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RESUMO

O diabetes melito tipo 1 (DM1) resulta da imunomediada destruicdo das células beta
pancredticas. Dentre as terapias experimentais vigentes, destaca-se o uso de células
estromais mesenquimais (MSCs) transdiferenciadas em células produtoras de insulina
(CPIs). Embora existam varios protocolos experimentais de diferenciacdo em CPIs, sua
complexidade, baixa taxa de eficiéncia e funcionalidade exigem maiores estudos e
alteragOes estratégicas. Assim, o presente estudo teve como objetivo avaliar o potencial
terapéutico das MSCs oriundas de tecido adiposo epididimal diferenciadas em CPIs na
reversdo do DML e neuroprotecdo em ratos Wistar Kyoto (WKY). A primeira fase deste
estudo (in vitro) constituiu-se em caracterizar as células estromais mesenquimais adipo-
derivadas (ADSCs) e submeté-las a trés diferentes protocolos de diferenciacdo em CPIs.
As células expostas ao meio de cultura enriquecido com nicotinamida/exendin-4/activina
A apresentaram o melhor perfil secretério, com caracteristicas enddcrinas de CPIs. Na
segunda fase in vivo, para avaliacdo da funcionalidade das CPls em animais diabéticos
induzindos por estreptozotocina, as células foram implantadas em dois sitios distintos:
subcapsular renal (SR) e subcutaneo (SC). Apds duas semanas de implantacdo das
células, em ambos sitios anatémicos, foi observada uma diminuicdo da hiperglicemia.
Ainda, as células implantadas no sitio SC melhoraram o desempenho cognitivo e a
reatividade astroglial hipocampal. Adicionalmente, usando células GFP+, podemos
observar a permanéncia das células implantadas nos diferentes sitios, além da migracéo
para o pancreas e hipocampo. O desenvolvimento de uma populacdo ainda heterogénea,
composta de CPls, mas também de ADSCs indiferenciadas, poderia ajudar a explicar a
reducdo periférica dos AGEs (por depuracdo autofagica) e a recuperacdo do
comprometimento cognitivo (por imunomodulacdo no hipocampo). Juntos, esses dados
reforcam a importancia das CPIs nas estratégias neuroprotetoras, bem como apontam a
importancia da via de implante no tratamento do DM1. Paralelamente, estudamos, além
da capacidade de transdiferenciacdo e potencial neuroprotetor, a diferenciacdo
adipogénica ortodoxa das ADSCs se apresentando como ferramenta importante no estudo

da expressdo, da secrecdo e da propriedade do tipo adipocina da S100B.



ABSTRACT

Type 1 diabetes mellitus (DM1) is an autoimmune disease characterized by the
destruction of insulin-producing pancreatic 3 cells. Among the current experimental
therapies, we highlight the use of transdifferentiated mesenchymal stromal cells (MSCs)
into insulin-producing cells (IPCs). Despite the fact that there are several differentiation
protocols in IPCs, there is still a need for further study and modification of induction
strategies due to long, complex protocols with low efficiency and functionality rates.
Thus, the present study aims to evaluate the therapeutic potential of differentiated adipose
mesenchymal stromal cells in IPCs in the reversal of DM1 in Wistar Kyoto rats in DML1.
The first phase of this study (in vitro) was to characterize adipose-derived stromal cells
(ADSCs) and to evaluate the best protocol for their differentiation in IPCs. For this,
ADSCs isolated from epididymal adipose tissue of Wistar-Kyoto rats were submitted to
three different differentiation protocols. The secretory profile was analyzed and the IPCs
differentiated in the presence of nicotinamide / exendin-4 / activin A showed the best
secretory profile. The second phase was to assess the functionality of the IPCs in vivo.
The cells were implanted in two distinct sites: Subcapsular renal (SR) and Subcutaneous
(SC). Finally, we observed that the implantation of IPCs caused a decrease in
hyperglycemia after two weeks of implantation in DM1 rats at both implantation regions.
The cells implanted in SC improved cognitive impairment (assessed by object
recognition) and hippocampal astroglial reactivity (assessed by S100B and GFAP). Using
GFP + cell implants, we could observe survival at implant sites, but also cell migration
to the pancreas and hippocampus. The presence of undifferentiated ADSCs in our
preparation of IPCs could help explain peripheral reduction of AGEs (by autophagic
clearance) and recovery of cognitive impairment (by hippocampal immunomodulation).
Together, these data reinforce the importance of IPCs in neuroprotective strategies, as
well as the logistical importance of the subcutaneous route for its administration in the
treatment of DM1. In addition to the neuroprotective potential of ADSCs, they are useful
for differentiation into adipocytes and study of S100B expression and secretion, which is
being characterized as a new adipokine.
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APRESENTACAO

Esta tese estd apresentada em secOes organizadas da seguinte maneira:
Introducéo, Resultados (Capitulo I, Capitulo 11, Capitulo 111), Discussdo, Conclusoes,

Perspectivas e Referéncias Bibliograficas.

Na Introducéo, sdo apresentados os temas estudados, a fundamentacao tedrica que
nos levou ao desenvolvimento deste trabalho e os focos de estudo, descritos no item

Obijetivos.

A secdo de Resultados esta dividida em trés capitulos, de acordo com os diferentes
focos de estudo. Em cada capitulo estdo descritos os materiais e métodos utilizados
bem como os resultados obtidos, sendo o primeiro capitulo o artigo cientifico

publicado.

Capitulo I: Short-term protocols to obtain insulin-producing cells from rat adipose
tissue: signaling pathways and in vivo effect; Este capitulo refere-se aos objetivos 1 a

4.

Capitulo I1: Insulin-Producing cells from Adipose-derived mesenchymal stromal
cells: Protection against cognitive impairment in diabetic rats depends on implant site;

Este capitulo refere-se aos objetivos 5 e 6.

Capitulo I11: Estudo da expressao e secrecdo da S100B em adipdcitos derivados de

ADSC: dados preliminares. Este capitulo refere-se ao objetivo 7.

A Discussdo contém a argumentacdo bibliograficamente embasada da
interpretacdo e da importancia dos resultados obtidos nos trés capitulos. A secdo
ConclusGes aborda as hipdteses concluidas na tese. Nas Perspectivas, estdo elucidados
0s préximos passos para que o capitulo 111 seja complementado e publicado na forma

de artigo cientifico, bem como as novas abordagens suscitadas pela tese que podem



ser investigadas a fim de colaborar com capitulo Il e a linha de estudo. A sec¢édo

Referéncias Bibliograficas lista elementos bibliograficos utilizado na redacéo da tese.
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1 INTRODUCAO

1.1 DIABETES MELLITUS TIPO 1

O diabetes mellitus (DM) afeta em torno de 36 milhGes de pessoas de todas as
idades de acordo com a Federagdo Internacional de Diabetes, sendo o diabetes tipo 1
(DM1) responsével por 10% do total da populagdo diabética (“International Diabetes
Federation - Type 1 diabetes,” n.d.). Caracterizada por ser uma doenca multifatorial
dependente da complexa interagdo entre fatores genéticos predisponentes, resposta
imunologica e influéncia do meio-ambiente, 0 DM1 é uma doenga autoimune cronica em
que as células T CD4 + e CD8 + se infiltram nas ilhotas de Langerhans, resultando na
destruicdo das células-p pancreaticas (van Belle et al., 2011) e consequentemente na perda

da producéo e secre¢éo de insulina (Chhabra and Brayman, 2013a).

Considerada uma das doengas cronicas mais comuns entre criancas e adultos
jovens, 0 DM1 pode se desenvolver em qualquer faixa etéria, sendo mais frequente antes
dos 20 anos de idade. O entendimento dos aspectos envolvidos no desenvolvimento desta
patologia constitui a base para a deteccdo e prevencao do DML1 e, ao contrario do que se
admitia previamente, a evolucdo da doenca ndo é aguda e sim um processo de auto-
agressao lenta que provavelmente ocorre durante anos numa fase pré-clinica. No periodo
de manifestacdo da doencga, com a presenca de hiperglicemia e cetose, as células
secretoras de insulina ja estdo em numero muito reduzido ou praticamente ausentes

(Balda and Pacheco-Silva, 1999).

O efeito comum do DM1 é a hiperglicemia, a qual pode induzir diversas
alteracdes, tais como a auto-oxidacao da glicose, a geracdo de produtos finais de glicagédo
avancada (AGEs), o desequilibrio entre a geracdo de radicais livres e defesas

antioxidantes, disturbios vasculares, inflamacéo, além de alteracbes na homeostase do
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calcio e 0 aumento da peroxidacao lipidica (Beauquis et al., 2010; Gispen and Biessels,
2000a; Parvizi et al.,, 2014). A hiperglicemia leva a complicacbes macro e
microvasculares. As complicagdes macrovasculares incluem obstrucées dos vasos, como
doencas das artérias coronarias, aterosclerose e doencas vasculares periféricas. Enquanto
que as microvasculares incluem retinopatia, nefropatia e neuropatia, levando a cegueira,

insuficiéncia renal e até amputac6es (Chilelli et al., 2013).

Experimentalmente, o agente de inducdo de DM1 mais empregado em modelos
animais € a estreptozotocina (STZ), uma nitrosamida metilnitrosureia ligada a uma D-
glicose, isolada a partir da bactéria Streptomycetes achromogenes, que entra
seletivamente na célula  através do transportador de glicose GLUT2 (Karunanayake et
al., 1976; Tjalve et al., 1976), destruindo permanentemente as células pancreaticas
produtoras de insulina, originando assim, um quadro de diabetes (Baydas et al., 2003). O
mecanismo de agdo consiste na captagdo de STZ pelas células B, gerando N-nitrosureido
o qual causa a fragmentacdo do DNA celular, seguida da ativacdo de uma enzima de
reparo, a poli-ADP-ribose-polimerase (PARP), consumindo NAD+ e promovendo a
formacédo de radicais livre causando a morte celular (Szkudelski, 2001; Uchigata et al.,
1982). Em fases posteriores, o diabetes induzido por STZ em ratos, na dose em que é
administrada (50-100mg/Kg), pode ocasionar perda de peso significativa, possivelmente
como resultado dos efeitos catabélicos da deficiéncia de insulina e hiperglicemia grave,
bem como a deplecdo de volume corporal associada a diurese osmética (Kitada et al.,

2016).

1.2. ALTERACOES CENTRAIS NO DIABETES TIPO 1
A mortalidade e a morbidade do DM sédo determinadas por diversas complicagdes

como vasculopatia, retinopatia, nefropatia, e neuropatia periférica (Rathmann and Giani,
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2004). Recentemente, muitos estudos tém indicado que o0 DM também possui implicacdes
no sistema nervoso central (SNC), designadas respectivamente por um tipo de
encefalopatia diabética que € uma complicacdo do DM caracterizado por deficit cognitivo
leve e neuropatologia (Bauduceau et al., 2010; Morsi et al., 2018; Zhou et al., 2013).
Encefalopatia diabética apresenta diversos sintomas, os quais podem ser descritos como
caracteristicas de envelhecimento do cérebro, incluindo a atrofia, a acumulacdo de
especies reativas de oxigenio (EROs), vasculopatia cerebral e comprometimento da
cognicdo (Baquer et al., 2009). A observacao clinica tem demonstrado que a atrofia do
cérebro é mais notavel em pacientes diabéticos do que em pacientes controles (Ho et al.,

2011).

No DM, a hiperglicemia é uma das principais causas da disfuncdo endotelial e
precursora de complicacdes microvasculares (Kade and Rocha, 2013) que podem
contribuir a deficits funcionais e cognitivos em regides cerebrais especificas, como, por
exemplo, o hipocampo (Gandhi et al., 2010). A glicotoxicidade resultante da
hiperglicemia esta entre as principais causas das complicacdes do DM1 (Wu and Yan,

2015).

O DM1 esta associado a varios efeitos adversos no SNC, incluindo alteracdes no
metabolismo energético cerebral, aumento dos niveis de calcio livre, bem como aumentos
mediados pela glicose no estresse oxidativo e na inflamacdo, possivelmente mediados
pelos AGEs (Amin et al., 2013; Lebed et al., 2008). Estudos neuroanatbmicos mostraram
gue modelos animais para diabetes e para deméncia compartilham neuropatia semelhante
no hipocampo, incluindo neurogénese adulta suprimida no giro dentado do hipocampo

(DG) e atrofia dendritica e comprometimento cognitivo (Kandimalla et al., 2018; Mufson
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et al., 2015). Além disso, 0 DM1 esta associado a um risco aumentado de doenca de

Alzheimer (DA) e outras deméncias (Jolivalt et al., 2010).

Dados experimentais sugerem que a deficiéncia na aprendizagem esta associada
com as alteracdes na plasticidade sindptica no hipocampo em modelo animal induzido
por STZ (Zhang et al., 2008). O trabalho desenvolvido por Wang e colaboradores
observou gque 0s animais com diabetes induzido por STZ apresentavam o metabolismo
alterado, incluindo hiperglicemia e hiperlipidemia seguinte a uma deficiéncia de insulina,
além de atrofia hipocampal e neurodegeneracdo, com um prejuizo cognitivo e deposicdo
de B-amildide (Wang et al., 2014). Além disso, niveis de xantina oxidase e 6xido nitrico
no hipocampo, cortex, cerebelo, tronco cerebral e na medula espinhal aumentaram
significativamente nos ratos diabéticos induzidos por STZ, sugerindo notavel geracdo de

EROs no SNC (Calabrese et al., 2012).

Willem Hendrik Gispen e Geert-Jan Biessels sugeriram que a hiperglicemia esta
associada com a disfuncéo cognitiva leve em popula¢ées com o DM tipo 1 ou tipo 2
(Gispen and Biessels, 2000b). Outro estudo sugeriu que a insulina esta envolvida na
patogénese do declinio da memdria e da encefalopatia diabética (Cholerton et al., 2011),
podendo atuar como um neuromodulador que regula a liberacdo e recaptacdo dos
neurotransmissores e, provavelmente, afeta o aprendizado e a memdria (Watson et al.,

2006).

Ainda, estudos revelaram que prejuizos na utilizacdo da glicose cerebral e do
metabolismo de energia representam alteragdes precoces que precedem ou acompanham
0s estagios iniciais do comprometimento cognitivo (Cunnane et al., 2011). A deficiéncia
na utilizacdo de glicose cerebral e diminuicdo de sinalizagdo da insulina sdo

caracteristicas comuns entre 0 DM e a doenca de Alzheimer (DA) (G6tz et al., 2009).
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O DM1, além de promover dano neurovascular, aumentar a permeabilidade da
barreira hematoencefalica, € capaz de afetar o niumero e a morfologia das células
astrocitarias (Parpura et al., 2012). Os astrocitos sdo as células mais abundantes do SNC,
com fungbes que vao desde fornecer nutrientes, regular a funcdo metabélica neuronal e
atuar na homeostase do SNC até controlar a formacdo e a manutencdo de sinapses e
circuitos neuronais (Liu et al., 2017; Parpura et al., 2012). Ainda, se tornam reativos em
resposta a numerosas lesdes no SNC, modificando a morfologia celular e a expressao de

marcadores especificos (Pekny and Pekna, 2014).

A proteina glial fibrilar acida (GFAP) e a proteina S100B sdo marcadores
astrociticos de atividade e lesdo cerebral em véarias doencas neuropsiquiatricas
(Goncalves et al., 2008). A S100B intracelular interage com varias proteinas alvo (por
exemplo, GFAP (Ziegler et al., 1998)), modulando a atividade astroglial enquanto que a
S100B extracelular atua em receptores para AGEs (Nathan et al., 2008), podendo atuar
como uma neurotrofina ou citocina inflamatdria dependendo da situacdo e contexto
(Donato et al., 2009; Kleindienst et al., 2007). No DM1, a reducdo na expressao de GFAP
em astrdcitos esta associada a secrecdo labil de insulina e aumento da proteina S100B

(Coleman et al., 2010).

1.3. TERAPIAS PARA O DIABETES TIPO 1

O DML1 afeta drasticamente a salde, o bem-estar e a qualidade de vida, uma vez
que pacientes diagnosticados com diabetes sdo trés vezes mais suscetiveis a
hospitalizacdo devido a complicacdes a longo prazo (Rossing et al., 1998). Além disso,
apesar de os tratamentos classicos melhorarem drasticamente a hiperglicemia, a vida util
de jovens com DM1 diminui de 1 a 13 anos em comparagdo com a populacdo, indicando

que o desenvolvimento de novas terapias para pacientes com DM1 é realmente urgente
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(Livingstone et al., 2015).

A administracdo de insulina exdgena através de injecdes diarias ou bombas
computadorizadas continuam sendo o tratamento mais proeminente oferecido aos
pacientes com DM1. A administracdo exdgena de insulina aumenta significativamente a
expectativa de vida e ajuda a normalizar a glicose sanguinea, mas a falta de resposta
fisioldgica leva a episodios de hiperglicemia. Contudo, além de ndo ser uma terapia de
cura, a insulinoterapia subcutanea pode ocasionar lipodistrofia, além de expor os
pacientes a episddios de hipoglicemia, um dos piores efeitos colaterais desse tratamento

(Aye and Atkin, 2014).

Dentre as estratégias de tratamento definitivo, corrigindo a insulino dependéncia
para o DM1, podemos citar o transplante de pancreas, o transplante de ilhotas pancreaticas
e, mais recentemente, o bloqueio da autoimunidade e a terapia celular baseada na

utilizacdo de células-tronco (Aghazadeh and Nostro, 2017).

O transplante total de pancreas e de ilhotas podem ser eficazes como tratamento
para DM1, no entanto, eles sdo limitados pela escassez de doadores e pela
imunossupressdao ao longo da vida. Devido aos riscos associados ao regime
imunossupressor, esses tipos de tratamentos sdo recomendados apenas para pacientes que
apresentam episadios frequentes de hipoglicemia e/ou insuficiéncia renal secundaria ao
DML. Portanto, o transplante de pancreas é recomendado quando associado ao transplante
renal, responsavel por apenas 0,001% dos pacientes com DM1 (Gruessner and Gruessner,

2016).

O transplante de ilhotas foi introduzido inicialmente em 1989 por Warnock e
Scharp e permaneceu ineficiente entre 1990 e 2000, onde, dos 267 receptores de

transplantes de ilhotas, apenas 8,2% permaneceram independentes da insulina exdgena

19



apos 1 ano (Warnock et al., 1988). Alguns anos depois Shapiro et al. introduziu o
“protocolo de Edmonton” que levou a independéncia da insulina 1 ano apés o transplante
das ilhotas (Shapiro et al., 2000). Desde entdo, a purificacéo de ilhotas e a preservacao da
massa celular foram significativamente melhorados. No entanto, grandes desafios ainda
permanecem, como uma perda de ilhota de 60% instantaneamente apds infusdo e a perda

adicional de ilhotas a longo prazo (Biarnés et al., 2002).

Assim, a necessidade de suprimento ilimitado de um substituto para as células f
levou a aumentar os esfor¢os para introduzir outras fontes potenciais de tratamento para
o0 DM1, tais como as células-tronco (CTs). Em 1963 Becker e colaboradores definiram
que as CTs poderiam se diferenciar em varios tipos celulares em resposta a sinais
apropriados e com capacidade de se regenerar. As CTs podem ser classificados como CTs
embrionarias, CTs pluripotentes induzidas (iPSCs), CTs hematopoiéticas derivadas da
medula 6ssea (BM-HSCs), células estromais mesenquimais adultas (MSCs) (Pittenger et

al., 1999).

As estratégias baseadas na utilizacdo de MSCs representam um potencial
terapéutico significativo, tanto pela capacidade regenerativa intrinseca como pelas
propriedades imunomoduladoras que sdo aproveitadas para impedir a destruicdo das
células B, preservando a massa residual e facilitando a regeneracdo tecidual no DM1
(Chhabra and Brayman, 2013). O principal objetivo da terapia celular no DM1 é obter
controle glicémico estavel, auséncia de episodios hipoglicémicos graves, melhorando
assim a qualidade de vida e complicacGes diabéticas de longo prazo. A independéncia da
utilizacdo de insulina, embora desejavel, ndo é necessariamente o objetivo priméario da

terapia celular, embora uma reducdo significativa na necessidade de insulina e a
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restauracao da secre¢do do peptideo C sejam desejaveis (Thakkar et al., 2017).

1.4. CELULAS ESTROMAIS MESENQUIMAIS

As células estromais mesenquimais (MSCs) sdo consideradas células-tronco
somaticas e estdo presentes em regides perivasculares de todos os tecidos adultos,
incluindo a medula 6ssea (MO), o tecido adiposo, o peridsteo, o tecido muscular e 0s
0rgdos parenquimatosos (da Silva Meirelles et al., 2008; Mambelli et al., 2009). As MSCs
caracterizam-se por serem uma populacdo de células multipotentes capazes de se
diferenciar de forma limitada em células especializadas necessarias num processo de
reparacdo, como osteoblastos, condroblastos, adipdcitos, hepatdcitos, neurdnios, dentre
outras (Pittenger et al., 1999). Tais caracteristicas de plasticidade sugerem que esse tipo
celular é o responsavel pelo turnover e pela manutencgéo de todos os tecidos do organismo
(Caplan, 2009). Vale ressaltar que as MSCs ndo sdo uma populagdo pura de células-
tronco. Os critérios da Sociedade Internacional para Terapia Celular realmente descrevem
que as MSCs sdo uma mistura heterogénea e ndo-clonal de células-tronco multipotentes,
células progenitoras e células diferenciadas. Este fato provocou uma mudanca na
nomenclatura de "células tronco mesenquimais" a "células estromais mesenquimais™ para
melhor refletir heterogeneidade, embora os termos ainda sejam usados de forma

intercambidvel (Squillaro et al., 2016; Viswanathan et al., 2019).

As MSCs cultivadas in vitro possuem trés propriedades bioldgicas que as
qualificam para utilizacdo em terapia celular: (a) amplo potencial de diferenciacao; (b)
secrecdo de fatores troficos que favorecem a remodelacdo de tecidos; e (c) propriedades
imunorreguladoras (Ma et al., 2014; Oliveira, 2017). Estas caracteristicas fazem das

MSCs ferramentas potenciais em muitas condi¢fes. Além disso, as MSCs exibem
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morfologia fibroblastoide, adesdo em substrato plastico, autorrenovacéo e diferenciam-se

em diferentes linhagens mesodérmicas (Meirelles and Nardi, 2003; Pittenger et al., 1999).

As MSCs expressam um grande nimero de moléculas bioativas como as
moléculas de adesdo, as proteinas de matriz extracelular, as citocinas e 0s receptores para
fatores de crescimento, permitindo interacdes com demais células (Bobis et al., 2006).
Essas moléculas atuam modulando a resposta inflamatdria, a angiogénese e diferenciacao
das células envolvidas no processo de reparagdo tecidual. Além disso, as MSC secretam
uma grande variedade de quimiocinas, além de expressar receptores para citocinas e

fatores de crescimento (Caplan, 2009).

Tais caracteristicas que envolvem plasticidade, secrecdo de citocinas e fatores de
crescimento com efeitos paracrinos ( Phinney and Prockop, 2007; Ma et al., 2014;),
funcdo imunorreguladora (Prockop and Oh, 2012; Oliveira, 2017) favorecem a
regeneracdo de tecidos e sua aplicabilidade clinica. As MSCs sdo naturalmente liberadas
na circulacdo quando os tecidos possuem alguma injuria, migram para o local da lesdo e
secretam moléculas para criar um microambiente e assim promover a regeneracao,
chamada de capacidade de “homing” (Caplan, 2009; Chapel et al., 2003; Ullah et al.,

2019).

Seguindo as recomendacdes das revisdes anteriores, tomamos o termo “homing”
para abranger tanto o “homing sisttmico” quanto “nao sistémico” (Nitzsche et al., 2017).
No “homing” ndo sistémico, as MSCs sdo transplantadas localmente no tecido alvo e séo
entdo guiados para o local da lesdo através de um gradiente de quimiocina. No “homing”
sistémico, as MSCs sdo administradas ou endogenamente recrutadas para a corrente
sanguinea e, em seguida, devem passar por um processo de vérias etapas para sair da

circulacdo e migrar para o local da lesdo. O processo de “homing” sistémico pode ser
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dividido em cinco etapas: (1) ancoragem, (2) ativacdo, (3) “arrest” (apoio), (4)

transmigracao ou diapedese, e (5) migragédo (Sackstein, 2005).

Dentre as fontes de células estromais mesenquimais, se destacam as células
derivadas de tecido adiposo. Em 2004, a Fat Applied Technology Society chegou a um
consenso para adotar o termo células estromais derivadas de tecido adiposo,- do inglés
ADSCs (Bunnell et al., 2008). O tecido adiposo é um tecido altamente complexo
composto por adipocitos maduros (mais de 90%) e uma fragdo vascular estromal, que
inclui fibroblastos, pré-adipdcitos, células musculares lisas vasculares, células
endoteliais, células imunes (mondcitos/macréfagos, linfocitos) e as ADSCs (Yoshimura

et al., 2009).

Similarmente a medula 6ssea e outros tecidos, as MSCs do tecido adiposo tém
capacidade de auto-renovacao e um amplo potencial de diferenciacdo como adipogeénica,
condrogénica, osteogénica, miogénica, angiogénica, neurogénica e cardiomiogénica
(Strem et al, 2005). A taxa de sucesso de isolamento é de 100% e o rendimento do tecido
adiposo € 40 vezes maior que a medula 6ssea (Kern et al, 2006). Além da facil obtencéo,

tais caracteristicas tornam o tecido adiposo uma fonte rica de células-tronco.

1.41. POTENCIAL DE DIFERENCIACAO DAS CELULAS ESTROMAIS
MESENQUIMAIS EM CELULAS PRODUTORAS DE INSULINA (CPI)

O processo através do qual células precursoras se diferenciam em outros tipos
celulares, ndo relacionados ao seu tecido original, é chamado de transdiferenciacdo
(Zhang et al., 2004). Estratégias para induzir esta transdiferenciagdo se assemelham as
usadas nos protocolos baseados em células embrionarias. Contudo, a transdiferenciagéo
em células P a partir de células-estromais mesenquimais é direcionada por determinantes

ainda desconhecidos, que incluem interagdes celula-célula, sinais da matriz extracelular
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e a presenca de combinaces de fatores de crescimento, hormdnios, citocinas e nutrientes
(Roche et al., 2003). Diversos estudos mostram que, em ambientes adequados, as MSCs
sdo capazes de se diferenciar em células de tecido mesodermal, ectodermal e até mesmo

células da linhagem endodérmica, incluindo as células produtoras de insulina.

As MSCs expressam um conjunto de receptores de quimiocinas, que podem
desempenhar um papel critico na regeneracdo do pancreas (Sordi et al., 2005). A
administracdo sisttmica de MSCs aumentou o conjunto de células B ¢ reverteu a
hiperglicemia em camundongos diabéticos induzidos por estreptozotocina (Ezquer et al.,
2008). No entanto, ndo esta claro se as MSCs podem se diferenciar diretamente em células
B, ou se novas células B podem ser geradas a partir das células § pré-existentes, ao inves
de MSCs. Os autores concluiram que MSCs apenas serviram como um mediador tréfico
para dar suporte a funcdo das ilhotas de forma indireta, tais como a promoc¢do da

angiogénese (Dor et al., 2004).

Embora os estudos in vivo ndo favoregam as MSCs como uma fonte de células f3,
in vitro, muitas tentativas bem-sucedidas tém sido feitas para diferenciar as MSCs em
células produtoras de insulina (CPIs). Atualmente, existem dois métodos comumente
usados para induzir a diferenciacdo de MSCs em CPlIs in vitro. Um deles é a introducéo
de fatores reguladores chave da transcricdo, como estimuladores do genehomeobox 1
pancredtico e duodenal (PDX-1) e transativador 2 de células B (Beta2), por engenharia
genética para modular a expressdao génica. A outra é fornecer indutores sollveis
especificos ou compostos de moléculas pequenas em meio de cultura de células para
iniciar e promover a diferenciacdo em CPIs (Karnieli et al., 2007a; Takemitsu et al.,
2013). A eficiéncia e a extensdo da diferenciacdo de células-tronco sdo moduladas pelo

programa genético interno e pelo microambiente externo. Devido ao acumulo de
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evidéncias sugerindo que o microambiente desempenha um papel importante na
sobrevivéncia e na diferenciacdo de células-tronco, entender como criar um
microambiente que imite os estagios de desenvolvimento pancretico e a diferenciacao
celular é fundamental para manipular com sucesso a diferenciacdo de MSCs em CPIs. No
entanto, os protocolos atualmente disponiveis s6 podem induzir a diferenciacdo de 5 a
10% dos MSCs em CPIs sob condigdes in vitro. Assim, a estratégia de inducéo existente
precisa ser modificada e melhorada, especialmente porque a maioria dos estudos
mencionados acima sdo baseados em modelos longos e com inimeros indutores (Gabr et

al., 2014; Xin et al., 2016a).

Chen et al., em 2004, relataram a primeira diferenciacdo in vitro de MSCs em
células semelhantes as ilhotas pancreaticas que, quando transplantadas, se mostraram
funcionais no controle das concentracdes de glicose sanguinea em ratos diabéticos
(Karnieli et al., 2007b; Li et al., 2007). Desde entdo, ha inameros protocolos modificados
com diferentes agentes estimuladores para aumentar a eficacia da diferenciacdo em CPIs
(Oh et al., 2004; Paz et al., 2011). Chandra et al., relataram a geracao de CPIs derivadas
do tecido adiposo. Essas células produziram numerosos granulos secretores de insulina
no citoplasma celular ap6s 10 dias de cultura e, quando transplantados em ratos diabéticos
induzidos por STZ, a normoglicemia foi restaurada dentro de 2 semanas. Chao et al.,
diferenciaram células estromais mesenquimais Wharton's jelly (WJ-MSC) com sucesso
em CPIs in vitro e provou que apresentavam funcdes tipicas de células B (Chao et al.,

2008).

Embora seja necessario aperfei¢oar os protocolos baseados em MSCs, além de
investigar a capacidade de transdiferenciacdo de novas fontes celulares especificas para

cada tecido, estas evidéncias sugerem que as MSCs sdo uma fonte potencial para futuras
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terapias regenerativas. Além disso, a vantagem da utilizacdo do tecido adiposo como
fonte de MSCs é uma alternativa de terapia celular autéloga no tratamento do DM1. Como
mencionado anteriormente, 0 DM1 é uma desordem metabolica que leva a mudancas
funcionais e estruturais no SNC, aumentando em pelo menos duas vezes o risco de
deméncia e disfuncBes cognitivas. Neste sentido, a hipotese deste trabalho foi produzir
CPIs a partir de ADSCs usando protocolos de diferenciacéo de curto prazo in vitro, com
um perfil eficaz de secrecdo de insulina. Além disso, investigar o possivel efeito in vivo
apos um implante das CPIs tanto na regido subcapsular renal quanto no tecido subcutaneo,
afim de avaliar seus efeitos benéficos tanto em relacdo a recuperacdo metabdlica quanto
a neuroprotecdo hipocampal. Ainda, buscou-se paralelamente, estudar a diferenciacdo
adipogénica e a expressdo e secrecdo de S100B, esta que esta sendo caracterizada como

uma nova adipocina.
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2 OBJETIVOS
2.1. OBJETIVO GERAL

Padronizar e avaliar o potencial neuroprotetor de células estromais mesenquimais
diferenciadas em células produtoras de insulina sobre o dano hipocampal em ratos Wistar-

Kyoto diabéticos induzidos por estreptozotocina.
2.2. OBJETIVOS ESPECIFICOS
- Isolar e caracterizar células estromais mesenquimais derivadas de tecido adiposo

epididimal de ratos (ADSCs);

- Otimizar e avaliar protocolos de diferenciacdo de ADSCs em células produtoras de
insulina (CPIs);

- Avaliar as vias de sinalizacdo envolvidas nos protocolos de diferenciacdo de ADSCs em
CPlIs;

- Avaliar a recuperacdo metabdlica de animais diabéticos apds implante subcapsular renal
ou subcutéaneo de CPls;

- Avaliar a neuroprotecdo hipocampal de animais diabéticos ap6s implante subcapsular

renal ou subcutaneo de CPIs;

- Avaliar a presenca de células ADSCs obtidas de ratos transgénicos para proteina

fluorescente verde em tecidos remotos, particularmente pancreas e hipocampo;

- Avaliar a diferenciacdo de ADSCs para adipocitos com a finalidade de estudar da

expressao e secrecdo de S100B.
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Abstract: Studies using mesenchymal stromal cells (MSCs) as a source of insulin-secreting cells
(IPCs) are a promising path in the pursuit for diabetes therapy. Here, we investigate three
short-term differentiation protocols in order to generate IPCs from autologous adipose-derived
stromal cells (ADSCs) with an expressive insulin-secreting profile in vitro and in vivo, as well as
the signaling pathways involved in the chosen differentiation protocols. We extracted and cultured
ADSCs and differentiated them into IPCs, using three different protocols with different inductors.
Afterwards, the secretory profile was analyzed and IPCs differentiated in exendin-4/activin A medium,
which presented the best secretory profile, was implanted in the kidney subcapsular region of diabetic
rats. All protocols induced the differentiation, but media supplemented with exendin-4/activin
A or resveratrol induced the expression and secretion of insulin more efficiently, and only the
exendin-4/activin-A-supplemented medium generated an insulin secretion profile more like B-cells,
in response to glucose. The PI3K/Akt pathway seems to play a negative role in IPC differentiation;
however, the differentiation of ADSCs with exendin-4/activin A positively modulated the p38/MAPK
pathway. Resveratrol medium activated the Jak/STAT3 pathway and generated IPCs apparently less
sensitive to insulin and insulin-like receptors. Finally, the implant of IPCs with the best secretory
behavior caused a decrease in hyperglycemia after one-week implantation in diabetic rats. Our data
provide further information regarding the generation of IPCs from ADSCs and strengthen evidence
to support the use of MSCs in regenerative medicine, specially the use of exendin-4/activin A to
produce rapid and effectively IPCs with significant in vivo effects.

Keywords: adipose-derived stromal cells; exendin-4; diabetic rats; insulin-producing cells;
p38-MAPK; PI3K/Akt

1. Introduction

Type 1 diabetes mellitus (DM1), characterized as a multifactorial disease dependent on the complex
interaction between predisposing genetic factors, immune response, and environmental influences, is a
chronic autoimmune disease resulting in the destruction of pancreatic 3-cells [1] and, consequently,
in the loss of insulin production and secretion [2]. There has been increasing interest and progress in
the regenerative therapies field, including studies focusing on the generation of insulin-producing cells
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(IPCs) derived from embryonic stem cells, the umbilical cord, and various adult tissues, such as adipose
tissue [3,4], since insulin administration does not prevent the long-term complications of diabetes.

The use of mesenchymal stromal cells (MSCs) as a source of B-cells has been pursued and many
successful in vitro attempts have been made to differentiate MSCs in IPCs. Chen et al. [5] reported the
first in vitro differentiation of MSCs into cells that were similar to pancreatic islets and which, when
transplanted, proved to be functional in the control of blood glucose concentrations in diabetic rats [6].
Since then, numerous modified protocols employing different stimulatory agents have been tested in
order to increase the effectiveness of IPC differentiation [7,8]. Chandra et al. [9] reported the generation
of IPCs derived from adipose tissue (adipose-derived stromal cells (ADSCs)), which have been shown
to be an ideal population of stem cells for cell therapy since they are found in abundance, are of the
easiest availability and represent an autologous tissue. Transplantation of autologous MSCs would
help overcome the major limitations of inadequate delivery and/or allogeneic rejections since they have
an immunomodulatory effect in suppressing the immune response in autoimmune and inflammatory
diseases [10,11].

Differentiation of IPCs from MSCs can be carried out using many inductors. Nicotinamide has
been used to generate IPCs from different cell sources (e.g., [11,12]). More recent studies have shown
that exendin-4 (EX-4) acts on the differentiation of MSCs in IPCs [13-15]. Interestingly, EX-4 is a
long-acting GLP-1 receptor agonist (glucagon-like peptide 1) that acts directly on pancreatic 3 cells,
increasing insulin secretion [16], with long-term beneficial effects on blood glucose levels [17] and
on cognitive deficit in diabetic rats [18]. Another potential inductor is resveratrol (RSV), a naturally
occurring polyphenolic compound found in various fruits and plants [19]. Studies have shown that
RSV facilitates cardiomyocyte and osteogenic differentiation of embryonic stem cells and induced
pluripotent stem cells and is able to prevent cell apoptosis by decreasing levels of reactive oxygen
species [20,21]. RSV can also increase the proliferation and differentiation of human mesenchymal
stromal cells [22]. In addition to its ability to promote osteogenic differentiation, RSV is also capable of
stimulating the differentiation of embryonic stem cells into cardiomyocytes [21,23].

The signaling pathways involved in the cell differentiation of IPCs are not fully understood.
The Jak/STAT pathway, commonly activated by cytokine signaling, is known to play an important
role in (3-cell differentiation [24-26]. p38 Kinase, a member of MAPK family, has also been implicated
in the differentiation of B-cells [27,28]. In addition, PI3K/Akt activation plays a critical role in the
differentiation of pancreatic duct cells into IPCs during pancreatic regeneration [29] and in the survival
of these cells [30]. All these three signaling pathways participate in the differentiation of IPCs, but their
participation in the route stimulated by the protocols of IPC generation mentioned above have not
been evaluated, in particular for the differentiation of IPCs from ADSCs.

Therefore, the aim of this work was to produce IPCs from ADSCs using short-term differentiation
protocols with an effective insulin secretion profile as well as identify the signaling pathways involved
in this initial phase of induction. Besides the in vitro insulin secretion, we investigated the possible
in vivo effect after an implant of the IPCs based on profile of insulin secretion and glycemia control in
diabetic rats.

2. Results

2.1. Morphological and Phenotypic Characterization of ADSC Culture

After reaching 80% confluence, stromal cells derived from adipose tissue were trypsinized and
passaged every 4 to 5 days. No morphological changes were observed during the p1-p5 passages.
ADSCs presented a fibroblast-like shape, and a homogeneous and monolayered growth (Figure 1A,
first panel). Analysis of the in vitro expansion of the mesenchymal stromal cells showed a proportional
growth curve over time (Figure 1C). For immunophenotyping, surface antigens from ADSCs were
analyzed by flow cytometry (Figure 1B). The immunophenotypic analysis showed that ADSCs
expressed molecular markers such as CD29, CD44, and CD90 (Thy-1) on their surface. Moreover,
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the cells did express typical endothelial cell markers, such as CD31, CD45, and MHC II. We also
evaluated the adipogenic and osteogenic differentiation of the ADSCs. After the cells were cultured
in adipogenic medium for four weeks; Red Oil-positive lipid droplets without cytoplasm were
formed (Figure 1A, second panel). When ADSCs were maintained in osteogenic medium for 4 weeks,
they presented calcium deposits that could be stained with Alizarina Red S, a dye that stains the
calcium-rich extracellular matrix (Figure 1A, third panel). As the mesenchymal stromal cells were
isolated from the epididymal adipose tissue of Kyoto rats, the S100B protein content was evaluated in
the ADSCs (Figure 1D) (p < 0.0001; t = 47.53; df = 10). This protein is highly expressed (and secreted)
by adipose tissue, but is clearly not expressed in ADSCs.
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Figure 1. Morphological and phenotypic characterization of adipose-derived stromal cell (ADSC)
cultures. (A) Cell morphology (first panel) and adipogenic and osteogenic differentiation of ADSCs
(second and third panels, respectively) at 40x magnification using phase-contrast microscopy. Scale
bar = 30 uM; (B) immunophenotyping of ADSCs by flow cytometry; peaks are the expression of the
selected molecules (black trace), compared to the negative isotype control (red trace); (C) curve of
ADSC in vitro growth over time; (D) S100B protein content in ADSCs and adipose tissue, as measured
by ELISA. Representative data of 6 independent experiments performed in triplicate.
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2.2. Differentiation of ADSC into Insulin-Producing Cells (IPCs)

ADSCs were submitted to three different differentiation protocols to obtain IPCs. After the
differentiation period, the IPCs were stained with DTZ, an indirect marker of insulin. Undifferentiated
cells were observed to be DTZ dye negative, whereas the ADSCs submitted to the differentiation
protocols were positive for DTZ, particularly following protocols II (supplemented with Exendin-4
and Activin A) and III (supplemented with resveratrol) (Figure 2A). Immunofluorescent images for
anti-insulin showed that cells exposed to PII presented a higher fluorescence intensity, whereas the
fluorescence was less intense in cells that underwent PI or PIII (Figure 2B). The higher expression of
insulin in the IPCs submitted to PII was confirmed by ELISA (Figure 2C) (p < 0.0001; f7 54 = 6.240).
Proinsulin content was evaluated by Western blotting (Figure 2D) (p = 0.0020; f(3 29) = 7.061).
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Figure 2. Differentiation of ADSCs into insulin-producing cells (IPCs). (A) Dithizone (DTZ) staining
for indirect insulin assessment at 20X magnification by phase-contrast microscopy. Scale bar = 60 uM;
(B) immunofluorescence for insulin (green) and DAPI nuclear staining (blue), at 40X magnification by
confocal microscopy. Scale bar = 30 uM; (C) insulin content, measured by ELISA; and (D) pro-insulin
content, evaluated by Western blotting. Data are expressed as means + SE of 6 independent experiments
performed in triplicate. Letters indicate different statistical groups by ANOVA followed by Tukey’s
test, assuming p < 0.05.
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2.3. Transport of Glucose in IPCs

Immunofluorescence detection of the glucose transporter GLUT-2 was slightly higher in the
cells that underwent PII or PIII (Figure 3A), and this was confirmed by Western blotting (Figure 3B)
(p = 0.0015; f(320) = 7.461). However, glucose uptake by IPCs was equally and significantly increased
in cells that underwent all three differentiation protocols, in comparison to the non-differentiated cells
(Figure 3C) (p = 0.0027; f(3 15) = 7.484).
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Figure 3. Evaluation of glucose transport in IPCs. (A) Immunofluorescence for GLUT-2 glucose
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transporter (red) and DAPI nuclear staining (blue), at 40X magnification by confocal microscopy. Scale
bar = 30 uM; (B) evaluation of GLUT-2 expression by Western blotting; and (C) evaluation of glucose
uptake of 0.1 uCi/mL [2,3-*H] deoxy-p-glucose. Data are shown as means + SE of 6 independent
experiments performed in triplicate. Letters indicate different statistical groups by ANOVA followed
by Tukey’s test, assuming p < 0.05.

2.4. Secretion of Insulin in Response to Glucose Stimulation in IPCs

The supernatants of cell cultures (ADSCs and IPCs) were collected at 1h after three consecutive
media changes (DMEM without glucose—glucose 0; DMEM F12—glucose at 17.5 mM; and again,
DMEM without glucose) and secreted insulin was evaluated by ELISA (Figure 4A). Results indicate
that the undifferentiated ADSCs did not contain/release insulin and did not respond to the glucose
stimulus. The IPCs differentiated by PI clearly responded to the stimulus, but the insulin secretion was
higher for IPCs submitted to PII or PII (p = 0.0239; f3 11) = 6.732), which responded by significantly
increasing glucose concentration into the medium. However, when the stimulus was withdrawn,
only the IPCs submitted to PII showed a decrease in insulin secretion. The cell number was quantified
by the Trypan blue exclusion method to be sure that observed differences were not due to the different
number of surviving cells after media changes (Figure 4B) (p = 0.4310; f(3 1) = 0.9644).
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Figure 4. Insulin secretion by IPCs in response to glucose stimulation. (A) Insulin secretion curve in
response to absence (—) or presence (+) of glucose (at 17.5 mM), as measured by ELISA. (B) Quantification
of cells by the trypan blue exclusion method. The degree of cell integrity was determined by staining
cells with Trypan blue. Stained cells were observed between 30 s and 2 min after the addition of
Trypan blue using a Nikon Phase-contrast inverted light microscope at 100x magnification. In each
sample, two fields of 100 cells were counted and the mean percentage of stained permeabilized cells
was calculated. Data are expressed as means + SE of 6 independent experiments performed in triplicate.
Letters indicate different statistical groups in relation to undifferentiated ADSCs by repeated measures
ANOVA (A) or one-way ANOVA (B) followed by Tukey’s test, assuming p < 0.05.

2.5. IPC Signaling Involved in Insulin Expression

Many signal pathways are involved in insulin expression and we investigated three of these
in our IPCs: p38/MAPK [31], PI3K [32], and STAT-3 [33]. The enzyme inhibitors SB203580 and
LY294002 were used to investigate the relationship between the MAPK/p38 and PI3K pathways in the
differentiation process, throughout the induction period [34]. The presence of the SB203580 inhibitor
prevented the increase in insulin in IPCs submitted to PII, suggesting that the p38/MAPK pathway is
positively involved in cell differentiation (Figure 5A) (p < 0.0001; f(754) = 6.240). Furthermore, Western
blotting demonstrated an increase in the phosphorylation of p38/MAPK in these IPCs (Figure 5B)
(p < 0.0001; f(757) = 67.12) and no changes were observed in the content of this protein in any of the
cells (data not shown).

On the other hand, incubation with the LY294002 inhibitor caused an increase in insulin expression
in all IPCs, as well as in the ADSCs (Figure 5C). This effect was more pronounced in IPCs submitted to
PII or PIII (p < 0.0001; f(754) = 67.12). Moreover, no significant differences in PI3K phosphorylation
were observed among the cells (Figure 5D) (p = 0.4887; f(3,16) = 0.8459).
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Figure 5. p38/MAPK, PI3K, Jak/STAT-3, and IRS-1 signaling pathways during the differentiation of
ADSCs into IPCs. (A) Insulin content in ADSCs and IPCs (differentiated by three different protocols),
incubated or not in the presence of SB203580 (at 10 uM), an inhibitor of p38/MAPK. (B) p38/MAPK
phosphorylation in ADSCs and IPCs, as measured by Western blotting. Representative Immunoblots are
shown in the inset. (C) Insulin content in ADSCs and IPCs (differentiated by three different protocols),
incubated or not in the presence of LY294002 (at 10 uM)—a PI3K inhibitor. (D) PI3K phosphorylation
in ADSCs and IPCs, as measured by Western blotting. Representative Inmunoblots are shown in
the inset. (E) STAT-3 phosphorylation content was analyzed by Western blotting in ADSCs and IPCs
(differentiated by three different protocols). (F) IRS-1 phosphorylation content was analyzed by Western
blotting. Data are expressed as means + SE of 6 independent experiments performed in triplicate.
Letters indicate different statistical groups by ANOVA followed by Tukey’s test, assuming p < 0.05.

Phosphorylation of STAT3 and the insulin-signaling pathway was assessed by Western Blotting
(Figure 5E). An increase in STAT-3 phosphorylation (p = 0.0152; f(3 20) = 4.434) occurred only in the IPCs
submitted to PIII. As such, we determined whether autocrine insulin signaling was also affected by
this resveratrol-induced increase in STAT-3 phosphorylation. IRS-1 phosphorylation (at serine-307) in
IPCs submitted to PIII was found to be increased (Figure 5F, p = 0.0423; f(3 20) = 3.278), but no changes
were observed in the IRS-1 in any of the cells (data not shown).
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2.6. Implant of IPCs from ADSCs in Diabetic Rats

Implant of IPCs generated through protocol II (supplemented with Exendin-4 and activin A) was
chose based on cells insulin production and in vitro response to glucose. IPCs cells were then implanted
in the subcapsular renal region of Kyoto rats, one week after STZ-induced DM1 model (Figure 6A).
In order to evaluate the effectiveness of IPCs implant, we measure the blood glucose one day, one week
and two weeks afterwards. We observed that in diabetic rats that received IPCs, the hyperglycemia
was reduced significantly at one and two weeks after implant (Figure 6B) (p = 0.0002; f(9 112) = 3.928).
This result suggests that IPCs do secrete insulin in vivo. Moreover, as expected, in animals transplanted
with undifferentiated ADSC cells, the hyperglycemia remained unaltered.
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Figure 6. Implant of IPCs from ADSCs in diabetic rats. IPCs or ADSCs were implanted into renal
subcapsular space of STZ-induced DM1 male Kyoto-Wistar rats. (A) Timeline of in vivo experiment,
showing STZ-induced DM model and cell implant. (B) Blood glucose measurements before and after
ADSCs and IPCs implant. (C) C-peptide serum content, measured by ELISA, at 2 weeks after cell
implant. Data are expressed as means + SE (n = 8). Letters indicate different statistical groups by
ANOVA followed by Tukey’s test, assuming p < 0.05.

Additionally, to confirm the in vivo insulin secretion, we evaluate the serum C-peptide in all
experimental groups two weeks after the implants. Elevated levels of C-peptide were observed in
IPC-treated diabetic animals when compared to untreated diabetic or ADSC-treated diabetic animals
(Figure 6C) (p = 0.0123; f(3 20) = 4.682). However, C-peptide levels in IPC-treated diabetic rats did not
reach serum levels found in sham group.
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3. Discussion

In recent years, MSCs derived from different tissues, including adipose tissue, have attracted
attention for its use in cell regeneration research, mainly because of the abundance of available tissue
and the ease of production as well as the trophic capacity of the cells. All of the characteristics
of ADSCs provide the potential for these cells to differentiate into IPCs and make them a good
alternative to pancreatic islet transplantation, which is considered a promising treatment for diabetes
mellitus [9,13,35,36].

The ADSCs in this study presented functional criteria that are compatible with the identification of
genuine mesenchymal stromal cells according to the International Society of Cell Therapy criteria [37].
In addition, as the mesenchymal stromal cells were isolated from the epididymal adipose tissue,
the content of S100B, a calcium-binding protein characteristically expressed in this tissue [38,39] was
investigated. In fact, S100B is highly expressed (and secreted) by adipose tissue [40], but was clearly
not expressed in ADSCs.

There are several available protocols that can be used to differentiate ADSCs into IPCs and, based
on a combination of those, we chose three protocols, considering simplicity (number of inductors),
short duration and those that are currently in use, to provide a more direct comparative analysis.
Our previous studies with EX-4 and resveratrol influenced this choice [41,42]. It is also important to
emphasize that we look for functional insulin-secreting cells in this work rather than a pancreatic {3 cell
phenotype, which takes in account, in addition to insulin secretion, other features such as morphology
or islet aggregation (for a review, see [43]). We observed that protocols II (supplemented with EX-4
and activin A) and III (supplemented with resveratrol) generated cells with higher affinity for DTZ
stain (indirect labeling of insulin presence) and pro-insulin (evaluated by Western blotting). However,
a much higher content of insulin (as measured by ELISA and immunofluorescence) was observed in
cells differentiated by protocol II than with the other two protocols.

The GLUT-2 transporter is involved in the detection of glucose by pancreatic 3 cells and in the
mechanism of insulin secretion [44,45]. The production of insulin and the expression of GLUT-2 by
cells confirm their differentiation and functionality as IPCs [46]. When the expression of GLUT-2 was
evaluated, both protocols II and III induced increased GLUT-2 expression, although glucose uptake
was increased in the IPCs that were differentiated with all three protocols, when compared with the
undifferentiated cells. Moreover, the IPCs responded to glucose stimulus, but insulin secretion was
higher in the IPCs differentiated by protocols II and III. Glucose withdrawal caused a decrease in
insulin secretion only in the IPCs that were differentiated by protocol II, indicating that those cells
were more similar to 3-cells. These data reinforce the trophic role of EX-4 in the differentiation of IPCs
and insulin secretion in (-cells [47]. Due to intrinsically low levels of antioxidant enzyme expression
and activity, insulin-producing pancreatic 3-cells are particularly susceptible to free radical attack [48],
motivating us to use resveratrol due to its antioxidant properties in addition to its ability to promote cell
differentiation. However, while IPC differentiation was observed, physiological glucose responsiveness
was not observed in the cells that were differentiated with resveratrol.

Specific signaling pathways are involved in the initial stages IPCs differentiation induced by
different protocols. Co-incubation with the SB203580 inhibitor during differentiation prevented the
increase in insulin in IPCs submitted to protocol II, suggesting that the p38/MAPK pathway positively
regulates the cell differentiation induced by EXE-4 and activin A. Reinforcing this idea, we observed an
increase in the phosphorylation of p38/MAPK in these IPCs without any change in content. A previous
study has shown that MAPKSs play crucial roles in chondrogenesis and osteogenesis in MSCs [47]
and are important for the proliferation and differentiation of mesenchymal stromal cells derived
from dental pulp [49]. More recently, a positive role for the p38 pathway was demonstrated in the
differentiation of osteogenic lineage from dental pulp [50]. EX-4 is a GLP-1 agonist and binds to
the GLP-1 receptor by activating the p38/MAPK via the PKA pathway [51,52], consistent with our
data regarding the differentiation of IPCs from ADSCs using EX-4. Moreover, activin A (also used in
protocol II), which stimulates the proliferation of adipocyte progenitors cells but inhibits adipocyte
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differentiation [53], may contribute to IPC differentiation via the activation of p38/MAPK [54]. However,
this hypothesis deserves further investigation.

Another signaling pathway investigated was the PI3K/Akt, where its inhibitor LY294002 increased
insulin expression in all protocols for IPC differentiation; furthermore, PI3K phosphorylation did not
differ among the cells. The role of the PI3K/Akt pathway in IPCs differentiation has been previously
described (e.g., [55]), but some conflicting evidence exists in the literature. For example, PI3K activation
was described in the differentiation of pancreatic endocrine cells [56], but an opposite effect has also
been described [57]. In our study, the presence of LY94002 increased insulin expression in ADSCs,
suggesting an inductive behavior of this compound per se. Moreover, the increase in the presence of
this inhibitor was more pronounced in the protocols with EX-4/activin A or resveratrol. The molecular
basis of this mechanism is unclear, but clearly, PI3K/Akt has a negative role in the modulation of IPC
differentiation from ADSCs.

In contrast to the EX-4/Activin A protocol, resveratrol did not activate the p38/MAPK pathway,
but activated the JAK/Stat pathway, as demonstrated by augmented STAT3 phosphorylation.
This pathway has previously been reported as involved in IPC differentiation (e.g., [33]). Notably,
cytokine signaling, thought to stimulate IPC differentiation, is able to activate both the p38/MAPK
and Jak/STAT3 pathways. Assuming that STAT3 activation could affect autocrine insulin signaling via
SOCS [58,59], we investigated IRS-1 phosphorylation in IPCs during differentiation. In fact, in protocol
III, which employed resveratrol, IRS-1 phosphorylation at serine-307 was increased, suggesting a
lower sensitivity to insulin and insulin-like activators. Resveratrol is apparently able to differentiate
MSCs into adipocytes and to work as an insulin agonist in these cells [60]. Thus, our results suggest
that resveratrol can also differentiate ADSCs into IPCs, but that these IPCs exhibit lower autocrine
sensitivity to insulin (and other insulin-like activators) as well as lower responsiveness to glucose
withdrawal. Figure 7 summarizes the signaling pathways studied herein; however, the involvement of
other signaling pathways cannot be ruled out.

"

GLP1-R

l

AMPc IRS 1
l via SOCS ?
KA — PI3K —s Akt

JAK/STAT-3

SB _| p38MAPK |.Y /

I Insulin expression

Figure 7. Schematic representation of some of the signaling pathways involved in the differentiation
of ADSCs into IPCs. The increase in insulin expression by ADSCs is dependent on a set of signaling
pathways. The MAPK/p38 (red) and Jak/STAT-3 (blue) pathways act positively on the differentiation of
cells into insulin-producing cells, whereas the PI3K (green labelled) pathway acts negatively. Exendin-4
has been shown to be a good inducer of cell differentiation by enhancing p38 phosphorylation, which is
inhibited by SB203580 (SB). PI3K inhibition by LY294002 (LY) augmented insulin production in all
protocols of differentiation. Resveratrol (Resv) activates the Jak/STAT-3 pathway, culminating in insulin
expression, but to a lesser extent when compared to exendin-4.
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Based on in vitro insulin production and glucose responsivity we decided to implant IPCs
differentiated by protocol II. Implanted IPCs in the renal subcapsular region were able to secrete
functional insulin, confirmed through the presence of serum C-peptide and the reduction of
hyperglycemia. The renal subcapsular space is a site commonly used in experimental cell
implantation [8,15,61], being a potential approach for clinical application. Our findings indicate that
adipose-derived IPCs, obtained with a simple and fast protocol was able to reduce (although partially)
the hyperglycemia in DM1. According to the literature, other works also had obtained the similar
effect on glycemia control, even using longer protocols of differentiation and adding more inductors
(e.g., [62]).

Some limitations of our study deserve to be commented. Firstly, we are aware that the time of
cell differentiation (three days for protocols II and III versus seven days for protocol I), as well as
the presence of FBS (protocol I) complicate analysis and comparisons between the different media
of differentiation. Nevertheless, the medium with EX-4 and activin A has consistently been found
to generate IPCs. Secondly, no differentiation protocol results in fully differentiated cells [15,63].
Therefore, our implant strategy (4 x 10° differentiated cells/rat) may not had had the enough IPCs
for a complete reversion in hyperglycemia, although it had contributed to a significantly reduction.
Perhaps larger implants or implants more enriched with differentiated cells would improve the results
in further investigations. Thirdly, despite of the promising results, we evaluated the efficacy of the
implants only one and two weeks after surgery. Future investigations will determine whether these
cells are able to control glycemia for long-term periods or at least to diminish some of the global
consequences of diabetes mellitus, such as the neurodegenerative alterations and cognitive deficits
observed in patients and experimental models.

4. Material and Methods

4.1. Animals

ADSCs were isolated from abdominal adipose (8-week-old) obtained from male Kyoto-Wistar
rats maintained at our breeding colony (Institute of Cardiology of Rio Grande do Sul, Experimental
Center, Porto Alegre, Brazil). The animals were maintained under controlled light and environmental
conditions (12 h light/12 h dark cycle at a constant temperature of 22 + 1 °C) with free access to
commercial chow and water. All animal experiments were carried out in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the
Federal University of Rio Grande do Sul Animal Care and Use Committee (process number 30626,
17 August 2016).

4.2. Chemicals

Fetal bovine serum (FBS), Dulbecco’s modified Eagle medium (DMEM), and other materials
for cell culture were purchased from Gibco BRL (Carlbad, CA, USA). D-[3-H] deoxy-glucose
(20 Ci/mmol) was purchased from Perkin-Elmer (Boston, MA, USA). Cytochalasin B (Cyt B),
4-(2-hydroxyethyl)-piperazine-1-ethanesulfonic acid (HEPES), S100B protein, anti-S100B antibody
(SH-B1), o-phenylenediamine (OPD), Anti-S100B antibody (clone SH-B) and antibodies for blotting:
anti-p PI3K was purchased from Cell Signaling (Frankfurt, Germany); anti-p p38 and anti-GLUT2
were from Sigma-Aldrich (St. Louis, MO, USA); anti-insulin and anti-p STAT3 were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA); and anti-p-actin and anti-p IRS were from EMD
Millipore (Darmstadt, Germany). Other reagents were purchased from local commercial suppliers
(Sulquimica, Labsul or Biogen; Porto Alegre, Brazil).

4.3. Isolation and Expansion of Rat Adipose Tissue-Derived Stromal Cells (ADSCs)

Epididymal fat was collected aseptically from the animals and minced into small pieces.
The fragments were digested with 1.5 mg/mL of collagenase type I (Sigma) and diluted in DMEM without
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serum for 20 min at 37 °C, and then added DMEM 10% FBS with 0.1 mg/mL streptomycin/100 U/mL
penicillin for interruption of enzymatic activity. After centrifugation at 1500 rpm for 5 min, each pellet
was resuspended using DMEN 10% FBS in a wet chamber at 37 °C/5% CO; until cell confluence.
The cells were detached using 0.05% trypsin-EDTA solution. In all experiments, were used cells at the
fourth passage [64].

4.4. Characterization of ADSCs

Surface marker analysis of the isolated MSCs was performed by incubation with
phycoerythrin-conjugated antibodies against murine CD29, CD44, CD90, CD45, CD31, and MHC
II for 30 min at 4 °C. The cells were analyzed using a FACSAria III cytometer (Becton Dickinson,
San Jose, CA, USA) equipped with a 488nm argon laser, and graphs were generated in WinMDI 9.2
software. The adipogenic and osteogenic differentiation of the MSCs was performed according to
previously published protocols [65]. After 4% paraformaldehyde fixation, the calcium deposition and
lipid droplets were stained with Alizarin Red S and Oil Red O solution, respectively.

4.5. ELISA for S100B

S100B contents were determined by ELISA according previously work [66]. In short, 50 pL of
sample plus 50 uL of Tris buffer were incubated on a microtiter plate previously coated with anti-S100B
monoclonal antibody (SH-B1, from Sigma) for 2 h. Anti-5100 polyclonal antibody (from DAKO) was
incubated for 30 min and then peroxidase-conjugated anti-rabbit antibody was added for a further
30 min. The color reaction with o-phenylenediamine was measured at 492 nm. The standard 5100B
curve ranged from 0.002 to 1 ng/mL.

4.6. Protocol for Differentiation of Mesenchymal Stromal Cells into Insulin-Producing Cells (IPCs)

In each of the protocols tested, including the control (DMEM serum free), the cells used were
in passage 4 (P4), cultured in triplicate in a 6-well plate (TPP), and with a confluence of greater
than 80% (~4 x 10° cells/mL). Cells were incubated in a humidified atmosphere at 37 °C and 5%
CO;. Protocol I: Insulin-Producing Cells (IPC/PI) (adapted from Chen et al., 2004 [5]). Cells were
maintained in DMEM-F12 (Dulbecco’s Modified Eagle Medium: Nutrient Mixture F-12, Gibco) for
7 days with 1% penicillin/streptomycin, 2% FBS supplemented with 10 nM nicotinamide. Protocol
II: Insulin-Producing Cells (IPC/PII) (adapted from Timper et al., 2006 [67]). Cells were maintained
for 3 days in serum-free DMEM-F12 with 1% penicillin/streptomycin, supplemented with 10 nM
nicotinamide (Sigma), 10 ng/mL activin-A (Sigma), and 10 nM exendin-4 (Sigma, St. Louis, MO,
USA). Protocol III: Insulin-Producing Cells (IPC/PIII). Cells were maintained for 3 days, in serum-free
DMEM-F12 with 1% penicillin/streptomycin, supplemented with 10 nM nicotinamide (Sigma) and
25 uM resveratrol [60]. For the evaluation of the different signaling pathways that are involved in cell
differentiation, the protocols listed above were incubated (serum-free DMEM) concomitantly with the
following specific inhibitors: 10 uM LY294002 (PI3K inhibitor) or 10 uM SB203580 (p38 inhibitor) [68].

4.7. Staining with Dithizone

Dithizone (DTZ) is a zinc ion-chelating agent (Zn%*) that is present in the insulin granules,
and selectively stains them. In order to identify the insulin-producing cells, 10 ug/mL of sterile DTZ
from a stock solution was added to the culture medium, as described by Shiroi et al., 2002 [69].

4.8. Immunofluorescence

The cells were cultured on circular glass cover slips. After treatment (and control) protocols,
cells were fixed for 20 min with 4% paraformaldehyde in phosphate buffer (PBS), washed with PBS
and permeabilized for 20 min in PBS containing 0.2% Triton X-100. The cells were then blocked
for 1 h with PBS containing 5% bovine serum albumin and incubated overnight with anti-insulin
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monoclonal antibody (clone H-86) at a 1:200 dilution, or monoclonal anti-GLUT2 at a 1:500 dilution.
Following overnight incubation, cells were washed in PBS/triton 0.2% (3 X 5 min) and incubated for
2 h with the respective secondary antibody at a 1:1000 dilution—Alexa Fluor 528 (goat anti-mouse-IgG;
red fluorescence) and Alexa 488 (goat anti-rabbit-IgG; green fluorescence). After washing, cells were
incubated with 4’,6-diamidino-2-phenylindole (DAPI, Sigma) for 10 min. Images were captured
using an Olympus BX51 phase-contrast fluorescent microscope (Olympus, Japan) and transferred to a
computer with a digital camera and Fluoviewer 3.1 FV1000 software for analysis [70].

4.9. Insulin Content

Measurement of insulin content was performed using commercial Rat/Mouse ELISAs (Millipore),
according to the manufacturer’s instructions.

4.10. Evaluation of Glucose-Stimulated Insulin Secretion

Insulin secretion into the cell culture supernatant was evaluated using the commercial Rat Insulin
ELISA (Millipore), according to the manufacturer’s instructions. Briefly, the IPCs were incubated for
1 hour, three times. Each incubation step was performed with the collection of the medium at the
end for the evaluation of insulin secretion. Cells were washed carefully three times with DPBS and
then incubated with DMEM without glucose—DMEM F12 (17.5 mM glucose)—and DMEM without
glucose, respectively. The three steps each lasted one hour and cell supernatants were collected every
time for evaluation.

4.11. Glucose Uptake Assay

Glucose uptake was performed as previously described [34,70], with some modifications. The cells
were incubated with DMEM without glucose during 1 hour at 37 °C. Then, the medium was removed
and cells were incubated at 35 °C in a Hank’s balanced salt solution (HBSS). The assay started by the
addition of 0.1 uCi/well D-[2,3-3H] deoxy-glucose during 15 min. The incubation was stopped by
removing the medium and rinsing the slices twice with ice-cold HBSS. The slices were then lysed in a
0.5 M NaOH solution. Glucose uptake was calculated by subtracting the nonspecific uptake, obtained
using the glucose transporter inhibitor, cytochalasin B (25 uM), from the total uptake. Radioactivity
was measured using a scintillation counter. Results are expressed as nmol/mg protein/min.

4.12. Western Blot Analysis

Samples were prepared in lysis buffer (containing 62.5 mM Tris-HCI, pH 6.8, 10% (v/v), 2% (w/v)
SDS, glycerol, 5% (w/v) B-mercaptoethanol, and 0.002% bromphenol blue), and analyzed by SDS-PAGE
on 12% (w/v) acrylamide gel before electro transferring onto nitrocellulose membranes. Membranes
were incubated in TBS-T (20 mmol/L Tris-HCI, pH 7.5, 137 mmol/L NaCl, 0.05% (v/v) Tween 20)
containing 5% (w/v) bovine serum albumin (BSA) for 1 h at room temperature. After, the membranes
were incubated overnight with the respective primary antibodies—anti-insulin, anti-GLUT-2, anti-p
IRS-1, anti-p STAT3, anti-p P38, anti-p PI3K (dilution 1:1000), and anti-p-actin (dilution 1:5000)—rinsed
with TBS-T, and exposed to horseradish peroxidase-linked anti-IgG antibodies for 2 h at room
temperature. Detection of chemiluminescent bands were made using Image Quant LAS4000 GE
Healthcare, and densitometric analyses were performed using Image-] software. Results are expressed
as percentages of the control.

4.13. DM1 Model and Surgical Procedure-IPCs Implant

DM 1 model was induced by intraperitoneal injection of streptozotocin (STZ) (60 mg/kg in
citrate buffer, pH 4.5). Animals with a glycemic greater than 250 mg/dL will be considered diabetic.
A schematic representation of the experimental protocol is shown in Figure 6A.
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Adult male Kyoto-Wistar rats were divided in four groups: Group I (Sham group): included 8 rats
injected with vehicle via intraperitoneal (IP) injection and passed through all surgical steps except
transplantation. Group II, III, and IV: each group included 8 rats injected once with streptozotocin
(60 mg/kg body weight) via IP injection; Group II (diabetic group—STZ): passed through all surgical
steps except transplantation. Group III (STZ + ADSCs group): ADSCs were transplanted into
subcapsular renal (4 x 10° cells/ rat), after 1-week DM 1 induction. Group IV (STZ + IPCs group): IPCs
were transplanted into subcapsular renal (4 X 10° cells/ rat), after 1-week DM 1 induction.

Surgical procedure for subcapsular renal transplantation. Animals were anesthetized with
ketamine/xylazine (75 and 10 mg/kg, respectively, IP. After trichotomy in the left inferior dorsolateral
region, the kidney was exposed through a 1.5 cm incision and, with the aid of a straight thin forceps,
4 x 10° cells were implanted under the renal capsule. Sutured the two planes with suture wire 7.0,
the animal was placed on heating plate and monitored until it presents reactions to external stimuli [71].

4.14. Protein Determination

Protein content was measured by Lowry’s method with some modifications, using bovine serum
albumin as the standard [72].

4.15. Statistical Analysis

All in vitro experiments were performed in triplicate in at least six independent experiments
and the data represent means + SD. Statistical comparisons between different groups were tested by
one-way ANOVA followed by the Tukey’s test. For the S100B content, data are presented as means
+ S.E.M. and statistically evaluated by Student’s t-test. For the evaluation of glucose-stimulated
insulin secretion, statistical comparisons between different groups were made using repeated measures
ANOVA followed by Tukey’s test. All in vivo experiments were expressed as means + SE (n = 8) and
were tested by one-way ANOVA followed by Tukey’s test. Values of p < 0.05 were considered significant.
All analyses were performed using the Graphpad Prism software version 6 (La Jolla, CA, USA).

5. Conclusions

In summary, our data showed that is obtaining IPCs from ADSCs is viable and relatively easy
using a short-duration protocol. Protocols using EX-4 and activin A or resveratrol were able to
generate IPCs more efficiently, as shown by their expression of biomarkers (e.g., insulin and GLUT-2),
but only the protocol employing EX-4 and activin A was able to yield IPCs exhibiting a response
to glucose that was more similar to that of 3-cells. Moreover, p38/MAPK is involved in the process
of IPC differentiation and possibly in the responsiveness to glucose. Resveratrol also promoted
IPC differentiation independently of p38/MAPK, possibly by Jak/STAT3 activation, but these IPCs
cells did not respond to glucose withdrawal and exhibited lower sensitivity to the insulin-substrate
receptor 1, an adapter protein that binds insulin and insulin-like receptors. Our data contribute to the
understanding of the generation of IPCs from autologous adipose tissue and preparation of effective
implants of these cells, reinforcing the use of ADSCs in regenerative medicine for DM1.

Data Availability: The data used to support the findings of this study are available from the corresponding author
upon request.

Author Contributions: P.S., C.-A.G. and KM.W. designed the study. KM.W., L.R,, L.ZS., B.C.E, N.G.S. and PS.
performed laboratory experiments and collected data. K M.W. and P.S. performed statistical analyses. PS., C.-A.G.,
KM.W. and L.R. wrote the manuscript. All authors edited and approved the manuscript.

Funding: CNPq: CAPES, FAPERGS and INCTEN/CNPq.

Acknowledgments: This study was supported by the Conselho Nacional de Desenvolvimento Cientifico e
Tecnolégico (CNPq), Coordenacao de Aperfeicoamento de Pessoal de Nivel Superior (CAPES), Fundagao de
Amparo a Pesquisa do Estado do Rio Grande do Sul (FAPERGS), Universidade Federal do Rio Grande do Sul,
and Instituto Nacional de Ciéncia e Tecnologia para Excitotoxicidade e Neuroprotecao (INCTEN/CNPq).

Conflicts of Interest: The authors declare no conflict of interest.



Int. ]. Mol. Sci. 2019, 20, 2458 15 0f 18

References

1

10.

11;

12:

13:

14.

15.

16.

17.

18.

19;

Van Belle, T.L.; Coppieters, K.T.; von Herrath, M.G. Type 1 diabetes: Etiology, immunology, and therapeutic
strategies. Physiol. Rev. 2011, 91, 79-118. [CrossRef] [PubMed]

Chhabra, P.; Brayman, K.L. Stem cell therapy to cure type 1 diabetes: From hype to hope. Stem Cells Transl.
Med. 2013, 2, 328-336. [CrossRef]

Aguayo-Mazzucato, C.; Bonner-Weir, S. Pancreatic 3 Cell Regeneration as a Possible Therapy for Diabetes.
Cell Metab. 2018, 27, 57-67. [CrossRef] [PubMed]

Daley, G.Q. The promise and perils of stem cell therapeutics. Cell Stem Cell 2012, 10, 740-749. [CrossRef]
[PubMed]

Chen, L.-B,; Jiang, X.-B.; Yang, L. Differentiation of rat marrow mesenchymal stem cells into pancreatic islet
beta-cells. World |. Gastroenterol. 2004, 10, 3016-3020. [CrossRef]

Karnieli, O.; Izhar-Prato, Y.; Bulvik, S.; Efrat, S. Generation of insulin-producing cells from human bone
marrow mesenchymal stem cells by genetic manipulation. Stem Cells Dayt. Ohio 2007, 25, 2837-2844.
[CrossRef] [PubMed]

Oh, S.-H.; Muzzonigro, TM.; Bae, S-H.; LaPlante, ].M.; Hatch, HM.; Petersen, B.E. Adult bone
marrow-derived cells trans-differentiating into insulin-producing cells for the treatment of type I diabetes.
Lab. Investig. |. Tech. Methods Pathol. 2004, 84, 607-617. [CrossRef] [PubMed]

Paz, A.H.; Salton, G.D.; Ayala-Lugo, A.; Gomes, C.; Terraciano, P.; Scalco, R.; Laurino, C.C.EC.; Passos, E.P.;
Schneider, M.R.; Meurer, L.; et al. Betacellulin overexpression in mesenchymal stem cells induces insulin
secretion in vitro and ameliorates streptozotocin-induced hyperglycemia in rats. Stem Cells Dev. 2011, 20,
223-232. [CrossRef] [PubMed]

Chandra, V.; Swetha, G.; Muthyala, S.; Jaiswal, A.K,; Bellare, ].R.; Nair, P.D.; Bhonde, R.R. Islet-like cell
aggregates generated from human adipose tissue derived stem cells ameliorate experimental diabetes in
mice. PLoS ONE 2011, 6, €20615. [CrossRef]

Francese, R.; Fiorina, P. Inmunological and regenerative properties of cord blood stem cells. Clin. Immunol.
Orlando Fla 2010, 136, 309-322. [CrossRef]

Dominguez-Bendala, J.; Lanzoni, G.; Inverardi, L.; Ricordi, C. Concise Review: Mesenchymal Stem Cells for
Diabetes. STEM CELLS Transl. Med. 2012, 1, 59-63. [CrossRef] [PubMed]

Kim, B.; Yoon, B.S.; Moon, ].H.; Kim, ].; Jun, EK.; Lee, ].H.; Kim, ].S.; Baik, C.S.; Kim, A.; Whang, K.Y,; et al.
Differentiation of human labia minora dermis-derived fibroblasts into insulin-producing cells. Exp. Mol.
Med. 2012, 44, 26-35. [CrossRef]

Khorsandi, L.; Saremy, S.; Khodadadi, A.; Dehbashi, F. Effects of Exendine-4 on The Differentiation of Insulin
Producing Cells from Rat Adipose-Derived Mesenchymal Stem Cells. Cell ]. 2016, 17, 720-729. [PubMed]
Nejad-Dehbashi, F; Hashemitabar, M.; Orazizadeh, M.; Bahramzadeh, S.; Shahhosseini Pourshoushtary, E.;
Khorsandi, L. The effects of exendine-4 on insulin producing cell differentiation from rat bone marrow-derived
mesenchymal stem cells. Cell |. 2014, 16, 187-194. [PubMed]

Xin, Y,; Jiang, X.; Wang, Y.; Su, X,; Sun, M.; Zhang, L.; Tan, Y.; Wintergerst, K.A.; Li, Y,; Li, Y.
Insulin-Producing Cells Differentiated from Human Bone Marrow Mesenchymal Stem Cells In Vitro
Ameliorate Streptozotocin-Induced Diabetic Hyperglycemia. PLoS ONE 2016, 11, e0145838. [CrossRef]
[PubMed]

Xu, G.; Stoffers, D.A.; Habener, J.F.; Bonner-Weir, S. Exendin-4 stimulates both beta-cell replication and
neogenesis, resulting in increased beta-cell mass and improved glucose tolerance in diabetic rats. Diabetes
1999, 48, 2270-2276. [CrossRef] [PubMed]

Greig, N.H.; Holloway, H.W.; De Ore, K.A.; Jani, D.; Wang, Y.; Zhou, J.; Garant, M.].; Egan, ].M. Once daily
injection of exendin-4 to diabetic mice achieves long-term beneficial effects on blood glucose concentrations.
Diabetologia 1999, 42, 45-50. [CrossRef] [PubMed]

Nardin, P.; Zanotto, C.; Hansen, E,; Batassini, C.; Gasparin, M.S.; Sesterheim, P.; Gongalves, C.-A. Peripheral
Levels of AGEs and Astrocyte Alterations in the Hippocampus of STZ-Diabetic Rats. Neurochem. Res. 2016,
41, 2006-2016. [CrossRef]

Das, S.; Das, D.K. Anti-inflammatory responses of resveratrol. Inflamm. Allergy Drug Targets 2007, 6, 168-173.
[CrossRef]



Int. ]. Mol. Sci. 2019, 20, 2458 16 of 18

20.

21.

22.

23.

24.

25.

26.

27

28.

29.

30.

31.

32.

33.

34.

35.

36.

87:

Kao, C.-L,; Tai, L.-K,; Chiou, S.-H.; Chen, Y.-].; Lee, K.-H.; Chou, S.-].; Chang, Y.-L.; Chang, C.-M.; Chen, S.-].;
Ku, H.-H; et al. Resveratrol promotes osteogenic differentiation and protects against dexamethasone damage
in murine induced pluripotent stem cells. Stem Cells Dev. 2010, 19, 247-258. [CrossRef]

Liu, H.; Zhang, S.; Zhao, L.; Zhang, Y.; Li, Q.; Chai, X.; Zhang, Y. Resveratrol Enhances Cardiomyocyte
Differentiation of Human Induced Pluripotent Stem Cells through Inhibiting Canonical WNT Signal Pathway
and Enhancing Serum Response Factor-miR-1 Axis. Stem Cells Int. 2016, 2016, 2524092. [CrossRef]

Dai, Z.; Li, Y.,; Quarles, L.D.; Song, T.; Pan, W.; Zhou, H.; Xiao, Z. Resveratrol enhances proliferation
and osteoblastic differentiation in human mesenchymal stem cells via ER-dependent ERK1/2 activation.
Phytomedicine Int. |. Phytother. Phytopharm. 2007, 14, 806-814. [CrossRef]

Ding, H.; Xu, X.; Qin, X.; Yang, C.; Feng, Q. Resveratrol promotes differentiation of mouse embryonic stem
cells to cardiomyocytes. Cardiovasc. Ther. 2016, 34, 283-289. [CrossRef] [PubMed]

Baeyens, L.; Bouwens, L. Can beta-cells be derived from exocrine pancreas? Diabetes Obes. Metab. 2008, 10
(Suppl. 4), 170-178. [CrossRef]

Koblas, T.; Leontovy¢, I.; Zacharovova, K.; Berkovad, Z.; K¥iz, ].; Girman, P.; Saudek, E. Activation of the Jak/Stat
signalling pathway by leukaemia inhibitory factor stimulates trans-differentiation of human non-endocrine
pancreatic cells into insulin-producing cells. Folia Biol. 2012, 58, 98-105.

Valdez, I.A,; Dirice, E.; Gupta, M.K,; Shirakawa, J.; Teo, A K.K.; Kulkarni, R.N. Proinflammatory Cytokines
Induce Endocrine Differentiation in Pancreatic Ductal Cells via STAT3-Dependent NGN3 Activation. Cell Rep.
2016, 15, 460-470. [CrossRef] [PubMed]

Lemper, M.; Leuckx, G.; Heremans, Y.; German, M.S.; Heimberg, H.; Bouwens, L.; Baeyens, L. Reprogramming
of human pancreatic exocrine cells to 3-like cells. Cell Death Differ. 2015, 22, 1117-1130. [CrossRef] [PubMed]
Makeeva, N.; Roomans, G.M.; Welsh, N. Role of TAB1 in nitric oxide-induced p38 activation in
insulin-producing cells. Int. ]. Biol. Sci. 2006, 3, 71-76. [CrossRef] [PubMed]

Watanabe, H.; Saito, H.; Nishimura, H.; Ueda, J.; Evers, B.M. Activation of phosphatidylinositol-3 kinase
regulates pancreatic duodenal homeobox-1 in duct cells during pancreatic regeneration. Pancreas 2008, 36,
153-159. [CrossRef] [PubMed]

Mokhtari, D.; Al-Amin, A.; Turpaev, K; Li, T.; Idevall-Hagren, O.; Li, ].; Wuttke, A; Fred, R.G.; Ravassard, P;
Scharfmann, R.; et al. Imatinib mesilate-induced phosphatidylinositol 3-kinase signalling and improved
survival in insulin-producing cells: Role of Src homology 2-containing inositol 5’-phosphatase interaction
with c-Abl. Diabetologia 2013, 56, 1327-1338. [CrossRef]

Kemp, D.M.; Habener, J.E. Insulinotropic hormone glucagon-like peptide 1 (GLP-1) activation of insulin gene
promoter inhibited by p38 mitogen-activated protein kinase. Endocrinology 2001, 142, 1179-1187. [CrossRef]
[PubMed]

Lee, H.-J.; Choi, Y.-].; Park, S.-Y.; Kim, J.-Y.; Won, K.-C.; Son, J.-K.; Kim, Y.-W. Hexane Extract of Orthosiphon
stamineus Induces Insulin Expression and Prevents Glucotoxicity in INS-1 Cells. Diabetes Metab. ]. 2015, 39,
51-58. [CrossRef] [PubMed]

Velayos, T.; Martinez, R.; Alonso, M.; Garcia-Etxebarria, K.; Aguayo, A.; Camarero, C.; Urrutia, I.; Martinez
de LaPiscina, I; Barrio, R.; Santin, L; et al. An Activating Mutation in STAT3 Results in Neonatal Diabetes
Through Reduced Insulin Synthesis. Diabetes 2017, 66, 1022-1029. [CrossRef] [PubMed]

Wartchow, K.M.; Tramontina, A.C.; de Souza, D.E; Biasibetti, R.; Bobermin, L.D.; Gongalves, C.-A. Insulin
Stimulates S100B Secretion and These Proteins Antagonistically Modulate Brain Glucose Metabolism.
Neurochem. Res. 2016, 41, 1420-1429. [CrossRef]

Chen, L.; Tredget, E.E.; Wu, P.Y.G.; Wu, Y. Paracrine factors of mesenchymal stem cells recruit macrophages
and endothelial lineage cells and enhance wound healing. PLoS ONE 2008, 3, €1886. [CrossRef] [PubMed]
Gao, X.; Song, L.; Shen, K.; Wang, H.; Qian, M.; Niu, W.; Qin, X. Bone marrow mesenchymal stem cells
promote the repair of islets from diabetic mice through paracrine actions. Mol. Cell. Endocrinol. 2014, 388,
41-50. [CrossRef] [PubMed]

Bourin, P;; Bunnell, B.A.; Casteilla, L.; Dominici, M.; Katz, A.].; March, K.L.; Redl, H.; Rubin, J.P.; Yoshimura, K.;
Gimble, ].M. Stromal cells from the adipose tissue-derived stromal vascular fraction and culture expanded
adipose tissue-derived stromal/stem cells: A joint statement of the International Federation for Adipose
Therapeutics and Science (IFATS) and the International Society for Cellular Therapy (ISCT). Cytotherapy 2013,
15, 641-648.



Int. J. Mol. Sci. 2019, 20, 2458 17 of 18

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51

52.

53;

54.

55.

56.

57.

Hidaka, H.; Endo, T.; Kawamoto, S.; Yamada, E.; Umekawa, H.; Tanabe, K.; Hara, K. Purification and
characterization of adipose tissue S-100b protein. |. Biol. Chem. 1983, 258, 2705-2709.

Michetti, F; Dell’Anna, E.; Tiberio, G.; Cocchia, D. Immunochemical and immunocytochemical study of
S-100 protein in rat adipocytes. Brain Res. 1983, 262, 352-356. [CrossRef]

Gongalves, C.A.; Leite, M.C.; Guerra, M.C. Adipocytes as an Important Source of Serum S100B and Possible
Roles of This Protein in Adipose Tissue. Cardiovasc. Psychiatry Neurol. 2010, 2010, 790431. [CrossRef]
Bellaver, B.; Bobermin, L.D.; Souza, D.G.; Rodrigues, M.D.N.; de Assis, A.M.; Wajner, M.; Gongalves, C.-A;
Souza, D.O.; Quincozes-Santos, A. Signaling mechanisms underlying the glioprotective effects of resveratrol
against mitochondrial dysfunction. Biochim. Biophys. Acta 2016, 1862, 1827-1838. [CrossRef]

Zanotto, C.; Simao, F; Gasparin, M.S.; Biasibetti, R.; Tortorelli, L.S.; Nardin, P.; Gongalves, C.-A. Exendin-4
Reverses Biochemical and Functional Alterations in the Blood-Brain and Blood-CSF Barriers in Diabetic Rats.
Mol. Neurobiol. 2017, 54, 2154-2166. [CrossRef]

Balboa, D.; Saarimiki-Vire, ].; Otonkoski, T. Concise Review: Human Pluripotent Stem Cells for the Modeling
of Pancreatic 3-Cell Pathology. Stem Cells 2019, 37, 33—41. [CrossRef] [PubMed]

Kellett, G.L.; Brot-Laroche, E.; Mace, O.].; Leturque, A. Sugar absorption in the intestine: The role of GLUT2.
Annu. Rev. Nutr. 2008, 28, 35-54. [CrossRef] [PubMed]

Olson, A.L.; Pessin, J.E. Structure, function, and regulation of the mammalian facilitative glucose transporter
gene family. Annu. Rev. Nutr. 1996, 16, 235-256. [CrossRef]

Tang, D.-Q.; Cao, L.-Z.; Burkhardt, B.R.; Xia, C.-Q.; Litherland, S.A.; Atkinson, M.A.; Yang, L.-]. In vivo and
in vitro characterization of insulin-producing cells obtained from murine bone marrow. Diabetes 2004, 53,
1721-1732. [CrossRef]

Li, J.; Zhao, Z.; Liu, J.; Huang, N.; Long, D.; Wang, J.; Li, X.; Liu, Y. MEK/ERK and p38 MAPK
regulate chondrogenesis of rat bone marrow mesenchymal stem cells through delicate interaction with
TGEF-betal/Smads pathway. Cell Prolif. 2010, 43, 333-343. [CrossRef] [PubMed]

Dini¢, S.; Grdovi¢, N.; Uskokovi¢, A.; Pordevi¢, M.; Mihailovi¢, M.; Jovanovié, J.A.; Poznanovi¢, G.;
Vidakovi¢, M. CXCL12 protects pancreatic 3-cells from oxidative stress by a Nrf2-induced increase in catalase
expression and activity. Proc. [pn. Acad. Ser. B Phys. Biol. Sci. 2016, 92, 436-454. [CrossRef] [PubMed]
Zhang, H.; Liu, S.; Zhou, Y.; Tan, J.; Che, H.; Ning, F.; Zhang, X.; Xun, W.; Huo, N.; Tang, L.; et al. Natural
mineralized scaffolds promote the dentinogenic potential of dental pulp stem cells via the mitogen-activated
protein kinase signaling pathway. Tissue Eng. Part A 2012, 18, 677-691. [CrossRef] [PubMed]

Ba, P; Duan, X,; Fu, G.; Ly, S,; Yang, P.; Sun, Q. Differential effects of p38 and Erk1/2 on the chondrogenic and
osteogenic differentiation of dental pulp stem cells. Mol. Med. Rep. 2017. [CrossRef]

Roussel, M.; Mathieu, J.; Dalle, S. Molecular mechanisms redirecting the GLP-1 receptor signalling profile in
pancreatic 3-cells during type 2 diabetes. Horm. Mol. Biol. Clin. Investig. 2016, 26, 87-95. [CrossRef]

Yang, J.-L.; Chen, W.-Y.; Chen, Y.-P; Kuo, C.-Y.; Chen, S.-D. Activation of GLP-1 Receptor Enhances
Neuronal Base Excision Repair via PI3K-AKT-Induced Expression of Apurinic/Apyrimidinic Endonuclease
1. Theranostics 2016, 6, 2015-2027. [CrossRef] [PubMed]

Zaragosi, L.-E.; Wdziekonski, B.; Villageois, P.; Keophiphath, M.; Maumus, M.; Tchkonia, T.; Bourlier, V.;
Mohsen-Kanson, T.; Ladoux, A.; Elabd, C.; et al. Activin a plays a critical role in proliferation and
differentiation of human adipose progenitors. Diabetes 2010, 59, 2513-2521. [CrossRef] [PubMed]

Hu, W,; Lu, H.; Wang, S.; Yin, W.; Liu, X,; Dong, L.; Chiu, R.; Shen, L.; Lu, W.-].; Lan, E. Suppression of
Nestin reveals a critical role for p38-EGFR pathway in neural progenitor cell proliferation. Oncotarget 2016, 7,
87052-87063. [CrossRef]

Mao, G.-H.; Lu, P.; Wang, Y.-N.; Tian, C.-G.; Huang, X.-H.; Feng, Z.-G.; Zhang, J.-L.; Chang, H.-Y. Role of
PI3K p110p in the differentiation of human embryonic stem cells into islet-like cells. Biochem. Biophys. Res.
Commun. 2017, 488, 109-115. [CrossRef] [PubMed]

Kohn, A.D.; Summers, S.A.; Birnbaum, M.].; Roth, R.A. Expression of a constitutively active Akt Ser/Thr
kinase in 3T3-L1 adipocytes stimulates glucose uptake and glucose transporter 4 translocation. J. Biol. Chem.
1996, 271, 31372-31378. [CrossRef]

Hori, Y.; Rulifson, I.C.; Tsai, B.C.; Heit, ].].; Cahoy, ].D.; Kim, S.K. Growth inhibitors promote differentiation
of insulin-producing tissue from embryonic stem cells. Proc. Natl. Acad. Sci. USA 2002, 99, 16105-16110.
[CrossRef]



Int. ]. Mol. Sci. 2019, 20, 2458 18 of 18

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Fan, N.; Sun, H.; Wang, Y.; Zhang, L.; Xia, Z.; Peng, L.; Hou, Y.; Shen, W.; Liu, R.; Peng, Y. Midkine, a Potential
Link between Obesity and Insulin Resistance. PLoS ONE 2014, 9, e88299. [CrossRef] [PubMed]

Galic, S.; Sachithanandan, N.; Kay, TW.; Steinberg, G.R. Suppressor of cytokine signalling (SOCS) proteins as
guardians of inflammatory responses critical for regulating insulin sensitivity. Biochem. J. 2014, 461, 177-188.
[CrossRef]

Caldarelli, I.; Speranza, M.C.; Bencivenga, D.; Tramontano, A.; Borgia, A.; Pirozzi, A.V.A.; Perrotta, S.;
Oliva, A.; Della Ragione, F; Borriello, A. Resveratrol mimics insulin activity in the adipogenic commitment
of human bone marrow mesenchymal stromal cells. Int. ]. Biochem. Cell Biol. 2015, 60, 60-72. [CrossRef]
Gabr, M.M.; Zakaria, M.M.; Refaie, A.E,; Ismail, A.M.; Abou-El-Mahasen, M.A.; Ashamallah, S.A.; Khater, S.M.;
El-Halawani, S.M.; Ibrahim, R.Y.; Uin, G.S.; et al. Insulin-producing cells from adult human bone marrow
mesenchymal stem cells control streptozotocin-induced diabetes in nude mice. Cell Transplant. 2013, 22,
133-145. [CrossRef] [PubMed]

Kondo, Y.; Toyoda, T.; Ito, R.; Funato, M.; Hosokawa, Y.; Matsui, S.; Sudo, T.; Nakamura, M.; Okada, C.;
Zhuang, X.; et al. Identification of a small molecule that facilitates the differentiation of human iPSCs/ESCs
and mouse embryonic pancreatic explants into pancreatic endocrine cells. Diabetologia 2017, 60, 1454-1466.
[CrossRef] [PubMed]

Gabr, M.M.; Zakaria, M.M.; Refaie, A.F.,; Khater, S.M.; Ashamallah, S.A.; Ismail, A.M.; El-Badri, N.;
Ghoneim, M.A. Generation of insulin-producing cells from human bone marrow-derived mesenchymal
stem cells: Comparison of three differentiation protocols. BioMed Res. Int. 2014, 2014, 832736. [CrossRef]
[PubMed]

Meirelles, L.d.S.; Nardi, N.B. Murine marrow-derived mesenchymal stem cell: Isolation, in vitro expansion,
and characterization. Br. |. Haematol. 2003, 123, 702-711. [CrossRef]

Da Silva Meirelles, L.; Chagastelles, P.C.; Nardi, N.B. Mesenchymal stem cells reside in virtually all post-natal
organs and tissues. J. Cell Sci. 2006, 119, 2204-2213. [CrossRef] [PubMed]

Leite, M.C.; Galland, F; Brolese, G.; Guerra, M.C.; Bortolotto, ].W.; Freitas, R.; de Almeida, L.M.V,; Gottfried, C.;
Gongalves, C.-A. A simple, sensitive and widely applicable ELISA for S100B: Methodological features of the
measurement of this glial protein. J. Neurosci. Methods 2008, 169, 93-99. [CrossRef] [PubMed]

Timper, K.; Seboek, D.; Eberhardt, M.; Linscheid, P.; Christ-Crain, M.; Keller, U.; Miiller, B.; Zulewski, H.
Human adipose tissue-derived mesenchymal stem cells differentiate into insulin, somatostatin, and glucagon
expressing cells. Biochem. Biophys. Res. Commun. 2006, 341, 1135-1140. [CrossRef]

De Souza, D.F; Wartchow, K.; Hansen, F; Lunardi, P; Guerra, M.C.; Nardin, P.; Gongalves, C.-A.
Interleukin-6-induced S100B secretion is inhibited by haloperidol and risperidone. Prog. Neuropsychopharmacol.
Biol. Psychiatry 2013, 43, 14-22. [CrossRef]

Shiroi, A.; Yoshikawa, M.; Yokota, H.; Fukui, H.; Ishizaka, S.; Tatsumi, K.; Takahashi, Y. Identification of
insulin-producing cells derived from embryonic stem cells by zinc-chelating dithizone. Stem Cells Dayt. Ohio
2002, 20, 284-292. [CrossRef] [PubMed]

Pellerin, L.; Magistretti, P.J. Glutamate uptake into astrocytes stimulates aerobic glycolysis: A mechanism
coupling neuronal activity to glucose utilization. Proc. Natl. Acad. Sci. USA 1994, 91, 10625-10629. [CrossRef]
Li, D.; Hao, J.; Yuan, Y.-H.; Yun, S.H.; Feng, ] -B.; Dai, L.-].; Warnock, G.L. Pancreatic islet transplantation to
the renal subcapsule in mice. Protoc. Exch. 2011. [CrossRef]

Peterson, G.L. A simplification of the protein assay method of Lowry et al. which is more generally applicable.
Anal. Biochem. 1977, 83, 346-356. [CrossRef]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
‘@ : | article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



4 CAPITULO?2

Article

Insulin-producing cells from adipose-derived mesenchymal stromal cells: Protection
against cognitive impairment in diabetic rats depends upon implant site

Krista Minéia Wartchow?, Leticia Rodrigues?, Lilian Juliana Lissner?, Barbara Carolina
Federhen?, Nicholas Guerini Selistre?, Aline Moreira?, Carlos-Alberto Gongalves®* and

Patricia Sesterheim®.

& Federal University of Rio Grande do Sul (UFRGS), Biochemistry Post-Graduate

Program, Porto Alegre, Brazil.

b Institute of Cardiology of Rio Grande do Sul, Experimental Center, Porto Alegre, Brazil.

Artigo submetido ao periédico Cytotherapy

48



Manuscript Click here to view linked References =

1  Insulin-producing cells from adipose-derived mesenchymal stromal cells: Protection

2 against cognitive impairment in diabetic rats depends upon implant site

4  Krista Minéia Wartchow?, Leticia Rodrigues?, Lilian Juliana Lissner®, Barbara Carolina
5  Federhen®, Nicholas Guerini Selistre®, Aline Moreira®, Carlos-Alberto Gongalves** and

6 Patricia Sesterheim®.

8  *Federal University of Rio Grande do Sul (UFRGS), Biochemistry Post-Graduate
9  Program, Porto Alegre, Brazil.

10

11 PInstitute of Cardiology of Rio Grande do Sul, Experimental Center, Porto Alegre,
12 Brazil

13
14 *Corresponding author:
15  Dr Carlos Alberto Gongalves

16  Federal University of Rio Grande do Sul (UFRGS), Biochemistry Post-Graduate
17  Program.

18  Ramiro Barcelos, 2600-Anexo

19 90035003, Porto Alegre, RS, Brazil
20  E-mail: casg@ufrgs.br

21

22

23

24

25



26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

Abstract

Diabetes mellitus (DM) is a serious public health problem and can cause long-term
damage to tissues is the brain, resulting in cognitive impairment in these patients. Insulin
therapy for type 1 DM (DM1) can achieve overall blood glucose control, but glycemic
variations can occur during injection intervals, which may contribute to some
complications. Among the additional therapies available for DM1 treatment is the
implantation of insulin-producing cells (IPCs) to attenuate hyperglycemia and even
reverse diabetes. We investigated the strategy of implanting IPCs obtained from
mesenchymal stromal cells (MSCs) from adipose tissue, comparing two different IPC
implant sites, subcapsular renal (SR) and subcutaneous (SC), to investigate their putative
protection against hippocampal damage, induced by STZ, in a rat DM1 model. Both
implants improved hyperglycemia and reduced the serum content of advanced-glycated
end products in diabetic rats, but serum insulin was not observed in the SC group. The
SC-implanted group demonstrated ameliorated cognitive impairment (evaluated by novel
object recognition) and modulation of hippocampal astroglial reactivity (evaluated by
S100B and GFAP). Using GFP + cell implants, the survival of cells at the implant sites
was observed, as well as their migration to the pancreas and hippocampus. The presence
of undifferentiated MSCs in our IPC preparation could help explain the peripheral
reduction in AGEs (by autophagic depuration) and the recovery of cognitive impairment
(by immunomodulation at the hippocampus) observed. Together, these data reinforce the
importance of MSCs for use in neuroprotective strategies, and highlight the logistic

importance of the subcutaneous route for their administration.

Key words: Diabetes mellitus, hippocampus, insulin-producing cells, MSCs,

subcutaneous implant, S100B.
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Introduction

Diabetes mellitus (DM) is a serious and growing public health problem, affecting
around 30 million people of all ages. According to the American Diabetes Association,
type 1 diabetes (DM1) accounts for 5 to 10% of the total diabetic population (Drive et al.
2017). DM is a metabolic disorder characterized by hyperglycemia caused by T cells
infiltrated in the Langerhans islets, resulting in destruction of the pancreatic -cells (van
Belle etal., 2011) and consequent loss of the production and secretion of insulin (Chandra
et al., 2011). In Brazil, almost 90% of DM patients fail to achieve glycemic control

(Coutinho and Silva Janior, 2015).

In addition to the well-known peripheral complications resulting from DM,
several studies report that the disease can also affect the central nervous system (CNS),
incurring complications such as diabetic encephalopathy, and increasing the probability
of cognitive decline and the acceleration of Alzheimer's disease (AD), among other
dementias (Bauduceau et al., 2010; Jolivalt et al., 2010; Klimova et al., 2018; Zhou et al .,
2013). Experimental data in animal models of DM1, induced by streptozotocin (STZ),
suggest that learning deficits resulting from DM are associated with impairments in
synaptic plasticity in the hippocampus (Nardin et al., 2016; Zhang et al., 2008). Through
this model, a series of studies has demonstrated evidence of brain damage, including
astrocyte reactivity (Jing et al., 2013; Nardin et al., 2016), neuronal damage and memory
deficits (Mao et al., 2014), and even deposition of B-amyloid peptide, in these rats (Zhang

etal., 2010).

Potential definitive treatment strategies for DM 1, which intend to correct insulin
dependence, include pancreas transplantation, pancreatic islet transplantation and, more
recently, autoimmunity blockade and stem cell-based therapy (Aguayo-Mazzucato and

Bonner-Weir, 2018; Vanikar et al., 2016). Mesenchymal stromal cells (MSCs) can be
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obtained from various tissues for differentiation into insulin-producing cells (IPCs)
(Karnieli et al., 2007; Sapir et al., 2005; Sun et al., 2007; Timper et al., 2006, Wang et al.,
2011). The adipose tissue offers distinct advantages due to its availability and significant
therapeutic potential, characterized by its intrinsic regenerative capacity and its
immunomodulatory properties (Chhabra and Brayman, 2013; Skyler, 2018). The rate of
adipose stromal cell (ADSC) isolation is 100% and the yield of adipose tissue is 40 times
higher than that of bone marrow (Kern et al., 2006). Therefore, in addition to being easily
obtained, the adipose tissue is a rich source of stromal cells that can be successfully used

in autologous transplants (Lin et al., 2017).

For regenerative application, the route for cell implantation is very important for
homing prediction. Numerous sites have been proposed and tested, both experimentally
and in some cases clinically, including the liver, kidney subcapsular region, spleen,
pancreas, omentum, gastrointestinal wall and subcutaneous spaces (Lacy et al., 1989;
Mellgren et al., 1986). For some time, the kidney capsule was used for experimental islet
implants (Szot et al., 2007). This site offers many advantages, such as a highly
vascularized space that provides better survival and graft protection (Faleo et al., 2017;
Stokes et al., 2017). Another attractive option for the implant is the subcutaneous site,
which offers accessibility and retrievability, as well as the potential for biopsy and simple
monitoring (Bruni et al., 2014). Nevertheless, it is still unclear as to what degree the
implantation site influences the transplant outcome, and few studies have compared

whether the IPC implantation site interferes in the cognitive deficit consequent to DM1.

Despite the successful transdifferentiation of ADSCs to IPCs, an ideal site for
IPC transplantation has yet to be determined. To evaluate this issue, we investigated and
compared the efficacy of IPC implants in the renal subcapsular space and subcutaneous

region of rats submitted to the DM1 model induced by STZ. We looked at metabolic
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peripheral changes, as well as CNS alterations, particularly in the hippocampus, and

observed cognitive behavior that is dependent on this brain region.

Material and Methods

Animals

Eight-week-old male Wistar Kyoto rats (WKY) were used for mesenchymal stromal cell
isolation from adipose tissue. Cells were then expanded and differentiated into insulin-
producing cells (Institute of Cardiology of Rio Grande do Sul, Experimental Cardiology
Center, Porto Alegre, Brazil). The animals were maintained in constant 12-h light/dark
cycle, temperature of 24 £ 2°C, 50-60% relative humidity and were housed in groups
of four in standard cages with ad libitum access to drinking water and standard food
pellets. All animal procedures were performed according to guidelines of the National
Institutes of Health Guide for the Care and Use of Laboratory Animals, and all protocols
were approved by the Federal University of Rio Grande do Sul Animal Care and Use
Committee (process number 30626). For MSC/IPC tracking, we used Lewis rats and
transgenic (tg) Lewis rats ubiquitously expressing green fluorescent protein (GFP-tg

Lewis).

Chemicals

Streptozotocin (STZ), fetal bovine serum (FBS), Dulbecco’s modified Eagle medium
(DMEM) and other materials for cell culture were purchased from Gibco BRL (Carlbad,
CA, USA). S100B protein, anti-S100B antibody (SH-B1), o-phenylenediamine (OPD),
anti-S100B antibody (clone SH-B) and anti-synaptophysin were purchased from Santa
Cruz Biotechnology (Santa Cruz CA, USA). Anti-B-actin was from EMD Millipore
(Darmstadt, Germany). Other reagents were purchased from local commercial suppliers

(Sulquimica and Labsul, Porto Alegre, Brazil).
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Isolation and expansion of adipose-derived mesenchymal stromal cells (ADSCs)

Epididymal fat was collected aseptically from WKY rats (or GFP-tg Lewis) and minced
into small pieces. The fragments were digested with 1.5 mg/mL of collagenase type I
(Sigma) and diluted in DMEM without serum for 20 min at 37 -C; 10% FBS with 0.1
mg/mL streptomycin and 100 U/mL penicillin in DMEM was then added for interruption
of enzymatic activity. After centrifugation at 1500 rpm for 5 min, pellets were
resuspended in DMEM with 10% FBS in a wet chamber at 37 °C/5% CO2 until cell
confluence. The cells were detached using 0.05% trypsin-EDTA solution. Cells were used

at the fourth passage in all experiments (Wartchow et al., 2019).
Characterization of ADSCs

For surface marker analysis of the isolated ADSCs, cells were incubated with
phycoerythrin-conjugated antibodies against murine CD29, CD44, CD90, CD45, CD31,
and MHC 11 for 30 min at 4°C. The cells were analyzed using a FACSAria III cytometer
(Becton Dickinson, San Jose, CA) equipped with a 488nm argon laser, and graphs were
generated with WinMDI 9.2 software. The adipogenic and osteogenic differentiation of
the MSCs was performed according to previously published protocols (da Silva Meirelles
et al., 2006). After 4% paraformaldehyde fixation, the calcium deposition and lipid

droplets were stained with Alizarin Red S and Oil Red O solution, respectively.
Differentiation of mesenchymal stromal cells into insulin-producing cells (IPCs)

Cells used (in passage 4, P4) were cultured in triplicate in a 6-well plate (TPP) and had a
confluence of greater than 80% (~ 4x10° cells/mL). Cells were incubated in a humidified
atmosphere at 37°C and 5% COaz. Control cells were cultured with serum free DMEM.
To obtain IPCs ( previously described by Wartchow et al., 2019), cells were maintained

for 3 days in serum-free DMEM-F12 with 1% penicillin/streptomycin, supplemented
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with 10 nM nicotinamide (Sigma), 10 ng/ml activin-A (Sigma) and 10 nM exendin-4

(Sigma, St. Louis, MO).

Evaluation of glucose-stimulated insulin secretion

Insulin secretion into in the cell culture supernatant was measured by colorimetric assay
(Labtest Diagnostica Kits), as indicated by the manufacturer, and employing the Labmax
240 equipment (Labtest Diagnostica, Minas Gerais, Brazil). Briefly, the IPCs were
incubated for 1 hour, twice. Cells were washed carefully three times with DPBS and then
incubated with DMEM without glucose and DMEM F12 (17.5 mM glucose),
respectively. The two steps each lasted one hour and cell supernatants were collected at
the end for evaluation of insulin secretion. Medium insulin was measured again two
weeks later in the absence of the differentiation inductors to confirm the maintenance of

insulin secretion potential.

DM1 model and surgical procedure for IPC implantation

The DM1 model was induced by intraperitoneal (IP) injection of streptozotocin (STZ)
(60 mg/kg in citrate buffer, pH 4.5). Animals with a glycemia of greater than 250 mg/dL
were considered diabetic. A schematic representation of the experimental protocol is
shown in Fig. 2 A. WKY rats were used to analyze the stromal and immunomodulatory
effects of ADSCs and the effectiveness of cell treatment using ADSCs differentiated into
IPCs for the prevention of cognitive damage by untreated diabetes. The groups (8 male
WKY rats per group) were divided into: Group I (Sham group): Animals injected with
vehicle via IP injection and submitted to all surgical steps except transplantation. Group
I1, Group III and Group IV: Rats injected once with STZ (60 mg/kg body weight) via
IP injection. Group II (diabetic group - STZ): Animals submitted to all surgical steps

except transplantation. Group III (SCR -IPCs): Animals received IPCs transplanted into
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subcapsular renal space (4 x 10° cells/ rat) at 1 week after DM1 induction. Group IV
(SC- IPCs): Animals received IPCs transplanted into subcutaneous space (4 x 10° cells/

rat), at 1 week after DM1 induction.

Briefly, on the day of the surgery, all animals were anesthetized with ketamine/xylazine

(75 and 10 mg/kg, respectively, i.p.).

Surgical procedure for Subcapsular renal implantation: After trichotomy of the
left inferior dorsolateral region, the kidney was exposed through a 1.5 ¢cm incision and,
with the aid of straight thin forceps, 4 x 10° cells were implanted under the renal capsule.
After suturing the two planes with 7.0 suture wire the animal was placed on a heating

plate and monitored until it presented reactions to external stimuli.

Surgical procedure for subcutaneous implantation: A longitudinal incision
(0.5cm) was made in the dorsal of the rat, the skin was separated from the underlying

muscle with forceps and 4 x 10° cells were implanted in this subcutaneous space.

Similarly, following the same procedure and at the same sites, IPCs from adipose-
derived mesenchymal stromal cells of green fluorescent protein (GFP-tg Lewis) rats were
transplanted into Lewis rats subjected to diabetes mellitus (induced by STZ) for tracking

the cells.
Glycemia control

Weekly blood glucose measurements were performed with a blood glucose monitor
(Accu-Chek Advantage II-Roche) on 20-uL blood samples, collected by pricking the

distal portion of animals’ tails with an insulin needle.

Peptide C release
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Measurement of peptide C content was performed using commercial rat / mouse ELISAs

(Millipore), according to the manufacturer's instructions.

AGE measurement

AGEs were measured in the serum by ELISA, as previously described by Ikeda et al.
(Ikeda et al., 1996) with some modifications. Briefly, the wells of a microtiter plate were
coated overnight with 0.1pg protein in 0. 1mL of 50mM carbonate bicarbonate buffer (pH
9.6). The wells were washed with washing buffer (PBS containing 0.05% Tween 20) and
then incubated for 3h with 2% albumin. Subsequently, wells were washed again and
incubated with 100uL of anti-AGE (6D12) for 1h. After washing, wells were incubated
with 100uL peroxidase-conjugated secondary antibody for 1h. The reactivity of
peroxidase was determined by incubation with OPD for 30 min. The reaction was stopped
by the addition of SOuL sulfuric acid (3M). Absorbance measurements were taken at 492

nm. Results were calculated and expressed as a percentage of the control.

Novel recognition test (NOR)

The novel recognition test (NOR) is a task comprised of three phases; habituation,
training and test performed in an open field apparatus (50 cm side). To habituate the
animals, rats were placed in the lateral of the apparatus and allowed to freely explore the
open-field arena in the absence of objects during 10 minutes. Twenty-four hours after the
habituation phase, the animals underwent a training phase, where the rat was returned to
the apparatus that contained two identical sample objects (A + A). 1 hour and 24 hours
after the training phase, the rats returned to the apparatus to test short-term (STM) or
long-term (LTM) memory, respectively. In the test session, the rat was returned to the
open-field arena that contained two objects; one object was identical to the training

session and the other object was novel (A + B). For LTM, the object ‘B’ was replaced by
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a third one ‘C’, and the ‘A’ object was maintained the same. The recognition index in
each session was calculated as follows: time exploring the novel object/time exploring
both objects. Exploration was defined as sniffing or touching the object with the nose
and/or forepaws. The apparatus and the objects were thoroughly cleaned with 70%

ethanol between the trials to ensure the absence of olfactory cues (Biasibetti et al., 2017).

ELISA for S100B and GFAP

Hippocampal S100B content was measured by ELISA (Leite et al., 2008). Briefly, SOuL
of sample plus 50uL of Tris buffer were incubated for 2h on a microtiter plate previously
coated with monoclonal anti-S100B (SH-B1). Polyclonal anti-S100B was incubated for
30 min and then peroxidase-conjugated anti-rabbit antibody was added for a further 30
min. A colorimetric reaction with o-phenylenediamine was measured at 492 nm. The
standard S100B curve ranged from 0.020 to 10 ng/mL. The ELISA for hippocampal
GFAP (Tramontina et al., 2007) was carried out by coating the microtiter plate with
100uL samples containing 30ug of protein for 24h at 4°C. Incubation with a rabbit
polyclonal anti-GFAP for 2h was followed by incubation with a secondary antibody
conjugated with peroxidase for 1h, at room temperature; the standard GFAP curve ranged

from 0.1 to 10 ng/mL.

Western blot analysis for synaptophysin

Proteins in the samples were homogenized in sample buffer (62.5 mM Tris—HCI, pH 6.8,
10% (v/v) glycerol, 2% (w/v) SDS, 5% (w/v) B-mercaptoethanol and 0.002% bromphenol
blue) and separated by SDS-PAGE on 12% (w/v) acrylamide gel before electro
transferring onto nitrocellulose membranes. The membranes were blocked with 2%
chicken egg) in tris-buffered saline with Tween 20 (TTBS) ((20 mmol/L Tris—HCI, pH

7.5, 137 mmol/L NaCl, 0.05% (v/v) Tween 20)) and then incubated overnight (4°C).

10
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Subsequently, the membranes were incubated overnight with the appropriate primary
antibodies: anti-synaptophysin (diluted 1:5,000 in TTBS and 1% and 1% bovine standard
albumin (BSA). Next, the membranes were incubated for 1 h at room temperature with
secondary antibody, horseradish peroxidase (HRP)- conjugated anti-mouse IgG
(1:10,000, Dako). Actin (Millipore (Darmstadt, Germany)) was used as a loading control.
Chemiluminescent bands were detected using Image Quant LAS4000 GE Healthcare, and
densitometric analyses were performed using Image-J software. Results are expressed as

percentages of the control.

Immunofluorescence

Rats were anesthetized using ketamine/xylazine and were perfused through the left
cardiac ventricle with 200 mL of saline solution, followed by 200mL of 4%
paraformaldehyde in 0.1M phosphate buffer, pH 7.4. The tissues were removed and left
for post-fixation in the same fixative solution at 4°C for 24h. Subsequently, the material
was cryoprotected by immersing the brain in 30% and 15% sucrose in phosphate buffer
at 4°C. The tissues were sectioned (40um) on a cryostat (Leitz) and the slices were put
on the sheets. Sections were surrounded by a liquid blocker pen to help to maintain the
antibody solutions in contact with the slices. The slices were covered with Fluor save®
and the images were captured using an Olympus BXS51 phase contrast fluorescent

microscope (Olympus, Japan) (Rodrigues et al., 2019).

Protein Determination

Protein content was measured by Lowry’s method with some modifications, using bovine

serum albumin as the standard (Peterson, 1977).

Statistical Analysis

11
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For blood glucose over time, parametric data from the experiments are presented as mean
+ standard error and statistically evaluated by two-way analysis of variance, followed by
the Tukey’s test. Statistical comparisons between different groups were tested by one-
way ANOVA followed by the Tukey’s test. For the NOR test, data are presented as means
+ SEE.M. and statistically evaluated by Student’s t-test. For the evaluation of glucose-
stimulated insulin secretion, statistical comparisons between different groups were made
using repeated measures ANOVA followed by Tukey’s test. Values of P < 0.05 were
considered significant. All analyses were performed using the Graphpad Prism software

version 6 (La Jolla, CA, USA).

Results

In vitro glucose-stimulated secretion of insulin in IPCs generated from ADSCs

ADSCs were submitted to a short-term (3 days) differentiation protocol to obtain insulin-
producing cells (IPCs) containing nicotinamide/exendin-4/activing-A (inductors).
Glucose-stimulated secretion of insulin was evaluated immediately after differentiation
and 14 days afterwards; during this period they were maintained in culture, but in the
absence of inductors. The experimental scheme is shown in Figure 1A. Insulin secretion
is compared with ADSCs cultured for the same time. Glucose-stimulated insulin secretion
was performed by replacing the basal culture medium with medium containing 0 or 17.5
mM glucose. Insulin secretion, measured by colorimetric assay, at l1h after medium
replacement corresponds to the difference between the extracellular content of insulin in
the presence and absence of glucose. Insulin secretion was clearly characterized, when
compared with ADSCs (Fig 1B, p <0.0001). IPCs were able to secrete insulin after 2
weeks when stimulated by glucose, even when cultured in the absence of inductors (Fig

1C, p=0.0323).

12
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Figure 1. In vitro glucose-stimulated secretion of insulin in IPCs generated from
ADSCs. ADSCs were submitted to a short-term (3 days) differentiation protocol with
inductors (nicotinamide/exendin-4/activin-A) to obtain insulin-producing cells (IPCs). A
shows the timeline of the experiment. Glucose-stimulated secretion of insulin was
evaluated immediately after differentiation (in B) and 14 days afterwards (in C), during
this period they were maintained in culture, but in the absence of inductors. The insulin
secretion, measured by colorimetric assay at 1h after medium replacement, corresponds
to the difference between the extracellular content of insulin in the presence (17.5 mM)
and absence of glucose. Insulin secretion was significant (* Student t test and p < 0.05)
when compared with ADSCs at both times. Data are expressed as means + SE of 6

independent experiments performed in triplicate.

IPC implantation affects blood glucose, insulin and AGEs in diabetic rats, dependent

on the via of administration
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The diabetes mellitus model was induced by STZ and animals were included in thee
diabetic group when they exhibited a blood glucose of higher than 250 mg/dL (80% of
animals). One week after diabetes induction, rats were implanted with IPCs, which were
administered by two different routes: subcapsular renal (SR) and subcutaneous (SC). The

experimental schedule is shown in Figure 2A.

Blood glucose was measured at one day, one week and two weeks after
implantation to evaluate the effectiveness of IPCs for controlling glycemia (Figure 2B, p
<0.0001 and f 3.112) = 116.0). An increase in blood glucose was observed on the second
day after STZ administration and in the following weeks in the STZ group. At one week
after IPC implantation, blood glucose was reduced independently of the via of
administration, although animals still presented high blood glucose levels compared to
sham animals. Furthermore, STZ-treated animals lost body weight and this parameter was

not altered by IPC implantation (data not shown).

Additionally, to confirm in vivo insulin secretion, we evaluated serum C-peptide
in all experimental groups at two weeks after the implants (Figure 2C, p <0.0001 and f
3200 = 5.938). Elevated levels of C-peptide were observed in STZ rats that received IPCs
by the SR route, while those that received the SC implant presented non-detectable
peptide C levels. In order to evaluate long-term glucose toxicity, we determined serum
AGE content and found an increase in AGE levels in diabetics rat, as expected. However,
implantation of IPCs at both implant sites (SR and SC) reversed this condition, returning

levels to those found in sham group (Figure 2D, p =0.0015 and f 3.20) = 7.484).

14
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Figure 2. Effect of IPC implantation on blood glucose, insulin and AGEs in diabetic
rats depends on the via of administration. IPCs were implanted into the subcapsular renal
(SR) or subcutaneous (SC) space in STZ diabetic Kyoto-Wistar rats. In A, timeline of the
in vivo experiment. In B, blood glucose measurements before (- 1 week) and after (1 and
2 weeks) the IPC implant. Groups were compared each week, by ANOVA. In C, C-
peptide serum content measured by ELISA in the third week after IPC implantation. In
D, serum AGE content, measured by ELISA, in the third week after IPC implantation.
Data are expressed as means = SE (8 rats in each group). Letters indicate different

statistical groups by ANOVA followed by Tukey’s test, assuming p < 0.05.

SC-implanted IPCs prevent cognitive impairment in diabetic rats

At three weeks after STZ-induced diabetes induction (or two weeks after the IPC
implant), rats were submitted to cognitive evaluation, using the novel object recognition
(NOR) test performed at 1 and 24h to evaluate cognitive performance (short- and long-
term memory, respectively). Results demonstrated that three weeks after STZ exposure
were enough to cause cognitive impairment, when compared to the sham group, at both

times evaluated. However, the SR implant of IPCs at one week after STZ was unable to
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prevent the cognitive deficit observed in diabetic rats, evaluated by the NOR task at 1 h
(Figure 3A, p sham =0.0149; p STZ = 0.4209; p SR = 0.2348 ) and at 24 h (p sham =
0.0020; p STZ =0.5114; p SR = 0.3120). In contrast, interestingly, the SC implantation
of IPCs was able to prevent the cognitive deficit found in diabetic rats, as evaluated by
the NOR test at 1 h (Figure 3C, p sham = 0.0005; p STZ =0.3709; p SC = 0.0049) and at

24 h (p sham = 0.0012; p STZ =0.0838; p SC =0.0207).
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Figure 3. Implantation of IPCs via SC, but not SR, prevented cognitive impairment
observed in diabetic rats. the cognitive performance of diabetic rats was performed three
weeks after STZ, by the NOR task atl h (for short-term memory) and 24 h (for long-term
memory). IPC implantation was carried out in two different sites: subcapsular renal (SR)
or subcutaneous (SC). In A, object recognition index of rats with or without SR implant
of IPCs, one hour after training trial. In B, object recognition index of rats with or without
SR implant of IPCs, 24 h after training trial. In C, object recognition index of rats with or

without SC implant of IPCs, one hour after training trial. In D, object recognition index
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of rats with or without SC implant of IPCs, 24 h after training trial. * Statistically different
from training trial (Student t test, 8-9 rats/group, p < 0.05).

Hippocampal S100B content was reduced in diabetic rats and prevented by IPC

implantation

Three markers, synaptophysin (neuronal marker) and the GFAP and S100B glial markers,
were investigated in the hippocampus. Synaptophysin content was not altered at 3 weeks
after STZ administration or by IPC implantation in either site (Figure 4A, F3.21)=0.7500,
p =0.5345). However, changes in glial markers were observed; STZ-induced diabetes did
not change hippocampal GFAP in rats at 3 weeks, but IPC implantation decreased GFAP,
independently of implant via (Figure 4B, F327) = 6.642, p = 0.009). On the other hand,
S100B content was decreased in diabetic rats, and IPC implantation at both sites
prevented this alteration; SR implantation partially inhibited the S100B decrease, while
SC implantation completely inhibited this decrease (Figure 4C, F 327) = 3.937, p =

0.0188).
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Figure 4. Cell markers in the hippocampus of diabetic rats after IPC implant.
Immunocontents of three cell markers were investigated in the hippocampus of diabetic
rats at three weeks after STZ, in rats submitted or not to IPC implant (subcapsular renal,
SR, or subcutaneous, SC). In A, the content of synaptophysin (SYN), measured by
Western blotting. Representative blot containing bands of SYN and B-actin at the top of

18



378
379
380

381

382

383

384

385

386

387

388

389

390

301

392

393

394

395

396

the panel. In B and C, the contents of GFAP and S100B, respectively, measured by
ELISA. Data are expressed as means + SE (8 rats/group). Letters indicate different
statistical groups (ANOVA followed by Tukey’s test, assuming p < 0.05).

IPCs survive and maintain undifferentiated morphology after implantation at both sites

Another set of experiments was performed using IPCs from GFP-labelled Lewis rats.
GFP+ IPCs were implanted in SR or SC sites and rats were euthanized at 2 or 14 days
after implantation. Histological analysis showed that the preparation of IPCs remained
morphologically undifferentiated (i.e., they did not exhibit morphological characteristics
of adipocytes or osteocytes) two days after the implantation in both sites. Panels A and B
of Figure 5 (magnified by 10 X and 40 X, respectively) show representative images at 2
days after IPC implantation in the SR site, and panels C and D show images at 2 days

after implantation in the SC site (also magnified by 10 X and 40 X, respectively).

At fourteen days after implantation (Figure 5 E-H), a decrease in GFP+ cell
density in the graft was observed, and an apparent change in the cellular population at
both implantation sites (SR and SC), as indicated by the presence of some differentiated
adipocytes. Panels E and F of Figure 5 show representative images at 14 days after
implantation in the SR site (magnified by 10 X and 40 X, respectively) and panels G and
H show images at 14 days after implantation in the SC site (also magnified by 10 X and

40 X, respectively).
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397

398  Figure 5. GFP+ cells of IPC preparations implanted at the subcapsular renal and
399  subcutaneous implant sites. IPCs were prepared from mesenchymal stromal cells of
400 adipose tissue of GFP-tg Lewis rats and implanted in the subcapsular renal (SR) or
401  subcutaneous (SC) sites. In A and B, fluorescent images in the SR space, two days after
402  implantation, magnified by 10X and 40X respectively. B corresponds to square in panel
403 A.In C and D, fluorescent images in the SC space, at two days after implantation,
404  magnified by 10X and 40X respectively. C corresponds to square in panel A. In E and F,

405 fluorescent images in the SR space, at fourteen days after implantation, magnified by 10X
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and 40X by confocal microscopy, respectively. F corresponds to square in panel E. In G
and H, fluorescent images in the SC space, at fourteen days after implantation, magnified
by 10X and 40X respectively. H corresponds to square in panel G. Scale bars = 150um
(left panels) and 50 um (right panels). Arrows indicate nuclei of GFP+ cells and asterisks

indicate adipocyte-like cells.

GFP+ cell from IPC preparations migrate to the pancreas

We found GFP+ IPCs, implanted in both the SR and SC sites, in the STZ-damaged
pancreas (Figure 6). Within two days after implantation, there were a marked presence of
GFP+ cells in pancreatic tissue, possibly attracted by signals of damaged tissue. However,
when we compared both implant sites, the number of GPF" cells in the pancreas of rats
that received SC-implanted IPCs was more abundant than in the SR-implanted rats (Fig.
6, panels D and B, respectively). Over the course of two weeks, a greater fluorescence of
GFP" cells were still observed in the pancreatic tissue from SC-implanted rats than in
pancreatic tissue from SR-implanted rats (Fig. 6, panels H and F, respectively).
Interestingly, GFP + cells from the SC implant were organized in clusters in the pancreas

than those placed in the SR 14 days after wards.
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2 Days

14 Days

Figure 6. GFP+ cells of IPC preparations migrate to the pancreas of STZ-diabetic rats.
IPCs were prepared from mesenchymal stromal cells of adipose tissue of GFP-tg Lewis
rats and implanted in the subcapsular renal (SR) or subcutaneous (SC) sites.
Corresponding phase contrast and fluorescent images, magnified 20X, from pancreatic
tissue of transplanted diabetic rats are shown in the left and right panels, respectively. A

and B, pancreatic tissue, two days after SR implant. C and D, two days after SC implant.
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E and F, fourteen days after SR implant. G and H, fourteen days after SC implant. Scale
bar = 80pum.

GFP+ cell from IPC preparations migrate to the hippocampus

Based on the cognitive improvement of diabetic rats, as evaluated by the NOR task, we
investigated the presence of GFP" cells in the hippocampus, in the CA1 and DG regions
(Figure 7). At two days after SR (panels A and C, respectively) and SC (panels E and G,
respectively) implantations, it was possible to observe GFP" cells around hippocampal
vessels in the CA 1 and DG regions. However, at fourteen days after SC implantation, the
number of GFP" cells increased in the CA1 (mainly) and DG regions (panels F and H,
respectively), while for the SR-implanted rats, the number of GFP" cells in the CA1 and
DG regions did not alter significantly from those observed at two days and remained

around the blood vessels (panels B and D, respectively).
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Figure 7. GFP+ cells of the IPC preparation migrate to the hippocampus of STZ-

CA1

DG

CA1

DG

diabetic rats. IPCs were prepared from mesenchymal stromal cells of the adipose tissue
of GFP-tg Lewis rats and implanted in the subcapsular renal (SR) or subcutaneous (SC)
sites. Presence of GFP+ cells was evaluated by confocal microscopy in CAl and DG

regions, magnified by 10X. A and B are images of the CA1 region, at two and fourteen
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days after SR implant, respectively. C and D are images of the DG region, at two and
fourteen days after SR implant, respectively. E and F are images of the CA1 region, at
two and fourteen days after SC implant, respectively. G and H are images of the DG

region, at two and fourteen days after SC implant, respectively. Scale bar = 150pum.

Discussion

Several strategies for DM treatment have been proposed in the last years. Insulin
therapy achieves overall blood glucose control, however, glycemic variations occur
during the intervals of administration, which could contribute to some of the
complications of DM. Alternative therapies include the implantation of IPCs, which may
be able to ameliorate hyperglycemia and even reverse DM. We have investigated
approaches for the implantation of IPCs differentiated from ADSCs using a short-term
protocol of culture with nicotinamide/ exendin-4 /activin A, as previously described by
(Wartchow et al., 2019). In the present study, we compared the use of two different IPCs
implantation sites (SR and SC) to investigate a putative protection against hippocampal

damage induced by STZ in the DM1 rat model.

Our previous studies have demonstrated that IPCs can be obtained from ADSCs
with a short-duration protocol, representing a chance to reduce costs and time in future
investigations that employ these cells (Wartchow et al., 2019). We confirmed that short-
term differentiation (for 3 days) was enough to obtain active [IPCs. Moreover, when IPCs
were cultured for an additional 14 days, in the absence of inductors for IPC
differentiation, they preserved their ability to secrete insulin. We chose this time because

the diabetic animals were analyzed at 14 days after implantation.

The SR and SC sites were chosen for IPC implantation, based on advantages in
terms of surgical feasibility, as well as the reported achieved hyperglycemic control

(Stokes etal., 2017; Yang et al., 2019). Although many studies have investigated the ideal
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IPC implantation site for the reversal of hyperglycemia, none have compared the
implantation sites with the aim of reducing the deleterious effects, caused by DM, on the
CNS. Our results show that a reduction of hyperglycemia was observed after implantation
at both sites, as observed in previous studies, including ours (Talavera-Adame et al., 2016;
Wartchow et al., 2019; Xin et al., 2016). However, serum C-peptide was detected only in
SR implanted rats, as also shown by other studies using IPCs for DM1 therapy (Kondo et

al., 2017, Talavera-Adame et al., 2016; Xin et al., 2016).

Uncontrolled or prolonged hyperglycemia can lead to the formation of advanced
glycation end products (AGEs), produced from non-enzymatic glycation and
glycoxidation processes, and creating a pro-oxidant environment (Vlassara and Uribarri,
2014). Glucotoxicity is one the causes of almost all complications of untreated DM, both
peripherally and centrally (Wu and Yan, 2015). Our results demonstrated that, as
expected, diabetic rats presented an increase in serum AGEs levels and, interestingly,
after IPC implantation at both sites, serum AGEs returned to control levels. This effect
may result from the presence of MSCs remaining, along with IPCs, in cell preparations,
and these MSCs could provide an autophagic clearance behavior (Hu et al., 2019; Li et
al., 2018). MSCs are capable of removing abnormal proteins or glycated amino acids,
promoting cell repair in vivo (Park et al., 2014). Although the mechanisms of the
autophagy activity and scavenging capacity of MSCs in DM1 are unclear, a scavenging
capacity and AGE removal has been observed in diabetic wounds (Han et al., 2017),
removing intracellular f-amyloid (Shin et al., 2014), abnormal pulmonary epithelial cells
(Jung et al., 2013; Zhou and You, 2016) and alleviating beta cell damage (Zhao et al.,

2015).

Interestingly, based on the NOR task, the cognitive impairment observed in

diabetic rats was prevented when IPCs were implanted via the SC space (but not via SR).
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SC-IPC implanted rats presented improvements in both short- and long-term memory.
This cognitive improvement is not due to the hyperglycemia amelioration observed or
due to the decrease in circulating AGEs, since these were detected in both the SR and SC
groups. Based on the serum C-peptide content, it is also possible to rule out the cognitive

improvement in SC group due to increased insulin secretion.

Considering the fact that beneficial results in the CNS did not derive from changes
in glycemia, AGEs and insulin, we consider a putative effect of the MSCs present in the
cellular grafts. The benefits of the use of MSCs for the treatment of cognitive disorders
has been well documented. Treatments with MSCs in animal models of Alzheimer's
disease (Cui et al., 2017; Zheng et al., 2017), as well as the effect of exosomes derived
from MCSs (Chen et al., 2019; Cui et al., 2018), have been reported, as have their

influence on cognitive deficits as a consequence of DM (Nakano et al., 2016).

The MSCs have a homing capability, which allow the cells to navigate to regions
of injury and inflammation, similarly to the response of leukocytes to cytokines (Kidd et
al., 2009; Riister et al., 2000), promoting tissue repair, including in the brain (Ulrich et
al., 2014). Systemic homing consists of a multistep process where cells from the
circulation or directly administered reach a target site guided by chemical signals (see.
Nitzsche et al., 2017 for a review). It is well known that none of the numerous protocols
available for obtaining IPCs result in complete cell differentiation (e.g. Gabr et al., 2014;
Xin et al., 2016). Therefore, our implant strategy (4 x 10° differentiated cells/rat) may not
have provided enough IPCs for a reversal of the peripheral parameters of DM 1, however,
implantation in the SC region contributed to a total reversal of the cognition impairment
observed. Assuming that IPCs lost their capacity for migration, the presence of MSCs
could help explain cognitive improvements in diabetic rats. These cells could migrate to

damaged brain sites in diabetic rats. However, it is unclear, at this time, as to why
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preparations of IPCs implanted in the SC site would provide more cells and/or more
effective cells than cells implanted in the SR site, for improving hippocampal damage in

diabetic rats.

We investigated two specific markers of astrocytes (GFAP and S100B), as well
as synaptophysin, a neuron-specific marker, in the hippocampus of diabetic rats,
submitted or not to IPC implantation. We did not find any alteration in hippocampal
GFAP content at 3 weeks after STZ administration, but we observed a decrease in S100B
in diabetic rats, in agreement with our previous report (Nardin et al., 2016). With regard
to GFAP, there are conflicting results in the literature, reporting increments, decrements
and no changes in the hipocampal tissue (Baydas et al., 2003; Coleman et al., 2010;
Nardin et al., 2016; de Senna et al., 2011). It is also important to emphasize that, although
GFAP is the most common marker of astrogliosis, its modulation does not indicate
cellular dysfunction (Anderson et al., 2014). Herein, diabetic rats did not present changes
in hippocampal GFAP, but when they received the IPC implant, independently of
implantation in the SC or SC region, a decrease in GFAP was observed. Considering that
GFAP expression increases with maturity and injury (Yang and Wang, 2015), we can
postulate that astrocytes were “rejuvenated” by the presence of trophic factors released
from implanted cells. This possibility requires further study involving other approaches.

With regard to hippocampal S100B, conflicting results exist, possibly due to
methodological approaches. A transitory increase in S100B-positive cells has been
reported at one week after STZ administration (Lebed et al., 2008), which together with
our current data, is in agreement with another study using a model of sporadic type
Alzheimer’s disease. Alzheimer’s disease can offer a parallel for comparison, due to
cognitive impairment and hippocampal astrocyte reactivity, and an increase in

hippocampal S100B was described in the first week after induction, with a decrease later,
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in the fourth week (Dos Santos et al., 2018). S100B has many molecular targets in
astrocytes, but is also secreted and has a trophic role in neurons via RAGE (Donato et
al., 2009). Interestingly, the decrease in S100B observed in diabetic animals was partially
reversed by IPC implantation via SR and fully reversed via SC. This suggests a putative
neurotrophic effect mediated by S100B in diabetic rats that received MSC/IPCs via SC.

Synaptophysin is a membrane protein of synaptic vesicles and related to neuronal
plasticity of learning and memory, including in the NOR task (Hernandez-Hernandez et
al., 2018). We measured synaptophysin content and no changes were observed in
hippocampal tissue, in agreement with another study performed in STZ-diabetic rats (also
analyzed by Western blotting) (Grillo et al., 2005). We firstly hypothesized that a
decrease in synaptophysin would occur in diabetic rats, but as seen for glial markers, there
are conflicting results in the literature (e.g. (Baptista et al., 2013; Grillo et al., 2005)).
However, we cannot exclude the possibility of specific local changes in this protein in the
hippocampus, in association with the cognitive deficit observed in diabetic animals.

In another set of experiments, we used GFP™ cells in order to monitor the implant
sites at two and 14 days after the surgery. We wanted to know whether cells survive at
the implant site and if they migrate to potentially damaged sites, such as the pancreas and
hippocampus. In this study, GFP + cells from the preparation of IPCs were found in the
pancreas, lungs and brain. We postulate that undifferentiated MSCs are present in our

preparation, which are able to migrate to remote sites (Kurtz, 2008; Schmidt et al., 2006).

Two days after IPC implantation, at both sites, we found clusters and isolated
GFP" cells. The cells at the SC site presented a looser arrangement than the cells at the
SR site. This probably occurred because the kidney capsule is inelastic and has a limited
space beneath it that cannot accommodate a large amount of cells and the cells were

compressed under the kidney capsule (Gray et al., 1988). With regard to remote organs,
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we observed cell migration from both implantation sites, but with different distribution
profiles. Two days after implantation, GFP+ cells from the SC site were apparently more
able to migrate to the lungs (data not shown) and pancreas than to the hippocampal tissue.
At this time, GFP" cells in hippocampus were found mainly around the blood vessels,
consistent with the relative short period to complete migration and brain homing

(Kalimuthu et al., 2017; Nitzsche et al., 2017).

This scenario changed at two weeks after implantation. We still found a large
number of GFP" cells at both SR and SC implant sites, but there was a reduction in the
implanted cells that could be attributed to migration and cell death by local conditions
(e.g. hypoxia) (Faleo et al., 2017). In fact, we observed the presence of adipocyte-like
cells at both implant sites, which were apparently more numerous in the SR site than in
the SC site. The presence of adipocytes was confirmed by oil red O staining (data not

shown).

The SR site is commonly used IPC implantation, where these cells remain
producing insulin. In this study, GFP + cells from the IPC preparation implanted at the
SR and SC sites were found in the pancreatic tissue. Interestingly, at 14 days after
implantation in the SC site, GFP + cells were more numerous and more organized in
clusters in the pancreas than those placed in the SR. However, this greater “integration”
with pancreatic tissue did not result in a recovery, considering the practically absent

insulin secretion in SC implanted animals.

At 14 days, GFP+ cells implanted at the SC site were found in greater quantity
and more scattered in the hippocampus than cells implanted at the SR site, particularly in
the CA1 region of the hippocampus, as compared to the dentate gyrus region. In fact, GFP

+ cells implanted at the SR site remained around the vessels for longer in both the
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hippocampal regions. In contrast to observations in the pancreas, the presence of GFP +
cells from the SC implant could be associated with the cognitive recovery observed in

these animals.

MSCs and their products (exosomes, growth factors and cytokines) have been
used to protect brain tissues against several types of injury, and their main action in brain
repair may be due to the anti-inflammatory and immunosuppressive activities of these
cells (Paul and Anisimov, 2013; Rackham et al., 2018; Sherman et al., 2019; Ulrich et al.,
2014). Accordingly, our data show a decrease in GFAP and S100B level recovery in the
hippocampus of STZ-diabetic animals receiving IPCs, particularly at the SC site.
Moreover, locally transplanted MSCs may stimulate hippocampal neurogenesis
(Hamisha et al., 2015). Cognitive impairment in STZ-diabetic rats has been reversed by
treatment with MSCs administered intravenously and by intranasal administration of
exosomes from these cells, suggesting that soluble MSCs are mediators of
neuroprotection (Nakano et al., 2016; Ruzicka et al., 2016). Although differences exidt
between bone marrow and adipose tissue MSCs, it is conceivable that the cognitive
improvement observed in STZ-diabetic rats, in this study, is also due to the factors
released by MSCs still present in our preparation of IPCs. Apparently, these MSCs
survive, migrate and/or release trophic mediators when implanted at the SC site for
reasons unclear at this moment. For example, it is possible that the richer blood supply at
the SC site (increased after surgery) could explain, in part, the greater cell survival and

migration (Carlsson et al., 2001; Jindal et al., 1998).

Conclusions

In the present study, IPCs were implanted at two different sites (SC and SR) in STZ-

diabetic rats. The cells implanted in the SC site successfully ameliorated cognitive
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impairment and modulated hippocampal parameters, such as S100B and GFAP.
Peripherally, both implants improved hyperglycemia and caused a reduction in AGEs in
diabetic rats, but serum insulin was not observed in the SC group. Using GFP + cell
implants, we observed the survival of these cells at the implant sites, as well as their
migration to the pancreas and hippocampus. These data suggest the presence of
undifferentiated MSCs in our IPC preparation, which could help to explain the peripheral
reduction of AGEs (by autophagic depuration) and the recovery of cognitive impairment
(by immunomodulation at the hippocampus). Together, these data reinforce the
importance of MSCs in neuroprotective strategies, and highlight the logistic importance

of the subcutaneous route for administration.
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Introducéo

O tecido adiposo é uma das maiores areas anatbmicas do corpo humano e possui
varios papéis fisiologicos, incluindo secrecdo hormonal e utilizacdo de estoque lipidico
(Ahmadian et al., 2010). Contudo, o tecido adiposo ndo é apenas um tecido de
armazenamento de conteddo lipidico, como se acreditava anteriormente (Kershaw and
Flier, 2004). Embora os adipdcitos sejam o principal tipo celular presente no tecido
adiposo, sua populacdo celular é bastante heterogénea, incluindo células estromais

mesenquimais (MSCs) e células imunes.

Altamente regulado pelo sistema nervoso central, o tecido adiposo responde a
varios estimulos como hormonios (insulina e catecolaminas), além de fatores
parécrinos/autocrinos (adenosina, prostaglandina e outros) (Viswanadha and Londos,
2008). Dos adipdcitos derivam algumas proteinas que assumem papel de mensageiras,
atuando em receptores especificos em varios tipos celulares, incluindo células endoteliais,
musculares e neurdnios. Doencas como diabetes e disturbios cardiovasculares, por
exemplo, estdo associadas a comunicacdo inadequada entre essas células e o tecido

adiposo (Bluher, 2009; Kershaw and Flier, 2004).

Dentre as proteinas presentes no tecido adiposo, destaca-se a S100B. Tal
localizacdo foi relatada pela primeira vez em 1983, por Michetti et al., monstrando que
as concentracOes de proteinas da familia S-100 no tecido adiposo eram comparaveis as
encontradas também no cérebro (Michetti et al., 1983). Ou seja, a proteina sérica S100B
pode vir tanto das células da glia no SNC quanto de outras fontes como tecido adiposo

(Gongalves et al., 2010).
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A S100B ¢é uma proteina de ligacdo ao calcio, localizada principalmente em
astrocitos no SNC, capaz de atuar como fator neurotréfico ou como uma citocina
inflamatdria (Donato et al., 2009; Huttunen et al., 2000). Sabe-se, por exemplo, que 0s
niveis de S100B aumentam durante doencas neuroldgicas e traumas (Kleindienst et al.,
2013; Rothermundt et al., 2003), porém a relacdo com S100B secretada pelo tecido
adiposo com essas doencas ainda ndo esta clara. Evidéncias adicionais sobre o papel da
S100B como citocina derivada do tecido adiposo, ou também chamada de adipocina, vém
de dados que mostram que o0s niveis circulantes de S100B estdo positivamente
correlacionados com o indice de massa corporal em humanos (Gross et al., 2010; Steiner

etal., 2010).

A S100B pode participar da fisiopatologia da obesidade, atuando como um sinal
extracelular, sendo o RAGE o seu principal ligante (Donato et al., 2009; Riuzzi et al.,
2019; Sorci et al., 2013) que esta envolvido na fisiopatologia de véarias doencas, incluindo
a obesidade (Gaens et al., 2013; Zhang et al., 2017). Os niveis séricos de S100B
mostraram se correlacionar com o IMC corporal (Steiner et al., 2010), com a obesidade
abdominal e com os niveis séricos de triglicerideos (Kheirouri et al., 2018). A expressao
aumentada e a regulacdo negativa do receptor RAGE nos pré-adipécitos levaram a uma
hipertrofia adipocitaria aprimorada e reduzida, respectivamente, e o grupo de animais
knockdown para o receptor TLR2 suprimiu a hipertrofia adipocitaria induzida por RAGE
(Monden et al., 2013). A S100B foi proposta como uma adipocina na interacdo entre
adipdcitos e os macrofagos, com base na observacao de que a S100B regula positivamente
0 TNF-a e os marcadores pro-inflamatdrios nos macrofagos, e que ha uma secrecéo de

S100B aumentada pelo TNF-a dos pré-adipdcitos. Além disso, o silenciamento de S100B
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em pre-adipdcitos ou a neutralizacdo do receptor RAGE reduziu significativamente a

secrecdo de TNF-a pelos macrofagos (Fujiya et al., 2014).

Os protocolos mais utilizados para o estudo do tecido adiposo in vitro,
apresentando beneficios e limitagdes, sdo a cultura primaria de adipocitos, linhagens
celulares de pré-adipdcitos, células estromais mesenquimais diferenciadas, cultura de
orgdos de tecido adiposo e microdialise (Ghorbani and Abedinzade, 2013). Contudo, a
utilizacdo de células estromais mesenquimais adipo-diferenciadas possui a vantagem de
ser uma cultura em que a diferenciacdo pode ser controlada, podendo gerar uma
populacdo heterogénea, composta por células parecidas com a linhagem adipocitaria e
indiferenciadas, mimetizando condicdes in vivo de complexidade do tecido adiposo

(Poulos et al., 2010).

O cultivo de MSCs no meio de diferenciacdo de adipdcitos da origem ao acimulo
de goticulas lipidicas (Ghorbani et al., 2014). Uma vantagem desse método in vitro é a
geracgdo de células aderentes em uma cultura de monocamada, o que permite o estudo da
regulacdo a longo prazo das funcBes dos adipécitos (Adler-Wailes et al., 2010).
Obviamente, também existem algumas desvantagens, como a duracdo do protocolo, onde
as células podem néo se diferenciar completamente em adipdcitos e que a capacidade de
diferenciacdo diminui com o aumento do nimero de passagens celulares (Ghorbani and

Abedinzade, 2013).

Apesar da existéncia de varios métodos para o estudo do tecido adiposo in vitro,
ainda existem muitos aspectos a serem elucidados. Considerando nosso campo de
interesse, nosso objetivo original foi padronizar um processo de “ontogenia” da S100B

in vitro e estudar a relagdo da secre¢cdo com o metabolismo da glicose e a presenga de
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outros importantes mensageiros no tecido adiposo — como por exemplo a insulina e a

leptina.

Uma vez que as nossas culturas adipo-diferenciadas expressam e secretam S100B,
e que também sdo moduladas por vias classicas relacionadas ao metabolismo, este
trabalho tem como perspectiva a investigacdo do proposto eixo S100B/RAGE na
inflamacéo induzida pela obesidade, e a influéncia do receptor TLR-2 na obesidade e sua
relacdo as infeccgdes virais. Nossa hipotese de trabalho é que a S100B, via RAGE e TLR,
possa contribuir para o entendimento da inflamacéao associada a obesidade e mesmo com

a epidemia de obesidade observada no mundo.

Assim, a ideia de submeter este topico nesta forma é propiciar uma excelente
oportunidade para 0 nosso grupo discutir com uma banca altamente qualificada, visando
compreender melhor os resultados preliminares obtidos e, fundamental, discutir
perspectivas para novas abordagens, almejando promissoras interagdes. Reafirmo que a
ideia basica da forma escolhida de apresentar este capitulo é propiciar uma intensa

discussao.

Materiais e Métodos

Animais

As ADSCs foram isoladas do adiposo epididimal obtidos de ratos machos Wistar
Kyoto criados e mantidos no Centro de Cardiologia Experimental (Instituto de
Cardiologia do Rio Grande do Sul, Porto Alegre, Brasil). Os animais foram mantidos em
condi¢Bes controladas de luz e ambiente (ciclo de 12h claro/12h escuro, a uma
temperatura constante de 22 £+ 2 ° C), com livre acesso a comida e &gua comerciais. Todas

0s experimentos com os animais foram realizados de acordo com o Comité de Etica em
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Uso de Animais de Laboratdrio da Universidade Federal do Rio Grande do Sul (processo

numero 30626).

Isolamento e expansdo de células estromais derivadas de tecido adiposo de rato

(ADSCs)

A gordura epididimal foi coletada assepticamente dos animais e fragmentada para
digestdo em 1,5 mg/mL de colagenase tipo | (Sigma) diluida em meio DMEM sem soro
por 20 min. A atividade enzimatica foi interrompida com DMEM suplementado com soro
fetal bovino a 10% (Cultilab, Brasil), estreptomicina 0,1 mg/mL e penicilina 100 U/mL.
Apos centrifugacdo a 300xg, o sedimento foi ressuspenso em um meio suplementado e
incubado em uma cdmara umidificada a 37°C e 5% de CO>. As células foram removidas
usando uma solucéo de tripsina-EDTA a 0,05% quando a confluéncia foi alcangada, para

os experimentos foram utilizadas as células na quarta passagem (Wartchow et al., 2019).

Caracterizacdo das ADSCs

A andlise dos marcadores de superficie das ADSCs isoladas foi realizada por
incubacdo com anticorpos conjugados com feryeritrina contra CD29, CD44, CD90,
CD45, CD31 e MHC Il de murino por 30 min a 4°C. As células foram analisadas usando
um citdmetro FACSAria 11l (Becton Dickinson, San Jose, CA) equipado com um laser
de 488 nm de argbnio, e os graficos foram gerados no software WinMDI 9.2. A
diferenciacdo adipogénica e osteogénica das ADSCs foi realizada de acordo com
protocolos publicados anteriormente (da Silva Meirelles et al., 2006). Apos fixagdo com
paraformaldeido a 4%, a deposicdo de célcio e as gotas lipidicas foram coradas com

solucéo de Alizarin Red S e Oil Red O, respectivamente (Wartchow et al., 2019).

Protocolo para diferenciacio adipogénica e respectivos tratamentos
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Para induzir a diferenciacao adipogénica, as células foram cultivadas por 28 dias
em placas de 12 pogos em meio completo com dexametasona 108 M, insulina de pancreas
bovina 2,5 pg/ml, indometacina 100 mM e rosiglitazona 5 mM. O fenétipo de adipdcito
foi confirmado pela coloracdo com Oil Red, evidenciando os vacutolos de lipideos (da

Silva Meirelles et al., 2006).

Para avaliar o conteudo/secrecdo de S100B e a captacdo de glicose, as células
foram tratadas com diferentes concentrac6es de glicose (17,5 mM, 5 e 0 mM), insulina
(10uM), S100B (0,1ng/mL) (Wartchow et al., 2016), leptina (10ng/mL), lactato (20mM),
adrenalina (10uM) e forscolina (10uM), na presenga de glicose 17,5mM (concentragdo

basal de glicose). Todos os tratamentos ocorrem durante 1h.
Anélise da expressédo de S100B
- ELISA

O conteldo e a secrecdo de S100B foram medidos por ELISA (Leite et al., 2008).
Resumidamente, S0uL de amostra mais SOuL de tampao Tris foram incubados por 2 horas
em uma placa previamente revestida com anti-S100B monoclonal (SH-B1). O anti-
S100B policlonal foi incubado por 30 min e, em seguida, o anticorpo anti-rabbit
conjugado com peroxidase foi adicionado por mais 30 min. Uma reagdo colorimétrica
com openilenodiamina foi medida a 492 nm. A curva S100B padréo variou de 0,020 a 10

ng/mL.
- Citometria de fluxo

Para marcacgdo por imunocitoquimica, as células foram tripsinizadas, fixadas com
paraformaldeido a 2% e 4% diluido em PBS por 10 minutos a cada etapa,

respectivamente. As células foram permeabilizadas com Triton X-100 a 0,1% em PBS
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por 10 min e incubado durante a noite em uma solucéo de PBS com albumina a 5% e o
anticorpo primario para S100B (1:50, Santa Cruz). Em seguida, as células foram lavadas
e incubadas com anticorpo secundario anti-goat especifico conjugado com Alexa Fluor®
647 (1:1000) por 2 horas. Para todos os controles negativos para a imunomarcacao, as
reacOes foram realizadas pela omissédo do anticorpo primario ou secundario. Nenhuma
reatividade foi observada quando o anticorpo primario ou secundario foi excluido.
Astrocitos foram utilizados como controle positivo. Um total de 10.000 eventos para cada
amostra foram adquiridos pelo citdmetro de fluxo FACSCalibur (BD Biosciences),
medindo a fluorescéncia vermelha (canal FL-4). A porcentagem de células positivas para
S100B foi estabelecida através da andlise de dados com o software FCS Express 4 (De

Novo, Software, Ontario, Canada).

- Imunofluorecéncia

As células foram cultivadas em laminulas circulares de vidro. Apos o tratamento
(e controle), as células foram fixadas por 20 min com paraformaldeido a 4% em tampéo
fosfato (PBS, mM): 2,9 KH2PO4; 38 Na,HPO4 .7H20; 130 NaCl; 1,2 KClI, lavado com
PBS e permeabilizado por 20 min em PBS contendo 0,2% de Triton X-100. As células
fixadas foram entéo bloqueadas por 60 min com PBS contendo albumina de soro bovino
a 5% e incubadas durante a noite com anticorpo monoclonal anti-S100B (clone H-86)
1:200. Apds incubacdo durante a noite com anticorpos primarios, as culturas foram
lavadas em PBS/triton a 0,2% (3x5 min) e incubadas por 2 h com o respectivo anticorpo
secundario na diluicdo de 1:1000: Alexa Fluor 528 (cabra anti-rabbit -1gG fluorescéncia
vermelha). Em seguida, as l[aminas com as células foram montadas com Fluor Save® e

as imagens foram visualizadas com um microscopio confocal Olympus e transferidas para
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um computador com camera digital e o software Fluoviewer 3.1 F\V1000 (Wartchow et

al., 2019).
Captacao de glicose

A captacgéo de glicose foi realizada conforme descrito anteriormente (Wartchow
et al., 2016). Resumidamente, as células foram incubadas com DMEM sem glicose
durante 1 hora a 37°C. O meio foi removido e as células foram incubadas a 35 ° C em
uma solucédo salina balanceada de Hank (HBSS). O ensaio foi iniciado pela adi¢do de
0,1uCi/pogo de D- [2,3-3H] deoxi-glicose. A incubagcéo foi interrompida apds 15 minutos,
removendo o meio e lavando as fatias duas vezes com HBSS gelado. As céluas foram
entdo lisadas em uma solucdo de NaOH 0,5M. A captacdo de glicose foi calculada
subtraindo a captacdo inespecifica, obtida usando o inibidor do transportador de glicose,
citocalasina B (25 uM - inibidor inespecifico do transportador de glicose), da captacdo
total. A radioatividade foi medida usando um contador de cintilagdo. Os resultados s&o

expressos em nmol/mg de proteina/min.
Determinacéo proteica

O contedo de proteinas foi medido pelo método de Lowry com algumas

modificagdes, usando albumina de soro bovino como padréo (Peterson, 1977).
Andlise estatistica

Todas os experimentos foram realizados em triplicata em pelo menos seis
experimentos independentes e os dados representam médias + S.E.M. As comparagdes
estatisticas entre os diferentes grupos foram testadas pelo teste t de Student ou ANOVA

de uma via, seguido pelo pos-teste de Tukey, quando aplicado. Valores de P <0,05 foram
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considerados significativos. Todas as analises foram realizadas no software Graphpad

Prism versdo 6 (La Jolla, CA, EUA).

Resultados

Expressao de S100B em cultura de ADSCs diferenciada para células adipogénicas

Apobs atingir 80% de confluéncia, as ADSCs do tecido adiposo foram submetidas
ao protocolo de diferenciacdo adipogénica. Para avaliar se as células ADSCs
diferenciaram para células de adipdcitos e se poderiam expressar a proteina S100B,
algumas técnicas foram realizadas. O contetudo de S100B foi avaliado por ELISA aos
quatro, sete e vinte e oito dias de diferenciacdo. Um aumento significativo no contetdo
de S100B foi observado ao longo do tempo, como esperado (Fig.1A) (p = 0,0006 e f (2,24)
= 10,28). Quando comparamos a quantidade de S100B expressa (por ELISA) na cultura
adipogénica, ADSCs e tecido adiposo, podemos observar que as células diferenciadas
expressam a proteina, enquanto o ELISA ndo detectou nenhum traco de S100B nas
células ADSCs. No entanto, o contetdo observado néo atinge os niveis do tecido adiposo
(Fig.1B) (p <0,0001 e f (227) = 49,03). Para confirmar e observar a expressdo de S100B,
decidimos também avaliar a proteina por citometria de fluxo (Fig.1F). Como podemos
ver, a maioria das células diferenciadas expressam S100B (area vermelha), mas algumas

células ainda permanecem negativas para essa proteina (Fig.1G) (p = 0,0107).

O fendtipo para adipécito foi observado através da presenca de gotas lipidicas
citoplasmaticas, que podem ser vistas sob contraste de fase (Fig.11) ou coradas com Oil
Red, um marcador especifico para gotas lipidicas (Fig.1J). As imagens de
imunofluorescancia para anti-S100B mostraram que as células expostas ao protocolo de

diferenciacéo apresentaram maior intensidade de fluorescéncia (vermelha), e a expressédo
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de S100B foi observada citosolicamente e amplamente distribuida (Fig. 1L). As células

ndo diferenciadas mostraram-se negativas para o Oil Red e para anti-S100B (Fig. H e K).
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Figura 1. Expressdo de S100B em cultura de ADSCs diferenciada para células
adipogénicas. O contetdo de S100B foi avaliado ao longo do tempo, quatro, sete e vinte
e oito dias de diferenciacdo (A) e o contetdo de S100B foi avaliado em tecido adiposo,
ADSCs indiferenciadas e células adipo-diferenciadas (B). Todos os plots da citometria
de fluxo sdo exemplos representativos de pelo menos sete experimentos independentes
realizados em triplicata, expressos como unidades fluorescentes de células positivas em
relagdo a 1 x 10* células por amostra. A dispersdo lateral (eixo y) representa a
complexidade celular e a fluorescéncia vermelha (eixo x) representa células positivas para
a proteina S100B: (C) controle negativo para as ADSCs, (D) ADSCs, (E) células adipo
diferenciadas, (F) curva para a contagem celular total e (G) representacédo gréfica para as
celulas marcadas para S100B. O contraste de fase da cultura de ADSCs (H), as células
adipo diferenciadas mostraram uma morfologia tipica com goticulas lipidicas no
citoplasma celular (I) e coloracdo com Oil Red para gotas lipidicas (J).
Imunofluorescéncia para S100B (vermelha) e DAPI (azul), com ampliacdo de 40X por
microscopia confocal (K-L), ampliacdo de zoom mostrando as gotas lipidicas
citoplasmatica em preto (M). Todas as imagens sdo campos representativos de pelo
menos trés experimentos realizados em duplicata. Barra de escala = 30 um. Os dados sao
expressos como médias + SE de 6-8 experimentos independentes realizados em triplicata.
Letras e * indicam diferenca estatistica entre grupos pelo teste t- Student ou ANOVA de

uma via seguida pelo teste de Tukey, assumindo p <0,05.

Células adipo-diferenciadas secretam S100B em resposta a diferentes estimulos

Apds observarmos que as células adipo-diferenciadas foram capazes de expressar
a proteina S100B, nossa segunda pergunta foi se elas também eram capazes de secretar
essa proteina. Para elucidar esse ponto, tratamos as células com diferentes substancias
conhecidas que influenciam o metabolismo do tecido adiposo e a sinaliza¢do celular.
Primeiro, avaliamos a influéncia da concentragéo de glicose nos adipdcitos e observamos
que a secrecao de S100B diminuiu com a retirada de glicose do meio, com uma diferenca

significativa na auséncia de glicose (Fig.2A) (p = 0,0466 e f (2, 30) = 3,402). Na presenca
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de lactato, outro substrato energético, as celulas apresentaram aumento na secrecdo de

S100B (Fig.2B) (p = 0,0240).

Também avaliamos a resposta celular na presenca de forskolina (FSK), um
ativador da adenilato ciclase (AMPc), e observamos um aumento da secrecdo de S100B

(Fig.2C) (p <0,0001).

Alteragfes hormonais, como condigdes normais e/ou estressantes, induzem
comportamentos diferentes no tecido adiposo. Quando expomos os adipécitos a
adrenalina (Fig.2D) (p = 0,0235) e a insulina (Fig.2E) (p = 0,0080) aumentamos a
secrecdo de S100B, enquanto que com a presenca de leptina, ndo foi observada alteragéo

na secrecdo (Fig. .2F) (p = 0,3843).
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Figura 2. Células adipo-diferenciadas secretam S100B em resposta a diferentes
estimulos. Apds uma hora de tratamento com: 17,5, 5,5 e 0 mM de glicose (A); Lactato
10 uM (B); Forskolin 10 uM (C); Adrenalina 10 uM (D); Insulina 10 uM (E) e 10 ng/mL
de leptina (F), a secrecao de S100B foi avaliada por ELISA. Os dados sdo expressos como

média + SE de 8 experimentos independentes realizadas em duplicata. As letras indicam

diferenga estatistica entre os grupos avaliados pelo teste t-Student ou pela ANOVA de

uma via seguida pelo pds-teste de Tukey, assumindo p <0,05.
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Diferentes condicfes alteram a captacao de glicose nos adipdcitos

Os adipacitos tém um intenso metabolismo glicolitico. A captacdo de glicose nas

células diferenciadas foi observada na presenca de altos niveis de glicose, condi¢des

basais do meio de diferenciagdo. Observamos que na presenga de insulina (Fig.3B) (p =

0,0296), S100B (Fig.3A) (p = 0,0104) e adrenalina (Fig.3D) (p = 0,0045) ocorreu

aumento na captacdo de glicose, enquanto na presenca de lactato ndo foi observada

diferenga (Fig.3C) (p = 0,1472).
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Figura 3. Diferentes condicdes alteram a captacdo de glicose nos adipécitos. Apds
uma hora de tratamento com: 0,1 ng/mL de S100B (A), 10 uM de insulina (B), 10 uM de

lactato (C) e 10 uM de adrenalina (D), os meios das células adipo-diferenciadas foram

substituidos por HBSS contendo 0,1 uCi/ pogo D- [3-3H] glicose e incubados por 15 min.

105



Os dados sdo expressos como média £ SE de 8 experimentos independentes realizados
em duplicata. As letras indicam diferenca estatistica entre grupos avaliados pelo teste t-

Student, assumindo p <0,05.

O modelo de diabetes tipo 1 reduziu o peso corporal e, consequentemente, reduziu os

niveis séricos de S100B

O modelo DM 1 foi induzido por injecdo intraperitoneal de estreptozotocina
(STZ) (60 mg / kg), o peso corporal foi avaliado semanalmente e ap6s 8 semanas do
modelo ocorreu a eutanasia dos animais. Uma representacdo esquematica do protocolo
experimental € mostrada na Fig. 4A. Como esperdvamos, houve uma reducdo no peso
corporal dos animais DM1 ao longo do tempo (Fig.4B) (p = 0,0051 e f gg1) = 3.020), e
uma reducao nos niveis séricos de S100B foi observada na ultima semana (Fig.4C) (p =

0,0155).
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Figura 4. O modelo de diabetes tipo 1 reduziu o peso corporal e, consequentemente,
reduziu os niveis séricos de S100B. Ratos Kyoto-Wistar machos DM1 induzidos por
STZ. Linha do tempo do experimento in vivo (A). Peso corporal avaliado semanalmente
(B). S100B no soro avaliado por ELISA (C). Os dados sdo expressos como média + SE
(n=8). Letras e * indicam diferenca estatistica entre grupos avaliados pelo teste t-Student,

assumindo p <0,05.

Discussao

Nos ultimos anos tem sido dada cada vez mais ateng&o ao estudo do tecido adiposo

e sua implicagdo no metabolismo. Os dados da literatura mostram vérias técnicas
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experimentais para adipocitos in vitro e cultura adiposa. Para rastrear as atividades de
substancias lipoliticas ou antilipoliticas, o uso de linhagens celulares de pré-adipdcitos,
MSCs diferenciadas ou adipdcitos isolados recentemente fornece um suprimento
adequado abundante de células adiposas. Portanto, esses métodos sdo preferidos quando
uma substancia é testada pela primeira vez. No entanto, como desvantagem, a capacidade
de resposta e as caracteristicas metabolicas do tecido adiposo podem néo ser exatamente
representadas por linhagens celulares ou células isoladas (Ghorbani and Abedinzade,

2013).

Em nosso estudo, as ADSCs permaneceram aderentes e com aspecto adipocitario
apos 28 dias de diferenciacdo, conforme o esperado. Vacuolos de gordura foram
observados intracelularmente, os quais foram confirmados com coloracdo de Oil Red.

Assim, podemos dizer que adquirimos com sucesso uma cultura semelhante a adipocitos.

Como o significado biolégico da S100B do tecido adiposo ainda ndo esté claro,
ainda € necessario um método in vitro que reproduza o comportamento do tecido adiposo
para uma melhor compreensdo da secrecdo de S100B periférica. Em nosso estudo, a
expressdo da proteina S100B foi avaliada por diferentes métodos. A cultura adipo-
diferenciada foi capaz de expressar S100B, vista por métodos quantitativos como ELISA

e citometria de fluxo, bem como por imunofluorescéncia.

Apbs esses resultados, decidimos avaliar também a funcionalidade dessa cultura
através da secrecdo de S100B e captagdo de glicose, ambas atribuicdes de tecido adiposo
ja conhecidas. Aqui, foi observada uma regulacéo positiva da secre¢do de S100B nos
adipdcitos em resposta a forskolina e a adrenalina, provavelmente desencadeada por uma

via mediada por AMPc, como ocorre nos astrocitos (Pinto et al., 2000). A insulina, que
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atenua a via do AMPc nos adipdcitos, causou uma diminuicdo na liberagcdo de S100B, o

que € consistente com a literatura (Suzuki and Kato, 1985).

O grupo de Steiner et al. correlacionou o indice de massa corporal (IMC) em
individuos sem historico prévio de distdrbios neurologicos ou psiquiatricos, com niveis
séricos de S100B e duas proteinas derivadas do tecido adiposo: leptina e a proteina de
ligacdo a acidos graxos (A-FABP). Eles observaram que os niveis de S100B estavam
intimamente correlacionados com o IMC, bem como com os niveis de leptina e A-FABP
(Steiner et al., 2010). A leptina desempenha um papel importante na regulacdo da
homeostase energética e € a principal adipocina secretada pelo tecido adiposo (Bluher
and Mantzoros, 2015). No entanto, ndo observamos alteracdo da secrecdo de S100B na
presenca de leptina, o que poderia ter ocorrido devido a curta duracdo do tratamento (1

hora) ou a baixa concentracdo de leptina.

A proteina S100B foi identificada pela primeira vez héa quase trinta e cinco anos,
com o suposto papel de transportadora de acidos graxos (Suzuki and Kato, 1985). Como
vimos em nosso estudo, a ativacdo do AMPc pela forskolina e pela adrenalina aumentou
a secrecdo de S100B. Esse resultado provavelmente esta ligado ao mecanismo de lipdlise
no tecido adiposo. Talvez o oposto também seja verdadeiro: a reducdo da secrecdo de
S100B pode estar ligada a lipogénese, uma vez que a insulina estimula a captagdo de
glicose nos adipdcitos, ativando enzimas glicoliticas e lipogénicas e reduzindo a secre¢cdo

de S100B.

Enquanto isso, removendo a glicose do meio de incubagdo, podemos observar
uma reducdo na secre¢do de S100B. Em um organismo, a diminui¢do dos niveis de
glicose no sangue estimula a lipdlise e, consequentemente, um aumento da secre¢do de

S100B com a liberacéo de acidos graxos livres (Suzuki and Kato, 1985). Outro estudo
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também revelou uma relacdo entre S100B sérica, altos niveis de glicose no sangue e
concentracdo de insulina em pacientes saudaveis, mostrando uma diminui¢do na S100B
sérica durante um teste oral de tolerancia a glicose que esta inversamente correlacionado
com a resposta a insulina (Steiner et al., 2014). Em nosso ambiente in vitro, as células
diferenciadas em adipOcitos se comportam como se ndo tivesse entrada de substrato
energético e, portanto, diminuiram a secrecéo de S100B como uma maneira de se proteger

e ndo ter gasto de energia.

A incubacdo com lactato provocou um aumento na secrecdo de S100B, que pode
estar relacionada a altos niveis de lactato apds o exercicio fisico e a estimulacao da lipolise
(Dietrich et al., 2003; Stocchero et al., 2014). Lembrando que a S100B é secretada ao
longo da liberacdo dos FFA, como mencionado anteriormente. S6 podemos especular
sobre a exclusdo da acdo do lactato através do receptor HCAL, uma vez que o receptor
esteja acoplado a proteina Gi e essa interacdo resultaria em uma diminuicdo de S100B

(Gongalves et al., 2018).

Esse eixo regulador S100B-insulina é diferente no tecido adiposo e no SNC, onde
ha um aumento na secrecdo de S100B na presenca de insulina e uma diminuicdo na
captacdo de glicose na presenca de S100B (Wartchow et al., 2016). A S100B extracelular
no tecido adiposo ndo causou uma diminuicdo na captacao de glicose, como ocorre nos
astrdcitos. Nesse ponto, é possivel especular que, em um ambiente rico em glicose, 0 €ixo
insulina-S100B aciona os adipocitos para armazenar glicose, uma vez que tanto a S100B
quanto a insulina causaram um aumento na captacéo de glicose. Enquanto que no SNC,
a secrecdo de S100B estimulada por insulina atua como freio ou feedback negativo para

a propria acdo da insulina, no tecido adiposo, tanto a S100B quanto a insulina atuam
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estimulando a captacéo de glicose e possivelmente resultando em lipogénese (Wartchow

etal., 2016).

Com o aumento dos niveis sanguineos de adrenalina, a liga¢dao aos receptores o-
adrenérgicos estimula a glicogendlise dos musculos hepaticos e esqueléticos e a glicolise
dos musculos esqueléticos. A ligagdo ao receptor B-adrenérgico estimula a secrecdo do
horménio adrenocorticotropico da glandula pituitaria e da hipofise, isto é, estimula a
lipolise (Berlin et al., 1990). Aqui observamos que a adrenalina teve um comportamento
diferente, causando aumento da secrecdo de S100B e da captacdo de glicose. Esses
eventos podem ter alguma relacdo uma vez que, como vimos no resultado anterior, na
presenca de S100B houve um aumento na captacdo de glicose, 0 mesmo evento observado
com adrenalina. Talvez o que vimos aqui ndo seja um efeito direto da adrenalina na
captacdo de glicose e mais um efeito da S100B secretada em consequéncia do tratamento
com adrenalina. Outra explicacdo possivel é o fato de o ambiente in vitro ter apenas
adipdcitos e, em um organismo as células musculares aumentariam a captacao de glicose.
Na auséncia de células musculares in vitro, os adipdcitos aumentaram a captacdo de

glicose por si mesmos.

Em pacientes ou modelos animais com DM1, uma das principais consequéncias
da doenca € a hiperglicemia e a baixa secre¢do ou auséncia de insulina (Klimova et al.,
2018). Com esses dois eventos em mente, em relagdo aos nossos resultados in vitro, a
S100B sérica provavelmente deve ser aumentado no DML, pois altas concentragdes de
glicose estimulariam a secrec@o de S100B para aumentar a captacdo de glicose, pois ndo
teriam a insulina para obter um feedback negativo. No entanto, este resultado néo foi
observado: a S100B sérica se mostrou diminuida ap6s o modelo de DM1 néo tratado.
Acreditamos que essa reducdo na S100B sérica possa estar relacionada com a perda de
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peso do animal, como observado anteriormente por Steiner et al, que relaciona o IMC a

concentracdo sérica de S100B (Steiner et al., 2010).

Concluséao

Altos niveis de S100B estdo presentes nos adipdcitos e nossos ensaios in vitro
indicam que a secrecdo de S100B pode ser modulada por hormonios envolvidos no
metabolismo da glicose, provavelmente regulando a lipdlise e a lipogénese, como
adrenalina e insulina. Embora ndo esteja claro o significado biolégico da S100B
extracelular, é provavel que o tecido adiposo possa ser uma fonte importante de S100B

sérica e estar relacionado a obesidade.

Portanto, este estudo é uma alternativa para uma melhor compreenséo da relacéo
entre tecido adiposo e varias doencas como DM1 e a obesidade, provando ser uma boa
alternativa para o estudo in vitro de S100B. As razdes para todos os efeitos aqui
observados exigem experimentos adicionais, pois qualquer interpretacdao destes dados é,

até o presente momento, meramente especulativa.
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6 DISCUSSAO

Nos ultimos anos, as MSCs derivadas de diferentes tecidos, em especial as
derivadas de tecido adiposo, tém atraido atencao principalmente pela facilidade de sua
obtencdo (Chandra et al., 2011; Khorsandi et al., 2016). As MSCs sdo conhecidas por
promoverem a regeneracdo celular e por proteger as células da apoptose. Além disso,
podem ser induzidas a se diferenciar em CPIs funcionais e fornecer uma fonte alternativa
para o tratamento do DM (Chen et al., 2008; Gao et al., 2014). Assim, explorar a
potencialidade plastica das células-estromais mesenquimais derivadas de multiplos

Orgaos e tecidos, incluindo adiposo, tem sido alvo de estudo de varios grupos de pesquisa.
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Esquema 1. Desenho esquematico dos resultados descritos nesta tese. Dividida

em trés capitulos, aqui representados da esquerda para a direita do leitor.
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Isolamento e caracterizacéo de células-estromais mesenquimais derivadas de

tecido adiposo epididimal (ADSCs)

No presente trabalho, isolou-se e caracterizou-se cultura de células-estromais
mesenquimais derivadas de tecido adiposo epididimal de ratos Wistar Kyoto quanto a
proliferacdo de células aderentes ao plastico, perfil fenotipico e capacidade de
diferenciacdo in vitro em osteoblastos e adipocitos, conforme preconizado pela

International Society for Cellular Therapy (Dominici et al., 2006).

De acordo com 0s nossos resultados, o isolamento das ADSCs foi satisfatorio.
Obteve-se culturas homogéneas, com morfologia fibroblastoide e com alta taxa
proliferativa. As culturas celulares apresentaram reatividade negativa aos antigenos
CD31, CD45 e MHC 1l e positivas para CD29, CD44 e CD90. Assim, o perfil
imunofenotipico das populacBes celulares utilizadas neste estudo, bem como a
capacidade de formar adipocitos e ostedcitos, quando submetidas aos protocolos de
diferenciacéo, foram critérios funcionais compativeis a identificacao de células-estromais

mesenguimais genuinas.

Buscando mais uma evidéncia de que o isolamento realizado ocorreu de forma
satisfatoria e que as ADSCs se apresentavam homogéneas e indiferenciadas, avaliou-se o
contedo da proteina S100B. Proteina expressa e secretada por adipdcitos em
concentracdes similares as encontradas no tecido nervoso, a S100B foi evidenciada no
tecido adiposo primeiramente por Hidaka e colaboradores, no Japéo, (Hidaka et al., 1983)
e por Michetti e colaboradores, na Italia (Michetti et al., 1983b). No tecido adiposo
epididimal de ratos, foi encontrado um contetdo elevado da proteina S100B, em torno de
1,5 ng/pg (Feoli et al., 2008; Gongalves et al., 2010b). No entanto, ao avaliarmos o

conteddo de S100B nas células estromais mesenquimais derivadas do referido tecido, ndo
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houve expressdo desta proteina, evidenciando pureza e homogeneidade da populacao

celular.

Otimizacao e avaliacdo de protocolos de diferenciacdo de ADSCs em ceélulas

produtoras de insulina (CPIs)

Apesar do fato de existirem varios protocolos de diferenciacdo em CPIs in vitro,
ainda ha a necessidade de mais estudos e modificacdes nas estratégias de inducéo, devido
a protocolos longos, complicados e com baixa taxa de eficiéncia (Karnieli et al., 2007b;
Xie et al., 2009; Xin et al., 2016b). Durante este estudo, priorizamos a utilizacdo de
protocolos de diferenciacdo que fossem rapidos e praticos, com a tentativa de utilizar um

ndmero reduzido de indutores.

Em meio de cultivo DMEM-F12 (17,5 mM de glicose), as ADSCs foram
submetidas a trés diferentes protocolos de diferenciacdo em CPIs: procololo | (IPC/PI) -
durante sete dias, suplementado com 10 nM de nicotinamida; protocolo Il (IPC/PII) -
durante trés dias, suplementado com 10nM de nicotinamida, 10ng/mL de Activina-A e
10 nM de exendina-4 (Khorsandi et al., 2016; Xin et al., 2016b); e protocolo I11 (IPC/PIII)
- durante trés dias, suplementado com 10nM de nicotinamida e 25 uM de Resveratrol

(Caldarelli et al., 2015).

Embora os mecanismos que levam a diferenciacdo de MSCs em células
produtoras de insulina ainda ndo sdo bem compreendidos, os indutores utilizados neste
estudo sdo reconhecidamente importantes neste processo. A nicotinamida, uma vitamina
hidrossolivel do grupo B, inibe a sintese da poli ADP-ribose e possui efeito
estimulatorio das células progenitoras do pancreas em células produtoras de insulina,
além de efeito protetor da dessensibilizacdo dos receptores de glicose (Tang et al., 2004;

Vaca et al., 2008).
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Ja a exendina-4 (EX-4) € um peptideo agonista do receptor GLP-1 de agédo
prolongada (peptideo semelhante a glucagon 1) que atua diretamente nas células B
pancreaticas aumentando a secrecdo de insulina (Xu et al., 1999), apresentando efeitos
benéficos, a longo prazo, sobre os niveis de glicose no sangue (Greig et al., 1999) e sobre
o déficit cognitivo em ratos diabéticos (Zanotto et al., 2017). Estudos anteriores revelaram
que a EX-4 atua na diferenciacdo das MSCs em CPIs (Khorsandi et al., 2016; Nejad-
Dehbashi et al., 2014; Xin et al., 2016b). Associada a EX4, na necessidade de recriar in
vitro um ambiente similar a fase embriogénica, as células mesenquimais foram induzidas
a formar a endoderme pancreética enriquecendo-se 0 meio com activina-A, uma proteina

da familia do TGF-p (do inglés, transforming growth factor g) (D’ Amour et al., 2005).

O resveratrol (RSV) é um composto polifenolico natural encontrado em varias
frutas e plantas, como na casca de uvas vermelhas, romds e nozes (Das and Das, 2007).
Estudos mostraram que 0 RSV atua na protecdo neural e cardiaca, possui efeitos anti-
inflamatdrios e também desempenha um papel importante no aumento da expectativa de
vida (Das and Das, 2007; Liu et al., 2012; Valenzano et al., 2006). Além disso, 0 RSV
facilita a diferenciacdo cardiomicitica e osteogénica de células-tronco embrionarias e
células-tronco pluripotentes induzidas, além de ser capaz de prevenir a apoptose celular
através da diminuicdo dos niveis das espécies reativas de oxigénio (Kao et al., 2010; Liu
et al.,, 2016). O RSV ¢é capaz de aumentar a proliferacdo e diferenciacdo de células-
estromais mesenquimais humanas (Dai et al., 2007). Chen e colaboradores avaliaram a
viabilidade das ADSCs pré-condicionadas com resveratrol submetidas a altas
concentragdes de glicose, observando um efeito protetor (S.-Y. Chen et al., 2019). No
entanto, 0 mecanismo de RSV na regulacdo de células pluripotentes continua a ser

elucidado.
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De acordo com 0s nossos resultados, utilizando estes fatores de inducdo de
diferenciacdo em CPIs, pode-se observar que nos protocolo IPC/PIl,suplementado com
EX-4, e IPC/PIII, suplementado com RSV, as celulas apresentaram maior reatividade a
coloragdo com ditizona (DTZ), um agente quelante de fons de zinco (Zn?*) os quais esto
presentes nos granulos de insulina. Corroborando com esta marcacao indireta, a expressao
de pro-insulina também foi observada por western blot. No entanto, a avaliacdo da
expressdo de insulina pelo método de ELISA, um método mais sensivel de deteccédo
proteica, o protocolo IPC/PII se mostrou mais eficiente quando comparado aos outros. O
mesmo pode ser observado pela imunofluorescéncia. Dessa maneira, mostramos que
tanto IPC/PII quanto o IPC/PIII expressaram pré-insulina, ou seja, tanto a EX-4 quanto o
RSV atuam positivamente na diferenciacéo celular, no entanto a EX-4 possuiu um efeito

mais pronunciado, observado pelo aumento de insulina.

Li et al. relataram que a presenca de EX-4 aumentou a secre¢do de insulina diante
do estimulo de glicose em células § diferenciadas (H. Li et al., 2010). Como mostrado em
nossos resultados, a expressao de insulina foi significativamente aumentada na presenca
de EX-4 e as células IPC/PIl foram responsivas ao estimulo de glicose, além de
interromperem a secre¢do de insulina quando retirado o estimulo, ou seja, quando a
concentracdo de glicose era zero. As células do CPI/PIII tiveram um comportamento
semelhante. No entanto, ao se retirar o estimulo de glicose, a secre¢do de insulina ndo foi
interrompida tendo um aumento superior. Tal ocorréncia indica que a EX-4 gera células

mais maduras comparadas as células induzidas na presenca de RSV.

GLUT-2 é o transportador de glicose expresso predominantemente em hepatocitos
e nas células p pancreaticas. Esta isoforma do transportador estd envolvida na deteccdo

de glicose em células  pancreaticas e com o mecanismo de secregdo de insulina (Kellett
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et al., 2008; Olson and Pessin, 1996). Sabe-se que a expressédo de insulina e de GLUT-2
confirmam a diferenciacédo e a funcionalidade das CPIs. Ao se avaliar a expressdo do
GLUT-2 por western blot e por imunofluorescéncia, tanto o protocolo IPC/PII quanto o
IPC/PIII tiveram um aumento da sua expressdo. A captacdo de glicose se mostrou
aumentada em todos os protocolos avaliados, isto provavelmente se deve ao aumento da
expressdo do GLUT-2, mas também pelo aumento de outros transportadores aqui ndo
avaliados, ja que o protocolo IPC/PI também teve um aumento significativo da captacéo

de glicose, mas 0 mesmo nao foi observado com a expressao de GLUT-2.

Os protocolos de diferenciacdo ndo alteraram a taxa de multiplicacdo e nem o
numero de células ao final da inducédo, provavelmente pelo curto periodo de tratamento
(3-7 dias). Caso prolongassemos o tempo de inducdo, provavelmente encontrariamos uma

reducdo significativa no nimero de células em comparacdo as ADSCs (Guihai, 2017).

Avaliacdo das vias de sinalizacédo envolvidas nos protocolos de diferenciacao

de ADSCs em CPlIs

E bem definido que modificacdes de vias de sinalizacdo podem influenciar no
processo final de diferenciacdo celular das MSCs, e que muitos estimulos sdo utilizados
para direcionar a um tipo celular especifico. No entanto, ainda ndo esta claro como essas
vias afetam as MSCs e como a manipulacdo de diferentes indutores pode levar a
protocolos de diferenciacdo mais eficientes. Em nosso trabalho, primamos pela obtencao
de um protocolo funcional, de aplicacdo simples, atingindo populagdes celulares capazes
de mostrar sinais de transdiferenciagdo em um periodo curto de tempo. Para tanto,
avaliamos trés diferentes protocolos e suas vias de diferenciacdo envolvidas nesta fase

inicial.
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As MAPKSs sdo proteinas cinases ativadas por mitdgeno que desempenham um
papel central na transmissdo de sinais dos receptores de superficie celular. Sdo proteinas
serina-treonina especificas expressas em todos os tipos celulares, sendo componentes
essenciais da maquinaria de transducdo de sinal na regulacdo da sobrevivéncia celular,
motilidade, apoptose, proliferacéo e diferenciacdo celular (Garrington and Johnson, 1999;
Gehart et al., 2010). Essa via de sinalizacdo esta envolvida no crescimento e diferenciagdo
celular (Sosa et al., 2011), desempenhando papéis cruciais na condrogénese e osteogénese
nas MSCs (Li et al., 2010; Stanton et al., 2003). Zhang e colaboradores mostraram que
estas proteinas sdo importantes na proliferacdo e diferenciacdo de células-estromais
mesenquimais derivadas de polpa dentaria (DPSCs) (Zhang et al., 2012). Quanto a
diferenciacdo em CPIls, o conhecimento é ainda muito reduzido, e poucos trabalhos
avaliam por quais vias de sinalizacdo ocorre a diferenciacdo e como elas estdo

relacionadas com os diferentes indutores e os diferentes periodos de diferenciacéo.

As MAPKSs incluem as proteinas cinases reguladas por sinal extracelular (Erks),
as proteinas cinases N-terminais p38 e JNK. Em nossos resultados, podemos observar
um aumento da fosforilacdo da MAPK/p38 no protocolo IPC/PII avaliada por western
blot, enquanto que fosforilacdo do IRS-1, STAT3 e 0 PI3K ndo foi alterada. A EX-4 é um
agonista GLP-1 e atua se ligando no receptor GLP-1 ativando a via de sinaliza¢cdo AMPc/
PKA/ MAPK p38 (Roussel et al., 2016; Yang et al., 2016). Na presenca do inibidor
SB203580 10 uM (inibidor da p38), ndo foi observado o aumento do contetido de insulina
no IPC/PIl, permanecendo com valores basais. Este resultado revela que a via da
MAPK/p38 atua positivamente na diferenciagdo celular em CPIs sendo essencial no
processo, pois quando a via estava inibida o aumento da expressdo insulina ndo foi mais

observado.
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O RSV também foi escolhido como possivel indutor de diferenciacdo, pois como
ja foi mostrado em trabalhos anteriores, possui capacidade de promover a diferenciacao
osteogénica, como também € capaz de estimular a diferenciacdo de ESCs em
cardiomidcitos (Ding et al., 2016; Liu et al., 2016). Caldarelli et al mostraram o efeito do
RSV na diferenciacdo de células estromais mesenquimais, em que 25 uM de RSV induziu
adipogénese. Além disso, observaram que 0 RSV pode atuar como agonista de insulina
ativando o receptor de insulina (Caldarelli et al., 2015). Com o objetivo de avaliar a
possivel via de diferenciacdo celular nas CPIs, avaliou-se por western blot a fosforilacdo
da STAT3 e do IRS-1, ambas as vias relacionadas com a diferenciacao celular e 0 RSV.
A sinalizacdo Jak/STAT3 tem importancia na manutencdo da pluripoténcia ESCs de
roedores (Chen et al., 2015). Nossos resultados mostraram que o protocolo IPC/PIII,
suplementado com RSV, ativou STAT3 e inibiu IRS-1. Provavelmente, 0 RSV ativa a via
da Jak/ STAT3/ SOCS1/3, e 0 aumento de SOCS3 regula negativamente a sinaliza¢do da
insulina, inibindo o IRS-1 (Fan et al., 2014; Galic et al., 2014). Consequentemente, nao
apresenta aumento na fosforilacdo da PI3K e nem da via da MAPK/p38. A ativacdo da
via da Jak/STAT3 se mostrou importante, ja que promoveu um aumento razoavel na

expressao de insulina pelo protocolo IPC/PIII.

A via de sinalizacdo da PI3K/AKT é muito importante na sinalizacdo da insulina
(Kozma and Thomas, 2002). A AKT tem um dos principais papéis nas células produtoras
de insulina, uma vez que é necessaria para induzir o transporte de glicose (Kohn et al.,
1996). A via da PI3K regula indiretamente a diferenciacdo de células enddcrinas via
inativacgao do fator de transcri¢cdo Forkhead box O1, que bloqueia a expresséo do PDX-1
e estimula a expressdo de neurogénicos diferenciacdo 1 (Kitamura and Ido Kitamura,
2007). Todos estes trés fatores de transcri¢cdo participam na diferenciacdo de células

enddcrinas e na expressdo do gene de insulina nas células beta pancreaticas (Docherty et
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al., 2005). Portanto, a ativacdo da PI3K pode ser um dos eventos importantes na

diferenciacédo de células enddcrinas pancreaticas.

No entanto, a literatura é controversa. Hori et al utilizou o LY294002, um inibidor
ndo seletivo da via da PI3K, e observou que células-tronco embrionarias de ratos se
diferenciaram em células produtoras de insulina, com maior semelhanca as 3 pancreaticas
(Hori et al., 2002). Corroborando com esses resultados Mao et al sugeriram que o inibidor
PI3K ndo-seletivo LY294002 ¢ o inibidor da subunidade PI3Kp o TGX-221 contribuem

para a diferenciacdo das células-tronco embrionarias em células p (Mao et al., 2017).

Este mesmo efeito foi observado em nosso estudo, na presenca do inibidor
LY94002, as células ndo diferenciadas aumentaram a expressdo de insulina, e revelaram
um efeito per se do inibidor. Quando o inibidor foi adicionado junto com os protocolos
de inducdo, se observou um aumento da expressdo de insulina comparado com o efeito
individual da EX-4 no grupo IPC/PII. Assim, ambos, LY94002 e EX-4 tiveram um efeito
aditivo, praticamente duplicando o contetdo de insulina. Pode-se também observar que o
mesmo efeito aditivo observado no grupo IPC/PII ocorreu também no grupo IPC/PIII
suplementado com resveratrol. 1sso nos leva a acreditar que as vias da p38 (ativada pela
presenca da exendina-4) e da STAT3 (ativada pela presenca do resveratrol) participam
positivamente na diferenciacdo em CPIls enquanto que a via da PI3K participa

negativamente.

Este foi o primeiro trabalho a relacionar a via da PI3K, STAT3 e p38 na
diferenciacdo das MSCs em CPIs. Estudos futuros devem considerar a influéncia das vias
de sinalizacdo envolvidas na diferenciagdo da MSCs em CPlIs, além de considerar 0s
diferentes estimulos quimicos e fisicos, origem celular, métodos de cultura e indutores.

A diferenca entre os efeitos in vivo e in vitro das vias de sinalizagdo da PI3K e da p38
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sobre a diferenciacdo de MSCs também devem ser levadas em consideracdo. Dessa
maneira, 0 objetivo € que esses resultados ajudem a compreender melhor os mecanismos
subjacentes que controlam o processo de diferenciacdo, na busca da regeneracdo de

tecidos e por terapias baseadas em células-estromais mesenquimais.

Avaliacdo da recuperacdo metabolica de animais diabéticos apds implante

subcapsular renal de CPIs

Nas Gltimas décadas, o diabetes mellitus (DM) tornou-se um dos principais
problemas de saude publica em todo o mundo (Shaw et al., 2010) e contribui
significativamente para 0 aumento de casos de cardiopatia isquémica e acidente vascular
cerebral que, coletivamente, representam altas taxas de morbidade e mortalidade entre os
pacientes adultos (Lozano et al., 2012). Assim, a identificacdo de células-estromais
mesenguimais, que possuem o potencial de se diferenciar em CPIs, se apresentava como
uma boa alternativa como terapia celular. Embora o transplante de CPIs seja considerado
um tratamento mais promissor para o0 DML, ainda existem conflitos em relacdo aos
protocolos, a sua imunogenicidade e tumorigenicidade (Choi et al., 2003; Hess et al.,

2003).

Na primeira fase in vitro do nosso estudo, podemos observar que se obteve com o
protocolo IPC/PIl células mais maduras, e com um perfil secretério de insulina
satisfatorio. A partir destes resultados, se decidiu observar a funcionalidade celular das
CPIs em animais diabéticos induzidos com STZ (DM1). Em nosso estudo podemos
observar que as CPIs implantadas na regido subcapsular renal (SR) foram capazes de
secretar insulina funcional, confirmada pela presenca de peptideo C sérico e pela redugdo
da hiperglicemia nos animais com DM1. O espaco SR foi escolhido como opgéo para o

implante das CPls, por ser um local comumente utilizado no implante de células
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experimentais (Gabr et al., 2013; Paz et al., 2011; Xin et al., 2016b), sendo uma
abordagem com potencial para uma futura aplicacédo clinica. Nossos achados indicam que
as CPlIs derivadas de gordura, obtidas com um protocolo simples e rapido, foram capazes
de reduzir (embora parcialmente) a hiperglicemia no DM1. De acordo com a literatura,
outros trabalhos também obtiveram efeito similar sobre o controle da glicemia, mesmo
utilizando protocolos mais longos de diferenciacdo e na presenca mais indutores (por
exemplo, (Kondo et al., 2017)). Este resultado indica que as CPIs geradas a partir do
protocolo IPC/II foi capaz de melhorar a hiperglicemia dos animais DM1, e que a regido

SR se mostrou promissora para terapia celular.

Avaliacdo da neuroprotecao hipocampal de animais diabéticos apds implante

subcapsular renal ou subcutaneo de CPIs

Numerosos locais foram propostos e testados para a implantacdo celular, tanto
experimentalmente como em alguns casos clinicamente, incluindo o figado, subcapsula
renal, baco, pancreas, parede gastrointestinal e espacos subcutaneos. Embora alguns
locais alternativos possam ser vantajosos em modelos experimentais, sua viabilidade e

traducdo para ambientes clinicos ainda sdo limitados (Cantarelli and Piemonti, 2011).

A partir dos nossos resultados satisfatorios com o implante das células CPls na
regido SR em animais diabéticos, decidiu-se entdo comparar também com a implantacao
no tecido subcutaneo (SC) da regido cervical dorsal do rato. Dos locais de transplantes
alternativos estudados até hoje, o espaco SC pode ser considerado atraente por varias
razdes. O local SC oferece potencial para acesso a bidpsia, além de ser cirurgicamente
facil para a implantagdo celular. No entanto, uma de suas limitagdes € seu baixo fluxo
sanguineo, o que pode comprometer consideravelmente a funcdo do enxerto (Rajab,

2010).
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A terapia celular € um campo dindmico e se bem sucedido pode levar a uma
melhora do controle glicémico no DM1. Embora muitos estudos tenham investigado o
local ideal de implantacdo de CPIs para reverter a hiperglicemia, nenhum deles comparou
os locais de implantacdo com o objetivo de reduzir os efeitos deletérios no SNC causados
pelo DM1. Para tanto, modelos animais tém contribuido imensamente para a
compreensdo das alteracbes bioquimicas e funcionais, incluindo alteracdes
neuroguimicas particularmente relacionadas com o comprometimento cognitivo e, até
mesmo, deméncia no DM1 (Duarte et al., 2012; Nardin et al., 2016; Wang et al., 2012;

Zanotto et al., 2017).

Para avaliar os efeitos com a implantacdo das CPIs na cogni¢cdo dos animais com
DM1, fizemos uso de um teste comportamental amplamente utilizado para acessar
memoria declarativa em roedores, que se baseia na tendéncia natural do animal em
explorar mais o objeto novo em detrimento ao familiar num contexto conhecido, o teste
de reconhecimento de objetos (RO) (Clark et al., 2000). A maior parte dos estudos
realizados para a avaliacdo da cogni¢cdo em roedores tém como alvo o hipocampo, por se
tratar de uma estrutura-chave para a memdria e cuja integridade e funcao € muito afetada

no DM1 (Nardin et al., 2016).

Alteracoes gliais especificas frequentemente precedem os sinais histopatologicos
das deméncias e estas alteraces sdo mantidas com a progressdo da doenca (Nagayach et
al., 2014; Nardin et al., 2016; Orre et al., 2014). A GFAP é um marcador conhecido da
reatividade dos astrocitos, e seu contetdo traz indicios de como estdo os astrocitos em
relacdo a doenga. Outra proteina astrocitaria estudada neste trabalho é a S100B. Esta

proteina é secretada por astrocitos e tem sido proposta como moduladora da
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neuroinflamacdo em doencas neurodegenerativas, incluindo a DA e também o DM1

(Biasibetti et al., 2017; Donato et al., 2009; Wilcock and Griffin, 2013).

Marcadores bioquimicos no SNC mostraram que o modelo DM1 ndo afetou
estruturalmente as sinapses, uma vez que nao foi observada diferenca no conteddo de
sinaptofisina (proteina na sinapse neuronal). Provavelmente, o déficit cognitivo
observado se deve a um déficit na sinalizacdo neuronal, que deve ser mais investigado.
Ao mesmo tempo, os implantes de CPIs melhoraram uma aparente hipofuncéo astroglial
em consequéncia do DM1, uma vez que encontramos um aumento no contetdo
hipocampal de S100B, especialmente no grupo SC. Por outro lado, apesar do diabetes,
por si s0, ndo ter efeito sobre a GFAP, ambos os locais do implante causaram uma reducao
na GFAP avaliada no hipocampo. O fato de implantes de CPIs terem causado reducao da
GFAP pode indicar um rearranjo astrocitico para adaptar os sinais das células migradas,

0 que precisa de uma investigacdo mais profunda.

A hiperglicemia desregulada ou prolongada pode levar a formacdo de produtos
finais de glicacdo avancada (AGESs), produzidos a partir de processos ndo-enzimaticos de
glicacdo e glicoxidacdo, criando um ambiente pro-oxidante (Vlassara and Uribarri, 2014).
A glicotoxicidade é uma das causas de quase todas as complica¢fes do DM1 néo tratado,
tanto periférica quanto centralmente (Wu and Yan, 2015). Nossos resultados mostraram
que, como esperado, os ratos diabéticos apresentaram aumento nos niveis séricos de
AGEs e, curiosamente, apds a implantacdo das CPIs em ambos 0s sitios, 0s AGES séricos
retornaram aos niveis do controle. Esse efeito pode ser resultado provavelmente devido a
presenca de ADSCs remanescentes na diferenciagdo das CPls, que podem ter o
comportamento de depuracgdo autofagica (Hu et al., 2019). As ADSCs sdo capazes de

remover proteinas anormais ou aminoacidos glicados, promovendo o reparo celular in
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vivo (Park et al., 2014). Embora os mecanismos das ADSCs nessa atividade de autofagia
e capacidade de eliminacdo de AGEs no DM1 ainda nao sejam claros, a capacidade de
autofagia foi observada na remocdo de AGEs em feridas diabéticas (Han et al., 2017),
removendo o B-amildide intracelular no SNC (Shin et al., 2014), remocéo de células
epiteliais pulmonares anormais (Jung et al., 2013; Zhou and You, 2016) e alivio de danos

as celulas beta (Zhao et al., 2015).

Considerando o fato de que os resultados benéficos no SNC ndo vieram da
melhora da hiperglicemia, hipotetizamos um efeito putativo das ADSCs presentes nos
enxertos celulares. Os beneficios do uso das ADSCs no tratamento de distdrbios
cognitivos foram bem documentados. Tratamentos com MSCs em modelos animais da
doenca de Alzheimer (Cui et al., 2017; Zheng et al., 2017), bem como o efeito de
exossomos derivados de MCSs (T.-S. Chen et al., 2019; Cui et al., 2018), também em

déficits cognitivos em consequéncia do DM (Nakano et al., 2016).

Em nosso estudo, as células implantadas no SC melhoraram com sucesso 0
comprometimento cognitivo e os parametros bioquimicos no hipocampo, como S100B e
GFAP. Quando os parametros periféricos foram observados, ambos os locais de
implantacdo causaram melhora da hiperglicemia e possivelmente uma depuracao
autofagica do AGEs séricos. Interessantemente, apesar de ndo termos observado uma
completa reversao da hiperglicemia, como desejado, foi possivel ter um efeito benéfico

nos danos causados no SNC.

Avaliacdo da presenca de células ADSCs obtidas de ratos transgénicos para
proteina fluorescente verde em tecidos remotos, particularmente pancreas e

hipocampo
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Como observamos que mesmo quando os locais de implantacdo apresentavam
comportamentos periféricos diferentes, como por exemplo os niveis séricos de peptideo
C, os parametros bioquimicos no SNC e principalmente a memaria de reconhecimento de
objetos (RO) tiveram curiosamente um padrdo inverso. O grupo com CPIls implantados
na regido SC tiveram uma melhora na memoria de curto e longo prazo avaliados pelo
teste de RO, além de uma melhora nos parametros bioquimicos. Acreditamos que em
nossa preparacdo de CPIs ainda hajam ADSCs indiferenciadas, estas capazes de migrar
para sitios remotos (Kurtz, 2008; Schmidt et al., 2006). E sabido que nenhum dos
diferentes protocolos de diferenciacdo resulta em 100% de células diferenciadas (por
exemplo, (Gabr et al., 2014; Xin et al., 2016b). Portanto, nossa estratégia de implante (4
x 10° células diferenciadas / rato) pode ndo possuir as CPIs suficientes para uma reversao
completa do DM1, mas contribuiram para uma reversdo total do comprometimento
cognitivo observado com o implante das CPIs na regido SC. Uma vez que foi observada
esta melhora da cognicdo dos animais diabéticos, decidiu-se avaliar a possivel presenca
de células CPIs-GFP* em tecidos remotos, como no hipocampo, pulméo e pancreas e
observar a composic¢ao celular do enxerto no local do implante ao longo do tempo, dois e

quatorze dias apds o implante celular.

Uma habilidade das MSCs particularmente interessante é a sua capacidade
de homing, permitindo que as células naveguem para sitios com lesdo e inflamacao.
Acredita-se que as MSCs exercam comportamento migratorio semelhante ao dos
leucocitos em relacdo a capacidade de resposta a citocinas e a capacidade de migracéo
transendotelial (Majumdar et al., 2003; Rdster et al., 2006). Esse recurso distinto de
migracdo e homing permite a aplicacdo de estratégias minimamente invasivas para a
pratica clinica, facilitando uma ampla implementacdo de novos protocolos de tratamento

baseados na terapia celular. Por outro lado, a administracdo sistémica de MSCs, por
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exemplo intravenosa (IV), pode levar a eventos adversos como embolia pulmonar (Boltze
et al., 2015) ou microembolismo cerebral (Cui et al., 2015). Enquanto o comportamento
de homing tem sido bem descrito em varios cenérios, a clareza sobre mecanismos
definidos e a regulacao da migracdo de MSCs ainda néo esta clara (Nitzsche et al., 2017).
Ambos os sitios de implantacdo escolhidos neste estudo tiveram o intuito de eliminar

possiveis efeitos deletérios, sendo as regides de implante SR e SC melhores opgdes.

Observando 6rgdos remotos ap6s o implante de células GFP*, observamos que a
migracdo celular ocorreu a partir dos dois locais de implantagdo, mas com diferentes
perfis de distribuicdo. Apos dois dias da implantacdo, as células na regido SC foram
capazes de migrar ndo apenas para os pulmdes, mas também para outros 6rgaos, como
pancreas e o0 cérebro. Acreditamos que no implante de SR as células permaneceram in
situ devido ao espaco mais restrito da capsula. As células GFP* também foram
encontradas no hipocampo ap6s o implante nos dois locais, SC e SR, mas apenas em um
pequeno numero ao redor dos vasos sanguineos. Supomos que esse resultado seja
coerente, uma vez que dois dias € um periodo relativamente curto para ocorrer uma

migracdo celular completa (Kalimuthu et al., 2017).

O cenario observado duas semanas depois foi notavelmente diferente. Nos locais
de implante de SR e SC, encontramos um grande nimero de células GFP*. Observou-se
uma populacdo celular diversa, células tipo adipécitos/GFP* e CPIs que mantiveram sua
morfologia comparada a dois dias ap6s o implante. No entanto, houve claramente uma
reducdo do enxerto de CPIs nos dois locais de implantagdo, o que pode ser explicado por
estudos anteriores que mostraram que a hipdxia no enxerto pode induzir a diferenciagdo
celular e que aproximadamente 50% dos CPls da massa do enxerto pode ser perdida

dentro de uma semana ap0s o implante (Faleo et al., 2017). Curiosamente, essa ideia de
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migracdo foi confirmada quando encontramos varias células GFP* no hipocampo dorsal,
nas regides CAl e DG, o que esta de acordo com a melhora na cognicéo e dos parametros
astrocitarios no SNC ap0s o implante na regido SC. Apds o implante da regido SR, foram
encontradas apenas algumas células GFP* ao redor dos vasos sanguineos e em quantidade

reduzida quando comparadas ao implante SC.

De fato, os resultados aqui apresentados, examinando o destino das CPIs/GPF™,
revelaram que as celulas foram capazes de trafegar para o SNC, encontradas
principalmente na regido do hipocampo. No entanto, no nosso estudo nao exploramos a
expressao de moléculas e receptores de homing envolvidos na quimiotaxia e na migragédo
celular das CPlIs, e dessa maneira ndo podemos explicar como de fato ocorreu essa

migracao.

Podemos, sim, inferir que a melhora cognitiva observada pelo teste RO
possivelmente esta relacionada com as CPIs/GFP™* encontradas no SNC. Outro fato que
corrobora, é de que mesmo com a melhora da hiperglicemia dos animais, o diabetes ndo
foi revertido, o que nos leva a crer que o efeito benéfico se deve as ADSCs e ndo a um
efeito periférico relacionado a secrecdo de insulina. Portanto, investigaces sobre os
efeitos regulatorios e das citocinas relacionadas a migracdo das ADSCs/CPIs séo

necessarias para o entendimento completo do efeito benéfico observado no SNC.

Diferenciacdo de ADSCs para adipécitos com a finalidade de estudar da

expressao e secre¢do de S100B

O tecido adiposo é um dos maiores compartimentos corporais com Varios papéis
fisiolgicos, incluindo manuseio de lipidios e secrecio hormonal. E responsavel pelo
armazenamento de gordura como triglicerideos (via lipogénese) durante periodos de

excesso de energia, e pela mobilizacdo de triglicerideo (via lipolise) durante periodos de
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déficit calorico (Ahmadian et al., 2010). A lipdlise é um processo altamente regulado e é
disciplinado pelo sistema nervoso, hormdénios (por exemplo, insulina e catecolaminas) e
fatores paracrinos/autocrinos (por exemplo, adenosina, prostaglandinas, 6xido nitrico e
TNF-a) (Viswanadha and Londos, 2008). A cultura de células estromais mesenquimais
em um meio de diferenciacdo de adipdcitos, da origem ao acumulo de goticulas de
lipideos em pré-adipocitos (Ghorbani et al., 2014). O uso de células adipo-diferenciadas
a partir de MSCs, em geral, apresenta vantagens e limitagdes semelhantes em comparagéo
com estudos sobre linhagens celulares de pré-adipocitos. Como a fracdo de MSCs contém
varios tipos celulares, esse modelo pode imitar condicGes in vivo de complexidade do
tecido adiposo mais préximas do que o método de cultura de linhagem celular de pré-

adipdcitos (Poulos et al., 2010).

A S100B é uma proteina de ligacao ao calcio encontrada em altos niveis no SNC,
majoritariamente em astrocitos (Boyes et al., 1986) e perifericamente no tecido adiposo
(Haimoto et al., 1987; Michetti et al., 1983). No SNC, a S100B esta localizada em grande
parte nas células da glia e pode atuar como fator neurotréfico ou como uma citocina
inflamatéria por meio de sua atividade no receptor de produtos finais de glicacéo
avancada (RAGE) (Donato et al., 2009; Huttunen et al., 2000). Os niveis cerebrais de
S100B aumentam durante doengas neuroldgicas e traumas em humanos e em modelos
animais (Kleindienst et al., 2013; Rothermundt et al., 2003). Evidéncias adicionais sobre
0 papel da S100B como citocina derivada do tecido adiposo, ou como adipocina, vém de
dados que demonstram que os niveis circulantes de S100B estdo positivamente
correlacionados com o indice de massa corporal em individuos humanos (Gross et al.,
2010; O’Connell et al., 2013; Steiner et al., 2010). Mas o entendimento sobre a
distribuicéo e regulagéo fisiologica da S100B no tecido adiposo ainda é desconhecida. O

atual conhecimento sobre a S100B ndo exclui o uso dessa proteina no soro como
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marcador de lesdo cerebral ou atividade astroglial, mas recomenda-se cautela ao discutir

o significado de alteracGes nos niveis séricos, onde a S100B poderia funcionar como um

adipocina, uma citocina neurotrofica ou uma alarmina.

Para um melhor entendimento da importancia da S100B serica ainda ha a

necessidade de um método in vitro que reproduza o comportamento do tecido adiposo, e

assim se possa avaliar a sua resposta a diferentes estimulos a longo prazo. Nosso estudo

teve como objetivo avaliar a expressdo da proteina S100B e a funcionalidade das células

adipo-diferenciadas frente a diferentes estimulos. Até este momento podemos especular

possiveis mecanismos de regulacdo no tecido adiposo. Como descrito no capitulo 3,

nossos resultados preliminares podem ser resumidos abaixo, organizados em forma de

tabela para uma melhor compreensao.

S100B | Captacao Relacdo/ Discusséo Ref.
Glicose | Metabolismo
l [Glicose] l na ? Ambiente in vitro, (Steiner et al.,
comportamento para 2014)
economizar energia.
Lactato T ~ Lipdlise T Exercicio (Dietrich et
L al., 2003;
T actato Stocchero et
T S100B al., 2014)
Forskolina T na Lipdlise T AMPc (Pinto etal.,
2000)
Adrenalina T T Lipdlise T AMPc (Berlin et al.,
1990; Suzuki
A S100B liberada aumenta a et al., 1983)
captacdo de glicose.
Insulina l T Lipogénese l AMPCc (Suzuki and
Kato, 1985)
Leptina ~ na ? Correlagéo positiva: (Steiner et al.,
IMC/S100B/Leptina 2010)
S100B na T Lipogénese No SNC, a S100B estimulada | (Wartchow et
por insulina atua como al., 2016)
feedback negativo, no tecido
adiposo, tanto a S100B quanto a
insulina agem estimulando a
captacdo de glicose.
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na: ndo avaliado.

A S100B foi encontrada expressa em adipocitos (Michetti et al., 1983a) e
secretada por adipocitos tratados com noradrenalina e adrenocorticotropina (ACTH)
(Suzuki et al., 1984). A insulina reduziu a secrecdo de S100B induzida por isoproterenol
e ACTH a partir de adipdcitos isolados, e a liberacdo de S100B diminuiu 50% na camada
de gordura obtida de ratos tratados com insulina (Suzuki and Kato, 1985), 0 que corrobora
com 0s nossos achados. O contetdo de S100B no tecido adiposo de ratos diabéticos ou
em jejum a longo prazo foi significativamente menor do que o de ratos controle (Suzuki
and Kato, 1985), sugerindo que a insulina pode promover o acimulo de S100B nos
adipdcitos. No entanto, o soro de ratos em jejum continha duas vezes mais S100B do que
os ratos de controle (Netto et al., 2006), provavelmente resultantes da secre¢do sob a acédo
dos horménios lipoliticos. No entanto, o jejum de longo prazo em meninas com anorexia
nervosa demonstrou levar a diminuicdo dos niveis sericos de S100B (Holtkamp et al.,

2008) por um mecanismo que ainda precisa ser elucidado.

Os adipdcitos contém altos niveis de S100B e ensaios in vitro indicam uma
secre¢do modulada deste por horménios que regulam o metabolismo da glicose. Embora
o significado bioldgico da S100B extracelular do tecido adiposo ainda ndo esta claro, €
provavel que este tecido possa ser uma fonte importante de S100B no soro em situacdes
relacionadas, ou ndo, a danos cerebrais. Portanto, este estudo abre portas para um melhor
entendimento da relacdo do tecido adiposo com diversas doencas como 0 DM1 e a DA, e
mostra ser uma boa alternativa de estudo in vitro da S100B. As razdes para todos 0s
efeitos aqui observados exigem experimentos adicionais, pois qualquer interpretagcdo

destes dados €, até o presente momento, especulativa.
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7 CONCLUSOES

O DML é uma doenca complexa devido ao seu carater autoimune e, portanto, a
abordagem terapéutica necessita ser multifacetada. O uso de CPIs mostra ser uma
promissora alternativa para se alcancgar efeitos duradouros, e assim o uso cada vez menor
de insulina exdgena. Contudo, ainda existem muitas questdes a serem resolvidas e ha a

necessidade de mais investigacao.

Com o0 nosso estudo podemos observar que €& possivel gerar células CPls
funcionais, tanto in vitro como in vivo com um protocolo rapido e de facil execucdo. Este
desafio foi pensado em entender melhor o processo de diferenciacdo, indutores e vias, e

assim gerar implantes mais eficazes para o tratamento do DM1.

Quando se fala sobre implante, outra questdo importante e que pode definir o
sucesso do tratamento € o sitio de implantacdo. Nés observamos que o local do SC tem
uma vantagem logistica significativa, além de ser minimamente invasivo, podendo ser
considerado uma poderosa via terapéutica para a terapia celular. Portanto, 0s nossos dados
contribuem para o entendimento da geracdo de CPIs a partir de tecido adiposo autélogo
e a preparacdo de implantes eficazes dessas células, reforcando o uso de ADSCs na

medicina regenerativa para complicacdes tanto periféricas quanto centrais no DML1.

Por fim, alteracBes do tecido adiposo particularmente a resisténcia a insulina,
parece estar envolvida em muitas doencas incluindo o DM1. Contudo, a relacdo do
contetdo e da secregdo de S100B no tecido adiposo até agora ndo foi investigada. Logo,
0 nosso estudo contribui para um entendimento futuro das alteragdes séricas de S100B, e

a sua possivel relagdo com o DM1.
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8 PERSPECTIVAS
Terapia celular com a implantacéo de CPIs e ADSCs

Complementar o estudo de migracdo celular com as CPI/GFP* e com
ADSCs/GFP* na melhora cognitiva dos animais DM1. Avaliar assim a possivel
diferenciacédo celular local e a secrecdo de fatores troficos, principalmente na regido

no hipocampo.
Estudo in vitro da secrecdo de S100B com cultura adipo-diferenciada

Investigacdo do proposto eixo S100B/RAGE na inflamacdo induzida pela
obesidade, e a influéncia do receptor TLR-2 na obesidade e sua relacéo as infecgdes

virais.
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10. ANEXO

Figuras em melhor qualidade
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Figura 2.
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Figura 3.
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Figura 5.
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