR was
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done as described in Materials and Methods. Fofigule reaction, the amplified product was
run on a 1% agarose géh) DNA extracted from uninfected Vero cells at 16tgogection (lane
1) or from HSV-1 infected cells at 2, 4, 8 and péist-infection (lanes 2 to 5, respectiveld)
DNA extracted at 2, 4, 8 and 16h (lanes 1 to gpeetively) post-infection from HSV-1 infected
Vero cells treated with 125 uM of GAC) DNA extracted at 2, 4, 8 and 16h (lanes 1 to 4,

respectively) post-infection from HSV-1 infectedrdeells treated with 125 uM of PG.
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765

766

767

768
769
770 Figure 7. Effects of 125 uM of gallic acid (GA) apentyl gallate (PG) on HSV-1 gene

771  expression in Vero cells detected by RT-PCR. Vetts €2 x 16) were infected with HSV-1

772 (MOI 0.1) or were not infected in the presencelmesmce of GA or PG. The cells were harvested
773 at 8h post-infection and total RNA was extractethwirizol®. The synthesis of first-strand

774 cDNA and the PCR were done as described in Masegiadl Methodd.ane 1, uninfected Vero

775 cells;lane 2 HSV-1 infected Vero cells in the absence of coumats;lane 3-4 HSV-1 infected

776 Vero cells treated with 125 uM of AG and PG, respety.
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ICP27 (63 kDa)
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Figure 8. Effects of 125 uM of gallic acid (GA) apdntyl gallate (PG) on HSV-1 protein
synthesis in Vero cells detected by Western blgttinalysis. Vero cells (6 x JJ0were infected
with HSV-1 (MOI 0.1) or were not infected in theepence or absence of GA or PG. Lysates
(~50 pg of protein) were collected at 18h postétiten and run on an SDS-10% PAGE gel and
analyzed by immunoblotting with an anti-ICP27, -gBC-, -ICP5 antibodied.ane 1, uninfected
Vero cells;lane 2 HSV-1 infected Vero celldane3 HSV-1 infected Vero cells treated with GA;

lane 4 HSV-1 infected Vero cells treated with PG.
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803 Table 1. Anti-HSV-1 effect, cytotoxicity and seledty indices of gallates on Vero cells

804 determined by MTT assay.

805

806

807

808

809

810

811

Cytotoxicity Antiviral Activity Selectivity Index
Compound

CCso (UM)* ICs0 (LM)* (S’
Gallic acid 668.7 £54.4 171+1.9 39.1
Methyl Gallate >1000 288.5+254 >3.5
Ethyl Gallate 893.9 +107.2 142.1 +£0.8 6.3
Propyl Gallate 713.2 £153.1 141.2 £16.4 51
Butyl Gallate 361.6 £92.8 67.5+3.5 5.4
Pentyl Gallate 268.7 £45.2 29.1+4.1 9.2
Hexyl Gallate 56.6 £5.7 37.3%6.1 15
Heptyl Gallate 31.1+23 16.0+4.2 1.9
Octyl Gallate 176+1.6 <50% -
Nonyl Gallate 36.5+3.3 15.0+6.3 2.4
Decyl Gallate 174+1.0 <50% -
Undecyl Gallate 154+1.9 <50% -
Dodecyl Gallate 19.3+2.7 <50% -
Tetradecyl Gallate 355+6.7 <50% -
Hexadecyl Gallate 74.8 +22.6 <50% -
Octadecyl Gallate >1000 230.5 £ 46.7 >4.3

#Values represent the mean * SD for three indepere@eriments.

® Sl is the ratio of C¢& and 1G.

¢ Percentage of inhibition <50%, thus the S| valwese not calculated.

CCsp was the concentration that showed 50% cellulastoyic effect and 16 was the

concentration that inhibited 50% of HSV-1 multigtion.
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Table 2. Effects of gallic acid and pentyl gallateHSV-1 protein synthesis in GMK AH1 cells

determined by ELISA.

_ Gallic acid Pentyl gallate
Protein a
ICs0 (LM) ICs0 (LM)
gB 22.9 +7.4% 65.6+7.2
gC 135.0 +33.8 44.7 £9.9
gE 127.9+16.8 514+11.1

Values represent the mean + SD for three indepered@eriments. 1§ was the concentration
that inhibited 50% of absorbance in comparisonriveated controls.

® 9% of inhibition < 50%, consequently theslivalue was not calculated.
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5 DISCUSSAO

Nosso grupo de trabalho, em um estudo anterior, descreveu a atividade
antiviral do acido galico (AG) e de seus ésteres n-alquilicos (galatos) contra 0 HSV-
1, cepas KOS e 29R (SAVI et al.,, 2005). Embora relagbes estrutura-atividade
tenham sido propostas no que se refere a sua atividade antiviral, antioxidante e
genotoxica, 0 seu mecanismo de acdo anti-herpética ndo foi descrito (SAVI et al.,
2005). Tendo em vista este fato, no presente estudo a atividade anti-HSV-1 in vitro
de preparacdes extemporaneas do AG e de 15 galatos (Figura 1 do artigo) foi
avaliada e os melhores candidatos tiveram seu mecanismo de acao estudado.
Preparacdes extemporaneas foram utilizadas a fim de minimizar a possivel
degradacéao (oxidacdo) dos compostos nas solucdes-estoque em meio aquoso.

O processo de triagem teve inicio com a avaliagdo da citotoxicidade dos
compostos frente a células Vero e foi seguido da avaliacdo da atividade antiviral,
ambas realizadas atravées do ensaio colorimétrico do MTT. A citotoxicidade
aumentou em funcdo do numero de carbonos na cadeia alquilica, sendo que o AG e
0os galatos com até cinco carbonos na cadeia alquilica apresentaram atividade
antiviral promissora (indices de seletividade superiores aos demais) (Tabela 1 do
artigo). Assim, a atividade anti-HSV-1 desses compostos foi confirmada através do
ensaio de reducao de placas de lise, no qual o AG e o galato de pentila (GP) foram
selecionados para continuar os estudos, devido aos altos percentuais de inibicdo da
replicacdo do HSV-1 na concentracédo de 125 uM (Figura 2 do artigo).

No presente trabalho, estd descrito 0 mecanismo da acdo anti-herpética do
AG e do GP. O primeiro passo foi a avaliagdo da interferéncia dos compostos sobre
a infectividade do virus. Nesta etapa, cada composto foi misturado com o fluido viral
e incubado por 2h a 37°C. Apos o periodo de incubacao, a mistura foi diluida (1:10)
e titulada pelo ensaio de placas de lise. Embora o0 AG n&o tenha apresentado
atividade virucida, o tratamento com GP por 2h a 37T reduziu o titulo viral em
99.9% na auséncia de células. A atividade virucida direta ja foi relatada para outros
compostos fendlicos, tais como o galato de 3-epigalocatequina e o galato de octila
(SONG,; LEE; SEONG, 2005; UOZAKI et al., 2006).

O pré-tratamento das células com AG ou GP por 3h antes da infeccdo néo

afetou a multiplicacdo do virus, portanto, nem o AG nem o GP possuem efeito
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profilatico in vitro contra a infeccdo por HSV-1. Entretanto, a adicdo de AG e GP
concomitantemente com o virus, em condi¢cbes especificas, revelou que ambos 0s
compostos afetam a adsorcao e a penetracao dos virus nas células (Figuras 4 e 5 do
artigo). Estas observacbes, em conjunto, sugerem que o AG e o GP afetam o
processo de infeccdo do virus ndo através da ligacdo a moléculas da membrana
celular, mas sim através do desligamento dos virus que ja haviam adsorvido as
células, possivelmente interferindo com as glicoproteinas virais (CHENG et al.,
2004).

Durante os estudos do mecanismo de acéo, foi verificado que o AG e o GP
suprimiram a sintese da proteina viral precoce ICP27 em células Vero através do
ensaio de Western blotting. Ja que nenhuma inibicdo da expressao de seu mRNA foi
detectada, o mecanismo pelo qual o AG e GP inibem a sintese desta proteina
continua desconhecido. A ICP27 desempenha importantes papéis no
processamento poés-transcricional do RNA e atua como um transportador de RNAs
tardios do nucleo para o citoplasma, desta forma regulando a expressdo de
proteinas virais tardias (WHITLEY; ROIZMAN, 2001; ROIZMAN; GU; MANDEL,
2005; SMITH; MALIK; CLEMENTS, 2005; LARRALDE et al., 2006). Foi também
constatado que a producdo das proteinas virais tardias gB, gC, gD, gE e ICP5
estava atenuada em células infectadas e tratadas com 125 uM de cada composto
(Figura 6 e Tabela 2 do artigo).

Estes resultados sugeriram que a atividade antiviral do AG e do GP pode
estar, ainda que em parte, relacionada com os baixos niveis de proteinas virais,
entretanto, a interferéncia na sintese protéica ndo pbéde ser totalmente esclarecida,
uma vez que, nao obstante a deplecédo da ICP27, a adicdo dos compostos 12h pos-
infeccdo ainda inibiu a replicacéo viral (Figura 3 do artigo), e a expressao reduzida
do mRNA da proteina gD foi detectada apenas nas células tratadas com o GP, e ndo
nas tratadas com o AG (Figura 8 do artigo).

Adicionalmente, foram avaliados os efeitos dos dois compostos sobre a
sintese do DNA viral (Figura 7 do artigo) através da PCR. Enquanto o GP néo
apresentou efeito, 0 AG pareceu inibir a sintese do DNA viral, entretanto, seu efeito
nao pbéde ser determinado, pois o produto amplificado do gene da [-actina, o
controle interno da reacdo de PCR, também estava ausente. Estes resultados
sugeriram que a atividade anti-herpética dos compostos ndo esta relacionada com a

interferéncia sobre a sintese do DNA do HSV-1. A fim de se encontrar uma
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explicagdo para o fato, a viabilidade de células Vero infectadas pelo HSV-1 e
tratadas com 125 pM de AG foi avaliada através do ensaio de exclusdo do corante
Azul de Trypan. Os resultados mostraram que a viabilidade das células néo foi
substancialmente afetada quando comparada com controles infectados, porém néo
tratados (dados ndo mostrados). Em uma tentativa adicional, a genotoxicidade do
AG e do GP frente a células Vero foi avaliada através do ensaio do micronucleo,
conforme metodologia descrita por Andrighetti-Fréhner e colaboradores (2006). O
GP nao foi genotoxico nas condicbes experimentais utilizadas, entretanto os
resultados mostraram que, em concentragdes iguais ou superiores a 31,2 uM de AG,
ocorreu um aumento no numero de células micronucleadas quando comparado com
controles néo tratados (dados ndo mostrados). Portanto, acredita-se que o dano ao
DNA causado pelo AG possa explicar a falha na amplificacdo dos genes da -actina
e/ou do HSV-1, uma vez que esta capacidade do AG ja foi descrita (YOSHINO et al.,
2002; SAVI et al., 2005).

Durante a realizacdo deste estudo, Uozaki e colaboradores (2006)
descreveram a pronunciada atividade anti-HSV-1 do galato de octila, sua habilidade
de induzir a morte de células infectadas, e seus efeitos inibitorios sobre virus de
RNA (VSV e poliovirus). Foi demonstrado que a citotoxicidade e a atividade antiviral
aumentaram em func¢do do numero de carbonos na cadeia alquilica, atingindo seu
maximo com 12 carbonos (galato de dodecila), sendo que o galato de octila
apresentou uma atividade antiviral marcante com uma moderada citotoxicidade.
Nesta dissertacdo, o perfil da citotoxicidade foi muito semelhante, entretanto a
atividade antiviral foi encontrada nos galatos com até sete carbonos na cadeia
alquilica. Esta discrepéancia entre os estudos estd provavelmente relacionada com as
diferentes formas de avaliacdo da atividade antiviral, como ja foi suposto pelos
proprios autores em seu estudo, quando discutem nosso trabalho anterior (SAVI et
al., 2005).

Os resultados aqui mostrados indicaram que o AG e o GP inibiram a
replicacdo do HSV-1 em células Vero e GMK AH1 (ambas células de rim de macaco
verde da Africa) em multiplos estagios da replicagéo viral, fato que ja foi observado
em outros estudos que avaliaram a atividade antiviral de outros compostos fenélicos
(KUO et al., 2002; CHENG et al., 2003, 2004; UOZAKI et al., 2006).
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A partir destes resultados, formulou-se a hip6tese de que a interferéncia do
AG e do GP sobre a replicagdo do HSV-1 em células Vero e GMK AHL1 esteja, ao
menos em parte, relacionada com:

- areducao da infectividade viral (apenas GP);

- inibicdo da adsorcdo e da penetragdo dos virus nas células (ambos os
compostos);

- diminuicdo dos niveis das proteinas virais ICP5, ICP27, gB, gC, gD e gE
(ambos os compostos);

- interferéncia sobre a sintese da proteina gD, através do bloqueio da
expressao do seu mRNA (apenas GP).

Embora os tratamentos concomitantes com AG/GP, AGl/aciclovir e
GP/aciclovir ndo tenham resultado em interagdo alguma, a interferéncia destes dois
compostos (AG e GP) em vérias etapas da replicagdo do HSV-1 sugere a

importancia de estudos adicionais.
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6 CONCLUSOES

Das 16 amostras avaliadas, apenas o galato de metila (1C) e de octadecila
(18C) nédo apresentaram citotoxicidade em células Vero e GMK AH1, nas
concentragbes avaliadas pelo ensaio do MTT. Em relacdo aos demais
compostos, a citotoxicidade aumentou em funcdo do nimero de carbonos na
cadeia alquilica, atingindo o seu maximo com 11 carbonos (galato de
undecila), enquanto que os compostos com cadeia mais longa foram
gradualmente menos citotéxicos.

Em relagdo a triagem da atividade anti-HSV-1 pelo ensaio do MTT, os
compostos com até 7 carbonos na cadeia alquilica apresentaram atividade,
com excecao dos galatos de nonila (9C) e de octadecila (18C), que também
foram ativos, em diferentes niveis. Assim, foram selecionados, para terem sua
atividade antiviral confirmada através do ensaio de reducéo de placas de lise,
0 acido galico e os galatos de metila (1C), etila (2C), propila (3C), butila (4C) e
pentila (5C), pois esses apresentaram atividade antiviral superior aos demais.
Na confirmacéo da atividade antiviral, através do ensaio de reducéo de placas
de lise, o acido gélico e o galato de pentila mostraram-se superiores aos
demais, pois foram 0s Unicos capazes de inibir completamente a replicacéao
viral na concentracdo de 125 uM, e, portanto, foram selecionados para o
estudo do seu mecanismo de acao.

Na avaliacdo da atividade virucida, apenas o galato de pentila mostrou-se
ativo, reduzindo o titulo viral em 99,9 % na concentracéao de 125 uM.

Na avaliacdo da interferéncia dos compostos sobre a adsorcdo e penetracao
viral, ambos os compostos foram ativos, sendo que o acido galico apresentou
atividade superior a do galato de pentila.

Na avaliacdo da atividade antiviral em funcéo do tempo, ambos os compostos
inibiram completamente a replicacdo viral quando adicionados até 8h pos-
infeccdo, entretanto, o acido galico perde sua atividade gradualmente nos
intervalos posteriores. Adicionalmente, ambos o0s compostos né&o

apresentaram efeito profilatico sobre a infeccdo do HSV-1.
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Os tratamentos simultdneos com &cido galico/galato de pentila, &cido
galico/aciclovir e galato de pentila/aciclovir ndo apresentaram sinergismo nem
antagonismao.

Na avaliacdo da interferéncia dos compostos sobre a sintese de proteinas
virais, ambos apresentaram atividade sobre a sintese das proteinas ICP5,
ICP27, gB, gC, gD e gE.

Na avaliacdo da interferéncia dos compostos sobre a expressdo génica viral,
apenas o galato de pentila mostrou-se ativo, inibindo a expressdo do mRNA
da glicoproteina viral gD.

Na avaliacdo da interferéncia dos compostos sobre a sintese do DNA viral,
ambos 0s compostos ndo apresentaram atividade.

O mecanismo proposto da acao anti-herpética do AG e do GP € o seguinte:
reducao da infectividade viral (apenas GP); inibicdo da adsorcéo e penetracéo
viral nas células (AG e GP); diminuicdo dos niveis da proteina do capsideo
viral ICP5, da proteina a ICP27 e das proteinas do envelope gB, gC, gD e gE
(AG e GP); e interferéncia na sintese da proteina gD, através do blogueio da
sintese de seu mRNA (apenas GP).
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