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Resumo: A expressão da HSP70 intracelular está associada a efeitos 

citoprotetores contra uma variada gama de estímulos estressores, tais como 

processos inflamatórios, estresse oxidativo, endotoxinas bacterianas, infecções 

e febre. Este efeito citoprotetor é principalmente atribuído à habilidade de as 

proteínas de choque térmico estabilizarem estruturas protéicas através de 

interações reversíveis. A HSP70 foi recentemente detectada no meio 

extracelular, e sua presença tem sido associada a situações patológicas, nas 

quais ela exerce efeitos modulatórios sobre células do sistema imunológico. 

Previamente, nós descrevemos a relação entre os níveis de HSP70 sérica, o 

estatus oxidante e o desfecho clínico de pacientes sépticos; o grupo de 

pacientes com maiores níveis pró-oxidantes e maiores níveis de HSP70 sérica 

também foi aquele que houve maior mortalidade. Afim de investigar a possível 

associação entre HSP70 oxidada e efeitos citoprotetores ou morte celular, 

macrófagos da linhagem RAW 264.7 foram incubados com HSP70 e HSP70 

oxidada, e a produção de nitrito, proliferação celular, viabilidade celular, 

produção de espécies reativas de oxigênio, liberação de TNF-α e atividade 

fagocítica foram avaliadas. Também foram avaliadas as modificações 

estruturais causadas pela oxidação na HSP70 purificada. Observamos que a  

oxidação da HSP70 alterou a estrutura da proteína; e que os efeitos 

modulatórios da HSP70 oxidada sobre a linhagem de macrófagos RAW 264.7 

foram diferentes dos efeitos modulatórios da HSP70 nativa. Os macrófagos 

tratados com HSP70 oxidada apresentaram menor proliferação, maior 

produção de espécies reativas de oxigênio, menor atividade fagocítica e menor 

liberação de TNF-α. Estes resultados indicam que a oxidação da HSP70 

extracelular modifica suas propriedades sinalizadoras, causando alterações na 

modulação das funções e da viabilidade dos macrófagos. 
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Abstract: Expression of intracellular HSP70 is associated to cytoprotective 

effects against a wide range extent of stressful stimuli, such as inflammation, 

oxidative stress, hypoxia, endotoxins, infections and fever. This cytoprotective 

effect is mainly attributed to their ability to stabilize protein structures through 

chaperon-like reversible interactions. HSP70 was recently detected in the 

extracellular medium and its presence in serum is commonly associated with 

pathological situations, where it exerts modulatory effects on cells of the 

immune system. Previously, we have described the relationship between serum 

HSP70 levels, oxidant status and clinical outcome of septic patients; the group 

of patients with higher pro-oxidant status and higher serum HSP70 had also 

higher mortality. To investigate the possible association between oxidized 

HSP70 and cytoprotection or cell death, we incubated RAW 264.7 

macrophages with oxidized HSP70 and evaluated nitrite production, cell 

proliferation, cell viability, reactive oxygen species production, TNF-α release 

and phagocytic activity. We also evaluated structural modifications caused by 

oxidation in purified HSP70. Oxidation of HSP70 altered its protein structure; 

besides, the modulatory effect of oxidized HSP70 on RAW265.7 cells was 

different from native HSP70. Macrophages treated with oxidized HSP70 

presented lower proliferation, higher reactive oxygen species production, lower 

phagocytic activity and TNF-α release. These results indicate that oxidation of 

extracellular HSP70 modify its signaling properties, causing alterations on its 

modulatory effects on macrophage function and viability.    
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Lista de Abreviaturas  
 

HSP70: heat shock protein 70 

oxHSP70: heat shock protein 70 oxidada 

IAA: iodoacetamida 

ATP: adenosina trifosfato 

SOD: superóxido dismutase 

CAT: catalase 

LPS: lipopolissacarídeo 

SIRS: síndrome da resposta inflamatória sistêmica 

HSR: resposta heat shock  

PRRs: receptores de reconhecimento de padrões 

TLR4: receptor tipo toll 4 

TLR2: receptor tipo toll 2 

RAGE: receptor dos produtos finais de glicação avançada 

AGE: produto final de glicação avançada 

PAMPs: padrões moleculares associados à patógenos 

MyD88: molécula adaptadora fator de diferenciação mielóide 88 

TNF-α: fator de necrose tumoral α 

SIRS: síndrome da resposta inflamatória sistêmica 
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1. Introdução 

1.1 Sepse – Caracterização do problema 

Apesar dos avanços da medicina, a sepse é a principal causa de morte nas 

unidades de terapia intensiva e está entre as principais causas de morte nos 

EUA (Martin et al. 2003). Em torno de 2% a 11% das internações hospitalares e 

nas unidades de terapia intensiva são por esta doença (Angus & Wax 2001). A 

mortalidade varia na maioria dos estudos entre 20% e 80% (Friedman et al. 

1998), sendo que no período de 1979 a 2000, houve um  grande aumento na 

incidência, em torno de 8,7% ao ano.  No Brasil, os aspectos epidemiológicos 

da sepse têm sido investigados, destacando-se o BASES Study (Brazilian 

Sepsis Epidemiological Study) – estudo de coorte multicêntrico e observacional 

realizado em cinco unidades de terapia intensiva públicas e privadas –, no qual 

se identificou uma densidade de incidência de sepse de 57,9 por 1000 

pacientes-dia (95% IC 51,5-65,3). A taxa de letalidade de pacientes com SIRS 

(independente se devido a sepse ou outra causa), sepse, sepse grave e 

choque séptico foi 24,2%, 33,9%, 46,9%, e 52,2%, respectivamente. De forma 

ainda mais preocupante, o estudo multicêntrico PROGRESS– do qual fizeram 

parte sete unidades de tratamento intensivo (UTIs) nacionais –, revelou que as 

taxas de letalidade nas UTIs no Brasil foram maiores (56%) que aquelas de 

outros países em desenvolvimento (45%) e de países desenvolvidos 

(30%)(Siqueira-Batista et al. 2011).  

A sepse é definida como síndrome da resposta inflamatória sistêmica (do inglês 

systemic inflammatory response syndrome – SIRS), como uma febre, 

taquipnéia, taquicardia ou leucocitose, causada por um organismo infeccioso, 

podendo ser uma bactéria, um vírus ou um fungo. Dependendo da graduação 
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da severidade da doença, ela pode ser classificada como sepse severa ou 

choque séptico. A sepse severa é caracterizada pelos sintomas da infecção em 

conjunto com a hiperperfusão ou disfunção de órgãos, como disfunção 

cardíaca, disfunção pulmonar aguda ou estado mental alterado (Morrell et al. 

2009). O choque séptico é definido pela sepse severa em conjunto de uma 

tríade clínica: coagulação intravascular disseminada, hipoglicemia e 

insuficiência cardiovascular, que culmina com uma hipotensão vascular grave. 

Tanto a sepse severa como o choque séptico podem ser causados por 

múltiplos fatores, incluindo patógenos microbianos endógenos (malária, por 

exemplo) e condições comórbidas (HIV). As bactérias Gram-positivas são 

responsáveis por 30 – 50% das associações de microorganismos com sepse 

severa e choque séptico (Annane et al. 2005), já as Gram-negativas 

representam 25 – 30% dos casos (Alberti et al. 2002). As bactérias com 

múltipla resistência a drogas, juntamente com fungos, representam 25%; sendo 

que vírus e parasitas estão relacionados com apenas 2 – 4% dos casos. 

1.2 Sepse – Estado atual de conhecimento 
 

A sepse é o resultado de um conjunto de complexas interações entre 

microorganismos infecciosos e as respostas imunológica, inflamatória e 

coagulatória do hospedeiro. Uma séries de eventos patológicos são 

responsáveis pela transição da sepse para sepse severa e para o choque 

séptico. A reação inicial à infecção é uma resposta neurohumoral, pró-

inflamatória generalizada e anti-inflamatória, a qual começa com a ativação 

celular de monócitos, macrófagos e neutrófilos, que interagem com células 

endoteliais através de receptores de reconhecimento de patógenos (Beutler 



pg. 7 
 

2004). Após essa resposta inicial, ocorre a mobilização de substâncias do 

plasma como resultado da ativação celular e do rompimento endotelial. Essas 

substâncias do plasma incluem citocinas, como o fator de necrose tumoral e 

interleucinas; enzimas, como caspases e proteases; espécies reativas de 

oxigênio, óxido nítrico, ácido araquidônico, fatores de ativação de plaquetas e 

eicosanóides. A ativação do sistema complemento (Haeney 1998) juntamente 

com cascatas de coagulação amplificam essa complexa cadeia de eventos. 

O endotélio vascular é o sítio predominante dessas interações, e, como 

resultado disso, ocorre injúria microvascular, trombose e uma perda da 

integridade endotelial, resultando em isquemia tecidual (Aird 2003). Esse 

rompimento endotelial difuso é responsável pela disfunção de vários órgãos e 

pela hipoxia de diversos tecidos, característicos da sepse severa e do choque 

séptico. 

Sabe-se que os parâmetros oxidativos durante o desenvolvimento da sepse 

severa letal diferem dos parâmetros da sepse não-letal. Na sepse severa os 

níveis de grupamentos carbonila proteico encontram-se elevados, há um 

desequilíbrio na relação das enzimas superóxido dismutase/catalase, 

evidenciando um quadro exacerbado de estresse oxidativo (Andrades et al. 

2005). Além disso, o soro de pacientes sépticos é capaz de induzir a ativação 

de macrófagos, que passam a produzir interleucina-10, citocina cuja função é 

inibir a ativação dos mesmos, mantendo o controle homeostático das reações 

imunes inatas e celulares. A ativação e o índex fagocitário dos macrófagos 

estão relacionados com a severidade da doença e com a mortalidade, 

sugerindo que os mecanismos anti-inflamatórios são predominantes em casos 

mais severos de sepse (Peck et al. 2009). 
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 A análise do soro de pacientes com sepse severa letal mostrou uma relação 

entre mortalidade e a presença sérica da proteína de choque térmico de 70kDa 

– HSP70, porém os mecanismos e os motivos que estão envolvidos 

permanecem desconhecidos. 

1.3 Resposta Anti-inflamatória  
 

A complexidade da resposta anti-inflamatória requer que suas diversas funções 

sejam controladas coordenadamente em algumas situações mas 

independentemente em outras. Isso ocorre através de diferentes mecanismos 

que atuam em diferentes níveis, incluindo alterações na composição das 

células de defesa dos tecidos, alterações na responsividade ao estímulo 

inflamatório, regulação das rotas de sinalização e alterações nos padrões de 

expressão gênica (Medzhitov & Horng 2009). Assim, esses mecanismos 

podem ser divididos em célula-específicos, ou seja, operam a nível celular, 

regulando o seu recrutamento e ativação; sinal-específicos, categoria na qual 

são incluídos todos os mecanismos responsáveis pela transdução do sinal e, 

finalmente, os mecanismos gene-específicos, que operam a nível genético. 

1.4 Macrófagos 
 

Os macrófagos são células fagocitárias presente nos tecidos, derivados dos 

monócitos do sangue e que desempenham papéis importantes nas respostas 

imunes inata e adaptativa.  Essas células podem ser ativadas por produtos 

bacterianos, como os lipolissacarídeos (LPS) ou pela parede celular 

microbiana. Um fato que vem sendo bem descrito na literatura é a capacidade 

que a HSP70 intracelular tem de ativar e influenciar a sobrevivência de células 

do sistema imunológico, principalmente de macrófagos (Hirvonen et al. 1996). 
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Macrófagos ativados destroem microrganismos fagocitados, principalmente 

pela síntese aumentada de espécies reativas de oxigênio e de óxido nítrico, 

assim como de enzimas lisossômicas, as quais são potentes agentes 

microbicidas que são produzidas dentro dos lisossomos dos macrófagos e 

destroem microrganismos ingeridos depois que os fagossomos se fundem com 

os lisossomos.  

Além disso, os macrófagos ativados estimulam a inflamação aguda por meio da 

secreção de citocinas, principalmente TNF e IL-1, quimiocinas, e mediadores 

lipídicos de vida curta, tais como o fator de ativação de plaquetas (PAFs), 

prostaglandinas e leucotrienos. A ação coletiva dessas citocinas e dos 

mediadores lipídicos é produzir uma inflamação local que é rica em neutrófilos 

e recrutar mais monócitos, os quais se tornam macrófagos e fagocitam e 

destroem organismos infecciosos. As principais funções dos macrófagos no 

sistema imunológico estão resumidas na figura 1. 

Figura 1 

Principais funções dos macrófagos no sistema imunológico.  

Cooperatividade  

Com 

Células B 
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1.5 As proteínas de choque térmico 

A resposta Heat Shock - HSR (do inglês Heat Shock Response) é um dos mais 

primitivos e conservados sistemas de defesa celular conhecidos (Morimoto et 

al. 1997). Virtualmente, todos os organismos, de procariotos à humanos, 

possuem a capacidade de montar a HSR. Essa resposta é definida pela rápida 

expressão um grupo específico de proteínas (conhecidas como Heat Shock 

Proteins – HSPs) quando as células, tecidos ou organismos encontram 

diversas formas de estresse ambiental. Apesar de ter sido descrita 

primeiramente na exposição de células de glândula salivar ao aumento da 

temperatura ambiental (Ritossa 1962), por isso o termo “heat shock”, sabe-se 

agora que essa resposta ocorre frente a outros tipos de estresse celular, como 

metais pesados, agentes oxidantes, e lesões de isquemia-reperfusão(Tang et 

al. 2007). Observações clínicas mostram que a HSR é induzida (caracterizada 

pela expressão de HSPs) em pacientes com choque séptico, trauma ou 

síndrome da angústia respiratória aguda (Kindas-Mugge et al. 1993, 1996). 

As proteínas de choque térmico (do inglês, heat shock proteins – HSPs) são 

constituintes de uma família proteica extremamente conservada durante o 

curso da evolução, presentes em bactérias a mamíferos. As HSPs variam em 

tamanho, de 7 a 110 kDa, e podem ser encontradas em quaisquer 

compartimento celular, incluindo núcleo, citoplasma e mitocôndrias. As 

nomenclaturas mais comuns para as proteínas de choque térmico fazem uso 

do seu peso molecular, como por exemplo em HSP70, na qual 70 corresponde 

ao peso molecular em kDa. 
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A HSP70 tem uma seqüência de 700 resíduos de aminoácidos os quais 

constituem uma proteína de 70 kDa com três diferentes domínios: o domínio 

ligante de nucleotídeos (NBD), o domínio ligante de substrato ou de peptídeos 

(SBD) e uma porção C-terminal de função ainda não definida (Figura 2). 

 

enquanto que outras, possuem sua expressão aumentada rapidamente em 

resposta a um estresse celular.  

Classicamente, as HSPs funcionam como chaperonas moleculares 

dependentes de ATP, transportando diversas proteínas intracelulares em 

células sob estresse ou em condições normais, e auxiliam no dobramento e na 

estabilização de proteínas intracelulares danificadas. Além dessa função 

clássica, foi atribuído às HSPs um importante papel na proteção celular contra 

diversas formas de injúria. Por exemplo, a indução de HSP70 levou a proteção 

de células do epitélio respiratório contra danos oxidativos (Wong et al. 1997). A 

A 

B 

C 

Figura 2 

Estrutura molecular da HSP70, evidenciando seus três diferentes domínios. A) Domínio ligante de 
nucleotídeos (NBD). B) Domínio ligante de substrato (SBD). C) Porção C-terminal. 

Algumas HSPs são expressas constitutivamente, como por exemplo, a HSP90, 
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superexpressão específica de HSP70 levou a proteção do epitélio respiratório 

contra a morte celular mediada pro hipoxia, peroxidação lipídica e depleção 

intracelular de ATP (Wong et al. 1998). Além disso, a indução da HSR e de 

HSPs se mostrou associada à proteção de animais contra a síndrome da 

angústia respiratória aguda, choque séptico e lesões da isquemia-reperfusão 

(Ryan et al. 1992, Villar et al. 1993, Yang & Lin 1999). O aumento da expressão 

da HSP70 intracelular resulta em efeitos protetores contra hipoxia, excesso de 

espécies reativas de oxigênio, endotoxinas bacterianas, infecções e febre 

(Tang et al. 2007). Esse efeito citoprotetor é principalmente atribuído à 

habilidade que as HSPs têm de estabilizar estruturas protéicas através de 

interações reversíveis do tipo chaperona (Ribeiro et al. 1994).  

Juntos esses dados demonstram uma função fundamental da HSR e da 

HSP70: proteção a nível celular e tecidual contra processos patofisiológicos 

freqüentes nas unidades de terapia intensiva, sendo que a desregulação da 

resposta anti-inflamatória é uma característica comum a eles. 

1.6 O papel das HSP70 extracelular 

As HSPs encontram-se distribuídas em diversos compartimentos celulares, 

incluindo o citosol, núcleo e organelas membranosas, como a mitocôndria e o 

retículo endoplasmático; recentemente, elas têm sido encontradas no meio 

extra-celular, particularmente após o estabelecimento de diversas condições 

patológicas (Campisi et al. 2003). Estudos recentes mostraram que as HSPs 

podem ser produzidas e liberadas ativamente pelas células, possuindo a 

capacidade de interagir com outras células. Primeiramente, acreditava-se que 

essa liberação para o meio extracelular ocorria somente em células necróticas 
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após algum evento danoso. Entretanto, a secreção de HSP70 ocorre na 

ausência da morte celular, através de um mecanismo não-clássico. 

Aparentemente, essa proteína é translocada para a membrana celular e é 

então liberada por um processo associado à membrana, o qual pode ser 

exocitose ou evaginação inversa (Vega et al. 2008). Especificamente, a HSP70 

é capaz de ativar macrófagos, células dendríticas e células natural-killer 

através de um processo mediado por receptores.  

Recentemente, foi descrito um processo na qual a HSP70 é translocada para a 

membrana plasmática e liberada para o meio extracelular, onde ela exerce 

efeitos modulatórios sobre as células do sistema imunológico (Asea 2007, 

Asea, Kraeft, et al. 2000, Asea et al. 2002). Além disso, a HSP70 sérica está 

associada a condições patológicas como processos inflamatórios, infecções 

virais e bacterianas, e processos tumorigênicos (Multhoff 2007). 

Em humanos, sabe-se que a  HSP70 extracelular é liberada na circulação 

sistêmica pelo tecido cerebral e pelo tecido hepatoesplênico (Febbraio, Ott, et 

al. 2002, Lancaster et al. 2004), mas não pelo tecido muscular (Febbraio, 

Steensberg, et al. 2002). O exercício físico leva a uma indução da liberação da 

HSP70 extracelular, fato descrito primeiramente em um experimento no qual os 

participantes praticaram caminhada em esteira por 60 minutos a 70% da 

capacidade máxima de oxigênio (Walsh et al. 2001). Depois disso, o aumento 

na expressão da HSP70 tem sido observado após a prática de exercícios 

prolongados e parece ser dependente da duração e da intensidade do 

exercício (Fehrenbach et al. 2005). Níveis aumentados de HSP70 extracelular 

têm sido observados na circulação de pessoas sedentárias após 1 hora de 

exercício moderado e intenso, junto com um aumento na quimiotaxia de 



pg. 14 
 

neutrófilos e macrófagos e da capacidade microbicida dos netrófilos (Ortega et 

al. 2006, 2009), sugerindo que a HSP70 extracelular possui um importante 

papel na inflamação induzida pelo exercício e na modulação da resposta 

imunológica inata. 

As HSPs extracelulares possuem a capacidade de iniciarem tanto a resposta 

imunológica inata quanto a resposta imunológica adquirida (Johnson & 

Fleshner 2006, Srivastava 2002). HSPs derivadas de patógenos ou HSPs 

derivadas das células do hospedeiro podem diretamente ativar ou aumentar a 

atividade de diversas células do sistema imunológico inato de produzir citocinas 

e quimiocinas (Tsan & Gao 2009). Essas proteínas possuem a capacidade de 

promover a maturação e migração das células apresentadoras de antígenos 

(APCs), e subsequente interação com as células T (APC-T), iniciando assim 

uma resposta imunológica adaptiva. As HSPs podem ainda ligar a peptídeos 

antigênicos derivados de tumores ou de vírus, tanto que elas têm sido 

aplicadas como adjuvantes no desenvolvimento de vacinas.  

De acordo com a teoria “sinal de perigo” ou “sinal de alerta” (ou do inglês 

“danger signal theory”), as células do sistema imunológico são ativadas por 

sinais de alerta derivados de células sob estresse ou por proteínas danificadas 

(Matzinger 2002). É aceito que a HSP70 extracelular se encaixa no critério de 

um sinal de alerta, pois ela possui a capacidade de desencadear a produção de 

citocinas pró-inflamatórias pelas APCs e uma resposta imune antígeno 

específico. Além de apresentar antígenos a células T durante situações de 

“alerta” metabólico, estando também relacionadas com a patogênese de 

diversas doenças autoimunes (Chen & Cao 2010, Millar et al. 2003). 
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Em um de nossos trabalhos relacionados à HSP70, nós avaliamos a relação 

entre o imunoconteúdo da HSP70 sérica e o estado oxidante na sepse. 

Pacientes com sepse severa foram monitorados por 28 dias após serem 

diagnosticados ou até o desfecho clínico. O soro desses pacientes apresentou 

elevados níveis de HSP70. Analisando os parâmetros oxidativos, foi possível 

observar que aqueles pacientes com pronunciado dano oxidativo também 

apresentaram maiores níveis de HSP70 sérica; enquanto que os pacientes 

sépticos com parâmetros oxidativos semelhantes aos controles apresentaram 

menores níveis de HSP70 sérica. Pacientes com maiores níveis de HSP70 no 

soro também apresentaram maior taxa de mortalidade, levando-nos à 

conclusão de que os níveis de HSP70 no soro estão sendo modulados de 

acordo com o estado oxidante do paciente, e de que níveis elevados de HSP70 

no soro estão associados à elevada mortalidade na sepse (Gelain et al. 2011). 

Sabemos que o soro de pacientes sépticos é capaz de induzir a ativação de 

macrófagos e a produção de interleucina-10; também sabemos que o índice 

fagocítico desses macrófagos está correlacionado com a severidade e com a 

mortalidade da doença (Peck et al. 2009). Modelos murinos de sepse letal são 

caracterizados por apresentarem elevados níveis de carbonilação proteica e 

por apresentarem um desbalanço no sistema enzimático SOD/CAT quando 

comparados com o grupo não-letal, indicando que o estresse oxidativo é 

que diversas proteínas sejam oxidadas por espécies reativas e, 

consequentemente, tenham suas funções alteradas. 

Porém, os trabalhos realizados até o momento não elucidam completamente os 

mecanismos ativados pela HSP70, sendo que eles diferem de acordo com o 

exacerbado no modelo letal (Andrades et al. 2005). Assim, é bastante provável 
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contexto e com o momento patológico; além disso, os mecanismos celulares 

responsáveis pelo reconhecimento da HSP70 extracelular também 

permanecem parcialmente conhecidos. Na maioria dos processos inflamatórios 

graves, ocorre uma perda no balanço entre elementos oxidantes e as defesas 

antioxidantes do organismo, caracterizando uma situação de estresse 

oxidativo. Sob essas condições, muitas proteínas sofrem a ação de radicais 

livres, como o peróxido de hidrogênio (H202), sendo oxidadas, alterando ou 

perdendo parcial ou totalmente suas funções. A HSP70 está entre elas; em 

teoria, as cisteínas dessa proteína podem formar ligações dissulfeto com outras 

HSP70 ou até mesmo com outras proteínas. Além disso, a ligação de 

peptídeos antigênicos pela HSP70 é mais efetiva sob condições oxidantes 

quando comparada com condições redutoras; sendo que este fato é 

provavelmente causado pelo ganho de estruturas secundárias (maior 

proporção de estruturas alfa hélices e beta-pregueadas em relação às 

estruturas randômicas) em meio oxidante (Callahan et al. 2002). Juntos estes 

dados sugerem que esta proteína tenha um papel específico no que diz 

respeito ao fluxo de informações dentro do sistema imunológico durante uma 

situação de estresse.    

Considerando que nós demonstramos previamente que a sepse está associada 

com o desbalanço REDOX e com o estresse oxidativo, nosso objetivo é 

investigar a possível relação entre a HSP70 previamente oxidada e a ativação 

de macrófagos. 
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1.7 Sinalização celular por RAGE e TLR4  

Recentemente foi demonstrado que a HSP70 extracelular realiza uma ligação 

de alta afinidade com a membrana plasmática das APCs (células 

apresentadoras de antígeno),  induz um rápido fluxo da [Ca2+] intracelular, ativa 

o fator de transcrição NF-Kβ, causa um aumento na expressão das citocinas 

pró-inflamatórias TNF-α, IL-1β e IL-6, por um processo dependente de CD-14 

(Asea, Kraeft, et al. 2000, Asea et al. 2002, He et al. 2000), utilizando tanto o 

receptor Toll-like 2 quanto o receptor Toll-like 4. 

A primeira linha de defesa contra agentes infecciosos, incluindo infecções virais 

e bacterianas, são as células do sistema imunológico inato, as quais 

como os Toll-like e CD14 são expressos como proteínas solúveis ou como 

proteínas de membrana que reconhecem estruturas molecular invariantes, 

chamadas de padrões moleculares associados ao patógeno (PAMPs). 

Dentre as células do sistema imunológico que apresentam a capacidade de 

ligação à HSP70, encontram-se as células natural-killer (NK) (Gross et al. 

2003), APCs dendríticas (Asea et al. 2002), macrófagos e monócitos periféricos 

(Asea, Kabingu, et al. 2000, Asea, Kraeft, et al. 2000), e linfócitos B (Arnold-

Schild et al. 1999). Sabe-se, atualmente, que essa interação é mediada pelos 

receptores TLR2 e TLR4 com seu cofator CD14 (Asea et al. 2002), o receptor 

scavenger CD36 (Delneste et al. 2002), e a molécula co-estimuladora CD40 

(Becker et al. 2002). 

A ligação da HSP70 com TLR2 e TLR4 está associada à liberação e 

translocação nuclear do NF-kB. A ativação desse fator de transcrição é 

apresentam receptores de reconhecimento de padrões (PRRs). Os PRRs tais 
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dependente de MyD88 quando apenas TLR2 ou apenas TLR4 reconhecem e 

ligam HSP70, e é independente de MyD88 quando a ligação e sinalização de 

TLR2 e TLR4 ocorre sinergisticamente. Além da ativação de NF-kB, essa rota 

de sinalização é caracterizada pela liberação de TNF-α, IL-1β, IL-6 e IL-12. Já a 

interação CD40-HSP70 parece ser mais importante nos linfócitos B, nas quais 

a ligação a transdução da sinalização ocorre pela fosforilação de p38, a qual 

pode levar a uma liberação de TNF-α e IFN-γ (Asea 2003). 

Apesar de importantes, esses dados acerca da ligação e da sinalização 

desencadeada pela HSP70 extracelular não respondem todas as perguntas. 

Sabemos que células imunocompetentes têm a capacidade de ligar à HSP70 e 

que esta ligação resulta na sinalização do tipo chaperoquina (termo cunhado 

para atribuir características de citocinas a chaperonas, especialmente à 

HSP70), bastante importante na sobrevivência do hospedeiro à patógenos 

microbianos, mas não esclarece a relação dessa proteína com outros 

Recentemente, foi demonstrado através de um ELISA screening a ligação da 

HSP70 com o receptor dos produtos finais de glicação avançada (RAGE) 

(Ruan et al. 2010). O RAGE é um receptor da superfamília das imunoglobulinas 

descoberto em 1992 como um ligante de AGEs (produtos de glicação 

avançada), um grupo de proteínas e lipídeos glicosilados não enzimaticamente 

e acumulados como um resultado do processo do envelhecimento ou de 

processos inflamatórios, como a diabetes (Neeper et al. 1992). O RAGE 

apresenta a capacidade de se ligar a um vasto repertório de moléculas, tanto 

solúveis como associadas a células, envolvidas na resposta do organismo 

hospedeiro aos danos teciduais, processos infecciosos e inflamatórios. A 

processos patológicos e com o agravamento destes (Asea 2003, 2008). 
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interação de um ligante com RAGE leva à indução da ativação de múltiplas 

rotas de sinalização celular que variam de acordo com o agonista, tipo celular e 

microambiente; mediando assim, diversas respostas celulares. 
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2. Objetivos 

2.1 Objetivo geral 

A presente dissertação tem como objetivo evidenciar através de ensaio 

clínico, o efeito do estado pró-oxidativo sobre a relação positiva existente 

entre os níveis séricos de HSP70 extracelular e um pior desfecho clínico de 

pacientes com sepse severa. Por meio de ensaios in vitro e in silico 

subsequentes, foram descritos os efeitos da HSP70 oxidada sobre a 

modulação da ativação de macrófagos e a interação dessa proteína com o 

receptor dos produtos finais de glicação avançada – RAGE. 

2.2 Objetivos específicos 

(i) Mostrar a correlação entre os níveis séricos de HSP70 extracelular, os 

níveis de estresse oxidativo e o desfecho clínico de pacientes com 

sepse severa; 

(ii) Mostrar as alterações estruturais ocasionadas pela ação do agente 

oxidante peróxido de hidrogênio sobre a HSP70; 

(iii) Estudar os efeitos modulatórios da HSP70 sobre a ativação de 

macrófagos RAW 264.7; 

(iv) Demonstrar a possibilidade de ligação entre HSP70 e RAGE. 
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3. Resultados 

Os resultados estão apresentados na forma de artigos publicados ou já  

submetidos ainda sem resposta,  dispostos por capítulos. 
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Capítulo 1 

Artigo publicado na revista “Shock” 

“Serum heat shock protein 70 levels, oxidant status, and mortality in 

sepsis” 
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ABSTRACT—Animal studies as well as prospective randomized clinical trials associated sepsis with redox imbalance and
oxidative stress, but other studies failed to establish a correlation between antioxidant-based therapies and improvement
of sepsis condition. This is also true for studies on the role of the chaperone heat shock protein 70 (HSP70), which is
increased in serum during sepsis. Heat shock protein 70 is affected at several levels by oxidative stress, but this relation-
ship has never been studied in sepsis. Here, we evaluated the relationship between serumHSP70 immunocontent and oxidant
status in sepsis. Patients with severe sepsis were followed up for 28 days after diagnosis, or until death. Up to a maximum
of 12 h after sepsis diagnosis, serum was collected for determination of HSP70 immunocontent by Western blot and evalua-
tion of oxidative parameters (TRAP [total radical-trapping antioxidant parameter], TBARSs [thiobarbituric acidYreactive
substances], and carbonyl levels). Serum of sepsis patients presented enhanced HSP70 levels. Analysis of oxidative
parameters revealed that septic patients with pronounced oxidative damage in serum had also increased HSP70 serum levels.
Sepsis patients in whom serum oxidative stress markers were not different from control presented normal serum HSP70.
Analysis of septic patients according to survival outcome also indicated that patients with increased HSP70 serum levels
presented increased mortality. We concluded that serum HSP70 levels are modulated according to the patient oxidant
status, and increased serum HSP70 is associated to mortality in sepsis.

KEYWORDS—Sepsis, oxidative stress, HSP70, serum

INTRODUCTION

Sepsis is an inflammation-induced syndrome resulting from

a complex interaction between host and infectious agents. Sepsis

is considered severe when associated with acute organ dys-

function, which accounts for the main cause underlying sepsis-

induced death. Severe sepsis has become a leading cause of

mortality in critical illness and a major public health burden

throughout the world (1). The rate of severe sepsis ranges be-

tween 6% and 14% among critical-care admissions, with a

hospital mortality rate between 27% and 59% (2).

Heat shock proteins (HSPs) are upregulated in cells sub-

jected to stressful stimuli, including inflammation and oxida-

tive stress (3). Upregulation of intracellular HSP results in

protective effects against hypoxia, excess oxygen radicals,

endotoxin, infections, and fever (4). This cytoprotective effect

is attributed to their ability to stabilize protein structures

through chaperone-like reversible interactions (5). Heat shock

protein 70, a 70-kd member of the HSP superfamily, has been

recently observed to exert extracellular effects in cells of

the immune system (6Y8). In humans, serum HSP70 is asso-

ciated to stress conditions as inflammation, bacterial or viral

infections, and oncological diseases (9). However, very little

is known on the role and function of extracellular HSP70.

Sepsis has been associated with redox imbalance and oxida-

tive stress (10). Animal studies as well as prospective random-

ized clinical trials have been providing increasing evidence in

support of antioxidant therapies in sepsis (11, 12). Some studies,

however, failed to establish a correlation between antioxidant-

based therapies and improvement of sepsis condition (13).

Previous works attempted to establish a correlation with either

HSP70 or oxidative stress with sepsis, but there are no works

studying the relationship between both parameters in sepsis.

Here, we studied the relation between oxidative stress and

modulation of HSP70 in the serum of septic patients and aimed

to establish an association with clinical outcome.

METHODS

Subjects and serum samples
This study was approved by the local ethics committee. Fifteen patients

admitted to a general intensive care unit with severe sepsis according to the
Consensus Conference of the American College of Chest Physicians and
Society of Critical Care Medicine (1992), 18 years or older, without chronic
hepatic or renal insufficiency, without cancer or immunodeficiency, were in-
cluded in the study. These patients were followed up for 28 days after sep-
sis diagnosis or until death. Up to a maximum of 12 h after sepsis diagnosis,
blood was drawn into dry tubes, and the serum was stored at j80-C until the
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determination of HSP70 and oxidative parameters. All patients’ data and analyses
were obtained under informed consent before their inclusion in the study. The
group of sepsis had eight patients with severe sepsis and seven with septic shock.
The origin of infection was pneumonia in eight patients, intra-abdominal infec-
tion in five patients, pyelonephritis in one patient, and catheter-related infection in
one patient. The control group consisted of 24 normal, healthy subjects (15 males,
9 females; aged 45 T 18 years) in whom blood was collected for routine checkups.

Heat shock protein 70
Heat shock protein 70 serum detection was performed by Western blot anal-

ysis using a mouse monoclonal anti-HSP70 (Sigma, St Louis, Mo) at 1:1,000
dilution range and antiYmouse immunoglobulin G peroxidase-linked secondary
antibody (1:5,000 dilution range) suitable for enhanced chemiluminescence de-
tection (ECL Plus kit, Rockford, Ill). Densitometric analysis of the films was
performed with ImageQuant software. Blots were developed to be linear in the
range used for densitometry.

Oxidative stress parameters
Nonenzymatic antioxidant potential of serum samples was determined by

the total radical-trapping antioxidant parameter (TRAP) assay (14). Serum
lipoperoxidation levels were estimated by quantifying levels of thiobarbituric
acidYreactive substances (TBARSs) (15), whereas the oxidative damage to
serum proteins was assessed by the determination of carbonyl group levels in
samples through reaction with dinitrophenylhydrazine (16).

Statistical analysis
The results are expressed as means T SE; differences among multiple

groups were compared by one-way ANOVA followed by Tukey post hoc test.
Statistical significance was assigned to P G 0.05.

RESULTS

The group of sepsis had eight patients with severe sepsis and

seven with septic shock. The origin of infection was pneumo-

nia in eight patients, intra-abdominal infection in five patients,

pyelonephritis in one patient, and catheter-related infection in

one patient. In Table 1, we show age, Acute Physiology andM

Chronic Health Evaluation II (APACHE II), Sequential Or-

gan Failure Assessment (SOFA) D1, and SOFA D3 scores of

survivor and nonsurvivor patients. These patients presented

altered values for oxidative parameters in serum. As depicted

in Table 2, TRAP assay indicated an increase in nonenzymatic

antioxidant reactivity in serum, whereas TBARSs and car-

bonyl assays showed increased lipoperoxidation and protein

oxidative damage in septic serum. To better understand this

apparent divergence between TRAP and TBARSs/carbonyl

results, we analyzed the results from each patient individually.

Total radical-trapping antioxidant parameter results indicated

the existence of two subgroups of septic patients according to

the oxidant status in serum; eight patients had antioxidant TRAP

values in relation to control subjects, with a mean significantly

below control (15.71%), whereas seven patients presented pro-

oxidant TRAP values, with a mean significantly greater than

control (138.11%). Thiobarbituric acidYreactive substance and

carbonyl levels were also decreased in patients with antioxidant

TRAP values, whereas the group of patients with pro-oxidant

status of TRAP presented significant increases in both parame-

ters, which reinforced the indication that sepsis patients may

present two distinct profiles of oxidant status. Figure 1 shows the

dual distribution of TRAP values of serum from septic patients

in relation to control; individual values greater than control

TABLE 1. APACHE II, SOFA D1, and SOFA D3 scores
of sepsis patients

Patients

Nonsurvivors Survivors

Age, y 57.4 (14.6) 58.4 (17.9)

APACHE II 15.2 (8.4)* 11.2 (7.1)

SOFA D1 3.2 (1.3) 1.9 (1.1)*

SOFA D3 2.6 (2.4) (1.4)*

Values are presented as mean (SD).
*Significant differences (one-way ANOVA followed by Newman-Keuls
post hoc, P G 0.05).

TABLE 2. Serum oxidative parameters of sepsis patients

TRAP,
% control

TBARSs,
nmol/mg protein

Carbonyl,
nmol/mg protein

Control (n = 24) 100 T 1.92 0.145 T 0.003 1.35 T 0.28

Sepsis (n = 15) 72.86 T 16.81* 0.394 T 0.050† 3.14 T 0.38‡

Antioxidant (n = 8) 15.71 T 3.11§ 0.233 T 0.053‡ 2.02 T 0.28

Pro-oxidant (n = 7) 138.11 T 8.34‡ 0.588 T 0.041|| 4.43 T 0.32‡

Survivors (n = 8) 48.12 T 21.01* 0.340 T 0.020† 2.40 T 1.66

Nonsurvivors (n = 7) 106.14 T 23.65 0.280 T 0.011‡ 3.40 T 2.20‡

Serum samples from 24 healthy subjects (control) and 15 sepsis patients
were used to measure the nonenzymatic antioxidant potential by TRAP
analysis, lipoperoxidation by TBARS quantification, and protein damage
by carbonyl quantification. The values depicted for TRAP represent the
chemiluminescence induced by the free radical generator AAPH in the
samples (converted to % of control) and were normalized by the protein
content of the sample. Thiobarbituric acidYreactive substances and
carbonyl serum levels were quantified in the same samples. Antioxidant,
pro-oxidant, survivors, and nonsurvivors groups refer to different subsets
of the group of sepsis patients. Control group consisted of 24 normal,
healthy subjects (15 males, 9 females, aged 45 T 18 years).
Values represent mean T SEM.
*Lower than control.
†Higher than ‡group.
‡Higher than control.
§Lower than *group.
||Higher than †group (one-way ANOVA followed by Newman-Keuls post
hoc, P G 0.05).

FIG. 1. Total radical-trapping antioxidant parameter values of serum
samples from septic patients. Distribution of individual TRAP values of
control and sepsis patients shown in Table 2 with the subgroups of anti-
oxidant and pro-oxidant sepsis patients with respective cutoff values. Control
group consisted of 24 normal, healthy subjects (15 males, 9 females, aged
45 T 18 years).
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(100%) were grouped as pro-oxidant sepsis, whereas values less

than control were grouped as antioxidant sepsis. We plotted in

Table 3 APACHE II, SOFA D1, and SOFA D3 scores for pro-

oxidant and antioxidant groups of sepsis patients, along with

origin of infection.

We next analyzed the serum immunocontent of HSP70 of

septic patients, and we observed significant increased values

for serum HSP70 immunocontent compared with control

(Fig. 2A). Considering the well-known relationship between

oxidative stress and induction of HSP70 expression, we plotted

the values for serum HSP70 immunocontent of septic patients

according to their TRAP-based antioxidant or pro-oxidant

serum status. Interestingly, we observed a very distinct pattern

for serum HSP70 immunocontent between antioxidant and pro-

oxidant patients. The subgroup of septic antioxidant patients

presented serum HSP70 levels not different from those of con-

trol subjects, whereas the subgroup of septic pro-oxidant patients

had 30-fold increased serum HSP70 compared with control.

Altogether, these data indicate a relationship among serum oxi-

dant status and modulation of extracellular HSP70 in sepsis

patients.

Oxidative stress parameters and HSP70 levels in serum

were also analyzed according to the survival outcome of septic

patients, to identify a possible relationship between sepsis

severity and oxidant-dependent modulation of extracellular

HSP70. Compared with control, sepsis survivors had a small

decrease in TRAP values, whereas nonsurvivors presented a

small although significant increase (Table 2). Thiobarbituric

acidYreactive substance levels were increased in both survivors

and nonsurvivors, whereas carbonyl levels were increased only

in nonsurvivor patients. Serum HSP70 immunocontent was also

significantly increased in nonsurvivor patients (Fig. 2B). Alto-

gether, these results suggest that serum HSP70 levels in sepsis

patients are related to serum oxidant status and that oxidative

stress and increased HSP70 in serum may be also related to

sepsis severity and outcome.

DISCUSSION

The molecular mechanisms underlying sepsis are complex

and relate different levels of metabolic and signal coordina-

tion; for such reason, comprehensive studies relating different

aspects of sepsis-induced perturbations at cellular and molec-

ular levels are more urged than ever. This is evidenced by the

differential outcomes of biochemical studies focusing on iso-

lated aspects of sepsis molecular mechanisms. For instance,

many animal studies as well as prospective randomized clini-

cal trials associated sepsis with redox imbalance and oxidative

stress, but other studies failed to establish a correlation be-

tween antioxidant-based therapies and improvement of sepsis

condition (11, 17, 18). This is also true for studies on the role

of HSP70 in sepsis. Animal and cellular models corrobo-

rated the existence of a relationship between HSP70 and

sepsis, but clinical observations failed to establish a direct

correlation between HSP70 modulation and protection against

septic shock (19).

TABLE 3. APACHE II, SOFA D1, SOFA D3 scores, and type and
origin of sepsis at the pro-oxidant and antioxidant

groups of patients

Patients

Pro-oxidant Antioxidant

Age, mean (SD), y 57.2 (13.9) 57.9 (20.1)

APACHE II, mean (SD) 13.8 (9.2) 12.1 (8.7)

SOFA D1, mean (SD) 3.1 (2.0) 2.2 (1.5)

SOFA D3, mean (SD) 2.6 (2.3) 1.9 (1.4)

Severe sepsis, no. patients 3 5

Septic shock, no. patients 4 3

Pneumonia, no. patients 5 3

Intra-abdominal infection, no. patients 2 3

Pyelonephritis, no. patients 0 1

Catheter-related infection, no. patients 1 0

Values represent mean (SD) for APACHE II, SOFA D1, and SOFA D3
scores, and number of patients for type of sepsis and origin of infection.
No significant differences were detected among groups.

FIG. 2. Representative immunoblots of HSP70 immunocontent of serum samples from sepsis patients. A, Heat shock protein70 gel immunoblot
showing three representative samples of control subjects and six of sepsis patients (three from antioxidant patients and three from pro-oxidant patients). Bars
represent mean T SEM of all patients; samples contained equal amounts of protein. B, Representative gel showing HSP70 immunoblots of control patients (three
samples), sepsis survivors (three samples), and sepsis nonsurvivors (three samples). The graph shows replotted HSP70 mean T SEM according to survival
outcome. *Different from control, P G 0.05; **different from control (P G 0.001) and from *group (P G 0.05) according to one-way ANOVA followed by Newman-
Keuls post hoc, P G 0.05.
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There is a more or less generalized effort to establish a

correlation among increased HSP70 expression and protection

against septic shock in the literature, probably because of the

usual cytoprotective effects of this protein. So far, most works

focused on modulation of intracellular HSP70 in blood cells

(19Y22), but the outcomes are controversial. Results of dif-

ferent works suggest that an attenuation of cytokine liberation

caused by inducible HSP70 expression could have beneficial

effects in cases of systemic inflammation (19). On the other

hand, cellular levels of HSP70 were shown to be markedly

decreased in critically ill patients of sepsis (21). A potential

role for extracellular HSP70 in sepsis and other conditions

has been addressed only recently, and results are still scarce.

In children with septic shock, a significant increase in serum

HSP70 levels was reported (23), and similar observations were

made earlier with patients from severe trauma (24, 25). Ad-

ministration of exogenous HSP70 was observed to protect rats

from endotoxic shock and modify the response of myeloid

cells to lipopolysaccharide (26), but a role for extracellular

HSP70 in clinical sepsis has not been established yet.

Our group has been studying the role of oxidative stress in

sepsis, and we believe that redox signaling exerts an impor-

tant influence in the regulation of sepsis response. Our data

confirmed that sepsis patients have increased serum levels of

HSP70. But, most interestingly, we also observed here that

serum HSP70 is modulated according to the serum oxidant

status, which vary among different patients. Based on the

analysis of serum oxidative stress parameters (TRAP, lipid

peroxidation, and protein carbonyl levels), septic patients may

be classified into two opposite phenotypes, one presenting a

general antioxidant profile and the other being pro-oxidant. This

is an important observation as many biochemical parameters

with clinical relevance may be subjected to oxidant-dependent

regulatory processes, which could lead one to data misinterpre-

tation when analyzing sepsis patients as a homogenous group.

To our knowledge, the correlation between HSP70 levels and

sepsis has never been studied based on oxidative parameters.

Heat shock protein 70 levels in different organs, cells, and

fluids may undergo several types of regulation, which may in-

clude active release to extracellular medium in response to dif-

ferent mechanisms (27). In sepsis, it is possible that increased

HSP70 levels are a result of cytokine action stimulating gene

expression in blood cells and that the extent of oxidative stress

may contribute to serum HSP70 levels modulation by causing

HSP70 active secretion or lytic release by necrotic cell death.

This might also explain the different observations reported by

studies correlating HSP70 expression in different tissues or cells

and sepsis outcome. Sepsis affects many physiological pro-

cesses and the function of different organs to an extent that

varies according to the origin of sepsis, severity, and history of

each patient. Because oxidative stress and HSP70 expression,

activation, and release are also affected and modulated at sev-

eral degrees by infection, inflammation, water deprivation, and

oxygen supply, it is not surprising that HSP70 release is regu-

lated according to the oxidant status during sepsis.

Diverse mechanisms may account for the modulation of

extracellular levels of HSP70. Physiologically, necrotic cell

lysis from injury or infection is known to release HSPs into

the extracellular compartment where they activate antigen-

presenting cellYmediated defense (28). Active release of HSP70

to the extracellular environment was also observed in dif-

ferent cells, via exosomal export originated from trans-Golgi

and endoplasmic reticulumYderived vesicles (29). Once at the

extracellular space, HSP70 is believed to act as an immunosti-

mulatory signal, as it was reported to activate Toll-like receptors

2 and 4 (7). Besides, a plethora of immune responses was re-

ported to follow HSP70 immunostimulation, such as increased

release of TNF-!, IL-1", IL-6, IL-12, granulocyte-macrophage

colony-stimulating factor, nitric oxide, macrophage inflamma-

tory protein 1, monocyte chemotactic protein 1, and RANTES

(6). Most of these data were acquired with the inducible iso-

form of HSP70 (i.e., HSP72), and it is believed that this is

the predominant isoform in active release to the extracel-

lular space (29). Here, we used a pan-HSP70 antibody that

detects both the constitutive (HSP73) and the inducible iso-

forms, which contribute to the total pool of extracellular

HSP70.

The patient’s oxidant status may influence both HSP70

modulation during sepsis and its activity toward immune sys-

tem regulation, which could account for many of the differ-

ences in the outcome of such patients. This could also explain

why different works present different correlations between

serum or plasma HSP70 levels and sepsis outcome. It is pos-

sible that variations in individual antioxidant defense systems

(enzymes plus nonenzymatic antioxidants at cellular and sys-

temic levels) may account to the differences in serum HSP70

levels and that combination of oxidative stress and extracel-

lular HSP70 action is responsible for various deleterious effects

observed in the course of sepsis. However, oxidative stress may

not be the sole factor influencing HSP70 expression, activity,

and release. Differences in sepsis outcome possibly related to

HSP70 function and oxidative stress may also reflect differences

in such other factors.

In conclusion, we report that serum HSP70 levels are

modulated according to the oxidant status during sepsis, and

increased serum HSP70 seems to be also associated to mor-

tality. Although serum oxidative stress was observed to be

correlated to HSP70 modulation, markers of oxidant damage

in serum (i.e., TRAP, TBARSs, and carbonyl levels) showed

variable degrees of association to sepsis outcome.
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Abstract: Expression of intracellular HSP70 is associated to cytoprotective effects against a wide range extent of 

stressful stimuli, such as inflammation, oxidative stress, hypoxia, endotoxins, infections and fever. This cytoprotective 

effect is mainly attributed to their ability to stabilize protein structures through chaperon-like reversible interactions. 

HSP70 was recently detected in the extracellular medium and its presence in serum is commonly associated with 

pathological situations, where it exerts modulatory effects on cells of the immune system. Previously, we have 

described the relationship between serum HSP70 levels, oxidant status and clinical outcome of septic patients; the 

group of patients with higher pro-oxidant status and higher serum HSP70 had also higher mortality. To investigate the 

possible association between oxidized HSP70 and cytoprotection or cell death, we incubated RAW 264.7 

macrophages with oxidized HSP70 and evaluated nitrite production, cell proliferation, cell viability, reactive oxygen 

species production, TNF-α release and phagocytic activity. We also evaluated structural modifications caused by 

oxidation in purified HSP70. Oxidation of HSP70 altered its protein structure; besides, the modulatory effect of 

oxidized HSP70 on RAW265.7 cells was different from native HSP70. Macrophages treated with oxidized HSP70 

presented lower proliferation, higher reactive oxygen species production, lower phagocytic activity and TNF-α release. 

These results indicate that oxidation of extracellular HSP70 modify its signaling properties, causing alterations on its 

modulatory effects on macrophage function and viability.    

Keywords: HSP70; inflammation; oxidative modifications; macrophage activation 
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Introduction 

Heat shock proteins (HSPs) were first described in 1962 when Ferrucio Ritossa accidentally exposed salivary gland 

cells to a heat shock [1]. They function as ATP dependent molecular chaperones, transporting intracellular proteins in 

cells under stress and assisting the correct folding and stabilization of damaged proteins.  Since then, these proteins 

have been associated with many other stressful stimuli, including inflammation and oxidative stress [2], gaining a new 

cytoprotective function. Up-regulation of intracellular HSP70 results in protective effects against hypoxia, excess 

oxygen radicals, endotoxin, infections and fever [3]. This cytoprotective effect is attributed to their ability to stabilize 

protein structures through chaperon-like reversible interactions [4]. Members of the heat-shock superfamily have a 

highly conserved structure, being present from bacteria till mammals. HSP70 has an amino acid sequence constituted 

by 700 residues that form a 70 kDa protein with three different domains: the nucleotide binding domain (NBD), the 

substrate binding domain (SBD) and a c-terminal portion with yet unknown function. HSPs are distributed in diverse 

cell compartments, including cytosol, nucleus and membrane organelles. Recently, HSP70 has been observed to be 

translocated to the plasma membrane and released to extracellular environments, where they exert modulatory effects 

in cells of the immune system [5-7]; in addition, serum HSP70 is associated with stress conditions as inflammation, 

bacterial or viral infections, and oncological diseases [8]. 

In humans, extracellular HSP70 (eHSP70) is known to be released into the systemic circulation by the brain and 

hepatosplanchnic tissue [9, 10], but not by the contracting muscles [11], although physical exercise induces eHSP70 

release, as first described in an experiment where subjects followed a 60 minutes treadmill at 70% of maximal oxygen 

uptake [12]. After that, the up-regulation of eHSP70 has been observed after prolonged exercise, which appears to 

rely on the duration and intensity of the exercise [13]. Increased levels of eHSP70 have been reported in the 

circulation of sedentary people after 1 hour of moderate and intensive exercise along with increased neutrophil 

microbicide capacity and chemotaxis [14, 15], suggesting that eHSP70 plays an important role in the exercise-induced 

inflammation and modulation of the innate immune response.    

Extracellular HSPs can initiate both innate and adaptive immunity [16, 17]. HSP proteins derived from pathogens or 

the host cells can directly activate or enhance the activity of various innate immune cells to produce cytokines and 

chemokines [18]. These proteins promote maturation, migration of antigen-presenting cells (APC) and subsequent 

APC–T cell interaction, thus initiating the adaptive immune response. HSP can also bind antigenic peptides derived 

from tumor or virus, and has been applied to vaccine development as adjuvants. According to the ‘‘danger signal’’ 

theory, immune cells are activated by alarm signals derived from stress or damaged self-proteins [19]. It is accepted 

that extracellular HSP fits the criteria for danger signals as they can promote inflammatory cytokine production of APC 

and initiate antigen-specific immune response, present antigens to T cells in a ‘‘danger’’ context, and have been linked 

to the pathogenesis of several autoimmune diseases [20, 21]. 

In a previous work of our group we evaluated the relationship between serum HSP70 immunocontent and oxidant 

status in sepsis. Patients with severe sepsis were followed up for 28 days after diagnosis, or until death. The serum of 

these septic patients presented augmented HSP70 levels. Analysis of oxidative parameters revealed that septic 

patients with pronounced oxidative damage in serum had also increased HSP70 levels, while septic patients with 

control-like serum oxidative parameters had lower HSP70 levels. Furthermore, an analysis of septic patients 

according to survival outcome indicated that those patients with higher HSP70 serum levels presented increased 
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mortality, leading to the conclusion that the serum HSP70 levels are being modulated according to the patient oxidant 

status, and increased serum HSP70 levels is associated to mortality in sepsis  [22].  

It is known that the serum of septic patients is able to induce the activation of macrophages and the production of IL-

10; also, the phagocytic index of these macrophages were correlated with the severity and mortality of the disease 

[23]. Murine models of lethal sepsis have higher protein carbonyl levels and an imbalance in  SOD / CAT (superoxide 

dismutase / catalase) when compared with the non-lethal group, indicating that oxidative stress is exacerbated in the 

lethal model [24]. Thus, it is likely that several proteins related to anti-inflammatory response undergo oxidation by 

reactive species and, consequently, their functions are changed. 

Considering that we had previously demonstrated that sepsis is associated with redox imbalance and oxidative stress, 

the aim of this work was to investigate a possible relationship between previously oxidized HSP70 and the activation 

of macrophage cells.  

Methods 

Oxidation of HSP70 

Purified bovine HSP70 was purchased from Sigma-Aldrich® (H9776). HSP70 was treated with different 

concentrations (1, 5, 10, 25, 50 and 100 mM) of the oxidizing agent hydrogen peroxide (H2O2) for 1 hour at 37ºC 

under agitation. HSP70 was added so that the final concentration was 1 µg of protein per 1 mL of medium. 

Polyacrylamide gel electrophoresis 

We added 4 µg of protein to 12 µl of H2O2 or Milli-Q water (for control), incubated at 37ºC for 1h then rest at -20ºC for 

20 minutes. Samples were mixed with 16 µl of non-denaturing buffer or denaturing buffer and loaded into a 12% 

polyacrylamide gel. Electrophoresis followed for approximately 1h. Gels were stained by Coomassie Blue and 

digitalized. 

For the alkylation experiment, 4 µg of HSP70 were previously treated with 10 mM of iodoacetamide for 30 minutes in 

the absence of light. After that, samples were lyophilized to remove the alkylating agent and resuspended in Milli-Q 

water. Samples were treated with H2O2 for 1h at 37ºC and rested at -20ºC for 20 minutes. A non-denaturing buffer was 

utilized. Electrophoresis followed for approximately 1h. Gels were stained by Comassie Blue and digitalized.       

Cell culture line macrophage RAW 264.7 

Exponential growing macrophage-derived cell line RAW 264.7, obtained from the Rio de Janeiro Cell Bank (BCRJ, Rio 

de Janeiro, Brazil) were maintained in RPMI 1640 media supplemented with 10% heat-inactivated fetal bovine serum 

(FBS), 2 mM of glutamine, 0.28 μg/μL of gentamicin and 250 μg of amphotericin B, in a humidified atmosphere of 5% 

of CO2 in air at 37 °C. Cell medium was replaced each 2 days and the cells were sub-cultured once they reached 90% 

confluence. These cells are grown in plastic bottles and scrapped when they reach 70 - 90% confluence, counted and 

plated. Cells were seeded in 96-well plates for DCFH-DA, nitrite production, SRB and MTT assays; in 24-well plates 

for phagocytosis assay and in 6-well plates for TNF-α release assay.   
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Nitrite assay 

The accumulation of NO2
-, a stable end product of NO formation, in conditioned media was measured as an indicator 

of NO production. Cells were seeded in a 96 well plate and then treated with oxidized HSP70 (oxHSP70) or non-

oxidized HSP70 (HSP70). 100 μL cell-free conditioned medium was transferred and incubated with 100 μL of Griess 

reagent at 37ºC for 15 minutes and the absorbance measured in a microplate reader at 540 nm [25]. 

SRB assay 

Cells were seeded in a 96 well microplate and then treated with oxHSP70 or HSP70. After removal of the medium, 

cells were fixed with 10% trichloroacetic acid for 1 hour at 4ºC. Following by staining for 30 minutes with 0.4% (wt/vol) 

sulforhodamine B (SRB) dissolved in 1% acetic acid. Unbound dye was removed by four washes with 1% acetic acid, 

and protein-bound dye was extracted with 10 mM unbuffered Tris base [tris (hydroxymethyl) aminomethane] for 

determination of optical density in a computer-interfaced, 96-well microtiter plate reader at 515 nm [26]. 

MTT assay 

Cell viability was measured via MTT (3-(4, 5-Dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide) assay. RAW 

264.7 macrophages were seeded in a 96 well microplate and then treated with or not with HSP70 or oxHSP70 for 24 

hours. Medium was removed and cells were washed with PBS. MTT (0, 05 mg/mL) was added for 1 hour at 37ºC. 

Cells were again washed and DMSO was added for 15 minutes in the absence of light. Absorbance was read at 560 

nm and 630 nm [27]. 

DCFH-DA assay 

Changes in reactive species production were detected by DCFH-DA oxidation-based method. Cells were seeded in a 

96 well microplate for 24 hours. After removal of the medium, the plate was washed with PBS and 100 µl of DCFH 

(100 µM) diluted in 1 % medium was added in each well. The plate was then incubated for 1 hour at 37ºC. The 

medium with DCFH was removed and the plate was again washed with PBS. HSP70 or oxHSP70 were added, diluted 

in medium, and the fluorescence was monitored by 90 minutes in the microplate reader, with excitation at 485 nm and 

emission at 532 nm at 37ºC [28]. 

Phagocytic Activity 

The modulation of macrophages phagocytic activity was assessed by the zimosan particles assay. Zimosan (1,25 mg) 

was incubated under agitation with neutral red dye (200mg/mL, dissolved in DMSO) for 10 minutes. This preparation 

was resuspended in 20 volumes of PBS, centrifuged and washed. The resulting pellet was resuspended in 2,5 mL of 

PBS. 50 µL of this suspension was mixed with 650 mL of RPMI 1640 medium. Cells seeded in 24 well plates were 

incubated with 2mM of PMA (phorbol 12-myristate 13-acetate) or ethanol. After 30 minutes, the treatments (oxHSP70 

or HSP70) were added to the plate for 30 minutes in an incubator at 37ºC. After that, 50 µL of the preparation of 

neutral red stained zimosan was added in each well of the plate. The process of phagocytosis lasted 30 minutes and 

then was interrupted by adding cold PBS. The phagocytic macrophages as well as the particles were counted in a 

digital microscope IX-81 (Olympus) utilizing the program Cell. The phagocytic index was calculated based on the 

Hishikawa index [29]. 
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ELISA indirect assay for TNF-α release 

The induction of TNF- α release to the incubation medium was quantified by ELISA indirect assay. Cells were seeded 

in 6 well plates and treated for 24 hours. After that, 200 µl of the medium was transferred to a 96 wells ELISA plate for 

36 hours for protein adhesion. Following removal of the medium, the plate was washed with TTBS 1x and 100 µ of 

1:10.000 antibody anti-TNF-α solution was added for 24 hours at 4ºC. After washing, the plate was incubated with a 

solution containing the secondary antibody (anti-rabbit 1:10.000) for 3 hours at room temperature, washed again with 

TTBS 1x and added the revelation solution for 30 minutes. The reaction was stopped with sulfuric acid and the 

absorbance was read at 450 nm in a microplate reader.  

 

Results 

In order to elucidate the role of oxidation in the possible structural modifications HSP70 may undergo, we treated 

purified HSP70 with different concentrations of hydrogen peroxide and submitted it to a polyacrylamide gel 

electrophoresis. In the presence of a reducing agent, the protein showed as a major band of 70 kDa, as expected. But 

we can observe a decrease in the intensity of this band as the concentration of hydrogen peroxide increases. The 

eletrophoretic analysis also shows a 140-kDa band that probably is the dimerized form of HSP70. This band showed 

the same behavior as the main 70-kDa, presenting a decrease in its intensity as the hydrogen peroxide concentration 

is increased [Figure 1]. 

In an oxidizing environment, proteins with cysteine residues tend to form inter and intramolecular disulfide bonds, 

which are reversed by a reducing agent. To eliminate this interfering condition, we utilized a sample buffer without ß-

mercaptoethanol [Figure 2]. Here, the predominant band is the 70 kDa one, which seems to fade in intensity as the 

H2O2 concentration increases. The 140 kDa presents the same pattern. In addition, there is a 90 kDa band that was 

evidenced in these conditions which also presented the pattern of decreased intensity according the increase in H2O2 

concentration.  Although all the bands decrease, it is not as smooth as it is in the reducing gel. 

If the non-reducing gel has a different pattern than the reducing one, could it be due to the disulfide bonds or the 

interactions caused by the pro-oxidizing environment? Moreover, are these interactions important to the correct folding 

of the protein? When pre-treated with an alkylating agent and then treated with hydrogen peroxide, the major 70 kDa 

band appeared to be split into two minor bands [Figure 3]. Besides, additional bands in the range of 60 kDa were 

visualized, suggesting that the protein may not be completely and correctly assembled.  

These same treatments were used to investigate the cellular response that oxHSP70 could trigger in macrophages. 

RAW 264.7 cells were incubated with oxHSP70 during 30, 60, 120 minutes and 24 hours and then nitrite production 

and cell viability were evaluated. We observed increased nitrite production in the pre-oxidized HSP70 treated cells (10 

mM hydrogen peroxide) at 30 minutes (with H2O2 10 mM) and after 24 h (with H2O2 25 mM) of incubation; no 

differences were observed in other periods of incubation [Figure 4]. To assess cell survival, we used the SRB 

incorporation assay as a parameter of cell number, and no significant differences were observed at 30, 60 and 120 

minutes of exposition. On the other hand, after 24 hours of exposition, we observed that the HSP70 oxidized with 5, 

25, 50 and 100 mM of hydrogen peroxide induced a decrease in SRB incorporation compared to control (P < 0,05), 

indicating a decrease in the number of cells [Figure 5].  
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To further explore the effect of oxHSP70 in the number of cells, we decided to evaluate the effect of oxSHP70 in a 

parameter of cell viability. For this purpose, we performed a MTT reduction assay to evaluate cell viability after 

treatment HSP70 or oxHSP70 for the same period of time. MTT reduction in cells treated with HSP70 was not different 

to  control (not treated cells), while cells treated with oxHSP70 (10, 25, 50 and 100 mM of H2O2) had decreased MTT 

reduction compared to HSP70-treated cells and control (P < 0,05) [Figure 6], suggesting oxHSP70 affects cell viability.  

To evaluate the effect of oxHSP70 on the production of reactive oxygen species in RAW 264.7 cells, we performed the 

same treatments described above and monitored the oxidation of DCFH by the real-time DCFH-DA oxidation assay 

during 90 minutes. We observed that HSP70 previously oxidized with 25, 50 and 100 mM of hydrogen peroxide 

induced higher levels of reactive oxygen species when compared to HSP70-treated cells and control (P < 0,05) 

[Figure 7].  

We next evaluated effect of oxHSP70 on the modulation of phagocytosis RAW 264.7 cells were treated during 30 

minutes with oxHSP70 or HSP70 the phagocytic activity was assessed by the zimosan-based assay. As expected we 

observed that HSP70 induced an increase in the score of Hishikawa index when compared to control; oxHSP70 was 

not able to induce the same effect of normal HSP70, indicating that oxidation of HSP70 affects its modulatory effect on 

phagocytosis (P < 0,05) [Figure 8]. 

Another classical parameter of macrophage activation, the secretion of the cytokine TNF-α, was assessed. RAW 

264.7 macrophages were treated with HSP70 or oxHSP70 for 24 hours and the levels of TNF-α were evaluated by 

indirect ELISA. As expected, HSP70 induced a significant increase in TNF-α release by RAW 264.7 cells, while 

oxHSP70 failed to induce this effect (P < 0,05) [Figure 9]. This result also indicates that oxidation of HSP70 induces a 

loss of the extracellular signaling function of this protein.   

Discussion 

Many years have passed since HSP70 has been discovered; nowadays researches show that its functions and roles 

are much wider than the original chaperone activity described. Recently, these proteins have been identified in the 

serum after diverse forms of stress (heavy exercise, inflammatory process, septic shock and trauma) [30-32]; first it 

was thought that its presence was caused by the necrotic disruption of cell membrane and consequently extravasation 

of cytosolic proteins, among them HSP70. After that, it was showed that HSP70 could be actively secreted from the 

intracellular environment to the extracellular space [33], leading to the belief that they could have a deeper signaling 

role during pathogenic processes. 

In a recent study of our group [22], we have shown the correlation between the clinical outcome of septic patients and 

the presence of HSP70 in their serum. More than that, the patients which died and had more oxidative stress levels in 

their serum also had increased HSP70 serum levels. Here, we submitted purified HSP70 to oxidation and evaluated 

structural changes in the protein and the effects of oxHSP70 on cell viability and immunomodulatory properties.  When 

submitted to an oxidative agent (hydrogen peroxide), HSP70 showed some alterations on the electrophoretic profile 

with a reducing sample buffer; the major protein band of 70 kDa and the 140 kDa band (the probable dimer) 

decreased in intensity as the gradient levels of oxidation increases, suggesting that the oxidative environment is 

damaging the protein and changing their tertiary structure [Figure 1]. In non-reducing conditions, electrophoresis of 

both normal and oxidized HSP70 evidenced a 90 kDa band, which is not apparent in the gel under reducing 

conditions. Although we do not know what process caused the appearance of this 90 kDa in both electrophoretic 
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separations, it is very likely that this process is a redox-related modification, such as disulfide bond formation, since 

this band is decreased in HSP70 submitted to higher levels of H2O2. Thus, we suggest that this 90 kDa band 

visualized in the gel under reducing conditions is an intermediate, redox-modified form of HSP70 [Figure2]. 

As formation of intramolecular or intermolecular disulfide bonds is one of the most notable modifications of proteins 

containing cysteine residues, we blocked the possible sites for disulfide formation by pre-treating HSP70 with an 

alkylating agent, iodoacetamide (IAA); so, when the protein is incubated with hydrogen peroxide the disulfide bonds 

cannot be formed. The electrophoretic profile formed by running HSP70 in this condition shows a splitting of the 70 

kDa band, suggesting that this major band was actually formed by bands of very close molecular weight [Figure 3]. 

If extracellular HSP70 plays a role in inflammatory processes, as these are commonly associated with oxidative 

unbalance and stress, what are the effects of a possible oxidation of oxHSP70 on macrophages? To solve this 

question we treated RAW 264.7 cells by 30, 60, 120 and 24 hours with HSP70 pretreated or not with hydrogen 

peroxide. We did not observe any significative differences between the production of nitrite by cells treated with 

oxHSP70 or HSP70; still, the cell proliferation quantified through the SRB assay did not change in short times but after 

24 hours of exposition we observe an interesting effect, where pre-oxidized HSP70 diminished the proliferation of the 

cells as compared to non-treated cells and cells treated with non-oxidized HSP70. Also interesting was the 

observation that the phagocytic activity of the macrophages was diminished in cells treated with pre-oxidized HSP70 

as compared to the cells treated with non-oxidized HSP70, suggesting that oxHSP70 did not activate macrophages 

with the same efficacy as the non-oxidized HSP70 [Figure 8]. 

HSP70 has the ability to induce macrophage activation; one of the parameters observed when this event occurs is the 

production of inflammatory cytokines, such as IL-8, IL-10 and TNF-α. We treated RAW 264.7 macrophages with 

HSP70 or oxHSP70 for 24 hours and analyzed the content of TNF-α in the incubation medium. The groups treated with 

oxHSP70 had similar TNF-α levels to the control group; besides, TNF-α release by cells treated with normal HSP70 

were increased compared to both oxHSP70-treated and control cells, suggesting that oxHSP70 failed to activate 

macrophages in a classical way. It is known that TNF-α plays an important role in the proliferation, apoptosis and 

differentiation of macrophages. Long-term survival of macrophages is dependent on autocrine signaling by TNF-α 

[34]. Because TNF-α mediates many of the pathological effects of LPS-TLR4 in conditions such as septic shock, it is 

suggested that prolonged macrophage survival mediated by TNF-α plays an important role in sepsis [35]; this can be 

related to our findings which shown that after 24 hours of treatment with oxHSP70, RAW 264.7 macrophages produced 

lower levels of TNF-α [Figure 6] and had lower cell viability [Figure 9]. 

In a general way, HSP70 can be released to the extracellular space as a “danger signal” to the system, as it can be 

recognized by TLR and trigger a pro-inflammatory signaling pathway. In this context, we could infer that the oxidation 

and subsequently modification and impairment of HSP70 can be related to a lack of this “danger signal” when 

necessary. Moreover, oxHSP70 could be exerting its effects by activating other receptors than TLR, such as the 

receptor for advanced end-glycation products (RAGE), a key pattern recognition receptor capable of binding a diverse 

repertoire of soluble and cell-associated molecules involved in the host response to tissue injury, infection and 

inflammation. In a recent study [36] it was shown that HSP70 is a possible novel ligand for RAGE. Ligation of RAGE 

induces the activation of multiple signaling pathways that may vary depending on the ligand, cell and tissue 

microenvironment, and thus mediates diverse cellular responses, such as the one observed by oxHSP70.     
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Nevertheless, it is important to note that the immune effects of HSP vary depending on several factors including the 

specific HSP family (HSP60, HSP70, HSP90), the cellular source of the HSP (normal, cancerous, viral-infected, 

bacterial), cellular location (intracellular, cell surface, serum) and the physiological circumstances modulating HSP 

expression (oxidative stress, bacterial infection, viral infection, psychological stress, physical stress, whole organism 

vs. localized cellular stress). Thus, the specific physiological context of these proteins greatly impacts their function, 

preventing any global statements about the in vivo, immunological functions of HSP70 [16]. 

Taking into account the results presented in this paper and in our previous findings, we suggest that in a pro-oxidant 

situation, common to pro-inflammatory pathologic processes, HSP70 could undergo structural changes which could 

lead to functional impairment, as we observed before in septic patients [22]. In the present paper we showed that 

oxidized HSP70 induced a decrease in RAW 264.7 macrophages number after 24 hours treatment, a decrease in 

phagocytic activity and a decrease in TNF-α production.  We believe that this may be correlated with the worst 

outcome observed in our previous work.   
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Figure Captions 

Figure 1. a) Polyacrylamide gel electrophoresis of HSP70 after 1 hour of exposition or not to different 

concentrations of hydrogen peroxide at 37ºC under agitation. Samples were mixed in reducing buffer containing 

ß-mercaptoethanol. b) Densitometry of the 70 kDa band. c) Densitometry of the 140 kDa band. Representative image 

of three independent experiments. No statistics applied 

Figure 2. a) Polyacrylamide gel electrophoresis of HSP70 after 1 hour of exposition or not to different 

concentrations of hydrogen peroxide at 37ºC under agitation. Samples were mixed in a non-reducing buffer to 

preserve oxidative modifications (without ß-mercaptoethanol). b) Densitometry of the 70 kDa band. c) Densitometry of 

the 90 kDa band. d) Densitometry of the 140 kDa band. Representative image of three independent experiments. No 

statistics applied 

Figure 3. a) Polyacrylamide gel electrophoresis of HSP70 pre-treated or not with iodoacetamide for 1 hour 

then exposed for 1 hour to different concentrations of hydrogen peroxide at 37ºC under agitation. Samples 

were mixed in a non-reducing buffer to preserve alkylating and oxidizing modifications (without ß-mercaptoethanol). a) 

Densitometry of the 70 kDa band. c) Densitometry of the 140 kDa band. Representative image of three independent 

experiments. No statistics applied 

Figure 4. Nitrite production by RAW 264.7 macrophages after 30, 60, 120 minutes and 24 hours of exposition 

or not to HSP70 (non-oxidized) and to oxHSP70 (oxidized HSP70 by different concentrations of H2O2 for 1 

hour at 37ºC). Experiments were triplicated and data is present as mean (SD). One way ANOVA was performed 

followed by Tukey’s post-hoc test. No significant differences between treatments were observed. P < 0,05 

Figure 5. Measurement of RAW 264.7 macrophages cell proliferation after 30, 60, 120 minutes and 24 hours of 

exposition or not to HSP70 (non-oxidized) and to oxHSP70 (oxidized HSP70 by different concentrations of 

H2O2 for 1 hour at 37ºC). Experiments were triplicated and data is presented as mean (SD). One way ANOVA was 

performed followed by Tukey’s post-hoc test. HSP70 oxidized by 5, 25, 50 and 100 mM of H2O2 differed significatively 

from control (non-treated) and from HSP70 non-oxidized. P < 0,05 

Figure 6. Measurement of RAW 264.7 macrophages cell viability after 24 hours of exposition or not to HSP70 

(non-oxidized) and to oxHSP70 (oxidized HSP70 by different concentrations of H2O2 for 1 hour at 37ºC). 

Experiments were triplicated and data is presented as mean (SD). 24 hours SRB placed by side for comparison. One 

way ANOVA was performed followed by Tukey’s post-hoc test. All oxHSP70 treatments showed lower cell viability when 

compared to control but only HSP70 oxidized by 10, 25, 50 and 100 mM of H2O2 differed significatively from control 

(non-treated) and from HSP70 non-oxidized. P < 0,05 

Figure 7. Detection of changes in reactive species production on RAW 264.7 macrophages by DCFH-DA 

method during 90 minutes of exposition or not to HSP70 (non-oxidized) and to oxHSP70 (oxidized HSP70 by 

different concentrations of H2O2 for 1 hour at 37ºC). Experiments were triplicated and data is presented as mean 

(SD). One way ANOVA was performed followed by Tukey’s post-hoc test. HSP70 oxidized by 25, 50 and 100 mM of 

H2O2 differed significatively from control (non-treated) and from HSP70 non-oxidized, showing higher levels of 

reactive species production. P < 0,05. a) Kinetic of changes in reactive species production. b) Bar representation of 

the differential changes in reactive species production 
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Figure 8. a) Modulation of phagocytic activity of RAW 264.7 macrophages exposed or not to HSP70 (non-

oxidized) and to oxHSP70 (oxidized HSP70 by different concentrations of H2O2 for 1 hour at 37ºC). Experiments 

were triplicated and data is presented as mean (SD). Two way ANOVA was performed. HSP70 non-oxidized differed 

significatively from control (non-treated) and from oxHSP70, showing a higher phagocytic index. P < 0,05. B) 

Representative images of the treatments effect on macrophage phagocytosis 

Figure 9. Modulation of RAW 264.7 macrophages TNF-α production after exposition or not to HSP70 (non-

oxidized) and to oxHSP70 (oxidized HSP70 by different concentrations of H2O2 for 1 hour at 37ºC). Experiments 

were triplicated and data is presented as mean (SD). One way ANOVA was performed followed by Tukey’s post-hoc 

test. HSP70 non-oxidized differed significatively from control (non-treated) and from oxHSP70, showing a higher TNF- 

α production. P < 0,05 
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Abstract 
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Introduction 

Recently it was shown that the extracellular HSP70 binds with high affinity to the plasma membrane of antigen 

presenting cells (APCs), eliciting a rapid intracellular Ca+2 flux and activating the transcription factor NF-kB; these 

events are followed by a significant release of proinflammatory cytokines such as TNF-α, IL-1β e IL-6, in the APCs, 

through Toll-like receptor 2, Toll-like 4 and CD-14 dependent process. Amongst the immune system cells that 

present binding capacity with HSP70, there are the natural-killer cells (NK) (1), APCs (2), macrophages and 

peripheral monocytes (3, 4), and B lymphocytes (5). Nowadays, it is known that this interaction and the posterior 

signal transduction cascade are mediated by TLR2 and TLR4 with their cofactor CD14 (2), the scavenger receptor 

CD36 (6) and the co-stimulatory molecule CD40 (7). 

Binding of HSP70 to TLR2 and TLR4 is associated with the release and nuclear translocation of NF-kB, which 

activation may be MyD88 dependent or MyD88 independent. Besides NF-kB activation, this signaling pathway is 

characterized by the release of TNF-α, IL1β, IL6 and IL12. The CD40-HSP70 interaction seems to be more 

important on B-lymphocytes, where the phosphorylation of p38 with subsequent release of TNF-α and IFN- γ.  

Regardless of the importance of these data it is still unknown the exact nature of the surface bound receptor for 

HSP70. We do know that this interaction is important because it results in the chaperokine-induced transduction of 

signals important for the survival of the host against pathogens (8). Recently, it was shown by an ELISA screening-

like assay that HSP70 is a possible novel ligand for the receptor of advanced end-glycation products (RAGE) (9). 

Extracellular HSP70 is known to be recognized by receptors located on the plasma membrane, such as TLR4, TLR2, 
CD14  and  CD40,  activating  the  transcription  factor  NF-KB  and,  consequently,  leading  to  the  release  of 
proinflammatory cytokines, enhance the phagocytic activity of innate immune cells and to stimulate antigen-specific 
responses.  Despite  of  that  fact,  the  exact  nature  of  HSP70  receptors  it  is  still  unknown  and  neither  have  all  of  its 
receptors been described. In regard of this matter, we tried, in the present study, to describe a theoretical possibility of 
binding between the HSP70 substrate binding domain and the receptor for advanced end glycation products through 
molecular  docking  and  molecular  dynamics  simulation.  The  analysis  of  the  RMSD,  the  radius  of  gyration  and  the 
distance between the center of mass of the two proteins components of the docking system showed that the system 
becomes stable throughout the simulation course.  Comparative analyses of  the interface of  interaction of  the initial 
and final frames of the molecular dynamics simulation gave us some insights about the amino acid residues interacting
 and the  types  of  interaction between them.  Finally,  these  results  could be  correlated with  previous  findings  of  our 
group (data not published yet), where oxidized HSP70 was responsible for a differential modulation of macrophage 
activation, that could be the result of a signaling pathway triggered by RAGE binding.  
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RAGE presents the ability to bind a vast array of molecules, both soluble and membrane bound, involved in the host 

response against tissue damage, infectious and inflammatory processes.  Ligation of RAGE induces the activation of 

multiple signaling pathways that may vary depending on the ligand, cell and tissue microenvironment, and thus 

mediates diverse cellular responses.  

Here we develop the hypothesis of the binding between HSP70 and RAGE through a side by side comparison of the 

immunocontent of signaling phosphatases of RAW 264.7 macrophages after 1 hour treatment with HSP70 and well 

known RAGE agonists, and through the molecular dynamics analysis of the docking solution between HSP70 and 

RAGE. We conclude that our results corroborate with and fortify the hypothesis of the new interaction proposed.     

Methods 

Cell Culture line macrophage RAW 264.7 

Exponential growing macrophage-derived cell line RAW 264.7, obtained from the Rio de Janeiro Cell Bank (BCRJ, 

Rio de Janeiro, Brazil) were maintained in RPMI 1640 media supplemented with 10% heat-inactivated fetal bovine 

serum (FBS), 2 mM of glutamine, 0.28 μg/μL of gentamicin and 250 μg of amphotericin B, in a humidified 

atmosphere of 5% of CO2 in air at 37 °C. Cell medium was replaced each 2 days and the cells were sub-cultured 

once they reached 90% confluence. These cells are grown in plastic bottles and scrapped when they reach 70 - 90% 

confluence, counted and plated.  

Treatments 

Cells were seeded in 6-wells plate and after 24 hours at the incubator (5% of CO2 at 37ºC) the medium was changed 

and the following treatments were added: HSP70 1µg/mL, s100B 1µg/mL, Glycated albumin 1µg/mL and HMGB1 

1µg/mL. Cells were incubated with these treatments for 1 hour. 

Western Blotting analysis 

To perform western blotting experiments, RAW 264.7 macrophage cells were lysed in Laemmli-sample buffer 

(62.5 mM Tris-HCl, pH 6.8, 1% (w/v) SDS, 10% (v/v) glycerol) and equal amounts of cell protein (30 µg/well) 

were fractionated by SDS-PAGE and electro-blotted onto nitrocellulose membranes. Protein loading and electro-

blotting efficiency were verified through Ponceau S staining, and the membrane was blocked in Tween-Tris 

buffered saline (TTBS: 100 mM Tris-HCl, pH 7.5, containing 0.9% NaCl and 0.1% Tween-20) containing 5% 

albumin. Membranes were incubated overnight at 4ºC with each antibody separately in TTBS, at different working 

dilutions as suggested by the manufacturers, and then washed with TTBS. Anti-rabbit IgG peroxidase-linked 

secondary antibody was incubated with the membranes for additional 1 h (1:5000 dilution range), washed again and 

the immunoreactivity was detected by enhanced chemiluminescence using ECL Plus kit. Densitometric analysis of 

the films was performed with ImageJ software. Blots were developed to be linear in the range used for densitometry. 

All results were expressed as a relative ratio between the enzyme immunocontent and the β-actin internal control 

immunocontent. 

Molecular Modelling and Docking  

The molecular model of HSP70 was built using the bovine amino acid sequence (Accession: AAA73914.1 GI: 

497938), the PDB entries 3C7N and 3DPO as known related structures (10, 11) and the software MODELLER v9.8 

(12). The best model of fifty was chosen based on the parameters given by the server PDBsum 

(http://www.ebi.ac.uk/pdbsum/) and its PROCHECK plots (13, 14). Our model comprises the nucleotide binding 

domain (NBD), the substrate binding domain (SBD) and C-terminal domain. All models were visualized, colored, 

rotated and aligned on UCSF CHIMERA.  
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The molecular docking of HSP70 and the receptor for advanced end glycation products (RAGE) was carried out 

with PIPER on ClusPro 2.0 (15, 16). We used the PDB entry 3CJJ (17) as a model for the receptor. This structure 

comprises the variable domain (Ig-V) and the first constant domain (Ig-C1) of the receptor.     

Molecular Dynamics calculations  

The free HSP70 and the best docking solution for the HSP70-RAGE complex were subjected to MD simulations 

with GROMACS 4 suite (18) using GROMOS96 53a1 force field (19). The systems were solvated in triclinic boxes 

using periodic boundary conditions and SPC water models (20). Counterions were added to neutralize the systems. 

The MD protocol was built based on previous studies (21, 22). The Lincs method (23) was applied to constrain 

covalent bond lengths, allowing an integration step of 2 fs after an initial energy minimization using Steepest 

Descents algorithm. Electrostatic interactions were calculated with Particle Mesh Ewald method (24). Temperature 

and pressure were kept constant by coupling proteins, ions, and solvent to external temperature and pressure baths 

with coupling constants of  τ = 0.1 and 0.5 ps (25), respectively. The dielectric constant was treated as ε = 1, and the 

reference temperature was adjusted to 310 K. The systems were slowly heated from 50 to 310 K, allowing a 

progressive thermalization of the molecular systems. The simulation was then performed to 50 ns, with no restraint, 

while a reference value of 3.5 Å between heavy atoms was considered for a hydrogen-bond, and a cutoff angle of 

30° was used between hydrogen-donor-acceptor (18). 

Results 

In order to investigate the possible interaction of HSP70 and RAGE, we first performed a western blotting analyses 

of important signaling enzymes located downstream in the RAGE signaling pathway, after interaction with a ligand. 

When RAW 264.7 macrophages were incubated with HSP70 for 1 hour, the immunocontent of the phosphorylated 

form of the enzymes ERK ½ was present as it was in the well-known RAGE agonists: S100B, Glycated albumin and 

HMGB1 (Figure 1). 

The molecular dynamics run of the Heat Shock Protein 70 (HSP70) showed through analysis of the atom-positional 

root mean square deviation (RMSD) of all atoms that the protein reaches stability 5 ns after the beginning of the 

simulation (Figure 2a) and the radius of gyration of the protein shows some extent of compaction, that stabilizes 

after 35 ns of simulation (Figure 2b), as it can be observed through the superimposition of the initial and final 

frames of the trajectory of the molecular dynamics (Figure 3). 

The molecular dynamics run of the docking solution between HSP70´s SPB and RAGE showed through analysis of 

the atom-positional root mean square deviation (RMSD) of all atoms that the system becomes stable after 25 ns of 

simulation (Figure 4a). The radius of gyration of the system is constant through the simulation course (Figure 4b) 

and the distance between the center of mass of the two proteins components of the docking system reaches stability 

after 30 ns of the simulation period (Figure 4c), as it can be observed through the superimposition of the initial and 

final frames of the trajectory of the molecular dynamics run of the system (Figure 5). 

Analyzing the interface of interaction from the first frame of the molecular dynamics run of the docking solution 

with PDBsum (protein-protein interaction) showed that the contact surface for RAGE is 578 A2 with 14 interacting 

residues, and for HSP70´s SBD is 602 A2 with 9 interacting residues. The interactions between these residues are 

mainly composed by non-bonded contacts (43) with some hydrogen bonds (5) (Figure 6c). The interface of 

interaction from the last frame of the molecular dynamics run of the docking solution with PDMsum (protein-

protein interaction) showed that the contact surface for RAGE is 693 A2 with 14 interacting residues and for 

HSP70´s SBD is 699 A2 with 12 interacting residues. The interactions between these residues are composed mainly 

by non-bonded contacts (54) with some hydrogen bonds (7) (Figure 6d).  
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Discussion 

Many years have passed since HSP70 has been discovered; nowadays researches show that its functions and roles 

are much wider than the original chaperone activity described. Recently, these proteins have been identified in the 

serum after diverse forms of stress (heavy exercise, inflammatory process, septic shock and trauma) (26–28); first it 

was thought that its presence was caused by the necrotic disruption of cell membrane and consequently 

extravasation of cytosolic proteins, among them HSP70. After that, it was showed that HSP70 could be actively 

secreted from the intracellular environment to the extracellular space (29), leading to the belief that they could have 

a deeper signaling role during pathogenic processes. 

In a recent study of our group (30), we have shown the correlation between the clinical outcome of septic patients 

and the presence of HSP70 in their serum. More than that, the patients which died and had more oxidative stress 

levels in their serum also had increased HSP70 serum levels. Our last experiments (data not published yet) showed 

that macrophages treated with pre-oxidized HSP70 had a different pattern of activation when compared to 

macrophages treated with HSP70. Those macrophages presented lower cell proliferation and viability, higher 

reactive oxygen species production, lower levels of TNF-α release and lower phagocytic activity. These aspects of 

activation are very similar to the parameters showed by macrophages upon RAGE ligand binding.  

After demonstrating through a clinical trial the relationship between extracellular HSP70, augmented oxidative 

damage and mortality in sepsis; through an in vitro experiment the relationship between oxidized HSP70 and the 

different pattern of macrophage activation, we tried here to demonstrate through an in silico experiment the possible 

interaction between HSP70 and RAGE, the theoretical mechanism of interaction by which the in vitro effects are 

occurring.  

Conclusion 

Taken together, these results suggest that the interaction between the substrate binding domain of HSP70 and the 

receptor for advanced end-glycation products showed via molecular docking and refined by molecular dynamics is 

possible as the docked system is very stable through the course of 50 ns of simulation and showed a significant 

amount of interacting residues in the protein-protein interface. 

Figure captions 

Fig 1. Comparison of the cell signaling triggered by known RAGE ligands and HSP70. The phosphorylated form of 

ERK ½ was detected by Western Blotting. Experiment was performed in triplicate. No statistics applied    

Fig 2. Time-dependence of structural parameters from molecular dynamics (MD) simulations. a) Atom-positional 

root mean square deviation (RMSD) of all atoms of the free HSP70. b) Radius of gyration (Rg) of free HSP70  

Fig 3. Superimposition of the initial (colored in magenta) and final (colored in orange) frames of the molecular 

dynamic run of the HSP70 model. Models were colored by secondary structure succession. N-terminal portion is 

indicated by the letter N and the C-terminal is indicated by the letter C 

Fig 4. Time-dependence of structural parameters from molecular dynamics (MD) simulations. a) Atom-positional 

root mean square deviation (RMSD) of all atoms of the docking solution between the peptide binding domain (PBD) 

of HSP70 and the advanced end glycation products (RAGE). b) Radius of gyration (Rg) of the docking solution and 

of the components of the system separately. c) Distance between the center of mass of the two components of the 

system 

Fig 5. Superimposition of the initial and final frames of the molecular dynamic simulation of the docking between 

the peptide-binding domain of HSP70 and the receptor for advanced end-glycation products. RAGE initial frame 

structure is colored in orange, HSP70 PBD initial frame structure is colored in green. Both final frames structures 

are colored in blue 
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Fig 6. Extracts from the protein–protein interaction diagrams in PDBsum for PDB resulting from the initial and final 

frames of the molecular dynamics run of the docking solution between HSP70´s SBD and RAGE. (a) Thumbnail 

image of the 3D structural initial frame model of the docking solution, RAGE is colored in magenta (chain A) and 

HSP70´s SBD is colored in red (chain B). (b) Thumbnail image of the 3D structural final frame model of the 

docking solution, RAGE is colored in magenta (chain A) and HSP70´s SBD is colored in red (chain B). (c) Detail of 

the individual residue–residue interactions across this interface from the initial frame of the molecular dynamics run 

of the docking solution. (d) Detail of the individual residue–residue interactions across this interface from the final 

frame of the molecular dynamics run of the docking solution. The color of the interactions is as above 
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4. Discussão 

Muitos anos se passaram desde que a HSP70 foi descoberta; os estudos 

atuais nos mostram que suas funções e seus papéis são muito maiores do que 

a atividade de chaperona primeiramente descrita. Recentemente, essas 

proteínas têm sido observadas presentes no soro após diversas formas de 

estresse (exercício físico intenso, processos inflamatórios, choque séptico e 

trauma); em um primeiro momento, pensou-se que sua presença era causada 

pela disrupção necrótica da membrana celular de células em processo de 

incluindo a HSP70. Logo após, foi demonstrado que a HSP70 poderia ser 

ativamente secretada de um ambiente intracelular para um ambiente 

extracelular, levando à hipótese de que essa proteína poderia ter um papel 

muito mais complexo e importante na sinalização celular durante processos 

patogênicos. 

No capítulo 1 nós demonstramos a relação entre a presença da HSP70 no 

soro de pacientes com sepse, os níveis séricos de estresse oxidativo e o 

desfecho clínico. Os mecanismos moleculares que estão por trás da sepse são 

complexos e relacionam-se com diferentes níveis de coordenação metabólica; 

por isso, faz-se importante estudar e caracterizar as perturbações celulares e 

moleculares decorrentes da sepse. Fato este, que é evidenciado pelas 

diferentes conclusões dos estudos bioquímicos realizados acerca deste 

assunto quando tentam atribuir funções e elucidar mecanismos baseados em 

aspectos isolados. Temos como exemplo, diversos estudos animais e ensaios 

clínicos que associam a sepse com o desbalanço redox e estresse oxidativo; 

enquanto que outros estudos falham ao estabelecer uma correlação entre 

necrose com consequente extravasamento do conteúdo proteico citosólico, 
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terapias baseadas em antioxidantes e a melhora na condição séptica 

(Andrades et al. 2009, Berger & Chioléro 2007, Rinaldi et al. 2009). Esse fato é 

também verdadeiro em relação aos estudos sobre as funções HSP70 na 

sepse. Modelos animais e celulares corroboram com a existência de uma 

relação entre HSP70 e sepse, porém, observações clínicas não obtiveram êxito 

em estabelecer uma correlação direta entre a modulação da HSP70 e um 

efeitor protetor contra o choque séptico (Bruemmer-Smith et al. 2001). 

Existe um empenho consensualizado na literatura em estabelecer uma 

correlação entre o aumento na expressão da HSP70 e proteção contra choque 

séptico. Até pouco tempo, a maioria das pesquisas tinham como foco 

demonstrar a modulação da HSP70 intracelular e estabelecer relações com 

processos patológicos, porém, os resultados apresentados foram controversos; 

além disso, pouquíssimos estudos avaliam o papel da HSP70 extracelular. Em 

crianças com choque séptico, um aumento nos níveis séricos de HSP70 foi 

observado (Wheeler et al. 2005). Além disso, a administração de HSP70 

exógena em ratos, levou a uma proteção aumentada contra o choque 

endotóxico (Rozhkova et al. 2010).  

Com base no fato de que a sinalização redox exerce uma importanta influência 

na regulação da resposta do sistema imunológico contra a sepse, nós 

demonstramos que os níveis séricos de HSP70 são modulados de acordo com 

o status oxidativo do soro, o qual varia de acordo com o paciente. Assim, é 

possível que a amplitude do estresse oxidativo possa contribuir com a 

modulação dos níveis séricos de HSP70, através de um aumento na expressão 

e da liberação da HSP70 para o meio extracelular e da liberação por células 

necróticas. Uma vez no espaço extracelular, a HSP70 funciona como uma das 



pg. 58 
 

proteína enquadradas na teoria “danger signal”, realizando uma sinalização 

imunoestimulatória, ativando receptores TLR2 e TLR4, aumentando a liberação 

de TNF-α e citocinas pró-inflamatórias, espécies reativas de oxigênio e óxido 

nítrico, principalmente de macrófagos. 

Concluindo, nós demonstramos no capítulo 1 que os níveis séricos de HSP70 

são modulados de acordo com o estado oxidativo durante a sepse, e, que os 

níveis elevados de HSP70 no soro estão associados à mortalidade dos 

pacientes. 

Tomando como base os dados resultantes do estudo clínico realizado no 

capítulo 1; nós procuramos no capítulo 2 estabelecer e elucidar os 

mecanismos por trás da relação existente entre o estado redox, HSP70 e os 

efeitos decorrentes. Para isso, nós submetemos a HSP70 purificada a um 

agente oxidante e avaliamos as mudanças estruturais na proteína e os efeitos 

da oxHP70 na viabilidade celular e nas propriedades imunomodulatórias. 

Quando submetida a um agente oxidante (peróxido de hidrogênio), a HSP70 

apresentou algumas alterações no perfil eletroforético com tampão de amostra 

redutor, a banda majoritária da proteína de 70 kDa e a banda de 140 kDa (peso 

molecular do provável dímero) diminuíram em intensidade conforme o 

gradiente do agente oxidativo aumentou, sugerindo que o ambiente oxidativo 

está danificando a proteína e, possivelmente, alterando em algum nível sua 

estrutura. Em condições não-redutoras, a eletroforese da HSP70 e da 

oxHSP70 evidenciou uma banda de aproximadamente 90 kDa, que não é 

aparente no gel sob condições redutoras.Apesar de não podermos estabelecer 

exatamente qual o processo causou o surgimento dessa banda, é bastante 
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provável que seja um mecanismo redox dependente, tal como a formação ou 

redução de ligações dissulfeto, visto que essa banda também diminui em 

intensidade quando a HSP70 é submetida a concentrações maiores de H2O2. 

Assim, essa banda pode corresponder a uma forma intermediária, redox-

modificada da HSP70. 

A formação de ligações dissulfeto intramoleculares e intermoleculares sob 

condições redox é uma das modificações mais marcantes das proteínas que 

contêm resíduos de cisteína. Para avaliar o papel das ligações dissulfeto e/ou 

das interações entres os resíduos de cisteína, nós bloqueamos os possíveis 

sítios de formação de ligações dissulfeto com o pré-tratamento da HSP70 com 

o agente alquilante iodoacetamida; assim, quando a proteína for incubada com 

o agente oxidante, as ligações dissulfeto seriam impedidas de acontecer. O 

perfil eletroforético resultante nessas condições mostrou uma leve divisão da 

banda majoritária de 70 kDa, sugerindo que esta banda era formada por 

bandas de peso molecular muito próximo, e, que este processo pode estar 

relacionado à correta interação entre os resíduos de cisteína. 

É válido mencionar que realizamos diversas tentativas de quantificar e 

qualificar as modificações estruturais ocasionadas pelo tratamento da HSP70 

com um agente oxidativo através de espectrometria de massas, tanto por 

MALDI-TOFF quanto por Q-TOF. Nossos esforços não foram exitosos, 

provavelmente devido a um procedimento inadequado no que diz respeito ao 

preparo das amostras ou a uma inadequada abordagem de avaliação dos 

resultados obtidos.  
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Se a HSP70 extracelular está envolvida com processos inflamatórios, e estes 

são associados com estresse oxidativo e desbalanço redox, nós nos 

perguntamos quais seriam os efeitos in vitro da oxidação da HSP70 sobre a 

modulação da ativação de células do sistema imunológico? Para responder 

essa questão, macrófagos da linhagem RAW 264.7 foram tratados por 30, 60, 

120 minutos, e 24 horas com a HSP70 pré-tratada ou não com agente oxidante 

e avaliamos a produção de nitrito e proliferação e viabilidade celular. Em 

relação à produção de nitrito, não foram observadas diferenças significativas; 

porém, a proliferação celular quantificada pela técnica de SRB mostrou que os 

macrófagos tratados com oxHSP70 apresentam menor proliferação do que os 

não tratados e do que os tratados com HSP70 após 24 horas de tratamento. 

Outro fato interessante também foi observado: a atividade fagocítica dos 

macrófagos estava diminuída nas células tratadas com oxHSP70 quando 

comparadas com as não tratadas e com o controle, sugerindo que a oxHSP70 

não ativou os macrófagos RAW 264.7 com a mesma eficácia que a HSP70. 

Sabe-se que a HSP70 têm a habilidade de induzir a ativação de macrófagos; 

um dos parâmetros observados quando este evento ocorre é a produção de 

citocinas inflamatórias, tais como IL8, IL10 e TNF-α. Macrófagos RAW 264.7 

foram tratados com HSP70 ou oxHSP70 por 24 horas e o conteúdo de TNF-α 

no meio de incubação foi analisado. Os grupos tratados com oxHSP70 

apresentaram níveis de TNF-α semelhantes aos do grupo controle; além disso, 

a liberação de TNF-α pelas células tratadas foi maior quando comparada a 

tanto com os grupos tratados com oxHSP70 quanto com o grupo controle, 

sugerindo que a oxHSP70 não foi capaz de ativar os macrófagos RAW 264.7 

pela via clássica.  
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Sabe-se que a citocina TNF-α têm um importante papel na proliferação, 

apoptose e diferenciação de macrófagos. A sobrevivência a longo prazo dos 

macrófagos é dependente da sinalização autócrina por TNF-α (Lombardo et al. 

2007). Devido ao fato de a TNF-α mediar muitos dos efeitos patológicos da 

interação LPS-TLR4 em condições patológicas, como na sepse por exemplo, é 

sugerido que a sobrevivência prolongada dos macrófagos mediada por TNF-α 

têm um importante papel no curso da sepse (Conte et al. 2006); assim, esse 

fato pode ser relacionado com nossos resultados que mostram que após 24 

horas de tratamento com oxHSP70 os macrófagos da linhagem RAW 264.7 

produziram menores níveis de TNF-α e também tiveram menor viabilidade e 

proliferação celular. 

De um modo geral, a HSP70 pode ser liberada no meio extracelular com um 

“sinal de perigo” (teoria “danger signal”) para o sistema, pois ela pode ser 

reconhecida pelos receptores TLR2 e TLR4 e desencadear uma rota de 

sinalização pró-inflamatória. Nesse contexto, nós podemos inferir que a 

oxidação e subsequente modificação com prejuízo da estrutura proteica da 

HSP70 pode ser relacionado à perda desse “sinal de perigo” quando ele se faz 

necessário. Além disso, a oxHSP70 poderia exercer seus efeitos pela ativação 

de outros receptores além dos TLR2, TLR4 e CD40, como o receptor dos 

produtos finais de glicação avançada (RAGE), um receptor de padrões capaz 

de ligar a um vasto repertório de proteínas solúveis e também associadas à 

membrana envolvidas na resposta do hospedeiro à injúria tecidual, infecção e 

inflamação. Em um estudo recente (Ruan et al. 2010), foi demonstrado através 

de um ELISA screening que a HSP70 é um dos novos possíveis ligantes de 

RAGE. A ligação de RAGE induz a ativação de múltiplas rotas de sinalização 
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celular que podem variar de acordo com o agonista, tipo celular e 

microambiente tecidual, e assim é o mediador de diversas respostas celulares, 

tais como a observada após o tratamento com oxHSP70 nos macrófagos. 

Ainda assim, é importante salientar que os efeitos imunológicos das HSPs 

podem variar dependendo de diversos fatores, incluindo a família da proteína 

de choque térmico (HSP60, HSP70, HSP90), a fonte celular de HSP (normal, 

cancerosa, infecção-viral ou bacteriana), a localização celular (intracelular, 

extracelular ou associada à membrana) e ainda as circunstâncias fisiológicas 

modulando a expressão de HSP (estresse oxidativo, infecção bacteriana, 

infecção viral, estresse físico, etc.). Assim, o contexto fisiológico específico no 

qual essas proteínas estão inseridas tem um grande impacto na sua função, 

impedindo qualquer afirmação global sobre as funções imunológicas in vivo da 

HSP70 (Johnson & Fleshner 2006). 

Levando em consideração os resultados apresentados no capítulo 1 e no 

capítulo 2, é sugerido que em uma situação pró-oxidante, comum a todos os 

processos patológicos, a HSP70 pode sofrer modificações estruturais as quais 

podem levar à perda da funcionalidade da proteína, como a observada nos 

pacientes sépticos. No capítulo 2 foi demonstrado que a HSP70 oxidada induz 

um  decréscimo na viabilidade e na proliferação de macrófagos RAW 264.7 

após 24 horas de tratamento e um decréscimo na produção de TNF-α. Assim, 

acredita-se que essa relação possa estar correlacionada com o desfecho 

clínico observado anteriormente. Além destes efeitos, os macrófagos tratados 

com oxHSP70 apresentaram outras características que podem ser resumidas, 

de uma forma geral, na tabela abaixo (Tabela 1). 
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 HSP70 OXHSP70 

ROS Níveis semelhantes ao controle Níveis elevados 

NO Níveis semelhantes ao controle Níveis semelhantes ao controle 

FAGOCITOSE Níveis elevados Níveis diminuídos 

VIABILIDADE CELULAR Níveis semelhantes ao controle Níveis diminuídos 

PROLIFERAÇÃO CELULAR Níveis semelhantes ao controle Níveis diminuídos 

LIBERAÇÃO DE TNF-Α Níveis elevados Níveis diminuídos 

Tabela 1. Resumo comparativo dos efeitos modulatórios sobre a ativação de macrófagos 

tratados com HSP70 e oxHSP70. 

Apesar de os efeitos celulares da HSP70 extracelular serem  descritos através 

da interação com TLR-2, TLR-4 e CD40 em macrófagos, os efeitos exercidos e 

observados pela oxHSP70 não podem ser explicados, em sua totalidade, 

através dessa interação, como exposto por Asea et al, 2002, trabalho no qual o 

autor aponta que a sinalização desencadeada pela interação da HSP70 com 

um receptor de membrana ainda não está completamente elucidada, e, nem 

todos os receptores partipantes dessa interação estão descritos. Em 2010, 

Ruan et al, publicou um trabalho no qual é demonstrada a interação por 

afinidade de ligação entre HSP70 e RAGE, através de um ensaio de screening 

para novos ligantes através de ELISA. Como podemos analisar na figura 3,  

quando comparadas lado a lado, as rotas de sinalização celular ativadas pela 

ligação de um agonista ao RAGE e ao TLR são compartilhadas em diversos 

pontos, sendo bastante difícil a caracterização de qual rota está ativa somente 

pela identificação de seus componentes downstream.  
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Figura 3 

Comparação das vias de sinalização celular ativadas por TLR4 (a) e por RAGE (b). Figuras 

retiradas de (Selvarajoo et al. 2008) e de (Ruan et al. 2010), respectivamente. 

Considerando as novas informações acerca da interação HSP70 e RAGE, e os 

dados de ativação de macrófagos observados no capítulo 2, nós 

estabelecemos no capítulo 3 o objetivo de identificar essa interação através de 

docking molecular refinado por dinâmica molecular, tentando caracterizá-la, 

fortalecendo e corroborando com a idéia.  

Quando tratados com diferentes agonistas de RAGE, macrófagos RAW 264.7 

apresentam a mesma resposta de sinalização celular ativada pelo tratamento 

com HSP70. Além disso, quando submetidos a docking molecular, o domínio 

ligante de substrato da HSP70 e o receptor dos produtos finais de glicação 

avançada apresentam resultados plausíveis; resultados estes, que quando 

refinados através de cálculos de dinâmica molecular fortalecem ainda mais a 
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possibilidade da interação ocorrer conforme proposto. Destes resultados 

podemos ressaltar a estabilidade do sistema no decorrer da trajetória de 

simulação e a distância entre os dois componentes. Analisando a interface de 

interação do primeiro frame da trajetória da dinâmica molecular gerada pelo 

servidor PDBsum pode-se perceber que a área de contato para o RAGE é de 

578 Å2  com 14 resíduos interagindo, e para o SBD da HSP70 é de 602 Å2 com 

9 resíduos interagindo. As interações entre estes resíduos são compostas 

principalmente por ligações do tipo non-bonded contacts (43) com algumas 

ligações de hidrogênio (5). Já a interface de interação do ultimo frame da 

trajetória da dinâmica molecular mostra que a superfície de interação para o 

Rage é de 693 Å2 com 14 resíduos interagindo, e para o SBD da HSP70 é de 

699 Å2 com 12 resíduos. As interações entre estes resíduoes são 

principalmente do tipo non-bonded contacts (54) com algumas ligações de 

hidrogênio (7). 
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5. Conclusões 

Os resultados dispostos nessa dissertação foram publicados em revistas 

científicas internacionais (capítulo 1) ou encontram-se submetidos e em 

processo de revisão em revistas científicas internacionais (capítulos 2 e 3). 

Podemos sumarizar o corpo de resultados encontrados em: 

i) Foi possível estabelecer uma correlação entre a quantificação da 

HSP70 extracelular no soro de pacientes sépticos, os níveis de 

estresse oxidativo e o desfecho clínico; 

ii) Foram caracterizadas algumas das possíveis modificações 

estruturais decorrentes da oxidação da HSP70 em ambiente 

extracelular; 

iii) Foram observados  diferentes efeitos modulatórios da HSP70 

extracelular oxidada sobre a ativação de macrófagos RAW 264.7; 

iv) Com a utilização de ferramentas de docking molecular, refinado por 

dinâmica molecular, foi possível caracterizar um teórica interação 

HSP70 e RAGE    

Sendo assim estes achados representam grande passo no processo de 

elucidação dos mecanismos agravantes da sepse, da relação da HSP70 

extracelular com processos inflamatórios e com as células do sistema 

imunológico, e também da novíssima interação entre HSP70 e RAGE, 

contribuindo para a caracterização desse novo mecanismo de transdução de 

sinalização celular. 
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