UNIVERSIDADE FEDERAL DE MINAS GERAIS
INSTITUTO DE CIENCIAS BIOLOGICAS
"N DEPARTAMENTO DE FISIOLOGIA E BIOFISICA
Calcium Lab  PROGRAMA DE POS-GRADUAGAO EM CIENCIAS BIOLOGICAS:
FISIOLOGIA E FARMACOLOGIA

FISIOLOGIA=FARMACOLOGIA

O COLESTEROL DE MEMBRANA TEM INFLUENCIA
NA SINALIZACAO DE INSULINA E NA REGENERACAO
HEPATICA

Matheus de Castro Fonseca, M.Sc.

Orientadora: Maria de Fatima Leite, Ph.D.

Belo Horizonte, MG

2017



MATHEUS DE CASTRO FONSECA

O COLESTEROL DE MEMBRANA TEM INFLUENCIA
NA SINALIZACAO DE INSULINA E NA REGENERACAO
HEPATICA

Tese apresentada ao Programa de Po6s-Graduagdo em
Ciéncias Biologicas: Fisiologia e Farmacologia, do
Instituto de Ciéncias Bioldgicas da Universidade Federal
de Minas Gerais, como requisito obrigatério para

obtencdo do titulo de Doutor em Ciéncias Bioldgicas.

Area de concentracio: Fisiologia

Belo Horizonte, MG

2017



"O COLESTEROL DE MEMBRANA E ESSENCIAL PARA A
SINALIZACAO DE INSULINA E PARA A REGENERACAO
HEPATICA"

MATHEUS DE CASTRO FONSECA

Tese de Doutorado defendida e aprovada, no dia 16 de fevereiro de 2017, pela Banca
Examinadora constituida pelos seguintes professores:

‘Iah- s F 0('*--. L“

PROFA. DR*. MARIA DE FATIMA LEITE
ICB/UNIVERSIDADE FEDERAL DE MINAS GERAIS

PROFA.% JEANE AGUIAR

UNIVERSIDADE ESTACIO DE SABH-MG

@(\-w M tin

PROF. DR, ERIKA LoaanA A:.v NGA
UNIVERSIDADE FEDERAL DE SAO JOAO DEL REY

PRrOFA. DR Luciana EIRA ANDRADE

ICB/UNIVERSIDADE FEDERAL DE MINAS GERAIS

P‘L—%Q‘\A—\«/
PROF. DR. AN RICARDO MASSENSINI

ICB/UNIWVERSIDADE FEDERAL DE MINAS GERAIS
A

'UMA.C do l\}rld:ﬂho-c U

PROFA. DR*. MARIA DE FATIMA LEITE
ICB/UNIVERSIDADE FEDERAL DE MINAS GERAIS - ORIENTADORA

Programa de Pés-Graduacao em Ciéncias Biologicas - Fisiologia e Farmacologia
Instituto de Ciéncias Biologicas - Universidade Federal de Minas Gerais - UFMG
Belo Horizonte, 15 de fevereiro de 2017.



APOIO INSTITUCIONAL E FINANCIAMENTO

Este trabalho foi realizado no laboratério de Sinalizacdo Intracelular de Ca*
(Calcium Lab) do Departamento de Fisiologia e Biofisica, do Instituto de Ciéncias

Biologicas (ICB-UFMG), com o auxilio das seguintes instituicoes:

- Fundacdo de Amparo a Pesquisa do Estado de Minas Gerais (FAPEMIG);

- Conselho Nacional de Desenvolvimento Cientifico e Tecnoldgico (CNPQ);
- Coordenacéo de Aperfeicoamento de Pessoal do Ensino Superior (CAPES);

- Instituto Nacional de Ciéncia e Tecnologia em Nanomateriais de Carbono (INCT-

Nano);

- Instituto Nacional de Ciéncia e Tecnologia em Fotdnica Aplicada a Biologia Celular
(INFABIC);



Dedico esta tese a meus pais,

Jaqueline e Sérgio



“Algum dia em qualquer parte, em qualquer lugar,
indefectivelmente, encontraras a ti mesmo, e essa, sO essa,
pode ser a mais feliz ou a mais amarga de tuas horas”

Pablo Neruda



AGRADECIMENTOS
- A Deus por todo o auxilio e o refagio concedido nas horas boas e ruins;

- A minha mae, Jaqueline (in memoriam), por toda a for¢a que sempre me deu, por ter motivado

meus estudos e por ter sido 0 motivo pelo qual sempre quis ser um cientista;

- A meu maravilhoso pai, que sempre foi mais do que um pai; foi também uma mée e um amigo.

Obrigado por tudo o que fez e ainda faz por mim, papai!;
- Aos meus queridos avés Fonseca e Zizinha, pela presenca constante de grande amor e carinho;

- As minhas queridas “Tias” pelo carinho, oragdes, prosas de domingo, viagens pelo mundo e

constante presenca, sempre empolgadas em me ajudar para o alcance de novas conquistas;

- A melhor orientadora que eu poderia ter tido, Maria de Fatima Leite, que foi quase uma mae,
sempre me ajudando, puxando minha orelha, aconselhando pessoal e profissionalmente e abrindo
meus caminhos. Obrigado por ter acreditado nas minhas ideias e por ter feito de mim o
profissional que sou hoje. Agradeco por tudo e para sempre! Obrigado pelos cafés da tarde e

almogos de domingo com vocé e com o Vic! Obrigado por tudo, Vic! Amo vocés!

- A minha maravilhosa amiga e aluna de IC, Andressa Franca, por ter sido uma parceira desde
meu inicio no Calcium Lab e por ter sido meu brago direito neste trabalho, ndo mostrando limites
em me ajudar. Obrigado por me ter ensinado tudo o que aprendi no laboratério. Este trabalho é

tanto meu quanto seu;

- Ao meu grande amigo, Rodrigo Machado Carequinha, por ter-me ajudado sempre que precisei,
pelas gargalhadas que demos juntos, pelas baladas em que perdemos o rumo de casa e pelo
convivio lindo gque tivemos estes anos. Vocé serd um amigo que carregarei para a vida, querendo

ou ndo!

- As minhas pds-docs velhinhas mais maravilhosas Ana Celeste e Sandhroca. Meninas, vocés nio

imaginam como estar com vocés é importante para mim. Muito obrigado por tudo!

- A todos 0s meus amigos do Calcium Lab, Débora, Dabny, Plinio, pelo convivio maravilhoso ao
longo desses anos. Obrigado por terem feitos os dias dificeis serem mais faceis. Débora, vocé foi
minha primeira aluna “oficial” de IC. Obrigado pela oportunidade e espero ter cumprido bem o

meu papel com vocé;

- A meu amigo José Fonseca, por todo o carinho, pelos conselhos e pela amizade eterna;



- A Naira Lacerda e a todos os amigos do CCAA por toda a amizade, a ajuda e o carinho todos

estes anos em que estive com VOCEs;
- Ao técnico Taquinho pela amizade e ajuda com as atividades no laboratdrio;
- Ao Gilson, por toda a ajuda no laboratorio com os servigos administrativos;

- As professoras Cristina Guatimosim e Luciana Andrade, que desde meu primeiro ano de
graduagio sempre me impulsionaram para a vida cientifica, mesmo quando eu pensei VARIAS

vezes em desistir;

- Aos meus eternos amigos do LabNeuro, Prica, Hermann e Matheus, que me acompanharam

desde a iniciacéo cientifica;

- Ao prof. André Gustavo de Oliveira pela valiosa colaboracdo com 0s experimentos de

sinalizacéo de célcio in vivo e com a escrita do paper;
- Ao Pe. Lauro Palu, do Santuario do Caraca, pela criteriosa correcdo da gramatica;

- A todos os amigos e funcionarios da Pds-graduagdo em Fisiologia e Farmacologia, em especial
a Cintya da Secretaria que sempre fez o possivel e impossivel para me ajudar, além de me dar
pacoquinhas para alegrar meu dia;

- Aos colaboradores da Universidade de Yale, Mateus Guerra e Michael Nathanson, por

todo o auxilio para a construgao e execucdo deste trabalho;

- A todos os membros da banca de defesa, por colaborarem com a corregdo e apreciacdo do meu
trabalho;

- As agéncias de fomento Capes, CNPq e FAPEMIG, que financiaram este trabalho;
- A Universidade Federal de Minas Gerais por toda a acolhida ao longo destes 8 anos;

- A todos os que, de alguma forma, colaboraram neste trabalho, muito obrigado!



SUMARIO

LISTA DE FIGURAS ...ttt ettt 11
LISTA DE ABREVIATURAS E UNIDADES........ccccoiiiiiieeieceesee et 13
RESUMO ...ttt bbbttt bbbt bbbttt n et 15
ABSTRACT .ottt b ettt b et ke Rt e b b e R et e R et ettt re e 16
(R [N 270 510 07-X 0 TR 17
1.1 A membrana celular e 0s lipid-rafts...........ccccooveveviiicii i, 18

1.2 A sinalizag&o celular mediada por insulina...........ccccoecevvreiienenenicenn, 23

1.3 A regeneragio NEPALICA. ........ccvvvii i 28

2 OBUIETIVOS.....coo ettt sttt s ettt s ettt se st et et et et s en e te e nn s 31
2.1 ODBJELIVO QEIAL.....ccieiiciice e e e 32

2.2 ODbjetivos ESPECITICOS. .....viviiririiiiire s 32

3 MATERIAISE METODOS......c.cooiieieieeieie et s s ses s 33
3.1 ASPECLOS BLICOS. .....vviieiiieiisie et 34

3.2 010 10 oW or] U] - T OSSR 34

3.3 Remocéo do colesterol de membrana com MBCD ........ccccoevenvivnienenn 34

3.4 IMUNOFIUOIESCENCIA. ... evveeecieeieetie ettt e 34

35 Deteccdo dos sinais de Ca*2 in Vitro € in ViVo............ccceeeevveeeecesicvenne, 35

3.6 Ensaio de incorporagao de BrdU...........cccceveieinininenienicce e 36

3.7 D0Sagem de glICOSE. ......ccveieiiirieieee e 36

3.8 Imunohistoquimica para PCNA..........cccoi i 37

3.9 WESEEIN DIOL......eeiciiciccce e 38

3.10 Hepatectomia parcial e tratamento com lovastatina...............ccceeeeienenn 38

3.11 Dosagem de COIESLEIOL.........cccoviiiiiiicieccec e 38

3.12 ENSQI0 A8 MT Tt 39

O B O | R 172 5 1 1 TSP 40
4.1 O receptor para insulina esta localizado nos lipid-rafts...........cc.cccccevene. 41

4.2 A remocdo do colesterol de membrana redistribui 0

receptor para insulina nas CElulas............ccoovrvveeiein e 43

4.3 A sinalizacdo de Ca™ induzida por insulina é dependente da

integridade dos lPid-TaftS..........covvviriiiiiiiie e 48



o ~N o o

4.4 O metabolismo e a proliferacdo celular induzidos por insulina in vitro sdo

debilitados devido a  desorganizacdo dos rafts de

100 4010 1o TSROSO 54

4.5 A sinalizacdo de Ca*? induzida por insulina é reduzida em animais
tratados COmM 1OVASTALING. .........cccevieriieciee e 58

4.6 A regeneracdo hepatica sofre atraso em animais tratados com
[0}V ] LA - VSR 64
DISCUSSAOQ.......oocvieeeeieeieteseteree s s st s sttt sttt sn st an st 67
CONCLUSAD. ...ttt sttt sttt an et ne ettt 75
REFERENCIAS. ...ttt 77
ANEXOS. ..t bbb bbb n e sreereenenas 91

10



LISTA DE FIGURAS
FIGURA 1: MODELO DO MOSAICO FLUIDO DE SINGER E NICHOLSON............c..c....... 20

FIGURA 2: PROPRIEDADES ESTRUTURAIS E DINAMICAS DA MEMBRANA
CELULAR EM UM MODELO COMPUTACIONAL E ORGANIZACAO DOS LIPID-

FIGURA 4: MODELO ESQUEMATICO DO RECEPTOR PARA INSULINA..........cc.cocounnee. 25

FIGURA 5: MECANISMOS DE SINALIZACAO DE Ca*? ATIVADA POR RECEPTORES

TIROSINA CINASE OU ACOPLADOS A PROTEINA G.....coovieieeeeeseee s 26
FIGURA 6: VIAS DE SINALIZAGAO DO RECEPTOR PARA INSULINA.........c.cccoovvirrnnne. 27
FIGURA 7: REGENERACAO HEPATICA APOS HEPATECTOMIA PARCIAL................... 30

FIGURA 8: EVENTOS PRINCIPAIS DURANTE A REGENERAGCAO HEPATICA APOS
HEPATECTOMIA PARCIAL.......o o 30

FIGURA 9: O RECEPTOR PARA INSULINA ESTA LOCALIZADO EM MICRODOMINIOS
DE MEMBRANA RICOS EM COLESTEROL........ocoiiiiieiiieee e 42

FIGURA 10: O TRATAMENTO COM MBCD DESORGANIZA OS LIPID-RAFTS E A
DISTRIBUICAO DO RECEPTOR PARA INSULINANA CELULA.........ccccvvvererrernenee. 45e 46

FIGURA 11: O TRATAMENTO COM MBCD LEVA A INTERNALIZACAO DO RECEPTOR
PARA INSULINA .. .ottt n e nn e s 47

FIGURA 12: A DESORGANIZACAO DOS LIPID-RAFTS ABOLE A SINALIZACAO DE
Ca*2 INTRACELULAR INDUZIDA POR INSULINA EM CELULAS HepG2.........cccocoveunene. 50

FIGURA 13: A DESORGANIZACAO DOS LIPID-RAFTS ABOLE A SINALIZACAO DE
Ca*2 INTRACELULAR INDUZIDA POR INSULINA EM HEPATOCITOS........cccoocurrernnne. 51

FIGURA 14: ASINALIZACAO DE Ca*? INDUZIDA POR EGF OU HGF NAO E ALTERADA
EM CONSEQUENCIA DA DESORGANIZACAO DOS LIPID-RAFTS.....ccoveveereerrinna. 52e53

FIGURA 15: O METABOLISMO HEPATOCELULAR DE CARBOIDRATO E ALTERADO

DEVIDO A REMOCAO DO COLESTEROL MEMBRANAR E CONSEQUENTE
DESORGANIZACAQO DOS RAFTS DE MEMBRANA.........c.oovmieeeeeeeeieeseeeeesesseesseesessaensnsen, 56

11



FIGURA 16: O EFEITO MITOGENICO DA INSULINA E REDUZIDO DEVIDO A
REMOGAOQ DO COLESTEROL DE MEMBRANA..........cocooviieeiniieieiee s 57

FIGURA 17: O TRATAMENTO COM LOVASTATINA ALTERA A ORGANIZAGCAO
CELULAR DE CAVEOLINA-1 E REDUZ O COLESTEROL TOTAL DO FIGADO DE

FIGURA 18: A SINALIZACAO DE Ca*? INDUZIDA POR INSULINA EM HEPATOCITOS
PRIMARIOS E NO FIGADO IN VIVO E DEBILITADA EM ANIMAIS TRATADOS COM
LOVASTATINA o 6263

FIGURA 19: A REGENERACAO HEPATICA SOFRE ATRASO EM ANIMAIS TRATADOS
COM LOVASTATINA . e e 66

12



LISTA DE ABREVIATURAS E UNIDADES

% porcentagem
°C graus Celsius
UM micromolar
uL microlitro
Akt alpha serine/threonine kinase
AVP vasopressina
BrdU bromodeoxiuridina
Cav caveolina
Cm centimetros
c-met proteina tirosina cinase Met
CO2 dioxido de carbono
Ca*? fon célcio
CTxB clera-toxina subunidade B
DAB 3, 3 -diaminobenzidina
DAG diacilglicerol
DEN dietilnitrosamina
dL decilitro
DMEM Dulbecco's Modified Eagle's Medium
DNA acido desoxirribonucleico
EDTA acido etilenodiamino tetra-acético
EGF epidermal growth factor
EGFR epidermal growth factor receptor
ERK 1/2 extracellular signal-regulated kinases 1/2
Fluo-4 / AM 4-(6-Acetoxymethoxy-2,7-difluoro-

3-0x0-9-xanthenyl)-4"-methyl-2,2’' (ethylenedioxy) dianiline-N,N,N', N'-tetraacetic acid

tetrakis(acetoxymethyl) ester

g grama
GM1 monosialotetrahexosilgangliosidio
GPI glicofosfatidilinositol
HGF hepatocyte growth factor

13



HGFR
HMG-CoA reductase
HYCD

InsP3
InsP3R

IR
MAPK
mL

mM
MTT

MBCD
NA
nM

O2
p-Akt
PBS
PCNA

p-ERK 1/2
PH
pH
PI3K
PIP2
PKB
PKC
PLC
Pps
RTK
Src
TBST

TGFp

VEGF

hepatocyte growth factor receptor
3-hidroxi-3-metil-glutaril-CoA redutase
2-hidroxipropil-y-ciclodextrina

inositol trifostato

receptor para inositol trifosfato
receptor para insulina

Mitogen Activated Protein Kinases
mililitro

milimolar
3-(4,5-Dimetiltiazol-2-il)-2,5-difeniltetrazolium bromidefor
metil-beta-ciclodextrina

abertura numérica

nanomolar

oxigénio

phospho- alpha serine/treonine kinase
salina-fosfato tamponada

proliferating cell nuclear antigen

phospho- extracellular signal-regulated kinases 1/2
hepatectomia parcial
potencial hidrogeniénico
fosfatidilinositol 3-cinase
fosfatidilinositol 2-fosfato
proteina cinase B

proteina cinase C
fosfolipase C

pulsos por segundo
receptor tirosina cinase
steroid receptor coativactor
tris-buffered saline

tumor growth factor beta
volts

vascular endotheial growth factor

14



RESUMO

Introducéo e objetivos: O figado esta constantemente sujeito a lesGes por enterotoxinas
e/ou outras substancias que entram no organismo. Sendo assim, a regeneracao hepética é
fundamental para o correto e intermitente funcionamento deste 6rgao, por um processo
coordenado e regulado por diversos fatores, tais como o fator de crescimento epidermal
(EGF), o fator de crescimento de hepatocitos (HGF) e a insulina. Sabe-se que alguns
microdominios de membrana enriquecidos em colesterol, conhecidos como lipid-rafts
(balsas lipidicas), desempenham um papel importante na sinalizacdo metabdlica mediada
por insulina em adipdcitos. No entanto, o papel dos rafts como reguladores dos efeitos
metabdlicos e mitogénicos da insulina no figado e sua contribuicdo para o processo de
regeneracdo hepética, ainda ndo foram investigados. Sendo assim, neste estudo,
avaliamos a contribuicdo dos lipid-rafts nas respostas proliferativa e metabdlica induzidas
pela ativacdo do receptor para insulina (IR) no figado. Métodos: O IR e os lipid-rafts
foram imunomarcadas em células HepG2 e hepatocitos primarios de rato. Para verificar
a importancia do colesterol membranar sobre a sinalizagdo de célcio (Ca*?), proliferacéo
celular e metabolismo induzidos por insulina, os rafts foram desfeitos através da
incubacdo com Metil-beta-ciclodextrina. A deplecdo de colesterol in vivo foi realizada
com administracdo intraperitoneal de lovastatina. No figado, os sinais de Ca*? induzidos
pela insulina foram avaliados por exposi¢do do 6rgdo e visualizacdo dos hepatdcitos em
microscopio confocal. O processo proliferativo do figado foi avaliado pela regeneracéo
hepética ap6s hepatectomia parcial de 70%. Resultados: Observou-se que nas células
hepéticas, uma subpopulacdo do IR esta localizada em microdominios de membrana
enriquecidos em colesterol. A deplecdo do colesterol resultou na redistribuicdo desse
receptor ao longo da célula hepética e na reducéo da sinalizagdo de Ca*? estimulada pela
insulina. Além disso, a deplecdo do colesterol diminuiu a proliferacdo celular induzida
por insulina, por um mecanismo dependente de ERK 1/2 e resultou em uma captacéo
reduzida de glicose induzida pela insulina devido pelo menos em parte, a um
comprometimento na ativagdo da via da Akt. In vivo, a reducdo do colesterol também
causou um decremento na sinalizagdo de Ca*? desencadeada pela insulina no figado, com
consequente retardo da regeneracdo hepética apds hepatectomia parcial. Conclusédo: O
colesterol de membrana e as balsas lipidicas em células hepéticas séo essenciais para 0s
efeitos metabolicos e proliferativos da insulina no figado.

Palavras-chave: lipid-rafts, insulina, sinalizacio de Ca*?, regeneracio hepatica.
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ABSTRACT

Background & Aims: Liver regeneration is a well-coordinated process regulated by
many growth factors including insulin. It is known that cholesterol enriched membrane
microdomains, known as lipid rafts, play an important role in insulin-mediated cell
signaling. However, the role of rafts as regulators of insulin signaling in the liver and
hepatic regeneration have not been investigated yet. In this study, we investigated the
contribution of the lipid rafts for the hepatic metabolic and mitogenic effects of the
insulin. Methods: Insulin receptor (IR) and lipid-rafts were immunolabeled in HepG2
cells and primary rat hepatocytes. To check the effects of lipid-rafts on insulin signaling,
membrane cholesterol was depleted in vitro with Metyl-beta-cyclodextrine (MBCD) and
in vivo with lovastatin. Insulin-induced Ca?* signals studies were performed in whole
liver by intravital confocal imaging. Liver regeneration was evaluated with 70% partial
hepatectomy. Results: We observed that a subpopulation of IR is found in membrane
microdomains enriched in cholesterol on both HepG2 and hepatocytes. Cholesterol
depletion with MBCD resulted in reorganization and redistribution of the IR along the cell
as well as abolishment of insulin-induced nuclear and cytosolic Ca?* signaling. In
addition, cholesterol removal led to ERK 1/2 hyperphosphorylation and impaired HepG2
proliferation induced by insulin. There was also a reduction of glucose uptake, probably
due to an impaired AKT phosphorylation. In vivo cholesterol depletion with lovastatin
led to a disruption of the lipid rafts and a decrement in the insulin-induced Ca?* signaling,

imaged in vivo in the liver, that delayed liver regeneration after of partial hepatectomy.

Conclusions: Membrane cholesterol and lipid rafts are essential for the metabolic and

proliferative effects of insulin in the liver.

Keywords: liver regeneration, lipid-raft, insulin signaling.
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1.INTRODUCAO
1.1 A membrana celular e os lipid-rafts

O modelo do mosaico fluido proposto por Singer e Nicholson em 1972 persiste como
um grande dogma da biologia com o intuito de explicar como a membrana celular é
organizada (Singer e Nicholson, 1972), (FIGURA 1). De acordo com este modelo, a
bicamada lipidica funciona como um solvente neutro bidimensional tendo pouca
influéncia no funcionamento das proteinas integrais ou periféricas que estdo presentes ao
longo do plasmalema. Contudo, nos altimos anos, descobertas biofisicas tém sugerido
que uma mesma membrana celular apresenta diferentes fases de fluidez e organizacgéo
devido a diferencas na composicao de acordo com a regido membranar analisada (Simons

e van Meer, 1988), sugerindo modificacdes no modelo proposto em 1972.

Um marco importante no estudo de biomembranas foi a formulacéo da hip6tese dos
lipid-rafts (balsas de membrana) entre as décadas de 1980 — 1990 (Simons e van Meer,
1988; Brown e London, 1988; Simons e lkonen, 1997). Estes microdominios de
membrana séo caracterizados como estruturas pequenas e altamente dinamicas, contendo
uma alta concentracdo de esfingolipidios e colesterol, insolveis no detergente Triton X-
100 a 4°C (revisado por Lingwood, 2009). A grande maioria dos esfingolipidios
encontrados nas balsas de membrana apresenta caudas de acidos graxos
predominantemente saturadas, o que possibilita uma interacdo forte e intercalada com
moléculas de colesterol, fazendo com que essas regides apresentem um grau de fluidez
menor do que a membrana celular adjacente, que é constituida principalmente por
fosfolipidios de cadeia insaturada (revisado por Simons e Toomre, 2000) (FIGURA 2).
Em virtude do seu elevado contetdo lipidico, esses complexos insollveis em detergentes
flutuam para uma regido de baixa densidade durante centrifugacdo por gradiente de
densidade, fato que possibilita a separacdo de proteinas associadas as balsas lipidicas
(Simons & lkonen, 1997).

A distribuicéo e a quantidade das balsas de membrana na superficie celular dependem
do tipo de célula analisada. Um exemplo interessante é o acimulo dessas estruturas na
regido apical de células epiteliais polarizadas e na membrana axonal de células neuronais,
respectivamente (Simons e lkonen, 1997). Por outro lado, em linfocitos e fibroblastos,
células sem polaridade aparente, os lipid-rafts sdo encontrados por toda superficie celular

(Renkonen, 1971; Levis e Evangelatos, 1976). Além da membrana citoplasmatica,

18



existem evidéncias de que esse microdominios de membrana podem também ser
encontrados em organelas membranosas citoplasmaticas, como lisossomos, complexo de

Golgi e reticulos endoplasmaéticos (van Meer, 1989).

Um subconjunto de balsas lipidicas é encontrado em invaginacGes da superficie
celular e sdo chamadas de cavéolas. Estas estruturas foram identificadas pela primeira vez
com base em sua morfologia, na década de 1950 (Palade, 1953; Yamada, 1955). As
cavéolas sdo formadas em microdominios ricos em colesterol através da polimerizagédo
de caveolinas (Cav) — proteinas integrais palmitoladas de membrana que interagem

fortemente com o colesterol (Parton, 1996).

A titulo funcional, os lipid-rafts ancoram diversas proteinas envolvidas com
transporte membranar, transdugdo de sinais e adeséo celular, sendo esta uma de suas
fungdes mais marcantes quando falamos de sinalizagéo celular (Simons e van Meer, 1988;
Brown e Rose, 1992; Simons e Ikonen, 1997). Entre as proteinas que podem se associar
as plataformas lipidicas, citamos, por exemplo, proteinas com ancora de
glicosilfosfatidilinositol (GPI) e tirosinas cinases da familia Steroid Receptor Coactivator
(Src) (Simons & Ikonen, 1997). Até hoje, mais de 200 proteinas foram descritas como
associadas preferencialmente em regides de rafts (Foster, 2003), inclusive o receptor para
insulina (IR) (Morino-Koga, 2013).

Estd bem estabelecido que, no caso da sinalizacdo por receptores do tipo tirosina
cinase (RTK), como o IR, proteinas adaptadoras e enzimaticas sdo recrutadas para o lado
citoplasmatico da membrana plasméatica como resultado da ativacéo do ligante (revisado
por Hunter, 2000). Sendo assim, uma forma de considerarmos os rafts como facilitadores
da sinalizacdo celular, baseia-se no fato de estas estruturas formarem plataformas de
concentracdo para unidades de receptores. Se a ativacdo do receptor ocorrer em uma balsa
lipidica, o complexo de sinalizacdo € protegido de enzimas que ndo se localizam em rafts,
tais como fosfatases de membrana, que poderiam afetar o processo de sinalizagdo. Em
geral, a sinalizagcdo em uma balsa lipidica recruta proteinas para um novo microambiente
membranar, onde o estado de fosforilagdo pode ser modificado por cinases e fosfatases
locais, levando a sinalizagdo para niveis intracelulares, evento este representado durante

a sinalizacdo via receptores para imunoglobulinas, Fcs. (FIGURA 3).
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FIGURA 1: Modelo do mosaico fluido de Singer e Nicholson. Nesta imagem estdo representadas
proteinas integrais e periféricas (estruturas globulares) imersas em uma matriz lipidica. Dada a mobilidade das proteinas
nessa matriz, elas podem formar alguns agregados. Ref: Singer e Nicholson, The fluid mosaic model of the structure

of cell membranes. Science, 1972.
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FIGURA 2: Propriedades estruturais e dindmicas da membrana celular em um modelo

computacional e organizac¢do dos lipid-rafts. (A) Vista lateral revelando a organizagdo molecular nas fases
ordenada (Lo) e desordenada (Ld) da membrana. A seta branca aponta para uma molécula de colesterol orientada entre
os folhetos de cada monocamada. (B-D). Algumas propriedades da membrana ao longo da direcéo perpendicular entre
cada uma das fases. A fase Lo é mostrada centralmente em verde, flanqueada por 2 metades periédicas do dominio Ld.
Uma zona de transicéo que separa as 2 fases é indicada por linhas pretas tracejadas. Verde, vermelho e cinza sédo usados
para distinguir propriedades de trés moléculas da membrana: dipalmitol-fosfatidilcolina (diC16-PC, lipidio saturado),
dilinoleil-fosfatidilcolina (diC18: 2-PC, lipidio insaturado) e colesterol. (B) Composi¢ao da membrana expressa como
uma fraccdo molar de cada um dos 3 componentes. Linhas finas representam as 2 monocamadas separadamente; A
linha mais espessa representa a média. (C) Parametro médio de ordem de cauda para os lipidios fasfatidilcolinicos (eixo
esquerdo) e espessura da membrana (curva preta, eixo direito). (D) Taxa de difusdo lateral lipidica (eixo esquerdo) e
taxa de flip-flop dos lipidios da membrana (curva preta, eixo direito). (E) Modelo esquematico da organizagéo de um
raft na membrana celular. Ref: Risselada e Marrink, The molecular face of lipid-rafts in model membranes. PNAS,

2008.
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FIGURA 3: Sinalizagéo através do receptor para imunoglobulina (Fc) em lipid-rafts. Uma

sequéncia provavel dos eventos iniciais é indicada numericamente. (1) A dimerizagdo do receptor Fc, induzida por

Antigeno

ITAM
motifs

Sinalizagao downstream

ligante, provavelmente aumenta a sua associagdo em um raft, o que leva a (2) fosforilagdo dos motivos de ativagao de
tirosina do receptor imune (ITAMSs), por proteina tirosina cinases da familia Src (por exemplo, Lyn, Lck e Fyn). (3) Os
ITAMs fosforilados atuam como um local de ancoragem de membranas para Syk; Estas sdo também tirosina-cinases e
sdo ativadas na balsa pela fosforilagdo da tirosina. (4) Syk / ZAP-70 pode, por sua vez, ativar outras proteinas tais como
LAT, um adaptador associado a raft. Através de ligagdo cruzada, LAT pode recrutar outras proteinas para este
microdominio e amplificar ainda mais o sinal. A cascata complexa de eventos de sinalizagdo descendentes posteriores
ndo é mostrada. Modificado a partir de: Ref: Simons e Toomre. Lipid-rafts and signal transduction. Nature Reviews,
2000.
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1.2 Asinalizacéo celular mediada por insulina

A insulina, horménio peptidico isolado pela primeira vez em 1922 por Banting e Best
(Banting e Best, 1922), apresenta diversas fungdes fisioldgicas, como, por exemplo, a
homeostase de glicose (Banting e Best, 1922). As ac¢des da insulina séo mediadas por seu
receptor do tipo tirosina cinase (RTK) (Saltiel e Kahn, 2001) encontrado em diversos
organismos, dos mais primitivos como cnidarios e insetos, até os mais derivados, como

os vertebrados (Ward e Lawrence, 2009).

O IR é composto de duas subunidades a, extracelulares, e duas subunidades J,
transmembranares (De Meytis E Whittaker, 2002). As subunidades a possuem atividade
de ligacdo a insulina enquanto que as subunidades B possuem atividade enzimatica
intrinseca tirosina-cinase (FIGURA 4). A ligacdo da molécula de insulina a subunidade
a de seu receptor ativa sua atividade tirosina-cinase e resulta na fosforilacdo da
subunidade B e de diversos substratos protéicos endogenos intracelulares. Estes substratos
incluem proteinas como a fosfatidilinositol 3-cinase (PI3K) e a fosfolipase C (PLC)
(Eicchorn, 2001). A PLC, por sua vez, hidrolisa o lipidio de membrana fosfatidilinositol
4,5-bisfosfato (PIP2), gerando dois produtos intracelulares: inositol 1,4,5-trisfosfato
(InsP3), um segundo mensageiro universal mobilizador de estoques intracelulares de Ca*?,
e diacilglicerol (DAG), um ativador da proteina cinase C (PKC), (FIGURA 5).

No figado, a insulina regula tanto funcdes metabdlicas (Saltiel e Kahn, 2001) quanto
proliferativas (Motoo, 1988; Koontz e Iwahashi, 1981 e Amaya, 2014). As acOes
metabolicas da insulina no figado sdo amplamente mediadas pela via PI3K- alpha
serine/treonine kinase (Akt) / proteina quinase B (PKB). Akt é ativada na membrana
plasmatica ap6s sua fosforilacdo mediada por PI3K induzida pelo IR, tendo como uma
das acOes finais a exocitose do transportador de glicose para a membrana plasmatica
(Taniguchi, 2007). Com relagdo ao papel mitogénico da insulina, estudos demonstram
sua importancia na proliferacdo de linhagens celulares de hepatoblastoma, por aumentar
0 numero de células em cultura, sintese de DNA ¢ secre¢do de a-fetoproteina (Motoo,
1988). Sabe-se também que, a ligacdo da insulina em seu receptor pode levar a ativagdo
da via das mitogen-activating protein kinases (MAPKS) e consequente fosforilagdo das
extracellular signal-regulated kinases 1/2 (ERK1/2), gerando maior transcri¢ao de genes
relacionados com a progressdo no ciclo celular (Denton e Tavaré, 1995) (FIGURA 6).

Além disso, estudos recentes de nosso grupo demonstraram que 1) o IR tem papel crucial
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na regeneracao hepatica e 2) uma vez reduzida a sintese de Cav-1 (proteina envolvida na
formacédo das cavéolas, um subtipo de lipid-raft) em hepatdcitos, a proliferacdo destas
células é reduzida assim como a internalizacdo dos IRs (Amaya, 2014). Além disso,
estudos sugerem que a remocdo do colesterol de membrana leva a desorganizacdo dos
rafts e interfere com a sinalizacdo de insulina, sendo uma das possiveis causas da
resisténcia a insulina (Parpal, 2001). Em complementariedade, ja foi demonstrado que
alteracbes na composicdo de esteroides da membrana celular em pré-adipdcitos 3T3-L1
foram acompanhadas por ruptura das balsas lipidicas, com redistribuicdo de caveolina-1,
diminuicdo da ativacdo de Akt e inibicdo do transporte de glicose estimulado pela
insulina. Sendo assim, os lipid-rafts podem vir a desempenhar um papel fundamental para
os efeitos metabolicos da insulina; pouco, porém, se sabe de sua interferéncia em seus
efeitos proliferativos. Contudo, um trabalho de Li, 2006, mostrou que algumas linhagens
de cancer de mama e prostata apresentam alto contetdo de rafts de membrana e que a
remocao do colesterol de membrana resultou em diminuigéo da proliferacao e viabilidade
celular (Li, 2006). Além disso, células HepG2 de hepatocarcinoma humano apresentaram
grande taxa de migracdo e proliferacdo devido a expressdo aumentada de toll-like
receptor 7 e sua aglomeracdo nos rafts de membrana (Liu, 2016). Sendo assim, é sugerida
a participacao dos rafts na sinalizacdo de insulina e na proliferacdo celular. Porém, até o
presente momento, ainda nao foi demonstrado qual o papel destes microdominios de
membrana na atividade metabdlica e proliferativa induzida pela insulina em células
hepéticas, muito menos qual a importancia da interacdo entre IR e rafts para a regeneracao

hepatica, tdpico discutido logo a seguir.
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The Human
Insulin Receptor

Ligand Binding
Region

Disulphide Bridge

FIGURA 4: Modelo esquematico do receptor para insulina. Nesta imagem esta representado o
receptor para insulina, composto de um dimero, cada um com um dominio de liga¢do a insulina (subunidade a, azul) e
dois dominios transmembranares com atividade de tirosina-cinase (subunidades B, vermelho). As subunidades a e B
sdo unidas por uma ponte dissulfeto. Ref: http://vetsci.co.uk/2011/04/22/development-of-insulin-resistance/, acessado
em 26/12/2016.
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Figura 5: Mecanismos de sinalizacdo de Ca*? ativada por receptores tirosina cinase ou

acoplados a proteina G. Apb6s a ligagdo de um ligante em um receptor acoplado & proteina G ou ao receptor

RTK, como no caso da insulina, ocorre a hidrdlise do PIP2 pela PLC, gerando DAG e InsPs. O InsPs liga-se ao seu

receptor InsP3R no reticulo endoplasmatico que age como canal que permite a liberagdo de Ca*? para o citosol. Ref:

Leite, MF et.al, 2010 — The Liver: Biology and Pathobiology; John Wiley and Sons).
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Figura 6: Vias de sinalizac¢ao do receptor para insulina. A insulina é o principal horménio que controla
funcdes criticas de energia, como o metabolismo de glicose e lipidios. A insulina ativa o receptor de insulina tirosina
quinase (IR), que fosforila e recruta diferentes adaptadores de substrato tais como a familia de proteinas IRS. O IRS
tirosina-fosforilado exibe entdo sitios de ligagdo para numerosos parceiros de sinalizagdo. Entre eles, PI3K tem um
papel importante na funcéo da insulina, principalmente através da ativacdo das cascatas Akt / PKB e PKC{. A Akt
ativada induz a sintese de glicogénio através da inibicdo de GSK-3; sintese de proteinas via mTOR e elementos
downstream; e sobrevivéncia celular através da inibi¢do de varios agentes pré-apoptoticos (Fatores de transcrigdo Bad,
FoxO, GSK-3 e MST1). Akt fosforila e inibe diretamente os fatores de transcricdo FoxO, que também regulam o
metabolismo e a autofagia. Inversamente, sabe-se que a AMPK regula diretamente FoxO3 e ativa a atividade
transcricional. A sinalizagdo da insulina também desencadeia efeitos mitogénicos, que sdo mediados pela cascata de
Akt, bem como pela ativagdo da via Ras / MAPK. A via de sinalizacdo da insulina inibe a autofagia através da quinase
ULKZ1, que é inibida por Akt e mTORCL, e ativada por AMPK. A insulina estimula a captacdo de glicose no muasculo
e adipdcitos através da translocacdo de vesiculas GLUT4 para a membrana plasmatica. A translocacdo de GLUT4
envolve a via PI3K / Akt e a fosforilagcdo mediada por IR de CAP, e a formagao do complexo CAP: CBL: CRKII. Além
disso, a sinaliza¢do da insulina inibe a gliconeogénese no figado, através da interrupcéo da ligagdo CREB / CBP /
mTORC2. A sinalizacdo da insulina induz a sintese de acidos graxos e colesterol através da regulacdo dos fatores de
transcricdo do SREBP. A sinalizagdo da insulina também promove a sintese de acidos graxos através da ativagdo de
USF1 e LXR. Um sinal de feedback negativo emanando de Akt / PKB, PKCE, p70 S6K e das cascatas MAPK resulta
na fosforilagdo de serina e inativacdo da sinalizagdo IRS. (Diagrama construido por Cell Signaling Technology, 2003-
2016).
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1.3 A regeneracdo hepatica

O figado, maior 6rgdo do corpo apos a pele, apresenta alta capacidade regenerativa e
funcBGes complexas que intrigam a sociedade por séculos (Michalopoulos e DeFrances,
1997; Taub, 2004). O figado recebe toda a circulacdo saindo do intestino delgado e a
maior parte da circulagdo que deixa o intestino grosso, bem como o bago e o pancreas,
através da veia porta hepatica. Sendo assim, sua localizacdo "estratégica™ e seus padroes
unicos de expressao de genes e proteinas nos hepatocitos (as principais células funcionais
do figado), permitem que ele funcione como uma barreira de defesa bioquimica contra
produtos quimicos toxicos que acessam o0 organismo pela via oral. Dada esta localizacéo,
o figado é um 0Orgdo constantemente sujeito a lesbes por enterotoxinas e/ou outras
substancias que entram no organismo pela via enteral, além de, claro, lesdes causadas por
agentes virais como os virus das Hepatites A, B e C. Desta maneira, o0 estabelecimento de
uma capacidade regenerativa constante e eficiente € de extrema importancia para o bom

funcionamento deste érgéo.

O conceito de regeneracdo do figado remonta a mitologia grega antiga com a lenda
de Prometeu, titd que roubou o fogo divino de Zeus para o dar aos homens. Como castigo,
Zeus prendeu Prometeu aos pés do monte Caucaso onde, todos os dias, uma aguia vinha
bicar-lhe o figado. Dada a capacidade regenerativa do 6rgdo, a cada dia a ferida
cicatrizava até que a aguia retornava para novamente feri-lo. Ha décadas a regeneracédo
hepética ¢ um modelo experimental amplamente estudado para compreender mecanismos
que regulam a proliferacdo e sobrevivéncia de hepatdcitos. Os mamiferos mantém uma
proporcdo constante entre o peso do figado e o peso corporal. Em um estado de
homeostase, os hepatdcitos maduros e diferenciados estdo quiescentes, com renovacao
minima. Mediante um estimulo regenerativo, 95% dos hepatdcitos sofrem divisao celular
como manutencdo concomitante de suas funcBes metabdlicas (Michalopoulos e
DeFrances, 1997) (FIGURA 8).

A regeneracao hepatica é um evento que envolve multiplos processos celulares e uma
interacdo complexa entre citocinas, hormoénios e fatores de crescimento. Mais
especificamente, a regeneracdo hepética pode ser dividida em trés fases: (1) Iniciacdo; (2)
Proliferacdo; e (3) Inibicdo. A resposta mitogénica divide-se em duas fases,
primeiramente devido as citocinas que estimulam a transicdo GO-G1 e progressao até a

fase S do ciclo celular (revisado por Fausto, 2000 e Tarla, 2006). Um evento fundamental

28



para o inicio do processo regenerativo hepatico é a degradacdo da matriz extracelular do
6rgéo por diferentes proteases. Os fatores de crescimento eventualmente ligados & matriz
do ambiente hepético incluem hepatocyte growth factor (HGF), vascular endothelial
growth factor (VEGF), fibroblast growth factor (FGF) e Tumor growth factor-beta
(TGFB) que necessitam ser liberados para estimular a mitose dos hepatocitos
(Mohammed e Khokha, 2005) (FIGURA 8).

Apds esse evento, outros fatores sdo cruciais para a continuidade do processo, dentre
eles a insulina, que, no figado, regula tanto a proliferacdo dos hepatocitos quanto seu
metabolismo (Koonts e Iwahashi, 1981; Saltiel e Kahn, 2001; Amaya, 2014). Porém, o
papel da insulina sobre os eventos mitogénicos do figado durante a regeneracao hepética
ainda nao sdo muito compreendidos. Um estudo recente de Tseng e colaboradores, 2011,
demonstrou que a insulina desempenha um papel crucial durante a regeneracéo do figado,
uma vez que ratos com insuficiéncia na producédo de insulina apresentaram uma menor
regeneracdo global apds lesdo hepética induzida por ligadura da veia porta (Tseng, 2011).
Além disso, nosso grupo de pesquisa ja demonstrou que a insulina € um importante agente
mitogénico no figado, exercendo o efeito indutor de proliferacdo através da geracédo de
InsP3 no nicleo, o que inicia um sinal de Ca* essencial para a proliferacdo de células
endoteliais hepaticas (SKHep) e regeneracdo do figado apds hepatectomia parcial
(Amaya, 2014). Contudo, o papel do colesterol de membrana na sinaliza¢do de insulina e
a importancia da interacdo entre essas duas estruturas para a regeneracdo hepatica ainda

nao foram elucidadas.

Sendo assim, este trabalho prop6s avaliar a participacdo do colesterol de membrana
na regulacdo da sinalizacdo de insulina no figado, e em especial, qual a importancia da
composicdo lipidica da membrana para a regeneracdo hepatica. Compreender melhor os
mecanismos envolvidos na regeneracdo hepéatica pode gerar dados promissores com o
objetivo de aprimorar 0s cuidados envolvidos durante transplantes e outros
procedimentos clinicos que buscam uma rapida e eficiente recuperacdo funcional do

orgao.
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Figura 7: Regeneracdo hepética apds hepatectomia parcial. Decurso temporal da regeneragio
hepatica de camundongo apds hepatectomia parcial. Esta série de fotos representa a regeneragdo hepética apds
hepatectomia parcial de 70%. Ref: Hata et al. Liver development and regeneration: From laboratory study to clinical
therapy.Develpment growth and regeneration, 2007.
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Figura 8: Eventos principais durante a regeneracdo hepatica apds hepatectomia parcial.
Esquema dos sinais de iniciagdo e parada durante a regeneracdo hepatica. A proliferacdo de hepatdcitos durante a
regeneracdo hepatica envolve a inducéo inicial de citocinas da transicdo G0-G1 (luz amarela, priming phase), seguida
pela progresséo induzida por fatores de crescimento através do ponto de restrigdo G1 (luz verde, proliferative phase).
A proliferacdo de hepatocitos é interrompida por fatores inibidores como TGFB e IL-1B (luz vermelha, growth
termination). Fatores tais como VEGF e FGF podem induzir a angiogénese apds a proliferacdo. A degradagdo da matriz
extracelular (ECM) ocorre nas primeiras horas antes da sintese e divisdo do DNA do hepatdcito e a matriz extracelular
(ECM) hepatica é reestabelecida apds a divisdo dos hepatdcitos. Ref: Mohammed e Khokha. Thinking outside the cell:

proteases regulate hepayocyte division. Trends in Cell Biology, 2005.
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2.0BJETIVOS

2.1 Objetivo geral

- Awvaliar a participacdo das balsas de membrana (lipid-rafts) em respostas celulares mediadas

pela acdo da insulina no figado.
2.2 Objetivos especificos
- Investigar a localizacdo membranar do IR em células hepéticas;

- Investigar a importancia dos rafts de membrana na proliferacdo de células hepaticas e na
resposta metabolica induzida pela insulina, assim como avaliar as vias de transducdo de sinal

envolvidas nestes processos celulares;

- Verificar a importancia da composicao lipidica da membrana na regeneracéao e sinalizacao de

Ca*? hepaticas induzida por insulina.
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3.MATERIAIS E METODOS
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3.METODOLOGIA
3.1 Aspectos éticos

Todos os protocolos experimentais utilizando animais foram submetidos e
aprovados ao Comité de Etica em Experimentagdo Animal (CETEA) — UFMG, sob o
numero de protocolo: 169/2014.

3.2 Cultura celular

Duas linhagens celulares foram utilizadas neste estudo: hepatdcitos primarios de
rato e linhagem HepG2 de hepatocarcinoma humano. Os hepatdcitos foram isolados do
figado de ratos machos Wistar através da perfusdo intraportal com colagenase, como ja
previamente descrito por Boyer, 1990. Apoés a extragdo, as células foram plaqueadas em
laminulas previamente revestidas por solugdo de colageno de cauda de rato e mantidas
em cultura por 4-6 horas em placa de 6-wells contendo meio William’s, 10% de soro fetal
bovino, 50 unidades/mL de penicilina e 50g/mL de estreptomicina. A placa foi mantida
em estufa a 37°C sob 5% CO./95% O. A medida de viabilidade destas células para
utilizacdo foi feita através do teste de exclusdo com azul de Tripan e somente foram

utilizadas aquelas culturas com viabilidade acima de 85%.

As células HepG2 foram cultivadas a 37°C sob 5% C02/95% 02 em meio DMEM
HIGH GLUCOSE (Gibco) contendo 10% de soro fetal bovino, 50 unidades/mL de

penicilina, 50g/mL de estreptomicina e 1mM de piruvato de sédio.

3.3 Remocéo do colesterol de membrana com MBCD

Com o objetivo de sequestrar o colesterol de membrana e desorganizar os lipid-
rafts, as células foram incubadas por 45 minutos em meio de cultura sem soro e contendo
10mM de Metil-Beta-Ciclodextrina (MBCD), (Klein, 1995; Christian, 1997; Rodrigues,
2013) ou 10mM de 2-Hidroxipropil-y-ciclodextrina (HYCD), como controle negativo.

3.4 Imunofluorescéncia
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Para realizacdo dos experimentos de imunofluorescéncia, as células foram
cultivadas sobre laminulas nas condic¢des j& descritas e marcadas para a observagdo das

seguintes estruturas:

Lipid-rafts: Para realizagdo da marcagéo dos lipid-rafts utilizamos a subunidade
B da colera-toxina acoplada ao fluor6foro Alexa-555 (CTxB-Alexa-555, Invitrogen, NY).
As ceélulas vivas foram incubadas em meio de cultura contendo 1 ug/mL de CTxB-Alexa-
555 e mantidas nesta situacdo por 20 minutos a 25°C. Apos incubacao, as células foram
lavadas varias vezes com tampdo salina com fosfato (PBS) 1X. Posteriormente, as células
foram fixadas com paraformaldeido 4% a 25°C por 20 minutos. As imagens foram obtidas
utilizando um microscdpio confocal Zeiss LSM 510 usando uma lente objetiva de 63X,

NA 1.4 sendo as amostras excitadas a 568 nm e detectadas a LP 585 nm.

IR, EGFR e c-met: Apo6s fixadas com paraformaldeido 4% por 20 minutos,
permeabilizadas com 0,5% de Triton X-100 por 15 minutos e bloqueadas com solucgéo de
PBS + 1% BSA + 5% de Normal Horse Serum, as células foram marcadas com anticorpo
policlonal contra a subunidade § do IR (BD Biosciences, San Jose, CA), anti-EGFR (BD
Biosciences, San Jose, CA) ou anti-c-met (Abcam) na concentracdo de (1:250), e, em
seguida, incubadas com um anticorpo secundario conjugado com Alexa-488 (1:500),
(Invitrogen , Grand Island, NY). As imagens foram obtidas utilizando um microscépio
confocal Zeiss LSM 510 usando uma lente objetiva de 63X, NA 1.4 sendo as amostras

excitadas a 488 nm e detectadas a 505-550 nm.

Caveolina-1 (Cav-1): Amostras de figado de animais controle ou tratados com
lovastatina 15mg/kg/dia foram incluidos em Paraplast ®, cortados em micrétomo na
espessura de 5um, desparafinizados com xilol, reidratados com etanol em concentragoes
decrescentes de 100 a 50% e pré-tratados com tampdo Tris/EDTA (Tris (10 nmol/L);
EDTA (1 mmol/L)) por 30 minutos a 100°C, para recuperacdo antigénica. ApoOs
recuperacdo dos epitopos, os cortes foram incubados com anti-Cav-1 (1:100) por 24
horas. Apos sucessivas lavagens com PBS 1X, os cortes foram incubados com anticorpo
secundario acoplado a Alexa -555 (1:500). As imagens foram obtidas utilizando um
microscopio confocal Zeiss LSM 510 usando uma lente objetiva de 63X, NA 1.4 sendo

as amostras excitadas a 594 nm e detectadas a 610-710 nm.

3.5 Deteccéo dos sinais de Ca*?
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Para detecc&o dos sinais de Ca*? in vitro, as células foram carregadas com a sonda
para Ca*?> FLUO-4/AM (6 uM) por 20 minutos a 37°C e 5%CO,. Em seguida, as
laminulas contendo as células foram transferidas para uma camera de perfusao encaixada
na platina do microscopio Zeiss LSM 510. Durante todo o experimento, as células foram
tratadas com uma solucdo HEPES 1X (19,7mM Hepes, 130mM NaCl, 5mM KCI, 1mM
MgSOQO4, KH2PO4, 1,25mM CaClz, 5mM glicose, Hepes 4,7mM), pH=7,4. O sinal nuclear
e citosdlico de Ca*? foi monitorado em células individuais durante 4 minutos de
estimulacdo com insulina (300 nM), vasopressina (100nM), EGF (50ng/mL) ou HGF
(100ng/mL). A fluorescéncia (Fluo-4/AM) foi monitorada utilizando-se a objetiva de 63X
(1,4 AN) e as imagens foram coletadas a 1-5 imagens/segundo. Alteragcdes na
fluorescéncia (F) foram normalizadas pela fluorescéncia inicial (Fo) e expressas como
(F/F0) X 100 (Echevarria, 2003).

Ja para a deteccdo dos sinais de Ca™ in vivo, ratos Wistar machos foram
anestesiados com quetamina/xilazina, tiveram o figado exposto e incubado em uma placa
contendo solucéo de Fluo-4/AM (50 puM) em salina por 10 minutos. Posteriormente, 0s
animais foram cuidadosamente alocados sobre a platina de um confocal Nikon Al com o
figado sobre uma laminula e visualizado com objetiva de 10X. O sinal de Ca*? foi
monitorado por 5 minutos antes e ap6s a injecdo intravenosa de uma solugdo de 600nM
de insulina e as alteracfes na fluorescéncia foram também normalizadas de acordo com

a descricdo acima.

3.6 Ensaio de incorporacgéo de BrdU

A proliferacdo de células HepG2 foi mensurada pelo ensaio de incorporacdo de
BrdU de acordo com instrucdes do fabricante (Roche Applied Science, IN). As células
HepG2 foram plaqueadas em placa de 96-wells, carenciadas por 24 horas ap6s aderidas e
incubadas com solucdo contendo BrdU e diferentes concentrac6es de insulina (300, 600
e 1200nM) por 16 horas. As células tratadas com MBCD (10mM) ou HYCD (10mM)

foram tratadas por 45 minutos antes de serem incubadas com insulina e BrdU.

3.7 Dosagem da glicose
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Concentracdo de glicose no meio de cultura foi mensurada através do método
colorimétrico enzimatico (Analisa, Belo Horizonte, Brasil) de acordo com instrucées do
fabricante. Inicialmente, as células controle ou tratadas com MBCD (10mM) foram
estimuladas com insulina (300nM) por 15 minutos e, entdo o meio de cultura foi coletado
para o teste. 10puL do meio e da solugéo padréo (glicose a 100mg/dL) foram adicionados
a 990pL de reagente de coloracdo (tampéo fosfato pH 7,5, 5mM de fenol, 1000U/L de
glicose-oxidase, 1000 U/L de peroxidase, 0,AmM de 4-aminoantipiridina, 7,7mM de
azida de sddio). Os tubos foram incubados por 10 minutos a 37°C. A absorbancia da
solucdo foi mensurada a 480nm (UV/visible U-200L Spectrophotometer, Hitachinaka,
Japan). A concentracdo de glicose foi calculada através da equacdo: (Concentracdo do
padrdo/ Absorbancia do padrdo) X Absorbancia da amostra. A concentracdo de glicose

foi plotada como porcentagem do controle.

3.8 Imunohistoquimica para PCNA

Secgdes embebidas em Paraplast ® (Sigma-Aldrich) de tecido hepatico de ratos
apos regeneracdo foram desparafinizados com xilol, reidratados com etanol em
concentracdes decrescentes de 100 a 50% e pré-tratados com tampdo Tris/EDTA (Tris
(10 nM); EDTA (1 mM). Apds recuperacao dos epitopos, os cortes foram incubados por
30 minutos em solucédo de peroxido de hidrogénio a 3% em agua destilada, para bloqueio
da peroxidase endogena. Apos 3 lavagens com PBS 1X, os cortes foram incubados com
anticorpo preparado em solucédo de blogueio de ligacGes inespecificas feito com BSA (1%
w.v.) e normal horse serum (5% w.v.) em PBS (1X) por 1 hora. Em seguida, 0s cortes
foram incubados overnight com anti- proliferating cell nuclear antigen (anti-PCNA) em
PBS 1X (1:100), (Dako-Ctytomation). Apos sucessivas lavagens com PBS 1X, os cortes
foram incubados por 30 minutos com Biotinylated link universal e, posteriormente, por
mais 30 minutos com Streptavidina-Horseradish Peroxidase (HRP). Os cortes foram
revelados com diaminobenzidina (DAB) por cerca de 2 minutos. Apés a revelacédo, as
laminas foram lavadas em agua destilada corrente, desidratadas em bateria crescente de
alcool 50-100% e diafanizados em 2 imers6es em xilol. As laminas foram montadas em
Entellan (Merck). Para analise, 5 campos de cada corte (5 cortes por animal, n=3 animais
por grupo) foram utilizados para analise de positividade para PCNA (celulas
positivas/numero total de células X 100).
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3.9 Western blot

Células cultivadas em placas de 6-wells foram lavadas com PBS e solubilizadas
em 150 ul de solucdo detergente: Nonidet® P40 (1% wi/v.) contendo 2% de inibidor de
protease (Roche Applied Science). A concentragdo de proteina foi determinada
espectofotometricamente pelo método de Bradford. 30 pg de proteina foram separados
em gel de poliacrilamida 8% e transferidos para membrana de PVDF (Bio Rad). As
membranas foram bloqueadas com albumina bovina (5% w/v) diluida em tampédo TBST
(tampéo salina: Tris base (20 mM) acrescido de 0,05% de Tween 20) por 1 hora e depois,
incubadas com anticorpos primérios: anticorpo policlonal anti-IR (1:1000); anticorpos
policlonais anti-Cavl (1:1000), anti-Akt e anti-pAkt (1:500) e anti-ERK1/2 e pERK1/2
(1:1000); ou anticorpo monoclonal ant-B-actina ou Gliceraldeido 3-fosfato
desidrogenase (GAPDH), (1:5000). Esta incubagdo ocorreu por 2 horas a temperatura
ambiente. Ap6s 3 lavagens com TBST, a membrana foi incubada por 1 hora com
anticorpo secundario conjugado a peroxidase (1:5000) a temperatura ambiente. As
membranas lavadas foram expostas ao reagente de deteccdo ECL plus (GE Healthcare),
30 pl/cm? por 5 minutos e posteriormente revelados por quimioluminescéncia no
revelador LAS-4000 (GE Healthcare).

3.10 Hepatectomia parcial e tratamento com lovastatina

Hepatectomia parcial de 70% foi realizada em ratos Wistar machos adultos, de
acordo com protocolo descrito por Higgins, 1931. Os animais foram tratados com salina
ou com 15mg/kg/dia de solucéo de lovastatina diluida em salina durante 14 dias antes do
procedimento cirargico (Bjorkhem-Bergman, 2010). Apds a cirurgia, 0s animais
continuaram a receber o tratamento com lovastatina até o dia do sacrificio (48 ou 120
horas ap0s a hepatectomia). Para avaliar a regeneragdo, o figado de cada animal foi
removido e pesado sendo corrigido pelo peso total do animal (razdo peso do figado/peso
total do animal). Figados de animais ndo hepatectomizados, porém submetidos ao estresse

cirurgico (sham), foram considerados como controle.

3.11 Dosagem de colesterol
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A fim de quantificarmos o colesterol presente no tecido hepéatico de animais
controle ou tratados com lovastatina, amostras de figado foram coletadas durante
hepatectomia e lisadas, por 1 hora e 30 minutos, a 4°C, sob leve agitacdo, em solucgéo-
tampdo contendo TrisHCI (100 mM) (pH 8,0), NaCl (150 mM), MgCl, (2mM), Triton X-
100 (1%), iodoacetamida (5mM), NaNsz (0,025%), PMSF (1ImM), di-
isopropilfluorofosphate (1mM) e 0,02 U/mL de aprotinina. Apés a lise, uma pequena
porcdo dos extratos teciduais de cada grupo foi coletada para extracdo de lipidios pelo
método de Folch (Folch, 1957). Resumidamente, os extratos foram diluidos na razdo
(8:4:3) de cloroférmio: metanol: amostra. Apos misturarmos os solventes e as amostras,
o0s tubos permaneceram em repouso por 5 minutos. O préximo passo foi descartar a fase
superior (aquosa) e secar a fase inferior (organica) com o auxilio de camara a vacuo. Os
lipidios secos foram, entdo, submetidos a quantificacdo de colesterol usando o

Cholesterol Quantitation Kit (Sigma-Aldrich), de acordo com as instru¢6es do fabricante.

3.12 Ensaio de MTT

Inicialmente, 10* células HepG2 foram plaqueadas em placas de 24-wells
contendo 1 ml de DMEM +10 % de soro fetal bovino + 1% antibi6tico e antimicotico.
Apo0s 24 horas, células foram incubadas por 45 minutos com DMEM sem soro, MBCD
(10mM), HYCD (10mM) ou Triton (1% wi/v.) como controle positivo. Em seguida,
células foram lavadas com PBS e novamente incubadas com DMEM sem soro. Logo
apos, 50ul de solucdo de MTT (5mg/mL) foram adicionados a cada pogo por 4 horas.
Apbs a incubacdo, 40uL de solucdo de SDS/HCI a 4% foram adicionados em cada poco
e placa foi incubada por 12 horas. A leitura foi feita em espectofotdmetro ajustado para

absorbancia a 595nm. Para cada condic&o, 4 leituras individuais foram realizadas.
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4. RESULTADOS
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4. RESULTADOS

4.1 O receptor para insulina esté localizado nos lipid-rafts

Diversos trabalhos sugerem que as balsas de membrana desempenham um papel
importante na transducdo do sinal mediada pela ativacdo do IR (Parpal et al., 2001;
Watson et al., 2001; Vainio et al., 2002; Cohen et al., 2003). Neste aspecto, ja foi também
mostrado que estimulos elétricos de baixa intensidade (2V/cm, 55pps durante 10 minutos)
promovem o acimulo dos receptores para insulina nesses microdominios de membrana,
com consequente ativacdo das vias de sinalizacdo descendentes (Morino-Koga, 2012).
Contudo, ainda n&o foi demonstrada por imagem a localizacdo dos IRs nos rafts de
membrana. Com o objetivo de visualizar e confirmar a localizagao dos IRs nos rafts ricos
em colesterol, realizamos a imunomarcacdo tanto dos IRs quanto das balsas de
membrana, estas Ultimas sendo visualizadas através da marcacao por fluorescéncia para
0 gangliosideo de membrana GM1 (marcador de microdominios de membrana ricos em
colesterol) (Kakio, 2001; Mori, 2012). Na FIGURA 9, podemos observar a proximidade
dos IRs com as balsas de membrana tanto em células HepG2, (FIGURA 9A-B) quanto
em hepatocitos primarios de rato (FIGURA 9C-E). Utilizando microscopia de alta-
resolucdo AiryScan, observamos a sobreposicao perfeita do IR com os lipid-rafts na
membrana celular dos hepatdcitos primarios (FIGURA 9D). Investigamos ainda se este
perfil de localizacdo celular dos IRs nas balsas de membrana ocorre também para
receptores de outros mitdgenos hepaticos. Assim, avaliamos se os receptores de EGF
(EGFR) e HGF (c-met) estdo também localizados nos rafts. Observamos que EGFR
também se localiza nestes microdominios ricos em colesterol, porém, o0 mesmo néo foi
observado para o receptor de HGF, c-met (FIGURA 9A, painéis centrais e inferiores). A
quantificacdo dos picos de intensidade de fluorescéncia, que demonstram a colocalizacdo
das estruturas, estdo representadas na FIGURA 9B para células HepG2 e em 9E para
hepatocitos. Desta maneira, demonstramos que nas células hepaticas analisadas, o IR esta

localizado nos lipid-rafts.
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Figura 9: O receptor para insulina esta localizado em microdominios de membrana ricos

em colesterol. A) Imagens de microscopia confocal realizada em células HepG2 imunomarcadas em verde para o
receptor para insulina (IR), EGFR ou c-met (painéis a esquerda) e em vermelho para o gangliosideo GM1 (GM1, painel
central). A sobreposicdo de ambas as marcagdes esta representada no painel a direita. B) Quantificagdo da intensidade
de fluorescéncia em uma regido de interesse analisada nas imagens sobrepostas em A. Picos da curva demonstram a
intensidade de fluorescéncia maxima em determinado ponto para as marcagdes de IR, EGFR e c-met. Sobreposicdo
dos picos indicam colocalizagdo de estruturas em verde e vermelho. C) Imagens de uma Unica fatia realizada por
microscopia confocal realizada em hepatdcitos primarios de rato imunomarcados em verde para o receptor para insulina
(IR, painel superior a esquerda), em vermelho para o gangliosideo GM1 (GM1, painel superior central) e a sobreposi¢do
de ambas as marcacOes esta representada no painel a direita. Painéis inferiores representam mesma marcagdo
mencionada acima, porém as imagens representam a reconstituicdo de uma série-Z. D) Amplificagdes de regides de
interesse delimitadas no painel C e capturadas por microscopia de super-resolugdo AiryScan, realcando a colocalizagdo
entre IR e GM1. E) Quantificacdo da intensidade de fluorescéncia em uma regido de interesse analisada na imagem

sobreposta em C. n= 3 experimentos individuais e 55 células analisadas para cada marcacao. Barra de escala = 10uM.
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4.2 A remocdao do colesterol de membrana redistribui o receptor para insulina nas

células

Assim como outros receptores do tipo tirosina-cinase, a ligacdo da insulina a seu
receptor especifico ir4, tipicamente, levar a dimerizacdo do receptor e fosforilagdo dos
residuos de tirosina, 0 que desencadeia uma cascata de sinalizacdo intracelular que
culminara com um evento fisioldgico final (revisado por Zwick, 2001). Com o objetivo
de verificar se a localizacdo dos IRs nas balsas de membrana é essencial para a ativagdo
do receptor e consequente transducdo de sinal intracelular mediada pela insulina,
realizamos a desorganizacdo dos rafts através da remogdo do colesterol de membrana.
Uma metodologia bastante empregada e aceita para esse propdsito, € a utilizacdo de
MBCD, uma ciclodextrina com um anel hidrofobico que extrai o colesterol da membrana
celular (Christian, 1997). Nagata e colaboradores, 2007, ja demonstraram a eficiéncia do
tratamento com essa ciclodextrina em células hepéticas para a desorganizacdo dos
microdominios de membrana (Nagata, 2007). Na FIGURA 10A observamos a marcacéo
fluorescente do gangliosideo de membrana GM1, em células HepG2 controle (painel da
esquerda) ou incubadas com MBCD (10mM) por 45 minutos (painel da direita). Como
podemos observar, existe uma modificacdo no padrdo da marcacdo, assim como uma
reducdo e dispersdo do sinal fluorescente, quantificado na FIGURA 10B, indicando que
o0 tratamento com a ciclodextrina € eficiente na remocdo do colesterol e desorganizacéo
dos rafts (Controle: 98,65+4 a.u vs MBCD: 58.8+3,7 a.u, n=159 células por grupo, *
p<0,01).

Para verificarmos se o tratamento com essa droga poderia levar a diminuicdo da
viabilidade celular, realizamos o ensaio de MTT. Como mostrado, o tratamento com a
droga ndo causa morte/inviabilidade metabdlica celular, resultado representado na
FIGURA 10C-D. Células ndo-tratadas, tratadas com MBCD (10mM) ou tratadas com
HYCD (10mM), um analogo sem afinidade pelo colesterol, foram igualmente capazes de
metabolizar o MTT em formazan, um indicativo da atividade mitocondrial e consequente
viabilidade metabolica celular. Como controle negativo da técnica, foi utilizado a
incubacéo das células com Triton a 1% antes da realizacéo do ensaio (Controle: 100+0%;
Triton (1%): 19,63+0,4%; MBCD: 97.41+2.3%; HYCD: 102,2+0,7%, n=3 experimentos
individuais em triplicata, * p<0,01). Sendo assim, o emprego do MPBCD para
desorganizacdo dos rafts e estudo da interferéncia desse processo na atividade celular

induzida pela insulina, se mostrou adequado.
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Apods o tratamento com MPBCD e concomitante marcacdo fluorescente do IR,
observamos que a disposi¢ao desta proteina ao longo da superficie celular é alterada tanto
em células HepG2 quanto em hepatocitos (FIGURA 10E-H). Em células controle, o IR
encontra-se distribuido ao longo de toda a membrana da célula, enquanto que nas células
submetidas ao tratamento para remocao do colesterol e desorganizacdo dos rafts, os
receptores se reorganizam, mostrando-se aglutinados e ndo mais recobrindo todo o
plasmalema (HepG2 - controle: 71+10% vs MBCD: 31+5% / Hepatdcitos — controle:
73£12% vs MBCD: 22+7%; *p<0,05, n=55 células quantificadas para cada grupo e
tratamento), (quantificacdo nas FIGURAS 10J-1). Para garantir que o tratamento para a
remocao do colesterol causou um rearranjo na localizacéo do receptor e ndo uma reducao
na densidade protéica total, realizamos western blotting com lisados de células HepG2
controle e tratadas. Como observado, a analise densitométrica demonstrou uma mesma
abundancia relativa do IR em ambos os grupos (Controle: 1,25+0.27 vs MBCD:
1,53+0,11, n=3 experimentos individuais em duplicata, p=ns), (FIGURA 10G).

Experimentos na literatura demostraram que o tratamento com MBCD induz a
exocitose e endocitose compensatdria de vesiculas intracelulares em fibroblastos e em
neurdnios motores (Hissa, 2012; Rodrigues, 2013). Ao considerarmos nosso modelo, tal
evento poderia causar a internalizacdo do IR. Para verificar se o tratamento com MBCD
levaria a internalizacdo do receptor, realizamos uma dupla marcacédo fluorescente para o
IR e citoesqueleto de actina (marcado com phalloidin). Observamos que ap0s o
tratamento com MBCD, o receptor para insulina tende a se aglomerar em “clusters”

intracelulares como mostrado na FIGURA 11.
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Figura 10: O tratamento com MPBCD eficientemente desorganiza os lipid-rafts e a

distribuicéo do receptor para insulina na célula. A) Imagens de células HepG2 controle ou tratadas com
MBCD 10mM por 45 minutos e posteriormente marcadas com Cdlera-Toxina-B (CTx-B) acoplada a Alexa 555. B)
Quantificagdo da intensidade de fluorescéncia emitida pela CTx-B-555 (n=159 células por grupo, * p<0,01). C)
Imagens representativas da atividade metabolica de HepG2, mensurada por MTT, controle, tratadas com MBCD 10mM
e HYCD 10mM por 45 minutos. D) Quantificacéo do ensaio de MTT executado em C (n=3 experimentos individuais

em triplicata, *p<0,05).
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Figura 10 (continuagéo): E) Z-stack de células HepG2 controle e tratadas com MBCD 10mM e marcadas para
0 receptor para insulina. Observar no painel a esquerda contornada em amarelo, a area de membrana recoberta pelo
receptor para insulina. F) Quantificacdo da 4rea de membrana revestida pelo receptor para insulina nos dois grupos. G)
Imunoblottings de extrato total de proteinas de células HepG2 controle e tratadas com MBCD (10mM) e anélise
densitométrica (grafico abaixo), mostrando que o tratamento com a ciclodextrina ndo altera a quantidade do receptor
para insulina (p=ns, n= 3 experimentos individuais). H) Z-stack de hepatdcitos de rato controle e tratados com MBCD
(10mM) e marcadas para o receptor para insulina. 1) Quantificagdo da area de membrana revestida pelo receptor para
insulina em ambos os grupos. Valores representam a média + desvio padrdo. Dados foram analisados através do one-
way ANOVA ou t-test student (* p<0,01, n=3 experimentos em triplicata). Barra de escala superior painéis A,.E,H =
10uM. Barra de escala painel C = 100uM.
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Figura 11: O tratamento com MPBCD leva a internalizacdo do receptor para insulina. A)
Células HepG2 controle e B) tratadas com MBCD (10mM) e marcadas para o receptor para insulina em verde e para o
citoesqueleto de actina em vermelho. Observar no painel a esquerda, a formagéo de “dots” logo abaixo do citoesqueleto,
indicativo de internalizagdo do receptor em vesiculas intracelulares. Imagens inferiores mostram imagens ortogonais

mostrando a internalizacdo do receptor (n=3 experimentos em triplicata para cada condigao).
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4.3 A sinalizacdo de Ca*? induzida por insulina é dependente da integridade dos
lipid-rafts

A insulina é um horménio responsavel pela regulacdo do metabolismo, viabilidade,
crescimento e proliferacdo em hepat6citos primarios e diversas linhagens de hepatomas
(Michalopoulos e Pitot, 1975; Koontz, 1981). Trabalhos recentes de nosso grupo
demonstraram que a insulina, uma vez ligada a seu receptor de membrana, é capaz de
iniciar sinais intracelulares de Ca*? que comegam no nucleo celular e se propagam por
todo citoplasma devido a geracdo preferencial de InsPz no nucleo (Rodrigues, 2008;
Amaya, 2014). Com base nisso, nos propusemos a investigar se este sinal de Ca*? gerado
pela insulina sofreria interferéncia mediante a desorganizacdo dos rafts de membrana,
uma vez que o IR se mostrou localizado nestas estruturas. Observamos que as células
HepG2 e os hepatocitos tratados com MBCD (10mM) demonstraram uma redu¢do na
amplitude do sinal para Ca*? induzido por insulina (HepG2 — Ncleo controle =221,3%,
Citosol controle=164%; p<0,01, n = 50 células para cada condicao) / (Hepatocitos —
Nucleo controle = 142,3%, Citosol controle=58%; p<0,01, n = 50 células para cada
condicdo), (FIGURAS 12 e 13). Com isso, a integridade dos lipid-rafts se mostra
necessaria tanto para a correta distribuicao e biodisponibilidade do IR ao longo da célula
quanto para o desencadeamento do sinal intracelular de Ca*® mediante a ligacdo da

insulina.

Sabe-se que além da insulina, outros fatores tais como HGF e EGF sdo de extrema
importancia para a sinalizagdo celular de Ca*2 no figado e com grande participacio no
processo de regeneracdo hepatica (Gomes, 2008; revisado por Michalopoulos, 2010).
Para investigar se a desorganizac&o dos rafts também poderia afetar a sinalizacéo de Ca*?
induzida por EGF ou HGF, células HepG2 foram submetidas ao mesmo tratamento com
MBCD (10mM) e posteriormente estimuladas com os fatores de crescimento
mencionados. De forma curiosa, a desorganizacéo dos rafts nio afetou o sinal de Ca*
induzido por EGF (Nucleo controle =552,3+18%, Citosol controle=444+11%; p<0,01, n
= 50 células para cada condi¢do) ou HGF (Nucleo controle =589,3+11%, Citosol
controle=498+6%; p<0,01, n = 50 células para cada condi¢do), mesmo estando EGFR

localizado nos rafts, conforme demonstrado anteriormente na FIGURA 14.

Com isso, em nosso modelo, a sinalizagio de Ca*? induzida por HGF e EGF se

mantiveram integras em células tratadas com MPBCD (10mM). Por outro lado, a
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desorganizacio dos rafts induzida pela ciclodextrina aboliu a sinaliza¢do de Ca*? induzida
por insulina. Desta forma, apesar de tanto IRs quanto EGFRs estarem localizados nas
balsas de membrana, IRs se apresentaram mais sensiveis a desorganizacdo dos rafts, ja
que a sinalizagdo de Ca*? induzida por insulina, mas ndo por EGF, foi completamente

abolida em células tratadas com MBCD.
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Figura 12: A desorganizagdo dos lipid-rafts abole a sinalizacdo de Ca*? intracelular induzida

por insulina em células HepG2. A-D) Imagens confocal de células HepG2 controle (A) e tratadas com MBCD

(10mM), (D) carregadas com Fluo-4/AM (6 pM) e estimuladas com insulina (300nM). Imagens foram pseudocoloridas
de acordo com a escala mostrada emaixo dos painéis A e D. B) Representacdo grafica do aumento da fluorescéncia no
ndcleo (linha azul) e no citosol (linha vermelha) do grupo controle. C) Sumério dos estudos de Ca*2 no grupo HepG2

controle. E) Representacgdo grafica do aumento da fluorescéncia no ntcleo (linha azul) e no citosol (linha vermelha) do

grupo MBCD (10mM). F) Sumario dos estudos de Ca*? no grupo HepG2 tratado com MBCD (10mM). Valores

representam a média + desvio padrdo. Dados foram analisados através do one-way ANOVA ou t-test student (* p<0,05,

n=55 células por grupo). Barra de escala = 10pM.
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Figura 13: A desorganizacéo dos lipid-rafts abole a sinalizacéo de Ca*? intracelular induzida

por insulina em hepatdcitos. A-D) Imagens confocal de hepatdcitos controle (A) e tratados com MBCD
(10mM) (D), carregados com Fluo-4/AM (6 uM) e estimulados com insulina (300nM). Imagens foram pseudocoloridas
de acordo com a escala mostrada embaixo dos painéis A e D. B) Representacéo grafica do aumento da fluorescéncia
no nGcleo (linha azul) e no citosol (linha vermelha) do grupo controle. C) Sumario dos estudos de Ca*? no grupo
hepatdcito controle. E) Representacdo grafica do aumento da fluorescéncia no nacleo (linha azul) e no citosol (linha
vermelha) do grupo MBCD (10mM). F) Sumario dos estudos de Ca*?no grupo hepatécito tratado com MBCD (10mM).
Valores representam a média + desvio padrdo. Dados foram analisados através do one-way ANOVA ou t-test student

(* p<0,05, n=57 células por grupo). Barra de escala = 10uM
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Figura 14: A sinalizacdo de Ca*? induzida por EGF ou HGF ndo é alterada devido a

desorganizacgao dos lipid-rafts. A-D) Imagens confocal de células HepG2 controle (A) e tratadas com MBCD
(10mM) (D), carregadas com Fluo-4/AM (6 pM) e estimuladas com EGF (50ng/mL). Imagens foram pseudocoloridas
de acordo com a escala mostrada emaixo dos painéis A e D. B) Representacdo grafica do aumento da fluorescéncia no
ndcleo (linha azul) e no citosol (linha vermelha) do grupo controle. C) Sumério dos estudos de Ca*2 no grupo HepG2
controle. E) Representagdo grafica do aumento da fluorescéncia no nicleo (linha azul) e no citosol (linha vermelha) do

grupo MBCD (10mM). F) Sumario dos estudos de Ca*? no grupo HepG2 tratado com MBCD (10mM).
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Figura 14 (continuagao): G-J) Imagens confocal de células HepG2 controle (A) e tratadas com MBCD (10mM)
(D), carregadas com Fluo-4/AM (6 pM) e estimuladas com HGF (100ng/mL). Imagens foram pseudocoloridas de
acordo com a escala mostrada emaixo dos painéis G e J. H) Representacdo grafica do aumento da fluorescéncia no
ndcleo (linha azul) e no citosol (linha vermelha) do grupo controle. 1) Sumario dos estudos de Ca*? no grupo HepG2
controle. K) Representagdo grafica do aumento da fluorescéncia no ndcleo (linha azul) e no citosol (linha vermelha)
do grupo MBCD (10mM). J) Sumario dos estudos de Ca*? no grupo HepG2 tratado com MBCD (10mM). Valores
representam a média + desvio padrao. Dados foram analisados através do one-way ANOVA ou t-test student (* p<0,05,

n=45 células por grupo). Barra de escala = 10pM.

53



4.4 O metabolismo e a proliferacéo celular induzidos por insulina in vitro sdo debilitados

devido a desorganizacao dos rafts de membrana

Uma vez ligada a seu receptor, a molécula de insulina induz diversas funcbes
metabdlicas, entre elas a proliferacdo e o metabolismo celular (Di Guglielmo, 1998;
Amaya, 2014). As a¢des metabolicas da insulina no figado sdo mediadas principalmente
pela via da PI3K -Akt/PKB (revisado por Taniguchi, 2006). De fato, nossos resultados
demonstram que tanto células HepG2 quanto hepatdcitos, quando incubados com insulina
(300nM), apresentaram um aumento da fosforilacdo de Akt (p-Akt) (FIGURA 15A-B),
evento inibido quando as células tiveram os rafts de membrana desorganizados
(FIGURA 15A-B, ultima coluna de cada gréafico), mostrando que a ativacdo de Akt pelo
IR é dependente da organizacdo das balsas de membrana (HepG2: Controle = 0,16+0,01
a.u., Insulina 300nM =1,09+0,13 a.u., e MBCD + Insulina = 0,56+0,06 a.u. / Hepatdcitos:
Controle = 0,80+0,19 a.u., Insulina (300nM) = 2,6+0,40 a.u., e MBCD + Insulina =
0,84+0,6 a.u p<0,05, n=3 experimentos individuais). J& é sabido que a fosforilacdo da
Akt é essencial para o metabolismo de glicose no tecido muscular e figado (Whiteman,
2002; Ono, 2003). Sendo assim, avaliamos o metabolismo energético celular induzido
pela insulina, em células submetidas a desestruturacdo dos rafts, realizando a dosagem de
glicose do meio. Como esperado, ambas as células, quando tratadas com MBCD (10mM),
mas ndo com o analogo inativo HYCD, apresentaram uma reduc¢do na captacéo de glicose
(HepG2: Controle = 100%, Controle + Insulina (300nM) = 50,93+7,2%, MBCD +
Insulina = 83,15+8,4% e HYCD + Insulina= 52,15+5,4% / Hepat6citos: Controle =
100%, Insulina (300nM) = 80,91+2,25%, MBCD + Insulina = 96,95+3,9% e HYCD +
Insulina= 81,22+3,2% p<0,05, n=3 experimentos individuais em triplicata) (FIGURA
15C-D), mostrando a real dependéncia da ativacdo da via da Akt para o metabolismo

energético dependente de insulina.

Sabendo que a liberagio do Ca*? de estoques nucleares induzida pela insulina é
essencial para a proliferagdo celular (Rodrigues, 2007; Amaya, 2014) e que a
desorganizacdo dos rafts aboliu a sinalizagdo de Ca* induzida por este horménio,
decidimos investigar a taxa de proliferacdo celular induzida pela insulina em células
tratadas que tiveram o colesterol de membrana reduzido. O ensaio de BrdU realizado em
células HepG2 demonstrou que concentracbes crescentes de insulina (300, 600 e

1200nM) induzem a proliferacdo celular, efeito inibido pela remogéo do colesterol de
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membrana (FIGURA 16A-B) (0% soro = 100%; 10% soro = 176+12%, MBCD + 10%
soro= 110,0+11%, Insulina (300nM) = 135+8%, MBCD + Insulina (300nM) =
94,2+4,1%, Insulina (600nM) = 146+8%, MBCD + Insulina (600nM) = 85+6%, Insulina
(1200nM) = 157+8%, MBCD + Insulina (1200nM) = 84+8% p<0,05, n=3 experimentos

individuais em triplicata).

As ERK1/2 sdo membros da superfamilia de mitogenos ativados por ligantes e
desempenham funcdes de proliferacdo celular e apoptose (revisado por Mebratu, 2009).
Uma vez fosforiladas, essas enzimas ativam diversos fatores de transcricdo nucleares e
proteinas citoplasméticas envolvidas com a regulagdo da mitose (Howe, 1992; revisado
por Blenis, 1993; Treisman, 1994). Por outro lado, hiperativacao espaco-temporal dessas
enzimas pode levar a uma parada do ciclo celular, impedindo a mitose devido a um
acumulo de ciclinas D1 e da proteina inibidora de cinase dependente de ciclina 1
(p21cipl) (Clark, 2004; revisado por Chambard e colaboradores, 2006). Assim como
outros fatores de crescimento, a insulina também leva a fosforilagdo de ERK1/2 (Denton,
1995; Kayali, 2000). Quando células HepG2 e hepatdcitos foram estimulados com
insulina 300nM, de fato observamos um aumento da ativacdo de ERK1/2 (FIGURA 16C-
D). Porém, quando previamente tratadas com MBCD (10mM), estas células apresentaram
uma hiperativacao destas enzimas (HepG2: Controle = 0,29+0,03 a.u., Insulina (300nM)
=6,61+1,6 a.u.,, MBCD =32,6+1,5 a.u e MBCD + Insulina = 30,7£0,5 a.u. / Hepatocitos:
Controle =9,3+1,5 a.u., Insulina (300nM) = 31,19+0,8 a.u., MBCD = 64,31+8,5e MBCD
+ Insulina = 66,331£9,4 a.u; p<0,05, n=3 experimentos individuais) (FIGURA 16C-D,
ultima coluna de cada grafico), o que vai ao encontro do bloqueio da proliferacédo celular

observado nos ensaios de BrdU.
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Figura 15: O metabolismo hepatocelular de carboidrato é alterado devido a remogdo do

colesterol membranar e consequente desorganizagdo dos rafts de membrana. Imunoblottings
representativos de lisado celular total de células HepG2 (A) (controle, estimuladas com Insulina (300nM) e tratadas
com MBCD (10mM) e estimuladas com Insulina (300nM)) e hepatdcitos primarios (B) (controle, estimulados com
Insulina (300nM) e tratados com MBCD (10mM) e estimulados com Insulina (300nM)). Graficos abaixo representam,
respectivamente, a quantificagdo densitométrica dos niveis totais de pAkt em cada condicdo. (*p<0,05, n= 3
experimentos individuais). C-D) Quantificacdo dos niveis de glicose presentes no meio de cultura em cada grupo
representado para células HepG2 (C) e hepatécitos primarios (D). HYCD (10mM) foi utilizado como controle negativo.
(*p<0,05, n=3 experimentos individuais em triplicata). VValores representam a média + desvio padrdo. Dados foram

analisados através do one-way ANOVA ou t-test student.
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Figura 16: O efeito mitogénico da insulina é reduzido devido & remogéo do colesterol de

membrana. A) curva dose resposta da captacio de BrdU em células HepG2 n#o estimuladas ou com as respectivas

concentracdes de insulina (300, 600, 1200nM). Soro fetal bovino a 10% foi utilizado como controle positivo do ensaio.

(*p<0,05, n=3 experimentos). B) Curva dose resposta da captacdo de BrdU em células HepG2 controle (barras pretas),
incubadas com MBCD (10mM) (barras chumbo) ou HYCD (10mM) (barras cinza) e posteriormente estimuladas com

as concentragdes assinaladas de insulina. Soro fetal bovino a 10% foi utilizado como controle positivo do ensaio (barra

preta), (*p<0,05, n=3 experimentos individuais). C-D) Imunoblottings representativos de lisado celular total de células
HepG2 (C) e hepatdcitos (D) (controle, estimulados com insulina (300nM), tratados com MBCD (10mM) e tratados

com MBCD (10mM) + insulina (300nM)). Gréficos abaixo representam, respectivamente, a quantificacdo

densitométrica dos niveis totais de pERK1/2 em cada condigdo. (*p<0,05, n= 3 experimentos individuais em triplicata).

Valores representam a média + desvio padrdo. Dados foram analisados através do one-way ANOVA ou t-test student.
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4.5 A sinalizagdo de Ca*? induzida por insulina em hepatécitos e no figado in vivo é

reduzida em animais tratados com lovastatina

Visto que a desorganizacdo dos rafts de membrana em células em cultura ocasionou
reducéo significativa na proliferacdo celular, partimos para a investigagéo in vivo com o
objetivo de verificar se a deplecéo do colesterol de membrana teria alguma participagédo
na sinalizacdo de insulina no figado e no efeito proliferativo de hepatocitos apos a
hepatectomia parcial de 70%, o que resultaria em falha do processo de regeneracao
hepética. Para depletar o colesterol in vivo, utilizamos o tratamento intraperitoneal com
lovastatina na dosagem de 15mg/kg por dia, por um periodo de 14 dias, dosagem essa
eficiente em inibir a biossintese do colesterol em diversos modelos e estudos ja realizados
(Low, 1992; Stowe, 1999; Bjorkhem-Bergman, 2010). A lovastatina, assim como outras
drogas do grupo das estatinas, € uma droga inibidora competitiva da hidroximetilglutaril
coenzima A redutase (HMG-CoA-redutase), enzima responsavel pela sintese do
mevalonato, um precursor da molécula de colesterol (revisado por Tobert, 2003). No ano
de 2012, estima-se que cerca de 220.000 novas pessoas iniciaram o tratamento com
alguma droga do grupo das estatinas (IMS Health, 2012). Em nossos experimentos, a
escolha do tratamento intraperitoneal, e ndo oral, deveu-se ao fato de que neste modelo
de tratamento, a biodisponibilidade da droga é maior do que pela via enteral (Bjorkhem-
Bergman, 2010). A linha do tempo representando os procedimentos realizados esta
demonstrada na FIGURA 17A. Como esperado, o tratamento com a lovastatina reduziu
significativamente a concentracdo total do colesterol do figado dos animais que
receberam o tratamento em comparacd0 com 0S que receberam apenas injecao
intraperiotenal de solucdo salina 0,9% (Controle: 2,6+0,14mg vs Lovastatina:
1,4+0,08mg; *p<0,05, n=5 amostras de figado por grupo) (FIGURA 17C). Além disso, a
administracdo da estatina ndo alterou o peso dos animais ao longo do tratamento
(FIGURA 17B).

Diversos estudos demonstram que as cavéolas sdo um subtipo de microdominios de
membrana enriquecidos com colesterol e que apresentam uma grande concentracao da
proteina Cav-1, (Murata, 1995). Alem disso, sabe-se que Cav-1 hepatica exerce um papel
importante no metabolismo lipidico e na regeneracdo hepatica (Pol, 2001; Fernandez,
2006; Woundenberg, 2010). Apos 14 dias de tratamento, podemos observar que o padrédo

de marcagéo de Cav-1, uma proteina associada com microdominios de membrana ricos
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em colesterol, se torna mais homogéneo, quando comparado com o grupo controle
(FIGURA 17D). Isso é um indicativo de que o tratamento com a lovastatina desorganiza
de forma eficiente os rafts de membrana. Para verificar qual o efeito do tratamento na
expressao de IR e de Cav-1, realizamos western blotting com o lisado total de por¢éo do
tecido hepatico. Como esperado, a densidade total de IR permanece a mesma, quando
comparada com o grupo controle (Controle = 1,57+0,01 a.u. vs Lovastatina = 1,58+0,01;
p=ns, n= 5 amostras de figado por grupo), porém, os animais tratados com lovastatina
apresentaram uma maior expressao de Cav-1 (Controle = 5,25+0,7 a.u. vs Lovastatina =
10,58+0,30; *p<0,05, n=5 amostras de figado por grupo) (FIGURA 17E-F).

De posse destes dados, investigamos se a alteracdo observada na organizagdo dos
rafts/cavéolas poderia interferir na sinalizacdo de Ca*? estimulada por insulina nos
hepatocitos de animais controle ou tratados com lovastatina. A FIGURA 18A-B apresenta
tragados representativos do sinal fluorescente do transiente de Ca*? dos hepatdcitos
extraidos de animais controles ou tratados, onde podemos observar que a resposta a
insulina é reduzida nas células do grupo tratado. Porém, quando as mesmas células foram
estimuladas com vasopressina (AVP 1uM), tanto o grupo controle quanto o grupo tratado
apresentaram amplitude tipica do sinal de Ca*2. Além disso, o nimero total de células que
responderam a insulina/nimero total de células responsivas a AVP é consideravelmente
menor no grupo que recebeu o tratamento com a estatina (Controle = 1,1+0,3 células vs
Lovastatina = 0,44+0,2 células; *p<0,05, n=5 experimentos individuais por grupo),
(FIGURA 18C). Como observamos uma falha na sinaliza¢do de célcio induzida pela
insulina nos hepatdcitos dos animais tratados in vitro, decidimos investigar como estaria
a sinalizacdo de Ca* induzida pela insulina em figados in vivo de animais controle e
tratados com lovastatina. Este experimento inédito na literatura demonstrou que animais
tratados com lovastatina apresentam uma menor amplitude do sinal de Ca*? quando
recebiam administragdo intravenosa de insulina (Controle= 143+3% vs
Lovastatina=111+1%, *p<0,05, n=5 animais por grupo). Além disso, o niamero de células
que responderam a insulina era grandemente reduzido nos animais que receberam o
tratamento com a estatina (Controle=98+1% vs lovastatina=20£4%, *p<0,05 e n=5
animais e 5 campos analisados por grupo). Desta forma, demonstramos tanto in vitro
guanto in vivo que hepatdcitos de animais tratados com lovastatina apresentam menor
resposta a insulina, o que gera menor amplitude do sinal de Ca*? e menor nimero de

celulas responsivas a este horménio (FIGURA 18).

59



A) Intraperitoneal Lovastatin Intraperitoneal Lovastatin

15mg/k day 15mg/k day
| PH |
r Al l [ A

1 3 5§ 7 9 11 13 14 15 17 18 19 2
t t
Liver Liver

evaluation evaluation

(Group 48hs)  (Group 120hs)

B) C)

—_ '6 Py
> )
) 130, 5 Control § -

- O = |ovastatin 15mg/kg/day n @ 4 .

~ ‘(;)‘ 120 @ g 3 \

o [e) 1

) .E 110 £0 2

=5 100 ! Qo 1 -
(o] 1 Q (@) 0, —— i 5
- 2 E >
< g «© W

12345678 91011121314 o& >
Day SR

Control Lovastatin

Figura 17: O tratamento com lovastatina altera a organizacéo celular de caveolina-1 e reduz

o colesterol total do figado de ratos. A) Desenho experimental dos procedimentos in vivo realizados com
ratos. B) Grafico representativo do peso dos animais tratados diariamente com injecao intraperitoneal de solucéo salina
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de colesterol total do figado de animais controle ou tratados com lovastatina apds 14 dias de tratamento (*p<0,05, n=
5 amostras por grupo). D) Cortes de figado de animais controle (painel da esquerda) e tratados com lovastatina (painel
da direita) marcados por imunofluorescéncia para Caveolina-1 (Cav-1). A extrema direita, encontra-se magnificacdo

de uma regido de interesse delimitada nas imagens. n=5 fatias e 5 campos analisados por fatia por grupo.
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Figura 17 (continuagéo): E-F) Imunoblottings representativos de lisado de tecido hepatico total de ratos controle

ou tratados com lovastatina para verificagdo da expressdo do receptor para insulina (E) ou Caveolina-1 (F), (*P<0,05,
n =5 animais). Valores representam a média + desvio padrdo. Dados foram analisados através do one-way ANOVA

ou t-test student. Barra de escala= 20uM.
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Figura 18: A sinalizacéo de Ca* induzida por insulina em hepatécitos primarios e no figado

in vivo é debilitada em animais tratados com lovastatina A) Representagéo grafica do aumento da
fluorescéncia no nucleo (linha azul) e no citosol (linha vermelha) de hepat6citos do grupo controle quando estimulados
com insulina (300nM) ou AVP (100nM). B) Representagao grafica do aumento da fluorescéncia no ntcleo (linha azul)
e no citosol (linha vermelha) de hepatécitos do grupo lovastatina quando estimulados com insulina (300nM) ou AVP
(100nM). C) Quantificagdo da razdo entre o nimero de hepatdcitos responsivos a insulina/ nimero de células
responsivos a AVP em ambos os grupos (Controle e Lovastatina) (*p<0,05, n=47 células analisadas por grupo). D)
Representacgdo gréafica do aumento da fluorescéncia in vivo nos hepatdcitos do figado de animais controle (linha azul)
ou tratados com lovastatina (linha vermelha) e estimulados com insulina (600nM) (n=4 animais por grupo) E) Sumario
dos estudos de transiente de Ca*? in vivo no figado de ratos (*p<0,05; n=55 células analisadas por grupo). F) Analise
grafica do nimero (%) de células responsivas a insulina no figado de animais controle ou tratados com lovastatina.
Observar reducéo do nimero de hepatdcitos responsivos a insulina no grupo de animais tratados com lovastatina
(*p<0,05; n= 4 animais e 4 imagens analisadas por grupo experimental). G) Imagens de microscopia confocal de
figados carregados com Fluo-4/AM (6 pM), estimulados com insulina (600nM) e visualizados durante 5 minutos in
vivo. Imagens foram pseudocoloridas de acordo com barra de escala indicada no painel G.

63



4.6 A regeneracdo hepética é atrasada em animais tratados com lovastatina

Para investigar a relevancia fisioldgica do colesterol de membrana na capacidade
proliferativa dos hepatocitos e na consequente regeneracdo hepatica in vivo, submetemos
0s ratos controle ou tratados com lovastatina a hepatectomia parcial de 70% (PH 70%).
Depois da cirurgia, um grupo de animais foi avaliado para a regeneracdo hepatica apos
48 horas e outro grupo, apos 120 horas. Um grupo foi apenas submetido ao estresse
cirurgico, sem o procedimento de retirada do figado (grupo Sham). Os tempos foram
escolhidos de acordo com a taxa de proliferagdo dos hepatdcitos apos a hepatectomia,
tendo seu apice apds 48 horas e atingindo um platd reducional ap6s 120 horas (revisado
por Michalopoulos, 2010). Como pode ser observado na FIGURA 19A, os animais
tratados com lovastatina apresentaram uma menor regeneracdo do figado, quando
comparado ao grupo controle, apds 48 horas da hepatectomia (Sham=3,82+0,15%, PH
Controle= 2,6+£0,14% e PH Lovastatina= 1,6+0,09%; *p<0,05, n=5 animais por grupo).
No entanto, ap6s 120 horas, todos 0s animais apresentaram a mesma taxa de regeneracao
(Sham=3,82+0,16%, PH Controle= 3,6+0,01% e PH Lovastatina= 3,6+0,08%; p=ns, n=5
animais por grupo) (FIGURA 19B). Assim, o tratamento com lovastatina ndo impede a
regeneracdo hepéatica, mas a retarda, possivelmente pelo fato de outros potentes
mitdgenos hepaticos, como 0 EGF e HGF ndo requererem a organizacdo das balsas de
membrana para desencadearem o sinal de Ca*? intranuclear, ja demonstrado ser essencial
para a proliferacdo dos hepatdcitos e para a regeneracao hepatica consequente (Amaya,
2014). Em um trabalho realizado por Bjorkhem-Bergman, 2010, os autores demonstraram
que o numero de lesdes neoplasicas induzidas por Dietilnitrosamina (DEN) apds
hepatectomia parcial, € menor em animais que receberam o tratamento com lovastatina.
Sendo assim, os efeitos deletérios da lovastatina sob a proliferacdo celular parece afetar

tanto células saudaveis quanto neoplasicas.

Para confirmar o efeito da lovastatina sobre a proliferacéo celular in vivo, realizamos
a marcacao para PCNA em cortes do figado dos animais apds a regeneracdo. Como
esperado, o numero de células PCNA positivas (células em proliferacdo) é
significativamente maior nos animais controle, apos 48 horas de regenera¢do (Sham=
9,3+2,5%, PH controle= 35+7% PH Lovastatina= 20£5%,; *p<0,05, n= 5 fatias de 5
animais por grupo) (FIGURA 19C, painel superior, quantificacdo em 19D). Porém, ap0s
120 horas de regeneracdo, o numero de celulas PCNA positivas era maior no grupo
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tratado com lovastatina, em comparacdo com o grupo controle (Sham= 9,3+2,5%, PH
controle=13,2+1,6% PH Lovastatina= 27,4+3,2%,; *p<0,05, n=5 fatias de 5 animais por
grupo) (FIGURA 19C, painel inferior, quantificacdo em 19E). Sendo assim,
demonstramos de forma inédita que o tratamento com a estatina, apesar de ndo impedir a

regeneracdo hepatica, resultou em um atraso da proliferacdo celular, como comprovado
pela marcacdo do PCNA.
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Figura 19: A regeneracao hepatica sofre atraso em animais tratados com lovastatina. A-B)
Gréfico da razdo entre o peso do figado/peso total do animal controle ou tratado, ap6s 48 horas (A) e 120 horas (B) de
hepatectomia parcial (PH 70%), (*p<0,05, n= 3 animais por grupo). C) Imagens representativas de imunohistoquimica
para PCNA. Painéis superiores retratam imagens de corte de figado dos animais sacrificados apds 48 horas da
hepatectomia parcial e painéis inferiores, 120 horas ap6s o procedimento. D-E) Quantificacdo do nimero de células
PCNA positivas/nimero total de nicleos por corte apés 48 horas (E) ou 120 horas (F) da hepatectomia parcial.
(*p<0,05, n=5 animais/ grupo e 10 cortes aleatoriamente selecionados/animal).
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5. DISCUSSAO

Os lipid-rafts, microdominios moveis especializados de membranas celulares
enriquecidos em lipidios saturados e colesterol, sdo componentes-chave da arquitetura
celular, na particdo de proteinas na membrana e em eventos de sinalizacdo intracelular.
Os rafts j& foram identificados nas membranas de todas as células hepaticas,
parenquimatosas e ndo parenquimatosas (revisado por Dolganiuc, 2011). Apesar das
controvérsias acerca de sua existéncia desde sua descoberta, evidéncias mostram cada vez
mais que estas estruturas apresentam papel proeminente na sinalizacdo celular, inclusive
na sinalizacdo de insulina, por funcionarem como plataformas de concentragdo para
receptores de membrana. Neste trabalho, demonstramos que em células hepaticas, a
sinalizacdo mediada pelo IR é altamente dependente da organizacao dos rafts. Além disto,
demonstramos também que a sinalizagdo de Ca*? ativada pela insulina é prejudicada em
animais que receberam o tratamento com lovastatina, uma droga que foi capaz de
desorganizar os rafts atraves da reducdo do colesterol da membrana celular. Para reforcar
estes dados, demonstramos in vivo que a sinalizacdo de Ca*? no figado in vivo é debilitada

em animais tratados com lovastatina.

Desde sua descoberta e seu isolamento, a insulina é descrita como um hormonio
anabolico com uma ampla gama de efeitos sobre o metabolismo celular, induzindo a
captacdo de glicose da corrente sanguinea, estimulando a sintese e inibindo a degradacao
de glicogénio, de proteinas e lipidios (revisado por Straus, 1981). Além dos efeitos bem
conhecidos sobre 0 metabolismo, a insulina também tem importante papel na estimulacdo
da proliferacdo celular. A primeira descricdo dos efeitos mitogénicos induzidos pela
insulina data de 1924, por Gey e Thalhimer (Gey e Thalimer, 1924), através da
observacao dos efeitos da adi¢do de insulina em cultura de fibroblastos de galinha. Desde
entdo, diversas outras evidéncias ao longo dos anos apontam a insulina como um potente
mitdgeno para células 3T3 (Holley e Kiernan, 1974), hepatdcitos de ratos e linhagens de
hepatomas (Leffert, 1977; Amaya, 2014), linhagens de células renais (Taub, 1979),
células de melanoma (Mather e Sato, 1979) entre outras (revisado por Straus, 1981). No
figado, a insulina apresenta fortes efeitos metabdlicos (Sanger, 1949; Michael, 2000;
revisado por Agius, 2008) e mitogénicos (Michalopoulos e Pitot, 1975; Amaya, 2014;
revisado por Michaloupolos e DeFrances, 1997), tendo func@es significantes durante o
processo de regeneracdo hepatica através da ativacdo de seu receptor da familia RTK,
localizado na membrana plasmatica. Além de promover a proliferacdo, a insulina também
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é fundamental para a manutencdo da diferenciacdo de linhagens celulares hepaticas in
vitro (Leffert, 1977). Porém, a implicacdo da localizacdo do IR nos lipid-rafts para a
adequada funcgdo deste receptor ao mediar todos os efeitos acima descritos, ainda é papel

de discussdo por parte da comunidade cientifica.

Neste estudo, demonstramos que o IR apresenta grande colocalizacdo com os rafts
de membrana, em células hepaticas. Sendo assim, seria razodvel pensar, que uma vez
desorganizando as balsas lipidicas, a sinalizacdo de insulina seria debilitada. De fato, a
desorganizacao dos rafts resultou em deficit da sinalizacao de insulina, tanto no quesito
metabdlico quanto no proliferativo, e uma reducéo significativa no sinal de Ca*? induzida
por este hormonio. Em hepatdcitos, células altamente polarizadas em regido apical,
canalicular, e em regides basolaterais, as balsas lipidicas sdo responsaveis pelo acimulo
pericanalicular de InsP3R, desta forma, estabelecendo, desta forma, uma direcionalidade
nas ondas de Ca*? (Nagata, 2007). Quanto realizamos a deplecdo do colesterol de
membrana tanto em hepatdcitos quanto em células HepG2, observamos uma grande
reducdo do sinal de Ca*? induzida por insulina. Porém, ao estimularmos as células,
submetidas a desorganizacdo dos rafts pelo tratamento com MBCD, com HGF ou EGF,
nenhuma alteragdo significativa na sinalizacdo de Ca*? foi observada, mesmo EGFR
estando colocalizado com os rafts de membrana.

O HGFR, também denominado c-Met, é ativado por HGF e desencadeia a
proliferacdo, morfogénese e sobrevivéncia dos hepatocitos. Defeitos na sinalizacdo
mediada por HGF sdo uma das causas de carcinoma hepatocelular (Kanda, 1993). O
HGFR é um heterodimero que exibe atividade de tirosina quinase e associa-se a um
complexo multiproteico para desencadear sua sinalizacdo downstream, incluindo Src,
PI3K, GRB2 Associated Binding Protein 1 (Gabl) e cinase de adeséo focal. A funcao
adequada destes adaptadores/transdutores de sinal € largamente dependente da
integridade dos rafts (Baillat, 2008; Biedi, 2003). Nosso estudo mostrou que, em células
HepG2, o HGF inativo ndo esta associado as balsas lipidicas e que a desorganizacao
destas ndo resultou em falha na sinalizacdo de Ca*? induzida por esse fator de
crescimento. Porém, ndo podemos afirmar que os efeitos downstream ao sinal de Ca*?
induzido pelo HGF ndo foram perturbados, uma vez que, mediante estimulo, HGFR se
associa com proteinas localizadas nos rafts para mediar suas funcOes descritas

anteriormente (Singleton, 2007).
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Com relacdo ao EGF, sabe-se que este fator se liga ao EGFR e regula o crescimento
de hepatdcitos tanto in vivo como in vitro (Ruff-Jamison, 1994). A sinalizacdo de EGFR
ativa um grupo de transdutores de sinais e ativadores de transcri¢gdo, que aumentam a
transcricdo de um conjunto caracteristico de genes de resposta precoce ao crescimento,
levando a replicacdo hepatica do DNA (Ruff-Jamison, 1994). Demonstramos que, assim
como o IR, EGFR também esta localizado nos microdominios de membrana enriquecidos
em colesterol. Contudo, diferentemente do que ocorreu com a sinalizagéo de insulina em
células que tiveram o colesterol de membrana reduzido, o sinal de Ca*? induzido por EGF
ndo foi alterado nesta situacdo. Ja foi demonstrado que o tratamento com MBCD conduz
a um aumento da atividade intrinseca da tirosina cinase do receptor de EGF. Além disso,
apesar de localizados em balsas lipidicas enriquecidas com colesterol, EGFR é liberado
deste compartimento para regides adjacentes da membrana apds tratamento com a
ciclodextrina, tendo sua internalizacdo, apds ativacdo, também inibida (Pike e Casey,
2002). Isto explicaria porque a atividade e abundéncia do receptor na membrana séo
mantidas, ndo levando a alteracdo no sinal de Ca*? induzido por EGF.

Com relacdo ao efeito da deplecdo do colesterol sobre a sinalizacdo insulinérgica,
um estudo anterior realizado com adipdcitos 3T3-L1, demonstrou que a incubacao destas
células durante 50 minutos com MBCD foi suficiente para inibir a fosforilagao de Akt e
captacdo de glicose insulina-dependente, sem alterar a afinidade de ligagdo da insulina a
seu receptor ou a abundéncia total de IR na membrana plasmatica (Gustavsson, 1996).
Em outro estudo do mesmo grupo e com 0 mesmo modelo celular (3T3-L1), foi
demonstrado que a desorganizacdo dos rafts também afeta os efeitos metabdlicos da
insulina, diminuindo a captacdo de glicose e fosforilacdo de Akt, mas nenhum efeito na
ativacdo da via das MAPKS, através da ativacdo de ERK1/2, foi observado (Parpal, 2001).
Indo de encontro a esses dados, demonstramos que o tratamento com MBCD interfere
com os efeitos metabdlicos da insulina em células hepaticas, porém demonstramos que
este tratamento também levou a hiperfosforilacdo de ERK 1/2, o que, inesperadamente,
ocasionou menor proliferagdo celular induzida por insulina. Desde sua descoberta em
1991 (Boulton, 1991), a fosforilacdo de ERK 1/2 e sua translocacédo nuclear, induzida por
insulina ou por outros fatores de crescimento, é dita como essencial para a proliferacéo
celular, desde que esta ativacdo seja espago-temporalmente controlada. Ja foi
demonstrado que a ativagdo de ERK aumenta a expresséo da ciclina D1 (Sewing, 1997;

Woods, 1997), proteina nuclear envolvida com a progressdo no ciclo celular que se
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acumula no nudcleo temporalmente e €, posteriormente, dirigida ao citoplasma para
degradacdo via proteassoma. Além disso, a fosforilagdo de ERK também aumenta a
expressdo de p21Cipl, um fator proteico de duracdo curta que impede exportacdo de
proteinas do nucleo para o citoplasma (Touitou, 2001). Sendo assim, a hiperativacdo de
ERK leva a um acumulo macico no nucleo celular, de ambas as proteinas mencionadas,
formando o complexo ciclina D1/p21Cd1, o que impede a exportacdo destas ciclinas para
o citoplasma e faz com que as células fiqguem “presa” em determinando estagio do ciclo
celular, impedindo a progressdo da mitose (Alt, 2002). Além disso, sabe-se, que a
deplecdo do colesterol causa a hiperfosforilacdo de ERK em células Rat-1 de forma
intrinseca (Furuchi e Anderson, 1998) e também mediada pelo aumento da
autofosforilacdo do EGFR (Pike e Casey, 2002). Isto poderia explicar a menor
proliferacdo de células HepG2 observada em nosso modelo, em que o tratamento com a

ciclodextrina MBCD gerou hiperfosforilacdo de ERK 1/2 e menor proliferacéo celular.

Estima-se que a 220.000 pessoas por ano se prescrevem com drogas do grupo das
estatinas para controle dos niveis séricos de colesterol (IMS Health, 2012). As estatinas
sdo inibidores da HMG-CoA redutase, a enzima que catalisa 0 passo limitante da via
biossintética do colesterol. Como classe de farmacos, as estatinas estdo entre as drogas
mais frequentemente prescritas em todo o mundo. A lovastatina foi a primeira estatina
introduzida no mercado (1987) (Tobert, 2003). Desde entdo, sinvastatina, pravastatina,
fluvastatina, atorvastatina, cerivastatina, rosuvastatina e pitavastatina foram utilizadas
clinicamente (revisado por Tobert, 2003). A lovastatina, assim como as outras estatinas
mencionadas, € um potente inibidor da HMG-CoA redutase, o que gera grande
diminuicdo na biossintese do colesterol (revisado por Tobert, 2003). De fato, observamos
que animais tratados com lovastatina, apesar de ndo apresentarem reducdo no peso total
ao longo do tratamento, tiveram grande reducdo nos niveis de colesterol total no figado.
Além disso, o nivel da expressdo de Cav-1, proteina localizada em microdominios ricos
em colesterol, foi aumentado e a distribuigdo desta proteina no figado também foi alterada
quando comparada com animais controle. O papel essencial de Cav-1 na regulacdo da
funcdo hepatica ¢ evidente, uma vez que camundongos Cav-1 -/- apresentam baixa taxa
de regeneracdo hepatica e de sobrevivéncia apds hepatectomia parcial (Fernandez, 2006).
Além disso, um aumento proeminente de Cav-1 hepatica foi encontrado em casos de
cirrose e esteatose hepatica (Shah, 1999; Wang, 2005), o que reforca o papel de Cav-1 na

regulacdo do colesterol intracelular (Smart, 1996) e da homeostase lipidica (Pal, 2001),

71



explicando assim o aumento encontrado em nosso modelo de desbalangco na biossintese

de colesterol.

Ao avaliarmos in vivo o sinal de Ca*? induzido por insulina no figado de animais
tratados com lovastatina, observamos que a resposta dos hepatécitos foi
significantemente menor que a do grupo controle. Estudos feitos em animais que
receberam dieta rica em gorduras e agucares por 4 semanas e que receberam tratamento
com lovastatina, apresentaram marcada melhora na sensibilidade a insulina, caracterizada
por um aumento na captacdo de glicose durante o teste de tolerancia a insulina. Este
aumento na sensibilidade a insulina esteve associado a um aumento da fosforilacdo da
tirosina do IR induzida pela insulina (Lalli, 2008). Ja em outro trabalho, foi demonstrado
que o tratamento com estatinas foi capaz de induzir a resisténcia a insulina devido a
inibicdo da cascata de sinalizacéo do IR (Kain, 2015), o que vai ao encontro de diversos
outros achados na literatura sobre o possivel papel das estatinas na geracdo da diabetes
devido a resisténcia a insulina (Sattar, 2010; Carter, 2013; Navarese, 2013; revisado por
Brault, 2014). Contudo, nosso estudo focou na interferéncia gerada pelo tratamento com
estatinas na regeneracdo hepatica. Diversos fatores sdo cruciais para o processo de
regeneracdo hepatica, entre eles a insulina, que, no figado, regula tanto o crescimento dos
hepatdcitos quanto seu metabolismo (Koonts e Iwahashi, 1981; Saltiel e Kahn, 2001;
Amaya, 2014). Em estudo recente de Tseng e colaboradores, 2011, foi demonstrado que

a insulina desempenha um papel crucial durante a regeneracédo do figado.

A regeneracdo hepatica apds hepatectomia parcial constitui um processo biolégico
multifacetado que pode ser dividido em varias fases (Xu, 2010). Nas primeiras 2 horas
apos a lesdo, os hepatdcitos sdo ativados para reentrar no ciclo celular. Como
consequéncia, ocorre uma intensa proliferacdo de hepatdcitos, levando a restauracéo do
parénquima hepético logo ap6s 48 horas do procedimento. Com isso, 0 processo de
regeneracdo € terminado com a substitui¢cdo da massa hepatica, ocorrendo principalmente
devido a proliferacdo de hepatdcitos pre-existentes em vez da ativacdo de células
progenitoras (Nicou, 2007; Duncan, 2009). Todo esse processo é orquestrado por fatores
de crescimento, citocinas, hormonios e fatores da matriz extracelular, alguns dos quais
tém a capacidade de iniciar e modular os sinais intracelulares de Ca*? nos hepatdcitos
(Guerra, 2011; Amaya, 2014). No presente estudo, demonstramos que o tratamento com
lovastatina tem implicacdo durante a fase inicial da regeneracdo hepatica (48 horas pos-
hepatectomia), como demonstrado pelo atraso na recuperagdo da massa hepatica em
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animais tratados com o farmaco. Estes achados sugerem, que os rafts e o colesterol de
membrana, por modularem diversos eventos de sinalizagéo intracelular, inclusive a de
insulina, interferem com a proliferacdo de hepatdcitos por diminuir a sua reentrada no
ciclo celular, como sugerem nossos dados de PCNA (FIGURA 18). No entanto, estudos
adicionais sdo necessarios para desvendar a importancia dos lipid-rafts em cada fase
especifica de regeneracdo hepatica, bem como o papel destas estruturas em diferentes
tipos de células do figado durante todo o processo de regeneracdo, j& que outras células,
como colangiocitos e células dendriticas, também apresentam importante papel no

processo regenerativo.

O que ja é sabido é que estatinas, tais como a lovastatina, podem induzir parada
do ciclo celular na fase G1. Esta atividade antiproliferativa robusta permanece intacta em
muitas células cancerosas (Vosper, 2015). Muitos estudos ja demonstraram, que a
lovastatina € um potente inibidor de diversos tipos celulares, entre eles linfocitos B,
células gliais, células mesangiais etc. (Terada, 1998; Song, 2014; Choi, 1999). Além
disto, a captacdo de glicose em células tratadas com estatinas também é
significativamente reduzida, o que contribui para o efeito antiproliferativo deste farmaco
(Malenda, 2012). Com relacéo a proliferacdo de células hepaticas, um estudo anterior
demonstrou que a lovastatina, administrada oralmente numa dose baixa (15mg/kg/dia),
reduziu eficientemente o tamanho e o numero de nddulos pré-neoplasicos num modelo
de carcinogénese quimica em figado de ratos. A proliferacao celular dentro dos nédulos
do figado foi reduzida para um terco em comparacdo com os controles (Bjorkhem-
Bergman, 2010). Porém, os exatos mecanismos de como este farmaco inibiu a

tumorigénese hepatica ainda ndo foi explicado.

As alteracdes no conteudo de colesterol e fluidez membranar ao longo do processo
de regeneracdo hepatica ja foram demonstradas (revisado por Delgado-Coello, 2011). Os
estudos iniciais dessas alteragdes, realizadas em figados de ratos, detectaram diminuicao
na relacéo colesterol/fosfolipidio das membranas dos hepatocitos e aumento da fluidez da
membrana plasmatica entre 15 e 24 horas apds hepatectomia (Bruscalupi, 1980;
Deliconstantinos, 1983). Além disso, em ratos, até 16-18 horas pés-hepatectomia, a
composi¢cdo da membrana plasmatica do figado ndo apresentou variacdo significativa,
enquanto que a fluidez da membrana, medida como raz&o colesterol / fosfolipideo,
aumentou tanto quanto ap6s 3 horas de hepatectomia parcial (Yoshida, 1993). Em 2-7
dias ap6s hepatectomia foram detectados niveis reduzidos de colesterol e de fosfatidil-
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etanolamina nas membranas, consistentes com o aumento da fluidez e com a taxa aparente
de colesterol/fosfolipideo (Abel, 2001). Poucos estudos foram realizados até agora,
focando nas alterac6es nas balsas lipidicas que podem ocorrer apds hepatectomia parcial.
No entanto, é provavel que as alteracbes no contetdo lipidico desses microdominios,
responsaveis pela modulacdo de vérias proteinas do tecido hepatico, podem ter
consequéncias drasticas no processo regenerativo. Este estudo foi o primeiro a demonstrar
os efeitos de uma estatina na organizacao dos rafts no figado, na sinalizacdo de insulina
intra-hepatica e no processo de regeneracdo hepatica. Os efeitos antiproliferativos da
lovastatina foram observados apds 48 horas da hepatectomia parcial, periodo esse de
grande atividade mitética dos hepat6citos remanescente. Tal efeito causou atraso da
regeneracdo, provavelmente devido a déficits de sinalizacdo celular mediada por
receptores membranares gerados pela alteracdo do contetdo de colesterol da membrana

celular, como sugerem nossos dados.

O atraso na regeneracao hepatica devido ao uso das estatinas é de grande relevancia
quando extrapolamos nossos dados para casos de transplantes hepéticos e lobotectomia
hepatica. Um ponto importante a ser levantado é a utilizacdo de figados de pacientes
doadores, que fazem uso de estatinas, para receptores que ndo fazem uso destas drogas.
Seria a regeneracdo do 6rgdo atrasada neste receptor? Até o0 momento, poucos estudos na
literatura investigam a importancia do uso de estatinas com pacientes submetidos ao
transplante de figado ou em processos regenerativos. Dado o grande nimero de pacientes
que fazem uso indiscriminado dessas drogas, muitas vezes sem prescricdo, entender
melhor como as balsas de membrana regulam a proliferacdo hepética podera fornecer
evidéncias acerca de mecanismos moduladores importantes, 0 que aumentaria
grandemente a sobrevida de pacientes que necessitam de rapida e funcional regeneragédo

deste orgao.
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6. CONCLUSAO
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6.CONCLUSAO

Este trabalho demonstra que, uma vez dada a desorganizacao dos lipid-rafts, os efeitos
mitogénicos e metabolicos da insulina no figado sdo prejudicados. Sendo assim, a
integridade e composicéo lipidica da membrana celular é de extrema importancia para a
sinalizacdo de insulina, proliferacdo celular e regeneracéo hepatica.
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Abstract

Since it was discovered, the citric acid cycle has been known to be central to cell metabolism and energy homeostasis.
Mainly found in the mitochondrial matrix, some of the intermediates of the Krebs cycle are also present in the blood
stream. Currently, there are several reports that indicate functional roles for Krebs intermediates out of its cycle. Succinate,
for instance, acts as an extracellular ligand by binding to a G-protein coupled receptor, known as GPRI1, expressed in
kidney, liver, heart, retinal cells and possibly many other tissues, leading to a wide array of physiological and pathological
effects. Through GPR91, succinate is involved in functions such as regulation of blood pressure, inhibition of lipolysis in
white adipose tissue, development of retinal vascularization, cardiac hypertrophy and activation of stellate
hepatic cells by ischemic hepatocytes. Along the current review, these new effects of succinate through GPR91

will be explored and discussed.

Keywords: Succinate, GPR91, Cell functions, Cell signaling

Background

Back in the 1920, succinate (succinic acid in blood pH),
a dicarboxylic acid, was firstly correlated to a carbohy-
drate oxidation sequence proposed by Thorsten Thun-
berg, 1920 [1]. In the following decade, this sequence of
oxidation was better described thanks to Albert von
Szent-Gyorgyi's studies on pigeon breast muscle [2].
Consequently, succinate’s catalytic role as a hydrogen
carrier in aerobic respiration was discovered [2]. Then,
in the late 1930’s, Krebs described the core of aerobic
respiration, the Krebs cycle — also referred to as tricarb-
oxylic acid cycle or citric acid cycle [3]. With a few pos-
terior details added, this cycle remains the best
description of aerobic respiration to date [4]. Thereafter,
for many decades succinate had been considered only as
an intermediate of Krebs cycle, which was thought to be
its single synthesis pathway.

Recent studies, however, demonstrated that succinate
could be produced in nonenzymatic manners as well.
This is possible because, under oxidative stress condi-
tions, in which some enzymes of the Krebs cycle are
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inhibited, a-ketoglutarate levels are alternatively gener-
ated via transamination. Its accumulation combined with
inactivation of o-ketoglutarate dehydrogenase — from
the Krebs cycle — leads to nonezymatic decarboxylation
of a-ketoglutarate into succinate [5]. It is noteworthy
that in 1970, Krebs noticed that some of the Krebs’
metabolites, including succinate, could accumulate in
the interstitial space in case of ischemia, although the
mechanisms and metabolic implications were not com-
pletely explained at the time [6]. Recently, Chouchani
and colleagues (2014) described a mechanism by which
extracellular concentration of succinate augments in
case of ischemia (Fig. 1). '*C-isotopologue labelling
assessments indicated that succinate was not generated
by the common sources used in normoxia, which
include glucose, glutamate, fatty acids and GABA (y-
aminobutyric acid) shunt. Moreover, these authors found
that infusions of dimethyl malonate, the precursor of
malonate — a competitive inhibitor of succinate dehydro-
genase — caused decrease in succinate accumulation,
altogether demonstrating that succinate increases during
ischemia is due to succinate dehydrogenase reverse
action, reducing fumarate — generated from malate/as-
partate shuttle and the purine nucleotide cycle, since
both this pathways are favored by ischemic conditions -

© 2016 de Castro Fonseca et al. Open Access This article is distributed under the terms of the Creative Commons Attribution
40 International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
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(http//creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

95



de Castro Fonseca et al. Cell Communication and Signaling (2016) 14:3 Page 2 of 9

Oxalacetate

HAR Aspartate
NAD*
Adenylosuccinate Glutamate
GDP Malate a-Ketoglutarate

K NAD*
NADH + H*

Succinyl CoA

/<\ADP | GDP

ATP | GTP
Fig. 1 Pathway of succinate accumulation during ischemia/reperfusion. Despite minor production via regular Krebs cycle - which is diminished due to
excessive synthesis of NADH -, the reverse activity of succinate dehydrogenase has been shown to be the leading cause of succinate increase during
ischemia. The sources of fumarate, which is then reduced into succinate, are mainly the Purine Nucleotide cycle — shown on the left - and the Malate/
Aspartate Shuttle — similar to the Krebs cycle to run in reverse, which is favored by high levels of NADH
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into succinate [7, 8], (Fig. 1). Thus, succinate is an im-
portant intermediate metabolite of the citric acid cycle
that can be generated by different pathways within the
mitochondria. In conditions linked to insufficient blood
supply, such as ischemia, succinate is generated through
a pathway distinct from Kreb'’s cycle, and its concentra-
tion at blood vessels might rise.

Hence, once accumulated within the mitochondrial
matrix, succinate can migrate to the cytosol through
dicarboxylate transporters located in the inner mito-
chondrial membrane. SLC25A10 (solute carrier family
25 member 10), a succinate-fumarate/malate transporter,
is considered hitherto the responsible for this transloca-
tion. The second phase of transport, in which succinate
crosses the outer mitochondrial membrane, is thought
to happen by means of porins, namely, proteic channels
through which various nonspecific molecules of less
than 1.5 kDa may pass. Lastly, succinate has a fast efflux
system into the bloodstream. The transporter, a protein
named INDY (for I'm not dead yet, on account of its
apparent relation to longevity), is a sodium-independent
anion exchanger [9] (though previous studies considered
it a sodium-coupled transporter) [10], which is able to
switch dicarboxylates and citrate across the cell membrane.

Why are these alternative ways of succinate synthesis
and its transport mechanism relevant? Mainly, because
of the several functions attributed to succinate other
than participating in the Krebs cycle, some of them —
the ones on which this paper will focus — are associ-
ated with a G protein-coupled receptor, known as
GPR91or SUCNRI, which has succinate as its specific
ligand [11]. Upon binding to such receptor, succinate
has a hormone-like function acting in various organs
and tissues such as blood cells, adipose tissue, liver,
heart, retina, and kidneys — being expressed the most
in these latter [11].

An overview on GPR91 and its expression pattern
GPRI1 is a G-protein coupled receptor that acts as a
sensor of extracellular succinate [11; reviewed in 12].
When it comes to the receptor structure, mutation
experiments demonstrated that Arg”, His'*?, Arg®* and
Arg281 play an important role in receptor function.
These amino acids are all located in helices and agglom-
erate in the central area of the receptor - a rhodopsin-
like structure - in a way that the positive charge attracts
succinate [11]. We now show the result of an in-silico
study of GRP91 and its possible succinate-binding site
(Fig. 2). Although GPRI1 is 33 % homologous to GPR99,
a receptor linked to a-ketoglutarate, affinity assays have
shown that succinate binds exclusively to GPR91, while
a-ketoglutarate is a ligand for GPR99 [11]. In fact, the
ECsy values regarding succinate-GPR91 stimulation
range from 20 to 50 pum [11]. To test GPR91 ligand
binding affinity, several substances, including pharmaco-
logical compounds for different GPCRs, and carboxylic
acids close to succinate were tested. Some of them could
also bind to GPR91, but with a much lower affinity com-
pared to succinate [11-13]. Thus, it is now well accepted
that succinate is the endogenous ligand for GPRI1.
GPRI1 interacts with multiple G-proteins. According to
some studies using pertussis toxin, GPR91 can couple
either with G; or G, triggering different pathways and ini-
tiating distinct cellular effects. In HEK293 and MDCK
(kidney derived cells), for example, succinate induces
intracellular calcium release, inositol triphosphate forma-
tion, extracellular-signal-regulated kinases 1/2 (ERK1/2)
activation and decrease of cyclic adenosine monopho-
sphate (cCAMP) concentration, which are signaling path-
ways induced by G4 or G; coupling, depending only on
succinate concentration [11]. In hematopoietic progenitor
cells, however, signaling mediated exclusively by Gy,
leads to proliferation due to ERK1/2 activation [14]. In

96



de Castro Fonseca et al. Cell Communication and Signaling (2016) 14:3

Page 3 of 9

\

Fig. 2 Schematic model of the GPR91 active site. Surface representation of succinate binding at the active site with electrostatic potential (red,
blue for negative and positive potential, respectively) computed with the GPR91 tool in Website Protein Data Bank (PDB). a through ¢ represent
consecutive higher magnifications of the succinate binding site on GPR91

cardiomyocytes, succinate increases rather than de-
creases cAMP, leading to protein kinase A (PKA) acti-
vation, and suggesting that GPR91 coupling to Gs is
also possible [15]. These distinct intracellular signaling
pathways initiated by GPR91 activation indicate that
succinate actions as a hormone can indeed be very
diverse. Moreover, after triggering the signal transduc-
tion cascade, GPR91 is known to undergo internaliza-
tion. Imaging studies indicated that GPR91 is located
specifically on the plasma membrane, and is internal-
ized and then desensitized as a result of ligand stimula-
tion [11; reviewed in 12].

Although, GPR91 was initially characterized in the
kidney, and shown to be highly expressed in liver, spleen
and intestine [11], GPR91 is now known to be present
throughout the body, including a variety of excitable as
well as non-excitable cells. In the kidney, GPR91 local-
izes to the renal vascular lumen, in particular the affer-
ent arteriole and the glomerular vasculature. Moreover,
GPRI1 is expressed in the luminal membrane of mul-
tiple segments of the renal tubules: the cortical thick
ascending limb (CTAL) of Henle’s loop, including the
apical membrane of macula densa (MD), and the cortical
and medullary collecting duct (CD) [16-18], but renin-
producing juxtaglomerular cells (JGA), mesangial cells,
and vascular smooth muscle cells that are key compo-
nents of the JGA were found to be GPR91 negative [17].
In the liver, GPRI1 is exclusively expressed in quiescent
hepatic stellate cells (HSCs) [19], while in the heart
ventricular cardiomyocytes express GPRI1 in the sarco-
lemma membrane and T-tubules [15]. In the retina,
GPRI1 is predominantly expressed in the cell bodies of

the retinal ganglion cell (RGC) layer [20]. White adipo-
cytes, hematopoietic progenitor cells [21] and multiple
types of blood and immune cells were reported to
express GPRI91 [14, 22]. GPR91 was also detected in
immature dendritic cells (DCs). Thus, since its
characterization as the receptor for succinate in 2004
[11], GPRI1 has been described in many cell types,
and demonstrated to have a vast array of functions in
the human body. Further details regarding the role of
succinate through GPR91 in some of the aforemen-
tioned systems will be discussed below.

GPR91 signaling in the liver

The liver is targeted by a high number of growth factors
and hormones that bind directly to hepatocytes or to
other cell types such as HSCs. Many of these molecules
(PDGF and TGEF-p, for example) activate stellate cells
during liver damage. Also, non-traditional signals such as
matrix stiffness, metabolites and oxidative stress [23] are
able to activate HSCs. A study published in 2007 by
Correa and colleagues suggesting that succinate may
behave as a metabolic sensor in the liver, has extended our
comprehension of how liver injury can stimulate succinate
production and consequent HSC activation [19]. Accord-
ing to Correa et al,, 2007, in vitro ischemia-reperfusion in
rodent livers, allowed detection of succinate in extracellu-
lar fluids, and this phenomenon played an important role
in the activation of HSCs (Fig. 3). The same group showed
that, in the liver, GPR91 is expressed primarily in the
quiescent stellate cell and this expression is lost when stel-
late cells are activated. On the other hand, Li et al., 2015
showed that in the presence of succinate, HSCs present an

97



de Castro Fonseca et al. Cell Communication and Signaling (2016) 14:3

Page 4 of 9

ISCHEMIC
CONDITION

HEPATOCYTES

/' STELLATE CELL, "~

TGF-B and collagen type |

\

Fig. 3 Succinate role in the liver through GPR91. During an ischemic condition, succinate is released by anoxic hepatocytes and binds to stellate cells
leading to their activation. Once activated, stellate cells increase expression of several fibrogenic markers, such as alpha-smooth muscle actin (a-sma),

increased GPR91 expression followed by a 2-fold
increase in the differentiation rate, thus leading o their
activation [24].

In addition, Li and colleagues 2015, expanded the pre-
vious finding, by demonstrating the specific molecular
effects of succinate in the activation of HSCs. On a study
using in vitro and in vivo models, it was shown that
HSCs cultured and treated directly with succinate or
with inhibitors of succinate dehydrogenase (malonate,
palmitate/choline and methionine-choline deficient media),
caused not only an increase in expression of GPR91, but
also of alpha-smooth muscle actin (a-sma), TGF-B
and collagen type I, markers of a fibrogenic response
[24] (Fig. 3). On the other hand, transfection of these
cells with siRNA for GPR91 abrogated a-sma produc-
tion induced by succinate, indicating the specificity of
the pro-fibrogenic responses to GPR91 signaling. In
the in vivo studies, HSCs isolated from hepatosteatotic
mice, fed with a methionine and choline deficient diet,
released a higher level of succinate and expressed
more GPR91 and a-sma as well. Taking together, these
findings indicate a succinate-GPR91 coupling depend-
ence in HSCs activation and fibrogenesis. Therefore,
GPRI1 might play a relevant role in liver homeostasis,
being a possible therapeutic target for modulation of
hepatic functions. Blocking GPR91 during liver trans-
plantation could, for instance, avoid undesirable fibro-
genic reactions.

GPR91 signaling in retina

Besides liver injury, succinate effects through GPR91
activation have been demonstrated in a very delicate and
well-specialized structure such as retina, which owns a
vast vascular plexus responsible for its metabolic require-
ments [25]. In certain conditions, a misbalance between
tissue demand for oxygen and nutrients and vascular sup-
ply results in hypoxic retina, leading to a detrimental pre-
retinal and intravitreal neovascularization. Since vascular
supply is coupled to tissue metabolic rate, and succinate
accumulates under conditions of insufficient oxygen
supply [26, 27], the role of succinate in retinal neovascu-
larization induced by hypoxia was investigated. It was
found that in ischemic retinas of rats subjected to oxygen-
induced retinopathy, succinate levels rise without a joint
increased expression of GPR91, which maintained its
levels in retinal ganglion neurons (the main retinal
structure where GPRI1 is localized) [20]. In addition,
succinate induced a prominent development in retinal
vascularization and vascular density, an effect signifi-
cantly suppressed by siRNA to GPRI1. In this report,
Sapieha and colleagues, 2008, showed that the role of
succinate in this system is to induce an autocrine acti-
vation of retinal ganglion neurons by its binding to
GPRI1. Therefore, in response to augmented succinate
levels, these cells regulate the production of an array of
angiogenic factors including the vascular endothelial
growth factor (VEGF) through a specific activation of
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GPRI1. Of note, there is no participation of a hypoxia-
inducible factor-1a (HIF-1a)-dependent pathway (Fig. 4).
Accordingly, succinate showed no effect on rats that
are deficient in retinal ganglion neurons, confirming
the importance of these cells in orchestrating GPR91-
succinate-dependent neovascularization. Conversely to
succinate effects, Semaphorin 3A (a class of secreted
and membrane protein that acts as an axonal growth
cone guidance molecule) has been suggested as an
opposite force to neovascularization [28]. Joyal et al.,
2011, suggested that this molecule promotes vascular
decay and later forms a chemical barrier that repels
neo-vessels toward the vitreous [28].

Adding on the succinate effects on retinal neovascular-
ization described above, Hu et al., 2013 have shown that
GPRI1 also regulates VEGF production in the retinal
cell line RGC-5 through its direct incubation with
succinate or a high-glucose medium [29]. In addition,
ERK1/2 and JNK signaling pathways may be involved in
the effects of GPR91-mediated high glucose-induced
VEGF release in RGC-5 cells. A very recent work from
the same group reinforced these findings. Using RGC-5
cells, Hu et al,, 2015, demonstrated that GPR91 mediates
VEGF secretion and endothelial cell proliferation, pos-
sibly by activating the ERK1/2 and JNK signaling path-
ways and then upregulating COX-2 (Cyclooxygenase 2)
and PGE2 (prostaglandin E2) expression [30]. Since
COX-2 gene encodes a cytosolic protein that is upregu-
lated throughout inflammation and may contribute to
local ischemia and hypoxia, a higher COX-2 expression
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suggests that inflammation has an important part in the
incidence and evolution of diabetic retinopathy [30].

In summary, strong evidence has put succinate/GPR91
as an important signaling pathway to activate the devel-
opment of new blood vessels in retina during a hypoxic
condition and modulation of VEGF release through this
process might be a possible target for therapy.

GPR91 signaling and metabolism

The effects of GPRI1 signaling pathways on metabolism
were first demonstrated by Sadagopan, 2007. By using
rodent models of diabetes, obesity and hypertension, it
was demonstrated that circulating succinate levels in
these animals are elevated compared to non-diseased
controls [31]. However, the mechanisms that lead to this
increase in succinate concentration remain unclear. Con-
trary to what was observed in rodents, neither hyperten-
sion nor diabetes was associated with a rise in circulating
succinate in human blood samples [31]. While these
observed differences were not elucidated yet, another study
using blood samples from patients that underwent liver
transplantation showed increased levels of succinate as
early as 2 h post-transplant, which was also observed 6 h
after transplant [15].

More recently, McCreath and colleagues, 2015, showed
that GPRI1 is vastly expressed in the white adipose tissue
of mice and regulates adipose mass and glucose homeo-
stasis [32]. By generating a GPR91mutant mouse, it was
shown that loss of succinate receptor leads to dichotom-
ous effects on metabolism and total body weight, with no

®

PROANGIOGENIC FACTOR

ANG 1/2

Fig. 4 GPR91 activation induces retinal neovascularization in ischemic proliferative retinopathy. Under normal conditions, retina presents a basal
vascularization. (1) During hypoxia, succinate accumulates and (2) binds to GPR91 on RGCs, leading to (3) proangiogenic factor production that
stimulate the development of new vessels (4) in order to restore the vascular supply to the hypoxic retina
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difference of weight among organs, but with a marked
difference on the cumulative fat content [32]. On a regular
diet, Sucnrl-/- mice present a smaller white adipose tissue
compartment, smaller adipocytes, increased energy ex-
penditure and an improved glucose buffering. Although it
could be thought that decreased expression of GPR91
would lead to a reduced expression of genes related to adi-
pocyte differentiation, deletion of GPR91 did not alter
adipogenesis but rather resulted in diminished lipid accu-
mulation and smaller adipocyte size. These results were
further evaluated by the VO2 test, to investigate the meta-
bolic changes caused by GPR91 deletion. As expected, the
rate of VO2 consumption was reduced in Sucnrl-/- mice
compared to WT counterparts. In contrast, feeding
Sucnrl-/- mice with a high fat diet leads to increased fat
deposition, hyperglycemia, reduced insulin secretion and
an augmented hepatocyte damage compared to wild-type
(WT) littermates. Thereby, these findings put GPRI1 as a
sensor for dietary energy, being a possible target for thera-
peutics on obesity, hypertension and diabetes.

GPR91 signaling in the heart

Succinate is an important molecule for the maintenance
or disturbance of cardiovascular status, specially blood
pressure and cardiac muscle thickness. In 2010, Aguiar
and collaborators showed that GPRI91 is expressed in
ventricular cardiomyocytes, in the sarcolemmal mem-
brane, and in T-Tubules [33]. Because the GPRI1 recep-
tor is expressed in cardiomyocytes, and cardiac function
is an important determinant of blood pressure and other
aspects of cardiovascular homeostasis, there was an urge
to investigate the role of succinate through cardiac GPR91.
Aguiar et al. in 2010 showed that succinate could directly
activate GPRI1 in cardiomyocytes, affecting the pattern of
intracellular Ca®* release and Ca®* re-uptake. It was dem-
onstrated that proteins such as phospholamban and ryano-
dine receptor, both well known to be involved in the
dynamic of cardiomyocyte Ca** release, are activated by
succinate/GPRI1 interaction. These effects were triggered
by adenylyl cyclase and consequently PKA activation,
resulting in cardiomyocyte apoptosis [33], an event that
was prevented by PKA inhibitor. Together, these results
confirmed that succinate could indeed, at high concen-
tration, lead to cardiomyocyte cell death. Moreover,
these data suggested that increased levels in serum suc-
cinate, which could be triggered for instance in ische-
mic conditions, might represent an important cause of
cell death in the heart.

Furthermore, in 2014 it was demonstrated that long-
term exposure to succinate could lead to cardiomyocyte
hypertrophy [15]. Since activation of GPR91 in kidney can
increase blood pressure through the renin-angiotensin
system (RAS) [11], the question remained whether cardiac
hypertrophy, induced by high levels of succinate in the
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blood stream, was a consequence of succinate-induced
changes in mean arterial blood pressure (MAP) through
RAS activation, rather than a direct effect of succinate
through GPR91 in the heart. It was found that MAP was
unaffected after two days of succinate treatment, but
slightly increased at day 4, and reverted to normal values
on the final day of the experiment indicating that the
observed hypertrophy induced by succinate was therefore
not entirely due to an increase in MAP, but could involve
other mechanisms as well [15]. Moreover, echocardiog-
raphy experiments in rodents, in the presence or absence
of losartan, which is an antagonist for the angiotensin II
receptor AT-1, demonstrated that losartan abolished
succinate-induced increase in blood pressure but did not
alter the most relevant echocardiographic parameter for
measuring hypertrophy (left ventricular posterior wall
thickness - LVPW). These findings were consistent with
previous results that showed that succinate could induce
RAS activation, but also indicated that succinate-induced
hypertrophy was not solely caused by variations in MAP.
To connect cardiac hypertrophy to succinate-GPR91
activation, experiments with GPR91-KO mice were
performed and showed an increase in left ventricular
posterior wall only in wild type mice, but not in
GPRI91-KO mice. These findings demonstrated that
GPRI1 is essential for succinate-induced cardiomyocyte
hypertrophy. Taken together, these results show that
upholding levels of serum succinate can cause cardiac
hypertrophy through direct activation of GPR91. How-
ever, the fact that losartan reversed some of the other
observed hypertrophic effects (besides LVPW) also sug-
gests that succinate-induced remodeling of cardiac
muscle involves direct effects of GPRI1 in cardiac cells,
but also succinate effects in other organs.

The intracellular signaling events by which GPR91
activation causes cardiac hypertrophy were thus estab-
lished, using primary culture of neonatal cardiomyocytes
[15]. It was shown that upon binding to GPR91, succin-
ate causes CaMKIIS and ERK1/2 activation, culminating
in the transcription of genes related to cardiac hypertrophy
[15], (Fig. 5). Succinate/GPR91 activates phospholipase C,
which generates inositol 3,4,5-triphosphate (IP3) and
triggers intracellular Ca®* release from the endoplasmic
reticulum (ER). Cytoplasmic Ca** then activates CaMKIIS,
which phosphorylates histone deacetylase 5 (HDACS5),
translocating it out of the nucleus, facilitating the transcrip-
tion of hypertrophic genes (Fig. 5). Additionally, GPR91
activates MAPK, which phosphorylates ERK1/2. Phosphor-
ylated ERK1/2 (pERK 1/2) translocates to the nucleus,
where it also induces cardiac hypertrophy through the
aforementioned hypertrophic cellular signaling cascades in
cardiomyocytes. Other mechanisms, still not explored,
might likewise be involved in succinate/GPR91-induced
cardiomyocite hypertrophy.
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kidney, especially in the afferent arteriole and the glom-
erular vasculature, where succinate acts through the
highly expressed GPR91, increasing Ca>* transient and
releasing PGE2, PGI2 (prostacyclin 2) and NO (nitric
oxide), which causes renin release in the JGA [19]. A re-
cent microperfusion study has shown that perfusion of
the glomeruli with a succinate buffer induces renin re-
lease from the JGA and vasodilation of the glomerular
afferent arterioles, which abides by the affirmation that
succinate has an essential role in glomerular hyperfiltra-
tion and RAS activation.

These data suggest that succinate not only has a
very important role in blood pressure regulation in
ischemic events, but could also be a possible target
for novel therapies to control hypertension. For
example, post-ischemic transplanted patients could
receive GPR91 antagonists to prevent a possible
increase in MAP during recovery. That strategy,
combined with known treatments for prevention of
post operational hypertension, could reduce the car-
diovascular risk for other chronical conditions such
as arteriosclerosis and aneurisms, both implicated in
long-term increases in blood pressure.

Perpectives in the succinate/GPR91 field
Some evidence has pointed succinate as an ‘alarming’ signal
able to trigger GPR91 to sense immunological danger, caus-
ing increased allograft rejection during organ transplant-
ation [21]. As described above, blood level of succinate is
increased in the serum of patients after liver transplant
[15]. Also, a deficiency on mitochondrial succinate cyto-
chrome C reductase, a genetic condition that leads to an
increase in succinate levels on serum, is reported as a need
for special attention in transplant procedures, since the
donor could possibly transfer this inherited metabolic
disorder to the recipient [34]. This is a fundamental
concern when the donor has parental consanguinity, an
increasing factor for autosomal recessive illnesses such as
the above-mentioned one. In addition, a multiorgan failure
has been reported in a liver-intestine transplant from a
pediatric donor with a succinate- cytochrome C-
reductase deficiency, a condition that would lead to
an increase in blood succinate level. It has also been
demonstrated that a patient with succinate dehydro-
genase deficiency, another condition that also leads
to extracellular accumulation of succinate, exhibited
congestive heart failure [35]. Then, GPR91 antagon-
ism in preservation solution for transplantation could
represent, for instance, a real benefit to help prevent-
ing rejection or other complications.

Thereby, succinate may be a clinical marker for
ischemia, and its increase in blood level due to
organ transplant should be avoided.
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Conclusions

Since the discovery and characterization of GPR91 - a
G-protein couple receptor for succinate - a decade ago,
succinate signaling through GPR91 increased our under-
standing of body functions. It is worth to mention that
succinate is now more than sole particpant as a meta-
bolic intermediate. It is known that circulating succinate,
through GPR91 activation, is extensively involved in sev-
eral physio-pathological functions, as shown along this
review. Thus, succinate may be considered a signaling
molecule with a hormone-like function. Since blood
succinate level increase mainly due to ischemia/reperfu-
sion, an emerging application during organ transplant-
ation becomes evident. Therefore, understanding better
the participation of Krebs cycle intermediates, as signal-
ing molecules, and their relative contribution to each
physiological process in which they might be involved,
may lead to a clearer understanding of cell function, and
to more accurate clinical interventions when necessary.
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Abstract

Bismuth sulfide (Bi,Ss) is a narrow-bandgap semiconductor that is an interesting candidate for fluorescent
biomarkers, thermoelectrics, photocatalysts, and photovoltaics. This study reports the synthesis and characterization of
novel Bi,S3; quantum dots (QDs) functionalized using chitosan (CHI) as the capping ligands via aqueous “green” route
at room temperature and ambient pressure. Transmission electron microscopy (TEM), UV-visible (UV-vis) spectroscopy,
photoluminescence (PL) spectroscopy, dynamic light scattering (DLS), and zeta potential (ZP) analysis were used
to characterize the hybrids made of biopolymer-functionalized Bi,S; semiconductor nanocrystals. The results
demonstrated that the CHI ligand was effective at nucleating and controlling the growth of water-soluble
colloidal Bi,S3 nanoparticles. The average sizes of the Bi,S3 nanoparticles were significantly affected by the molar
ratio of the precursors but less dependent on the pH of the aqueous media, leading to the formation of nanocrystals
with average diameters varying from 4.2 to 6.7 nm. These surface-modified Bi»S3 nanocrystals with CHI exhibited
photoluminescence in the visible spectral region. Moreover, the results of in vitro MTT (3-(4,5-dimethylthiazol-2yl)-
2,5-diphenyltetrazolium bromide) assay with human osteosarcoma cells (SAQOS) cell line demonstrated no
cytotoxic response of the nanoconjugates.

Furthermore, the results indicated that the Bi,S3 QD-CHI nanoconjugates showed HEK293T cell uptake; therefore,
they can be potentially used as novel fluorescent nanoprobes for the in vitro bioimaging of cells in biomedical

applications.

Keywords: Nanoparticles, Nanoconjugates, Chitosan, Nanomaterial, Core-shell nanostructure

Background

In recent years, the field of colloidal semiconductor
nanocrystals, also referred to as colloidal quantum dots
(QDs), has grown rapidly. The developments are the
result of significant advances in nanoscience and nano-
technology that predominantly focus on biomedical and
environmental applications [1]. The interdisciplinary
contributions from several areas such as materials
science, chemistry, and physics, combined with biology,
pharmaceutics, medicine, and environmental science
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have created a fascinating new class of hybrid nano-
materials or nanoconjugates. These nanomaterials can
be designed and engineered with almost any property
or to carry out almost any function [2]. Basically, these
nanosized conjugates combine the intrinsic functions
of inorganic semiconductor nanomaterials and the
versatile organic biointerfaces offered by polymers (e.g.,
chitosan, PVA, PEG) and biomolecules (e.g., amino
acids, peptides, proteins, DNA) [3, 4]. In the realm of
inorganic [low-dimensional materials for producing
nanoconjugates and nanostructures, QDs have been
the major choice because of their unique combination
of optical, electronic, magnetic, and chemical proper-
ties, which can be tuned via the modification of the
nanoparticle size below the threshold value, named the
Bohr radius [1, 5, 6]. In particular, the interest in

© 2016 Ramanery et al. Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http/creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made.
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narrow-bandgap materials such as bismuth chalcogen-
ides (e.g., Bi»X3, X =S, Se, Te) nanocrystals has intensi-
fied in recent years [7, 8]. Studies from around the
world suggest that these materials are realistic pros-
pects for applications including solar cells, infrared
optoelectronics (e.g., lasers, optical modulators, photo-
detectors, and photoimaging devices), low-cost/large-
format microelectronics, and biological imaging and
biosensor systems [7, 9].

However, due to their extremely low dimensions at the
nanoscale and exceptionally high surface-area-to-volume
ratio, these fluorescent nanocrystals must be stabilized
by capping agents during their synthesis to restrict the
growth of formed nuclei [10]. Hence, QDs have been
produced using numerous processes such as in the pion-
eer studies entrapped in glasses [11, 12] or molecular
films [13], encapsulated in polymer nanoparticles [14],
dispersion in organic solvents [15], and colloidal disper-
sions [16, 17].

Nevertheless, despite almost three decades of ad-
vances in QD synthesis, the majority of the reported
methods rely on organometallic processing routes that
employ toxic solvents at high temperature and that lead
to the formation of nanocrystals with hydrophobic
surfaces [1, 5, 18]. Thus, synthesis of semiconductor QDs
using an aqueous colloidal process is an attractive alterna-
tive to organometallic routes, which have received increas-
ing concern because of their use of chemical processes
that can be harmful to humans and to the environment
[17, 19, 20]. In support of this, new environmentally
friendly processes for producing QDs have been reported
recently in the literature. Most studies employ the use
of water-based colloidal routes using environmentally
friendly and biocompatible reagents and precursors at low
temperatures [17, 21]. In addition, colloidal chemistry pro-
vides a flexible platform for the surface functionalization
of the QDs by applying an appropriate capping ligand,
which in turn can simultaneously stabilize the inorganic
semiconductor core of the nanoparticles and form an
organic shell with biochemical functionalities for further
applications [19].

Among several alternatives for capping agents, bio-
polymers, such as chitosan and its derivatives, have
recently been proposed as a greener nanoplatform for
producing water-soluble quantum dots. These polymers
are intrinsically biocompatible, and they can be directly
used as ligands for stabilizing QDs in aqueous media
[22]. Chitosan is a natural biopolymer that is commonly
produced from the alkaline deacetylation of chitin,
which is mostly extracted from the exoskeleton of mar-
ine crustaceans. As a biopolymer, it has been broadly
used in numerous biomedical and environmental ap-
plications due to its biocompatibility, biodegradability,
commercial availability, and worldwide abundance
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associated with its eco-friendly properties [20]. Sur-
prisingly, few studies have reported the preparation of
nanomaterials based on bismuth sulfide (Bi,S;3), such
as quantum dots [7] and nanorods [9, 23], but no re-
search investigating Bi,S;—chitosan nanoconjugates
was found in the consulted literature.

Thus, in this study, new carbohydrate-based nanocon-
jugates combining chitosan with Bi,S; semiconductor
QDs were designed and synthesized via a single-step
“green” aqueous colloidal process at room temperature.
The results demonstrated that chitosan was an effective
polymer ligand for nucleating and stabilizing ultra-small
Bi,S; QDs, forming colloidal core-shell nanostructures
in aqueous dispersions. In addition, it was verified that
variation of pH and molar ratio of precursors during the
synthesis affected the physico-chemical properties and
morphological aspects of the nanostructures. Moreover,
these water-soluble nanoconjugates were photoluminescent
under light irradiation and biocompatible toward SAOS
cell culture, which can be potentially used as narrow-
bandgap fluorophores in biomedical and pharmaceutical
applications using an environmentally friendly process.

Methods

Materials

All of the reagents and precursors, including bismuth
chloride (Aldrich, USA, >98%, BiCls), sodium sulfide
(Synth, Brazil, >98 %, Na,S-9H,0), sodium hydroxide
(Merck, USA, 299 %, NaOH), and acetic acid (Synth,
Brazil, >99.7 %, CH3;COOH) were used as received.
Chitosan (Aldrich Chemical, USA, catalogue # 419419;
high molecular weight, My =310 to >395 kDa; degree
of deacetylation DD >75.0 %; viscosity 800-2000 cP,
1 wt% in 1 % acetic acid) was used as the reference
polysaccharide ligand. Unless otherwise indicated,
deionized water (DI water, Millipore Simplicity™) with a
resistivity of 18 MQ cm was used to prepare the solu-
tions, and the procedures were conducted at room
temperature (RT, 23 +2 °C).

Methods

Synthesis of Bi,S3/Chitosan Nanoconjugates

Bi,S3 nanoparticles were synthesized via an aqueous
colloidal route in a reaction flask at room temperature.
Precursors with three different molar ratios, [Bi®*]/[S*],
were evaluated: 0.33 (excess of sulfur), 0.67 (stoichiomet-
ric), and 1.33 (excess of bismuth). The synthesis of the
Bi,S; nanoparticles was carried out as follows: 2 mL of
chitosan (CHI) solution (1 % w/v in 2 % v/v aqueous solu-
tion of acetic acid) and 45 mL of DI water were added to
the flask reaction vessel. Under moderate magnetic stir-
ring, X mL (X = 6 mL for 0.33; X = 3 mL for 0.67 and 1.33)
of $*~ precursor solution (Na,S-9H,0, 1.0 x 107> mol L ™)
and Y mL (Y =2 mL for 0.33 and 0.67; Y =4 mL for 1.33)
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of Bi®* precursor solution (BiCls, 1.0 x 1072 mol L™! in acetic
acid) were added to the flask and stirred for 60 min. During
the addition of Bi** solution, the pH was measured and ad-
justed to 2.5+0.1 or 3.5+0.1 with NaOH (1.0 mol L.
The Bi,S; QDs suspensions produced were referred to as
QD_CHI[Bi**]/[S*']_pH, where [Bi**]/[S*"] was 0.33,
0.67, or 1.33 and the pH was 2.5 or 3.5, as a function
of the molar ratio of precursors and the pH of
quantum dots synthesis.

Characterization of Bi,S;/Chitosan Nanoconjugates
UV-visible (UV-vis) spectroscopy measurements were con-
ducted using Perkin-Elmer equipment (Lambda EZ-210)
in transmission mode with a quartz cuvette. Measurements
were taken over a wavelength range of 1100 to 190 nm.

The morphological and structural features of the
quantum dots were characterized using transmission
electron microscopy (TEM, Tecnai G2-20-FEI micro-
scope, 200 kV) coupled to an energy dispersive X-ray
(EDX) microprobe and using selected area electron dif-
fraction (SAED) analysis. QD sizes and distribution data
were obtained based on the TEM images by measuring
at least 100 randomly selected nanoparticles using an
image processing freeware program (Image], version
1.49, public domain, National Institutes of Health).

X-ray photoelectron spectra (XPS) analysis was per-
formed on an Amicus spectrometer (Shimadzu, Japan)
using Mg-Ka as the excitation source. All peaks positions
were corrected based on C 1s binding energy (284.6 eV).

Dynamic light scattering (DLS) and zeta potential (ZP)
measurements were performed in the QD colloidal
dispersions using a ZetaPlus instrument with the laser
light diffusion method (Brookhaven Instruments).

Photoluminescence (PL) characterization of the nano-
hybrids was conducted based on spectra acquired at
room temperature using a violet diode laser module at
Aexe = 405 nm (150 mW, Roithner LaserTechnik, GmbH)
coupled to a USB4000 VIS-NIR spectrophotometer
(Ocean Optics).

In addition, the QD colloidal solutions were placed
inside a “darkroom-chamber” where they were illumi-
nated by a UV radiation emission bulb (lexcitation =
365 nm, 6-W, Boitton Instruments). Digital color images
were collected of the fluorescence of the QDs in the
visible range of the light spectrum. Quantum yield (QY)
was measured according to established procedure by
using Rhodamine 6G (Sigma, USA) in ethanol as the
standard at Adeycitation = 405 nm [24].

Cytotoxicity Assay by MTT

Culture of Human Sarcoma Cell Line Culture (SAOS)
The immortalized human osteosarcoma-derived (SAOS)
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cells were provided by Prof. A. Goes of the Department
of Immunology and Biochemistry, Universidade Federal
de Minas Gerais (UFMG). SAOS cells are broadly ac-
cepted as a model cell line for the preliminary assess-
ment of biocompatibility of materials and devices. The
SAQOS cells were cultured in DMEM (Dulbecco’s modi-
fied eagle medium) with 10 % fetal bovine serum (FBS),
streptomycin sulfate (10 mg mL™"), penicillin G sodium
(10 units mL™"), and amphotericin-b (0.025 mg mL™"),
all of them were supplied by Gibco BRL (NY, USA),
using a humidified atmosphere of 5 % CO, at 37 °C. The
cells were used for experiments on passage 23.

All of the biological tests were performed according to
ISO standards 10993-5:1999 (Biological evaluation of
medical devices; part 5: tests for in vitro cytotoxicity).
All experiments were performed using the direct contact
methodology.

Method SAOS cells were plated (3 x 10° cells/well) in
96-well plates. Cell populations were synchronized in
serum-free media for 24 h. After this period, the media
volume was suctioned and replaced with media contain-
ing 10 % FBS for 24 h. The samples of Bi,S;/polymer
nanoconjugates were added to individual wells at a con-
centration of 3.0 %. Controls had been used with cells
and DMEM medium with 10 % FBS, positive control
Triton X-100 (1 %) from Sigma-Aldrich (St. Louis, MO,
USA) and as negative control chips sterile polypropylene
Eppendorf (1 mg mL™", Eppendorf, Hamburg, Germany).
After 24 h, all media was aspirated and replaced with
60 pL culture medium with serum to each well and photo-
graphed using an inverted optical microscope (Leica
DMIL LED, Germany). MTT (3-(4,5-dimethylthiazol-2yl)-
2,5-diphenyltetrazolium bromide) (5 mg mL™', Sigma-
Aldrich, St. Louis, MO, USA) were added to each well and
incubated for 4 h in an oven at 37 °C and 5 % CO,. After,
they were placed on a 40-uL SDS solution/4 % HCI, with
incubation for 16 h in an oven at 37 °C and 5 % CO,.
Then, 100 pL were removed from each well and trans-
ferred to a 96-well plane, and quantifying of the absorb-
ance was taken into a Thermo Plate (TP-READER) with a
595-nm filter. The values obtained were expressed as per-
centage of viable cells according to Eq. 1. It is attributed
that the values of controls (wells with cells, and no sam-
ples) has 100 % cell viability.

Abs of sample and cells

Abs of control
x 100% (1)

Cell viability =

Prism software (GraphPad Software, San Diego, CA,
USA) was used for data analysis. Statistical significance
was tested using one-way ANOVA followed by Bonferroni
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method, with p <0.05 considered statistically significant.
The experiments were performed in triplicate (1 = 3).

Cellular Uptake of Bi,S3; Quantum Dot/Chitosan
Nanoconjugates

Kidney Cell Line of a Human Embryo Culture
(HEK293T Cells) The human embryonic kidney cell
line (HEK293T) was kindly provided by Prof. M.F. Leite
of the Department of Physiology and Biophysics, UFMG.
The cells were cultured in DMEM with 10 % FBS,
penicillin G sodium (10 units mL™"), streptomycin sulfate
(10 mg mL™Y), and amphotericin-b (0.025 mg mL™Y), in a
humidified atmosphere of 5 % CO, at 37 °C. The
HEK293T cells were used for the experiments on
passage 7.

Confocal Laser Scanning Microscopy The HEK293T
cells were plated (5x 10* cells/well) in 24-well plates.
The cells were incubated for 4 days in 5 % CO, at 37 °C
and synchronized for 24 h. The QD_CHI0.67_2.5 sample
containing 50 % of the medium solution was added to
the HEK293T cells. Next, the cells were incubated in
5 % CO, at 37 °C for 1 h and washed with phosphate-
buffered saline (PBS, Gibco BRL, NY, USA). After wash-
ing, the cells were fixed with paraformaldehyde (4 %) for
30 min and washed three times with PBS, and cover
slips were mounted with Hydromount (Fisher Scientific
Ltd., Leicestershire, UK). Confocal laser scanning fluor-
escence microscopy (Zeiss LSM Meta 510, Carl Zeiss,
Germany) was used to detect the fluorescence of the
cells using a 488-nm argon laser irradiation to excite the
QD-chitosan nanoconjugates. The emissions were
collected in the range between 505 and 530 nm. For the
control, HEK293T cells were incubated with only
DMEM medium with 10 % FBS (immunofluorescence).

Results and Discussion

Physico-chemical Characterization of Chitosan/Bi,S3
Nanoconjugates

Figure la shows the UV-vis absorption curves of the
Bi,S; nanoparticles stabilized using chitosan as the
capping ligand. An absorbance onset was observed at
approximately A=800 nm. In general, the UV-vis spectra
did not present clearly defined excitonic peaks (i.e.,
broad excitonic transitions), which may be associated
with the relative dispersity of QD size characteristic of
aqueous colloidal processing routes compared to or-
ganometallic methods [1]. The bandgap energy (Eqp) of
the synthesized nanoparticles was estimated using the
linear form of TAUC relation for direct bandgap
semiconductors (Eq. 2) [25] that relates the absorption
coefficient (a) and the photon energy (hv) using a band
form parameter (B).
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(h)* = B(h-Eqp) (2)

The direct bandgap value of Bi,Siz; QDs was calculated
from the plots of (ahv)® versus hv extrapolating the
straight portion of the graph (inset of Fig. 1a) to ahv=0.
The obtained Eqp values (Fig. 1b) were higher than the
corresponding bulk value (1.33 eV) for bismuth sulfite
[26] as a consequence of the size quantization character-
istics of the nanoparticles produced. The “blue-shift”
(AE =Eqp - E;) determined for the QDs compared to
the bulk value is presented in Fig. 1b.

Typical TEM image obtained for the synthesized
samples are shown in Fig. 2a, b, revealing that Bi,S;
QDs were spherical and homogenously dispersed. It can
be noted that the nanoparticle sizes were below Bohr’s
radius (ap ~24 nm) for Bi,S; [26], confirming that nano-
particles were in the “quantum confinement regime” and
properly stabilized by chitosan as the polymer capping
ligand. SAED patterns (inset of Fig. 2b) indicated a lat-
tice parameter of 0.29+0.1 nm compatible with the
(221) plane of bismuthinite (JCPDS-43-1471). The EDX
spectrum clearly indicated Bi and S chemical elements
in addition to the peaks related to chitosan, the grid, and
the detector (i.e., C, Si, O). The average Bi,S; nanoparti-
cle sizes prepared at pH 2.5 were evaluated using TEM
images. Histograms of the diameter distribution for the
samples with three molar ratios of [Bi**]/[S*"]=0.33,
0.67, and 1.33 are shown in Fig. 3a—c, respectively. Based
on the results, the molar ratio of the precursors consid-
erably influenced the nanoparticle size of QDs with the
highest content of bismuth ([Bi**]/[S*"]=1.33, ie.,
excess of Bi) leading to the formation of the smallest
nanocrystal size. The same trend was observed for the
syntheses performed at pH 3.5 (Fig. 3d). Therefore, dif-
ferences in the pH did not considerably alter the Bi,S;
QD size. However, it is important to point out that the
size of Bi,S3 nanoparticles for higher molar ratios (i.e.,
[Bi**]/[S*"] > 1.33), which were not synthesized in this
study cannot be directly predicted or extrapolated based
on the results displayed in Fig. 3d of the three molar
ratios of [Bi**]/[S*7] (0.33, 0.67, 1.33). Essentially, there
are several complex thermodynamics and kinetics
aspects involved in the colloidal system, regarding the
nucleation/growth of these ultra-small nanocrystals in
aqueous media using chitosan as a pH-dependent and
multidentate polymeric ligand. It can be expected that
the dimension of the Bi,S; nanocrystals will not reduce
much further at higher [Bi**]/[S*7] ratios, considering
the relative depletion of [S*] caused by the excess of
[Bi**] in the medium, decreasing the kinetics of the
reaction. In addition, an exponential increase on the
surface-area-to-volume ratio occurs by reducing the size
of the nanoparticles therefore, disfavoring the thermody-
namics for nucleation (+AG).
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The effect of the molar ratio ([Bi**]/[S*"]) on nanoparti- CHI-NHy(,q) + H'(s9— CHI-NH;* g (3)
cle size may be explained as follows: at pH =2.5 and 3.5,
all of the amine groups of chitosan are protonated [27] NaySq— 2Na™ (o) + Sz‘(aq) (4)

and negatively charged sulfides (S*7) interact with —NHj

groups as represented in Eqs. 3-5. When Bi** ions were 2CHI-NH;3" (44

added to the reacting vessel, they acted as nucleation sites + SZ_(aq) — 2(CHI-NH3 ") ——- (SZ_) (@) (5)
for Bi,S; particle formations (Eq. 6). The excess of

bismuth at a molar ratio of [Bi**]/[S*7] = 1.33 favored the 2 (CHI-NH3") ——— (52‘)(aq)

stabilization of the Bi,S; nanocrystals at smaller dimen- + Bi**—BiS3,)  + CHI-NH3* (6)

sions due to the increase in the number of nucleation sites

(“seeds”). In parallel, the lower ratio of [Bi**]/[$*7] pro- DLS results (Fig. 3e) revealed that the hydrodynamic

duced relatively larger Bi,S; QDs, as the S*~ species in
solution were stabilized by the protonated amine groups
in the chitosan chain reducing the nucleation kinetics.

diameter (Hp) of the core-shell (Bi,S;—chitosan) nanocon-
jugates were approximately 22 and 26 nm for the systems
QD_CHI0.67_2.5 and QD_CHI0.67_3.5, respectively.
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These values are associated with the interactions between
chitosan and aqueous medium (Fig. 3f). As expected, the
Hp values are higher than the sizes evaluated by TEM
technique, which were only related to dimension of the
inorganic core of Bi,S; nanocrystals.

To perform a more in-depth characterization of the
Bi,S; QDs at the nanoscale order and to identify the
chemical states of the elements at the surfaces, the
nanoconjugates were evaluated by XPS. Figure 4a shows
typical XPS spectra obtained directly at the surface of
the Bi,S;/chitosan nanoconjugate. The peaks at 158.9
and 164.2 eV correspond to the Bi 4f;, and Bi 4f5),
levels, respectively, which are generally assigned to Bi—S
bonding in Bi,S; [28, 29]. After etching (Fig. 4c, Ar’,

1 cycle, 60 s, emission current 10 mA, and beam voltage
0.5 kV), the Bi 4f;/, consisted of two binding energies of
156.6 and 158.9 eV, whereas the binding energies values
for Bi 4f5, were centered at 161.9 and 164.2 eV. The
peaks at 156.6 and 161.9 eV were assigned to bismuth
under-coordinated and reduced species due to the etch-
ing by argon ion beam [28, 29]. The peaks at 158.9 and
164.2 eV indicate the presence of Bi** in the Bi,S; phase,
as already observed at the surface prior to etching. In
addition, the XPS spectra at the QD surface in the S 2s
region (Fig. 4b) indicated no detectable signal from sul-
fur. However, after etching, the surface showed a broad
peak approximately at 221.0 eV, which can be assigned
to the binding energy of S*" state in Bi,S; [30]. This
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J

result indicated that Bi-rich surfaces of Bi,S3 quantum

dots were produced, which is consistent with metal-

chalcogenide nanocrystals synthesized in the presence of

coordinating ligands bound covalently to cations [7].

Zeta potential ({) measurements for QD_CHI0.67_2.5

and QD_CHI0.67_3.5 were { = +56 +1 mV and (= +37
+ 3 mV, respectively. Under the highly acidic conditions
of both pH values investigated, all amine groups of
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chitosan are protonated, but at pH 2.5, there are more
H" ions in solution repelling and exposing more —NH3
groups at the nanohybrid surface (i.e., the outermost
surface of the organic shell). At pH 3.5, the molar ratio
of the precursors also influenced the ZP values. At a
molar ratio [Bi**]/[S$*7] = 0.33, ZP was measured to be
{=+31+3 mV, which is lower than the value obtained
for the stoichiometric system where [Bi**]/[S*] =0.67
(i.e., Bi,S3, ratio 2/3 = 0.67). This difference may be due
to the excess S*~ ions forming complexes with proton-
ated amines reducing the positive charge at the double
layer. For the system QD_CHI1.33_3.5, ZP was (= +33
+ 11 mV. The relatively higher statistical standard devi-
ation may be attributed to the excess of Bi’* species
that increases the repulsion between the —-NHj3 groups
in the chitosan chains, thus disrupting the balanced
core-shell nanostructure. In addition, ZP results indi-
cated that the QDs were mostly electrostatically stabi-
lized ({>+30 mV), preventing close contact between
nanoparticles, compatible with the homogenously dis-
persed features of nanoparticles observed in TEM

images. As a general trend, irrespective to the molar ra-
tio of Bi:S used in the synthesis, all nanoconjugates pre-
sented positive (-potential values, which was attributed
to the protonation of amine groups of the chitosan
polymeric shell under the acidic conditions at pH = 2.5
and pH = 3.5. Clearly, it is worth mentioning that, as far
as the potential applications of these nanoconjugates in
biomedical and environmental fields are concerned,
these colloidal systems need to be previously buffered
to raise the pH of the media to the range of 6.0 to 8.0,
to render them biocompatible.

All of the systems presented luminescent behavior
under excitation, with the predominant PL emission
band appearing in the spectral range of 450 to 650 nm
(green-orange) (Fig. 5 and inset). The results of photolu-
minescence of Bi,S; nanoconjugates indicated that the
excitonic emission is not predominant, because the max-
ima wavelengths of the PL spectra were statistically simi-
lar (App =504 +1 nm) despite the different absorptions
in UV-vis spectroscopy. Thus, the emission is the overall
contribution of radiative recombination from QDs and/
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or electronic transitions from Bi’*, usually the back-
ward radiative transition *P;—'S, [31]. Based on Fig. 5,
the luminescence intensity was reasonably dependent
on the molar ratio of precursors: the highest lumines-
cence response was measured for the 0.33 ratio, which
is associated with the biggest nanocrystal size. This be-
havior is usually observed due to the density of surface
defects (e.g., energy trap stages) and increase in the
non-radiative pathways as the quantum dot size de-
creases [1, 32]. In addition, the QY of the Bi,S; nano-
conjugates was estimated to be approximately 1.0 %, in
good agreement with the reports published of QDs synthe-
sized using aqueous colloidal routes at low temperatures,

which is usually smaller than of QDs prepared at high
temperature in organic process [1].

Cytotoxicity Assay by MTT of Chitosan/Bi,S3
Nanoconjugates

The biocompatibility of Bi,S; nanomaterials has been
reported in the literature [33-35]. In this study, the
assessment of the cytotoxicity of core-shell Bi,S3/chitosan
nanoconjugates was performed using the enzymatic-based
MTT assay, with samples synthesized at pH=3.5,
(QD_CHI0.67_3.5) using SAOS cell line. This method
is considered superior to other similar methods
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Fig. 6 Cell viability response of SAOS culture using the MTT assay of chitosan/Bi,S; nanoconjugate (QD_CHI0.67_3.5) after 24 h of incubation.
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because it is safe, easy to use, has a high reproduci-
bility, and is broadly performed for both cell viability
and cytotoxicity tests.

Thus, the results of SAOS cells in contact with the
Bi,S;/chitosan nanoconjugate samples evidenced no
difference in the cell viability and non-toxic effect com-
pared to the control group, within the statistical range
of variation (Fig. 6). The nanoconjugates showed cell
viability response of over 90 % (i.e., non-cytotoxic),
which can be essentially assigned to the approach used
in this research. That means, these nanoconjugates
were designed and produced with a “cadmium-free”
nanocore (Bi,S3;) and surface functionalized with the
chitosan polysaccharide shell aiming at rendering them
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biocompatible and, therefore, theoretically safer for bio-
logical applications. The schematic representation of
interactions of the nanoconjugates with the SAOS cell
membranes is depicted in Fig. 6 (inset). Moreover, these
novel biocompatible and water-soluble nanoconjugates
were developed using a facile eco-friendly aqueous pro-
cessing route.

Cell Uptake of Bi,S;/Chitosan Nanoconjugates Biomarkers
Endocytosis is the biological process responsible for the
internalization of nanoparticles by cells. This process
depends on energy and functional coordination of lipids
and plasma membrane. Therefore, studies that allow
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Fig. 7 Confocal microscopy bioimaging of the cellular uptake of the Bi,Ss/chitosan nanoconjugates by HEK293T cells in comparison to the control
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the visualization of internalization of nanomaterials are
important tools for the development and biological
characterization of nanoparticles [36, 37]. Thus, in this
study, confocal fluorescence microscopy was used to
determine the cell uptake of the Bi,S; nanoconjugates
in HEK293T cells. Figure 7 shows fluorescent images of
QD_CHIO0.67_3.5 internalization in comparison with
the control sample (autofluorescence). These results
demonstrated the biocompatibility and bioimaging
properties of the novel Bi,S3 QD-chitosan nanoconju-
gates. They can be used for intracellular targeting as
biomarker or for drug-delivery because these nanocon-
jugates presented efficient translocation across the cell
plasma membrane [38].

Conclusions

In summary, nanoconjugates were designed and synthe-
sized with chitosan as the biopolymer shell and Bi,S3
semiconductor quantum dot as the fluorescent inorganic
core. These nanohybrids were produced using a single-
step eco-friendly aqueous colloidal processing route at
room temperature. The results demonstrated that chito-
san behaved as an effective ligand for nucleating and
stabilizing ultra-small Bi,S; QDs, leading to the forma-
tion of colloidal core-shell nanostructures in aqueous dis-
persions. These nanoconjugates were cytocompatible
evaluated by the MTT assay and exhibited photolumines-
cence under light excitation. Furthermore, the results of
cell studies show that the QD—chitosan conjugates display
good HEK293T cell uptake in the absence of non-specific
binding to the cell membrane and, therefore, they can be
potentially used as fluorescent nanosized bioprobes to
label cells in vitro for cell bioimaging applications.
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Abstract

Background

The angiotensin-1 converting enzyme (ACE) plays a central role in the renin-angiotensin
system, acting by converting the hormone angiotensin-| to the active peptide angiotensin-II
(Ang-Il). More recently, ACE was shown to act as a receptor for Ang-Il, and its expression
level was demonstrated to be higher in melanoma cells compared to their normal counter-
parts. However, the function that ACE plays as an Ang-Il receptor in melanoma cells has not
been defined yet.

Aim

Therefore, our aim was to examine the role of ACE in tumor cell proliferation and migration.

Results

We found that upon binding to ACE, Ang-ll internalizes with a faster onset compared to the
binding of Ang-Il to its classical AT1 receptor. We also found that the complex Ang-II/ACE
translocates to the nucleus, through a clathrin-mediated process, triggering a transient
nuclear Ca®* signal. In silico studies revealed a possible interaction site between ACE and
phospholipase C (PLC), and experimental results in CHO cells, demonstrated that the 33
isoform of PLC is the one involved in the Ca®* signals induced by Ang-II/ACE interaction.
Further studies in melanoma cells (TM-5) showed that Ang-Il induced cell proliferation
through ACE activation, an event that could be inhibited either by ACE inhibitor (Lisinopril)
or by the silencing of ACE. In addition, we found that stimulation of ACE by Ang-Il caused
the melanoma cells to migrate, at least in part due to decreased vinculin expression, a focal
adhesion structural protein.
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Conclusion

ACE activation regulates melanoma cell proliferation and migration.

Introduction

The renin-angiotensin system (RAS), a peptidergic hormone system, is well known for its role
in the regulation of blood pressure, electrolyte balance and vascular remodeling [1, 2, 3]. Renin
cleaves angiotensinogen to produce the decapeptide angiotensin (Ang) I. Subsequently, after
cleavage of two carboxy-terminal amino acids by the angiotensin I-converting enzyme (ACE),
Ang-1 is converted into the octapeptide Ang-II. Two distinct forms of ACE are expressed in
humans: a somatic form that is abundant on the surface of lung endothelial cells and a smaller
isoenzyme found exclusively in testis [4]. The activity of somatic ACE has a crucial role in cata-
lyzing the conversion of Ang-I to the Ang-II, which modulates blood pressure, vasoconstric-
tion, inflammation, cell proliferation and vascular rearrangement [5].

In addition to the classic participation of ACE in the above-mentioned functions, new roles
for ACE have recently been described [4, 6, 7]. The canonical Ang-II pathway is mediated by
activation of either AT, or AT, receptors, which typically mediate opposite functions [8].
However, recent findings have revealed that, despite the traditional enzymatic functions, ACE
is also capable of mediating intracellular signaling. Kohlstedt and colleagues [4] showed that
binding of an ACE inhibitor to ACE elicits outside-in signaling in endothelial cells, enhancing
the activity of ACE-associated kinase CK2 and increasing the phosphorylation of the intracel-
lular tail of ACE. This in turn promotes the activation of JNK as well as the accumulation of
phosphorylated c-Jun in the endothelial cell nucleus that ultimately increases ACE expression
in vitro and in vivo. Such mechanism suggested that ACE activation might control expression
of diverse proteins besides ACE itself. Indeed, Kohlstedt et al. [6] found that binding of rami-
pril (ACE inhibitor) to ACE directly induces a signaling cascade that results in the activation
of the transcription factor AP-1 and an increase in the expression/activity of cyclooxygenase-2
in endothelial cells. Furthermore, Guimaries et al. [7] demonstrated that ACE behaves as a
receptor for Ang-1I triggering Ca* signaling, through inositol 1,4,5-trisphosphate (InsPs) for-
mation. Accordingly, a binding site for Ang-II was described on ACE [9]. However, the role of
Ang-II-mediated signaling through ACE is still unclear. In the current study, we investigated
novel roles of ACE as Ang-II receptor, demonstrating that ACE regulates cell proliferation and
migration in melanoma cells.

Materials and Methods
Material and Reagents

Dulbeccos’s Modified Eagle’s Medium (DMEM), RPMI 1640 medium, penicillin, streptomycin,
amphotericin and fetal bovine serum (FBS) were purchased from Gibco (Grand Island, USA).
Fluo-4/AM, DAPI, secondary antibodies conjugated to Alexa-488, Alexa-633, Angiotensin-II
FITC conjugate and Lipofectamine® 2000 were purchased from Life Technologies (New York,
USA); rabbit IgG secondary antibody was purchased from Sigma-Aldrich, (St. Louis, USA).
Polyclonal anti-GAPDH and anti-PLC antibodies were purchased from Santa Cruz Biotechnol-
ogy (Santa Cruz, USA). Monoclonal anti-ACE antibody and mouse anti-Clathrin was obtained
from Merck Millipore (Darmstadt, Germany). Anti-BrDU-POD kit was obtained from Calbio-
chem (Damstadt, Germany). Ambion Silencer kits were purchased from Life Technologies
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(New, York, USA). Hydromount was purchased from National Diagnostics (St. Louis, USA).
Moloney murine leukemia virus was obtained from Invitrogen (California, USA), TagMan Uni-
versal PCR Master Mix from Applied Biosystems (California, USA), enhanced chemilumines-
cence (ECL-plus Western Blotting Detection System) and peroxidase-conjugated antibodies
were purchased from Amersham Biosciences (Buckinghamshire, UK). Hydroxyurea was pur-
chased from Sigma-Aldrich, (St. Louis, USA), enzyme linked immunosorbent assay from Roche
Applied Science (Indianapolis, IN). Angiotensin II was purchased from Sigma-Aldrich

(St. Louis, USA) and Angiotensin-II FITC was purchased from Thermo Fisher Scientific (Mas-
sachusetts, USA).

Cell Culture

Chinese Hamster Ovary (CHO, kindly supplied by Dr Frangois Alhenc-Gelas from the Institut
National de la Santé et de la Recherche Médicale, Paris, France) cells were stably transfected
with a plasmid containing the sequence of the human ACE (CHO-ACE), as previously
reported [7]. Similarly, CHO-AT; cells were stably transfected with the plasmid pcDNA3, con-
taining the sequence of the human AT). Also, we used Melan-a (murine melanocytes) and
TM-5 cells (murine melanoma cells). Cells were cultured in DMEM supplemented with 10%
FBS, while melan-a and TM-5 were cultured in RPMI 1640 medium supplemented with 5%
FBS. Cells were incubated at 37°C in a humidified atmosphere of 95% air and 5% CO,.
Medium was changed every 3 or 4 days, and cells were subcultured, between days 6 and 8, by
harvesting with trypsin-EDTA. Semi-confluent (80% to 90%) cells were used in all of the
studies.

Preparation of siRNA

Potential target sites within the ACE gene were selected and then searched with NCBI Blast to
confirm specificity for the protein. The siRNAs for ACE and scrambled sequence were pre-
pared by a transcriptional-based method using the Ambion Silencer kit (Life Technologies,
New York, USA), according to the manufacturer’s instructions. The sense and antisense oligo-
nucleotides of siRNA were, respectively: siRNA ACE 5° GCA GTA CAACTCTCT GCTA %
and 5" GCG GAT CAT AAA GAA GCT T 3’; siRNA scramble 5 GCG ATG AGT AGC ATC
TCT A 3" and 5GCA TGC GAC GAT GAC ATA A 3’. Validated siRNAs for clathrin heavy
chain were obtained from Ambion (Life Technologies, New York, USA). The sense and anti-
sense sequences were, respectively: siRNA cla 5 UAA UCC AAU UCG AAG ACC AAU 3’
and 5’ GUA UGA UGC UGC UAA ACU A 3'. Single wall carbon nanotubes (CNT) were used
to deliver each siRNA as previously described [10, 11]. Cells were used 48 hours after siRNA
treatment as indicated.

Western Blotting

CHO-ACE and TM-5 cells were harvested as described and protein content was quantified
according to Bradford protein assay. For GAPDH detection, mouse monoclonal anti-GAPDH
antibody was used at a dilution of 1:5000. For ACE detection, a mouse monoclonal antibody
was used at dilution of 1:1000. For Clathrin detection, a rabbit monoclonal anti-Clathrin was
used at a dilution of 1:1000. The antibody incubation proceeded for 2 hours at room tempera-
ture. After washing, blots were incubated with HRP conjugated goat anti-mouse or anti-rabbit
IgG secondary antibody at a dilution of 1:5000 at room temperature for 1 hour. Immuno
detection was carried out using enhanced chemiluminescence [12].

PLOS ONE | DOI:10.1371/journal.pone.0165371 December 19,2016 3/20

117



@PLOS | ONE

ACE Regulates Cell Proliferation and Migration

Immunofluorescence

Confocal immunofluorescence was performed as described [12]. Briefly, CHO-ACE cells were
seeded onto 6 well culture dishes and 24 hours later, treated with 1 pM Ang-II for the indicated
times. Cells were fixed with 4% paraformaldehyde, permeabilized with PBS 1X/Triton 0.5%
and blocked (PBS, BSA 10%, Triton 0.5%, goat serum 5%) for 1 hour. Cells were then incu-
bated with anti-ACE (1:100), for 2 hours at room temperature. This was followed by incuba-
tion with DAPI and the specific secondary antibodies conjugated with Alexa-Fluor 488 or 633
(1:500) for 1 hour. Images were obtained using a Zeiss LSM 510 confocal microscope with
63X, 1.4 NA objective lens (Thornwood, USA) [10, 12].

Detection of calcium signals

Ca”" signals were evaluated either by line-scanning or time-lapse confocal microscopy as
described [13, 14]. Cells were incubated with 6 uM Fluo-4/AM for 20 min at 37°C. Coverslips
containing the cells were transferred to a custom-built perfusion chamber and were observed
using a 63X, 1.4 NA objective lens under a Zeiss LSM 510 confocal microscope. Fluo-4/AM
was excited at 488 nm using a krypton/argon laser. Global Ca** transients were measured in
both the nucleus and the cytosol.

Internalization assay

Internalization kinetic assays were performed as described previously (modified from Thomas
et al. [15]). Briefly, the transfected cells were exposed to 0.4 nM of *H-AnglI in a receptor-
binding buffer for 3 hours at 4°C. Thereafter, cells were extensively washed with ice-cold
receptor-binding buffer and placed at 37°C for 2, 5, 10, 20 and 40 min. Incubations were
stopped by placing the cells on ice. Acid-released and acid-resistant radioactive were separated
and measured [16]. The percentage of internalized ligand at each time point was calculated
from the ratio of the acid-resistant specific binding to the total (acid-resistant + acid-released)
specific binding.

Measurement of BrDU incorporation

Proliferation was measured by BrdU incorporation using an enzyme-linked immunosorbent
assay (Roche Applied Science, Indianapolis, IN), according to the manufacturer’s instructions.

Migration assays

Migration experiments were performed as previously described [17, 18]. TM-5 cells were
grown in 12-well plates and cultured in serum-free medium for 24 hours before the experi-
ments. The wound was achieved by scratching a pipette tip across the cell monolayer (approxi-
mately 1.3 mm in width). Hydroxyurea (1 mM) was always included in the tissue culture
media to prevent cell proliferation. Cells were stimulated with 1 uM of Ang-II for the indicated
times. The wound area was measured using the Northern Eclipse (Empix, Mississauga, Can-
ada) software, and the percentage of wound closure at each time point was derived by the for-
mula: (1 —[current wound size/initial wound size]) x 100.

Quantitative RT-PCR analysis of ACE mRNA in TM-5 and melan-a cells

Total RNA (750 ng) was reverse transcribed to cDNA using Moloney murine leukemia virus
(Invitrogen, California, USA) according to the manufacturer’s instructions. The reaction prod-
uct was amplified by real-time PCR on the 7000 Sequence Detection System (ABI Prism,
Applied Biosystems, California, USA) using the TagMan Universal PCR Master Mix (Applied
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Biosystems, California, USA). The thermal cycling conditions consisted by an initial denatur-
ation step of 95°C for 10 minutes, 50 cycles at 95°C for 15 seconds, and 60°C for 1 minute. The
experiments were performed in triplicate for each data point. The ACE mRNA abundance was
quantified as a relative value compared to an internal reference - B-actin. The primers used for
real-time PCR were: ACE (forward primer: 5 TGA GAA AAG CAC GGA GGT ATC C 3}
reverse primer: 5> AGA GTT TTG AAA GTT GCT CAC ATC A 3’); murine B-actin (GenBank
accession No. NM007393), forward primer 5 CTG GCC TCA CTG TCC ACCTT 3’ and
reverse primer 5 CGG ACT CAT CGT ACT CCT GCT T 3’. The ACE and B-actin mRNA
expressions were obtained from the cycle threshold (Ct) associated with the exponential
growth of the PCR products. Quantitative values for ACE mRNA expression were obtained by
the parameter 2°“!, in which ACt represents the subtraction of the B-actin Ct values from the
ACE receptor values.

Measurement of ACE activity using the fluorescent peptide Abz-FRK
(Dnp)P-OH

ACE activity measurements in all the transfected and non-transfected cells were performed
using the FRET peptide Abz-FRK(Dnp)P-OH as described [19].

In silico studies

To perform the protein-protein docking calculations, we used the structural coordinates of
ACE (PDB entry 108A) [20] and PLCB3 (PDB entry 30HM) [21], obtained by X-ray crystal-
lography. To predict the structures of the complex ACE-PLCPB3 [21] we performed a rigid-
body protein-protein docking with the program ZDOCK 3.02, a freely protein docking server.
The result presenting the lowest interaction energy was selected and subsequently evaluated as
a function of the centroid-centroid distance in order to estimate the potential energy profile
for the ACE-PLC B3 complex within the Universal classical force field [22] available in the For-
cite Module of Materials Studio 5.5.

Statistical analysis

The results are expressed as mean values + SEM, except where otherwise noted. Prism (Graph-
Pad Prism Software, San Diego, CA) and Image ] (NIH; Bethesda, MD) softwares were used
for data and image analysis, respectively. Statistical significance was tested using One-way
ANOVA followed by Bonferroni test, and p value < 0.05 was taken to indicate statistical
significance.

Results
Binding of Ang-Il to ACE leads to the complex internalization

In addition to the well-known effects of ACE as an enzyme that converts Ang-I to Ang-II [23],
ACE has also been reported as a new receptor for Ang-II 7, 9]. In order to investigate the

role Ang-II plays through ACE binding, we used CHO cells stably expressing somatic human
ACE expression (CHO-ACE cell), in comparison with cells transfected with AT, receptor
(CHO-AT, cell). Since it is well known that upon stimulation, AT, receptors internalize

[24, 25], we tested whether ACE undergoes a similar process upon Ang-II stimulation. In
CHO-AT, and CHO-ACE cells treated with radiolabeled Ang-II (*H-Ang-II), we found a
more pronounced *H-Ang-II internalization upon binding to ACE than to AT, (Bmax in
CHO-AT1I: 69.6 + 10.3%; Bmax in CHO-ACE: 79.6 + 5.7%, n = 3, p<0.05), (Fig 1A). In order
to check if this observation was not due to a matter of a difference on the expression level of
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Fig 1. Ang-ll induces ACE translocation to the nucleus. (A) Internalization of AT, and ACE in the
presence of 4 nM ®H-Ang-Il. Data are shown as mean from three independent experiments, each performed
in duplicate. (B) CHO-ACE and CHO-AT; cells present the same relative protein level of each respective
receptor. (Values are mean + S.E.M, *p<0.05, n = 63 individual experiments). (C) Representative confocal
images of internalized Ang-II-FITC (1 pM) in CHO-ACE and CHO-AT; cells after 30 seconds of Ang-I|
stimulation. DAPI (blue) and Wheat Germ Agglutinin (red), scale bar = 10 ym. On the right, quantification of
internalized Ang-II-FITC is presented. Values are mean + S.E.M, *p<0.05, n = 6. (D) Representative confocal
images of unstimulated CHO-ACE and CHO-AT1 cells, labeled for DAPI and WGA. (E) Immunolocalization of
ACE after stimulation with Ang-II (1uM), for the indicated times. ACE is shown in green, actin filaments in red,
and nucleus in blue (DAPI). Right panel represents a 3D reconstruction of CHO-ACE cell after 15 minutes of
incubation with Ang-II (1uM). Scale bar = 10um. (F) Western blotting of nuclear and non-nuclear protein
fractions from CHO-ACE cells, before (control) and after Ang-Il (1 pM) stimulation for the indicated times.
Histone-3 and GAPDH were used to shown the purification of nuclear and non-nuclear protein fractions,
respectively. (G) Densitometry analysis of the western blot. Values are mean + S.E.M., n =3 (*** p<0.01).

doi:10.1371/journal.pone.0165371.g001

AT, and ACE, we performed western blotting and observed that the total expression levels of
ACE and AT, was the same (CHO-AT: 0.46 + 0.045 vs CHO-ACE: 0.42 + 0.07), (Fig 1B).
Similarly, the amount of internalized Ang-II-FITC on CHO-ACE was significantly higher
than that on CHO-AT; (CHO-ACE: 69.2 + 9.3 a.u. vs CHO-AT,: 22.6 £ 1.3a.u,,n =3,
p<0.01), (Fig 1C). Cell membranes of both cells were counterstained with Wheat Germ
Agglutinin (WGA). The purpose of using WGA as a probe is that it is a member of the lectin
family that binds to N-acetyl-D-glucosamine and sialic acid residues found on the surface of
cell membranes. It has been used extensively to stain surface of membranes [26] better than
the usage of phalloindin toxins, for example, which in turn label the actin cytoskeleton, provid-
ing an indirect labeling of the membrane and not this component itself. A WGA staining of
unstimulated cells is shown in order to exclude any possible membrane reorganization due to
Ang-II (Fig 1D).

Additionally, we observed that after Ang-II stimulation, ACE itself is also routed to the
nucleus (Fig 1E). Nuclear and non-nuclear protein fraction, before and after Ang-II stimulation,
confirmed the translocation of ACE from the cell membrane into the nuclear compartment
(Nuclear fraction: Control = 0.1 + 0.001 a.u., 5 min = 0.99 + 0.09 a.u., 15 min = 1.08 + 0.07 a.u.;
Non-nuclear fraction: Control = 1.10 + 0.01 a.u., 5 min = 0.94 + 0.03 a.u., 15 min = 0.49 + 0.04
a.u; n =3, p<0.01), (Fig 1F and 1G). Together, these results show that Ang-II induces internali-
zation of ACE, and a subpopulation of these complexes translocates to the nucleus.

Phospholipase-C mediates the Ca®* signals induced by ACE activation

The binding of Ang-1I to ACE is known to cause intracellular Ca** increase, through InsP5 for-
mation [7]. We then investigated whether the membrane-associated phospholipase C (PLC)
plays any role in the InsP;-mediated Ca®* signals induced by ACE activation. Our in silico
modeling studies of ACE [27] and PLC Beta 3 (B3) isoform [28] structures, suggested that
there is a direct interaction between these molecules, which is independent of G-protein (Fig
2A-2D). The ten top ranked docking poses obtained with ZDOCK are presented in Fig 2A.
The interaction energy obtained for the best docking pose of PLCB3, Pose 9 (Fig 2B), possess
an energy value of -194.06 kcal/mol, within the Universal classical force field. Fig 2C shows the
amino acid residues located at the interface between the best docking pose of PLCB3 (left
panel) and ACE (right panel), Pose 9, explored through docking protocols.

The importance of this interaction between PLC and ACE was experimentally validated by
silencing of specific PLC isoforms followed by evaluation of Ang-II triggered Ca*" signals in
CHO-ACE cells. The effectiveness of silencing PLCB3 or the PLC gamma (y) isoforms was con-
firmed by western blotting (PLCB3: Control = 100% vs siRNA PLCB3 = 12 + 0.15%; PLCy: Con-
trol = 100% vs siRNA PLCy = 24.5 + 0.36%, n = 5, p<0.01 for each condition), (Fig 3A-3C).
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Fig 2. Molecular interaction between ACE and PLC by computational analysis in silico. (A) Representation
of the ten top ranked docking poses for ACE (blue) with PLCB3 protein superimposed (the color of the PLC protein
pose correspond to the colors of the labels). (B) Structure of the complex between ACE (blue) and PLC-B3 (Pose
9, red). The binding energy for the best docking pose of ACE and PLC-B3, Pose 9, is -194.06 kcal/mol. C) Amino
acid residues located at the interface between the best docking pose of PLC-B3 (left panel) and ACE (right panel),
Pose 9, explored through docking protocols.

doi:10.1371/journal.pone.0165371.9002

Silencing of PLCB3 but not PLCy in CHO-ACE decreased Ca”" signaling induced by Ang-II
(Control: 19.52 + 2.2%, Lipo: 19.15 + 0.85%, siRNA PLCB3: 16.6 + 1.9% and siRNA PLCy:

16.57 + 0.12% n = 3, p<0.01), (Fig 3D). Additionally, Ca** signals induced by Ang-II/ACE acti-
vation initiate and predominate in the nuclear compartment (Nucleus: 166.6 + 43.2% vs Cyto-
sol: 49.5 + 15.8%, n = 3, p<0.05), (Fig 3E-3G). Together, these results indicate that upon Ang-
I stimulation, ACE interacts with PLC to trigger an intracellular Ca*" increase predominantly
in the nucleus of CHO cells.

Clathrin regulates endocytosis of ACE

Since our previous demonstrated that nucleoplasmic Ca** regulates cell proliferation [12, 29,
30] and the activation of ACE by Ang-II caused preferential nuclear Ca®" increase, we investi-
gated the role of ACE in cell growth. Ang-II stimulated CHO-ACE cells to proliferate faster
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Fig 3. Effect of Ang-ll on intracellular Ca2+ signaling in CHO-ACE cells. (A) Western immunoblotting to
confirm the silencing of PLC isoforms. Densitometric analysis are shown on (B) for PLCB3 and (C) for PLCy1.
(D) Quantitative representation of intracellular [Ca®*] in CHO-ACE cells transfected with siRNA-PLCB3 and
PLCy1 using Lipofectamine and stimulated with Ang-I1 (1uM). (E) Line scanning of Ca®* signal in CHO-ACE.
Ang-Il promotes Ca?* increase with greater intensity in the nuclear region. (F) Time course of Ca®* signaling
in the nucleus (red traces) and cytosol (blue traces). (G) Quantification of fluorescence intensity signal in the
nucleus and cytosol. Values are mean + S.E.M., (* p<0.01), 45 cells, n = 3 individual experiments.

doi:10.1371/journal.pone.0165371.g003
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Fig 4. Cell proliferation induced by Ang-Il/ACE involves clathrin- mediated internalization process. (A) Cell
growth assay of CHO-ACE cells 12, 24 and 48 hours after stimulation with Ang-Il (1pM), triplicate in 3 individual
experiments. (B) Western blot to confirm the silencing of clathrin (upper panel) and densitometry analysis (bottom
panel). Mean + S.E.M., n =5 (* p<0.05). (C) BrDU incorporation is decreased in CHO-ACE cells transfected with
siRNA-Cla (Clathrin) and stimulated with Ang-Il (1uM). Mean + S.E.M., n = 6 (* p<0.05).

doi:10.1371/journal.pone.0165371.9g004

compared to control non-stimulated group (CHO-ACE cells reached 1.1 + 0.28 x 10* cells vs
1.5x 10” £ 0.25 cells from the control group, after 15 hours of incubation in the presence of
Ang-II, n = 4, p<0.05), (Fig 4A). Next, we investigated whether the nuclear translocation of
ACE is necessary for the proliferative response. For that, we performed silencing of clathrin
(Cla), which is involved in classic receptor endocytosis [31]. Our result showed an efficient
silencing of Cla in CHO-ACE cells (siRNA SCR: 1.39 £ 0.01 vs siRNA Cla: 0.46 + 0.025), (Fig
4B). BrDU assay showed that silencing of Cla inhibited cell proliferation stimulated by Ang-II
on CHO-ACE cells (Data expressed as percentage of the control group. Ang-1I: 25 + 4.34%,
siRNA Cla + Ang-II: 0 £ 5.4%, siRNA Scr + Ang-II: 20 + 6.56%, n = 3, p<0.05), (Fig 4C).
These results demonstrate that clathrin-mediated endocytosis is necessary to promote cell pro-
liferation induced by Ang-II.
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Ang-1I/ACE regulates melanoma cell proliferation and migration

To further investigate the role of ACE on cell proliferation, we used the murine melanoma
cells (TM-5), since TM-5 cells endogenously express ACE, but do not express AT, and AT,
receptors [32]. ACE expression level is higher in TM-5 cells than in its control melanocyte
counterpart, Melan-a cells (TM-5 cells: 1.1 £ 0.1 a.u. vs Melan-a cells: 0.14 £ 0.05 a.u., n =5,
p<0.01), (Fig 5A). As expected, ACE activity is also more pronounced in TM-5 compared to
Melan-a (0.42 + 0.1 in melan-a vs 1.80 + 0.42 in TM-5, n = 3, p<0.05), (Fig 5B). No prolifera-
tion was observed in response to Ang-II stimulation in Melan-a cells (Control: 1.3+ 0.2 Ang-
I1: 0.9 £ 0.1, Lisi: 1.2 + 0.3, Lisi + Ang-II: 1 + 0.2, n = 3, p = ns), (Fig 5C). Conversely, BrDU
incorporation was increased in TM-5 upon Ang-II, an effect that was prevented by pre-treat-
ment with ACE inhibitor, Lisinopril (Control: 0.2+ 0.1, Ang-II: 0.6 + 0.1, Lisi: 0.2 + 0.1, Lisi +
Ang-II: 0.194 0.1, n = 3, p = <0.01), (Fig 5D).

To address the potential direct involvement of ACE in TM-5 cell proliferation, ACE expres-
sion was silenced in this cell type (Control: 5.93 + 0.2%, CNT: 5.78 + 0.16%, siRNA SCR:
4+0.1% and siRNA ACE: 0.3 + 0.01%, n = 3, p<0.01), (Fig 6A). In cells with reduced levels of
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Fig 5. Ang-ll stimulates proliferation in melanoma cells. (A) Real-Time PCR analysis for expression of ACE in
melan-a and TM-5 cells. (B) ACE activity measured by cleavage of Abz-FRK(Dnp)P-OH in melan-a and TM-5 cells.
For A and B, mean + S.E.M, n =6 (**p<0.01). (C-D) BrDU uptake assay 24 hours after stimulation with Ang-I|
(1pM) in the presence of lisinopril (1pM), showing inhibition of cell proliferation in TM-5 cells (D) but not in melan-a
cells (C). Mean £ S.E.M., n=6. (*p<0.05).

doi:10.1371/journal.pone.0165371.9005
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Fig 6. ACE silencing inhibits the proliferative effect of Ang-ll in melanoma cells. (A) Western bot (upper panel) to
confirm the silencing of ACE and densitometry analysis (bottom panel). Mean + S.E.M, n = 8. (***p<0.01 compared to
respective columns). (B) BrDU uptake in Tm5 cells silenced for ACE and stimulated for 24 hours with Ang-Il (1pM),
showing a decrease in BrDU incorporation in the absence of ACE. Mean + S.E.M., n = 12 (*p<0.05; ns = non-significant).

doi:10.1371/journal.pone.0165371.g006

ACE, Ang-II was unable to induce TM-5 cell proliferation (Control: 147 + 23%, siRNA SCR:
172 + 9% and siRNA ACE: 0 + 2%, n = 4, p<0.05), (Fig 6B), indicating that ACE activation is
involved in melanoma proliferative response triggered by Ang-II.

Melanoma is the most aggressive form of skin cancer [33]. When it has spread (metastatic
melanoma), the prognosis is very poor. Indeed, this type of skin cancer has a great capacity of
migration [33]. To investigate whether Ang-II induces migration of melanoma cells, we per-
formed a scratch assay in the presence or absence of Ang-II. Ang-II stimulateed a faster healing
process (Results expressed as the percentage of healing. FBS 12h: 37.7 + 3.1%, Ang-II 12h:

47.9 + 4.4%, FBS 24h: 44 + 5.1%, Ang-II 24h: 58.2 + 7.2%), (Fig 7A and 7B). Some recent find-
ings showed that the filamentous (F)-actin-binding protein vinculin is required for cell polari-
zation and migration [34], having a key role on the formation of focal adhesion points. In
order to check if the increased healing observed during stimulation with Ang-II is due to alter-
ations on the focal adhesion points, we performed immunofluorescence for vinculin. Under
stimulation with Ang-II, TM-5 cells showed a decreased focal adhesion formation/1000um*
(Control: 95.5 + 23, Ang-II 6h: 69.9 + 15.4, Ang-II 24h: 18.7 + 9.8, n = 5, p<0.05), (Fig 7C-
7E). Taken together, these data suggest that the reduction of focal adhesion observed in Ang-II
stimulated melanocytes might contribute to the detachment and migration of melanoma cells.

Discussion

The major form of somatic ACE involves two very similar protein domains (N- and C-
domains) [35, 36], with the C-domain of ACE responsible for Ang-II formation [37, 38], the
principal final product of the renin-angiotensin system. However, ACE is a relatively
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Fig 7. Ang-ll promotes cellular migration and reduces focal adhesion formation in melanoma cells.
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doi:10.1371/journal.pone.0165371.9007

nonspecific peptidase that is capable of cleaving a wide range of substrates. Because of this,
ACE and its peptide products affect many physiologic processes, involving blood pressure
regulation, handling of electrolytes in the kidneys, hematopoiesis, reproduction, immune
response among others [39]. Recently, evidence has been provided that ACE has kinase activity
[4, 5] and also functions as a membrane receptor for Ang-II 7, 9]. Indeed, crystal structure of
ACE c-domain in complex with Ang-II revealed detailed molecular interaction site between
ACE and the peptide [9]. Once bound to ACE, Ang-II was shown to cause an InsP;-dependent
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intracellular Ca** increase [7]. In the current work, we showed that through ACE, Ang-1I
increases Ca®" signals preferentially in the nucleus and modulates cellular functions such as
proliferation and migration. We also demonstrated that ACE and Ang-II complex internalizes
in a clathrin-dependent way.

Upon activation by ligand stimulation, several membrane receptors are internalized
through the clathrin-coated endocytic pathway, suggesting an intranuclear signaling of both
ligands and receptors [40]. For AT, receptor, its internalization is initiated by G protein-cou-
pled receptors (GPCRs) kinases that promote phosphorylation of aminoacid residues within
the cytoplasmic tail of the receptor [41]. After that, the phosphorylated receptor can interact
with arrestins (B- arrestins-land-2), which in turn, promotes entry of the receptor into cla-
thrin-coated pits [42]. Although we showed Cla took part on the ACE internalization, we have
no evidences whether ACE interacts with f -arrestin in order to entry on clathrin-coated pits,
as it has already been demonstrated for AT, and other GPCRs [41, 43, 44, 45].

In the endosome-mediated nuclear translocation, the internalized endosome is usually
directed by the nuclear transporter importin proteins, which recognize the nuclear localization
signal of the proteins and direct them to the nucleus through the nuclear pore complex [46,
47]. However, the nuclear localization signal is not predicted in the entire ACE sequence [48],
therefore nuclear import of ACE may require other mechanisms. Indeed, several receptors
tyrosine kinases (RTKs), that lack the nuclear localization signal, have also been reported to
localize in the nucleus [48]. In this aspect, we have previously described that the nuclear accu-
mulation of the hepatocyte growth factor (HGF) receptor requires Gab1 participation [13].
Gab1 is an adaptor protein that contains a nuclear localization sequence and by binding to the
target protein regulates its active import to the nucleus [49]. It is possible that a similar mecha-
nism mediates ACE nuclear translocation. Additional questions include whether Ang-II
remains bound to nuclear ACE and whether the nuclear localization of ACE may take place
only at specific stages of the cell cycle. While more studies need to be done to characterize the
nuclear translocation of ACE/Ang-II complex, we are now demonstrating that this internaliza-
tion process is essential to cause a preferential nuclear Ca** increase.

Intracellular Ca** signals mediated by InsP; rely on activation of PLC that causes hydrolysis
of phosphatidylinositol bisphosphate (PIP,) [50]. This activation typically depends on hetero-
trimeric G protein subunits, but can also be triggered by protein tyrosine kinases, small G pro-
teins, and phospholipids [51]. We now show that ACE may directly interact with PLC, and
that in CHO cells, the PLCP3 isoform, but not the PLCy1, regulates the Ca®" signals triggered
by Ang-II/ACE pathway. One can thus speculate that the subpopulation of activated ACE that
translocates to the nucleus might locally activate PLCP3 to generate nuclear Ca®* signals upon
Ang-II stimulation. This is supported by data from other cell systems, which show expression
of PLC family members not only at the plasma membrane, but also preferentially in the inner
nuclear compartment [52]. Furthermore, a link between nuclear inositol lipid cycle and
nuclear Ca** signal is well established, and the activation of this pathway has been shown to
act independently from that at the plasma membrane [13, 53-58]. Moreover, it is known that
mitogens such as insulin [53] and hepatocyte growth factor, once bound to their respective
receptors [13] can lead to hydrolysis of the nuclear pool of PIP,, through a PLC-dependent
mechanism, leading to a nuclear Ca®" increase [50]. It is conceivable that a similar phenome-
non occurs with ACE/Ang-I1. However, since the selectively silencing of PLCB3 did not
completely abolish intracellular signals triggered by Ang-II and ACE interaction, we cannot
exclude a partial contribution of other signaling molecules as well. Indeed, Guimaraes and
Alvarenga, 2011 [7] showed that either 2-APB (InsP;R antagonist) or Nifedipine (L-type volt-
age-gated Ca®" channel blocker) were able to partially block ACE-evoked Ca** signaling in
CHO-ACE cells, suggesting that, besides mobilizing intracellular Ca** stores, Ang-II binding
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to ACE also affects the opening of the voltage-gated Ca®* channels. Therefore, the partial
blockage of Ca** signaling due PLC signaling dumight be explained due the different Ca**
pathways that are activated by Ang-II binding to ACE. Another possibility is that ACE/Ang-II
links to a specific isoform of the InsP;R to trigger nuclear Ca** release. For instance, it is
known that three InsP; receptor isoforms exist and they have distinct sensitivity to InsP; [50]
and subcellular localizations, which would enable InsP;-mediated Ca>* signals to occur prefer-
entially in the nucleus, compared to the cytosol, after ACE activation [50].

Ca®" signals within the nucleus are particularly important in cancer cell progression [50, 59,
60]. Buffering nuclear Ca>* arrests adenocarcinoma cells in the early phase of mitosis [61],
and sensitizes head and neck cancer cells to radiotherapy [59]. Therefore, the effect of Ang-II/
ACE on nuclear Ca*" signaling might explain the observed Ang-IIs action as a mitogen, in
the melanoma cell line (TM-5), a murine cell type that endogenously expresses ACE, but lack
Ang-II type 1 or type 2 receptors. We further show that ACE is involved in TM-5 cell migra-
tion, another aspect of melanoma carcinogenesis. Melanoma is a common cancer in the West-
ern world with an increasing incidence highly due to sun exposure [62]. Transformation of
melanocytes into melanoma encompasses a complex interplay of both endogenous and exoge-
nous factors and it is known that its metastasis pattern can occur during either an earlier or a
later phase, being guided by genetic or phenotypic drivers [63, 64]. Although Ang-II has been
reported to regulate growth, adhesion, invasion and cell migration in certain cancer cells [65],
this is the first report of Ang-II-induced melanocytes proliferation and migration mediated by
binding to ACE.

It is well-accepted that either ACE inhibitors or AT1 blockers are the gold standard drugs
in order to manage hypertension, due their survival benefits provided on patients with heart
failure, high cardiac risk profile and also proteiunuric chronic kidney disease [66]. However, a
combination therapy with ACE inhibitors and Ang-II receptor blockers has been extensively
explored since the monotherapy has been shown efficient in only a quite limited number of
hypertensive patients [67]. Another evidence that supports the usage of a combined therapy is
the fact that monotherapy with ACE inhibitor increases the concentration of circulating Ang-I
and this can partially mitigate inhibition of ACE, what turns out to restore the concentration
of active Ang-II towards pretreatment levels [68, 69]. In addition to that, it is known that other
enzymes distinct from ACE, and therefore not blocked by ACE inhibitors, can form Ang-II
[70]. Indeed, patients with mild to moderate hypertension demonstrated a more prominent
decrease in diastolic blood pressure when a combination therapy was used [71, 72]. However,
the long-term effects of these combination therapies on blood pressure have still been ques-
tioned since they showed no benefits in terms of the composite of cardiovascular death,
myocardial infarction, stroke and hospitalization for heart failure. In fact, it caused more
symptoms attributable to hypotension, increased decline in renal function and need for dialy-
sis compared to ACE inhibitor monotherapy [73].

There are several clinical evidences showing the chemopreventive effects of ACE-blocking
in cancer [74]. The first evidence for the antitumor effects of ACE blockers was demonstrated
in 1998 [75] in which the relative risk of fatal, incident and female-specific cancers was lower
in women on ACE inhibitors [75]. In human squamous skin cancer cells, it was observed a
prominent inhibitory effect on tumor growth and angiogenesis mediated by perindopril [76].
A similar finding was observed in a cohort study performed among a high-risk group of veter-
ans using ACE inhibitors, showing a lower incidence of keratinocyte cancer when compared
to nonusers. [77]. Specifically for cutaneous melanoma, captopril presented an antitumor
activity in human melanoma xenograft model [78]. Additionally, it is already known that AT1
receptor plays an important role in angiogenesis and growth of tumor cell [79]. Administra-
tion of the AT1 blocker, TCV-116, significantly decreased melanoma tumor volume in mice
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[80]. However, more clinical studies are still needed in order to justify the usage of ACE inhibi-

tors or AT1 blockers for treating melanoma and other malignancies.

Taken together, our findings here suggest a novel function of ACE in the pathology of mela-

noma and open new paths to further studies, where ACE, as a receptor, might function as a
possible therapeutic target aiming to avoid the progression of the disease.
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Nuclear calcium regulates breast cancer angiogenesis and migration

Maria de Fatima Leite
Federal University of Minas Gerais
Belo Horizonte, Minas Gerais BRAZIL

Nuclear calcium, breast cancer, angiogenesis, cell migration

Increases in nuclear calcium concentration generate specific biological outcomes that
differ from those resulting from increased cytoplasmic calcium. Nuclear calcium effects
on tumor cell proliferation are widely appreciated; nevertheless, its involvement in other
steps of tumor progression is not well understood. Therefore, we evaluated whether
nuclear calcium is essential in other additional stages of tumor progression, including
key steps associated with the formation of the primary tumor or with the metastatic
cascade. We found that nuclear calcium buffering impaired 4T1 triple negative breast
cancer growth not just by decreasing tumor cell proliferation, but also by enhancing
tumor necrosis. Moreover, nuclear calcium regulates tumor angiogenesis through a
mechanism that involves the upregulation of the anti-angiogenic C-X-C motif
chemokine 10 (CXCL10-IP10). In addition, nuclear calcium buffering regulates breast
tumor cell motility, culminating in less cell invasion, likely due to enhanced vinculin
expression, a focal adhesion structural protein. Together, our results show that nuclear
calcium is essential for triple breast cancer angiogenesis and cell migration and can be
considered as a promising strategic target for triple negative breast cancer therapy.
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