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APRESENTAGAO

Apds 0 nascimento, a resposta inflamatéria € uma consequéncia
inevitavel da les&o tecidual. Em uma variedade de condigdes patoldgicas
(artrite  reumatoide, psoriase, aterosclerose, diabetes, doenca de Crohn,
cancer, aderéncias), o processo inflamatorio € persistente e contribui para a
manutencdo e agravamento destas doencas. Estudos experimentais
estabeleceram o0 dogma de que a inflamacdo é essencial para o
estabelecimento da homeostase cutidnea apds lesdo. Nos Ultimos anos,
aumentou o numero de estudos associando linhagens especificas de células
inflamatdrias como responsaveis por uma série de citocinas relacionadas ao
reparo tecidual. Recentemente, este dogma foi contestado, e estudos tém
levantado duvidas sobre a validade do pré-requisito essencial da inflamacéao
para reparagao tecidual eficiente. De fato, em modelos experimentais de
reparo, foi demonstrado que a inflamacéo retarda a cura resultando em
aumento da formacgado de cicatrizes. Além disso, a inflamacgdo crbénica, uma
caracteristica marcante da ferida que n&o cura, predispde ao desenvolvimento
de cancer. Assim, uma compreensdo mais detalhada dos mecanismos que
controlam a resposta inflamatéria e como, durante o reparo, a inflamacéo
direciona para o processo de cura serve CoOmo um marco na terapia de reparo
de tecidos patoldgicos. Nesse sentido, a pesquisa cientifica tem centrado
esforcos com o objetivo de identificar agentes terapéuticos com propriedades
anti-inflamatérias e/ou anti-fibrogénicas que possam ser utilizados no combate
elou prevencdo de varios processos patolégicos onde estes componentes co-
existem. Nesse trabalho, avaliamos os efeitos da Angiotensina-(1-7), um
peptideo derivado da Angiotensina I, na inflamag¢do crénica induzida por
implantes sintéticos e na cicatrizacdo de feridas excisionais em camundongos.
Nossos resultados revelaram que esse peptideo foi capaz de reduzir a resposta
inflamatdria e aumentar a angiogénese e a deposicéo de colageno local. Esses
resultados levaram a uma melhora na cicatrizacao da ferida e demonstram que
esse peptideo pode ser um possivel agente terapéutico em doencas em que a

inflamac&o crénica e o reparo encontram-se alterados.



Conforme as normas definidas pelo Programa de Pds-Graduacdo em
Genética e Bioquimica da UFU, os resultados referentes a esta tese s&o
apresentados em trés capitulos sob a forma de referencial teérico (Capitulo I) e

manuscritos (Capitulo Il e IlI).
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1. INTRODUCAO

1.1. Inflamacéo

A inflamagdo € uma resposta imune essencial ao organismo e que
permite sua sobrevivéncia durante a infeccdo ou lesdo além de manter a
homeostase dos tecidos sob uma variedade de condigdes nocivas. Apesar de
essencial e benéfica, essa resposta leva a diminuicdo transitéria da funcéo
tecidual, o que por sua vez, pode contribuir para a patogénese de varias
doencgas crénicas [1]. As interagdes entre as células do sistema imune inato,
sistema imune adaptativo e os mediadores inflamatérios sdo responsaveis por
coordenar uma série de mecanismos efetores da inflamagéo aguda e crénica.
Essa série coordenada de mecanismos efetores da inflamagéo pode contribuir
para a lesdo do tecido, o estresse oxidativo, 0 remodelamento da matriz
extracelular, a angiogénese e a fibrose em diversos tecidos alvos [2].

De modo geral, a resposta inflamatéria aguda, desencadeada por
infeccdo ou les&o tecidual, envolve a liberagdo de componentes sanguineos
(plasma e leucdcitos) para o sitio infeccioso ou lesivo. Essa resposta €
desencadeada por receptores da resposta imune inata, como os receptores
Toll-like (TLRs) e NOD ((nucleotide-bindingoligomerization-domainprotein)-like).
Esse reconhecimento inicial € mediado por macréfagos e mastécitos
residentes, levando a producédo de uma variedade de mediadores inflamatérios
incluindo citocinas, quimiocinas, aminas vasoativas, eicosanoides e produtos
de cascatas proteoliticas[3]. O efeito imediato desses mediadores leva a
alteragdes locais que causam vasodilatagdo, extravasamento de liquidos,
adesdo endotelial e recrutamento de células inflamatorias, as quais s&o
normalmente restritas aos vasos sanguineos. As células endoteliais ativadas
mediam o extravasamento de leucédcitos enquanto previne a saida de
eritrocitos. Essa seletividade ocorre por uma interagdo de selectinas endoteliais
com integrinas e receptores de quimiocinas nos leucocitos, os quais ocorrem

na superficie endotelial bem como no espago extracelular em que proteinas
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plasmaticas recentemente depositadas formam uma matriz proviséria para a
ligacdo das integrinas dos leucécitos [4].

Os neutrdfilos sdo as primeiras células a deixarem 0s vasos sanguineos,
sendo predominantes nas primeiras 24 horas apds o inicio do processo.
Mediadores quimicos, como a quimiocina CXCL-1 (Quimiocina motivo CXC
ligante 1), atuam no recrutamento de neutréfilos 0s quais, uma vez ativados,
secretam o0 conteudo de seus granulos, contendo principalmente, a enzima
mieloperoxidase (MPQO), que auxilia na destruicdo de patdgenos [5]. Uma série
de citocinas e quimiocinas proé-inflamatérias, incluindo a familia das
interleucinas (IL), fator de necrose tumoral-a (TNF-a) e interferon (IFN) séo
extensivamente produzidos por varios tipos celulares do sitio inflamatério,
ligando e ativando receptores acoplados a proteina G nas células imunesi6, 7].
A ativacdo destes receptores desencadeia uma cascata de sinais intracelulares
que alteram a morfologia e migracao celular.

Os monocitos comegam a migrar dos vasos 18 a 24 horas depois de
iniciada a diapedese, que se acumulam rapidamente e entdo, os macréfagos
passam a ser as células predominantes apdés 48 horas [8-10]. Mondcitos
atraidos por quimiocinas como a CCL-2/JE/IMCP-1 (proteina quimiotatica de
monaocitos-1) migram para o sitio inflamatorio onde se diferenciam em células
dendriticas e macréfagos M1 (que possuem propriedades pré-inflamatorias,
com capacidade de mediar respostas de defesa contra uma variedade de
micro-organismos) [11]. Os macréfagos irdo produzir uma série de fatores de
crescimento e citocinas responsaveis por uma ampla variedade de respostas
em varios tipos celulares incluindo células endoteliais (ECs), células epiteliais e
células de origem mesenquimal [8]. Os neutrdfilos e macréfagos M1 de fase
inflamatéria predominam nas primeiras 6 a 24 horas, a partir dai, apoés
realizarem sua acdo no local, os neutréfilos entram em apoptose. Em seguida,
os macréfagos promovem a fagocitose de neutréfilos apoptéticos (eferocitose),
promovendo uma alteracdo no fendtipo do macrofago com perfil M1 para
macrofago com perfil M2 de fase resolutiva (aqueles com papel na sintese de
mediadores anti-inflamatdrios/pro-resolutivos, importantes no processo de
reparo tecidual) em 24 horas a 72 horas [12, 13].

O reparo acontece simultaneamente ao processo de resolugdo da
resposta inflamatoria, o qual os macrofagos M2 secretam grandes quantidades
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de mediadores pro-resolutivos, como o fator de crescimento transformante beta
(TGF-B) que estimula a deposigéo de colageno. As citocinas pré-angiogénicas,
como o fator de crescimento do endotélio vascular (VEGF) e o fator de
crescimento fibroblastico (FGF), também s&o importantes no processo de
reparo, induzindo a formagado de novos vasos sanguineos (angiogénese) [14].
Na medida em que, os mediadores prd-resolutivos sobrepdéem aos mediadores
pro-inflamatérios, favorece o reparo tecidual e consequentemente o retorno da
homeostase tecidual [13]. O processo de reparo tecidual é regulado por
diversos mediadores quimicos e coordenado por interacbes das células com
elementos da matriz extracelular, como por exemplo, o colageno.

Esta resposta inflamatoria é regulada por um balancgo entre fatores pré e
anti-inflamatoérios que coexistem no sitio lesivo. Se 0 agente desencadeador da
inflamac&o n&o é eliminado pela resposta inflamatéria aguda ou persiste por
alguma outra razédo, a fase de resolucédo pode n&o ser induzida de forma eficaz
e uma inflamacao crbnica se estabelece [15]. A inflamagdo crénica é uma
resposta inflamatéria com duragdo prolongada (semanas, meses ou anos),
sendo caracterizada, principalmente, por infiltrado de células mononucleares
(macréfagos, linfécitos e plasmaécitos), destruicdo tecidual (induzida pelos
produtos das células inflamatérias), angiogénese e fibrose (deposicdo de
colageno) [16-18]. Essa condicdo pode ser causada por infec¢bes cronicas,
dano tecidual irreparavel, alergénicos persistentes e particulas estranhas ou
endogenas indigeriveis. Além disso, um grande numero de doencgas
inflamatérias crénicas ndo tem seu agente desencadeador bem definido e ndo
sao necessariamente desencadeadas por infeccado ou dano tecidual como nos
casos de obesidade, diabetes tipo 2, aterosclerose, doencas
neurodegenerativas e cancer. Nesses casos, a inflamac&o cronica parece
desenvolver um ciclo vicioso que conecta a inflamacéo e o processo patoldgico
em si. Um exemplo € o que acontece em pacientes obesos em que a
obesidade pode desencadear uma inflamacao crdnica que pode estimular, pelo
menos em parte, a resisténcia a insulina e a diabetes, caracteristicas da
obesidade[19]. Sendo assim, passagem de uma potente resposta inflamatéria
para o processo de reparo € um ponto critico promovido por sinais anti-
inflamatorios locais, os quais sdo rapidos e reversiveis[20]. Sempre que

moléculas pro-inflamatoérias excederem as anti-inflamatérias, a inflamacéo
13



torna-se exacerbada. Este desequilibrio resulta no aumento da producéo de
proteases, proteoglicanos, mediadores lipidicos que, concomitantemente,

reforcam o processo[21].

1.2. Reparo tecidual

Existem quatro respostas basicas que podem ocorrer apos uma lesdo: 1-
regeneracao, um processo que ocorre quando ha perda da estrutura e funcéo,
mas o organismo tem capacidade de restabelecer a estrutura do tecido
exatamente ao que era antes da lesdo; 2- cicatrizacdo deficiente, quando ha
deposicdo insuficiente de tecido conectivo e matriz enfraquecida; 3-cicatrizacéo
excessiva, quando ocorre deposicdo exacerbada de tecido conjuntivo que
resulta em alteracéo da estrutura tecidual e, assim, perda da funcdo (como as
fiboroses e aderéncias); 4-reparo normal, quando ha restabelecimento do
equilibrio entre a formagao da cicatriz e o remodelamento da cicatriz [22].

O reparo apdés uma lesdo é um fendbmeno evolutivamente conservado
nos organismos vivos. Nos organismos unicelulares esta restrita a presencga de
enzimas responsaveis pela recuperacdo de elementos estruturais (como 0s
constituintes do citoesqueleto, membranas e paredes celulares) e de moléculas
de alta complexidade (como proteinas de elevada complexidade estrutural,
RNAs e o DNA). Em organismos mais complexos, o reparo de tecidos pode
ocorrer de duas formas que envolvem diversas cascatas de sinalizacdo inter e
intracelulares [23]. Este € um processo complexo e dindmico que resulta na
restauracido da arquitetura tecidual e da funcéo apds a lesdo [24].

O processo de cicatrizagdo comecga imediatamente apos a lesdo, de
forma eficiente e organizada, caracterizada por quatro fases distintas, mas
sobrepostas: hemostasia, inflamac&o, proliferacdo e remodelamento. A
hemostasia é ativada pelo contado de componentes do sangue e das plaquetas
com o colageno, ativando assim, a cascata de coagulacdo. As plaquetas

também liberam citocinas e fatores de crescimento como PDGF e TGF-B que
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resultam em quimiotaxia de leucdcitos, migracdo e proliferagcdo celular e
ativacdo de mais células inflamatorias.

A inflamagédo, conforme descrita anteriormente apresenta uma fase
inicial caracterizada pela liberacdo de mediadores inflamatérios, alteracdes
vasculares e pelo infiltrado predominante de neutrofilos nas primeiras 24 horas
e por uma fase tardia em que, apds aproximadamente 48 horas do inicio da
lesdo, ocorre predominancia de macréfagos no sitio lesivo. A presenga de
macrofagos € um sinal de que a fase inflamatéria esta proxima de acabar e que
a fase proliferativa esta iniciando [25].

Na fase proliferativa, os fibroblastos sdo as células predominantes. Esta
célula de origem mesenquimal € responsavel por produzir a nova matriz
necessaria para restaurar a estrutura e fungéo do tecido lesado. A liberacéo de
interleucinas, FGF, TNF-a e TGF-B por plaquetas e células inflamatorias
(macréfagos e linfocitos T), s&o de grande importancia para a fase proliferativa,
no entanto, o TGF-B tem um papel central nesta fase, pois é considerado o
principal regulador das fungbes dos fibroblastos [26]. O TGF-8 aumenta a
transcricdo de genes para colageno, proteoglicanos e fibronectina e assim,
aumenta a produgéo de proteinas de matriz. Ao mesmo tempo o TGF- diminui
a secre¢do de proteases responsaveis pela degradacdo da matriz e também
estimula o inibidor de protease, inibidor tecidual de metaloprotease (TIMP) [27].

Fibrina e fibronectina sao componentes iniciais da matriz extracelular.
Posteriormente, os fibroblastos sintetizam glicosaminoglicanos, proteoglicanos,
colageno e outras proteinas formando o tecido de granulacéo [28]. Apos o pico
da atividade proliferativa, os fibroblastos se desdiferenciam em um fendtipo
contratil, o miofibroblasto[29], uma célula que voltou na escala de diferenciacéo
e apresenta caracteristicas de células mesenquimais e fibroblasto, a qual
continua proliferando e sintetizando colageno [28]. O colageno depositado
inicialmente é mais fino que o colageno de um tecido sem lesdo e esta
orientado paralelamente a pele. Com o passar do tempo, o colageno inicial &
reabsorvido e um colageno mais espesso € depositado e organizado
paralelamente as linhas de tensio. Estas alteracbes s&o acompanhadas
também com um aumento da for¢a tensora da ferida indicando uma correlacéo
positiva com a espessura/orientacdo do colageno e forca tensora e determinam
a fase de remodelamento [30].
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A medida que o tecido de granulacdo, decorrente da proliferacdo de
fibroblastos e células endoteliais vasculares, rico em colageno preenche a area
lesada, o numero de células inflamatdrias diminui e os fibroblastos e as células
endoteliais continuam a sintetizar fatores de crescimento da matriz extracelular.
Os macrofagos desempenham um papel central neste processo, englobando
células apoptéticas de forma rapida e eficiente, intermediando a morte de
células do estroma, parénquima e células imunoldgicas[31]. Devido a alta
atividade metabdlica no sitio lesivo, ha um aumento da demanda por oxigénio e
nutrientes. Fatores locais no microambiente da lesdo, como pH reduzido,
reducdo da tensdo de oxigénio e aumento de lactato, atuam sobre as células
epidérmicas, fibroblastos, macréfagos e células endoteliais vasculares,
promovendo a liberacdo de fatores como VEGF, bFGF e TGF-B necessarios
para induzir a angiogénese (formac&o de novos vasos sanguineos) [32, 33]. A
resposta angiogénica € essencial para uma reparacao tecidual normal, pois
além de fornecer nutrientes e células inflamatérias para o tecido lesado, os
novos vasos sanguineos facilitam a remog¢ao do material residual e auxiliam no
desenvolvimento do tecido de granulacdo [34]. Em condi¢bes inflamatorias
cronicas, as células endoteliais ativadas por citocinas e fatores de crescimento
recrutam ativamente células imunes da circulagdo para o tecido e participam da
angiogénese para dar suporte a continua demanda de oxigénio e nutrientes

pelas células inflamatorias.

1.2.1. Cicatrizacdo de feridas

Ferida pode ser definida como qualquer ruptura da integridade da pele,
bem como membranas mucosas ou outras estruturas do corpo, podendo ter
diferentes profundidades, tamanhos, formas e ser causada por razdes distintas
[41].

A cicatrizacdo de feridas cutaneas € um processo de reparo tecidual
altamente dinamico que envolve uma complexa sequéncia de eventos celulares
e bioquimicos. Apdés um estagio inicial inflamatério, caracterizado pela

infiltracdo de neutréfilos e de macrofagos, segue-se a formagdo de um tecido

16



fibroproliferativo rico em colageno e vasos sanguineos neoformados e,
finalmente, a fase de maturacédo envolve epitelizacdo, resolugcao da inflamacéao
e remodelacdo da derme [35].

O recrutamento de leucdcitos inflamatérios para uma ferida, além de ser
uma aquisicdo evolutiva dos mamiferos para evitar a invasdo de micro-
organismos, € também um componente critico durante o reparo tecidual devido
ao amplo espectro de mediadores liberados. No entanto, ainda nao existe um
consenso se a resposta inflamatéria dificulta ou acelera a cicatrizacido de
feridas e se afeta a qualidade do reparo tecidual [36]. Por exemplo, embribes
podem reparar feridas na auséncia de resposta inflamatoria € sem formagao de
cicatriz [37]. Além disso, estudos sugerem que neutrofilos inibem o processo de
reparo tecidual [38]. Isto pode ser demonstrado em feridas crénicas nas quais a
resolucdo da inflamacgao € ineficiente [39].

Por outro lado, a neovascularizacdo € também fundamental para o
processo de cicatrizagdo, pois 0 crescimento de novos vasos sanguineos
fornece suprimentos de oxigénio e nutrientes adequados para o tecido em
cicatrizacdo, além de facilitar o acesso de leucocitos e a remog¢édo de material
residual[36]. Entretanto, o crescimento excessivo e/ou persistente de novos
vasos sanguineos esta associado a cronificacdo do processo inflamatério e ao
desenvolvimento de fibrose [40]. Observa-se, entdo, a necessidade de se
entender melhor a inter-relagdo e os mecanismos que regulam a ativacao de
células inflamatorias e endoteliais em processos de cicatrizacao.

Evolutivamente, a cicatrizacdo de uma ferida incide em eventos
celulares e moleculares que interagem para que ocorra a repavimentacao e a
reconstrucdo do tecido, na tentativa de manter a estrutura anatbmica e a
funcdo normal da regido [41]. Para atingir esse objetivo, o processo de
cicatrizacdo envolve trés fases que se sobrepdem no tempo e espaco: 1-
inflamacgédo, 2- formacgao de tecido de granulagdo com deposicao de matriz
extracelular e 3- remodelamento do tecido [36].

Apds um estagio inicial inflamatdrio, caracterizado pela infiltracido de
neutréfilos e de macréfagos, segue-se a formagdo de um tecido
fibroproliferativo rico em colageno e vasos sanguineos neoformados e,
finalmente, a fase de maturacdo envolve epitelizacdo, resolucédo da inflamacao
e remodelamento da derme [42]. Devido a liberagdo de mediadores quimicos
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produzidos principalmente por macréfagos, a migracdo e ativacdo de
fibroblastos s&o intensificadas. Estes fibroblastos migram da regido das bordas
para o centro da ferida, produzindo colageno e causando uma substituicdo da
matriz extracelular por tecido conjuntivo mais forte e elastico [43]. Este
processo € chamado de fibroplasia e é controlado especialmente por citocinas
da familia do TGF-B. Para que o processo de fibroplasia seja eficiente &
necessaria a ocorréncia em paralelo da formacio de novos vasos sanguineos,
Ou s€ja, € necessaria a neovascularizacio da regido [23].

A formacdo do tecido de granulac&o é iniciada com a fibroplasia[44],
sendo composto por macréfagos, fibroblastos e vasos neoformados que séo
suportados por uma matriz frouxa de fibronectina (rede de sustentacdo da
migracdo, traga o caminho para os leucocitos), acido hialurdénico e colageno
[44]. A neovascularizagdo € essencial neste estagio, uma vez que permite a
troca de gases e a nutricdo das células metabolicamente ativas. VEGF-A é o
principal fator soluvel regulador da formacdo de novos vasos sanguineos
durante o desenvolvimento do tecido cicatricial [45].

A migracido e ativacdo de macrofagos e fibroblastos para a regido da
ferida, somada a presenca de vasos neoformados, permitem que o0s
componentes da nova matriz extracelular passem a ser localmente produzidos
principalmente por estas células. Os fibroblastos passam a depositar grandes
quantidades de fibronectina que, embora seja substrato que desempenha
outras fungdes, basicamente serve para a fixagdo da prépria célula. Outra
substancia produzida em grande quantidade neste segundo estagio é o acido
hialurbnico. Estas duas substancias predominam na matriz durante as
primeiras fases do reparo, pois esta combinacdo propicia um microambiente
eficiente para a movimentagdo das células, necessarias nesta etapa [23]. A
propria natureza anatémica da ferida proporciona um estimulo para a migracao
e proliferacdo de fibroblastos, células epiteliais e queratinécitos a partir das
suas margens, fendmeno este denominado "efeitos de vizinhanga livre" [46].

Conforme o leito da ferida é preenchido com o tecido de granulagéo, a
quantidade de macréfagos e fibroblastos vai sendo reduzida. A acdo dos
fibroblastos especializados (miofibroblastos) promove contragdo da ferida,

diminuindo assim a area de superficie de lesao [28].
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A reepitelizacdo da ferida também ocorre nesta fase. Quando o tecido de
granulagdo chega ao nivel da epiderme, os queratindcitos tornam-se células
hiperproliferativas e migratérias, fornecendo um substrato adequado para a
evolucdo do processo mitdtico destas células. Além disso, estas células
produzem e secretam componentes da matriz extracelular e polipeptideos
sinalizadores, a0 mesmo tempo em que seu citoesqueleto é alterado para a
producao de queratina [43].

Uma vez que o processo de cicatrizagao vai avangando, o leito da ferida
fica totalmente preenchido pelo tecido de granulagcdo, o qual vai sendo
enriguecido com mais fibras de colageno adquire a aparéncia de uma massa
fibrética, caracteristica da cicatriz. A acentuagdo na deposicao do colageno € o
desaparecimento da maioria das células (observa-se a apoptose de
fibroblastos e células endoteliais) conduzem a formacgao final da cicatriz. A
resolucado completa de uma ferida somente pode ser considerada depois de
concluida a maturacdo e remodelamento da matriz extracelular [23]. A fase de
remodelamento se inicia pouco tempo apds o surgimento da ferida, persistindo
por um grande tempo apds o seu fechamento. Uma cicatriz cuténea
completamente madura possui apenas 70% da resisténcia da pele normal [47].

De acordo com Clark (1993) [48], as primeiras células que sofrem
apoptose sdo as células endoteliais, seguidas dos fibroblastos, levando
gradualmente a uma cicatriz acelular. Nos meses seguintes a formacao do
tecido de granulacdo, a matriz extracelular sofre uma continua e lenta
transformacéo. O processo de remodelamento da cicatriz, portanto, envolve
etapas sucessivas de produc¢do, digestdo e orientacdo das fibras de colageno
[43].

Ao final desta etapa de remodelamento da cicatriz, anexos da pele,
como glandulas e foliculos pilosos, sofrem regeneracédo limitada e a coloragéo
da cicatriz empalidece devido a deficiente regeneracdo dos melandcitos[49] e
as cicatrizes sao hipovascularizadas devido ao desaparecimento dos
neocapilares [23].

O reparo € uma consequéncia do ambiente e do perfil de inflamacéo que foi
desencadeado. O reparo anormal de feridas resulta de desordens no
remodelamento do tecido de granulacdo e pode levar a uma cicatrizacéo

hipertréfica ou fibrose. Além disso, quando o reparo ocorre de forma
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inapropriada, desencadeia-se uma resposta inflamatdria cronica a qual pode
levar ao retardo da cicatrizagéo e isso representa um problema direto para o
individuo, causando desconforto fisico e/ou psicolégico e demora na
reabilitacdo, podendo até causar amputacdo de membros e morte por
septicemia nos casos mais extremos. Portanto, existe um grande interesse no
estudo de moléculas/farmacos, os quais possam modular o processo de

cicatrizacdo de feridas.

1.3. Sistema Renina Angiotensina (SRA)

O Sistema Renina Angiotensina (SRA) € um sistema hormonal composto
por varias enzimas, peptideos ativos e inativos, que juntos desempenham
importante papel na fisiologia cardiovascular por regular a pressao arterial (PA)
e manter o balanco hidroeletrolitico. Classicamente, o angiotensinogénio
produzido no figado, € hidrolisado pela renina, liberada pelas células
justaglomerulares renais, e produz um decapeptideo denominado angiotensina
| (Ang-l), a qual & convertida pela enzima conversora de angiotensina (ECA)
em angiotensina Il (Ang-Il) um octapeptideo biologicamente ativo [50].

A Ang-ll exerce inumeros efeitos bioldgicos através da ativagdo de seu
receptor AT1, dentre as quais destacam-se: vasoconstricdo, estimulo ao
mecanismo da sede, liberagdo de aldosterona e vasopressina, aumento da
reabsorcdo de sdédio e agua nos tubulos renais, hipertrofia celular, fibrose,
inotropismo e cronotropismo positivos, formagao de radicais de superdxido,
ativacido do sistema nervoso autbnomo simpatico, secrecdo de endotelinas,
dentre outros [51]. A Ang-ll também pode se ligar ao seu outro receptor AT2 e
exercer efeitos opostos aos do receptor AT1. A ativacdo de AT2 promove
diferenciacao celular, reparo tecidual, apoptose, vasodilatacdo, inibicdo do
crescimento e da proliferacao celular [52]. Entretanto, a identificacdo de novos
peptideos biologicamente ativos, a descoberta de novas enzimas para o
metabolismo de angiotensinas, novos receptores angiotensinérgicos, de

interagdes receptor-receptor e novas fungdes do SRA e da atuacéo local deste
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sistema, independentemente de sua secre¢cdo hormonal, tém modificado a
visdo classica do SRA [51, 53].

A Angiotensina-(1-7) (Ang-(1-7)) € um metabdlito do SRA que, por muito
tempo foi considerado inativo [54]. Esse conceito comecou a se modificar a
partir dos estudos de Schiavone e colaboradores (1988)[55] evidenciando que
a Ang-(1-7) exercia um efeito semelhante ao da Ang Il na liberac&o in vitro de
vasopressina em culturas de extrato de neuro-hipofise. Desde entdo, diversos
estudos tém demonstrado efeitos de grande importancia e que produziram
alteracgdes conceituais de fundamental importancia relacionadas a Ang-(1-7).
Dentre eles destacam-se a descoberta da ECA2 (enzima conversora de
angiotensina 2) como a enzima responsavel pela formagdo da Ang-(1-7) e a
identificacdo do seu receptor endégeno denominado Mas [56, 57].

A ativagdo do receptor Mas pela Ang-(1-7) tem efeitos antagbnicos
aqueles promovidos pela interagdo da Ang Il com o receptor AT1, como:
vasodilatacdo, antiarritmogénico, redugcado de fibrose, reducdo da proliferacéo
celular, redugéo da hipertrofia, entre outros [51, 58]. Desse modo, o conceito de
SRA atualmente é de um sistema complexo e bidirecional que atua por meio de
dois eixos antagbnicos: o classico ECA-Ang ll-receptor AT1 e o
contrarregulador ECA2-Ang-(1-7)-receptor Mas [51].

As funcgbes da Ang-(1-7) ainda estdo sendo estudadas, mas existem
evidéncias que este peptideo funcione como um antagonista da angiotensina |l
e exerca também propriedades antifibréticas, antiproliferativas, atuando
beneficamente na inflamacdo e nos processos fibréticos [51, 59-61], além de
apresentar alteragdes nos niveis de citocinas pré- e anti-inflamatérias [62].
Entretanto, muitos resultados ainda sdo controversos e 0SS mecanismos

envolvidos ainda n&o s&o completamente caracterizados.

1.3.1. Angiotensina-(1-7) x Inflamacéo

Devido a escassez de estudos sobre os componentes do eixo ECA2-
Ang-(1-7)-Mas [63], muitas vezes € necessario inferir nos efeitos potenciais da

Ang-(1-7) a partir da avaliagéo do eixo classico do SRA ou do bloqueio desse
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eixo por meio de inibidores da enzima conversora de angiotensina (IECAs) ou
antagonistas de seus receptores AT1 [64-66].

Estudos tém demonstrado um importante papel para a Ang Il nos
processos inflamatérios [64, 65]. Além disso, alguns componentes do SRA tém
sido detectados em células inflamatodrias. Um exemplo € o estudo de Silver e
colaboradores (2004) [67] mostrando que os mastécitos produzem renina
sendo, portanto, um sitio extrarrenal de sintese desta importante enzima
formadora de Ang |. Outra evidéncia foi a verificagdo de que os mondcitos
contém alguns constituintes do SRA, cuja expresséo é aumentada durante a
diferenciagdo destes em macrdfagos, importante passo no processo de
inflamacéo [63]. Células dendriticas também s&o moduladas por componentes
do SRA, como demonstrado por Nahmod e colaboradores (2003) [68]. Nesse
estudo a diferenciacdo das células dendriticas mostrou-se, pelo menos em
parte, dependente dos receptores AT1, uma vez que antagonistas desses
receptores (losartan, candesartan ou irbesartan) foram capazes de inibir o
processo.

O papel de Ang Il como modulador de fatores de transcricdo para
proteinas inflamatérias também ja foi observado, como por exemplo, a
estimulacdo do fator de transcricdo pré-inflamatério NF-kB em células
mononucleares e monécitos pela Ang Il. A inibicdo do NF-kB resulta em
reducdo da lesdo induzida pela Ang Il em camundongos transgénicos que
superexpressam Ang Il [69, 70]. A Ang Il regula algumas citocinas
inflamatdrias, tais como o TNF-a € a IL-1 e a IL-6, que, por sua vez, sdo
capazes de regular a Ang Il [71].

Alvarez e colaboradores (2004) [72] verificaram que a exposi¢ao a Ang |l
induzia adesao dos leucécitos nas arteriolas da microcirculacdo mesentérica
por meio de ativacdo do receptor AT1. Nesse mesmo estudo, foi observado
que a Ang Il estimulou a expressdo de moléculas de adesdo de células
endoteliais (CAMs), tanto em vénulas quanto em artérias. Outros estudos
destacam a participacdo da Ang Il no recrutamento de leucécitos através da
formacdo e liberacdo de quimiocinas CC (MCP-1/CCL2, MCP-3/CCL7), da
ativacdo de células T(RANTES/CCL5 e MIP-1a/CCL3) e da liberagcdo de
quimiocinas CXC (CINC/KC e MIP-2) [64]. Além disso, a Ang Il induziu a
secregdo de IL-8, MCP-1, RANTES e MCP-3 via ativagé&o de receptor AT1 em
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culturas de células humanas e aumentou a expressao de receptor CXCR2
nesses tipos celulares [73]. Nabah e colaboradores (2004) [64] demonstraram
que o bloqueio do receptor CXCR2 inibiu a sintese e liberagdo de quimiocinas
do tipo CC induzidas por Ang Il. Verificaram ainda, que o bloqueio do receptor
CXCR2 inibiu o recrutamento de células mononucleares para a cavidade
peritoneal, sugerindo o potencial terapéutico do bloqueio tanto de AT1 quanto
de CXCR2 para prevenir disfungcbes, tais como a formacédo de lesdes
ateroscleroticas.

Guo e colaboradores (2008) [74], mostraram utilizando culturas de
macréfagos que a superexpresséo de ECA2 evitou o aumento da expresséo de
MCP-1 induzida por Ang Il. Esses autores sugerem que um dos mecanismos
para essa protecao seria a producao de Ang-(1-7), uma vez que o0 uso de
A779, antagonista do receptor Mas, reverteu o efeito protetor da
superexpresséo da ECA2 em cultura de macréfagos.

A acédo pré-inflamatéria de componentes do SRA ja foi verificada em
doengas pulmonares. O estudo de Weber (1997) [75], em fibrose pulmonar,
mostrou a participacdo da Ang Il na convers&o de fibroblasto em miofibroblasto,
com consequente acumulo de colageno, a partir de estimulo a expressao de
TGFB. A inibicdo da ECA ou o bloqueio do receptor AT1 em modelos
experimentais de fibrose pulmonar induzida por bleomicina atenuaram a
apoptose epitelial, fibrose intersticial e deposi¢do de colageno [76].

Oudit e colaboradores (2007) [77] mostraram que animais com deleg¢ao
do gene para ECA2 apresentaram piora da fun¢do cardiaca, aumento das
citocinas inflamatoérias (IL-1, IL-6, MCP-1) e do numero de neutréfilos total em
um modelo de cardiomiopatia em camundongos. A utilizagédo de antagonista do

receptor AT1 nesses animais minimizou os efeitos observados [77].

1.4. Modelo de implantes sintéticos de poliéster-poliuretano

A implantac&o cirurgica de matrizes sintéticas no espag¢o subcutaneo
de roedores tem possibilitado o estudo de varios processos associados a
inflamacé&o e reparo tecidual. Este modelo de implantacdo subcuténea de

matrizes esponjosas em animais foi descrito inicialmente por Grindlay & Waugh
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(1951) [78] e modificado por Andrade e colaboradores, em 1987[79]. Neste
estudo, esponjas de poliéster canuladas centralmente com tubos de polietileno
eram utilizadas como matriz para o crescimento dos vasos sanguineos € a
avaliagdo da neovascularizagdo era feita através da técnica do clearance do
xendnio radioativo (133Xe) aplicado localmente. Apesar de ter sido
desenvolvido inicialmente como um modelo de angiogénese, o modelo de
implantes também ja foi utilizado para alojar células tumorais para o estudo da
angiogénese tumoral [80]. Atualmente, € caracterizado como um modelo de
angiogénese inflamatéria, inflamag¢&o aguda ou crénica e de aderéncias [81-
83].

A matriz implantada induz uma reacgéo inflamatoria tipo corpo estranho,
com a formacéo de tecido de granulagio rico em células inflamatérias, novos
vasos sanguineos e matriz extracelular, sendo envolvido por uma capsula
fibrosa [78, 84]. A utilizacdo de implantes de esponjas permite o0 estudo do
infiltrado inflamatério, da angiogénese e da deposicao da matriz extracelular;
permite também a analise bioquimica dos fluidos coletados, bem como o efeito
de drogas sobre o processo [84, 85] e investigacdo de varias caracteristicas

morfofuncionais tanto em condi¢des normais como em patoldgicas [81].

2. OBJETIVOS

Tendo em vista estudos envolvendo a Ang-(1-7) em modelos
inflamatorios e de reparo tecidual tanto in vitro quanto in vivo, e ainda, os
efeitos da angiotensina Il sobre a inflamacgéo e fibrose, uma vez que a Ang-(1-
7) apresenta, na maioria dos casos estudados, efeitos antagbnicos aos da
angiotensina |l; Este trabalho teve como objetivo o estudo dos efeitos da Ang-
(1-7) em modelo de inflamac&o crénica induzida por implantes sintéticos de
poliéster-poliuretano e em modelo de cicatrizacdo de feridas excisionais em

camundongos.
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Resumo

Angiotensina-(1-7) (Ang- (1-7)), ¢ um heptapeptideo bioativo com propriedades
antiangiogénicas, antifibroticas e antiproliferativas. No entanto, os efeitos deste
peptideo no desenvolvimento de tecido fibroproliferativo induzido por matriz de
esponja sintética ainda ndo foram completamente caracterizados. Metodologia:
camundongos machos swiss (7-8 semanas) receberam como implantes discos de esponja
de poliéster-poliuretano para inducdo de tecido fibrovascular. O tratamento com Ang-
(1-7) (30 ng) foi realizado por administrag@o diaria intraimplante. Para determinacdo da
angiogénese foi avaliado o conteudo de hemoglobina (Hb), nimero de vasos sanguineos
e niveis de citocinas pré-angiogénicas (VEGF e bFGF). Para os fatores inflamatorios
foram dosadas mieloperoxidase-MPO, N-acetil -B-D-glucosaminidase-NAG, niveis de
citocinas pro-inflamatorias -TNF-a, CXCL1 / KC e CCL2). A fibrogénese foi analisada
de acordo com a deposi¢do de colageno e niveis de TGFB-1. Todas as analises foram
analisadas a partir dos implantes coletados nos dias 1, 4, 7, 9 e 14 pds-implantag@o.
Resultados: Ang- (1-7) exerceu duplo efeito no desenvolvimento da neovascularizagdo
dos implantes de esponja, avaliado pela medi¢do do conteudo de Hb e do numero de
vasos. Nos dias 4 e 7 o peptideo inibiu os aumentos desses parametros quando
comparados com o grupo ndo tratado. Do dia 9 em diante, o péptideo aumentou os
niveis de Hb (42%), nimero de vaso (46%), FGF (24%) e nivel de VEGF (29%) em
relacdo ao grupo controle. Esse padrio também foi observado para o marcador
inflamatorio e a produgdo de citoquinas. O tratamento com a Ang- (1- 7) foi capaz de
diminuir CXCL1 (48%), TNF-a (25%), NAG (58%), CC L2 (32%) do dia 1 e MPO
(27%) a partir do dia 3 em relagdo ao grupo controle. Este padrdo mudou em relagdo ao
reparo do tecido em implantes de esponja. O colageno soluvel total (105%), o teor de
colageno (37%) e o TGF-B1 (50%) aumentaram apos 7 dias de tratamento com Ang- (1-
7). Durante esses 14 dias, processos fibréticos e de remodelagdo tecidual foram
envolvidos, como mostrado pelo aumento de mastécitos em relagdo ao grupo controle
(32%) (p <0,05). Conclusdo: ap6ds 14 dias de tratamento, o efeito inibitorio da Ang- (1-
7) na atenuagdo da inflamag¢o e promogdo da angiogénese e componentes fibrogénicos
do tecido fibrovascular induzido pela matriz sintética se estende ao alcance das ag¢des da

Ang- (1-7) podendo indicar potencial terapéutico no controle de doengas.

Palavras-chave: Angiotensina- (1-7), angiogénese, inflamacdo, fibrose, implantes,
esponja
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Abstract

Background: (Ang-(1-7)), a bioactive heptapeptide formed from the fragmentation of
angiotensin I and acts as an antagonist of angiotensin Il and carries antiangiogenic,
antifibrotic, antiproliferative properties. However, the effects of this peptide on the
development of fibroproliferative tissue induced by synthetic sponge matrix has not
been fully characterized. Methods: Male Swiss mice (7-8 weeks) were implanted
subcutaneously with polyether-polyurethane sponge discs for induction of the
fibrovascular tissue. Ang-(1-7) treatment (30ng) was carried out by intraimplant daily
administration. Implants collected 1, 4, 7, 9 and 14 days postimplantation were analyzed
for determination of angiogenesis (hemoglobin (Hb), blood vessels number and levels
of pro-angiogenic cytokines (VEGF and bFGF), inflammation (myeloperoxidase- MPO
and N-acetyl-B-D-glucosaminidase-NAG activities and levels of pro-inflammatory
cytokines -TNF-a, CXCL1/KC and CCL2) and fibrogenesis (collagen deposition and
TGFB-1 levels). Results: Ang-(1-7) exerted dual effects of the development of
neovascularization in the sponge implants as assessed by measuring Hb content and
number of vessels. At days 4 and 7 the peptide inhibited increases of these parameters
when compared with the non-treated group. From day 9 onwards, the peptide increased
hemoglobin (42%), vessel number (46%), FGF (24%) and VEGF level (29%) relative to
the control group. This pattern was also observed for the inflammatory marker and
cytokine production. The Ang-(1-7) treatment was able to decreased CXCL1 (48%),
TNF-a (25%), NAG (58%), CCL2 (32%) from day 1 and MPO (27%) from day 3
relative to the control group. This pattern changed relative to tissue repair in sponge
implants. Total soluble collagen (105%), collagen content (37%) and TGF-B1(50%)
were increased after 7 days of treatment with Ang-(1-7). During these 14 days there was
involvement of processes of fibrosis and tissue remodeling, as shown by mast cells
number that were greater than control group (32%)(p<0.05).Conclusion: After 14 days
of treatment the inhibitory effect of Ang-(1-7) to attenuate inflammation and promote
angiogenesis and fibrogenic components of the fibrovascular tissue induced by the
synthetic matrix extends the range of actions of the Ang-(1-7) and may indicate its

therapeutic potential in controlling diseases.

Keywords: Angiotensin-(1-7), angiogenesis, inflammation, fibrosis, implants, sponge

disc
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Introduction

The renin-angiotensin system (RAS) plays an integral role in maintaining
vascular tone, salt and water homeostasis, and cardiac function in humans [86]. Chronic
activation of RAS causes hypertension, accompanied by cardiac, renal, and vascular
injury/remodeling that eventually leads to failures, such as renal, heart failure, and
coronary disease [86]. Recent advances have improved our understanding of the renin-
angiotensin system [87]. Angiotensin-(1-7) (Ang-(1-7)), a bioactive heptapeptide
formed from the fragmentation of angiotensin I by endopeptidases or as a final product
of the conversion of angiotensin II by the angiotensin Il converting enzyme (ACE II)
has primarily been identified as a molecule that exerts counter-regulatory actions of
angiotensin-II in the homeostasis of the cardio-vascular system [2]. Most available
evidence supports a counter-regulatory role for Ang-(1-7) by opposing many actions of
Ang II on AT receptors, especially vasoconstriction and proliferation .In fact,
previously, a series of studies showed an anti-angiogenic effect of this peptide in the
mouse sponge model [88, 89]. More recently, studies have shown that Ang-(1-7) acting
via Mas receptor exerts inhibitory effects on inflammation and on vascular and cellular
growth mechanisms. Ang-(1-7) has also been shown to reduce key signaling pathways
and molecules thought to be relevant for modifying processes associated with acute and
chronic inflammation, including leukocyte influx, fibrogenesis and proliferation of cell
types [63]. However, simultaneous assessment of this effects on the development of the
components of fibroproliferative diseases in vivo (angiogenesis, inflammation and
fibrogenesis) has not been investigated. Accordingly, we applied a model of
subcutaneous fibroproliferation induced by implantation of a synthetic matrix to test our
hypothesis that the Ang-(1-7) would modulate this process in vivo. In this chronic
inflammation model, the acellular and avascular synthetic matrix, implanted
subcutaneously in the animals’ dorsa, induces the migration, proliferation, and
activation of various cell types responsible for the development of a fibrovascular tissue
that underlies chronic pathological conditions [90, 91]. We report here that Ang-(1-7)
was able to attenuate inflammatory response and increase angiogenesis and collagen
deposition in vivo, which reveals a potential therapeutic function in which chronic

inflammation and repair are changed.
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Material and methods
The present study was approved by the Ethics Committee in Animal Use
(CEUA) of Federal University of Uberlandia (UFU) (approval number 092/12).

Animals

Male Swiss mice 7-8 weeks old (30-35 g body weight) used in these
experiments were provided by the animal facility of Pentapharm do Brasil Com. e Exp.
(Uberlandia-M@G, Brazil). The animals were housed individually and provided with
chow pellets, water ad libitum and 12h light/dark cycles. Efforts were made to avoid all
unnecessary distress to the animals. Housing, anesthesia and postoperative care
concurred with the guidelines established by our local Institutional Animal Welfare

Committee.

Preparation of sponge discs and implantation

Polyether-polyurethane sponge (Vitafoam Ltd., Manchester, UK) was used as the
implanted material. The implants were discs, S-mm thick x 8-mm diameter and were
soaked overnight in 70% v/v ethanol and sterilized by boiling in distilled water for 15
minutes before implantation. For that, the animals were anaesthetized by an
intraperitoneal injection of ketamine and xylazine (60mg/kg and 8mg/Kg, respectively),
the dorsal hair shaved and the skin wiped with 70% ethanol. The sponge discs were
aseptically implanted into a subcutaneous pouch, which had been made with curved
artery forceps through a 1 cm long dorsal mid-line incision. Postoperatively, the animals
were monitored for any signs of infection at the operative site, discomfort or distress;

any animal showing such signs were immediately humanely killed.

Experimental procedure

Our protocol was made in three phases. For phase I (dose-response curve),
animals were divided in 4 groups (n=10, each):Three treatment groups: ANG-(1-7)-
10ng, 30ng, 55ng and 100ng dose and saline Control (CT group). ANG-(1-7) and
vehicle saline were given by intraimplant injection (10ul, each).The doses of the
compound and the treatment regimen were chosen based on pilot experiments and data
from the literature [89]. Chosen doses were based on logarithmic calculations. Machado
et al., 2001[89], to evaluate angiogenesis used Ang-(1-7)-20ng for 7 days of treatment.

Our doses were chosen based on the logarithms of 10, 30, 55 and 100 in base 10 to have
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a similar distance of values. Treatment started just after implant surgery and lasted for 9
days. For phase II (kinetics of inflammatory response) the selected dose of ANG-(1-7)
at phase I was tested at different times after surgery. Animals were divided in 2 groups
(n=10, each): ANG-(1-7)-30ngand saline control (CT) group. Treatment started just
after implant surgery and lasted for 1, 4, 7, 9 and 14 days. For phase III (histological
analysis), animals were divided in 2 groups (n=6, each): ANG-(1-7)-30ng and CT
group. Protocol was made according to the same schedule of phase II and lasted for 1, 4,
7, 9 and 14 days. Treatment and sponge implants were well tolerated by the mice over

the experimental period.

Hemoglobin extraction (indirect assessment of neovascularization)

The extent of the vascularization of the sponge implants was assessed by the
amount of hemoglobin (Hb) detected in the tissue using the Drabkin’s method [92].
Animals were euthanized and the sponge implants carefully removed, dissected from
adherent tissue, weighed. Each implant was homogenized (Ultra Stirrer) in 2 ml of
Drabkin reagent (Labtest, Lagoa Santa Brazil), and centrifuged at 10,000 g for 40 min.
The supernatants were filtered through a 0.22-mm millipore filter. Hb concentration of
the samples was determined spectrophotometrically by measuring absorbance at 540 nm
using an ELISA plate reader and was compared against a standard curve of Hb. The

content of Hb in the implant was expressed as mg Hb per mg wet tissue (implant).

Tissue extraction and determination of myeloperoxidase (MPO) and N-
acetylglucosaminidase (NAG enzyme activities

The extent of neutrophil accumulation in the implants was measured by assaying
myeloperoxidase enzyme (MPO) activity as previously described [92, 93]. After
processing the supernatant of the implants for the Hb determination, a part of the
corresponding pellet was weighed, homogenized in (2 ml) pH 4.7 buffer (0.1 M NaCl,
0.02 M NaH,PO4, 0.015M Na-EDTA) and centrifuged at 15,300g for 15 min. The
pellets were then resuspended in 0.05 M Na2HPO4 buffer (pH 5.4) containing 0.5%
hexadecyltrimethylammonium bromide (HTAB). MPO activity in the supernatant
samples was assayed by measuring the change in absorbance (optical density; OD) at
450 nm using tetramethylbenzidine (1.6 mM) and H,O, (0.3 mM). The reaction was
terminated by the addition of 50 ul of H,SO4 (4 M). Results were expressed as change
in OD per gram of wet tissue. The infiltration of mononuclear cells into the implants
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was quantified by measuring the levels of the lysosomal enzyme N-acetyl-B-D-
glucosaminidase (NAG) which is present in high levels in activated macrophages [92,
93]. Part of the pellet that remained after the Hb measurement was kept for this assay.
These pellets were weighed, homogenized in NaCl solution (0.9% w/v) containing 0.1%
v/v Triton X-100, and centrifuged (960 g; 10 min at 4°C). Samples of the resulting
supernatant (100 ul) were incubated for 10 min with 100ul of P-nitrophenyl-N-acetyl-
beta-D-glucosaminide prepared in citrate/phosphate buffer (0.1 M citric acid, 0.1 M
Na2HPO4; pH 4.5) to yield a final concentration of 2.24 mM. The reaction was stopped
by the addition of 100 ul of 0.2 M glycine buffer (pH 10.6). Hydrolysis of the substrate
was determined by measuring the absorption at 400 nm. The readings were interpolated
on a standard curve constructed with p-nitrophenol (0—500 nmol ml™). Data are reported

as nmol of products formed per milligram of wet tissue.

Collagen measurement

Total soluble collagen was measured in whole tissue homogenates by the Sirius
Red reagent based-assay [90, 91]. The implants were homogenized in 1 ml of PBS and
50 pl of sample were mixed with 50 ul of Sirius Red reagent. Samples were mixed by
gentle inversion. The collagen-dye complex was precipitated by centrifugation at 6,000
g for 10 min. The supernatants were drained off and discarded and the pellet washed
with 500 pl of ethanol (99% pure and methanol free). One milliliter of a 0.5 M NaOH
solution was added to the remaining pellet of collagen-bound dye. After solubilization,
samples were transferred to a 96-well plate and read at 540 nm. The calibration curve
was setup on the basis of a gelatin standard. The results are expressed as microgram

collagen per milligram of wet tissue.

Measurement of cytokines/chemokines production in the sponge implants

The supernatants from centrifugation of sponge homogenates (see Hb
measurement method) were used to examine the levels of VEGF, TNF- a, TGF-£1,
FGF, CXCL1/KC, CCL2/JE produced in sponge implants by enzyme-linked
immunosorbent assay (ELISA). The assays were performed using Kits from R&D
systems and according to the manufacturer’s instructions. The threshold of sensitivity
for each cytokine/chemokine was 7.5 pg/ml. The results were expressed as pico

cytokine per milligram of wet tissue.
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Histological analysis

At each time interval in phase III, implants from both groups (ANG-(1-7)-30ng
and CT) were methacarn-fixed [94] paraffin-embedded tissue samples and sections (6-
um thick) were stained with Gomori’s Trichrome [95] for evaluation of inflammatory
infiltrate, formation of connective and vascular, Toluidine blue [96] for mast cell
quantification and Picrosirius Red [97-99] to assess collagen deposition by histological
and morphometrical analyses. Morphometric analysis was carried out using a light
microscope (Olympus Ltd., Hertfordshire, UK) with a 40x objective (Gomori's
Trichrome e Toluidine blue sections) and 10x objective (Picrosirius red sections)The
microscope was equipped with an Oly-200 CCD camera linked to a PC and a capture
and image analysis system (HL-Image 97, Western Vision Software, UT, USA). Ten
random fields were selected, and the percentage of blood vessels, mast cells and

collagen pixels were measured per field area.

Statistics

Statistical analysis was performed using Statistica software (99ed.,StatSoftInc.)
and graphs were performed with GraphPad Prism program, version 5. All values were
expressed as mean = SEM. At phase I, the results of dose-response curve were
analyzed by one-way analysis of variance (ANOVA). In cases where ANOVAs howeds
ignificant differences (p <0.05), the Dunnett’s post hoc test was performed. In phases II
and III, results of kinetics of inflammatory response and histological analysis were
analyzed by two-way ANOVA considering factors treatment, time and interaction of
this factors. In cases where ANOVA showed significant differences (p<0.05), it was

performed planned comparisons between groups of interest.

Results
Dose-response curve
After nine days of treatment, neovascularization of the implants, tissue repair,
macrophage and neutrophil recruitment were increased, as detected by changes in the
Hb content, collagen deposition, N-acetyl-B-D-glucosaminidase activity and
myeloperoxidase activity. Hb content (figure 1-a) was different (increased by 48%)
between control group and ANG-(1-7)-30ng (p<0.05). Collagen deposition (figure 1-b)
was different (increased by 69%) between control group and ANG-(1-7)-30ng (p<0.05).
At the same dose, treatment with ANG-(1-7)-30ng was able to decrease neutrophil
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content (figure 1-¢) by 45% as showed by myeloperoxidase enzyme activity, when
compared to control group (p<0.05).NAG activity (figure 1-d) was different (decreased
by 25%) between control group and ANG-(1-7)-30ng (p<0.05).

Kinetics of inflammatory response

The extent of vascularization of the sponge was assessed by measuring Hb
content. This content (figure 2-a) was different between groups. The two-way ANOVA
showed significant differences for time factor (F4 56 = 55.05, p<0.05) and the interaction
between treatment factor x time factor (F4s56 = 4.48, p<0.05). Hb content was different
between control group and ANG-(1-7)-30ng group on days 4 (decreased by 52%), 7
(decreased by 33%), 9 (increased by 42%) and 14 (increased by 38%) (p< 0.05). No
significant differences were found on day 1.

VEGF level (figure 2-b) was also different between groups. The two-way
ANOVA showed significant differences for treatment factor (Fi ;5 = 6.97, p<0.05) and
time factor (F464 = 11.22, p<0.05). VEGF level was different between control group and
ANG-(1-7)-30ng group on days 7 (increased by 26%) and 9 (increased by 29%) (p<
0.05). No significant differences were found on days 1, 4 and 14.

FGF level (figure 2-c) was different between groups. The two-way ANOVA
showed significant differences for treatment factor (F; 17 = 6.86, p< 0.05), time factor
(Fa6s8 =49.09, p< 0.05) and the interaction between treatment factor x time factor (Fieg
= 2.53, p< 0.05). FGF level was different between control group and ANG-(1-7)-30ng
group on days 7 (increased by 32%) and 9 (increased by 24%) (p< 0.05). No significant
differences were found on days 1, 4 and 14.

Blood vessels (figure 2-d) content was quantified by Gomori’s Trichrome
staining and showed difference between groups. The two-way ANOVA showed
significant differences for treatment factor (F; g = 6.45, p < 0.05), time factor (F43; =
30.32, p< 0.05) and the interaction between treatment factor x time factor (F43, =3.35,
p< 0.05). Blood vessel content was different between control group and ANG-(1-7)-
30ng group on days 9 (increased by 46%) and 14 (increased by 38%) (p< 0.05). No
significant differences were found on days 1, 4 and 7 for blood vessel content.

TNF-a level (figure 3-a) was different between groups. The two-way ANOVA
showed significant differences for treatment factor (Fy ;5 =211.67, p<0.05), time factor
(Fa60 = 253.24, p< 0.05) and the interaction between treatment factor x time factor
(Fago = 3.17, p< 0.05). TNF-a level was different between control group and ANG-(1-
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7)-30ng group on days 1 (decreased by 25%), 4 (decreased by 36%), 7 (decreased by
66%), 9 (decreased by 67%) and 14 (decreased by 74%) (p< 0.05).

MPO activity (figure 3-b) was different between groups. The two-way ANOVA
showed significant differences for treatment factor (F; 16 = 6.67, p< 0.05), time factor
(Fa64 =37.82, p<0.05) and the interaction between treatment factor x time factor (F4e4
= 5.76, p< 0.05). Neutrophil content was different between control group and ANG-(1-
7)-30ng group on days 1 (increased by 74%), 4 (decreased by 27%), 7 (decreased by
22%) and 9 (decreased by 28%) (p< 0.05). No significant differences were found on day
14, suggesting that treatment did not affect the accumulation of stimulated neutrophils
in the sponge matrix.

CXCL1/KC level (figure 3-c) was different between groups. The two-way
ANOVA showed significant differences for treatment factor (F; 15 = 65.61, p < 0.05),
time factor (Fsesa = 5.17, p< 0.05) and the interaction between treatment factor x time
factor (Fa64 = 3.71, p< 0.05). CXCL1/KC level was different between control group
and ANG-(1-7)-30ng group on days 4 (decreased by 48%), 7 (decreased by 55%), 9
(decreased by 38%) and 14 (decreased by 25%) (p< 0.05). No significant differences
were found at day 1.

The extent of active monocytes/macrophage accumulation in the sponge discs in
the control and treated groups was measured by NAG activity. The level of NAG
activity (figure 3-d) was different between groups. The two-way ANOVA showed
significant differences for treatment factor (F; 15 = 29.54, p< 0.05) and time factor (F460
= 2.25, p< 0.05). NAG activity was different between control group and ANG-(1-7)-
30ng group on days 4 (decreased by 58%), 7 (decreased by 51%) and 9 (decreased by
33%) (p< 0.05). No significant differences were found at day 1 and 14.

CCL2/JE level (figure 3-e) was different between groups. The two-way ANOVA
showed significant differences for treatment factor (Fy ;s = 34.20, p< 0.05) and time
factor (Fags = 10.43, p< 0.05). CCL2/JE level was different between control group and
ANG-(1-7)-30ng group only at day 7 (decreased by 32%), 9 (decreased by 22%) and 14
(decreased by 10%) (p< 0.05). No significant differences were found on days 1 and 4.

Mast cells quantification (figure 3-f) was different between groups. The two-way
ANOVA showed significant differences for treatment factor (F;3 = 35.72, p< 0.05) and
time factor (Fa3; = 26.03, p< 0.05). Mast cells quantification was different between
control group and ANG-(1-7)-30ng group on days 1 (increased by 87%), 4 (increased
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by 59%), 7 (increased by 50%), 9 (increased by 54%) and 14 (increased by 32%) (p<
0.05).

Total soluble collagen content (figure 4-a) was different between groups. The
two-way ANOVA showed significant differences for treatment factor (Fy 14 = 41.96, p<
0.05), time factor (F4 55 = 81.67, p< 0.05) and the interaction between treatment factor x
time factor (F4s6 = 3.24, p<0.05). Total soluble collagen was different between control
group and ANG-(1-7)-30ng group on days 7 (increased by 105%) and 9 (increased by
50%) (p< 0.05).No significant differences were found on days 1, 4and 14.

TGF-A1 level (figure 4-b) was different between groups. The two-way ANOVA
showed significant differences for treatment factor (F; ;s = 11.00, p< 0.05), time factor
(Fa60 = 55.88, p<0.05) and the interaction between treatment factor x time factor (F4go
= 2.82, p< 0.05). TGF-A1 level was different between control group and ANG-(1-7)-
30ng group on days 7 (increased by 50%) and 9 (increased by 30%) (p< 0.05). No
significant differences were found on days 1, 4 and 14.

Collagen content (figure 4-c) was measured by Picrosirius red-staining sections
and showed difference between groups. The two-way ANOVA showed significant
differences for time factor (F420 = 94.39, p< 0.05) and the interaction between treatment
factor x time factor (F420 = 3.40, p< 0.05). Collagen content was different between
control group and ANG-(1-7)-30ng group only at day 7 (increased by 37%) (p< 0.05).

No significant differences were found on days 1, 4, 9 and 14.

Discussion

Angiogenesis it is a multistep process that can be defined as the development of
new blood vessels from preexisting vessels [91, 100, 101] and involves numerous
soluble and cell surface-bound mediators. In this study, we investigated the effects of
Ang-(1-7) on the angiogenic and inflammatory components of the fibrovascular tissue
induced by implantation of synthetic matrix in mice.

In this model, cell recruitment, inflammation, angiogenesis and extracellular
matrix deposition are induced by the implantation technique that has been shown to be
modulated by a number of potential therapeutic compounds. Although, the effects of
Ang-(1-7) in angiogenesis has been previously reported for Machado ef al. (2000) and
Machado ef al. (2001) [88, 89]. However, we are not aware of any systematic study the
such effects in fibrovascular tissue. [101-103]. Our first set of results showed that daily
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injections of Ang(1-7)dose-dependent (30ng) exerted pro-angiogenic (increase
hemoglobin), anti-inflammatory (decrease MPO and NAG) and pro-fibrotic (total
collagen soluble) effects. In addition, sponge implants can be easily manipulated and
examined at defined time points and thus facilitate the kinetic tracing of different cell
lineages [104]. In this context, a more detailed analysis revealed an increase in the
hemoglobin content on 9 and 14-day. Vascularization was assessed by evaluating the
hemoglobin content, and this method bears a good correlation with other quantitative
techniques to evaluate angiogenesis in sponges [105]. Although on the 3rd and 7th days
ANG-(1-7) showed the opposite effect, these data are in accordance with previous
studies [88, 89]. The effects of ANG 1-7 maybe exert dual effects depending on the
treatment regimen and cell population in the inflammatory response. For example,
Machado ef al. (2001) [89], on the other hand, reported that ANG-(1-7) inhibited
angiogenesis, results that are in sharp contrast with the data reported. Although,
Machado et al. (2002) [106] reported a vasodilatory effect of Ang-(1-7) and it may act
as a vasodilator mediator in pre-existing (skin) and newly formed vasculatures (14-day-
old sponge implants). We further assessed the VEGF and FGF levels intraimplant, that
decreased significantly in points 7 and 9 of the kinetic. VEGF and FGF have been
shown to be an essential mediator of neovascularization [82, 107]. The fact is that
ANG-(1-7) was able reduce number of blood vessels in fibrovascular tissue when
compared to control group. Interestingly, some effects of Ang-(1-7) in fibrovascular
tissue were observed only at 7, 9 and 14 post-implantation. Therefore, it seems
reasonable to speculate that may be due to the that data discussed that the newly formed
fibrovascular tissue in the implant compartment has a population of Ang-(1-7) receptors
that is still immature on daysl and 4post-implantation or the availability of functional
receptors are limited. Another possibility is that in a multimediated process such as new
blood vessel formation, the contribution of one inhibitor for the whole process are also
limited and is likely to be counteracted by other regulatory substances [89].

In this study of kinetics of inflammatory response, a marked effect of the ANG-
(1-7)-30ng in decreasing angiogenesis was assessed by the measurement of the Hb
implants content on days 4 and 7. This results were in accordance with those of
Machado et al. (2001) [89] who had 7-day-old sponge implants treated with daily
injections of ANG-(1-7)-20ng and inhibited significantly the angiogenesis in the
implants compared to CT group showing good and reliable correlation with other
biochemical and functional measures of new vessel formation [88, 89]. For 9 and 14
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days of treatment with ANG-(1-7)-30ng was in agreement with Machado ez al. (2002)
[106] who found a similar pattern to Hb although they have made a sistemic treatment.
The Hb content of the sponge tissues is a good marker for angiogenesis [105, 108] and
it was used as an index of the vascularization [89, 109] and decreased due to the VEGF
release. VEGF has been shown to be an essential mediator of neovascularization,
inducing dose-related growth of new blood vessels [105].This dose of ANG-(1-7)-30ng
was enough to inhibit the formation of new vessels in this experimental model on days 4
and 7. The obtained result was in line with previously published work by Machado e
al.(2001) [89] who used a similar daily dose of ANG-(1-7)-20ng for 7 days and found
reduced levels of Hb which were implicated in angiogenesis in a mice sponge model.
This is in line with several reports showing that various ANG-(1-7) effects in vivo and
in vitro are produced via activation of an ANG-(1-7)-specific receptor [89, 110-112].
After 9 and 14 days of treatment the response was different and had a pro-angiogenic
effect, which agrees to Machado ef a/.(2000) [88] and the idea of direct vasoconstriction
or vasodilatation within the implant would alter blood, and thus Hb content of the
neovasculature since ANG-(1-7) is known to be a vasodilator[89, 110, 113].

The sequential development of inflammation and cytokine production in the
fibrovascular tissue induced by sponge implantation in mice treated with ANG-(1-7)
differed substantially from untreated group. We measured six markers of inflammation
(MPO, NAG activities, mast cell count, three cytokines TNF-o, CXCL-1 and
CCL2)[82, 101]. In this study, the MPO activity, as a measure of neutrophil
accumulation, was affected by ANG-(1-7)-30ng treatment on days 4, 7 and 9.Similarly,
there was a decrease in the concentration of the chemokine CXCL-1 and TNF-q, in the
treated implants. Therefore, Guabiraba et al, (2013) [83] explain that reduced pro-
inflammatory cytokine production (i.e. TNF-a, CXCL1/KC) may directly or indirectly
contribute to the accumulation and activation of neutrophils within the implants, which
together with the local production of VEGF may lead activation of angiogenesis process
[83]. TNF-a had the same reponse to Ang-(1-7) action. Our results are in concordance
to Silveira et al. (2010) [63] who studied Ang-(1-7) treatment with Mas receptor
agonists in experimental models of arthritis and concluded that the decreased
accumulation of neutrophils and joint damage was associated with decreased local
production of proinflammatory cytokines, including TNF-a and and neutrophil-active
chemokines, as similar to our data. In addition, the decreased of both neutrophil influx

and cytokine production demonstrated that activation of the Mas receptor is sufficient
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for stopping the positive interaction between cytokines and leukocytes at inducing joint
inflammation and damage [63]. Similar to the neutrophils, NAG, representing
macrophage accumulation, was decrease early, but not at day 14 after implantation.
There was also a decrease in chemokine CCL2, which is the major chemokine involved
in the monocyte recruitment to inflammatory site [83, 104]

Ang-(1-7) implants may be affected for this inflammatory cell population of
inflammatory process induced by the sponge discs on days 1, 4, 7, 9 and 14.Although
mast cells are involved especially in the maintenance of pro-angiogenic and
inflammatory responses. However, it is likely that the increased accumulation of mast
cell in implants would be linked to the positive feedback between the decreases in pro-
angiogenic factors in implants treated with ANG-(1-7) and intrinsic role of this cell type
in angiogenesis to deal with the persistent inflammatory stimulus [67, 96, 114]. Recent
studies suggest that mast cells are involved in the production of proteins and pro-fibrotic
factors [115]. In additional, numerous mast cells are observed in tissue fibrosis in
various organs such as liver, lung and pancreas [116-118]. Therefore, mast cells in liver
are reported to secrete various mediators in granules, including tryptase, that promote
fibroblast growth and collagen synthesis [99, 114, 119]. In fact, our measurements of
the ANG-(1-7) effects on the fibrogenic response indicates a increases of total soluble
collagen and sections marked with Picrosirius red staining on days 7 and 9. Importantly,
there is a similar increase in TGF-B level, which plays a central role in fibrosis by
inducing differentiation of fibrocytes and increases in the expression of collagen
deposition [119]. In contrast, other studies suggest a protective role of Ang-(1-7)
against fibrosis. Recently, studies showed that Ang-(1-7) causes apoptosis of these
cells, inhibits proliferation and diminishes the secretion of collagen, leading to a
regression of the cardiac fibrosis[105, 108, 109].

It is clear that Ang-(1-7) can influence many organs and systems. Additional
effects of the compound are related to dose chosen and model for the study[89, 120-
122]. Our results provides further confirmatory evidence for the anti-inflammatory, pro-
angiogenic and pro-fibrotic effects of Ang-(1-7) and suggest that inhibitory functions of
ANG-(1-7) are associated with regulation of angiogenic, inflammatory and fibrogenic

cytokines in the sponge implant model.
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FIGURE LEGENDS

Figure 1 — Dose-response curve - Effect of different doses of Angiotensin-(1-7)
treatment in sponge implants. In (A) the hemoglobin (HB) content was increased after
9 days of treatment at ANG-(1-7)-30ng dose. In (B) collagen (COL) content was
increased after 9 days of treatment at ANG-(1-7)-30ng dose. In (C) myeloperoxidase
enzyme (MPO) activity decreased after 9 days of treatment at ANG-(1-7)-30ng dose. In
(D) N-acetylglucosaminidase (NAG) content was decreased after 9 days of treatment at
ANG-(1-7)-30ng dose. Data are mean +SEM. (*) p < 0.05 vs.CT. n = 8-10 mice for

each group.

Figure 2 — Angiogenesis effects in different treatment times of Angiotensin-(1-7)-
30ng treatment in sponge implants. In (A) the hemoglobin (HB) content was
decreased after 4 and 7 days of treatment with ANG-(1-7)-30ngdose and increased
after 9 and 14 days treatment. In (B) VEGF level was increased after 7 and 9 days of
treatment with ANG-(1-7)-30ng dose. In (C) FGF level was increased after 7 and 9 days
of treatment with ANG-(1-7)-30ngdose. In (D) blood vessels index was increased after
9 and 14 days of treatment with ANG-(1-7)-30ng dose. Data are mean +SEM. (*) p <
0.05 vs. CT. n=8-10 mice for each group.

Figure 3 — Inflammation effects of different treatment times of Angiotensin-(1-7)-
30ng treatment in sponge implants. In (A) TNF-a was decreased after 1, 4, 7, 9 and
14 days of treatment with ANG-(1-7)-30ng dose. In (B) MPO activity was decreased
after 1, 4, 7 and 9 days of treatment with ANG-(1-7)-30ng dose. In (C) CXCL1 was
decreased after 4, 7, 9 and 14 days after treatment with ANG-(1-7)-30ng dose. In (D)
NAG activity was decreased after4, 7, 9 and 14 days of treatment with ANG-(1-7)-30ng
dose. In (E) CCL2 level was decreased after 7, 9 and 14 days after treatment with
ANG-(1-7)-30ng dose. In (F) mast cell index was increased after 1, 4, 7, 9, and 14 days
after treatment with ANG-(1-7)-30ng dose. Data are mean +SEM. (*) p < 0.05 vs.CT. n

= 8-10 mice for each group.

Figure 4 — Tissue repair aspects of different treatment times of Angiotensin-(1-7)-
30ng treatment in sponge implants. In (A) Total soluble collagen activity was
increased after 7 and 9 days of treatment with ANG-(1-7)-30ng dose. In (B) TGF-p1
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level was increased after 7 and 9 days of treatment with ANG-(1-7)-30ng dose. In (C)
collagen quantification sections were increased after 7, 9 and 14 days of treatment with
ANG-(1-7)-30ng dose. Data are mean +SEM. (*) p < 0.05 vs. CT. n = 8-10 mice for

each group.

Figure S5 - Blood vessels quantification by Gomori’s Trichrome staining of
different treatment times of Angiotensin-(1-7)-30ng treatment in sponge implants.
Representative histological sections (6 um) of sponge implants at days 1,4,7,9 and 14
post-implantation and quantification of blood vessels of sponge implants filled by

conjunctive tissue. # = 5-6 mice for each group.

Figure 6- Collagen content measured by Picrosirius red-staining sections of
different treatment times of Angiotensin-(1-7)-30ng treatment in sponge implants.
Representative histological sections (6 um) of sponge implants at days 1,4,7,9 and 14
post-implantation and morphometric analysis of the fibrovascular area (um2). n = 5-6

mice for each group.

48



61

MPO activity (OD/mg wet tissue)

o (3} o (3}
1 1 1

1
e =

bugl
e

Bugg

bugg

Buool

o

Collagen (pg/mg wet weight)
o o o

N £ »
1 1 1

1

Bugl

Bupg

Bugg

Buool

Hemoglobin (ng/mL)/'sponge wet weight (mg)

© © = = N
o 3] o 3] o
1 1 1 ]
>
O_ { Pl
—|
—
;- |
>
«Q
W
8. i -
«Q

Bugg

Buool

[ 4NDIA



0S

Hemoglobin (ng/mL)/sponge wet weight (mg)

o o = = N
o 3, o [3,] o
1 1 1 ]
—_~
Z
—
jw)
[
-
»
L *
=
[
-
[}
©
S
Q@ =~- *
[¢]
3
T
o
3 ©- *
[
[=¢
o)
=
—
I *

¢ dNODIA

Bugg bBugg bBugl 1D

BuoolL

NAG activity (hmol/mg wet weight)

) - N ©
1 1 ]

=

i _I "
J -| *
= { *
*
*



VEGF (pg/mg wet tissue)

FGF (pg/mg wet tissue)

Blood vessels index (number/field)

*
*
8-
6-
4-
24
0 | | | | |
1 4 7 9 14
Days after sponge implantation
(C) *
10+ .
8-
6-
4-
24
0 | | | | |
1 4 7 9 14
Days after sponge implantation
-©- CT
- ANG-(1-7)30ng
15 D)
* *
10+
54
0 I I I I I
1 4 7 9 14

Days after sponge implantation

51



TNF-a (pg/mg wet tissue)

MPO activity (OD/mg wet tissue)

20

-
(3]
1

-
(=]
1

(3}
1

4 7 9 14

Days after sponge implantation

4 7 9 14

Days after sponge implantation

52



CXCL1/KC (pg/mg wet tissue)

NAG activity (nmol/mg wet weight)

CCL2/JE (pg/mg wet tissue)

61 *
*
*
4-
*
,. i\i\i/i\.
0 I I I I I
1 4 7 9 14
Days after sponge implantation
4~ (D)
*
34
*
*
24
1
0 I I I I I
1 4 7 9 14
Days after sponge implantation
10- (E) *
81 *
6-
*
4-
24
0 I I I I
1 4 7 9 14

Days after sponge implantation

53



e CT
-8 ANG-(1-7)30ng

40+

201

Mast cell index (number/ field)

4 7 9 14

Days after sponge implantation

—

FIGURE 4

0.84

0.4+

0.2+

Collagen (ng/mg wet weight)

0.0 T T T T T
1 4 7 9 14

Days after sponge implantation

54



TGF-B1 (pg/mg wet tissue)

Collagen (pixels/field)

*
8-
*
6-
4-
24
o | | | | |
1 4 7 9 14
Days after sponge implantation
-©- CT
- ANG-(1-7)30ng
*
0.44 (C)
0.34 *
0.24
0.14
0.0 T T T T
1 4 7 9 14

Days after sponge implantation

55



FIGURE 5

56



57



Conflict of interest statement

There are no conflicts of interest regarding to our manuscript.

Acknowledgments

We would like to thank to the Fundagdo de Amparo a Pesquisa de Minas Gerais

(FAPEMIG) and the Conselho Nacional de Desenvolvimento Cientifico e tecnologico

(CNPq) and the National Institute in Science and Technology in Nanobiopharmaceutics

(NanoBiofar) for providing financial support and scholarships; Pentapharm do Brasil

Com. e Exp. for providing animals, and Luis Fernando Gongalves Rabelo, Anderson

Ferraz Norton Filho and Gessynger Morais Silva for their assistance.

References

1.

Meng, W., et al., Autocrine and Paracrine Function of Angiotensin 1-
7 in Tissue Repair During Hypertension. Am J Hypertens, 2014.
Simoes e Silva, A.C,, et al., ACE2, angiotensin-(1-7) and Mas receptor
axis in inflammation and fibrosis. Br J Pharmacol, 2013. 169(3): p.
477-92.

Machado, R.D., R.A. Santos, and S.P. Andrade, Opposing actions of
angiotensins on angiogenesis. Life Sci, 2000. 66(1): p. 67-76.
Machado, R.D., R.A. Santos, and S.P. Andrade, Mechanisms of
angiotensin-(1-7)-induced inhibition of angiogenesis. Am J Physiol
Regul Integr Comp Physiol, 2001. 280(4): p. R994-R1000.

da Silveira, K.D., et al., Anti-inflammatory effects of the activation of
the angiotensin-(1-7) receptor, MAS, in experimental models of
arthritis. ) Immunol, 2010. 185(9): p. 5569-76.

Phillips, R.J., et al., Circulating fibrocytes traffic to the lungs in
response to CXCL12 and mediate fibrosis. ) Clin Invest, 2004. 114(3):
p. 438-46.

Campos, P.P., Y.S. Bakhle, and S.P. Andrade, Mechanisms of wound
healing responses in lupus-prone New Zealand White mouse strain.
Wound Repair Regen, 2008. 16(3): p. 416-24.

Araujo, F.A., et al., Implant-induced intraperitoneal inflammatory
angiogenesis is attenuated by fluvastatin. Clin Exp Pharmacol
Physiol, 2011. 38(4): p. 262-8.

Barcelos, L.S., et al., Production and in vivo effects of chemokines
CXCL1-3/KC and CCL2/JE in a model of inflammatory angiogenesis in
mice. Inflamm Res, 2004. 53(10): p. 576-84.

58



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Puchtler, H., et al., Methacarn (methanol-Carnoy) fixation. Practical
and theoretical considerations. Histochemie, 1970. 21(2): p. 97-116.
Leite, S.N., et al., Experimental models of malnutrition and its effect
on skin trophism. An Bras Dermatol, 2011. 86(4): p. 681-8.

Pereira, N.B., et al., Apoptosis, mast cell degranulation and collagen
breakdown in the pathogenesis of loxoscelism in subcutaneously
implanted sponges. Toxicon, 2014.

Puchtler, H., F.S. Waldrop, and L.S. Valentine, Polarization
microscopic studies of connective tissue stained with picro-sirius red
FBA. Beitr Pathol, 1973. 150(2): p. 174-87.

Junqueira, L.C., G. Bignolas, and R.R. Brentani, Picrosirius staining
plus polarization microscopy, a specific method for collagen
detection in tissue sections. Histochem J, 1979. 11(4): p. 447-55.
Deconte, S.R., et al., Alterations of antioxidant biomarkers and type |
collagen deposition in the parotid gland of streptozotocin-induced
diabetic rats. Arch Oral Biol, 2011. 56(8): p. 744-51.

Deryugina, E.I. and J.P. Quigley, Pleiotropic roles of matrix
metalloproteinases in tumor angiogenesis: contrasting, overlapping
and compensatory functions. Biochim Biophys Acta, 2010. 1803(1):
p. 103-20.

Moura, S.A., et al.,, Local drug delivery system: inhibition of
inflammatory angiogenesis in a murine sponge model by
dexamethasone-loaded polyurethane implants. J Pharm Sci, 2011.
100(7): p. 2886-95.

Belo, A.V., et al., Murine chemokine CXCL2/KC is a surrogate marker
for angiogenic activity in the inflammatory granulation tissue.
Microcirculation, 2005. 12(7): p. 597-606.

Ferreira, M.A., et al., Tumor growth, angiogenesis and inflammation
in mice lacking receptors for platelet activating factor (PAF). Life Sci,
2007. 81(3): p. 210-7.

Barcelos, L.S., et al., Role of the chemokines CCL3/MIP-1 alpha and
CCL5/RANTES in sponge-induced inflammatory angiogenesis in mice.
Microvasc Res, 2009. 78(2): p. 148-54.

Saraswati, S. and S.S. Agarwal, Strychnine inhibits inflammatory
angiogenesis in mice via down regulation of VEGF, TNF-alpha and
TGF-beta. Microvasc Res, 2013. 87: p. 7-13.

Machado, R.D., et al., Vasodilator effect of angiotensin-(1-7) in
mature and sponge-induced neovasculature. Regul Pept, 2002.
107(1-3): p. 105-13,

59



23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Mirabelli, P., et al., Early effects of dexamethasone and anti-VEGF
therapy in an inflammatory corneal neovascularization model. Exp
Eye Res, 2014. 125C: p. 118-127.

Araujo, F.A., et al., Atorvastatin inhibits inflammatory angiogenesis
in mice through down regulation of VEGF, TNF-alpha and TGF-
betal. Biomed Pharmacother, 2010. 64(1): p. 29-34.

Araujo, F.A., et al.,, 3-Hydroxy-3-methylglutaryl coenzyme A
reductase  inhibitor  (fluvastatin)  decreases  inflammatory
angiogenesis in mice. APMIS, 2012. 121(5): p. 422-30.

Teixeira, A.S. and S.P. Andrade, Glucose-induced inhibition of
angiogenesis in the rat sponge granuloma is prevented by
aminoguanidine. Life Sci, 1999. 64(8): p. 655-62.

Benter, I.F., D.I. Diz, and C.M. Ferrario, Cardiovascular actions of
angiotensin(1-7). Peptides, 1993. 14(4): p. 679-84.

Fontes, M.A., et al., Evidence that angiotensin-(1-7) plays a role in
the central control of blood pressure at the ventro-lateral medulla
acting through specific receptors. Brain Res, 1994. 665(1): p. 175-80.
Santos, R.A,, et al., Characterization of a new angiotensin antagonist
selective for angiotensin-(1-7): evidence that the actions of
angiotensin-(1-7) are mediated by specific angiotensin receptors.
Brain Res Bull, 1994. 35(4): p. 293-8.

Paula, R.D., et al., Angiotensin-(1-7) potentiates the hypotensive
effect of bradykinin in conscious rats. Hypertension, 1995. 26(6 Pt
2): p. 1154-9.

Guabiraba, R., et al., Blockade of cannabinoid receptors reduces
inflammation, leukocyte accumulation and neovascularization in a
model of sponge-induced inflammatory angiogenesis. Inflamm Res,
2013. 62(8): p. 811-21.

Silver, R.B., et al., Mast cells: a unique source of renin. Proc Natl
Acad Sci US A, 2004. 101(37): p. 13607-12.

Marshall, J.S., Mast-cell responses to pathogens. Nat Rev Immunaol,
2004. 4(10): p. 787-99.

Jung, M., et al., Mast cells produce novel shorter forms of perlecan
that contain functional endorepellin: a role in angiogenesis and
wound healing. ) Biol Chem, 2013. 288(5): p. 3289-304.

Lu, D.Y., et al., Mast cell leukemia: An extremely rare disease. J Chin
Med Assoc, 2014.

Arizmendi, N., et al., Rac2 is involved in bleomycin-induced lung
inflammation leading to pulmonary fibrosis. Respir Res, 2014. 15: p.
71.

60



37.

38.

39.

40.

41.

Ammendola, M., et al., Mast cells density positive to tryptase
correlates with angiogenesis in pancreatic ductal adenocarcinoma
patients having undergone surgery. Gastroenterol Res Pract, 2014.
2014: p. 951957.

Lu, J., et al., Tryptase inhibitor APC 366 prevents hepatic fibrosis by
inhibiting collagen synthesis induced by tryptase/protease-activated
receptor 2 interactions in hepatic stellate cells. Int
Immunopharmacol, 2014. 20(2): p. 352-7.

Marcus, Y., et al., Angiotensin 1-7 as means to prevent the
metabolic syndrome: lessons from the fructose-fed rat model.
Diabetes, 2013. 62(4): p. 1121-30.

El-Hashim, A.Z.,, et al.,, Angiotensin-(1-7) inhibits allergic
inflaimmation, via the MAS1 receptor, through suppression of
ERK1/2- and NF-kappaB-dependent pathways. Br J Pharmacol, 2012.
166(6): p. 1964-76.

Feltenberger, J.D., et al., Oral formulation of angiotensin-(1-7)
improves lipid metabolism and prevents high-fat diet-induced
hepatic steatosis and inflammation in mice. Hypertension, 2013.
62(2): p. 324-30.

61



CAPITULO 3: MANUSCRITO 2

62



Title:

LOCAL TREATMENT WITH ANGIOTENSIN-1-7 IMPROVES SKIN WOUND
HEALING IN MICE IN A MAS RECEPTOR-DEPENDENT MANNER

Authors:

1.2,4 N 23 . .3
" Puebla Cassini Vieira™” Leandro Ceotto Freitas Lima’,

Simone Ramos Deconte
Luiza Dias da Cunha Lima’Robson Augusto Souza Santos®™*, Tatiana Carla
Tomiosso”,Fabio de Oliveira'** Silvia Passos Andrade™*, Luciola da Silva Barcelos***,

- w24
Fernanda de Assis Araujo™*".

Affiliation:

'Institute Genetics and Biochemistry (INGEB), Federal University of Uberlandia (UFU)
“Institute of Biomedical Sciences (ICBIM), Federal University of Uberlandia (UFU),
Uberlandia - MG, Brazil.

*Department of Phisiology and Biophysics, Federal University of Minas Gerais
(UFMG), Belo Horizonte - MG, Brazil.

*National Institute in Science and Technology in Nanobiopharmaceutics (NanoBiofar),

BeloHorizonte-MG, Brazil.

*These authors contributed equally to this work

*Corresponding authors:

Luciola da Silva Barcelos

E-mail address: luciolasbarcelos@gmail.com

Current address:Universidade Federal de Minas Gerais (UFMG), Instituto de Ciéncias
Biologicas (ICB), Bloco D4, sala 256. Av. Antdénio Carlos 6627, Pampulha, CEP31270-
901, Belo Horizonte-MG, Brazil. Tel: +55 31 3409-2955

Fernanda de Assis Aragjo

E-mail address: folaraujo@gmail.com

Current address: Instituto de Ciéncias Biomédicas (ICBIM) — Area de Ciéncias
Fisiologicas (ARFIS), Universidade Federal de Uberlandia (UFU).Av. Para 1720 -
Bloco 2A, piso superior — sala 120, CEP 38400-902, Uberlandia-MG, Brazil Tel.: +55
343218-2200

63


mailto:luciolasbarcelos@gmail.com
mailto:folaraujo@gmail.com

Resumo

Angiotensina-(1-7) (Ang-(1-7)) € um componente bioativo do Sistema de Renina-
Angiotensina conhecido por exercer propriedades antifibroticas e antiproliferativas,
além de inibir a inflamag@o. A cicatrizag@o de feridas ¢ um processo de reparo de tecido
altamente dinamico que envolve uma sequéncia complexa de eventos celulares e
bioquimicos, incluindo inflamagdo, proliferacdo, fibroplasia e cicatrizagdo. A
cicatrizagdo inadequada pode levar a feridas crdnicas, causando desconforto, morte
fisica e/ou psicologica em casos extremos. Portanto, ha um grande interesse no estudo
de drogas que podem modular e melhorar o processo de cicatrizagdo de feridas. Aqui,
objetivamos avaliar os efeitos do tratamento local com Ang-(1-7) em um modelo de
cicatrizagdo de feridas na pele. Foram Utilizados camundongos C57BL/6 machos 7-8
semanas (20-25 g de peso corporal), quatro feridas circulares (25mm? cada) foram
produzidas nas costas de camundongos. Os animais foram divididos em trés grupos
(n=6, cada): Ang-(1-7) 30ng, Ang-(1-7) 30ng + A779 e controle do veiculo. O
tratamento foi realizado diariamente comecando com uma inje¢do intraperitoneal do
antagonista do receptor MAS A779 (25 ug/animal) ou solugdo salina 20 min antes da
aplicacdo local de Ang-(1-7) (30 ng/ferida) ou salina. Os animais foram eutanasicos nos
dias 3, 7 e 14 para a coleta e avaliagdo da vascularizagdo (fluxo sanguineo da ferida,
conteido de hemoglobina e niveis de citociinas), marcadores inflamatérios (atividades
de Myeloperoxidase-MPO, N-acetil-3-D-glucosamindase-NAG, e niveis de quimiocina)
e marcadores de fibroplasia (colageno soluvel total e niveis de TGF-f1). Resultados: O
teor de neutrdfilos (atividade MPO) e os niveis de TNF-alfa e CXCL1 / KC foram
diminuidos pelo tratamento Ang-(1-7) quando comparado ao controle do veiculo e
grupos Ang- (1-7)/A779 (p <0,05). Em contraste, o conteido de macrofagos (atividade
NAG) e os marcadores de angiogénese (hemoglobina, VEGF, FGF e fluxo sanguineo)
aumentaram no grupo Ang-(1-7) quando comparados ao controle do veiculo e Ang-(1-
7Y AT79 Grupos (p <0,05). Além disso, os marcadores de fibroplasia (niveis totais de
colageno soluvel e TGF-B1) também aumentaram no grupo Ang-(1-7), bem como a taxa
de fechamento da ferida foi acelerada neste grupo quando comparada ao controle do
veiculo e Ang-( 1-7)/A779 (p <0,05). Em geral, observamos que o tratamento com Ang-
(1-7) acelerou o encerramento da ferida, inibiu a inflamagéo e estimulou a formagéo de
um novo tecido fibrovascular em feridas de pele excisional. Além disso, o bloqueio da

ativacdo do receptor MAS inibiu completamente os efeitos de ANG- (1-7). Em
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conclusdo, nossos dados sugerem que o tratamento local com Ang-(1-7) melhora a

cicatrizagdo de feridas cutdneas de uma maneira dependente do receptor MAS.

Palavras-chave: Angiotensina- (1-7), cicatrizagdo de feridas na pele, inflamagao,

angiogénese

Abstract

Angiotensin-(1-7) (Ang-(1-7)) is a bioactive component of the Renin-
Angiotensin System that, by counteracting effects on angiotensin I, is known to exert
antifibrotic and antiproliferative properties, as well as inhibiting inflammation. The
wound healing is a highly dynamic tissue repair process that involves a complex
sequence of cellular and biochemical events including inflammation, proliferation,
fibroplasia, and scar formation. Inadequate healing can lead to chronic wounds, causing
physical and/or psychological discomfort and death in extreme cases. Therefore, there is
great interest in the study of drugs which can modulate and improve the wound healing
process. Here, we aim to evaluate the effects of local treatment with Ang-(1-7) in a
mouse model of skin wound healing. Male C57BL/6 mice 7-8 weeks (20-25 g body
weight) were used, four circular excisional wounds (25mm2 each) were produced on the
back of mice. Animals were divided into three groups (n=6, each): ANG-(1-7)30ng,
ANG-(1-7)30ng+A779 and vehicle control. Treatment was performed daily beginning
with an intraperitoneal injection of the MAS receptor antagonist A779 (25ug/animal) or
saline 20 min before local application of Ang-(1-7)(30ng/wound) or saline. Animals
were euthanized at days 3, 7 and 14 for wound collection and assessment of
vascularization (wound blood flow, hemoglobin content, and cytokine levels),
inflammatory markers (Myeloperoxidase-MPO,N-acetyl-f-D-glucosamindase-NAG
activities, and chemokine levels) and fibroplasia markers (total soluble collagen and
TGF-B1 levels) Neutrophil content (MPO activity) and levels of TNF-alpha and
CXCL1/KC were decreased by Ang-(1-7) treatment when compared to vehicle control
and ANG-(1-7)/A779 groups (p<0.05). In contrast, macrophage content (NAG activity)
and angiogenesis markers (hemoglobin, VEGF, FGF, and blood flow)were increased in
the ANG-(1-7) group when compared to vehicle control and ANG-(1-7)/A779
groups(p<0.05). In addition, markers of fibroplasia (total soluble collagen and TGF-f1
levels) were also increased in the ANG-(1-7) group as well as the wound closure rate

was accelerated in this group when compared to vehicle control and ANG-(1-7)/A779
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groups (p<0.05).0Overall, we observed that treatment with Ang-(1-7) accelerated wound
closure, inhibited inflammation and stimulated the formation of a new fibrovascular
tissue in excisional skin wounds. In addition, the blockade of MAS receptor activation
fully inhibited ANG-(1-7) effects. In conclusion, our data suggests local treatment with

Ang-(1-7) improves skin wound healing in a MAS receptor-dependent manner.

Keywords: Angiotensin-(1-7), skin wound healing, inflammation, angiogenesis,

fibroplasia

Introduction

Angiotensin-(1-7) (Ang-(1-7)) is a metabolite of the Renin-angiotensin System
(RAS) that for a long time was considered inactive[54]. This concept began to change
from the studies showing that Ang-(1-7) exerted biological effects on in vitro release of
vasopressin in cultures of posterior pituitary extract[55]. Since then, several studies
have been demonstrating different effects and conceptual changes of fundamental
importance related to Ang-(1-7) have arisen. Noteworthy, among them are the discovery
of ACE2 (angiotensin-converting enzyme 2), as responsible for the formation of Ang-
(1-7), and the identification of the receptor MAS which has high affinity to Ang-(1-
756, 57]. The current concept of RAS relies on two opposing main axes: the classic
ACE-AnglI-AT]1 receptor and the counter-regulating ACE2-Ang-(1-7)-MAS receptor
axis. Activation of MAS by Ang-(1-7) has antagonistic effects of that caused by the
interaction of Ang II to the AT1 receptor and causes vasodilation, reduced fibrosis,
reduced cell proliferation, reduced hypertrophy, among others [51, 58]. There are also
crescent evidences that this peptide acts as a counteracting of angiotensin II in
inflammatory conditions, by exerting anti-inflammatory actions [51, 59-61].

The wound healing is a highly dynamic tissue repair process that involves a
complex  sequence of cellular and  biochemical events  including
hemostasis/inflammation, proliferation, fibroplasia and scar formation/extracellular
matrix remodeling [123]. After an initial inflammatory phase characterized by
infiltration of neutrophils and macrophages, follows the formation of a fibroproliferative
tissue rich in fibroblast-derived collagen and newly formed blood vessels, and finally
the fully epithelialization and dermis maturation phase that involves resolution of
inflammation and remodeling of the extracellular matrix[124]. When tissue repair occurs
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inappropriately, i.e., the process fails to proceed through this series of events, a chronic
response characterized by persistent inflammation and non-closure opened wounds may
be installed. This is a direct problem for the individual, causing physical and/or
psychological discomfort and delay in rehabilitation as well as can lead to limb
amputation, septicemia and/or death in extreme cases[125].

The recruitment of inflammatory leukocytes to a wound, and is an evolutionary
acquisition of mammals to prevent the invasion of microbes, is also a critical
component during tissue repair due to the broad spectrum of released mediators that can
help or even impair wound healing [36]. In addition, neovascularization is also critical
to the healing process, because the growth of new blood vessels provides adequate
supply of oxygen and for the healing tissue nutrients, to facilitate access of leukocytes
and removal of waste material [36]. However, impaired and/or excessive growth of new
blood vessels is associated with chronic wounds and development of
fibrosis[40].Therefore, there is great interest in the study of drugs which can modulate
and improve the wound healing process.

It is necessary to understand how we can manipulate the presence of leukocytes
and the formation of new blood vessels at sites of injury in order to maintain the signals
that are critical for targeting the repair process and, at the same time, block the signals
that are not beneficial. This work aims to evaluate a new therapeutic strategy for the
treatment of skin excisional wounds through the local application of Angiotensin-(1-7)

in a mouse model.

Material and methods
Animals

Male CS57BL/6 mice 7-8 weeks (20-25 g body weight) were used in these
experiments, provided by the animal facility (Centro de bioterismo- CEBIO) of the
Federal University of Minas Gerais-Brazil (CEBIO-UFMG). The animals were housed
individually and provided with chow pellets, water ad libitum and 12h light/dark cycles.
Efforts were made to avoid all unnecessary distress to the animals. Housing, anesthesia
and postoperative care concurred with the guidelines established by our local

Institutional Animal Welfare Committee.

Experimental procedure
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Animals were anaesthetized by an intraperitoneal injection of ketamine and
xylazine (60mg/kg and 8mg/Kg, respectively), the dorsal hair shaved and the skin
wiped with 70% ethanol. Four circular excisional wounds in equidistant points, with an
area of 25mm2, were produced on each mouse by using a surgical tool commonly used
for procedures associated with biopsies. Animals were divided into three groups
(n=6,each):ANG-(1-7)30ng, ANG-(1-7)30ng+A779 and Saline (vehicle) control.
Postoperatively, the animals were monitored for any signs of infection at the operative
site, discomfort or distress; any showing such signs were immediately humanely killed.
The doses of the compound and the treatment regimen were chosen based on pilot
experiments (data not shown) and data from the literature[63, 89]. Treatment and
wounds were well tolerated by the mice over the experimental period. At the moment
and every three days (until the 14th day) after surgery, the animals are anesthetized and
the wound area was measured with the aid of a digital caliper to monitor the temporal
profile of wound closure.

Treatment was performed daily beginning by an intraperitoneal injection of
AT779 (25ug/animal)or saline 20 min before local application of ANG-(1-7) or saline.
For ANG-(1-7) injection animals were anesthetized by inhalation of Halotane (2-
Bromo-2-chloro-1,1,1-trifluoroethane). Each wound received 4 points of injection of
2,5ul of ANG-(1-7) (30ng/10ul, each wound) using a Hamilton® syringe.

At different time-points (3, 7 and 14 days post-wounding and treatment) animals
were euthanized by an intraperitoneal injection of ketamine and xylazine (60mg/kg and
8mg/Kg, respectively) and wounds were removed to assess vascularization (blood flow,
hemoglobin content, cytokines levels), inflammatory markers (MPO, NAG activities

and chemokines levels) and fibrogenesis markers (total collagen soluble and TGF-$1).

Wound blood flow evaluation

This was carried out in anesthetized mice (ketamine and xylazine (60mg/kg and
8mg/Kg, respectively)) immediatelyafter wounding and at 3, 7, 10 and 14 days after
wounding. The blood flow was assessed using a laser Doppler perfusion image (LDPI)
analyzer (Moor Instruments, Devon, U.K). While capturing perfusion images, the
ambient light level was kept at a minimum to impede any influence on the laser light
and recorded signals. The animals were kept at a constant temperature of 37°C for 5
minutes before and during measurements to control for temperature variations. The

mean pixel value of each scanned image was calculated using MoorLLDI V5.3 software
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and the calculated mean flux was expressed as perfusion units (PU), which represent the

average blood flow in each wound.

Hemoglobin extraction (indirect assessment of neovascularization)

The extent of the vascularization of wound closure level was assessed by the
amount of hemoglobin (Hb) detected in the tissue using the Drabkin’s method [90].
Animals were euthanized and wounds were carefully removed, dissected from adherent
tissue, weighed. Half of a wound of each animal was weighed and homogenized (Ultra
Stirrer) in 2 ml of Drabkin reagent (Labtest, Lagoa Santa Brazil), and centrifuged at
10,000 g for 40 min. The supernatants were filtered through a 0.22-mm millipore filter.
Hb concentration of the samples was determined spectrophotometrically by measuring
absorbance at 540 nm using an ELISA plate reader and was compared against a
standard curve of Hb. The content of Hb wound closure was expressed as mg Hb per

mg wet tissue.

Tissue extraction and determination of myeloperoxidase (MPO) and N-acetyl-f-D-

glucosaminidase (NAG)enzyme activities
The extent of neutrophil accumulation in wound closure was measured by
assaying myeloperoxidase enzyme (MPO) activity as previously described [89, 100].
An entire wound of each animal was weighed, homogenized in (2 ml) pH 4.7 buffer
(0.1 MNaCl, 0.02 MNaH,PO4, 0.015 MNa-EDTA) and centrifuged at 15,300g for 15
min. The pellets were then resuspended in 0.05M Na2HPO4 buffer (pH 5.4) containing
0.5% hexadecyltrimethylammonium bromide (HTAB). MPO activity in the supernatant
samples was assayed by measuring the change in absorbance (optical density; OD) at
450 nm using tetramethylbenzidine (3.2mM) and H,O, (0.3 mM). The reaction was
terminated by the addition of 50 ul of H,SO4 (4 M). Results were expressed as change
in OD per gram of wet tissue. The infiltration of mononuclear cells into wound was
quantified by measuring the levels of the lysosomal enzyme N-acetyl-p-D-
glucosaminidase (NAG) which is present in high levels in activated macrophages[89,
92]. The other wound half part (of hemoglobin extraction) was weighed, homogenized
in NaCl solution (0.9% w/v) containing 0.1% v/v Triton X-100, and centrifuged (960 g;
10 min at 4°C). Samples of the resulting supernatant (100 ul) were incubated for 10 min
with  100ul  of  P-nitrophenyl-N-acetyl-beta-D-glucosaminide = prepared in
citrate/phosphate buffer (0.1 M citric acid, 0.1 M Na2HPO4; pH 4.5) to yield a final
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concentration of 2.24 mM. The reaction was stopped by the addition of 100 pl of 0.2 M
glycine buffer (pH 10.6). Hydrolysis of the substrate was determined by measuring the
absorption at 400 nm. The readings were interpolated on a standard curve constructed
with p-nitrophenol (0-500 nmol ml™). Data are reported as nmol of products formed per

milligram of wet tissue.

Total soluble collagen content

Total soluble collagen was measured using half part of a wound of each animal
by the Sirius Red reagent based-assay[90, 92]. Wounds were weighed, homogenized in
1 ml of PBS and 50 ul of sample were mixed with 50 ul of Sirius Red reagent. Samples
were mixed by gentle inversion. The collagen-dye complex was precipitated by
centrifugation at 6000 g for 10 min. The supernatants were drained off and discarded
and the pellet washed with 500 ul of ethanol (99% pure and methanol free). One
milliliter of a 0.5 M NaOH solution was added to the remaining pellet of collagen-
bound dye. After solubilization, samples were transferred to a 96-well plate and read at
540 nm. The calibration curve was setup on the basis of a gelatin standard. The results

are expressed as microgram collagen per milligram wet tissue.

Evaluation of cytokines/ chemokines levels by ELISA

An entire wound of each animal was weighed (see Hb measurement) and used to
examine the levels of VEGF, TNF-a, TGF-$1, FGF, CXCL1/KC, CCL2/MCP1/JE
produced wounds by enzyme-linked immunosorbent assay (ELISA). The assays were
performed using Kits from R&D systems and according to the manufacturer’s
instructions. The threshold of sensitivity for each cytokine/chemokine was 7.5 pg/ml.

The results were expressed as pictogram of cytokine per milligram wet tissue.

Statistics

Statistical ~ analysis  was  performed  using  Statistica  software
(99ed.,StatSoftIncand graphs were performed with GraphPad Prism program, version 5.
All values were expressed as mean = S EM. Kinetics of inflammatory response were
analyzed by three-way ANOVA considering ANG-(1-7) factor, time factor and
interaction of ANG-(1-7)/A779 and ANG-(1-7) factor. In cases where ANOVA showed
significant differences (p <0.05), it was performed the planned comparison test between

groups of interest.
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Results

Inflammation

The inflammatory components of the wound inflammation were determined by
estimating the numbers of the leukocytes in the implant by assaying inflammatory
enzyme activities and levels of pro-inflammatory cytokines. As shown in figure 1, TNF-
a level was different between groups. The three-way ANOVA showed significant
differences for ANG-(1-7) factor (Fi2 = 15.23, p<0.05), time factor (F3go = 352.93,
p<0.05) and the interaction between ANG-(1-7) x A779 factor (Fi = 11.49, p<0.05).
On days 3 (decreased by 24%), 7 (decreased by 37%) and 14 (decreased by 44%) TNF-
a level was different between saline control and ANG-(1-7) group (p<0.05). When
compared saline control x ANG-(1-7)/A779 treatment no significant differences were
found on days 3, 7 and 14 (p> 0.05). ANG-(1-7)/A779 treatment was different to TNF-a
level of ANG-(1-7) group on days 3 (increased by 26%), 7 (increased by 56%) and 14
(increased by 63%) when compared to ANG-(1-7) group (p<0.05).

CCL2 (MCP1/JE)level was also changed between groups, as shown in figure 2.
The three-way ANOVA showed significant differences for ANG-(1-7) factor (Fiz =
9.08, p<0.05), time factor (F3 g0 = 96.65, p<0.05) and the interaction between ANG-(1-
7) x A779 factor (F120 = 7.39, p<0.05). On days 3 (increased by 63%), 7 (increased by
47%) and 14 (increased by 54%) CCL2 level was different between saline control and
ANG-(1-7) group (p<0.05). When compared saline control x ANG-(1-7)/A779
treatment no significant differences were found on days 3, 7 and 14 (p> 0.05). ANG-(1-
TYATT9 treatment was different to CCL2 level of ANG-(1-7) group on days 3
(decreased by 38%), 7 (decreased by 30%) and 14 (decreased by 28%) when compared
to ANG-(1-7) group (p<0.05).

Neutrophil content affected treatment groups, as shown in figure 3. The three-
way ANOVA showed significant differences for ANG-(1-7) factor (Fi = 35.52,
p<0.05), time factor (F360 = 219.50, p<0.05) and the interaction between ANG-(1-7) x
AT779 factor (Fi120 = 31.15, p<0.05). On days 3 (decreased by 39%), 7 (decreased by
42%) and 14 (decreased by 59%) MPO content was different between saline control and
ANG-(1-7) group (p<0.05).When compared saline control x ANG-(1-7)/A779 treatment
no significant differences were found on days 3, 7 and 14 (p> 0.05). ANG-(1-7)/A779
treatment was different to MPO content of ANG-(1-7) group on days 3 (increased by
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58%), 7 (increased by 70%) and 14 (increased by 28%) when compared to ANG-(1-7)
group (p<0.05).

CXCL1 (KC) level was changed by treatments, as shown in figure 4. The three-
way ANOVA showed significant differences for ANG-(1-7) factor (Fi = 20.55,
p<0.05), time factor (F360 = 259.35, p<0.05) and the interaction between ANG-(1-7) x
A779 factor (F1z = 12.12, p<0.05). On days 3 (decreased by 34%), 7 (decreased by
42%) and 14 (decreased by 46%) CXCLI1 level was different between saline control and
ANG-(1-7) group (p<0.05).When compared saline control x ANG-(1-7)/A779 treatment
no significant differences were found on days 3, 7 and 14 (p> 0.05). ANG-(1-7)/A779
treatment was different to CXCLI1 level of ANG-(1-7) group on days 3 (increased by
43%), 7 (increased by 46%) and 14 (increased by 66%) when compared to ANG-(1-7)
group (p<0.05).

The extent of active monocytes/macrophage accumulation in wound was
measured by NAG activity, as shown in figure 5. The level of NAG activity was also
changed by treatments. The three-way ANOVA showed significant differences for
ANG-(1-7) factor (F12 = 6.62, p<0.05), time factor (Fzs = 92.57, p<0.05) and the
interaction between ANG-(1-7) x A779 factor (Fiz = 5.19, p<0.05). On days 3
(increased by 90%) and 14 (increased by 42%) NAG activity was different between
saline control and ANG-(1-7) group (p<0.05) and no significant differences were found
on day 7 (p> 0.05).When compared saline control x ANG-(1-7)/A779 treatment no
significant differences were found on days 3, 7 and 14 (p> 0.05). ANG-(1-7)/A779
treatment was different to NAG activity of ANG-(1-7) group only on day 14 (decreased
by 28%) when compared to ANG-(1-7) group (p<0.05) and no significant differences
were found on days 3 and 7 (p> 0.05).

Angiogenesis

The extent of vascularization of wounds were assessed by measuring Hb
content. As shown in figure 6, Hb content was different between groups. The three-way
ANOVA showed significant differences for ANG-(1-7) factor (Fi20 = 12.82,
p<0.05),time factor (F3e = 304.42, p<0.05) and the interaction between ANG-(1-7) x
AT779 factor(F; 2 = 9.41, p<0.05). On days 7 (increased by 62%) and 14 (increased by
71%) Hb content was different between saline control and ANG-(1-7) group(p=<0.05)
and no significant differences were found on day 3 (p> 0.05). When compared saline

control x ANG-(1-7)/A779 treatment no significant differences were found on days 3,7
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and 14(p> 0.05).ANG-(1-7)/A779 treatment was different to Hb content of ANG-(1-7)
group on days 7 (decreased by 34%) and 14 (decreased by 33%) (p<0.05) and no
significant differences were found on day 3 (p> 0.05) when compared to ANG-(1-7)
group.

As shown in figure 7, VEGF level was different between groups. The three-way
ANOVA showed significant differences for ANG-(1-7) factor (F12 = 7.00, p<0.05),
time factor (Fsgo = 122.41, p<0.05) and the interaction between ANG-(1-7) x A779
factor (F120 = 8.90, p<0.05). On days 3 (increased by 83%) and 14 (increased by 53%)
VEGEF level was different between saline control and ANG-(1-7) group (p<0.05) and no
significant differences were found on day 7 (p> 0.05).On days 3,7 and 14 no significant
differences were found between saline control x ANG-(1-7)/A779 treatment related to
vascular endothelial level. ANG-(1-7)/A779 treatment was different to VEGF level of
ANG-(1-7) group on days 3 (decreased by 47%) and 14 (decreased by 44%) (p<0.05)
and no significant differences were found on day 7when compared to ANG-(1-7) group
(p> 0.05).

Figure 8 contains data obtained from FGF level, and it was different between
groups. The three-way ANOVA showed significant differences for ANG-(1-7) factor
(F120 = 5.30, p<0.05), time factor (F360 = 262,63, p<0.05) and the interaction between
ANG-(1-7) x A779 factor (F; 20 = 6.59, p<0.05).During the time FGF level was different
between saline control and ANG-(1-7) group, as shown on days 3 (increased by 47%) 7
(increased by 24%) and 14 (increased by 25%) (p<0.05). On days 3, 7 and 14 no
significant differences were found between saline control x ANG-(1-7)/A779.ANG-(1-
7)Y AT79 treatment was different to FGF level of ANG-(1-7) group on days 3 (decreased
by 32%), 7(decreased by 23%) and 14 (decreased by 22%) when compared to ANG-(1-
7) group (p=<0.05).

Blood flow measurement using a laser Doppler perfusion imagewas different
between groups, as shown in figure 9. The three-way ANOVA showed significant
differences for ANG-(1-7) factor (Fi 76 = 46.36, p<0.05), time factor (F4304 = 374.20,
p<0.05) and the interaction between ANG-(1-7) x A779 factor (F176 = 61.90,
p<0.05) Blood flow level was different between saline control and ANG-(1-7) group, as
shown on days 3 (increased by 32%), 7 (increased by 59%), 10 (increased by 71%) and
14 (increased by 204%) (p<0.05). On days 3, 7, 10 and 14 no significant differences
were found between saline control x ANG-(1-7)/A779. ANG-(1-7)/A779 treatment was
different to blood flow level of ANG-(1-7) group on days 3 (decreased by 30%), 7
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(decreased by 44%), 10 (decreased by 48%) and 14 (decreased by 69%) when compared
to ANG-(1-7) group (p<0.05).

Fibrogenesis

Total soluble collagen content was different between groups, as shown in figure
10. The three-way ANOVA showed significant differences for ANG-(1-7) factor (F 29
= 9.03, p<0.05), time factor (F3g = 474.12, p<0.05) and the interaction between ANG-
(1-7) x A779 factor (F120 = 10.06, p<0.05). Collagen content was different between
saline control and ANG-(1-7) group, as shown on days 7 (increased by 43%) and 14
(increased by 39%) (p<0.05) and no significant differences were found on day 3 (p>
0.05). On days 3, 7 and 14 no significant differences were found between saline control
x ANG-(1-7)/A779. ANG-(1-7)/A779 treatment was different to collagen content of
ANG-(1-7) group on days 7 (decreased by 28%)and 14 (decreased by 31%) when
compared to ANG-(1-7) group (p<0.05)and no significant differences were found on
day 3 (p> 0.05).

Transforming growth factor beta isoform 1(TGF-B1) is a protein that controls
proliferation, cellular differentiation, and other functions in most cells. As shown in
figure 11, the three-way ANOVA showed significant differences for time factor (F3 g9 =
136.37, p<0.05) and the interaction between ANG-(1-7) x A779 factor (Fi = 5.13,
p<0.05) and no significant differences were found for ANG-(1-7) factor TGF-
Bllevelwas different between saline control and ANG-(1-7) group only on day 14
(increased by 51%) (p<0.05) and no significant differences were found on day 3 and
7(p> 0.05). On days 3, 7 and 14 no significant differences were found between saline
control x ANG-(1-7)/A779. ANG-(1-7)/A779 treatment was different to collagen TGF-
B1 level of ANG-(1-7) group only on day 14 (decreased by 38%) when compared to
ANG-(1-7) group (p<0.05) and no significant differences were found on day 3 and 7(p>
0.05).

Wounding closure level was different between groups, as shown in figure 12.
The three-way ANOVA showed significant differences for ANG-(1-7) factor (Fi 7 =
43.54, p<0.05), time factor (F4304 = 984.08, p<0.05) and the interaction between ANG-
(1-7) x A779 factor (F;76 = 4.94, p<0.05). Wound closure level was different between
saline control and ANG-(1-7) group, as shown on days 7 (increased by 73%), 10
(increased by 29%) and 14 (increased by 33%) (p<0.05) and no significant differences
were found on day 3 (p> 0.05). Significant differences were found in ANG-(1-7)/A779
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on days 10 (decreased by 12%) and 14 (decreased by 10%) when compared to saline
control group (p<0.05)and no significant differences on wound closure were found on
day 3 and 7 (p> 0.05). ANG-(1-7)/A779 treatment was different to wound closure level
on days 7 (decreased by 31%), 10 (decreased by 32%) and 14 (decreased by 31%) when
compared to ANG-(1-7) group (p<0.05) and no significant differences were found on
day 3 (p> 0.05).

Figures
FIGURE 1
60-
-0- Saline
= - ANG-(1-7)-30ng
'§' 40- -%- A779/ANG-(1-7)-30ng
g g
Z 3
F o
£ 20-
g

0 T T T
3 7 14

Days afer wounding

Figure 1 — TNF-a level on different treatment times of Angiotensin-(1-7)-30ng
treatment in wounds. TNF-a level decreased after3, 7 and 14 days between saline
control and ANG-(1-7) group (p<0.05). TNF-a level increased after 3, 7 and 14 days
after treatment with A779/ANG-(1-7) when compared to ANG-(1-7) group (p=<0.05).
Data are as mean +SEM. (*) p< 0.05 vs. saline control. (#)p< 0.05 vs. ANG-(1-7). n=6

mice for each group.
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FIGURE 2
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Figure 2 — CCL2 (MCP1/JE) level on different treatment times of Angiotensin-(1-
7)-30ng treatment in wounds.CCL2level was increased after 3, 7 and 14 days of
treatment with ANG-(1-7)-30ng dose when compared to saline control group(p=<0.05).
This activity was decreased after treatment A779/ANG-(1-7) on days 3, 7 and 14) when
compared to ANG-(1-7) group (p<0.05). Data are as mean +SEM. (*) p< 0.05 vs. saline
control. (#)p< 0.05 vs. ANG-(1-7). n =6 mice for each group.
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Figure 3 — Neutrophil content on different treatment times of Angiotensin-(1-7)-
30ng treatment in wounds. MPO content was increased after 3, 7 and 14 days of
treatment with ANG-(1-7)-30ng dose when compared to saline control group (p<0.05).
This activity was decreased after treatment A779/ANG-(1-7) on days 3, 7 and 14when
compared to ANG-(1-7) group (p<0.05) Data are as mean +SEM. (*) p< 0.05 vs. saline
control. (#)p< 0.05 vs. ANG-(1-7). n =6 mice for each group.
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Figure 4 — CXCL1 (KC) level on different treatment times of Angiotensin-(1-7)-
30ng treatment in wounds.CXCLllevel was decreased after 3, 7 and 14 days of
treatment with ANG-(1-7)-30ng dose when compared to saline control group (p<0.05).
This activity was increased after treatment A779/ANG-(1-7) on days 3, 7 and 14 when
compared to ANG-(1-7) group (p<0.05). Data are as mean +SEM. (*) p< 0.05 vs. saline
control. (#)p< 0.05 vs. ANG-(1-7). n =6 mice for each group.

FIGURE 5
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Figure S — Extent of active monocytes/macrophage accumulation was assessed on
different treatment times of Angiotensin-(1-7)-30ng treatment in wounds. NAG
activity was increased after 3 and 14 days of treatment with ANG-(1-7)-30ng dose when
compared to saline control group (p<0.05). This activity was decreased after treatment
A779/ANG-(1-7) only on day 14 when compared to ANG-(1-7) group (p<0.05). Data
are as mean =SEM. (*) p< 0.05 vs. saline control. (#)p< 0.05 vs. ANG-(1-7). n = 6 mice

for each group.

FIGURE 6
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Figure 6 — Extent of vascularization was assessed on different treatment times of
Angiotensin-(1-7)-30ng treatment in wounds. Hb content was increased after 7 and

14 days of treatment with ANG-(1-7)-30ng dose when compared to saline control group
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(p=<0.05). This activity was decreased after treatment A779/ANG-(1-7) on days 7 and 14
when compared to ANG-(1-7) group (p<0.05). Data are as mean +SEM. (*) p< 0.05 vs.
saline control. (#)p< 0.05 vs. ANG-(1-7). n =6 mice for each group.

FIGURE 7
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Figure 7 — VEGF level on different treatment times of Angiotensin-(1-7)-30ng
treatment in wounds. VEGF level was increased after 3 and 14 days of treatment with
ANG-(1-7)-30ng dose when compared to saline control group (p<0.05). This activity
was decreased after treatment A779/ANG-(1-7) on days 3 and 14 when compared to
ANG-(1-7) group (p<0.05). Data are as mean £SEM. (*) p< 0.05 vs. saline control.
(#)p<0.05 vs. ANG-(1-7). n= 6 mice for each group.

FIGURE 8
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Figure 8 — FGF level on different treatment times of Angiotensin-(1-7)-30ng
treatment in wounds. FGF level was increased after 3, 7 and 14 days of treatment with
ANG-(1-7)-30ng dose when compared to saline control group (p<0.05). This activity
was decreased after treatment A779/ANG-(1-7) on days 3, 7 and 14 when compared to
ANG-(1-7) group (p<0.05). Data are as mean £SEM. (*) p< 0.05 vs. saline control.
(#)p<0.05 vs. ANG-(1-7). n= 6 mice for each group.
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Figure 9 — Blood flow measurement using a laser Doppler perfusion image on
different treatment times of Angiotensin-(1-7)-30ng treatment in wounds. Blood
flow was increased after 3, 7, 10 and 14 days of treatment with ANG-(1-7)-30ng dose
when compared to saline control group (p<0.05). This level was decreased after
treatment A779/ANG-(1-7) on days 3,7,10 and 14 when compared to ANG-(1-7) group
(p=0.05). Data are as mean =SEM. (*) p< 0.05 vs. saline control. (#)p< 0.05 vs. ANG-

(1-7). n = 6 mice for each group
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Figure 10 — Collagen soluble content on different treatment times of Angiotensin-
(1-7)-30ng treatment in wounds. Total soluble collagen activity was increased after 7
and 14 days of treatment with ANG-(1-7)-30ng dose when compared to saline control
group (p<0.05).This activity was decreased after treatment A779/ANG-(1-7) on days 7
and 14 when compared to ANG-(1-7) group (p<0.05). Data are as mean £SEM. (*) p<
0.05 vs. saline control. (#)p< 0.05 vs. ANG-(1-7). n = 6 mice for each group.

FIGURE 11
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Figure 11 — TGF-B1 level on different treatment times of Angiotensin-(1-7)-30ng
treatment in wounds. TGF-B1 level was increased only on day 14 of treatment with
ANG-(1-7)-30ng dose when compared to saline control group (p<0.05).This activity
was decreased after treatment A779/ANG-(1-7) only on day 14 when compared to
ANG-(1-7) group (p<0.05). Data are as mean £SEM. (*) p< 0.05 vs. saline control.
(#)p<0.05 vs. ANG-(1-7). n= 6 mice for each group.

FIGURE 12
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Figure 12 — Wounding closure level on different treatment times of Angiotensin-(1-
7)-30ng treatment in wounds. Wound closure level was increased after 7, 10 and 14
days treatment with ANG-(1-7)-30ng dose when compared to saline control group
(p<0.05).This level decreased after treatment A779/ANG-(1-7) on days 10 and 14 when
compared to saline control group (p<0.05). ANG-(1-7)/A779 treatment decreased
wound closure level on days 7, 10 and 14 when compared to ANG-(1-7) group (p<0.05)
Data are as mean +SEM. (*) p< 0.05 vs. saline control. (#)p< 0.05 vs. ANG-(1-7). n=6

mice for each group.

Discussion

Ang-(1-7) is a heptapeptide which can be formed directly from Ang II by
angiotensin converting enzyme 2 (ACE2) or other peptidases [126].The actions of Ang-
(1-7) are related to MAS activation, a seven-transmembrane domain G-protein-coupled
receptor[56, 126], and has been associated to anti-inflammatory, anti-angiogenic and
anti-fibrotic effects in different animal models [56] . However, the effects of Ang-(1-7)
on skin wound healing, a process where inflammation, angiogenesis, and fibrogenesis
are associated and critical, are not known. Therefore, in this study, we investigated the
effects of Ang-(1-7) on the closure rate and the angiogenic, inflammatory and
fibrogenic components of excisional skin wounds in mice.

Wound healing is a complex, biological process which concerns replacing
damaged tissue by a living one [126, 127], and it is initiated by the hemostasis stage,
which is connected with forming a temporary matrix, secreting cytokines and other

growth factors, and interaction of the latter ones with extracellular matrix components,
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which initiates the repairing process, preparing the wound bed to the next stage of the
process, the inflammatory stage [126, 128, 129]. CXCL1/KC is a chemokine
responsible for the recruitment and activation of neutrophils and the content of
neutrophils may be directly related to its levels. In our study, the MPO activity (an
indirect measurement of neutrophils content), CXCL1 and TNF-alpha levels were kept
reduced during treatment with Ang-(1-7)when compared with the control group and the
ANG-(1-7)*+A779 group, suggesting Ang-(1-7) has anti-inflammatory effects on skin
wounds and this effect is dependent on MAS receptor activation. In accordance,
recently, Silveira ef al. (2010) demonstrated anti-inflammatory effects of Ang-(1-7) in
experimental models of inflammatory arthritis[63]. Those proinflammatory cytokines,
TNF and CXCLl,are related to the recruitment of inflammatory cells, including
polymorphonuclear cells and macrophages into the wound. Once in the wound,
inflammatory cells become activated and produce a range of inflammatory cytokines
that can stimulate the healing process, although it can perpetuate and chronifying
inflammatory cell accumulation and activation if not controlled[130, 131]. Therefore,
modulating inflammatory cell accumulation into skin wounds could improve tissue
healing,

In addition, we observed that during treatment with Ang-(1-7) there was an
increasing in CCL2/MCP-1 levels and NAG activity, suggesting the macrophage
accumulation was increased by Ang-(1-7). The antagonist A779 abolished these effects,
suggesting they are dependent on MAS receptor activation. Sinno & Prakash (2013 )
[127] reported that the extravasation of blood constituents provides the formation of the
blood clot reinforcing the hemostatic plug. Platelets secrete several chemokines, among
them CCL2, and these factors help to stabilizing the clot and also to attracting and
activate macrophages and fibroblasts that are important to the healing process [127,
132].Although more efforts are needed to fully access the macrophage profile under
Ang-(1-7) treatment, one could speculate that the increased accumulation of
macrophages observed in this work is qualitatively related to a healing-prone
macrophage phenotype.

Angiogenesis is a process of creating new blood vessels, in which restores blood
circulation in the place of damage and prevents the development of ischemic necrosis
simultaneously stimulating the tissue repair process [133, 134]. Many soluble
mediators, such as bFGF, TGF-, and VEGF secreted by epithelial cells, fibroblasts,
endothelial cells, and macrophages demonstrate a strong proangiogenic activity [127,
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134, 135].Interestingly, here we observed that Ang-(1-7) local treatment increased the
levels bFGF, TGF-B1, and VEGF on wound tissue. In addition, and with a strong
correlation with this data, we observed an increasing the blood flow and in the
hemoglobin content of wounds, suggesting that angiogenesis is stimulated under Ang-
(1-7) treatment. All these affects were also abolished in animals that received the
antagonist A779, suggesting the effects of Ang-(1-7) are dependent on MAS activation.
Besides new blood vessels, granulation tissue is also constituted of collagen,
elastin, proteoglycans, glycosaminoglycans, and non-collagenous proteins synthesized
mainly by fibroblasts whose activity is regulated by PDGF and TGF-B [136]. The
matrix of the early granulation tissue also contains great amount of hyaluronic acid and
fibronectin that creates a “scaffold” facilitating the deposition and maturation of
collagen [135]. Collagen deposition is, however, a vital component of the new tissue
contraction and stability and its deposition and organization are progressively altered to
generate a denser matrix [76]. In relation to matrix deposition, our data showed that
treatment with Ang-(1-7) was able to increase total soluble collagen content and TGF-
Bllevels in wounds and that these effects seems to be crucially dependent on MAS
activation, since they were inhibited when mice were treated with the antagonist A779.
To our knowledge, this is the first demonstration that Ang-(1-7) improves the
skin wound healing process. Overall, our results shows that local treatment with Ang-
(1-7) accelerated wound closure by inhibiting neutrophil accumulation and stimulating
the formation of a new fibrovascular tissue as assessed by a combination of biochemical
and functional approaches. Interestingly, macrophage content was increased under
treatment with Ang-(1-7). Blockade of MAS activation by using the antagonist A779
fully inhibited Ang-(1-7) effects. In conclusion, our data suggests local treatment with

Ang-(1-7) improves skin wound healing in a MAS receptor-dependent manner.
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