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RESUMO

A lesdo de isquemia-reperfusdo (IR) estad diretamente relacionada a
formacdo de espécies reativas de oxigénio (ROS), lesdo das células
endoteliais, aumento da permeabilidade vascular e ativacdo de neutrdfilos e
plaguetas, citocinas e o sistema complemento. Diversos estudos confirmaram a
destruicdo dos metabolitos toxicos de oxigénio produzidos e o0 seu papel na
fisiopatologia de diferentes processos, como intoxicagcdo por oxigénio,
inflamagéo e lesé&o isquémica. Devido aos diferentes graus de danos nos
tecidos resultantes do processo de isquemia e subsequente reperfuséo, varios
estudos em modelos animais tém-se centrado na prevencéao de lesfes por IR e

métodos de protecdo pulmonar.

Perfluorcarbono liquido (PFC) sdo substancias com propriedades Unicas
fisicas e quimicas, tais como o recrutamento de alvéolos colapsados, melhora
das trocas gasosas, a protecdo da arquitetura pulmonar, atividades
antiinflamatéria e anti-oxidante. Estas caracteristicas fazem dos PFCs
potenciais subtancias que podem proteger os pulmdes em diferentes contextos

do transplante pulmonar.

Primeiramente, estudamos um modelo de preservacdo pulmonar em
ratos utilizando diferentes tempos de isquemia fria e verificando qual o
potencial de preservacdo pulmonar iriamos obter com a utilizacdo do PFC
vaporizado como terapia adjuvante para melhorar a viabilidade do 6rgdo
comparado com a utilizacdo exclusiva da solugdo de preservagcédo pulmonar
convecional (baixa concentracdo de potassio e dextran - LPD) . Este primeiro
estudo envolveu 8 grupos, os pulmdes foram preservados por 3, 6, 12 e 24
horas. Usando uma dose de 7ml/kg de PFC, houve um aumento significativo na
atividade antioxidante da enzima superoxido dismutase (SOD) e uma melhora

histol6gica nos pulmdes do animais tratados com PFC vaporizado.

Entdo, verificando que o PFC possuia beneficios na preservacéo

pulmonar, utilizamos um modelo experimental de isquemia e reperfusdo em
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ratos. Analisamos os efeitos do PFC na morte celular, na resposta inflamatoria
e no estresse oxidativo. Observou-se que o uso de PFC vaporizado reduziu
significativamente a expressdo do NF-kB, interleucina-6, caspase 3, INOS,
elevou os niveis de SOD, bem como reduziu a lesdo pulmonar na analise

histoldgica.

Em concluséo, o uso de PFC vaporizado como adjuvante a estratégia de
preservacao atual, mostrou maior protecdo ao enxerto e reduziu os efeitos

deletérios ocasionados pela lesdo de isquemia-reperfusao.
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ABSTRACT

Ischemia-reperfusion (IR) injury is directly related to the formation of reactive
oxygen species (ROS), endothelial cell injury, increased vascular permeability,
and activation of neutrophils and platelets, cytokines and complement system.
Several studies have confirmed the harmful effects of the oxygen metabolites
produced and their role in the pathophysiology of different processes, such as
oxygen poisoning, inflammation and ischemic injury. Due to the different
degrees of tissue damage resulting from the process of ischemia and
subsequent reperfusion, several studies in animal models have focused on the

prevention of IR injury and methods of lung protection.

Perfluorocarbons (PFCs) are substances with unique physical and
chemical properties, such as recruitment of collapsed alveoli, improvement of
gas exchange, protection of lung structure, anti-inflammatory and anti-oxidant
activities. These characteristics make PFCs as potential subtances that can
protect the lungs in different contexts of lung transplantation.

Firstly, we studied a model of pulmonary preservation in rats using
different times of cold ischemia and verifying the potential effects of vaporized
PFC on pulmonary preservation as an adjuvant substance to improve organ
viability. We used in one group exclusivelly convetional lung preservation
solution (Low concentration of potassium and dextran - LPD) and in the other
the association of vaporized PFC and LPD. This first study involved 8 groups,
the lungs were preserved for 3, 6, 12 and 24 hours. Using a 7ml / kg dose of
PFC, there was a significant increase in the antioxidant activity of the enzyme
superoxide dismutase (SOD) and a histological improvement in the lungs of

animals treated with vaporized PFC.

Therefore, by checking that PFC had benefits in lung preservation, we
used an experimental model of ischemia and reperfusion in rats. We analyzed
the effects of PFC on cell death, inflammatory response and oxidative stress. It
was observed that the use of vaporized PFC significantly reduced the
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expression of NF-kB, interleukin-6, caspase 3, INOS, elevated SOD levels, as

well as reduced histological lung injury score.

In conclusion, the use of vaporized PFC as adjuvant to the current preservation
strategy improved both graft preservation and reduced deleterious effects

caused by ischemia-reperfusion injury.
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1. INTRODUCAO

O transplante pulmonar pode apresentar véarias complicacdes no
periodo pds-operatorio precoce, como injuria de isquemia/reperfusdo (IR),
atelectasia, rejeicdo e infeccdo. Avancos nhas técnicas de preservacao
pulmonar tém reduzido a incidéncia da disfuncdo precoce do enxerto,
entretanto 0os mecanismos que envolvem a injaria de reperfusdo ainda séo
responsaveis por cerca de 20% da mortalidade apos o transplante pulmonar (1,
2). O insulto isquémico ao pulméo durante o periodo de armazenamento e
implante pode induzir a uma resposta inflamatdria capaz de afetar ndo somente
a funcdo do enxerto na reperfusdo, como também no resultado funcional a
longo prazo. A preservacdo pulmonar para o transplante realizada através da
administracdo de solucdes na circulacdo pulmonar no ato da extracdo do
enxerto, € o método de eleicdo em uso clinico corrente. O composto mais
utilizado atualmente € uma solucéo contendo baixo teor de potassio e dextran-
40, conhecida como LPD (low potassium dextran), o que permite a manutengéo
do metabolismo celular durante o periodo de armazenamento do 6rgédo. Este
método associado a outros cuidados, como a insuflagdo pulmonar com
oxigénio a temperaturas entre 0 e 4°C, e periodos de isquemia hipotérmica
menores que 6 horas, tém relacdo direta com o desempenho do 6rgao

transplantado (3).

Varias substancias e métodos de preservacdo pulmonar tém sido

estudados, dentre elas encontram-se os perfluorocarbonos (PFCs) (4).

Os PFCs sao substancias que possuem baixa tensdo superficial, alta
densidade, sdo insoliveis em agua, além de permitirem alta difusdo de
oxigénio (O) e gas carbbnico (CO,) (5). Estes compostos atuam recrutando
alvéolos colapsados, melhorando a oxigenacédo, além de possuirem atividades
anti-inflamatoérias (6). Também atuam como carreadores de impurezas,

limpando a superficie alveolar de residuos da degradacéo celular (7).
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Devido as suas propriedades de manutencéo da estrutura alveolar, os
PFCs podem ter um importante fator para preservacdo pulmonar apds o
transplante, e juntamente, por suas atividades anti-inflamatorias poderiam ser
responsaveis pela diminuicdo ou atenuacdo da lesdo de reperfusdo apos o

transplante pulmonar (8, 9).

A utilizagcdo de PFC em modelos de transplante pulmonar tem sido
pouco estudada na literatura, apresentando resultados conflitantes, quanto a
sua efetividade (10-14). Itano et al (15), utilizaram PFC apds o transplante
pulmonar enquanto que Loehe et al (4) instilaram PFC antes do transplante
como método Unico de preservacdo pulmonar, ambos os estudos foram

realizados com preservacao pulmonar de 18 horas de isquemia fria.

Em estudo realizado por nosso grupo, demonstramos que enxertos
extraidos apos 3 horas de isquemia normotérmica pds-parada cardio-
circulatéria (5) e que receberam PFC apdés a reperfusdo do pulméo
transplantado, apresentavam-se viaveis até 6 horas de reperfusdo. Entretanto,
a comparacao destes pulmbdes com enxertos reperfundidos e ventilados
convencionalmente (ventilagdo mecéanica controlada a volume) néo
demonstraram melhora das trocas gasosas no grupo de animais que
receberam PFC (16) .

Embora a ventilacdo liquida parcial (VLP) represente um avanco
consideravel devido a facilidade na administracdo de PFCs, em comparacéo
com a ventilagéo liquida total, encher os pulmdes com estas substancias pode
levar a hipdxia transitéria, perturbacées da hemodinamica e barotrauma. Além
disso, estudos clinicos conseguiram demonstrar a capacidade da VLP para
diminuir a mortalidade na insuficiéncia respiratoria aguda. Devido a essas
observacbes, o0s pesquisadores desenvolveram formas alternativas de
administracdo de perfluorocarbonetos, incluindo nebulizacdo e vaporizagao,

com promissores resultados em estudos experimentais (17, 18).

Nesta ultima abordagem, um PFC com pressao de vapor elevada, pode

ser administrado por meio de vaporizadores de anestesia convencionais, uma
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vez que a temperatura corpo, o PFC € mantido no estado de vapor, e nenhuma
fase liquida é estabelecida nos pulmdes, tornando esta modalidade atraente
para o ambiente clinico. No entanto, poucos estudos tém abordado a
vaporizacdo durante a lesdo de IR pulmonar ocasionada no transplante
pulmonar e comparando esta nova abordagem com a VLP e ventilacdo

mecanica convencional (18, 19).

Segundo Yamane et al (20), a resposta inflamatdria pds-transplante
depende do tempo de isquemia. Ha diferencas significativas na expressao
génica entre curtos e longos periodos de isquemia seguidos pela reperfusdo do
enxerto. Por exemplo, muitos genes envolvidos na resposta inflamatéria, como
citocinas e quimiocinas tendem a ter um aumento da sua expressao em 24
horas quando comparados a 6 horas de isquemia fria, sendo muitos destes

genes relacionados ao processo de apoptose.

A morte celular programada classicamente referida como apoptose, €
processo dependente de energia e substrato envolvendo a cascata das
caspases, enzimas e processo mitocondrial. Em contraste, necrose é uma
forma de morte celular acompanhada por perda da integridade da membrana e
ruptura nuclear (17, 20). A diferenciacdo da funcdo pulmonar pode ser
dependente destes processos como o estabelecido por Quadri et al (17), que
ao avaliarem o efeito da caspase em periodos curtos (6 horas) e longos (18
horas) de isquemia fria, observaram um aumento significativo na atividade das
caspases 8 e 9 sugerindo o envolvimento de vias apoptéticas intrinsecas e
extrinsecas neste processo. Demonstraram também que elas seriam ativadas
precocemente no processo do transplante e que a apoptose celular poderia ser
inibida reduzindo assim a lesdo por reperfusdo e melhorando a funcao

pulmonar (17).

7

A lesdo de reperfusdo poés transplante pulmonar € bifasica,
apresentando uma fase precoce (30 minutos) que € mediada inicialmente pela
resposta imune inata através da ativacdo de macréfagos alveolares no pulméo
do doador com consequente producdo de citocinas pro-inflamatorias, incluindo

o fator de necrose tumoral alfa. Enquanto que na fase tardia (6 horas apos
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reperfusdo) ocorre uma resposta celular mais organizada através da ativacao
do sistema do complemento e linfocitos T*. Ambas as fases contribuem para
uma exacerbacdo da resposta inflamatéria resultando em morte celular
principalmente devido a estimulacdo das células apoptoéticas (3, 19, 20). Esta
inducdo a resposta inflamatoria e a apoptose pode ser mediada pelo fator de
transcricdo nuclear kappa beta (NF-kB), isto evidencia-se no estudo de
Ishiyama et al (21), o qual demonstrou que a inibicdo do NF-kB com terapia
génica preveniu a inducdo da apoptose e diminuiu a lesédo de IR em modelo
experimental de transplante pulmonar em roedores. Sugerindo assim que o NF-
kB seria o fator de responsavel pela ativacdo da lesdo pulmonar pés-
transplante por atuar como fator promotor da morte celular por vias apoptoticas
(17). Na cascata de sinalizacdo do estimulo inflamatério, o NF-kB apresenta
papel fundamental, uma vez que quando transcrito para o nucleo celular resulta
em estimulacdo da resposta inflamatéria, principalmente através da producédo

de interleucina-8 (21).

Estudo recente demonstrou que o tratamento com PFC vaporizado em
modelo de lesdo pulmonar foi capaz de reduzir a lesdo e também reduzir os
niveis de metaloproteinase da matriz-9 (MMP-9) o qual pode ser um
mecanismo potencial pelo qual o PFC vaporizado reduz o grau de leséo

pulmonar (20).

Segundo Zhao (22), a vaporizacdo de PFC também melhora a
oxigenacdo pulmonar e atenua a lesdo pulmonar em modelo de sindrome do

desconforto respiratorio.

Sabendo que a lesdo de IR estd presente durante o transplante
pulmonar e que apresenta importante contribuicdo no processo de rejeicao do
orgao transplantado, torna-se necessario a pesquisa de algum método que
minimize os danos causados pela lesdo de IR e que contribua para a

preservacao pulmonar aumentando assim a sua viabilidade.
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2. REFERENCIAL TEORICO

2.1 Lesao de Isquemia e Reperfusao

O dano tecidual de determinado 6rgdo quando submetido a isquemia, é
agravado no momento da sua reoxigenacéao pela reperfusdo tecidual, a qual é
considerada mais deletéria que a isquemia em si (23). Esse mecanismo de
leséo tecidual recebe o nome de lesdo de reperfusdo ou lesdo de isquemia-
reperfusdo (IR). Consiste em um fenbmeno fisiopatolégico complexo,
necessitando da presenca do oxigénio para sua génese, bem como

manutencdo e ativacdo de fatores vasculares, humorais e celulares.

Em sua manifestacdo classica, a oclusdo do suprimento arterial é
causada por um émbolo e a isquemia resulta em um grave desequilibrio entre a
oferta e a demanda metabdlica, causando hipdxia tecidual. Enquanto isto
durante a reperfusdo, a restauracdo do fluxo sanguineo é frequientemente
associada a uma exacerbacdo da lesdo tecidual e uma intensa resposta

inflamatéria (24).

A isquemia atinge as células e desencadeia uma série de eventos,
devido a auséncia de oxigénio, resultando em diferentes intensidades de danos
celulares e consequente ativacdo de enzimas citotoxicas, culminando

finalmente em morte celular.

A privagéo de oxigénio faz com que néo ocorra a fosforilagdo oxidativa
na mitocéndria, assim, a glicélise anaerdbica torna-se o meio de obtencédo de
energia, porém, ndo é adequada para a reposicao do trifosfato de adenosina
(ATP) consumido. Esse déficit de ATP prejudica o transporte ativo de ions
através da membrana levando a um acumulo de sodio e, por difusédo, agua no
interior da célula, com consequente edema. Esse desequilibrio ocorre também
no interior das organelas, levando ao edema e desintegracdo das mitocondrias,
expansdo e formacgdo de vesiculas no reticulo endoplasmatico. A ruptura de
lisossomos e liberagdo de enzimas contidas no seu interior representam 0s

eventos finais antes da morte celular (25, 26).
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A lesdo de reperfusdo apresenta relacdo direta com a formacdo de
espécies reativas de oxigénio (27), ativacdo de neutrdéfilos e plaquetas, leséo
da célula endotelial, aumento da permeabilidade vascular, ativagéo de citocinas

e a ativacao do sistema complemento (28).

Quando expostas a hipoxia, as ceélulas endoteliais alteram seus
citoesqueletos e sua morfologia, formando pequenos poros intercelulares. A
presenca destes poros determina um aumento da permeabilidade do endotélio,
com formacdo de edema tecidual (29). A piora da perfusdo torna-se
potencializada por um desequilibrio na producdo de fatores vasoconstritores e
vasodilatadores. O endotélio hipéxico tem aumento na producdo de potentes
vasoconstritores (endotelinas tipos 1, 2 e 3) e diminuicdo na producédo de

vasodilatadores (6xido nitrico - NO) (30).

Essas alteragfes iniciadas na isquemia, sobretudo sobre as células
endoteliais e leucécitos, ndo s6 determinam lesao tecidual, mas também criam

condicBes que favorecem futuras lesGes com a ocorréncia da reperfusao.

Outro efeito j& demonstrado apds um periodo de isquemia é a faléncia
de reperfusdo de determinados segmentos da microcirculacdo, gerando uma
heterogeneidade na distribui¢cdo do fluxo sanguineo, com hipéxia tecidual focal.
Esse fendbmeno, denominado néo-reperfusédo (no-reflow), constitui-se em mais
um mecanismo de leséo tecidual apos a restauracdo da reperfusdo do tecido
(31).

Devido as complicacdes induzidas pela lesdo de IR, bem como sua
elevada morbidade e mortalidade, diversos estudos investigam a fisiopatologia

da lesdo de IR na tentativa de prevenir ou reverter seus efeitos deletérios.

2.2 Estresse oxidativo e lesao de isquemia-reperfuséo

O estresse oxidativo possui papel na patogenia de varias condicbes

clinicas como doencas malignas, diabetes mellitus, aterosclerose, inflamacéo
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cronica, infeccdo pelo virus da imunodeficiéncia humana e lesédo de IR (32).

Tem-se demonstrado que ha diferentes vias de produgédo das ERO (33),
destacando-se a via da xantina-oxidase como fonte priméaria de producdo na
maioria dos 6rgdos com vascularizacao sistémica (34). Na matriz mitocondrial,
através da cadeia de transporte de elétrons também ocorre a formacdo de ERO

pela reducdo do oxigénio molecular a radical superoxido (O (35).

Granger et al. publicaram um dos primeiros estudos que demonstrou a
participacdo do O, na lesdo isquémica através de um modelo de isquemia

intestinal em gatos (36).

Quando um tecido € submetido a isquemia, uma sequéncia de reacdes
guimicas é iniciada e apesar de ndo se identificar apenas um evento critico
responsavel pelo dano tecidual, a maioria dos estudos demonstra que a
deplecdo dos estoques de energia e o acumulo de metabdlitos toxicos do
oxigénio (estresse oxidativo) podem contribuir para a morte celular.
Paradoxalmente, a reperfusdo enquanto necessdria restaura rapidamente o
suprimento de energia, removendo metabdlitos téxicos e evitando a faléncia do
orgdo, no entanto ela também contribui e amplifica os mecanismos envolvidos

no dano tecidual isquémico (28).

Durante a isquemia tecidual, ocorre uma reducao da disponibilidade do
trifosfato de adenosina (ATP) em decorréncia da sua degradacdo em difosfato
de adenosina (ADP), monofosfato de adenosina (37), adenosina, inosina e
finalmente hipoxantina. Além disso, ocorre a conversdo da xantina-

desidrogenase em xantina-oxidase.

Essa reacdo pode ocorrer por dois mecanismos: 1) a xantina-
desidrogenase pode ser reversivelmente convertida para xantina-oxidase por
oxidagdo de grupos sulfidrilas ou 2) a xantina-desidrogenase pode ser
irreversivelmente convertida para xantina-oxidase por protedlise, através de
proteases ativadas pelo célcio que estd aumentado no citosol, oriundo do meio
extracelular (28, 38).
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A xantina-desidrogenase utiliza o dinucleotideo fosfato de nicotinamida
(NADP) ao oxigénio, como receptor de elétron durante a oxidagdo dos
metabolitos das purinas (hipoxantina, xantina). A xantina-oxidase depende do
oxigénio para a metabolizacdo da hipoxantina e, quando este € fornecido pela
reperfusdo (reoxigenacdo), formam-se as ERO, moléculas com grande

capacidade de lesao tecidual (28).

A NADPH-oxidase, uma enzima expressa em praticamente todas as
células inflamatérias, contribui para a formacdo do citotoxico peroxinitrito
(OONO’). Além disso, o peroxido de hidrogénio (H,O,) derivado da dismutacdo
do O, d& origem a radicais hidroxila (OH-) altamente toxicos através da reacéo
de Haber-Weiss, facilitada pelo aumento da disponibilidade de ferro livre

durante a isquemia (39).

Experimentos in vivo sugerem que a lesdo de IR, em coracdes de ratos

+++

submetidos a sobrecarga de Ferro (Fe
de ERO via reacao de Haber-Weiss (40).

), possa estar relacionada a producéo

A importancia dos radicais de oxigénio na fisiopatologia da lesdo de IR
foi demonstrada quando a injecao de captadores de radicais livres ou enzimas,
tais como a superoxido dismutase (SOD), a catalase(CAT) ou glutationa
peroxidase(GPX), impediram os danos que ocorrem durante a reperfusdo (41,
42).

Varios estudos confirmaram o poder destrutivo dos metabdlitos toxicos
derivados do oxigénio e o0 seu papel na fisiopatologia de diferentes processos
tais como intoxicacao pelo oxigénio, inflamacao e lesdo isquémica (40, 46, 47,
(38, 43, 44).

2.3 Estresse oxidativo e lesao de isquemia-reperfusdo pulmonar

Os mecanismos da lesdo de IR no parénquima pulmonar guardam,

entretanto, pontos comuns com a lesdo de reperfusdo em outros 6rgaos,
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incluindo uma participagao significativa de ROS, influxo intracelular de célcio,
lesdo da célula endotelial, sequestro e ativagdo de leucécitos na circulagcdo
pulmonar, ativagdo do sistema complemento, liberacdo de mediadores

inflamatorios incluindo metabdlitos do acido araquiddnico.

A leséo de IR pulmonar pode ocorrer em decorréncia de um trauma,
aterosclerose, embolia pulmonar e procedimentos cirirgicos, como a circulagcéo
extracorpérea (CEC) e o transplante de pulmao (45). Sendo este ultimo a
situacdo mais estudada devido a estar diretamente relacionado a incidéncia de
disfuncdo precoce do enxerto e ser responsavel por até 20% de mortalidade no
periodo pos-operatoério precoce (46, 47).

A lesado pulmonar induzida por IR ocorre com freqiiéncia no ambiente do
transplante pulmonar e é caracterizada por edema, hipoxemia e infiltracdo

pulmonar.

Sabendo que a lesdo dos tecidos ndo esté limitada apenas a isquemia,
podendo se estender ou se agravar, com a reperfusdo, o seu reconhecimento é
importante para que se possa proceder a reversdo da isquemia, ponto
fundamental para a manutencdo da viabilidade do tecido, de modo menos

lesivo (48).

A reperfusdo pulmonar também causa alteracdes significativas na
circulacdo pulmonar. Tanto em modelos animais quanto em o6rgaos isolados,
verifica-se um aumento da resisténcia vascular pulmonar. Isso ocorre
sobretudo nas vénulas poés-capilares, aumentando a presséo hidrostatica e
favorecendo a formacao de edema facilitado pelo aumento da permeabilidade
capilar por lesdo endotelial. As ROS possuem um papel fundamental no
desenvolvimento da lesdo de IR pulmonar (49) (50), caracterizada pelo
aumento das ROS e de outros radicais livres, acarretando em um papel crucial

na sucessao de eventos que levam a faléncia pulmonar (51) .

O fenbmeno IR ocorre no coracao, figado, rim, intestino, sistema

nervoso central, musculo esquelético, entre outros orgaos (32). Nesses 0rgaos
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a isquemia € acompanhada de andxia tecidual até a reintroducdo do oxigénio
na reperfusédo, sendo, dessa forma, a IR equivalente a andxia-reoxigenacao.
Ao contrario dos outros 6rgdos, o pulmédo é considerado o Unico 6rgdo que
pode sofrer isquemia sem hipoOxia, pois 0 oxigénio alveolar ajuda a manter o
metabolismo aerdbico evitando hipdxia. Dessa forma, no pulmdo o estresse
oxidativo resultante da isquemia deveria ser diferenciado daquele resultante da
hipoxia propriamente dita (52).

Em relacdo ao transplante pulmonar, fatores presentes na fase pré-
reperfusdo do enxerto como: morte cerebral, pneumonia, ventilagdo mecanica,
aspiracdo, contusao, hipotensao e isquemia fria tém sido reconhecidos como

agravantes da lesdo de IR através da ativacao de fatores inflamatorios (52, 53).

Hipdxia e conseqlentemente andxia resultam em decréscimo no ATP
intracelular e aumento nos produtos de degradacdo do ATP como a
hipoxantina, o que gera a producédo de ERO quando o oxigénio é reintroduzido
na reperfusdo e/ou ventilagdo. Durante a isquemia, esse fendmeno pode
ocorrer no pulméao se a tenséo de oxigénio alveolar cair abaixo de 7 mmHg (54,
55). A auséncia de fluxo sanguineo pulmonar leva a peroxidagdo lipidica
mesmo com a presenca de oxigénio. O mecanismo do estresse oxidativo é
diferente do que ocorre durante a andxia-reoxigenacdo porque nao esta
associado a diminuicdo de ATP, podendo ocorrer mesmo durante o periodo de
isquemia fria em um 6rgdo acondicionado para transplante (56).

Nos pulmbes, as ERO estdo relacionadas a ativacdo de processos
inflamatérios por meio de fatores de transcrigéo, tais como o NF-kB, levando ao
remodelamento de cromatina e a expressdo génica de mediadores proé-
inflamatorios (57, 58). A producdo de ERO intracelulares tém sido observada
em varios tipos celulares do tecido pulmonar, incluindo células endoteliais,
epiteliais alveolares do tipo Il, células claras, epiteliais ciliadas e macréfagos
alveolares (59).

Acredita-se que a lesdo de IR pulmonar seja decorrente de um aumento

das ERO, as quais desencadeiam uma resposta do enxerto resultando em uma
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ativacdo da resposta imune adaptativa (rejeicdo aguda) por meio da ativacao

de células apresentadoras de antigeno (60).

2.4 Efeitos sistémicos da lesdo de isquemia-reperfusao

A leséo de IR e a faléncia de mdltiplos orgaos contribui
significativamente para a mortalidade e morbidade pos-operatéria, e a
reperfusdo induz o estresse oxidativo que desempenha um papel fundamental
nesta patologia. (61) A lesdo de IR pulmonar induz a efeitos sistémicos
principalmente no figado e coragcdo, e € caracterizada pelo sequestro de
neutrdfilos e liberacdo de quantidades significativas de ROS na circulacao (62,
63).

No entanto, o sistema pulmonar também pode sofrer conseqiiéncias da
IR de tecidos localizados a distancia, a exposi¢do de um unico érgao a IR pode
posteriormente causar a ativacao inflamatoria em outros, o que leva a falha em
mdltiplos sistemas. E importante ressaltar que as sindromes isquémicas sdo
um grupo heterogéneo de condicdes, embora haja algumas semelhancas nas
respostas biolégicas entre estas sindromes que ocorrem em diferentes 6rgaos,
existem diferencas importantes entre uma reducdo na perfusao sistémica, por
exemplo durante o choque, em comparacdo com a isquemia regional e

reperfusdo de um Unico 6rgao (64).

Durante a lesdo de IR no figado ou rins, a ativacdo de respostas
inflamatorias intestinais desencadeia uma sequéncia de eventos que leva a a
falha de mdltiplos 6rgéos. A IR de 6rgaos periféricos (como o figado) resulta na
ativacdo de células intestinais de Paneth, e posterior liberacédo de citocinas tais
como interleucina 17 (IL-17), causando uma falha de outros sistemas, como por

exemplo o sistema pulmonar (65, 66).

As respostas inflamatorias sistémicas da IR mesentérica representam

um importante modelo de doenca grave, porque os déficits da mucosa
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intestinal parecem ser fundamentais na iniciacdo e propagacédo de faléncia de

multiplos 6rgéos (67).

Em estudo de Mura et al, quase 50% dos animais do grupo IR morreram
durante o periodo experimental de 4h. Os efeitos combinados da IR intestinal,
procedimento cirdrgico, aplicacdo de alta concentragcdo de oxigénio e
ventilacdo mecéanica pode ser responsavel por essa alta taxa de mortalidade
em animais de pequeno porte. Neste modelo, o 6rgdo remoto mais gravemente
ferido € geralmente do pulméo, e um estudo clinico recente confirmou que a
disfuncdo respiratoria ap0s lesGes trauméaticas € um evento obrigatorio que

precede a falha do coragéo, rim e figado (26, 68).

2.5 Sistema de defesa antioxidante

Antioxidante € qualquer substancia que, quando presente em baixas
concentragbes, comparada as de um substrato oxidavel, retarda ou inibe
significativamente a oxidacdo deste substrato de maneira enzimatico ou ndo

enzimatico (69).

A defesa do organismo contra as ERO vai desde prevencao da formacéo

das ERO, interceptacéo dos radicais formados ao reparo das células.

As enzimas que controlam os niveis de ERO sao: Glutationa peroxidase
(GPx), Superdéxido dismutase (SOD) e Catalase (CAT), levando a interceptacdo
e a desativacdo das ERO, sendo neutralizadas de forma a impedir a oxidacdo
posterior de outras moléculas. A neutralizacao final de um composto com um
ou mais elétrons ndo emparelhados consiste na formacao de outro produto n&o
radical. O interceptador (antioxidante) mais eficiente deve combinar
propriedades Otimas, as quais reagem com radicais livres (70) iniciais, tais
como, radicais peroxil (ROQO") e, posteriormente, interagem com compostos

hidrossollveis para a sua propria regeneracao (71).
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Os compostos hidrossoluveis transferem a funcao radical para longe do
sitio-alvo potencial e sdo chamados scavengers de RL. A combinacédo de uma
substancia com um RL leva a formacédo de um né&o radical ou um radical menos

lesivo como, por exemplo, tocoferdis e carotendides (71).

A terapia antioxidante pode ser feita pela reposicdo de antioxidantes
enddégenos, como superdxido dismutase recombinante (72), pela
suplementacdo exdgena com agentes com propriedades antioxidantes, como a
N- acetilcisteina (73, 74).

A utilizacdo de antioxidantes em modelos animais de lesdo pulmonar
tem sido pouco explorada em estudos experimentais e clinicos, tais como a
utiizacdo da NAC (73), a qual demonstra ser um importante potencial

terapéutico a ser utilizado na lesdo de IR (75).

2.6 Endotélio

O endotélio € a principal fonte de ERO durante a isquemia pulmonar nao
hipoxica atraves da ativacdo da NADPH oxidase. Esse complexo enzimético é
também encontrado em outras células pulmonares, mas sua concentracdo é
mais evidente nos neutrofilos, mondcitos e macréfagos alveolares. A
estimulacdo celular durante a isquemia resulta em translocacdo de
componentes da NADPH oxidase para a membrana celular onde ocorre uma
integragdo com componentes de membrana para formar um sistema de
transferéncia de elétrons que catalisa a reducdo do O, molecular a (O),
enquanto oxida o NADPH. O aumento no consumo de O, e na producao de Oy
sao o0s responsaveis pela “explosao oxidativa“ resultante da ativacdo da
NADPH. O O, pode ser posteriormente transformado em H,O, em reacédo
catalisada pela SOD. Compostos oxidantes sdo produzidos também através de
enzimas contidas em granulos intracelulares. Os granulos azurofilicos liberam a
enzima mieloperoxidase (37) que durante ativacdo neutrofilica catalisa a

reacao entre o H,O, e o cloro produzindo acido hipocloridrico, considerado um
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oxidante extremamente potente. Além disso, o acido hipocloridrico pode reagir

com as aminas gerando as cloraminas, consideradas potentes oxidantes (76).

Phan et al. sugeriram, através de estudo com cultura de células
endoteliais, que estas células podem ter uma participacdo mais ativa na

agressao pulmonar (77).

Baseando-se em estudos prévios que demonstraram a presenca da
enzima xantina-desidrogenase nas células endoteliais e a capacidade das
mesmas em liberarem ERO, esses autores estudaram o efeito da presenca de
neutroéfilos ativados em contato com essas células. Eles demonstraram que os
neutréfilos ativados induzem a conversdo da xantina-desidrogenase em

xantina-oxidase no endotélio (78).

2.7 Mediadores Inflamatoérios

Alguns mediadores inflamatorios liberados como consequéncia da
reperfusdo de um 6rgao ou de uma regido, podem ativar células endoteliais em
orgdos distantes que nao foram expostos ao insulto isquémico, mas em

decorréncia da lesdo de reperfusdo acabam sendo lesionados.

Além disso, a lesdo de reperfuséo € caracterizada por respostas auto-
imunes, incluindo o reconhecimento de anticorpos naturais de neoantigénos e
subsequente ativacdo do sistema de complemento (auto-imunidade). Apesar
do fato que a IR tipicamente ocorre num ambiente estéril, a ativacdo da
resposta imune inata e adaptativa ocorre e contribui para a leséo, incluindo a
ativacdo de receptores de reconhecimento de padrdes, tais como os Toll Like
Receptores (TLR) e trafico de células inflamatdrias no érgao doente (79).

Por exemplo, a ligagdo aos TLR conduz a ativacdo de vias de
sinalizacao, incluindo o NF-kB, ativacdo da proteina kinase (MAPK) e vias do
interferon tipo I, que resulta na inducdo de citocinas pré-inflamatorias e

guimiocinas, sendo que estes receptores também podem ser ativados por
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moléculas enddégenas, na auséncia de compostos microbianos, particularmente

no contexto de dano ou morte celular, como ocorre durante a IR (79).

Especificamente, a ativacdo do TLR-4, pode ser agravada pelo
estresse oxidativo, que é gerado pela IR, e & conhecido pelas células
inflamatdrias principais como um aumento da capacidade de resposta a
estimulos subsequentes. Macrofagos alveolares de roedores submetidos a
choque hemorragico e ressuscitacdo expressam niveis aumentados de TLR4,
efeito que foi inibido por adicdo ao antioxidante NAC com o fluido de

reanimacgao.

Andrade et al. examinaram os niveis de expressdo de mRNA de TLRs
em tecidos de pulmao colhidos durante a IR no transplante pulmonar humano.
Nos pulm&es de doadores hipotermicamente conservados, 0s niveis de mRNA
da maioria dos TLRs correlaciona-se com os niveis de mRNA de citocinas (IL-
1b, IL-6, IL-8, IL-10 e IFNC). Estas observa¢des sugerem que as respostas
inflamatorias no 6rgdo do doador pode afetar a expressdo e a atividade do
gene TLR, como alternativa, os niveis de expressao e ativacdo de TLR pode
contribuir para a regulacéo da expressao génica de citocinas (80).

O TNF-a (fator de necrose tumoral- a), as ROS (27) e a interleucina-6
(IL-6), estdo implicados no dano tecidual que ocorre durante a IR (11), devido
ao fato de serem moléculas téxicas que alteram as proteinas celulares, lipidios

e acidos ribonucléicos, levando a disfuncdo ou morte celular.

Contribuindo ainda mais para o dano tecidual, a piora da perfusédo é
potencializada por um desequilibrio na producéo de fatores vasoconstritores e
vasodilatadores. O endotélio hipoxico tem aumento na producdo de potentes
vasoconstritores (endotelinas tipos 1, 2 e 3) e diminuicdo na producédo de
vasodilatadores (NO) (30).

O dano celular gerado pelas ERO na membrana lipidica promove a
ativacdo da fosfolipase A,, induzindo a producdo do fator de ativacao
plaguetario (PAF) que promove a mobilizagdo do acido araquidénico dos
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fosfolipidios da parede celular. O acido araquidonico € o substrato de
numerosas enzimas e no pulméao é primeiramente metabolizado por duas vias:
a da cicloxigenase e a da 5-lipoxigenase, gerando mediadores inflamatérios. A
via da cicloxigenase produz prostaglandinas (PGE1 e PGI2) e tromboxano
(TXAy); e a via da 5-lipoxigenase gera leucotrienos tais como leucotrieno By,
C4, Dse E4 (81, 82).

A resisténcia vascular pulmonar depende da interacdo entre
vasoconstritores e vasodilatadores. A maioria dos metabolitos do acido
araquidonico sao resultantes das células endoteliais e contribuem para manter
a baixa resisténcia vascular no pulméo. Os efeitos das prostaglandinas e dos
tromboxanos sdo antagoénicos. A prostaciclina (PGl;) € um broncodilatador,
vasodilatador pulmonar e impede a agregacdo de plaquetas, enquanto que o
tromboxano A, (TXA;) é um bronco e vasoconstritor e induz agregacao
plaquetaria (82). As prostaglandinas (PGE; e PGI,;) estdo associadas aos
seguintes efeitos: vasodilatacdo e broncodilatacdo; inibicdo de agregacao
plaquetaria, sequestro e aderéncia leucocitaria; além de supressdo da

producédo de citocinas pré-inflamatérias (TNF-a, IL-1, IL-6) (37, 83, 84).

O PAF pode ser liberado de varias células como macrofagos,
plaguetas, mastocitos, células endoteliais e neutréfilos, sendo responsavel pela
ativacdo leucocitaria, agregacdo plaquetaria, liberagdo de citocinas e
expressdo de moléculas de adesao (85). A PAF acetilhidrolase é responséavel
pela degradacdo e regulacdo da atividade do PAF. Niveis elevados dessa
enzima foram encontrados no lavado broncoalveolar de pacientes com SARA
(86). Além disso, tem sido observado, que esta substancia, quando adicionada
a uma solucédo de preservacao pulmonar em modelo de perfuséo isolada tem a

capacidade de reduzir a permeabilidade capilar pulmonar (87).

Os leucotrienos, produtos do metabolismo do acido araquidbnico pela
via da 5-lipoxigenase sé&o divididos em duas classes: os cisteinicos (LTCy4, LTD4
e LTE;) e o nao cisteinico (LTBs). O LTB4s é um potente ativador proé-

inflamatorio, quimiotatico de leucdcitos tendo um importante papel na lesédo de
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IR pulmonar, sendo produzido por mondcitos, linfocitos, mastécitos e

macréfagos pulmonares (88).

O fator de crescimento endotelial vascular (VEGF) e 0s seus receptores
sdo fundamentais na regulacdo tanto da permeabilidade vascular quanto da
sobrevivéncia de células endoteliais. Estudo de Mura et al, sugere que o VEGF
pode ter duplo papel na LPA induzida pela IR intestinal. A liberacdo antecipada
de VEGF pode aumentar a permeabilidade vascular pulmonar enquanto que a
reducado da expressao de VEGF e VEGFR-1 no tecido pulmonar pode contribuir

para a morte das células epiteliais alveolares (26).

2.8 Fator de Transcrigc&do Nuclear kappa B

A familia do fator nuclear kappa B (NF-kB) compde-se de cinco
membros: REL-a (p65), NF-kB1 (p50; pl105), NF-kB2 (p52; pl100), c-REL e
REL-b (89). Essas subunidades, exceto a REL-b, s&o homo ou heterodimeros
qgue formam o NF-kB. O mais comum ativado em reacfes inflamatérias € o
heterodimero de p50 e p65 (90).

A transcricdo nuclear do NF-kB é regulada pela acao inibitoria do inibidor
de proteinas kB (IkB), que € alvo para degradacao pela via de fosforilacdo pela
acao de quinases IkB (IKKa, IKKB) (91). A sinalizacdo inflamatoria ativa uma
cascata de evento, como a fosforilacdo do receptor TNF que leva a ativacdo do
fator de crescimento transformante-b-quinase ativada 1 (TAK1) que fosforiza o
complexo IKK e em seguida fosforiza a proteina |kBa, resultando em
ubiquinacéo, dissociacdo de IkBa com NF-kB e degradagéo de IkBa pelo
protessoma. O NF-kB se desloca para o nucleo e liga-se com a banda
especifica de DNA, inicializando a transcrigdo de multiplos genes, incluindo

citocinas, quimocinas e outros mediadores inflamatorios (90).

O NF-kB é um fator de transcricdo que desempenha importante e
determinante papel, tanto em situagcbes normais como na coordenacao de

respostas imunes adaptaveis, regulando a expressao de muitos mediadores
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celulares (35). Este fator foi descrito primeiramente em 1986 por Sen e
Baltimore (92) como sendo capaz de ligar-se a sitios especificos kappa como
enhancer nas regides promotoras dos genes das imunoglobulinas em células B
(38).

O NF-kB pode ser ativado por uma variedade de sinais relevantes,
conforme a etiologia e a fisiopatologia inflamatdrias (35). Para sua ativacdo sao
necessarios estimulos intracelulares e/ou extracelulares, podendo ser
desencadeados pelos seguintes agentes: produtos bacterianos (endotoxinas,
peptideoglicanos), virus e componentes virais, protozoarios, citocinas (TNF-a),
interleucinas, radicais livres e/ou oxidantes (35).

2.9 Oxido Nitrico

O 6éxido nitrico (NO) desempenha um papel importante ha homeostase
vascular pela seu papel vasorregulador potente e imunomodulador. Sabe-se
gue o NO atenua o0 extravassamento capilar e a lesdo de tecidos provocadas
em modelos de IR, inibindo a adesdo de neutrdfilos e a producdo do anion

superdéxido por neutréfilos (93).

O NO é considerado um mensageiro transcelular ideal por sua natureza
lipofilica e pela curta meia-vida no sistema biolégico, em torno de 3 a 30

segundos (94).

O NO é também um mediador biol6gico chave produzido por varios tipos
de células, inclusive o endotélio vascular, € um inibidor da agregacao
plaguetaria e da aderéncia neutrofiica e modulador da permeabilidade
vascular. Além disso, possui agcbes como broncodilatador e neurotransmissor
(92).

Depois da IR pulmonar, os niveis de NO enddgeno € reduzido. Esse fato
pode estar associado com um aumento da expressdo da NOS endotelial, o que

pode sugerir que o NO endégeno produzido pode ser destruido rapidamente
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por RL depois da reperfusdo, e/ou porque a IR pode induzir a geracdo de
inibidores de NOS (95). A diminuicdo da producdo do NO enddgeno pela
reacdo imediata do NO com o radical superoxido resulta na producdo de um
poderoso oxidante, o peroxinitrito (OONO’). Essa perda da agao protetora do

NO resultara em disfuncéo endotelial (94).

2.10 Ativacdao leucocitaria

A lesé@o de IR no transplante pulmonar possui um padrdo bifasico. A
fase precoce da reperfusédo, dependente principalmente das caracteristicas do
doador e a fase tardia, dependente das caracteristicas do receptor e com
duracdo de 24 horas. Os macréfagos do doador, ativados durante a isquemia
sdo os mediadores da fase precoce, enquanto os linfécitos e neutréfilos do
receptor estdo envolvidos principalmente na fase tardia. O recrutamento
dessas células ocorre pela liberacdo de citocinas e outros mediadores
inflamatorios antes e ap6s a reperfusao (96).

O macrofago alveolar produz uma grande quantidade de citocinas e
fatores pro-coagulantes em resposta ao estresse oxidativo. Em modelo de IR
foi demonstrado a importancia do fator de necrose tumoral alfa (TNF-a),
interferon gama (INF-y) e a proteina-1 quimioatrativa de macrofago
(equivalente a IL-8 humana) na fase precoce da reperfusdo do enxerto em
ratos (97).

Os linfécitos desempenham importante papel na lesédo de IR. O pulméo
do doador contém grande numero macréfagos e linfocitos ativados
representados por células T e natural killer que sdo responsaveis por reacdo
imunoldgica do tipo enxerto-hospedeiro, como também por efeitos
imunomoduladores benéficos (98). Em modelo de transplante pulmonar em
ratos foi observado que os linfécitos T CD4 sdo mediadores da lesédo de IR,

infiltrando o enxerto uma hora apoés a reperfusdo e aumentando a producédo de
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INF-y, além disso, foi sugerido que este efeito independe do recrutamento e

ativacao de neutrofilos (52).

A participacdo dos leucécitos na lesdo de reperfusdo se da pela
liberacdo de substancias a partir da degranulacdo dos mesmos. Entre as
substancias, algumas sao radicais livres. Os polimorfonucleares possuem
nicotinamida adenina dinucleotideo fosfato oxidase (NADPH-oxidase) capaz de

reduzir a molécula de oxigénio, gerando o anion superoxido. babior (99) (70).

Essas células também secretam a mieloperoxidase, enzima que
catalisa a formacdo do acido hipocloroso (HOCI), a partir da oxidacdo do ion
cloro na presenca de peroxido de hidrogénio. O HOCI reage com as aminas,

gerando as cloraminas, potentes oxidantes (100).

Além das substancias oxidantes os leucdcitos produzem enzimas
proteoliticas, incluindo elastase, colagenase e gelatinase, que participam da

les&o tecidual (101).

Os neutrofilos tém a caracteristica de progressivamente infiltrar o
pulméo transplantado durante as primeiras 24 horas apos a reperfusédo (3).
Embora tenham importante papel na fase tardia da lesdo de reperfusédo, seu
papel na fase precoce é menos expressivo. Deeb e cols. demonstraram que a
lesédo de reperfusdo nas primeiras quatro horas independe da presenca dos
neutroéfilos, sendo importante o papel dos macrofagos nessa fase, no entanto,

apos esse periodo os neutréfilos sao os principais mediadores (102, 103).

2.11 Apoptose e lesdo de isquemia-reperfusdo pulmonar

A apoptose é processo ativo cuja marca registrada é a autodigestao
controlada dos constituintes celulares, devida a ativacdo de proteases
endogenas e pode ser comparada metaforicamente a um "suicidio celular". A
ativacdo dessas proteases compromete a integridade do citoesqueleto,

provocando verdadeiro colapso da estrutura celular. Em resposta a contracéo
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do volume citoplasmatico, a membrana celular forma bolhas e se altera o

posicionamento de seus lipidios constituintes (104).

Diferente do que ocorre com a necrose, a apoptose ou morte celular
programada nao esta presente durante a isquemia, porém ocorre um pico de
sua expressao durante a reperfusdo (105). A indugéo de apoptose ocorre pela
ativagdo e indugéo de duas vias. A via intrinseca é dependente da mitocéndria,
sendo ativada pelas ERO, enquanto a via extrinseca € dependente de
moléculas inflamatérias como o TNF-a, entretanto, ao ativar a producdo de
ERO pela via NADPH oxidase o TNFa contribuiria também com a via intrinseca
(106). Ambas as vias promovem a ativagcdo de caspases e de proteases
responsaveis pela clivagem de substratos celulares especificos que resultam
em alteracbes na conformacdo celular, alteracbes na membrana e
fragmentacdo do DNA e consequente morte celular (107). A via intrinseca €
ativada na fase precoce da reperfuséo, ja a via extrinseca pode ser ativada até

algumas horas apos a reperfusdo pulmonar (108).

2.12 Caspases

A apoptose € regulada por uma cascata de proteinas chamadas
Caspases, sendo essas as proteinas executoras da apoptose e estdo
presentes em todas as células. Apos a clivagem, Caspases tornam-se ativos e

iniciam vias que levam a apoptose (109).

Sao caracteristicas da apoptose: a condensacdo da cromatina,
exposicdo da fosfatidilserina a superficie da célula, encolhimento
citoplasmatico, formacao de corpos apoptoticos e fragmentacdo do DNA (110).
A apoptose é um processo dependente de energia, diferentemente da necrose

gue também ocorre na auséncia de ATP (111).

Estudo de Forgiarini et al, foi demonstrado que o tempo de isquemia

tem um efeito direto sobre a viabilidade das células de pulm&o em um modelo
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experimental de IR pulmonar. O aumento da atividade da caspase 3 refletia um

maior numero de células em apoptose apés 45 minutos de isquemia (112).

A via de sinalizacédo que leva a morte celular programada € mantida por
reguladores positivos e negativos, esse equilibrio entre tais fatores decide se a
célula sofre apoptose ou se sobrevive. As proteinas que podem alterar-se para
a sobrevivéncia sdo as proteinas antiapoptoticas Bcl-2 e Bcl-xL, enquanto que
as proteinas proapoptoticas Bax, Bad, Bak e Bis induzem a morte celular

programada (113).

Um importante regulador de apoptose apdés a lesdo do DNA é a
proteina p53, que pode induzir a Bax e Bak, que regula a liberacdo de
citocromo C da mitocondria, iniciando assim a cascata que conduz a apoptose
(114). O citocromo C liga-se ao fator de ativacdo de protease apoptética 1
(Apaf-1) ativando a Caspase 9, que por sua vez cliva as Caspases 3 e 6 (115,

116) levando a morte celular.

2.13 Prevencao e Tratamento da lesédo IR pulmonar

A reperfusdo rapida é necessaria ap0s a isquemia, porém esta
reperfusdo contribui para a lesdo e destruicdo tecidual. Grandes avancos na
compreensao dos mecanismos de lesédo de reperfusdo e no desenvolvimento
de estratégias para tornar os tecidos mais resistentes a isquemia ou para
atenuar a lesdo de reperfusdo tem sido investigados, por exemplo, estudos
experimentais de respostas adaptativas induzidas pela hipéxia tém fornecido

forte evidéncia para novas abordagens de tratamento durante a IR (64).

Sabendo que a lesdo dos tecidos ndo esta limitada apenas a isquemia,
podendo se estender ou se agravar, com a reperfusdo, o seu reconhecimento é
importante para que se possa proceder a reversao da isquemia, ponto
fundamental para a manutencdo da viabilidade do tecido, de modo menos
lesivo (48).



38

Devido a todos os danos teciduais que a IR causa diversos estudos em
modelos animais tém se concentrado na prevencao da injuria de IR e melhora
dos métodos de preservacdo pulmonar (117-119), por meio do uso de
hiperinsuflacdo pulmonar (54, 120), preservacao hipotérmica (121), solucdes
de preservacao (122, 123), perfusdo pulmonar por via retrégrada (124, 125),
ventilagdo liquida (5), além da utilizacdo de vasodilatadores (126, 127) e
antioxidantes (128, 129), terapia génica (130), oxido nitrico inalado (93),

ventilacdo liquida (5), além do pré-condicionamento isquémico (PCI).

Todas as opcdes terapéuticas testadas tentam por diferentes métodos,
minimizar ou evitar a morte celular que ocorre durante a IR e
consequentemente acaba ativando varios programas de morte celular, que
podem ser classificados como necrose, apoptose ou morte celular associada a
autofagia. A necrose caracteriza-se por edema de células e organelas com
ruptura subsequente de membranas da superficie e o derramamento de seu

conteudo intracelular (131).

As células necroéticas sdo altamente imunoestimuladoras e levam a
infiltracdo de células inflamatérias e a producao de citocinas. Em contraste, a
apoptose envolve uma cascata de sinalizacdo da caspase que induz um
programa de morte celular, caracterizada pela contracdo da célula e do seu
ndcleo, com a integridade da membrana do plasma que persiste até o final do
processo. Estudos investigam se a inibicdo da apoptose pode ser tornar uma
estratégia terapéutica promissora para a lesdo de isquemia-reperfusdo (132,
133).

O fator de transcricdo NF-kB também tem sido alvo de investigacao,
devido ao fato de modular a apoptose durante IR. A reducéo na disponibilidade
de oxigénio estd associada a ativacdo do NF-kB por meio de um mecanismo

envolvendo hipoxia dependente da inibigcdo dos sensores oxigénio (134).

Alguns estudos investigam se ratos com interrupcdo do gene que
codifica a IKK-b, a subunidade catalitica de IKK que € essencial para a ativacao
do NF-kB, podem proporcionar uma oportunidade para estudar os efeitos de
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prevencdo da ativacdo da via do NF-kB. Porém esta manipulacéo resulta em
letalidade embriondria devido a apoptose em massa do figado em
desenvolvimento impulsionado pelo NF-kB (135). Segundo Ishiyama e
colaboradores (21) os quais estudaram a inibicdo da ativacdo do NF-kB através
da transferéncia de genes inibidores da forma supressora do inibidor kB
evidenciaram o aumento na oxigenacdo do pulméo transplantado, reducao do
edema pulmonar e agregacao neutrofilica assim como a reducdo nas células

apotaticas apos o transplante pulmonar experimental.

Desta forma, Chang e colaboradores (107), demonstraram que a inibicao
do NF-kB atenua a lesdo de IR assim como era responsavel pela reducéo na
producdo de citocinas. Em seu estudo, a ativacdo do NF-kB foi responsavel

pelo aumento na expressao da caspase 3 e iINOS.

Outro estudo de isquemia intestinal e reperfusdo revelou que, embora a
deficiéncia do IKK-b em enterécitos estd associada com uma reducdo da
inflamacé&o, um dano apoptético grave ocorre na mucosa. Portanto a tentativa
de inibir a via de ativacdo do NF-kB esta relacionada com a prevencédo da

inflamac&o sistémica mas consequentemente aumenta a lesdo local (136).

Alguns bloqueadores do canal de célcio também séo utilizados, como o
verapamil, o qual apresenta efeito protetor durante o evento de isquemia-
reperfusédo (137, 138). Em 1989, Wang et al. demonstraram que a preservacao
pulmonar a 10°C era superior a 15°C e a 4°C por ser uma temperatura mais

adequada para o funcionamento da bomba de sodio (Na+/K+ ATPase) (16).

Outras evidéncias sugerem que os TLRs estdo envolvidos na injuria de
IR de 6rgdos. Em um estudo de leséo de isquemia-reperfusdo miocardica, duas
linhagens de camundongos deficientes de TLR4 (C57/BL10 SCCR e C3H/HeJ),
mostraram significativamente menores areas de infarto do miocardio do que em
cepas de controle (C57 / BL10 ScSn e C3H / OuJ ). Os animais deficientes de
TLR4 também demonstraram reducdo de infiltragdo de neutréfilos, menor
peroxidacao lipidica e menor deposi¢cado de complemento nos tecidos cardiacos
(139) (140).
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Alguns estudos utilizaram o NO como método de preservacdo e este
demonstrou-se eficaz em diminuir o dano da lesédo de reperfusdo em Varios
modelos animais. (141-144). Entretanto, o uso de NO na reperfusao pulmonar
nao diminuiu o edema pulmonar em um em ensaio clinico randomizado (93).
Em outro estudo com 84 pacientes submetidos a transplante pulmonar, o uso
do NO na reperfusdo ndo mostrou beneficio em relacdo & hemodinamica,
extubagéo, incidéncia de leséo de IR e tempo de internagao hospitalar e UTI
(145). Ardehali e colaboradores (146), demonstraram que o uso do NO
inalatério no pés-operatério apresentou beneficio em um subgrupo de
pacientes que desenvolveram lesdo de IR, apesar de nao diminuir sua
incidéncia (146).

2.14 Perfluorocarbonos

As primeiras descrigcbes sobre liquidos instilados nas vias aéreas de
mamiferos para o estudo da respiracdo datam do inicio do século 20. O
objetivo do trabalho era investigar a fisiologia pulmonar a partir da introducao
desses liquidos no interior dos pulmdes. Devido ao desenvolvimento
tecnologico, foram criadas diferentes solucbes, preparadas com 0s mais
diversos tipos de substancias, com a finalidade de melhorar a troca gasosa.
Embora essas solucdes tenham-se apresentado como uma esperanca, O

sonho ainda estava longe de ser concretizado (147).

Os indicios de sucesso surgiram em 1962, quando o fisiologista
Johannes A. Kylstra, nascido na Indonésia, filho de pais holandeses,
demonstrou, na Universidade de Buffalo, Estados Unidos, que ratos cujos
pulmdes tinham sido preenchidos por um tipo de solucdo salina oxigenada
podiam ter uma sobrevida de até 18 horas quando submersos em altas
pressbes, semelhantes as das regibes fundas dos oceanos. Na mesma
década, o fisiologista e bioquimico norteamericano Leland C. Clark Jr. e o
bioguimico tcheco naturalizado norteamericano Frank Gollan, testaram um

novo liquido, denominado perfluorocarbono (PFC), que havia sido desenvolvido
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durante a Segunda Guerra Mundial no ambito do Projeto Manhattan. No artigo
que publicaram em 1966 na revista Science, Clark e Gollan sustentavam que
aquele liquido era um excelente meio de transporte para o oxigénio e o gas
carbonico. Quando os pulmfes de ratos e gatos eram inundados por esses
gases, eles observavam que os animais podiam respirar em meio liquido por
um periodo de até 20 horas, voltando em seguida a respirar com sucesso o ar
ambiente (148).

Os perfluorocarbonos séo liquidos incolores, densos e ndo toxicos. Tém
alta estabilidade quimica e fisica. Possuem baixa tensdo superficial e sédo até
duas vezes mais densos que a agua. Dependendo da complexidade das
moléculas dos PFCs, suas densidades podem variar entre 1,75 e 2g/ml.
Quanto a solubilidade, sdo geralmente pobres solventes e essencialmente
insollveis em agua e alcoois (149). Gases tais como hidrogénio, oxigénio,
nitrogénio, diéxido de carbono e gases inertes sdo altamente soliveis em PFC
(150, 151). A difusibilidade do oxigénio e dioxido de carbono nos PFCs é baixa
guando comparada com a do nitrogénio 39 atmosférico; ha maior solubilidade e
difusibilidade do CO2 em até cinco vezes quando comparado com o O2 (122).

Existem mais de 50 tipos de PFC produzidos atualmente, com minimas
variacfes entre suas propriedades e composicdo quimica, sendo muitos destes
utilizados em estudos experimentais e clinicos (FX-80, FC-75, FC-77, caroxitina
D, caroxitina F, RM-101, perfluorobromo, perfluorodecalina, etc.) (152-154).

Os PFCs apresentam baixa tensédo superficial, ndo interferem nas
propriedades dos surfactantes (126), além de exercerem papel protetor para 0s
surfactantes e a membrana de revestimento alveolar (127). Ademais, agem
também como carreadores de residuos localizados dentro do alvéolo (7).
Outras aplicacdes tanto clinicas como experimentais incluem o uso de PFC
como meio de contraste em exames radiolégicos (10), como expansores
plasmaticos (11) tratamento de pneumonias pela administracdo direta de
antibioticos (12), administragéo direta de substancias vasoativas em modelos

de lesdo pulmonar (13), entre outras.
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Estudo recente utilizou o PFC vaporizado na SARA e demonstrou que a
utilizagdo de PFC vaporizado resulta em uma melhoria sustentada da troca
gasosa e da mecanica pulmonar, sendo a técnica de aplicacdo de vaporizacdo
uma alternativa razoavel para administrar PFCs em lesGes pulmonares graves
(155).

Hubler M e colaboradores avaliaram os efeitos do PFC vaporizado sobre
o fluxo sanguineo pulmonar e a distribuicdo ventilacdo/ perfusdo em um
modelo de sindrome do desconforto respiratério agudo e concluiram que o
tratamento com PFC vaporizado melhora a troca gasosa aumentando a
heterogeneidade ventilagdo/perfusdo em todo o pulmé&o (19).

Estudo de Forgiarini e colaboradores verificaram que o PFC
endobrénquico reduz a atividade inflamatéria antes e apo6s o transplante
pulmonar em um modelo animal experimental, concluem também que o uso de
PFC endobrbnquico como adjuvante da estratégia de preservacao atual

melhorou a viabilidade do enxerto (156).

Desta forma, a utilizacdo de PFC na preservacao de 6rgaos sélidos tem
sido estudada como alternativa para oferta de oxigénio durante a fase de
preservacao, sendo de forma isolada ou como substéncia coadjuvante na
preservacdo destes o6rgdos, entretanto a sua real utilidade necessita ser
definida (128).

3. JUSTIFICATIVA

A lesdo pulmonar de IR apresenta-se como fator complicante ao
transplante pulmonar, necessitando de constantes aprimoramentos nas
técnicas de preservacdo pulmonar. Os avancos nas técnicas e estudos
utilizando diferentes estratégias de protecdo pulmonar objetivam o aumento no
tempo de preservagao pulmonar e melhor viabilidade do enxerto, resultando
em um desempenho mais adequado do O0rgdo pos-transplante. Esta protecao
evitaria a disfuncdo primaria do enxerto, o que teria influencia direta no

resultado funcional a longo prazo do enxerto.


https://www.ncbi.nlm.nih.gov/pubmed/?term=H%C3%BCbler%20M%5BAuthor%5D&cauthor=true&cauthor_uid=11748400
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O método de uso clinico corrente para a preservacdo pulmonar € a
administracao de solugdes frias na circulagdo pulmonar durante a extracao do
enxerto. Da mesma forma, métodos de ventilagdo tem sido estudados a fim de
melhorar a oxigenacdo e minimizar os efeitos deletérios no parénquima
pulmonar durante este processo. Uma destas alternativas de tratamento
poderia ser a utilizagdo de PFC vaporizado, uma vez que os PFCs liquidos tem
demonstrado efeitos benéficos em lesdo pulmonar aguda. Dessa forma, a
associacao entre o PFC vaporizado e o liquido de preservacao pulmonar (baixo
potassio e dextran- LPD) teria o potencial de aumentar a protecdo de enxertos
pulmonares e melhorar a preservacao destes pulmdes quanto submetidos a

diferentes tipos de isquemia fria.

Além disso, o PFC vaporizado poderia atuar também como uma
substancia protetora na lesdo de isquemia e reperfusdo permitindo um melhor
desempenho dos enxertos e reducdo da atividade inflamatéria envolvida neste
processo. A comprovacao de tal efeito poderia resultar em beneficios diretos ao
processo de transplante pulmonar, através uma melhora da qualidade de
preservacao dos enxertos e menor complicacdes relacionadas ao processo de

isquemia e reperfuséo.
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4. OBJETIVOS

4.1 OBJETIVO GERAL

Testar a aplicabilidade do perfluorocarbono vaporizado na protecéo

pulmonar em diferentes modelos animais de lesédo pulmonar.

4.2 OBJETIVOS ESPECIFICOS

- Verificar se a utilizacdo do perfluorcarbono vaporizado em periodos
prolongados de isquemia reduz a atividade inflamatéria durante o periodo de

armazenamento do 6rgao.

- Avaliar o efeito protetor do perfluorocarbono vaporizado sobre o

pulm&o durante a lesdo de isquemia e reperfusao.
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Abstract: Ischemia-reperfusion (IR) injury is directly related to the formation of
reactive oxygen species (ROS), endothelial cell injury, increased vascular
permeability, and the activation of neutrophils and platelets, cytokines and the
complement system. Several studies have confirmed the destructive ness of the
toxic oxygen metabolites produced and their role in the pathophysiology of
different processes, such as oxygen poisoning, inflammation and ischemic
injury. Due to the different degrees of tissue damage resulting from the process
of ischemia and subsequent reperfusion, several studies in animal models have
focused on the prevention of IR injury and methods of lung protection. Lung IR
injury has clinical relevance in the setting of lung transplantation and
cardiopulmonary bypass, for which the consequences of IR injury maybe

devastating in critically ill patients.
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Introduction

The process of ischemia and subsequent reperfusion is present in many
medical situations such as major surgical procedures and organ transplantation.
This event may lead to devastating consequences in some patients; therefore,
the understanding of this process is extremely important in the seek for new
therapies and procedures that could reduce tissue injury (1).

Tissue damage to a particular organ when subjected to ischemia is
exacerbated at the moment of its reoxygenation during reperfusion, a process
that is considered to be more harmful than ischemia itself (2). This mechanism
of tissue injury is called reperfusion injury or ischemia-reperfusion (IR) injury
and consists of a complex pathophysiological phenomenon requiring the
presence of oxygen for its genesis, as well as the maintenance and activation of

vascular, humoral and cellular factors.

In its classical manifestation, occlusion of the arterial supply is caused by
an embolus or a plug, resulting in ischemia and consequently a serious
imbalance between the supply and metabolic demand, causing tissue hypoxia.
During reperfusion, the restoration of blood flow is often associated with an

exacerbation of tissue injury and an intense inflammatory response (3).

Ischemia directly affects cells and triggers a series of events due to a
lack of oxygen, resulting in different intensities of cellular damage and the

consequent activation of cytotoxic enzymes, ultimately culminating in cell death.

Oxidative phosphorylation does not occur in mitochondria during oxygen
deprivation; anaerobic glycolysis then begins to provide energy but is not
suitable for the replenishment of adenosine triphosphate (ATP). This ATP deficit
affects the active transport of ions across the membrane, leading to an
accumulation of sodium and, by diffusion, water inside the cell, with subsequent
edema. This imbalance also occurs within organelles, leading to the swelling

and disintegration of mitochondria and the expansion and formation of vesicles
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in the endoplasmic reticulum. The rupture of lysosomes and release of enzymes

contained therein represent the final events prior to cell death (4).

Reperfusion injury is directly related to the formation of reactive oxygen
species (ROS), endothelial cell injury, increased vascular permeability, and the

activation of neutrophils and platelets, cytokines and the complement system

(5).

When exposed to hypoxia, endothelial cells alter their cytoskeletal
morphology, forming small intercellular pores, and the presence of these pores
provides increased permeability of the endothelium, with the formation of tissue
edema (6). The worsening of perfusion is enhanced by an imbalance in the
production of vasoconstrictor and vasodilator factors. Hypoxic endothelium
shows increased production of potent vasoconstrictors (endothelin types 1, 2
and 3) and decreased production of vasodilators (nitric oxide) (2). These
changes initiated during ischemia, particularly in endothelial cells and
leukocytes, not only cause tissue injury but also create conditions that favor
future injury with the occurrence of reperfusion. Another effect that has been
demonstrated after a period of ischemia reperfusion is the impairment of certain
segments of the microcirculation, generating heterogeneity in the distribution of
blood flow, with focal tissue hypoxia. This phenomenon, called non-reperfusion

(no-reflow), is another mechanism of tissue injury after reperfusion (7).

Due to the complications of IR-induced injury, as well as its high
morbidity and mortality, several studies have investigated the pathophysiology
of IR injury in an attempt to prevent or reverse its deleterious effects.

Oxidative stress and ischemia-reperfusion

Oxidative stress has a role in the pathogenesis of several clinical
conditions, such as malignancy, diabetes mellitus, atherosclerosis, chronic
inflammation, infection with the human immunodeficiency virus and IR injury (8).

There are different pathways for the production of reactive oxygen species (9),
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especially via xanthineoxidase as the primary source of production in most
organs with systemic vasculature (10). ROS formation occurs in the
mitochondrial matrix through the electron transport chain due to the reduction of

molecular oxygen to superoxide radical (O2) (11).

When a tissue is subjected to ischemia, a sequence of chemical
reactions is initiated. Despite the lack of identification of a critical event
responsible for tissue damage, most studies have shown that the depletion of
energy and the accumulation of toxic oxygen metabolites (oxidative stress) can
contribute to cell death. Paradoxically, reperfusion quickly restores the energy
supply by removing toxic metabolites and preventing organ failure; however, it
also contributes and amplifies the mechanisms involved in ischemic tissue

damage (5).

During tissue ischemia, a reduction in the availability of ATP as a result
of the degradation on adenosine diphosphate (ADP), adenosine
monophosphate (12), adenosine, inosine and hypoxanthine occurs.

Furthermore, xanthine dehydrogenase is converted to xanthineoxidase.

This reaction can occur through two mechanisms: 1) xanthine
dehydrogenase can be reversibly converted to xanthineoxidase via theoxidation
of sulfhydryl groups; or 2) xanthine dehydrogenase can be irreversibly
converted to xanthine oxidase via proteolysis through proteases activated by
calcium, which is increased in the cytosol and derived from the extracellular

environment (5).

Xanthine oxidase relies on oxygen to metabolize hypoxanthine, and
when this is provided by reperfusion (reoxygenation), ROS molecules are

formed, with a large capacity to cause injury to tissue (5).

NADPH oxidase, an enzyme expressed in virtually all inflammatory cells,
contributes to the formation of cytotoxic peroxynitrite. Furthermore, hydrogen

peroxide (H20,) derived from the dismutation of Oresults in highly toxichydroxyl
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radical (OH") by the Haber-Weiss reaction, which is facilitated by the increased

availability of free iron during ischemia (13) (Figure 1).

Xanthinedehydrogenase uses nicotinamidedinucleotide phosphate
(NADP) andmay be irreversibly converted toxanthineoxidase. Additionally,
proteases are activated by calcium, which is increased in the cytosol. In the
presence of oxygen resulting from reperfusion, xanthineoxidase
(XO)metabolizes hypoxanthine, forming ROS. Hydrogen peroxide (H20,)
generates hydroxyl radical (OH), which is highly toxic, by the Haber-Weiss
reaction, whichis facilitated by the increased availability of free iron during
ischemia. The increase inROS resultsin major pulmonary tissue damage.

The importance of oxygen radicals in the pathophysiology of IR injury
was demonstrated after the injection of free radical scavengers or enzymes,
such as superoxide dismutase (SOD), catalase (CAT) and glutathione
peroxidase (GPX), preventing the damage that occurs during reperfusion (14)
(15).

Several studies have confirmed the destructiveness of the derived toxic
oxygen metabolites and their role in the pathophysiology of different processes,

such as oxygen poisoning, inflammation and ischemic injury (16) .

Oxidative stress and lung ischemia-reperfusion injury

The mechanisms of IR injury in the pulmonary parenchyma are similar to
reperfusion injury in other organs and include a significant involvement of ROS,
intracellular calcium influx, endothelial cell injury, leukocyte sequestration and
activation in the pulmonary circulation, activation of the complement system,

and the release of inflammatory mediators such as arachidonic acid metabolites

(2).

Pulmonary IR injury can occur due to trauma, atherosclerosis, pulmonary

embolism and surgical procedures, such as cardiopulmonary bypass (CPB) and
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lung transplantation (17). The latter is the most studied situation because it is
directly related to the incidence of early graft dysfunction and is responsible for
up to 20% of mortality in the early postoperative period (18, 19).

The IR-induced lung injury that occurs in the setting of lung transplantation is
characterized by edema, hypoxemia and pulmonary infiltrates on chest x-ray
(20).

This occurs mainly in post-capillary venules, increasing hydrostatic
pressure and favoring the formation of edema, which is facilitated by the
increased capillary permeability caused by endothelial injury. ROS have a key
role in the development of pulmonary injury (IR) (21, 22), which is characterized
by increases in ROS and other free radicals, with a crucial role in the sequence

of events leading to lung failure (23).

The IR phenomenon occurs in the heart, liver, kidney, gut, central
nervous system, skeletal muscles, and other organs (8). In these organs,
ischemia is accompanied by tissue anoxia until the reintroduction of oxygen
during reperfusion and is thus the equivalent IR anoxia-reoxygenation. Unlike
other organs, the lung is considered the only organ that can suffer ischemia
without hypoxia because alveolar oxygen helps to maintain aerobic metabolism,
thereby preventing hypoxia. Thus, the oxidative stress in the lung resulting from

ischemia should be distinguished from that resulting from hypoxia itself (24).

In the setting of lung transplantation, factors present in the pre-
reperfusion phase of the graft, such as brain death, pneumonia, mechanical
ventilation, aspiration, contusion, hypotension and cold ischemia, have been
recognized as aggravating IR injury through the activation of inflammatory
factors (24, 25).

Hypoxia and consequently anoxia result in a decrease in intracellular
ATP and an increase in ATP degradation products, such as hypoxanthine,
which generates ROS production when oxygen is reintroduced during

reperfusion and / or ventilation. During ischemia, this phenomenon may occur in
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the lung if the alveolar oxygen tension drops below 7 mmHg (26, 27). The
absence of pulmonary blood flow leads to lipid peroxidation, even in the
presence of oxygen. The mechanism of oxidative stress is different from what
occurs during anoxia-reoxygenation because it is not associated with decreased
ATP, and it may occur even during the period of cold ischemia in an organ

stored for transplantation (28).

In the lungs, ROS are related to the activation of inflammatory processes
through transcription factors such as nuclear factor-kappa B (NF-kB), leading to
chromatin remodeling and the expression of proinflammatory mediator genes
(29, 30). Intracellular ROS production has been observed in various cell types
of lung tissue, including endothelial cells, alveolar type Il epithelial cells, clara
cells, ciliated epithelial cells and alveolar macrophages (31). It is believed that
IR pulmonary injury is due to an increase in ROS, which triggers a response
from the graft, resulting in the activation of the adaptive immune response
(acute rejection) through the activation of antigen-presenting (32). Additionally,
the use of LPD (low-potassium dextran), a lung preservation solution, appearsto
decrease ROS production (33) and reduce the incidence of primary graft failure
through a reduction in ROS production from the pulmonary vasculature (34).

Systemic effects of ischemia-reperfusion injury

IR injury and multiple organ failure contribute significantly to mortality and
postoperative morbidity, and reperfusion induces the oxidative stress that plays
a key role in this pathology. Pulmonary IR injury induces systemic effects in the
liver and heart and is characterized by neutrophil sequestration and the release

of significant amounts of ROS into the circulation (35) (36).

However, the pulmonary system may also suffer consequences from IR
tissue located remotely (37): a single organ exposed to IR can subsequently
cause inflammatory activation in other organs, leading to the failure on multiple

systems. Importantly, ischemic syndromes are a heterogeneous group of
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conditions. Although there are some similarities in biological responses between
these syndromes that occur in different organs, there are important differences
between a reduction in systemic perfusion, e.g., during shock, compared with

regional ischemia and the reperfusion of a single organ (38).

During IR injury in the liver or kidney, the activation of intestinal
inflammatory responses triggers a sequence of events that leads to multi-organ
failure. The IR of peripheral organs (such as the liver) results in the activation of
intestinal Paneth cells and the subsequent release of cytokines such as IL-17,

causing failure inother systems, including the pulmonary system (39) (40).

The systemic inflammatory responses of mesenteric IR represent an
important model of severe disease because deficits in the intestinal mucosa
appear to be critical in the initiation and propagation of multiple organ failure
(41).

Using a mouse model of intestinal IR injury, Mura et al reported that
nearly 50% of the IR group animals died during the experimental period of 4 h.
The combined effects of intestinal IR, surgical procedure, the application of a
high oxygen concentration and mechanical ventilation may be responsible for
this high mortality rate. In this model, the lung was the most severely injured
remote organ (4). Additionally, a recent clinical study confirmed that respiratory
dysfunction following traumatic injury is an obligatory event that precedes heart,

kidney and liver failure (4, 47).

Recent studies also report that a activated neutrophils aggregate in the
sub endothelial space, where they release reactive oxygen species (ROS),
enzymes, and cytokines, causing direct renal injury and the recruitment of
monocytes and macrophages leading to further aggravation of the oxidative
injury (42) (43).

The antioxidant defense system
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An antioxidant is any substance that, even at low concentrations,
significantly delays or inhibits the oxidation of a substrate in an enzymatic or

non-enzymatic manner (44).

The organism's defense against ROS ranges from the prevention of ROS
formation to interception of the formed radicals to cell repair. Enzymes that
control the levels of ROS are glutathione peroxidase (GPx), superoxide
dismutase (SOD) and catalase (CAT), leading to the sequestration and
deactivation of ROS, which are neutralized to prevent the further oxidation of
other molecules. The final neutralization of a compound with one or more

unpaired electrons is the formation of another non-radical product.

Water-soluble radical compounds transfer the radical function away from
the potential target site and are called free radical scavengers. The combination
of a substance with a free radical leads to the formation of a non-radical or a

radical that is less harmful, for example, tocopherols and carotenoids (44).

Antioxidant therapy can be performed by the replacement of endogenous
antioxidants, such as recombinant superoxide dismutase [52], or by exogenous

supplementation of antioxidant agents, such as N-acetylcysteine (45).

However, the use of antioxidants in animal models of lung injury has
been little exploited in experimental and clinical studies,e.g., the use of N-
acetylcysteine (46), which has proven to be an important therapeutic potential

for use in IR lesion (47).

N-Acetylcysteine

Several authors have described different ways to increase the viability of
lung graft post-transplantation and to reduce the undesirable effects of IR injury,
including the use of antioxidants such as NAC and melatonin (47, 48).
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NAC (chemical formula CsHgNO3S; molecular weight 163.2) is a thiol
compound that contains a sulfhydryl group and is widely used in clinical
medicine (49).

NAC is a mucolytic that was first implemented for treating congestive and
obstructive lung diseases associated with hypersecretion. NAC is also used in
the treatment of adult respiratory distress syndrome and in cases of acquired
immunodeficiency in HIV infection (50). Its antioxidant activity is mainly
governed by two mechanisms: 1) direct reduction of H,O, and O," into less
reactive species, forming sulfur or cysteine radicals; 2) promotion of the
biosynthesis of GSH, which acts as a scavenger of free radicals and as a

substrate in the redox cycle of glutathione (51).

The loss of antioxidant capacity in an oxidized cell is mainly due to a
decrease inglutathione, which is the most abundant intracellular free thiol.
Oxidative stress in vivo is translated as a deficiency in glutathione or its
precursor, cysteine, and the most effective antioxidant that has been studied is

the NAC, a glutathione precursor (52).

Chemically, NAC is similar to cysteine, and the presence of this acetyl
environment reduces thiol reactivity compared to cysteine. Moreover, NAC is
less toxic and less susceptible to oxidation and dimerization and is more soluble
in water, making it a better source of cysteine than the parenteral administration
of cysteine (53). NAC provides protection mediated by administration of
lipopolysaccharide endotoxemia, resulting in a decrease in H,O,, and this was
directly related to its ability to reduce ROS rather than its function of promoting
the biosynthesis of glutathione (54). Many studies have demonstrated the
effects of NAC,mainly with regard tomodulating the activity of inducible nitric
oxide synthase (iINOS), reducing the formation of inflammatory cytokines and
inhibiting the action of neutrophils (55-58). Furthermore, NAC acts as a
"scavenger" of free radicals by inhibiting oxidative stress and preventing cell
death (59).
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Studies have demonstrated that treatment with NAC prior to lung warm
ischemia significantly attenuates inflammatory changes in both the ischemic
and reperfusion periods (60). NAC reduces the phosphorylation of IkB-a and p-
65, resulting in a decrease in apoptosis and inflammatory responses. The
intravenous administration of NAC demonstrates protective properties against
lung IR injury, and the use of NAC immediately after reperfusion potentiates its
protective effects (61).

Study of Wu et al, demonstrated that the NAC administration reduced
lung I/R-induced increases in myocardial hydroxyl radical production and lipid
peroxidation, and ameliorated LV contractility and stiffening (62).

This protective effect could be explained by NAC increasing GSH
synthesis or eliminating free radicals directly or both. The observed reduction in
malondialdehyde (MDA) levels is consistent with the potent antioxidant effects
of NAC, with a significant reduction in lipid peroxidation being reported by many
researchers (63) (64, 65).

Current studies suggest the use of isoprostane as a more specific index of oxidative stress

induced by ROS (66), (67) (68).

In experimental studies, treatment with NAC resulted in higher levels of

tissue GSH, which led to improved lung graft function (52, 69).

Calcium and sodium pump in ischemia-reperfusion injury

Ischemia causes an increase in calcium permeability by promoting its
entry into cells. Such an increase in intracellular calcium, which is enhanced by
a decrease in its active, ATP-dependent transport to the extracellular
environment, has several deleterious effects: a change in cell shape by
contraction of the cytoskeleton and phospholipase activation, with the

consequent release of the metabolite arachidonic acid from cell membranes
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and organelles, and the production of free radicals. All these effects contribute
to cell death (70).

In addition to the increase in intracellular calcium as a result of ischemia,
intracellular consumption occurs during the "storage” of ATP; hence, there is an
increase in anaerobic glycolysis products. Such an event impairs the
transmembrane ion gradient, with the consequent accumulation of sodium (Na
+) and water, leading to cellular edema and the swelling of organelles, such as
the mitochondria, culminating in cell lysis. Furthermore, the sodium pump
(Na'/K*ATPase) is inactive during ischemia, contributing to the disruption of the
ion gradient (71).

The accumulation of calcium ions (Ca™™) intracellularly as a consequence
of changes in the permeability of the plasma membrane and the decrease inits
active ATP-dependent transport results in the activation of phospholipases and
proteases (72). Proteases potentiate the effects of ROS on organelles by
converting xanthine dehydrogenase to xanthineoxidase, and phospholipases
activate the transformation of arachidonic acid into products such as
leukotrienes, prostaglandins and thromboxane (72).

Endothelium in lung IR injury

The endothelium is the main source of ROS during non-hypoxic
pulmonary ischemia through the activation of NADPH oxidase. This enzyme
complex is also found in other lung cells, but its concentration is more evident in
neutrophils, monocytes and alveolar macrophages. Cell stimulation during
ischemia results in the translocation of NADPH oxidase components to the cell
membrane, a site where integration occurs with membrane components to form
a system of electron transfer that catalyzes the reduction of molecular oxygen
(O2) to superoxide radical (O, ) while oxidizing NADPH. This increase in the
consumption of O, and production of O, are responsible for the "oxidative burst"
that results from the activation of NADPH. The Ojgenerated can be
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subsequently transformed into H,O, in a reaction catalyzed by SOD. Oxidizing
compounds are also produced by enzymes contained in intracellular granules.
Azurophilic granules release the enzyme myeloperoxidase (12), which during
neutrophil activation catalyzes the reaction between H,O, and chlorine to
produce hypocloridricacid, which is considered to be anextremely potent
oxidant. Furthermore, hypocloridric acid can react with amines, generating
chloramines, which are considered potent oxidants (73).

Based on previous studies that demonstrated the presence of the
enzyme xanthine dehydrogenase in endothelial cells and the ability of the cells
to release ROS, these authors studied the effect of the presence of activated
neutrophils in contact with these cells. They demonstrated that activated
neutrophils induce the conversion of xanthine dehydrogenase into

xanthineoxidase in endothelium (74).

Iron

Although iron is an essential element for all cells, it may be highly toxic
under pathophysiological conditions, such as in the presence of oxidative
stress, due to its oxidation-reduction properties (41).

The iron is mostly stored in ferritin molecules and is transported by
transferrin molecules. However, "free" iron exists and can participate in Fenton's
reaction, in which O, and H,O, react with iron and produce OH radicals. Iron is
released from ferritin and cytochrome P-450 during ischemia due to the effect of
acidosis and throughthe action of superoxide radical and proteolysis. Moreover,
when released into the circulation, iron can activate platelet aggregation. An
experimental model of lung IR injury using 3 hours of warm ischemia in dogs
showed that a new type of lazaroid is able to reduce iron-dependent lipid

peroxidation (75).
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Inflammatory mediators

Some inflammatory mediators released as a consequence of the
reperfusion of an organ or similar such region can activate endothelial cells in
distant organs that were not exposed to the ischemic insult but are injured as a

result of reperfusion injury.

Moreover, reperfusion injury is characterized by autoimmune responses,
including the recognition of natural antibodies and neoantigens and the
subsequent activation of the complement (autoimmunity) system (76). Despite
the fact that IR typically occurs in a sterile environment, the activation of innate
and adaptive immune response occurs and contributes to the injury, including
the activation of pattern recognition molecules, such as Toll-like receptors

(TLR), and the inflow of inflammatory cells in the injured organ (77).

For example, when TLRs recognize specific molecules, they trigger the
activation of signaling pathways, including the NF-kB activation of protein
kinase (MAPK) pathways and type | interferon, which results in the induction of
pro-inflammatory cytokines and chemokines. These receptors can also be
activated by endogenous molecules in the absence of microbial compounds,
particularly within the context of cell damage or death, as occurs during IR (78).
(Figure 2).

The recognition of “danger signals” by Toll-like receptors (TLRs) on the
surface of inflammatory cells leads to the activation of different signaling
pathways, including the NF-kB activation of protein kinase (MAPK) pathways
and type | interferon, which results in the induction of proinflammatory cytokines

and chemokines.

Specifically, the activation of TLR4 may be aggravated by the oxidative
stress generated during IR, which when recognized by inflammatory cells,
increases responsiveness to subsequent stimuli. Alveolar macrophages from
rodents subjected to hemorrhagic shock and resuscitation express increased

levels of TLR4, an effect that was inhibited by the addition of the antioxidant
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NAC with fluid resuscitation (77). Andrade et al. examined the levels of TLR
MRNA expression in lung tissue collected during IR in human lung
transplantation and found that the mRNA levels of most TLRs correlate with the
MRNA levels of cytokines (IL-1b, IL-6, IL-8, IL-10 and IFN-gamma)in the lungs
of donors during hypothermic storage. These observations suggest that
inflammatory responses in the donor organ can affect the expression and
activity of TLR genes; alternatively, the levels of expression and activation of
TLRs may contribute to the regulation of cytokine gene expression. In addition,
a close correlation between TL4 and IL-8 before and after reperfusion was
found, suggesting that this cytokine may be involved in the regulation of TLR4
gene expression in the setting of lung transplantation (79).

TNF-a (tumor necrosis factor a), ROS and interleukin-6 (IL-6) are
involved in the tissue damage that occurs during IR because they are toxic
molecules that alter cellular proteins, lipids and ribonucleic acids, leading to
cellular dysfunction or death (80). A further contribution to tissue injury
occurswhen the worsening of perfusion is potentiated by an imbalance in the
production of vasoconstrictor and vasodilator factors. The hypoxic endothelium
shows an increased production of potent vasoconstrictors (endothelin types 1, 2

and 3) and a decreased production of vasodilators (nitric oxide) (2).

The cellular damage generated by ROS in the lipid membrane promotes
the activation of phospholipase A2 by inducing the production of platelet
activating factor (PAF), which promotes the mobilization of arachidonic acid
from the phospholipids of cell membrane. Arachidonic acid is the substrate for
numerous enzymes and inside the lungs is primarily metabolized by two
enzymes, cyclooxygenase and 5-lipoxygenase, producing inflammatory
mediators. The cyclooxygenase pathway generates prostaglandins (PGE1 and
PGI2) and thromboxane (TXA 2), and the 5-lipoxygenase pathway produces
leukotrienes, such as leukotriene B4, C4, D4 and E4 (81, 82).

Pulmonary vascular resistance depends on the interaction between
vasoconstrictor and vasodilator factors. Most of the metabolites of arachidonic

acid are derived from endothelial cells and contribute to maintaining low
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vascular resistance in the lung. The effects of prostaglandins and thromboxanes
are antagonistic. Prostacyclin (PGI2) is a bronchodilator, a pulmonary
vasodilator and prevents platelet aggregation, whereas thromboxane A2 (TXA2)

is a broncho and vasoconstrictor and induces platelet aggregation (82).

Prostaglandins (PGE1 and PGI2) are associated with the following
effects: vasodilation and bronchodilation; the inhibition of platelet aggregation,
leukocyte adhesion and sequestration; and the suppression of proinflammatory
cytokine (TNF-a, IL-1, IL-6)production (12, 83, 84).

PAF can be released from various cells, such as macrophages, platelets,
mast cells, endothelial cells and neutrophils, and is responsible for leukocyte
activation, platelet aggregation, cytokinerelease and adhesion molecule
expression (85). PAF acetylhydrolase is responsible for the degradation and
regulation of the activity of PAF, and high levels of this enzyme were found in
the bronchoalveolar lavage of patients with ARDS (86). Furthermore, it has
been observed that when added to a lung preservation solution in an isolated
perfused rat model, the substance has the ability to reduce pulmonary capillary
permeability (87).

Leukotrienes, products of arachidonic acid metabolism by the 5-
lipoxygenase pathway, are divided into two classes: cysteine (LTC4, LTD4, and
(LTE4) and non-cysteine (LTB4). LTB4, a potent proinflammatory activator of
leukocyte chemotaxis that has an important role in lung IR injury, is produced by

monocytes, lymphocytes, mast cells and lung macrophages (88).

Vascular endothelial growth factor (VEGF) and its receptor are central to
the regulation of vascular permeability and the survival of endothelial cells.
Mura et al suggested that VEGF may have dual roles in LPA-induced intestinal
IR. The early release of VEGF can increase pulmonary permeability, where as a
decrease in the expression of VEGF and VEGFR-1 in lung tissue could

contribute to the death of alveolar epithelial (4).
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Nitric oxide

Nitric oxide (NO) plays an important role in vascular homeostasis due to
its potent vasoregulatory and immunomodulatory properties. It is known that NO
attenuates the capillary overflow and tissue damage observed in animal models
of pulmonary IR, myocardial and cerebral ischemia by inhibiting the adhesion of

neutrophils and the production of superoxide by neutrophils (89).

NO is considered to be anoptimal transcellular messenger due to its
lipophilic nature and short half-life in biological systems, approximately 3 to 30
seconds (90).

NO is also a key biological mediator produced by various cell types,
including vascular endothelium, is an inhibitor of platelet aggregation and
neutrophil adhesion and modulates vascular permeability. Additionally, NO acts

as a bronchodilator and neurotransmitter (84).

After pulmonary IR, the levels of endogenous NO are reduced. This may
be associated with the increased expression of eNOS, which may suggest that
endogenous NO production can be readily attenuated by free radicals after
reperfusion and / or because IR can induce the generation of NOS inhibitors
(91) (92).

The decreased production of endogenous NO by the immediate reaction
of NO with the radical superoxide results in the production of a powerful oxidant,
peroxynitrite (OONO). Such a loss of the protective action of NO will result in

endothelial dysfunction (90).

Leukocyte activation

IR injury in lung transplantation has a biphasic pattern. The early phase
of reperfusion is mainly dependent on the characteristics of the donor, where as

the late phase is dependent on the characteristics of the recipient, lasting 24
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hours. Donor macrophages activated during ischemia are the mediators of the
early phase; lymphocytes and neutrophils from the recipient are mainly involved
in the late phase. The recruitment of these cells occurs through the release of

cytokines and other inflammatory mediators before and after reperfusion (93).

Alveolar macrophages produce large amounts of cytokines and
procoagulant factors in response to oxidative stress. The importance of tumor
necrosis factor alpha (TNF-a), interferon gamma (INF-y) and chemo attractant
protein-1 macrophage (equivalent to human IL-8) in the early phase of graft

reperfusion was shown in a rat lung IR model (94).

Lymphocytes play an important role in pulmonary IR injury. The lung
contains a large amount of donor macrophages and activated lymphocytes
represented by T and natural killer cells, which are responsible for the graft-host
immune response but also have beneficial immunomodulatory effects (95). In a
rat lung transplant model, it was observed that CD4+ T lymphocytes are the
mediators of IR injury and infiltrate the graft an hour after reperfusion,
consequently increasing the production of IFN-y; furthermore, it was suggested
that this effect is independent of neutrophil recruitment and (24).

The role of leukocytes in lung reperfusion injury is due to the release of
substances during their own degranulation, some of which are free radicals.
Polymorphonuclear neutrophils possess nicotinamide adenine dinucleotide
phosphate oxidase (NADPH oxidase), which is capable of reducing molecular

oxygen and generating superoxide anion (96).

These cells also secrete myeloperoxidase enzyme, which catalyzes the
formation of hypochlorous acid (HOCI) from the oxidation of chloride ion in the
presence of hydrogen peroxide. HOCI reacts with amines, generating
chloramines, potent oxidants (97).

Neutrophils have the characteristic of infiltrating the transplanted lung
progressively during the first 24 hours after reperfusion. Although these cells
have an important role in the late phase of reperfusion injury, their role in the
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early phase is less well known. Deeb et al. demonstrated that reperfusion injury
in the first four hours depends of the presence of neutrophils, with macrophages
also having an important role of at this stage; none the less, after this

period,neutrophils are the primary mediators (98).

Apoptosis and lung ischemia-reperfusion injury

Apoptosis is an active process, the hall mark of which is the controlled
autodigestion of cellular constituents due to the activation of endogenous
proteases and can be metaphorically be compared to "cell suicide". The
activation of these proteases compromises the integrity of the cytoskeleton,
causing the collapse of the cell structure. In response to the contraction of the
cytoplasmic volume, the cell membrane forms bubbles, with changes in the

positioning of the lipid components (99).

Nuclear NF-kB transcription is regulated by the inhibitory action of
inhibitor of kB (IkB), which is targeted for degradation via phosphorylation by the
action of IkB kinases(IKKa, IKKB) (100). Inflammatory signaling activates a
cascade of events, such as the phosphorylation of the TNF receptor, leading to
the activation of transforming-growth factor b-activated kinase 1 (TAK1).
TAK1phosphorylatesthe IKK complex and then phosphorylates IkBa, resulting
in the ubiquitination and dissociation of IkBa from NF-kB and IkBa degradation
by the proteasome. NF-kB translocates to the nucleus and binds to specific
DNA regions, initiating the transcription of multiple genes, including cytokines,

chemokines and other inflammatory mediators (101).

Unlike what occurs with necrosis, apoptosis or programmed cell death
does not occur during ischemia, but a peak of does occur during reperfusion
(100). The induction of apoptosis can occur through two pathways. The intrinsic
pathway is dependent on mitochondria and is activated by ROS, where as the
extrinsic pathway is dependent on inflammatory molecules, such as TNF-a.

However, by activating the production of ROS via the NADPH oxidase pathway,
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TNF would also contribute to the intrinsic pathway (102). Both pathways
promote the activation of caspases and proteases responsible for the cleavage
of specific cellular substrates, which results in changes in cellular configuration,
changes in membrane permeability and DNA fragmentation, with consequent
cell death (103). The intrinsic pathway is activated in the early phase of
reperfusion, and the extrinsic pathway can be activated up to a few hours after
reperfusion (104). (Figure 3).

Phosphorylation of the TNF receptor (TNFR1 and TNFR2) leads to the
activation  of  transforming-growth ~ factor  b-activated  kinase 1
(TAK1),whichphosphorylates the protein IkBa, resulting in ubiquitination and
leading to the dissociation of IkBa fromNF- kB. TAKlalso leads to degradation
of IKKa and IKKb, releasing two subunits of p50 and p65; NF-kB translocatesto
the nucleus, initiating the transcription of multiple genes, including cytokines,
chemokines and other inflammatory mediators. This occurs concomitant with
the induction of apoptosis by the activation and induction of two pathways: the
mitochondria-dependent intrinsic pathway is activated by ROS, and the extrinsic
pathway is dependent on inflammatory molecules, such as TNF-a. The intrinsic
pathway is activated in the early phase of reperfusion; the extrinsic pathway can

be activated up to a few hours after pulmonary IR.

Apoptosis is regulated by a cascade of proteins called caspases, which
are apoptosis effector proteins present in all cells. After cleavage, caspases

become active and initiate pathways leading to apoptosis (105).

The following are features of apoptosis: chromatin condensation,
phosphatidylserine exposure on the cell surface, cytoplasmic shrinkage, the
formation of apoptotic bodies and fragmentation of DNA (106). As opposed to
necrosis, which also occurs in the absence of ATP, apoptosis is an energy-

dependent process (107).

Forgiarini et al demonstrated that the duration of ischemia has a direct

effect on the viability of lung cells using an experimental model of lung IR. The
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increase in caspase 3 activity reflected a larger number of apoptotic cells after

45 minutes of ischemia (108).

The signaling pathway that leads to programmed cell death is maintained
by positive and negative regulators, and the balance between these factors
decides whether the cell survives or undergoes apoptosis. The proteins that
promote survival are the antiapoptotic proteins Bcl-2 and Bcl-xL, where as
proapoptotic proteins Bax, Bad, Bak and Bid induce programmed cell death
(109).

An important regulator of apoptosis following DNA damage is p53, which
can induce Bax and Bak, regulating the release of cytochrome C from
mitochondria and thereby initiating the cascade leading to apoptosis (110).
Cytochrome C binds to apoptotic protease activating factor 1 (Apaf-1),
activating caspase 9, which in turn cleaves caspases 3 and 6 (111, 112),

leading to cell death (Figure4).

An important regulator of apoptosis is p53, which can induce Bax and
Bak, which regulate the release of cytochrome C from mitochondria, thereby
initiating the cascade that leads to apoptosis. Cytochrome C binds to apoptotic
protease activating factor 1 (Apaf-1) to activatecaspase 9,which cleaves
caspases 3 and 6, leading to cell death.

Prevention and treatment of pulmonary IR injury

Major advances in our understanding of the mechanisms of reperfusion
injury and the development of strategies to increase tissue resistance to
ischemia or to attenuate reperfusion injury have occurred. For example,
experimental studies of adaptive responses induced by hypoxia have provided

strong evidence for new treatment approaches in IR (38).

The tissue damage is not limited only to ischemia and may extend or

worsen with reperfusion, and recognizing this is important for carefully reversing
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ischemia, which is a critical point for maintaining tissue viability under damaging
conditions (20).

Because of the pulmonary damage that IR causes, many studies in
animal models have focused on the prevention of IR injury and the improvement
of lung preservation methods (113-115), such as the use of lung hyperinflation
(26, 116), hypothermic preservation (117), different lung preservation solutions
(118, 119), retrograde pulmonary perfusion (118, 119), liquid ventilation [134]
and perfluorocarbon (120, 121). These are in addition to the use of vasodilators
(122, 123) antioxidants (124) gene therapy (125), inhaled nitric oxide (89), and
ischemic preconditioning (PCI) (126).

All therapeutic options tested by different methods attemptto minimize or
prevent the cell death that occurs during IR and consequently activate the
various pathways of cell death, which can be categorized as necrosis, apoptosis
or cell death associated with autophagy. Necrosis is characterized by the
swelling of cells and organelles with the subsequent rupture of membranes and

the surface and the shedding of intracellular contents (127).

Necrotic cells are highly immunostimulatory and cause inflammatory cell
infiltration and cytokine production. In contrast, apoptosis involves a cascade of
caspase signaling that induces programmed cell death, which is characterized
by cell and nuclear shrinkage, though the integrity of the plasma membrane
persists until the end of the process. Different studies have investigated whether
the inhibition of apoptosis may become a promising therapeutic strategy for lung
ischemia-reperfusion injury (128, 129)

Some studies have investigated whether mice with a disruption in the
gene encoding IKKb, the catalytic subunit of IKK that is essential for the
activation of NF-kB, can provide an opportunity to study the effects of
preventing the activation of NF-kB. However, this manipulation results in
embryonic lethality due to massive apoptosis in the developing liver driven by
NF-kB(130). Ishiyama et al (131) studied the inhibition of NF-kB activation by

applying inhibitors that prevented IkB phosphorylationand showed an increase
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in the oxygenation of the transplanted lung and reductions in pulmonary edema,
neutrophil aggregation and apoptotic cells after experimental lung
transplantation.

Chang et al (103), demonstrated that the inhibition of NF-kB attenuates
IR injury, as it is responsible for a reduction in cytokine production. In their
study, the activation of NF-kB was responsible for the increased expression of

caspase 3 and iNOS.

Another study on intestinal ischemia and reperfusion showed that
although IKKb deficiency in enterocytes is associated with a reduction in
inflammation, severe apoptotic damage occurs in the mucosa. Thus, attempts
to inhibit the activation the NF-kB pathway are associated with the prevention of

systemic injury but consequently increase local inflammation injury (132).

Certain calcium channel blockers are also used, such as verapamil,
which has a protective effect during lung ischemia-reperfusion (133). In 1989,
Wang et al. demonstrated that lung preservation at 10°C was greater than at
15°C and 4°C but that 4°C was a more appropriate temperature for the

functioning of the sodium pump (Na*/K*ATPase (70).

Torres et al. suggested that the presence of LPD preservation solution in
the systemic blood increases the plasma’s total antioxidant potential, both in the
presence and absence of a lung ischemic event. A decrease in erythrocyte LPD

was also observed in the presence of lung ischemia (33).

Other evidence suggests that TLRs are involved in IR injury of different
organs. In a study of myocardial ischemia-reperfusion injury, two strains of
TLR4-deficient mice (C57/BL10 SCCR and C3H/HeJ) showed significantly
smaller areas of myocardial infarction than control strains (C57/BL10 ScSn and
C3H/OuJ). The TLR4-deficient mice also showed reduced neutrophil infiltration,
reduced lipid peroxidation and reduced complement deposition in cardiac
tissues (134) (135).
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Some studies have used NO as an additional substance for lung
preservation, and this has been shown to be effective in reducing the damage
of reperfusion injury in various animal models (136-139). However, the use of

NO during lung reperfusion did not decrease pulmonary edema in a
randomized clinical trial (89). In another study of 84 patients undergoing lung
transplantation, the use of NO during reperfusion showed no benefit with
respect to hemodynamics, extubation, the incidence of IR injury or the length of
hospital and ICU stay (140). Ardehali and colleagues (141), demonstrated a
benefit with the use of inhaled NO postoperatively a subgroup of patients who

developed IR injury despite not decreasing its incidence (141).

Conclusion

Over the years, several studies have investigated possible therapeutic
alternatives that are deemed safe and with proven clinical efficacy. Although
these alternatives may act directly on tissue damage triggered by ischemia and
reperfusion, clear safety and effective evidence have yet been clinically

demonstrated.

Future perspectives

The search for different methods of lung protection is necessary and
indispensable for testing different pharmacological approaches in an attempt to

provide better therapeutic strategies for IR injury.
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Resumo:

A instilacdo de perfluorocarbono (PFC) liquido tem sido estudada
experimentalmente como uma substancia adjuvante na preservacdo de
enxertos pulmonares durante o periodo de isquemia fria. O objetivo deste
estudo é avaliar se o PFC vaporizado também atuaria como protetor de
enxertos pulmonares em diferentes tempos de isquemia fria. Realizamos
andlise histologica e dosamos estresse oxidativo em pulm&es de animais que
receberam somente solucao de preservacdo com baixo potassio dextran (LPD)
ou PFC vaporizado associado a LPD. Concluimos que o PFC vaporizado reduz
a producdo de radicais livres e provoca menos alteragcdes estruturais

pulmonares decorrentes do periodo de isquemia fria.

Abstract

Liquid perfluorocarbon (PFC) instillation has been studied experimentally as an
adjuvant therapy in preservation of pulmonary grafts during the cold ischemic
period. The objective of this study was to evaluate whether the vaporized PFC
would also act as a protective substance of pulmonary grafts in different times
of cold ischemia. We performed histological analysis and we measured
oxidative stress in lungs of animals that received only preservation solution with
low potassium dextran (LPD) or vaporized PFC associated with LPD. We
conclude that the vaporized PFC reduces the production of free radicals and
causes fewer pulmonary structural changes resulting from the cold ischemic

period.

Descritores: Isquemia/ reperfuséo; Perfluorocarbono; Transplante pulmonar;

Estresse oxidativo

Keywords: Ischemia/reperfusion; Perfluorocarbon; Lung Transplantation;

Oxidative Stress
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Introducao

Diferentes métodos e substancias tem sido testados experimentalmente
para melhorar a preservacdo pulmonar durante o periodo de isquemia fria,
como surfactante pulmonar, perfluorocarbono liquido, inibidores do
complemento, sulfureto de hidrogénio inalado, nitritos, 6xido nitrico inalado (1,
2). No entanto, o método de preservacdo pulmonar para transplante ainda
continua sendo a utilizacdo de solucéo fria de LPD por via da artéria pulmonar
(perfusédo anterégrada) e/ou veias pulmonares (perfuséo retrégada), associado
ao uso de vasodilatadores pulmonares e armazenamento do pulméo em estado
semi-inflado com oxigénio (2). O uso de PFC vaporizado parece ser uma
alternativa interessante na preservacao pulmonar para transplante, uma vez
que seu uso em estado liquido tem demonstrado protecdo aos pulmdes
transplantados antes e apds a reperfusdo (3-5). Os potenciais beneficios do
PFC vaporizado na preservacdo pulmonar seriam sua capacidade de
transportar oxigénio e dioxido de carbono e por possuir propriedades anti-
inflamatorias e anti-oxidantes (6-8). Além disso, na sua forma vaporizada, o
PFC é facilmente distribuido a todo o pulm@o em uma forma mais uniforme e
sobretudo ndo apresenta as dificuldades de ventilagdo daqueles pulmdes
enxarcados com PFC liquido. Para verificar os efeitos do PFC vaporizado
durante a preservacao pulmonar utilizamos um modelo animal de isquemia fria
para analise do estresse oxidativo e das alteracfes histolégicas nos pulmdes
preservados em diferentes periodos de tempo. Este foi um estudo experimental
controlado envolvendo ratos Wistar com um peso corporal médio de 300 g.
Todos os animais foram tratados de acordo com o Codigo Etico da
Organizacdo Mundial de Saude para Experimentacdo Animal. Os animais
foram divididos em 8 grupos, cada um compreendendo 6 animais de acordo
com o procedimento cirdrgico: PFC + LPD 3 horas, PFC + LPD 6 horas, PFC +
LPD12 horas, PFC + LPD 24 horas, LPD 3 horas, LPD 6 horas, LPD 12 horas,
LPD 24 horas. Em ambos o0s grupos, utilizou-se uma dose de 7mL/Kg de PFC
vaporizado em céanula de traqueotomia conectada a um equipamento de
anestesia, apos o periodo de reperfusdo de 120 min, os animais foram

sacrificados apOs terem sido anestesiados com cetamina i.p. (100 mg/kg) e
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xilazina (50 mg/kg). Posteriormente, realizou-se uma laparotomia ventral
média. Os pulmdes foram removidos e fixados em para formaldeido a 4% para
andlise histologica e armazenados a -80°C para posteriormente quantificar as
substancias reativas ao acido tiobarbiturico (TBARS) e avaliar a atividade da
enzima antioxidante superéxido dismutase (SOD) e catalase (CAT). Para
realizar a analise bioquimica, o tecido pulmonar foi homogeneizado (12), apos
o qual os niveis de proteina foram quantificados de acordo com Lowry et al. (9).
A medicdo do TBARS foi realizada conforme estabelecido pela Buege & Aust.
(10) e a determinacdo da atividade de SOD foi realizada de acordo com a
técnica descrita por Misra & Fridovich (11). A analise da atividade da catalase
foi baseada na mensuracdo da reducdo do peroxido de hidrogénio (12). As
amostras para andlise histologica do tecido pulmonar foram coletadas e
armazenadas durante 12 horas em solucao de formaldeido a 10%, transferidas
para alcool a 70% e coradas com H&E. O exame anatomopatologico foi
realizado por um patologista de forma cegada. Os dados foram analisados
utilizando o software estatistico SPSS verséo 22.0 (SPSS Inc., Chicago, lllinois,
EUA). Utilizou-se ANOVA seguida do teste post-hoc de Tukey, no caso de
variancias desiguais ou distribuicdo anormal, foi realizado um teste n&o-
paramétrico de Kruskal-Wallis, seguido de testes U de Mann-Whitney para
comparacoes intergrupos. Em todas as comparacfes, o nivel de significancia
foi estabelecido em 5%. Os pulmbdes preservados por 3 e 6 horas, utilizando
uma dose de 7mllkg de PFC vaporizado, apresentaram um aumento
significativo da concentracdo da enzima superéxido dismutase quando
comparada ao grupo LPD. Nao verificamos uma diferenga significativa nos
niveis de TBARS e CAT entre os grupos (Tabela).

Tabela- Comparacao entre o grupo PFC + LPD e o grupo LPD em relacao a

peroxidacao lipidica, catalase e superoxido dismutase.
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TBARS CAT 50D
nmol/me proteina  pmoles/me of proteina |U/mg proteina

PFC+LFD 3 0,140 = 0,055 0,112 = 0,098 4938 = 1,137
PFC+LFDEG 0,372 + 0,049 0,179 + 0,055 3,641 = 1,364
PFC+LPD 12 0,585 = 0,038 0177 = 0,071 3,540 £ 1312
PFC+LPD 24 0,838 += 0,031 0,125 + 0,072 4610 + 1,499
LPD 3 0421 = 0241 0,114 = 0,067 2674 = 0222
LFDGB 0,154 + 0,030 0,073 = 0,012 2,434 + 0,030
LFD 12 1,498 = 0527 0,086 * 0,057 2,940 = 0,257
LPD 24 0,917 += 0,360 0,056 + 0,009 3,776 = 1,496

TBARS: substancia reativas ao acido tiobarbittrico; CAT. catalase; SOD: enzima
superdxido dismutase, Valores expressos como media + DE."p =0.05. " PFC + LPD 3 vs,
LPD3and* PFC+ LPD 6 ys LPD 6.

Na histologia evidenciamos a presenca de infiltrado intersticial, processo
inflamatério cronico intersticial e atelectasias nos pulmdes dos grupos
preservados por 3, 6, 12 e 24 horas no grupo LPD. No grupo PFC + LPD
observamos apenas a presenca de atelectasias, o que demostra que a
utilizacdo de PFC vaporizado reduz o dano estrutural pulmonar durante os

diferentes tempos de isquemia fria. (Figura).
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<

FIGURA: Fotomicrografias de amostras do tecido pulmonar ap6s 24 horas
de isquemia fria. Presenca de maior processo inflamatorio em pulméao
perfundido com LPD quando comparado a pulmédo submetido a PFC

vaporizado e LPD. (20X) LPD: Baixo Potéssio e Dextran; PFC + LPD: Perfluorocarbono +

Baixo Potassio e Dextran

Nossos resultados mostraram que o PFC vaporizado administrado
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concomitantemente com a ventilacdo mecanica foi capaz de reduzir o estresse
oxidativo no periodo inicial de isquemia fria em até 6 horas de preservacdo
pulmonar, comprovando entdo o seu efeito anti-oxidante. Achados semelhantes
foram obtidos por Forgiarini et. al, que avaliaram o efeito do PFC liquido em um
modelo de transplante pulmonar em ratos, neste estudo os autores avaliaram
estresse oxidativo em diferentes tempos de isquemia e também apdés o
transplante pulmonar, onde encontraram um aumento da atividade de SOD e
sem diferencas significativas com relacdo aos niveis de TBARS (4). O PFC
liguido tem a caracteristica de manutencdo da estrutura alveolar, mesmo
guando submetido a lesdo pulmonar em modelo de isquemia e reperfusao por
clampeamento do hilo pulmonar (3) ou modelo de transplante pulmonar (4).
Forgiarini et al testaram diferentes doses de PFC liquido e demonstraram que
utilizando uma dose de 7ml/kg havia uma melhor manutencdo da estrutura
alveolar sem rompimento de septos alveolares. Nosso estudo demonstrou que
mesmo em estado de vapor o PFC apresenta propriedades semelhantes ao
PFC na protecdo da estrutura alveolar. Apesar dos resultados preliminares do
nosso estudo, esta é primeira vez que o PFC vaporizado foi testado como
substancia adjuvante na preserva¢ao pulmonar durante o periodo de isquemia
fria, sugerindo que h& protecdo da estrutura alveolar e propriedades anti-
oxidativas. Por isso faz-se a necessidade de estudos mais detalhados em
relacdo a verdadeiro papel do PFC vaporizado tanto na preservacao pulmonar

para transplante como também na fase de reperfuséo pds transplante.
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Abstract

Objective: To verify the effects of vaporized perfluorocarbon (PFC) administered
before and after reperfusion in an animal model of lung ischemia reperfusion
injury.

Methods: Twenty-four male Wistar rats were subjected to an experimental
model of lung ischemia-reperfusion injury. The animals were divided in four
groups: Sham, ischemia-reperfusion (IR), vaporized perfluorocarbon pre-
ischemia-reperfusion (PFC PRE-IR) and vaporized perfluorocarbon post-
ischemia-reperfusion (PFC POST-IR). We recorded hemodynamics
parameters, blood gasesand histology. Western Blot assay was used to
measure INOS, interleukin 6, Caspase 3 and NF-kB (sub-unit p65) activity;
evaluation of lipid peroxidation and activity of antioxidants enzymes.

Results - There was a significant increase in NF-kB expression in PFC PRE-IR
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and PFC POST-IR groups vs sham group (p<0.05) and an increase in IL-6
expression in the IR group vs SHAM group (p<0.05), however in the other
groups the PFC attenuated the IL-6 expression when compared to IR group
(p<0.05). In groups PFC PRE-IR and PFC POST-IR we observed a reduced
caspase 3 expression vs IR group (p<0.05). There was an increase in iINOS
expression in the IR group vs group SHAM (p<0.05). The PFC attenuated the
INOS expression in the PFC PRE-IR group when compared to IR group
(p<0.05). We observed a significant decreased in PaO, levels in the IR vs
SHAM group (p<0.05) and subsequent increase in PaO; levels in PFC POST-IR
group (p<0.05).

Conclusion: Vaporized PFC has protective effect on lung tissue, reducing the
inflammatory response caused by IR injury.

Keywords: Reperfusion Injury; Lung Injury; Fluorocarbons; Pulmonary Surgical

Procedures; Thoracic Surgery; Models, Animal
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Introduction

The process of ischemia and subsequent reperfusion is present in many
medical situations such as major surgical procedures and organ transplantation.
This event may lead to devastating consequences in some patients; therefore,
the understanding of this process is extremely important in the search for new

therapies and procedures that could reduce tissue injury (1-3).

Pulmonary ischemia during donor organ retrieval and transplantation is
associated with ischemia-reperfusion injury (IR), resulting in endothelial cell
damage, increase in reactive oxygen species (ROS), surfactant dysfunction (4,
5) and induction of pro-inflammatory signaling pathways (6) that may lead to
apoptosis and eventually cell death. Additionally, tissue damage is not limited to
ischemia and may extend or worsen with reperfusion, therefore its prompt
recognition is important in order to minimize the deleterious effects of this

process, which is fundamental to the maintenance of tissue viability (7-10)

Liquid perfluorocarbon (PFC) administered endobronchially or vaporized
has been studied as a lung protective substance in humans with acute
respiratory distress syndrome (ARDS) and in different models of lung injury . At
present, the so-called partial liquid ventilation with PFC as an alternative to
conventional mechanical ventilation has been clinically banned due to the
scarce lack of data supporting its benefits in critically ill patients (11). However,
the use of vaporized PFC in lung injury models has shown to reduce lung
damage and improve pulmonary oxygenation withoutthe undesirable effects of
its liquid state into the lungs (12, 13).

The objective of this study is to verify the effects of vaporized
perfluorocarbon (PFC) administered before and after reperfusion in an animal
model of lung ischemia reperfusion injury and evaluate whether the use of
vaporized perfluorocarbon reduces inflammatory response and apoptosis

formation.
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Material and Methods

Animal Model

Animals weighing 250 — 300g were handled in accordance with the
Animal Welfare Act and the Guide for the Care and Use of Laboratory Animals
(NIH Publication 86-23, revised 1996). The Ethical Committee of the Hospital of
Clinicas, approved the experimental protocols. Twenty four male Wistar rats
were randomized in 4 groups (n = 6) according to the surgical procedure:
SHAM group, ischemia-reperfusion group (IR), vaporized perfluorocarbon pre-
ischemia-reperfusion group (PFC PRE-IR), vaporized perfluorocarbon post-
ischemia-reperfusion group (PFC POST-IR).

The animals were anesthetized with ketamine (100 mg/kg) and xylazine
(15 mg/kg) via intraperitoneal injections, trichotomizedand underwent cervical
tracheotomy with a plastic cannula (Abbocath #14, Abbott Laboratories, Abbott
Park, IL, USA).The anesthesia was maintained with one-third of the initial dose
each 30 minutes. Rats were mechanically ventilated using a volumetric
ventilator (Harvard Rodent Ventilator, model 683; Harvard Apparatus Co. Millis,
MA, USA). The ventilator was set to a tidal volume of 10 mL/kg of body weight,
a respiratory rate of 70-80 breaths/min, a fraction of inspired oxygen of 0.2

(room air) and a positive end expiratory pressure of 2cmH-0.

The animals were submitted to a left thoracotomy as described
elsewhere. Just before selective arterial clamping, lung expansion was
achieved through occlusion of the expiratory valve for three inspiratory cycles,
in order to avoid atelectasis(14). During the clamping of the pulmonary artery,

the animal was maintained on mechanical ventilation in both lungs.

Mean systemic arterial pressure (MAP) was measured through
cannulation of the right carotid artery just after tracheal cannulation (Sirecust
730; Siemens, Solna, Sweden).The same cannula was used for collecting blood

samples for arterial blood gas analysis (Blood Gas Analyzer, Siemens Bayer
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865, Siemens, Solna, Sweden). The MAP was measured during all long the
experiment. Two blood samples were collected. One before thoracotomy and
another at the end of two hours of reperfusion or as occurred at the SHAM
group two hours after hilar manipulation. The MAP was measured during all

long the experiment.

In the SHAM group after tracheotomy and cannulation of the right carotid
artery the animals were submitted to a left thoracotomy in the fifth intercostal
space, the pulmonary ligament was sectioned, and subsequently, the left
pulmonary hilum was isolated. In the IR, PFC PRE-IR and PFC POST-IR
groups was performed the same procedure as described above. Afterwards, we
clamped the pulmonary artery using a vascular microclip (Vicca Neuroclip,
Cachoeirinha, RS, Brazil) for 45 minutes. In the PFC PRE-IR and PFC POST-IR
group, we performed the same surgical procedure as described to the IR group.
However in both groups we used a dose of 7mL/Kg of vaporized PFC in the
tracheotomy cannula, before (PFC PRE-IR) and after (PFC POST-IR) the IR
injury. The PFC PRE-IR group was ventilated with vaporized PFC for 30
minutes before left pulmonary hilum clamping. Just after clamp release the PFC
POST-IR group was ventilated with vaporized PFC for two hours. After the 120-
min period of reperfusion (IR, PFC PRE-IR and PFC POST-IR) or observation
(15), the animals were sacrificed. Thus, the left lung was removed and stored at
-80°C or stored in 10% formalin.

Thiobarbituric Acid Reactive Substances (TBARS)

The tissue samples were placed in assay tubes, to which were added
0.75 mL of 10% trichloroacetic acid, 0.25 mL of the homogenate, 0.5 mL of
0.67% thiobarbituric acid and 25 mL of distilled water. Each tube was agitated
and heated to 100°C, after they were cooled in ice 1.5 mL of n-butyl alcohol
were added. Subsequently, each tube was agitated in the Vortex (Biomatic,
Porto Alegre, RS, Brasil), agitated for 45s and centrifuged for 10 min at 3,000
rom (1,110 x g). Finally, the stained product was removed and read in a

spectrophotometer (CARY 3E UV-Visible Spectrophotometer; Varian, Palo Alto,
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CA, USA) at a wavelength of 535 nm. The concentration of TBARS obtained

was expressed as nmol/mg of protein (16).

Superoxide Dismutase

Cytosolic superoxide dismutase was assayed according to Misra and
Fridovich at 30° (17). The rate of auto-oxidation of epinephrine, which is
progressively inhibited by increasing amounts of SOD in the homogenate, was
monitored spectrophotometrically at 560 nm. The amount of enzyme that
inhibits epinephrine autooxidation at 50% of the maximum inhibition was
defined as 1 Unit of SOD activity.

Western Blotting

Lung homogenates were prepared from frozen lungs (-80°C) using tissue
lysis buffer (50 mM TRIS pH 8.0, 5 mM ethylenediamine tetraacetic acid, 150
mM NaCl, 1% NP40, 0.5% sodium deoxycholate, 0.1% SDS), and a protease
inhibitor cocktail (Sigma®©). The lysates were clarified by centrifugation at
13,000 g for 15 min at 4°C; 10-30 g of protein was separated by either 10% or
15% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and analyzed for NFkB p65 (NFkB p65 (F-6): sc-8008), IL-6 (10E5): sc-57315),
caspase-3 (H-277: sc-7148) and iINOS (NOS2 (C-11): sc-7271) - (Santa Cruz
Biotechnology, Santa Cruz, CA) expression by immunoblot analysis. Band
density was determined using a GS-700 Imaging Densitometer and analyzed
with Quantity One Software (Bio-Rad Laboratories, Hercules, CA) (18, 19).

Caspase-3 Imunofluorescence

Active caspase-3 was performed utilizing an EnVision visualization

system (Dako). Briefly, immunolocalization was performed on  paraffin-
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embedded, formalin-fixed rat lungs. After paraffin removal in xylene, the

sections were rehydrated and submitted to heat-steam treatment for 30 min in a

10 mM citric acid monohydrate solution. The endogenous peroxidase activity

was quenched by incubating the specimen for 5 min with Peroxidase Block. The

specimens were then incubated with anti-active caspase-3 rabbit primary
antibody (Abcam) overnight at 4°C followed by incubation with the labeled 61
polymer for 30 min. Staining was completed by incubation with 3,3r-
diaminobenzidine (DAB+) substrate-chromogen, which results in a rown
colored precipitate at the antigen site. Measurements of active caspase-3-
positive cells were performed on 10-15 images/slide captured by an
independent blinded observer and normalized to total cell count by DAPI

staining.

Lung Histology

Lung tissue specimens were fixed in formalin and dehydrated, cleared,
and embedded in paraffin. Specimens were cut into 8-um serial sections and
stained with hematoxylin-eosin. One blinded pathologist to the experimental
protocol and the region of sampling performed quantitative analysis by light
microscopy. Each sample was examined under both low and high power fields.
At least four sections were obtained from each block, and 20 fields were
randomly selected and analyzed for each section. The severity of histological
lesions was assessed using a score (HIS - Histological Score) based on six
parameters: intra-alveolar edema, hyaline membrane formation, hemorrhage,
recruitment of granulocytes into the air spaces, focal alveolar collapse or
consolidation, and epithelial desquamation/necrosis of airways or alveoli. Each
parameter was evaluated semi quantitatively using the following scale: 0 =
absent, 1 = mild, 2 = moderate, 3 = prominent. In addition, the percentage of
the involved area of each histological specimen was estimated (0 to 100%) to
quantify the histological changes (20).
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Statistical Analysis

The results in text, tables and figures are presented as mean + standard
deviation (SD). Data was analyzed using SPSS version 22.0 statistical software

(SPSS Inc., Chicago, lllinois, USA). If the overall level of the ANOVA was
significant, intergroup comparisons were made by the Tukey post-hoc test. In
the case of unequal variances or an abnormal distribution, a non-parametric
Kruskal-Wallis test was performed, followed by Mann-Whitney U tests for

intergroup comparisons. A p value of <0.05 was considered to be significant.

Results

In our study we found an increase of NF-kB (subunit p65) expression in
lung tissue in IR group when compared to p SHAM group(p<0.05).However in
PFC PRE-IR and PFC POST-IR groups we observed a significant reduction in
NF-kB expression when compared to IR group (p<0.05) (Figure 1).

There was an increase in IL-6 expression in lung tissue in the IR group
when compared to SHAM group (p<0.05). Interestingly, in PFC PRE-IR and
PFC POST-IR groups IL-6 expression was attenuated when compared to IR
group (p<0.05) (Figure 2).

Overexpression of caspase 3 was found in the IR group when compared
to SHAM group (p<0.05). PFC PRE-IR and PFC POST-IR groups showed a
lower caspase 3 expression when compared to IR group (p<0.05) (Figure 3 and
4).

Increased expression of iINOS was observed in the IR group when
compared to SHAM group (p<0.05). PFC attenuated iINOS expression in the
PFC PRE-IR group when compared the IR group (p<0.05) (Figure 5).
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There were no differences in blood gases analysis among the groups at
baseline. However, at the end of the experiment, there was a significantly
decreased in PaO; levels in IR group when compared to SHAM group (p<0.05)
and subsequent increase in PaOlevels in PFC POST-IR group (p<0.05) (Figure
6).

We observed a significant reduction of the anti-oxidant SOD enzyme in
the IR group, which was increased in the PFC groups , however with similar
values to the SHAM group (p<0.05) (Figure 6). There were no significant
differences in lipid lipid peroxidation (TBARS) and in the anti-oxidant CAT

enzyme.

Histology of the lungs in the IR group showed severe changes in lung
morphology characterized by perivascular edema, intra alveolar hemorrhage,
cellular infiltrates, and atelectasis, which were also observed in PFC groups
although with less severe alterations. The analysis of the severity of histological
damage using the histology score (HIS), showed a statistically significant
reduction in lung injury in the PFC groups when compared with the IR group
(p<0.05) (Figure 7).

Discussion

In a model of lung ischemia reperfusion injury the use of vaporized PFC
before and after reperfusion was able to reduce inflammatory activity, minimize
apoptosis induction, improve gas exchange and protect the lungs against the

harmful effects of reperfusion.

In our study, both PFC groups were able to reduce the phosphorylation
of p-65, resulting in a decrease in the apoptotic and inflammatory responses.
The transcription factor NF-kB may modulate apoptosis during IR (14) and a
non activation of this protein in both of the PFC groups could explain the
protection against apoptosis, as shown by Forgiarini et al using a similar model

with liquid PFC (3). These authors, using endobronchial PFC instillation in an IR
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model showed reduction of several inflammatory mediators such as NF-kB,
Caspase 3, INOS, demonstrating PFC ability to improve lung preservation and

reducing the deleterious effects of IR injury (3).

Tumor necrosis factor a« (TNF-a), ROS, and interleukin-6 (IL-6) are
involved in the tissue damage that occurs during IR because they are toxic
molecules that alter cellular proteins, lipids and ribonucleic acids, leading to
cellular dysfunction or death (21) In a model of ischemia and reperfusion.
Yamane study in a lung transplant model in rats we examined the changes in
gene expression levels in a rat lung transplant model using oligonucleotide

microarrays and showed an increased in IL-6 (22).

IR activates different pathways of cell death, which can be categorized as
necrosis, apoptosis or autophagy-associated cell death (23). We found an
increased expression of cleaved caspase 3 in the IR group. Both of the PFC
groups (PFC PRE-IR and PFC POST-IR), showed a lower expression of this
protein, which was similar to the results of the SHAM group, suggesting cellular
protection after reperfusion (24). The reduction of the expression of cleaved
caspase 3 was also found in studies that evaluated the effect of vaporized PFC
on pulmonary ischemia and reperfusion models, which demonstrates that our
model of vaporized PFC has similar results with previous studies of our group
that used the PFC in a liquid state. Our present model has some advantages
from our previous model using instilled PFC, because vaporized PFC is an
easily applicable method without the need for liquid instillation in the pulmonary
system, proving to show the same benefits of liquid instillation in terms of less

tissue damage and better organ viability (3, 12, 13).

Nitric Oxide (NO) plays an important role in vascular homeostasis and
attenuates the capillary overflow and tissue damage in animal models of
pulmonary IR (25).Nitric Oxide (NO) is produced via INOS, which was originally
identified in platelets and inflammatory cells such as neutrophils and
macrophages. Yeh et al, using a similar model of IR injury observed a reduction
of INOS expression after use of aminoguanidine, an iINOS inhibitor, suggesting

that INOS expression may play a critical role in the lung injury induced by IR
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(26). Evidence suggests that increased lung apoptosis could be the mechanism
which iINOS cause IR lung injury (27). In our study, the animals receiving PFC
vaporized showed a significant reduction when compared to IR group, perhaps
the PFC acts as an iINOS inhibitor, thereby reducing apoptosis caused by IR

injury. Similar results were found in a study by Forgiarini e al using liquid PFC

(3).

We observed an improvement in PaO, levels in PFC PFC POST-IR
group compared to the SHAM group, this may be attributed to the fact that the
perfluorocarbon has a protective role in the surfactant system and cellular
membrane (28), furthermore it is known that PFC has a high oxygen and CO;
diffusion capacity. Our results were similar to Forgiarini’s et al that used liquid
PFC for pulmonary preservation, in this setting we may suggest that vaporized

PFC could preserve the same characteristics of the liquid PFC

We found no statistical differences among the groups in terms of lipid
peroxidation, as assessed by quantification of TBARS. This result is similar to
those described by Pilla et al using a selective clamping of the pulmonary artery
and Torres et al by clamping the entire hilum (29). A reasonable explanation for
this finding would be that oxidative stress resulting from ischemia may be

different from that resulting from hypoxia (4).

In view of all the benefits demonstrated by the vaporized PFC, we can
conclude that the vaporized PFC shown to have protective properties to the
lung tissue, reducing the inflammatory response caused by IR injury. Thus, the
vaporized PFC enhances their potential for the treatment of pulmonary
ischemia-reperfusion injury, presenting similar characteristics to the liquid PFC.
Futhermore, in its vaporized state, PFC is easily delivered to the entire lungs in
a more uniform distribution and additionally it does not have the difficulties of
ventilation of those lungs filled with liquid PFC. We suggest that vaporizes PFC
may be used as an adjuvant therapy for different lung injuries such as lung

ischemia reperfusion after lung transplantation.
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Figure 1 - Expression of NF-kB in lung tissue. Overexpression of NF-kB was
found in the IR group (* p<0.05). The images are representative samples of

groups.
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Figure 2 - Expression of IL-6 in lung tissue. Increase in the expression of IL-6 in
lung tissue in the IR group when compared the group SHAM (* p<0.05), and the
groups PFC PRE-IR and PFC POST-IR the PFC attenuated the il-6 expression
when compared to IR group (# p<0.05). The images are representative samples
of groups.
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Figure 3: Expression of caspase 3 in lung tissue. Overexpression of caspase 3
was found in the IR group when compared the SHAM group (* p<0.05),
however in both PFC groups caspase 3 expression was attenuated when
compared to IR group (# p<0.05). The images are representative samples of

groups.
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Figure 4: Expression of caspase 3 in lung tissue by the immunohistochemical

technique. There was an increase in caspase 3 in IR group (C) when compared
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Figure 5: Expression of INOS in lung tissue. Increased expression of INOS in IR
group when compared the group SHAM (* p<0.05). PFC PRE-IR group
attenuated INOS expression when compared to IR group (# p<0.05). The

images are representative samples of groups.
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Figure 6: Expression of SOD in lung tissue. IR group had significantly lower

values of SOD the others groups (p <0.05).
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Figure 7 - Photomicrograph of the lung in different times of ischemia. The
histological score (HIS) showed no significant difference between groups. HIS
demonstrated significantly more lung injury in group IR (p<0.05). (A-Sham; B-
PFC PRE-IR; C-IR; D-PFC POST-IR (x100 magnification).

9. CONCLUSAO
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O Perfluorocarbono vaporizado atua como um fator adjuvante na

protecdo de pulmdes de animais em diferentes modelos de lesdo pulmonar

A administracdo de PFC vaporizado reduz a producao de radicais livres
e provoca menos alteracdes estruturais pulmonares decorrentes do periodo de

isquemia fria.

A administracdo do perfluorocarbono vaporizado € viavel e de facil
aplicacdo em modelo de isquemia e reperfusdo pulmonar reduzindo a resposta
inflamatoria e protegendo os pulmdes do estresse oxidativo gerado durante

este processo.
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10. CONSIDERACOES FINAIS

Para avaliar a eficiéncia do perfluorocarbono vaporizado na preservagéao
pulmonar e na injuria de isquemia e reperfusdo pulmonar utilizamos uma dose
similar a utilizada por nosso grupo com o uso de perfluorocarbono liquido,
utilizamos um equipamento de anestesia para vaporizar o PFC e associamos

seu uso com a ventilagdo mecanica.

Apbs realizamos nosso primeiro estudo testando se o PFC vaporizado
ifa potencializar o efeito do baixo potassio dextran com a finalidade de
melhorar a viabilidade do 6rgdo. Em nosso segundo estudo, testamos o
potencial do PFC vaporizado em um modelo de isquemia fria pulmonar.
Podemos constatar que o PFC vaporizado pode ser utilizado como uma
substancia auxiliar na preservacédo de pulmdes para transplante, mantendo a
viabilidade celular e reduzindo o estresse oxidativo durante o periodo de

isquemia fria.

Este trabalho forneceu importantes informagdes sobre a potencial
utilizacdo do perfluorocarbono vaporizado como uma terapia adjuvante para a
preservacao pulmonar, por ser um método de facil aplicacdo e por apresentar

diversos beneficios que se equivalem aos estudos realizados com PFC liquido.



