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Resumo

Neste trabalho, a microscopia de for¢a atdmica e a espectroscopia Raman foram utilizadas
para avaliar alteragdes biomecanicas e bioquimicas induzidas por farmacos em células
bioldgicas. Primeiramente, um microscopio de for¢a atdmica foi usado para investigar os
efeitos do tratamento com Semaforina 3A nas propriedades biomecanicas de timdcitos, por
meio das analises da morfologia, rugosidade da membrana e elasticidade celular. Os
resultados indicaram que o tratamento com Semaforina 3A afetou diretamente tais
propriedades, induzindo a formacdo de filopodios, aumentando a rigidez e a rugosidade da
membrana celular devido ao rearranjo do citoesqueleto. No segundo estudo, com base nas
alteracdes observadas nos espectros Raman, a resposta anti-inflamatdria induzida por
farmacos em células A549 foi avaliada através de uma andlise comparativa das agdes da
dexametasona e do 4cido p-cumadrico. Os resultados deste estudo indicaram que ambos os
farmacos foram eficientes no processo inflamatério. No entanto, uma andlise conjunta da
técnica Raman com métodos estatisticos multivariados, revelou diferentes mecanismos de
acdo dos farmacos, indicando o acido p-cumdrico como um composto terapéutico natural para
o tratamento de doencgas inflamatdrias pulmonares. Adicionalmente, a técnica Raman também
foi usada para investigar mecanismos de morte celular induzidos por flavonoides em
macrofagos infectados com promastigotas de Leishmania amazonensis. As alteragdes
bioquimicas observadas nos espectros Raman foram associadas a marcadores de morte
celular. Tais alteracdes evidenciaram os principais mecanismos moleculares induzidos pelos
flavonoides no comportamento celular.

Palavras-chave: Microscopia de For¢a Atomica. Rugosidade. Elasticidade. Timdcitos.
Semaforina 3A. Espectroscopia Raman. Métodos Estatisticos Multivariados. Células A549.
Dexametasona. Acido p-cumarico. Processo Inflamatério. Macréfagos. Flavonoides.
Leishmania amazonensis.



Abstract

In this work, atomic force microscopy and Raman spectroscopy were used to evaluate drug-
induced biomechanical and biochemical changes in biological cells. First, an atomic force
microscope was used to investigate the effects of treatment with Semaphorin 3A on the
biomechanical properties of thymocytes, through the analysis of morphology, membrane
roughness and cell elasticity. The results indicated that treatment with Semaphorin 3A directly
affected these properties, inducing the formation of filopodia, increasing stiffness and
roughness of the cell membrane due to rearrangement of the cytoskeleton. In the second
study, based on the changes observed in the Raman spectra, the drug-induced anti-
inflammatory response in A549 cells was evaluated through a comparative analysis of the
actions of dexamethasone and p-coumaric acid. The results of this study indicated that both
drugs were efficient in the inflammatory process. However, a joint analysis of the Raman
technique with multivariate statistical methods revealed different action mechanisms of the
drugs, indicating p-coumaric acid as a natural therapeutic compound for the treatment of
inflammatory lung diseases. Additionally, the Raman technique was also used to investigate
mechanisms of cell death induced by flavonoids in macrophages infected with Leishmania
amazonensis promastigotes. The biochemical changes observed in Raman spectra were
associated with markers of cell death. Such alterations evidenced the major molecular
mechanisms induced by flavonoids in cell behavior.

Keywords: Atomic Force Microscopy. Roughness. Elasticity. Thymocytes. Semaphorin 3A.
Raman spectroscopy. Multivariate Statistical Methods. A549 cells. Dexamethasone. p-
Coumaric acid. Inflammatory Process. Macrophages. Flavonoids. Leishmania amazonensis.
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Introducao

A andlise estrutural de materiais teve um grande avango nos ultimos anos, associado
ao desenvolvimento das técnicas de Microscopia de Varredura por Sonda (SPM)'. No inicio
dos anos 80, esse novo ramo da microscopia encantou o0 mundo com as primeiras imagens, no
espaco real, de superficies com resolugdio atdmica’. Desde entdo, a técnica de SPM vem sendo
utilizada em varias areas do conhecimento, proporcionando um extraordinario impulso na
ciéncia e tecnologia.

Esta geracdo de novos microscopios surgiu como resultado do trabalho de Gerd Binnig
e Heinrich Rohrer nos laboratérios da IBM, em Zurique, apés inventarem, em 1981, o
Microscépio de Varredura por Tunelamento (STM)?, pelo qual receberam o Prémio Nobel de
Fisica em 1986. No entanto, nenhum outro microscopio de varredura por sonda ganhou tanto
destaque quanto o Microscépio de Forca Atdmica (AFM)*. Criado em 1986 por Gerd Binnig,
Calvin Quate e Christoph Gerber, o AFM transformou-se em uma técnica multifuncional
apropriada para a caracterizagdo da topografia e propriedades mecanicas em escala
nanométrica, devido as inumeras vantagens que possui: fornece imagem tridimensional da
superficie da amostra com alta resolugdo; investiga ndo apenas materiais condutores, mas
também todo tipo de material isolante; possibilita a analise em diversificados ambientes, no ar
ou até mesmo em liquidos; exige preparagdo minima da amostra ou qualquer tipo de
revestimento que possa altera-la ou danificé-la.

Em geral, os estudos que utilizam o AFM sdo em aplicagdes topograficas, que
consistem em obter imagens da superficie das amostras para uma caracterizagdo estrutural e
dindmica™ ©, onde ¢ possivel investigar propriedades como rugosidade, dureza, porosidade e
atrito, além do estudo de cargas superficiais e dominios elétricos e magnéticos’. As aplicagdes
da microscopia de for¢a atdmica vao desde o estudo de polimeros, metais ¢ semicondutores,
nanoparticulas e até mesmo atomos individuais® % °. Devido a sua versatilidade e
possibilidade de operagdo em meios aquosos, tornou-se uma ferramenta fundamental no
estudo de materiais bioldgicos em condigdes fisiologicas, onde as amostras sdo mantidas em
seu meio, sem perder suas propriedades'!. Através das imagens de AFM, ¢ possivel obter

detalhes nanoestruturais e propriedades biomecanicas de amostras biologicas, possibilitando a

compreensdo dos fendmenos biofisicos envolvidos!?. Sua utilizagdo no estudo desses
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materiais tem sido vista como uma nova area de pesquisa denominada biologia de
superficie!?.

Cada vez mais estd se tornando claro que as células sdo capazes de responder a uma
grande variedade de sinais nanomecanicos que surgem no seu microambiente, mostrando uma
rica interface entre as sinaliza¢des fisicas e as bioquimicas que ocorrem tanto nas células
vivas saudaveis com nas doentes. Este fato evidencia que a resposta das células a perturbagdes
fisicas possui um papel fundamental nos processos bioldgicos. Para uma melhor compreensao
desses processos, também ¢ fundamental uma analise biomolecular detalhada, uma vez que as
interacdes moleculares fornecem uma andlise qualitativa e quantitativa da composi¢ao das
amostras. Dentre as técnicas que permitem determinar as estruturas moleculares e as ligacdes
quimicas presentes na amostra, destaca-se a Espectroscopia Raman. Esta técnica ¢ baseada no
efeito Raman, que descreve o fendmeno de espalhamento ineldstico da luz. Este efeito foi

previsto teoricamente em 1923 por Adolf Smekal'*

, € observado experimentalmente pela
primeira vez em 1928 por Chandrasekhara Venkata Raman's, pelo qual recebeu o Prémio
Nobel de Fisica em 1930.

A espectroscopia Raman apresenta inimeras vantagens que superam as demais
técnicas opticas: devido a sua ultrassensibilidade, fornece informacdo molecular precisa; o
curto tempo de aquisi¢do das analises permite resultados em tempo real; sua utilizagdo requer
o0 minimo ou nenhum preparo prévio das amostras; devido ao seu carater ndo destrutivo e nao
invasivo, pode ser aplicada a amostras sélidas, liquidas e gasosas, dentre materiais organicos e
inorganicos. A alta precisdo e sensibilidade na deteccdo de alteragdes bioquimicas e
moleculares torna a técnica Raman adequada para o estudo de amostras complexas como

1718 Ela tem se mostrado muito promissora para fins de

biofluidos, tecidos e células'®
diagnostico optico, principalmente devido a andlise da regido de impressdo digital espectral
(800-1800 cm™)!, onde se encontram as informagdes bioquimicas mais importantes,
relacionadas a aminoacidos, acidos nucleicos, proteinas e lipidios. Essa composicdo complexa
das células da origem a espectros Raman igualmente complexos, com picos sobrepostos
originados de vibragdes moleculares em varios componentes celulares. Devido a essa
complexidade e a grande quantidade de dados contidos nesses espectros, muitas vezes torna-
se necessario o uso de métodos estatisticos multivariados que auxiliem na analise dos dados.
Assim, a espectroscopia Raman pode ser usada em conjunto com tais métodos a fim de
possibilitar uma melhor compreensdo de eventos biologicos fundamentais in vitro.

Nesta tese, serdo apresentados os conceitos fisicos e a aplicabilidade das técnicas de

microscopia de for¢a atdmica e espectroscopia Raman no estudo de amostras biologicas. De
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fato, o principal objetivo € demonstrar o potencial destas técnicas na avaliagdo de alteracdes
biomecanicas e bioquimicas induzidas por farmacos em células bioldgicas.

No capitulo 1, serdo apresentados os aspectos tedricos da técnica de AFM, os
principios basicos de operagdo e funcionamento, as for¢as envolvidas na interacdo ponta-
amostra, os modos de operagdo e a aplicabilidade desta técnica no estudo de células,
destacando sua capacidade de medicdo de propriedades biomecanicas, tais como a rugosidade
e a elasticidade celular. No capitulo 2, esta técnica ¢ utilizada na avaliagdo de alteragdes
biomecanicas em timocitos tratados com Semaforina 3A.

No capitulo 3, serdo apresentados os aspectos tedricos da técnica Raman, como ocorre
o espalhamento Raman, os modos vibracionais ativos e a aplicabilidade da técnica no estudo
de células, destacando a andlise conjunta com métodos estatisticos multivariados na
interpretagdo dos dados espectrais. No capitulo 4, a técnica Raman ¢ utilizada em conjunto
com esses métodos para avaliar a resposta anti-inflamatoria induzida por farmacos em células
epiteliais (linhagem A549), através de uma andlise comparativa das acdes da dexametasona e
do acido p-cumarico. Ja no capitulo 5, esta técnica ¢é utilizada, também em combinac¢do com
métodos estatisticos, para investigar mecanismos de morte celular induzidos por flavonoides
em macrofagos infectados com promastigotas de Leishmania amazonensis.

Por fim, sera apresentada uma conclusdo geral a respeito dos resultados obtidos nos
estudos desenvolvidos nesta tese e algumas perspectivas de trabalhos futuros. Seguem-se as

referéncias bibliograficas e a produgao cientifica decorrente desta tese.
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1. Microscopia de For¢ca Atomica

Neste capitulo serdo apresentados os aspectos tedricos da técnica de AFM, os principios
basicos de operagdo e funcionamento, as forgas envolvidas na interacdo ponta-amostra, os
modos de operagdo e a aplicabilidade desta técnica no estudo de células, destacando sua
capacidade de medigao de propriedades biomecanicas, tais como a rugosidade ¢ a elasticidade

celular.

1.1 Introducao

A caracterizagdo morfoldgica e topografica de micro e nanoestruturas de superficies ¢
de indiscutivel relevancia para diversos ramos de pesquisa. Neste contexto, a Microscopia de
Varredura por Sonda assumiu grande importancia por apresentar uma familia de técnicas
avancgadas para analise de superficies®’. O atual progresso desse tipo de microscopia para
caracterizacdo de materiais tem sido através da Microscopia de For¢a Atdmica.

Desde a sua inveng¢do em 1986, por Gerd Binnig, Calvin Quate e Christoph Gerber*, o
microscopio de forca atdmica tem promovido um grande impacto na ciéncia, de uma forma
geral, devido a sua capacidade de gerar imagens tridimensionais de superficies com resolugdo
atdmica, proporcionando o estudo da morfologia e de propriedades locais dos materiais
analisados, como por exemplo, analise fractal, rugosidade e dureza. Assim, o AFM
transformou-se em uma vasta plataforma de novas microscopias para obtencdo de
informagdes sobre propriedades elétricas (potencial, condutividade), magnéticas, mecanicas
(adesdo, dureza), térmicas (condutividade, transi¢des) e quimicas (composicao, interagdes) de
superficies. A andlise de superficies com AFM possibilita o exame de uma variedade de
materiais, condutores ou ndo, que v@o desde atomos de carbono a protuberancias
nanométricas na superficie de células. Todas essas caracteristicas fazem desse microscopio

uma ferramenta extremamente util para caracterizacio e produ¢do de novos materiais.
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1.2 Principio de funcionamento do AFM

O principio de funcionamento de um microscopio de forca atdmica baseia-se no uso
de uma sonda que possui uma ponta extremamente afiada, que varre a superficie da amostra
que se quer investigar. A sonda ¢ montada sobre a extremidade livre de um cantilever
flexivel, que geralmente mede entre 100 e 500 um de comprimento, e ¢ colocada em contato
ou muito préxima da superficie da amostra sob inspecdo. Quando a ponta do AFM se
aproxima da superficie da amostra, surgem forcas de interacdo entre os primeiros atomos da
ponta e os atomos ou moléculas que compdem a superficie da amostra. Ao longo da
varredura, o cantilever sofre deflexdes devido a essas forgas, que podem ser atrativas ou

repulsivas, desviando o /aser que incide sobre ele, conforme ilustrado na Figura 1.1.

Figura 1.1: Esquema ilustrativo do principio de funcionamento do AFM.

Laser

Fotodetector de
quadrante sensivel
a posicao (PSD)

Cantilever
e ponta

Scanner
piezelétrico

Fonte: Autora, 2018

O laser incide no cantilever e ¢ refletido para um fotodetector (fotodiodo) de
quadrante sensivel a posicdo ou PSD (do inglés Position Sensitive Detector)?!, que mede as
deflexdes do cantilever a medida que a ponta varre a amostra. Ao passo que o cantilever se
movimenta, a posicdo do feixe de /aser no fotodetector varia. Essas informag¢des de desvio do
cantilever sdo enviadas para os circuitos de realimentacdo, que ajustam a posi¢do da amostra
(e/ou da ponta) através de um scanner piezelétrico. Todo este processo € controlado por um
computador, que movimenta o scanner, armazena os dados e os converte em um mapa da

topografia da superficie da amostra, por meio de soffwares especificos para isso?2.
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A imagem formada através das medidas de AFM ¢ tridimensional. Cada imagem ¢é
formada por y linhas com x pontos em cada linha, e cada ponto da imagem ¢ determinado
pelas coordenadas x, y e z, onde z € a altura. O processo de formagdo da imagem se da da
seguinte maneira: a amostra ¢ analisada movendo-se a ponta sobre a sua superficie; a ponta
move-se ao longo da primeira linha de varredura em pequenos passos, ¢ a cada passo realiza
uma medida, que ¢ armazenada pelo sistema. Ao chegar ao final da linha, a ponta volta sobre
ela e as informag¢des do retorno da ponta também sido armazenadas. A ponta d4 um passo na
diregdo perpendicular e entdo passa para a segunda linha de varredura, e assim
sucessivamente, até¢ o fim da area pré-estabelecida para analise. As linhas que correspondem
aos movimentos de ida sdo geralmente chamadas de “traco”, enquanto que as linhas que
correspondem aos movimentos de volta sdo geralmente chamadas de “retraco”. A imagem
topografica final €, entdo, reconstruida pelas informag¢des das linhas varridas, conforme

ilustrado na Figura 1.2.

Figura 1.2: Padrido de varredura ponta-amostra para a formagdo de imagens topograficas de AFM.
Cada ponto da medida tem uma posi¢do x, y e z bem definida. As linhas azuis sobrepostas a imagem
correspondem aos movimentos de ida (trago), enquanto que as linhas vermelhas correspondem aos
movimentos de volta (retrago).

—o— Trago
—e— Retrago

Diregdo de

Direcao de
¢ varredura lenta

varredura rapida

Fonte: Retirada da ref.[*]

A direcdo de varredura lenta corresponde a direcdo perpendicular em que a ponta
avanca, linha por linha; ja a direcdo de varredura répida corresponde a varredura ponto a
ponto em uma determinada linha. O espagamento entre cada ponto é chamado de tamanho do
passo, e ¢ determinado pelo tamanho da varredura e pelo nimero de pontos em cada linha.

Para alcancgar resolucdo atdmica em uma imagem de AFM, é fundamental que a ponta

seja “atomicamente afiada”, ou seja, a ponta deve terminar em um pequeno aglomerado de



20

4tomos ou em um unico dtomo*. Outros aspectos que podem determinar uma boa resolugio
sd0 a geometria e o material que compde a ponta, pois a escolha de uma ponta ndo apropriada
para determinada andlise, pode dar origem aos chamados artefatos de imagem, isto &, tragos

falsos que escondem a verdadeira morfologia da superficie da amostra®’.

1.3 Forcas de interacdo ponta-amostra

Ao longo da varredura, os atomos da ponta do AFM interagem com os atomos da
superficie da amostra e, dependendo da distdncia ponta-amostra, as for¢as de interagdo podem
ser atrativas ou repulsivas. A longas distidncias, praticamente ndo hd qualquer interacio.
Porém, a medida que a ponta se aproxima da amostra, forcas atrativas passam a atuar entre a
ponta e a amostra. Conforme a ponta se aproxima, a forca atrativa aumenta, até que a
separacdo seja da ordem da separagdo interatomica (z = 0,5 nm). A partir deste ponto, forcas
repulsivas entre as nuvens eletronicas das camadas de valéncia da ponta e da amostra passam
a atuar, ¢ a forca resultante total passa a ser repulsiva. A Figura 1.3 mostra uma ilustragao das
forgas de intera¢do, como uma fung¢do da distancia de separagdo z entre a ponta e a amostra.

O potencial de Lennard-Jones?® estd na origem das forcas que determinam as

interagdes entre a ponta e a superficie da amostra, e é descrito pela expressao:

a B

U(Z) :ZE_Z_G (11)
onde z ¢ a distancia entre as moléculas ou atomos e a e § sdo constantes. O primeiro termo
do lado direito da equacdo (1.1) € repulsivo, e resulta da repulsdo eletrostatica entre duas
moléculas quando as suas nuvens eletronicas se aproximam. Este termo domina o valor final
do potencial a curtas distancias. J4 o segundo termo ¢ atrativo e resulta de uma interagdo
dipolo-dipolo, conhecida como interacdo de van der Waals. Este termo domina o valor final
do potencial a longas distancias®®. Assim, as forcas de repulsio entre nuvens eletronicas e as
forcas de van der Waals sdo as forcas de interacdo ponta-amostra mais determinantes. No
entanto, deve-se ressaltar que existem outros tipos de interagdo que podem ser consideradas,
como for¢cas magnéticas e atragdo gravitacional. Entretanto, dentro da regido de interagdo

ponta-amostra elas sdo muito fracas quando comparadas com as forcas citadas anteriormente,

sendo assim ¢ possivel despreza-las.
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Figura 1.3: Ilustrag@o das forgas de interagdo ponta-amostra. A regido onde a forga interatdmica entre
a ponta e a amostra € atrativa ¢ chamada regido de ndo-contato, e a regido onde a forca interatdmica ¢é
repulsiva é chamada regido de contato.

ponta
Forga de interagao (F;;) L
4 z-disténciade

1 Fin|: | a2
é {  separagdo
Regimede
operagao
contato ~~ . Forca Repulsiva
Regime de _
operacio I Repulsaoeptre
| ~ nuvens eletrdnicas
ndo-contato
A} : Z
0 \
Forgasde van
der Waals
Forca Atrativa
\ Forcas repulsivas
comecam a contribuir
contato nao-contato

Fonte: Autora, 2018

Forcas de repulsio entre nuvens eletronicas

As forcas de repulsdo entre nuvens eletronicas constituem o termo repulsivo do
potencial de Lennard-Jones. Sdo forcas de curto alcance e originam-se no principio de
exclusdo de Pauli, o qual afirma que dois férmions idénticos ndo podem ocupar o mesmo
estado quéntico simultaneamente®’. Ou seja, a repulsdo acontece quando os 4tomos da ponta e
os atomos da amostra estdo tdo préximos que ocorre a interpenetragdo das suas nuvens
eletronicas e a consequente sobreposi¢do de orbitais completamente preenchidos, causando
uma repulsdo entre essas nuvens, enfraquecendo a forga atrativa. Desse modo, verifica-se um
aumento da energia eletrostatica total do sistema que origina uma contribuicio repulsiva para

a for¢a de interagdo total.
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Forcas de van der Waals

As interagdes de van der Waals constituem o termo atrativo do potencial de Lennard-
Jones. Sdo forcas de longo alcance, podendo ser sentidas a distancias superiores a 10 nm. Elas
surgem a partir da interagdo entre dipolos elétricos e sdo compostas por trés contribui¢des
distintas: for¢as de orientacdo, de inducdo e de dispersdo. As for¢as de orientacdo resultam da
interagdo entre duas moléculas polares com momentos de dipolo permanentes, enquanto que
as forcas de inducdo se devem a interagdo de uma molécula polar com uma molécula nao
polar. J& as forcas de dispersdo sdo originadas pela polarizacdo instantdnea devida as
flutuagdes dos elétrons em torno do nucleo, e representam a contribui¢do mais relevante para

a forga de van der Waals total?®.

1.4 Modos de operacio

Conforme o carater atrativo ou repulsivo da interacdo entre a ponta e a superficie da
amostra, pode-se definir alguns modos de operagdo na técnica de AFM. Séo eles:
= Modo contato: onde a interacdo ponta-amostra € repulsiva;
= Modo nio-contato: onde a interagdo ponta-amostra € atrativa;

= Modo contato intermitente: onde o regime ora ¢ atrativo, ora ¢ repulsivo.

Modo contato

No modo de operagdo contato, o cantilever estd sempre em contato com a superficie
da amostra durante a varredura. A resultante das forcas de interagdo ponta-amostra

responsavel pela deflex@o do cantilever é dada pela expressao:
F =kz (1.2)
onde k ¢ a constante elastica do cantilever e z é a deflexdo do cantilever. A interagdo ¢

governada principalmente por for¢as repulsivas de curto alcance. Por atuar na regido de forcas

repulsivas, a constante elastica do cantilever deve ser muito menor que as constantes elasticas
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dos materiais que serdo analisados, para que a sua deflexdo acompanhe todas as deformagdes
da superficie em analise e ndo danifique a amostra. O modo contato permite obter imagens
topograficas com altissima resolucdo, a nivel atomico, porém, ¢ recomendéavel usd-lo em
amostras parcialmente duras, pois o atrito entre a ponta ¢ a amostra pode danificar a
superficie, caso ela seja macia, produzindo uma imagem distorcida. A Figura 1.4 ilustra o

modo de operagdo contato.

Figura 1.4: Representago esquematica do modo de operag@o contato.
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Fonte: Autora, 2018

Modo nio-contato

No modo de operagdo ndo-contato, a ponta ¢ mantida afastada da superficie
(espacamento da ordem de alguns nandmetros), de maneira que as principais forgas de
interacdo sejam as de longo alcance. O cantilever ¢ forcado a vibrar com o auxilio de um
elemento piezelétrico, com uma frequéncia w, proxima da sua frequéncia de ressonancia wg.

Por atuar na regido de forcas atrativas, o cantilever deve ser suficientemente rigido,
com constante eldstica de valor alto. O movimento do cantilever pode ser descrito pelo

modelo do oscilador for¢ado seguindo a equagio de movimento?’:

., mawy\ |,
mZ + ( )z + mwyz = F, cos(wgyt) (1.3)

cuja solugdo estaciondria ¢

z(t) = Acos(wgyt + @) (1.4)
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onde A ¢ a amplitude da oscilacdo a frequéncia wy € ¢ ¢ a diferenca de fase entre a resposta
do sistema e a excitagdo a que estd sujeito. A amplitude e fase sdo dadas, respectivamente,

pelas equacdes:

A= Fo/m a (1.5)
@3 = w2 + (222)
_ _ WoWq
¢ =tan™! <—Q(a)§ — a)é)) (1.6)

de onde se observa que uma variagdo das forcas e consequentemente da frequéncia de
ressonancia leva a uma variagdo quer da amplitude quer da fase de oscilagdo do cantilever.
Diferentemente do modo contato, este modo apresenta a vantagem de ndo danificar a
superficie da amostra, devido a ponta estar sempre afastada durante a varredura. Por outro
lado, este modo ndo tem encontrado aplicabilidade geral devido a instabilidade e resolucdo
reduzida®®, sendo geralmente utilizado para a realizagio de imagens de amostras maleaveis ou

elasticas. A Figura 1.5 ilustra o modo de operagdo nio-contato.

Figura 1.5: Representagdo esquematica do modo de operagdo nio-contato.
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Fonte: Autora, 2018

Modo contato intermitente

No modo de operagdo contato intermitente, a ponta oscila sobre a superficie da

amostra, tocando-a periodicamente. O cantilever ¢ for¢ado a oscilar com uma frequéncia
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proxima da sua frequéncia de ressonancia, por isso a necessidade de uma constante eldstica de
valor alto, assim como no modo ndo-contato. A amplitude de vibracdo ¢ mantida constante e
sempre que a ponta toca na amostra, a amplitude sofre um desvio que é detectado e serve de
sinal de realimentagdo. A descricdo matematica apresentada para o modo ndo-contato também
pode ser utilizada para este modo. A Figura 1.6 ilustra o modo de operagdo contato

intermitente.

Figura 1.6: Representagdo esquematica do modo de operagdo contato intermitente.
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Fonte: Autora, 2018

O modo de contato intermitente reune vantagens dos dois modos anteriores: como ha
contato fisico entre a ponta e a amostra, consegue-se imagens com alta resolucdo (~ 1 nm), e
devido a movimentagdo ser feita com a ponta no ar, as for¢as de atrito entre a ponta e a
superficie da amostra s3o significativamente reduzidas, eliminando os problemas de
deformacdo da amostra presentes no modo contato. Desse modo, a resolugdo das imagens

topograficas, em particular de amostras maledveis, ¢ melhorada’® 3!,

1.5 AFM no estudo de células

Propriedades nanomecanicas e forgas em nanoescala que surgem no ambiente celular

A . I3 . . ~ , . . 32:
vém tendo um impacto notdvel sobre a fisiologia e a fun¢do de células vivas e organismos™
33, Nesse ambiente, as células sio dotadas de varios mecanismos para detectar propriedades
fisicas e forcas mecanicas®* 3>, Estas sinalizacdes fisicas induzem uma variedade de respostas

biologicas, as quais desempenham um papel crucial in vivo, sobretudo na regulagdo dinamica
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da célula. Nesse cenario, um crescente interesse biologico nas propriedades mecanicas de
células enfatiza a importancia da aplicacdo do AFM nesses estudos.

Originalmente, o AFM foi desenvolvido para a obten¢do de imagens topograficas de
superficies de diferentes amostras; no entanto, foi rapidamente aplicado para a medi¢cdo de
detalhes nanoestruturais e propriedades biomecanicas de amostras bioldgicas, em especial de
células®® 37, devido principalmente a sua capacidade de operagdo em diversas condi¢des
ambientes (meios liquidos, gasosos e em vacuo) permitindo, por exemplo, o estudo em tempo
real de fenomenos dindmicos de amostras vivas em seu ambiente biologico®®.

As propriedades biomecanicas das células s@o cruciais para uma série de processos

4154243 ¢ diferenciacio™.

bioldgicos, tais como desenvolvimento celular®®, divisio*’, migracdo
Além disso, estudos sobre tais propriedades das células t€ém proporcionado informagdes
fundamentais sobre suas estruturas e funcdes bioldgicas*. Por meio do AFM, é possivel
detectar variagdes nas propriedades mecanicas e morfoldgicas das células, como a rugosidade
e 0 modulo de elasticidade®* #°. Tais propriedades sio caracteristicas fundamentais que podem

47; 48

ser usadas, por exemplo, para inferir o estado fisiologico e/ou doente de células , ¢ até

mesmo indicar a presenga de parasitas®.

1.5.1 Morfologia e rugosidade celular

O AFM tem se mostrado uma ferramenta apropriada para a investigagdo da topografia
da superficie de membranas bioldgicas, pois possibilita a reconstrucdo exata dos aspectos
;e . qe . . v . 50 . y e .
morfologicos tridimensionais da superficie das amostras’”. Esse microscopio fornece imagens
da superficie celular com uma resolugdo lateral de alguns nandmetros e uma sensibilidade

51; 52

vertical de 1A sem danificar a estrutura das células , € tem sido utilizado, por exemplo,

para obtencdo de imagens de alta resolucdo em proteinas da membrana de bactérias e na
licaga *lulas vi land lul funcdes> >
aplicacdo em células vivas, revelando novas estruturas celulares e suas fungdes>” >*.
Além da morfologia, as imagens de AFM permitem investigar propriedades da
superficie celular, tais como a rugosidade, que pode ser definida como o conjunto de
irregularidades formado por saliéncias e reentrdncias (com pequena amplitude) de uma

superficie. A Figura 1.7 mostra uma imagem de AFM da superficie de uma célula,

evidenciando as caracteristicas morfoldgicas da superficie e a rugosidade da membrana.
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Figura 1.7: (a) Imagem de AFM (2x2 um?) da superficie de um queratindcito (célula do tecido
epitelial), evidenciando as caracteristicas morfoldgicas e a rugosidade da superficie. (b) Os perfis
desenhados correspondem ao perfil de ondulagio (linha preta) e ao perfil de rugosidade (linha cinza),
que contém as informagdes relacionadas a rugosidade da membrana plasmatica.
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Fonte: Adaptada da ref.[*]

A rugosidade pode ser estimada, por exemplo, através dos seguintes pardmetros:
rugosidade média e rugosidade média quadratica. A rugosidade média (R,) € definida como a
média absoluta das alturas das irregularidades ao longo do perfil. Matematicamente, ela pode

ser expressa da seguinte forma:

N
1 _
Ry = N.Z'Zi 7] (1.7)
i=

onde N ¢ o nimero de pontos da amostra, z; € a altura de cada ponto da amostra ¢ z é a altura
média dos pontos da amostra. Esse parametro fornece uma boa descri¢do geral dos valores da
altura das irregularidades. Ja a rugosidade média quadratica (RMS) ¢ definida como a raiz
quadrada da média dos quadrados das alturas das irregularidades ao longo do perfil.

Matematicamente, temos:

LiLi(z —2)?

RMS =
N

(1.8)
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Esse parametro descreve a rugosidade usando um método estatistico, pois representa o desvio-
padrdo da distribuicdo das alturas da superficie. Os valores de R, ¢ RMS podem ser
considerados como parametros confidveis relacionados a rugosidade superficial das
membranas®. A rugosidade da membrana celular é um importante pardmetro citoldgico, pois

56; 57

estd envolvida em varios mecanismos celulares e, consequentemente, ¢ um indicador

sensivel do estado de saude da célula.

1.5.2 Teoria da elasticidade celular

Além de medidas topograficas, o AFM também pode ser usado para medir forgas entre
a ponta e a superficie das células, elucidando propriedades mecanicas locais como a
elasticidade. As propriedades elasticas das células podem ser alteradas, por exemplo, por
mudancas organizacionais ou moleculares ocorridas no seu interior. O moédulo elastico (ou

1°%. Essa

modulo de Young) ¢ uma propriedade mecénica que mede a rigidez de um materia
propriedade tem sido usada como um indicador de elasticidade celular e tem permitido, por
exemplo, a deteccdo de células cancerosas, abrindo a perspectiva de usar este pardmetro em
estudos clinicos como um biomarcador no diagnéstico precoce do cancer®® .

As medidas de elasticidade sdo basecadas na indentacdo de células aderidas a um
substrato. A técnica consiste em penetrar a ponta do AFM na superficie da amostra,
registrando a forca e a profundidade de penetracdo (distancia) simultaneamente. Esse
processo resulta em uma deflexdo do cantilever, ¢ essa forca sentida pela ponta do AFM, apds
se aproximar e retrair a partir de um ponto sobre a superficie da amostra, apresenta-se sob a

forma de curvas forga-distancia®!

, como mostra a Figura 1.8. A elasticidade celular ¢
determinada com base nessas curvas, as quais levam ao comprimento de indentacdo, obtido a
partir da diferenga entre as deflexdes do cantilever em superficies de amostras duras e macias.
Ao indentar uma amostra dura, tal como o vidro, a deflexdo do cantilever reflete a posi¢do da
amostra, ¢ ¢ representada por uma curva de inclina¢do linear, geralmente usada como
referéncia. No entanto, em amostras macias como as células, as deflexdes do cantilever sdo

muito menores devido a indentagdo. Sendo assim, a curva de forga resultante possui um

carater ndo linear.
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Figura 1.8: Curvas de forga-distancia medidas em um substrato de referéncia (vidro) e em uma
amostra (célula). Essas curvas fornecem a relagdo entre a carga de for¢a e o comprimento da
indenta¢fo, calculado como a diferenga entre as curvas.
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Fonte: Retirada da ref.[**]

Em geral, o valor do mddulo de Young de células é obtido a partir do modelo da teoria
da indentagdo elastica de Hertz®?. Nesse modelo, se a ponta do AFM ¢ considerada como

sendo uma esfera de raio R, entdo a for¢a no cantilever é dada por:
4 E 3/
—_— e 2
F(6) = 312 VRé (1.9)

onde E é o modulo de Young, v é a razdo de Poisson®® da amostra e § ¢ o comprimento de
indentagdo. A razdo de Poisson mede a deformacdo lateral de um material homogéneo e
isotrépico em relagdo a sua deformacdo longitudinal. Para amostras incompressiveis, como as
células, essa razdo ¢ geralmente considerada como v = 0,5. Quando a ponta do AFM ¢
considerada como sendo um cone, o modelo de Hertz modificado por Sneddon®* ¢ usado para
caracterizar as curvas de forca e obter a indentacao elastica das células. Nesse modelo, a for¢a

no cantilever é dada por:

F(§)=—G——872 (1.10)
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onde a ¢ o angulo de meio cone da ponta do AFM. O esquema das indentagdes elésticas
modeladas por esses modelos ¢ ilustrado na Figura 1.9. O modelo de Hertz ¢ valido para
indentagdes significativamente menores do que o raio da esfera (Figura 1.9(a)), enquanto que
para o modelo derivado por Sneddon, o comprimento da indentagdo deve ser na faixa de
algumas centenas de nandmetros (Figura 1.9(b)). A andlise das curvas de forca-distancia e a

aplicabilidade destes modelos sdo descritas com grande detalhe em vérios trabalhos*> 3% 63,

Figura 1.9: Esquema da indenta¢do de (a) uma esfera rigida ¢ de (b) um cone rigido em uma
superficie macia.

(b)

Hertz (esfera) Sneddon (cone)

Fonte: Retirada da ref.[*]
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2. Avaliacao de alteracdoes biomecanicas em

timocitos tratados com Semaforina 3A

Neste capitulo serdo apresentados os resultados experimentais das medidas utilizando o AFM
para investigacdo dos efeitos do tratamento com Semaforina 3A em timocitos in vitro. Os
resultados indicam que parametros como a morfologia, a rugosidade e o mddulo elastico dos
timocitos foram afetados pelo tratamento, demonstrando, assim, o potencial do AFM no

estudo de propriedades biomecanicas de células.

2.1 Introduciao

Diversas substincias sdo capazes de perturbar a arquitetura do citoesqueleto,
resultando em mudangas nas propriedades mecanicas das células, que podem afetar o seu
comportamento®®. Por exemplo, as semaforinas sio proteinas que podem alterar a organizacgio
do citoesqueleto de filamentos de actina e a rede de microtubulos, ambos envolvidos na
migracdo celular e na comunicacdo célula-célula®’. Elas fazem parte de uma familia de
proteinas secretadas associadas 3 membrana e sdo expressas na maioria dos tecidos®® ¢, Com
base em suas caracteristicas estruturais, sdo divididas em sete classes, sendo as semaforinas de
classe 3 (Sema3) um grupo de proteinas soliveis que estdo envolvidas na adesdo e migracio
celular’®, e possuem caracteristicas desejaveis do ponto de vista terapéutico’!. Um dos
membros dessa classe, a Semaforina 3A (Sema3A), foi demonstrada estar envolvida na
orientagdo neuronal e também estar associada com distirbios imunolégicos’?. Essa proteina
regula a fungdo celular e € expressa pela maioria das células imunologicas.

Os timdcitos sdo células produzidas no timo, um érgdo linfoide primério responsavel
pelos componentes celulares do sistema imunoldgico. Dentro do timo, os timdcitos entram em
um processo de sele¢do e maturagdo, sendo capazes de se diferenciar em outras células do
sangue, os linfocitos T ou células T7°. Essas células sdo importantes para o sistema
imunoldgico pois desempenham funcdes imunes em condigdes patologicas do organismo.
Nesse cenario, 0 AFM foi utilizado para investigar os efeitos do tratamento com Sema3A nas

propriedades biomecanicas de timdcitos in vitro. Para isso, além da morfologia, foram
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avaliadas a rugosidade da membrana e a elasticidade das células. Os resultados obtidos

evidenciam o potencial da técnica para estudos de propriedades biofisicas em biologia celular.

2.2 Materiais e métodos

2.2.1 Cultura celular e tratamento

Os timocitos frescos foram obtidos de camundongos da linhagem C57BL/6, com idade
entre 4 e 6 semanas. Apds a eutandsia, os timos dos animais foram removidos assepticamente
e macerados para liberar os timdcitos. Estas células foram mantidas a 4°C em meio completo
até serem usadas nos experimentos [meio RPMI-1640 suplementado com 10% de FBS, 2 mM
de glutamina e 1% de penicilina/estreptomicina (todos da Invitrogen, Carlsbad, CA, EUA)].
Todos os procedimentos com animais foram aprovados pelo Comité de Etica Institucional da
Universidade Federal de Alagoas (Protocolo 14/2015). Este tipo de célula foi escolhido
devido a sua disponibilidade e abundéncia em vérios organismos, além de seu importante
papel na manutencgdo da homeostase’ 7.

Os timécitos (5x10°) foram cultivados em laminulas de vidro revestidas com 0,1% de
BSA diluida em PBS durante uma hora a 37°C. As laminulas foram inseridas em uma placa
de 24 pogos, e os timdcitos foram expostos a Sema3A por 30 minutos. Em seguida, essas
células foram fixadas com uma solucdo de glutaraldeido a 0,5%. A Sema3A recombinante de
camundongo (R&D Systems, Lille, Franga) foi utilizada em uma concentragdo de 100 ng/mL
para tratar os timécitos’> em um meio composto de 2% de FBS/RPMI-1640 a 37°C em uma

atmosfera umidificada contendo 5% de CO..

2.2.2 Medidas de AFM

As imagens de AFM da morfologia e as medidas de elasticidade dos timdcitos foram
obtidas utilizando um microscopio de for¢ca atomica Multiview 1000™ (Nanonics, Israel)
acoplado a um microscépio 6ptico BXFM (Olympus, Japao), como mostrado na Figura 2.1.
Esta combinacdo permitiu o posicionamento lateral da ponta de AFM sobre a regido nuclear

da célula com precisdo de escala sub-micrométrica. O sistema de AFM foi isolado
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acusticamente e mecanicamente para reduzir qualquer interferéncia de ruidos ambiente

durante as medigoes.

Figura 2.1: (a) Sistema de Microscopia de Varredura por Sonda (SPM) utilizado nas medicdes de
AFM. (b) Detalhe da parte interna do SPM com destaque para as torres que controlam de modo
independente cada ponteira, e a posi¢do do porta-amostras posicionado sobre o scanner piezelétrico do
AFM.

Fonte: Autora, 2019

A topografia celular foi imageada (256x256 pixels) no modo de contato intermitente
com uma taxa de varredura de 0,3-1 Hz. Foram utilizadas mais de 30 células tratadas ou nido
com Sema3A. A rugosidade das membranas das células foi estimada com base nas imagens
de AFM utilizando o software WSxM'S, obtendo os pardmetros de R, e RMS da rugosidade
de cada amostra.

Todos os experimentos de curva forga-distancia foram realizados na regido nuclear das
células. E importante observar que as medidas realizadas em torno do nticleo, onde as células
s30 mais espessas, s30 menos propensas a artefatos devido a dureza do substrato’” 78, Os
experimentos AFM foram realizados usando uma ponta de varredura com um raio tipico de
curvatura < 20 nm em um cantilever de 320 pm de comprimento, com constante de mola < 1

N/m e uma frequéncia nominal de 35 kHz. A constante de mola do cantilever foi calibrada
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ajustando-se o espectro de poténcia a um oscilador harménico simples’, e uma forga de
indentagdo maxima para o cantilever foi ajustada em 20 nN. Essas medidas foram realizadas
movendo-se a amostra em dire¢do a ponta do cantilever com uma velocidade constante de 5
um/s. Mais de 80 curvas foram adquiridas para cada amostra, e todos os experimentos foram
realizados com a mesma ponta. O modelo de Hertz modificado por Sneddon foi utilizado para
caracterizar as curvas de forga-distancia para obter a indentag@o elastica das células, visto que
as pontas utilizadas nos experimentos possuiam uma forma conica. Ajustando esse modelo

aos dados, foi possivel calcular o médulo de Young médio das amostras.

2.2.3 Analise estatistica

Os dados estdo representados como média + desvio padrdo. Para mostrar que todos os
dados s3o normalmente distribuidos, o teste Kolmogorov-Smirnov foi realizado e a
significancia estatistica das diferencas no modulo de elasticidade entre os dois grupos de
células foi avaliada usando o teste ¢ de Student com 95% de nivel de confianca (p < 0,05). O
teste Kolmogorov-Smirnov ¢ um dos principais testes de normalidade que possibilitam testar
se um conjunto de dados segue ou ndo uma distribui¢do normal, dentro de um nivel de

significancia adotado.

2.3 Resultados e Discussoes

2.3.1 Imagens topograficas e rugosidade de timocitos

Inicialmente, o AFM foi utilizado para observar a morfologia dos timdcitos e avaliar
as possiveis alteracdes morfoldgicas induzidas pelo tratamento com Sema3A nessas células.
A morfologia de timdcitos, incluindo caracteristicas da membrana celular, ¢ observada nas
imagens de AFM mostradas na Figura 2.2. Com base nessas imagens, foi observado que os
timocitos sem tratamento (controle), Figura 2.2(a), exibiram uma forma arredondada com
uma superficie lisa, enquanto que os timdcitos tratados com Sema3A exibiram uma forma
alongada, uma superficie mais aspera e a presenca de estruturas ramificadas em direg¢do ao

substrato, perpendiculares as bordas da célula, denominadas filopodios (Figura 2.2(b)). Os
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filopddios sdo protuberancias da membrana plasmatica, frequentemente referidas como sendo
“semelhantes a dedos”. Eles sdo formados por 10 ou mais filamentos paralelos de actina bem
compactados, com suas extremidades voltadas para a membrana plasmatica. Essas estruturas
sdo importantes para muitos processos celulares essenciais, tais como adesdo celular,
migragdo, angiogénese e a formagdo do contato célula-célula®®. Com base nas imagens de
AFM, foi observado que as células tratadas com Sema3A apresentaram maior niimero de
filopddios em comparacdo com as células controle, indicando que a Sema3A ndo so
promoveu alteragdes na morfologia dos timdcitos, como também induziu a formacdo dos

filopddios.

Figura 2.2: Imagens topograficas de AFM de timdcitos (a) controle e (b) tratados com Sema3A; (c) e
(d) Vista ampliada da regido nuclear de ambas as superficies celulares; (e) e (f) Perfis de altura
tomados ao longo das linhas verdes em (a) e (b). Em cada um dos grupos foram analisadas mais de 30
células.
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Fonte: Autora, 2018

As Figuras 2.2(c) e 2.2(d) mostram uma vista ampliada da regido nuclear da superficie
dos timdcitos controle e dos timdcitos tratados com Sema3A, respectivamente. Um perfil
topografico para medi¢do da altura e comprimento das células é mostrado na Figura 2.2(e)

para os timocitos controle e na Figura 2.2(f) para os timdcitos tratados com Sema3A. Em
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geral, os timocitos tratados com Sema3A exibiram perfis de altura mais altos em comparagao
aos perfis exibidos pelos timdcitos sem tratamento.

A andlise de rugosidade da membrana ¢ uma outra forma de identificar os efeitos do
tratamento com Sema3A nos timdcitos. Essa analise ¢ baseada no calculo da distribuigao de
altura da membrana plasmatica nas imagens de AFM de timdcitos tratados ou ndo com
Sema3A. A Figura 2.3 mostra o histograma da distribuicdo das medidas de rugosidade para os
timocitos. Os valores de R, ¢ RMS da rugosidade média para os timécitos foram obtidos a
partir de um ajuste de distribuicdo normal do histograma total composto por todos os valores

determinados para todas as células.

Figura 2.3: Histogramas das distribui¢des dos valores de rugosidade R, ¢ RMS calculados para os
timocitos controle e tratados com Sema3A. Os ajustes da curva de distribuicdo normal sdo mostrados
(curvas solidas).
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Fonte: Autora, 2018

Para células sem tratamento (controle), o valor de R, foi de 64,4 + 11,5 nm e o valor
de RMS foi de 78,5 = 11,4 nm. Para células tratadas com Sema3A, os valores R, ¢ RMS
aumentaram para 76,3 = 13,7 nm e 93,0 = 14,1 nm, respectivamente. Portanto, com base na
andlise de rugosidade, verificou-se que as células tratadas com Sema3A apresentaram valores

R, e RMS maiores (maior rugosidade) do que as células controle. O tratamento com Sema3A
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aumentou a rugosidade das membranas dos timocitos em aproximadamente 18% os valores de
R, € RMS em comparacdo com os timdcitos controle.

A rugosidade da superficie ¢ um pardmetro quantitativo importante para caracterizar
e/ou comparar superficies, ¢ pode ser usado para examinar a morfologia de membranas
bioldgicas, uma vez que é um pardmetro morfoldgico em escala nanométrica®!. Com relagio a
isso, numerosos estudos relacionam alteragcdes na rugosidade da membrana com fungdes
bioldgicas nas células, tais como a adesdo e a apoptose®” 8% 8 Intuitivamente, a topografia da
membrana deve ser sensivel as mudangas nos fatores fisicos ou quimicos no microambiente.
Isso é importante, por exemplo, na modulacio do comportamento celular no contexto do

organismo como um todo, ou durante uma resposta imune.

2.3.2 Analise do médulo de Young

Medidas de nanoindentacdo AFM foram realizadas para investigar as influéncias do
tratamento com Sema3A no mddulo de Young das células. Através dessas medidas € possivel
revelar caracteristicas biofisicas do citoesqueleto e da membrana em nanoescala. Antes da
realizacdo das indentag¢des nas células, uma curva de for¢a foi tomada no substrato de vidro e
gravada como referéncia. As curvas de forca obtidas, durante o experimento, no substrato de
vidro e nas células sdo mostradas na Figura 2.4. E importante observar que a identifica¢do do
ponto de contato ¢ uma caracteristica crucial para a determinacdo do comprimento de
indentagdo, e nesse caso, ele foi definido como o ponto em que a inclinag@o da curva de forca
¢ aproximadamente zero.

O modelo de Hertz modificado por Sneddon foi ajustado as curvas de forga-distancia
obtidas durante o experimento. Como resultado, as células controle exibiram um moddulo de
Young de 37,2 £ 9,5 kPa. Em contraste, o médulo de Young médio das células tratadas com
Sema3A foi de 47,2 + 11,3 kPa, revelando um aumento de 26,9% no moddulo de elasticidade
médio em comparagdo com as c€lulas controle, como mostra a Figura 2.5. A Sema3A,

portanto, aumentou a rigidez dos timécitos apds 30 minutos de exposigao.
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Figura 2.4: Curvas de forca-distdncia geradas com AFM. Essas curvas foram medidas para um
substrato de referéncia (vidro) e para os timdcitos controle e tratados com Sema3A. A relagdo entre a
carga de for¢ca e o comprimento de indentagdo foi calculada como a diferenga entre cada uma destas
curvas e a linha de referéncia.
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Fonte: Autora, 2018

Figura 2.5: Box plots dos médulos de Young de timdcitos controle e tratados com Sema3A. O médulo
de Young médio ¢ dado pela linha horizontal dentro de cada caixa.
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A elasticidade ¢ uma propriedade mecanica vital de células que tem sido amplamente
estudada nos ultimos anos, especialmente devido a sua correlagdo com a motilidade das
células. O aumento da motilidade celular geralmente € resultado da menor elasticidade, o que
favorece a deformagio das células durante a migragdo ou invasio®. Esses pardmetros nio
fornecem informacdes apenas sobre a membrana celular, mas também fornecem dados sobre
outros componentes subcelulares e da membrana, tais como organelas, citoesqueleto e o
nucleo. Entre estes, ha um consenso de que o citoesqueleto é crucial na determinacdo da
elasticidade e motilidade celular®®. Assim, a elasticidade aumentada observada nos timdcitos
tratados com Sema3A, pode surgir como resultado da reorganizagdo do citoesqueleto, uma
vez que as células dependem principalmente do citoesqueleto para manter sua morfologia e

funcdes basicas®’.

2.4 Conclusodes

Neste estudo, foi possivel investigar os efeitos do tratamento com Sema3A nas
propriedades biomecanicas de timocitos in vitro através da microscopia de for¢a atdmica. Ao
examinar a morfologia e propriedades mecanicas como a rugosidade e a elasticidade celular,
verificou-se que tais caracteristicas celulares foram moduladas pelo tratamento com Sema3A.
Os resultados obtidos indicaram um aumento na rugosidade e também na elasticidade dos
timocitos desencadeada pela Sema3A. Estes resultados de AFM sdo pertinentes porque
relacionam a elasticidade e a rugosidade das membranas celulares com alteracdes do
citoesqueleto, uma vez que estudos anteriores mostraram que propriedades mecanicas estdo
associadas ao citoesqueleto® 3% %°. Sendo assim, o estudo de propriedades biomecanicas de
células através do AFM pode proporcionar informag¢des fundamentais sobre suas estruturas e

fungdes bioldgicas.
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3. Espectroscopia Raman

Neste capitulo serdo apresentados os aspectos tedricos da técnica Raman, a natureza do
espalhamento Raman, os modos vibracionais ativos e a aplicabilidade desta técnica no estudo
de células, destacando a sua andlise conjunta com métodos estatisticos multivariados na

interpretagdo dos dados espectrais.

3.1 Introducio

A espectroscopia Raman ¢ uma técnica espectroscopica vibracional que tem
despontado na literatura como ferramenta de andlise de componentes moleculares de
diferentes materiais, fornecendo analise quantitativa e qualitativa dos tipos moleculares
presentes na amostra’!. Esta técnica apresenta como principal caracteristica espectros com
picos em posi¢des correspondentes as vibracdes das ligagdes das moléculas®.

O efeito Raman foi observado experimentalmente pela primeira vez em 1928, pelo
fisico indiano Chandrasekhara Venkata Raman'’. Ele realizou experimentos utilizando a luz
do sol para excitar o material estudado e uma rede de difragdo para selecionar a fonte de
excitacdo monocromatica, e observou que a frequéncia da radiac¢do incidente era diferente da
frequéncia da radiag¢do espalhada, e que ela correspondia exatamente a frequéncia vibracional
dos 4tomos do material'>. Assim, o que é medido na espectroscopia Raman ¢ essa diferenca
de frequéncia que corresponde a diferenga de energia entre dois estados vibracionais.

O grande interesse pela espectroscopia Raman como técnica de caracterizacdo de
materiais ocorreu principalmente a partir da década de 1960 com o advento do laser, pois
inicialmente os espectros Raman eram obtidos utilizando-se fontes ndo coerentes de luz, como
a radiacdo solar®. Foi a partir dai que a técnica Raman foi empregada como uma ferramenta
analitica e comecou a ser largamente utilizada na identifica¢do e caracterizagdo de materiais.
O seu potencial ¢ descrito no estudo da estrutura vibracional ou molecular de semicondutores
e tecidos biologicos, em aplicagdes médicas, na detec¢do de diferencgas espectrais de tecidos
benignos e malignos, no estudo das propriedades estruturais de nanotubos de carbono, entre

0utros94; 95; 96; 97.
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3.2 Espalhamento Raman

Quando uma onda eletromagnética interage com um determinado meio material, as
orbitas eletronicas das moléculas que o constituem sdo perturbadas periodicamente com a
mesma frequéncia do campo elétrico da radiacdo incidente. Esta perturba¢do da nuvem
eletronica leva a separagdo das cargas dentro das moléculas, resultando em um momento de
dipolo induzido. O produto da interagdo entre o momento de dipolo induzido e a radiagdo
eletromagnética tem como resultado o espalhamento da luz incidente. O processo de
espalhamento da luz tem importancia fundamental na fundamentacio tedrica da técnica de
espectroscopia Raman.

Durante o processo de espalhamento, a maioria da luz espalhada tem a mesma
frequéncia da luz incidente; nesse caso, temos o processo conhecido como espalhamento
elastico da luz ou espalhamento Rayleigh. No entanto, uma parcela muito pequena da luz (1
em 107 fétons) é espalhada com frequéncias diferentes, processo este conhecido como
espalhamento inelastico da luz. O espalhamento Raman ¢ um exemplo de espalhamento

inelastico, e pode ser descrito classicamente através da dependéncia do momento de dipolo

elétrico P induzido na molécula pelo campo elétrico E da radiacdo incidente devido a um

modo de vibragdo Q. Assim, o momento de dipolo induzido pode ser representado por:

ol
I
Q
b

3.1)

onde a ¢ a polarizabilidade eletronica da molécula. Podemos considerar a polarizabilidade
como uma medida da facilidade de deformag¢do da nuvem eletronica da molécula na presenga
de um campo elétrico’®. Em geral, @ depende da coordenada generalizada Q de um
determinado modo normal de vibragdo, e pode ser descrita por um desenvolvimento em série

de Taylor em termos dessa coordenada:

Ja

a=a0+(%

)0 Q+-- (3.2)

onde a derivada com relagdo a Q ¢ tomada na posicdo de equilibrio dos dtomos. Como as
oscilagdes provocadas pelo campo eletromagnético nos atomos sdo pequenas, os termos de

ordem mais alta na equacdo (3.2) podem ser desprezados. Sendo w a frequéncia do modo
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vibracional harménico dos atomos e w, a frequéncia da luz incidente, E ¢ Q podem ser

descritos da seguinte forma:
Q = Qycoswt E= EO cos wyt (3.3)

onde Q, ¢ o deslocamento méximo dos atomos ao redor de suas posicdes de equilibrio, e EO ¢
a amplitude do campo elétrico. Sendo assim, na presenga da radiacdo eletromagnética, a
polarizabilidade terda o seu valor modulado pela frequéncia da radiagdo, bem como pelas
frequéncias das vibragdes moleculares. Entdo, substituindo as equagdes (3.2) e (3.3) na

equagdo (3.1), obtém-se:

R o oa -
P = ayE, cos wot + (@> QuE, cos wyt cos wt (3.4)
0

Usando a relagdo 2cosacosb = cos(a + b) + cos(a —b), a equagdo (3.4) pode ser

reescrita como:
N . 1/0a -
P = ayE, cos wot + §<%> QoEy[cos(wy — w)t + cos(w, + w)t] (3.5)
0

Assim, a partir da interagdo da radiagdo incidente com o momento de dipolo induzido,
aparecem trés frequéncias diferentes como resultado do espalhamento da radia¢do: o primeiro
termo da equacdo (3.5) contém apenas a frequéncia da radiacdo incidente w,, € estd
relacionado ao espalhamento Rayleigh; o segundo termo da equacdo representa a radiagdo
espalhada com frequéncia (w, — w), € esta relacionado ao espalhamento Raman Stokes; ja o
terceiro termo da equagdo, que representa a radia¢do espalhada com frequéncia (wq + w),
estéd relacionado ao espalhamento Raman anti-Stokes. Através da equagdo (3.5), nota-se que a

condi¢do necessdria para que aconteca o espalhamento Raman ¢ que:

(g—g)o +0 (3.6)
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ou seja, deve haver uma variacdo da polarizabilidade como resultado dos deslocamentos
vibracionais dos atomos correspondentes a um modo vibracional particular ao redor de suas

posi¢des de equilibrio.

3.3 Modos vibracionais ativos no espectro Raman

Para que um modo de vibragdo molecular seja Raman ativo, € necessario que durante a
interacdo da radiagdo incidente com a molécula ocorra uma mudanga no momento de dipolo
induzido pelo campo elétrico incidente, resultando em uma variagdo da polarizabilidade da
molécula. Assim, levando em conta as vibragdes moleculares, os movimentos nucleares irdo
induzir flutuagdes na polarizabilidade com frequéncias que correspondem aos varios modos
normais de vibracdo. Comparando-se os espectros de moléculas diferentes, porém com a
mesma simetria, observa-se que os modos mais intensos serdo aqueles pertencentes a
moléculas que possuem valores elevados da polarizabilidade eletronica molecular.

De uma forma geral, dois tipos de vibragdes estdo associados as ligagdes moleculares:

= estiramento “stretching” ou deformagdo axial, uma periddica extensdo e contracio da
ligagdo que pode ser simétrica ou assimétrica®®;
= flex@0 “bending” ou deformagdo angular que pode ser simétrica no plano (tesoura,
“scissoring” ou dobramento angular), simétrica fora do plano (sacudida, “wagging”),
assimétrica no plano (balanco, “rocking”) e assimétrica fora do plano (torcao,
“twisting”)”°.

Os espectros Raman fornecem informacdes em nivel molecular da composi¢do
bioquimica da amostra em andlise, € por isso, sdo considerados como a “impressdo digital”
das moléculas®® 1% Essas informagdes sdo provenientes das alteragdes vibracionais que
ocorrem durante o processo de espalhamento Raman e sdo localizadas nas ligagdes quimicas
das amostras. Como cada amostra possui seu proprio conjunto vibracional molecular, o
espectro Raman consiste de uma série de bandas, que correspondem exatamente aos modos
vibracionais caracteristicos das moléculas presentes na amostra'®’.

As posicdes das bandas no espectro, comumente chamadas de deslocamento Raman,
representam a mudanca de frequéncia da luz espalhada em relagdo a frequéncia da luz

incidente, e sdo geralmente medidas em numeros de onda (cm™), enquanto que as

intensidades das bandas sdo medidas em unidades de contagem arbitraria. A Figura 3.1 ilustra



44

o espectro vibracional Raman de uma célula de cancer de mama (linhagem MCF-7). As
marcacdes identificam os principais biocomponentes e grupos funcionais encontrados no

espectro de uma célula.

Figura 3.1: Espectro Raman néo processado de células vivas de cdncer de mama (linhagem MCF-7).
A maioria das bandas Raman informativas ocorre no intervalo de 600-1800 cm’'.
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As bandas encontradas nos espectros Raman sdo proporcionais as concentragdes das
moléculas na amostra, e a avaliacdo dessas bandas fornece uma andlise quantitativa e
qualitativa da composicdo molecular da amostra. A intensidade do espalhamento Raman ¢
proporcional ao nimero de moléculas que produzem esse espalhamento. Como resultado, essa
intensidade pode ser utilizada para medir quanto de um material esta presente na amostra
(analise quantitativa). Além disso, a forma do espectro Raman pode ser utilizada para
determinar que tipos de vibragdes moleculares existem na amostra (andlise qualitativa).
Assim, através do espectro ¢ possivel obter os tipos moleculares mais significativos na
amostra analisada.

A quantidade e a qualidade das informagdes que podem ser extraidas de um espectro

dependem de alguns fatores, tais como, as caracteristicas da fonte de radiagdo utilizada para
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excitar as amostras, a forma de coleta do sinal proveniente da amostra apds a interagdo, a
resolucdo temporal ou espectral do espectrometro utilizado, além das propriedades fisicas e

coeficientes de espalhamento da amostra em analise'®.

3.4 Instrumentacio Raman

Os espectros Raman s3o obtidos irradiando-se uma amostra com uma fonte laser
potente de radia¢do no visivel ou no infravermelho proéximo. Essa fonte ¢ usada para excitar a
amostra e o sinal proveniente dessa excitacdo (sinal retroespalhado) ¢ coletado por uma lente
objetiva e direcionado a um espectrometro por meio de um sistema 6ptico convencional de
lentes e espelhos, como ilustra a Figura 3.2. A luz espalhada coletada ¢ filtrada para remover
o sinal Rayleigh e transmitir apenas o sinal Raman. Os filtros retém apenas o comprimento de
onda do /aser, permitindo as medidas de Raman Stokes e Raman anti-Stokes. Um sistema
interno de grades de difracdo dispersa o sinal Raman, que ¢ direcionado e captado por um
detector que converte a intensidade da luz em sinais elétricos. Um sistema de interface, com
um computador usado para aquisicdo e armazenamento dos dados, registra esses sinais

elétricos sob a forma de espectros.

Figura 3.2: Esquema ilustrativo de um sistema tipico de espectroscopia Raman, identificando seus
principais componentes opticos.
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3.5 Espectroscopia Raman no estudo de células

A espectroscopia Raman ¢ uma técnica que permite a aquisicdo de informagdes
bioquimicas e estruturais de forma rapida, ndo invasiva, livre de marcagdes e com alta
resolucdo espacial, se destacando como uma ferramenta importante no estudo de amostras
biologicas. Através dela, € possivel detectar marcadores bioquimicos nativos de sistemas
bioldgicos complexos, como biofluidos, células e tecidos!? 19, Por meio das analises Raman
¢ possivel quantificar alteracdes bioquimicas no nivel celular através da deteccdo de variacdes
relacionadas aos componentes biomoleculares das células. Essas alteracdes, que podem ser a
causa ou o efeito de doengas, podem levar a mudangas significativas nos espectros Raman,
caracterizadas pelo aumento ou diminui¢do de picos especificos. Além disso, as células sdo
individuos independentes que em idénticas condigdes de cultura ndo produzem e acumulam
biomoléculas da mesma forma. Sendo assim, essas variagdes também serdo observadas nos
espectros Raman, e sdo naturais de qualquer sistema biologico.

O espectro Raman de uma célula ¢ formado por um grande nimero de moléculas
bioldgicas. A contribuicdo relativa de cada molécula depende da sua abundancia relativa e da
sensibilidade do sistema de deteccdo. Isso explica a natureza quantitativa da informacdo que a
espectroscopia Raman pode fornecer para caracterizar diferentes tipos de tecidos, ou

L 106 A regido de “impressdo digital” de

diferenciar células malignas de células benignas'”
amostras bioldgicas (entre 500 e 2000 cm™) é a regidio do espectro Raman que se correlaciona
com as vibragdes moleculares dos principais componentes celulares: acidos nucleicos,
carboidratos, proteinas e lipidios, conforme ilustra a Figura 3.3.

Muitas vezes, a identificagdo e quantificacdo de componentes em amostras biologicas
¢ dificultada devido a natureza complexa das amostras, pois os espectros celulares consistem
em um grande nimero de biomoléculas e, na maioria das vezes, isso torna a andlise muito
complexa. Além disso, as diferencas de uma amostra para outra em diferentes condigdes
patologicas sdo muito pequenas e dificeis de observar nos espectros brutos. Por isso, €
fundamental que os dados sejam pré-processados e analisados através de métodos estatisticos
para se obter as informagdes espectrais mais significativas. Essas ferramentas auxiliam na

analise dos dados, especialmente nos casos em que grandes quantidades de dados sdo geradas,

como na espectroscopia Raman.
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Figura 3.3: (a) Esquema de uma célula de levedura e (b) diferentes componentes da célula
identificados por espectroscopia Raman sob excitacdo /aser de 514,5 nm.
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3.5.1 Pré-processamento de espectros celulares

Um fator muito importante nas aplicacdes da espectroscopia Raman em amostras
biologicas é a correta escolha do comprimento de onda de excitacdo. A maioria das
biomoléculas possui transi¢des dos niveis eletronicos em comprimentos de onda na regidao do
ultravioleta e visivel. O uso de /asers nesses comprimentos de onda produz um forte sinal de
fluorescéncia dessas biomoléculas que acaba predominando sobre o sinal Raman, dificultando
a andlise espectral'®. Como essas moléculas nio apresentam transicdes eletronicas para
excitacdo no infravermelho préximo, a fluorescéncia é praticamente inexistente nessa regio,
sendo a opcdo por lasers com comprimento de onda entre 700 e 900 nm preferivel. No
entanto, o problema da fluorescéncia usando-se lasers visiveis para a excitagdo Raman pode
ser resolvido através do uso de algoritmos que realizam a subtracdo do background de
fluorescéncia contido nos espectros Raman de amostras biologicas. Ao fazer isso, os espectros
de fundo sdo suprimidos e as informacdes tuteis sobre a composi¢cdo bioquimica da amostra

sdo aprimoradas, como mostra a Figura 3.4.
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Figura 3.4: Exemplo de ajuste polinomial de um espectro celular (linhagem A549). A correcdo da
linha de base, a normalizagfo e a subtra¢do do background de fluorescéncia foram realizadas nesse
ajuste.
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3.5.2 Analise estatistica multivariada

A interpretag¢do dos resultados de um conjunto de dados espectrais envolve a anélise
de uma infinidade de varidveis. As andlises estatisticas multivariadas destacam-se como

ferramentas importantes para o tratamento de dados multidimensionais!'®% !!°

, COMOo 0s que
formam os espectros Raman. Através dessas analises, € possivel identificar similaridades ou
diferencas entre grupos de amostras, evidenciando caracteristicas importantes dos dados para
futura classificagao.

As analises existentes podem ser de diversas naturezas, cada uma com sua

fundamentagdo teodrica e sua aplicabilidade. Desse modo, a escolha do método ¢ justificada
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basicamente pelo que se pretende investigar através do conjunto de dados; no entanto, uma
analise conjunta de duas ou mais técnicas pode revelar melhores respostas para a analise!!!.
Os métodos atualmente mais conhecidos e difundidos sdo a anélise de componentes principais

e a andlise de agrupamento hierarquico.

Analise de componentes principais (PCA)

A Andlise de Componentes Principais ou PCA (do inglés Principal Components
Analysis) ¢ um método estatistico geralmente utilizado para reduzir o nimero de variaveis
necessarias para representar a varidncia em um conjunto de dados espectrais'®’. Essa redugio
¢ obtida através da representacdo do conjunto de dados em um novo sistema de eixos,
denominados componentes principais (PCs), que sdo combinagdes lineares das variaveis
originais. As componentes principais devem representar a maior parte da informagéo presente
nas varidveis originais, de forma a explicar o maximo possivel da varidncia total dos dados
com o menor nimero possivel de componentes. Elas sdo obtidas em ordem decrescente de
maxima variancia, ou seja, a primeira componente principal (PC1) ¢ tracada no sentido da
maior variacdo do conjunto de dados; a segunda componente principal (PC2) ¢ tracada
ortogonalmente a primeira, com o intuito de descrever a maior porcentagem da variagdo ndo
explicada pela PC1 e assim por diante!!2.

Do ponto de vista matematico, a analise PCA pode ser descrita como a decomposi¢do
da matriz de dados originais, representada por X, contendo n linhas (amostras) e m colunas
(variaveis), em duas matrizes: uma matriz de escores (scores), representada por T, e uma
matriz ortogonal de pesos (loadings) representada por PT, onde X =T -PT. Os escores
representam as proje¢oes das amostras na direcdo dos componentes principais, enquanto que
0s pesos sdo os cossenos dos dngulos formados entre as varidveis originais e os PCs, e
representam o quanto cada varidvel original contribui para um determinado PC. Uma matriz
contendo o que ndo foi modelado pelo PCA, denominada matriz de residuos, ¢ representada
por E, conforme ilustra a Figura 3.5.

A interpretacdo dos dados gerados no PCA ¢ facilitada por meio da analise grafica.
Geralmente, a grande fragdo da variancia total dos dados ¢ descrita nos primeiros
componentes principais, sendo possivel visualizar os dados pelo grafico dos escores de um

componente contra o outro, onde os valores dos escores representam o poder de explicagdo da
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variancia de cada componente principal. Ja a analise dos pesos de um PC pode fornecer

informacdes sobre a origem da variabilidade dentro do conjunto de dados, proveniente de

variagdes nos componentes moleculares que contribuem para os espectros. Esses graficos sdo

mostrados na Figura 3.6.

Figura 3.5: Decomposi¢do da matriz de dados originais X em T (matriz de escores), PT (matriz de
pesos) e E (matriz de residuos).

Fonte: Autora, 2019

Figura 3.6: (a) Representacdo dos graficos de (a) escores de PC1 x PC2 e (b) pesos para o PC1 e o

PC2.
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No grafico de escores (Figura 3.6(a)), o eixo das abscissas representa a primeira

componente principal (PC1) enquanto que o eixo das ordenadas representa a segunda

componente principal (PC2). Para a interpretagdo do grafico, observa-se a distribuicdo das

amostras em relacdo a proximidade entre elas e a distribuicdo ao longo dos eixos PC1 e PC2,
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ou seja, o quadrante em que as amostras se encontram ndo ¢ considerado na andlise, e sim a
distribui¢do das amostras no grafico como um todo. Desse modo, as amostras mais proximas
entre si sdo consideradas como amostras mais semelhantes, devido aos seus perfis mais inter-
relacionados. A avaliacdo do grafico de pesos, (Figura 3.6(b)), permite entender quais
variaveis mais contribuem para o agrupamento observado no grafico dos escores. Seus picos
positivos e negativos correspondem, respectivamente, a contribuicdes aumentadas ou

diminuidas de componentes moleculares especificos dos espectros Raman.

Analise de agrupamento hierarquico (HCA)

A Analise de Agrupamento Hierdrquico ou HCA (do inglés Hierarchical Cluster
Analysis) é uma técnica de andlise multivariada que agrupa os dados de um conjunto de
acordo com as suas semelhancas. Nesse método, as varidveis sdo agrupadas em clusters, de
modo que as variaveis pertencentes a um mesmo cluster sdo similares entre si com relagdo a
um conjunto de caracteristicas escolhidas, e as variaveis agrupadas em clusters diferentes
devem ser heterogéneas (ou dissimilares) em rela¢io a essas mesmas caracteristicas'!'>.

Os critérios de classificagdo dos algoritmos usados no HCA baseiam-se em medidas
de proximidade entre as amostras a serem agrupadas, normalmente expressas como uma
fun¢do da distancia entre os dados. Dentre essas medidas, a distancia euclidiana ¢ a mais
comumente utilizada para medir a similaridade ou dissimilaridade entre duas amostras''2. O

indice de similaridade, S;;, entre duas amostras i € j, € dado pela seguinte equagdo:

(3.7)

onde d;; € a distancia euclidiana entre as amostras € dp,q, € a maior distdncia encontrada
entre todas as amostras do conjunto. A distancia euclidiana ¢ definida pela raiz quadrada do
somatorio dos quadrados das diferengas entre os valores das coordenadas das amostras i e j

para todas as variaveis k, onde k =1, 2, ..., p,

d;j = Jzzzl(xik - xjk)z (3.8)
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onde x;;, representa o valor da medida da amostra i para a variavel k, xj; representa o valor da

medida da amostra j para a varidvel k, e p representa todos os pontos de dados registrados
dentro da regido espectral usada para o agrupamento.

O grafico gerado por essa analise de agrupamento denomina-se dendrograma, e pode
ser visualizado na Figura 3.7. O dendrograma ¢ um tipo especifico de diagrama que relaciona
o nivel de similaridade (eixo das ordenadas) e as amostras na ordem de agrupamento (eixo das
abscissas). Os agrupamentos levam a estruturas que se assemelham a ramos de uma arvore,
onde as amostras sdo agrupadas aos pares. Portanto, os dendrogramas representam a
similaridade entre pares de amostras ou grupos de amostras, numa escala que vai de um
(identidade) a zero (nenhuma similaridade). Um indice alto indica uma distdncia pequena

entre dois agrupamentos e, portanto, uma alta similaridade.

Figura 3.7: Dendrograma resultante da analise de agrupamento utilizando a medida de distancia
euclidiana.
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4. Resposta anti-inflamatoria induzida por
farmacos em células AS549 detectada por

espectroscopia Raman

Neste capitulo serdo apresentados os resultados experimentais das medidas utilizando a
técnica Raman para avaliacdo da resposta anti-inflamatéria induzida por farmacos em células
epiteliais (linhagem A549), através de uma andlise comparativa das a¢des da dexametasona e
do 4cido p-cumérico. Esses resultados enfatizam o potencial da técnica em estudos para o

tratamento de doencas inflamatdrias pulmonares.

4.1 Introducio

A dexametasona, um glicocorticoide, ¢ o farmaco padrio para estudos que investigam
processos inflamatérios de diversas naturezas!'* 1>, Os glicocorticoides sdo frequentemente a
terapia de primeira escolha usada como tratamento efetivo no controle de doenga inflamatoria
cronica, incluindo asma e a doenga pulmonar obstrutiva cronica (ou COPD, do inglés chronic
obstructive pulmonary disease). Embora a corticoterapia seja muito eficaz na supressdo da
inflamacdo das vias aéreas, seu uso em longo prazo estd associado ao risco real de efeitos
adversos, como diabetes, obesidade, osteoporose, entre outros!''®. Além disso, a exposi¢do
ativa ou passiva a fumaga do cigarro ¢ o fator de risco mais importante para o
desenvolvimento da COPD'!7. Assim, tendo em vista as consequéncias negativas do
tratamento em longo prazo com os glicocorticoides, se faz necessario identificar terapias
alternativas que permitam reduzir a dose ou mesmo substituir o seu uso nesta condi¢do
patologica. Nesse contexto, os compostos fendlicos tem se destacado por exibirem
propriedades antioxidantes e anti-inflamatdrias e por possuirem efeitos promissores contra o

118; 119

cancer , sendo uma possivel alternativa terap€utica em substituicdo aos glicocorticoides.

O é4cido p-cumdrico, que ¢ um 4acido fenolico natural, tem demonstrado varias dessas

120; 121

propriedades , € tem sido considerado um forte candidato terapéutico para o tratamento

de doencas inflamatdrias pulmonares'??.
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Nesse cenario, a técnica Raman foi utilizada para avaliagdo da resposta anti-
inflamatoéria induzida por farmacos em células epiteliais de pulmao humano (linhagem A549),
ativadas por extrato de fumaca de cigarro. Para isso, foi realizada uma anélise comparativa
entre a acdo in vitro da dexametasona e do acido p-cumarico. Os resultados obtidos
evidenciam o potencial da técnica para estudos do tratamento de doengas inflamatdrias

pulmonares.

4.2 Materiais e métodos

4.2.1 Cultura celular

A linhagem celular A549 de adenocarcinoma de pulmdo humano foi cultivada em
meio RPMI-1640 contendo 10% de FBS, com 1% de L-glutamina, 1% de penicilina e 0,01%
de estreptomicina, e mantida em atmosfera umidificada com 5% de CO2 a 37°C. As culturas
foram monitoradas diariamente para avaliar a quantidade de confluéncia e a auséncia de
contaminantes. Ao atingirem a confluéncia (pelo menos 90%), as células (2x10°) foram
descoladas utilizando uma solugdo de tripsina-EDTA a 0,25% e semeadas em placa de 24
pogos. Apos a incubagdo durante a noite, 0 meio RPMI-1640 foi substituido por meio isento

de soro e as células foram expostas aos diferentes tratamentos e/ou estimulo.

4.2.2 Condicoes de cultura para estimulo e tratamentos

Para induzir uma situacdo experimental de ativacdo de células epiteliais das vias
adreas, simulando os efeitos da fumaca, foi preparado um extrato de fumaca de cigarro (EFC)

utilizando o protocolo descrito por Victoni e colaboradores'??

, com ligeira modificagdo.
Resumidamente, dois cigarros comerciais com os filtros removidos (Marlboro, Philip Morris,
Inc., Richmond, VA, EUA) foram borbulhados através de 20 mL de meio RPMI-1640 ¢ a
solucdo resultante foi entdo filtrada através de um filtro de poro de 0,22 um. Em seguida, foi
adicionado LPS (0,1 mg/mL) resultando em uma solugdo 100% EFC.

As células A549 aderidas a placas de 24 pogos (2x10° células/pogo) foram mantidas

em meio RPMI-1640 isento de soro e tratadas com dexametasona (0,25; 2,5 e 25 uM), ou
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acido p-cumarico (10; 20 e 100 uM) durante 1 hora, e depois estimuladas com extrato de
fumaca de cigarro (2,5; 5; 25 e 50%) durante 24 horas. As células cultivadas em meio RPMI-
1640 foram utilizadas como controle. Os critérios de selecdo das doses foram baseados nos
resultados de um experimento piloto. Todos os experimentos foram realizados quando a

confluéncia da cultura celular atingiu 90% em um sistema de cultura de células assincronas'?*.

4.2.3 Quantificacdo de IL-8 e analise estatistica

Como descrito na se¢do anterior, as células A549 foram plaqueadas e depois expostas
a diferentes concentracdes de dexametasona, 4cido p-cumarico ou solu¢do de EFC por 24
horas. Em seguida, os sobrenadantes das culturas foram coletados e centrifugados a 14.000g
durante 10 minutos para remover os restos celulares. Para avaliar o grau da inflamag¢do nas
células, os niveis de interleucina (IL)-8 foram medidos usando kits ELISA (BD eBiosciences)
de acordo com o protocolo do fabricante. A interleucina (IL)-8 ¢ uma citocina que esta
associada ao aumento do processo inflamatério (biomarcador inflamatorio).

Os dados estatisticos dos efeitos da dexametasona e do acido p-cumarico na secrecdo
de IL-8 foram expressos como a média + erro padrdo e analisados quanto a diferengas
significativas usando andlise de variancia seguida pelo teste de comparagdo post-hoc do tipo
Tukey. As determinacdes de ECso foram realizadas usando o software Prisma (versdo 7.0) da
Graphpad Software Inc. (San Diego, CA, EUA). Esta andlise fornece uma comparacio

quantitativa inicial dos efeitos dos fArmacos.

4.2.4 Aquisicdo dos espectros Raman

Os espectros Raman foram obtidos usando um espectrometro XploRA (Horiba)
acoplado a um microscopio Olympus, e equipado com um /aser de 532 nm que foi focalizado
na regido nuclear das células através de uma objetiva de imersdo em 6leo de 60x (NA = 1,40).
A mesma lente objetiva foi usada para coletar a luz espalhada Raman apo6s a intera¢do com a
amostra, em uma geometria de retroespalhamento. A calibracdo da frequéncia foi definida
tendo como referéncia a banda vibracional de 520 cm™ de uma amostra padrio de silicio. Nas

mesmas condi¢des, foram medidos os espectros de 30 células para cada grupo na faixa
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espectral de 700-1800 cm™. A fim de minimizar o aquecimento das amostras induzido pelo
laser, foi utilizada uma irradiacdo de baixa poténcia na superficie das células, em torno de 5
mW, e as aquisicdes foram feitas utilizando 60 acumulagdes em 1 segundo, totalizando 60
segundos de exposicdo por amostra. A grade de difracdo utilizada no espectrometro possuia
1200 linhas/mm, o que resultou em uma resoluco espectral de 1,5 cm™!. Para as medicdes, as
laminulas com as células foram lavadas com PBS e colocadas em uma placa de Petri de vidro

contendo essa solu¢do. Todos os experimentos foram realizados com células vivas.

4.2.5 Pré-processamento de dados e analise espectral

Apos a obtencdo dos espectros, foi realizada a subtragdo da fluorescéncia dos
espectros utilizando o método “adaptive minmax”'?°. Este método escolhe automaticamente
uma ordem polinomial para corrigir os espectros de fundo (background), evitando assim a
intervengdo do usudrio e permitindo um melhor ajuste da linha de base. Cada espectro foi
normalizado com sua intensidade maxima e a regido espectral escolhida para andlise
corresponde aos modos de impressdo digital vibracional de amostras bioldgicas (700-1800
cm!). Em seguida, os espectros Raman processados foram submetidos a andlise de
componentes principais (PCA) e a andlise de agrupamento hierarquico (HCA). Os graficos de
escores do PCA foram construidos com a primeira e a segunda componentes principais, visto
que essas componentes sdo as que mais explicam a porcentagem da variancia total dos dados.
Para identificar as caracteristicas Raman significativas usadas na diferenciacdo dos grupos
celulares, foram construidos os graficos de pesos para o PC1. Posteriormente, o HCA foi
aplicado aos resultados do PCA para separar os dados em grupos estatisticamente
semelhantes, por meio de um algoritmo de discriminacdo baseado na distdncia Euclidiana.

Esses métodos foram realizados utilizando algoritmos desenvolvidos no Matlab® (Mathworks

Inc., EUA).
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4.3 Resultados e Discussoes

4.3.1 Dexametasona e acido p-cumarico inibem a ativacio de células A549

induzida por EFC

A Figura 4.1(a) mostra que baixos niveis da proteina IL-8 (< 30 pg mL™) foram
detectados no meio condicionado de células cultivadas em meio de cultura RPMI-1640
(controle). As células estimuladas com EFC a 2,5% e 5% por 24 horas mostraram no
sobrenadante, niveis mais elevados de IL-8 representando 2,8 e 6,2 vezes os valores do
controle, respectivamente. Com este resultado, o efeito do pré-tratamento com dexametasona
ou acido p-cumarico foi avaliado nas células A549 estimuladas com EFC a 5%. Essa
concentracdo de EFC ndo afeta a viabilidade celular e, portanto, os efeitos dose-dependente
dos farmacos na secre¢ao de IL-8 pelas células A549 apos 24 horas podem ser determinados
em relagdo ao grupo controle.

As Figuras 4.1(b) ¢ 4.1(c) mostram que a estimulagdo com EFC resultou em um
aumento substancial na produ¢do de IL-8 em comparagdo com as células ndo estimuladas
(meio). Em células tratadas com dexametasona a 2,5 e 25 puM, a producdo de IL-8 foi
reduzida em 48% e 69%, respectivamente (Figura 4.1(b)). Em células tratadas com acido p-
cumadrico a 10, 20 e 100 uM, a produgdo de IL-8 foi significativamente reduzida em 24%,
55% e 74%, respectivamente (Figura 4.1(c)). Com base nesses resultados, foram utilizadas as
concentracdes de 2,5 uM de dexametasona ¢ de 20 uM de &cido p-cumarico nos estudos
espectroscopicos em células A549 estimuladas com EFC.

Com o objetivo de fornecer uma comparacdo quantitativa inicial dos efeitos dos
farmacos, foram calculados os valores de ECso. O ECso indica a concentragdo do farmaco que
induz metade do efeito méximo, e normalmente ¢ usado como uma medida da poténcia de um
farmaco. Como demonstrado na Figura 4.1(d), a dexametasona (ECso de 1,7 = 0,5 uM) inibe a
secre¢do de IL-8 induzida por EFC com um ECso aproximadamente 10 vezes menor do que o
acido p-cumadrico (ECso de 15,2 + 1,3 uM). Esses resultados indicam que a dexametasona ¢
um farmaco mais potente, no entanto, tanto o 4cido p-cumarico quanto a dexametasona foram

eficazes na reducao de IL-8 nas células A549.
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Figura 4.1: Secrecdo de IL-8 em células A549 estimuladas por extrato de fumaca de cigarro (EFC).
(a) Células expostas ao EFC (2,5% e 5%). (b) Células pré-tratadas com dexametasona e depois
expostas ao EFC (5%). (c) Células pré-tratadas com acido p-cumarico e depois expostas ao EFC (5%).
(d) ECso para a dexametasona ¢ o acido p-cumarico na secre¢do de IL-8 induzida por EFC. As barras
representam a média + desvio padrdo de trés experimentos. *p < 0,05, ***p < 0,001 em comparagio
com os controles sem tratamento.

—
Q
~—
—
(=2
~—

2507 3007 ~ [ IMmeio
e+ 250 elErc (5%)
-5 2001 1 -
E E 200 - >
6o 150
2 | R P
R 240 N I
" == el A 7
AL . . LA MA &t 4
controle 2,5 5 0 0.25 2.5 25
EFC (%) Dexametasona (uLM)
100- =-o— Dexametasona (ECso = 1,7 £ 0,5)
(c) 3001 [_IMeio (d) —e— Acido p-cumarico (ECso = 15,2 * 1,3)
150 Z . FZAerc (5%)
= 2001 % v, R
£ % ? ©
E_n 150 g g T g """"""
; 100 % % ? ok §
k7 2 9 9 &
\ih i) e =
AOA A A ™ . .
0 10 20 100 0.1 1 10 100 1000
Acido p-cumarico (uM) Log da concentragdo (LM)

Fonte: Autora, 2018

Embora os resultados dos ensaios bioldgicos sejam bastante importantes, sem davida
seria interessante destacar qualquer diferenga entre os farmacos. Nesse cenario, a
espectroscopia Raman pode oferecer um novo ingrediente para elucidar as mudancas

biologicas induzidas pelos farmacos nas células A549.
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4.3.2 Variabilidade espectral entre células A549 vivas

A andlise dos espectros Raman permitiu a avaliagdo das respostas induzidas pelos
farmacos nas células AS549, através da identificagdo das diferengas espectrais mais
significativas entre os grupos celulares. Os espectros Raman das células foram divididos em
seis grupos: (i) células tratadas apenas com meio RPMI-1640 (controle); (ii) células
estimuladas com EFC (EFC); (iii) células tratadas com dexametasona (dex); (iv) células
tratadas com dexametasona e estimuladas com EFC (dex + EFC); (v) células tratadas com
acido p-cumarico (p-cum); e (vi) células tratadas com acido p-cumadrico e estimuladas com
EFC (p-cum + EFC).

A Figura 4.2 mostra os espectros Raman médios dos seis grupos de células apds o pré-
processamento, com os respectivos desvios padrido sobrepostos (regido sombreada). Os
espectros Raman de células A549 consistem principalmente de picos correspondentes a
vibragdes moleculares de proteinas, lipidios, acidos nucléicos e carboidratos, e as atribuigdes
de bandas Raman utilizadas na interpretacdo das caracteristicas espectrais foram realizadas
com base na literatura publicada'?® 127, As principais mudancas observadas nos espectros das
células A549 estdo nas bandas Raman correspondentes ao estiramento da espinha dorsal de
DNA O-P-O em 828 cm’!, estiramento C—C em 937 cm™ relacionado a proteinas, ligacdes
peptidicas C—N de proteinas em 1128 cm™, vibragdes de deformacio C—H em 1460 cm™ e
vibragdes na banda da amida I centrada em 1659 cm™. Os espectros Raman também
mostraram picos na regido espectral de 1209-1367 cm™. Esta regido ¢ uma parte complexa
dos espectros, pois muitas frequéncias vibracionais correspondentes a proteinas, lipidios e
acidos nucleicos se sobrepdoem.

A banda centrada em 828 c¢cm correspondente a0 DNA O-P-O apresentou uma
diminui¢do consideravel nas células dos grupos dex e dex + EFC, enquanto nas células dos
grupos p-cum ¢ p-cum + EFC praticamente ndo apresentou alteragdo em comparag¢do com as
células controle. J4 o pico em 937 cm’!, relacionado a proteinas, apresentou um aumento
significativo nas células dos grupos dex e dex + EFC, em comparacdo as células controle. As
diferencas na banda da amida I centrada em 1659 c¢cm™' indicam que h4 variagdes na
quantidade de proteinas e lipidios entre as células, uma vez que nesta faixa espectral muitas
frequéncias vibracionais correspondentes a essas macromoléculas se sobrepdem. Também foi
observado nessa regido que os espectros das células dos grupos dex e dex + EFC sofreram um
estreitamento em relagdo ao espectro das células controle, enquanto que as células dos grupos

p-cum e p-cum + EFC apresentaram um perfil espectral semelhante ao das células controle.
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Figura 4.2: Espectro Raman dos seis grupos de células A549 expostas a diferentes tratamentos com
farmacos e/ou estimulo com extrato de fumaca de cigarro (EFC). Os espectros Raman s8o as médias
de 30 células para cada grupo na regido de impressdo digital (700-1800 cm™). As 4reas sombreadas
representam o desvio padrio das médias.
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Apesar das alteragdes observadas, os espectros médios assemelham-se uns aos outros e

ndo ha grandes variacdes de grupo para grupo, embora alguns picos mostrem pequenas

diferencas de intensidade. No entanto, mesmo pequenas diferencas nos espectros Raman

podem ser suficientes para diferenciar grupos distintos de células submetidas a algum tipo de

tratamento. Isso € possivel através do uso conjunto da espectroscopia Raman com métodos

estatisticos multivariados.

4.3.3 Classificacio espectral baseada no PCA e HCA

Neste estudo, o PCA e o HCA foram utilizados para fazer a diferenciacdo entre os

grupos celulares e provar que os tratamentos de fato afetaram a composi¢do bioquimica

celular. Essas andlises permitiram a interpretacdo dos dados espectrais e a classificagdo dos
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diferentes grupos celulares. A andlise PCA foi realizada nos espectros de células pré-
processadas, e os escores para os dois primeiros PCs (PC1 e PC2) foram analisados com um
teste de variancia para duas amostras para determinar diferencas significativas nas médias dos
escores entre os diferentes grupos celulares. Graficos bidimensionais foram construidos com
combinagdes de conjuntos de escores dos dois primeiros PCs, bem como os graficos
correspondentes aos pesos para o PC1.

Conforme ilustrado na Figura 4.3(a), as células do grupo controle (pontos azuis)
podem ser facilmente distinguidas das células do grupo dex (pontos vermelhos) pelos dois
primeiros PCs, indicando diferencas espectrais significativas entre os grupos. O principal
discriminante foi o escore do PCI1, onde o grupo dex apresentou escores negativos € o grupo
controle, escores positivos. Neste caso, os dois primeiros PCs, representando 85% da
variancia, mostraram diferencas significativas entre os dois grupos (p < 0,05) por um teste de
variancia para duas amostras. Uma compara¢do andloga entre o grupo controle e o grupo p-
cum (pontos verdes) ¢ apresentada na Figura 4.3(b). Os dois primeiros PCs usados nesta
comparagdo representaram 65% da varidncia entre os espectros Raman obtidos desses dois
grupos de células. A andlise mostrou uma dispersdo das amostras, com uma pequena por¢ao
dos dois grupos de células sobrepostas, indicando que, embora houvesse diferencas
significativas (p < 0,05) entre os grupos, muitos espectros foram semelhantes. Esses
resultados mostraram que ha uma maior similaridade entre as células tratadas com acido p-
cumarico e as células controle, o que sugere que o tratamento com acido p-cumarico causa
menos alteragdes na estrutura celular em comparagdo com o tratamento com dexametasona.

Os escores dos PCs apresentados na Figura 4.3(c) mostram excelente separag¢do dos
grupos dex e p-cum, evidenciando diferencas espectrais significativas entre eles e sugerindo
diferentes mecanismos de acdo dos farmacos. As trés andlises anteriores sdo corroboradas
com o grafico PCA para os trés grupos celulares, ilustrado na Figura 4.3(d). Nessa andlise, os
dois primeiros PCs explicaram 75% da variancia do conjunto de dados original, com PCl1
descrevendo 54% e PC2 descrevendo 21% da varidncia total. A comparagdo direta entre o
grupo controle e o grupo EFC (pontos magentas) ¢ apresentada na Figura 4.3(e). Nessa
analise, a variancia atribuida aos dois primeiros PCs foi de 77% entre os espectros Raman dos
dois grupos de células. O estimulo com a fumaca levou as células a um perfil de ativagdo
(producao de IL-8), garantindo as diferencas espectrais entre os grupos. Finalmente, todos os
grupos de células estimuladas com fumaga foram comparados simultaneamente com o grupo
controle para determinar a resolucdo obtida usando os dois primeiros PCs, o que representou

76% da variancia total dos dados (Figura 4.3(f)).
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Figura 4.3: Anélise de componentes principais (PCA). Graficos de escores e graficos de pesos para o
PC1 para as células dos grupos: (a) controle e dex; (b) controle e p-cum; (c) dex e p-cum; (d) controle,
dex e p-cum; (e) controle e EFC; e (f) controle, EFC, dex + EFC e p-cum + EFC. Os valores médios
dos escores ¢ os desvios padrdo de cada grupo de amostra, comparados aos do grupo controle, estdo
indicados no lado esquerdo de cada grafico. Os pesos para o PCl mostram as caracteristicas
responsaveis pela diferenciagdo (acidos nucleicos, proteinas e lipidios).
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Os pesos para os PCs sdo representativos das diferencas bioquimicas entre os grupos
de células, e contribuem para a diferenciacdo dos espectros no grafico dos escores dos PCs.
Os pesos sdo compostos por diferentes picos, tanto positivos como negativos, que
correspondem a contribuicdes aumentadas ou diminuidas de componentes moleculares
especificos dos espectros Raman. Na Figura 4.3(a), os pesos para o PC1 indicaram correlagio
positiva das bandas Raman em 828, 1027, 1168, 1364, 1460, 1533, 1659 e 1699 cm™, e
correlagdo negativa das bandas em 937 e 1263 cm™ para células do grupo dex quando
comparadas as células do grupo controle. Para as células dos grupos controle e p-cum, os
pesos para o PC1 indicaram correlacdo positiva das bandas em 828, 937, 1168, 1364, 1460,
1533, 1659 e 1699 cm™!, enquanto que apresentou correlagio negativa das bandas em 1263 e
1314 cm! (Figura 4.3(b)). Em comparacdo com as células do grupo p-cum, bandas negativas
em 828, 1027, 1168, 1460 e 1533 cm’!, e bandas positivas em 937, 1364 e 1659 cm™! foram
identificados nos espectros das células do grupo dex com base nos pesos para o PC1 (Figura
4.3(c)). Essas bandas estdo de acordo com os espectros Raman medidos (Figura 4.2), e
possuem os maiores pesos para a diferencia¢do entre os tratamentos com dexametasona e
acido p-cumdrico, evidenciando novamente o fato de que os farmacos possuem diferentes
mecanismos de a¢do. As mesmas andlises foram realizadas para os grupos expostos ao EFC.

O HCA também foi utilizado para discrimina¢do dos seis grupos de células. Os
resultados sdo apresentados na forma de dendrogramas, que agrupam as amostras em clusters
de acordo com suas similaridades. Observando os resultados dos graficos PC1 x PC2 obtidos
anteriormente, foi possivel verificar que alguns grupos de células se encontravam sobrepostos.
Essa informagdo estd estritamente relacionada aos agrupamentos formados pelo HCA, uma
vez que quanto menor for essa sobreposi¢ao, melhor sera o agrupamento, ou seja, as amostras
que de fato apresentam similaridade serdo reunidas em um mesmo cluster. Conforme
ilustrado na Figura 4.4(a), o HCA resultou em dois clusters principais: o primeiro refere-se ao
grupo dex e o segundo ao grupo controle. Os clusters mostraram uma clara disting@o entre os
dois grupos.

A Figura 4.4(b) mostra o dendrograma para os grupos controle e p-cum. Embora os
grupos estejam separados em dois clusters principais distintos, ha algumas ramificacoes
correspondentes as células controle que estdo dentro do aglomerado formado pelas células
tratadas com acido p-cumarico, indicando que essas amostras tém caracteristicas semelhantes,
como sugerido pelo PCA. O dendrograma para os grupos dex e p-cum (Figura 4.4(c)) mostrou
uma clara distingdo entre os dois clusters. Na Figura 4.4(d), a andlise revelou a separagdo das

amostras em trés clusters principais: o primeiro refere-se ao grupo dex, o segundo ao grupo
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controle e o terceiro ao grupo p-cum. Esta analise corroborou os resultados obtidos nas
Figuras 4.4(a) e 4.4(b). Os grupos de células estimuladas com fumaca também foram
analisados pelo HCA. A Figura 4.4(e) mostra o dendrograma obtido para o grupo de células
controle e o grupo EFC. Na Figura 4.4(f), todos os grupos de células estimuladas com fumaga

sdo mostrados juntos com o grupo controle.

Figura 4.4: Analise de agrupamento hierarquico (HCA). Dendrogramas para as células dos grupos:
(a) controle e dex; (b) controle e p-cum; (c) dex e p-cum; (d) controle, dex e p-cum; (e) controle e
EFC; e (f) controle, EFC, dex + EFC e p-cum + EFC.

—— controle —— dex — p-cum
— EFC dex + EFC —— p-cum + EFC
(a) (b) (c)
1.0 1.0 1.0
© © o
E 0.8 g 0.8 g 0.8
S os g 06 | [ S oe [ |
w w [ w
© s L] r =] A
2 o4 2 04 ‘\‘ | ‘ £ 04 il \‘
«w «S | [ l @ [ ‘ | |
® ® | ‘ v ‘ N
5 = ‘ N il & A
L L
A - .
(d) (e) (f)
1.0 1.0 1.0|
E;-.’ Eo.s u%J
= = g
(2] Q
= 0. .= 04 <§
3 3 3
il M °

Fonte: Autora, 2018

4.4 Conclusoes

Neste estudo, foi possivel caracterizar substancias utilizadas no tratamento de
processos inflamatorios através da espectroscopia Raman. Para isso, foi realizada uma analise
comparativa das acdes in vitro da dexametasona e do acido p-cumadrico em células A549. Os

ensaios biologicos revelaram que o pré-tratamento com dexametasona ou 4cido p-cumadrico
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reduziu a producdo de IL-8 nas células epiteliais, mostrando que ambos os farmacos foram
eficazes no tratamento da inflamacdo. No entanto, a analise dos espectros Raman mostrou que
as células tratadas com acido p-cumadrico (estimuladas ou ndo com EFC) apresentaram um
perfil espectral similar as células controle, enquanto que nas células tratadas com
dexametasona (estimuladas ou ndo com EFC), as mudangas espectrais foram mais acentuadas
em relacdo as células controle.

Os resultados do PCA e do HCA mostraram uma clara distingdo entre as células
tratadas com acido p-cumadrico e as células tratadas com dexametasona, evidenciando que
estes grupos celulares possuem caracteristicas espectrais distintas, e sugerindo que os
mecanismos de acdo dos farmacos ocorrem por vias diferentes, ou seja, cada farmaco
modifica a célula de maneira diferente. A andlise dos pesos para o PC1 revelou informagdes
sobre a origem da variabilidade dentro dos grupos celulares, derivada de variagdes nos
componentes moleculares que contribuem para os espectros. A variancia revelada concordou
muito bem com as bandas selecionadas nos espectros Raman, uma vez que os pesos podem
ser usados para tal comparacio'?®.

Tomados em conjunto, estes resultados demonstraram que o 4acido p-cumarico possui
efeito anti-inflamatério significativo sobre as células epiteliais ativadas por EFC, o que pode
ser util no tratamento da inflamacdo das vias aéreas na COPD, como uma alternativa ao uso

de corticosteroides.
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5. Investigacdo de mecanismos de morte celular
induzidos por flavonoides em Leishmania

amazonensis através da espectroscopia Raman

Neste capitulo serdo apresentados os resultados experimentais das medidas utilizando a
técnica Raman para investigacdo de mecanismos de morte celular induzidos por flavonoides
em macrofagos infectados com promastigotas de Leishmania amazonensis. Os resultados
obtidos contribuem com informagdes moleculares tUteis que podem ser aplicadas ao

desenvolvimento de novas terapias para o tratamento da leishmaniose.

5.1 Introducio

A leishmaniose ¢ um complexo de doengas causadas por protozoarios do gé€nero
Leishmania que afetam os seres humanos. E considerada uma doenca negligenciada com
grande impacto nos individuos mais pobres, especialmente em paises subdesenvolvidos!?% 130,
Apesar de ser uma doenga que afeta milhdes de pessoas em todo o mundo, o tratamento
atualmente disponivel para a leishmaniose ¢ restrito a alguns medicamentos de primeira
escolha, como a pentamidina e a anfotericina B. Os principais problemas associados aos
tratamentos convencionais sdo a resisténcia intrinseca ou adquirida pelo protozoario e a alta

incidéncia de efeitos adversos e toxicidade!’!

. Nesse sentido, a identificacdo de novos
farmacos e compostos ¢é de interesse para pesquisadores de todo o mundo.

Os produtos naturais sdo fontes potenciais de novos agentes para o tratamento de
doencas tropicais negligenciadas, especialmente aquelas causadas por parasitas
protozoarios'*?. Incluido na biodiversidade brasileira, o género Solanum ¢ o mais
representativo da familia Solanaceae com 1400 espécies'®, e é caracterizado pela produgio

134135 ¢ alta ocorréncia de flavonoides'*® ¥7, Algumas

de uma variedade de glicoalcaloides
espécies de Solanum tém sido relatadas em atividades anti-inflamatdria, leishmanicida,
tripanossomal e anticancer!3® 13% 140: 141142 "Negge contexto, a técnica Raman foi utilizada para

investigacdo de mecanismos de morte celular induzidos por flavonoides isolados de Solanum
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paludosum em macréfagos infectados com promastigotas de Leishmania amazonensis. Os
resultados obtidos evidenciam que a técnica pode contribuir com informag¢des moleculares
uteis para caracterizag¢@o dos flavonoides, o que poderia ser aplicavel ao desenvolvimento de

novas terapias para o tratamento da leishmaniose.

5.2 Materiais e métodos

5.2.1 Cultura celular, infeccio e tratamento

Os macrofagos peritoneais foram obtidos de camundongos Swiss (pesando de 20-25 g)
através de lavagem peritoneal com 10 mL de PBS frio (137 mM de NaCl, 8 mM de NaxHPOs,
2,7 mM de KCI, 1,5 mM de KH>POs4, pH de 7,0). As células do exsudado peritoneal foram
centrifugadas a 1500 rpm durante 5 minutos e o sedimento foi ressuspenso em meio de
cultura. Em seguida, as células foram contadas e semeadas em laminulas de vidro (13 mm de
diametro) em placas de 24 pogos e incubadas a 37 °C com 5% de CO; durante 12 horas para
adesao.

As células foram infectadas com promastigotas de L. amazonensis usando uma
proporg¢do de 1:10 a 37 °C durante a noite em experimentos isolados. As promastigotas niao
internalizadas foram removidas por lavagem com PBS (trés vezes). Os macrofagos infectados
foram tratados com pentamidina (fairmaco de referéncia) e com flavonoides isolados de
Solanum paludosum, todos na concentra¢do de 10 uM, previamente diluidos em meio RPMI-
1640 com 0,1% de DMSO (veiculo controle). As células foram mantidas a 37 °C em 5% de

COz por 48 horas, e entdo fixadas com glutaraldeido a 4% por 5 minutos.

5.2.2 Aquisi¢ao dos espectros Raman

Os espectros Raman foram obtidos usando o mesmo equipamento do estudo anterior.
Uma lente objetiva de 100x (NA = 0,9) foi usada para focalizagdo das células (regido
nuclear). Espectros de 50 células para cada um dos grupos foram medidos na faixa espectral

de 800-1800 cm™. As aquisi¢des foram feitas utilizando 15 acumula¢des em 1 segundo,
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totalizando 15 segundos de exposi¢do por amostra. Todos os experimentos foram realizados

com células fixadas.

5.2.3 Pré-processamento de dados e analise espectral

A subtracdo da fluorescéncia dos espectros foi realizada por meio de um algoritmo
desenvolvido no software Matlab® (Mathworks Inc., EUA). Esse algoritmo também foi
utilizado para o ajuste da linha de base e normaliza¢do dos espectros, que foi feita pela area
total do espectro. A regido espectral escolhida para analise corresponde aos modos de
impressdo digital vibracional de amostras bioldgicas (800-1800 cm™'). Em seguida, os
espectros Raman processados foram submetidos a analise de componentes principais (PCA).
Os graficos de escores do PCA foram construidos com a primeira e a segunda componentes
principais. Essa andlise foi realizada utilizando um algoritmo desenvolvido no Matlab®

(Mathworks Inc., EUA).

5.3 Resultados e Discussoes

5.3.1 Espectros Raman de macrofagos infectados com L. amazonensis

A andlise dos espectros Raman permitiu a avaliacdo das respostas induzidas pelos
flavonoides em macrofagos, através da identificacdo das diferencas espectrais mais
importantes entre os grupos celulares. Os espectros Raman das células foram divididos em
quatro grupos: (i) células em meio RPMI-1640 com DMSO (controle); (ii) células tratadas
com pentamidina; (iii) células tratadas com o flavonoide (1); e (iv) células tratadas com o
flavonoide (3). A classificagdo dada aos flavonoides se deve ao fato de que os cinco
compostos principais de S. paludosum foram isolados e testados quanto a atividade
leishmanicida e citotoxicidade. Os flavonoides caracterizados como 3,7,8.4’-tetra-O-
metilgossipetina (1) e 3,7-di-O-metilkanferol (3), foram selecionados para o tratamento dos
macréfagos infectados com promastigotas de L. amazonensis utilizados nas andlises Raman
por apresentarem atividade leishmanicida proeminente e ndo causarem efeitos toxicos para a

célula hospedeira.
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As principais bandas observadas nos espectros das células estdo nas regides
correspondentes ao estiramento C—C do anel de prolina em 920 cm™!, picos de fenilalanina em
1002 e 1030 cm’!, estiramento simétrico do grupo fosfodioxi de DNA PO, em 1095 cm™,
banda centrada em 1240 cm™! relacionada ao RNA, vibragdes das bases adenina e guanina do
DNA em 1317 e 1578 cm’!, banda em 1446 cm™! correspondente as vibragdes de deformagio
C-H, e vibracdes na banda da amida I centrada em 1657 cm™. As atribuicdes das bandas
Raman utilizadas na interpretacdo das caracteristicas espectrais foram realizadas com base na
literatura publicada®™. As regides espectrais com as variacdes mais significativas foram
apontadas com base na diferenga espectral calculada entre os grupos de células, e sdo

mostradas na Figura 5.1.

Figura 5.1: Espectros Raman de macrofagos infectados com L. amazonensis expostos a diferentes
tratamentos. Os espectros Raman sdo as médias de 50 células para cada grupo na regido de impressio
digital (800-1800 cm™). (a) grupos controle e pentamidina, (b) grupos controle e (1), (c) grupos
controle e (3), e (d) grupos (1) e (3). As linhas cinza representam o espectro da diferenga computado
entre os grupos de células.
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A analise dos espectros das células dos grupos controle e pentamidina, Figura 5.1(a),

revela alteragdes em praticamente todas as bandas analisadas. Os picos em 920, 1002, 1030,
1446 ¢ 1657 cm™! sdo relacionados a proteinas, enquanto que os picos em 1095, 1240, 1317 e
1578 cm™ correspondem a 4acidos nucleicos. Essas alteragdes indicam que hd variagdes na
quantidade de proteinas e acidos nucleicos entre as células. Como a pentamidina ¢ uma
diamidina aromatica, a redu¢@o das vibragdes de prolina induzidas pelo tratamento pode estar
relacionada as alteracdes induzidas pelo fArmaco nas vias das poliaminas'®. Além disso, a
pentamidina reduziu os picos da fenilalanina e da amida I, indicando alteracdes
conformacionais das proteinas'?® 144 143 Também ¢ observada uma diminuicdo da intensidade
dos picos em 1095 e 1240 cm™, indicando desintegragio do DNA/RNA relacionado a morte
celular!?% 145,
As diferencgas entre os espectros Raman das células dos grupos controle e (1) podem
ser visualizadas na Figura 5.1(b). As células do grupo (1) apresentaram uma quantidade
menor de proteinas, conforme indicado pelos picos menos intensos em 1002, 1030, 1446 e
1657 cm’. Esse resultado pode indicar desnaturacdo e alteragdes conformacionais em
proteinas relacionadas a morte celular'**. Embora o pico em 1578 cm™ tenha aumentado
ligeiramente, a quantidade de 4cidos nucleicos nas células do grupo (1) parece ser menor em
relacdo as células controle, como indicado pelos picos menos intensos em 1240 e 1317 cm.
A diminui¢o destes picos indica um aumento no catabolismo do RNA e consequente reducio
da sintese proteica.

Variagdes espectrais importantes também foram observadas no espectro de diferenga
das células dos grupos controle e (3), como pode ser observado na Figura 5.1(c). Entre as
regides com as maiores variagdes espectrais estdo as bandas em 920, 1002, 1030, 1446 ¢ 1657
cm’!, correspondentes a proteinas, e as bandas em 1240 e 1317 cm™, relacionadas aos acidos
nucleicos. A diminui¢do da intensidade nas bandas correspondentes a proteinas no espectro
das células do grupo (3), pode indicar desnaturagdo e alteracdes conformacionais em proteinas
relacionadas a morte celular'**. Os espectros dessas células também mostraram uma
diminui¢do significativa na intensidade dos picos correspondentes aos acidos nucleicos,
sugerindo uma redu¢do no DNA e um aumento no catabolismo do RNA.

Por fim, foi realizada uma andlise comparativa entre as células dos grupos (1) e (3),
como mostra a Figura 5.1(d). As variagdes espectrais mais significativas ocorreram nas
seguintes regides: 920, 1030, 1446 e 1657 cm™ (correspondentes a proteinas), e 1240, 1317 e

1578 ecm™ (correspondentes aos 4cidos nucleicos). A diminui¢do na intensidade dos picos
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correspondentes aos acidos nucleicos nas células do grupo (3) reitera a analise feita na Figura

5.1(c) e pode ser indicativa de morte celular.

5.3.2 Classificacdo espectral baseada no PCA

Neste estudo, o PCA foi utilizado para classificacdo dos grupos celulares e
interpretagdo dos dados espectrais. A distribui¢do das células dos grupos controle (pontos
azuis), pentamidina (pontos vermelhos) e (1) (pontos rosas) ¢ observada na Figura 5.2(a). As
células foram classificadas com base nos dois primeiros PCs, que explicaram 59% da
variancia total. De acordo com a distribui¢do apresentada, a grande dispersdo das células do
grupo pentamidina indica espectros bastantes distintos uns dos outros. Ha uma pequena regido
de sobreposicdo das amostras sob tratamento, indicando que embora existam diferencas

significativas entre os grupos, muitos espectros sdo semelhantes.

Figura 5.2: Analise de componentes principais (PCA) de macrofagos infectados com L. amazonensis.
Graficos de escores do PCA para (a) grupos controle, pentamidina e (1), (b) grupos controle,
pentamidina e (3), e (¢) grupos controle, (1) e (3).

(a)
2
14
- @ controle
§ 04 @ pentamidina
5-1- @ ()
o @
.24
.34
2 1 0 1 2 3
PC1-(34%)
(b) ® (c) *
2 3
11 24
=) —
~ N
v 14 - 0 |
g g
o -2 2 -1
.3 .24
4 31,
2 1 0 1 2 3 2 1 0 1 2

PC1-(30%) PC1-(37%)

Fonte: Autora, 2019



72

Uma comparacdo andloga ¢ apresentada na Figura 5.2(b) entre as células dos grupos
controle, pentamidina e (3) (pontos verdes). Os dois primeiros PCs explicaram 52% da
variancia total dos dados, com PC1 descrevendo 30% e PC2 descrevendo 22%. Nesta analise,
também se observou que ambos os tratamentos causaram uma grande dispersdo das amostras,
evidenciando espectros bastante diferentes dentro de cada um dos grupos.

O gréafico de escores dos PCs apresentado na Figura 5.2(c) mostra a distribui¢do das
células dos grupos controle, (1) e (3). Os dois primeiros PCs usados nessa comparagdo foram
responsaveis por 64% da variancia total. A distribuicdo apresentada evidenciou as diferengas
espectrais entre 0s grupos expostos aos tratamentos, sugerindo que os flavonoides possuem
diferentes mecanismos de acdo. O agrupamento das amostras em trés clusters indica que as

diferencas sistematicas entre os espectros Raman podem ser reveladas facilmente pelo PCA.

5.4 Conclusoes

Neste estudo, a espectroscopia Raman foi utilizada para investigar mecanismos de
morte celular induzidos por flavonoides em macrofagos infectados com promastigotas de
Leishmania amazonensis. As andlises Raman mostraram que o tratamento com o farmaco
padrdo pentamidina produziu mudangas significativas em praticamente todo o espectro celular
quando comparado ao grupo controle. J& os espectros das células tratadas com os flavonoides
(1) e (3) apresentaram alteragdes nas mesmas regides espectrais, no entanto, as células
tratadas com o flavonoide (3) mostraram mudangas mais draméticas em seu espectro Raman,
quando este ¢ comparado com o espectro das células controle.

Para destacar ainda mais as diferengas entre os tratamentos, foi realizada a analise
PCA dos espectros Raman. De modo geral, essa andlise mostrou que o tratamento com o
flavonoide (1) causou menos alteracdes na estrutura celular em comparacdo aos tratamentos
com a pentamidina e o flavonoide (3), uma vez que os espectros dessas células apresentaram
uma distribuicdo dispersa no grafico de escores, evidenciando espectros bastante distintos
dentro desses grupos celulares. Embora o tratamento com os flavonoides induza a morte
celular, a analise PCA sugeriu que os mecanismos de a¢do dos flavonoides ocorrem por vias
diferentes, ou seja, cada flavonoide modifica a célula de maneira diferente, corroborando os

resultados das analises Raman.
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Conclusoes Finais e Perspectivas

Neste trabalho, a microscopia de for¢a atomica e a espectroscopia Raman foram
utilizadas para avaliar alteragdes biomecanicas e bioquimicas induzidas por farmacos em
células bioldgicas. Inicialmente, foi possivel avaliar os efeitos do tratamento com Sema3A
nas propriedades biomecanicas de timdcitos, por meio das analises da morfologia, rugosidade
da membrana e elasticidade celular usando a microscopia de for¢a atdmica. O tratamento com
Sema3A induziu a formag¢ao de filopddios nos timdcitos, aumentou a rigidez e a rugosidade
da membrana celular, e promoveu o rearranjo do citoesqueleto. Levando em conta o contexto
desta célula em seu microambiente no organismo, essas informacdes sdo relevantes para
compreender a acdo da Sema3A em outros modelos celulares.

A espectroscopia Raman mostrou ser uma ferramenta bem-sucedida na avaliagdo da
resposta anti-inflamatoria induzida por farmacos em células A549. Uma anélise conjunta
desta técnica com métodos estatisticos multivariados mostrou que mesmo sendo igualmente
eficientes no processo inflamatorio, a dexametasona e o acido p-cumarico possuem diferentes
mecanismos de acdo. Os resultados fornecem uma compreensao inicial do mecanismo anti-
inflamatorio do acido p-cumadrico, um composto natural que pode ser uma possivel alternativa
teraputica em substitui¢do aos glicocorticoides no tratamento de doencas inflamatorias
cronicas. Além disso, também foi possivel investigar mecanismos de morte celular induzidos
por flavonoides em Leishmania amazonensis através das analises dos espectros Raman. As
mudangas bioquimicas observadas nos espectros foram usadas como marcadores de morte
celular, e evidenciam os principais mecanismos moleculares induzidos pelos flavonoides no
comportamento celular. Tomados em conjunto, esses resultados enfatizam o potencial da
técnica Raman na triagem de novos compostos que podem ser utilizados em substitui¢do a
medicamentos padrdo, que usados em longo prazo estdo associados ao risco real de efeitos
adversos.

Como perspectivas de trabalhos futuros, citam-se:

= Avaliagdo dos efeitos do tratamento com uvaol nas propriedades biomecanicas de
células trofoblasticas expostas a Streptococcus do Grupo B utilizando AFM (trabalho

em fase de conclusio);
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Analise das alteragdes bioquimicas induzidas pelo tratamento com uvaol em células
trofoblasticas expostas a Streptococcus do Grupo B através da técnica Raman
(trabalho em andamento);

Avaliagdo da eficacia de farmacos para o tratamento de células de cancer cerebral
através da espectroscopia Raman (trabalho em andamento);

Desenvolvimento de metodologias que permitam investigar a dindmica de
rastreamento de nanoestruturas dentro das células para ampliar o entendimento sobre o

mecanismo de acdo dos farmacos;
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ARTICLE INFO ABSTRACT

Background: Class 3 semaphorins are soluble proteins involved in cell adhesion and migration. Semaphorin-3A
(Sema3A) was initially shown to be involved in neuronal guidance, and it has also been reported to be associated
with immune disorders. Both Sema3A and its receptors are expressed by most immune cells, including mono-
cytes, macrophages, and lymphocytes, and these proteins regulate cell function. Here, we studied the correlation
between Sema3A-induced changes in biophysical parameters of thymocytes, and the subsequent repercussions
on cell function.

Methods: Thymocytes from mice were treated in vitro with Sema3A for 30 min. Scanning electron microscopy
was performed to assess cell morphology. Atomic force microscopy was performed to further evaluate cell
morphology, membrane roughness, and elasticity. Flow cytometry and/or fluorescence microscopy were per-
formed to assess the F-actin cytoskeleton and ROCK2. Cell adhesion to a bovine serum albumin substrate and
transwell migration assays were used to assess cell migration.

Results: Sema3A induced filopodia formation in thymocytes, increased membrane stiffness and roughness, and
caused a cortical distribution of the cytoskeleton without changes in F-actin levels. Sema3A-treated thymocytes
showed reduced substrate adhesion and migratory ability, without changes in cell viability. In addition, Sema3A
was able to down-regulate ROCK2.

Conclusions: Sema3A promotes cytoskeletal rearrangement, leading to membrane modifications, including in-
creased stiffness and roughness. This effect in turn affects the adhesion and migration of thymocytes, possibly
due to a reduction in ROCK2 expression.

General significance: Sema3A treatment impairs thymocyte migration due to biomechanical alterations in cell
membranes.

Keywords:
Semaphorin-3A

Cell migration

Atomic force microscopy
Nanomechanics

1. Introduction mechanical properties such as elasticity, adhesiveness, cell topography,
and viscosity. In addition, these alterations can also affect cell behavior
[6]. Semaphorins are proteins that can alter the cytoskeletal organiza-

tion of actin filaments and the microtubule network, both of which are

Semaphorins are members of a large and diverse family of widely
expressed, secreted and membrane-associated proteins. These proteins

were initially characterized by their role as axon guidance molecules,
which are crucial for the development of the nervous system [1]. Al-
though the expression of semaphorins has been described in detail in
the nervous system, they are also expressed in most, if not all, tissues
[2,3]. Based on their structural features, they are classified into seven
classes. Class 3 semaphorins (Sema3) are the only group of secreted
soluble proteins in the semaphorin family that are capable of forming
steep tissue concentration gradients [4]. Additionally, Sema3 has de-
sirable features from a therapeutic standpoint [5].

It is well known that diverse substances are able to disrupt the ar-
chitecture of the cytoskeleton, resulting in changes in cellular

involved in cell migration and cell-cell communication [7].

Several studies examining Sema3-mediated cell morphological
changes have been published. For example, Sema3A has been reported
to cause disorganization of F-actin, alterations in cellular morphology,
and an increase in endothelial permeability [8]; inhibition of glo-
merular avP3 integrin activity, and modifications to podocyte shape
[9]; and to promote contraction of actomyosin at the trailing edge of
migrating dendritic cells [10]. Furthermore, another class 3 member,
Sema3C, induces the directional migration of mouse glomerular en-
dothelial cell and formation of a capillary-like network [11]. Few stu-
dies have addressed the biophysical changes that semaphorins induce in
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cells [12,13].

Recently, several methods, including atomic force microscopy
(AFM) have been developed to characterize cells mechanically and
physically. The advent of AFM [14] provides a tool for measuring na-
nostructural details and the biomechanical properties of biological
samples, ranging from single molecules to living cells, allowing them to
be visualized and manipulated. The biomechanical properties of cells
are crucial to a number of biological processes such as cell development
[15], division [16], migration [17-19], differentiation [20], and tissue
homeostasis [21]. In addition, studies on biophysical properties, such as
morphology, elasticity, nanostructure, adhesive forces, and stiffness of
cells have provided fundamental insights into their structures and
biological functions [22]. AFM is one of the most versatile techniques
that provides a multi-faceted platform for the study of biophysical
properties in cell biology.

In this study, using AFM and adhesion and migration functional
assays, we investigated the effects of Sema3A on thymocytes in vitro. To
our knowledge, this is the first study to report the relation between
Sema3A-mediated alterations in biophysical properties and changes in
the adhesion and migration of thymocytes.

2. Materials and methods
2.1. Cell culture and treatment

Fresh thymocytes were obtained from 4 to 6-week-old C57BL/6
mice. After euthanasia, the thymi of animals were aseptically removed
and mechanically dispersed to release the thymocytes. These cells were
maintained at 4 °C in complete medium (RPMI 1640 medium supple-
mented with 10% fetal bovine serum (FBS), 2 mM glutamine, and 1%
penicillin/streptomycin (all from Invitrogen, Carlsbad, CA, USA) until
use in experiments. All animal procedures were approved by the
Institutional Ethics Committee of the Federal University of Alagoas
(Protocol 14/2015).

Recombinant mouse semaphorin-3A (R&D Systems, Lille, France),
was used at a concentration of 100 ng/mL to treat thymocytes for
30 min [23] in a media comprising of 2% FBS/RPMI 1640 at 37 °C in a
humidified 5% CO, atmosphere, prior to biophysical measurements or
functional evaluations.

2.2. Scanning electron microscopy (SEM)

SEM was conducted using a Superscan SSX-550 (Shimadzu, Japan)
electron microscope. To acquire the SEM images, circular slides were
coated with 0.1% bovine serum albumin (BSA) diluted in phosphate
buffered saline (PBS) for 1 h at 37 °C. Following this, the thymocytes
(5 x 10°) were cultured on these slides in 24-well plates. After 30 min
of exposure to Sema3A, cells were fixed with a 0.5% glutaraldehyde
solution. Images were collected in low-vacuum mode with a large field
secondary electron detector. Prior to analysis, the samples were sput-
tered with gold for 10 s. Image acquisition used an accelerating voltage
of 15kV [22]. SEM analysis with 2000 X and 6000 X magnification
was performed to study the thymocyte surface morphology. For each
SEM image, the number of cells with or without filopodia, eight to ten
cells per field, was counted. Ten SEM images/group were evaluated.

2.3. AFM measurements

Similar to SEM analysis, for AFM measurements, thymocytes were
cultured on circular coverslips and exposed to Sema3A for 30 min prior
to measurement. All thymocyte morphology images and elasticity
measurements were obtained using a standard AFM setup (Multiview
1000™, Nanonics, Israel), with a combined optical microscope (BXFM,
Olympus, Japan). This combination permitted lateral positioning of the
AFM tip over the nuclear region of the cell with micrometer-scale
precision. The AFM system was acoustically isolated to reduce any
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interference by ambient noise during the measurements, and the in-
strument was secured on an active damping table to suppress me-
chanical noise.

Cell topography was imaged (256 X 256 pixels) in tapping mode
with a scan rate of 0.3-1 Hz. More than 30 cells were imaged by AFM
for each sample. The roughness of individual cell membranes of
Sema3A-treated or -untreated cells, was analyzed using WSxM software
[24], through the parameters of average (R,) and root mean square
(R;ms) of roughness of each sample. The derived values can be assumed
as representing reliable parameters related to the surface roughness of
the membranes [25].

Sneddon's modification of the Hertzian model was used to char-
acterize the force-distance curve to obtain the elastic indentation of the
cells [26-28]. This model predicts a relation between the force and
indentation depth of a soft sample; by fitting the Hertz model to the
data, we calculated the local average Young's modulus of the sample.
Analysis of the force-distance curves and the applicability of this model
have been described in great detail in previous work [22,29,30]. All
force-distance curve experiments were performed at the nuclear region
of the cells. It is important to note that measurements taken around the
nucleus, where the cells are thicker, are less prone to artifacts because
of the hardness of the substrate [31,32]. The AFM experiments were
performed using a scanning tip with a typical radius of curvature <
20 nm, a 320-um-long cantilever, a spring constant of < 1 N/m, and a
nominal frequency of 35 kHz. The spring constant cantilever was cali-
brated by fitting the power spectrum to a simple harmonic oscillator
[33] and a maximum indenting force for the cantilever was set at
20nN. All force-distance curve measurements were performed by
moving the sample toward the cantilever tip with a constant load speed
of 5 um/s. Over 80 force-distance curves were acquired for each group
of cells (treated with or without Sema3A). All force-distance curve
experiments were performed with the same tip.

2.4. Cytoskeleton staining assay

Thymocytes (5 X 10°) were treated with Sema3A as described
above. Treatment was terminated by rapid centrifugation, and the
media was discarded. The cells were immediately fixed and permea-
bilized with Cytofix/Cytoperm (BD Biosciences, South San Francisco,
CA, USA) on ice. After 20 min, FITC-conjugated phalloidin (Sigma-
Aldrich, St Louis, MO, USA) was added to the fixed cells, which were
then stained for a further 30 min in the dark. Following this, the
fluorescence intensity was quantified using a flow cytometer
FACSCanto II device (BD Biosciences). A gate excluding cell debris and
nonviable cells was applied using the forward versus side scatter para-
meters pre-established for thymocytes. Analysis with FACSDiva soft-
ware (BD Biosciences) was performed after recording 20,000 events for
each sample. In addition, cell samples were analyzed and photographed
using a fluorescence microscope (Nikon Eclipse 50i; Nikon Instruments
Inc., Chicago, IL, USA).

2.5. Cell adhesion assay

To assess thymocyte adhesive capacity, 6-well culture plates were
coated for 1 h at room temperature with 0.1% BSA/PBS. In these assays,
107 fresh thymocytes (previously treated with Sema3A or not) were
allowed to adhere onto the substrata for 1h, in 3 mL 2% FBS/RPMI
1640, at 37 °C. After removal of non-adherent thymocytes by washing
with PBS, adherent thymocytes were harvested with cooled PBS and
counted using a hemocytometer [34].

2.6. Thymocyte migration assay
Thymocyte migratory activity was assessed ex vivo in 5-yum pore-size

trans-
well plates (Corning Costar, Lowell, MA, USA), as previously
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described [23,35]. In this chemotaxis assay, membranes were coated on
both sides with 0.1% BSA/PBS for 1h at 37 °C. Thymocytes
(2.5 x 109), preincubated with or without Sema3A for 30 min, were
plated in the upper chamber in 100 pL 1% BSA/RPMI 1640, after which
600 pL of 1% BSA/RPMI 1640 was added to the lower chamber. After
3 h of incubation at 37 °C in 5% CO,-containing air, cells that had
migrated into the lower chamber were harvested and counted with a
hemocytometer.

2.7. Intracellular ROCK2 staining

For staining of intracellular ROCK2, cells (10%) were stimulated or
not with Sema3A for 30 min at 37 °C, then medium was discarded by
centrifugation. The thymocytes were fixed and permeabilized by
treatment with Cytofix/Cytoperm (BD Biosciences, South San
Francisco, USA) for 20 min. After washing with PBS, the cells were
stained with an anti-ROCK2 antibody (Abcam, Cambridge, UK). This
primary antibody was then detected using a GAR-FITC (Milipore,
Massachusetts, USA) labeled secondary antibody for 1 h. Cells were
then analyzed by flow cytometry using a FACSCanto II device (BD
Biosciences). Fluorescence intensity was quantified from 20,000 events
for each sample.

2.8. MTT assay for assessing cell viability

Thymocytes (10°) were cultivated in 96-well plates using 2% FBS/
RPMI 1640 medium containing Sema3A at 50, 100, and 200 ng/mL for
30 min. After treatment, the cells were incubated with 5 mg/mL of
tetrazolium salt (MTT) (Sigma-Aldrich) diluted in 2% FBS/RPMI 1640.
The cells were maintained in an incubator at 37 °C for 4 h. The re-
duction of MTT by the metabolically active cells formed formazan
crystals, which were then solubilized by the addition of DMSO (Sigma-
Aldrich). The absorbance of the formazan solution in DMSO was mea-
sured using a spectrophotometer at 540 nm (TP-Reader-Thermoplate,
Nanshan District, Shenzhen, China) [36].

2.9. Statistical analysis

Data are expressed as mean * standard deviation (SD). To show
that all data were normally distributed, a Kolmogorov-Smirnov test was
performed, and the statistical significance of differences in the modulus
of elasticity between two groups of cells was assessed using a two-
sample independent Student's t-test at 95% confidence level
(p < 0.05).

3. Results
3.1. Morphological changes in Sema3A-treated thymocytes

Initially, we investigated whether Sema3A can have effects on
thymocyte morphology. This cell type was chosen owing to its avail-
ability and abundance in various organisms, in addition to its important
role in maintaining homeostasis [37,38]. It is important to note that
semaphorins reportedly influence cellular morphology in a large variety
of systems [39]; however, there are no data reporting their effects on
thymocyte morphology.

To address this question, we used SEM to evaluate morphological
alterations in Sema3A-treated thymocytes. Analysis of the images ac-
quired by SEM of Sema3A-treated thymocytes revealed that the thy-
mocyte membrane exhibited undulations and showed clear extensions
of the filopodia toward the substratum. Interestingly, Sema3A-treated
cells had a higher number of filopodia, indicating Sema3A induces
morphological changes in thymocytes (Fig. 1A).

The number of cells with or without filopodia visible in each SEM
image was counted. In the control group, there were more cells without
filopodia whereas in Sema3A group, there was a prevalence of cells
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with filopodia (Fig. 1B). In addition, when the number of filopodia per
cell were evaluated, it was observed that cells in the Sema3A group had
the average of 1.98 filopodia/cell while in the control group the
average was 0.76 filopodia/cell. Therefore, Sema3A induces the for-
mation of filopodia in thymocytes.

3.2. Sema3A modifies the biomechanical properties of the cell membrane

With the aim of obtaining a more detailed morphological analysis,
we employed AFM, a powerful tool that can be used to observe na-
nostructural characteristics and biomechanical properties of biological
samples including cells, biomolecules, and biomaterials [40,41]. Pre-
vious reports have shown that thymocytes can be assessed by AFM
[42-44], although these studies did not examine the effects of Sema3A.

Cellular morphology, including cell membrane features, can be
observed in AFM images. Thymocytes without treatment (control) ex-
hibited a rounded shape with a smooth surface, whereas cells treated
with Sema3A displayed an elongated shape, a rougher surface, and the
presence of branched structures (filopodia), confirming our previous
SEM results (Fig. 2).

In addition to morphology, other biophysical properties of cells
(such as elasticity, nanostructure, adhesion force, stiffness, and others)
provide fundamental insights into cellular function [45]. AFM can ad-
dress each of these features. In this study, we focused on the assessment
of membrane roughness and thymocyte elasticity. Both of these are
hallmarks that can be used to infer the physiological and/or diseased
state of cells [46].

The roughness analysis was based on calculating the height dis-
tribution of the plasma membrane in AFM images of thymocytes treated
or not with Sema3A. Fig. 3 shows a histogram of the distribution of the
roughness measure for thymocytes. Here, the R, and R, values of
average roughness for thymocytes were obtained from normal dis-
tribution fits of the total histogram composed of all values determined
for all cells. For cells without Sema3A treatment (control), the R, value
was 64.4 = 11.5 nm and the R,,,; value was 78.5 + 11.4 nm. For cells
treated with Sema3A, the R, and R,,s values increased to
76.3 = 13.7nm and 93.0 + 14.1 nm, respectively. Therefore, this
roughness analysis showed that cells treated with Sema3A have higher
R, and R, (greater roughness) values than untreated cells. Overall,
Sema3A increased the roughness of thymocyte membranes, causing an
approximately 18% increase in both R, and R,,,s compared to that of
control thymocytes.

To quantify how Sema3A treatment affects the mechanical proper-
ties and organization of the cytoskeleton, we used AFM nano-indenta-
tion measurements to evaluate the Young's modulus values of Sema3A-
treated or untreated thymocytes. To achieve this, we fitted the Hertz
model to the force-displacement curves. As a result, control thymocytes
exhibited a Young's modulus of 37.2 * 9.5kPa. In contrast, the
average Young's modulus of cells treated with Sema3A was
47.2 = 11.3 kPa, revealing an increase of 26.9% in the average elastic
modulus as compared to untreated cells (Fig. 4). Sema3A, therefore,
increases thymocyte stiffness after 30 min of exposure. These AFM data
are pertinent because they relate the elasticity and roughness of cell
membranes with cytoskeletal alterations, since previous research has
shown that mechanical properties are associated with the cytoskeleton
[47-49].

3.3. Sema3A triggers F-actin cytoskeleton reorganization

To determine whether significant differences in the cellular me-
chanics of thymocytes arise from different cytoskeletal organizations,
we used flow cytometry and immunofluorescence to analyze the cy-
toskeleton through quantification and structural arrangement in-
vestigation, respectively. The median fluorescence intensity for F-actin
in both groups was the same (Fig. 5A and B), implying that Sema3A
does not induce additional F-actin fibers in the cytoplasm of thymocytes
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Fig. 1. Sema3A-induced alterations in thymocyte mor-
phology. Fresh thymocytes were treated with Sema3A for
30 min, fixed, and photographed by scanning electron mi-
croscopy (SEM). (A) Representative SEM images show that
the treated cells displayed undulations in the membrane
and filopodia emergence toward the substrate (indicated by
yellow arrows). Original magnification 2000 x (left) and
6000 x (right). (B) The graph bars represent mean * SD
of the number cells with or without filopodia per field.
Three independent experiments were repeated to generate
these results, n =3 in each group and **p < 0.01,
**%p < 0.001.
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Fig. 2. Representative AFM topography images of thymocytes. AFM images of thymocytes (A) without treatment (control) and (B) treated with Sema3A. (C-D) Magnified view of the
nuclear region of both cell surfaces. (E-F) Height profiles were taken along the green lines in (A-B). In each slide, > 30 cells were analyzed. These values are indicative of control and

treated cells.
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or that Sema3A does not promote actin polymerization. The F-actin
content was equivalent between the shorter (15 min) and longer
(60 min) periods of treatment (data not shown), confirming that
Sema3A does not have any effect on F-actin polymerization and ex-
pression.

Nevertheless, immunofluorescence analysis showed a new re-
arrangement of F-actin in the cortical layer of the cytoplasm induced by
Sema3A treatment. In this group of cells, F-actin was found to be
densely packed close to the cell membrane (indicated by yellow arrows
in Fig. 5C), revealing a greater brightness in the images (see the inserts
in Fig. 5C), and also showed evidence of short protrusions (filopodia, as
also shown Figs. 1 and 2). Thus, Sema3A appears to preserve the
amount of F-actin, and it mediates the organization and accumulation
of F-actin at the cortical layers in the thymocyte cytoplasm.

By examining the morphology, membrane biomechanical proper-
ties, and cytoskeletal arrangements of thymocytes, we found that these
cellular features are modulated by Sema3A. However, it is also known
that the actin cytoskeleton is involved in several cellular activities, such
as the maintenance of cell adhesion and migration [50]. Therefore,
these aspects of cell function were also examined.

3.4. Repercussions of Sema3A-induced morphological changes on
thymocyte function and the role of the rho/ROCK pathway

Cell adhesion (comprised of cell-cell and cell-matrix interactions) is
critical for embryonic development, tissue remodeling, cell migration,
and other homeostatic processes [51]. Cell adhesion is highly depen-
dent on cytoskeletal changes. If Sema3A is able to alter the conforma-
tion of F-actin, we subsequently investigated the repercussions of these
changes on thymocyte adhesion and migration.

To establish a functional assay, as thymocytes are normally non-
adherent on untreated culture plates, we utilized a non-related protein
(BSA) as a substratum to allow thymocytes to adhere and migrate. To
determine whether Sema3A participates in thymocyte adhesion to this
BSA substrate, we pre-incubated thymocytes with Sema3A. There was a
42.1% inhibition of thymocyte adhesion in Sema3A-treated cells
(Fig. 6A). This was also evident by the larger number of thymocytes
found in the supernatant of Sema3A cell cultures that were unable to
establish firm adhesion to the BSA substrate. In accordance with these
anti-adhesive effects of Sema3A on thymocytes, we investigated whe-
ther Sema3A could affect cell migration. Pre-incubation of thymocytes
with Sema3A induced a 44.15% decrease in cell migration compared
with that observed for thymocytes incubated with only BSA (Fig. 6B).

To understand why the adhesive and migratory capacities of thy-
mocytes are reduced by Sema3A, we investigated the role of the Rho/
ROCK pathway. The Rho-associated kinases ROCK1 and ROCK2 are
serine/threonine kinases that are downstream targets of the small
GTPases RhoA, RhoB, and RhoC. ROCKs are involved in a diverse range
of cellular activities, including actin cytoskeleton organization, cell
adhesion and motility, proliferation, and apoptosis [52]. We quantified
the level of ROCK2 after exposure of thymocytes to Sema3A for 30 min.
We observed a 13% reduction in the cytoplasmic levels of this protein
(Fig. 6C and D), which may explain, at least in part, the attenuation of
the migratory function of thymocytes observed following Sema3A
treatment. These data strongly imply that the initial changes stimulated
by Sema3A in thymocytes result in a decrease in the cells' functional
abilities, mediated in part by the Rho/ROCK2 pathway.

3.5. Cell viability remains unaffected by Sema3A treatment

Some hormones, such as corticosteroids, can lead to apoptosis in
certain cells (e.g, thymocytes), whereas other cells may be unaffected
or even stimulated [53]. To reject the hypothesis that Sema3A has
apoptotic effects on thymocytes, leading to the loss in cell adhesion and
migration, we assessed thymocyte viability following Sema3A treat-
ment. As expected, the thymocytes remained viable even after exposure
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Fig. 5. Sema3A triggers F-actin cytoskeleton reorganiza-
tion. Cells were permeabilized and stained with phalloidin,
which binds to cytoskeletal F-actin. The cells were analyzed
by cytofluorimetry and fluorescence microscopy. (A)
Histogram showing the median fluorescence intensities.
The black curve represents the control cells and the green
curve represents the Sema3A-treated cells. (B) Results of
cytometry, showing the mean = SD for both groups of
cells (20,000 events each), confirming that Sema3A main-
tains F-actin abundance in the thymocyte cytoplasm. (C) F-
actin staining showing cortical distribution of the cytoske-
leton, which was enhanced in Sema3A-treated cells. The
insets show F-actin clusters (yellow arrows) in thymocytes
treated with Sema3A. (Magnification: X 1000).

Fig. 6. Sema3A decreased ex vivo thymocyte adhesion
and migration via ROCK2. (A) Lower adhesive capa-
city of thymocytes pre-treated with Sema3A after 1 h
of adhesion to BSA as substrate. (B) Reduced number
of migratory thymocytes in the Sema3A group after
3 h of spontaneous migration in transwell inserts. (C)
Representative histogram showing ROCK2 levels in
thymocytes exposed to Sema3A, measured by cyto-
fluorimetry. The black curve indicates the control cells
and the green curve indicates the Sema3A-treated
cells. (D) ROCK2 fluorescence intensity showing re-
duced expression in Sema3A-treated cells. Data are
shown as means *= SD, for three independent ex-
periments, with n=5. * p < 0.05 and
***p < 0.001.
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Fig. 7. Exposure to Sema3A does not alter thymocyte viability. The effect of Sema3A on
thymocyte viability was assessed using an MTT assay. After treatment for 30 min, the cells
were incubated with 5mg/mL MTT for 4 h. Cell viability is shown as a percentage
compared to the control cells. Data are shown as means *= SD, withn = 5.

to Sema3A, including treatment with either lower (50 ng/mL) or higher
(200 ng/mL) doses (Fig. 7), refuting the explanation that the reduction
in thymocyte functionality is due to cell death.

4. Discussion

Secreted semaphorin, Sema3A, is a dimer, and dimerization is im-
portant for its biological activity. The dimerization is mediated through
its receptor Neuropilin-1 (Nrp-1), which is located on cell membranes.
However, Nrp-1 has a short cytoplasmic tail that lacks signaling cap-
ability. In order to transduce signals, Nrp-1 interacts with plexins
through their cytoplasmic domains. Beyond this, the signal transduc-
tion cascades used by semaphorins are poorly understood, perhaps
because their effects on cellular processes are highly diverse [54].

In this study, we treated thymocytes with Sema3A in vitro. It is
known that up to 95% of these cells contain cytoplasmic Sema3A [23],
and approximately 88% express its receptor [55]. This is indicative of
the normal physiological functions that Sema3A/Nrp-1 exert in thy-
mocytes. This is the first report describing the morphological changes
that occur in thymocytes exposed to Sema3A. Mainly, the cells adopted
a phenotype indicative of activated cells and presented membrane fi-
lopodia.

Filopodia are plasma membrane protrusions that are often referred
to as being “finger-like.” They are formed by 10 or more tightly bun-
dled, parallel actin filaments, with their barbed ends facing toward the
plasma membrane. The polymerization of filaments at the leading edge
of the filopodia drives their protrusion. These structures are important
for many essential cellular processes such as cell adhesion, migration,
angiogenesis, and cell-cell contact formation [56].

In neurons, Sema3A signaling through RhoA/ROCK mediates
growth cone collapse and axon retraction, accompanied by a decrease
in the area of the lamellipodium veils and disassembly of the filopodia
[57]. In contrast, in thymocytes, Sema3A leads to the opposite effect,
that is, the emergence of filopodia. These data further support the no-
tion that the molecular mechanisms by which semaphorins mediate
their functional effects are diverse, and not well understood [7]. We
hypothesize that the presence of the Nrp-1 co-receptor plexin-A1l, which
is constitutively expressed in thymocytes, and its signaling activity,
could explain this controversial result.

Surface roughness is an important quantitative parameter for
characterizing and/or comparing surfaces, and it can be used to ex-
amine the morphology of biological membranes. Moreover, the
roughness of the plasma membrane, which is independent of the cell's
overall shape, i.e., the three-dimensional arrangement of the membrane

x

at the submicron scale can be decoupled from the overall cellular shape,
is a morphological parameter at the nanometer scale [58]. With respect
to this, numerous different studies have related changes in membrane
roughness to biological functions in cells. For example, after activation,
human peripheral blood T-lymphocytes have a higher average rough-
ness than resting cells [45], and the chemical composition and charge
of the substrata can alter cell roughness [59]. Furthermore, contact
between tumor cells and lymphocytes reduces the roughness of both
cell types [60].

The results of this study indicated there was an enhancement in
thymocyte roughness triggered by Sema3A. Intuitively, membrane to-
pography should be sensitive to changes in physical or chemical factors
in the microenvironment. For example, this is important for modulating
cell behavior in the context of the whole organism, or during an im-
mune response. Subsequent investigations are required to confirm this
cellular parameter as a microenvironment sensor or a pathological
marker.

Elasticity is a vital mechanical property of cells that has been ex-
tensively studied in recent years, especially because of its correlation
with cell motility. Increased cell motility is usually a result of lower
elasticity, which favors the deformation of cells during migration or
invasion, (reviewed in [61]). It has been reported that cancerous cells
are softer than their benign counterparts. This opens up the prospect of
using this parameter in clinical studies as an early diagnostic biomarker
of cancer. The potential for translation of these initial observations into
clinical applications remains an open avenue for future studies.

The higher Young's modulus measures seen in Sema3A-treated
thymocytes are in agreement with the reduced migratory capacity. The
Young's moduli obtained from treated or non-treated cells do not pro-
vide information about the cell membrane alone, but also provide data
about other membrane and subcellular components such as organelles,
cytoskeleton, and the nucleus. Among these, there is a consensus that
the cytoskeleton is crucial in determining cell elasticity and motility
[62]. In this respect, we examined the actin cytoskeleton in thymocytes.
We found that Sema3A induced a new cytoskeleton arrangement in
thymocytes: F-actin was found to be cortically distributed and displayed
greater brightness near the membrane as seen by immunofluorescence
images. Thus, the increased elasticity observed may arise as a result of
the reorganization of the cytoskeleton. It is well-known that cells lar-
gely rely on the cytoskeleton to maintain their basic morphology and
functions [63].

Cell adhesion and migration require dynamic remodeling of the
cytoskeleton. Semaphorins have been described to participate in both
cell adhesion and migration [12,64,65]. In particular, studies have
shown that in the immune system, Sema3A influences the migration of
human thymocytes [23,66] and dendritic cells [67]. We have shown
that pre-incubation of thymocytes with Sema3A resulted in a 42% in-
hibition of thymocyte adhesion to the substrate. It is noteworthy that
these inhibitory effects of Sema3A have also been seen for thymocyte
adhesion to thymic epithelial cells [23]. Interestingly, from the data
obtained in this study, Sema3A not only reduces thymocyte adhesion
but also inhibits thymocyte migration by 44%. Thus, we suggest that
Sema3A inhibits thymocyte migration by altering the stiffness and
roughness of the cell membrane due to changes in the cytoskeleton.
Further studies are required to improve our understanding of this in-
teresting process.

ROCK1 and ROCK2 are downstream effectors of the Rho subfamily
of small GTPases. They are activated by interaction with Rho GTPases,
and they are involved in a number of pathways to regulate the actin
cytoskeleton; therefore, they indirectly regulate cell migration and
cell-cell adhesion [68]. Distinctions between the ROCKs have been only
rarely drawn; ROCK1 has been reported to be important for stress fiber
formation, whereas ROCK2 controls cortical contractility of cytoske-
leton [69].

For this reason, we chose to investigate ROCK2 expression in the
thymocytes, as cortical F-actin was modulated by Sema3A. It was found
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that there is a reduction in the level of this protein, which perhaps
brings us closer to elucidating the mode of action of Sema3A in thy-
mocytes. We cannot rule out the possibility that the other intracellular
pathways may also be involved in the Sema3A-induced reduction of
thymocyte functions. In particular, changes in the expression of ROCK1
should be further investigated.

In conclusion, our study has explored the biophysical effects of
Sema3A on thymocytes in vitro, and identified mechanistic changes and
their repercussions on cell function. We propose that, initially, Sema3A
signaling induces changes in ROCK2 expression, which leads to cytos-
keletal reorganization. This alters membrane properties, resulting in
lower adhesion and migration of thymocytes. Taking into account the
context of this cell in its microenvironment in the organism, this in-
formation is relevant to understanding the action of Sema3A in other
cellular models.

Transparency document

The http://dx.doi.org/10.1016/j.bbagen.2018.01.001 associated
with this article can be found, in online version.

Acknowledgements

This study was funded by the Brazilian National Council for
Scientific and Technological Development (CNPq); Foundation for
Funding Research in the State of Alagoas (Fapeal) and Brazilian
National Coordination for Advancement of University Personnel
(CAPES).

References

[1] A.L. Kolodkin, D.J. Matthes, C.S. Goodman, The semaphorin genes encode a family
of transmembrane and secreted growth cone guidance molecules, Cell 75 (1993)
1389-1399.

[2] T. Worzfeld, S. Offermanns, Semaphorins and plexins as therapeutic targets, Nat.
Rev. Drug Discov. 13 (2014) 603-621.

[3] Y. Zhou, R.A. Gunput, R.J. Pasterkamp, Semaphorin signaling: progress made and
promises ahead, Trends Biochem. Sci. 33 (2008) 161-170.

[4] A.L. Kolodkin, D.V. Levengood, E.G. Rowe, Y.-T. Tai, R.J. Giger, D.D. Ginty,
Neuropilin is a semaphorin III receptor, Cell 90 (1997) 753-762.

[5] P. Nasarre, R.M. Gemmill, H.A. Drabkin, The emerging role of class-3 semaphorins
and their neuropilin receptors in oncology, Onco. Targets Ther. 7 (2014)
1663-1687.

[6] E. Moeendarbary, A.R. Harris, Cell mechanics: principles, practices, and prospects,
Wiley Interdiscip. Rev. Syst. Biol. Med. 6 (2014) 371-388.

[7] U. Yazdani, J.R. Terman, The semaphorins, Genome Biol. 7 (2006) 211.

[8] S.T. Hou, L. Nilchi, X. Li, S. Gangaraju, S.X. Jiang, A. Aylsworth, R. Monette,

J. Slinn, Semaphorin3A elevates vascular permeability and contributes to cerebral
ischemia-induced brain damage, Sci. Rep. 5 (2015) 7890.

[9] A. Tufro, Semaphorin3a signaling, podocyte shape, and glomerular disease, Pediatr.
Nephrol. 29 (2014) 751-755.

[10] H. Takamatsu, N. Takegahara, Y. Nakagawa, M. Tomura, M. Taniguchi,

R.H. Friedel, H. Rayburn, M. Tessier-Lavigne, Y. Yoshida, T. Okuno, M. Mizui,

S. Kang, S. Nojima, T. Tsujimura, Y. Nakatsuji, I. Katayama, T. Toyofuku,

H. Kikutani, A. Kumanogoh, Semaphorins guide the entry of dendritic cells into the
lymphatics by activating myosin II, Nat. Immunol. 11 (2010) 594-600.

[11] N. Banu, J. Teichman, M. Dunlap-Brown, G. Villegas, A. Tufro, Semaphorin 3C
regulates endothelial cell function by increasing integrin activity, FASEB J. 20
(2006) 2150-2152.

[12] A.vanRijn, L. Paulis, J. te Riet, A. Vasaturo, I. Reinieren-Beeren, A. van der Schaaf,
A.J. Kuipers, L.P. Schulte, B.C. Jongbloets, R.J. Pasterkamp, C.G. Figdor, A.B. van
Spriel, S.I. Buschow, Semaphorin 7A promotes chemokine-driven dendritic cell
migration, J. Immunol. 196 (2016) 459-468.

[13] C. Vodouhe, M. Schmittbuhl, F. Boulmedais, D. Bagnard, D. Vautier, P. Schaaf,

C. Egles, J.C. Voegel, J. Ogier, Effect of functionalization of multilayered poly-
electrolyte films on motoneuron growth, Biomaterials 26 (2005) 545-554.

[14] G. Binnig, C.F. Quate, C. Gerber, Atomic force microscope, Phys. Rev. Lett. 56
(1986) 930-933.

[15] E. Paluch, C.P. Heisenberg, Biology and physics of cell shape changes in develop-
ment, Curr. Biol. 19 (2009) R790-799.

[16] U.S. Eggert, T.J. Mitchison, C.M. Field, Animal cytokinesis: from parts list to me-
chanisms, Annu. Rev. Biochem. 75 (2006) 543-566.

[17] J. Guck, F. Lautenschlager, S. Paschke, M. Beil, Critical review: cellular mechan-
obiology and amoeboid migration, Integr. Biol. 2 (2010) 575-583.

[18] T. Lammermann, M. Sixt, Mechanical modes of ‘amoeboid’ cell migration, Curr.
Opin. Cell Biol. 21 (2009) 636-644.

[19]

[20]
[21]

[22]

[23]

[24]

[25]

[26]
[27]

[28]
[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

x

M.L. Gardel, I.C. Schneider, Y. Aratyn-Schaus, C.M. Waterman, Mechanical in-
tegration of actin and adhesion dynamics in cell migration, Annu. Rev. Cell Dev.
Biol. 26 (2010) 315-333.

D.E. Discher, D.J. Mooney, P.W. Zandstra, Growth factors, matrices, and forces
combine and control stem cells, Science 324 (2009) 1673-1677.

D.E. Discher, P. Janmey, Y.L. Wang, Tissue cells feel and respond to the stiffness of
their substrate, Science 310 (2005) 1139-1143.

S.T. Souza, L.C. Agra, C.E. Santos, E. Barreto, J.M. Hickmann, E.J. Fonseca,
Macrophage adhesion on fibronectin evokes an increase in the elastic property of
the cell membrane and cytoskeleton: an atomic force microscopy study, Eur.
Biophys. J. 43 (2014) 573-579.

Y. Lepelletier, S. Smaniotto, R. Hadj-Slimane, D.M. Villa-Verde, A.C. Nogueira,

M. Dardenne, O. Hermine, W. Savino, Control of human thymocyte migration by
Neuropilin-1/Semaphorin-3A-mediated interactions, Proc. Natl. Acad. Sci. U. S. A.
104 (2007) 5545-5550.

I. Horcas, R. Fernandez, J.M. Gomez-Rodriguez, J. Colchero, J. Gomez-Herrero,
A.M. Baro, WSXM: a software for scanning probe microscopy and a tool for nano-
technology, Rev. Sci. Instrum. 78 (2007) 013705.

A. Kakaboura, M. Fragouli, C. Rahiotis, N. Silikas, Evaluation of surface char-
acteristics of dental composites using profilometry, scanning electron, atomic force
microscopy and gloss-meter, J. Mater. Sci. Mater. Med. 18 (2007) 155-163.

LN. Sneddon, The relation between load and penetration in the axisymmetric
boussinesq problem for a punch of arbitrary profile, Int. J. Eng. Sci. 3 (1965) 47-57.
H. Hertz, Uber den kontakt elastischer korper, J. Reine Angew. Math. 92 (1881)
245-260.

K.L. Johnson, Contact Mechanics, Cambridge University Press, 1987.

M. Lekka, D. Gil, K. Pogoda, J. Dulinska-Litewka, R. Jach, J. Gostek, O. Klymenko,
S. Prauzner-Bechcicki, Z. Stachura, J. Wiltowska-Zuber, K. Okon, P. Laidler, Cancer
cell detection in tissue sections using AFM, Arch. Biochem. Biophys. 518 (2012)
151-156.

R.E. Mahaffy, S. Park, E. Gerde, J. Kas, C.K. Shih, Quantitative analysis of the
viscoelastic properties of thin regions of fibroblasts using atomic force microscopy,
Biophys. J. 86 (2004) 1777-1793.

B. Codan, V. Martinelli, L. Mestroni, O. Sbaizero, Atomic force microscopy of 3T3
and SW-13 cell lines: an investigation of cell elasticity changes due to fixation,
Mater Sci Eng C Mater Biol Appl 33 (2013) 3303-3308.

L. Sirghi, J. Ponti, F. Broggi, F. Rossi, Probing elasticity and adhesion of live cells by
atomic force microscopy indentation, Eur. Biophys. J. 37 (2008) 935-945.

N.A. Burnham, X. Chen, C.S. Hodges, G.A. Matei, E.J. Thoreson, C.J. Roberts,
M.C. Davies, S.J.B. Tendler, Comparison of calibration methods for atomic-force
microscopy cantilevers, Nanotechnology 14 (2003) 1-6.

M.P. Lins, L.F. de Araujo Vieira, A.A. Rosa, S. Smaniotto, Growth hormone in the
presence of laminin modulates interaction of human thymic epithelial cells and
thymocytes in vitro, Biol. Res. 49 (2016) 37.

S. Smaniotto, V. de Mello-Coelho, D.M. Villa-Verde, J.M. Pleau, M.C. Postel-Vinay,
M. Dardenne, W. Savino, Growth hormone modulates thymocyte development in
vivo through a combined action of laminin and CXC chemokine ligand 12,
Endocrinology 146 (2005) 3005-3017.

L.M. Viana, M.E. de Almeida, M.P. Lins, M.D. dos Santos Reis, L.F. de Araujo Vieira,
S. Smaniotto, Combined effect of insulin-like growth factor-1 and CC chemokine
ligand 2 on angiogenic events in endothelial cells, PLoS One 10 (2015) e0121249.
D.H. Gray, A.P. Chidgey, R.L. Boyd, Analysis of thymic stromal cell populations
using flow cytometry, J. Immunol. Methods 260 (2002) 15-28.

G. Pearse, Normal structure, function and histology of the thymus, Toxicol. Pathol.
34 (2006) 504-514.

T.S. Tran, A.L. Kolodkin, R. Bharadwaj, Semaphorin regulation of cellular mor-
phology, Annu. Rev. Cell Dev. Biol. 23 (2007) 263-292.

B.L. Bozna, P. Polzella, C. Rankl, R. Zhu, M. Salio, D. Shepherd, M. Duman,

V. Cerundolo, P. Hinterdorfer, Binding strength and dynamics of invariant natural
killer cell T cell receptor/CD1d-glycosphingolipid interaction on living cells by
single molecule force spectroscopy, J. Biol. Chem. 286 (2011) 15973-15979.

Q. Shi, S. Luo, H. Jia, L. Feng, X. Lu, L. Zhou, J. Cai, Insulin-producing cells could
not mimic the physiological regulation of insulin secretion performed by pancreatic
beta cells, Nanoscale Res. Lett. 8 (2013) 90.

M.N. Starodubtseva, N.I. Yegorenkov, I.A. Nikitina, Thermo-mechanical properties
of the cell surface assessed by atomic force microscopy, Micron 43 (2012)
1232-1238.

I.A. Nikitina, M.N. Starodubtseva, A.I. Gritsuk, Surface architectonics and cytos-
keleton state of different age rats' thymocytes exposed to peroxynitrite, Adv.
Gerontol. 24 (2011) 227-233.

J. Thimonier, C. Montixi, J.P. Chauvin, H.T. He, J. Rocca-Serra, J. Barbet, Thy-1
immunolabeled thymocyte microdomains studied with the atomic force microscope
and the electron microscope, Biophys. J. 73 (1997) 1627-1632.

Y. Wu, H. Lu, J. Cai, X. He, Y. Hu, H. Zhao, X. Wang, Membrane surface nanos-
tructures and adhesion property of T lymphocytes exploited by AFM, Nanoscale
Res. Lett. 4 (2009) 942-947.

G.Y. Lee, C.T. Lim, Biomechanic approaches to studying human diseases, Trends
Biotechnol. 25 (2007) 111-118.

N. Curry, G. Ghezali, G.S. Kaminski Schierle, N. Rouach, C.F. Kaminski, Correlative
STED and atomic force microscopy on live astrocytes reveals plasticity of cytoske-
letal structure and membrane physical properties during polarized migration, Front.
Cell. Neurosci. 11 (2017) 104.

A. Schaefer, J. Te Riet, K. Ritz, M. Hoogenboezem, E.C. Anthony, F.P. Mul, C.J. de
Vries, M.J. Daemen, C.G. Figdor, J.D. van Buul, P.L. Hordijk, Actin-binding proteins
differentially regulate endothelial cell stiffness, ICAM-1 function and neutrophil
transmigration, J. Cell Sci. 127 (2014) 4470-4482.



M.P. Lins et al.

[49]

[50]
[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

J.S. Allingham, V.A. Klenchin, I. Rayment, Actin-targeting natural products:
structures, properties and mechanisms of action, Cell. Mol. Life Sci. 63 (2006)
2119-2134.

1. Delon, N.H. Brown, Integrins and the actin cytoskeleton, Curr. Opin. Cell Biol. 19
(2007) 43-50.

J.L. Bays, K.A. DeMali, Vinculin in cell-cell and cell-matrix adhesions, Cell. Mol. Life
Sci. 74 (2017) 2999-3009.

S. Hartmann, A.J. Ridley, S. Lutz, The function of rho-associated kinases ROCK1
and ROCK2 in the pathogenesis of cardiovascular disease, Front. Pharmacol. 6
(2015) 276.

S. Elmore, Apoptosis: a review of programmed cell death, Toxicol. Pathol. 35 (2007)
495-516.

L. Capparuccia, L. Tamagnone, Semaphorin signaling in cancer cells and in cells of
the tumor microenvironment—two sides of a coin, J. Cell Sci. 122 (2009)
1723-1736.

D.A. Mendes-da-Cruz, Y. Lepelletier, A.C. Brignier, S. Smaniotto, A. Renand,

P. Milpied, M. Dardenne, O. Hermine, W. Savino, Neuropilins, semaphorins, and
their role in thymocyte development, Ann. N. Y. Acad. Sci. 1153 (2009) 20-28.
A. Arjonen, R. Kaukonen, J. Ivaska, Filopodia and adhesion in cancer cell motility,
Cell Adhes. Migr. 5 (2011) 421-430.

R.E. McConnell, J. Edward van Veen, M. Vidaki, A.V. Kwiatkowski, A.S. Meyer,
F.B. Gertler, A requirement for filopodia extension toward slit during Robo-medi-
ated axon repulsion, J. Cell Biol. 213 (2016) 261-274.

M. Girasole, G. Pompeo, A. Cricenti, A. Congiu-Castellano, F. Andreola, A. Serafino,
B.H. Frazer, G. Boumis, G. Amiconi, Roughness of the plasma membrane as an in-
dependent morphological parameter to study RBCs: a quantitative atomic force
microscopy investigation, Biochim. Biophys. Acta 1768 (2007) 1268-1276.

M.J. Stevens, L.J. Donato, S.K. Lower, N. Sahai, Oxide-dependent adhesion of the
Jurkat line of T lymphocytes, Langmuir 25 (2009) 6270-6278.

H. Jin, H. Zhao, L. Liu, J. Jiang, X. Wang, S. Ma, J. Cai, Apoptosis induction of K562
cells by lymphocytes: an AFM study, Scanning 35 (2013) 7-11.

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

x

Q. Luo, D. Kuang, B. Zhang, G. Song, Cell stiffness determined by atomic force
microscopy and its correlation with cell motility, Biochim. Biophys. Acta 1860
(2016) 1953-1960.

M. Vicente-Manzanares, F. Sanchez-Madrid, Role of the cytoskeleton during leu-
kocyte responses, Nat. Rev. Immunol. 4 (2004) 110-122.

X. Huang, J. He, M. Liu, C. Zhou, The influence of aminophylline on the nanos-
tructure and nanomechanics of T lymphocytes: an AFM study, Nanoscale Res. Lett.
9 (2014) 518.

H. Yan, L. Wu, C. Shih, S. Hou, J. Shi, T. Mao, W. Chen, B. Melvin, R.J. Rigby,

Y. Chen, H. Jiang, R.H. Friedel, C.G. Vinuesa, H. Qi, Plexin B2 and Semaphorin 4C
guide T cell recruitment and function in the germinal center, Cell Rep. 19 (2017)
995-1007.

D.A. Mendes-da-Cruz, A.C. Brignier, V. Asnafi, F. Baleydier, C.V. Messias,

Y. Lepelletier, N. Bedjaoui, A. Renand, S. Smaniotto, D. Canioni, P. Milpied,

K. Balabanian, P. Bousso, S. Lepretre, Y. Bertrand, H. Dombret, N. Ifrah,

M. Dardenne, E. Macintyre, W. Savino, O. Hermine, Semaphorin 3F and neuropilin-
2 control the migration of human T-cell precursors, PLoS One 9 (2014) e103405.
F. Garcia, Y. Lepelletier, S. Smaniotto, R. Hadj-Slimane, M. Dardenne, O. Hermine,
W. Savino, Inhibitory effect of semaphorin-3A, a known axon guidance molecule, in
the human thymocyte migration induced by CXCL12, J. Leukoc. Biol. 91 (2012)
7-13.

S. Curreli, B.S. Wong, O. Latinovic, K. Konstantopoulos, N.M. Stamatos, Class 3
semaphorins induce F-actin reorganization in human dendritic cells: role in cell
migration, J. Leukoc. Biol. 100 (2016) 1323-1334.

S. Kiimper, F.K. Mardakheh, A. McCarthy, M. Yeo, G.W. Stamp, A. Paul, J. Worboys,
A. Sadok, C. Jgrgensen, S. Guichard, C.J. Marshall, Rho-associated kinase (ROCK)
function is essential for cell cycle progression, senescence and tumorigenesis, elife 5
(2016) €12994.

A. Yoneda, H.A. Multhaupt, J.R. Couchman, The rho kinases I and II regulate dif-
ferent aspects of myosin II activity, J. Cell Biol. 170 (2005) 443-453.



ROYAL SOCIETY
OF CHEMISTRY

Analyst

View Article Online

View Journal | View Issue

Drug-induced anti-inflammatory response in
A549 cells, as detected by Raman spectroscopy:
a comparative analysis of the actions of
dexamethasone and p-coumaric acid

Cite this: Analyst, 2019, 144, 1622

Elaine Cristina Oliveira da Silva,” Flavio Martins dos Santos,” _
Ana Rubia Batista Ribeiro,? Samuel Teixeira de Souza, 92 Emiliano Barreto ©2° and
Eduardo Jorge da Silva Fonseca ®+

Corticosteroids are widely used as effective treatments for the control of chronic inflammatory diseases.
However, because their long-term administration carries serious consequences, there is a need to investi-
gate alternative therapies to reduce or even replace their use. In this regard, phenolic compounds have
been presented as an alternative for the treatment of inflammatory diseases. p-Coumaric acid, a natural
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be a useful alternative to corticosteroids for the treatment of airway inflammation in chronic obstructive
pulmonary disease. In addition, multivariate analysis of the cell spectral data indicated that the mecha-
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Introduction

Corticosteroids are potent inhibitors of the inflammatory
process and are often the first therapy of choice for the
effective control of chronic inflammatory diseases, including
asthma and chronic obstructive pulmonary disease (COPD).
Although corticotherapy is very effective at suppressing airway
inflammation, its long-time use is associated with the real risk
of adverse diseases such as diabetes, obesity, and osteoporosis,
among others." In the case of COPD, it is estimated that
approximately 1-15% of the world’s population of >40 years of
age could be diagnosed with this disease.? The reason for this
estimate variability is that many patients who present a subcli-
nical manifestation of the disease have simply not yet been
diagnosed, since the development of clinical symptoms
usually requires a substantial loss (of 40-50%) of lung func-
tion. Moreover, the active or passive exposure to cigarette
smoke is the more important risk factor for the development
of COPD.> Whereas medications able to reverse COPD-
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nisms of action of the two drugs occur through different routes.

mediated changes in the airways have not yet been identified,
corticosteroid treatments aimed at alleviating symptoms,
improving lung function, and reducing hospitalizations have
been widely used. However, in view of the negative conse-
quences of long-term treatment with corticosteroids, it is
necessary to identify alternative therapies that will help to
reduce the dosage or even replace the use of corticosteroids in
this pathological condition.

Phenolic compounds are distributed widely throughout
nature and in the diet in the form of cereals, fruits, and medic-
inal herbs.”® Many phenolic compounds exhibit antioxidative
and anti-inflammatory properties and possess promising
effects against cancer.® A recent study using a mouse model of
lung inflammation induced by exposure to cigarette smoke
extract (CSE) demonstrated that p-coumaric acid, a natural
phenolic acid, was a strong therapeutic candidate for treating
pulmonary inflammatory diseases.” However, the intracellular
targets of p-coumaric acid remain poorly known.

Raman spectroscopy, a vibrational spectroscopic technique
based on inelastic light scattering, is used to provide impor-
tant biochemical information about molecules in a sample.®
Owing to its advantages of being highly sensitive, nondestruc-
tive, and noninvasive, Raman spectroscopy has become an
important tool in providing biochemical information regard-
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ing the molecule interactions, composition, and structure in
cells in physiological conditions.”'® The applications of
Raman spectroscopy to biological samples are numerous,
including the analysis of bioactive materials,"""> diagnosis
and treatment of cancer,"®'* and monitoring of biochemical
changes in red blood cells and tissue ex vivo.">'® This spectro-
scopic technique has also been used in biomedical appli-
cations as a tool in drug development and screening.'” It can
also be used to assess the effects of drugs on cells, with the
potential to identify cellular changes in response to drug treat-
ment and to reveal detailed biochemical information on how
drugs may alter the quality and quantity of cellular constitu-
ents.'® This approach can contribute useful molecular infor-
mation to elucidate the action mechanisms of drugs, which
could be applicable to the development of new therapies, such
as those for inflammatory processes.

However, in spite of the many advantageous features of
Raman spectroscopy, the spectral differences between
different drug treatments of cells are frequently minute, except
for a small variation in the intensities. Using visual obser-
vation, small spectral variations in intensity are difficult to
differentiate. Fortunately, this limitation of Raman spec-
troscopy can be overcome by the application of statistical ana-
lysis of the Raman spectra of biological cells.

Principal component analysis (PCA) has been successful in
the identification of the patterns in multivariate data sets.'® It
is an algorithm designed to reduce the variable number of a
data set and can be used to identify the Raman spectra of bio-
logical cells.*® On the other hand, hierarchical cluster analysis
(HCA) is used to classify a data set into groups on the basis of
combinations of interval variables; thus, the statistical differ-
ence between different data sets can be revealed effectively.”!
Herein, with the intent to identify the biochemical changes in
cells induced by anti-inflammatory drugs, we performed
Raman spectroscopy analysis on CSE-activated epithelial cells
treated with a corticosteroid or p-coumaric acid. We report the
potential application of Raman spectroscopy, in conjunction
with the PCA and HCA methods, to the study of A549 cell treat-
ments with dexamethasone (a glucocorticoid) and p-coumaric
acid.

Materials and methods
Cell line

The A549 human lung adenocarcinoma cell line was cultured
in RPMI-1640 medium containing 10% fetal bovine serum, 1%
t-glutamine, 1% penicillin, and 0.01% streptomycin, and
maintained in a humidified atmosphere with 5% CO, at 37 °C.
Cultures were monitored daily to evaluate the quantity of con-
fluence and the absence of contaminants. Upon reaching con-
fluence, the cells were detached using a 0.25% trypsin-ethylene-
diaminetetraacetic acid solution, and seeded into 24-well
plates at the density of 2 x 10> cells per well. Following over-
night incubation, the RPMI-1640 medium was replaced with
serum-free medium and the cells were exposed to the different
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treatments and/or stimulus. All experiments were performed
when the cell culture confluence reached at least 90%.

Culture conditions for the stimulus and treatments

A549 cells adhered onto 24-well plates (2 x 10° cells per well)
were maintained in RPMI-1640 medium without serum and
treated with dexamethasone (0.25, 2.5 and 25 pM), or p-couma-
ric acid (10, 20, 100 uM) for 1 h, and shall thereafter stimu-
lated with a cigarette smoke extract (CSE, 2.5, 5, 25 and 50%)
for 24 h. Cells cultured in RPMI-1640 medium were used as
control. To induce an experimental situation of activation of
the airway epithelial cells that mimics the effects of cigarette
smoke, a CSE was prepared using smoking protocol described
by Victoni and coworkers'* with slight modification. In brief,
two commercial cigarettes with the filters removed (Marlboro,
Philip Morris, Inc., Richmond, VA, USA) were bubbled through
20 mL of RPMI-1640 medium, and the resulting solution was
then filtered through a 0.22 pm pore filter. Next, lipopolysac-
charide (LPS, 0.1 mg mL™") was added, resulting in a 100%
CSE solution. The dose selection criteria were based in results
of a pilot experiment. All the experiments were performed
when the cell culture confluence reached 90% in an asynchro-
nous cell culture system.*?

Cell viability assay

The effects of the drug treatments and CSE on cell viability
were assessed by the 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyl-
tetrazolium bromide (MTT) assay. In brief, A549 cells were
seeded into 96-well plates (1 x 10° cells per well) and then
exposed to different concentration of dexamethasone, p-cou-
maric acid, or CSE solution for 24 h. Cells treated with
RPMI-1640 medium only were used as the control. After 24 h
of cell culture, 5 mg mL™" MTT (20 uL per well) was added to
the medium and the cells were incubated for 4 h. Thereafter,
the medium in each well was replaced with dimethyl sulfoxide
(150 pL) and the cells were further incubated for 10 min. The
optical density was then spectrophotometrically measured at
540 nm with a microplate reader.

Quantification of IL-8 and statistical analysis

A549 cells were plated into 96-well plates (1 x 10> cells per
well) and then exposed to different concentrations of dexa-
methasone, p-coumaric acid, or CSE solution for 24 h, as
described in subsection “Culture conditions for the stimulus
and treatments”. Then, the culture supernatants were har-
vested and centrifuged at 14 000g for 10 min to remove cell
debris. The interleukin (IL)-8 levels were measured using
ELISA kits (BD eBiosciences) according to the manufacturer’s
protocol.

Statistical data of the effects of dexamethasone and p-cou-
maric acid on IL-8 secretion were expressed as the mean +
standard error and were analyzed for significant differences
using analysis of variance followed by Tukey’s post-hoc com-
parison test. Determinations of ECs, were performed by using
Prism-version 7.0 Graphpad Software Inc. (San Diego, CA,
USA).
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Raman spectral measurements

The Raman spectra were measured using a Horiba XploRA
spectrometer coupled to an Olympus microscope and
equipped with a 532 nm laser that was focused on the nucleus
of the cells through a 60x oil immersion objective (NA = 1.40).
The same objective lens was used for collecting Raman scat-
tered light after interaction with the sample, in a backscatter-
ing geometry. The frequency calibration was set by reference to
the 520 em™" vibrational band of a silicon wafer. Under the
same conditions, 30 cell spectra for each group were measured
in the spectral range of 700-1800 cm™". In order to minimize
laser-induced heating of the specimens a low power irradiation
at the sample surface was used, around 5 mW, during a short
exposure time (1 s laser exposure for 60 accumulations). The
diffraction grating used had 1200 lines per millimeter, which
yielded a spectral resolution of 1.5 cm™". All experiments were
performed in living cells. In the Raman measurements, the
cells were not in RPMI-1640 medium used to treatment. That
is, prior the measurements, the coverslips with the cells were
washed with PBS and placed in a glass petri dish containing
such solution.

Data preprocessing and spectral analysis

In general, a visible 532 nm laser produces a strong back-
ground signal in the Raman spectrum of biological
samples.>*>* Moreover, the noises from different sources (e.g.,
shot noise, dark noise, and readout noise) contribute to the
background signal in the Raman spectra. Therefore, before
conducting the spectral analysis, all spectra have to be
smoothed, background-adjusted, and normalized using the
adaptive “minmax” method.>® By doing this, the external
noises are suppressed and the useful information about the
biochemical composition is enhanced. This method automati-
cally chooses a polynomial order to correct the background
spectra to avoid user intervention, following which each spec-
trum is normalized with its maximum intensity.

After the “minmax” method>* had been applied, PCA and
HCA were performed. PCA is a mathematical method that
transforms the data into new coordinates on an orthogonal
basis called principal components (PCs). The method extracts
the useful information from complicated data and identifies
the pattern on the basis of the relevant information. The com-
ponent that explains the maximum variance in the data set is
termed PC1, which corresponds to the first axis in the new co-
ordinates. Each successive component accounts for the residual
variance that is not captured by the previous component, and
so on.*® Usually, most of the variance is contained in the first
three principal components, PC1, PC2, and PC3. Thereafter, the
HCA algorithm was applied to the PCA results in order to separ-
ate the data into statistically similar groups. HCA is a method
that defines the grouping structure in the samples of a data set
by a nested tree graphical representation, called a dendro-
gram.’® In a dendrogram, the samples are gradually linked
according to their similarities, which are measured by a dis-
tance measurement among their related spectra.
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Results
Viability of A549 cells after stimulation with CSE

As illustrated in Fig. 1, incubation of the A549 cells with 2.5%
and 5% concentrations of CSE did not result in significant
alterations in cell viability. However, CSE at the higher doses
of 25% and 50% induced a 40% and 60% reduction in cell via-
bility, respectively, indicating a cytotoxic effect at these concen-
trations. On the basis of this result, we decided to use 2.5%
and 5% of CSE to evaluate the production of IL-8 from epi-
thelial cells.

Inhibition of CSE-induced A549 activation by dexamethasone
and p-coumaric acid

As shown in Fig. 24, low levels of IL-8 protein (<30 pg mL™)
were detected in the conditioned medium from cells cultured
with RPMI-1640 culture medium (control). Cells under stimu-
lation with CSE at 2.5% and 5% for 24 h showed in the super-
natant higher levels of IL-8 representing 2.8- and 6.2-times
control values, respectively (Fig. 2A). With this result, the effect
of pretreatment with dexamethasone or p-coumaric acid was
evaluated in 5% CSE-stimulated A549 cells. As determined in
subsection “Viability of A549 cells after stimulation with CSE”,
this CSE concentration does not affect cell viability, and thus
the drug-dose-dependent effects on the IL-8 secretion by A549
cells after 24 h could be determined in relation to the control
group.

As showed in Fig. 2B and C, CSE stimulation resulted in
substantially increase in IL-8 production compared to cells
unstimulated (medium). In cells treated with dexamethasone
at 2.5 and 25 pM, the production of IL-8 was reduced by 48%
and 69%, respectively (Fig. 2B). In cells treated with p-couma-
ric acid at 10, 20, and 100 pM, IL-8 production was signifi-
cantly reduced by 24%, 55%, and 74%, respectively (Fig. 2C).
As demonstrated in Fig. 2D, dexamethasone (ECso of 1.7 +
0.5 pM) inhibits CSE-induced IL-8 secretion with an ECs,
approximately 10-fold lower than p-coumaric acid (ECs, of
15.2 + 1.3 uM). These data of EC5, provides an initial quantitat-

100d =—— — T

Cell viability (%)

=

0 2.5 5 25 50
CSE (%)
Fig. 1 Evaluation of A549 cell viability after exposure to increasing con-

centrations of cigarette smoke extract (CSE) for 24 h. Bars represents
the mean + SD of 3 independent experiments.

This journal is © The Royal Society of Chemistry 2019



Published on 28 December 2018. Downloaded by Universidade Federal de Alagoas on 10/29/2019 2:24:52 PM.

View Article Online

Analyst Paper
2509 A 3009 B [ Medium
++ s
i ZZ1 CSE (5%)
2001 o 259 e
g 150 th
& + & 1501
w1004 -T— w©
= 4 1004
50 50
0 T T T 0=
Control 25 5 0 0.25 2.5 25
CSE (%) Dexamethasone (uM)
0= D =8~ Dexamethasone (ECsq= 1.7 £ 0.5)
3087 C 3 Medium T - p-Coumaric acid (ECgo= 15.2+ 1.3)
2504 CSE (5%)
3 200- 9
i 2
£ 150- £ 501------Arm-mmdboeeee
o =
% g
d 100 é
5{,-
ﬂ.
0.1 1 10 100 1000
p-Coumaric acid (uM) Log of concentration (uM)
Fig. 2 IL-8 secretion in cigarette smoke extract (CSE)-stimulated A549 cells. (A) Cells exposed to CSE only (5%). (B) Cells pretreated with dexa-

methasone and then exposed to CSE (5%). (C) Cells pretreated with p-coumaric acid and then exposed to CSE (5%). (D) The ECsq for dexamethasone
and p-coumaric acid on CSE-induced IL-8 secretion. Bars represent the mean + SD of 3 experiments. *p < 0.05, ***p < 0.001 compared with no-

treatment controls.

ive comparison of the drug effects. On the basis in Fig. 2B and
C, we decided to use 2.5 uM dexamethasone and 20 pM p-cou-
maric acid for the spectroscopic studies on CSE-stimulated
A549 cells.

Spectral variability among live A549 cells

Through the Raman spectrum, it is possible to evaluate drug-
induced responses in cells and identify changes that may
reveal detailed information about how drugs can alter the cel-
lular biochemistry. To perform the spectral data analysis and
classification, the Raman spectra of cells were divided into six
groups: (i) cells treated only with RPMI-1640 medium
(control); (ii) cells stimulated with CSE (CSE); (iii) cells treated
with dexamethasone (Dex); (iv) cells treated with dexametha-
sone and stimulated with CSE (Dex + CSE); (v) cells treated
with p-coumaric acid (p-Cou); and (vi) cells treated with p-cou-
maric acid and stimulated with CSE (p-Cou + CSE). A total of
30 cell spectra were measured for each group to identify the
most important spectral differences among the groups of cells.
All spectra were previously subjected to some preprocessing as
described in the Materials and Methods section.

Fig. 3 shows the mean Raman spectra of the six groups of
cells after preprocessing, with the respective standard devi-
ations overlaid as shaded gray fill. The Raman spectra of A549
cells consist mainly of peaks corresponding to molecular
vibrations of proteins, lipids, nucleic acids and carbohydrates,

This journal is © The Royal Society of Chemistry 2019

and the Raman band assignments used in interpretation of
the spectral features were carried out based on published
literature.>”*®

The major changes observed in the spectra of A549 cells are
in the Raman bands corresponding to DNA backbone O-P-O
stretching at 828 cm™", C-C stretching at 937 ecm ™" related to
proteins, C-N peptide bonds of proteins at 1128 cm™', C-H
deformation vibrations in 1460 cm™, and vibrations in the
amide I band centered at 1659 cm™*. The Raman spectrum
also showed peaks in the 1209-1367 cm ™" spectral region. This
region is a complex part because many vibrational frequencies
corresponding to proteins, lipids, and nucleic acids overlap.

The 828 cm™" peak corresponding to nucleic acids, pre-
sented a considerable decrease in cells treated with dexa-
methasone and dexamethasone + CSE, whereas in cells treated
with p-coumaric acid and p-coumaric + CSE showed practically
no alteration in comparison with the control cells. Already the
region comprising the 937 cm™" peak, related to proteins, pre-
sented a significant increase in cells treated with dexametha-
sone and dexamethasone + CSE comparing to control cells.
The differences in the amide I band centered at 1659 cm ™
indicate that there are variations in the amount of proteins
and lipids among the cells, since in this spectral range many
vibrational frequencies corresponding to proteins and lipids
overlap. It was observed that in the cells treated with dexa-
methasone and dexamethasone + CSE suffered a narrowing in
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Raman spectra are the averages of 30 cells for each group in the finger-
print region (700-1800 cm™). The shaded areas represent the standard
deviations of the means.

relation to the control cells, whereas the cells treated with
p-coumaric acid and p-coumaric acid + CSE presented a spec-
tral profile similar to that of control cells.

We observed that the mean spectra looked similar to one
another and there were no large group-to-group variations,
albeit some peaks showed small differences in intensity.
However, even small differences in Raman spectra may be
sufficient to differentiate distinct groups of cells that have
undergone some type of treatment. Through multivariate stat-
istical methods, we are able to make this differentiation and
prove that the treatments had in fact affected the cellular bio-
chemical composition.

Multivariate statistical methods: PCA and HCA

The analysis of single peak intensities is not sufficient to
resolve complex spectral peak shifts. The use of multivariate
statistical methods becomes useful in this context. Herein,
PCA and HCA were used, which allowed classification of the
different cellular groups and interpretation of the spectral
data. PCA summarizes the set of original variables to a few
components capable of retaining as much variation as poss-
ible. The analysis was performed on the preprocessing cell
spectra, and the scores for the first two PCs (PC1, and PC2)
were analyzed with a two-sample test of variance to determine
significant differences in the means of scores among the
different cell groups. For the determination of the differen-
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tiation capability of PCA and identification of significant
Raman features, the loading profile of the PC1 have been
used. Two-dimensional plots were constructed with combi-
nations of sets of scores of the first two PCs as well as the
corresponding plots of the PC1 loadings, as shown in Fig. 4.

As illustrated in Fig. 4A, the control cells (blue dots) could
be easily distinguished from the cells in the Dex group (red
dots) by the first two PCs, indicating significant spectral differ-
ences between the groups. The main discriminant was the
score of PC1, where the Dex group had negative scores and the
control group had positive scores. In this case, the first two
PCs, accounting for 85% of the variance, showed significant
differences (p < 0.05) among the two groups by a two-sample
test of variance. An analogous comparison between the control
group and the p-Cou group (green dots) is presented in
Fig. 4B. The first two PCs used in this comparison accounted
for 65% of the variance between the Raman spectra obtained
from these two cell groups. The analysis showed a dispersion
of the samples, with a small portion of the two groups of cells
overlapping, indicating that although there were significant
differences (p < 0.05) between the groups, some spectra were
similar. The PC scores presented in Fig. 4C show excellent sep-
aration between the Dex and p-Cou groups of cells, evidencing
significant spectral differences between them and suggesting
different action mechanisms of the drugs. These three pre-
vious analyses were corroborated with the PCA plot for the
three cell groups together, as shown in Fig. 4D. In this case,
the first two PCs explained 75% of the variance of the original
data set, with PC1 describing 54%, and PC2 describing 21% of
the total variance.

The direct comparison between the control group and the
CSE group (magenta dots) is presented in Fig. 4E. In this ana-
lysis, the variance attributed to each of the first two PCs of the
Raman spectral accounts was 77% of the two cell groups. The
smoke stimulus led the cells to an activation profile (IL-8 pro-
duction), guaranteeing the spectral difference between the
groups. Finally, all groups of cells stimulated with smoke were
compared simultaneously with the control group to determine
the resolution afforded by using the first two PCs, which
accounted for 76% of the variance (Fig. 4F).

The loadings of the PCs are representative of the biochemi-
cal differences between the groups of cells, and contribute to
the differentiation of the spectra in the scores plot of PCs.
Indeed, loadings have a spectral dimension, where positive
and negative peaks can be observed. In our study, loadings of
PC1 indicated positive correlation of Raman bands at 828,
1027, 1168, 1364, 1460, 1533, 1659 and 1699 cm™*, and nega-
tive correlation of signals at 937, and 1263 cm™' for cells
treated with dexamethasone when compared to control cells
(Fig. 4A). The positive peaks in the loadings indicate rising
Raman signals. In contrast, negative loading bands denote a
reduced contribution of the respective signals in the measured
Raman spectra (Fig. 3).

In the PCA of control cells and those ones treated with
p-coumaric acid, PC1 loadings indicated positive correlation
signals at 828, 937, 1168, 1364, 1460, 1533, 1659, and
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1699 cm ™', whereas negative correlation of bands at 1263, and
1314 em ™" (Fig. 4B). Compared to cells treated with p-coumaric
acid, a decreasing band at 828, 1027, 1168, 1460, and
1533 cm™!, and an increasing signal at 937, 1364, and
1659 cm™' were identified in the spectra of cells treated with
dexamethasone based on the PC1 loadings (Fig. 4C). The bands
in the loadings plots show the Raman peaks where the spectral
differences between the groups of cells exist. These peaks were
found in agreement with those in the Raman spectra and have
the highest weights for differentiation between dexamethasone
and p-coumaric acid treatments, evidencing the fact that the
drugs have different mechanisms of action. The same analyses
can be following with the CSE groups.

HCA was also used for discrimination of the six cell groups.
The results are presented in the form of dendrograms, which

This journal is © The Royal Society of Chemistry 2019

group the samples into clusters according to their similarities.
Observing the results of the PC1 x PC2 graphs obtained pre-
viously, we could verify that some cell groups overlapped. This
information is strictly related to the groupings formed by the
HCA, since the less the overlap, the better the grouping; that
is, the samples that have similarities will be gathered in the
same cluster. As illustrated in Fig. 5A, the HCA resulted in two
main clusters: the first refers to the Dex group, and the second
corresponds to the control group. The clusters showed a clear
distinction between the two groups. Fig. 5B shows the HCA
dendrogram for the control and p-Cou groups. Although the
clusters were separated into two distinct main clusters, there
were some ramifications corresponding to the control cells
being within the cluster formed by the p-coumaric acid-treated
cells, indicating that these samples have similar character-
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Fig. 5 Hierarchical cluster analysis (HCA). HCA of (A) cells treated only with RPMI-1640 medium (control) and cells treated with dexamethasone
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with p-coumaric acid and stimulated with CSE (p-Cou + CSE).

istics, as suggested by the PCA. The HCA dendrogram for the
Dex and p-Cou groups (Fig. 5C) showed a clear distinction
between the two clusters.

The dendrogram in Fig. 5D revealed the separation of the
samples into three main clusters: the first refers to the Dex
group, the second to the control group, and the third to the
p-Cou group. This analysis corroborated the results obtained
in Fig. 5A and B.

The groups of cells stimulated with smoke were also ana-
lyzed by HCA. Fig. 5E shows the dendrogram obtained for the
control cell group and the CSE group. In Fig. 5F, all groups of
cells stimulated with smoke are shown together with the
control group.

Discussion

This present study used Raman spectroscopy as a tool to
characterize substances used in the treatment of inflammatory
processes, through a comparative analysis of the in vitro
actions of dexamethasone and p-coumaric acid in A549 cells.
Initially, we ascertained that CSE concentrations of less
than 5% were the best for stimulating the inflammatory
response in A549 cells without causing a cytotoxic effect. Such
concentrations would lead the A549 cells to produce IL-8, a
chemokine that plays an important role in COPD. In line with
our results, a previous study also demonstrated that CSE
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stimulates the secretion of IL-8 from A549 cells."* Indeed, lung
biopsies from ex-smokers and patients with COPD showed
high levels of IL-8 mRNA and protein, confirming the inflam-
matory effect of cigarette smoking in the airways and lungs.”®

Scientific and clinical evidence implicate the inflammatory
response in the pathogenesis and maintenance of COPD.*°
Therefore, therapeutic strategies aimed at halting the inflam-
matory response are desirable. Although showing significant
side effects, corticosteroids have been the first therapy of
choice against the inflammatory condition in all COPD set-
tings.’’ Corticosteroids act as suppressive agents of the
expression of various proinflammatory cytokines, including
IL-8. Despite all the side effects associated with corticoster-
oids, their use in patients with COPD remains supported
owing to scientific evidence and the shortage of alternative
treatments. Thus, the search for drugs that can be used in the
treatment of these diseases without causing so many side
effects is fundamental.

In recent years, a wide range of natural products have been
suggested for use in COPD therapy, including macrolides,*
azithromycin,*® and phenolic compounds.®* A previous study
showed that cinnamic acids, which are phenolic compounds
found in a wide range of medicinal plants, are able to protect
lung tissue against the inflammatory damage induced by ciga-
rette smoke.*> The results obtained from the present study
demonstrated that p-coumaric acid could be a therapeutic
alternative against inflammatory processes, because aside

This journal is © The Royal Society of Chemistry 2019
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from being non-cytotoxic, it was able to suppress the pro-
duction/secretion of the chemokine IL-8. p-Coumaric acid has
attracted substantial attention owing to its several pharmaco-
logical and biological actions, such as its antioxidative, anti-
inflammatory, and neuroprotective activities.>*®*” Therefore,
p-coumaric acid has been used for the prevention or treatment
of various diseases, and may provide protection against cardio-
vascular and Parkinson’s diseases®® in addition to being able
to combat some types of cancer.

In this paper, pretreatment with either dexamethasone or
p-coumaric acid reduced the IL-8 production in epithelial
cells, showing both drugs to be effective in the treatment of
inflammation. In this scenario, the Raman spectroscopy can
offer a new ingredient to elucidate CSE-induced biological
changes in A549 cells. Fig. 3 showed that to cells treated with
dexamethasone (stimulated or not) produced significant
changes, for instance, peak at 937 cm ™" and the band centered
1659 cm™', when compared to control spectrum. On the other
hand, the cells treated with p-coumaric (stimulated or not) pre-
sented a similar spectral profile to the control cells. However,
it would undoubtedly be interesting to highlight any difference
between their efficacies. In this regard, the multivariate ana-
lysis of the Raman spectra suggested that the mechanisms of
action of the drugs occur through different routes. That is,
each drug modifies the cell differently, and it was observed
that p-coumaric acid treatment caused less change in the cell
structure compared with dexamethasone treatment. These
observations were made possible only by both PCA and HCA of
the Raman spectra obtained from A549 cells treated with dexa-
methasone or p-coumaric acid.

PCA and HCA are multivariate techniques with very
different theoretical foundations, and can be applied indepen-
dently because they are complementary techniques for analyz-
ing information on a spectral data set.’” These techniques
have been used to classify spectral changes related to human
diseases, since in most cases the alterations are subtle and
difficult to interpret and are most of the time related to several
molecular components with overlapping spectral information.

The PCA and HCA results presented in this study showed a
clear distinction between the cells treated with p-coumaric
acid and those treated with dexamethasone. Through PCA, we
observed differences between the control group and the Dex
group (Fig. 4A), suggesting that dexamethasone -causes
changes in the biochemical constituents of the cells. However,
when we compared the control group with the p-Cou group
(Fig. 4B), the differences were noticeably smaller than those
shown in Fig. 4A, a finding corroborated by the results shown
in Fig. 4C. Summarized, Fig. 4D shows that there are overlap
regions with greater similarity between the p-Cou group and
the control group, unlike the case with the Dex and control
groups. Moreover, an interesting result is shown in Fig. 4F,
representing cells treated with dexamethasone or p-coumaric
acid and stimulated with CSE. We can observe that the p-Cou +
CSE group is close to the control group, which is quite
different from the case with the Dex + CSE group versus the
control. This result shows that p-coumaric acid leads to a

This journal is © The Royal Society of Chemistry 2019
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minor change in the biochemical constituents of the cells
compared with that caused by dexamethasone. The same con-
clusion was achieved with HCA, where Fig. 5F reveals overlap
of the p-Cou + CSE group with the control group, whereas the
Dex + CSE group is in a distinctly separate cluster from that of
the control. The variance revealed in the loadings (Fig. 4)
agrees very well with the bands selected in the spectra dis-
cussed in Fig. 3, once these loadings can be used for such
comparison.

Conclusions

Our study has indicated that p-coumaric acid decreases the
production of IL-8 in CSE-stimulated A549 cells as efficiently
as dexamethasone, the standard drug for research investi-
gating the inflammatory process. The Raman spectra revealed
that each drug modifies the cell differently, but p-coumaric
acid treatment causes less change in the cell structure com-
pared with dexamethasone treatment. Based on these results
above, our findings provide an initial understanding of the
anti-inflammatory mechanism of p-coumaric acid.
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Introduction

Flavonoids induce cell death in Leishmania
amazonensis: in vitro characterization by flow
cytometry and Raman spectroscopy

Morgana V. Araujo,? Aline C. Queiroz, {22 JoZo F. M. Silva, Amanda E. Silva,®
Jodo K. S. Silva,? Girliane R. Silva,” Elaine C. O. Silva,® Samuel T. Souza, (2 ¢
Eduardo J. S. Fonseca, {2 € Celso A. Camara, ©2° Tania M. S. Silva ©® and
Magna S. Alexandre-Moreira (2 *@

Leishmaniasis comprises a group of infectious diseases with worldwide distribution, of which both the
visceral and cutaneous forms are caused by Leishmania parasites. In the absence of vaccines, efficacious
chemotherapy remains the basis for leishmaniasis control. The available drugs are expensive and associ-
ated with several secondary adverse effects. Due to these limitations, the development of new antileish-
manial compounds is imperative, and plants offer various perspectives in this regard. The present study
evaluated the in vitro leishmanicidal activity of flavonoids isolated from Solanum paludosum Moric. and
investigated the mechanisms of cell death induced by them. These compounds were evaluated in vitro
for their antileishmanial activity against Leishmania amazonensis promastigotes and they showed promi-
nent leishmanicidal activity. The EtOAc fraction, gossypetin 3,7,8,4'-tetra-O-methyl ether (1), and kaemp-
ferol 3,7-di-O-methyl ether (3) were selected to be used in an in vitro assay against L. amazonensis amas-
tigotes and cell death assays. The flavonoids (1) and (3) presented significant activity against
L. amazonensis amastigotes, exhibiting the ICsq values of 23.3 + 4.5 uM, 34.0 + 9.6 yM, and 10.5 +
2.5 puM for the EtOAc fraction, (1), and (3), respectively, without toxic effects to the host cells. Moreover,
(1) and (3) induced blocked cell cycle progression at the G1/S transition, ultimately leading to G1/GO
arrest. Flavonoid (3) also induced autophagy. Using Raman spectroscopy in conjunction with principal
component analysis, the biochemical changes in the cellular components induced by flavonoids (1) and
(3) were presented. The obtained results indicated that the mechanisms of action of (1) and (3) occurred
through different routes. The results support that the flavonoids derived from S. paludosum can become
lead molecules for the design of antileishmanial prototypes.

of people worldwide, the currently available treatment for
leishmaniasis is restricted to a few drugs of the first choice

Leishmaniasis comprises a group of diseases caused by the
protozoa of the genus Leishmania, which can affect human
beings. Leishmaniasis is considered to be a neglected disease
with a major impact on the economically weaker individuals,
especially in underdeveloped countries."” It is the second
main cause of death, after malaria, among parasitic diseases
caused by protozoa.® Despite being a disease affecting millions
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such as pentavalent antimonials, pentamidine, miltefosine,
amphotericin B with its derivatives, and paromomycin. The
main problem of conventional treatments is the intrinsic or
acquired resistance developed by the protozoan. Other restric-
tions related to the available drugs are a high incidence of
adverse effects and toxicity.* The clinical symptoms are diverse
and are associated with antigenic differences among the
Leishmania species in addition to hosting genetic and
immunological factors.”

Due to the lack of better therapies, the identification of
novel drugs, compounds, and targets is of interest to research-
ers worldwide. Natural products are potential sources of new
agents for the treatment of neglected tropical diseases,
especially those caused by protozoan parasites.® Various sec-
ondary plant metabolites such as quinones, phenolics and

This journal is © The Royal Society of Chemistry 2019
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their derivatives, alkaloids, terpenes, and saponins are ben-
eficial for human beings due to their antiparasitic properties
and highly selective mode of action. Furthermore, the skel-
etons of many metabolites have been successfully used to
design more pharmacologically active compounds.”

An alternative strategy used against Leishmania is the use of
natural products. Included in the Brazilian biodiversity, the
Solanum genus is the best representative of the Solanaceae
family with 1400 species® and is characterized by the pro-
duction of a variety of glycoalkaloids®™" and high occurrence
of flavonoids.">"?

Some Solanum species have been reported to have anti-
inflammatory, sedative, anti-spasmodic, anti-epileptic,"* hypo-
glycemic, anti-obesity, cholesterol-lowering,’>'® leishmanici-
dal, and trypanosomal activities."””*® In addition, studies have
demonstrated their anticancer activity against hepatoma cells
(Hep3B) and tumor cells of lung lines (H441, H520, H661, and
H69).1%2°

In order to identify the biochemical changes induced by fla-
vonoids in the cell behavior, a combined analysis of Raman
spectroscopy and principal component analysis was per-
formed. Raman spectroscopy is a highly sensitive vibrational
spectroscopic technique that can provide information about
the molecular compositions of biological samples.>"** For
example, by the use of Raman spectroscopic analysis, the sec-
ondary structure of the promastigote surface protease was
determined® in addition to the determination of the uptake
of nanoparticles by macrophages,® antibiotic resistance,*
and anticancer drug evaluation.>® Due to the advantages of
being noninvasive and nondestructive, this technique has
become a useful tool in the identification of the biochemical
changes caused by treatments in biological cells.>””*® This
approach can contribute useful molecular information to
assess the effects of flavonoids on cells, which can be appli-
cable to the development of new therapies for the treatment of
leishmaniasis.

Therefore, the present study aimed to investigate the leish-
manicidal activity, the mechanisms of cell death, and the bio-
chemical changes induced by the flavonoids isolated from
Solanum paludosum Moric.

Materials and methods
Extraction and isolation of flavonoids

The flavonoids were obtained according to the method
reported by Silva et al.'® A fraction of the flavonoid mixture
(532.5 mg) obtained from the aerial parts of S. paludosum was
purified by semipreparative high-pressure liquid chromato-
graphy with Diode Array Detection (HPLC-DAD). HPLC was
conducted using a Shimadzu Prominence chromatograph
model CMB-20A (Shimadzu Corporation, Kyoto, Japan)
equipped with a UV-Vis detector (SPD-20A), column oven
(CTO-204), solvent pump (LC-20AD), and Luna Phenomenex
C-18 column (21 mm x 250 mm X 5 pm, Phenomenex,
Aschaffenburg, Germany). The solvents H,0 (A) and

This journal is © The Royal Society of Chemistry 2019
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methanol : acetonitrile (1: 1, B) were used as the mobile phase.
Methanol and acetonitrile were obtained from J.T. Baker
(Deventer, The Netherlands), and MilliQ water was used in the
following gradient elution: from 0-5 min, 65% B; 5-15 min,
70% B; 15-30%, 75%; 30-32, 100% and detection at 320 nm at
a flow rate of 16 mL min~". Five principal flavonoids were iso-
lated: 1 (30.0 mg), 2 (25.0 mg), 3 (29.0 mg), 4 (18.8 mg), and 5
(30.0 mg).

The purity of the compounds was examined by ultra-high
pressure liquid chromatography along with quadrupole
time of flight mass spectrometry (UHPLC-QTOF-MS/MS)
HPLC-DAD-qTOF-MS. The XEVO-G2XSQTOF mass spectro-
meter (Waters, Manchester, UK) was connected to the
ACQUITY UPLC system (Waters, Milford, MA, USA) via an elec-
trospray ionization (ESI) interface. Chromatographic separ-
ation of the compounds was performed on ACQUITY UPLC
with a conditioned autosampler at 4 °C using an Acquity BEH
C18 column (50 mm x 2.1 mm i.d., 1.7 pm particle size)
(Waters, Milford, MA, USA). The column temperature was
maintained at 40 °C. The mobile phase consisting of water
with 0.1% formic acid in water (solvent A) and acetonitrile
(solvent B) was pumped at a flow rate of 0.4 mL min~". The
gradient elution program was as follows: 0-8 min, 10-80% B;
9-1 min, 80-100% B. The injection volume was 5 pL. MS ana-
lysis was performed on Xevo G2 QTOF (Waters MS
Technologies, Manchester, UK), a quadrupole time-of-flight
tandem mass spectrometer coupled with an electrospray ionis-
ation source in the positive ion mode. The scan range was
from 50 to 1200 m/z for data acquisition. In addition, the MS®
experiments were carried out, which allowed both the precur-
sor and production data to be acquired in one injection. The
source conditions were as follows: capillary voltage, 3.0 kv;
sample cone, source temperature, 120 °C; desolvation tempera-
ture 450 °C; cone gas flow rate 50 L h™"; desolvation gas (N,)
flow rate 800 L h™". All analyses were performed using the lock
spray, which ensured accuracy and reproducibility. Leucine-
enkephalin (5 ng mL™") was used as a standard or reference
compound to calibrate the mass spectrometers during analysis
and was introduced by a lock spray at 10 pL min~" for accurate
mass acquisition. All the acquisition and data analyses were
controlled using the Waters MassLynx v 4.1 software.

Parasites

L. amazonensis [MHOM/BR/77/LTB0016] strain was maintained
in vitro as proliferating promastigotes at 26 °C in Schneider’s
medium (Sigma-Aldrich) supplemented with 10% heat-inacti-
vated fetal bovine serum (Sigma-Aldrich), gentamycin
(1 mg L") (Sigma-Aldrich), i-glutamine (2 mM) (Sigma-
Aldrich), and 2% sterile human urine. In the culture, the pro-
mastigote forms were cultured extracellularly and took an esti-
mated 7 days to complete their life cycle. After the third day,
the promastigote forms were in the exponential phase of
growth and then, they were used in the third passage, a phase
in which the parasites could infect the macrophages in the
assay of in vitro infection.
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Animals

Swiss mice (six-to-eight weeks old) were obtained from the
Central Animal House of the Federal University of Alagoas in
order to obtain the peritoneal macrophages. These studies
were approved by the Ethics Committee for Animal
Experimentation of the Federal University of Alagoas (Brazil)
(protocol no. 2015.01).

Macrophages

Peritoneal macrophages were obtained from Swiss mice
(weighing 20-25 g) through peritoneal lavage with 10 mL of
cold PBS (Phosphate-Buffered Saline; 137 mM NaCl, 8 mM
Na,HPO, (Vetec Quimica fina), 2.7 mM KCI (Vetec Quimica
fina), 1.5 mM KH,PO, (Vetec Quimica fina), pH 7.0). The per-
itoneal exudate cells were centrifuged at 1500 rpm for 5 min
and the pellet was resuspended in an RPMI-1640 medium
(Sigma-Aldrich) supplemented with 10% heat-inactivated fetal
bovine serum, gentamycin (1 mg L"), r-glutamine (2 mM),
and sodium pyruvate solution (2 mM) (Sigma-Aldrich). The
cells were then counted and seeded into 96-well plates for the
cytotoxicity assay and into 24-well plates for the intracellular
amastigote assay.

Cytotoxicity assay using the macrophages

Peritoneal macrophages were seeded (3 x 10" cells per well) in
96-well plates containing 100 pL of media. The cells were
allowed to attach to the bottom of the well for 24 h at 37 °C
and then treated with different concentrations (1, 10, and
100 pM) of flavonoids or pentamidine (Sigma-Aldrich) pre-
viously diluted in RPMI-1640 medium with dimethyl sulfoxide
(0.1% DMSO) (Sigma-Aldrich). The plates were maintained in
a 5% CO, incubator at 37 °C for 48 h. The cells were also cul-
tured in media free from compounds, a vehicle (basal growth
control), or media with 0.1% DMSO (vehicle control).
Thereafter, the supernatant was removed and the cells were
incubated with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) (Sigma-Aldrich) (100 pL per well) for 1 h
in the dark at 37 °C. The MTT solution was then removed, the
cells were resuspended in 100 pL of DMSO, and the absor-
bance was measured using an ELISA reader at 550 nm.

Leishmanicidal activity assay

L. amazonensis promastigotes (2 x 10° cells per mL) were main-
tained in vitro in Schneider’s medium supplemented with 10%
FBS and 2% human urine in the presence of various concen-
trations of flavonoids and pentamidine (0.1, 1.0, 10, and
100 uM) for 48 h at 26 °C. The cells were also cultured in
media free from compounds (basal growth control) or with
0.1% DMSO (vehicle control). The promastigotes were adjusted
to a concentration of 10> cells per mL in PBS and the viable
cells were counted in a Neubauer’s chamber.

Intracellular amastigote assay

Peritoneal cavity macrophages of Swiss mice were seeded on
glass coverslips (13 mm diameter) in 24-well plates and incu-
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bated at 37 °C with 5% CO, for 12 hours for adhesion. The
macrophages were infected with L. amazonensis promastigotes
using a ratio of 1:10 at 37 °C overnight in isolated experi-
ments. Non-internalized promastigotes were removed by
washing (three times) with PBS. The infected macrophages
were treated with concentrations of 0.1, 1.0, and 100 pM of the
EtOAc fraction, (1), and (3) flavonoids and maintained at 37 °C
in 5% CO, for 48 h. The glass coverslips were fixed with metha-
nol and stained with May-Griinwald-Giemsa (Sigma-Aldrich)
and then, the intracellular amastigotes were counted (one
hundred macrophages were evaluated per glass coverslip). The
data were expressed as the infection index (percentage of
infected macrophages multiplied by the average number of
amastigotes per macrophage).

Cell cycle analysis

The cell cycle assay was performed according to the instruc-
tions of the Muse® Cell Cycle Kit. L. amazonensis promasti-
gotes (10° cells per mL) were treated with pentamidine, (1),
and (3) at a concentration of 100 pM for 48 h. After the incu-
bation period, the cells were centrifuged and the pellets were
resuspended in 1 mL of PBS supplemented with 1% FBS to
wash the cells; then, they were fixed with 70% ethanol for
3 hours at —20 °C. After fixation, 200 pL of each cell suspen-
sion was centrifuged and washed with PBS, and the pellets
were resuspended in 200 pL of Muse® Cell Cycle reagent. After
incubation for 30 min at room temperature and protection
from light, data acquisition was carried out by flow cytometry
on a Muse® Cell Analyzer and analyzed using the Muse™ 1400
Analysis software.

Analysis of phospholipid externalization in L. amazonensis
promastigotes by flow cytometry

The quantification of the percentage of parasites undergoing
apoptosis or necrosis was performed according to the instruc-
tions of the Annexin Muse® & Dead Cell Kit. Exponential-
phase L. amazonensis promastigotes (10° cells per mL) were
incubated with pentamidine, (1), and (3) (10 uM and 100 uM
for 48 h). After the incubation period, the cells were centri-
fuged and resuspended in PBS supplemented with 1% FBS to
wash the cells. Subsequently, 100 pL of each cell suspension
was incubated with 100 pL of the reagent containing Annexin
V-PE and 7-AAD for 30 min at room temperature with protec-
tion from light. Data acquisition was carried out by flow cyto-
metry on a Muse® Cell Analyzer and the analysis was per-
formed using the Muse® 1400 Analysis software.

Determination of caspase-like proteases

To determine the percentage of caspase-positive cells, the
Muse® Multicaspase kit was used to perform the analysis
according to the instructions of the manufacturer.
L. amazonensis promastigotes were grown to the concentration
of 10° cells per mL and then treated with pentamidine, (1),
and (3) at a concentration of 100 uM and incubated at 26 °C.
After 48 h, 1 mL of the cell culture was pelleted and resus-
pended in 1 mL of PBS buffer supplemented with 1% FBS.
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Muse® Multicaspase Reagent followed by 7-AAD was added.
Data acquisition was carried out using a Muse® Cell Analyzer
and analyzed using the Muse® 1400 Analysis software.

Assay of autophagy

The determination of autophagy induction was performed
according to the instructions of the Muse® Autophagy LC3-
based antibody kit. L. amazonensis promastigotes (5 x 10* cells
per mL) were incubated with pentamidine, (1) and (3) at a con-
centration of 100 pM for 48 h. After the incubation period, the
contents of each well were transferred to microcentrifuge
tubes and centrifuged, and the pellets were resuspended in
PBS supplemented with 1% FBS to wash the cells.
Subsequently, the content was treated with reagent autophagy
A for 3 hours at 37 °C. Each cell suspension was then centri-
fuged and the pellet was resuspended in 200 pL of a solution
containing reagent autophagy B and anti-LC3 Alexa
Fluor®555. After 30 min of incubation on ice and protection
from light, the tubes were centrifuged and the pellets were
resuspended in the assay buffer. Data analysis was performed
using the Muse® 1400 Analysis software.

Raman spectroscopic measurements

Raman spectroscopy was performed on infected macrophages
according to the methodology described in “Intracellular
Amastigote Assay”; however, the fixation process was with 4%
glutaraldehyde (Sigma-Aldrich) for 5 min. Raman spectra were
obtained using a Horiba XploRA spectrometer coupled to an
Olympus microscope and equipped with a 532 nm laser that
was focused on the nucleus of the cells through a 100x objec-
tive lens (NA = 0.9). The same objective lens was used for col-
lecting the Raman scattered light after interaction with the
sample in a backscattering geometry. The frequency cali-
bration was set by the reference to the 520 cm™" vibrational
band of a silicon wafer. Under the same conditions, 50 cell
spectra for each group were obtained in the spectral range
from 800 to 1800 cm™". In order to minimize the laser-induced
heating of the specimens, a lower power irradiation at the
sample surface was used of about 5 mW for a short exposure
time (1 s laser exposure for 15 accumulations). The diffraction
grating used had 1200 lines per millimeter, and the spectral

resolution of the system was 1.5 cm ™",

Data preprocessing and spectral analysis

Before conducting the spectral analysis, all the spectra were
smoothed, background-adjusted, and normalized using an
algorithm implemented in the MatLab software. After remov-
ing the fluorescence background from the spectra, principal
component analysis (PCA) was performed. PCA is a multi-
variate technique that transforms the given data into a set of
new orthogonal variables called the principal components
(PCs), which are responsible for the significant spectral vari-
ation. This technique extracts the important information from
the data and identifies the patterns that reveal the main
characteristics of the analyzed set. The PCs are ordered so that
the first few retain most of the variations present in all of the
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original variables. Each successive component accounts for
the residual variance that is not captured by the previous com-
ponent and so on.>® Usually, most of the variance is contained
in the first three principal components (PC1, PC2, and PC3).
PCA is a suitable statistical method for biological samples due

to its successful applications in cell sorting.>*?*"

Statistical analysis

Data were expressed as the mean + S.E.M. and significant
differences between the treated and control groups were evalu-
ated using ANOVA and Dunnett’s post-hoc tests using the
Graph Pad Prism 5.0 software; 95% confidence intervals were
also included.

Results
Chemistry

The chemical study of the fraction of flavonoids obtained from
the aerial parts of S. paludosum resulted in the characterization
of five flavonoids by UPLC-DAD-TOF-MS/MS. Five principal
compounds (1-5, Table 1) were isolated and the structures of
1, 2, 3, and 5 were compared with the patterns of flavonoids
previously isolated from S. paludosum."" The flavonoid 4 was

Table 1 Chemical data of flavonoids 1-5. 3,7,3",4'-Tetra-O-methyl
myricetin (4) ion at m/z 389.1230 [M + HI* (calcd for CyoH»Og,
389.1230) and gossypetin 3,7,8,3",4'-penta-O-methyl ether (5) 389.1230
[M + HI* (calcd for CpoH20g, 389.1230)

Molecular
Compounds weight (g) Chemical name
1 J 300 Gossypetin 3,7,8,4"-
- tetra-O-methyl ether
2 374 Kaempferol 7-O-
methyl ether
3 314 Kaempferol 3,7-di-O-
methyl ether
4 360 Myricetin 3,7,3",4'-
tetra-O-methyl ether
. o,
5 T‘ 388 Gossypetin 3,7,8,3',4'-
B ) penta-O-methyl ether
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identified by various spectroscopies (UV, IR, 'H NMR, “C
NMR, 2D NMR, and MS), and it was readily identified by the
direct comparison of its spectroscopic data with the literature
data.’® This flavonoid is being reported for the first time in the
Solanum genus.

The structures of the known isolated compounds were con-
firmed by their HR-ESI-MS spectra as gossypetin 3,7,8,4'-tetra-
O-methyl ether (1) ion at m/z 375.1072 [M + H]" (caled for
C19H190s, 375.1074), kaempferol 7-O-methyl ether (2) ion at
m/z 301.0707 [M + H]" (caled for Cy6H;304, 301.0706), kaemp-
ferol 3,7-di-O-methyl ether (3) ion at m/z 315.0565 [M + H]"
(caled for C;;H;506, 315.0863), myricetin 3,7,3',4-tetra-O-
methyl ether (4) ion at m/z389.1230 [M + H]" (caled for
CyoH,104, 389.1230), and gossypetin 3,7,8,3',4"-penta-O-methyl
ether (5) 389.1230 [M + H]' (caled for C,,H,;0g, 389.1230).

Viability of peritoneal macrophages

The effect of the EtOAc fraction and flavonoids of S. paludosum
on murine peritoneal macrophages was assessed by quantitat-
ive colorimetric MTT assays after 48 h of incubation. The
macrophages were treated with flavonoid compounds (1, 10,
and 100 uM) to investigate the potential toxic effects on mam-
malian cells. Table 2 shows the results for the flavonoid com-
pounds and pentamidine (reference standard drug).
Pentamidine and only flavonoid (3) showed the same deleter-
ious activity to the host cells, as evidenced by the MTT assay,
with the maximum cytotoxicities of 72.1 + 4.8% and 47.9 +
8.2%, respectively. However, flavonoid (3) exhibited a CCs,
value (the concentration that causes 50% of the cytotoxicity in
macrophages) greater than the maximum concentration
tested; the standard drug pentamidine, on the other hand,
showed CCs, of 68.2 + 3.8 uM.

In vitro evaluation of the antipromastigote activity of
flavonoids

An initial screening was carried out to evaluate and compare
the in vitro leishmanicidal profiles of the flavonoid compounds
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and pentamidine against the proliferation of the exponentially
growing promastigote form of L. amazonensis. The maximum
effects and the ICs, values (concentrations causing 50% inhi-
bition of promastigote growth) were used as parameters for
leishmanicidal activity (Table 2). After 48 h of incubation, the
EtOAc fraction and the isolated compounds (1), (2), and (3)
exhibited antileishmanial activities against L. amazonensis pro-
mastigotes with maximum effects of 84.3 + 5.5%, 82.6 + 7.6%,
48.8 £ 1.7%, and 83.7 + 2.6%, respectively. The EtOAc fraction,
(1), and (3) exhibited the ICs, values of 63.0 + 2.3 pM, 44.0
6.0 uM, and 54.2 + 2.2 pM, respectively; they were as potent
and effective as pentamidine (with the efficacy of 90.4 + 5.5%
and ICs, of 24.3 + 5.3 uM) against L. amazonensis promasti-
gotes. In contrast, (4) and (5) did not present activity against
the promastigote form of L. amazonensis up to 100 pM
(Table 2). Based on the viability of the macrophage cells and
L. amazonensis promastigotes, it was possible to calculate the
selectivity index (SI) of the compounds (Table 2). Thus, when
comparing the SI values of the macrophage and L. amazonensis
promastigote, the flavonoids (2), (4), and (5) did not show
selectivity for L. amazonensis. In addition, the EtOAc fraction
and flavonoids (1) and (3) were probably selective for
L. amazonensis; however, as their CCs, values were not deter-
mined, it was not possible to calculate SI for L. amazonensis.
Pentamidine showed 2.81 times more selectivity for the para-
sites (Table 2).

In vitro evaluation of the antiamastigote activity of flavonoids

The EtOAc fraction, (1), and (3) were selected for testing
against the amastigote forms for displaying the best data with
the activity against the promastigotes of the two tested
Leishmania species. In this study, the EtOAc fraction, (1), and
(3) inhibited the amastigote growth with the maximum
efficacy values of 85.6 + 0.0%, 72.2 + 13.7%, and 88.8 + 0.9%,
respectively. The EtOAc fraction, (1), and (3) exhibited the IC5,
values of 23.3 + 4.5 pM, 34.0 £ 9.6 uM, and 10.5 + 2.5 uM,
respectively (Table 3).

Table 2 Effect of pentamidine, EtOAc fraction, and flavonoid compounds (1-5) of S. paludosum against the macrophages or the promastigote

form of L. amazonensis

Peritoneal macrophages

L. amazonensis promastigotes

Substances CCs0” (uM) Maximum cytotoxicity” (%) ICs50“ (uM) Maximum effect” (%) SI¢
Pentamidine 68.2 + 3.8 72.1 + 4.8** 24.3 £5.3 90.4 + 5.5%** 2.81
EtOAc fraction >100 ND 63.0 £2.3 84.3 £ 5.5%%* >1.19
(1) >100 ND 44.0 + 6.0 82.6 + 7.6%** >2.27
(2) >100 ND >100 48.8 £ 1.7** —
3) >100 47.9 + 8.2* 54.2 £2.2 83.7 £ 2.6%** >1.84
(4) >100 ND >100 NA —
(5) >100 ND >100 NA —

“ Cytotoxic Concentration 50 (CCs) calculated by the concentration-response curves. ”Maximum Cytotoxicity or Maximum Effect (ME) is
expressed as a mean =+ standard error of maximum toxicity, average of the triplicates of a representative experiment. ¢ Selectivity Index (SI) calcu-
lated from the ratio of CCs, values of the macrophage and ICs, of the promastigotes. (—): Substance does not have a deleterious effect on the
macrophage or Leishmania. The values of cytotoxicity or maximum effect were considered significant when *p < 0.05, **p < 0.01, and ***p < 0.001
compared to the DMSO group. ND: Not determined. Maximum Cytotoxicity to cell until the concentration of 100 pM compared to the DMSO
group. NA: compound is not active.
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Table 3 Leishmanicidal activity of the flavonoid compounds against
the growth of amastigotes of L. amazonensis

Treatment IC50" (UM) Efficacy” (%)
Pentamidine 6.4+ 0.1 99.91 + 0.04***
EtOAc fraction 23.3+4.5 85.6 + 0.0***
(1) 34.0+ 9.6 72.2 £ 13.7*%*
(3) 10.5 2.5 88.8 + 0.9%**

Data are reported as the mean + standard error of the mean, S. E M.

“ICso is the concentration required to cause 50% inhibition. bThe
efficacy values were considered significant when *p < 0.05, **p < 0.01,
and ***p < 0.001 compared to the 0.1% DMSO group.

Cell cycle analysis

After the in vitro leishmanicidal activity of (1) and (3) was
characterized, other studies were conducted to investigate
the mechanism of cell death by these compounds. The
Leishmania cell cycle was analyzed by flow cytometry after
treatment with pentamidine, (1), and (3) at a concentration
of 100 uM for 48 hours (Fig. 1). The analysis of the cell popu-
lation in different cell cycle phases was possible after stain-
ing with 7-AAD and subsequent analysis by flow cytometry.
In Fig. 1, it is observed that pentamidine, (1), and (3) can
induce changes in the cell cycle (in the G0/G1, S, and G2/M
phases) of L. amazonensis promastigotes after 48 h of
treatment.

Analysis of externalized phosphatidylserine (PS)

In order to determine the mechanism by which the flavonoid
compounds exert their antiproliferative activity against the
parasites, flow cytometric analyses using Annexin V-PE and
7-AAD were performed to investigate the externalization of
phospholipids or the rupture of the cytoplasmic membrane.
As demonstrated in Fig. 2, flavonoids (1) and (3) do not
induce cell death through the induction of necrosis or apop-
tosis in L. amazonensis promastigotes after 48 h of incubation
at the concentrations of 10 and 100 pM. Additionally, the
caspase-like activation did not occur in the promastigotes
treated with flavonoids (1) or (3) at 100 pM for 48 hours

(Fig. 3).

E G0/Gl
Os
== Wealhv|

Number of cells/phase

} ik L ik I
Medium 0.1% DMSO Pentamidine (1) (3)

Fig. 1 Cell cycle distribution of L. amazonensis promastigotes. Analysis
using flow cytometry after treatment with 10 uM pentamidine and
100 pM (1) and (3) flavonoids for 48 h. Values represent means + SEMs
for three samples.
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Fig. 2 Phospholipid externalization of L. amazonensis promastigotes.
Analysis using flow cytometry after treatment with 10 and 100 pM pen-
tamidine and flavonoids (1) and (3) for 48 h. (A) Medium; (B) 0.1% DMSO;
(C) 100 pM pentamidine; (D) 10 pM pentamidine; (E) 100 uM (1); (F)
10 pM (2); (G) 100 pM (3); (H) 10 pM (3).

Detection of autophagy by flow cytometry

Next, we evaluated the induction of autophagic cell death in
L. amazonensis promastigotes treated with (1) and (3) at a con-
centration of 100 uM for 48 hours. The treatment with (3)
altered the mean of autophagy intensity in the promastigotes,
showing that the antiproliferative activity of these compounds
is probably also the result of an exacerbated autophagic
process (Fig. 4).

Raman spectra of the macrophages infected with
L. amazonensis

Through a Raman spectrum, it is possible to evaluate the
responses induced by the treatments in cells and identify the
most important spectral differences among the cell groups.
The main bands observed in the spectra of the cells were in
the regions corresponding to the C-C stretching of the proline
ring at 920 cm™', the phenylalanine peaks at 1002 and
1030 cm™, the DNA phosphodioxy group PO,~
stretching at 1095 cm™", a band centered at 1240 cm

symmetric
~! related
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Fig. 3 Determination of the presence of active caspase-like proteases
in L. amazonensis promastigotes. Analysis using flow cytometry after
treatment with 100 pyM pentamidine and flavonoids (1) and (3) for 48 h.
(A) Medium; (B) 0.1% DMSO; (C) 100 uM pentamidine; (D) 100 puM (1); (E)
100 pM (3).
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Fig. 4 Determination of the presence of autophagic LC3* in
L. amazonensis promastigotes incubated with pentamidine and flavo-
noids (1) and (3) (100 uM) for 48 h and analyzed by flow cytometry.
Values represent means + SEMs for three samples.

to RNA, the corresponding vibrations of the DNA bases
adenine and guanine at 1317 and 1578 cm™', the 1446 cm™"
band corresponding to the C-H deformation vibrations, and
the vibrations in the amide I band centered at 1657 cm™". The
Raman band assignments used in the interpretation of the
spectral features were carried out based on the published
literature.*
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The spectral regions with the most significant variations
were pointed out based on the calculated spectral difference
between the cell groups. As illustrated in Fig. 5(A), the Raman
spectra of the cells cultured in the medium free from com-
pounds and those with 0.1% DMSO displayed similar patterns,
indicating that these cell groups have very similar spectral
characteristics. The differences between the Raman spectra of
the DMSO group cells and pentamidine group cells can be
seen in Fig. 5(B). The spectral changes can be observed in prac-
tically the entire analyzed region. The peaks at 920, 1002,
1030, 1446, and 1657 cm™* correspond to proteins, whereas
the peaks at 1095, 1240, 1317, and 1578 cm™* correspond to
nucleic acids. The differences in these regions indicate that
there are variations in the amounts of proteins and nucleic
acids among the cells.

In Fig. 5(C), it is observed that among the DMSO group
cells and the cells treated with flavonoid (1), the main vari-
ations also occur in a large part of the analyzed spectral
region. The cells treated with flavonoid (1) showed a smaller
amount of proteins, as indicated by the less intense peaks at
1002, 1030, 1446, and 1657 cm™'. Although the peak at
1578 cm™" increased slightly, the amount of nucleic acids in
the cells treated with flavonoid (1) seemed to be smaller, as
indicated by the less intense peaks at 1240 and 1317 cm™ .
Important spectral variations were also observed in the differ-

(A)

(B)

1240
137

1448
1657

Intensity (Arb. Units)

— Medium

— 0.1% DMSO

= 10 pM pentamidine
— 10 M (1)

— 10 M (3)

— difference spectrum

800 1000 1200 1400 1800 1800

Raman Shift (cm™)

Fig. 5 Raman spectra of macrophages infected with L. amazonensis
exposed to different treatments. The Raman spectra are the averages of
50 cells for each group in the fingerprint region (800-1800 cm™). (A)
0.1% DMSO and Medium; (B) 0.1% DMSO and 10 pM pentamidine; (C)
0.1% DMSO and 10 uM (1); (D) 0.1% DMSO and 10 pM (3), and (E) 10 pM
(1) and 10 pM (3). The gray lines represent the computed difference
spectrum between the cell groups.
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ence spectrum of the cells of the DMSO group and the cells
treated with flavonoid (3), as can be observed in Fig. 5(D).
Among the regions with the highest spectral variations are the
bands at 920, 1002, 1030, 1446, and 1657 cm™ ", corresponding
to proteins, and the bands at 1240 and 1317 cm™" related to
nucleic acids. The spectrum of the cells treated with flavonoid
(3) showed considerable decrease in the intensity of the peaks
corresponding to the nucleic acids. This indicates that the
DNA of these cells was lowered greatly.

Finally, as shown in Fig. 5(E), an analysis was performed
between the cells treated with flavonoids (1) and (3). The most
significant spectral variations occurred in the following
regions: 920, 1030, 1446, and 1657 cm™" (corresponding to
proteins) and 1240, 1317, and 1578 ¢cm™" (corresponding to
nucleic acids). The decrease in the intensity of the peaks
corresponding to the nucleic acids in the cells treated with fla-
vonoid (3) reiterates the results reported in Fig. 5(D) and may
indicate cell death.

Spectral classification based on PCA

The small differences observed in the Raman spectra may be
sufficient to differentiate and classify the different groups of
cells. Through multivariate statistical methods, it was possible
to make this differentiation and prove that the treatments had
in fact affected the cellular biochemical composition. Herein,
PCA was used for the classification of the cellular groups and
interpretation of the spectral data. As seen in Fig. 6(A), the
cells of the DMSO group (blue dots) can be separated from the
cells of the Medium group (orange dots) by the first two PCs.
This demonstrates that even in the groups of cells where the
spectral characteristics are quite similar, PCA can successfully
classify the samples. The first two PCs explained 51% of the

@ Medium @ 10uM pentamidine
@ 0.1%DMSO @ 10uM (1)
@ 10uM (3)
3 24
& 1
-y -
b Bo
3o g
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2 3
1 2
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5
& E 0
2 8.
3 2
E
1 [} 1 2 3 2 1 0 1 2

PC1-(30%) PC1-(37%)

Fig. 6 Principal component analysis (PCA) of the macrophages infected
with L. amazonensis. PCA score plots for (A) 0.1% DMSO and Medium;
(B) 0.1% DMSO, 10 pyM pentamidine, and 10 pM (1); (C) 0.1% DMSO,
10 uM pentamidine, and 10 pM (3); and (D) 0.1% DMSO, 10 uM (1), and
10 pM (3).
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variance of the original data set, with PC1 describing 37% and
PC2 describing 14% of the total variance.

The distribution of the cells of the DMSO, pentamidine
(red dots), and flavonoid (1) (pink dots) groups is observed in
Fig. 6(B). The cells were classified based on the first two PCs,
which explained 59% of the total variance. Based on the distri-
bution presented, the pentamidine treatment caused a large
dispersion of the samples, indicating that in this group, there
are cells quite different from each other. A region of overlap
can also be observed for the samples under treatment, indicat-
ing that although there are significant differences between the
groups, many spectra were similar. An analogous comparison
between the cells of the DMSO, pentamidine, and flavonoid (3)
(green dots) groups is presented in Fig. 6(C). The first two PCs
explained 52% of the variance of the original data set, with
PC1 describing 30% and PC2 describing 22%. In this analysis,
it was observed that both treatments caused great dispersion
of the samples, evidencing quite different spectra within each
of the groups.

The PCA score plots presented in Fig. 6(D) show the distri-
bution of the cells of the DMSO and (1) and (3) flavonoid
groups. The first two PCs used in this comparison accounted
for 64% of the variance of the original data set. The distri-
bution presented evidenced the spectral differences among the
groups exposed to the treatments, corroborating with the
results of the analyses of flow cytometry, which demonstrated
that the flavonoids (1) and (3) have different mechanisms of
action. The grouping of the samples into three clusters indi-
cated that the systematic differences between the Raman
spectra can be revealed easily by PCA.

Discussion

Considering the low efficacy of the available drugs for the treat-
ment of leishmaniasis as well as their side effects and the re-
sistance developed by parasites, research using natural pro-
ducts, mainly due to the properties of the bioactive com-
pounds found in the crude extracts of medicinal plants, may
lead to the discovery of new therapies with high efficiency,
which are cheap and safe for patients.* Hence, the purpose of
this research was to study the antileishmanial effects of the fla-
vonoid compounds isolated from the EtOAc fraction of
S. paludosum and to investigate the mechanisms involved in
cell death.

Previous studies with Solanum species have demonstrated
various pharmacological activities, including activity against
trypanosomatids, such as L. amazonensis and Trypanosoma
cruzi.'”'® In this study, the flavonoids showed pronounced
leishmanicidal activity against the promastigotes of
L. amazonensis with emphasis on the EtOAc fraction and flavo-
noids (1) and (3), which have also exhibited leishmanicidal
activity against promastigotes of L. chagasi (data not show).

The activities of the compounds against promastigotes and
amastigotes can differ depending on the targets of the antil-
eishmanial action, which may be selective for one of the two
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developmental forms. Overall, promastigotes may be more sen-
sitive than intracellular amastigotes because amastigotes are
adapted to survive in a hostile intracellular environment as
well as due to the fact that the compounds have direct contact
with promastigotes. In contrast, in order to have anti-amasti-
gote activity, the substances must be capable of crossing the
membrane of the host cell. The EtOAc fraction and flavonoids
(1) and (3) were then subjected to the amastigote assay and
besides the observed efficacy, they were found to be highly
potent against the growth of L. amazonensis amastigotes, exhi-
biting the ICs, values of 23.3 + 4.5 uM (EtOAc fraction), 34.0 +
9.6 uM (1 flavonoid), and 10.5 + 2.5 uM (3 flavonoid). The data
corroborated the results reported by Wong et al;***° they
tested the flavonoid dimers and found potent leishmanicidal
activity similar to the results observed by Abreu-Miranda
et al,"® who tested the glycoalkaloids isolated from
S. lycocarpum against the promastigotes of L. amazonensis.

In addition, there are few studies about flavonoids (1) and
(3). It was found that the flavonoid (1) was isolated from
Fagoniaboveana® and Ricinocarpusstylosus.®® 1t was also
demonstrated that this flavone did not induce the activation of
apoptosis as it did not present antitubulin activity in HL60
cells.*® In the case of flavonoid (3), this flavonolaglycone was
isolated from Siparunagigantotepala®® and Cistus ladanifer.**
Thus, this paper demonstrated the leishmanicidal activity of
these flavonoids for the first time.

Although a screening for leishmanicidal activity is impor-
tant to select promising substances, understanding the mecha-
nism of action by which they inhibit the parasitic growth or
cause parasite death is necessary to find specific targets. In the
cell cycle assay, flavonoids (1) and (3) induced significant
increase in the proportion of cells in the G0/G1 phase, a stage
of cell cycle which cells have split and the cells have only one
copy of their DNA. These treatments significantly decreased the
proportion of promastigotes at the S and G2/M phases. These
data suggest that there is accumulation of cells in the G0/G1
phase due to prolonging of the G1 phase or arrest of cell cycle
progression through the G1/S restriction point. Other studies
also reported the induction of arrest in the G0/G1 phase by
leishmanicial compounds. For example, the dibenzalacetone
treatment changed the profile of the cell cycle with an increase
in the G0/G1 population associated with the decrease in the S
(synthesis) and G2/M phases of the L. donovani promastigotes.*>

Morphological, biochemical, or molecular changes lead to
parasite death or prevent parasite proliferation.”* The cell
death pathways can be generally classified into apoptosis,
necrosis, and exacerbation of the autophagic processes.** To
determine the way by which the tested flavonoids exert their
antiproliferative activity, flow cytometry analysis was per-
formed using annexin V-PE to investigate the externalization of
phospholipids, a typical characteristic of apoptosis in
Leishmania.*®

Lipids are essential for the structural and functional integ-
rity of cells. As the predominant constituents of cellular mem-
branes, lipids compartmentalize the cellular functions and are
involved in various aspects of signal transduction.*® Some
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changes in the lipid distribution generally trigger a physiologi-
cal event such as the clearance of apoptotic cells or the intern-
alization of viruses by the host cells. Therefore, the externaliza-
tion of phospholipids may indicate apoptotic death.*”*® The
binding of annexin V to the cell surface of Leishmania parasites
is therefore likely to be a consequence of the changes in the
plasma membrane lipid arrangement. In this study, flavonoids
(1) and (3) at the concentration of 100 uM did not cause cell
death through the induction of apoptosis in L. amazonensis
promastigotes after 48 h of incubation. Intriguingly, it was
observed that the parasites treated with pentamidine at 10 pM
presented a higher percentage of cells in early apoptosis than
that for the treatment at 100 pM. In parallel, the treatment
with this reference antileishmanial drug at both concen-
trations also presented analogous effects in the induction of
late apoptosis (the results were not significantly different).
Thus, pentamidine is a potent antileishmanial drug; at
100 pM, it induced apoptosis in promastigotes. However, there
was reduction in the element counts recorded by a flow cyt-
ometer in this treatment due to the high fragmentation of the
parasitic cells. Moreover, pentamidine has been employed as a
positive control to induce the apoptotic killing of the
Leishmania parasites, but the exact mechanism by which this
drug exerts its cytotoxic effect has not yet been fully elucidated,
disregarding the identification of several molecular targets of
pentamidine in the scientific literature.*>* Logically, the
elevation of concentration may also cause loss of selectivity of
the compound for other systems; for example, to inhibit topoi-
somerase II, another target of this drug acts on the DNA syn-
thesis. These hypotheses explain how the treatment at 10 pM
induced earlier apoptosis than that at the concentration of
100 pM, but other studies are needed to understand these
findings.

Unlike a necrotic cell, which presents membrane rupture
and release of intracellular content, a cell undergoing apopto-
sis is rapidly phagocytosed by tissue cells or phagocytes such
as macrophages. Death by apoptosis can be triggered by
various stimuli ranging from stress on intracellular organelles
to receptor-mediated signalling. An important characteristic of
this process is the activation of several cysteine proteases
known as caspases. The proteolytic cleavage of different cell
substrates by caspases determines the main characteristics of
the process of cell death by apoptosis.>® The pharmacological
manipulation of apoptosis and caspases may have clinical
applications and is a new frontier in the development of novel
approaches to treat human diseases. In our study, we observed
that flavonoids (1) and (3) did not cause caspase activation,
which corroborated with our previous results about apoptosis.

Autophagy is a physiological process characterized by lyso-
some-mediated degradation and recycling of proteins and
other cytoplasmic components; however, when it is exacer-
bated, autophagy is associated with the development of cell
death.>®*” In this regard, we evaluated autophagy induction in
the promastigote forms of L. amazonensis treated with flavo-
noids (1) and (3). From these observations, it was seen that fla-
vonoid (3) was capable of inducing autophagy at the concen-
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tration of 100 uM, therefore indicating the contribution of this
process for the leishmanicidal activity of this flavonoid. Other
studies also reported the induction of autophagic cell death in
response to leishmanicidal compounds.”®*® However, it is not
clear whether autophagy regulates the G1/GO cell cycle arrest
in Leishmania sp. In fucoxanthin-treated HeLa cells, it was
reported to be dose-responsively cytotoxic and GO/G1 arrest
occurred without apoptosis change; autophagy-based cyto-
toxicity was found to involve the inhibition of the Akt/mTOR
signaling pathway.®

Raman spectroscopy is a technique widely used to noninva-
sively monitor the cellular biochemical responses induced by
substances. Recent studies have demonstrated the potential in
the evaluation of the effects of drugs on cells.* ™ In this
study, Raman spectroscopy was used to characterize the flavo-
noids isolated from S. paludosum used in the treatment of
macrophages infected with L. amazonensis. Initially, the
spectra of the cells cultured in a medium free from com-
pounds and those with 0.1% DMSO were analyzed. The ana-
lysis showed that these cell groups have similar spectral pat-
terns, indicating that DMSO (vehicle control) does not cause
significant changes in the cells.

The pentamidine treatment produced significant changes
in the cell spectrum when compared to the spectrum of the
DMSO group cells. As pentamidine is an aromatic diamidine,
the reduction in the proline vibrations induced by this treat-
ment might be related to the alterations induced by the drug
in polyamine pathways.®® Also, pentamidine reduced phenyl-
alanine and amide I peaks, indicating conformational changes
in the proteins.®>® In addition, this decrease in the protein
content in the dying cells followed by the induction of the
apoptosis proteins for cleavage and slicing is suggested by the
decrease in most of the Raman bands of the proteins.®
Moreover, there was decrease in the intensity of the peaks at
1240 and 1095 cm™', indicating the disintegration of DNA/
RNA related to cell death.®*®”

The spectra of the cells treated with flavonoids (1) and (3)
present changes in the same spectral regions. However, the
cells treated with flavonoid (3) showed more dramatic changes
in their Raman spectrum when compared to the DMSO group
cells. Thus, the treatment of macrophages infected with
L. amazonensis induced decrease in the Raman bands corres-
ponding to the proteins (peaks at 1002, 1030, and 1657 cm™"),
and this result might indicate denaturation and conformation-
al changes in the proteins related to cell death® since auto-
phagy is a catabolic system that promotes the degradation of
proteins and organelles.®®®® Also, it is possible to observe
decrease in the intensity of the peak at 1240 cm™", indicating
increase in the catabolism of RNA and the consequent
reduction in protein synthesis.

To further highlight any differences between the treat-
ments, the PCA analysis of the Raman spectra was performed.
This multivariate method has been widely used to identify the
spectral changes related to human diseases.”® In most cases,
the changes are subtle and difficult to interpret. By using PCA,
the statistical difference between different types of cells can be
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revealed effectively, which is similar to the difference spec-
trum. The PCA results obtained in this study presented a
classification of the cell groups.

Although the cells of the Medium group and those of the
DMSO group showed very similar spectral characteristics, it
was possible to separate and classify the samples successfully
by PCA, thus demonstrating the potential of this multivariate
method. Subsequently, the DMSO, pentamidine, and flavonoid
(1) groups were analyzed. This analysis suggested that despite
the changes caused by both the treatments, pentamidine sig-
nificantly modified the cellular structure compared to flavo-
noid (1). However, when we compared the DMSO, pentami-
dine, and flavonoid (3) groups, we observed that both flavo-
noid (3) and pentamidine significantly modified the cellular
structure, forming overlapping regions that demonstrated
greater similarity between these groups.

Ultimately, the distribution of the cells of the DMSO and
flavonoid (1) and (3) groups was observed. This analysis
revealed separated clusters and showed that the cells treated
with flavonoid (1) presented more similar characteristics to
that of the cells of the DMSO group, whereas the cells treated
with flavonoid (3) presented very different spectra with greater
dispersion of the samples. Summing up, the flavonoid (1)
treatment caused lesser changes in the cell structure compared
with the flavonoid (3) treatment. The PCA analysis suggested
that the mechanisms of action of the flavonoids occur through
different routes, that is, each flavonoid modifies the cell
differently.

Conclusions

In conclusion, it was demonstrated in this study that flavo-
noids showed excellent in vitro activity against Leishmania. In
addition, in the investigation of the possible mechanisms of
cell death, flavonoids (1) and (3) could increase the number of
cells in the GO/G1 phases and reduce the number of cells in
the S and G2/M phases of the cell cycle; flavonoid (3) also
showed antiproliferative activity due to the induction of auto-
phagy. Through the combination of Raman spectroscopy and
PCA, it was possible to interpret and classify the spectral data
accurately. This approach was proven to be useful in detecting
the molecular mechanisms induced by flavonoids in cell be-
havior. The results support that the flavonoids isolated from
S. paludosum can become lead compounds for the design of
new prototypes of antileishmanial drugs.
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