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Resumo

A sepse é uma sindrome inflamatoria sistémica decorrente de uma infecgéo
gue pode causar sérios danos a todos os érgéos do paciente, podendo leva-lo
a morte. Dados epidemiolégicos norte americanos estimam que 750.000
pacientes sdo acometidos a cada ano por sepse. A taxa de mortalidade varia
de 20 a 60%, dependendo da severidade, sendo semelhante para o Brasil. A
terapia utilizada € o tratamento com antibiéticos, manutencdo de pressao
sanguinea e ventilacdo mecénica, que apesar de extremamente caros ainda se
mostram com baixa eficiéncia, tornando a morte por sepse em UTI mais
relevante que mortes por cancer de mama ou AIDS, nos EUA. Tratamentos
gue demandam grande soma de recursos tendem a ser um grande problema
para paises como o Brasil, que através do Sistema Unico de Salde, supre o
paciente com a terapéutica disponivel. Por isso, a compreenséo da doenca e o
desenvolvimento de terapias alternativas mais eficazes e mais barata sdo de
extrema importancia. Neste sentido, diversas terapias alternativas tém sido
propostas (insulinoterapia, administracdo de proteina C ativada - Drotrecogina
alfa®, antioxidantes ou anticorpos anti-citoquinas). Radicais livres sé&o
fisiologicamente produzidos pela mitocondria e por outras enzimas, como a
NADPH oxidase e xantina oxidase. Os organismos contam com defesas
antioxidantes enziméticas e ndo-enzimaticas para nao sofrer danos causados
pela propria producdo de radicais livres e assim, manter a homeostase celular.
Na sepse, a primeira linha de defesa do organismo é o0 seu sistema
imunoldgico inato mediado por fagocitos que possuem sistemas bactericidas
compostos por enzimas produtoras de radicais livres e espécies reativas de
oxigénio. Quando a resposta inflamatéria a infeccdo é exagerada e a
homeostase é perdida, verificam-se danos a biomoléculas dos tecidos do
hospedeiro devido a prépria producdo de radicais livres. Estes danos podem
levar a um comprometimento celular que pode progredir para disfuncao
organica e colaborar para a morte do individuo. Devido a importancia dos
radicais livres no estabelecimento e na progressao da sepse, nds formulamos a
hipétese de que o balanco entre as enzimas superdxido dismutase (SOD) e
catalase (CAT), bem como os produtos de dano as biomoléculas (carbonilas e
substancias reativas ao acido tiobarbitirico - TBARS), podem ser importantes
marcadores de severidade e de prognostico da sepse. Nossos resultados
demonstram que ha um aumento na atividade da SOD sem um aumento
compensatorio da CAT em todos os orgaos analisados (pulméo, diafragma,
coracao, figado, rim), retirados de ratos submetidos a sepse. Este desequilibrio
resulta em dano a biomoléculas (lipideos e proteinas). Os dados sugerem que
0s niveis de proteinas carboniladas, mas ndo de TBARS, estdo
correlacionados com a severidade da sepse. A conseqiéncia do aumento de
carbonilas na resposta imunoldgica é discutida. Apesar da importancia das
proteinas carboniladas na progressdo da sepse, nés demonstramos uma forte
correlacdo positiva entre a relagdo SOD/CAT (pulmé&o e rim) vs. marcadores de
faléncia desses orgdos bem como entre TBARS vs. marcadores de faléncia,
em ratos submetidos a CLP. Estas correlacbes foram revertidas com a
associacdo de tratamento antioxidante nesses animais. Estes dados sugerem
que o equilibrio entre a SOD e a CAT € muito importante para a manutencao
da homeostase redox e que a suplementacdo antioxidante reverte o
desequilibrio visto na sepse, os niveis de TBARS bem como protege dano
renal e respiratoério.



ABSTRACT

Sepsis is a systemic inflammatory syndrome secondary to an infectious process
that can progress to multiple organic failure and death. Epidemiological studies
estimate that 750,000 cases of severe sepsis occurs per year in United States
with mortality rate ranging between 20 and 60%, and these rates reflect the
Brazilian reality. Sepsis is classically treated with antibiotics, pressure support
and mechanic ventilation. However these treatments have little impact on
mortality rate, which is higher for sepsis than for breast cancer or HIV. Thus, a
better understanding of sepsis and the development of new therapeutic
approaches are extremely important and several researches have been
developed in this way (e.g. insulin-therapy, activated-protein C - Drotrecogin
alfa®, antioxidants and anti-cytokine antibodies). Free radicals are released
normally in cell physiology. Organisms have enzymatic antioxidant defenses as
well as non-enzymatic antioxidant defenses to counteract the harmful effects of
free radicals and to maintain cellular homeostasis. In the onset of an infectious
process like sepsis, the innate immune system is the first defense against
pathogen and is carried out by macrophages and neutrophils. These cells are
potent phagocytes and their bactericidal compounds include free radicals and
reactive oxygen species. When the response to infection is exacerbated the
homeostasis is lost and oxidative damage takes place. This damage could
compromise cell function and lead the organ dysfunction and death.
Considering the importance of free radicals in the onset and progression of
sepsis we hypothesized that balance between superoxide dismutase (SOD) and
catalase (CAT), as well as molecular damage (carbonyl and thiobarbituric acid
reactive species - TBARS), could be important markers of severity and
prognosis in sepsis. We show an increase in SOD activity without a
compensatory increase in catalase in the lung, diaphragm, heart, kidney and
liver from rat submitted to sepsis. This imbalance contributes to oxidative
damage in lipids and proteins. The data suggests that carbonyl levels but not
TBARS levels are linked to sepsis severity and the implication of carbonyl upon
immune response is discussed. In spite of the relevance of carbonyl in sepsis
progression we found a positive correlation between SOD/CAT ratio (in kidney
and lung) and organ failure markers, as well as between TBARS and organ
failure markers, in rats submitted to CLP. These are prevented treating animal
with antioxidants. These data suggest the importance of a coupled enzymatic
activity of SOD and CAT to maintain redox homeostasis. Moreover, the
antioxidant treatment reversed the SOD/CAT imbalance, TBARS levels and
organ impairment.



ABREVIATURAS

SOD - Superoxido dismutase

CAT — catalase

GPx — Glutationa peroxidase

GSH - glutationa

TBARS — Thiobarbituric acid reactive substances
NAC — N-acetilcisteina

DFX — deferoxamina

LPS — Lipopolissacarideo

TNF — Tumor Necrosis Factor
HMG-B1 — High Mobility Group Box 1
ERO — Espécies Reativas de Oxigénio

iINOS — Inducible Nitric Oxide Sinthase



1. INTRODUCAO
1.1 Sepse
1.1.1 Histérico e definicdo
A sepse é uma sindrome inflamatéria sistémica de etiologia diversa e
com uma ampla forma de apresentacdo. Estas caracteristicas contribuem para
dados conflitantes encontrados com freqiiéncia na literatura cientifica.
A primeira possivel citacdo sobre sepse encontrada na histéria da
medicina € atribuida a Hipodcrates:
“Quando a febre é continua, a superficie externa do
corpo esta fria, e existe internamente uma grande
sensacao de calor e sede, a afeccéao é mortal”

Hipocrates, 400 A.C.

Em 1991 o American College of Chest Physicians/Society of Critical
Care Medicine estabeleceu critérios claros para o diagndstico da sepse, bem
como de outras co-morbidades (Bone et al, 1992). Ficaram estabelecidos os
seguintes critérios:

SIRS — Systemic Inflammatory Response Syndrome

(Sindrome da Resposta Inflamatoria Sistémica)

Febre (> 38,3°C) ou hipotermia (< 36°C);

e Taquicardia (> 90 batimentos/min);

e Taxa respiratoria (> 20 respiracées/min ou PaCO, < 32mmHg);
e Leucocitose (> 12.000/mm?3) ou leucopenia (< 4.000/mm3) ou >
10% de células imaturas.

Sepse



e Presenca de duas ou mais condi¢des verificadas na SIRS.
e Evidéncia de infeccao.
Sepse severa

e Sepse associada com disfungdo organica, hipoperfusdo ou
hipotensdo — presenca de acidose latica, oliguria, alteracéo
aguda do estado mental.

Choque séptico

e Hipotensdo decorrente da sepse (pressao sistdlica < 90mmHg
ou uma redugéo > 40mmHg da linha de base);

e Persisténcia da hipotensdo mesmo com reposicao de fluidos.

e Necessidade de administragdo de agentes vasopressores
(dopamina, adrenalina, noradrenalina, vassopressina).

MODS — Multiple Organ Dysfunction Syndrome
(Sindrome da Disfuncéo de Mdltiplos Orgéo)

e Presenca de funcdo alterada de 6érgdos em pacientes
criticamente doentes que necessitam de suporte para manter a
homeostase.

1.1.2 Epidemiologia

Estimativas epidemioldégicas mostram que ocorrem 750.000 casos de

sepse severa por ano nos EUA com um custo de aproximadamente 20 bilhdes

de ddblares (Angus et al, 2001). Estes pacientes ficam, geralmente,

hospitalizados por 2 a 3 semanas, o0 que contribui para o desenvolvimento de

co-morbidades e para o elevado indice de mortalidade. A mortalidade global

apresentada no estudo de Angus et al. foi de 28,6%. No Brasil foram realizados

poucos estudos epidemiolbégicos consistentes. Em maio de 2001 iniciou-se um
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importante estudo intitulado BASES (Brazilian Sepsis Epidemiological Study)

gue abrange cinco grandes centros (Silva et al, 2004).

Taxa de mortalidade decorrente da SEPSE/SIRS

taxa de mortalidade (%)

10 A F_l

0

SIRS SEPSE SEPSE CHOQUE
SEVERA SEPTICO

Taxa de mortalidade avaliada pelo estudo BASES (Silva et al, 2004) em cinco
grandes Centros de Terapia Intensiva no Brasil.

Os dados apresentados pelo BASES demonstram a importancia que tem
a sepse nas UTls do Brasil.

1.1.3 Tratamentos

A terapéutica classica utilizada no controle da sepse € aplicada na
tentativa de combater a infeccdo bem como as consequéncias da SIRS sobre
0s sistemas organicos e para isso lanca mao da administracdo de antibioticos,
reposicao de fluidos e agentes vasopressores, ventilagdo mecanica e controle
da febre (Rivers et al, 2005).

Apesar de todos estes esfor¢os o resultado ainda é insuficiente, uma vez
que a mortalidade pode chegar a 60% mesmo com o investimento de 20
bilhGes de ddlares por ano (Angus et al, 2001).

Por isso vem sendo desenvolvida uma terapéutica suplementar com
diversos agentes, como por exemplo, insulinoterapia (van den Berghe et al,

2001), anti-TNFa (Eskandari et al, 1992), anti-HMG-B1 (Wang et al, 1999),
7



proteina C ativada (APC) (Bernard et al, 2001) e antioxidantes (Macarthur et al,
2000; Paterson, Galley e Webster, 2003; Ritter et al, 2004). Dentre muitos, 0
anico tratamento suplementar aprovado pelo Food and Drug Administration
(FDA) dos Estados Unidos foi a APC (Drotrecogin alfa — ativada®), mesmo
assim para paciente sofrendo de sepse severa com elevada chance de
mortalidade, uma vez que seus efeitos ndo se mostraram benéficos para
pacientes com baixo risco de morte (Abraham et al, 2005). Mesmo
considerando os beneficios fornecidos por este tratamento, seu custo €
extremamente elevado, cerca de 7.000 ddlares por paciente, com custo
estimado de 160.000 dolares por vida salva (Angus et al, 2003).

1.1.4 Modelos animais de sepse

A sepse apresenta etiologia diversa e por isso € dificil a aplicacdo de um
modelo que cubra todos os aspectos da doenca. Por isso € importante a
avaliacdo e o conhecimento do modelo a ser usado (Buras, Holzman e
Sitkovsky, 2005). Abaixo, descrevo alguns dos modelos mais utilizados na
pesquisa sobre sepse.

Endotoxemia

A administracdo de LPS intra venosa mimetiza o carater inflamatério da
doenca, mas ndo as caracteristicas hemodinamicas (Buras, Holzman e
Sitkovsky, 2005).

Inoculacéo de bactérias

Modelos com inoculacdo de bactérias (isoladas ou uma mistura da flora
intestinal) podem néo representar eficientemente uma infeccdo, uma vez que
as bactérias podem ser rapidamente lisadas pelo sistema complemento e este

modelo acaba se tornando proximo ao da administracao de LPS. Além disso, a



espécie inoculada, bem como a cepa, pode influenciar na resposta inflamatoria
do animal (Buras, Holzman e Sitkovsky, 2005).
CLP - Cecal Ligation and Puncture - Ligamento e Puncéo
Cecal
E considerado um modelo de sepse de alto padrdo, uma vez que
mimetiza sepse decorrente de uma peritonite causada por apendicite ou
diverticulite. O processo de CLP é feito apdés uma laparotomia e consiste em
ligar o ceco, junto a valvula ileo-cecal, sem interromper o transito fecal no
intestino. Esse processo causa uma desvitalizacdo e consequente necrose do
orgao. A perfuracao feita na face menos vascularizada promove a liberacédo de

fezes no interior da cavidade peritoneal (Buras, Holzman e Sitkovsky, 2005).

Prodedimentos para a
realizacdo do modelo CLP:
Incisdo media de cerca de 4cm
(1), exposicdo do ceco (2),
ligamento da base do ceco (3)
com posterior puncdo da face
menos vascularizada (4). Aplicar
leve compressao (5) para causar
extravasamento de pequena
guantidade de fezes. Apos,
sutura-se o peritdnio e a pele (6).
Figura extraida de Hubbard et al,
2005.

ApOs 0 processo 0 animal é suturado e recebe uma administracdo de
NaCl 0,9% (30mL/kg) com o objetivo de mimetizar as caracteristicas
hiperdindmicas iniciais da sepse .

E importante ressaltar que a severidade deste modelo é relacionada

tanto ao diametro da agulha usada na puncéo cecal (Otero-Anton et al, 2001)



quanto com o tamanho do ceco que sera desvitalizado (Singleton e
Wischmeyer, 2003). Portanto, controlando-se bem essas duas variaveis este
modelo favorece o estudo em diversos estagios da doenca. Devido as
facilidades e vantagens oferecidas pelo modelo, nés optamos por usa-lo neste

trabalho.

1.2 Radicais Livres

1.2.1 Histérico e Definicéo

O elemento oxigénio existe na atmosfera em forma molecular (O,).
Exceto para alguns organismos unicelulares anaerdbios e aero-tolerantes,
todos os animais, plantas e bactérias necessitam de oxigénio para producao
eficiente de energia pelo uso da cadeia transportadora de elétrons. No entanto,
durante a respiracao celular cerca de 1 a 3% do oxigénio metabolizado produz
espécies reativas de oxigénio (Halliwell e Gutteridge, 1999). Contudo, a
necessidade vital de O, traz consigo um paradoxo presente no fato de que o
oxigénio pode ser um gas mutagénico e toxico e que organismos aerobios
sobrevivem devido as suas defesas antioxidantes, como veremos mais adiante.

Radicais livres sdo moléculas ou atomos capazes de existéncia
independente que contém um ou mais elétrons desemparelhados, conferindo
assim uma caracteristica de alta reatividade. Essa é uma definicdo ampla e é
bom lembrar que a reatividade dos radicais livres varia grandemente entre
estas moléculas ou atomos. Os radicais livres mais conhecidos até hoje séo:
superéxido (02%), hidroxil ("OH), peroxil (RO;"), alcoxil (RO®), hidroperoxil

(HO") e 6xido nitrico (NO®) (Halliwell e Gutteridge, 1999).
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Espécies reativas de oxigénio (ERO) incluem os radicais livres bem
como outros compostos ndo-radicalares que sejam potencialmente formadoras
de radicais livres por meio de outras reacdes. Entram nesta classificacdo o
peréxido de hidrogénio (H.0,), o acido hipocloroso (HOCI), o ozénio (O3), o
oxigénio singleto e o peroxinitrito (ONOQ") (Halliwell e Gutteridge, 1999).

1.2.2 Anion superoxido

Quando um elétron é adicionado a molécula de oxigénio, tem-se a
formacdo do radical mais abundante na célula: o anion superoxido. Embora
esse radical ndo seja altamente reativo, uma das principais teorias para
explicar a toxicidade do O, propde que a toxicidade € devido a superproducao
de anion superoxido em algumas situacdes. Apesar de possuir baixa
reatividade, reage rapidamente com moléculas como o o6xido nitrico. As
principais fontes de superoxido em sistemas biolégicos sdo na cadeia
transportadora (cerca de 1 a 3% do oxigénio reduzido na mitocondria pode
formar O,") de elétrons, NADPH oxidase e xantina oxidase (Halliwell e
Gutteridge, 1999).

1.2.3 Peré6xido de hidrogénio

Embora o peréxido de hidrogénio ndo seja um radical livre, essa espécie
reativa de oxigénio tem grande importancia porque, a partir dele, quando
escapa aos sistemas enddgenos de defesa, havera a formacéo do radical livre
hidroxil, que é a espécie mais reativa dentre todos os radicais livres de
oxigénio. Além disso, essa molécula possui alta capacidade de difusdo
(Halliwell e Gutteridge, 1999).

1.2.4 Radical hidroxil

11



Devido a sua grande capacidade de reagir com biomoléculas, ‘OH é
provavelmente a espécie reativa capaz de causar mais danos em sistemas
biolégicos do que qualquer outra (Halliwell e Gutteridge, 1999). O radical é
formado a partir do H,O, em uma reacéo catalisada por ions metélicos (Fe ** e

Cu "), reacéo esta conhecida como Reacgéo de Fenton:

H,O; +Cu*/Fe® —— OH+OH + Cu* /Fe® (reacao de Fenton)
Além disso, o ion superoxido exerce um importante papel reciclando os

ions metélicos da reacao de Fenton:

Cu®/Fe®* +0,"— Cu'/Fe? +0,

A soma dessas duas reacdes é chamada de Reacdo de Haber-Weiss
(Fridovich, 1997). Ou seja, 0 anion superoxido cede um elétron ao peréxido de
hidrogénio, tornando-se uma molécula estavel (oxigénio molecular). Ao receber
esse elétron, o H,O, descompartilha o par de elétrons da unido covalente,
formando o ion hidroxila (OH °) e o outro fica com sete elétrons, formando o

radical hidroxil ("OH), como pode ser visto na reacao abaixo:

H20, + 02.- _> O+ OH + *OH (Reag&o de Haber-Weiss)

1.2.5 Radical peroxil

O radical peroxil € um peroxido organico e reage com biomoléculas
(lipidios, proteinas e DNA) da mesma forma que o radical *OH, podendo ser
formado pelo ataque do radical *OH a compostos organicos ou pela
decomposicado de peroxidos organicos (ROOH). A reatividade desse radical
estd relacionada com a parte organica do mesmo, sendo os radicais

aromaticos menos reativos (Halliwell e Gutteridge, 1999).
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1.2.6 Principais defesas antioxidantes

Para defender o organismo do efeito das ERO os organismos contam
com a combinacdo de diversos sistemas antioxidantes, que podemos dividir em
dois grupos: antioxidantes enzimaticos e ndo enzimaticos.

Antioxidantes enziméticos

Superoxido dismutase (SOD) — Enzima encarregada em reduzir o
superoxido em peroxido de hidrogénio:

20, +2H" =2 H20, + O;

Esta enzima existe em trés isoformas: uma mitocondrial (Mn-SOD) uma
citosolica (Cu, Zn-SOD dimérica) e uma extracelular (Cu, Zn-SOD tetramérica).
A SOD foi a primeira enzima capaz de metabolizar ERO a ser descoberta
(McCord e Fridovich, 1969). O perdxido de hidrogénio ja foi demonstrado como
inibidor da sua atividade (Bray et al, 1974). Trabalhos demonstram que a SOD
pode ter um efeito pro-oxidante, visto que uma elevada atividade sem aumento
compensatorio da atividade da catalase promoveria um excesso de peroéxido,
gue poderia reagir com metais e formar o radical hidroxil (Kelner et al, 1995).

Catalase (CAT) — E uma heme-enzima e encontra-se localizada
predominantemente em peroxissomos, onde catalisa a decomposi¢cdo do
peréxido de hidrogénio em agua e oxigénio molecular:

2H0, 21 5 2H,0+0;

Sua atividade pode ser inibida pela acdo do superdxido. Essa inibi¢cao
reciproca pelo substrato de uma enzima sobre a outra é vista como um
mecanismo regulatério para que haja uma atividade acoplada entre as duas

enzimas (Kono e Fridovich, 1982).
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Glutationa peroxidase (Gpx) - Existem pelo menos quatro tipos de Gpx
nos mamiferos (Gpx1-4), todas contendo selenocisteina. Todas as Gpx podem
catalisar a reducéo de H,O, utilizando glutationa como substrato. Além disso, a
Gpx também reduz outros peréxidos organicos (ROOH) em alcool (Halliwell e
Gutteridge, 1999).

ROOH+2GSH S 3 ROH +GSSG + H,0

Antioxidantes ndo enziméticos

Glutationa (GSH) — O tri-peptideo GSH (L-glutamil-L-cisteinil-L-glicine)
exerce seus efeitos antioxidantes diretamente, por ser um agente redutor
através de sua cisteina reduzida, ou indiretamente, através de enzimas como a
GPx que usa a GSH como cofator no processo de reducao (Halliwell e
Gutteridge, 1999).

Vitaminas — Diversos compostos bio-ativos sao obtidos na alimentacéo.
Destes, as vitaminas tem bastante destaque como antioxidantes. Podemos
destacar vitaminas C (ascorbato), E (alfa-tocoferol) e A (retinol) como principais
vitaminas antioxidantes. As vitaminas A e E séo lipossollveis e provavelmente
exercem seus efeitos junto a lipideos de membrana. Teriam assim uma
importante funcdo na manutencdo da integridade celular. Apesar desse
indicativo, tanto a vitamina A quanto a vitamina C j& se mostraram
caracteristicas redox-ativas, podendo ser pré-oxidantes em determinadas
situagbes (Murata e Kawanishi, 2000; Klamt, Roberto de Oliveira e Moreira,
2005). A vitamina C esta envolvida na reciclagem da vitamina E e como cofator
de cerca de oito enzimas (Halliwell e Gutteridge, 1999). Porém, a sua
administracdo pode ser pro-oxidante em casos de excesso de ferro livre

circulante, uma vez que o ferro € reduzido pela agdo desta vitamina.
14



Além dos compostos citados acima, ocupam espaco como antioxidante
o &cido Urico (Cherubini et al, 2005), flavondides (Myhrstad et al, 2002),
albumina e quelantes de metais (Fang, Yang e Wu, 2002).

1.2.7 Papel fisiolégico dos radicais livres

Os organismos adaptados a presenca de oxigénio dependem da
existéncia de radicais livres. Pode parecer paradoxal, mas os radicais livres
participam na sinalizacdo celular e na defesa contra microorganismos
invasores. Moléculas como peréxido de hidrogénio, acido hipocloroso e
superoxido sdo potentes microbicidas e sao produzidas em grandes
quantidades por macrofagos e neutréfilos (Hampton, Kettle e Winterbourn,
1998). A producdo de superoxido por estas células durante a defesa contra
patogenos € feita primariamente pela NADPH oxidase. O superoxido, em
presenca de pH &cido do interior do vacuolo, transforma-se em peroxido de
hidrogénio que € extremamente eficiente em matar bactérias causando dano
direto ou através da acao do radical hidroxil. Além disso, o pH acido do interior
do vacuolo é propicio para a acdo da mieloperoxidase, enzima que forma acido
hipocloroso (HOCI) a partir de H,O, e ions cloreto. O HOCI é descrito como
potente bactericida e antifungico (Halliwell e Gutteridge, 1999).

O oxido nitrico também pode ser citotdxico em niveis micromolares, mas
a sua funcdo mais conhecida € como agente vasodilatador produzido pela
enzima oxido nitrico sintase endotelial (Halliwell e Gutteridge, 1999).

1.2.8 Papel patoldgico dos radicais livres

Quando ha um desequilibrio entre a formacdo de ERO e a sua

degradacédo pelos sistemas antioxidantes em favor do primeiro, estabelece-se
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um quadro chamado de estresse oxidativo. Este quadro pode resultar em
adaptacBes ou danos celulares (Halliwell e Gutteridge, 1999).

As adaptacdes ocorrem quando ha baixos niveis de dano oxidativo que
ndo comprometem a viabilidade celular. O estresse oxidativo funciona como
um sinal para a célula, que responde com um aumento em suas defesas
antioxidantes, adaptando-se para situacdes de estresse continuada (Halliwell e
Gutteridge, 1999).

Os danos celulares resultam de uma elevada producdo de ERO que
reagem com biomoléculas como carboidratos, DNA, lipideos e proteinas. Os
niveis de danos oxidativos podem ser avaliados atraves de medidas indiretas,
como o0 a reacédo de aldeidos resultantes do ataque oxidativo a lipideos com o
acido tiobarbitdrico (Draper e Hadley, 1990), ou técnicas diretas, como a
reacdo da di-nitro-fenil-hidrazina com grupamentos carbonila em proteinas,
resultante do ataque oxidativo sobre as mesmas (Levine, Garland e Olivier,
1990). Danos excessivos levam a uma disfuncdo celular, devido a um
comprometimento do genoma, organelas e membranas. De fato uma producéo
excessiva de superoxido extramitocondrial pode acarretar danos nesta
organela e assim promover um aumento na producdo de superéxido pela
cadeia transportadora de elétrons, bem como aumentar a permeabilidade de
membrana mitocondrial e favorecer a liberacdo de fatores pré-apoptéticos
(Halliwell e Gutteridge, 1999; Klamt et al, 2005).

Radicais livres e estresse oxidativo estdo claramente associados a
diversos processos patoldgicos como doenca de Alzheimer, doencas pridnicas,

processos inflamatdrios e também ocupam local de destaque em teorias sobre
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envelhecimento (Halliwell e Gutteridge, 1999; Dal Pizzol et al, 2001; Klamt et al,

2001).

1.3 Radicais livres e a sepse

Como outras doencas inflamatérias, a sepse também tem nos ERO um
forte componente, tanto no estabelecimento, na sua progressdao e no
estabelecimento do desfecho da doenca.

A fagocitose dos patdégenos pelo sistema imune e a acao citolitica destas
células promove a liberacdo de ERO. A mobilizacdo do sistema imune e a
liberacdo de citocinas pré-inflamatérias, como TNFalfa, IL1 e IL6, promovem a
producao de radicais livres sistemicamente.

Agentes vasoconstritores, como a adrenalina, sofrem oxidacdo pelo
superoxido e perdem seus efeitos, contribuindo para o estabelecimento do
quadro de choque séptico. Ainda, ERO participam do quadro de coagulopatias
em microvasos, contribuindo para o quadro de faléncia de 6rgaos (Macarthur et
al, 2000).

Além desses efeitos extracelulares, as ERO também agem como sinais
intracelulares. Podem promover sinalizacdo através da ativacdo do fator de
transcricdo NFkappaB, conhecido por transcrever genes pro-inflamatorios.
Ainda, as ERO podem promover a liberacédo de fatores proé-apoptoéticos a partir
da mitocondria, como o citocromo ¢, necessario para ativacdo da caspase-3.

Todos esses efeitos contribuem para o quadro inflamatorio que se
estabelece na sepse, e colaboram para a progressao nas suas formas mais
graves, promovendo coagulopatias, danos celulares, faléncias de oOrgaos e

culminando com a morte do individuo.
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Nosso grupo determinou previamente que ha um aumento na producao
de superéxido mitocondrial e danos oxidativos em biomoléculas de 6rgdos de
ratos submetidos a CLP (Ritter et al, 2003). Analises no plasma revelaram que
a SOD se apresentava elevada apos logo apos a CLP (3 horas) e era um
importante marcador de mortalidade.

Ainda, ao associarmos um tratamento antioxidante ao tratamento
convencional (antibioticos e reposicdo de fluidos) conseguimos aumentar em
30% a sobrevivéncia, quando comparamos ao tratamento convencional. Este
tratamento antioxidante combina uma quelante de metais (deferoxamina)
amplamente utilizado no tratamento de hemocromatose (niveis elevados de

ferro livre circulante) e um agente redutor (N-acetilcisteina) (Ritter et al, 2004).

2. OBJETIVOS DO TRABALHO

1. Avaliar as atividades da SOD e CAT em ratos Wistar submetidos a
sepse nado-letal e a sepse letal;

2. Avaliar se ha um desequilibrio entre as enzimas de producdo de
peréxido de hidrogénio (SOD) e as consumidoras de perdxido de
hidrogénio (CAT), nas duas severidades da sepse;

3. Avaliar danos em biomoléculas nas duas severidades da sepse (letal e
nao-letal), comparando-as.

4. Avaliar a correlagdo entre os danos encontrados em biomoléculas e a
relacao entre as atividades das enzimas SOD e CAT,;

5. Avaliar se o dano em biomoléculas estd associado com faléncias de

orgaos e com a severidade da sepse.
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Background. The participation of oxidative stress in
the development of sepsis is still unclear. The aim of this
study was to determine which aspect of antioxidant/pro-
oxidant has the major importance in differentiation be-
tween non-lethal and lethal sepsis.

Materials and methods. Non-lethal and lethal sepsis
were induced by cecal ligation and puncture (CLP) in
adult Wistar rats, using 18 and 14 gauge needle, re-
spectively. Rats were sacrificed within 12, 24, 48, and
96 h and organs (heart, lung, diaphragm, liver, and
kidney) were isolated. The main antioxidant enzymes,
superoxide dismutase (SOD) and catalase (CAT) were
measured, as well as protein carbonyls and TBARS, as
an index of oxidative damage.

Results. Twelve hours after lethal sepsis induction
we observed an increase in the oxidative damage in all
of the organs studied. In contrast, during non-lethal
sepsis, the oxidative damage occurs late in the course
of the disease (after 48 h) and the increase in protein
carbonyls is of less magnitude when compared to the
lethal sepsis. During non-lethal sepsis, in contrast to
the lethal sepsis, there is no sustained increase in the
SOD/CAT relation.

Conclusions. The present study is the first report
showing a different profile of oxidative damage when
comparing non-lethal and lethal sepsis. The oxidative
damage in proteins seems to be a differential param-
eter between non-lethal and lethal sepsis. In addition,
the SOD/CAT imbalance seems to be an important fac-
tor in the oxidative stress during the lethal sepsis, but
seems not to happen, in a sustained way, during the
non-lethal sepsis. © 2005 Elsevier Inc. All rights reserved.
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INTRODUCTION

Sepsis and related syndromes, as the multiple or-
gans dysfunction (MODS) are the most frequent causes
of morbidity and mortality in intensive care units.
Some of the postulated molecular mechanisms of sepsis
generation and its progression are linked with the im-
balance between reactive oxygen species (ROS) produc-
tion and its degradation by cellular antioxidants path-
ways [1-4] and many of these results has provided
support to new treatment approaches [4, 5].

The pro-inflammatory effects of the ROS include en-
dothelial damage, formation of chemotatic factors, neu-
trophils recruitment, TNF and IL-1 release, mitochon-
drial impairment and consequent DNA damage, lipid
and protein oxidation [1, 2, 6]. The lipid and protein
oxidation can produce intermediary molecules such as
the 4-hydroxy-2-nonenal (4-HNE), malonlydialdehyde
(MDA), and glyoxal that can, in turn, attack protein
residues such as lysine, arginine, and histidine result-
ing in covalent modification, commonly referred as Ad-
vanced Glication End-Product (AGE) or Advanced Li-
poxidation End-Product (ALE) [7-9].

Despite the great efforts expended, the causes of
oxidant-antioxidant imbalance in sepsis are still unclear.
We had previously described, in a well-established model
of lethal sepsis, that there is an imbalance between an-
tioxidant enzymes catalase (CAT) and superoxide dis-
mutase (SOD) that is followed by oxidative damage in the
major organ-target systems (lung, diaphragm, heart,
liver, and kidney) [10]. In addition, we had demonstrated
that the use of antioxidants was able to diminishes the
oxidative damage and improve the survival in rats sub-

mitted to sepsis [5].
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Instead of these, there are no systematic studies to
compare oxidative parameters in different severities of
sepsis. Thus, to clarify which aspect of the antioxidant
imbalance and its oxidative consequences participate
in the sepsis progression we performed an animal
model of non-lethal sepsis and compared to the lethal
sepsis.

MATERIALS AND METHODS

In vivo studies were performed in accordance with the National
Institutes of Health guidelines and with the approval of the local
ethics committee.

Cecal Ligation Puncture (CLP) Model

Male Wistar rats 2- to 3-months-old, subjected to the CLP proce-
dure with fluid resuscitation as previously described [11, 12] were
used in this study. Briefly, under aseptic conditions, a 3-cm midline
laparotomy was performed to allow exposure of the cecum. The
cecum was tightly ligated with a 3.0 silk suture at its base, below the
ileocecal valve, and was perforated with a 18-gauge needle (non-
lethal sepsis, mortality less than 5%, 10 days after CLP) or with a
14-gauge needle (lethal sepsis, mortality around 90%, 10 days after
CLP). The cecum was then gently squeezed to extrude a small
amount of feces from the perforation site. A sham operation (lapa-
rotomy and cecal exposure without any more manipulation) was
performed as control. The animals were resuscitated with normal
saline (30 ml/kg subcutaneous) immediately after and 12 h after the
CLP.

In the lethal sepsis ten septic animals and ten controls were
sacrificed 12 h after CLP and the organ systems (heart, lung, dia-
phragm, liver, and kidney) were isolated for posterior analyses. In
this group we observed a high mortality rate after 12 h that difficult
analyses in longer times after the sepsis induction. In the non-lethal
sepsis, 12, 24, 48, and 96 h after CLP, 10 septic animals and 10
controls were sacrificed and the organ systems (heart, lung, dia-
phragm, liver, and kidney) were isolated for posterior analyses.

Measurement of Thiobarbituric Acid
Reactive Species (TBARS)

As an index of the lipid peroxidation we used the formation of
TBARS during an acid-heating reaction as previously described [13].
Briefly, the samples (200 pl) were mixed with trichloroacetic acid
10% (400 w) and centrifuged 10 min (4000 X g) and the supernatant
was mixed with equal volume of thiobarbituric acid 0.67%, then
heated in a boiling water bath for 15 min. The TBARS were deter-
mined by the absorbency at 535 nm.

Measurement of Protein Carbonyls

The oxidative damage to the proteins was assessed by the deter-
mination of the carbonyl groups based on the reaction with dinitro-
phenylhidrazine (DNPH) as previously described [14]. Briefly, the
proteins were precipitated by the addition of 20% trichloroacetic acid
and redissolved in DNPH and the absorbency read at 370 nm.

Measurement of CAT and SOD Activity

To determine the CAT activity the organ systems were sonicated in
50-mm phosphate buffer and the resulting suspension was centrifuged
at 3000 X g for 10 min. The supernatant was used to the enzymatic
assay. The CAT activity was measured by the rate of decrease in the
hydrogen peroxide absorbency at 240 nm [15]. The SOD activity was
assayed by measuring the inhibition of the adrenaline auto-oxidation,
as previously described [16].
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FIG. 1. Protein carbonyls content during non-lethal or lethal

sepsis. Rats were sham-operated or submitted to CLP with a 18-
gauge needle (non-lethal sepsis) or with a 14-gauge needle (lethal
sepsis). In lethal sepsis animals were sacrificed 12 h after CLP and
in non-lethal sepsis, 12, 24, 48, and 96 h. After these times the heart,
diaphragm, liver, lung, and kidney were removed to the determina-
tion of protein carbonyls content as described in the Material and
Methods section. Values are expressed as means = SD [n = 10 each
group; * different from sham-operated (P < 0.05), ** different from
CLP18 (P < 0.05)].

Statistical Analysis

Results are expressed as means and P values were considered
significant when P < 0.05. Differences in the experimental groups
were determined by ANOVA. Comparison between means was car-
ried out using a Newman-Keuls test.

RESULTS

Oxidative Damage Parameters after Non-Lethal or Lethal
Sepsis Induction

In all of the organs analyzed, the lethal sepsis was
associated with an increase in the carbonyl levels 12 h
after the CLP (Fig. 1). In contrast, the oxidative dam-
age to the proteins occurs only 48 to 96 h after the CLP
in the non-lethal sepsis, and is of less magnitude when
compared to the lethal sepsis (Fig. 1). Surprising, the
heart and the kidney presented lower carbonyl levels
24 h after the CLP in comparison to the control (Fig. 1).
The carbonyl levels 12-h after the septic challenge was
similar to the control group in the non-lethal sepsis
group (data not shown).

As demonstrated for the carbonyl levels, in the lethal
sepsis we demonstrated oxidative lipid damage 12 h
after the CLP (Fig. 2). An increase in the TBARS was
only evident 48 h after the CLP in the non-lethal sepsis
(Fig. 2). Differently from carbonyls, the magnitude of
lipid peroxidation was similar when compared the le-
thal and the non-lethal sepsis. The TBARS levels 12 h
after the septic challenge was similar to the control in
all organs in the non-lethal sepsis (data not shown).
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FIG. 2. Thiobarbituric acid reactive species content during non-
lethal or lethal sepsis. Rats were sham-operated or submitted to CLP
with a 18-gauge needle (non-lethal sepsis) or with a 14-gauge needle
(lethal sepsis). In lethal sepsis animals were sacrificed 12 h after
CLP and in non-lethal sepsis, 12, 24, 48, and 96 h. After these times
the heart, diaphragm, liver, lung, and kidney were removed to the
determination of thiobarbituric acid reactive species content as de-
scribed in the Material and Methods section. Values are expressed as
means = SD [n = 10 each group; * different from sham-operated
(P < 0.05)].

SOD and CAT Activities after Sepsis Induction

The regulation of the antioxidant enzymes seems to
be important to hold the balance between the ROS
generation and its consumption. The balance between
H,0, production by SOD and its degradation by cata-
lase is very important to avoid hydroxyl generation by
the Fenton chemistry [17, 18]. The imbalance of these
enzymes could be related to the occurrence of cell dam-
age during the lethal sepsis, and this imbalance could
be evidenced by the determination of the SOD/CAT
relation [10]. Twelve hours after sepsis induction, the
SOD/CAT relation was significantly increased in the
majority of organs in the lethal sepsis (Fig. 3). In con-
trast, during the non-lethal sepsis we observed an in-
crease in the SOD/CAT relation in the heart (after
24 h), the lung (only 24 h after CLP) and the kidney
(only 96 h after CLP) (Fig. 3). In none of these organs
the increase was in the same magnitude when com-
pared to the lethal sepsis. The SOD/CAT relation 12 h
after the septic challenge was similar to the control in
all of the organs in the non-lethal sepsis (data not
shown).

DISCUSSION

The close relationship between free radicals and sep-
sis has been described a long time [1-4] but there are
no studies to compare oxidative parameters in non-
lethal and lethal sepsis. We had previously demon-
strated in a model of lethal sepsis that the free radical
production and the oxidative damage is particular to
the organ studied and occurs early (within 12 h) in the
course of disease [10]. In the present work we demon-

strated that the oxidative damage occurs late (after
24 h) in a model of non-lethal sepsis in all of the organs
studied (Fig. 1 and 2). Despite the significant increase
in the protein carbonyls within 48 h in the non-lethal
sepsis group this increase did not occurs in the same
extent when compared to the lethal sepsis group (Fig.
1). Curiously, in the non-lethal sepsis the TBARS also
increased lately (after 48 h) but reach the same levels
than the lethal sepsis (Fig. 2). These results suggested
that the time, but not the magnitude of lipid peroxida-
tion, and that the time and the magnitude of protein
oxidation is related to severity in the CLP model, being
an important clue to design new treatment strategies
for sepsis.

Both the TBARS and the protein carbonyls are able
to generate AGEs or ALEs and each of these products
can act in membrane receptors, triggering some intra-
cellular signaling cascade. Kirkham et al. have demon-
strated that the extracellular matrix proteins oxidized
with 4-HNE, acrolein or cigarette smoke condensate
had different effects in the impairment of macrophage
phagocytosis of apoptotic neutrophils, independently of
other pro-inflammatory stimuli [19]. Macrophages cul-
tivated in oxidized collagen IV or bovine serum albu-
min (BSA) basement showed poor phagocytic and kill-
ing activity and increased CCL2/MCP-1 release [19]. In
addition, pretreatment with fucoidan, a know type A
Scavanger Receptor (SRA) ligand, prevented macro-
phage adhesion in acrolein modified collagen IV base-
ment but not in 4-HNE modified collagen IV basement
[20]. As cumulative oxidative damage occurs along
with the acute and the chronic inflammatory diseases
[19-22] we could suppose that the macrophage adhe-
sion and retention is a common fate to these diseases
as well as the AGE and ALE generation.

The macrophages display a wide variety of pheno-
types depending on the cytokine environment, tissue
localization and inflammatory process. In the event of
infection resident macrophages are activated through
engagement of the Toll-like receptors or interferons
(IFN) binding [23]. Classically Activated Macrophages
(CAM) are involved in the destruction of intracellular
pathogens and often are regulated by Thl cells or
CD8" cells through IFN-y production. These macro-
phages are characterized by typical pro-inflammatory
cytokines production (IL-1, IL-6, TNF, and INF), in-
creased respiratory burst, nitric oxide production, and
phagocytic/killing activity [23]. Recently it has become
recognized that the macrophages also can be activated
by an alternative pathway involving the Th2 cytokines
IL-4 and IL-13 yielding Alternative Activated Macro-
phages (AAM) [23]. In contrast to CAM, the alternative
activation causes CCL2/MCP-1 and CCL17/TARC re-
lease, decreased nitric oxide production and compro-
mised phagocytic/killing activity. Because the Th2 cy-
tokines are able to suppress transcriptional activation
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FIG. 3. SOD/CAT relation in major organs during non-lethal or
lethal sepsis. Rats were sham-operated or submitted to cecal ligation
and puncture (CLP) with a 18-gauge needle (non-lethal sepsis) or
with a 14-gauge needle (lethal sepsis). In lethal sepsis animals were
sacrificed 12 h after CLP and in non-lethal sepsis, 12, 24, 48, and
96 h. After these times the heart, diaphragm, liver, lung, and kidney
were removed to the determination of SOD and CAT activities as
described under in the Material and Methods section. Values are
expressed as means * SD [n = 10 each group; * different from
sham-operated (P < 0.05). ** different from CLP18 (P < 0.05)].

of IFN-y and LPS-responsive genes in macrophages,
CAM are not generated in circumstances where AAM
predominate [23].

In this regard and based on the fact that macro-
phages cultured in acrolein modified collagen IV base-
ment produce increased levels of CCL2/MCP-1, a typ-
ical AAM chemokine [19], we could suggest that in
lethal sepsis the higher increase in protein carbonyls,
but not TBARS, when compared to non-lethal sepsis
could in part interfere with immune response. These
differences could trigger the activation of alternative
activated macrophages that could be related to sepsis
severity [24]. Further studies will address this specif-
ically issue.

Once the non-lethal and the lethal sepsis presented
differences in the oxidative damage, we determined the
SOD/CAT ratio. SOD is an enzyme that uses the su-
peroxide anion (O3 ) as substrate and produce hydro-
gen peroxyde (H,O,). This molecule is a substrate to
the peroxidases, being the CAT the most important
peroxidase in the organs studied in this work. In situ-
ations of SOD over activation without an compensatory
increase in the peroxidases, the excess of the H,0,
could react with metal ions, via the Fenton chemistry,
and generate hydroxyl radicals (-OH) that is thought
the most dangerous radical [17]. As we had previously
demonstrated an increase in the SOD/CAT ratio in a
rat model of lethal sepsis [10], in this study we aimed
to verify if this imbalance is present in the non-lethal
sepsis. As we demonstrated in Fig. 3, only the heart,
and in lesser extent the lung and the kidney, presented
an increase in the SOD/CAT ratio. This imbalance
verified in the lethal sepsis is dependent of SOD over-

activation [10] and could be related to the fact that
peritoneal and plasmatic levels of IL1, TNF, and LPS
increase in accordance with increase of needle punc-
ture [11, 25]. These mediators are well known stimu-
latory signals to MnSOD gene transcription [25, 27].

In this work, we showed that imbalance between
SOD and CAT occurs more consistently in the lethal
sepsis and this could induces oxidative stress and in-
creases levels of protein carbonyls when compared to
the non-lethal sepsis, and it seems that this is an
important key in the understanding of sepsis progres-
sion.
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ABSTRACT

There are several evidences that free radicals participate in the onset of sepsis as well as
contribute to its progression into shock and severe sepsis. The main enzymatic system
engaged in the antioxidant defense is the superoxide dismuse (SOD) and catalase (CAT).
Beside this coupled activity the organisms have non-enzymatic antioxidants, which are
depleted in septic patients. These findings encourage researchers to develop antioxidant
therapy. N-acetylcysteine (NAC) is the main precursor in glutathione syntesis and has an
intrinsic antioxidant value, due to its reduced thiol extremity. Deferoxamine (DFX) is an iron
chelator and can prevent metal-mediated oxidative damage. The association between these
two compounds is effective in reducing mortality in clinically relevant model of sepsis - cecal
ligation and puncture (CLP). In this work we show that SOD/CAT ratio was increased in
CLP animal and presented a strong correlation with lipid oxidative damage index (TBARS)
in lung and diaphragm but a weak correlation in kidney. The antioxidant treatment
(NAC+HDFX) was able in reducing both the SOD/CAT ratio and the correlation coefficient.
The association between SOD/CAT ratio, oxidative damage and organ failure was further
evaluated. TBARS and SOD/CAT ratio decrease with antibiotic therapy (BS) and with BS
plus NAC+DFX. Protein in bronchoalveolar fluid lavage (BALF), an index of pulmonary
vascular permeability, and plasmatic urea, an index of kidney failure, presented highly
positive correlation with both TBARS and SOD/CAT ratio. In addition, we show that
antioxidant treatment prevented organ failure. Taken together these findings suggest the
importance of SOD/CAT ratio in sepsis, mainly due its consequences mainly over the lung.
Moreover, this work helps to elucidate the way by which NAC+DFX exert its effects.

KEY WORDS: urea, BALF, free radical, TBARS, CLP
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INTRODUCTION

Sepsis and related syndromes, as the multiple organs dysfunction (MODS) are the most
frequent causes of morbidity and mortality in intensive care units, contributing to 750,000
cases per year with an average mortality of 29% (1). It is a complex syndrome characterized
by an imbalance between pro-inflammatory and anti-inflammatory response to pathogen (2).
Some of the postulated molecular mechanisms of sepsis generation and its progression are
linked with the imbalance between reactive oxygen species (ROS) production and its
degradation by cellular antioxidants pathways (3-7). This imbalance has provided support to
new treatment approaches (5,8). The pro-inflammatory effects of ROS include endothelial
damage, formation of chemotatic factors, neutrophil recruitment, TNF and IL-1 release,
mitochondrial impairment and consequent DNA damage, lipid and protein oxidation (2,6,7).
Despite the great efforts expended, the causes of oxidant-antioxidant imbalance in sepsis are
still unclear. We have previously described that there was an imbalance between antioxidant
enzymes catalase (CAT) and superoxide dismutase (SOD) that was followed by oxidative
damage in the major organ-target systems (lung, diaphragm, heart, liver, and kidney) after
sepsis induction (9,10). In addition, we have demonstrated that the use of antioxidants was
able to diminish the oxidative damage and improve survival in septic rats (8). To date there
are few direct evidences showing a correlation between organ failure and oxidative damage
in target organs during sepsis development. In this work we attempt to verify whether there is
correlation between oxidative damage and SOD/CAT relation in the main organ systems
involved in sepsis. Further, in order to clarify the link between oxidative damage and organ
failure we analyzed the correlation between oxidative damage and plasmatic markers of

organ dysfunction.
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Materials and Methods
In vivo studies were performed in accordance with the National Institutes of Health

guidelines and with the approval of the local ethics committee.

Cecal Ligation Puncture (CLP) model

Male Wistar rats 2- to 3-months-old, subjected to the CLP procedure with fluid resuscitation
as previously described (11,12) were used in this study. Briefly, under aseptic conditions, a 3-
cm midline laparotomy was performed to allow exposure of the cecum. The cecum was
tightly ligated with a 3.0 silk suture at its base, below the ileocecal valve, and was perforated
with a 18-gauge needle (non-lethal sepsis, mortality less than 5%, 10 days after CLP) or with
a 14-gauge needle (lethal sepsis, mortality around 90%, 10 days after CLP). The cecum was
then gently squeezed to extrude a small amount of feces from the perforation site. A sham
operation (laparotomy and cecal exposure without any more manipulation) was performed as
control. The animals were resuscitated with normal saline (30 mL/kg subcutaneous)
immediately after and 12 h after the CLP. In the lethal sepsis sixteen septic animals and
sixteen controls were sacrificed 12 h after CLP and the organ systems (heart, lung,
diaphragm, liver, and kidney) were isolated for posterior analyses. In this group we observed
a high mortality rate after 12 h that difficult analyses in longer times after the sepsis
induction. In the non-lethal sepsis, eight septic animals and eight control animals were
sacrificed 48 h after CLP (this time was chosen since previous studies from our laboratory
demonstrated that at this time all organs analyzed had increase in oxidative stress markers,
see ref. 10). The organs (heart, lung, diaphragm, liver, and kidney) were isolated for posterior

analyses.
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Treatment protocols

To access parameters in lethal sepsis, as well as the effect of treatments the animals were
divided into three groups: CLP — rats were submitted to CLP without any further treatment;
BS — animals received ceftriaxone 30 mg/kg and clindamycin 25 mg/kg every 6 h with
subcutaneous injection; ATX — rats received NAC (20 mg/kg) 3 h, 6 h, and 12 h after CLP
plus DFX (20 mg/kg) 3 h after CLP with a subcutaneous injection in addition of basic

support.

Measurement of Thiobarbituric Acid Reactive Species (TBARS)

As an index of the lipid peroxidation we used the formation of TBARS during an acid-
heating reaction as previously described (11). Briefly, the samples (200 pL) were mixed with
trichloroacetic acid 10% (400 puL) and centrifuged 10 min (4000 x g) and the supernatant was
mixed with equal volume of thiobarbituric acid 0.67%. This system was heated in a boiling

water bath for 15 min and the TBARS were determined by the absorbance at 535 nm.

Measurement of CAT, SOD and glutathione peroxidase (GPx) activities

To determine the CAT activity the organ systems were sonicated in 50 mM phosphate buffer
and the resulting suspension was centrifuged at 3000 x g for 10 min. The supernatant was
used to the enzymatic assay. The CAT activity was measured by the rate of decrease in the
hydrogen peroxide absorbance at 240 nm (14). The SOD activity was assayed by measuring
the inhibition of the adrenaline auto-oxidation, as previously described (15). To determine
GPx activity organs homogenate were added in a 1 mL final volume system containing

Glutathione reductase followed at 340nm for 8 minutes (16).

Organ failure markers
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As an index of lung alveolo-capillary dysfunction we accessed protein content in
bronchoalveolar lavage fluid (BALF) (17). Briefly, twelve hours after sepsis induction
animals were killed and bronchoalveolar lavage was performed. BALF was collected three
times after instillation and withdrawn with 6 mL of phosphate-buffered saline. We always
retrieved approximately 15 mL of BAL administered (n = 8 rats to each group). Protein
content in BALF was measured by Lowry assay and results are expressed as mg/mL. As an
index of kidney failure we accessed plasmatic urea (n = 8 rats to each group). Urea was

determined routinely by commercially available kits (Labtest, Brazil).

Statistical analysis
Data was analyzed by 1-way ANOVA and multiple comparisons were performed by a
Newman-Keuls test. Pearson’s correlation test was used to study associations between the

variables. Statistical significance was considered when P<0.05.

RESULTS
SOD/CAT ratio and GPx activity in lethal sepsis

We found a significant increase in SOD and CAT ratio after CLP. Treatment with BS
was not able to abolish this imbalance (Figure 1A). In contrast, SOD/CAT ratio returned to
control levels after ATX treatment (figure 1A). To verify whether other antioxidant enzyme
was compensating the imbalance verified between SOD and CAT, we determined glutathione
peroxidase activity. This enzyme reduces H,O, into water using the tripeptide glutathione as
electron donor (16). As showed in figure 1B nor sepsis neither treatment caused any

alterations in GPx activity.

SOD/CAT ratio and TBARS levels
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As showed in figure 2, a highly positive correlation between SOD/CAT ratio and
TBARS levels was found in the lung and diaphragm from animals submitted to lethal sepsis.
In addition, we found a weak correlation in the kidney (figure 2C). When animals received
ATX treatment the correlation between SOD/CAT ratio and TBARS levels was abolished in
these organs. Organs from animal submitted to non-lethal sepsis did not show correlation
between these two variables. In addition, we did not detect any correlation between
SOD/CAT ratio and TBARS levels in the heart and liver (data not shown).

Organ failure and TBARS levels in lethal sepsis

Organ failure is associated with worse prognosis in sepsis. In figure 3 we showed that
lethal sepsis caused a serious impairment in kidney and lung function, which can be avoided
with ATX treatment (355 mg/dL in CLP vs. 235 md/dL in ATX group and 96.6 mg/mL of
protein in BALF from CLP vs. 56.25 mg/mL of protein in BALF from ATX group, P<0.001).

In figure 3A and 3B we show a decrease in organ failure markers along with TBARS
levels in organs homogenates. When we analyzed organs from rats that did not receive any
treatment (Lethal sepsis group), we also found a direct correlation between TBARS in lung
and protein content in BALF (R = 0.54, P<0.05) (figure 3A). However, we found a inverse
correlation between kidney parameters (R = - 0.95, P<0.01) (figure 3B). In spite of this, ATX
treatment could abolish these correlations in both organs. We could not demonstrated

correlation between plasmatic AST and liver TBARS (data not shown).

Organ failure and SOD/CAT ratio
SOD/CAT ratio was measured in lung and kidney homogenates and displayed strong
positive correlation with protein content in BALF (figure 4A) and with plasmatic urea (figure

4B). However, when groups (Lethal sepsis, BS and ATX) were separately analyzed we did
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not find significant correlation between SOD/CAT ratio in kidney and plasmatic urea in

lethal sepsis group (figure 4B).

DISCUSSION

Several works have associate free radicals and sepsis development (4-6). Recently,
our group have systematically characterized ROS alterations in CLP model of sepsis (10), a
well established model of polimicrobial sepsis that closely mimics the human disease of
ruptured appendicitis or perforated diverticulitis (18,19). Despite the growing evidences that
ROS are important during sepsis development and its potential as therapeutic target, there is
lack of evidences supporting the actual role of ROS in organ dysfunction. In this work we
attempt to verify whether organ failure seen in CLP model of sepsis is associated with
oxidative damage in main organ systems involved in sepsis development.

Previous works have identified an increase in superoxide radical production during
the sepsis development. The main sources of superoxide are the NADPH oxidase system
(20,21), xanthine oxireductase (22) and impairment in mitochondrial electron transport chain
(9). Besides non-enzymatic systems, SOD and CAT are the major enzymatic system
responsible in protecting cell against free radicals attacks (23). SOD is an enzyme able in
reducing the superoxide radical into hydrogen peroxide (H>O,) which is the substrate to CAT
and GPx. When cell has increased levels of SOD without a proportional increase in
peroxidases, cells face a peroxide overload challenge. Peroxide can react with transitional
metals and generate the radical hydroxyl, which is the most harmful radical (23). This was
well demonstrated by SOD, CAT gene transfections (24,25) as well as in ex vivo models,
which demonstrated a bell-shaped effect of SOD activity (26,27). These results suggest that
the overexpression of SOD without a compensatory increase in CAT has deleterious effects

upon the cell.

34



We previously detected a mild or no imbalance between SOD and CAT activities after
induction of non-lethal sepsis (10). Here we show an imbalance between SOD and CAT 12
hours after induction of lethal sepsis (figure 1A). This imbalance could be attributed to two
events: 1) In CLP sepsis model there is an increased level of peritoneal and plasmatic IL1,
TNF and LPS (11,28), which are known pro-inflammatory molecules that increase SOD
mRNA (29,30); 2) CAT activity can be inhibited by superoxide produced in large amounts in
sepsis (31). Moreover GPx was not modulated by sepsis (figure 1B), thus GPx did not
provide compensatory peroxidase activity.

In present study we verified that SOD/CAT ratio is correlated with oxidative damage
seen in worsening of sepsis in lung, diaphragm and kidney (figure 2). These correlation were
efficiently abolished by ATX treatment in all organs. Non-lethal sepsis did not present
significant correlation and the likely cause of this lack of association in non-lethal sepsis lies
in its preserved non-enzymatic defenses. This suggestion is reinforced by the lost of
correlation in organs from animals submitted to antioxidant treatment (figure 2). Indeed some
works have found decreased levels of these non-enzymatic antioxidants such as vitamine C
and E, retinol, lycopene and betacarotene (6,7,32) in plasma from patients with sepsis and
multiple organ failure (MOF) but not in plasma from critical ill patients without risk for
development of MOF (6).

In addition, we did not find any correlation between SOD/CAT ratio and oxidative
damage in liver and heart (data not shown). We suggest that this correlation would happen in
different times to each organ, being lung and kidney the most dependent on the SOD/CAT
coupled activity to maintain homeostasis. Other works have demonstrated that organs
respond differently to sepsis challenge and this response may depend on its particular

physiology, valcularization and antioxidant defenses (8,9,33).
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Oxidative damage was already identified in animal model of sepsis, as well as in
septic patients (4,6,9) but no one presented evidences that oxidative damage and organ failure
are intertwined events. Here we presented data linking these two events at least in lung and
kidney (figure 3) since our data do not support the same for the liver and heart (data not
shown). ATX treatment was able to abolish this correlation in both organs. We have already
demonstrated increase in TBARS levels, oxidative protein damage and superoxide production
in these organs (9) as well as a decrease in these parameters when rats were treated with
NAC+DFX (8).

When correlation analysis was made to each treatment group we found positive
correlation between protein in BALF and TBARS (figure 3A) but a negative correlation
between plasmatic urea and TBARS (figure 3B). The ATX treatment was able in abolish this
correlation in both organs. Therefore, it seems that TBARS is concerned with lung failure
rather than with kidney failure, at least within 12 hours after CLP. Again, we suggest that
biochemical and physiological peculiarity of each organ may be responsible by these finding.
Indeed, acute renal failure is an earlier event in the onset of shock and contributes
significantly to pulmonary edema and acute respiratory distress syndrome (34,35).

As the SOD/CAT ratio and TBARS are intertwined events we decided to verify
whether this enzymatic balance has link with organ failure. Both lung and kidney failure
presented positive correlation with SOD/CAT ratio in the worsening of sepsis (figure 4),
suggesting that the imbalance between these two enzymes could promote oxidative damage
and eventually organ failure.

Besides these important understandings in sepsis progression, we also determined
another mechanism by which antioxidant treatment increases survival CLP sepsis. At least in

lung and kidney the treatment provided efficient protective effects, since we found a decrease
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in protein in BALF and plasmatic urea (355 mg/dL in CLP vs. 235 md/dL in ATX group and
96.6 mg/mL of protein in CLP vs. 56.25 mg/mL of protein in ATX group, P<0.001).

In conclusion, our data identified a relationship between SOD and CAT imbalance
and TBARS levels in lung diaphragm, lung and kidney within 12 hours after the CLP. ATX
treatment abolish this relationship, likely by replacing non-enzymatic antioxidants. We also
identified a link between lipid damage and organ failure, which can be efficiently avoided by

ATX treatment.
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FIGURE LEGENDS

Figure 1 - SOD/CAT ratio (A) and GPx activity (B): Organs were isolated from lethal
sepsis-induced (14-gauge needle) Wistar rats 12 hours after CLP. (A) SOD/CAT ratio was
achieved dividing SOD activity by CAT activity (see details in Material and Methods) and is
expressed in arbitrary units (n = 10 to each group) . (B) GPx activity (n = 10). Values are

expressed as mean £SEM. * Difference from Sham and ATX group (P <0.05).

Figure 2 — Correlation analyses between lipid oxidative damage (TBARS) and
SOD/CAT ratio in lung (A), diaphragm (B) and kidney (C). Rats were divided in four
groups: Lethal sepsis (square) - animal were submitted to CLP (14-gauge needle) (n =
16).Basic support (filled circle) - animals received ceftriaxone 30 mg/kg and clindamycin 25
mg/kg every 6 h with subcutaneous injection (n = 8). ATX (triangle) — animals received NAC
(20 mg/kg) 3 h, 6 h, and 12 h after CLP plus DFX (20 mg/kg) 3 h after CLP with a
subcutaneous injection in addition of basic support (n = 8). Non-lethal sepsis (open circle) —
animals were submitted to CLP (18-gauge needle) (n = 8). All groups received fluid
resuscitation immediately and 12 hours after CLP. Values are expressed as mean + SEM.
Pearson’s correlation test was used to study associations between the variables. Statistical

significance was considered when P<0.05.

Figure 3 — Correlation analyses between lung TBARS and protein in BALF (A) and
between kidney TBARS and plasmatic urea (B). Rats were divided in three groups: Lethal
sepsis (square) — animals were submitted to CLP (14-gauge needle). BS (basic support —
triangle) - animals received ceftriaxone 30 mg/kg and clindamycin 25 mg/kg every 6 h with
subcutaneous injection. ATX (circle) - animals received NAC (20 mg/kg) 3 h, 6 h, and 12 h

after CLP plus DFX (20 mg/kg) 3 h after CLP with a subcutaneous injection in addition of
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basic support (n = 8 in each group). All groups received fluid resuscitation immediately and
12 hours after CLP. Animals were sacrificed 12 hours after CLP and organs and blood were
isolated for TBARS, BALF protein and urea measurement (see details in Materials and
Methods). Values are expressed as mean + SEM. Pearson’s correlation test was used to study

associations between the variables. Statistical significance was considered when P<0.05.

Figure 4 — Correlation analyses between SOD/CAT ratio in lung and protein in BALF
(A) and between SOD/CAT ratio in kidney and plasmatic urea (B). Rats were divided in
three groups: Lethal sepsis (square) — animals were submitted to CLP (14-gauge needle). BS
(basic support — triangle) - animals received ceftriaxone 30 mg/kg and clindamycin 25 mg/kg
every 6 h with subcutaneous injection. ATX (circle) - animals received NAC (20 mg/kg) 3 h,
6 h, and 12 h after CLP plus DFX (20 mg/kg) 3 h after CLP with a subcutaneous injection in
addition of basic support (n = 8 in each group). All groups received fluid resuscitation
immediately and 12 hours after CLP. Animals were sacrificed 12 hours after CLP and organs
and blood were isolated for SOD, CAT, BALF protein and urea measurement (see details in
Materials and Methods). Values are expressed as mean = SEM. Pearson’s correlation test was

used to study associations between the variables. Statistical significance was considered when

P<0.05.
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Figure 1
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Figure 2
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Figure 3
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Figure 4
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DISCUSSAO

Diversos trabalhos demonstram efeitos da sepse sobre 6rgaos
especificos, mas poucos fazem uma descricdo sistémica, usando as mesmas
técnicas, dificultando uma comparagao global que propicie o entendimento de
como o0s oOrgaos se comportam no decorrer do tempo ou durante o
agravamento da sepse.

E, de fato, podemos ver que a resposta dos 6rgaos a sepse nao-letal é
heterogénea. Alguns O&rgaos apresentam maiores niveis de danos em
biomoléculas, bem como apresentam estes danos mais precocemente que
outros érgéaos (diafragma, pulmao e rim).

Verificamos que os niveis de TBARS se elevam precocemente na sepse
letal (12 horas) enquanto que na sepse nao-letal verificamos aumento
significativo somente apdés 48 horas. Contudo, apés 96 horas o grupo
submetido a sepse nao-letal apresenta os mesmos valores de TBARS do que o
grupo submetido a sepse letal (12 horas). Analisando os danos oxidativos em
proteinas, vemos que apesar de aumentarem significativamente 96 horas apés
a indugao da sepse nao-letal, eles ndo atingem os mesmos niveis observados
na sepse letal. Estes dados nos levam a sugerir que os danos em biomoléculas
estdo vinculados diferentemente ao processo inflamatério da sepse. A
magnitude dos danos oxidativos em lipideos ndo seria tdo importante quanto a
magnitude dos danos em proteinas.

Este indicativo tem suporte na literatura cientifica, uma vez que danos de
diversos tipos em proteinas tém a propriedade de modular a resposta
inflamatdria. Trabalhos demonstram que macrofagos cultivados sobre uma

base de colageno modificado com aldeidos respondem liberando elevada
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quantidade de CCL2/MCP1 (Kirkham et al, 2003) e diminuindo o poder
fagocitose (Kirkham et al, 2004).

Mais recentemente tem se difundido a nogdo de que macréfagos podem
assumir diversas formas de ativagao (Gordon, 2003). Para fins de discussao
deste trabalho, sdo de grande relevancia duas destas ativagdes: a ativacao
classica de macréfagos (ACM) e a alternativa (AAM).

A ACM ocorre em resposta de estimulos como micrébios e dano em
tecidos. Macréfagos assim ativados liberam citocinas como IL-6, IL-1, IL-12 e
TNF, além de possuir um potente arsenal bactericida (produgao de superéxido
e NO). E de extrema importancia no estabelecimento da sepse, quando ha
necessidade de combate vigoroso de patégenos. A AAM ocorre em resposta a
alergenos ou parasitas. Produz citocinas como IL-4, IL-13 e CCL2/MCP1,
possui menor poder bactericida (menor produgdo de superdéxido) e maior
atividade de arginase (enzima que degrada a arginina, substrato na formacéao
do NO). Este tipo de ativagcédo é importante quando o processo infeccioso esta
sob controle, funcionando como maestro do restante do sistema imune regendo

agora o processo de recuperagao do organismo.
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Ativacao Classica (ACM) e Alternativa (AAM) de Macrofagos. Figura
extraida de Gordon (2003).



Takahashi et al. (2004) demonstraram que camundongos submetidos a
SIRS leve se tornavam resistentes a uma infeccao posterior. Diferentemente,
quando os animais eram submetidos a SIRS severa, uma posterior infeccao se
tornava letal. Investigando os macrofagos peritoniais destes animais,
Takahashi et al. (2004) descobriu que aqueles que sobreviviam apresentavam
macrofagos fortemente bactericidas, com expressao de iNOS e secregao de IL-
12, caracteristicas de ACM.

A partir destes dados encontrados na literatura cientifica, nés sugerimos
que o elevado dano oxidativo visto no modelo letal de sepse pode contribuir
para o desfecho da doencga, agindo sobre o sistema imune dos animais. Se
esta hipotese estiver correta, abriria novas perspectivas terapéuticas na sepse,
como a utilizagdo de tratamentos que protegessem ou revertessem o processo
de dano oxidativo em proteinas, ou ainda compostos que evitassem a
sinalizagcao destas proteinas oxidadas sobre células do sistema imune.

Para verificar se existe um desequilibrio entre a producéo de peréxido de
hidrogénio e a sua degradacao, nés avaliamos as atividades das enzimas SOD
e CAT e obtivemos um quociente a partir da divisdo de suas atividades.
Aumentos deste valor representam maior atividade da SOD e/ou menor
atividade da CAT, ou seja, indicam que ha um excesso de peréxido de
hidrogénio nos érgaos. Verificamos que este desequilibrio existe na sepse, mas
em alguns 6rgaos é mais evidente (coragao e rim) que outros (figado). A sepse
letal apresentou os maiores valores de quociente. O aumento na atividade da
enzima SOD pode ser causado pela elevacido nas concentragdes de moléculas
como IL-1, TNF e LPS. Trabalhos in vitro ajudaram a demonstrar que estes

compostos promovem o aumento de mRNA da SOD mitocondrial (Visner et al,
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1990). De fato, niveis TNF, LPS e IL-1 aumentam de acordo com o aumento do
didmetro da agulha usada na puncgao do ceco (Ebong et al, 1999; Otero-Antén,
2000).

Esse desequilibrio na sepse letal € um dos mecanismos para explicar os
danos vistos em lipideos e proteinas uma vez que promove um excesso de
producao e peréxido de hidrogénio que pode reagir com metais e formar o
radical hidroxil (Kelner et al, 1995). Esta sugestdo fica mais forte quando
analisamos os o¢rgaos (diafragma, pulmdo e rim) de animais submetidos a
sepse letal que foram tratados com terapia antioxidante. Tanto a relacéo
SOD/CAT quanto o dano oxidativo em lipideos pode ser revertido com este
tratamento. O mecanismo de acao da terapia antioxidante ainda nao esta bem
compreendido. Os compostos utilizados foram a deferoxiamina, que tem a
propriedade de quelar ferro, e a N-acetilcisteina, precursor de glutationa e
antioxidante per se, uma vez que possui um residuo de cisteina reduzida.

Como forma de verificar a associagao entre o desequilibrio enzimatico e
os danos oxidativos, nés realizamos analises de correlagdo. E importante
ressaltar que a simples associacdo entre duas variaveis ndo implica em
causalidade. Contudo, outros grupos demonstram através da aplicagdo de
técnicas de biologia molecular que o equilibrio enzimatico entre a SOD e a CAT
implica em dano e/ou susceptibilidade celular (Lortz e Tiedge, 2003).

Curiosamente, os 6rgaos de animais submetidos a sepse leve néao
apresentaram correlacdo entre o desequilibrio SOD/CAT e o dano oxidativo.
Este dado sugere que as defesas antioxidantes ndo-enzimaticas se mantém
preservadas nestes animais e ajudam a manter a homeostase. De fato,

pacientes que apresentam sepse associada a faléncia de 6érgaos possuem uma
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diminuicao de vitaminas C e E, retinol, licopeno e betacaroteno (Borrelli et al,
1996; Goode et al, 1995; Tsai et al, 2000). Ainda, verificamos que o tratamento
com antioxidantes reverte a correlagao entre SOD/CAT e danos oxidativos.

Como foi dito antes, é sugerido que o dano oxidativo participa em
diversos eventos que levam ao agravamento da sepse e a morte. Existem
trabalhos que analisam a correlagado entre marcadores de faléncia de 6rgaos e
danos oxidativos. Estes trabalhos frequentemente analisam danos oxidativos
em proteinas e/ou lipideos plasmaticos, mas nao ha trabalhos que associem o
dano oxidativo no 6rgdo com marcadores de faléncia deste 6rgao. Para este
fim, o uso de animais de laboratério € uma importante ferramenta, visto a
dificuldade de se conseguir material humano. Neste trabalho ndés verificamos
que o aumento de dano oxidativo em lipideos no pulmdo e no rim esta
positivamente correlacionado com marcadores de faléncia destes 6rgaos
(proteina no fluido bronco-alveolar, indicando permeabilidade capilar e uréia
plasmatica, indicando falha na capacidade filtradora do rim) quando analisamos
a sepse sem distinguir tratamentos.

Quando analisamos a correlagao entre danos oxidativos no rim e a uréia
plasmatica no grupo submetido a sepse que nao recebeu tratamentos,
verificamos uma relagao inversa. Infelizmente ndo possuimos uma explicagao
para essa aparente contradigdo, apenas podemos sugerir possibilidades: 1 - os
danos podem estar ocorrendo em outras biomoléculas que n&o foram
analisadas neste trabalho (proteinas e/ou DNA, por exemplo); 2 - que a faléncia
renal possa causar um aumento na degradacado desses lipideos oxidados.
Outros estudos dever ser realizados para a verificagao destas hipdteses. O

pulmao apresentou correlacio positiva entre as duas variaveis.
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O tratamento com antioxidante foi capaz de eliminar ambas as
correlagdes, bem como prevenir as faléncias renal e respiratoria. A faléncia
renal esta fortemente associada ao equilibrio vascular (Schrier e Wang, 2004),
portanto um possivel mecanismo pelo qual o tratamento com antioxidantes
exerce seus efeitos sobre o rim é através da prevengao de coagulopatias e
promovendo a adequada resposta vascular a vasoconstritores. Além disso, um
estudo com 345 pacientes que apresentavam faléncia renal aguda com e sem
sepse demonstrou que a necessidade de ventilacdo mecanica e a mortalidade
era maiores no grupo com sepse (Neveu et al, 1996). Estes dados sugerem um
dos mecanismos de acao do tratamento antioxidante usado neste trabalho,
mas ainda sao necessarios trabalhos com o sistema vascular para confirmar a
hipétese formulada aqui.

A partir dos dados apresentados neste trabalho, concluimos que:

1. Ha um desequilibrio entre as enzimas SOD e CAT na sepse €
este desequilibrio € mais acentuado na modelo de sepse letal.

2. Na sepse letal, a atividade da GPx ndo é modulada pela sepse
nos 6rgaos analisados (diafragma, pulmao e rim), de forma que o
balangco entre as atividade da SOD e CAT ganham mais
importancia na definicao entre as duas severidades da doenca.

3. O dano oxidativo em lipideos é igual nas duas severidades
analisadas neste trabalho, mas ocorre tardiamente na sepse néo-
letal. O dano oxidativo em proteinas € muito maior nos érgéos dos
animais submetidos a sepse letal, de forma que pode ser um dos

mecanismos que determinam a mortalidade na sepse.
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4. Existe correlagdo entre a relacgo SOD/CAT nos orgaos
analisados (rim e pulmao) com marcadores de faléncia destes
orgaos. O dano oxidativo em biomoléculas também ¢&
correlacionado aos indices de faléncia organica.

5. O tratamento com antioxidantes reverteu o desequilibrio entre a
SOD e a CAT, o dano oxidativo em biomoléculas e a faléncia
renal e respiratoria.

Estes resultados ajudam a esclarecer a fisiopatologia da sepse e tornam
mais evidente a importancia dos radicais livres na progressao e desfecho desta
doenca, abrindo novas perspectivas terapéuticas, como a administracdo de

antioxidantes que ajam sobre o perédxido de hidrogénio ou hidroxil.
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