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RESUMO
A Crotalicidina (Ctn), um peptideo antimicrobiano relacionado a catelicidina da glandula de
veneno da cascavel Sul-Americana Crotalus durissus terrificus, bem como seu fragmento
C-terminal, Ctn [15-34], tém demonstrado importantes atividades contra microrganismos,
tais como bactérias, leveduras e protozodrios tripanossomatideos e certas linhagens de
células tumorais. Recentemente, o peptideo RhoB-Ctn[1-9] demonstrou a¢ao antimicrobiana
contra leveduras e bactérias. Para melhorar a sua atividade antifungica, ao invés da
Rodamina B, foi adicionado a essa estrutura o acido tetradecanoico (acido miristico), em
ligacdo covalente com a por¢do N-terminal do peptideo, sendo apelidado de Myr-Ctn[1-9].
As leveduras do género Candida possuem particularidades a depender da espécie e origem
dos isolados, tais como a capacidade de produzir fatores de viruléncia, que contribuem para
a patogenicidade e resisténcia aos medicamentos tradicionais, fazendo-se necesséria a
identificacdo de novas alternativas de agentes antifingicos. Diante do exposto, este estudo
teve como objetivo expandir a investigacdo sobre o espectro de atividade antifungica do
fragmento peptidico Ctn[15-34] derivado da Crotalicidina, frente a cepas de Candida spp. e
comparar com a atividade anti-Candida do novo peptideo Myr-Ctn[1-9]. Trata-se de um
estudo analitico, com abordagem quantitativa, utilizando 35 cepas de Candida sp. coletadas
a partir da microbiota oral de individuos saudaveis e isolados de individuos doentes. Antes
dos testes de sensibilidade com os peptideos, foi feito um levantamento sobre o perfil de
sensibilidade antifingicos convencionais e producdo dos fatores de viruléncia (atividade
hemolitica e fosfolipase). Por fim, a atividade de Ctn [15-34] sobre o biofilme de Candida
albicans foi avaliada. Foram realizados testes de sensibilidade com 25 cepas de Candida
spp. e constatou-se que a distribuicao dos valores de Concentracao Inibitéria Minima (CIM)
obtidos variaram entre os grupos de diferentes espécies (valor de p = 0,04), com mediana de
concentracgdes inibitdrias de peptideo menor para cepas de Candida nao-albicans. Myr-Ctn
[1-9] apresentou valores de CIM menores para todas as cepas, em relagdo ao Ctn [15-34]
com variacao de 0,313 a 1,25 uM (valor de p <0,01). Ctn [15-34] inibiu em 50% a formacéo
do biofilme por uma cepa de referéncia de Candida albicans, a uma concentracéo de 75 uM.
No geral, Myr-Ctn [1-9] e Ctn [15-34] s&o potenciais derivac¢Ges antifungicas que exibem
atividades contra Candida spp., demonstrando que os peptideos derivados da Crotalicidina
sdo modelos promissores para estudos mais aprofundados que visem o objetivo final de

desenvolvimento de novos antifungicos.

Palavras-chave: Peptideos Antimicrobianos, Crotalus Candida, Biofilmes.



ABSTRACT

Crotalicidin (Ctn), an antimicrobial peptide related to cathelicidin from the venom gland of
the South American rattlesnake Crotalus durissus terrificus, as well as C-terminal fragment,
Ctn[15-34], have demonstrated important activities against microorganisms such as bacteria,
yeast and trypanosomatid protozoa and certain tumor cell lines. Recently, the fragmente
RhoB-Ctn[1-9] demonstrated antimicrobial action against yeasts and bacteria. To improve
its antifungal activity, instead Rhodamine B, tetradecanoic acid (myristic acid) was added to
this structure, in covalent bond with the N-terminal portion of the peptide, being nicknamed
Myr-Ctn[1-9]. Yeasts of the genus Candida have particularities depending on the species
and origin of the isolates, such as the ability to produce virulence factors, which contribute
to pathogenicity and resistance to traditional medicines, making it necessary to identify new
alternatives for antifungal agents. Given the above, this study aimed to expand the
investigation into the spectrum of antifungal activity of peptide fragments Myr-Ctn[1-9] and
Ctn[15-34] derived from Crotalicidin, against strains of Candida spp. This is an analytical
study, with a quantitative approach, using 35 strains of Candida sp., collected from the oral
microbiota of healthy individuals. Clinical isolates of Candida spp. from different types of
clinical specimens such as blood, urine, bronchoalveolar lavage, tracheal aspirate and nail
scrapings were also used for testing. Before the sensitivity tests with the peptides, a survey
was carried out on the sensitivity profile of conventional antifungal agents and the
production of virulence factors (hemolytic activity and phospholipase). Finally, the activity
of Ctn[15-34] on Candida albicans biofilm was evaluated. Sensitivity tests were performed
with 25 strains of Candida spp. and it was found that the distribution of Minimum Inhibitory
Concentration (MIC) values obtained varied between groups of different species (p-value =
0.04), with median inhibitory peptide concentrations lower for non-albicans Candida strains.
Myr-Ctn[1-9] showed lower MIC values for all strains compared to Ctn[15-34] with a range
from 0.313 to 1.25 uM (p value < 0.01). Ctn[15-34] inhibited biofilm formation (50%) by
a standard strain of Candida albicans at a concentration of 75 uM. Overall, Myr-Ctn[1-9]
and Ctn[15-34] are potential antifungal derivatives that exhibit activities against Candida
spp., demonstrating that Crotalicidin-derived peptides are promising models for further

studies aimed at the ultimate goal of development of new antifungals.

Keywords: Antimicrobial Peptides, Crotalus, Candida, Biofilms.
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1. INTRODUCAO

Constituindo a familia das Cryptococcaceae, 0 género Candida apresenta, em sua
composicao, aproximadamente 150 espécies, dispersas em diferentes ambientes, como ar,
solo, agua, plantas e animais. (POULAIN et al., 2009). S&o considerados fungos
oportunistas, causando doenc¢a quando ha o comprometimento da imunidade do hospedeiro
(SALVATORI et al., 2016).

A forma patogénica de Candida spp. expressa uma série de fatores de viruléncia, tais
como a adesdo aos tecidos do hospedeiro diante da atividade de adesinas e invasinas;
producdo de enzimas hidroliticas, como as proteases, fosfolipases e hemolisinas; mudanca
fenotipica; transicdo morfolégica levedura-hifa e formacao de biofilme (ROSSI et al, 2011;
GOW; HUBE, 2012).

No tocante a formacdo de biofilme, a expressdo deste fator de viruléncia pode ser
observada em diversos microrganismos incluindo Candida spp., tendo implicagcOes para as
ciéncias farmacéuticas e as ciéncias da salde de uma forma geral, visto que estes estdo entre
0S microrganismos mais comuns em ambientes clinicos, com capacidade de adesdo a
dispositivos biomédicos, crescendo como um biofilme resistente a medicamentos (SILVA
etal., 2017).

Biofilmes de Candida spp. estdo se tornando cada vez mais resistentes a uma variedade
de estresses, tais como: mecanismos de defesa imunoldgica do hospedeiro, estresse mecanico
e acdo de farmacos antiflngicos, incluindo derivados azolicos e polienos, 0s quais sao
amplamente utilizados na pratica clinica para o tratamento de infecg¢fes fungicas (POLKE;
HUBE; JACOBSEN, 2015; CHANDRA; MUKHERJEE, 2015). A evolucéo da resisténcia
de fungos a agentes antimicrobianos tem se tornado uma preocupacdo constante, visto que é
limitado o numero de antifungicos disponiveis para o tratamento de infeccBes sistémicas
(MOUNT et al., 2018).

Todos os fatores supracitados séo responsaveis pela maior dificuldade frente ao
tratamento dessas doencas, havendo a necessidade de identificacdo de novas alternativas
terapéuticas. Dessa forma os Peptideos Antimicrobianos (PAMS) apresentam-se como uma
0pcao.

Os peptideos Antimicrobianos sdo moléculas provenientes do sistema imune inato de
vertebrados e invertebrados, e que possuem a capacidade de interagir com membranas

celulares, podendo apresentar atividade antimicrobiana frente a determinados agentes
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infecciosos (KANG et al., 2014). Por esta razdo, os PAMs tém gerado interesse consideravel
tendo em vista a possibilidade de serem aplicados como substitutos a antibioticos e
antifangicos, devido ao seu amplo espectro de atividade e inducdo de resisténcia reduzida
(NG et al., 2018; CAVALCANTE et al., 2016).

Com base nisso, temos o fragmento peptidico Ctn[15-34], o qual pertence a familia
das catelicidinas, caracterizada a partir da glandula de veneno da cascavel Crotalus durissus
terrificus, e que foi evidenciada acdo antimicrobiana contra leveduras, bactérias e virus,
aplicado em substituicdo ou em combinagfes com antimicrobianos (CAVALCANTE et al.,
2017; VIEIRA-GIRAO et al., 2017; PEREZ-PEINADO et al., 2018). Recentemente, 0
anadlogo estrutural RhoB-Ctn[1-9] (Rodamina B conjugada ao peptideo Ctn-[1-9]),
apresentou em estudo anterior, atividade antimicrobiana seletiva contra bactérias Gram-
negativas infecciosas como Escherichia coli, Pseudomonas aeruginosa e espécies
patogénicas de Candida com baixos efeitos hemoliticos em eritrécitos humanos, sendo capaz
de permear as membranas celulares e acumular-se intracelularmente em células microbianas
(LIMA etal., 2022).

Considerando o que foi mencionado, surgiram as seguintes questdes de pesquisa: - Os
fragmentos peptidicos modificados de Ctn[1-9] e Ctn [15-34] interferem no crescimento da
forma plancténica e em biofilme de Candida spp.? — Ha diferenca da atividade antifungica
entre o andlogo de Ctn[1-9] modificado e Ctn [15-34] ja estudado?

12



2. JUSTIFICATIVA

Em virtude do limitado quantitativo de antifingicos disponiveis no mercado e a
iminente resisténcia de Candida spp. frente a antifingicos amplamente utilizados na pratica
clinica, faz-se necessario o desenvolvimento de novas opcdes terapéuticas para o tratamento
das candidiases, diminuindo as taxas de mortalidade por infec¢Ges flngicas causadas por
Candida sp. nos grupos de individuos vulneraveis (que possuem imunossupressao em
decorréncia de Sindrome da Imunodeficiéncia Adquirida, cancer, transplantes, uso crénico
de corticoides, dentre outros).

A descoberta de novas moléculas com potencial biotecnolégico e o desenvolvimento
de novos farmacos também tem como objetivo minimizar o 6nus financeiro ao paciente e
aos servicos de saude, decorrente de eventuais falhas em tratamentos convencionais. Diante
da necessidade de agentes antimicrobianos de maior eficacia e que eventualmente podem
levar a uma melhor resposta se associado a farmacos ja conhecidos, o uso de Peptideos
Antimicrobianos (PAMs), vem sendo estudado como uma possivel alternativa terapéutica
para o tratamento de doencas infecciosas, com relevancia diante do tratamento de infeccdes
por Candida spp.

O estudo da atividade de novas substancias, principalmente a acdo dos PAMs frente as
células de Candida spp., tanto em sua forma planctdnica, como estando aderida no biofilme,
é de extrema relevancia para pratica clinica, tendo em vista a possibilidade de realizacdo de
estudos posteriores, in vivo, que possam identificar uma possivel utilidade como tratamento
principal ou coadjuvante de infecges fungicas sistémicas. Ainda, este estudo contribuira
para a ampliacdo do conhecimento no ambito das Ciéncias Farmacéuticas e avancos

significativos nesta area de estudo.
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3. OBJETIVOS

3.1 Objetivo Geral

Expandir a investigacdo sobre o espectro de atividade antifungica dos fragmentos
peptidicos Myr-Ctn [1-9] e Ctn [15-34] derivados da Crotalicidina, frente a cepas de Candida

spp. na sua forma plancténica e em biofilme.

3.2 Objetivos especificos

o Avaliar, invitro, o perfil de sensibilidade das cepas de Candida spp. aos antifungicos

Fluconazol, Itraconazol e Anfotericina B;

e Avaliar, in vitro, os fatores de viruléncia tais como a producdo de fosfolipases,

atividade hemolitica de cepas de Candida spp. e formacdao de biofilme;

o Determinar a atividade antifungica do novo peptideo Myr-Ctn [1-9] e comparar com

a atividade antifngica do peptideo Ctn [15-34];

o Comparar a atividade antifungica dos fragmentos peptidicos entre grupos de cepas

de diferentes espécies;

o Determinar o perfil de sensibilidade antifingica dos biofilmes frente ao fragmento
peptidico Ctn [15-34].

14



4. REVISAO DE LITERATURA

4.1 Género Candida

O género Candida é composto por fungos polimoérficos os quais pertencem ao filo
Ascomycota, classe Saccharomycetes, ordem Saccharomycetales (LEVETIN et al., 2016).
Fazem parte deste género, mais de 150 espécies, que podem ser encontradas em diversos
ambientes tais como no ar, solo, agua, plantas e animais. Contudo, apenas 15 destas séo
observadas em pacientes como agentes infecciosos. Sdo elas: Candida albicans, Candida
glabrata, Candida tropicalis, Candida parapsilosis, Candida krusei, Candida
guilliermondii, Candida lusitaniae, Candida dubliniensis, Candida pelliculosa, Candida
kefyr, Candida lipolytica, Candida famata, Candida inconspicua, Candida rugosa e
Candida norvegensis. Em 95% das infec¢des por Candida sp. os patégenos envolvidos séo
C. albicans, C. glabrata, C. parapsilosis, C.tropicalis e C. krusei (YAPAR, 2014).
Recentemente o género sofreu uma mudanca na classificacdo e espécies de importancia
clinica como Candida krusei, Candida glabrata, Candida guilliermondii, Candida lusitaniae
e Candida rugosa ndo fazem mais parte do género Candida, sendo reclassificadas em Pichia
kudriavzevii, Nakaseomyces glabrata, Meyerozyma guilliermondii, Clavispora lusitaniae e
Diutina rugosa, respectivamente (KIDD, ABDOLRASOULI, HAGEN, 2023). Como trata-
se de uma reclassificacdo nova, ao longo do texto, as leveduras sdo citadas de acordo com a
antiga classificacao.

Espécies do género Candida comp&em a microbiota humana normal em todo o corpo,
podendo estar presente na pele, trato gastrointestinal, trato geniturindrio das mulheres e o
trato respiratério. S80 comensais, podendo compor a microbiota de diversos sitios
anatdbmicos, sem causar infeccdo ativa e quando h& desequilibrio da imunidade do
hospedeiro, pode iniciar um quadro de Candidiase (PENDLETON et al., 2017). No contexto
das doencas fungicas, Candida spp. contribuem ao promover essas infec¢des em situacoes
em que ha comprometimento da resposta imunolégica ou perda da integridade das barreiras
naturais de defesa do hospedeiro, tornando-a um fungo oportunista (COLOMBO,;
GUIMARAES, 2003). Podem causar infecces em variados sitios anatémicos e infeccdes
sistémicas em individuos imunocomprometidos, em casos de diabetes mellitus, neutropenia,
tratamento oncoldgico, transplante de 6rgdos, hemodialise, uso prolongado de agentes
antimicrobianos e/ou hospitalizagéo prolongada (TSUI et al., 2008, PUNITHAVATHY et
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al., 2012). Ainda, com o surgimento das infeccGes por HIV (Virus da Imunodeficiéncia
Humana) e consequentemente a AIDS (Sindrome da Imunodeficiéncia Adquirida), em
decorréncia do enfraquecimento do sistema imunoldgico, a pessoa infectada pelo HIV/AIDS
corre um risco aumentado de uma ampla variedade de infeccdes oportunistas, dentre elas a
candidiase oral. Estima-se que 60% a 90% das pessoas vivendo com o virus HIV
apresentardo pelo menos uma manifestacdo oral (NUGRAHA et al., 2018).

Candida albicans é a espécie mais abundante e possui uma variedade de caracteristicas
microbioldgicas que conferem a ela maior adaptabilidade para colonizar a mucosa ao lado
das bactérias e existir em um estado de comensalismo ou tornar-se patogénico e invasivo
durante a doenca, tais como a sua caracteristica de ser polimorfica, com capacidade de alterar
sua morfologia entre uma levedura em brotamento e uma forma de hifa filamentosa, o que
constitui um importante fator de viruléncia. Comparado com seu estado de levedura, quando
forma hifas, C. albicans exibe propriedades de aderéncia aumentadas, invasividade e maior
patogenicidade (BASMACIYAN et al., 2019).

Desde o inicio do novo milénio, a deteccdo de espécies de Candida ndo-albicans
aumentou significativamente e superam C. albicans como a causa mais prevalente de
infeccbes invasivas por Candida, dependendo da regido geografica, sendo observado
também a crescente prevaléncia de espécies de Candida ndo-albicans associadas a
diminuicéo da suscetibilidade aos antifingicos mais utilizados. C. parapsilosis, por exemplo,
apresenta-se como uma causa frequente de candidiase invasiva em neonatos e criancas
(TOTH et al., 2019). A incidéncia de C. glabrata como agente etiolgico de infeccbes é
maior em adultos do que em criancgas, tendo também como caracteristica vinculada a sua
incidéncia, o aumento do uso de tratamento antifingico profilatico em pacientes
imunossuprimidos (TURNER; BUTLER, 2014); ao contrario de C. parapsilosis, que tem
sido frequentemente associada a infec¢des em recém-nascidos, receptores de transplantes e
pacientes que recebem nutricdo parenteral e C. tropicalis, que é comumente associada a
pacientes com neutropenia (SILVA et al., 2012). A incidéncia de C. krusei nas infeccdes é
baixa, no entanto, gera preocupacdo em decorréncia de sua resisténcia aos azois e outros
agentes antifangicos. C. guilliermondii e C. lusitaniae sdo causas relativamente raras de
infeccdo humana (TURNER; BUTLER, 2014).

Considerado um patdgeno recém evoluido, cepas de Candida auris foram isoladas de
maltiplos locais de infeccdo em todo o corpo e geralmente sdo adquiridas no ambiente
hospitalar. Ja foram isoladas da urina, bile, sangue, feridas, narinas, axila, pele e reto de
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individuos infectados. A hipotese é de que C. auris coloniza predominantemente a pele; no
entanto, em casos raros, foi isolado da mucosa intestinal, oral e esofagica dos pacientes.
Embora tenha sido relatada pela primeira vez em 1996, a partir de 2009 tornou-se alvo de
frequente vigilancia nos servicos de saude, pois esta presente atualmente em pelo menos 40
paises. Infec¢des invasivas causadas por C. auris ocorrem mais frequentemente em pacientes
criticos em UTIs, associadas a altas taxas de mortalidade global que variam de 30% a 60%
(DU et al., 2020).

4.2 Fatores de viruléncia de Candida spp.

Candida spp. sdo um microrganismos oportunistas, sendo comensal para a maioria dos
casos, mas quando ha um desequilibrio, se torna patogénica e participa ativamente da
ocorréncia e avancgo da infeccdo, em decorréncia dos seus fatores de viruléncia. A viruléncia
de uma espécie microbiana é uma medida do resultado das interacfes patdégeno-hospedeiro,
onde existem estratégias utilizadas para combater os mecanismos naturais de defesa do
hospedeiro. Dessa forma, os fatores de viruléncia de Candida spp. caracterizam-se pela
expressdo de moléculas de superficie como as adesinas, a formacéao de biofilme, a secrecéo
de enzimas hidroliticas, a capacidade de alterar sua morfologia, dentre outros. Esses fatores
garantem uma rapida adaptacdo e maior patogenicidade. Um grupo de fatores de viruléncia
causa a colonizacdo ou o inicio de uma infeccdo, enquanto o outro grupo ajuda a espalhar a
infeccdo (MOYES et al., 2015).

O contato inicial do fungo se da através da adesao as células epiteliais do hospedeiro,
requerendo a acdo de forcas passivas, incluindo efeitos atraentes (forgas de Van der Waals e
interacOes hidrofdbicas) e repulsivas (forgas de eletrorrepulsdo matuas). Tendo-se o contato
inicial entre célula fungica e célula epitelial, as adesinas interagem com 0s receptores da
célula do hospedeiro (MOYES et al., 2015). Apds a adesdo inicial, o contato de C. albicans,
por exemplo, com a célula hospedeira desencadeia a transicdo levedura-hifa. A invasdo na
célula hospedeira é entdo facilitada por invasinas e forcas fisicas, ocorrendo via endocitose
ou penetracéo ativa (CIUREA et al., 2020).

A secrecdo de enzimas hidroliticas extracelulares também auxilia no rompimento e
invasdo de Candida spp. nos tecidos do hospedeiro, tais como lipases, fosfolipases e
proteinases. As fosfolipases facilitam a invaséo nos tecidos do hospedeiro, hidrolisando as
ligacdes éster dos glicerofosfolipidios da membrana celular. Em C. albicans, quatro tipos
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de fosfolipases séo conhecidas, as quais foram classificadas como Fosfolipase A, B, C e D,
cada uma com a capacidade de clivar uma ligacdo éster especifica. Cepas com maior
atividade de fosfolipase exibem uma maior aderéncia as células epiteliais e
consequentemente, maior patogenicidade (MARTIN et al., 2021; KHAN et al., 2020).

De forma geral, as proteases extracelulares de Candida spp. sdo conhecidas como
enzimas digestivas de ampla atividade contra muitas proteinas do hospedeiro, como
albumina, imunoglobulina e proteinas da pele, e que possuem como funcéo a degradacao de
tecidos e aquisicdo de nutrientes em diferentes nichos de acolhimento, além de estarem
envolvidas na evasdo do sistema imunolégico e propagacdo do processo inflamatério no
hospedeiro (RAPALA-KOZIK et al., 2018). As proteases asparticas (Saps1-3 e Saps4-6) séo
secretadas em C. albicans e a sua funcdo na infec¢do ndo se deve apenas as suas propriedades
proteoliticas, mas também devido ao seu papel na manutencdo da integridade da parede
celular fangica e capacidade de adesdo. A liberacdo de Sap4 e Sap6, por exemplo, esta
associada & resposta as armadilhas extracelulares de neutréfilos do hospedeiro
(STANISZEWSKA, 2015).

De acordo com Erum et al. (2020), ha uma menor producéo de proteinase por Candida
nédo-albicans em comparagdo com C. albicans e em seu estudo, os achados revelaram que a
atividade de fosfolipase e proteinase foi mais pronunciada em C. albicans em comparacao
com as cepas de Candida ndo-albicans testadas. A producdo de proteinases e fosfolipases
foram observadas em 90,74% e 85,18%, respectivamente, em 54 isolados de C. albicans,
contrastando com os testes realizados com 74 cepas de espécies de Candida ndo-albicans,
onde 70,27% e 27,02% produziram proteinases e fosfolipases, respectivamente. Contudo,
segundo os autores, ainda ndo se sabe porque ocorre essa discrepancia entre Candida spp.

Em relacdo a atividade hemolitica de Candida spp., também considerado um
importante fator de viruléncia, a literatura aponta que, para tal, hd a acdo da Hemolisina e
que existem trés diferentes tipos. As toxinas formadoras de poros incluem a hemolisina que
forma poros transmembrana na célula hospedeira, resultando em lise celular. As hemolisinas
tensoativas incluem substancias produzidas por microrganismos que sao capazes de construir
e desintegrar a membrana celular. A hemolisina enzimatica inclui enzimas que danificam a
bicamada fosfolipidica da membrana das celulas hospedeiras (ERUM et al., 2020). O fator
hemolitico desregula os eritrécitos e permite a assimilacdo de ferro do grupo hemoglobina-
heme, promovendo a sobrevivéncia dentro do hospedeiro através de uma maior capacidade

de sequestrar o ferro. Essa capacidade hemolitica pode variar entre as espécies de Candida,
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podendo desempenhar um papel importante na infeccdo da corrente sanguinea, onde
eritrocitos circulantes sdo expostos diretamente as células fungicas ou indicar um potencial
para a geracao de episodios hemoliticos agudos localizados (MIRONOV; LEONOV, 2016;
FURLANETO et al., 2018).

O biofilme também representa um importante fator relacionado a viruléncia de
espécies de Candida cujas células sésseis que compde a sua estrutura exibem fendtipo e
gendtipo diferenciados, de forma que os biofilmes se mostram vantajosos para a
sobrevivéncia do microrganismo, uma vez que conferem protecdo contra o ambiente,
resisténcia a estresses fisicos e quimicos, cooperacdo metabdlica e regulacdo da expressdo
génica (CARVALHO et al., 2006; RAJA et al., 2010; YANG et al., 2012).

4.3 Biofilme

Os biofilmes s&o definidos como comunidades microbianas organizadas, cercadas por
uma matriz extracelular autoproduzida, composta de materiais exopoliméricos (WALL et
al., 2019). Essas células aderentes (sésseis) tém propriedades distintas das células que estao
livres e flutuantes (planctonicas). Embora estejam ligados frequentemente a superficies
solidas, os biofilmes podem ser formados em outros ambientes, como por exemplo,
interfaces liquido-ar (NOBILE; JOHNSON, 2015).

Essa matriz extracelular produzida pelas células presentes no biofilme é composta de
substancias poliméricas extracelulares (EPS) capazes de aderir a uma superficie bidtica ou
abidtica. As EPS sdo compostas principalmente por polissacarideos, proteinas, lipidios e
acidos nucléicos (RNA e DNA extracelular), que formam uma mistura polar altamente
hidratada que contribui para a arquitetura geral e a estrutura tridimensional de um biofilme
(WIN et al., 2019). Dentro dessas classes de substancias, hd ampla variacdo nos tipos
especificos e proporcdes de macromoléculas entre os diferentes tipos de biofilme
(JAKUBOVICS et al., 2021). E considerado um importante mecanismo de sobrevivéncia,
amplamente distribuido no meio ambiente.

A formacdo de biofilme por microrganismos se da em resposta a varios estresses
ambientais ou também defendido como uma forma natural de crescimento de diversos
microrganismos. Sabe-se que a capacidade de formar biofilmes é importante para o

crescimento desses microrganismos em ambientes extremos diversos, tais como exposicéo a
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variagcOes de temperatura, pH, alta salinidade, alta presséo, exposi¢éo a radiacéo ultravioleta
e acdo de antimicrobianos (WIN et al., 2019).

Os biofilmes existem em quase todos os lugares, habitando implantes médicos, tecidos
vivos, canais de agua, tubulacdes, pisos de hospitais, unidades de processamento de
alimentos e outras superficies bioticas e abidticas. Dessa forma, a formagdo de biofilme
contribui para o desenvolvimento de resisténcia a antimicrobianos e para a formacdo de
comunidades microbianas persistentes que sdo responsaveis pela maior dificuldade em
combater infecgdes microbianas. Os biofilmes sdo responsaveis por diversas manifestacfes
patoldgicas e algumas das infeccdes teciduais associadas incluem periodontite, osteomielite,
infeccdo pulmonar na fibrose cistica, endocardite, placa dentaria, amigdalite cronica,
laringite crénica, feridas cronicas e infec¢cdes do trato biliar e urinario (RATHER et al.,
2021).

Ainda, foi evidenciado que os biofilmes microbianos podem ser produzidos por apenas
uma espécie (biofilme monoespécie) ou pela associacdo de varios microrganismos (biofilme
misto), podendo incluir fungos, bactérias, protozoarios e algas (AZEVEDO; CERCA, 2012).
Os biofilmes mistos sdo 0s mais comuns na natureza, podendo ser compostos por espécies
do mesmo reino ou de reinos diferentes, podendo uma espécie auxiliar a outra na adeséo, por
meio da liberacdo de metabdlitos no meio (DONLAN, 2002; AZEVEDO; CERCA, 2012).

O processo de desenvolvimento de biofilmes ocorre em vérias etapas. Inicia-se com a
adesdo inicial do microrganismo ao substrato e fixacdo irreversivel, seguida da sua
colonizacdo, modificacdo na expressdo de genes/proteinas seguida e fase de crescimento
exponencial. Ocorre a formacéo de exopolissacarideos (EPS) e canais de agua, facilitando o
aporte de nutrientes que levam a maturacdo dos biofilmes (SHARMA et al., 2019).

O aumento da biomassa de um biofilme acontece, tanto pela divisdo celular, quanto
pela redistribuicdo de células entre as microcolonias e pela adesdo de novas células
planctonicas (AZEVEDO; CERCA, 2012; GULATI; NOBILE, 2016). Concomitantemente,
ao aumento da biomassa, células similares as células planctonicas iniciais se desprendem do
biofilme para o ambiente externo, podendo formar um novo biofilme em outro sitio,
caracterizando assim, um ciclo de contaminac6es (FLEMING, RUMBAUGH, 2017).
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4.4 Biofilmes de Candida spp.

Para Candida spp., foi observado que o desenvolvimento do biofilme segue etapas
sequenciais ao longo de um periodo de 24 a 48 h. Inicialmente, uma Unica célula de levedura
adere ao substrato formando uma base para a camada de células, iniciando a etapa de adeséo.
As leveduras C. albicans se fixam a uma superficie (por exemplo, epitélios, biomateriais ou
agregados celulares) através de adesinas, como membros da familia Als. Em seguida inicia-
se a fase de proliferacdo celular onde as células se projetam e continuam a crescer na
estrutura filamentosa através da superficie (etapa de iniciacdo). As leveduras transitam para
hifas e este processo € regulado por muitos fatores de transcricao incluindo Teclp e Efglp.
As hifas expressam adesinas especificas, como Hwplp e Hyrlp. A montagem das hifas
marca o inicio da formacdo do biofilme acompanhado pelo acréscimo de uma matriz
extracelular (MEC) no biofilme, fornecendo suporte estrutural e protecdo contra antifungicos
e o sistema imunoldgico do hospedeiro. A adesdo é mantida e o metabolismo de aminoacidos
é aumentado no biofilme. As células de levedura ndo aderentes se desprendem do biofilme
para 0 ambiente externo para encontrar um local favoravel de fixacéo (etapa de dispersao).
A disseminacao de células de levedura associadas ao biofilme tem um importante significado
clinico, pois podem iniciar a formacdo de novos biofilmes e alcangar outros tecidos do
hospedeiro (PONDE et al., 2021; ATRIWAL et al., 2021). Um fator importante é o Quorum
sensing, um mecanismo de comunicacdo microbiana em que o acumulo de moléculas de
sinalizacdo permite que uma célula detecte uma densidade celular. Ele regula varias
caracteristicas, sendo uma delas a formacao de biofilme. Quorum sensing é um mecanismo
bem conhecido e difundido de comunicagdo célula-célula em bactérias, em que elas se
comunicam por meio de moléculas sinalizadoras chamadas autoindutores e contribuem para
a regulacdo da expressao génica (PADDER et al., 2018).

Para alcangar uma comunicagdo celula-célula eficaz, os microrganismos produzem
substancias denominadas moléculas Quorum-Sensing (QSM), que controlam sua resposta a
estimulos externos ou internos. QSM como farnesol e tirosol. Farnesol gerencia a
filamentacdo na levedura polimorfica patogénica Candida albicans. Sua funcdo principal na
fisiologia de C. albicans esta ligada a sinalizacao e iniciacdo de consequéncias danosas nas
células hospedeiras e outros microbios. Apds esta descoberta, o alcool aromatico tirosol
também revelou ser um QSM de C. albicans, gerenciando o crescimento, morfogénese e
formagao de biofilme (RODRIGUES; CERNAKOVA, 2020).
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A matriz extracelular protege as células aderentes contra o sistema imunoldgico do
hospedeiro e agentes antifungicos, formando uma extensa estrutura. A matriz extracelular é
composta por aproximadamente 55% de uma combinacdo de glicoproteinas e 25% de
carboidratos. Os carboidratos consistem em grande parte de polissacarideos a-manana e 3-
1,6-glucana com -1,3-glucanas em menor propor¢do. A MEC também consiste em 15% de
lipidios e apenas 5% de acidos nucleicos. O B-1,3-glucano desempenha um papel importante
na resiliéncia a ligacao especifica dos derivados azolicos (ATRIWAL et al., 2021).

Ha diferencas entre as caracteristicas de biofilmes de diferentes espécies de Candida.
A secrecdo de proteinas em C. albicans é conduzida pelo trafego mediado por vesiculas entre
os compartimentos celulares para fora da superficie celular. No entanto, o aparato secretor
difere entre células de levedura e hifas, indicando que diferentes formas morfoldgicas podem
desempenhar contribuicdes distintas para o proteoma extracelular (JAKUBOVICS et al.,
2021).

Candida albicans é considerada a espécie que mais produz biofilme sendo que estes
sdo mais confluentes do que biofilmes de outras espécies, apresentando diferentes formas
morfologicas: brotamento oval, hifas septadas continuas e pseudohifas, em tecidos
infectados. Em superficies abioticas, biofilmes de C. albicans exibem uma densa rede de
leveduras e células filamentosas envoltas em material exopolimérico. Os biofilmes de C.
glabrata exibem uma MEC com altos niveis de carboidratos e proteinas. A estrutura do
biofilme de C. parapsilosis pode variar de acordo com a cepa em estudo, mas geralmente
compreende morfologias de leveduras e pseudohifas, produzindo uma multicamada
compacta ou agregados celulares ndo contiguos, com MEC composta principalmente por
carboidratos e baixos niveis de proteinas. Biofilmes de C. tropicalis possuem uma estrutura
composta principalmente por células em forma de levedura, embora algumas linhagens
tenham exibido formas filamentosas em biofilmes espessos de células agregadas ou em uma
monocamada descontinua de leveduras ancoradas a superficie. Embora os biofilmes de C.
tropicalis tenham MEC com baixo teor de carboidratos e proteinas, eles sdo mais resistentes
ao desprendimento da superficie do que os biofilmes formados por C. albicans
(CAVALHEIRO; TEIXEIRA, 2018). Os biofilmes de Candida tém, portanto, uma variedade
de arquiteturas possiveis, propriedades de adesdo, morfologias celulares e composicao da
MEC.

A formacdo de biofilme estd fortemente ligada ao desenvolvimento de resisténcia a

farmacos antifingicos. Esse aumento da resisténcia quando espécies de Candida crescem
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como biofilmes pode ser explicado por varios fatores e um deles € o aumento da atividade
metabolica que ocorre no inicio do desenvolvimento do biofilme. Outra quest&o a considerar
é 0 papel da MEC na resisténcia aos antifingicos, servindo como uma barreira para impedir
a difusdo de farmacos (WALL et al., 2019). Biofilmes maduros de C. albicans sédo altamente
tolerantes ao fluconazol, anfotericina B e caspofungina em concentragdes que séo letais para
as células planctonicas (PONDE et al., 2021).

4.5 Manifestacdes clinicas associadas a Candida spp.

4.5.1 Candidiase oral

A maioria dos individuos adultos saudaveis possuem espécies de Candida na cavidade
oral, fazendo parte da microbiota oral normal, ndo estando associado a processos patoldgicos
(RADUNOVIC et al., 2022).

De acordo com Radunovic e colaboradores (2022), a prevaléncia de Candida spp. na
microbiota oral em individuos saudaveis é de até 70%, e C. albicans é a espécie
frequentemente isolada. As areas subgengivais e o dorso da lingua apresentam diversas
propriedades ecoldgicas. Primeiramente, o biofilme subgengival estd aderido a uma
superficie dura ndo descamativa, com diferentes colonizadores primarios, o potencial redox,
pH, e nutrientes na placa subgengival diferem da lingua, bem como a disponibilidade de
oxigénio, dando a area subgengival o potencial para desenvolver diferentes biofilmes da
lingua. O nicho oral mais investigado de Candida sp. foi a lingua, seguida pela mucosa bucal
e palatina (RADUNOVIC et a., 2022).

Por se tratar de um fungo oportunista, a colonizacao patoldgica de espécies de Candida
estd relacionada a véarios fatores tais como extremos de idade, desnutricdo, doenca
metabolica, infeccbes concomitantes, terapia antibacteriana, imunossupressao, radioterapia,
pacientes transplantados, hipofuncdo das glandulas salivares, doencas de longo prazo e
terapia com corticoides (HELLSTEIN et al., 2019).

A grande maioria (cerca de 90%) dos pacientes infectados pelo HIV desenvolverdo
candidiase em algum momento, onde a colonizacdo oral assintomatica pode levar a lesdes
orais ou se tornar uma fonte de infeccbes disseminadas. A gravidade da infec¢do por

Candida spp. em pacientes infectados pelo virus HIV pode ser atribuida a imunodeficiéncia
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do hospedeiro; no entanto, ha dados que mostram uma forte associacdo entre a selecéo
natural de cepas e 0 aumento da viruléncia das espéecies de Candida (ORLANDI et al., 2020)

Comumente, ocorre a remoc¢do de células de Candida frouxamente aderidas das
superficies da mucosa através dos efeitos do fluxo salivar e da degluticéo, sendo considerado
um fator importante na defesa do hospedeiro contra o crescimento excessivo de Candida na
cavidade oral, contudo, o fungo possui a capacidade de contornar esses mecanismos de
remocao, atraves dos fatores de viruléncia. Dessa forma, tem-se a descricdo de atributos
relacionados a Candida albicans que contribuem para a patogénese, tais como a capacidade
de aderéncia a superficie epitelial, através da expressdo de adesinas de superficie; formacao
de biofilme, o que contribui para a falha da terapia antifingica; evasdo das defesas do
hospedeiro em decorréncia de sua capacidade de mudanca fenotipica, resisténcia a estresses
fagociticos (resposta ao estresse oxidativo e nitrosativo, degradacdo proteolitica de fatores
imunolégicos do hospedeiro (anticorpos, peptideos antimicrobianos etc.); capacidade de
invasdo e destruicdo dos tecidos do hospedeiro através do desenvolvimento de hifas e
tigmotropismo (penetracdo tecidual), secrecdo de enzimas hidroliticas tais como as aspartil
proteinases (SAPs), fosfolipases e lipases, secrecdo de toxinas e endocitose induzida (VILA
et al., 2020).

A patogénese por Candida spp. pode estar associada a quadros agudos, cronicos,
lesbes na cavidade oral associadas a Candida e lesdes primarias queratinizadas infectadas
com Candida spp. (SINGH et al., 2014) Os quadros clinicos mais comuns sdo: candidiase
pseudomembranosa, mais comumente conhecida como “aftas”, com a presenca de placas
brancas na lingua, mucosa oral, palato duro, palato mole e orofaringe; a candidiase
hiperplasica, que se apresenta como placas brancas bem circunscritas, levemente elevadas,
mais comumente aderidas a mucosa bucal e que podem envolver as comissuras labiais; a
candidiase atréfica aguda, na qual observa-se a presenca de placas eritematosas, mais
comumente no palato, especialmente em pacientes com HIV; a candidiase atrofica cronica,
mais conhecida como estomatite protética e que esta associada ao uso de proteses dentarias
totais; a queilite angular ou estomatite angular, que apresenta-se como placas eritematosas e
fissuradas ao longo das comissuras da boca; dentre outras diversas condigdes associadas a
infeccdo por Candida (MILLSORP et al., 2016).
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4.5.2 Candidiase esoféagica

Apobs a deficiéncia funcional do sistema imunoldgico do hospedeiro ou a aplicacdo de
antibidticos, a composicado da microflora no trato digestivo muda e a capacidade de invaséo
de fungos patogénicos oportunistas € aumentada através do mecanismo de regulacao génica,
levando a infeccdo fungica oportunista. Além das condicdes ja conhecidas, relacionadas a
imunidade do hospedeiro, principalmente HIVV/AIDS, o uso frequente de farmacos inibidores
da bomba de protons, os quais tém como efeito a reducdo da secrecdo de acido cloridrico no
estdbmago, ou o uso de outros farmacos que suprimem a producdo de acidos, é considerada a
causa mais comum de candidiase esofagica em individuos imunocompetentes (MOHAMED
et al., 2019), em virtude da alteracdo da alteracdo da microbiota local e maior colonizacao
por Candida. Em um estudo realizado na Coreia, com individuos sem comorbidades, 0s
pesquisadores identificaram que o0 uso recente de antibidticos, corticosterdides,
medicamentos fitoterapicos e o consumo excessivo de bebidas alcodlicas foram identificados
como fatores de risco significativos para a candidiase esofagica, embora o uso de inibidor da
bomba de prétons estivesse também associado a essa doenca (CHOI et al., 2013). No exame
endoscédpico, é possivel observar a presenca de placas brancas no eséfago, exsudatos brancos
e rupturas nas mucosas, sendo a disfagia um sintoma cléassico de candidiase esofagica,
podendo também ser relatados: dor abdominal, pirose, nausea, vomitos, perda de peso, dentre
outros sinais e sintomas (ALSOMALI et al., 2017).

Um estudo de caso realizado com dois pacientes evidenciou o surgimento de
carcinoma espinocelular ap6s quadros crénicos de candidiase esofagica. Os autores relatam
que é comum o surgimento dessa doenca, secundariamente ao cancer de esdfago, no entanto,
devido ao dano prolongado na mucosa, ha evidéncias crescentes de que a prdpria infeccdo
por Candida tem propriedades carcinogénicas, devido a incidéncia do desenvolvimento de
carcinoma em pacientes com candidiase crénica. Um mecanismo que explicaria tal
fendmeno seria a atividade catalitica de Candida, que facilita a producéo de nitrosaminas
cancerigenas como a nitroso-N-metilbenzilamina (NBMA) a partir de seus precursores
(DELSING et al., 2012).
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4.5.3 Candida Intestinal

Candida spp. também podem ser encontradas no intestino, contudo, o alto nivel de
colonizacdo de C. albicans vem sendo frequentemente observado em pacientes com a
barreira intestinal prejudicada. A barreira da mucosa intestinal atua na prote¢éo contra a
invasdo de patdgenos, seu crescimento excessivo e disseminacgdo para a corrente sanguinea
e 6rgdos profundos. Fatores como o0 comprometimento da resposta imune do hospedeiro,
disfuncdo intestinal resultante de um distirbio da microbiota intestinal, alteracdes de
permeabilidade ou quebra da barreira intestinal e a mudanga na morfologia de Candida,
contribuem para a disseminagdo do fungo. Infecgbes por C. albicans podem estar
relacionadas ao uso de dispositivos médicos invasivos, como acessos intravenosos, cateteres,
sondas e drenos. Esses dispositivos contornam a barreira fisica proporcionada pela superficie
da mucosa e facilitam o acesso de microrganismos & corrente sanguinea. Em alguns
individuos suscetiveis, acredita-se que as infec¢bes por C. albicans se disseminem a partir
do trato gastrointestinal (TONG; TANG, 2017). Hu et al. (2021), também demonstraram o
processo inverso, quando uma infeccdo por C. albicans transmitida pelo sangue € capaz
exacerbar as alteragBes na histologia do colon e aumentar a permeabilidade intestinal,
contribuir para a diminuicéo da diversidade do microbioma bacteriano intestinal, alterando
a microbiota local. Dessa forma, os autores identificaram que algumas bactérias intestinais
alteradas eram altamente relevantes para mudancgas nos metabdlitos fecais, e todas essas

alteracdes sdo capazes de romper a barreira intestinal.

4.5.4 Candidiase vulvovaginal

Em relacdo aos quadros clinicos associados a infec¢es por Candida spp.,a Candidiase
Vulvovaginal (CVV) esta entre os mais comuns, pois cerca cerca de 70% de toda populagéo
feminina tera, pelo menos, um episodio da doenca durante sua vida reprodutiva, sendo por
isso, considerada a segunda maior causa de vulvovaginite (CRUZ et al., 2020).

A forma leveduriforme é geralmente encontrada em mulheres assintomaticas e a
presenca de hifas tem sido consistentemente isolada de casos de CVV grave, corroborando
com a associacdo da forma de levedura com o comensalismo e a forma de hifa com a
patogenicidade (KALIA et al., 2020). C. albicans durante muito tempo foi considerado o

patdégeno mais comum causador de CVV, no entanto, observa-se 0 aumento da identificacdo
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de Candida ndo-albicans, principalmente de C. glabrata. Outras espécies que devem ser
levadas em consideracdo séo C. tropicalis, C. parapsilosis , C. kefyr , C. krusei , C.
guilliermondii , C. famata e C. lusitaniae . A producdo de fatores de viruléncia por essas
cepas depende do local e do grau de invasdo, bem como da natureza da resposta do
hospedeiro e influencia diretamente para o dano tecidual, pois a patogénese da CVV envolve
trés etapas, as quais sdo a adesdo, seguida de invasdo as células epiteliais, formacdo de
biofilme e secrecdo de fatores de viruléncia (KALIA et al., 2020).

Em relacédo aos sinais e sintomas, o corrimento vaginal (leucorréia), prurido, alteracéo
do pH vaginal, edema, hiperemia, dispareunia e disuria sdo citados como sendo sugestivos
de candidiase vulvovaginal. Quanto ao corrimento vaginal, este é descrito como de textura
espessa, coloracao branca, com aspecto semelhante ao "leite coalhado”. No tocante aos
sintomas como prurido intenso e hiperemia, isso ocorre devido a invasdo das células
epiteliais da mucosa genital por Candida spp., provocando lesdes teciduais, onde a
capacidade de adesdo e a acdo das toxinas e enzimas expressas pelo agente infeccioso estéo
envolvidas neste processo de patogénese (CRUZ et al., 2020).

Candida spp. faz parte da microbiota normal da vagina, entretanto, como trata-se de
um fungo oportunista, fatores relacionados ao hospedeiro, tais como gravidez, desequilibrio
hormonal, diabetes mellitus descompensado, imunossupressdo por diferentes causas, que
pode uso de antibidticos de amplo espectro e glicocorticoides e predisposicdes genéticas
podem estar relacionados a incidéncia da doenca. vale ressaltar que a CVV trata-se de uma
condicdo clinica relevante, tendo em vista o desconforto gerado as mulheres acometidas e o
aumento de CVV recorrente, caracterizada por quatro ou mais episodios sintomaticos em um
ano e ocorre em virtude dos fatores predisponentes, falhas no tratamento convencional e
aumento do nimero de espécies envolvidas na infecgdo (RODRIGUEZ-CERDEIRA et al.,
2020).

4.5.5 Candidiase invasiva

A candidiase invasiva compreende candidemia e candidiase profunda, que podem
ocorrer concomitantemente ou de forma independente uma da outra. A candidemia primaria
decorre mais frequentemente da translocacdo de espécies de Candida comensais, do trato
gastrointestinal, ou por contaminacdo de dispositivos médicos, tais como cateteres

intravenosos, permitindo a disseminacdo hematogénica. A candidiase profunda também
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pode resultar da introducdo ndo hematogénica de Candida em locais estéreis, como a
cavidade abdominal, apds ruptura de estruturas do trato gastrointestinal. Dessa forma, o0s
autores relatam que, para o diagndéstico de candidiase invasiva, é importante considerar e
identificar trés tipos de entidades: candidemia na auséncia de candidiase profunda,
candidemia associada a candidiase profunda e candidiase profunda na auséncia de
candidemia (CLANCY; NGUYEN, 2018).

Tais condic¢des sdo importantes causas de morbidade e mortalidade, principalmente em
pacientes imunocomprometidos e hospitalizados, com milhares de casos relatados em todo
0 mundo, devendo ser considerada como caso suspeito em qualquer paciente com fatores de
risco conhecidos e que apresentem febre persistente, que ndo responde a antibacterianos de
amplo espectro. O choque séptico é uma possivel apresentacdo de candidemia e pacientes
podem apresentar maior incidéncia de insuficiéncia renal e hepatica, além de niveis mais
baixos de lactato desidrogenase do que pacientes com choque séptico bacteriano
(ANTINORI et al., 2016).

As espécies mais comuns de Candida, isoladas desses pacientes sdo C. albicans, C.
glabrata, C. tropicalis, C. Parapsilosis e C. krusei (VASILEIOU et al., 2018). Além da
tendéncia global do aumento de casos de candidiase invasiva por Candida auris (PAPPAS
et al., 2018). C. albicans ainda é a espécie mais comumente associada a quadros diversos de
candidiase, no entanto, infeccBes por espécies de Candida ndo-albicans sdo responsaveis
por um numero crescente de casos. Especificamente, C. glabrata tornou-se um importante
patdgeno na América do Norte, Europa e Australia, enquanto C. parapsilosis € a espécie
ndo-albicans dominante na América do Sul, Japdo e Espanha. Essas espécies sdo
frequentemente resistentes ou tolerantes ao fluconazol, o que ocasiona maiores dificuldades
em relacéo ao tratamento (BEN-AMI, 2018).

4.6 Resisténcia de Candida spp. aos antifungicos

O termo resisténcia pode ser definido como gquando uma cepa responde a uma
concentragdo inibitéria minima (CIM) para um determinado antifingico acima de pontos de
corte ja preconizados de interrupcao do seu crescimento, podendo essa ser comparada a uma
cepa controle ou de referéncia e aos parametros pré estabelecidos nos protocolos existentes.

Ja o termo tolerancia, esta relacionado a capacidade de uma cepa fungica suscetivel a
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farmacos de crescer na presenca de um antifingico em concentragdes acima da CIM (LEE
et al., 2020).

O uso frequente e profilatico de antifungicos tém levado ao surgimento de cepas de
Candida spp. resistentes a esses medicamentos, atraves da expressao de diversos
mecanismos, tais como alteragdes nos alvos de farmacos, superexpressao de bombas de
efluxo, modulagdo das respostas ao estresse, modificagdes gendmicas, além da resisténcia
intrinseca de algumas espécies de Candida aos antifungicos amplamente utilizados, como o
fluconazol e equinocandinas (LEE et al., 2020). De acordo com Singh et al. (2015), as
terapias atualmente disponiveis para candidiase sdo baseadas em antiflingicos, incluindo
azois, equinocandinas e polienos. O fluconazol é o mais utilizado no tratamento de infec¢es
por candidiase devido a sua alta biodisponibilidade e baixa toxicidade, no entanto, o seu uso
clinico excessivo e indiscriminado levou ao surgimento de cepas multirresistentes de C.
albicans, cabendo salientar que essas cepas multirresistentes ocorrem em frequéncias
superiores as taxas de mutacdo e, consistente com isso, parecem ser geneticamente idénticas
ao microbio sensivel (SINGH et al., 2015).

Os fatores de viruléncia, tais como a capacidade de producdo de biofilme por C.
albicans sdo relevantes para o perfil de sensibilidade aos antifingicos, conferindo resisténcia
até 1.000 vezes maior em cepas formadoras de biofilme em comparagdo com as demais.
Além dos fatores de viruléncia, diversos mecanismos de resisténcia in vitro e in vivo j& foram
descritos na literatura. Por exemplo, Candida albicans pode se tornar resistente aos azolicos
aumentando o nimero de bombas de efluxo em sua estrutura, com funcéo de transporte,
associado a membrana, impedindo o acimulo intracelular de farmaco e reduzindo a sua
citotoxicidade. Em relacdo a resisténcia as equinocandinas, mutacdes nas posi¢Oes de
aminoéacidos no gene FKS1 de Candida albicans tém sido associadas a maior resisténcia,
devido a plasticidade genémica do fungo (PRISTOV; GHANNOUM, 2019).

Candida tropicalis exibe resisténcia aos derivados azolicos, mostrando alta resisténcia
especificamente ao fluconazol, com mecanismo de resisténcia semelhante ao de outras
espécies de Candida (PRISTOV; GHANNOUM, 2019), tais como alteragbes na via de
biossintese do ergosterol e superexpressdo de bombas de efluxo (WHALEY et al., 2017).
Candida glabrata € conhecida por mostrar resisténcia ao fluconazol, sendo sensivel a
concentracgdes inibitdrias minimas mais altas desse farmaco, quando comparada com outras
espécies de Candida. A falha do tratamento e o surgimento de cepas resistentes ao fluconazol

ocorrem com frequéncia durante o tratamento de isolados inicialmente suscetiveis, fazendo
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com que a heterorresisténcia seja um achado frequente. Considerando essas caracteristicas,
a escolha pelo tratamento com o fluconazol para pacientes com infeccdes por Candida
glabrata deve ocorrer em casos especificos e 0 monitoramento deve ser constante (BEN-
AMI, 2018). C. parapsilosis é intrinsecamente menos suscetivel as equinocandinas do que
outras espécies de Candida e C. krusei é intrinsecamente resistente ao fluconazol, embora o
mecanismo preciso ndo seja completamente compreendido. VArios estudos atribuiram a
resisténcia inata de C. krusei aos azolicos a atividade da bomba de efluxo, nomeadamente
através do transportador de cassete de ligacdo de ATP Abclp, e a reducdo da acumulacdo de
antifungico. Também hé casos de cepas resistentes ao itraconazol e voriconazol (WHALEY
etal., 2017).

Considerando o exposto, ha a necessidade de identificacdo de novas alternativas
terapéuticas para as infeccdes causadas por Candida spp. Dessa forma, os Peptideos

Antimicrobianos (PAMSs) apresentam-se como uma opc¢ao.

4.7 Peptideos Antimicrobianos (PAMS)

Os PAMs sdo peptideos curtos, compostos por 8 a 50 aminoacidos de baixo peso
molecular, a maioria dos quais sdo catiénicos, contém multiplos residuos hidrofébicos, sdo
anfipaticos e exibem atividade antimicrobiana de amplo espectro (LE et al., 2017). Séo
moléculas que fazem parte do sistema imune inato de vertebrados e invertebrados, possuindo
um amplo espectro de atividades contra fungos, bactérias, virus e parasitas
(BRANDENBURG et al., 2012).

Os PAMs sdo bem preservados em eucariotos, tendo em vista que sdo componentes do
sistema imune inato e a producgdo desses peptideos pelas células hospedeiras requer menos
tempo e energia do que a sintese de anticorpos pela imunidade adquirida. Uma outra
vantagem esta relacionada ao fato de que essas moléculas, por serem pequenas, podem
atingir o alvo mais rapidamente do que as imunoglobulinas. Além disso, alguns eucariotos
carecem de sistema imunoldgico baseado em linfocitos, tais como 0s insetos, por exemplo,
que dependem principalmente da sintese de uma série de compostos antibacterianos para
remover microrganismos invasores (ZHANG et al., 2021).

A existéncia de peptideos antimicrobianos ja foi descrita em diversos grupos de

eucariotos, tais como moluscos, insetos, crustaceos, plantas, anfibios, peixes e mamiferos
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(BRANDENBURG et al., 2012; RIZZA et al., 2008; ROSA; BARRACCO, 2010). Em
humanos, os PAMs podem ser suplementados por células do sistema imunoldgico (por
exemplo, mastocitos, macrofagos e neutrofilos) em locais de lesdo durante a resposta
inflamatdria aguda (LE et al., 2017).

A questdo central na pesquisa de novos PAMs é saber como esses peptideos séo
capazes de atingir especificamente o patdgeno invasor enquanto poupam as células
hospedeiras. Diante disso, as diferencas na composicdo da membrana celular entre os
patdgenos e as células hospedeiras sdo consideradas para sustentar a especificidade de
direcionamento (ZHANG et al., 2021).

A capacidade dos peptideos antimicrobianos em se associar com a membrana da célula
€ uma caracteristica chave, embora a permeabilizacdo da membrana nédo seja considerada
um requisito essencial, tendo em vista a importancia de sua atividade intracelular e imuno-
moduladora (KERKIS et al., 2014). Os peptideos antimicrobianos catidnicos exercem
atividade antibacteriana interagindo com a membrana bacteriana carregada negativamente
para aumentar a permeabilidade da membrana e levar a lise da membrana celular e liberagédo
do contetdo celular. Ao se aproximar da membrana citoplasmatica através da interacéo
eletrostatica, os PAMs se ligam & membrana microbiana e interagem com 0s componentes
anionicos (ZHANG et al., 2021).

A interacdo dos peptideos com as membranas resulta na formacdo de poros tipo
“barrel-stave”, “carpet-like” ou “toroidal”, e essas interagdes ocorrem em todos os peptideos
antimicrobianos (LE et al., 2017).

No modelo de “barrel-stave” os mondmeros peptidicos sdo dispostos paralelamente
aos fosfolipidios da membrana da célula, formando um canal transmembrana hidrofilico (LE
etal., 2017). Apos a interacdo eletrostatica entre o peptideo e a membrana, as moléculas dos
peptideos se estruturam em a-hélice e se inserem através da bicamada lipidica, de modo que
as regides hidrofilicas do peptideo formem a face interior do poro, permitindo o
extravasamento de contetdo citoplasmatico. A etapa critica na formacao do poro € a insercéo
do monbémero do peptideo na membrana, pois sua estruturagcdo transmembranica é
normalmente desfavoravel energeticamente (SHAI, 2002).

Em relagdo ao modelo “carpet-like” a acumulacao de peptideos na superficie da célula,
contato este mediado por interacOes eletrostaticas. Apos a interacao inicial, os peptideos
induzem fraquezas locais e dividem as bicamadas da membrana em pequenas areas

revestidas pelas unidades peptidicas, dando uma aparéncia de carpete. O resultado € a
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desintegracdo da membrana em decorréncia da modificagdo de sua curvatura (LE et al.,
2017, SHAI, 2002).

No modelo “toroidal”, a agregacao em cascata de monomeros peptidicos na membrana
da célula, faz com que as partes lipidicas se dobrem para dentro, formando um canal
continuo, revestido por multiplas unidades pépticas (poro) (LE et al., 2017).

Além de mecanismos de acdo membranoliticos, os peptideos podem apresentar
modelos de acdo ndo-membranoliticos. Apos a primeira interagdo com a membrana, ocorre
a formacdo de poros transitdrios e em seguida, o transporte de peptideos para o interior da
célula (MAROTI et al., 2011). Os PAMs podem ter multiplos alvos intracelulares, e podem
se ligar ao DNA, RNA e proteinas, inibindo, por exemplo, a sintese da parede celular e a
citocinese em células bacterianas, inibicdo da sintese de outras proteinas e inibicdo da
atividade enzimatica (BROWN et al., 2006).

4.8 Ctn (Crotalicidina)

As catelicidinas (peptideos antimicrobianos de vertebrados) sdo consideradas como
sendo um grupo importante de peptideos “host-defense” do hospedeiro, tendo ampla
distribuicdo entre as espécies de animais e amplo espectro de atividade antimicrobiana
(SCHWEIZER, 2009).

Recentemente, a Crotalicidina (Ctn) um peptideo alfa-helicoidal linear com 34
residuos de aminodcidos, que pertence ao grupo das vipericidinas e a familia das
catelicidinas, foi caracterizada a partir da glandula de veneno da Crotalus durissus
terrificus, cascavel da América do Sul, e sua atividade antiproliferativa foi demonstrada in
vitro contra bactérias (FALCAO et al., 2014). Além disso, a atividade contra protozoarios
tripanossomatideos também foi evidenciado por Ctn e seus congéneres altamente
conservados, bathroxicidin, que diferem de Ctn por oito residuos de amino&cidos néo criticos
(MELLO etal., 2017; BANDEIRA et al., 2017).

O Ctn foi dissecado estrutural e funcionalmente em dois fragmentos de farmacoforos,
um com 14 residuos referentes a porgdo N-terminal, Ctn[1-14] e a fracdo C-terminal com 20
residuos Ctn[15-34], tal como ilustrado na Figura 1, mantendo a atividade antimicrobiana e
antitumoral do peptideo de comprimento total, o Ctn (FALCAO et al., 2015). A Crotalicidina
contém repeti¢cbes em tandem de nove residuos de aminodcidos (1 KRFKKFFKK 9 e 16

32



KRLKKIFKK 24; consenso: 1 KRhKKhFKK 9, h = aminoécido hidrofébico) como parte
integrante de sua estrutura (LIMA et al., 2022).

Figura 1. Sequéncias primarias e estruturas 3-D de crotalicidina (Ctn) e fragmentos
projetados Ctn[1-14] e Ctn[15-34.

) A

KRFKKFFKKVKKSV-KKRLKKIFKKPMVIGVTIPF

KRFKKFFKKVKKSV KKRLKKIFKKPMVIGVTIPF
Ctn[1-14] Ctn[15-34]

Fonte: FALCAO; RADIS-BAPTISTA / Peptides (2020).

Os fragmentos N- e C- terminal, em comparacdo com a sequéncia completa do Ctn,
mostraram atividades e seletividades diferentes in vitro contra bactérias Gram-negativas e
algumas linhagens de células tumorais. Em bactérias Gram-negativas, tais como Escherichia
coli e Pseudomonas aeruginosa, o mecanismo da acdo de Ctn [15-34] envolve a perturbagao
de membrana, internalizacio citoplasmatica e interacdo com &cidos nucléicos (PEREZ-
PEINADO et al., 2018).

Os efeitos antifungicos destes peptideos também foram recentemente demonstrados
contra cepas de Candida spp. e Cryptococcus spp. susceptiveis a anfotericina B
(CAVALCANTE et al., 2017), e foi demonstrado que o mecanismo de morte por Ctn[15-
34] envolve rompimento de membrana e inducdo de apoptose precoce e necrose tardia
(CAVALCANTE et al., 2018). Além disso, o Ctn [15-34] também foi eficaz in vitro como
um agente antiviral contra um tipo de virus RNA que afeta camardes (VIEIRA-GIRAO et
al., 2017).

Recentemente, o analogo estrutural, Ctn[1-9], conjugado com Rodamina B, sendo

denominado RhoB-Ctn[1-9], apresentou em estudo anterior, atividade antimicrobiana
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seletiva contra bactérias Gram-negativas infecciosas como Escherichia coli, Pseudomonas
aeruginosa e espécies patogénicas de Candida com baixos efeitos hemoliticos em eritrocitos
humanos, sendo capaz de permear as membranas celulares e acumular-se intracelularmente
em células microbianas (LIMA et al., 2022). Trata-se de uma nova estrutura, tendo em vista
a observacao de repeticdes em tandem de nove residuos de aminoécidos (1IKRFKKFFKK9
e 16KRLKKIFKK24), com o consenso 1KRhKKhFKK9, onde h é um residuo de

aminoéacido hidrofobico (Figura 2).

Figura 2. Repeticdes em tandem de nove residuos de aminoacidos na estrutura da

crotalicidina e seus fragmentos.

Peptide Sequence”
Crotalicidin;.s4 1 KRFKKFFKKVKKSVKERLEKKIFKK PMVIGVTIPE;,
C[1-14] {(KRFKKFFKKVKKSV 4
Cm[1-9] 1KRFKKFFKKo
Ctn[15-24] 1sSKKRILKKIFKK,4
Ct[15-34] sKKRIKKIFKKPMVIGVTIPF3,
Segment 16-24 1s KRLKKIFKK 4
Consensus { KRhKKhFKK,

Fonte: LIMA et al. / Current Pharmaceutical Biotechnology (2022).
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5. MATERIAIS E METODO

5.1 Tipo de estudo

Trata-se de um estudo analitico com abordagem quantitativa. Nos estudos
quantitativos € utilizada analise estatistica para que as informacdes encontradas resultem em
dados de formato numérico, visto que as varidveis descritas no presente projeto se
apresentam desta forma. A observacgdo da relacdo entre variaveis, possibilitando a realizacao
da inferéncia, ou seja, concluir algo com base em informagdes limitadas, principalmente
guando se tem uma amostra representativa da populacdo faz referéncia ao estudo analitico
(POLIT; BECK, 2011). Para isso, foram realizados 0s cruzamentos entre as variaveis
independentes e dependentes descritas a seguir a fim de confirmar as hip6teses do estudo e

responder as questdes de pesquisa.

5.2 Local e periodo do estudo

Este estudo foi realizado no Laboratério de Microbiologia da Universidade da
Integracdo Internacional da Lusofonia Afro-Brasileira (UNILAB), Redencdo - Ceara. no
Laboratorio de Biotecnologia do Centro de Estudos Ambientais Costeiros (CEAC) da
Universidade Federal do Ceara (UFC), Eusébio - Ceard e no LEPABE - Laboratério de
Engenharia de Processos, Ambiente, Biotecnologia e Energia (Universidade do Porto). As
atividades foram realizadas no periodo de 2019 a 2022, com pausa em 2020, em decorréncia
da pandemia de COVID-19.

5.3 Cepas utilizadas

Para este estudo, foram utilizadas cepas de Candida sp., coletadas a partir da
microbiota oral de individuos saudaveis. Também foram utilizados para os testes, isolados
de Candida spp., de diferentes tipos de amostras clinicas tais como sangue, urina, lavado
broncoalveolar, aspirado traqueal e raspado de unha, correspondendo a um total de 35 cepas,
listadas na Tabela 1. As mesmas foram previamente isoladas e identificadas entre 2017 e
2018 e atualmente fazem parte da Micoteca do Laboratorio de Microbiologia da UNILAB.
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A identificacdo das cepas foi realizada através de cultura em meio cromogénico
(CHROMagar Candida®) e técnicas de biologia molecular.

Tabela 1. Banco de cepas de Candida spp. estocadas no Laboratorio de Microbiologia da
UNILAB.

Espécies Origem das Cepas

P Microbiota Oral? Cepas Clinicas ® ATCCe
Candida albicans n=20 n==6 n=1
Candida tropicalis n=0 n=2 n=0
Candida glabrata n=2 n=0 n=0
Candida krusei n=1 n=23 n=0

3|solados da microbiota oral de individuos saudaveis; Isolados de Candida spp. de diferentes amostras clinicas
de individuos doentes; SATCC 90028.

As amostras foram obtidas durante um estudo realizado anteriormente pela propria
pesquisadora, aprovado pelo Comité de Etica em Pesquisa da UNILAB conforme protocolo
CAAE: 59953716.5.0000.5576, numero do parecer: 1.937.092.

5.4 Peptideos

Para este estudo, foram utilizados o Myr-Ctn[1-9] e o Ctn[15-34] os quais sdo
fragmentos da Crotalicidina (Ctn[1-34]), derivado de uma catelicidina expressa nas
glandulas de veneno da serpente sul-americana Crotalus durissus terrificus. Os peptideos
foram sintetizados por sintese organica em fase solida e ap6s a sintese foram purificados por
cromatografia liquida de alta eficiéncia (HPLC) com grau de pureza maior que 95%. Em
seguida caracterizados por espectrometria de massas (FALCAO et al., 2015). Foram
liofilizados e armazenados a uma temperatura de -20°C.

Quanto ao Ctn[1-9], procedeu-se com a miristoilacdo, que é a adicdo do éacido
tetradecanoico (acido miristico - Myristoyl), um acido graxo de 14 carbonos, em ligagéo
covalente com a por¢do N-terminal do peptideo Ctn [1-9], com o objetivo de torna-lo mais
hidrofébico e melhorar a capacidade de interacdo com a membrana da célula fangica (Figura
3).



Figura 3. Estrutura do peptideo Myr-Ctn[1-9].
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Dessa forma, o peptideo foi denominado Myr-Ctn[1-9]. A sequéncia de aminoacidos

de ambos os peptideos se encontra no Quadro 1.

Quadro 1. Descricdo dos fragmentos peptidicos de Crotalicidina utilizados nos

experimentos.

Pentideos Tamanho (n° Sequéncia Massa Molecular
P de residuos) q (g/mol)
KKRILKKIFKKPMVIG
Ctn [15-34] 20 VTIPF 2.372,11
Myr-Ctn [1-9] 9 Myr-KKRLKKIFKK 1.466,99

5.5 Antifungicos

Para a realizacdo dos testes de sensibilidade das cepas de Candida spp., tanto em sua
forma planctonica, como apds a formacéo do biofilme, foram utilizados os antifungicos
anfotericina B, fluconazol e Itraconazol.

Anfotericina B e Itraconazol foram diluidas em DMSO (dimetilsulfoxido) e o
fluconazol foi diluido em &gua destilada estéril. Em seguida, foram filtradas a partir do uso
de membrana filtrante de 0,22um, para garantia de esterilidade da solu¢do. Os medicamentos
foram estocados a -20°C e diluidos no momento do uso em meio RPMI 1640 com L-

glutamina e sem bicarbonato de sédio (CLSI, 2008).



5.6 Producéo de Fosfolipases

A producdo de fosfolipases foi avaliada através do protocolo descrito por Price,
Wilkinson e Gentry (1982), onde o0 meio agar gema de ovo (&gar sabouraud dextrose 2%
adicionado de 1 mol/L de cloreto de sodio, 0,05 mol/L de cloreto de célcio e 8% de uma
emulsdo de gema de ovo estéril a 30%) foi distribuido em placas de Petri de 90mm estéreis
que foram mantidas sob refrigeracdo até o momento de uso. O in6culo das cepas de C.
albicans, C. tropicalis, C. krusei, C. glabrata e Candida sp. foi preparado apds 24h de
crescimento das mesmas em agar batata dextrose e incubacdo a 35°C, para isso foi utilizado
solucdo salina estéril até atingir uma concentracdo final de quatro na escala de McFarland.
Cinco microlitros de cada in6culo foram pipetados em disco de papel filtro esterilizado de
aproximadamente 5mm, e estes foram depositados nas placas contendo meio dgar gema de
ovo. Elas foram incubadas por 7 dias a 35°C, e a atividade enzimatica (Pz) determinada ap0s
esse periodo através do calculo para obter a razdo entre o diametro da coldnia fungica e o
didmetro total (coldnia + halo da zona de precipitacdo). Pz=1 indicara que os isolados nao
produzem fosfolipases; quando 1> Pz > 0,64 a cepa foi considerada produtora; e Pz < 0,64

indicara forte producdo (SIDRIM et al., 2010).

5.7 Atividade Hemolitica

Para avaliacdo de atividade hemolitica por parte das cepas de Candida, foi utilizada a
metodologia descrita por Favero et al. (2011), com modificacdes. Nesta os isolados a serem
testados foram previamente cultivados em meio RPMI 1640 e incubados a 37°C por 24 horas.
Apobs esse periodo, os tubos foram centrifugados a 3.000 rpm por 10 minutos e o
sobrenadante descartado. A solucéo salina estéril foi utilizada para lavagem das culturas que
foram centrifugadas novamente e o sobrenadante descartado. Em seguida, 2L da suspenséo
celular foram inoculadas pontualmente em placas contendo &gar sangue de carneiro
enriquecido (&gar Sabouraud suplementado com 3% de glicose e 7% de sangue de carneiro
desfibrinado), e estas incubadas a 37°C por 48 horas. Apds esse periodo, a analise se dara
quanto a presencga de halo translicido e/ou esverdeado ao redor das coldnias, indicando
atividade hemolitica positiva. Os halos foram mensurados e a atividade hemolitica
classificada como ausente (sem halo visivel), fraca (halo < 1 mm), moderada (halo medindo

de 1,1 a 1,49 mm), ou forte (halo > 1,5 mm) (FAVERO et al., 2014). Uma cepa de
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Streptococcus pyogenes (beta-hemolitico) e uma de Streptococcus sanguinis (alfa-

hemolitico) foram utilizadas como controle.

5.8 Atividade antifungica de farmacos e fragmentos peptidicos frente as células

planctonicas

Para a avaliacdo da atividade antifingica de farmacos e do fragmento peptidico, foi
realizado o Teste de Suscetibilidade a Antifungicos, por método de Microdiluicdo em Caldo,
de acordo com a Norma M27-A3, a qual descreve o método preconizado pelo Clinical
Laboratory Standards (CLSI), instituicdo internacional que desenvolve normas e padrdes
para a realizacdo de testes de doenca clinica e questdes relacionadas a atencdo a saude (CLSI,
2008; SIDRIM; ROCHA, 2012).

Apos a diluicdo seriada, as concentrac@es finais dos peptideos variaram entre 0,0195 e
40 uM (CAVALCANTE et al., 2016). Cada pogo da placa de 96 pogos foi inoculado, no dia
do teste, com 100uL a correspondente suspensdao concentrada do indculo. Os pocgos
selecionados para o controle de crescimento continham 100uL de meio estéril, isento de
farmaco, e inoculados com 100uL do inoculo. A tltima fileira da placa de microdiluigao foi
utilizada para efetuar o controle da esterilidade utilizando apenas o meio RPMI isento de
farmaco.

As solugdes-mae de antifingicos foram preparadas em concentracdes de, pelo menos,
1.280 pg/mL ou dez vezes a concentracdo mais alta a ser testada. As concentracdes dos
farmacos testadas, depois de diluidas em meio RPMI, a partir de cada solucdo-maée,
corresponderam no primeiro poc¢o das placas de microdiluicdo a: Anfotericina B — 16ug/mL;
Itraconazol - 16pg/mL; Fluconazol — 64 pg/mL. Em seguida, foi realizada a dilui¢ao seriada.

As placas de microdiluicdo foram incubadas a 35° C por 24 horas e o valor de CIM
(Concentracao Inibitoria Minima) foi definido como a menor concentragéo capaz de inibir o
crescimento visual dos microrganismos. Para Anfotericina B, determina-se CIM como a
menor concentragdo capaz de inibir 100% do crescimento visivel e para os azolicos, a CIM
é definida como a menor concentragéo capaz de inibir 50% do crescimento fungico quando
comparado com o controle de crescimento.

Para cepas de Candida albicans, Candida tropicalis e Candida parapsilosis, foram
aplicados os seguintes valores de corte: para o Fluconazol, com CIM < 2ug/mL, 4pg/mL e
> 8ug/mL foram considerados como sensivel, sensibilidade dose-dependente e resistente,

respectivamente (MODIRI et al., 2019). Cepas de Candida glabrata sé@o consideradas
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sensibilidade dose-dependente quando CIM < 32 pg/mL e resistentes ao Fluconazol quando
CIM for > 64 pg/mL (VIEIRA et al., 2018). Para o Itraconazol foram consideradas: CIM <
0,125pg/mL, 0,25 - 0,5ug/mL e > 1 pg/mL, podendo as cepas ser classificadas como
sensivel, sensibilidade dose-dependente e resistente, respectivamente
(HASSANMOGHADAM et al., 2019). Para Anfotericina B, os isolados foram considerados
sensiveis quando a CIM foi < Ipug/mL e resistentes quando CIM > 1pg/mL.

5.9 Biofilme
5.9.1 Microrganismos

A cepa de referéncia, Candida albicans SC5314, foram adquiridas da American Type
Culture Collection e cultivada em Sabouraud Dextrose Agar (SDA) (Merck, Darmstadt,
Alemanha), sob condi¢des aerdbicas por 24 h a 37°C. Optou-se pela utilizacdo dessa cepa
padrdo, em detrimento dos outros isolados utilizados no estudo em razéo da reconhecida
capacidade de formar biofilme, sendo previamente utilizada em outros estudos (Alves et al.,
2023). Trata-se de uma cepa selvagem, originalmente isolada de um paciente com infeccéo
generalizada, virulenta em um modelo de camundongo de infeccdo sistémica, trés coldnias
foram transferidas de SDA para 50 mL de caldo liquido Sabouraud dextrose (Merck,
Darmstadt, Alemanha) em um frasco de 100 mL e incubadas a 37°C por 18 h.

5.9.2 Preparo do In6culo

Candida sp. cepas foram cultivadas em agar Sabouraud Dextrose e incubadas por 24
h a 37°C. Para preparar o indculo, as células foram entdo inoculadas e incubadas por 18 h a
37 -C sob agitagdo a 120 rpm. Apos a incubagao, a densidade do inOculo foi ajustada para a
turbidez de 1 x 105 células/mL com RPMI-1640 (Sigma-Aldrich, St. Louis, MO, USA)
(RODRIGUES et al., 2018).

5.9.3 Antifangico

O fluconazol foi fornecido pela Pfizer® (Nova York, NY, EUA) em sua forma pura.
Aliquotas de 5.000 mg/L de fluconazol (Flu), foram preparadas com dimetilsulféxido
(DMSO). As concentracOes finais utilizadas foram preparadas em RPMI-1640 (Sigma-
Aldrich).
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5.9.4 Andlise de inibi¢do da formacé&o do biofilme por Ctn[15-34]

A caracterizagéo da formacdo de biofilme por Candida albicans foi realizada de acordo
com Rodrigues e Henriques (2018). Um total de 100 puL do indéculo de cada cepa foi
transferido para cada pogo da microplaca de 96 pocos e adicionados 100 uL. de RPMI-1640
suplementado ou ndo com antifungicos por 48h a 37°C. O antifungico usado como controle
foi o fluconazol a uma concentracdo de 1.250 mg/L, previamente determinada como a
concentracdo minima para erradicar o biofilme (ALVES et al., 2023). O fragmento peptideo
Ctn [15-34] foi usado em trés diferentes concentragdes: 5 uM, 75 uM e 100 uM. Este foi
escolhido por estar melhor caracterizado, levando em consideragdo os estudos ja existentes
acerca da atividade antifungica e mecanismo de acdo e também para confirmar a sua
atividade antibiofilme (AGUIAR et al., 2020).

Pocos contendo apenas meio de cultura sem in6culo foram usados como controle
negativo. Todo o experimento foi realizado em triplicata. Ap6s a incubacéo, a biomassa do
biofilme foi analisada pelo ensaio do cristal violeta. Para isso, o sobrenadante foi aspirado
cuidadosamente e os pocos foram lavados duas vezes com 200 puL de PBS (Solucdo Salina
Tamponada com Fosfato, 0,1M, pH=7,2). Posteriormente, o biofilme foi fixado em metanol
100%, 200 pL/poco, por 20 min. Apos a secagem, o sobrenadante foi aspirado e 200 pL de
cristal violeta aquoso a 1% foram adicionados a cada poco (Sigma-Aldrich, EUA). Ap6s 5
min, a solucdo de corante foi aspirada e os pocos foram lavados duas vezes com agua
destilada estéril. Posteriormente, 200 puL. de uma solug@o de acido acético a 33% foram
adicionados a cada pogo e imediatamente transferidos para uma nova placa de 96 pocos. Em
seguida, as placas foram lidas a 570 nm, para verificar a Densidade Optica (DO) dos pogos

tratados ou ndo com o peptideo.

5.10 Andlise estatistica

Utilizou-se, a priori, a estatistica descritiva com o objetivo de sintetizar e descrever 0s
dados quantitativos. Para tanto, foi aplicada a medida de distribui¢éo por frequéncia, método
utilizado para impor ordem a valores numéricos (POLIT; BECK, 2011). Foram empregadas
ainda medidas de tendéncia central, representadas pela média aritmética (soma de todos os
valores, dividida pelo nimero total de participantes) e mediana (ponto em que ha a divisao

dos escores na metade da distribuicdo de valores), assim como medida de disperséo,
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representada pelo desvio padréo (indice de variabilidade para identificar a quantidade média
de desvio dos valores em relagdo a média aritmética) (POLIT; BECK, 2011).

Optou-se por utilizar diretamente testes estatisticos ndo paramétricos, em virtude do
tamanho da amostra reduzido (LEOTTI et al., 2012). Dessa forma, para a comparacao
envolvendo varidveis independentes quantitativas, foi aplicado o teste ndo-paramétrico de
Kruskal-Wallis. Como alternativa ao Teste-t pareado, foi aplicado o teste de Wilcoxon. A
estatistica descritiva e analitica foi realizada utilizando o programa IBM SPSS Statistics para
o sistema operacional Windows, versdo 20.0. Para avaliar a inibicdo da formacéao do biofilme

por Ctn[15-34], aplicou-se o teste ANOVA, no programa estatistico GraphPad Prism 9.
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6. RESULTADOS

As cepas escolhidas para o estudo foram caracterizadas em relacdo ao perfil de
sensibilidade a antifingicos convencionais e a producdo de enzimas hidroliticas que atuam

como fatores de viruléncia.

6.1 Perfil de sensibilidade aos antifiingicos

Os testes de sensibilidade in vitro utilizando o Fluconazol evidenciaram que a 22 cepas
de Candida spp. se mostraram sensiveis e seis apresentando sensibilidade dose- dependente
(SDD). Dentre essas Ultimas, duas foram identificadas como Candida glabrata. A cepa
ATCC 90028 (Candida albicans) é considerada resistente ao Fluconazol (Tabela 2). Os
testes com Candida krusei ndo foram realizados em decorréncia da resisténcia intrinseca ao

fluconazol e consequente auséncia de pontos de corte nos documentos dos CLSI.

Tabela 2. Perfil de sensibilidade ao Fluconazol de Candida spp. na forma planctonica.

Perfil de Sensibilidade®™ - Fluconazol

Cepas Sensivel SDD*=* Resistente
Candida albicans n=22 n=4 n=1
Candida tropicalis n=2 n=20 n=20
Candida glabrata n=0 n=2 n=20

*Classificacdo de acordo com os pontos de corte do documento M27-A3 do CLSI (Performance standards
for antifungal susceptibility of yeasts, 1st Ed. CLSI supplement M60. ISBN 1-56238 — 828 — 2 [Print])
**Sensibilidade dose-dependente.

A tabela 3 traz o perfil de sensibilidade de das 35 cepas de Candida spp. ao Itraconazol
e a cepa ATCC 90028 foi a unica cepa resistente. Quanto ao perfil de sensibilidade a
Anfotericina B de Candida spp. na forma planctdnica, todas as cepas se mostraram sensiveis

a esse farmaco, nas concentracGes testadas.
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Tabela 3. Perfil de sensibilidade ao Itraconazol de Candida spp. na forma plancténica.

Perfil de Sensibilidade® - Itraconazol

Cepas Sensivel SDD=* Resistente
Candida albicans n=26 n=~0 n=1
Candida tropicalis n=2 n=2~0 n=20
Candida glabrata n=2 n=0 n=0
Candida krusei n=4 n=0 n=0

*Classificagdo de acordo com os pontos de corte do documento M27-A3 do CLSI (Performance standards for
antifungal susceptibility of yeasts, 1st Ed. CLSI supplement M60. ISBN 1-56238 — 828 — 2 [Print])
**Sensibilidade dose-dependente.

6.2 Fatores de viruléncia

Dentre o total de cepas, 22 destas sdo produtoras de fosfolipase, sendo quatro
classificadas como fortes produtoras. As cepas de Candida tropicalis e Candida krusei ndo
produziram fosfolipase. As cepas de C. albicans estdo em maior nimero e a maioria destas

foi classificada como produtora de fosfolipase (Tabela 4).

Tabela 4. Producdo de fosfolipase por Candida spp.

Nao Forte
Produtora
Cepas Produtora Produtora
Candida albicans n=>5 n=17 n=4
Candida tropicalis n=2 n=20 n=20
Candida glabrata n=1 n=1 n=0
Candida krusei n=4 n=0 n=0

Em relacdo a atividade hemolitica, as cepas de Candida spp. demonstraram atividade
ausente, moderada ou forte (Tabela 5).



Tabela 5. Atividade hemolitica de Candida spp.

Ausente Fraca Moderada Forte
Cepas
Candida albicans n=11 n=0 n=4 n=16
Candida tropicalis n=>0 n=0 n=0 n=2
Candida glabrata n=1 n=0 n=0 n=1
Candida krusei n=3 n=0 n=10 n=1

6.3 Atividade antifungica dos fragmentos peptidicos Ctn [15-34] e Ctn [1-9]

O primeiro fragmento peptidico a ser testado foi o Ctn [15-34], com concentracfes
finais que variaram entre 0,0195 e 40 uM. Um total de 25 cepas foram utilizadas para os
testes. As CIMs identificadas estdo na faixa entre 1 a 40 uM, com valor médio que varia a
depender da espécie em questdo, mas que € inferior a 16 pM (Tabela 6). A CIM maxima de
40 uM foi observada frente a duas cepas de C. albicans, e as demais cepas foram sensiveis

a concentracdes mais baixas do peptideo.

Tabela 6. Concentracao Inibitéria Minima (CIM) do fragmento peptidico Ctn [15-34] frente

a Candida spp. na forma planctonica.

Valores de CIM~ - Ctn [15-34] (nM)

Cepas Ne Media DP**  Mediana Minimo Maximo
Candida albicans n=18 15,28 10,910 10,00 5 40
Candida tropicalis n=2 1.25 0,000 1.25 1 1
Candida glabrata n=2 7,50 3,536 7.50 5 10
Candida krusei n=3 6,67 2,887 5,00 5 10
TOTAL n=25 13,06 10,192 10,00 1 40

*CIM - Concentragdo Inibitoria Minima
** Desvio padrdo da media

Para o fragmento peptidico Ctn [15-34], foram realizados testes de sensibilidade com 25
cepas de Candida spp. e constatou-se que a distribuicdo dos valores de CIM obtidos variaram
entre os grupos de diferentes espécies (valor de p = 0,04). Considera-se entdo que a distribuicdo
é diferente entre os grupos, com mediana de concentragdes inibitdrias de peptideo menor para

cepas de Candida ndo-albicans (Grafico 1).
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Gréfico 1. Valores de CIMs do fragmento peptidico Ctn [15-34] frente as cepas Candida de
diferentes espécies. Teste de kruskal-Wallis para amostras independentes, SPSS. Valor de p <

0,05.
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A CIM de Myr-Ctn [1-9] frente as diferentes espécies de Candida tambem foi
verificada e os valores tiveram pouca variagao, independentemente da cepa utilizada (Tabela
7).

Tabela 7. Concentracdo Inibitéria Minima (CIM) do fragmento peptidico Myr-Ctn [1-9]

frente a Candida spp. na forma plancténica.

Valores de CIM* - Myr-Ctn [1-9] (uM)

Cepas Ne Média DP** Mediana Minimo Miximo
Candida albicans n=13 0,67308 0,173344  0.62500 0,625 1.250
Candida tropicalis n=2 0,46875 0.220971 046875 0,313 0,625
Candida krusei n=4 0,78125 0312500 0,62500 0,625 1,250
TOTAL n=19 0,69940 0.240133  0.62500 0,313 1.250

*CIM - Concentragdo Inibitoria Minima
** Desvio padrdo da media

Para o teste, foram utilizadas um total de 19 cepas de Candida spp. e foi avaliada se a
distribuicdo das CIMs de Myr-Ctn [1-9] variou entre os grupos de diferentes espéecies e nesse
caso, no entanto, apos a aplicagdo do teste estatistico para a comparagao entre 0s grupos, ndo

houve significancia (valor de p = 0,103). Considera-se entdo que a distribuicdo é a mesma entre

0s grupos (Gréfico 2).



Gréfico 2. Valores de CIMs do fragmento peptidico Myr-Ctn [1-9] frente as cepas Candida de
diferentes espécies. Teste de kruskal-Wallis para amostras independentes, SPSS. Valor de p >

0,05.
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De uma forma geral, considerando todos os isolados utilizados para o0s testes,
empregando apenas estatistica descritiva, observa-se menores valores de CIM referente ao
menor fragmento peptidico, o0 Myr-Ctn [1-9], que teve variagdo de 0,313 a 1,25 uM. Ctn [15-
34] apresentou valores de CIM que variaram entre 1 e 40uM. Todas as informagdes estdo

disponiveis na Tabela 8.

Tabela 8. Concentragdo Inibitéria Minima (CIM) dos fragmentos peptidicos frente a cepas

de Candida spp.

Valores de CIM* (uM)

Peptideos Ne° Media DP**  Minimo Mediana Maximo

Myr-Ctn [1-9] n=19 067434 0,215077 0,313 0.62500 1.250

Ctn [15-34] n=25 12,50 10,402 1 10,0 40

*CIM - Concentragdo Inibitoria Minima
** Desvio padrdo da média
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O teste de Wilcoxon mostrou que a CIM do fragmento peptidico Myr-Ctn [1-9] é
significativamente menor do que a CIM do Ctn [15-34] frente a cepas diversas de Candida spp.
(valor de p < 0,01).

6.4 Biofilme de Candida albicans

Para verificar a atividade do peptideo Ctn [15-34] sobre o biofilme de uma cepa de
referéncia de Candida albicans (SC5314), utilizou-se o peptideo em questdo em diferentes
concentragdes (5, 75 e 100 uM), partindo da concentracdo inibitéria minima obtida durante o
teste de sensibilidade com a cepa na forma planctonica. A contragdo de 75 puM, quando
comparada com outras concentraces de peptideo testadas, foi responsavel por um maior
percentual de inibicdo da biomassa do biofilme, com inibicdo de aproximadamente 50% da
formacdo de biomassa do biofilme (Gréafico 3). Os resultados obtidos foram comparados com a
acao do fluconazol (controle), com diferenca significativa (valor de p < 0,05).

Graéfico 3. Efeito do peptideo Ctn[15-34] sobre a formacdo do biofilme de Candida albicans.
Teste estatistico ANOVA, GraphPad Prism. Valor de p < 0,05.
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7. DISCUSSAO

O crescente aumento de quadros clinicos envolvendo infecgbes por cepas de Candida
spp. resistentes a antifangicos tradicionalmente utilizados, tais como por exemplo os derivados
azolicos, reflete na necessidade de identificar alternativas terapéuticas aos medicamentos
existentes. Dessa forma, o presente trabalho demonstra o potencial antimicrobiano do novo
peptideo Myr-Ctn [1-9] frente a diferentes isolados de fungos do género Candida e compara a
atividade antifungica deste com o peptideo Ctn [15-34].

Sabe-se que Candida spp. sdo capazes de produzir diversos fatores de viruléncia,
responsaveis pelo maior poder de patogenicidade de algumas cepas. Considerando esses
aspectos, o presente estudo buscou primeiramente tracar o perfil de sensibilidade de diferentes
isolados de Candida spp. e identificar os principais fatores de viruléncia.

Embora tenham sido consideradas cepas de diferentes origens, tais como cepas da
microbiota oral de individuos saudaveis e isolados de amostras clinicas de individuos com
infeccdo ativa, ndo houve resisténcia propriamente dita ao fluconazol, mas sensibilidade dose-
dependente para alguns desses isolados. De acordo com o documento M27-A3 do CLSI (2008),
o termo sensibilidade dose-dependente esta relacionado a uma dose do farmaco que é maior do
que a dose convencional que pode ser usada, considerando o limite maximo de concentracdo
que pode estar presente no sangue.

O fluconazol é um dos medicamentos antifingicos mais comumente prescritos para
infeccdes por Candida. Esses antifungicos sdo frequentemente preferidos para o tratamento de
diferentes infecgdes por Candida spp., em decorréncia da maior disponibilidade para aquisi¢céo
desse medicamento, baixo custo, toxicidade limitada e possibilidade de administragdo por via
oral, o que facilita a adesdo ao tratamento. Ressalta-se que o padrdo de suscetibilidade aos
antifungicos em membros do género Candida é diferente, havendo ampla utilizagdo de
antifungicos na prética clinica (ZARRINFAR et al., 2021).

Os azois funcionam inibindo a enzima do citocromo P450 lanosterol demetilase (14a-
desmetilase), codificada por ERG11, na via de biossintese do ergosterol. O fluconazol é
fungistatico em vez de fungicida, de modo que o tratamento oferece a oportunidade de
desenvolvimento de resisténcia adquirida na presenca deste antifungico. Sem introdugao prévia
do antifungico, a resisténcia ao fluconazol também pode ser inata, como € visto em C. krusei.
Muitos isolados clinicos de C. albicans superexpressam ERG11, o gene que codifica o alvo dos

azois. Dessa forma, o surgimento de resisténcia aos medicamentos pode ser considerado uma
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consequéncia inevitavel das pressdes seletivas impostas pelos antifingicos (BERKOW;
LOCKHART, 2017).

Embora C. albicans seja mais comumente isolada de pacientes com infec¢fes invasivas,
infeccdes por Candida ndo-albicans vem aumentando consideravelmente com o passar dos
anos. @) tratamento profilatico e/ou empirico de pacientes
imunocomprometidos/imunossuprimidos  suscetiveis também resulta em aumento da
prevaléncia de infeccOes causadas por espécies de Candida resistentes a medicamentos e
multirresistentes (AL-BAQSAMI et al., 2020).

C. glabrata é considerada como a segunda ou terceira espécie de Candida mais
frequentemente isolada, particularmente de pacientes criticos idosos, infeccbes de corrente
sanguinea e outras infecc@es invasivas, bem como aqueles com infec¢des vulvovaginais e orais.
Trata-se de uma espécie intrinsecamente menos suscetivel a antifingicos azdlicas.

De acordo com Oliveira e Schmidt (2021) isolados de C. glabrata e C. tropicalis sdo
frequentemente resistentes a farmacos azdicos ou requerem doses maiores para permitir o
sucesso terapéutico. Ainda semelhante aos resultados encontrados no presente estudo, Sadeghi
et al. (2018), ao avaliarem a distribuicéo e epidemiologia de Candida nao-albicans isoladas de
varias amostras clinicas e avaliar a suscetibilidade in vitro ao fluconazol, a maioria dos isolados
de C. glabrata foi suscetivel dose-dependente (SDD) (96,2%), confirmando que essa espécie é
intrinsecamente mais resistente a antifingicos, especialmente para o fluconazol.

Embora ndo tenhamos evidenciado resisténcia das cepas de Candida spp. aos antifungicos
testados, um estudo envolvendo anélise de 87 isolados de Candida albicans, sendo 30 destes
classificados como SDD, demonstrou que o efluxo de farmacos mediado por transportadores
ABC, especialmente CDR1 é o mecanismo predominante de resisténcia ao fluconazol e
resisténcia cruzada azolica em isolados clinicos de C. albicans da India. Também foram
identificadas mutagdes no gene ERG11 em isolados suscetiveis, SDD e resistentes (MANE et
al., 2016).

Em relagéo aos testes de sensibilidade utilizando o itraconazol, a totalidade das cepas
foram sensiveis a este farmaco, sendo estes resultados condizentes com a literatura, que indicam
gue o itraconazol mantém importante atividade antifangica, inclusive atividade superior contra
Candida néo-albicans, quando comparada com o fluconazol (GIAMARELLOS-
BOURBOULIS, 2019).

Quanto a anfotericina B, a formulagdo convencional (anfotericina B desoxicolato) ou a

de formulagdo lipidica, dependendo do quadro clinico do paciente, € utilizada para o tratamento
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das formas mais invasivas ou disseminadas de candidiase. A resisténcia a esse agente
antifungico é incomum em isolados de leveduras patogénicas (BORMAN et al., 2020). Isso
ocorre porque em comparacdo com a maioria dos outros antifangicos, os polienos visam um
componente principal da membrana celular em vez de uma enzima essencial. Vale salientar que
devido a sua toxicidade e a disponibilidade dos antifingicos tais como os triazois e
equinocandinas, o uso de anfotericina B para tratar as micoses sistémicas mais comuns, como
candidiase e aspergilose, diminuiu. Esse medicamento ainda é recomendado como tratamento
de primeira linha de infeccdes graves como criptococose, histoplasmose disseminada e
mucormicose, enquanto permanece como uma alternativa para outras infeccbes mediante
intolerancia, disponibilidade limitada ou falha de outros tratamentos. Toxicidade renal e efeitos
adversos agudos relacionados a infuséo, como febre e ndusea, sdo mais comumente associados
a administracdes intravenosas, enquanto danos hepaticos ocorrem, mas S40 menos comuns
(CAROLUS et al., 2020).

A producdo de enzimas hidroliticas faz-se necessaria para Candida spp., tanto como uma
forma de obtencdo de nutrientes, permitindo a digestdo de diversas moléculas, como também é
um fator de viruléncia, estando diretamente relacionados com a patogénese e progressao da
infecgdo fungica. As enzimas facilitam a invaséo tecidual e a inativagdo dos componentes do
sistema imunoldgico do hospedeiro e entre 0s grupos mais importantes de enzimas hidroliticas
estdo as proteases, hemolisinas, bem como lipases e fosfolipases (CZECHOWICZ et al., 2022).

Considerando esses aspectos, apds os testes de sensibilidade aos antifungicos, os isolados
de Candida foram avaliados quanto a capacidade de producdo de fosfolipase e atividade
hemolitica, que sdo considerados fatores de viruléncia. A maioria das cepas produzem
fosfolipase e possuem atividade hemolitica. Os isolados de Candida tropicalis e Candida krusei
ndo produziram fosfolipase e considerando todas as espécies de Candida utilizadas para 0s
experimentos, pelo menos um isolado de Candida sp. possui atividade hemolitica.

Em um trabalho realizado com isolados clinicos de Candida albicans, 61,42% dos 70
isolados produziram fosfolipases (MOHAMMADI et al., 2020), semelhante ao nosso estudo.
Existem quatro classes de fosfolipases, dependendo da ligacdo éster que clivam: A, B, C e D.
Quase todas as espécies de Candida sdo capazes de sintetizar varias fosfolipases pertencentes
a todas essas classes. C. albicans produz quantidades muito maiores deles do que os
representantes do grupo de espécies de Candida nao-albicans (CZECHOWICZ et al., 2022),
informacdo que corrobora com os resultados obtidos apds os experimentos. Também de forma
semelhante, experimentos realizados com isolados de Candida spp. recuperados de espécimes
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vaginais identificaram que aproximadamente 42% foram capazes de produzir fosfolipase (EL-
HOUSSAIN et al., 2019).

Em relacdo a atividade hemolitica, a absor¢do de ferro atraveés da hemolisina € um
requisito essencial para o crescimento e invasao de fungos. A hemolisina utiliza o ferro contido
na hemoglobina e ativa 0 complemento para opsonizar a superficie dos glébulos vermelhos
(hemécias). Essa acdo destroi as hemécias do hospedeiro e facilita a invasdo das hifas em
quadros de candidiase sistémica. Singh e colaboradores (2021) identificaram que a atividade
hemolitica foi maior em C. albicans (85,5%), seguindo de C. glabrata (70%) e C. tropicalis
(59,4%) (SINGH et al., 2021). No estudo de Mohammadi et al. (2020), 66 isolados de C.
albicans (94,28%) produziram hemolisina, corroborando com o conceito de que a atividade
hemolitica € um importante fator de viruléncia de C. albicans (MOHAMMADI et al., 2020). J&
outros autores, identificaram cepas de Candida ndo-albicans como tendo atividades hemoliticas
mais altas do que C. albicans (MELO et al., 2019; SENEVIRATNE et al., 2016).

Embora alguns dos isolados de levedura utilizados no presente estudo tenham como
origem a microbiota de individuos saudaveis, sabe-que que a mudanca do comensalismo para
a patogénese entre Candida spp. em varios locais do corpo é atribuida a muitos determinantes
de viruléncia, entre os quais a adesdo ao tecido do hospedeiro, resposta a estresses ambientais,
secrecdo de hidrolases e capacidade de produzir biofilme. A viruléncia de uma espécie
microbiana ¢ uma medida do resultado das interagbes microbio-hospedeiro, em vez de uma
propriedade fixa dos microrganismos. Ao contrario de pat6égenos primarios que nao requerem
um hospedeiro imunocomprometido para causar doenca, patdgenos oportunistas/facultativos
como Candida spp. causam doencas principalmente em hospedeiros susceptiveis. Dessa forma,
as estratégias que sdo utilizadas para lutar contra 0s mecanismos naturais de defesa dos
hospedeiros sdo altamente influenciadas pelo ambiente e por isso a viruléncia ndo é uma
propriedade constante, pois pode ser aumentada, perdida e até restaurada em Vvarias
circunstancias (CIUREA et al., 2020). Ainda, ¢ importante considerar que a viruléncia de
Candida pode variar dependendo da espécie, origem geografica, reacdo do hospedeiro e
também do estagio das infeccdes (MROCZYNSKA; BRILLOWSKA-DABROWSKA, 2021),
justificando a relevancia de utilizar cepas de diferentes perfis, corroborando com o método
escolhido no presente estudo.

Outra caracteristica importante a ser considerada é que a producéo de enzimas hidroliticas
pode interferir nas CIMs observadas nos testes de sensibilidade. Mohammadi et al. (2020)
identificaram que h& correlagdo positiva significativa de CIMs de fluconazol e itraconazol com
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a formac&o de biofilme e producéo de fosfolipase em C. albicans in vitro. Além disso, houve
uma associagdo significativa entre a CIM do fluconazol e produgdo de hemolisina
(MOHAMMADI et al., 2020).

A partir dos testes de sensibilidade realizados com o fragmento peptidico Ctn[15-34],
considerando todas as cepas de Candida spp., as CIMs variaram entre 1 ¢ 40 uM, mas quando
foi realizada a andlise estatistica considerando as diferentes espécies, constatou-se que a
distribuicdo dos valores de CIM obtidos variaram significativamente entre esses grupos, com
menores concentracdes observadas entre os isolados de Candida-ndo albicans. Nosso grupo de
pesquisa realizou estudos anteriores com metodologia semelhante, com o género Candida, mas
com cepas diferentes das cepas utilizadas no presente estudo. Quando comparado com o
fragmento peptidico Ctn[1-14] e com a crotalicidina em sua forma completa (Ctn[1-34]), o
fragmento Ctn[15-34] apresentou CIMs que variaram entre 5 a 10 uM ¢ foi o peptideo de
melhor desempenho contra isolados clinicos de Candida albicans, Candida parapsilosis e
Candida tropicalis (CAVALCANTE et al., 2017), demonstrando que os resultados promissores
foram mantidos.

Sabe-se que o mecanismo de morte leveduras por Ctn[15-34] envolve a ruptura de
membrana e inducédo de apoptose precoce e necrose tardia (CAVALCANTE et al. 2018). Ainda
de acordo com Cavalcante et al. (2018), parece que esses peptideos anfipaticos carregados
positivamente interagem preferencialmente com leveduras com um fenétipo de resisténcia a
farmacos, supostamente devido a afinidade com a membrana celular modificada (AGUIAR et
al., 2020).

Considerando todos os isolados utilizados para os testes, verificou-se menores valores de
CIM referente ao menor fragmento peptidico, o Myr-Ctn[1-9], que teve variacdo de 0,313 a
1,25 uM e a analise estatistica confirmou que a CIM do fragmento peptidico Myr-Ctn[1-9] €
significativamente menor do que a CIM do Ctn[15-34] frente a cepas diversas de Candida spp.

Estudo anterior evidenciou atividade antimicrobiana de Ctn[1-9] contra bactérias e
fungos. Este fragmento peptidico, derivado da crotalicidina, foi sintetizado dessa forma, com
menor quantidade de residuos de aminoacidos, tendo como pressuposto a importancia da
modificacdo estrutural de peptideos e o subsequente estudo da seletividade do alvo
correspondente, 0s quais sdo essenciais para melhorar as atividades biologicas e/ou
farmacologicas dessas moléculas. O Ctn[1-9] exibiu atividade antimicrobiana seletiva contra
bactérias nosocomiais e leveduras (CIM de 20 uM), com baixa citotoxicidade para eritrocitos

humanos, e quando associado com antibacterianos e antifingicos, demonstrou efeito sinérgico
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(LIMA et al., 2022). A adicao do Miristoil (&cido miristico) a essa estrutura (Ctn[1-9]) o torna
mais hidrofébico, melhorando a interacdo com a membrana celular fangica e ap6s essa
modificacdo na estrutura da molécula, observou-se menores valores de CIM para o Myr-Ctn[1-
9] frente a Candida spp.

A busca por estruturas minimas desses peptideos antimicrobianos que possam manter ou
aumentar suas atividades bioldgicas também vem crescendo, em decorréncia da necessidade de
reduzir os custos de producéo e facilitar o desenvolvimento de novos peptideos (FALCAO;
RADIS-BAPTISTA, 2020).

Considerando a capacidade de interacdo dos peptideos derivados da crotalicidina com
leveduras, destaca-se a relevancia de estudos futuros mais aprofundados, a fim de identificar se
para além a atividade inibitoria, a exposi¢do prévia aos fragmentos peptidicos aqui descritos,
interferem nos fatores de viruléncia de Candida spp. Os efeitos de peptideos antimicrobianos
na inibicdo da transicdo de levedura para hifa e na reducdo da formacéo de biofilme em C.
albicans (D’AURIA et al., 2022) bem como na producéo de fosfolipases, proteases e atividade
hemolitica (VANKOVA et al., 2020) ja foram descritos anteriormente.

A formacao de biofilme também é considerada como um fator de viruléncia que contribui
para maior patogenicidade de Candida sp. e resisténcia aos antimicrobianos. Por razdes
didaticas, as analises quanto a formagcéao de biofilme e atividade antibiofilme do peptideo foram
inseridas em um topico a parte, separado dos outros fatores de viruléncia avaliados. Optou-se
pela utilizacdo da cepa de referéncia SC5314, em detrimento dos outros isolados utilizados no
estudo em razdo da reconhecida capacidade de formar biofilme, sendo previamente utilizada
em outros estudos (ALVES et al., 2023). Trata-se de uma cepa selvagem, originalmente isolada
de um paciente com infeccdo generalizada, virulenta em um modelo de camundongo de
infeccdo sistémica.

Quanto a capacidade do Ctn [15-34] em inibir a formacédo de biofilme por uma cepa de
Candida albicans (SC5314), a concentragao de 75 uM, quando comparada com outras
concentracdes de peptideo testadas, foi responsavel por um maior percentual de inibicdo da
biomassa do biofilme (cerca de 50%). O fluconazol, quando utilizado na concentracdo padrao,
mostrou atividade superior ao peptideo, no entanto, esse resultado é satisfatério quando
comparado ao estudo realizado anteriormente, onde 100 uM reduziu consideravelmente o
biofilme da cepa selvagem ATCC 90028, no ensaio de inibicdo (AGUIAR et al., 2020).

A maioria dos antifungicos que rompem os biofilmes de levedura atuam no estagio inicial

de formagéo do biofilme, impedindo a ades&o celular e subsequente consolidagéo do biofilme
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(AGUIAR et al., 2020). Vale ressaltar que, para os biofilmes de C. albicans, a plasticidade
morfologica € um importante traco de viruléncia em muitos contextos, pois a transi¢do de
levedura para hifa é critica para a estabilidade do biofilme, penetracéo nas células epiteliais do
hospedeiro e fuga das células fagociticas do hospedeiro (SALAMA; GERSTEIN, 2022).

A matriz polissacaridica extracelular compreende polimeros extracelulares e DNA
extracelular envolvidos na manutencdo da estrutura do biofilme. O DNA extracelular também
desempenha um papel vital na ligacdo do biofilme ao substrato. Outra parte essencial da matriz
extracelular sdo os B-1,3-glucanos, que contribuem significativamente para a resisténcia do
biofilme aos antifingicos, pois impedem o contato com as células-alvo, dessa forma, as células
de C. albicans no biofilme liberam mais -1,3-glucanos na matriz extracelular do que as células
planctonicas (TALAPKO et al., 2021). No trabalho desenvolvido por Alves e colaboradores
(2023), quando avaliada a composicdo da matriz extracelular do biofilme da cepa SC5314, o
valor médio da quantidade de proteinas foi de 1,24 + 0,05 mg/g e o valor médio da quantidade
de polissacarideos foi de 0,03 £ 0,05 mg/g. Os polissacarideos da matriz extracelular formam
um complexo que sequestra farmacos, provavelmente por meio de interacGes nao covalentes,
restringindo a acdo dos antimicrobianos sobre as células presentes no biofilme maduro.

Os efeitos inibitérios na formacdo do biofilme sdo avaliados de uma forma diferente,
quando comparado com os testes de susceptibilidade de células planctdnicas. Dessa forma, o
efeito inibitério pode ser descrito como a menor concentracdo de uma substancia
antimicrobiana na qual ndo ha aumento dependente do tempo, no nimero médio de células
viaveis do biofilme (Minimal Biofilm Inhibitory Concentrations - MBIC) (THIEME et al.,
2019). Isso deve ser considerado, pois embora a capacidade de matar microbios seja
rotineiramente determinada como a concentragéo inibitoria minima de um composto usando
microbios planctdnicos, isso ndo corresponderia a concentragdo que pode prevenir ou erradicar
os biofilmes. Dessa forma, Peptideos com MBIC menor, proximas do valor de CIM sdo mais
atraentes porgue reduzem o risco de citotoxicidade para o hospedeiro (LI et al., 2021). Diante
disso, o0 Ctn[15-34] se mantém promissor, havendo a necessidade de identificar estratégias para
aumentar a atividade antibiofilme, tais como a identificacdo de compostos que possam
promover efeito sinérgico com o peptideo, mantendo respostas satisfatorias mesmo baixas

concentragdes utilizadas.
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8. CONCLUSAO

A partir dos resultados obtidos, € possivel concluir que:

Os isolados de Candida spp. avaliados, em sua maioria, sdo suscetiveis aos antiflngicos

fluconazol, itraconazol e anfotericina B;

Dentre as cepas de Candida albicans, a maioria destas foi considerada produtora de
fosfolipase, mas Candida tropicalis e Candida krusei ndo produziram. C. albicans, C.
tropicalis, C. krusei e Candida glabrata possuem atividade hemolitica;

Frente as diversas cepas de Candida spp., o fragmento peptidico Ctn[15-34] manteve
valores de Concentracgdo Inibitéria Minima (CIM) semelhantes aos valores relatados na
literatura e 0 Myr-Ctn[1-9] apresentou atividade antifingica superior (in vitro), pois
foram observados menores valores de CIM contra Candida spp., sendo valioso para

estudos posteriores com cepas resistentes a antifingicos e produtoras de biofilme;

O Ctn [15-34] inibiu em 50% a formac&o do biofilme por uma cepa padréo de Candida
albicans, a uma concentragéo de 75 pM,;

No geral, Myr-Ctn[1-9] e Ctn[15-34] sdo moléculas que exibem atividade contra
Candida spp., demonstrando que os peptideos derivados da Crotalicidina sao modelos
promissores para estudos mais aprofundados que visem o objetivo final de

desenvolvimento de novos farmacos antifingicos.
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Abstract: Cell-penetrating peptides (CPPs) are natural or engineered peptide sequences with the
intrinsic ability to internalize into a diversity of cell types and simultaneously transport hydrophilic
molecules and nanomaterials, of which the cellular uptake is often limited. In addition to this pri-
mordial activity of cell penetration without membrane disruption, multivalent antimicrobial activity
accompanies some CPPs. Antimicrobial peptides (AMPs) with cell-penetrability exert their effect
intracellularly, and they are of great interest. CPPs with antimicrobial activity (CPAPs) comprise a
particular class of bioactive peptides that arise as promising agents against difficult-to-treat intra-
cellular infections. This short review aims to present the antibacterial, antiparasitic, and antiviral
effects of various cell-penetrating antimicrobial peptides currently documented. Examples include
the antimicrobial effects of different CPAPs against bacteria that can propagate intracellularly, like
Staphylococcus sp., Streptococcus sp., Chlamydia trachomatis, Escherichia coli, Mycobacterium sp., Listeria
sp., Salmonella sp. among others. CPAPs with antiviral effects that interfere with the intracellular
replication of HIV, hepatitis B, HPV, and herpes virus. Additionally, CPAPs with activity against pro-
tozoa of the genera Leishmania, Trypanosoma, and Plasmodium, the etiological agents of Leishmaniasis,
Chagas’ Disease, and Malaria, respectively. The information provided in this review emphasizes
the potential of multivalent CPAPs, with anti-infective properties for application against various
intracellular infections. So far, CPAPs bear a promise of druggability for the translational medical
use of CPPs alone or in combination with chemotherapeutics. Moreover, CPAPs could be an exciting
alternative for pharmaceutical design and treating intracellular infectious diseases.

Keywords: antimicrobial peptide; cell-penetrating peptide; cell-penetrating antimicrobial peptide;
intracellular pathogen; intracellular infection

1. Introduction

Intracellular pathogens can grow and reproduce within their host cells, and this
feature helps them evade the immune system and makes treatment difficult. Accessible and
efficacious drugs targeting these pathogens are challenging, as many antimicrobials cannot
accumulate in intracellular spaces to reach optimal therapeutic concentrations in infected
cells [1]. Treatment options generally involve long-term therapy with a combination
of medications. However, the drug’s inherent toxicity and prolonged exposure time of
treatment usually cause undesired side effects. Therefore, strategies targeting intracellular
infection and eradicating intracellular pathogens are advantageous since therapeutic agents
penetrate and concentrate into infected cells, reaching the pathogens, increasing efficacy,
decreasing drug toxicity, and sustaining and releasing the drugs [2]. Faced with these
challenges, cell-penetrating peptides (CPPs) have emerged as an exciting alternative for
pharmaceutical drug design and formulations. CPPs are known for their great potential
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for delivering peptides and proteins into cells and across epithelial barriers, both in vitro
and in vivo [3]. Having the unique ability to transport various payloads within cells with
low toxicity, CPPs hold the promise of a powerful tool for medical applications. They
can transport molecules for which intracellular supply is often limited due to hydrophilic
character, net negative charge, and high molecular weight. In addition, they can mediate
the delivery of drugs, diagnostic agents, nanoparticles, and therapeutic proteins [4].

Notably, CPPs share several physicochemical characteristics with another class of bio-
logically active peptides, antimicrobial peptides (AMPs). CPPs with antimicrobial activities
and reciprocally AMPs with cell-penetrating activities are generally short sequences of
amino acids, amphipathic, and display a net positive charge due to a high proportion of
arginine and lysine residues. The sources of CPPs with antimicrobial activity are diverse:
they might be natural, synthetic, or chimeric. The spectrum of action of cell-penetrating
peptides with anti-infective properties includes activity against intracellular Gram-positive
and Gram-negative bacteria, parasites, viruses, and fungi, as reviewed and discussed
herein. Considering this initial conception, CPPs with anti-infective activities arise as an
exciting alternative for pharmaceutical drug design to treat intracellular infections. This
short review aims to call attention to and identify in the scientific literature previously
published studies and references regarding the action of CPPs that are effective against
intracellular infectious pathogenic agents.

2. Intracellular Pathogens
2.1. Bacteria

Many microorganisms are obligate or facultative intracellular, which allows growth
and replication in different biological niches. When initiating the process of internalization
in the host cells, some microbial pathogens can be detected by the host defense mechanisms,
activating the recruitment of macrophages. However, as is the case, intracellular bacteria
can protect themselves from the host’s immune response and the killing effects of antimi-
crobials inside the infected cells. In this way, intracellular bacteria reside in the cytoplasm
or vacuoles of the mammalian host cell, coopting the endocytic or secretory pathways
to recruit the necessary supplements to ensure their replication [5]. Pathogens can enter
different cell types via phagocytic and non-phagocytic routes. Phagocytosis is a mechanism
related to the host’s response to injuries and infections. Pathogens or scavengers larger
than 0.5 um are recognized by phagocytic cells through specific pathogen recognition re-
ceptors. Then, phagosomes that contain the microorganisms and scavengers form, usually
in macrophages, that fuse with lysosomes to form mature phagolysosomes, where the
bacterium is degraded due to lysozymes and oxidizing agents. Mycobacterium tuberculosis
is one of the most successful pathogens in escaping this process. It has evolved to prevent
phagolysosome maturation and can live in macrophages, masking pathogen-associated
molecular patterns (PAMPs) [6]. A latent state may occur for bacterial and viral infections,
such as those caused by M. tuberculosis and HIV.

Blocking the progression of the disease may not only result from the annihilation
of pathogens but may also involve the death of the host cell. The disease process may
involve interrupting bacterial growth in a subset of cells by innate immune pathways.
However, it may trigger an inflammatory response that does not interfere with pathogen
replication, as is seen with the enteric bacteria Salmonella during intestinal growth [7].
Another example of an intracellular microorganism, Listeria spp. can induce epigenetic and
miRNA modifications in the host to modulate immune defense. Listeria monocytogenes is
a Gram-positive facultative pathogen that causes the foodborne illness called Listeriosis.
Upon entry into epithelial cells, L. monocytogenes are internalized into a vacuole. It physically
disrupts the vacuolar membrane to escape this subcellular niche, using Listeriolysin O
(LLO) and phospholipase A and B (PlcA and PlcB). Then, L. monocytogeneses can survive
and replicate in the cytosol of host cells and modify the processes of cellular organelles.
Intracellular bacteria can also grow an actin tail to move between epithelial cells evading
host defense [8].
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Chlamydiae, an obligate intracellular Gram-negative bacterium, has a unique de-
velopmental cycle of replication consisting of extracellular and intracellular life forms.
Chlamydia trachomatis and C. pneumonia cause sexually transmitted diseases, eye infections,
and atypical pneumonia. Chlamydiae have developed strategies for chromatin regulation
through epigenetic modifications [9]. In addition to the classic examples of intracellular
bacteria such as the case of Listeria and Chlamydia, cumulative evidence suggests that
known extracellular bacteria such as Staphylococcus aureus, Escherichia coli, and Pseudomonas
aeruginosa also can invade and localize inside the host cells [10].

2.2. Parasites

Regarding parasitic infections, intracellular obligate parasites use diverse strategies
to deceive host cell immune responses and persist in the host cells and organism. One
common strategy in clinically relevant infectious diseases is the formation of vacuoles
containing pathogens within host cells after the pathogen has been internalized. Included
in this category are the trypanosomatids, of which Trypanosoma cruzi and Leishmania spp. are
intracellular parasites of mammals [11]. In the case of the causative agent of Leishmaniasis,
the first hours after infection are crucial to the obligated intracellular Leishmania parasites.
Leishmania parasites benefit from the pro-inflammatory properties of the mosquito vector’s
saliva, which also plays an essential role in the chemoattraction of phagocytes.

Additionally, the complement system affects the initial phases of Leishmania infection,
as opsonization promotes the parasite uptake by phagocytes, favoring the intracellular
stage of infection. Once the parasite is phagocytosed, innate immune cells react by produc-
ing cytokines that, in its turn, activate the adaptive immunity, thus generating a protective
or harmful response. Adaptive immune system cells have also participated in Leishmani-
asis’s pathogenesis, causing tissue destruction and disease relapse [12]. For Plasmodium
falciparum, one of the etiological agents of malaria, free sporozoites and intrahepatic para-
sites overcome the obstacle of the host’s immune response to entering the erythrocytic stage,
actively passing through Kupffer cells and endothelial cells. Once inside the hepatocyte,
the parasitophorous vacuole prevents lysosomal degradation. Host heme oxygenase-1
(HO-1) also enhances the development of intrahepatic parasites by modulating the host’s
inflammatory response [13].

2.3. Viruses

As for viruses, such as those caused by Human Immunodeficiency Virus (HIV) from
type HIV-1 and HIV-2, Hepatitis B Virus, Influenza Virus, to Middle East Respiratory
Syndrome Coronavirus, SARS-CoV-2 and others, the high number of cases of these viral
diseases are related to several environmental and behavioral factors, which contribute
to the spreading of these highly persistent and replicative viruses. Mutations constantly
appear in the genomes of all species, making it difficult to treat and control some viral
diseases [14].

3. Challenge to Treat Intracellular Infections

Efficient treatment of intracellular infections with antimicrobials is challenging due
to the evasion of intracellular infectious pathogens from the host’s phagocytic killing
mechanisms, the establishment of intracellular survival machinery, and the misuse of
antimicrobials that cause an increase of multidrug resistance phenotypes in pathogens.
Once inside the cell, antimicrobial activity can be influenced by enzymatic inactivation and
changes in pH and chemical environment [15]. Moreover, the intracellular concentration of
antibiotics in host cells is lower than their minimum inhibitory and lethal concentrations,
which may lead to the emergence of drug resistance. The increase and spread of multidrug-
resistant bacteria and infectious agents reinforce the urgent need to develop effective
intracellularly active antibacterial drugs and chemotherapeutics capable of improving the
low cellular permeability of currently used antimicrobials.
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In this context, CPPs with anti-infective activities have been envisioned as an alterna-
tive to overcome the difficulty-to-treat intracellular infectious microbes and to potentiate
the targeted-driven antimicrobial action to defeat intracellular microorganisms [16,17].

4. Cell-Penetrating and Antimicrobial Peptides: The Basics

Cell-penetrating peptides are natural or synthetic peptide sequences, usually display-
ing selective cytotoxicity, high cell-uptake efficiency, and penetrability of lipid membranes
and accumulation in intracellular compartments. Another notable feature of CPPs is that
cell membrane translocation can occur at low concentrations, both in vivo and in vitro,
without causing significant membrane damage. Cell-penetrating peptides usually consist
of 5 to 30 amino acid residues. They group into different categories according to their origin,
sequence, and structure [18]. One of the first CPPs ever described was the HIV transcrip-
tional transactivator protein (TAT) which was proven to translocate cell membranes and
effectively internalize into the cells in vitro. The TAT peptide becomes a paradigmatic CPP
for basic and applied research [19,20]. Endocytosis and direct translocation are essential
mechanisms contributing to membrane translocation by different CPPs. These events are
related to the specific CPP sequence, peptide concentration, cell type, and cell differentia-
tion state, among other factors [21]. Several CPPs adopt a well-defined secondary structure
upon encountering the cell plasma membrane, which seems to contribute to translocation
propensity across the membrane [22]. Some CPPs and AMPs share structural and physic-
ochemical characteristics that intriguingly call attention to their subtle differences and
eventual similar functionalities (e.g., cell penetration and anti-infectivity) [23,24]. Native
AMPs are widely found in organisms’ cells, tissues, and biological fluids and are essentially
involved in the innate defense of the host against invading pathogens. They kill microbes
by diverse but convergent mechanisms of cell disruption that essentially compromise the
integrity of the cytoplasmic membranes [25,26], which serve as a portal for the synergic
action of chemotherapeutics [27]. A handful of exciting reviews about the structures, activi-
ties, and mechanisms of action of CPPs and AMPs [28-30] are available. Some suggested
reviews on the biological activity of AMPs against cancer cells [31-33] and CPPs as delivery
systems [34-37] could be of interest.

The cellular penetrability of some AMPs seems to reinforce their antimicrobial efficacy
and performance due to the interaction and interference with intracellular components
of target microorganisms, such as macromolecules and organelles [31,32]. Consequently,
AMPs interacting with cell membranes can exhibit antimicrobial activity at the mem-
brane level or intracellularly through cell-penetrability. The positively-charged amino acid
residues that facilitate the electrostatic interactions of CPPs and AMPs with cell mem-
branes and their components are common to sequences of both peptide types. Interspaced
positively charged amino acid residues in these two peptide families contribute to the
first step of membrane interaction and aggregation, leading to membrane insertion and
cellular uptake. Components on the cell surface with an overall net negative charge fa-
cilitate binding the positively charged and amphipathic peptides. These are the anionic
phospholipids or phosphate groups of lipopolysaccharides in Gram-negative bacteria and
acidic polysaccharides, teichoic acids, and lipoteichoic acids in Gram-positive bacteria [33].

The antiviral mechanisms of AMPs mainly involve targeting and disrupting viral
membrane envelopes and inhibiting different stages of the viral life cycle [33,34]. As for
the majority of therapeutic peptides, the physiological instability, lack of selectivity, and
limited efficacy comprise drawbacks that should be considered during the development
and medicinal use of CPPs with antimicrobial activity and AMPs with cell-penetrating
properties. Proteolytic degradation, hepatic and renal clearance, and inherent instability
of CPPs and AMPs in physiological fluids are reasons for the large discrepancy of their
performance in vitro and in vivo [35,36].
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5. Peptides with Cell-Penetrating and Anti-Infective Activity against Intracellular Pathogens

In the current scientific literature, cumulative data about cell-penetrating antimicrobial
peptides (CPAPs) with anti-infective activities to treat infections caused by obligatory or
facultative intracellular pathogens are accessible. This particular class of bioactive peptides
is also called antimicrobial and cell-penetrating peptides (ACPPs) [37]. Antimicrobial
peptides that penetrate the target cells without causing membrane disruption exert their
biocide effects intracellularly figure in the subset of CPAPs [38,39]. CPPs that intrinsically
translocate eukaryotic cell membranes and cross the cytoplasmic membrane of bacteria can
kill pathogens by distributing and accumulating within the vacuolar compartments of cells,
as is the case of penetratin analogs [40]. The design and synthesis of chimeric CPP-AMP
peptides with a cleavable link also comprise an attractive and efficient mechanistic option
to kill intracellular pathogens [41,42]. Another exciting mechanism to kill intracellular
pathogens is via a cooperative action of the AMPS x-defensins and humanized 0-defensin
with macrophages that entrapped the bacteria in the phagosome, where they are annihi-
late [43]. The following sections present examples of these cell-penetrating antimicrobial
peptides with antibacterial, antiviral, and antiparasitic activities.

5.1. Cell-Penetrating Antimicrobial Peptides Active against Bacteria

Essentially, bacteria evolved diverse strategies to escape from the antimicrobial ar-
senal of macrophages, and once bacteria internalized into macrophages, they evade the
host’s immune response and the action of antimicrobial drugs [44]. The first barrier for a
therapeutic compound to reach intracellular bacteria is crossing the host cell membrane at
non-toxic concentrations. The second barrier is the challenge of accessing bacteria located
in the host cell cytosol or sequestered inside membrane-bound vesicles and maintaining an
effective antimicrobial activity. Several CPAPs have been investigated for their applicability
against intracellular bacteria in this context.

The Gram-positive bacterium S. aureus is considered an extracellular pathogen. How-
ever, it can survive in primary human macrophages until bacterial proliferation occurs.
Replication begins hours after the initial phagocytosis, while the bacteria reside in ma-
ture phagolysosomes and may remain for several days. The lysis of infected phago-
cytes allows them to escape to the extracellular medium, where dissemination occurs [45].
Budagavi et al. [46] evaluated the antimicrobial properties of cell-penetrating peptides de-
rived from Latarcinl (LDP) toxin against methicillin-resistant S. aureus (MRSA) strains.
Latarcins are a group of antimicrobials and cytolytic peptides, 20 to 35 amino acids in
length, from the venom of the Lachesana tarabaevi spider. Human cervical cancer epithelial
(HeLa) cells were used for the invasion assay by MRSA strains and Bacillus subtilis, E. coli,
S. typhimurium, M. smegmatis, and Xanthomonas oryzae. The peptide exhibited antimicro-
bial activity against all microorganisms tested, within a range of 5 to 20 uM, showing a
75% inhibition of intracellular MRSA at different concentrations. However, the peptide’s
mechanism of action was not fully described [46]. Other studies have also attempted
to identify peptides with activity against intracellular MRSA infections, such as the TAT
peptide (47-58) (YGRKKRRQRRRD) derived from the TAT protein of the HIV-1 virus,
responsible for activating viral replication. The authors studied this paradigmatic peptide
because of its ability to penetrate the fungal cell membrane in a time- and temperature-
independent manner, leading to cell cycle arrest and death. Infected HeLa cells were
treated with TAT (47-58) and its enantiomer at a concentration of 50 uM and observed
an antibacterial activity against MRSA without affecting the viability of mammalian host
cells [47]. Wang and colleagues [48] investigated the antibacterial activity of the H2 peptide
against MRSA strains causing bovine mastitis. They confirmed that the peptide enters into
mammary epithelial cells by clathrin-mediated endocytosis in a dose-dependent manner,
killing the intracellular MRSA and clinical isolates of S. aureus with a performance superior
to vancomycin. Another Gram-positive coccus, Streptococcus agalactiae, can survive within
macrophages for prolonged periods, contributing to pathogen spread and disease pro-
gression. To defeat S. agalactiae, peptides L2 and L10 were developed and exhibited more
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potent antimicrobial activity against bacteria inside the cell in an intracellular environment.
The results of the localization of peptides in macrophages indicated that after endocytosis,
L2 and L10 probably entered the compartments containing S. agalactiae by endosomal traffic
and killing the bacteria [42]. Nepal et al. [49] attempted to demonstrate that increasing
the length of CAPH peptides (i.e., CPAPs based on a cationic amphiphilic proline helix
structure) increases their ability to enter cells and the antimicrobial activity compared to
shorter cationic amphiphilic proline helix structures. This peptide has a dual mode of action:
effective cell penetration capability into human macrophages and potent antimicrobial
activity in vitro against Gram-positive and Gram-negative pathogens. Several pathogenic
bacteria were effectively killed with the FI-PRPLPL-5 peptide, including MRSA, Acineto-
bacter baumannii, E. coli O157, and VRSA (Vancomycin-resistant S. aureus). Significantly,
this CPAP could deal with the problem of intracellular bacteria and the elimination of
pathogens in macrophages [49]. Three similar peptides, also of the same class, derived from
the initial peptide P14LRR, have specific subcellular locations that allow the targeting of
pathogenic bacteria in their intracellular niches. This unique feature successfully eliminates
Salmonella, Shigella, and Listeria pathogens, which reside in macrophages. More effective
subcellular localization of P14-5C within endosomes may allow this CAPH to localize to
endosome-resident Salmonella, thus resulting in improved intracellular clearance of the
pathogen. The P14-5L peptide accumulates in the cytosol of macrophages and significantly
reduces the population of Listeria and Shigella residing in the cytosol of J774A cells. The
selected CAPHs could substantially reduce Listeria bacterial infection in an in vivo model
of Caenorhabditis elegans with minimal toxicity to the worms [50]. The FI-PLPRPR-4 pep-
tide, another proline-rich synthetic peptide, displayed activity to kill intracellular bacterial
pathogens, Salmonella and Brucella, infecting J774A cells. While intracellular Salmonella
was reduced by approximately 62% with the addition of the peptide, intracellular Brucella
showed a significant reduction of 90%. This difference in inhibition between Salmonella
and Brucella may be related to several factors but the subcellular location of Salmonella
and compartmentalization inside phagosomes. These synthetic peptides could internalize
cells by endocytosis, direct translocation, or a combination of both pathways, depending
on concentration, cell type, and charge. The entry of FI-PLPRPR-4 in both endosomes
and the mitochondria of ]774A.1 cell may be related to both penetration mechanisms, by
which peptide reach bacteria residing in infected J774A.1 cells, but with a limited impact on
mitochondrial function [51]. Another example of peptide, TPk was investigated to verify
its ability to internalize in eukaryotic cells, the intracellular location, the level of growth
inhibition of bacterial growth, the influence of eukaryotic cell viability, and the destabi-
lization of membranes through the use of liposomes that mimic S. aureus and mammalian
cell membranes. TPk is transported to lysosomes and is considered a candidate for future
investigations as an AMP capable of targeting intracellular infections, as it can potentially
be optimized for cellular penetration, resulting in an effective tool for eradicating bacteria
residing within epithelial cells [16].

Chlamydia trachomatis can survive and replicate in an intracellular or extracellular
environment. The synthetic peptide Pep-1 contains a hydrophobic tryptophan-rich mo-
tif and a hydrophilic lysine-rich domain for efficiently targeting cell membranes. Pep-1
had a concentration-dependent action against intracellular C. trachomatis growth with
100% inhibition of inclusion formation at a concentration of 8 mg/L, with a window
of susceptibility during the developmental cycle with maximum effect when treatment
was initiated 12 h after infection. This anti-chlamydial activity may directly affect the
bacterium or indirectly by targeting the inclusion of C. trachomatis or host cell processes
essential for growth [52]. Amiss and colleagues [53] identified two horseshoe crab f3-
hairpin peptides, tachyplesin I and polyphemusin I, with broad antimicrobial activity
against E. coli UPEC (Uropathogenic E. coli), strain EC958. They also developed the peptide
analogs [I11A]tachyplesin I and [I11S]tachyplesin I that maintained activity against bacteria
but were less toxic to mammalian cells than native tachyplesin I. For the in vitro tests,
macrophages derived from the bone marrow of mice were used. Polyphemusin I, tachy-
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plesin I, and analogs [I11A]tachyplesin I and [I11S]tachyplesin I inhibit bacterial growth
at concentrations at least ten-fold lower than concentrations that are toxic to mammalian
cells (8 pM). EC958 were observed within intracellular vesicle compartments, and after
treatment of infected macrophages with eight tM of the marked peptides for one hour,
especially [I11S]tachyplesin I produced diffuse fluorescence throughout the cytosol and
strong co-localization with intracellular EC958 bacteria. This study demonstrated that pep-
tides could enter macrophages without damaging their membrane at concentrations that
kill co-localized bacteria. The mechanistic studies using bacterial cells, model membranes,
and cell membrane extracts, indicated tachyplesin I and polyphemusin I peptides could
kill UPEC by selectively binding and disrupting bacterial cell membranes.

Table 1 summarizes active CPAPs against intracellular bacteria, their amino acid
sequences, origins, and targeted bacteria.

Table 1. CPAPs with anti-infective activity against intracellular bacteria.

. Study
Peptide Source Sequence Target Model Ref.
TPk Neutrophil granules VRRFKWWWXKFLRR S. aureus in vitro [16]
PenShuf Synthetic peptide RWFKIQMQIRRWKNKK S. aureus and E. coli in vitro [16]
A synthetic peptide with a
12 and L10 fragment of the pheromone DILIIVGGGSGKERKKRRR Streptococcus in vitro and [42]
(DILIIVGG) of Streptococcus DILIIVGGKRRR agalactiae in vivo
agalactiae
MRSA, Bacillus
subtilis, Escherichia
coli, Salmonella
LDP Lachesana tarabaevi (Spider) KWRRKLKKLR typhimurium, in vitro [46]
Xanthomonas oryzae,
Mycobacterium
smegmatis
TAT (47-58) TAT protein of HIV-1 YGRKKRRQRRRD MRSA in vitro [47]
2 Derived from Plectas‘m, 1'solated ) MRSA in yltrg and 48]
from Pseudoplectania nigrella in vivo
. . A. baumannii, E. coli L )
FI-PRPLPL-5 Synthetic peptide - 0157, MRSA ¢ VRSA in vitro [49]
Salmonella sp. A
P14-5L, P14-5B . . . g in vitro
and P14-5C Synthetic peptide - Shlgglla sp- and in vivo [50]
Listeria sp.
Salmonella
FI-PLPRPR-4 Synthetic peptide - typhimurium and in vitro [51]
Brucella abortus
Pep-1 Synthetic peptide KETWWETWWTEWSQPKKKRKYV  Chlamydia trachomatis in vitro [52]
(M1Altachyplesinl 5 156 from Tachyplesin, KWCFRVCYRGACYRRCR o L
and . Escherichia coli in vitro [53]
. a horseshoe crab peptide. KWCFRVCYRGSCYRRCR
[I11S]tachyplesin I

5.2. Cell-Penetrating Antimicrobial Peptides Active against Virus

Usually, the penetration of hydrophilic drugs that act intracellularly has their effect im-
paired due to the lipophilic barrier of the cell membranes, resulting in poor efficacy on their
targets. Many techniques have been developed to find a non-invasive carrier to circumvent
this problem and increase drug availability. Antiviral CPAPs can enter cells without causing
appreciable damage, increasing molecules’ cellular uptake and internalization [54].

HIV has been the subject of numerous studies for a long time to seek a cure for carriers
of this virus. Recently, a synthetic 18-residue cationic peptide capable of neutralizing
the DH12 and SF162 strains of the HIV1 virus showed inhibition of 80% for both virus
strains. In addition, its action was potentiated when using the bacterial toxins LT-IB or
LT-1IaB derived from E. coli. This peptide was found to home in the cytoplasm and nucleus,
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demonstrating that it can act and influence the stages of production and maturation of the
HIV-1 virus [55]. In another example, the 10-residue TAT peptide derived from the stretch
comprising residues 48 to 57 of the TAT protein found in the HIV-1 virus can inhibit HIV-1
viral infection in a dose-dependent manner.

Moreover, a change in the peptide net charge can increase its activity with the replace-
ment of arginine by non-cationic residues, and the conjugation of deca-arginine potentiated
the action of the TAT peptide [56]. RNA plays a role in regulating several processes in
the biological system. In HIV-1, it is possible to find TAR, a short hairpin of RNA. This
hairpin interacts with the TAT protein, responsible for the viral gene transcription, and this
interaction has been the research subject in developing drugs that act at this point. The
LK-3 peptide was synthesized with leucine (L) and lysine (K) residues, and results showed
that in nanomolar concentrations, the LK dimer effectively inhibits TAR transcription, thus
being a promising agent with strong HIV-1 inhibitory potential [57]. A determining agent
for the assembly of the HIV-1 virus is the GAG protein, an envelope of this virus, thus
being considered a critical pharmaceutical target. A peptide called CAI was discovered
from bacteriophages and in vitro studies showed its ability to inhibit the formation of the
GAG capsid. However, it was ineffective in HIV-1. After structural analysis, this peptide
underwent modifications to make it cell penetrable, thus creating NYAD-1. This peptide
demonstrated significant effects, such that it enters cells without the aid of a carrier protein,
stops the development of HIV-1 particles, and effectively inhibits the HIV-1 infection in
cell cultures [58]. Another molecule acting on HIV-1 was discovered after genomic analy-
ses: the TOE1 protein, a target of the Egrl gene, found in the nucleoli and Cajal’s bodies.
In vitro studies, this protein has been shown to act at the transcriptional level, preventing
replication of HIV-1 so that this protein can be released by CD8+ cells penetrating cells,
thus decreasing the action of HIV [59].

The Human Papillomavirus (HPV) is responsible for causing an average of 5% of
cervical cancer, and although vaccines are available, they are efficacious against only
one set of HPV. Understanding the life cycle and performance of HPV can lead to the
production of new pharmacological strategies that reduce its viral load and other HPV-
related diseases. HPV is a DNA virus with 360 L1 capsid residues and 72 L2 molecules. The
L2 protein is essential for the assembly and infectious viral process. A 29-residue peptide
was synthesized, containing a binding site for L2 and a sequence for cell penetration into
cells. Peptide P16/16 has been shown to inhibit the release of the virus from the endosome,
causing a reduction of viral constituents in cells which is dose-dependent, thus being a
potential antiviral target [60].

The herpes virus (Herpes simplex type—HSV-1) can trigger diseases in the human
body ranging from cold sores to encephalitis and blindness. Two peptides (Hp1036 and
Hp1239) derived from the scorpion Heterometrus petersii significantly inhibit the cell entry
and proliferation of the HSV-1 virus. The amphipathic characteristic of peptides and their
a-helix structure helped insert the virus into the membrane and reduce its replication after
infection. Based on these data, the peptides Hp1036 and Hp1239 appeared promising
candidates to combat viral activity [61]. Belonging to the Hepadnaviridae family with a
size of 3.2 kb, the hepatitis B virus (HBV) is one of the leading infectious human viruses,
affecting millions worldwide annually. HBV infection can cause chronic hepatitis and liver
cancer. Therapy for hepatitis B is limiting, and most macromolecular antivirals cannot
cross the impermeable plasma membrane. Based on the necessity to treat this viral disease,
a peptide was synthesized that comprises an oligoarginine and a core capsid binding
sequence (NBS). Such a peptide effectively penetrated the plasma membrane, inhibiting the
release of the hepatitis B virus, proving to be an efficient transducing agent with intrinsic
activity for delivering antiviral peptides to cells [62].

Table 2 lists some examples of cell-penetrating antimicrobial peptides with antiviral activity.
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Table 2. Cell-penetrating antimicrobial peptides with antiviral activity.
Peptide Source Sequence Target Study Model Ref.
MFK Synthetic peptide MFKLRAKIKVRLRAKIKL HIV-1 Virus in vitro [55]
TAT protein of . .
TAT (48-57) HIV-1 (Strain SF2) GRKKRRQRRR HIV-1 Virus in vitro [56]
LK-3 Synthetic peptide LKKLCKLLKKLCKLAG HIV-1 Virus in vitro [57]
NYAD-1 Synthetic peptide - HIV-1 Virus in vitro [58]
Tarcet of Eerl Nuclear protein in
g 8 nucleoli and Cajal 335-KRRRRRRREKRKR-347 HIV-1 Virus in vitro [59]
(TOE1) .
bodies
. . CSPQYTI- . in vivo and
P16/16 Synthetic peptide |\ AGDFYLHPSYYMLRKRRKR 1V Virus in vitro [60]
Hp1036 and Ver}gf‘t;ofnjecgif;lon ILGKIWEGIKSIF Herpes simplex i vitro [61]
Hp1239 . ILSYLWNGIKSIF virus type 1
petersii
P4 Synthetic peptide LDPAFR Hepatitis B virus in vitro [62]
Deca- . . Decanoic acid - . S
(Arg)s Synthetic peptide (C10:0)-D(WRRRRRRRRG)-NH2 Hepatitis B Virus in vitro [63]

5.3. Cell-Penetrating Antimicrobial Peptides Active against Intracellular Parasites

The search for antimicrobial, cell-penetrating peptides with antiparasitic effects is of
great interest since some infectious parasites hide inside host cells, and drug resistance
increases considerably and concomitantly with drug ineffectiveness.

Among diseases caused by parasites, malaria is a potentially severe infectious disease
transmitted by the bite of the Anopheles mosquito, which affects an average of one million
persons annually. Of particular interest, antimalarial peptides have been discovered in
recent years. Crotamine, a 42-amino acid, a multivalent peptide derived from the venom
of South American rattlesnake Crotalus durissus terrificus, was investigated as an inhibitor
of the Plasmodium falciparum parasite, and it was found that this substance prevents the
parasite development in a dose-dependent manner. Its action may be related to the arrest of
homeostasis in the acidic compartments of Plasmodium. In addition, the peptide decreased
the fluorescence of dye tracker in the parasite’s organelle, indicating a compromise of the
parasite’s metabolism [64].

Moreover, crotamine internalizes into erythrocytes infected by P. falciparum as con-
firmed with exposed cultured cells harboring blood-stage development of the parasite
and the peptide in different incubation periods. Crotamine has no appreciable hemolytic
activity and is selectively internalized only by infected erythrocytes [65]. Another peptide,
derived from P. falciparum itself, demonstrated an antiparasitic effect. Plasmodium falci-
parum dihydrofolate reductase-thymidylate synthase (pfDHFR-TS) is a bifunctional enzyme
responsible for folate production and thymidylate (dTMP). The pfDHFR-TS comprises
231 residues of the DHFR domain in the N-terminal region, followed by a junctional region
(JR) with 89 residues and ending with the C-terminal end of 238 residues [66]. Peptide
sequences from the junctional region and DHFR domain five peptides were designed and
synthesized. Among these, the peptides JR21 and rR8-JR21 were effective in inhibiting
the growth of P. falciparum in vitro. The rR8-JR21 peptide effectively delayed parasite
development and caused minimal hemolysis of red blood cells, thus being a substance
capable of affecting the development and growth of the parasite [67].

The transportan 10 peptide (TP10) is a 27-residue chimeric CPP derived from the
venom peptide of the wasp Vespula lewisii. This peptide can penetrate the cell indepen-
dently of the receptor and transport several types of cargo across cell membranes [68].
TP10 was tested for its anti-plasmodial and anti-trypanocidal potential. In vitro cell culture,
this peptide reduced parasitemia by more than 99% and decreased oocyst infection, thus
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being an active substance against malaria in the blood and vector stages. Against the
vector, Trypanosoma brucei, TP10 was also detrimental to the parasite in the blood phase,
thus emerging as an anti-plasmodial and anti-trypanocidal peptide [69]. A developed
mitochondria-penetratin peptide (MPP) with the ability to enter human cells and specifi-
cally target the mitochondria effectively controlled intracellular Plasmodium parasite. In
some instances, mitochondria are considered an exciting drug target because they play a
crucial role in energy production and programmed cell death of eukaryotic cells. The com-
bination of two significant characteristics, cationic and lipophilic, drives the permeation of
MPPs through the hydrophobic mitochondrial membrane. A short peptide, (L-cyclohexyl
alanine-D-arginine)® or (Fxr)® exhibited efficient cell penetration and mitochondrial local-
ization with activity against P. falciparum, including chloroquine-resistant K1 strain. This
peptide can pass through the red blood cell membrane without disruption or destruction
and subsequently kill the blood stage of P. falciparum. (Fxr)3 showed more potent anti-
malarial activity toward late-stage (trophozoite and schizont) parasites, consistent with
the high intensity of (Fxr)3 localized in the parasites” mitochondria observed by confocal
microscopy. The antimalarial action may be related to a collapse of the mitochondrial
membrane potential [70].

Trypanosomiasis, popularly known as Chagas’ disease, is caused by the protozoan
T. cruzi and is among the 13 most neglected diseases worldwide, affecting about 10 million
people annually. Currently, the pharmacotherapy used in this pathology works only in the
acute phase, being ineffective in the chronic phase and eliminating the vector. Batroxycidin
(BatxC), an o-helix peptide derived from the venom gland of the lancehead pit viper
Bothrops atrox, was evaluated against the T. cruzi strain. BatxC inhibited the development of
the benznidazole-resistant strains of the protozoan. In addition, it could lead to protozoan
necrosis, observed by the loss of the cell membrane [71].

Among the parasitic diseases, Leishmaniasis is the seventh most important and rep-
resents a severe public health problem, affecting about 15 million people annually. This
parasitosis is caused by the bite of the sand fly, mainly of the genera Phlebotomus and
Lutzomyia [72]. Notably, histatin 5 (Hst5), an AMP isolated from human saliva that targets
fungal mitochondria, showed anti-leishmania effects against strains of Leishmania donovani.
In protozoa, Hst5 exerts its anti-parasite effects against promastigote and amastigote phases.
This peptide proved capable of causing damage to the plasma membrane of the parasite,
translocating to the Leishmania cytoplasm independently of a receptor for internalization.
The peptide still has the potential to reduce ATP synthesis, leading to a subsequent drop in
ATP content and causing a bioenergetic breakdown. Thus, Hst5, in addition to exhibiting
anti-leishmanial effects, acts directly on the mitochondrial ATP synthesis of this proto-
zoan [73]. Tachypesin is a peptide derived from the horseshoe crab Tachypleus tridentatus of
marine origin, containing 17 residues in its structure with a positive charge and molecular
weight of 2.36 kDa. When evaluated in the same strain mentioned above, this substance
demonstrated efficacy in the promastigote and amastigote forms of L. donovani, damaging
the membrane in a way that makes it difficult for the parasite to acquire resistance [74].
Phospholipases A2 (PLA2) are potent active toxins with multiple biological activities from
enzymatic to neurotoxic, so their structure is used as a model for the structural design of
several molecules with numerous pharmacological properties.

The PLA2-derived p-AcIR7 peptide and analogs were synthesized and evaluated
against strains of Leishmania amazonensis. The peptide p-AclR7 was designed from the
C-terminal p-Acl region of a segment of Lys49 from the PLA2 from the venom of the
broad-banded copperhead snake Agkistrodon contortrix laticinctus. An analog prepared by
replacing all its lysine residues with arginine combined the characteristics of its original
p-Acl and oligoarginine. The replacement of lysine for arginine residues in the peptide
sequence potentiated the antiparasitic effect compared to the original peptide. The p-
AcIR7 was most active against the amastigote and promastigote stages of the protozoa [75].
Peptides with antimicrobial activities were evaluated in two other Leishmania species,
namely L. panamensis and L. major. From the waxy monkey leaf frog Phyllomedusa sauvagei,
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it was possible to isolate dermaseptin, a potent AMP with a broad spectrum of action against
fungi and bacteria. Dermaseptin promoted an increase in nitric oxide levels and acted on
intracellular forms of the Leishmania parasite [76]. Cecropin A is a peptide isolated from
various insects with sequences with 35-37 amino acids in length. Cecropin A and andropin
prevented the development of intracellular forms of Leishmania in a dose-dependent fashion,
demonstrating a direct activity of these peptides and an action related to the activation of
some cellular functions of the parasitized phagocyte [77]. Derived from cecropin, CM11
is a hybrid peptide consisting of 11 residues, 4 of which are in the domain five of melittin
(6 to 9 residues) C-terminal and cecropin A (2 to 8 residues) in the N-terminal region. The
anti-leishmanicidal activity was observed in the Leishmania significant strain and exhibited
a dose-dependent effect on promastigotes, in addition to demonstrating substantial effects
on amastigotes [77]. As recently reviewed, the effectiveness of the members of the principal

families of AMPs exhibiting a potential anti-leishmanial activity is discussed [78].
The examples listed in Table 3 give a glimpse of cell-penetrating peptides with anti-
parasite activity and AMPs with cell-penetrability to kill intracellular disease-causing protozoa.

Table 3. Cell-penetrating antimicrobial peptides against intracellular parasites.

Peptide Source Sequence Target Study Model References
. YKQCHKKGGHCEFP .
Crotamine Crotalus durissus KEKICLPPSSDFGK Plasmodium in vitro [64]
terrificus (Snake) MDCRWRWKCCKKGSG falciparum
. YKQCHKKGGHCEFP .
Crotamine Crotalus durissus KEKICLPPSSDFGK Plasmodium in vitro [65]
terrificus (Snake) MDCRWRWKCCKKGSG falciparum
Derived from the
g junctional region rRrRrRRR- Plasmodium L
rR8-JR21 of Plasmodium KKKKKKKKKYYKYKKKEKEKK falciparum mn vitro [671
falciparum
Plasmodium
TP10 Synthetic peptide  AGYLLGKINLKALAALAKKIL ~falciparum and in vitro [69]
Trypanosoma
brucei brucei
(L-cyclohexyl .
alanin-D- Synthetic peptide Plasmodzum in vitro [70]
iy falciparum
arginine)s
Batroxicidin Bothrops atrox KRFKKFFKKLK
(BatxC) veno n’: land NSVKKRVKKFFRK Trypanosoma cruzi in vitro [71]
& PRVIGVTFPF
s . DSHAKRHHGYKRK Leishmania .
Histatin 5 Human saliva FHEKHHSHRGY donovani in vitro [73]
Marine-sourced
. Japanese Leishmania S
Tachyplesin horseshoe crab KWCFRVCYRGICYRRCRGK donovani in vitro [74]
(Tachypleus
tridentatus)
. . Leishmania (L.) .
p-AcIR7 Synthetic peptide RRYRAYFRFRCRR . in vitro [75]
amazonensis
Hemolvmph of the VFIDILDKMENAIHKAAQAGIG
Andropin and ian tysillI:worm KWKLFKKIE Leishmania in vitro 76]
Cecropin A Hga PSR KVGQNIRDGIKAG panamensis
yaiop P PAVAWVGQATQIAK
CM11 Chimeric peptide WKLFKKILKVL Leishmania major in vitro [77]
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6. Discussion

The cumulative data in the current scientific literature place the CPAPs in a particular
group of biological multivalent active peptides with a high potential of druggability. The
cell-penetrating peptides with anti-infective activity and AMPs with cell penetrability
behavior offer uncountable possibilities for pharmaceutical development to care for intra-
cellular infection caused by difficult-to-treat pathogenic microorganisms. Whether on one
side, microorganisms evolved strategies to evade the host immune by coopting the cellular
machinery and hiding inside the cell and subcellular compartments, on another side, the
drugs have limited efficacy to translocate across cellular membranes and act intracellularly,
consequently contributing to increasing microbial drug-resistance [8,10]. The primary
mechanism of action of AMPs is disrupting the cytoplasmic membrane of microorganisms
and even cancer cells [79-82]. However, a handful of AMPs exert their effect intracellular
by homing to organelles like the mitochondria and the nucleus and interacting with protein
and nucleic acids [16,32,83].

In contrast, CPPs translocate across cytoplasmic and lipid membranes by different
mechanisms, like endocytosis-dependent and energy-independent, without causing mem-
brane damage [84,85]. In the translocation process, CPPs can transport hydrophilic sub-
stances and nanoparticles, serving as an intracellular shuttle and delivery system. By
homing in the cytoplasm or other cytoplasmic compartments of target cells where, for
instance, infectious intracellular microorganisms temporally reside or conditions in which
the cell cycle is altered, as in cancer cells, CPPs can serve as molecular scalpels to interrupt
cellular processes coopted by intracellular microorganisms.

Making evident the growing list of multivalent CPAPs, that is, cell-penetrating with
anti-infective (antibacterial, anti-parasite, and antiviral) and anti-proliferative (anticancer)
activities and antimicrobial peptides with cell-penetrating capabilities, the clinical arsenal to
target-driven intracellular infection is substantially improved. CPPs covalently conjugated
with antibiotics and antivirals also appear as an excellent pharmaceutical strategy to deal
with intracellular infectious agents [17], while chimeric peptide sequences emerging as a
rational design of hybrid CPAPs [78]

It is a matter of debate that AMPs and CPPs display low selectivity toward diseased
and healthy cells, narrowing the therapeutic index. However, some critical level of selectiv-
ity does exist, notably, the composition and charge of membranes of bacteria, fungi, and
parasite, the lipid envelope of the virus, and the membrane of cancer cells, which facili-
tate the interaction of bioactive peptides [80,86,87]. Interestingly, some CPAPs internalize
preferentially infected and diseased cells, as inferred from the abovementioned examples.
This fact is evidenced by the low level of cytotoxicity caused by CPAPs to healthy host
cells in contrast with cells loaded with parasites in vitro models. As one can observe,
this particular class of bioactive peptides, CPAPs, bears two essential functionalities in a
single molecule: cell penetrability and antibiosis. These functionalities can be combined
with other properties of the CPPs and the AMPs, like receptor-mediated endocytosis and
conjugation [88,89] and interconnection of innate and adaptative immunity [90,91].

7. Conclusions

This review summarizes cell-penetrating antimicrobial peptides with anti-infective
activity against intracellular microorganisms. It covers a list of compelling studies demon-
strating the promising antimicrobial effects of peptides that internalize infected cells and
kill intracellular pathogens. Although CPAPs are druggable and amenable to be translated
from the bench to the clinical sets, strategies of structural design and peptide engineering
of promising CPAPs are advisable to increase their selectivity and stability for in vivo use.

8. Materials and Methods

This systematic review followed the PRISMA (Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analysis) guidelines [92]. The PubMed, ScienceDirect, and
Google Scholar electronic databases were inquired for published articles on cell-penetrating
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peptides with antimicrobial activities against intracellular infections. The bibliographic
search on the database was up to October 2022. The interrogation of databases was with-
out the restriction of the date of publication. The publications were analyzed using a
search string containing the terms: “Cell-penetrating peptides” in combinations such as
“Intracellular infections”, “Antimicrobial peptide”, “Intracellular parasite”, “Antiviral”,
“Malaria”, “Leishmania”, and “Trypanosoma”. The selection of works was carried out
with the collaboration of the reviewers and through Mendeley software (version 1803,
2020) and verified, ensuring the review work’s quality. The selected literature followed
the criteria: full research articles conducted in vitro or in vivo experimental studies and
evaluated cell-penetrating peptides as an antimicrobial agent. In addition, other studies
containing reports related to the topic of this review were selected that were found outside
of the original search. The criteria used to exclude studies were repeated articles, reviews,
editorials, letters to the editor, theses, dissertations, reports, and articles that do not agree
with the subject of this review. The papers selected for inclusion in the systematic review
were chosen by the authors who added studies that followed the required criteria. The
information collected from the literature contains the following information: authors, year
of publication, peptides used in the study, amino acid sequences, target microorganism,
study model, and main results. Thirty-three original articles were initially selected from
the databases search using the primary keywords. References were further complemented
with essential information on the topics covered in this review.
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Abstract

Peptides obtained from different animal species have gained importance recently due
to research that aims to develop biopharmaceuticals with therapeutic potential. In
this sense, arthropod venoms have drawn attention, not only because of their toxicity
but mainly for the search for molecules with various bioactivities, including anti-
inflammatory activity. The purpose of the present study is to gather data available in
the literature on new peptides derived from arthropod species with anti-inflammatory
potential. This systematic review followed the Preferred Reporting Items for Systematic
Reviews and Meta-Analysis (PRISMA) guidelines. Studies on peptides from arthropods
that display anti-inflammatory activity were retrieved from PubMed, Scopus, Web of
Science, and Google Scholar databases. The bibliographic research started in 2020 and
searched papers without a limit on the publication date. The articles were analyzed using
a search string containing the following terms: “Peptides” and “Anti-inflammatory”,
in combinations such as “Ant”, “Bee”, “Wasp”, “Crab”, “Shrimp”, “Scorpion”, “Spider”,
“Tick” and “Centipedes”. Besides, a search was carried out in the databases with the
terms: “Peptides”, “Antitumor”, or “Anticancer”, and “Arthropods”. Articles that met
the inclusion and exclusion criteria totalized 171, and these served for data extraction.
Additionally, the present review included anti-inflammatory peptides with anticancer
properties. Peptides with confirmed anti-inflammatory activity were from insects (ants,
bees, and wasps), crustaceans (shrimp and crabs), arachnids (scorpions, spiders, and ticks),
and centipedes. These arthropod peptides act mainly by decreasing pro-inflammatory
cytokines as analyzed in vitro and in vivo. Some showed significant antineoplastic
activity, working in essential cellular pathways against malignant neoplasms.
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Background

The use of enzymes and polypeptides for medicinal purposes
has attracted considerable interest due to their high specificity
and selectivity. They are also less likely to interfere with cellular
processes that are not the aimed therapeutic targets. Protein
drugs are composed of bioactive polypeptides with significant
therapeutic potential [1]. Although animal venoms have toxic
effects, they are extensively studied to find pharmacologically
active molecules [2]. A known example of an isolated venom
component that served as a template for developing the anti-
hypertensive drug captopril belongs to the bradykinin-potentiating
peptide (BPP) family found in the venom of Bothrops jararaca [3].

Arthropods comprise one of the largest groups of animals
on Earth, with diverse species being venomous. These species
contain complex mixtures of components in their venoms with
various families of toxins that exert numerous biological effects
on target organisms and systems, testified by a growing number
of reported studies available in public databases. This kind of
natural chemical and peptide library provides excellent potential
for discovering new compounds and activities for alternative
or adjuvant therapies based on the mimetic modulation of
pharmacological activities of endogenous (poly)peptides in the
body [4-6]. More than 400 toxins from various animals have
activities reported in the literature, and around 3400 reported
proteins are from arthropods [7].

Natural products comprise an essential source of bioactive
substances, and they have contributed significantly to the
manufacture of old and new drugs for diverse therapeutic
purposes. In recent years, of all the molecules approved by
the U. S. Food and Drug Administration (FDA), a third of
them are natural products and derivatives from mammals and
microbes [8]. However, arthropod venoms as sources of new
pharmaceutically functional molecules are yet to be deeply
explored [9]. Many arthropod venom peptides represent an
opportunity by which venom components could be converted
into “pharmaceutical gold” [10,11,12]. The production of a
drug derived from venoms also includes the characterization
of synthetic or recombinant peptide forms. Examples include
peptides capable of modulating and/or regulating pain [13].

This review presents examples of peptides from various
arthropod species, mainly focused on biologically active peptides
found in arthropod venom with anti-inflammatory potential.

Methods
Investigation plan

This systematic review followed the Preferred Reporting Items
for Systematic Reviews and Meta-Analysis (PRISMA) guidelines
[14]. The search of published articles on the topic of arthropod-
derived peptides with anti-inflammatory activity was through
PubMed, Scopus, Web of Science, and Google Scholar electronic
databases. The bibliographic retrieval started in August 2020
and finished in March 2021. The search did not limit the date
of publication. The publications were analyzed using a search

string containing terms: “Peptides” and “Anti-inflammatory”,
in combinations such as “Ant”, “Bee”, “Wasp”, “Crab”, “Shrimp”,
“Scorpion”, “Spider”, “Tick” and “Centipede”. In addition, a
search was carried out in the databases with the terms: “Peptides”,
“Antitumor”, or “Anticancer”, and “Arthropods”.

Selection of the literature

The studies were selected by the coauthors’ ATS and GSC through
Mendeley software (version 1803, 2020) and verified by GRB,
ensuring the review work’s inclusion. The selected literature
adhered to the following criteria: full research articles that have
been conducted in vitro or in vivo experimental studies and
evaluated the anti-inflammatory effects of peptides derived from
arthropod venoms or their crude extract. Besides, included in
this review are ethnopharmacological data related to the topic
covered. The criteria used to exclude studies were: repeated
articles, editorials, letters to the editor, thesis, dissertations,
reports, and articles that are out of the scope of this review.

Data collection

According to the required criteria, the studies selected for
inclusion in this systematic review were chosen by the authors’
ATS and GSC. The information collected from the literature
contains the following information: authors, affiliation, year
of publication, applied methodology, characterized compound,
and main results.

Results

After searching the databases, 171 original and review articles
were selected out of 769 published papers and utilized to prepare
the current review. The flow diagram (Figure 1) depicts the
details of the selection process in the databases. Also, general
information was obtained, referring to the article’s title, authorship,
and publication year.

Reading the material in its entirety made it possible to identify
specific information about the animal species involved in the study,
the peptide structure identified as a potential anti-inflammatory
agent, and the anti-inflammatory activity described more precisely.
Table 1 summarizes the collection of this information.

Insect peptides
Ants

Insects possess a multitude of unexplored toxins with presumed
potent biological activities. For instance, ants (Insecta class,
Hymenoptera order, Formicidae family) are mostly venomous
and express several types of peptides in their venoms, therefore
emerging as an essential source of bioactive peptides [15]. Not so
long ago, investigating the biological effects of isolated peptide
toxins from insects was hampered by the size of these majorly
tiny animals. With the advent of omics technology, the discovery
and characterization of novel peptides progressed [16]. Initial
studies aimed to unveil a way to alleviate the secondary effects
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Figure 1. PRISMA flowchart showing the research design process of the study.
Table 1. Examples of peptides from the Uniprot database with anti-inflammatory activies.
Animal (Source) Peptide Access Activity as inflammatory mediator Ref.
number
Insect
Pseudomyrmecitoxin-Pt1
subunit LS1 PODSL7
Pseudomyrmecitoxin-Pt1
subunit SS3 PODSM1
Pseudomyrmex triplarinus Pseudomyrmecitoxin-Pt1 PODSL8  Antidematogenic effect [19-21]
4 p subunit LS2 8
Pseudomyrmecitoxin-Pt1
subunit SS2 POSDMO
U1-pseudomyrmecitoxin-Pt1
subunit S51 PODSL?
Paraponera clavata Delta-paraponeritoxin-Pc1a P41736  Edema reduction, antinociceptive [22]
Dinoponera quadriceps Venom peptides (Extract) COHJKO  Suppression of inflammatory mediators [23-26]
Brachyponera . B Regulate the expression of MHC-Il, CD80 y CD-86,
sennaarensisare Venom peptides (Extract) IFN-y and IL-17 [28,29]
Pachycondy{a Venom peptides (Extract) - Regulate NF-kB, kinase IkB, TNF-a and Fas [39]
sennaarensis
Venom peptides (Extract) - Reduction the levels of inflammatory mediators [40-46]
Phospolipase A2 PO0630 Reduction of apoptotic levels mediated by Bcl-2 [55-57]
and Bcl-xL
. . Melittin PO1501 Inactivation of NF-kB [58-67]
Apis melfera S Th2-related chemokines/Regul h
. uppression -related chemokines/Regulation the _
Apamin PO1500 activation of the NF-kB, STATS 1 and 2 pathways [69-711
Adolapin B Reduction of paw edema, the levels of prostaglandins, [72-74]

cyclooxygenase 2, in addition to inhibiting PLA2 activity
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Table 1. Cont.
Animal (Source) Peptide 'ﬁ:_;isesr Activity as inflammatory mediator Ref.
Crustacean
Protopolybia exigua Mastoporan-1 P69034 LZE;’LZ‘:S;OT”,\';EeGF;ZF’ﬂ:eﬁlffz) (’I‘E_FE')\'A' [80]
Nasonia vitripennis Venom peptides (Extract) - ReductionlL-16, IL-6 and NF-kB [82,83]
Vespa magnificca - POCH47 Inhibition of the NF-kB pathway [84]
Limulus polyphemus Anti-lipopolysaccharide factor ~ P07086  Immunomodulatory activity [67,68]
Disruption of the mitogen-activated protein (MAP)
Penaeus monodon Anti-lipopolysaccharide factor B1NMC7 pathway by regulating and reducing the release [90-91]
of pro-inflammatory cytokines
Anti-lipopolysaccharide factor ~ COK]Q4
ég;cgliﬁOEOIysaccharide factor HOMYY2
Portunus trituberculatus Anti-lipopolysaccharide factor Immunomodulatory activity [98-102]
isoform 5
Antilipopolysaccharide factor 3
isoform 8
Scylla paramamosain Catalase DOEVW7 o )
o ) Antioxidant potential [105,106]
Scylla serrata Anti-lipopolysaccharide factor  B5TTX7
Charybdis natator Crab leg - Modulating the NF-kB pathway [107]
Arachnid
o Toxin To3 P60213
Titius obscurus ) Suppression of TNF-a and IL-1§3 [112]
Toxin To4 P60215
Tityus stigmurus Hyaluronidase POC8X3  Reduction the migration of leukocytes [113]
Tityus serrulatus Antimicrobial peptide TsAP-2  S6D3A7  and TNF-a release
R pasey el e rodcin f o edars (1
Mesobuthus martensi Potassium channel toxin [119, 121
alpha-KTx 3.6 QONII7  Suppress cytokine secretion 12'2] ’
Heterometrus laoticus Hetlaxin COHJNO  Act on Kv1.3 potassium channel [123]
Heterosodra maculata Delta-theraphotoxin-Hm1a P60992  To control thehypersensitivity and chronic visceral pain [125]
Phlogiellus sp. Phlotoxin 1 PODM14  Antinociceptive activity [128]
Phalp P81789
Phoneutria nigriventer 33 Anti-inflammatory and antinociceptive [132-135]
PnTx4 -
PhKv
Pardosa astrigera Lycotoxin-Pada - Z;j\lpggssli_:gt;'_?\ﬁ;ffe nitric oxide-induced synthase [136]
Ornithodoros savignyi OsDef2 - Inhibits the production of TNF-a and NO-induced [139]
oo siam T I e scn of o Sty Ok (4011
Evasin-1 POC8E7 - .
Rhipicephalus sanguineus  Evasin 3 POC8ES8 Lnnfzjlbcl:tétilla;)ilcgzrlr_\;kmes CCL3, cel3Ly, [142]
Evasin 4 POC8E9
Amblyomma variegatum ~ Amphiregulin - Inhibitis the secretion of TNF-q, IL-1, IL-8, and IFN-y [143]
Chilopod
Scolopendra subspinipes  Formyl peptide receptor 2 3 Inhibitis the release of pro-inflammatory cytokines [147]

Scolopendrasin IX

and the recruitment of neutrophils in the joint

down-regulate the expression of pro-inflammatory
mediators such as TNF-a and IL-6

Source: Uniprot database.
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caused by these animals’ bites, with ants belonging to the genera
Solenopsis, Pachycondyla spp, and Myrmecia the most studied
[17, 18]. In crude and isolated forms, the characterization and
verification of several bioactive peptides from the venom of
Pseudomyrmex species, such as the mirmexin peptide, proved
to have a potent antidematogenic activity [19-21]. As observed
in vivo, poneratoxin, a 25-residue peptide from the bullet ant
Paraponera clavate, and some Formicidae peptides, can reduce
edema, besides their antinociceptive activity [22]. In the context
of ethnopharmacology, there are reports about the topical use
of macerated giant ants Dinopera quadriceps for the treatment
of back pain and rheumatic cases [23]. These studies have
shown that the crude extracts reduced paw edema, leukocyte
migration, malonaldehyde, and nitrite content, ameliorating
acute peritonitis in vivo and in vitro. This extract contained
modulator molecules of cellular oxidant/antioxidant mechanisms
involved in acute inflammation elicited by zymosan, but more
specific mechanisms of action have not been described [24,25].
The crude venom of this species has the potential to reduce
nociception and interleukin-1p (IL-1p), which suggests that it
suppresses inflammatory mediators such as cyclooxygenase-2
(COX-2) and prostaglandin-2 (PGE-2) involved with pain
[26,27]. The Brachyponera sennaarensisare (Samsum ant) ant-
derived toxins modulate not only pain but also the immune
response. The B. sennaarensisare toxins regulate the expression of
MHC-II, CD80, and CD-86, as well as interferon- y (IFN-y) and
interleukin-17 (IL-17), mediators that are involved in various
chronic pathologies and cancer as demonstrated after in vivo
tests [28]. Furthermore, these peptides can regulate the nuclear
factor kappa B (NF-kB), kinase IkB upward, and suppress nuclear
transcription factor-a (TNF-a) and the cell surface death receptor
(Fas), although the mechanism involved in anti-inflammatory
activity has not been fully elucidated [29,30].

Bees

Bees are part of the class Insecta, order Hymenoptera, family
Apoidea, and clade Anthophilia. In Brazil, bee venom is
commonly found and consists of various bioactive agents that
induce allergic reactions when injected into the human body
[31]. However, its use for medicinal purposes was documented
approximately 6,000 years ago [32]. Bee venom therapy (BV)
is a form of medicine native to ancient Greece and China
[33]. In recent years, bee-based therapy has become a new
treatment option. An increasing body of scientific evidence
has demonstrated the therapeutic potential of bee venom [34].
In traditional medicine in Asia, BV was used in conjunction
with acupuncture to treat some anti-inflammatory diseases.
Furthermore, combination therapy can reduce inflammation in
amyotrophic lateral sclerosis (ALS) due to the disease’s side effects
on the liver, kidney, and spleen [35]. Combination acupuncture
and BV therapy (i.e., Apis mellifera crude venom) were also
favorable to treat respiratory inflammation accompanied by
leukocyte, myeloperoxidase (MPO), and IL-1 suppression, using
a carrageenan-induced pleurisy mouse model [36].

The inflammation suppression mechanism of European honey
bee Apis mellifera BV, observed in previous studies with animal
models, also reduces the formation of atherosclerotic lesions
by decreasing the intercellular adhesion molecule 1 (ICAM-1),
vascular adhesion molecule- 1 (VCAM -1), and transforming
growth factor-p1 (TGF-1) [37]. Furthermore, the reduction of
inflammation induced by apitoxins - a venom bee peptide (A.
mellifera) component, is due to the decrease in apoptotic levels
mediated by Bcl-2 and Bcl-xL and activating BCL2-associated X
protein (Bax) and caspase-3 [38]. The application of bee venoms
(A. mellifera) extends to reduce inflammatory lesions caused
by the bacteria Propionibacterium acnes through decreasing
TNF-q, interleukin-8 (IL-8), and IFN-y, while also blocking the
expression of Toll-like receptor 2 (TLR2) in human keratinocytes
and monocytes [39].

Based on previous studies, bee venom toxins from A. mellifera
and A. cerana indica act by regulating NF-kB signaling; the
antiarthritic effect has been explored to reduce the levels of
inflammatory mediators directly involved in the pathophysiology
of rheumatoid arthritis, similarly to standard drugs such as
methotrexate [40-46]. The compound bee venom’s potential
extends to reducing pain, acting as an antinociceptive agent by
modulating the a2-adrenergic receptor and cyclooxygenase-2,
accompanied by suppressing edema [47-51]. BV has a broad
spectrum of activities. Its effects are not limited only to joint
diseases and respiratory diseases, promoting an improvement
in the allergic condition by suppressing inflammatory cytokines
when tested in an allergic chronic rhinosinusitis mouse model [52].

Bee venom is a complex mixture that includes proteins
and peptides such as melittin, apamin, phospholipase A2,
phospholipase B, hyaluronidase, phosphatase, a-glucosidase,
MDC peptide, and adolapin, among other minor components
[53,54]. Secretory phospholipase A2 (PLA2- Apis mellifera), a
prototype enzyme in bee venom, hydrolyze fatty acids while
also havinga role in protecting liver damage by producing anti-
inflammatory cytokines in mice and reducing neuroinflammation
by reducing phosphorylation of STAT3 and inflammatory
mediators, including p-STAT3 [55,56]. Bee venom phospholipase
A2 ameliorates amyloidogenesis and neuroinflammation by
inhibiting signal transducer and activating the transcription-3
pathway in Tg2576 mice [57].

Melittin (Apis mellifera), one of the main peptides in bee
venom, comprises 26 amino acid residues with an overall
amphipathic character. Administration in high doses of this
apitoxin can trigger an allergic reaction, causing local itching
and pain. In low doses, it may have an anti-inflammatory role
by inhibiting the enzymatic activity of PLA2. Synthetic melittin
inhibited the enzymatic activity of secretory phospholipase
A2 (PLA2) from various sources, including bee and snake
venoms, bovine pancreas, and synovial fluid from rheumatoid
arthritis patients. Based on melittin’s hydrophobic nature and
its capacity to bind to PLA2, melittin could act as a carrier for
PLA2 to translocate it to the membrane. Melittin inhibits the
bee venom PLA2 noncompetitively by binding to the enzyme
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domain other than the catalytic site. [58]. The protective effect
of melittin on inflammation and apoptosis was also observed
in acute liver failure; the treatment with melittin attenuated the
increase of inflammatory cytokines and significantly inhibited
caspase expression Bax protein levels, as well as cytochrome ¢
release in vivo [59,60].

Moreover, the JNK-dependent inactivation of NF-kB caused
by melittin may prevent the release of inflammatory mediators
involved in oxidative stress and the generation of pain [61].
Melittin-induced inhibition of this signaling pathway, which
included the ERK and AKT cascade, and suppression of the
inflammatory mediators upregulated in periodontitis, a chronic
inflammatory disease, was observed in P. gingivalis LPS-stimulated
human keratinocytes [62]. Melittin also reduced the release of pro-
inflammatory cytokines by monocytes after contact with P. acnes.
Itisalso an effective agent that prevents liver fibrosis by inhibiting
inflammation by interrupting the NF-«B signaling pathway
[63-64]. Moreover, melittin modulated inflammation, having
better activity and less toxicity when associated with glutathione
S-transferase while in vitro. When using doses that exceed the
toxic concentration, it still retains its inflammatory properties
[65]. A study reports its beneficial effect in treating inflammatory
diseases, including skin inflammation, neuroinflammation,
atherosclerosis, arthritis, and liver inflammation [66].

Apamine is another toxin that constitutes bee venom. Itis an 18
amino acid-residue neurotoxic peptide. Despite its neurotoxicity,
apamine helps treat Parkinson’s disease or learning deficits
[67]. Moreover, apamine, as an anti-inflammatory peptide,
reduced the paw’s volume and the haptoglobin and seromucoid
contents in vivo [68,69]. This bee venom peptide was efficient
in treating atopic dermatitis. The Apamin inhibits TNF-a- and
IFN-y-induced inflammatory cytokines and chemokines via
suppressions of NF-kB signaling pathway and STAT in human
keratinocytes [70]. Apamine showed anti-inflammatory effects
in mice with gouty arthritis by inhibiting pro-inflammatory
cytokine production and inflammasome formation [71].

Adolapin, from A. mellifera venom, is another bee venom
peptide with potent anti-inflammatory effects but not as well
studied as melittin. It reduces the edema of the paw in mice,
the levels of prostaglandins, cyclooxygenase 2, in addition to
inhibiting PLA2 activity. The anti-inflammatory activity of
adolapin is evident in carrageenin models, prostaglandin, rat
hind paw edemas, and adjuvant polyarthritis. The adolapin
effects are presumably due to its capacity to inhibit the
prostaglandin synthase system, following a biphasic dose-
response relationship. Likely, among the central mechanisms,
one involved an analgesic action of adolapin [72]. Peptide 401
(mast cell degranulating peptide - MCD peptide), with 22
amino acid residues, considered a potent degranulation factor
for bee venom mast cells, substantially inhibited the edema
caused in rats and attenuated the inflammatory process at the
affected site [73,74].

Wasps

Like bees, wasps (Insecta, Hymenoptera, Apocrita) have complex
mixtures of toxins in their venoms and have attracted interest
as a potential arthropod source of bioactive substances. Wasps
belong to the family Vespidae, and members include the genus
Dolichovespula (wasp), Vespula (yellow wasps), and Polistes (paper
wasps) [75]. When injected, the wasp toxins trigger local adverse
effects such as pain, edema, erythema, and immune reactions
such as anaphylaxis [76,77]. In general, wasps’ venom comprises
a cocktail of hydrophobic peptides, including amines, peptides,
enzymes, allergens, and toxins [78,79]. For example, mastoparan
is an amphipathic, 14-amino acid residue, and it was the first
peptide isolated from wasps. This toxin is found in the genera
Vespa, Parapolybia, Protonectarina, Polistes, Protopolybia [80].

Like bee venom, wasps’ venoms have a considerable anti-
inflammatory effect, shown in in vitro studies. These contain
toxins that have the potential to inhibit Toll-like receptor 4
(TLR4) mRNA expression, in addition to suppressing TNF-a
and interleukin-6 (IL-6) [81]. Although crude venoms contain
several toxins that can trigger a toxic reaction, wasp venoms
have powerful anti-inflammatory complexes, as is the case of the
crude venom of the wasp Nasonia vitripennis (jewel wasp). The N.
vitripennis crude venom reduced the expression of inflammatory
cytokines directly involved in inflammatory processes mediated by
IL-1B, IL-6, and NF-kB [82,83]. In an arthritis model, crude wasp
venoms caused the inhibition of the NF-kB pathway. Likewise,
Vespa magnifica (murder hornet) and other wasp species’ crude
venoms suppressed the expression of mediators involved in
hyperalgesia and rheumatoid arthritis [84-88].

A study dealing with Vespa tropica (Greater banded hornet)
showed that crude venom significantly reduced oxidative stress
and the mouse microglial cell line activation, previously stimulated
by LPS. Moreover, the peptides purified from the crude venom
exhibited potential anti-inflammatory properties, targeting the
p38 and MAPK pathways, causing the suppression of NF-kB
phosphorylation in LPS-stimulated cells [89].

Crustacean peptides
Prawns/shrimps

Despite not being poisonous, shrimps (Crustacea, Malacostraca,
Decapoda) were included here because they do not have an
adaptive immune system and therefore rely on their innate
immunity bioactive peptide components to deter invading
pathogens. Antimicrobial peptides (AMP) are responsible for
the immediate host response against invading bacteria, fungi,
parasites, and, in some cases, they connect the innate and
the adaptive immune response by modulating the expression
and release of cytokines. The primary AMPs found in shrimp
are grouped into three families of cationic peptides, namely,
penaeidins, crustines, and anti-lipopolysaccharide factor (ALF)
[90]. The ALF, firstly discovered in the horseshoe crab (Limulus
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polyphemus), was followed by the identification in other crustacean
species, like in the black tiger prawn Penaeus monodon, being
designated SALF (Shrimp Anti-Factor Lipopolysaccharide)
[90,91]. It is a precursor molecule with a signal sequence of 22
to 28 residues, followed by a mature peptide that contains two
conserved cysteine residues. ALF’s functional domain is named
lipopolysaccharide-binding domain (LPS-BD) and contains the
primary amino acids involved in recognizing and binding LPS
and other components of Gram-positive bacteria and fungi [92].

P. monodon shrimp contain eleven ALF isoforms distributed
in seven groups (Group A to Group G). Likewise, these isoforms
can be found in the shrimp species Farfantepenaeus aztecus
(brown shrimp), L. vannamei (pacific white shrimp or king
prawn), and Marsupenaeus japonicus (known as the kuruma
shrimp, kuruma prawn, or Japanese tiger prawn) [91,92]. LPS
is an endotoxin present in the outer cell membrane of Gram-
negative bacteria. When in contact with the host, it binds to
pathogen recognition receptors that recognize this pathogen-
associated molecular pattern (PAMP) and activates the signaling
pathways that initiate the inflammatory process [93]. Recent
studies show that SALF, besides antimicrobial activity, plays
an essential role in neutralizing LPS and preventing its binding
to the TLR-4 type Toll-like receptor (TLR). This peptide could
inhibit or reduce the inflammatory response, disrupting the
mitogen-activated protein (MAP) pathway by regulating and
reducing the release of pro-inflammatory cytokines after in
vitro tests with different cell lines [93-96].

Among studies about the efficacy of SALF as an anti-
inflammatory agent, the effects of Penaeus monodon (giant
tiger prawn) SALF on the production and release of tumor
necrosis factor (TNF) were reported. This peptide showed
suppression of inflammation in a dose-dependent manner
in LPS-stimulated cervical cancer HeLa cells. Although the
results have been promising, the mechanism involved in anti-
inflammatory activity has not been fully elucidated [93]. The
SALF peptides’ protective role includes an anti-inflammatory
effect in response to LPS, as observed in cervical cancer epithelial
cells (HELA cells). SALF fragments inhibited inflammatory
cytokines production, including TNF, interleukin IL-1 3, IL-6,
IL-1, and monocyte chemoactive protein (MCP-1). SALF also
suppressed IL-6, IL-8, IL-1, and MPC-le mRNA levels and
regulated vaginal epithelial cell immune responses through
MAPK (mitogen-activated protein kinases) and NF-«f (nuclear
factor kappa B) pathways [93].

In addition to the SALF response to bacterial LPS, this
peptide modulates the inflammatory responses provoked by
the protozoan Trichomonas vaginalis, an etiological agent of
Trichomoniasis that affects the cervicovaginal mucosa. When
vaginal cells were subjected to stimulation by T. vaginalis, SALF
inhibited the release of pro-inflammatory cytokines such as
TNF-aq, IL-6, IL-8, and MCP-1 through the MAPK pathways
and NF-kp [96]. These reports exemplify the promising profile
of SALF as an anti-inflammatory agent.

Crabs

In recent years, marine organisms have attracted great interest
due to their unique constituents with diverse bioactivities. These
animals have hemolymph with potent antimicrobial peptides
essential for their innate immunity. These peptides are valuable
for biomedical applications [97]. Crabs (Crustacea, Malacostraca,
Decapoda, Pleocyemata) have been investigated for the peptides’
antimicrobial activity and their immunomodulatory effects.
Purified peptides from various species of crabs such as LALF
(The Atlantic horseshoe crab-Limulus polyphemus), M-ALF
(kuruma shrimp-Marsupenaeus Japonicus), PtALF, PtALF4,
PtALF5, and PtALFS8 (horse crab-Portunus trituberculatus)
showed an anti-lipopolysaccharide activity [98-103]. In another
example, the B-1,3-glucan binding protein (8-GPB) from the rice
paddy crab Paratelphusa hydrodromus can trigger an immune
response against external aggressors. Additionally, B-GPB also
exerts an antioxidant effect, reducing DPPH radicals, in a model
of restraining the albumin’s denaturation [104]. Regarding
the antioxidant enzymatic profile, enzymes purified from
distinct crab species showed an effective antioxidant potential
by increasing the activity of superoxide dismutase (SOD) and
catalase (CAT) [105,106]. Moreover, crab-derived peptides can
restrain the inflammatory process by reducing inflammatory
mediators’levels and modulating the NF-kB pathway, implicated
in various inflammatory diseases [107]. Besides their role as an
anti-inflammatory substance, these crustacean-derived peptides
can exert antinociceptive effects, consequently playinga role in
pain control as potent COX-2 reducers in vitro [108].

Arachnida peptides
Scorpions

Venom peptides from scorpion (Chelicerata, Arachnida, Scorpiones)
distribute into two main groups: DBPs (disulfide-bridged peptides)
and NDBPs (non-disulfide-bridged peptides). DBPs generally target
ion channels. Most scorpion DBPs contain three to four disulfide
bridges and interact with the Na+, K+, Ca2+, and Cl- channels.
In comparison, the NDBP peptides are less abundantly distribute
among scorpion venoms and exhibit multiple activities, such as
insecticide, antiviral, antimicrobial, hemolytic, antiproliferative,
bradykinin-enhancing, and immunomodulatory [109,110].

Dias and collaborators [111] analyzed 320 non-disulfide
bond-containing peptides, of which 27 had their sequences
assigned. Among them, thirteen peptides constituting novel
toxins in Tityus obscurus venom (Amazonian black scorpion).
As examples, ToAP3 (FIGMIPGLIGGLISAIK-NH2) and ToAP4
(FFSLIPSLIGGLVSAIK-NH2) NDBPs exerted their effect on
immunomodulation and suppression of inflammatory mediators,
such as TNF-a and IL-1. Furthermore, ToAP3 and ToAP4 were
associated with the modulation of antigen presentation. They
reduced TNF-a and IL-1f at transcriptional and translational
levels in bone marrow-derived macrophages (BMDM) and
dendritic cells (BMDC). The reduction of TNF-a secretion
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before LPS-inflammatory stimuli is associated with peptide
interaction with TLR-4. ToAP4 increased MHC-II expression
in BMDC, while ToAP3 decreased co-stimulatory molecules
such as CD80 and CD86 [112]. Stigmurin, a cationic peptide
from the scorpion Tityus stigmurus venom (scorpion from the
family Buthidae found in Brazil) and TsAP-2 from the scorpion
Tityus serrulatus venom (Brazilian yellow scorpion) both reduced
the migration of leukocytes and TNF-a release, reducing the
inflammatory process. Additionally, the fractions extracted from
their respective crude venoms could modulate the expression
of the cytokines IL-4, IL-6, IL-13, and IL-13, which are pro and
anti-inflammatory [113].

The peptide Tsl4 from T. serrulatus modulates critical
events occurring in the fibrovascular tissue, i.e., it causes
neovascularization, inflammatory cell recruitment, and
extracellular matrix deposition induced by polyether-
polyurethane sponge implants in mice. Consequently, Ts14
has therapeutic potential in wound healing and ischemic
and inflammatory conditions. Furthermore, Ts14 reduced
TNF-a levels and neutrophil infiltration, although stimulated
macrophage infiltration into implants, as determined by
myeloperoxidase (MPO) and N-acetyl-p-d-glucosaminidase
(NAG) enzyme activities, respectively [114]. BotAF is a peptide
derived from Buthus occitanus tunetanus (common yellow
scorpion), another yellow scorpion species that comprises a
long chain of 64 amino acid residues, with potent analgesic
activity in rodents [115]. From the Chinese scorpion Mesobuthus
martensii (Chinese scorpion), 35 scorpion oligopeptides (CMOs)
were studied. Specifically, the peptide CMO-1 suppressed
inflammation by reducing the production of inflammatory
mediators such as nitric oxide (NO), TNF-q, IL-6, and IL-1f
in RAW264.7 macrophages cells. Moreover, CMO-1 inhibited
the degradation of IkBa and the nuclear translocation of p65.
It also suppressed NF-kP activation and inhibited MAPK
phosphorylation of ERK, JNK, and p38 [116]. The venom of
another species of Mesobuthus (Mesobuthus eupeus- lesser Asian
scorpion, the lesser Asian scorpion, or the mottled scorpion)
was effective in treating CFA-induced arthritis, in which the
edema reduction correlated with the reduction of arthritis [117].

Sc20 from the venom of Scorpiops tibetanus is also a potent anti-
inflammatory and immunosuppressor. This peptide modulated
two important pro-inflammatory factors: the secretion of TNF-a
and IFN-y, displaying a positive effect in delayed hypersensitivity.
Similar peptide St20, the first disulfide-bridged toxin peptide
from the scorpion S. tibetanus, showed immunosuppressive
and anti-inflammatory activities, suggesting that it may be a
novel source of venom peptides to treat human disease [118].

The voltage-gated Kv1.3 channel, expressed in memory-efficient
T cells, is presently a recognized targeted drug for treating various
autoimmune diseases. Scorpion venom possesses Kv1.3 channel
peptide blockers that suppress cytokine secretion and alleviate
disease in animal models of T-cell-mediated autoimmune diseases
[119]. Thus, to improve the selectivity and activity of these
scorpion venom peptides directed at regulating Kv1.3 potassium

channels are currently undertaken. A remarkable example is the
study of the scorpion toxin BmKTX, isolated from M. martensii
[120]. Recently, BnKTX analogs such as ADWX-1, BmKTX-
D33H, BmKTX-19, and BmKTX-196 demonstrated specific
inhibition of the Kv1.3 channel. Most venom-derived peptides
have not evolved to target specific mammalian receptors of
therapeutic interest; therefore, preparing peptide analogs with
higher potency toward specific targets is customary [119,120,121].
The Vm24 scorpion toxin also showed similar activity to the
venom-peptides above, which are blockers of Kv1.3 channels,
acting without affecting the T cells’ viability and inhibiting the
activation of CD25 and CD40L, as well as the cytokine secretion
of pro-inflammatory IFN-y and TNF [122].

Hetlaxin (ISCTGSKQCYDPCKKKTGCPNAKCMNKS-
CKCYGC) is a DBPs, belonging to the scorpion alpha-toxin
family, isolated from the Heterometrus laoticus venom (Vietnam
forest scorpion), which possesses a high affinity to the Kv1.3
potassium channel. This isolated H. laoticus venom peptide
exerted an anti-inflammatory effect similar or slightly superior
to ketoprofen [123].

Spiders

Spiders (Chelicerata, Arachnida, Araneae) comprise one of the
oldest living animals on Earth that surged approximately 300
million years ago and comprise the most significant number of
living species (> 40,000) [124]. As in other arthropods, inoculation
of their venom causes local discomfort, such as edema, and
more severe deleterious effects, like ulcerations, acute renal
fajlure, and even death in the worse cases [125,126]. Although
arachnids venoms are harmfully toxic to humans, some venom
peptides have beneficial bioactivities applicable to biomedicine.
In general, arthropod-derived venom’s biochemical targets are
excitable neuronal receptors; these include ion channels like
voltage-gated sodium channels (Nav) found in neurons, which
allow the modulating of pain. Spider peptides that modulate
such pharmacological targets serve as molecular templates for
the development of analgesic drugs. For example, the Hm1la
peptide purified from the venom of Heterosodra maculate (togo
starburst baboon spider) can control the hypersensitivity in
chronic visceral pain [127].

Phlotoxin 1 (Ph1Tx1) is a 34-residue toxin purified from
Phlogiellus spider venom, a promising antinociceptive peptide
with a high affinity for Pav [128]. The crude venom of Phoneutria
nigriventer (armed spiders), besides its antineoplastic activity,
can suppress the IFN-y release and increase the expression
of the anti-inflammatory cytokine IL-10. Phalp, a peptide
purified from the venom of P. nigriventer, has a significant role
in the control of the CFA-induced chronic arthritis model.
The Phalf suppressed the inflammatory agent’s side effects
while the antinociceptive role acted as the antagonist of the
TRAPI1 channel [129-131]. Furthermore, other peptides such
as Tx3-3, PnTx4, PhKv, and PhTx3-5 from the P. nigriventer
venom have important antinociceptive properties as observed
in the animal neuropathic inflammatory pain model [132-135].
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Lycotoxin-Pa4a peptide from Pardosa astrigera venom displays
immunomodulatory activity by increasing the expression of
IL-10 and suppressing pro-inflammatory mediators such as
nitric oxide, nitric oxide-induced synthase (iNOS), IL-1p,
TNF-aq, in addition to reducing COX-2. In vitro studies with
an LPS-stimulated model demonstrated that this peptide could
act as a potential antinociceptive modulator [136].

Ticks

Ticks are hematophagous arthropods that rely only on the innate
defense to protect themselves against invading microorganisms.
Biologically active molecules are also necessary to keep blood
fluid during feeding and eliminate the host’s defense mechanisms,
such as vasoconstriction, forming a hemostatic plug, activating
the coagulation cascade, and initiating inflammatory responses
that lead to wound healing and tissue remodeling. Thus, some
bioactive molecules have anticoagulant, antiplatelet, vasodilatory,
anti-inflammatory, and immunomodulatory activity and are
crucial to overcoming the host’s hemostatic and immunological
responses, allowing ticks to feed and develop [137].

Ornithodoros savignyi (sand tampan, African-eyed tampan, or
Kalahari sand tampan) is a tick that parasites cattle and is endemic
in arid and semi-arid regions of the African continent. This tick
species express antimicrobial peptides (defensins) constitutively
in various tissues at low levels and inductively during blood-
feeding or in response to bacterial challenge. Defensins are
cationic molecules with molecular masses of approximately 4 kDa
containing cysteine residues forming three disulfide bonds [138].
Studies on O. savignyi resulted in the cloning and sequencing
of defensin isoforms, OsDefl and OsDef2, derived from the
terminal carboxy region. Due to the bactericidal activity isoform
2, this peptide served as a model for the synthesis of the peptide
Os (KGIRGYKGGYCKGAFKQTCKCY) and its analog Os-C
(KGIRGYKGGY- KGAFKQT- K-Y), with 22 and 19 residues of
amino acids, respectively [139]. Os peptides’ mechanisms of action
in bacterial cells' membrane involve their penetration into the cell
and action on intracellular targets. As a result of these findings,
Malan et al. [139] evaluated these peptides’ effects in inflammatory
conditions resulting from gram-negative bacteria infection. Thus,
Os and Os-C’s showed anti-inflammatory properties on Raw
264.7 macrophages stimulated by LPS and IFN-y in vitro. Both
peptides inhibited the production of TNF-a and NO-induced
by LPS in RAW 264.7 cells without appreciable cytotoxic effects.
In addition to anti-endotoxin activity and anti-inflammatory
properties, Os eliminated NO directly, and both Os and Os-C
peptides exhibited antioxidant activity, which together can reduce
oxidative stress associated with inflammation [139].

Wau etal. identified two families of immunoregulatory peptides,
hyalomin-Al and hyalomin-Bl, from the salivary glands of
the Hyalomma asiaticum tick. The amino acid sequences of
hyalomin-Al and Bl correspond to the sequences QTPRTIGPPYT
and TLRTTTGYWTTVEKGNGTTPAANSTEKGNRPYGR,
respectively. Hyalomin-Al and Bl act as immunoregulators,
inhibiting the secretion of pro-inflammatory cytokines induced

by LPS in vitro and increasing immunosuppressive cytokine,
IL-10 [140]. Both hyalomin-A1l and B1 could quickly eliminate
oxidants in a few seconds. Such antioxidant activities can
contribute to immunoregulatory and anti-inflammatory abilities.

Furthermore, the results indicated that both hyalomin-A1l
and B1 significantly suppressed the LPS-induced activation of
the JNK subgroup of the MAPK signaling pathway by blocking
JNK phosphorylation and, consequently, led to a reduction in
MCP-1, IFN-y, and tumor necrosis factor-a genes. The in vivo
experiments identified that these peptides could inhibit the hind
paw’s inflammation in mice depending on the dose administered.
These anti-inflammatory functions were significantly present
after nine days of administration. At a dose of 5 mg/kg of body
weight, the mice could recover to a normal state after 21 days
of administration of hyalomin-Al or BI [141].

Ticks have another mechanism of escape from the host’s
defenses related to the presence of evasins, small cysteine-
rich binding proteins secreted in their saliva. To neutralize
chemokines and their signaling, ticks, such as Rhipicephalus
sanguineus (commonly called the brown dog tick, kennel tick,
or pantropical dog tick), secrete evasins [142]. Evasin-1 (POC8E7)
inhibits cell recruitment of chemokines CCL3, CCL3L1, and
CCL4-mediated chemotaxis in L1.2/CCR5 transfectants in
vivo and in vitro. Besides, it also inhibited CCL3-induced
granulocyte recruitment in mice. Evasin-3 (POC8ES8) inhibits
neutrophil recruitment and reduces inflammation. Treatment
with this peptide resulted in inhibiting total cell accumulation
in the synovial cavity in a mouse-induced arthritis model.
Inhibition of neutrophil infiltration in the knee joint reduced
induced hypernociception, reduced production of TNF-a in the
periarticular tissues, and inhibition of leukocyte adhesion [142].
The peptide derived from the N-terminal region of evasin-4
(POC8EY), which had an affinity with the chemokine CCL5,
inhibited the activity of CCL5 in monocyte migration assays.
This result suggests that evasin-4 derivatives can serve as a
starting point for developing anti-inflammatory drugs [142].

Tian etal. [143] investigated the immunosuppressive peptide
amphiregulin from the tick Amblyomma variegatum (the
tropical bont tick). This peptide is composed of 40 amino
acid residues (HLHMHGNGATQVFKPRLVLKCPNAAQLIQ-
PGKLQRQLLLQ). In rat splenocytes, amphiregulin exerted
significant anti-inflammatory effects by inhibiting the secretion
of TNF-a, IL-1, IL-8, and IFN-y in vitro. Compared to LPS,
these inflammatory mediators’ inhibition was significant in all
tested peptide concentrations (2, 4, and 8 ug/mL). Amphiregulin
showed substantial elimination of free radicals and antioxidant
activities in specific concentrations (5, 10, and 20 pg/mL) in vitro
and also significantly inhibited the paw inflammation induced
by adjuvant mice in vivo [143].

Chilopod peptides
Centipede

Centipedes are part of the subphylum Myriapoda (class
Chilopoda). Scolopendra subspinipes mutilans (Chinese red-
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headed centipede) is a component of natural extract formulation
widely used in traditional Chinese and Korean medicine to treat
various conditions due to its anti-inflammatory, antimicrobial,
and analgesic effects [144]. It is a stable extract of which studies
report its neuroinflammatory activity and efficacy as a mitigating
agent of inflammation in rheumatoid arthritis, as well as antitumor
and immunostimulant [145,146]. From the venom of Scolopendra
subspinipes mutilans (Chinese redhead), the formyl peptide
receptor 2 (FPR2) peptide with a chemo-attractive property for
FRP2 on the neutrophils’ surface was isolated. Results evidenced
the therapeutic effects of this peptide on rheumatoid arthritis
by inhibiting the release of pro-inflammatory cytokines and the
recruitment of neutrophils in the joint [147]. Scolopendrasin IX,
another peptide isolated from the same centipede species, can
down-regulate the expression of pro-inflammatory mediators
such as TNF-a and IL-6, also having therapeutic effects against
rheumatoid arthritis. In mouse neutrophils, peptides from this
centipede species’ venom have a high potential to control the
inflammatory process due to their targeted effects. However, the
mechanism of action has not been clarified yet [147].

Discussion
Peptides and antitumor activities

When there is a failure in the inflammatory process’s control
mechanism, the condition can evolve into chronic inflammation
with consequent mutation and cell proliferation, thus creating
an environment conducive to cancer development. In this
context, numerous treatments rely on antineoplastic therapy,
including chemotherapy, radiotherapy, and immunotherapy
[148]. These therapeutic options can cause serious side effects
and increase resistance to neoplastic cells, therefore continuous
research intent to find new therapeutical options. Animal
venoms have become an object of interest because they have
specific and structurally stable components that can interact
with and modulate their molecular targets, making them good
therapeutic candidates [149].

Among the drugable candidates, peptides from different
arthropod species can potentially control inflammatory processes
and control malignant neoplasms [150]. For instance, among
the various ant toxins, solenopsin A (derived from red imported
fire ant- Solenopsis invicta) is a potent anti-angiogenic agent
that inhibits the phosphorylation of Akt-1 and FOXOla, a
substrate of Akt, thus modulating the Akt signal transduction,
phosphatidylinositol-3-kinase in mouse embryos (3T3-L1 and
NIH3T3) and zebrafish [151]. In cell cultures of HepG2, MCE-7,
and LoVo lines, this peptide proved to be an anti-angiogenic
toxin that can reduce the levels of cytokines such as interleukin
(IL) -1B, IL-6, IL-8, and NF-xB) [152]. Table 2 summarizes
information regarding some venom peptides with antitumoral
and anti-inflammatory activity.

In this line, the centipede glycosphingolipid peptide-7 from
the millipede — Parafontaria laminata armigera exerts an
antiproliferative effect on neoplastic cells and inhibits the

focal adhesion kinase (FAK) pathway in addition to the signal-
regulated kinase (Erk) 1 and 2, both involved in the proliferation
of melanoma cells. This same peptide reduced proteins’ expression
related to oral squamous cell carcinoma (cyclin D1) [153].
Regarding bee venom, melittin (Apis mellifera) is undoubtedly
one of the most multifunctional toxins. In the fight against
neoplastic cells, melittin can bind calmodulin and prevent cell
proliferation, inducing the death of neoplastic cells through the
activation of caspases and metalloproteinases (MMPs) [154,155].
In cells transformed by an oncogene, melittin activates PLA2,
which destroys cancer cells and comprises another mechanism
thatacts as an antineoplastic agent. Through the PLA2-dependent
mechanism of activation, melittin is effective in leukemic cell
lines that are even resistant to TNF-a [156, 157].

PLA2 (Apis mellifera) is a toxin that negatively regulates
transduction pathways related to cell survival and tumor
invasion. Moreover, treatment with this peptide decreased
epidermal growth factor (EGFr) [158]. BV is efficient in killing
K1735M2 and B16 melanoma cells, halting the cell cycle at the
G1 stage and, therefore, inhibiting cancer cells’ proliferationin a
dose-dependent manner. Furthermore, BV treatment stimulated
Bax production, a pro-apoptotic protein, and reduced the
expression of Bcl-2, resulting in the formation of dimers with
Bax and the consequent cell death [159, 160].

Mastoparan is a peptide isolated from wasp Polybia paulista,
which alone can induce mitochondrial permeability; however,
it does not have specificity in malignant cells. Though, when
encapsulated in a liposome, this peptide could release cytochrome
in human chronic myeloid leukemia cells [161]. Isolated from
Polybia paulista, the Polybia MPI peptide has cytotoxicity against
leukemic T lymphocytes, in addition to being able to reach the
cells of the lipid membranes creating channels that provoke ionic
permeabilization, depolarization, and consequent cell death [162].

Although spiders are a widespread species within the arthropod
group, toxins that act as antineoplastic agents are understudied.
Research has shown that the crude venom from Macrothele raven
(Araneae, Hexathelidae) can arrest cancer cells via caspase 3 in
treated cells, leading to the HeLa cell’s cell death. In breast cancer
cells, the crude venom of this species caused cell death, in addition
to causing a cell arrest in the G2/M and GO/ G1 cycles [163, 164].

The toxins obtained from the Chinese bird spider Haplopelma
hainanum showed antitumor activity in a liver cancer cell line,
decreasing cell growth, mitochondrial membrane potential,
in addition to stimulating the production of caspase 3 and 9
and inducing apoptosis through a dependent mitochondrial
pathway [165].

Scorpion venoms have been a promising target in cancer
treatment, the most interesting being the long-chain toxins that
act on K +, Cl-, and ion channels. For example, human breast
cancer MCF-7 cells treated with Buthus matensii karsch toxin
extract could induce apoptosis by producing caspase 3 and down-
regulating Bcl-2. In in vitro studies, gonoearrestide, a peptide
found in the fat-tailed scorpion Androctonus mauritanicus and
A. australis, was able to kill neoplastic cells by arresting the cell
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Table 2. Examples of peptides from the Uniprot database with antineoplastic activities.

Access

Animal (Source) Peptide Antitumoral activity Ref.
number
Insect
Solenopsis invicta Solenopsin - Inhibits PIK3 activation, Akt and FOXO1 phosphorylation [150-152]
Melitin P0O1501  Activation of caspases, metalloproteinases and PLA2 [155-157]
Apis mellifera Phospholipase PO0630  Epidermal growth factor receptor (EGFr) reduction [158]
Bee venom - Reduction of Bcl-2 expression [159,160]
Mastoparan 1 POC1Q4 Induces mitochondrial permeability and cytochrome release [161]
Polybia paulista
Polybia MPI - Cytotoxicity against leukemic T lymphocytes
Arachnid
Macrothele raven Macrothele raven venom - Antitumoral activity [163,164]
Haplopelma haunanum  Haplopelma haunanum venom 3 Reduced cell growth and stimulation of the production [167]
of caspase 3 and 9
Crustacean
Buthus matensii karsch ~ Buthus matensii karsch venom - Induce apoptosis .by producing caspase 3 [168]
and down-regulating Bcl-2
Androctonus Inhibition of cyclin-dependent kinase 4 (CDK4)
mauritanicus e Gonearrestide - and increased cell expression of cycle regulators [169]
Androctonus australis and inhibitors (cyclin D3, p27, and p21)
Leiurus quinquestriatus ~ Chlorotoxin P45639  Can bind endogenously to MMP-2 expressed in glioma cells  [170,171]
Parabuthus schlechteri  PBITx1 P60271  Selective toxin of the Na* channel [172]
Chilopod
Suppressive activity of the focal adhesion kinase pathway
Parafontaria laminata (FAK) and the kinase pathway regulated by the extracellular  [153-154]

signal (ERK)

cycle in the G1 phase due to inhibition of cyclin-dependent
kinase 4 (CDK4) and increased cell expression of cycle regulators
and inhibitors cyclin D3, p27, and p21 [166]. Also, this species’
venom was able to block the cell cycle from the G0/GI1 phase
to the S phase [167].

Chlorotoxin (Cltx) is found in the venom of the Palestine
yellow scorpion Leiurus quinquestriatus. In vitro studies showed
that Cltx binds to glioma cells without affecting normal cells;
Cltx can bind endogenously to MMP-2 expressed in glioma cells,
thus generating a loss of the gelatinase activity of the glioma
and decreasing the expression of MMP2. PBITx1, extracted
from the burrowing thick tail scorpion Parabuthus schlechteri,
is a selective toxin of the Na+ channel and structurally similar
to Cltx, suggesting that it could act on chloride channels and
arrest cancer cells [168-170]. This synthesized peptide showed
low toxicity in clinical trials, inhibiting angiogenesis, a possible
candidate to combat gliomas [171].

Work limitations

Arthropods comprise a large phylum of invertebrate animals,
and their particular biological and ecological characteristics
vary according to each species. It is worth mentioning that
numerous species have bioactive peptides in their venoms with
anti-inflammatory activity, as observed in studies conducted in

vivo and in vitro. Thus, we selected certain arthropods groups
that provided more publications related to the theme when
inquiring databases. We expected the present review to glimpse
the theme and attract the audience’s attention to this exciting
research topic. A limitation of the study is about some elusive
mechanisms of action of venom peptides reported by different
laboratories that can be further explored for peptide drug
development. Despite this, a handful of information allowed
describing the peptides’ significant “anti-inflammatory effects”
from venom components of numerous arthropod species.

Conclusion

Considerable diversity of bioactive molecules under investigation
can be developed as therapeutic agents to treat numerous human
diseases. Various research groups have studied different peptides
identified in arthropod venoms to unravel their potential as
anti-inflammatory agents. The selected examples listed herein
comprise peptides found in the venom and hemolymph of diverse
species of arthropods. Included in this review were arthropods
related to insects (ants, bees, and wasps), crustaceans (shrimp
and crabs), arachnids (scorpions and spiders), and chilopods
(centipedes), all of them containing in their venom peptides
with important anti-inflammatory activity. Peptides derived
from arthropod venoms act on different inflammatory pathways,
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reducing pro-inflammatory cytokines both in in vitro and in
vivo models. It is known that inflammation at an advanced
stage can trigger malignant neoplasms and contribute to their
exacerbation. Thus, multifunctional venom peptides that act
on inflammatory pathways and pathways related to cancer
deserve considerable attention in the present and future natural
drug development programs. Consequently, arthropod venom
peptides, which evolved over millions of years, comprise a rich
source for discovering and developing peptides with potent
pharmacological efficacy to treat inflammatory and malignant
diseases. The disclosure of their specific mechanisms of action
and application potential as therapeutic agents should continue
in the years to come.
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ARTICLE INFO ABSTRACT

Keywords: Protozoa is a group of microorganisms that cause neglected tropical diseases, such as malaria, Chagas disease,
AMPs and Leishmaniasis. Due to the growing demand for new therapeutic agents, antimicrobial peptides (AMPs) have
Plant peptides gained attention for antiprotozoal action. A systematic literature review described the current scenario of plant
Ei)f(l::l’:sl;? and animal AMPs with action antiprotozoal. The terms "antimicrobial peptides", "plant", and “animal” combined
Trypanosoma with the names of the etiological agents were used in the search. Boolean and Operator were used to connect the

terms. The search found 4,825 articles. However, 79 articles were excluded because they were duplicates, and
4,627 were excluded based on title and abstract. Therefore, 119 were evaluated and included here. Of these, the
use of antimicrobial peptides of animal origin was predominant. Still, the works with plant peptides focused on
the genus Leishmania. Only antimicrobial peptides of animal origin were described for the other genera of
protozoa (Toxoplasma spp, Trypanosoma spp, Plasmodium spp). Antimicrobial peptides are an excellent option as
a pharmacological tool to fight these infections due to their aggregation and extravasation of cellular content
through the formation of pores in the cell membrane of these microorganisms.

1. Introduction

Antimicrobial Peptides (AMPs) represent an essential defense
mechanism for most living organisms, being active against several types
of pathogens. They are part of the innate immunity of vertebrates and
invertebrates (Ferreira et al., 2019). Among invertebrates, AMPs can be
found in insects and marine animals. In vertebrate animals, such as
fishes, mammals, and amphibians, AMPs have been isolated from a
variety of cells and tissues, such as white blood cells, epithelial tissue of
the oral cavity, lung, skin, and body fluids (Ferreira et al., 2019; Kumar
et al.,, 2019). Plants do not have an immune system like animals.
Therefore, AMPs play a fundamental role in protecting against infection
by bacteria and fungi found in the leaves, flowers, seeds, and tubers
(Kumar et al., 2019). AMPs also are produced by microorganisms
(Browne et al., 2020).

Most natural AMPs are shorts (10 to 50 amino acids), have positive
net charges (ranging from +2 to +11), and contain a significant portion
of hydrophobic residues, being classified based on their secondary
structures, corresponding to three categories: (1) a-helix (the most
abundant among the AMPs), (2) p-sheet or (3) extended structure

(Mahlapuu et al., 2020). Due to their biochemical features, the main
action mechanism of AMPs involves damage to the cell membrane of
bacteria, viruses, fungi, and protozoa (Browne et al., 2020; Ferreira
et al., 2019). The increased demand for the development of new agents
with antiparasitic activity, as well as the broad spectrum of antimicro-
bial activity and the possibility of selecting or modifying peptide se-
quences for specific biological pathways, have positioned AMPs as
attractive compounds for the development of new drugs (Giovati et al.,
2018a).

The urgency in the identification of new compounds with anti-
protozoal activity is related to the growing increase of neglected tropical
diseases, such as Chagas disease (caused by Trypanosoma cruzi), Amer-
ican Tegumentary and Visceral Leishmaniasis (caused by Leishmania
spp.) and malaria (caused by Plasmodium spp.) (Ferreira et al., 2022;
Moraes et al., 2019). Besides, there is little funding for the development
of studies in this area because these diseases affect regions with low
socioeconomic status. The treatment options for Chagas disease and
Leishmaniasis are limited, increasing cases of resistance to available
drugs (Parthasarathy and Kalesh, 2020). In the case of malaria, resis-
tance has been reported due to the selection of parasites with genetic

* Corresponding author at: Department of Physiology and Pharmacology, Drug Research and Development Center, Federal University of Ceara, Fortaleza, Cear4,

Brazil.
E-mail address: pedrofilhobio@gmail.com (P.F.N. Souza).

https://doi.org/10.1016/j.actatropica.2022.106675

Received 1 August 2022; Received in revised form 29 August 2022; Accepted 30 August 2022

Available online 31 August 2022
0001-706X/© 2022 Elsevier B.V. All rights reserved.


mailto:pedrofilhobio@gmail.com
www.sciencedirect.com/science/journal/0001706X
https://www.elsevier.com/locate/actatropica
https://doi.org/10.1016/j.actatropica.2022.106675
https://doi.org/10.1016/j.actatropica.2022.106675
https://doi.org/10.1016/j.actatropica.2022.106675
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actatropica.2022.106675&domain=pdf

F.A. Santos et al.

mutations or gene amplifications that confer reduced susceptibility to
antimalarial drugs (Shibeshi et al., 2020). Another protozoan agent of
medical importance is Toxoplasma gondii, the etiologic agent of Toxo-
plasmosis. Although the current therapies for the disease, such as sul-
fadiazine and pyrimethamine, are reasonably effective, studies show
that drug resistance is ongoing, posing a concern for treatment failure
and possible increased clinical severity in immunocompromised patients
(Liu et al., 2019; Montazeri et al., 2018).

Due to the growing problem involving the treatment of infectious
diseases caused by protozoa, studies are being conducted to identify new
bioactive molecules and develop new drugs that can overcome the
existing deficiencies. Based on that, this study aimed to conduct a sys-
tematic review of the literature to identify studies on AMPs of plant and
animal origins with activity against medically important protozoa.

2. Methods

A systematic review was prepared following PRISMA guidelines
(Preferred Reporting Items for Systematic Reviews and Meta-Analysis)
(Page et al., 2021). The electronic databases PubMed and ScienceDir-
ect were selected to search for published articles on antimicrobial pep-
tides with antiprotozoal activity, considering Protozoa of medical
importance.

Acta Tropica 236 (2022) 106675

The bibliographic study began in July 2021 and ended in August
2021, with no publication date limit. Publications were selected using
the following terms: "Antimicrobial Peptides", in combination with
“animal”, "plant", "Leishmania", "Trypanosoma cruzi', "Plasmodium" and
"Toxoplasma gondii'. A set of articles related to plant and animal origin
peptides were retrieved from the databases.

Only complete research articles were selected to evaluate the in vitro, in
vivo, and in silico antiprotozoal effects of antimicrobial peptides derived
from plants or animals. In addition, reviews containing clinical, epide-
miological, or other reports related to the topic of this review were
chosen. The criteria used for exclusion were: repeated articles, edito-
rials, letters to the editor, theses, dissertations, reports, and articles not
related to the topic of this review. The information collected in the
literature contained the following information: authors, year of publi-
cation, study model, the antimicrobial peptide used, amino acid se-
quences, source, target protozoan species, and mechanism of action.

3. Results and discussion

After searching the PubMed and ScienceDirect databases, 4.825
published articles were found. After removing the duplicate manuscripts
(79) and those whose titles and abstracts (4.627) or the content (16)
were not related to this review, 103 full texts were selected for further

[ Identification of studies via databases and registers ]
—
Records removed before
& Records identified from database screening:
= (n=4.825) Duplicate records removed
3 »| (=79
b= PubMed (n = 500) Records marked as ineligible
3 Science Direct (n = 4.325) by automation tools (n = 0)
— Records removed based on
tittes and abstracts (n = 0)
) S
v
Records screened > Records excluded based on the
(n=4.746) tittes and abstracts (n = 4.627)
v
Reports sought for retrieval Reports not retrieved
> (n=0) - (n=0)
s
- I
Q
W
Full-text assessed for eligibility
(n=119) >
Reports excluded:
Does not agree with the
subject (n = 16)
—
v

Studies included in review
(n=103)

Fig. 1. Flowchart of studies considered for inclusion in this review.
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analysis. The details of the selection process are illustrated in Fig. 1.

3.1. Leishmania spp

About 1 billion people live in endemic regions, subject to infection by
the parasite Leishmania spp (World Health Organization, n.d.). The
disease, named Leishmaniasis, can be manifested in three forms: tegu-
mentary Leishmaniasis (TL), visceral Leishmaniasis (VL), and mucocu-
taneous Leishmaniasis (LCM). WHO data estimated that between 700
thousand to 1 million new cases are registered annually (World Health
Organization, 2022). Therefore, these parasitoses represent an impor-
tant zoonosis for public health services worldwide. In Brazil, for
example, VL cases corresponded to 97% of the cases registered in the
WHO Americas (World Health Organization, 2022), with the North and
Northeast regions presenting the highest numbers of VL cases (Brasil,
2017). The drug market for the treatment of Leishmaniasis varies from
US$ 4 million to 7.1 million per year (Choiid et al., 2021). The drugs
involved in the treatment are commonly antimonials, amphotericin B,
miltefosine, or paromomycin (Saha et al., 2021). Some studies have
reported resistance to these treatments (Croft et al., 2006; Saha et al.,
2021). Therefore, searching to find new molecules to address the
problem has been considered, including the prospection of AMPs, which
are the target molecules of this review. Several types of AMPs have
shown leishmanicidal activity for different species, such as L. ama-
zonenses (Nascimento et al., 2015; Souza et al., 2019a), L. donovani
(Berrocal-Lobo et al., 2009; Paik et al., 2020), L. major, (Savoia et al.,
2008), L. mexicana, and L. tropica (Campos-Salinas et al., 2013) L. cha-
gasi (Zampa et al., 2009), L. pifanoi (Chicharro et al., 2001), L. infantum
(Mendes et al., 2019), and L. tarentolae (Abdossamadi et al., 2017b).

The L. amazonensis causes skin ulcers, and eventually, those infected
may manifest a classic form of Diffuse Cutaneous Leishmaniasis (DCL)
(Brasil, 2017). L. donovani exclusively causes fatal systemic visceral
leishmaniasis (Fernandez-Arévalo et al., 2020). The species L. mexicana
causes cutaneous and eventually diffuse lesions, while L. chagasi leads to
the development of the visceral form. The species L. major L. infantum,
and L. tropica cause the mucous forms (Shirian et al., 2013). L. tarentolae
is considered non-pathogenic to humans (Klatt et al., 2019), while L.
pifanoi is responsible for the tegumentary form. (Alves, 2009). The
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vector for this protozoan is Lutzomyia flaviscutellata, and animal reser-
voirs are rodents belonging to the genus Proechymis and Oryzomys
(Brasil, 2017).

Sandflies transmit this parasite and their reservoirs can be humans
and dogs (Fernandez-Arévalo et al., 2020). The life cycle of the genus
Leishmania is characterized by two main morphologies in its develop-
ment, the amastigote, an intracellular stage found in mammalian hosts,
and the promastigote found in the invertebrate host (Wheeler et al.,
2011). The infection process is initiated by the bite of the sandfly
infected with metacyclic promastigotes. When accessing the blood-
stream of vertebrates, promastigotes are phagocytosed by defense cells,
the macrophages. Inside macrophages, the promastigote forms trans-
form into amastigotes, a tissue stage observed in vertebrates. Amasti-
gotes undergo an intense process of cell division, leading to the lysis of
the infected cells. The release of the amastigote forms allows a new
process of infection and circulation of these forms in the bloodstream
(Fig. 2). During the blood meal, sandflies absorb the amastigote forms
initiating the process of migration to the midgut to assume the pro-
mastigote form reaching proboscis (Fig. 2) (Wheeler et al., 2011).

In general, it is understood that vector surveillance and control are
important strategies in the control of this parasitosis, as well as the
development of new chemical formulations, as suggested by the Pan-
American Health Organization for the elimination of neglected infec-
tious diseases for the period 2016-2022 (OPAS, 2016). To improve this
issue, a set of investigations has been carried out to offer alternative
forms of intervention to overcome this problem. Thus, the efforts using
in vitro, in vivo, and silico tests verified the action of several AMPs on
different Leishmania species (Table 1). The first work on the subject data
from 1998 (Diaz-Achirica et al., 1998), whose focus was the analysis of
damage caused by peptides on Leishmania promastigote membranes.
Since then, around 79 surveys have been developed, testing different
peptides from different biological sources, including amphibians
(Mangoni et al., 2005), tunicate (Donia et al., 2008), and plants (Nas-
cimento et al., 2015). In addition, these peptides have been inspired to
improve their leishmanicidal activities by creating analogs (Campos--
Salinas et al., 2014) or coupling biomolecules such as lauric acid
(Zahedifard et al., 2020).
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Fig. 2. Simplified diagram of the Leishmania infection cycle with man as the reservoir.
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Table 1
Studies involving AMPs against Leishmania species.
Selected Peptide Source Sequence Study 1C50
Articles Model (M)
(Pinto et al., 2013) Dermaseptin 4 Phyllomedusa GLWSTIKQKGKEAAIAAAKAAGKAALNAASEAL-NH2 Invitro n.a
Dermaseptin 1 nordestina GLWSTIKNVGKEAAIAAGKAALGAL-NH2 na
Phylloseptin 7 FLSLIPHAINAVSAIAKHF-NH2 10.06 (7.86-12.85)
Phylloseptin 8 FLSLIPTAINAVSALAKHF-NH2 n.a
(Berrocal-Lobo et al., 2009) Tioninas a-1, a-2 Triticum Invitro 0,2 (0,1-0,5)
LTP2 aestivum ko + 100
Defensina PTH1 Hordeum 33,4 (21,5-52,4)
Snakinl vulgare -+ 100
Solanum
tuberosum
(Bittencourt et al., 2016) DRS 01 Phyllomedusa GLWSTIKQKGKEAAIAAA-KAAGQAALGAL-NH2 Invitro o
(Lofgren et al., 2008b) Tach Tachypleus tridentatus KWCFRVCYRGICYRRC Invitro
MSI-94 Xenopus laevis GIGKFLKKAKKFGKAFVKMKK
Clavanin-A Styela clava VFQFLGKIIHHVGNFVHGFSHVF
Mytilin-A Miytilus edulis CASRCKAKCAGRRCKGWASASFRGRCYCKCFR
(Souza et al., 2013) Vu-Defr Vigna unguiculata e Invitro Hrx
(Kiickelhaus et al., 2009) PS-1 Phyllomedusa azurea e Invitro o
(Zampa et al., 2009) DS01 Phyllomedusa hypochondrialis sk Invitro
(Isabel A. Patino-Marquez Moricina-B Galleria MSIILVVVMMVMMVMAMFVSSGDAAPGKIPVKAIKKGGQIIGKALRGINIASTAHDIISQFKPKKKK Invitro
et al.,, 2018) Moricina-C4 mellonella MKLTGLFLMIMAVIALFIDVGQADPKVPVGAIKKGGKAIKTGLGVVGAAGTAHEVYSHIRNRH
Cecropin-D ENFFKEIERAGQRIRDAIISAAPAVETLAQAQKIIKGGD
Peptide ETESTPDYLKNIQQQLEEYTKNFNTQVQNAFDSDKIKSE
Anionico2 VNNFIESLGKILNTEKKEAPK
(Mendes et al., 2019) p-Acl Agkistrodon contortrix KKYKAYFKFKCKK Invitro e
p-AclR7 laticinctus RRYRAYFRFRCRR
(Savoia et al., 2008) DS1 Phyllomedusinae ALWKTMLKKLGTMALHAGKAALGAAADTISQGTQ Invitro
DS1(1-29)-NH2 ALWKTMLKKLGTMALHAGKAALGAAADTI-NH2
(Konno et al., 2007) Decoralin Oreumenes SLLSLIRKLIT In vitro 72
Decoralin - NH2 decoratus SLLSLIRKLIT-NH, 11
(Rangel et al., 2011) Eumenitin-R Eumenes rubrofemoratus LNLKGLIKKVASLLN Invitro  >62
Eumenitina-F E. fraterculus LNLKGLFKKVASLLT 52
EMP-ER FDIMGLIKKVAGAL-NH2 20
EMP-EF FDVMGIIKKIAGAL-NH2 40
(Isabel Andrea Anionic Peptide2 Galleria TKNFNTQVQNAFDSDKIKSEVNNFIESLGKILNTEKKEAPK Invitro bl
Patino-Marquez et al., Cecropin D-like peptide mellonella ENFFKEIERAGQRIRDAIISAAPAVETLAQAQKIIKGGD
2018)
(Pitale et al., 2020) Halictine-2 Halictus P5S GKWMSLLKHILK-NH2 Invitro s
sexcinctus P5T GKWMTLLKHILK-NH2
(Lynn et al., 2011) BMAP-28 Bovine GGLRSLGRKILRAWKKYGPIIVPIIRIG Invitro 17,1,
(lorns et al., 2014) D-BMAP-28 myeloid sk 4,6
RI-BMAP-28 e e 3,6
(Oliveira et al., 2016) Promastigote Amastigote
Ocellatin-PT1 Leptodactylus pustulatus ek Invitro  63.4/23.9 na
Ocellatin-PT2 >128/> na
Ocellatin-PT3 49.1 na
Ocellatin-PT4 34/13.4 75/28.9
Ocellatin-PT5 25.6/9.8 na
Ocellatin-PT6 62.7/25.5 67.519.8
Ocellatin-PT7 42.6/12.7 na
Ocellatin-PT8 42.2/72.8 na
51.6/15.5
(Cao et al., 2019) KDEL Pseudomonas aeruginosa Invitro ~ ***

(continued on next page)
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Table 1 (continued)

Selected Peptide Source Sequence Study 1C50
Articles Model (M)
(Guerra et al., 2017) BH2 ok
PH1 In
TA silico
TB
DCN
DEC
(Erfe et al., 2012) RP-1 o-helical quinocidine C-terminals N-ALYKKFKKKLLKSLKRLG Invitro sk
AA-RP-1 CXCL4 ek In vivo
(Marr et al., 2016) LL-37 Synthetic LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES-NH2 Invitro b
E6 RRWRIVVIRVRR-NH2
L-1018 VRLIVAVRIWRR-NH2
RI-1018 RRWIRVAVILRV-NH2
(Khalili et al., 2018) CM11 Cecropine-Mellitin Hybrid ke Invitro 9.58
(Zahedifard et al., 2020) Jellein Honey bee royal jelly PFKISIHL Invitro 400
Lauric acid - L-Jellein PFKISIHL acid — CLIP n.a
CLIP LPKPPKPVSKMRMATPLLMQALPM n.a
Lauric acid — CLIP (L-CLIP) Lauric acid - LPKPPKPVSKMRMATPLLMQALPM 280
(Bera et al., 2003) IL indolicidin ILPWKWPWWPWRR Invitro bl
SPFK Seminalplasmin Derivatives PKLLKTFLSKWK
27RP SLSRYAK LANRLANPKLLETFLSKWIG
(Kulkarni et al., 2011) mCAMP Synthetic NH2-LLRKGGEKIGEKLKKIGQKIKNFFQKLVPQPEQCOOH Invitro
In vivo
(Pérez-Cordero et al., 2011) Andropin Synthetic VFIDILDKMENAIHKAAQAGIG Invitro o
Cecropin A KWKLFKKIEKVGQNIRDGIIKAGPAVAWVGQATQIAK
Cecropin B KWKVFKKIEKNGRNIRNGIVKAGPAIAVLGEAKAL
Cecropin P1 SWLSKTAKKLENSAKKRISEGIAIAQGPR
Dermaseptin ALWKTMLKKLGTMALHAGKAALGAAADTISQGTQ
Melittin GIGAVLTTGLPALISWIKRKRQQ
Tachyplesin KWCFRVCYRGICYRRCR
Pr-1 PRRRRSSSRP
Pr-2 VRRRRRPR
Pr-3 VSRRRRRRGGRRRR
CLIP LPKPPKPVSKMRMATPLLMQALPM
(Mangoni et al., 2006) Bombinins H2 Bombinins Bombina IIGPVLGLVGSALGGLLKKI-NH2 In vitro
H4 Variegata ek
(Téné et al., 2016) Bicarinalina Tetramorium KIKIPWGKVKDFLVGGMKAV-NH2 Invitro o
Bicarinalin (4-20) bicarinatu VVMKLGKAFVPIGKWKKDGI-NH2
IPWGKVKDFLVGGMKAV-NH2
(Costa et al., 2020) RP1 Synthetic ALYKKFKKKLLKSLKRLG-COOH Invitro 1,25
Fec- RP1 ALYKKFKKKLLKSLKRLG-COOH+ ferrocene carboxylic acid 0.25
(Keller et al., 2014) MPGa Ac-GALFLAFLAAALSLMGLWSQPKKKRKV-NH-CH2-CH2-SH Invitro el
MPGb ek Ac-GALFLGFLGAAGSTMGAWSQPKKKRKV-NH-CH2-CH2-SH
CAD-2 penetratin, GLWRALWRLLRSLWRLLWKA-NH-CH2-CH2-SH
HIV-Tat (47-57), RQIKIWFQNRRMKWKK
CPPP-2 YGRKKRRQRRR-amide
KLPVM
(Mendes et al., 2020) CZS-1 Crugiohyla GFLDIVKGVGKVALGAVSKLF-NH2, Invitro bl
CZS-2 GFLDVIKHVGKAALGVVTHLINQ-NH2,
CZS-3 GFLDVVKHIGKAALGAVTHLINQ-NH2
(Alberola et al., 2004) Cecropina A-melitina AP Synthetic In vivo bl

Oct-
CA (1-7) M (2-9)

(continued on next page)
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Table 1 (continued)

Selected Peptide Source Sequence Study 1C50
Articles Model (M)
(Mangoni et al., 2005) Temporinas A Rana FLPLIGRVLSGIL-NH2 In vitro e
Temporinas B temporaria LLPIVGNLLKSLL-NH2
(Nascimento et al., 2015) PvD1 Phaseolus ke Invitro wxx
vulgaris
(Mijiddorj et al., 2018) Bombinin H4 Bombina 1-(D-allo-Ile)-GPVLGLVGSALGGLLKI- NH2 Invitro bl
variegata In
silico
(Raja et al., 2013) PLS-S1 Phyllomedusa FLSLIPHIVSGVASIAKHF Invitro 16,5; 12,6; 15.3
PLS-S2 sauvagii FLSLIPHIVSGVASLAKHF In 18,5; 13,3; 15,0;
PLS-S3 FLSLIPHIVSGVASLAIHF silico NA
PLS-S4 FLSMIPHIVSGVAALAKHL 22.0; 18.0; 17.2
PLS-S5 LLGMIPVAISAISALSKL NA
(Fern Andez-Reyes et al., Cecropin A-melittin Synthetic KWKLFKKIGAVLKVL-amida Invitro 1.8 (£0.0)
2010) CA(1-7)M(2-9 KWKLFKKIGAVLKVL 3.9 (+0.3)
K; (Me3) KWKLFKKIGAVLKVL 3.3(£0.0)
K3 (Me3) KWKLFKKIGAVLKVL 3.7 (£0.0)
Ko (Me3) KWKLFKKIGAVLKVL 3.7 (£0.2)
K; (Me3) KWKLFKKIGAVLKVL 3.5(£0.1)
Ki3 (Meg) KWKLFKKIGAVLKVL 12.8 (+£0.4)
Ky 3 (Mes) 5 KWKLFKKIGAVLKVL 5.1 (£0.2)
K36 (Mes3) o KWKLFKKIGAVLKVL 6.1 (+0.1)
Ke,7 (Me3) 2 KWKLFKKIGAVLKVL 8.8 (+0.3)
Ky,13 (Me3)2 KWKLFKKIGAVLKVL >50
Ki367,13 (Mes)s KWKLFKKIGAVLKVL
(khalili et al., 2019) Hibrido CM11 Synthetic WKLFKKILKVL-NH2 Invitro 6,92
9,015
(Kiickelhaus et al., 2020) PSN-1 Phyllomedusa azurea = (Pithecopus FLSLIPHAINAVSAIAKHN-NH2 Invitro e
agureus)
(Kulkarni et al., 2009) Defensin ko Invitro el
Magainin
Cathelicidin
(Radzishevsky et al., 2005) Magainina Synthetic ALWKTLLKKVLKAonH2 In vitro o
MSI-78 Catelicidina LL37 GIGKFLKKAKKFGKAFVKILKK conpz
LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES
(Eaton et al., 2014) DRS 01 Phyllomedusa In vitro 10,8
oreades
P. ypochondrialis
(Silva et al., 2000) Gomesina Acanthoscurria ZCRRLCYKQRCVTYCRGR) Invitro s
gomesiana
(Crauwels et al., 2019) CAMP Human ke Invitro ek
(Kulkarni et al., 2014) Lys-Pex: Synthetic GIGKPLKKALLPGAKPVKILKK Invitro ks
Arg-Pex GIGRPLRRARRPGARPVRILRR
(Kiickelhaus et al., 2009) PS-1 Phyllomedusa FLSLIPHAINAVSAIAKHN-NH2 In vitro o
azurea
(Souza et al., 2018) Vu-Defr Vigna MKTCENLADTYRGPCFTTGSCDDHCKNKEHLLSGRCRDDVRCWCTRN Invitro ek
unguiculata
(Allane et al., 2018) Disintegrin_Cc Cerastes NSAHPCCDPVTCKP Invitro sk
cerastes
(Yang et al., 2019) DS1 * Invitro >20
Cry3Aa-DS1 In vivo 0,67

(continued on next page)
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Table 1 (continued)

Selected Peptide Source Sequence Study 1C50
Articles Model (M)
(Brand et al., 2006) Dshypo 01 Phyllomedusa hypochondrialis GLWSTIKNVGEAATAAGKAALGAL-NH, Invitro  ***
Dshypo 02 GLWKSLLKNVGVAAGKAALNAVTDMVNQ
Dshypo 03 ALWKDVLKKIGTVALHAGKAAFGAAADTISQGGS
Dshypo 04 GLWSTIKQKGKEAAIAAAKAAGKAVLNAASEAL- NH,
Dshypo 06 GLWSTIKQKGKEAAIAAAKAAGQAVLNSASEAL- NH,
Dshypo 07 GLWSTIKQKGKEAAIAAAKAAGQAALNAASEAL- NH,
(André et al., 2020) Temporin-SHd Pelophylax FLPAALAGIGGILGKLFamide Invitro 4.6; 16.5
Temporin-She saharicus SHe FLP-ALAGIAGLLGKIFamide 10.5; 17.9
11.6; 14.6
(Dabirian et al., 2013) HNP-1 Human ke Invitro sk
neutrophil
(Zahedifard et al., 2019) L- Brevinin Syntetic lauric acid- KLKNFAKGVAQSLLNKASCKLSGQC Invitro 40 a 50
2R lauric acid- In vivo
(Campos-Salinas et al., 2013) UCNI Syntetic ek Invitro sk
UCNII
(Raja et al., 2017) Temporin-SHa Syntetic FLSGIVGMLGKLFyy2 Invitro 18 10
Temporin-[K*]SHa FLKGIVGMLGKLFyy2 14 9
13 10
7 5
13 8
20 20
9 5
(Campos-Salinas et al., 2014) VIP Intestinal HSDAVFTDNYTRLRKQMAVKKYLNSILN Invitro okl
VIP51 peptide HSDAVFTANYTRLRRQLAVRRYLAAILGRR In vivo
VIP516_30) FTANYTRLRRQLAVRRYLAAILGRR
(Luque-Ortega et al., 2008) L-Hst5 Human DSHAKRHHGYKRKFHEKHHSHRGY Invitro
salivary
(Borges et al., 2006) o Tityus Invitro ok
discrepans
(Silva et al., 2012) LFcin17-30 Bovine FKCRRWQWRMKKLG In vitro 21.9 £ 1.1(4) >50 (3)
LFampin 265-284 lactoferrin DLIWKLLSKAQEKFGKNKSR 30.9 + 1.0(4) >50 (3)
LFchimera FKCRRWQWRMKKLG-K-RSKNKGFKEQAKSLLKWILD 3.7+£0.2(7) 6.3 £0.2(5)
LFchimera-R DLIWKLLSKAQEKFGKNKSR-K-GLKKMRWQWRRCKF 3.5+0.1(2)4.5+0.2(2)
Di-LFcin FKCRRWQWRMKKLG-K-GLKKMRWQWRRCKF 2.4+0.1(2)3.8+0.4(2)
Di-LFampin DLIWKLLSKAQEKFGKNKSR-K-RSKNKGFKEQAKSLLKWILD 4.6 £0.1(2)5.4+0.5(2)
LFcin-LFampin FKCRRWQWRMKKLG-DLIWKLLSKAQEKFGKNKSR 41 +0.1(2)5.4+0.3(2)
LFampin-LFcin DLIWLLSKAQEKFGKNKSR-FKCRRWQWRMKKLG 1.7+0.1(2)1.6 £0.2(2)
(Fragiadaki et al., 2018) Antiamoebin I Syntetic Ac-Phe-Aib-Aib-Aib-A-b-D-Iva-Gly-Leu-Aib-Aib-Hyp-Gln-D-Iva-Hyp-Aip-Pro-Pheol Invitro 7.5+ 8.7 £ 0.1
Suzukacilin-A4 Ac-Aib-Ala-Aib-Ala-Aib-Alana- Gln-Ainb-Lxx-Aib-Gly-Aib-Aib-Pro-Vxx-Aib-Vxx-Gln-Gln-Pheol 0.2 8.2+ 0.1
7.6 £
1.2
(Haines et al., 2009) BMAP-18 Bovine GRFKRFKKFKKLFKKLS In vitro ok
Myeloid
(Guerrero et al., 2004) MG-H1 Xenopus GIKKFLHITWKFIKAFVGEIMNS IIKKFLHSIWKFGKAFVGEIMNI Invitro bl
MG-H2 laevis
(Abbassi et al., 2013) Temporin-SHd Synthetic FLPAALAGIGGILGKLF ynige Invitro 16,5 -23,5
(Philippe et al., 2004) Fragmentos B, D, E, P e Q Mytilus A Invitro o
galloprovinciali
(Abdossamadi et al., 2017b) HNP1 Mammalian sk Invitro sk
(Das et al., 2017) LL 37 Mammalian e Invitro ok
(Abdossamadi et al., 2017a) HNP1 Human In vivo 27
neutrophil

(continued on next page)
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Table 1 (continued)

Selected Peptide Source Sequence Study IC50
Articles Model (M)
(Abengoézar et al., 2017) AS-48 Enterococcus In vitro 39+ 1,1
faecalis 10,2 + 1,2
(Abbassi et al., 2008) Temporin-1Sa Pelophylax (Rana) saharica FLSGIVGMLGKLFamide Invitro 18,1
Temporin - 1Sb FLPIVTNLLSGLLamide 22,8
Temporin -1Sc FLSHIAGFLSNLFamide n.a
(Boumaiza et al., 2015) Hepcidin Met-HepcD Syntetic Invitro e
Hepcidin [A11,A19] MDTHFPICVFCCGCCHKSKCGMCCKT
DTHFPICVFCAGCCHKSKAGMCCKT
(Sardar et al., 2013) Spinigerin Pseudacanthotermes spiniger HVDKKVADKVLLLKQLRIMRLLTRL Invitro 150 uM
(Mirzaei et al., 2019) LLO sk e Invitro 1.72 +0.07
(Boulanger et al., 2004) Defensin Phlebotomus ATCDLLSAFGVGHAACAAHCIGHGYRGGYCNSKAVCTCRR Invitro 68-85
duboscqi
(Souza et al., 2019b) Vu -Def-y Vigna LSGRARDDVRAWATR Invitro  ***
unguiculata
(Donia et al., 2008) Mollamides B (1) Didemnum Invitro 18
molle
(Gaidukov et al., 2003) S1 Syntetic ALWKTMLKKLGTMALHAGKAALGAAADTISQGTQ Invitro ek
S4 ALWMTLLKKVLKAAAKAALNAVLVGANA
K4K20-S4 ALWKTLLKKVLKAAAKAALKAVLVGANA
K4-S4(1-16)a ALWKTLLKKVLKAAAK-NH,
K4-S4(1-13)a ALWKTLLKKVLKA-NH,
K4-S4(1-10)a ALWKTLLKKV-NH,
(Kustanovich et al., 2002) S4 Syntetic ALWMTLLKKVLKAAAKAALNAVLVGANA In vitro e
S4(9-28) KVLKAAAKAALNAVLVGANA
S4(5-16) TLLKKVLKAAAK
K4K20-S4 ALWKTLLKKVLKAAAKAALKAVLVGANA
K4-S4(1-16)a ALWK TLLKKVLKAAAK-NH,
K4-S4(1-13)a ALWKTLLKKVLKA-NH,
K4-S4(1-10)a ALWKTLLKKV-NH,
(Diaz-Achirica et al., 1998) Cecropina A-melitina (CA Syntetic KWKLFKKIGIGAVLKVLTTGLPALIS-NH2 Invitro o
(1-8)M(1-18)
(Chicharro et al., 2001) CA(1-7)M(2-9) Syntetic KWKLFKKIGAVLKVL-NH2 Invitro kel

absent, n.a., not active
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F.A. Santos et al.
3.2. Trypanosoma cruzi

Chagas disease is a chronic condition caused by the protozoan
T. cruzi; being considered a neglected tropical disease and endemic
mainly in Latin America. However, this disease has been observed in
non-endemic countries due to human migrations from endemic to non-
endemic areas, making the disease a global public health problem
(Lidani et al., 2019).

An acute phase with high parasitemia characterizes the disease. The
patients are often asymptomatic or with symptoms such as prolonged
fever, headache, myalgia, lymphadenitis, hepatomegaly, and spleno-
megaly. In the chronic phase, which occurs between 10 and 30 years
after infection, 30 to 40% of asymptomatic patients develop clinical
manifestations, including neurological, digestive, and cardiac manifes-
tations (Lidani et al., 2019).

T. cruzi can assume three different morphological forms throughout
its life cycle: (1) the epimastigote form, which is present in the insect
vector; (2) metacyclic trypomastigotes, which originates after the dif-
ferentiation of epimastigotes into trypomastigotes (in the final portion of
the intestine of the triatomine) and that infects the bloodstream of the
human host; and (3) amastigotes, which are intracellular proliferative
forms that differentiate again into trypomastigotes, with the ability to
disrupt host cells and continue infecting new cells (Mello et al., 2017). In
the absence of adequate drug treatment, the infection persists
throughout the life of the mammalian host. In addition to transmission
via vectors, it can occur orally, through the ingestion of contaminated
pulp and fruit juices, blood transfusion, organ transplantation, and
congenital transmission (Bern et al., 2020).

The drugs currently available for the treatment of Chagas disease,
nifurtimox, and benznidazole, are effective in the acute phase but do not
eradicate the intracellular form of the parasites in the chronic phase
(Mello et al., 2017). Benznidazole has been a classic drug against chronic
Chagas disease for decades. Still, some issues can make treatment
difficult, such as its prolonged duration, frequent side effects, and the
need for high concentration gradients (Pedron et al., 2020). Considering
these questions, different studies bring the development of new com-
pounds, such as peptides with antiprotozoal action.

Our searches in the databases did not detect studies involving the
analysis of AMPs of plant origin with activity against T. cruzi. However,
many studies were carried out using AMPs of animal origin. All selected
articles and information about the studied peptides are listed in Table 2.

The first condition of interest for a peptide to have activity against
T. cruzi is related to its physicochemical characteristics. The literature
indicates that most of the peptides active against this parasite are pep-
tides with an o-helical amphipathic structure, consisting mainly of
positively charged amino acid residues (Pinto et al., 2013). The
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selectivity of AMPs for these pathogens is related to their cationic, which
is an important feature since it is the initial electrostatic interaction
between the peptide and the phospholipids present in the membranes of
microorganisms (Pedron et al., 2020). Thus, they have a greater po-
tential against T. cruzi, mainly because long-range electrostatic attrac-
tion forces guide the peptides towards the parasite membrane, which
has negative charges (Lofgren et al., 2008a; Pinto et al., 2013).

Positively charged peptides are also responsible for the ability to
discriminate between mammalian and protozoa cells, in addition to
conferring a differentiated antimicrobial potential when considering the
different forms of the parasite (Brand et al., 2002). Some of the tested
peptides were more potent against the trypomastigote form (Jacobs
et al., 2003). Trypomastigote form has a more negative surface charge
than amastigote and epimastigote forms, thus demonstrating excellent
selectivity and more potent peptide activity (Lofgren et al., 2008a). For
example, Polybia-CP peptides showed greater selectivity for infected
mammalian cells (Freire et al., 2020). The mechanism of action involved
in selectivity has not been identified. However, it is believed that the
parasitic infection modifies the host cell membrane, so the host mem-
brane becomes more negative, promoting the peptides’ better attraction
(Jacobs et al., 2003).

Finally, the studies cite the tested peptides as a promising thera-
peutic alternative to benznidazole due to the ability to reduce the
number of intracellular amastigotes in a short incubation period, with
peptide concentration not showing toxicity after in vitro tests. Thus,
there could be a solution to the existing gap due to the limitation of
conventional treatment in the chronic phase of the disease (Freire et al.,
2020).

3.3. Plasmodium spp

Plasmodium is a protozoan parasite that causes malaria, which has
infected over 3 billion people in 90 countries, causing more than
400,000 deaths annually, despite several decades of efforts to control
the disease (Murray et al., 2014). Among the five species of Plasmodium,
P. falciparum is the most lethal and responsible for the severe form of the
disease, especially in sub-Saharan Africa (Meibalan and Marti, 2017).
P. vivax typically causes milder infections than P. falciparum infection;
however, its geographic distribution is much more comprehensive
(Gething et al., 2012).

The infectious process begins when a mosquito bite releases the
protozoan in the form of sporozoites into the bloodstream of the verte-
brate host. The sporozoites then infect hepatocytes, where they prolif-
erate and develop into merozoites. Merozoites are released into the
bloodstream and invade erythrocytes. The parasites develop in the form
of a ring and later develop into proliferative (and morphologically

Table 2
Studies involving antimicrobial peptides against Trypanosoma crugzi.

Selected Articles Peptide Source Sequence Study 1Csopg/ml.
Model

(Jacobs et al., 2003) NK-2 Synthetic peptide KILRGVCKKIMRTFLRRISKDILTGKK In vitro

(Souza et al., 2016) Temporizin-1 Synthetic peptide FLPLWLWLWLWLWKLK In vitro

(Kleschenko et al., 2010) Defensin-al Human ACYCRIPACIAGERRYGTCIYQGRLWAFCC In vitro

(Pinto et al., 2013) Phylloseptin 7 Phyllomedusa nordestina (Frog) FLSLIPHAINAVSAIAKHF In vitro 0.34

(Brand et al., 2002) DS 01 Phyllomedusa oreades (Frog) GLWSTIKQKGKEAAIAAAKAAGQAALGAL In vitro el

(Adade et al., 2013) Melittin Apis mellifera (Bee) - In vitro 2.44 +

0.23

(Freire et al., 2020) Polybia-CP Polybia paulista (Wasp) ILGTILGLLSKL In vitro ok

(Monteiro et al., 2020) Hmc 364-382 Penaeus monodon (Shrimp) NVQYYGALHNTAHIVLGRQ In vitro 4,79

(Lofgren et al., 2008a) Tachyplesin-I Tachypleus tridentatus (Crab) KWCFRVCYRGICYRRC In vitro Ak

(Mello et al., 2017) Batroxicidin Bothrops atrox (Snake) KRFKKFFKKLKNSVKKRVKKFFRKPRVIGVTFPF  In vitro

(Izabel Cristina Justino Bandeira et al., Crotalicidin Crotalus durissus terrificus KRFKKFFKKVKKSVKKRLKKIFKKPMVIGVTIPF In vitro

2017) (Snake)
(Pedron et al., 2020) [Arg]n- Vaejovis mexicanus (Scorpion) PLGALTAVALAVPN In vitro
VmCT1
(Amorim-Carmo et al., 2019) Stig A25 Tityus stigmurus (Scorpion) FFSLIPSLVKKLIKAFK Invitro e

*** absent.
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distinct) stages of trophozoites and schizonts. When the schizont un-
dergoes lysis, new merozoites are released, which starts a new asexual
cycle in the blood. A low proportion of ring-shaped parasites develop
into gametocytes (sexual stages), which the mosquito absorbs during a
blood meal. In the mosquito’s midgut, male and female gametes emerge
and fuse to form zygotes, which differentiate into oocysts. Each oocyst
divides to produce and release thousands of haploid sporozoites into the
mosquito’s body cavity. These sporozoites travel to and invade the
mosquito’s salivary glands, from where they are injected into the human
host. The trophozoite and schizont stages are sequestered in host tissue
to cause severe disease (Haldar et al., 2007; Milner et al., 2015). The
P. falciparum life cycle is illustrated in Fig. 3.

Different classes of antimalarial drugs have been implemented to
treat this infection, but in most cases, the effectiveness of the drugs is
hampered by the development of drug-resistant strains (Haldar et al.,
2018). Several antimicrobial peptides of natural origin have been tested
as a potential therapeutic agent against Plasmodium infection, including
dermaseptin S3 and S4, magainin 2, cecropin B, and defensins (Gwadz
et al., 1989), as well as synthetic peptides, such as P2WN, ILF, Vida 1-3,
SM1, SB-37 and SHIVA-1 and 3 (Arrighi et al., 2002; Carmen Rodriguez
etal., 1995; Ghosh et al., 2001; Jaynes et al., 1988a; Possani et al., 1998;
Jaynes et al., 1988b). Magainins were initially isolated from the skin of
the African frog Xenopus laevis (Zasloff, 1987). Two closely related forms
containing 23 amino acids have been described. An analog (Z-12) of the
peptide magainin 2, in which all Lys-and Phe-residues were replaced by
D enantiomers (Soravia et al., 1988) was also tested. Cecropins are a
group of inducible antimicrobial peptides derived from insects of the
giant silk moth Hyalophora cecropia (Steiner et al., 1981; van Hofsten
et al., 1985). Defensins have also shown activity against oocysts in
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mosquitoes (Hoffmann and Hetru, 1992). Studies involving AMPs of
animal sources against Plasmodium spp. are listed in Table 3.

3.4. Toxoplasma gondii

T. gondii is an obligate intracellular parasite belonging to the phylum
Aplicomplexa, capable of parasitizing warm-blooded animals. It is
responsible for Toxoplasmosis, a disease that can be life-threatening in
immunosuppressed and developing fetuses (Zhang et al., 2019). It is the
most prevalent infection in humans, infecting around 30 to 50% of the
world population, but in most general hosts a latent infection
throughout life in tissues such as skeletal muscle, cardiac, and central
nervous system (Flegr et al., 2014; Mendez and Koshy, 2017)

In Brazil, 50 to 83% of the adult population is seropositive for
T. gondii, and the prevalence varies from 54% in the Center-West to 75%
in the North. Infection occurs mainly by ingesting oocysts found in soil,
sand, and food, from tissue cysts found in meat, and via the placental
route (Oréfice et al., 2010). The infective forms that the parasite presents
during the biological cycle are tachyzoites, bradyzoites, and sporozoites.
Trachizoite is the form found during the acute phase of the infection;
being also called the proliferative form, free form, or trophozoite. Bra-
dizoite is found in several tissues (skeletal muscle and cardiac, nervous,
and retina), usually during the chronic phase of the infection, also called
cystozoite. An oocyst is a form of resistance with a double wall quite
resistant to environmental conditions, which are expelled by feline feces
(Prado et al., 2011).

T. gondii can disrupt the intrinsic (mitochondrial) and extrinsic
(death receptor-mediated) pathways of apoptosis in the invaded cells.
This helps the parasite to preserve its intracellular niche, replicate and

Plasmodium life cycle

Anopheles
mosquito{

stage

merozoites

e
e e

blood-stage

\‘ ‘ schizont

late trophozoite

early trophozoite
(ring form)

Fig. 3. Plasmodium falciparum life cycle.
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Table 3
Studies involving antimicrobial peptides against Plasmodium spp.
Selected articles Peptide Source Sequence Study model ICsopM
PF4P;_34 Human PRHITSLEVIKAGP In vitro 8,8
(Lawrence et al., 2018) PF4P35_ 79 Human HCPTAQLIATLKNGRLICLDLQ In vitro 5
PF4Ps; 79 Human APLYKKIIKKLLES In vitro 4,3
(Moreira et al., 2007) Gomesin Acanthoscurria gomesiana sk In vitro 76-87

avoid elimination by humoral immunity (Lima and Lodoen, 2019). For
the reasons mentioned above, the high prevalence of Toxoplasmosis and
the limitations of conventional treatments lead to the search for new
drugs capable of neutralizing the parasite as well as resources are
currently being invested in faster and more effective diagnostic tests to
detect the parasite (Wang et al., 2021) and DNA vaccine cocktails for
host immunization (Pagheh et al., 2021). Studies show the efficacy of
alpha-toxin from Clostridium septicum against T. gondii, through the
formation of pores on the cell surface of the parasite (Wichroski et al.,
2002), in addition to the use of spider venom, which showed a decrease
in the rate of invasion and proliferation of tachyzoites in host cells (Hou
et al., 2019). AMPs have shown activity against T. gondi. For instance,
peptide HPRP-A1/2 showed a reduction in adhesion, infection, and
proliferation of the T. gondii tachyzoite in the host cells, in addition to
the inhibition of T. gondii growth and a pro-inflammatory response
against this infection (Liu et al., 2019). Thus, AMPs are a critical
biotechnological tool against this parasite. Table 4 shows articles pub-
lished using AMPs against this parasite.

In the literature review of the present study, only peptides of animal
origin were found to show activity against T. gondii, presenting aggre-
gation mechanisms that lead to destruction or decreasing the invasive-
ness of tachyzoites in concentrations ranging from 10 to 250 pM of the
peptides. Although plant-derived AMPs have not been found with ac-
tivity against T. gondii, this result is interesting since plant-derived AMPs
have relevant activity against several microorganisms (Tam et al.,
2015), and the interaction of these peptides with the protozoan may be
an area to be investigated.

3.5. Mechanism of action

Interaction with the cell membrane is the most common mechanism
of action of peptides with antiprotozoal activity. Most of the peptides
that interact with the cell membrane act by damaging the integrity of the
membrane, inducing osmotic lysis. In addition, they can interact with
the membrane and do not cause lysis but alter the fluidity of the pro-
tozoan membrane, affecting the activity of membrane proteins (Torrent
et al., 2012). The ability of cationic antimicrobial peptides to distinguish
between the protozoan cell membrane and the host cell membrane de-
pends on the composition of anionic phospholipids in the outer mem-
brane of the target cell. When infected by intracellular protozoa, host
cell membranes undergo significant changes induced by the parasite.
P. falciparum is an example that causes changes in the membrane of
infected erythrocytes, whose composition becomes similar to that of
protozoa. This explains the specific interaction of infected erythrocytes

with some small cationic antimicrobial peptides with antimalarial ac-
tivity, such as the NK-2 derivative of mammalian NK-lysine (Pretzel
et al., 2013).

Other peptides can cause depletion of energy activity due to the
reduction of the electrochemical gradient necessary for producing
adenosine triphosphate (ATP) in Leishmania spp. (Pitale et al., 2020). In
this context, morphological changes are sought after peptide treatment,
such as membrane roughness (Oliveira et al., 2016) and pore formation
(Pitale et al., 2020); cytoplasmic vacuolization (Bera et al., 2003);
reduction of flagella and short and rounded forms (Allane et al., 2018).
Other damage pathways can be triggered, such as DNA fragmentation
(Bera et al., 2003; Raja et al., 2017) and apoptosis (Bera et al., 2003;
Raja et al., 2017; Kulkarni et al., 2014). Some antimicrobial peptides can
kill protozoa by inducing autophagic and apoptotic processes, as
demonstrated in Leishmania spp. (Pretzel et al., 2013) and Trypanosoma
cruzi (Adade et al., 2013). The death of necrotic and apoptotic cells of
T. cruzi and T. gondii after exposure to different antimicrobial peptides
has recently been observed (Bandeira et al., 2017a; Giovati et al., 2018b)
as outlined in Fig. 4.

Regarding the mechanism of action involved in antichagasic pep-
tides, most studies report the ability of antimicrobial peptides to
permeate the plasma membrane and consequent release of intracellular
content, followed by death (Jacobs et al., 2003; Pinto et al., 2013; Mello
et al., 2017; Monteiro et al., 2020; Pedron et al., 2020). In addition,
other cellular events can also be observed, such as mitochondrial dam-
age (Adade et al., 2013; Souza et al., 2016; Mello et al., 2017; Freire
et al., 2020), formation of reactive species of oxygen (Mello et al., 2017;
Freire et al., 2020), chromatin condensation (Souza et al., 2016) and
trypomastigote DNA fragmentation (Kleschenko et al., 2010).

The primary mechanism of action through the formation of pores in
the cell membrane of the protozoan is known as Barrel-stave (Jacobs
et al., 2003), which is illustrated in Fig. 5. At this stage, there is an
electrostatic interaction between the peptides and the membrane. These
are inserted perpendicularly to the plane of the lipid bilayer. Then, the
peptide’s hydrophilic regions from the pore’s inner face create a
water-filled channel that is completely lined with aggregated peptide
monomers, allowing the extravasation of cytoplasmic content and,
consequently, cell death. Login P4 is a peptide with a molecular mass of
2,6 kDa and an isoelectric point of 9.51, originating from the Asian tick
Haemphysalis longicornis that showed more effects on T. gondii tachy-
zoites. The peptides mentioned above can form pores in the cell mem-
brane, disorganizing the membrane and leading to extravasation of cell
content and cytoplasmic vacuolization. These results were observed in
infected J774A.1 cells exposed for 60 min at a concentration of 50 pM of

Table 4

Studies involving antimicrobial peptides against Toxoplasma gondii.
Selected Articles Peptide Source Sequence Study Model ICsouM.
(Naoyoshi et al., 1990) Obiopeptide-1 (GpG) Synthetic peptide GEEEEE In vitro el
(Silva et al., 2002) PW2 Synthetic peptide HPLKQYWWRPSI In vitro e
(Tanaka et al., 2010) Defensin-o-5 Human ATCYCRTGRCATRESLSGV Invitro

CEISGRLYRLCCR
(Tanaka et al., 2012) Longicin P4 Synthetic peptide FITC-SIGRRGGYCAGIIKQTCTCYR In vitro ekl
(Tang et al., 2019) Lycosin-I, Lycosa singoriensis ke In vivo / In vitro 10,08
XYP1 Lycosa coelestis

(Spiders)

v
v

*
*

absent.
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apoptotic pathway

Fig. 4. Scheme of the mechanism of action of some AMPs studied.

s
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Fig. 5. Schematic representation of AMPs interacting with protozoan plasma
membranes and leading to pore formation Barrel-stave model.

the peptide (Tanaka et al., 2012).

Tang et al. (2019) showed the antiparasitic effect on T. gondii
induced by the lycosine-I peptide of the spider Lycosa singoriensis, which
was analyzed in vitro, showing changes in the cell membrane with the
formation of invaginations, and in vivo, extending the survival time of
mice and controlling the proliferation of T. gondii (Tang et al., 2019).
The results could be observed at the concentration of 10 pM of the
peptide. Despite the promising results, further research is needed to
assess the effectiveness of the action in animal models (Yang et al., 2019;
Alberola et al., 2004). It is also worth noting that the absence of in-
vestigations can be interpreted as a field eager for new works, given the
global health impact that this protozoan represents on health issues. The
little investment in studies related to the area may result from the fact
that it is a neglected and predominant disease in underdeveloped
countries. As reported by the WHO, there is resistance to developing new
drugs to treat these diseases.

4. Conclusion

After analyzing all these data, it was possible to conclude the animal

12

peptides were employed the most as antiparasitic. However, in some
cases, plant-based peptides were the most effective. The problem with
those peptides was the toxicity presented to them. It seems that synthetic
peptides emerged as possible alternatives to this toxicity presented by
other peptides. Despite the origin, all peptides present the exact mech-
anisms of aggregation and extravasation of cell content through forming
pores in the cell membranes. The mechanism presented by peptides can
be used as a strategy to control these parasites and be used as a thera-
peutic alternative to drugs already on the market.

Based on what was discussed, as perspective is possible to suggest
antiparasitic synthetic peptides are safe and have high potential appli-
cation to develop a new antiparasitic drug. Synthetic peptides are safe
and present high activity against parasites. However, one question ari-
ses: is the employment of synthetic peptides cost-effective? There are
already two synthetic peptides applied in clinical treatments. FuzeonR,
with 36-amino acid residues, is applied to treat HIV, and RybelsusR, a
glucagon-like synthetic peptide used to treat type II diabetes, was
recently approved by US FDA. These peptides proved that synthetic
peptides could be applied as antiparasitic molecules, opening the per-
spectives to their applications.
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Dados do Resumo

Titulo
Sensibilidade de isolados de Candida albicans frente ao fragmento peptidico Ctn [15-34]

Introducéo

A Crotalicidina (Ctn) um peptideo alfa-helicoidal linear com 34 residuos de aminoacidos,
que pertence ao grupo dasvipericidinas e a familia das catelicidinas (peptideos
antimicrobianos de vertebrados), foi caracterizada a partir da glandula de veneno da Crotalus
durissus terrificus, cascavel da Ameérica do Sul, e sua atividade antiproliferativa foi
demonstrada in vitro contra bactérias de fungos. A fracdo C-terminal com 20 residuos, Ctn

[15-34], mantém a atividade antimicrobiana.

123



122

Objetivo(s)
Determinar a sensibilidade de cepas de Candida albicans frente ao fragmento peptidico Ctn
[15-34].

Material e Métodos

Para avaliar a atividade antifangica foi empregado o teste de sensibilidade por microdiluicéo
em caldo, de acordo com as normas do documento M27-A3 do CLSI (Clinical and
Laboratory Standards Institute). O peptideo previamente sintetizado e liofilizado foi
reconstituido e diluido seriadamente em placas de poliestireno de 96 pocos fundo U. Dessa
forma, as concentragdes finais obtidas variaram de 0,0195 uM a 40 pM. Em seguida, o
indculo fangico foi adicionado aos pogos da placa. Para os testes de sensibilidade foram
utilizadas cepas de Candida albicans, de origem a partir de isolados clinicos ou da
microbiota oral de individuos saudaveis e uma cepa ATCC 90028 (Candida albicans
resistente ao fluconazol), totalizando 17 cepas. Esses isolados foram obtidos durante a
realizacdo de um estudo aprovado pelo Comité de Etica em Pesquisa da UNILAB conforme
protocolo CAAE: 59953716.5.0000.5576, nimero do parecer:1.937.092.

Resultados e Concluséo

A Concentragdo Inibitoria Minima (CIM) do fragmento peptidico variou entre 5 uM e 20
uM. Dentre os 17 isolados, para cinco desses, o valor de CIM foi de 5 uM; para seis cepas,
incluindo a ATCC 90028, o valor de CIM foi de 10 uM; e para o restante, a CIM foi igual a
20 uM. Em ensaios realizados previamente com células eucaridticas (células renais
humanas), o Ctn [15-34] demonstrou citotoxicidade apenas em concentragfes mais elevadas
(IC50 > 50uM). Conclui-se que os isolados de Candida albicans selecionados para o teste

foram sensiveis diante de baixas concentragdes do fragmento peptideo Ctn [15-34].
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