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Resumo

As doencas infecciosas estédo entre as principasasade morte no mundo.
Nas infec¢Oes bacterianas, os componentes daspatedtes organismos sao descritos
como 0s principais antigenos. Os macrofagos estéetaghente envolvidos no
reconhecimento e ataque de agentes patogénicas,daléatuarem como moduladores
da resposta imunolégica. Os macréfagos participan cdmbate as infeccBes
bacterianas através da fagocitose dos agentesépatog e da producdo de diversos
mediadores inflamat6rios como citocinas, metalagnaises (MMP), espécies reativas
de oxigénio (ROS) e 6xido nitrico(NO). Estes medriad sdo importantes na resposta
inflamatoria, contribuindo para o controle da igf&e Entretanto, a producdo
exacerbada destas moléculas contribui na patogé&lssseomplicacbes associadas a
inflamag&o, como a sepse e a faléncia multiplargéad A maior parte dos estudos tem
focado a resposta das células imunes a infecc@dsaptérias gram-negativas ou ao seu
principal antigeno, o lipopolisacarideo (LPS). Nudaato, as infec¢bes por bactérias
gram-positivas sao frequentes e resultam em griaxdede mortalidade. Os receptores
de adenosina, em macrofagos, possuem funcdo &tietria em modelos de
infeccdes por bactérias gram-negativas, no ent@aiaco se investigou a acao destes
receptores em infeccdes por bactérias gram-positica diabetes € uma doenca
metabolica comum que apresenta diversas complisagéeundarias, muitas delas
associadas aos niveis elevados de glicose. Osnfexidiabéticos apresentam uma
ocorréncia aumentada de infeccbes bacterianas, deno diabetes tipo 2 estar
associado com uma inflamacdo crbnica, caracterizada niveis plasmaticos
aumentados de citocinas pro-inflamatorias. Adidimeate, estes pacientes possuem
maior risco de desenvolver doengas cardiovascularaerosclerose, o que tem sido
relacionado a hiperglicemia e a inflamacdo cronigaregulacdo, pela glicose, da
resposta inflamatdria em macréfagos expostos at@astgram-negativas ou ao seu
antigeno principal, o LPS, é descrita, entretaat@cédo da glicose em modelos de
infecgBes por bactérias gram-positivas ndo é caddedssim, objetivamos estudar o
papel dos receptores de adenosina e da concentdegcd@icose na modulacdo da
ativacdo de macréfagos por antigenosSdephylococcus aureuprincipal bactéria
gram-positiva associada a infeccfes hospitalaresat@mento dos macrofagos RAW
264.7 com os antigenos acido lipoteicoico (LTA)eptieoglicano (PEG) resulta na
producao de mediadores inflamatoérios. O LTA estmauproducdo de ROS, NO, TNF-
a e MMP-9, enquanto o PEG aumenta a producao de adFMMP-9. Ambos os
antigenos aumentaram a expressdo dos receptoreslet®sina A2A e A2B e a
degradacédo de ATP, favorecendo o acumulo de adendSibloqueio farmacoldgico,
pelo uso de antagonistas, ou a reducédo da exprdssa@ceptores A2A e A2B, pelo
uso de RNA de interferéncia, resulta numa ativag@mentada dos macrofagos em
reposta ao LTA, enquanto a ativacdo dos recepiteeadenosina por um agonista
resulta na inibicdo da resposta inflamatoria atig@nos de. aureusO tratamento dos
macréfagos RAW 264.7 com concentracdes elevadgiabse aumentaram a resposta
inflamatoria ao LTA, com o aumento da producdo d@, NNF-a e MMP-9. Estes
resultados mostram que tanto os receptores de sidanmmo concentracdes elevadas
de glicose modulam a resposta inflamat6ri&. aaureus Os receptores de adenosina
parecem atuar num mecanismo autocrino de moduld@doesposta inflamatoria,
apontando um possivel alvo terapéutico. J& a mg@olda resposta inflamatoria dos
macrofagos por concentracbes aumentadas de gligmme contribuir para
complicagbes associadas ao diabetes, como a déeossce a inflamacao cronica.



Abstract

Infectious diseases are among the majors causesodhlity around the
world. In bacterial infections, the bacterial cethll components are described as the
main antigens. The macrophages are key mediatarglaimatory response, acting in
the attack to the pathogens and in the regulatiommune response. These cells act in
the phagocytosis of pathogenic agents and in théygtion of inflammatory mediators,
like cytokines, matrix-metalloproteinases (MMP)actve oxygen species (ROS) and
nitric oxide (NO). These mediators participate nflammatory response, acting in
infection control, notwithstanding, exacerbateddoiciion of these molecules could
contribute to inflammatory complications, like sespsnd multiple organ failure. Several
studies has addressed the inflammatory respongeato-negative bacterial infections
or lipopolysaccharide (LPS), the main antigen alsthmicroorganisms, however gram-
positive bacterial infections are prevalent andoessed to high mortality. The
adenosine receptors are described to possess n@iatmatory properties in
macrophages in gram-negative bacterial infectionsdets but the role of these
receptors in gram-positive bacterial infectionsursknown. Diabetes is a prevalent
metabolic disorder which presents several assatiatenplications; much of them
associated to increased glucose levels. Diabetieria shown increased occurrence of
bacterial infections and type 2 diabetes is assatito a chronic inflammatory state,
with increased circulatory levels of pro-inflammtocytokines. Type 2 diabetic
patients possess increased risk of cardiovascideases and atherogenesis, which has
been associated to hyperglycemia and chronic imfation. The regulation of
macrophages inflammatory response to gram-negdiacterial infections or to its
antigen LPS by increased levels of glucose is de=ty however, the role of increased
glucose in gram-positive bacterial infections iknmwn. For this reasons, we studied
the role of adenosine receptors and increased gguco macrophages activation by
Staphylococcus aurewsntigens, considering that this bacteria is th@marganism in
hospital infections. The treatment of RAW 264.7 rogbages witls. aureusantigens
lipoteichoic acid (LTA) and peptidoglycan (PEG) ukksd in the production of pro-
inflammatory mediators. LTA stimulated ROS, NO, FdFand MMP-9 production,
meanwhile PEG increased TNF-and MMP-9 production. Both LTA and PEG
augmented A2A and A2B adenosine receptors expresaim ATP degradation,
resulting in increased adenosine accumulation. R&eological blockade of A2A and
A2B adenosine receptors by antagonists resultedexacerbated activation of
macrophages by LTA. Similar results were obtaingdhe reduction of these receptors
expression by RNA interference. In opposition, stienulation of adenosine receptors
by agonist treatment promoted reduced activationmaicrophages bys. aureus
antigens. The exposition of RAW 264.7 macrophages ircreased glucose
concentration resulted in augmented activation B Lwith increased NO, TN and
MMP-9 production. These results shown that botmedime receptors and increased
glucose alters the inflammatory responseStoaureus Adenosine receptors seem to
participate in an autocrine mechanism of inflammatesponse regulation, suggesting
a putative therapeutic target. The glucose modiiatif macrophages inflammatory
response could contribute to diabetes associategblaations, like atherosclerosis and
chronic inflammation.
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Introducao

As doencas infecciosas estédo entre as principasasade morte no mundo.
Estas infec¢cdes sdo causadas por diferentes ageattagenicos, incluindo bactérias,
fungos, helmintos e protozoarios. A patogenicidaglea viruléncia de cada
microorganismo estdo relacionadas com os mecanisi@osteracdo existentes entre
estes e 0 hospedeiro. Nos mamiferos, o sistemaeimpiresenta componentes inatos e
adaptativos, envolvidos no reconhecimento e combdts microorganismos
patogénicos. O sistema imune inato atua atravé®ckptores, expressos a partir de
genes definidos, que reconhecem padrbes comurtergrs em grupos de moléculas
presentes nos diferentes tipos de microorganisil@so sistema imune adaptativo
apresenta receptores codificados a partir de fratpeegénicos, 0os quais, por
recombinacdo somatica, podem originar uma grandersidade de receptores que
possuem grande especificidade contra antigenosiéspe (MEDZHITOV, 2007).

Os componentes das paredes bacterianas sdo descnib@ 0S principais
antigenos nas infec¢des causadas por estes mianisnrgs (VAN AMERSFOORT et
al., 2003). Nas bactérias gram-negativas, o lipspcarideo (LPS), componente
majoritario da parede externa, é o principal amiigenquanto que nas bactérias gram-
positivas, 0s principais antigenos sédo o acidadipodico (LTA) e o peptideoglicano
(PEG). A ligagdo destas moléculas a receptoresamhecimento de padrodatern
Recognition Receptar®RRs) existentes nas células do sistema imune imaiam as
respostas imunoldgicas as infeccdes bacterianaKEUEHI E AKIRA, 2001;
MEDZHITOV, 2007) (Figura 1). Entre os PRRs, os n@ahecidos sé&o os receptores
Toll-like (TLR), receptores transmembranas queigant a diferentes moléculas de
microorganismos. Os receptores TLR 2, em heteradsneom TLR 1 ou 6, e TLR 4,

em homodimeros, ligam-se a moléculas lipidicaduimdo o LPS (TLR 4) e 0 LTA



(TLR 2). Ja os receptores TLR 3, 7, 8 e 9 sdo @pde reconhecer acidos nucléicos
virais e bacterianos, enquanto os receptores TeER.b ligam-se a proteinas de agentes
patogénicos, como a flagelina de protozoarios (QMNE 2006) (Figura 2). Além
destes, outra familia de receptores PRRs sdo os NOOcleotide-binding
Oligomerization Domain- dominio de oligomerizacdo e ligacdo de nucleotsl,
receptores citosélicos envolvidos no reconhecimel®qeptideoglicanos bacterianos
(MEDZHITOV, 2007). Enquanto os receptores TLR est&mvolvidos no
reconhecimento de antigenos presentes no espacacedtar e no interior de
endossomos, os receptores NOD séo ativados porocanies bacterianos presentes no

interior da célula, no citosol (KANNEGANTI et a2007).
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Figura 1: Ativacdo de células do sistema imune inat por infeccdes bacterianasOs
antigenos bacterianos (PAMPathogen-associated molecular patterpadrées moleculares
associados a patdgenos) ligam-se a receptores amherimento de padre$attern
Recognition Receptor$?’RRs) presentes na superficie - receptores ikell(TLRs) - ou no
interior - receptores NOD - da célula imune, atd@ndiferentes rotas de sinalizagédo
intracelular. (Imagem de KANNEGANTI et al., 2007)
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Os macréfagos constituem uma populacdo heterogéleeafagocitos
mononucleares, 0os quais estdo amplamente distobunds tecidos e o6rgdos. Os
macrofagos originam-se a partir dos mondcitos ptesena circulacdo sangiinea, os
quais se infiltram nos tecidos e/ou migram paraitode inflamacdes, diferenciando-se
nos macrofagos. Estas células estdo diretamentdvedas no reconhecimento e ataque
de agentes patogénicos, além de atuarem como rdodesada resposta imunoldgica.
Os macrofagos atuam diretamente no combate asc@i@ecbacterianas, através da
fagocitose dos agentes patogénico (HUME, 2006)ci@thimente, os macréfagos
expressam diferentes PRRs, os quais sao ativad@nfigenos bacterianos, iniciando a
resposta inflamatodria por intermédio da producaocitiecinas, espécies reativas de
oxigénio e oxido nitrico (MOSSER, 2003; GORDON eYIOR, 2005).

O fator de necrose tumoral alfa (TNff-€ uma citocina envolvida na
regulacdo de diversos processos fisiologicos dquatoms. Esta citocina atua através da
ligacdo em dois receptores distintos, o TNFR 1p®%) e o TNFR 2 (ou p75), os quais
atuam como homotrimeros. A sinalizacdo dos receptdo TNFe ocorre através da
interacdo com diferentes proteinas adaptadorasotitas. Estas, de acordo com o tipo
celular, irdo desencadear distintas cascatas dézsigdo, relacionadas com o controle
de processos celulares como ativacao inflamatpraiferacdo e morte (MACEWAN,
2002). O TNFa possui grande importancia durante a fase agudaredposta
inflamatoria a agentes patogénicos, estimulandwaades fisiolégicas que contribuem
para: a eliminacdo dos agentes infecciosos, oaentio dano tecidual e a ativacédo de
processos de reparacdo. No entanto, niveis elewdaldNFa estdo associados com
efeitos deletérios presentes em infec¢des sisténsegpse) e caquexia (HEHLGANS e

PFEFFER, 2005). A neutralizacdo da produg&o do &Ném sido proposta como uma
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possivel intervencéo terapéutica em infeccOes hacts, no entanto, os resultados
experimentais tém apresentado baixo éxito (LORERTMARSHALL, 2005).

O oxido nitrico (NO) é um radical de nitrogénioaafiente reativo e
difusivel, envolvido na regulacédo de diversos peos bioldgicos. Entre estes, estao
inclusos o controle da presséo arterial, a regalalz@ funcdo plaquetaria, a defesa
imunologica e a transmisséo sinaptica. O NO ét&amo a partir da conversédo da L-
arginina a L-citrulina pelas enzimas oOxido nitrisatases, utilizando NADPH e ;0
como co-substratos. S&o descritas trés isoforma®x#p nitrico sintases: duas
isoformas constitutivas e calcio dependentes, adooritrico sintases neuronal e
endotelial, e uma isoforma induzivel, a qual é ioalndependente. Nas células do
sistema imune, a 0xido nitrico sintase induziveO®) é responsavel pela producao de
NO em resposta a estimulos pro-inflamatorios, @pendo da regulacdo da resposta
imune e possuindo acdo microbicida (COLEMAN, 20ORHONEN et al., 2005).
Entretanto, a producdo exacerbada de NO pela iIN&8& envolvida no choque
hemodinamico presente na sespe, além de partidgafeitos deletérios oriundos da
resposta inflamatéria (VINCENT et al., 2000; KORHBENI et al., 2005).

Os macroéfagos, bem como outras células fagocifgpaxiuzem grande
quantidade de espécies reativas de oxigénio (R@Active oxygen specless quais
possuem poder microbicida (HALLIWELL, 2006). Adio@imente, as ROS atuam
como moléculas sinalizadoras intracelulares, regida fatores de transcricdo
envolvidos na resposta inflamatoria, como o NF-kBRMAN e TORRES, 2001). Em
macréfagos expostos a LPS, a producdo de ROSresgilvida na expressao e secrecéo
de citocinas pro-inflamatorias como o THRKIMURA et al., 2008) a interleucina 8
(RYAN et al., 2004) e a interleucin® (HSU e WEN, 2002). Assim, niveis elevados de

ROS, em resposta a infec¢des bacterianas, contripaea as complicacdes associadas
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com a resposta inflamatoria, incluindo o choqudise® a faléncia multipla de érgaos
(RITTER et al., 2004; ANDRADES et al., 2005; VICTQ#Ral., 2005; HALLIWELL,
2006). Nas células fagocitarias, a principal enzénaolvida na producdo de ROS ¢é a
NADPH oxidase. Nas ceélulas ndo estimuladas, os ooermges da NADPH oxidase
estdo em diferentes compartimentos celulares, cosutaunidades gp¥'f*e p22"* na
membrana plasmaética e as subunidade&"B4B67°"*/p40P"* no citosol, na forma de
um complexo. Durante a fagocitose, ou a ativacéidarepor agentes sollveis, como o
LPS, os componentes citosolicos e a GTPase Rad/Raoslocam-se para a
membrana plasmatica, ligando-se as subunidades”§p@1 p22"* e iniciando a
producdo de superoxido pela transferéncia de utroelélo NADPH para o oxigénio
(FORMAN e TORRES, 2002; DECOURSEY e LIGETI, 2005).

O NADPH é uma coenzima essencial para diversoepsos celulares. Os
niveis citosdlicos desta coenzima sdo mantidos spelesidrogenases citosélicas
NADP'-dependentes: a glicose-6-fosfato desidrogenase P56 a isocitrato
desidrogenase (IDH) e a malato desidrogenase (MBHjeducdo da atividade da
G6PD, ocasionando niveis reduzidos de NADPH, onasiona producdo aumentada de
interleucina 10, dependente da sinalizacdo por RED$,macrofagos peritoniais de
camundongos (WILMANSKI et al., 2005). Além dissa) enacréfagos estimulados por
LPS, o aumento da atividade da IDH protege estataséda producdo de ROS e NO,
através da manutencao do balanco redox (MAENG,e2@04).

As metaloproteinases (MMPs) sdo uma familia de eps#s zinco-
dependentes que atuam na degradacdo de proteinabzddas na membrana
citoplasmatica e no espacgo extracelular, atuandwipalmente nos componentes da
matriz extracelular. Assim, estas enzimas atuamigaacdo e infiltracdo das células

imunes. Além disso, as metaloproteinases tambéamana modulacdo da resposta
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inflamatoria, através da degradacéo de citocimggilando os niveis plasmaticos destas
proteinas sinalizadoras. Entre as metaloproteinasddMP 2 e a MMP 9, também
conhecidas como gelatinases A e B, respectivamianieam um grupo especifico, pois
apresentam um dominio de ligacdo a gelatina, o gdahdamental para a ligacdo ao
colageno desnaturado (PARKS et al., 2004). E stgeque niveis elevados de
metaloproteinases contribuem para o dano tecidaafaééncia multipla de 6rgdos em
um modelo animal de endotoxemia (PAGENSTECHER .et28/00). Ademais, estas
enzimas estdo envolvidas na disfuncéo vasculaciasisoa endotoxemia (LALU et al.,
2006).

A resposta inflamatoria a infec¢cdes bacterianas s&o alvo de intensa
investigacdo. Entretanto, a maior parte dos esttetosfocado a resposta das células
imunes a infec¢des por bactérias gram-negativao@eu principal antigeno, o LPS. A
busca de artigos cientificos relacionados a mago&fa LPS, no banco de dados do
PUBMED (http://www.ncbi.nlm.nih.gov/sites/entrerg¢sulta em mais de 10000 artigos
cientificos. Entretanto, a busca de artigos retemios a um dos principais antigenos de
bactérias gram-positivas, o LTA, e macréfagos taserh menos de 200 artigos.

As infeccdes por bactérias gram-positivas sdo &e$ e resultam em
grande taxa de mortalidade, superando as infequ@ilebactérias gram-negativas nas
infeccdes associadas aos ambientes hospitalaresAY@t al., 2007). Nos Estados
Unidos, a bactéria gram-positiv8taphylococcus aureugs o principal patégeno
associado tanto a infecgOes hospitalares comoeagdés adquiridas fora do ambiente
hospitalar. Adicionalmente, as infeccbes causada$ paureugesistentes a meticilina
possuem o maior risco de letalidade entre todgsmtiyenos (SHORR et al., 2006) e a
prevaléncia deS. aureusresistentes a antibidticos tem aumentado mundigime

(UCKAY et al., 2007). No Brasil, diferentes estudésy apontado que as infec¢gdes por
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S. aureussdo as mais comuns entre as infec¢des hospitatarasgrande incidéncia de
cepas resistentes a antibioticos (SOUZA et al.,72BIBAS et al., 2007). Segundo
Guilarde et al. (2006), entre as infeccbes Pomureusno Hospital da Universidade
Federal de Goias, cerca de 60% séo causadas @ resstentes a meticilina.

A patogenicidade dé&. aureusé causada por um repertério de toxinas,
exoenzimas, adesinas e outras proteinas imunonumtata Estes antigenos interagem
com distintos receptores das células imunes, levamatoducao e liberacdo de diversas
moléculas pro-inflamatérias e imunomoduladoras (ROLER e PHILPOTT, 2005)
(Figura 2). O peptideoglicano (PEG) e o acido épmiico (LTA) sdo os principais
componentes da parede bacteriana das bactérias-pgsitivas e sao descritos
modulando a atividade de células imunes principatmetravés da ativacdo dos
receptores TLR 2 (SCHWANDNER et al., 1999; WANGakt 2003), embora o PEG
também atue sobre os receptores NOD (MEDZHITOV,7200ANNEGANTI et al.,
2007). O PEG e 0 LTA séo descritos como responseta producdo de NO, choque e
faléncia multipla de o6rgados provocados r aureus(DE KIMPE et al.,, 1995;
KENGATHARAN et al., 1998). Em modelos animais, o A Tausa artrite, nefrite,
uveite, encefalomielite, meningite e lesGes pentals, além de ativar cascatas que
culminam no choque séptico e faléncia mdultipla dgédos (GINSBURG, 2002).
Ademais, o LTA é descrito como o principal respert@ela producdo de TNé&-em
macrofagos expostos a bactérias gram-positivas @ED, 2008), além de estimular a
producdo de ROS em mondcitos humanos (LEVY etl@B0) e células dendriticas de
roedores (CHOI et al., 2008). O PEG $leaureusaumenta os niveis de MMP 2 e 9 no
plasma e 6rgdos de ratos (WANG et al., 2004), a@érastimular a secrecdo de MMP 9

em neutrofilos humanos (WANG et al., 2005).
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Figura 2: Ativacdo de células do sistema imune inatpor Staphylococcus aureus. A
patogenicidade d&. aureuse causada por um repertorio de toxinas, exoenziawesinas e
outras proteinas imunomoduladoras. Estes antigem@sgem com distintos receptores das
células imunes, levando a producdo e liberacdo idersds moléculas proé-inflamatérias e
imunomoduladoras. (Imagem de FOURNIER e PHILPOTDS52

A adenosina € um nucleosideo de purina envolvidegalacdo de diversos
processos celulares. Esta molécula, quando no espdcacelular, atua através de
quatro receptores diferentes, chamados de Al, AZB e A3. Os receptores de
adenosina fazem parte da familia dos receptoresbotedpicos associados a proteinas
G, com sete dominios transmenbranas. Os recepfdres A3 estdo associados a
proteinas G inibitdrias, enquanto os receptores A2 B estdo associados a proteinas

G estimulatorias (FREDHOLM et al. 2001) (Figura 3).
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Figura 3: Adenosina extracelular e seus receptoresA adenosina, quando no espaco

extracelular, atua através de quatro receptoresredifes: os receptores Al e A3 estdo
associados a proteinas G inibitérias, enquantcecsptores A2A e A2B estdo associados a
proteinas G estimulatorias. A concentracdo extntarelde adenosina € regulada pelo

metabolismo extracelular das purinas e pela acéwadeportadores especificos presentes na
membrana citoplasmatica. (Imagem de JACOBSON e GAO%)

Os niveis extracelulares de adenosina séo regulgdds acdo de
transportadores de nucleosideos, os quais saoidtigieem equilibrativos, canais de
difusdo limitada, atuando em ambos o0s sentidospreentrativos, transportadores
simporte N&-dependentes (ROSE e COE, 2008). Adicionalmente, nogis
extracelulares de adenosina sdo dependentes ddadévde ectonucleotidases, que
degradam o ATP a ADP, AMP e adenosina (ZIMMERMANIO00) e da adenosina
deaminase extracelular, que degrada a adenosinasma (FRANCO et al., 1997).
Niveis elevados de adenosina e ATP sdo encontradodocais de inflamacéo.

Adicionalmente, a adenosina e o ATP possuem papgegyonicos na inflamacao, de
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modo que o ATP apresenta efeitos pro-inflamatoeosjuanto a adenosina apresenta
efeitos antiinflamatoérios. Deste modo, o metabatisextracelular das purinas pode

atuar na modulacao de efeitos pro e antiinflamaegsdiBBOURS et al., 2006).

Antagonists Agonists

A AR — cognitive disease

A AR— sleep disorder
A AR — neurodegeneration, A AR — stroke, epilepsy. migraine
Parkinson's disaase, Huntingtons A:"’-R— stroke
disease, migraine
AAR— glaucoma A AR— pain
A AR and A AR — asthma AMAR— respiratory disorders

ABAR—lunginjury
‘u
A AR— diabetes ! "
AAR— oedema
A AR — renal failure
A AR —diarrhoea Vi

A AR — cardiac ischaemia, arrhythmia
A AR— diagnostic, reperfusion injury,
[ __ ‘

thrombaosis, hypertension
A AR — cardiac ischaemia

A AR— kidney ischaemia

AAR— cancer

A AR and A AR — rheumatoid arthritis

A AR— inflammation

A AR — wound healing, sepsis, sepsis syndrome

Figura 4: Alvos terapéuticos de investigacdes sobres efeitos farmacologicos de agonistas

e antagonistas de receptores de adenosinantre os possiveis alvos terapéuticos para 0s
estudos com os receptores de adenosina estédoamagfio e condi¢cdes infecciosas, como a
sepse. (Imagem de JACOBSON e GAO, 2006)
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Um grande esforco tem sido empregado nos estudigsemees ao
desenvolvimento de agonistas e antagonistas dptoees de adenosina, bem como na
sua aplicagdo como agentes terapéuticos em divesadicOes patologicas, como
isquemia cerebral e cardiaca, disturbios do sanwer e doencas imunes (JACOBSON
e GAO, 2006) (Figura 4). A ativacao de receptor@é Aumenta a sobrevivéncia em
modelos animais de endotoxemia e infec¢cdes poetagram-negativas (SULLIVAN
et al., 2004). Adicionalmente, roedores nocautea paeceptor A2B apresentam uma
resposta inflamatéria exacerbada a endotoxemia & &Nal., 2006).

Diversos estudos mostram efeitos antiinflamatorits receptores de
adenosina em macréfagos e mondécitos em modelosfelecdo por bactérias gram-
negativas (HASKO et al., 2007). Além disso, o réeep\2A modula a producio de
TNF-a em macrofagos expostos a diferentes ligantes ckpt@es TLR (PINHAL-
ENFIELD et al., 2003), e a adenosina extracelulanenta a producdo da citocina
antiinflamatéria interleucina 10 em mondcitos estados porS. aureugLINK et al.,
2000). O receptor A2A modula a expressdao de MMPO neutrofilos humanos
(ERNENS et al.,, 2006) enquanto o receptor A2B estaolvido na supressdo da
producdo de MMP 9 pela hipoxia, em células demddtiderivadas de mondcitos
humanos (ZHAO et al., 2008). A ativacdo dos reaegtode adenosina também
apresenta efeitos antioxidantes (HUANG, 2003; FATDKet al., 2007), além de a
adenosina reduzir a producéo de superoxido em fiago® ativados por phorbol-éster
(Sletal., 1997).

O diabetes € uma doenca metabdlica prevalente,ciadao com a
sinalizacao deficiente de insulina, quer seja fata de producéo de insulina, diabetes
tipo 1, ou pelo aumento da resisténcia a insudirebetes tipo 2. Esta doenca apresenta

diversas complicacdes secundarias, muitas delaxiadas aos niveis elevados de
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glicose. Os pacientes diabéticos apresentam uméac@a aumentada de infeccdes
bacterianas (SMITHERMAN e PEACOCK, 1995). Além dise diabetes tipo 2 esta
associado com uma inflamacdo cronica, caracterizada niveis plasmaticos

aumentados de citocinas pro-inflamatorias, o qué esvolvido na patogénese da
doenca (PICKUP, 2004). Os pacientes diabéticos Bppossuem maior risco de
desenvolver doencas cardiovasculares e aterosslevogue tem sido relacionado a

hiperglicemia e a inflamacéo cronica (MAZZONE et 2008).

Process Endothelial + Endothelial = Inflammation = Proteolysis Angiogenesis ' Thrombaosis
dysfunction ' activation Apoptosis

., ,
*(0 Y Monocyte S
W/ recruitment

|
1 | See Figure 5
[ #
W __5::'
¥,
Approximate American Heart | n 1 1" W Vi
Association lesion stage
uo ' 0 Cell adhesion molecules £ Activated platelet ...0‘ Collagen fitwil == Smooth-muscle cell
[WCAMI, ICAM, selectins)
. i & o P g
o Chemokines [MCF)) 3 ) MiP Q;‘ Foamcell  (y) LOL  4m== Fibrin strands .\o_.f_l Monocyte recruitment

Figura 5: Participacdo dos macrofagos na progressdda aterosclerose.Os macréfagos
participam do desenvolvimento da ateroscleroseégrda sua conversao em células espumosas
(foam cell} e da regulacdo das funcBes das células vasqubslesproducéo de citocinas pro-
inflamatdrias, fatores de crescimento, NO e RO$nAdlisso, os macrofagos ativados secretam
metaloproteinases que estdo envolvidas no aumemtesgessura da parede vascular e no
rompimento da placa aterosclerética. (Imagem deDSNY e CHOUDHURY, 2008)
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Os macrofagos participam do desenvolvimento dasdirose através da
sua conversdo em células espumosas e da regulagdiongbes das células vasculares,
pela producédo de citocinas pro-inflamatorias, fgate crescimento, NO e ROS (YAN
e HANSSON, 2007) (Figura 5). Aléem disso, os magofa ativados secretam
metaloproteinases que estdo envolvidas no aumenespkssura da parede vascular e
no rompimento da placa aterosclerdtica (NEWBY, 2000 LPS acelera o
desenvolvimento da aterosclerose em coelhos (LEH&®.e2001) e Kozarov et al.
(2006) descreveu a presenca de bactérias gramiraegat gram-positivas em placas
ateroscleroticas, incluind®. aureus

ConcentracOes elevadas de glicose modificam a sesple macrofagos ao
LPS em modelos animais de diabetes, aumentandgress@o de interleucina 12
(WEN et al., 2006) e TNE- (SHERRY et al., 2007), aléem de aumentar a proddgao
prostaglandina £ pelo aumento da expressao da ciclooxigenase-D, (RO05).
Entretanto, a glicose reduz a liberagéo de intemaul (HILL et al., 1998).

Os receptores ativadores da proliferagdo de pemaxiss (PPARs -
Peroxisome proliferator—activated receptpisio receptores nucleares dependentes de
ligantes envolvidos na modulacdo da resposta imOnePAR é um receptor nuclear
gue possui papel fundamental na adipogénese e naboliemo da glicose. Nos
macrofagos, o PPARtem sido descrito como um importante moduladoredgosta
inflamataria, principalmente através da inibicaofalor de transcricdo pro-inflamatério
NF-kB (ZHANG e CHAWLA, 2004). Adicionalmente, Satiour e Renier (2000)

mostraram que concentracdes elevadas de glicosglanod expresséao dos PPARSs.
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Objetivos

Em um trabalho anterior, foi demonstrado que ag&dula producéo de
ROS e citocinas proé-inflamatérias, TNie interleucina fi, em macréfagos peritoniais
esta associada a uma maior sobrevivéncia em umlonadinal de infec¢éo bacteriana
(SOUZA et al., 2007). Como descrito anteriormentByersos trabalhos tém
demonstrado o papel antiinflamatério dos receptal®sadenosina em modelos de
infecg@o por bactérias gram-negativas, no ent@utioco se sabe sobre a funcéo destes
receptores em infec¢des por bactérias gram-positikdicionalmente, as alteragdes
ocasionadas na ativacdo dos macréfagos pelos eiesisdos de glicose parecem estar
envolvidos na patogénese do diabetes e na progressaterosclerose, entretanto, a
acdo da glicose sobre a ativacdo de macréfagosbpotérias gram-positivas €
desconhecida. Assim, nessa tese, 0s objetivosderam:

1. Investigar a possivel participagcdo dos receptate adenosina na
modulacdo da ativacdo de macréfagos por antigepegtideoglicano e acido
lipoteicdico) de uma bactéria gram-positiva comnde relevancia, em namero e
gravidade, nas infec¢des hospitalareStaphylococcus aureus

2. Investigar a modulacdo da ativagdo de macrofggosantigenos de
bactérias gram-negativa (lipopolissacarideo) e gasitiva (acido lipoteicbico) na

presenca de concentracdes elevadas de glicose.
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Capitulo 1

Os receptores de adenosina modulam a ativacéo de enéfagos RAW 264.7 por

antigenos deStaphylococcus aureus.

Manuscrito submetido ao periédico The Journal of Inmunology
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Abstract

Peptidoglycan (PEG) and lipoteichoic acid (LTA) #re main constituents of
gram-positive bacteria cell wall and are descriteelde involved irStaphylococcus
aureusinduced shock and multiple organ failure. NO amFa are produced by
stimulated macrophages and the overproductionesfetimediators has been implicated
in the genesis of septic and cytokine-induced &atouy shock. Adenosine regulates
inflammation and immune response through activaticlour distinct receptors (Al,
A2A, A2B, and A3). Its extracellular concentratidepends on direct adenosine
transport and metabolism, and ATP degradation, kiewy¢he role of adenosine
receptors in gram-positive bacterial infectionpa®rly known. LTA increased
extracellular ATP degradation in macrophages, tegpin extracellular adenosine
accumulation. LTA augmented A2A and A2B mRNA leval< 2 hours of treatment
and reduced A3 mRNA content at 24 hours. Similaulte were obtained with PEG,
which also increased extracellular ATP degradadios altered adenosine receptors
expression by increasing A2A and A2B mRNA level§Zhours and reducing A3
MRNA content at 24 hours. An adenosine receptorsedective agonist reduced
PEG-stimulated TNF¢ production and LTA-increased iNOS protein contamd NO
production. A2A and A2B adenosine receptors bloekaylselective antagonists
resulted in exacerbated NO production in LTA-trdateacrophages. A2A and A2B
adenosine receptors gene knockdown and exogenensside deaminase treatment
also resulted in augmented LTA stimulation of NOdarction in RAW 264.7
macrophages. These results suggest an autocrimat@y role for adenosine signaling

In gram-positive antigens stimulation of macroptsage
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Introduction

Gram-positive bacterial infections are frequent assbciated with high
morbidity and mortality (1). The gram-positive bexaim Staphylococcus aureis a
major pathogen in both community-acquired and nosoal infections and was the
most commonly encountered pathogen in all typesadf/-onset bacteremia in the
United States between January 2002 and Decemb8r @6€ording to Cardinal Health
Research Database. Additionally, methicillin-remi$¢Staphylococcus aureusirries
the highest relative mortality risk among all pagaos (2).

The pathogenicity 0. aureuss associated with a repertoire of toxins,
exoenzymes, adhesins, and immune-modulating peotedat it produces. These agents
interact with distinct receptors in immune celladang to the production and release of
proinflammatory and immunomodulating cytokines @@ptidoglycan (PEG) and
lipoteichoic acid (LTA) are the main constituenfggoam-positive bacteria cell wall and
are described to modulate immune functions mahmigugh Toll-like Receptor 2
activation (4,5). These antigens are describea toolved inS. aureusnduced nitric
oxide production, shock and multiple organ fail(8&7). NO is a highly reactive
nitrogen radical implicated in multiple biologigalocesses. NO is synthesized from L-
arginine by nitric oxide synthases. Three nitricdexsynthases are described: the
neuronal and endothelial isoforms that are coristéwand calcium-dependent, and the
inducible isoform, which is calcium-independentstimulated immune cells, the
inducible nitric oxide synthase (iINOS) accountsifmreased NO production, which is
involved in the regulation of immune response anctabicide action (8). Moreover,
the production of large amounts of NO by INOS hasrbimplicated in the genesis of

septic and cytokine-induced circulatory shock (9).

27



Macrophages are a heterogeneous population of nigtear phagocytes
found ubiquitously in the organism. Due to thestdbution, these cells are involved in
the primary contact with and in the attack agamahogens. Bacterial wall components
stimulate Toll-like receptors, initiating macroplaigflammatory response by
producing NO, reactive oxygen species and pro+imfitetory cytokines, including
TNF-a (10,11). TNFe is a pleiotropic cytokine involved in the regutatiof diverse
physiological and pathological responses. TiNIs-known to be important in inducing
the acute-phase response, leading to physiologh@aiges that serve to eliminate the
infecting organism, limit tissue damage, and ativapair processes. Controversially,
increased levels of TNE-are associated with damaging effects of sepsicadidexia
(12).

Adenosine is an endogenous purine nucleoside e¢gatates several cellular
processes. Extracellular adenosine concentratibithws increased in stressful
conditions like inflammation and ischemia, is degemt on direct adenosine transport
and metabolism, and extracellular ATP degradatotracellular ATP is degraded to
ADP, AMP and adenosine by ectonucleotidases (I8rd are four types of adenosine
receptors (Al, A2A, A2B, and A3) and all adenogeeeptors are members of the G-
protein-coupled family of receptors (14). Theraisincreasing interest in the
development of selective agonists and antagonistdenosine receptors and their role
as therapeutic agents in a wide range of conditiociiding cerebral and cardiac
ischemic diseases, sleep disorders, immune araimnibtory disorders and cancer (15).
A2A adenosine receptor activation is describearprove survival in models of
endotoxemia and gram-negative sepsis (16). Additiprnthe knockout of A2B
adenosine receptor presented an exacerbated infitonyresponse to endotoxemia

(17) and several studies have reported anti-inflatony properties of adenosine
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receptors in monocytes and macrophages (18). A2Aa@gine receptor is described to
modulate TNFa production in macrophages stimulated by distiralt-Tike receptor
agonists (19), and extracellular adenosine incefasaureusstimulated production of
the anti-inflammatory cytokine interleukin 10 in moxytes (20).

Many studies have addressed the anti-inflammatotgntial of adenosine
receptors in gram-negative infection models, howebe role of these receptors in
gram-positive bacterial infections is poorly knowmthis work, we evaluated the role
of adenosine receptors $1 aureusntigens (LTA and PEG) stimulation of RAW 264.7

macrophages.
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Material and Methods

Chemicals

Lipoteichoic acid and peptidoglycan frdataphylococcus aurewgere
purchased from InvivoGen (San Diego, USA). 5'-Nylthrboxamido adenosine
(NECA), ZM241385, SCH58261, and MRS1706 were pwetddrom Tocris
Bioscience (Ellisville, USA). Adenosine deaminassswurchased from Sigma (Saint
Louis, USA). RPMI 1640 and fungizone were purchdseah Gibcd™ (Invitrogen,
Carlsbad, USA). Anti-mouse iINOS primary antibodysvpairchased from BD
Biosciences (San Jose, USA) and Santa Cruz Biovdogy (Santa Cruz, USA). Fetal
bovine serum was purchased from Cultilab (CampiBeazil). All other reagents were
of analytical grade and were purchased from comialgr@vailable sources.

RAW 264.7 macrophages culture

RAW 264.7 macrophages were obtained from UFRJE=ik, Rio de
Janeiro, Brazil. Cells were maintained in RPMI 16d4€dium, pH 7.4, supplemented
with 10% heat-inactivated fetal bovine serum, 1@fJlngentamycin, and 250g/L
fungizone at 37 °C and 5% G.Csemi-confluent cells were scrapped and plated to
24-well plates (0.4 x Tocells) or 12-well plates (0.8 x 46ells for RNA extraction and
Western Blot) at a density of 0.8 x®1@lls/ml in RPMI 1640, pH 7.4, supplemented
with 10% heat-inactivated FBS, 100 mg/L gentamyaird 25Qug/L fungizone. After
24 hours, the macrophages were washed with satlthéaubated with or without LTA
or PEG 1ug/ml for distinct periods in serum-free RPMI 164@dium. Adenosine
receptors agonist (NECA, M) and antagonists (A2A — ZM241385 or SCH58261, 10
nM; A2B — MRS1706, 10 nM) as well as adenosine dease (1 U/ml), when used,
were added 15 minutes prior to LTA or PEG.

Extracellular ATP and adenosine metabolism
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Control, LTA- or PEG-treated RAW 264.7 macrophagese washed three
times and then incubated with HBSS (without phead| 15 mM HEPES) for different
additional periods with ATP (28M) or adenosine (25 or 1QfM) in 5% CO2 at 37 °C.
Extracellular ATP and adenosine degradation, akagdts catabolites, were analyzed
in a reverse-phase HPLC system equipped with a €lLBnn (SupelcosilTM,
Supelco®, 25 cm x 4.6 mm) and UV detector. The@hnvas made with an isocratic
gradient of buffer A (KHPO, 60 mM, tetrabutylammonium 5 mM, pH 6.0) and buffer
B (buffer A plus methanol 30%) at a flow rate a3 ml/min. UV absorption was
measured at 245 nm. Internal standards were usedefatification of purines.

Measurement of TNFa in culture supernatants

Cytokine secretion was measured using mouse &8B OptEIA™
ELISA kit (BD Biosciences), according to manufaetts directions.

Nitrite assay

Nitric oxide production was assayed by quantifaatdf the stable end
product of nitric oxide oxidation — nitrite (NQ. Briefly, the incubation medium of
RAW 264.7 macrophages was collected and was reactedith Griess reagent (1:1
0.1% naphthyl-ethylenediamine and 1% sulfanilanmd®&% phosphoric acid) for 15
min. Nitrite content was measured by absorban&d@im. Nitrite concentration in the
samples was calculated using a standard curve nectpath NaNQ.

Western Blot

RAW 264.7 macrophages were lysed in Laemmli saropteer (62.5 mM
Tris-HCI, pH 6.8, 1% (w/v) sodium dodecil sulfat}S), 10% (v/v) glycerol) and
equal amounts of cell protein were fractionatedBDs-polyacrylamide gel
electrophoresis (PAGE) and electroblotted ontamnéHulose membranes. Protein

loading and electroblotting efficiency were verifitnrough Coomassie Blue staining.
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The membrane was blocked in Tween-Tris bufferetdsdl TBS: 100 mM Tris-HCI,
pH 7.5, containing 0.9% NaCl and 0.1% Tween-20}&iomg 10% fat-free milk and
incubated overnight with primary antibody (anti iISD The membrane was washed and
incubated for 1 hour with secondary anti-IgG pedasie conjugate. The
immunoreactivity was detected by enhanced chemilastence. Densitometric
analysis of the films was performed with the IMAG® software (NIH, USA).

RNA extraction, cDNA and real-time PCR

RNA was isolated from 0.8 x {®RAW 264.7 macrophages using the Trizol
reagent (Invitrogen, Carlsbad, CA, USA). Approxietatl ug of total RNA was added
to each cDNA synthesis reaction using the M-MLVeaese transcriptase (Invitrogen).

Reactions were performed using the primer T23V (5'-

TTTTTTTTTTTTTTTTTTTTTTTV) as follows: sample RNA (ug), water (to
complete Qul), and 1pl of poly-T primer were kept at 70 °C for 5 minutése tubes
were transferred to ice, and BDof reaction mix (5 X first strand buffer|d, M-MLV
reverse transcriptase 200lUL pl, dNTP 5 mM, 2ul, and water 1ul) were added.
The reaction was carried at 42 °C for 1 hour. RRR(@d real-time PCR amplification
was carried out using specific primer pairs degigmeéh Primer3 Input
(http://frodo.wi.mit.edu/) and synthesized by RWr@s (RJ, Brazil). The primers
utilized were A1R (5-CTGGACTCTCCTGAGGGACA and 5'-
CCACAGGGCTTCACAATCTT), A2AR (5-TTCCATCTTCAGCCTCTTG and 5'-
CGCAGGTCTTTGTGGAGTTC), A2BR (5-TTGGCATTGGATTGACT@nd 5'-
TATGAGCAGTGGAGGAAG), A3R (5-CTGCCTTTTCATGTCCTGTGmal 5'-
TTCTATTCCAGCCAAACATGG), INOS (5-TCTGCGCCTTTGCTCATEC and 5'-
TAAAGGCTCCGGGCTCTG)B-actin (5-TACTCCTGCTTGCTGATCCACAT and

5-TATGCCAACACAGTGCTGTCTGG). RT-PCR products wereparated on a 1%
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agarose gel and amplification products were vigadliby ethidium bromide staining.
Real-time PCRs were carried out in an Applied-Bstegns 7500 real-time cycler
(Applied Biosystems, Foster City, CA, USA). Reantgettings were composed of an
initial denaturation step of 5 min at 94 °C follaMey 45 cycles of 10 s at 94 °C, 15 s at
60 °C (A2AR, A3R, TNF anfl-actin) or 62 °C (A2BR and iNOS), and 15 s at 72 °C
samples were kept for 2 min at 40 °C for reanngadimd were then heated from 55 to
99 °C with a ramp of 1 °C/s to acquire data to prodheedenaturing curve of the
amplified products. Real-time PCRs were made iplZhal volume composed of 10
ul of each reverse transcription sample dilutedi®m@s, 2ul of Platinum Taq 10 times
PCR buffer, 1.21l of 50 mM MgCI2, 0.4ul of 5 mM dNTPs, 0.4l of 10 uM primer
pairs, 4.99ul of water, 1ul of SYBR (1:100 000 Molecular Probe), and O 0®f
Platinum Taq DNA polymerase (5 W) (Invitrogen). All results were expressed as a
relative ratio between the investigated gene aa@-#ctin internal control gene.

Small Interfering RNA

Predesigned small interfering RNAs (siRNA) agamsiuse A2A (siRNA
IDs 162368, 162369 and 162370) and A2B (siRNA IB2156, 162157 and 162158)
adenosine receptors, as well as control siRNA fsbla sequence) were obtained from
Ambion (Applied Biosystems). RAW 264.7 cells weranisfected in 24-well plates
with either 10 nM A2AR, A2BR or scramble siRNA irPRIl 1640 10% FBS using
siPORT NeoFX transfection agent (according to tl@ufacturer’s instructions;
Ambion). Twenty-four hours after transfection, sellere then used for further

experimentation.

Protein quantification

All the results were standardized with respectraigin content,

determined as described by Lowry et al. (21).
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Statistical analysis

Results are expressed as measEM for at least triplicates and are
representative of two or more independent experisa@ifferences between means
were analyzed by Student’s t-test or ANOVA with 8tadent-Newman-Keuls multiple

comparisons test. Statistical significance wasnaefias p<0.05.
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Results

LTA and PEG stimulated TNE-secretion in RAW 264.7 macrophages, but
LTA presented a higher effect. NECA, a non-selecidenosine receptor agonist,
inhibited PEG-stimulated TNB-secretion, nevertheless, no effect was observed on
LTA-stimulated TNFe production (Figure 1). LTA also stimulated NO puotion in
RAW 264.7 macrophages in a dose-dependent wayr@-B)y however, no effect of
PEG was observed (data not shown). NECA reducegmd@uction in LTA-treated
RAW 264.7 macrophages (Figure 3A). NECA also redubk¥)S protein content in
LTA-stimulated macrophages (Figure 3B), however NARevels were unaltered
(Figure 3C).

A2A, A2B, and A3 adenosine receptors were idertiifeRAW 264.7
macrophages by RT-PCR, however, Al adenosine m@cepis not observed (data not
shown). LTA augmented A2AR and A2BR mRNA leveld athours of treatment, but
MRNA levels returned to control values at 24 holr@pposition, ASR mRNA levels
were reduced with 24 hours of incubation (Figure 4)

The A2AR antagonist ZM241385 prevented NECA inlaiitof
LTA-stimulated NO production (similar result wastaibed with A2AR antagonist
SCH58261), however, the A2BR antagonist MRS1706rwaeffect on NECA
inhibition (Figure 5). The selective antagonistsA@A and A2B adenosine receptors
increased both basal and LTA-stimulated NO contestupernatants from cultured
macrophages (Figure 5), suggesting that adenosoeptors could be involved in an
autocrine mechanism of regulation.

Extracellular ATP was degraded by RAW 264.7 macags, resulting in

extracellular ADP, AMP, and adenosine accumulatidrA increased extracellular
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ATP degradation at 24 hours of treatment, whichlted in augmented extracellular
AMP and adenosine concentration (Figure 6).

PEG presented similar results compared to LTAIsib ancreased
extracellular ATP degradation at 24 hour of treath{€igure 7A) and augmented, in a
lesser magnitude, A2AR and A2BR mRNA levels at @@rk of treatment (Figure 7B).
A3R mRNA was reduced at 24 hours of treatment (f€igiB). No alteration of
extracellular adenosine metabolism was observéd imours LTA- or PEG-treated
RAW 264.7 macrophages (data not shown).

To investigate if endogenous extracellular aderosiodulates NO
production, RAW 264.7 macrophages were incubatédarpresence of exogenous
adenosine deaminase, with or without LTA. Exogeramenosine deaminase increased
basal and LTA-stimulated NO production (Figure 8).

A2A and A2B adenosine receptors knockdown by sintdifering RNA
increased LTA-stimulated NO production (Figure®)e data shown represent the
results obtained with siRNA ID 162368, for A2ARdesiRNA ID 162158, for A2BR,
which presented the highest effects, comparedherstsiRNA, in LTA-stimulated NO
production. The efficacy of SIRNA ID 162368, for AR, and siRNA ID 162158, for
A2BR, in the reduction of respective adenosineptms mRNA levels was confirmed

by real time PCR (data not shown).
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Discussion

LTA was described as the major antigen involvegram-positive
stimulated TNFa production by macrophages, however, others argiggnergistically
contribute to total TNFx secretion (27). In this work, we showed that, AVIR264.7
macrophages, LTA stimulation of TN¥secretion was higher than PEG stimulation.
Adenosine receptor non-selective agonist NECA redube TNFa secretion of
PEG-treated macrophages by 50 %, however, no effestobserved on LTA
stimulated TNFa production. In LPS-treated macrophages, extrdeeladenosine and
adenosine receptor agonists potently reduce @NEeretion (22), evidencing distinct
effects of adenosine receptors on gram-negatiggam-positive antigens stimulated
TNF-a production.

LTA modulates INOS expression and NO productioRAW 264.7
macrophages, which is described to be dependenttheacactivation of protein kinase
C, PI3K, Akt, p38, and NkB (28,29). In this work, we showed that NECA inltélol
LTA-stimulated NO secretion and iNOS protein expra@s in RAW 264.7
macrophages. The NECA inhibition of LTA-stimulatd® production was blocked by
the A2A receptor antagonist ZM241385, but not ey 2B antagonist MRS1706.
Adenosine receptors are described to modulateggiastdin & production in
LPS-treated macrophages (22) and Chetreg.(30) reported that LTA-stimulated NO
production was dependent upon cyclooxygenase 2ssin and prostaglandin E
synthesis, suggesting a possible mechanism to NiBQiBition of NO production in
LTA-treated macrophages.

Extracellular ATP has been described to possessmflaanmatory
properties, in opposition to extracellular adenesimhich is reported to be an anti-

inflammatory molecule. Adenosine reduces pro-inflzatory macrophages/monocytes
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parameters, as phagocytosis, oxidative burst, N@umtion, and TNFx and
interleukin 12 secretion (18). Additionally, ademasincreases the production of the
anti-inflammatory molecules prostaglandin(E2), heme oxigenase 1 (23) and
interleukin 10 (24) in stimulated macrophages. &oétlular ATP degradation is
increased in LTA-stimulated RAW 264.7 macrophagédsch results in increased
adenosine accumulation. PEG also stimulates eXubneATP degradation, suggesting
a common mechanism to prevent exacerbated macreiagulation, in which the
pro-inflammatory signal of ATP is prevented and-amftammatory extracellular
adenosine is produced. LTA and PEG increased AZPAB adenosine receptors
MRNA levels in cultured macrophages, but they cesrd A3 mMRNA levels. These
results are similar to those obtained both in huarahmurine macrophages exposed to
LPS, which presented increased A2AR and A2BR RNpgression, while A3R mRNA
levels were reduced (25). In interferpitreated macrophages, the A2B receptor is
described to be involved in an autocrine mechamkmflammatory regulation,
participating in the deactivation of macrophages.(2

The blockade of A2A and A2B adenosine receptorsdigctive antagonists
increased LTA-stimulated NO production in RAW 26#/a@crophages. Similar result
was obtained by small interfering RNA gene knockdmkthese receptors. Moreover,
extracellular adenosine degradation by exogenadied adenosine deaminase also
increased LTA-stimulated NO production. These ftsssiiggest an autocrine role for
A2A and A2B adenosine receptors in LTA activatidm@acrophages, where these
receptors prevent exacerbated NO production inustited macrophages. Although the
pharmacological modulation of LTA-stimulated NO guation by NECA seems to be
dependent of the A2A adenosine receptor, our iegudicate that both A2A and A2B

are involved in the autocrine regulation of NO proiibn. No additive effect of
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antagonist A2A and A2B blockade was observed (datahown), suggesting that
these receptors could be acting by a common mesinaeveral functional
heterodimers for adenosine receptors were alreasigritbed (31), however, the
dimerization of A2A and A2B adenosine receptors walsnown.

In this work, we showed that LTA and PEG increasetacellular ATP
degradation and altered adenosine receptors exgmessRAW 264.7 macrophages.
Moreover, the adenosine receptor non-selectiveiagomdulated PEG-stimulated
TNF-a production and LTA increased iNOS protein conterd NO production, while
A2A and A2B adenosine receptors modulated LTA-skation of NO production in
cultured macrophages. These results suggest acrimgtoegulatory role of adenosine

signaling in gram-positive antigens stimulatiomadcrophages.
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Figure Legends

Figure 1. TNFa secretion by RAW 264.7 macrophages. RAW 264.7 apd@ges

were incubated with LTA or PEG (ig/ml) for 24 hours. When indicated, the
adenosine receptor agonist NECA (i) was added 15 minutes prior to LTA or PEG.
At the end of the incubation, TNé-secretion to the culture medium was evaluated by
ELISA. Results are shown as meaSEM (n = 3). * p < 0.05 vs control, # p < 0.05 vs
PEG and control, $ p < 0.01 vs other groups, ANOMth the Student-Newman-Keuls

multiple comparisons test.

Figure 2. Lipoteichoic acid increases NO productioRAW 264.7 macrophages.
RAW 264.7 macrophages were incubated with LTA (@, 0.5, 1 or ug/ml) for 24
hours. At the end of the incubation, nitrite acctatian in the incubation medium was
measured by the Griess method. Results are shomeas +SEM (n = 4). * p < 0.05

vs control, ANOVA with the Student-Newman-Keuls tippile comparisons test.

Figure 3. Adenosine receptor agonist modulategdipboic acid-stimulated NO
production in RAW 264.7 macrophages. RAW 264.7 malcages were incubated with
LTA (1 pg/ml) for 12 or 24 hours. When indicated, the adam®receptor agonist
NECA (10uM) was added 15 minutes prior to LTA. (A) Nitritecaumulation in the
incubation medium, measured by the Griess methd#} hours of incubation. Results
are shown as meanSEM (n = 3) (B) INOS protein expression at 12 Isooir

incubation, evaluated by Western Blot. A repredargdlot is shown and densitometric
analysis results are shown as me®BEM (n = 3). (C) INOS mRNA expression at 12

hours, evaluated by real-time PCR. Results are stasamean 6EM (n = 3). *p <
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0.05 vs control, # p < 0.05 vs LTA, ANOVA with tisudent-Newman-Keuls multiple

comparisons test.

Figure 4. Lipoteichoic acid modulates adenosineptars expression in RAW 264.7
macrophages. RAW 264.7 macrophages were incubated WA (1 pg/ml) for 12 or
24 hours. A2A (A), A2B (B) and A3 (C) adenosineeptors expression was analyzed
by real-time PCR. Results are shown as me&&M (n = 3). * p < 0.05 vs control,

Student’s t-test.

Figure 5. A2A and A2B adenosine receptors moddilptéeichoic acid-stimulated NO
production in RAW 264.7 macrophages. RAW 264.7 mplcages were incubated with
LTA (1 pg/ml) for 24 hours. When indicated, (A) the A2A adsine receptor
antagonist ZM241385 (10 nM) or (B) the A2B adenesieceptor antagonist MRS1706
were added 15 minutes prior to LTA, with or withdtlié adenosine receptor agonist
NECA (10uM),. Nitrite accumulation in the incubation mediuvas measured by the
Griess method. Results are shown as times overatdntean +SEM, n = 4). *p <

0.05 vs control, # p < 0.05 vs LTA and control, $ #.01 vs other groups, & p < 0.05
vs LTA+MRS1706. ANOVA with the Student-Newman-Keuhlltiple comparisons

test.

Figure 6. Lipoteichoic acid increases extracelldl@P degradation in RAW 264.7
macrophages. RAW 264.7 macrophages were incubated WA (1 pg/ml) for 24
hours. At the end of incubation, ATP (M) was added for 30 minutes and ATP
degradation and metabolites accumulation were ateduby HPLC analysis. (A)

Extracellular ATP degradation. (B) Extracellular Raccumulation at 1, 5, 15 and 30

46



minutes (C) Extracellular AMP accumulation at 18 & minutes. (D) Extracellular
adenosine accumulation at 30 minutes. Resultshawersas mean $EM (n = 3). *p <

0.05 vs control, Student’s t-test.

Figure 7. Peptidoglycan modulates extracellular AlEGradation and adenosine
receptors expression in RAW 264.7 macrophagesREN 264.7 macrophages were
incubated with PEG (fug/ml) for 24 hours. At the end of incubation, ATE (M) was
added for 30 minutes and extracellular ATP degradatas evaluated by HPLC
analysis. (B) RAW 264.7 macrophages were incubatddPEG (1ug/ml) for 12 or 24
hours. A2A, A2B and A3 adenosine receptors expoessias analyzed by real-time

PCR. Results are shown as med®EM (n = 3). * p < 0.05 vs control, Student’sgtte

Figure 8. Extracellular adenosine depletion inaesdpoteichoic acid-stimulated NO
production in RAW 264.7 macrophages. RAW 264.7 malcages were incubated with
LTA (1 pg/ml) for 24 hours. When indicated, exogenous asieeodeaminase (1 U/ml)
was added 15 minutes prior to LTA. Nitrite accuntiolain the incubation medium was
measured by the Griess method. Results are shomeas +SEM (n =4) * p < 0.05 vs
control, # p < 0.05 vs LTA, ANOVA with the StudeNewman-Keuls multiple

comparisons test.

Figure 9. A2A and A2B adenosine receptors knockdmereases lipoteichoic
acid-stimulated NO production in RAW 264.7 macraggsg RAW 264.7 macrophages
were transfected with either A2A, A2B or scrambRRNA (10 nM) in RPMI 1640 10%
FBS for 24 hours. At the end of the transfectioAVY\R264.7 macrophages were

incubated with LTA (Jug/ml) in RPMI 1640 for 24 hours. Nitrite accumudatiin the
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incubation medium was measured by the Griess meResllts are shown as mean +
SEM (n =4) * p < 0.05 vs control, # p < 0.05 vsA.@nd scramble, ANOVA with the

Student-Newman-Keuls multiple comparisons test.
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Figure 4
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Figure 6
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Figure 7
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Figure 8
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Figure 9
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Capitulo 2

O écido lipoteicoéico deStaphylococcus aureus aumenta a expressao de

metaloproteinase 9 em macrofagos RAW 264.7: modulag pelos receptores de

adenosina A2A e A2B.
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Peptidoglycan (PEG) and lipoteichoic acid (LTA) are the main constituents of Gram-positive bacteria cell
wall and are described to modulate immune functions. Increased levels of matrix metalloproteinases
(MMPs) were described in endotoxemia, suggesting that they participate to tecidual damage, multiple
organs failure and vascular disfunction. Staphylococcus aureus PEG is described to increase MMPs 2 and
9 levels in plasma from rat and MMP 9 secretion by human neutrophils, however, the effect of LTA on
MMPs is unknown. In this work, was evaluated the modulation of MMPs 2 and 9 expression and secretion
in RAW 264.7 macrophages by LTA from S, aureus. The role of A2A and A2B adenosine receptors was also

Keywords:
Meztallopl'oteinases investigated. LTA increased MMP 9 expression and secretion at 12 h of treatment. The modulation of MMP
Gelatinases 9 secretion was dose dependent, with maximal effect above 1 j.g/ml. The inhibitor of mitogen-activated

protein kinase (MEK)/extracellular signal-regulated kinase (ERK) pathway (U0126, 10 p.M) prevented LTA
stimulation of MMP 9 secretion; however, the inhibitors of p38 (SB203580, 10 1M) and Jun N-terminal
kinase (JNK; SP600125, 10 pM) presented any effect. A2A and A2B adenosine receptors pharmacological
blockade or gene knockdown resulted in exacerbated MMP 9 secretion, while an adenosine receptors
agonist inhibited LTA-stimulated MMP 9 secretion. These results suggest that LTAincreased MMP 9 secre-
tion in macrophages could be involved in complications associated to S. aureus infections. Moreover, LTA
modulation of MMP 9 is dependent on MEK/ERK pathway and is regulated by A2A and A2B adenosine
receptors.

Lipoteichoic acid
Adenosine receptors
Staphylococcus aureus
Macrophages

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction and immunomodulating cytokines (Fournier and Philpott, 2005).

Peptidoglycan (PEG) and lipoteichoic acid (LTA) are the main con-

Gram-positive bacterial infections are frequent and associ-
ated with high morbidity and mortality (Uckay et al, 2007).
The Gram-positive bacterium Staphyloceccus aureus is a major
pathogen in both community-acquired and nosocomial infections
and methicillin-resistant S. aureus carries the highest relative
mortality risk among all pathogens (Shorr et al, 2006). The
pathogenicity of S. aureus is associated with a repertoire of toxins,
exoenzymes, adhesins, and immune-modulating proteins that it
produces. These agents interact with distinct receptors in immune
cells leading to the production and release of pro-inflammatory

* Corresponding author at: Departamento de Bioquimica {ICBS/UFRGS), Rua
Ramiro Barcelos, 2600 anexa, 90035-003 Porto Alegre, RS, Brazil.
Fax: +55 51 3308 5535/5540.
E-mail address: lzfsouza@yahoo.com.br (LE.d. Souza).
1 Scholarship recipient, CNPq—PBrazil.

0161-5890/5 - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi: 10.1016/j. molimm. 2008.09.012

stituents of Gram-positive bacteria cell wall and are described to
modulate immune functions mainly through Toll-like receptor 2
activation (Schwandner et al., 1999; Wang et al., 2003).

Matrix metalloproteinases (MMPs) are a family of zinc-
dependent endopeptidases that are involved in the turnover and
degradation of extracellular matrix. These endopeptidases partici-
pates inthe migration and infiltration of immune cells, additionally,
they regulate inflammation and immunity by acting on pro-
inflammatory cytokines and chemokines, altering the circulatory
concentration of these mediators (Parks et al., 2004). The MMP
2 and MMP 9, also known as gelatinases A and B, respectively,
constitutes a specific group of metalloproteinases, presenting a
gelatin binding domain, involved in the ligation to denaturated col-
lagen. Increased levels of matrix metalloproteinases were described
in endotoxemic mice, suggesting that they participate to tecidual
damage and multiple organs failure (Pagenstecher et al., 2000).
These enzymes are also involved in endotoxemia associated vascu-

Please cite this article in press as: Souza, L.F.d., et al., Lipoteichoic acid from Staphvioceccus aureus increases matrix metalloproteinase 9 expression
in RAW 264.7 macrophages: Modulation by A2A and A2B adenosine receptors. Mol. Immunel. (2008), doi: 10.1016/j.molimm.2008.09.012
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lar disfunction (Lalu et al., 2006). It was reported that S, aureus PEG
increased MMPs 2 and 9 levels in plasma and organ homogenates
from rat (Wang et al., 2004). Moreover, S, aureus PEG enhanced
MMP 9 secretion by human neutrophils (Wang et al., 2005).

Adenosine is an endogenous purine nucleoside that regulates
several cellular processes. There are four types of adenosine recep-
tors (Al, A2A, A2B, and A3) and all adenosine receptors are
members of the G-protein-coupled family of receptors ( Fredholm et
al.,2001). Human and murine macrophages exposed to lipopolysac-
charide (LPS) presented increased A2AR and A2BR RNA expressions
(Murphreeetal., 2005). Both A2Aand A2 B adenosine receptors have
been described to possess anti-inflammatory properties. A2 AR acti-
vation is described to improve survival in models of endotoxemia
and Gram-negative sepsis (Sullivanet al., 2004) and the knockout of
AZBR present an exacerbated inflammatory response to endotox-
emia (Yang et al., 2006). Moreover, several studies have reported
anti-inflammatory properties of adenosine receptors in monocytes
and macrophages (revised in Hasko et al., 2007).

In this work, was evaluated the modulation of MMPs 2 and 9
expression and secretion in RAW 264.7 macrophages by lipotei-
choic acid from S. aureus. It was also investigated the role of A2A
and A2B adenosine receptors on LTA stimulated MMP 9 activity.

2. Material and methods
2.1, Chemicals

Lipoteichoic acid and peptidoglycan from S. aureus were pur-
chased from InvivoGen (San Diego, USA). Lipopolysaccharide from
Escherichia coli was purchased from Sigma (Saint Louis, USA).
5-N-ethylcarboxamido adenosine (NECA), ZM241385, MRS1706,
SP600125, and SB203580 were purchased from Tocris Bioscience
(Ellisville, USA). RPMI 1640 and fungizone were purchased from
Gibco™ (Invitrogen, Carlsbad, USA). U0126, anti-mouse extracel-
lular signal-regulated kinase (ERK) and p-ERK primary antibodies
were purchased from Cell Signaling Technology, Inc. (Danvers, USA).
Fetal bovine serum was purchased from Cultilab (Campinas, Brazil).
All other reagents were of analytical grade and were purchased
from commercially available sources.

MMP 8
~ Homodimer

(~180 kDa)

— MMP 9 (~92 kDa)

— MMP 2 (~75 kDa)

relative expression (gene/b-actin)

(B)10000

1000 -

100
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2.2. RAW 264.7 macrophages culture

RAW 264.7 macrophages were obtained from UFR] Cell Bank,
Rio de Janeiro, Brazil. Cells were maintained in RPMI 1640
medium, pH 74, supplemented with 10% heat-inactivated fetal
bovine serum, 100 mg/l gentamycin, and 250 p.g/l fungizone at
37°C and 5% CO3. Semi-confluent cells were scrapped and plated
to 24-well plates (0.4 x 105 cells) or 12-well plates (0.8 » 105
cells for RNA extraction and Western Blot) at a density of
0.8 5 108 cells/ml in RPMI 1640 supplemented with 10% heat-
inactivated FBS. After 24 h, the macrophages were washed with
saline and incubated with or without LTA, PEG or LPS 1 pg/ml
for distinct periods in serum-free RPMI 1640 medium. Adenosine
receptors agonist (NECA, 10 w.M) and antagonists (A2A—7ZM241385,
A2B—MRS1706, 10nM) as well as mitogen-activated protein
kinases (MAPKs) inhibitors (ERK—U01261, 10 pM; p38—SB203580,
10 wM; INK—-SP600125, 10 M), when used, were added 15 min
prior to LTA.

2.3. Zymography

Gelatin zymography was performed using sodium dodecyl
sulfate polyacrylamide gels (SDS-PAGE, 6%) copolymerized with
gelatin type B (Sigma—0.3%). Equal amounts of RAW 264.7
macrophages incubation medium were diluted in Laemmli buffer
(62.5mM Tris-HCl, 10% glycerol, 3% sodium dodecyl sulfate (SDS),
0.001% bromophenol blue, without b-mercaptoethanol) and sub-
jected to electrophoresis. After this, gels were washed twice
for 30 min in 2.5% Triton X-100 at room temperature and were
incubated for distinct periods, according to treatment period, in
incubation buffer (50 mM Tris—-HCI, 5 mM CaCl;, 150 mM NaCl, 1%
Triton X-100, pH 7.4) at 37 °C. The resulting gels were stained with
Coomassie Blue R 250 (Bio-Rad), using a mixture of ethanol-acetic
acid-water (0.1% Comassie Blue R 250, 12.5% ethanol, 7.5% acetic
acid) for 1 h, and were destained with methanol-acetic acid-water
(45% methanol, 10% acetic acid). Areas of enzymatic activity
appeared as clear bands over the dark background. Zymographic
activity was quantified by densitometric analysis, employing the
software Image] (NIH, USA), and all results were standardized in
relation to control.

T

MMP 2 MMP 9

Fig. 1. RAW 264.7 macrophages constitutively express and secretes MMPs 2 and 9. (A) RAW 264.7 macrophages were incubated for 24h and the incubation medium was
analyzed for MMPs activities by gelatin zymography. (B) RAW 264.7 macrophages were incubated for 12 h and MMPs 2 and 9 expressions were analyzed by real-time PCR.

Results are shown as mean+ S.EM. (n=3).
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2.4, Western Blot

RAW 264.7 macrophages were lysed in Laemmli sample buffer
(62.5mM Tris—HCI, pH 6.8, 1% (w/v) SDS, 10% (v}v) glycerol) and
equal amounts of cell protein were fractionated by SDS-PAGE and
electroblotted onto nitrocellulose membranes. The membrane was
blocked in Tween-Tris buffered saline (TTBS: 100 mM Tris-HCI,
pH 7.5, containing 0.9% NaCl and 0.1% Tween-20) containing 10%
fat-free milk and incubated overnight with primary antibody
(anti-ERK or anti-p-ERK). The membrane was washed and incu-
bated for 1h with secondary anti-IgG peroxidase conjugate. The
immunoreactivity was detected by enhanced chemiluminescence.
Densitometric analysis of the films was performed with the IMAGE
1® software (NIH, USA).

2.5, RNA extraction, cDNA and real-time PCR

RNA was isolated from 0.8 x 105 RAW 264.7 macrophages using
the Trizol reagent (Invitrogen, Carlsbad, CA, USA). Approximately
1 pgof total RNA was added to each cDNA synthesis reaction using
the M-MLV reverse transcriptase (Invitrogen). Reactions were per-
formed using the primer T23V (5-TTTTTTTITTTTTITTTTTTTTTV)
as follows: sample RNA (~1g), water (to complete 9pl),
and 1l of polyT primer were kept at 70°C for 5min;
the tubes were transferred to ice, and 30pl of reaction
mix (5 first strand buffer 6 wl, M-MLV reverse transcriptase
200U/l 1], ANTP 5mM, 2 pl, and water 11 pl) were added.
The reaction was carried at 42°C for 1h. RT-PCR and real-
time PCR amplification was carried out using specific primer
pairs designed with Primer3 Input (http:{/frodo.wimit.edu/) and
synthesized by RW-Genes (R], Brazil). The primers utilized
were MMP 2 (5-ATGCCATCCCTGATAACCTG and 5-TGTGCAGC-
GATGAAGATGAT), MMP 9 (5 -CATTCGCGTGGATAAGGAGT and 5'-
CACTGCAGGAGGTCGTAGGT), and B-actin (5-TACTCCTGCTTGCT-
GATCCACAT and 5'-TATGCCAACACAGTGCTGTCTGG). RT-PCR prod-
ucts were separated on a 1% agarose gel and amplification products
were visualized by ethidium bromide staining. Real-time PCRs
were carried out in an Applied-Biosystems 7500 real-time cycler
(Applied Biosystems, Foster City, CA, USA). Reaction settings were
composed of an initial denaturation step of 5 min at 94 °C followed
by 45 cycles of 10s at 94 °C, 155 at 60 °C, and 155 at 72 °C; samples
were kept for 2 min at 40 °C for reannealing and were then heated
from 55 to 99 °C with a ramp of 1 °C{s to acquire data to produce the
denaturing curve of the amplified products. Real-time PCRs were
made in 20 .l final volume composed of 10 jul of each reverse tran-
scription sample diluted 50 times, 2 pl of Platinum Taq 10 times
PCR buffer, 1.2 .l of 50 mM MgCly, 0.4 p.l of 5mM dNTPs, 0.4 pl of
10 pM primer pairs, 4.95 wlofwater, 1 wlofSYBR (1:100 000 Molec-
ular Probe), and 0.05 .1 of Platinum Tag DNA polymerase (5U/fLl;
Invitrogen). All results were expressed as a relative ratio between
the investigated gene and the [3-actin internal control gene.

2.6. Small interfering RNA

Predesigned small interfering RNAs (siRNA) against mouse
A2A (siRNA IDs 162368) and A2B (siRNA IDs 162158) adenosine
receptors, as well as control siRNA (scramble sequence) were
obtained from Ambion (Applied Biosystems). RAW 264.7 cells
were transfected in 24-well plates with either 10 nM AZAR, A2BR
or scramble siRNA in RPMI 1640 10% FBS using siPORT NeoFX
transfection agent (according to the manufacturer’s instructions;
Ambion). Twenty-four hours after transfection, cells were then
used for further experimentation.

2.7, Statistical analysis

Results are expressed as means = S.E.M. for at least triplicates
and are representative of two or more independent experiments.
Differences between means were analyzed by Studentis t-test or
ANOVA with the Student-Newman-Keuls multiple comparisons
test. Statistical significance was defined as p<0.05.

3. Results

Cultured RAW 264.7 macrophages constitutively secrete MMPs
2 and 9 to the incubation medium, as assessed by gelatin zymog-
raphy. The incubation medium of cultured macrophages also
presented a third gelatin degrading band, which posses a molecular
weight compatible to a MMP 9 homodimer (~180 kD). The secre-
tion of MMP 9 was higher than MMP 2, which is in accordance with
the quantitative real time PCR results, where MMP 9 mRNA levels
were higher than MMP 2 (Fig. 1). No effect of [TA was identified in
MMP 2 expression and secretion (data not shown).

[TA increased MMP 9 expression and secretion at 12 h of treat-

ment, similarly to PEG and LPS (Fig. 2). LTA effect was already
observed at 3 h of treatment and was sustained, at last, until 24 h of
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Fig. 2. Lipopolysaccharide, lipoteichoic acid, and peptidoglycan increase MMP 9
expression and secretion in RAW 264.7 macrophages. RAW 264.7 macrophages
were incubated with LPS, LTA or PEG (1pg/ml) for 12h. (A) Representative
zymography of RAW 264.7 macrophages incubation medium. (B) Densitometric
quantification of MMP 9 activity. (C) MMP 9 expression analyzed by real-time PCR.
Results are shown as mean+ S.E.M. (n=3). *p<0.05 vs. control, ANOVA with the
Student-Newman-Keuls multiple comparisons test.
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3o and p38 is described to be involved in LTA stimulated inducible
g’% 21 nitric oxide expression in RAW 264.7 macrophages (Chang et al.,
&= 15 2006). Additionally, LTA is described to increase phosphorylation of
e ERK, p38 and JNK in murine macrophages, with these kinases par-
1 ticipating in distinct ways in TNF-a¢ and interleukin 18 expression
0,51 and secretion (Su et al., 2006). In human neutrophils, PEG modu-
i L L lation of MMP 9 expression is dependent of p38 and ERK (Wang et
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Fig. 5. A2A and A2B adenosine receptors modulate lipoteichoic acid-stimulated
MMP 9 secretion in RAW 264.7 macrophages. RAW 264.7 macrophages were incu-
bated with LTA(1 pg/ml) for12 or 24 h. When indicated, the A2A adenosine receptor
antagonist ZM241385 (10 nM) or the A2B adenosine receptor antagonist MRS1706
(10nM) were added 15 min prior to LTA. (A) Representative zymography of RAW
264.7 macrophages incubation medium (24 h). (B) Densitometric quantification of
MMP 9 activity (24h). (C) MMP 9 expression analyzed by real-time PCR (12h).
Results are shown as mean + S.E.M. (n=3). *p<0.05 vs. control, #p < 0.05 vs. control
and LTA, ANOVA with the Student-Newman-Keuls multiple comparisons test.

circulatory levels of distinct pro-inflammatory mediators (Parks
et al, 2004). In this work, we report that §. aureus [TA, as well
PEG, increase MMIP 9 mRNA expression and secretion in RAW 264.7
macrophages, while no effect was observed in MMP 2. ITA and
PEG are described to be involved in S. aureus-induced shock and
multiple organ failure (De Kimpe et al., 1995; Kengatharan et al.,
1998), moreover, the MMPs participate in multiple organs fail-
ure (Pagenstecher et al., 2000) and vascular disfunction (Lalu et
al., 2006) in endotoxemia, suggesting that ITA and PEG stimula-
tion of MMP 9 in macrophages could be involved in complications
associated to S. aureus infections.

MAPKSs are serinefthreonine kinases involved in the regulation
of cell cycle progression, proliferation, differentiation, and death.
The MAPK family consists of three main subgroups: the ERKs, the
stress-activated protein kinases (SAPKs) also know as c-Jun N-
terminal kinases (JNKs) and the p38 family. In Kupffer cells, LTA
modulation of interleukin 6 is mediated by ERK (Dahle et al., 2004)
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Fig. 7. Adenosine receptor agonist modulates lipoteichoic acid-stimulated MMP 9
secretion in RAW 264.7 macrophages. RAW 264.7 macrophages were incubated
with LTA {1 pg/ml) for 24h. When indicated, the adenosine receptor agonis t NECA
(10 p.M) was added 15 min prior to LTA. (A) Representative zymography of RAW
264.7 macrophages incubation medium. (B) Densitometric quantification of MMP
9 activity. Results are shown as mean4+ S.EM. (n=3). *p<0.05 vs. control, ANOVA
with the Student-Newman-Keuls multiple comparisons test.
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al., 2005). [TA stimulation of MMP 9 secretion was abolished by the
MEKinhibitor U0126, while p38 and [NKinhibitors were ineffective.
LTA increased ERK phosphorylation in RAW 264.7 macrophages,
which was abolished by U0126. These results points that LTA medi-
ated MMP 9 expression and secretion are dependent on MEK/ERK
pathway.

The development of selective agonists and antagonists of
adenosine receptors and their role as therapeutic agents in a
wide range of conditions, including cerebral and cardiac ischemic
diseases, sleep disorders, immune, and inflammatory disorders
and cancer are an emerging investigatory field (Jacobson and
Gao, 2006). Anti-inflammatory properties of adenosine receptors
against Gram-negative antigens inmonocytes and macrophages are
well described (revised in Hasko et al., 2007) and, in interferon---
treated macrophages, adenosine is described to be involved in an
autocrine mechanism of inflammatory regulation, participating in
the deactivation of macrophages (Xaus et al., 1999). AZAR modu-
lates MMP 9 expression in human neutrophils (Ernens et al., 2006)
while A2BR was described to participate in hypoxia suppression
of MMP 9 production by human monocyte-derived dendritic cells
(Zhao et al., 2008). In LTA treated RAW 264.7 macrophages, the
blockade of A2A and A2B adenosine receptors by selective antag-
onists resulted in exacerbated MMP 9 expression and secretion.
Similar results were obtained by A2AR and A2BR gene knockdown.
The stimulation of adenosine receptors by a non-selective agonist
reduced LTA stimulated MMP 9 secretion. These results suggest
that adenosine could be involved in an autocrine regulation of LTA
mediated MMP 9 expression and secretion, contributing to reduce
tecidual damage in inflammatory conditions. No additive effect of
antagonist A2A and A2B blockade was observed (data not shown),
suggesting that these receptors could be acting by a common mech-
anism. Several functional heterodimers for adenosine receptors
were already described (Fredholm et al., 2007 ), however, the dimer-
ization of A2A and A2B adenosine receptors was unknown.

Concluding, inthis work we showed that LTAfrom S. aureus stim-
ulates MMP 9 expression and secretion in RAW 264.7 macrophages.
This effect is dependent on MEK/ERK pathway and is regulated by
AZA and A2B adenosine receptors.
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Abstract

Bacterial wall components stimulate Toll-like retmp, initiating macrophage
inflammatory response by producing nitric oxide (INf@active oxygen species (ROS)
and pro-inflammatory cytokines, including tumor resis factoret (TNF-a). Both ROS
and NO have antimicrobial activity; moreover, tlaso act as cellular signaling
molecules. Several studies have reported antirmflatory properties of adenosine
receptors in macrophages and adenosine recep®ixba described to possess
antioxidant properties. In this work we investightee modulation of ROS production
by adenosine receptors in LTA stimulated RAW 26datrophages. Additionally, we
investigated the role of ROS production in LTA atiated NO and TNF production.
LTA rapidly increased ROS production in RAW 264.Z@arophages. This effect was
blocked by a NADPH oxidase inhibitor. Adenosinesime, and the non-selective
adenosine receptors agonist 5'-N-ethylcarboxamigmasine (NECA) prevented LTA
stimulated ROS production. LTA increased NO prontucin RAW 264.7
macrophages, which was also inhibited by NECA. atigoxidant Trolox, a soluble
analogue obti-tocopherol, inhibited LTA stimulated ROS and N@quction. These
results suggests that LTA stimulated ROS productiatependent of NADPH oxidase
activity and is involved in LTA augmented NO syrdise Adenosine receptors
activation prevented ROS production by LTA actidateacrophages, resulting in
reduced NO formation.

Keywords: lipoteichoic acid; RAW 264.7 macrophages; aderesateptors; reactive

oxygen species; nitric oxide.
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Introduction

Macrophages are a heterogeneous population of nigtear phagocytes
found ubiquitously in the organism. Due to thestdbution, these cells are involved in
the primary contact with and in the attack agamahogens. (Mosser, 2003; Gordon
and Taylor, 2005). Both ROS and NO have antimiabctivity; moreover, they also
act as cellular signaling molecules (Forman andé€&r2001; Ferret et al., 2002).
Controversially, exacerbated ROS and NO produdsioslated to inflammatory
complications, as septic shock and multiple orgalnirfe (Ritter et al., 2004; Andrades
et al., 2005; Victor et al., 2005).

The gram-positive bacteriuBtaphylococcus aureis a major pathogen in
both community-acquired and nosocomial infectiddisofr et al., 2006). Lipoteichoic
acid (LTA) is one of the main constituents of grpositive bacteria cell wall and is
described to modulate immune functions mainly tgfotoll-like receptor 2 activation
(Schwandner et al., 1999; Wang et al., 2003). @higyen is described to be involved in
S. aureusnduced nitric oxide (NO) production, shock and tiplg organ failure (De
Kimpe et al., 1995; Kengatharan et al., 1998). RiégelL TA was described as the
major antigen involved in gram-positive stimulaiédF-a production by macrophages
(Seo et al., 2008). Additionally, LTA is describdincrease ROS production in human
monocytes (Levy et al., 1990) and murine dendciglts (Choi et al., 2008), moreover,
antioxidant molecules regulates LTA activation afarophages (Hsiao et al., 2004;
Choi et al., 2008).

Nicotinamide adenine dinucleotide phosphate (NADBXijlase is
expressed by phagocytes and is involved in supgegxioduction for antimicrobial
activity. Upon phagocytosis or stimulation withdale agents the cytosolic components

and the small GTPase Racl/Rac2 translocate tddemp membrane binding to
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gp9P¥" ™ and p29"* and initiating superoxide production by transfegrone electron
from NADPH to oxygen (Forman and Torres, 2002; D@Gey and Ligeti, 2005). NO
is synthesized from L-arginine by nitric oxide dyam$e using NADPH as a cofactor.
Three nitric oxide synthases are described: nelieomthendothelial isoforms that are
constitutive and calcium dependent, and the indei¢gmform which is calcium
independent. In stimulated macrophages, induciiie wxide synthase (iNOS)
accounts for increased nitric oxide production,aliis NADPH dependent
(Forstermann and Kleinert, 1995). NADPH is an esgkcellular coenzyme and its
level is sustained by NADRiependent cytosolic dehydrogenases, named glcose-
phosphate dehydrogenase (G6PD), isocitrate dehgdasg (IDH) and malate
dehydrogenase (MDH).

Adenosine is an endogenous purine nucleoside ¢gatates several cellular
processes. There are four types of adenosine msdptl, A2A, A2B, and A3) and all
adenosine receptors are members of the G-proteipted family of receptors
(Fredholm et al. 2001). Several studies have redanti-inflammatory properties of
adenosine receptors in monocytes and macrophagesdd in Hasko et al., 2007) and
adenosine receptors has been described to posdessdant properties (Huang, 2003;
Fatokun et al., 2007). Adenosine is describeddoce superoxide production in
phorbol-ester activated peritoneal macrophagest(&i, 1997) and unpublished results
of our group shown that A2A and A2B adenosine raamspregulate NO production in
LTA stimulated macrophages.

In this work we investigated the modulation of R@8duction by
adenosine receptors in LTA stimulated RAW 264.7 noglcages. Additionally, we
investigated the role of ROS production in LTA atiated NO and TNF+ production,

as well as the activity of NADRiependent cytosolic dehydrogenases.

68



Material and Methods

Chemicals

Lipoteichoic acid fronStaphylococcus aurewsgere purchased from
InvivoGen (San Diego, USA). 5'-N-ethylcarboxamidtenosine (NECA) was
purchased from Tocris Bioscience (Ellisville, USAHenosine, trolox, diphenyl
iodonium, 2’,7’-dichlorofluorescein diacetate gsNADP" were purchased from
Sigma (Saint Louis, USA). RPMI 1640 and fungizorerevpurchased from Gib&
(Invitrogen, Carlsbad, USA). Fetal bovine serum wachased from Cultilab
(Campinas, Brazil). All other reagents were of gtiedl grade and were purchased
from commercially available sources.

RAW 264.7 macrophages culture

RAW 264.7 macrophages were obtained from UFRJE=ik, Rio de
Janeiro, Brazil. Cells were maintained in RPMI 16d4€dium, pH 7.4, supplemented
with 10% heat-inactivated fetal bovine serum, 1@fJlngentamycin, and 250g/L
fungizone at 37 °C and 5% GCsemi-confluent cells were scrapped and plated to
24-well plates (0.4 x fcells) or 96-well plates (0.08 x 46ells) at a density of 0.8 x
10° cells/ml in RPMI 1640 supplemented with 10% heaictivated FBS. After 24
hours, the macrophages were washed with salinenaotated with or without LTA 1
pg/ml for distinct periods in serum-free RPMI 164@dium. Adenosine (100M),
adenosine receptors agonist (NECA ), diphenyl iodoniun (DPI, 1M) and,
trolox (100uM), when used, were added 15 minutes prior to LTA.

ROS measurement

Reactive oxygen species were analyzed by the nerasmt of 2°,7’-
dichlorofluorescein diacetate (DCFH-DA) oxidati@riefly, RAW 264.7 macrophages

cultured in 96-well plates were incubated with DGBHA (10 uM) for 15 minutes at 37
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° C. At the end of incubation, the cells were washéh saline and the treatments
added. The rate of DCFH-DA oxidation was analyamdlfhour in a multi-well
fluorimeter, at 37 ©, with an excitation wavelengf85 nm and an emission
wavelength of 535 nm.

Cytosolic dehydrogenase assay

RAW 264.7 macrophages were lysed with phosphateitaaf saline plus
0.5% Triton X-100, centrifuged at 12,000 x g forrhthutes and the supernatants were
used for enzyme measurements. Dehydrogenase iastiwiere measured by NADPH
production at 340 nm at 36 °C in the presence etifip incubation mediums for each
dehydrogenase, as follow:

- Glucose-6-phosphate dehydrogenase (G6PD): TrissA@M, MgCh 3
mM, NADP* 0.2 mM, glucose-6-phosphate 3.2 mM, pH 7.8;

- Isocitrate dehydrogenase (IDH): Tris-HCI 80 mMg®1, 2 mM, NADP
2 mM, sodium isocitric acid 5 mM, pH 7.4;

- Malate dehydrogenase (MDH): Tris-HCI 50 mM, MgCImM, NADF
0.5 mM, sodium malic acid 0.6 mM, pH 7.4.

Measurement of TNFa in culture supernatants

Cytokine secretion was measured using mouse @B OptEIA™
ELISA kit (BD Biosciences), according to manufaeits directions.

Nitrite assay

Nitric oxide production was assayed by quantifaatdf the stable end
product of nitric oxide oxidation — nitrite (NQ. Briefly, the incubation medium of
RAW 264.7 macrophages was collected and was reactedith Griess reagent (1:1

0.1% naphthyl-ethylenediamine and 1% sulfanilanmd®&% phosphoric acid) for 15
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min. Nitrite content was measured by absorban&d@inm. Nitrite concentration in the
samples was calculated using a standard curve neapath NaNQ.

Protein quantification

All the results were standardized with respectrtigin content, determined

as described by Lowry et al. (1951).
Statistical analysis

Results are expressed as measEM. Differences between means were
analyzed by ANOVA with the Student-Newman-Keuls tipldé comparisons test.
Statistical significance was defined as p<0.05.

Results

The treatment of RAW 264.7 macrophages with LTAdBpncreased
ROS production. This effect was already observablE) minutes of treatment and
ROS production remains elevated until, at leasipudr (Figure 1). Diphenyl iodoniun, a
flavoprotein inhibitor described as a NADPH oxidasdbitor, prevented LTA
stimulated ROS production in RAW 264.7 macrophdgégure 1). Prolonged
incubation of RAW 264.7 macrophages with DPI re=iiin reduced cell viability (data
not shown).

Adenosine and inosine, the product of adenosinmitedion by adenosine
deaminase, inhibited basal and LTA stimulated R@@yction in cultured
macrophages (Figure 2). The pre-treatment withselaetive adenosine receptors
agonist 5'-N-ethylcarboxamido adenosine (NECA) alsvented LTA stimulated ROS
production (Figure 3). Dimethil sulfoxide (DMSO) svatilized as NECA vehicle
(0.05%) and increased basal ROS production in R®A/7 macrophages, however, no

effect was observed in NO production (data not st)jow

71



LTA increased NO production in RAW 264.7 macroplsgehich was
inhibited by NECA (Figure 4). The antioxidant Trela soluble analogue of
tocopherol, reduced LTA stimulated ROS and NO pctida (Figure 5). No effect of
Trolox was observed in LTA stimulated TNFproduction (data not shown).

Glucose-6-phosphate dehydrogenase was the most &ADP" dependent
cytosolic dehydrogenase in RAW 264.7 macrophagdilewied by isocitrate
dehydrogenase and malate dehydrogenase. No effe€dowvas observed on no one of
NADP" dependent cytosolic dehydrogenases (Table ).

Discussion
ROS are produced by activated macrophages andipatés in

antimicrobial activity and cellular signaling. LTi& described to increase ROS
production in human monocytes (Levy et al., 199@) murine dendritic cells (Choi et
al., 2008). In cultured RAW 264.7 macrophages, lapidly increased ROS
production, which is inhibited by DPI. Hancock alahes (1987) showed that DPI is
selective inhibits NADPH oxidase in macrophageshwbo effect on mithochondrial
respiration. This suggests that LTA stimulated R@@&luction is dependent on
NADPH oxidase activity.

Adenosine is described to reduce superoxide pramuitt phorbol-ester
activated peritoneal macrophages (Si et al., 1988BAW 264.7 macrophages,
adenosine inhibited basal and LTA stimulated RQSipction. Similar results were
obtained with inosine, which is formed from adenesieamination by adenosine
deaminase. Inosine, as well as adenosine, is dedldid present antioxidant properties
(Gudkov et al., 2006). The adenosine receptorssebective agonist also inhibited LTA
stimulated ROS production. These results indidaé éxtracellular adenosine could
inhibit ROS production both by adenosine recepaots/ation and by degradation to

inosine.
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In LPS stimulated macrophages ROS are involvedrirot necrosis factor-
a (Kimura et al., 2008); interleukin-8 (Ryan et @004) and interleukin-f (Hsu and
Wen, 2002) production. Addittionaly, ROS are linkedNO production and iINOS
expression in LPS treated macrophages (Yoo 2@04). Antioxidant treatment is
described to regulate LTA activation of macrophagegucing NO production (Hsiao
et al., 2004). Adenosine receptors agonist, whecluced ROS production, inhibited
LTA stimulated NO production in macrophages. Theoxidant trolox reduced both
NO and ROS production in LTA treated macrophagesigver, no effect of trolox was
observed in LTA increased TNésecretion. Similarly, the adenosine receptors &tjon
had no effect in LTA induced TN&-secretion (unpublished results). These results
suggest that, in RAW 264.7 macrophages, LTA stitedl®&O production is, at least in
part, dependent of ROS production, while Tiks independent. Moreover, adenosine
receptors modulation of LTA stimulated NO produstgeems to be dependent of the
inhibition of ROS production. Hsiao et al. (2004pwed that antioxidant treatment of
LTA stimulated macrophages resulted in reduced pN&sphorylation and NF-kB
activation, which leads to decreased iINOS exprasam NO production, however
these authors not investigated the ROS producfiomagrophages.

NADPH is essential for ROS and nitric oxide prodoretDeCoursey and
Ligeti, 2005; Forstermann and Kleinert, 1995). GGFIH and MDH are essential for
the maintenance of cellular NADPH levels and anairgel NADPH production by
reduced G6PD activity is associated with augmehtekD production in mouse
peritoneal macrophages (Wilmanski et al., 2005H Hztivity has been described to be
involved in redox buffering in LPS treated macrogés, maintaining NADPH levels
for antioxidant enzymes, as glutathione reducti¥e(ig et al., 2004). In LTA treated

macrophages, no alteration of G6PD, IDH and MDHvéies were observed.

73



Concluding, LTA increased both ROS and NO produciioRAW 264.7
macrophages. LTA stimulated ROS production seerbg tbdependent of NADPH
oxidase activity and is involved in LTA augmente® Nynthesis. Adenosine receptors
activation prevented ROS production by LTA actidateacrophages, resulting in

reduced NO formation.
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Figure Captions

Figure 1: Lipoteichoic acid increases reactive oxyn species in RAW 264.7
macrophages.RAW 264.7 macrophages were incubated with LTAu@ml) for 1
hour. Diphenyl iodonium (DPI, 1QM), when indicated, was added 15 minutes prior
LTA. Reactive oxygen species were analyzed by theasmrement of 2',7'-
dichlorofluorescein diacetate (DCFH-DA) oxidatidtesults are shown as meaSEM

(n = 6). * p < 0.05 vs respective time control, # 0.05 vs respective time control and

LTA, ANOVA with the Student-Newman-Keuls multiplemparisons test.

Figure 2: Adenosine and inosine modulates lipoteidic acid-stimulated reactive
oxygen species in RAW 264.7 macrophagefRAW 264.7 macrophages were
incubated with LTA (1pg/ml) for 1 hour. Adenosine or inosine (1QM), when
indicated, was added 15 minutes prior LTA. Reactivggen species were analyzed by
the measurement of 2’,7’-dichlorofluorescein diatet(DCFH-DA) oxidation. Results
are shown as meanSEM (n = 6). * p < 0.05 vs respective time contbp < 0.05 vs
respective time control and LTA, ANOVA with the 8ent-Newman-Keuls multiple

comparisons test.

Figure 3: Adenosine receptors agonist modulates lgteichoic acid-stimulated
reactive oxygen species production in RAW 264.7 maxphages. RAW 264.7
macrophages were incubated with LTA@/ml) for 1 hour. The adenosine receptors
agonist NECA (10uM), when indicated, was added 15 minutes prior L R&active
oxygen species were analyzed by the measuremen®’, @-dichlorofluorescein

diacetate (DCFH-DA) oxidation. Results are showmasn +SEM (n = 6). * p < 0.05
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vs respective time DMSO, # p < 0.05 vs respectire tDMSO and LTA, ANOVA

with the Student-Newman-Keuls multiple comparistass.

Figure 4: Adenosine receptors agonist modulates Ilgteichoic acid-stimulated nitric
oxide production in RAW 264.7 macrophagesRAW 264.7 macrophages were
incubated with LTA (1ug/ml) for 24 hours. When indicated, the adenoseweptors
agonist NECA (1QuM) was added 15 minutes prior to LTA. Nitrite acauation in the
incubation medium was measured by the Griess mefResults are shown as mean +
SEM (n = 3). * p < 0.05 vs control, # p < 0.05 wntrol and LTA, ANOVA with the

Student-Newman-Keuls multiple comparisons test.

Figure 5: Trolox modulates lipoteichoic acid-stimuated reactive oxygen species
and nitric oxide production in RAW 264.7 macrophags. (A) RAW 264.7
macrophages were incubated with LTAK@mI) for 1 hour. Trolox (10@uM), when
indicated, was added 15 minutes prior LTA. Reactixggen species were analyzed by
the measurement of 2’,7’-dichlorofluorescein diatet(DCFH-DA) oxidation. Results
are shown as meanSEM (n = 6). * p < 0.05 vs respective time conttbp < 0.05 vs
respective time control and LTA, ANOVA with the 8&nt-Newman-Keuls multiple
comparisons test. (B) RAW 264.7 macrophages wengbisted with LTA (lug/ml) for
24 hours. When indicated, Trolox (®/1) was added 15 minutes prior to LTA. Nitrite
accumulation in the incubation medium was measbrethe Griess method. Results
are shown as meanSEM (n = 3). * p < 0.05 vs control, # p < 0.05catrol and LTA,

ANOVA with the Student-Newman-Keuls multiple comigans test.
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Table I: Isocitrate dehydrogenase (IDH), glucose-ghosphate dehydrogenase (G6PD) and
malate dehydrogenase (MDH) activities in RAW 264.7macrophages. RAW 264.7

macrophages were incubated wlitifA (1 pg/ml) for 12 or 24 hours. Dehydrogenase
activities were measured by NADPH production, ia fnesence of specific incubation
mediums for each dehydrogenase. Results are siomean {SEM (n = 4).

NADP™ cytosolic dehydrogenases activities (nmol/minute X mg of protein)

IDH G6PD MDH
12 hours 24 hours 12 hours 24 hours 12 hours 24 hours
Control 29.51 + 3.45 36.18 + 3.84 103.03 + 5.68 186.29 + 3.22 17.00 + 2.36 21.97 +5.44
LTA 30.38 + 1.60 38.39 + 5.49 104.24 + 5.51 215.35 + 19.46 12.95 + 1.00 27.58 + 7.09
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Figure 3
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Figure 4
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A)

B)

arbitrary fluorescence units

nmal nitrited/mg of protein

80 4

70 A

,i LTA 1 pg/ml

Control

Trolox 100 pM
LTA+Trolox

10 4
0 T T T T T \
o 10 20 30 40 50 &0
minutes
60
*
50 |
*
. [
#
1 T
20
10 4
0 T T 1
Contraol LTA Trolox 100 LTA+Trolex 100 Trolox 10 LTA#Trolox 10

87



Capitulo 4

Regulacéo da producéo de ROS estimulada por LPS emacrofagos peritoniais de

ratos diabéticos: participacao da glicose e PPAR
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Abstract

An increased occurrence of long term bacterial infections is common in diabetic patients. Bacterial cell wall components are described as the
main antigenic agents from these microorganisms and high blood glucose levels are suggested to be involved in altered immune response.
Hyperglycemia is reported to alter macrophages response to lipopolysaccharide (LPS) and peroxisome proliferators activated receptor gamma
(PPAR~) expression. Additionally, glucose is the main metabolic fuel for reduced nicotinamide adenine dinucleotide phosphate (NADPH)
production by pentose phosphate shunt. In this worlk, lipopelysaccharide (LPS) stimulated reactive oxygen species (ROS) and nitrite production
were evaluated in peritoneal macrophages from alloxan-induced diabetic rats. Cytosolic dehydrogenases and PPARy expression were also
mnvestigated. LPS was ineffective to stimulate ROS and nitrite production in peritoneal macrophages from diabetic rats, which presented increased
glucose-6-phosphate dehydrogenase and malate dehydrogenase activity. In RAW 264.7 macrophages, acute high glucose treatment abolished LPS
stimulated ROS production, with no effect on nitrite and dehydrogenase activities. Peritoneal macrophages from alloxan-treated rats presented
reduced PPAR~y expression. Treating RAW 264.7 macrophages with a PPARy antagonist resulted in defective ROS production in response to
LPS, however, stimulated nitrite production was unaltered. In conclusion, in the present study we have reported reduced nitric oxide and reactive
oxygen species production in LPS-treated peritoneal macrophages from alloxan-induced diabetic rats. The reduced production of reactive oxygen
species seems to be dependent on elevated glucose levels and reduced PPAR~y expression.
© 2007 Elsevier Inc. All rights reserved.

Keywords. Lipopolysaccharide; Macrophages; Alloxan; Hyperglycemia; PPAR; ROS; Nitric oxide

Introduction Bacterial cell wall components are described as the main

antigenic agents from these microorganisms (Van Amersfoort

Diabetes is a prevalent metabolic disorder with several sec-
ondary complications. An increased occurrence of long-term
bacterial infections is common in diabetic patients, being a major
complication in these individuals (Smitherman and Peacock,
1995). It was suggested that high blood glucose levels are
involved in reduced bactericidal activity (Nielson and Hindson,
1989) and it has further been demenstrated that high glucose
reduces interleukin 1 release from murine macrophages (Hill
et al., 1998).
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et al., 2003) and their recognition by Toll-like receptors (TLR)
initiates cellular responses to bacterial infections (Takeuchi and
Akira, 2001). Lipopolyssacharide (LPS) is a major constituent of
the outer membrane of gram negative bacteria and is recognized
by animals as a molecular correlate to infection. It binds to TLR 4,
triggering multiple signaling cascades (Van Amersfoort et al.,
2003; Takeuchi and Akira, 2001). Macrophages are key me-
diators of innate immunity and their phagocytic activity in re-
sponse to microbial infections and antigens produces and releases
reactive oxygen species (ROS), as well as reactive nitrogen
species (RNS). Both ROS and RNS have antimicrobial activity;
moteovet, they also act as cellular signaling molecules (Forman
and Torres, 2001; Ferret et al., 2002). Additionally, exacerbated
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ROS and RNS production in response to bacterial infection is
related to inflammatory complications, as septic shock, multiple
organ failure and death (Ritter et al., 2004; Andrades et al., 2005;
Victor et al., 2005).

Nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase is expressed by phagocytes and is involved in super-
oxide production for antimicrobial activity. In non-stimulated
cells, NADPH oxidase components are in different subcellu-
lar compartments, with subunits gp91P"°* and p22°"°* in the
plasma membrane and subunits p47PR%/p67P%/pd0PP in the
cytosol as a complex. Upon phagocytosis or stimulation with
soluble agents, such as LPS, the cytosolic components and the
small GTPase Racl/Rac? translocate to the plasma membrane
binding to gp91®™** and p227™* and initiating superoxide
production by transferring one electron from NADPH to oxy-
gen (Forman and Torres, 2001; Decoursey and Ligeti, 2005).
Nitric oxide is synthesized from L-arginine by nitric ox-
ide synthase using NADPH as a cofactor. Three nittic oxide
synthases are described: neuronal and endothelial isoforms that
are constitutive and calcium dependent, and the inducible iso-
form which is calcium independent. In stimulated macrophages,
inducible nitric oxide synthase (iNOS) accounts for increased
nitric oxide production, which is NADPH dependent (For-
stermann and Kleinert, 1995). NADPH is an essential cellu-
lar coenzyme and its level is sustained by NADP™ dependent
cytosolic dehydrogenases, named glucose-6-phosphate dehy-
drogenase (G6PD), isocitrate dehydrogenase (IDH) and malate
dehydrogenase (MDH). Impaired NADPH production by
reduced GOPD activity is associated with augmented IL-10
production and redox dependent signaling in mouse peritoneal
macrophages (Wilmanski et al., 2005).

Peroxisome proliferator-activated receptors (PPARs) are
ligand-activated nuclear hormone receptors that have pleiotropic
immune modulating effects. Peroxisome proliferator-activated
receptor-y (PPAR~y) is a ligand-dependent nuclear receptor that
hag a critical role in adipogenesis and glacose metabolism. In
mactophages, the role of PPARy in inflammation response has
been studied, showing that this nuclear receptor presents anti-
inflammatory properties (Zhang and Chawla, 2004). Additionally,
Sartippour et al. (Sartippour and Renier, 2000) showed that PPARs
expression are regulated in macrophages by increased glucose.

Considering that increased blood glucose levels are present in
diabetes and that this impairs microbial infection response, the
aim ofthe present study was te determine peritoneal macrophage
tesponse to LPS in an animal model of diabetes by measuring
ROS and nifric oxide preduction. As glucose is the main
metabolic fuel for NADPH production by pentose phosphate
shunt, we investigated the activities of cellular dehydrogenases.
The modulation of PPARy expression and the role of this
franscription factor in ROS production were also evaluated.

Materials and methods
Chemicals

Alloxan monohydrate, lipopolyssacharide from Escheri-
chia coli (LPS), 2,7 -dichlorofluorescein diacetate (DCFH-

DA), p-NADP™, agarose, ethidiam bromide and GW9662
were purchased from Sigma (St. Louis, USA). RPMI 1640 and
fungizone were purchased from Gibco™ (Invitrogen, Carls-
bad, USA). The SuperScript-Il RT preamplification system and
dNTPs were purchased from Invitrogen (Carlsbad, USA). All
other reagents were of analytical grade and were purchased
from commetcially available sources.

Alloxan-induced diabetic animal model

Nine-week-old male Wistar rats (190-225 g) were obtained
from our breeding stock. Rafs were housed in plastic cages,
maintained at 22+1 °C and a 12 h light/dark cycle. Animals
were supplied with commercial pellet food (Nuvilab® CR-1
Curitiba, PR, Brazil) and water ad libitum. Animals were
carefully monitored and maintained in accordance with ethical
recommendations of the Brazilian College for Animal Exper-
imentation. Animals were randomly divided into two groups:
non-induced and diabetic-induced. Diabetes was induced by an
infraperitoneal injection of 150 mg/kg of alloxan monchydrate
(0.9% NaCl) after overnight fasting. The non-induced group
received only 0.9% NaCl (Prince et al., 1998). Alloxan
monohydrate injection leads to the destruction of insulin-se-
creting 2 cells of the islets of Langerhans, while other cells (o,
v, 0) are resistant. The destruction of the insulin-secreting
cells was brought about by a redox cycle with the formation of
superoxide radicals established by alloxan and the product of its
reduction, dialuric acid. Superoxide radicals underge dismuta-
tion to hydrogen peroxide, which produces the reactive hy-
droxyl radicals by the Fenton reaction. The action of reactive
oxygen species with a simultaneous massive increase in cy-
tosolic calcium concentration causes rapid destruction of b cells
(Szkudelski, 2001). This is accompanied by typical and per-
manent hypoinsulinemia and hyperglycemia (Lenzen and
Panten, 1988). Blood glucose levels were monitored thereafter
by Accu-Chek® Active blood glucose monitor. Ten days later
animals from the diabetic-induced group, with glucose levels
lower than 300 mg/dL, were not used in this study. Body weight
and blood glucose were measured 30 days after alloxan injec-
tion and animals were killed by decapitation.

Peritoneal macrophages preparation

Peritoneal macrophages were isolated as described by El-
Mahmoudy et al. (El-Mahmoudy et al., 2002) with modifica-
tions. Briefly, rats were sacrificed by decapitation, placed with
the abdomen facing up and thoroughly wet with 70% ethanol. A
transverse cut was made in the inguinal area and the skin was
dissected to expose the abdominal wall which was then scaked
with 70% ethanel. About 20 ml of cold Hank’s balanced salt
saline (HBSS) was injected. The needle was removed and the
abdomen was gently massaged. The HBSS was drawn back and
the peritoneal fluid was dispensed into 50 ml polypropylene
tubes. This procedure was repeated two more times. The cells
were centrifuged, re-suspended in RPMI 1640 medium, pH 7.4,
supplemented with 10% heat-inactivated fetal bovine serum,
100 mg/L gentamycin and 250 Units/I. fungizone and counted.
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Petitoneal mactophages were seeded to 24 well plates (0.5 = 10°
cells for nitrite and ROS measurements) or 6 well plates (2 % 10°
cells for cellular dehydrogenase activities and PPAR-y ex-
pression) at a density of 1 10° cells/ml in RPMI 1640, pH 7.4,
supplemented with 10% heat-inactivated fetal bovine serum,
100 mg/L gentamycin and 250 Units/L fungizone. After 2 h, the
plates were washed three times with HBSS to remove non-
adherent cells. The adherent cells (97% macrophages) were
them utilized for cellular dehydrogenase assay and RNA iso-
lation or incubated for 15 h with or without LPS 1 pg/ml, at
37 °C and 3% CO., for nitrite and ROS measurements.

RAW 264.7 macrophages culture

RAW 264.7 macrophages were obtained from UFRJ Cell
Bank, Rio de Janeiro, Brazil. Cells were maintained in RPMI
1640 medium, pH 7.4, supplemented with 10% heat-inactivated
fetal bovine serum, 100 mg/L gentamycin and 250 Units/L
fungizone at 37 °C and 5% CO,. Semi-confluent cells were
scrapped and plated to 24 well plates (0.5 % 10° cells for nitrite
and ROS measurements) or 6 well plates (2 10° cells for cel-
lular dehydrogenase activities) at a density of 1% 10° cells/ml in
RPMI 1640, pH 7.4, supplemented with 10% heat-inactivated
fetal bovine serum, 100 mg/L gentamycin and 250 Units/L
fungizone. After 24 h, the macrophages were washed with
saline and incubated with or without LPS 1 pg/ml for 15 h
in serum free RPMI 1640 medium. For studies on the influence
of PPARv in the response to LPS, GW9662 — a PPARy
antagonist — was added to cells 2 h before LPS treatment in
serum free 1640 medium. For acute high glucose experiments,
RAW 264.7 macrophages were washed with saline and in-
cubated for 24 h with serum free RPMI 1640 supplemented with
300 mg/dL glucose (500 mg/dL total glucose concentration)
before LPS freatment or cellular dehydrogenase measurement.
Normal RPMI 1640 medium contains 200 mg/dL. glucose.

Nitrite assay

Nitric oxide production was assayed by quantification of the
stable end product of nitric oxide oxidation — nitrite (NO; ) — as
previously deseribed (Souza et al.,, 2006). Brietly, the
incubation medium of peritoneal or RAW 264.7 macrophages
were collected after the treatments and centrifuged at 12,000 =g
for 10 min. Equal volumes of supernatant and Griess reagent
(1:1 0.1% naphthyl-ethylenediamine and 1% sulfanilamide in
5% phosphoric acid) were reacted for 15 min and the nitrite
content was measured by absorbance at 540 nm (Beckman
Instruments Spectrophotometer, Fullerton, USA). Nitrite con-
centration in the samiples was calculated using a standard curve
prepared with NaNQs.

ROS measurement

Reactive oxygen species were measured as previously de-
scribed (Guimaraes et al., 2006) with minor modifications.
Briefly, peritoneal or RAW 264.7 macrophages in 24-well
plates were incubated with the treatments and in the last 30 min

91

of treatment 2',7'-dichlotofluorescein diacetate (DCFH-DA)
(10 pM) was added and incubated in the dark at 37 °C. Cells
were then washed thrice with PBS, harvested in PBS 0.5%
TRITON X-100, centrifuged at 12,000 %g for 10 min and the
supernatant collected. The intensity of dichlorofluorescein
(DCF) fluorescence in the supernatant was measured with an
excitation wavelength of 485 nm and an emission wavelength
of 330 nm (Hitachi F2000 Fluorescence Specfrophotometer,
Japan).

Cytosolic dehydrogenase assay

Peritoneal or RAW 264.7 macrophages were lysed with
phosphate buftered saline plus 0.5% Triton X-100, centrifuged
at 12,000 xg for 10 min and the supernatants were used for
enzyme measurements. Dehydrogenase activities were mea-
sured by NADPH production at 340 nm (Beckman Instruments
Spectrophotometer, Fullerton, USA) at 36 °C in the presence
of specific incubation mediums for each dehydrogenase, as
follows:

- Glucose-6-phosphate dehydrogenase (G6PD): Tris-HCI
50 mM, MgCl, 3 mM, NADP" 0.2 mM, glucose-6-phosphate
3.2mM, pH 7.8;

- Isocitrate dehydrogenase (IDH): Tris-HCl 80 mM, MgCl,
2 mM, NADP" 2 mM, sodium isocitric acid 5 mM, pH 7,4;

- Malate dehydrogenase (MDH): Tris-HCl 50 mM, MgCl,
1 mM, NADP" 0.5 mM, sodium malic acid 0.6 mM, pH 7.4.

Semi-quantitative RT-PCR

Total RNA was isolated from peritoneal macrophages using
the Trizol Reagent (Invittogen) as recommended by the manu-
facturer. Approximately 1 pg of the total RNA was added
to each ¢DNA synthesis reaction using the SuperSecript-IT RT
preamplification system (Invitrogen). Reactions were pet-
formed at 42 °C for 1 h using the primer T23V (3" TTT TTT
TTT TTT TTT TTT TTT TTV). Oligonucleotide primers for
PPARy were designed to amplify partial cDNA sequences
(501 bp — sense 5-TTTTCAAGGGTGCCAGTTTC-3’, anti-
sense 5'-TCTGTGACGATCTGCCTGAG-3'). p-actin mRNA
expression was determined as an internal control. PCR reactions
were performed as follows: denaturation (94 °C, 30 s), ex-
tension (72 °C, 30 s) and annealing (60 °C, 30 s). The number of
amplification cycles was adjusted to the non-saturated phase
and the PCR products were separated on a 1% agarose gel.

Table 1

Blood glucose levels and body weight of normal and alloxan-treated animals
Normal (n=5) Alloxan (r=15)

Blood glucose (mg/dL) 102.08+4.71 536.04+27.16*

Body weight (g) 289.29+8.31 230.75+9.59%

Alloxan monohydrate (150 mg/Kg in 0.9% NaCl) or saline were injected in
the peritoneal cavity of nine-week-old male Wistar rats. Blood glucose and
body weight were measured 30 days after injection. Values are expressed as
mean®SD.

* p<0.05 versus normal group (Student’s 7T test).
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Fig. 1. Nitrite production (A) and DCF oxidation (B) in peritoneal macrophages
from normal and alloxan-treated rats. Alloxan monohydrate (150 mg/Kg in
0.9% NaCl) or saling were injected in the peritoneal cavity of nine-week-old
male Wistar rats. Thirty days after, peritoneal macrophages were isolated and
incubated in the presence or not of LPS (1 pg/ml). After 15 h incubation, nitrite
production (A) and DCF oxidation (B) were measured as described in Materials
and methods. Values are expressed as percentage of control macrophages of
normal rats and represent mean+SEM (r=75). *p<0.05 versus other groups
(ANOVA followed by Tukey HSD test).

Amplification products were visualized by ethidium bromide
staining and the quantification was made using ImageJ software
(NIH/USA).

Statistical analysis

Results are expressed as means+SD or SEM, as indicated in
the legends of figures and tables. Differences between means
were analyzed by the Student’s I test or ANOVA with the
Tukey HSD multiple comparisons test. Statistical significance
was defined as p<<0.05.

Results

Gaulton et al. (Gaulton et al., 1985) reported that the immune
dysfunction associated with alloxan-diabetes is a consequence
of the diabetic state, in contrast to the immune dysfunction
associated with streptozotocin, which seems to be attributable to
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Fig. 2. Nitrite production (A) and DCF oxidation (B) in normal and high glucose-
treated RAW 264.7 macrophages. Control (200 mg/dL) or 24 h high glucose
(500 mg/dL)-treated RAW 264.7 macrophages were incubated in the presence or
not of LPS (1 pg/ml). After 15 b incubation, nitrite production (A) and DCF
oxidation (B) were measured as described in Materials and methods. Values are
expressed as percentage of control macrophages incubated with normal glucose
and represent mean+SEM (n=15). *»<0.05 versus other groups (ANOVA fol-
lowed by Tukey HSD test).

direct and irreversible impairment of lymphoid cell function and
viability. Alloxan monohydrate injection leads to the destruction
of insulin-secreting (3 cells in the islets of Langerhans, while
other cells (o, -y, 6) are resistant. This is accompanied by typical
and permanent hypoinsulinemia and hyperglycemia (Lenzen

Table 2
Glucose-6-phosphate and malate dehydrogenase activities in peritoneal
macrophages from normal and alloxan-treated animals

Normal (r=4) Alloxan (n=4)
Glucose-6-phosphate dehydrogenase 57.11£3.5 T4.T1£522%
(pmol/min X mg protein)
Malate dehydrogenase 547+1.08 785+0.5%

(pmol/min X mg protein)

Alloxan monohydrate (150 mg/Kg in 0.9% NaCl) or saline were injected in the
peritoneal cavity of nine-week-old male Wistar rats. After 30 days, peritoneal
macrophages isolation and dehydrogenase activities assay were performed as
described in Materials and methods. Values are expressed as mean+SEM.

* p<0.05 versus nommal group (Student’s T test).
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and Panten, 1988). As shown in Table 1, alloxan-treated animals
presented increased blood glucose levels and reduced weight. A
sustained high glucose level could present both acute and chro-
nic effects, with the later probably related to advanced glycation
end products (Vlassara, 2005). LPS increased nitrite (Fig. 1A —
ANOVA fvalue=9.778, p=0.026, n=>5) and ROS (Fig. 1B —
ANOVA [ value=13.701, p=0.026, »=3) production in
peritoneal macrophages from normal rats. However, in allox-
an-treated animals, no effect of LPS was observed on nitrite
(Fig. 1A) and ROS (Fig. 1B) production by peritoneal macro-
phages (Fig. 1B). To investigate if increased glucose levels could
be acutely involved in altered response to LPS, we evaluated
nifrite and ROS production in the murine macrophage lineage
RAW 264.7 with two distinct concentrations of glucose: normal
RPMI 1640 concentration, 200 mg/dL (~ 11 mM) or 300 mg/dL
(~27 mM). As shown in Fig. 2A (ANOVA [ value=28.19,
p=<0,001, n=35), no alteration in basal or LPS stimulated nitrite
production was observed in high glucose mcubated macro-
phages. In high glucose-treated RAW 264.7 macrophages,
control DCF oxidation was increased compared to normal glu-
cose (Fig. 2B — ANOVA fvalue=8.643, p=0.003, n=3); more-
over, no effect of LPS on DCF oxidation was observed in high
glucose-treated RAW 264.7 macrophages (Fig. 2B).

Glucose-6-phosphate dehydrogenase (G6PD), isocitrate
dehydrogenase (IDH) and malate dehydrogenase (MDH) are
essential for the maintenance of cellular NADPH levels. In
peritoneal macrophages from alloxan-treated animals, G6PD
and MDH activities were increased compared to the normal
group (Table 2); however, no alteration in IDH activity was
observed (data not shown). In high glucose-treated RAW 264.7
mactophages, no alteration of dehydrogenase activities was
observed (data not shown).

PPARy has been described as a regulator of macrophage
inflammatory response by modulating the expression of cy-
tokines and inhibiting the activity of pro-inflammatory tran-
scription factors (Pascual et al., 2005). Reduced expression of
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Fig. 3. PPAR-v expression in peritoneal macrophages from normal and alloxan-
treated rats. Alloxan monohydrate (150 mg/Kg in 0.9% NaCl) or saline were
injected in the peritoneal cavity of nine-week-old male Wistar rats. Thirty days
after, peritonsal macrophages were isolated and PPAR-vy expression measwred as
described in Materials and methods. Values are mean+SD of the ratio between
PPAR-v and PB-actin bands in arbitrary units (#=3). *p<0.05 versus normal
group (Student’s T test).
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Fig. 4. Nitrite production (A) and DCF oxidation (B) in RAW 264.7 mac-
rophages. RAW 264.7 macrophages were incubated or not for 2 h with PPAR-y
antagonist GW9662 (10 pM). At the end of 2 h, the cells were incubated in the
presence or not of LPS (1 pug/ml). After 15 h incubation, nitrite production (A)
and DCF oxidation (B) were measured as described in Materials and methods.
Values are expressed as percentage from control macrophages and represent
mean+SEM (n=75). ¥ p<0.05 versus other groups (ANOVA followed by Tukey
HSD test).

PPAR<y was observed in peritoneal macrophages from diabetic
rats (Fig. 3). In order to study reduced PPARy activity in LPS
stimulation of macrophages, RAW 264.7 macrophages were
incubated in the presence of GW9662, a specific PPAR~y
antagonist, before LPS treatient. No effect of GW9662 on LPS
stimulated nitrite production was found (Fig. 4A — ANOVA
fvalue=34.092, p<0.001, n=35). However, the PPARy antago-
nist abolished LPS stimulated ROS production compared to the
notmal group (Fig. 4B — ANOVA fvalue=10.096, p=0.001,
n=>5).

Discussion

In the present study, we reported reduced nitric oxide and
ROS production in LPS-freated peritoneal macrophages from
alloxan-induced diabetic rats. Altered macrophage response was
already described in diabetic animals, suggesting that these cells
could be involved in immune alterations observed in diabetes.
Ptak etal. (Ptak etal., 1998) showed that peritoneal macrophages
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from alloxan-treated animals presented impaired response to
LPS, with altered cytokines and nitrite production. Increased
glucose is described to be involved in some alterations of mac-
rophages responses in diabetic animal models, including inter-
leukin-12 expression (Wen et al.,, 2006) and upregulation of
cyclooxygenase-II, leading to increased prostaglandin-E; pro-
duction (Lo, 2005). Additionally, incteased glacose is described
to increase basal ROS production in macrophages (Guha et al.,
2000). In high glucose-treated RAW 264.7 macrophages, no
effect of LPS was observed on DCF oxidation, as observed in
petitoneal macrophages from diabetic rats. ROS are involved in
tumor necrosis factor-a (Haddad and Land, 2002); interleukin-
8 (Ryan et al., 2004) and interleukin-1 f (Hsu and Wen, 2002)
production in LPS stimulated macrophages. Taking into account
that increased glucose levels are described to reduce interleukin
1 release from LPS-treated macrophages (Hill et al., 1998),
defective ROS stimulation by LPS could be invelved in altered
cytokine production from macrophages in hyperglycemia and
diabetes.

Acute effects of high glucose levels seem to be not involved
in reduced nitrite production from LPS-treated peritoneal macro-
phages, since high glucose treatment presented no effect on LPS
stimulated nitric oxide production on RAW 264.7 macrophages.
Heowever, chrenic effects of higher glucose levels, including
advanced glycation end products, could be invelved in altered
nitrite response to LPS of macrophages from diabetic animals. It
was suggested that defective insulin sighaling leads to altered
nitric oxide production in stimulated macrophages (Stevens
etal., 1997), but how this could be involved in alloxan-induced
alterations remains to be addressed. NADPH is essential for
ROS and nifric oxide production (Decoursey and Ligeti, 2003;
Forstermann and Kleinert, 1995). G6PD, IDH and MDH are
essential for the maintenance of cellular NADPH levels and an
impaired NADPH production by reduced G6PD activity is
associated with augmented I1.-10 production in mouse perito-
neal macrophages (Wilmanski et al., 2005). IDH activity has
been described to be involved in redox buffering, maintaining
NADPH levels for antioxidant enzymes, as glutathione re-
ductase (Maeng et al., 2004). In peritoneal macrophages from
alloxan-treated rats, increased GOPD and MDH activifies were
observed, but no alteration of ecytosolic dehydrogenases was
found in high glucose-treated RAW 264.7 macrophages, sug-
gesting that acute eftects of glucose altered concentration are not
involved in G6PD and MDH regulation. Altered ROS produc-
tion, observed in both RAW 264.7 and peritoneal macrophages,
seems to be not dependent on these dehydrogenase activities,
considering that they were regulated in peritoneal macrophages
and not in RAW 264.7 cells. Future investigation is necessary to
address the role of altered GO6PD and MDH activities on altered
nitrite production observed in peritoneal macrophages from
diabetic rats.

PPAR~y was described to regulate macrophages functions
(Zhang and Chawla, 2004), and Sartippour et al. (Sartippour
and Renier, 2000) showed that PPARy expression is diminished
in macrophages by increased glucose. We observed that in
peritoneal macrophages from alloxan-treated rats PPARy ex-
pression was reduced compared to normal rats (Fig. 3). The

imbalance of inflammatory cytokines production during the
development of diabetes could be involved in this downreg-
ulation of PPAR~y expression. In fact, among the many features
induced by alloxan treatment there is the increased plasmatic
concentration of TNF-a (Ptak et al., 1998). This cytokine is
known to repress PPARy activity and expression in a variety of
cell types (Kim et al., 2005; Gao et al., 2006). Additionally,
pharmacological reduction of PPARy activity in RAW 264.7
macrophages resulted in reduced ROS production in response to
LPS, similarly as observed in peritoneal macrophages from
diabetic rats. These results suggest that reduced PPARy ex-
pression could be involved in impaired ROS production in LPS-
treated peritoneal macrophages from diabetic rats. In opposition
to our results, PPARy agonists have been demonstrated to exert
anti-inflammatory properties (Ricote et al., 1998), but many of
these effects have been shown to be independent from PPAR-y
activation (Chawla et al., 2001; Crosby et al., 2005). More
studies are necessary to investigate how reduced PPAR<y ex-
pression could alter macrophage response.

In conclusion, in this work we have reported reduced nifric
oxide and reactive oxygen species production in LPS-treated
peritoneal macrophages from alloxan-induced diabetic rats. We
have shown that reduced ROS production seems to be dependent
on acute effects of elevated glucose levels and reduced PPAR~y
expression.
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Background: Type 2 diabetes mellitus is associated with an increased risk of cardiovascular diseases and
accelerated atherosclerosis, which has been associated to hyperglycemia and chronic inflammation.
Activated macrophages are described to participate in atherosclerosis due to foam cell formation and pro-
inflammatory mediators production. Bacterial infections are described to accelerate atherosclerosis,
moreover, gram-positive and negative bacterial DNA was described in atherosclerotic plaques.

Methods: We studied the glucose modulation of RAW 264.7 macrophages activation by the gram-positive

Keywords: - : i e ; o ) . -
Atherosclerasis bacterial antigen lipoteichoic acid (LTA), evaluating nitrite production, tumor necrosis factor ct secretion and
Glucose matrix metalloproteinase 9 activity.

Macrophages Results: High glucose increased macrophages activation by LTA, evidenced by exacerbated nitric oxide and

Lipoteichoic acid tumor necrosis factor o production, as well matrix metalloproteinase 9 secretion.
NO Conclusions: These effects could contribute to atherosclerotic risk parameters, like atherome plaque
TNE-ou instability, and participate in chronic inflammation present in type 2 diabetes.

MMP 9

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Diabetes is a prevalent metabolic disorder with several secondary
complications. Type 2 diabetes is associated to a chronic inflammation,
characterized by increased circulatory levels of pro-inflammatory
cytokines, which has been described to be involved in type 2 diabetes
pathogenesis [1]. Type 2 diabetes patients possess increased risk of
cardiovascular diseases and accelerated atherosclerosis, which has been
assodated to hyperglycemia and chronic inflammation (revised in [2]).

Macrophages are a heterogeneous population of mononuclear
phagocytes found ubiquitously in the tissues. These cells are involved
in innate immune response and regulation. Activated macrophages
are described to participate in atherosclerosis progression mediated
by foam cell formation and vascular cells regulation due to the
synthesis and release of pro-inflammatory cytokines, chemokines,
growth factors, reactive oxygen and nitrogen species, and eicosanoids
(reviewed in [3]). Additionally, activated macrophages secretes
metalloproteinases, which are involved in vascular wall thickening
and plaque rupture [4]. Increased glucose is described to be involved
in alterations of macrophages responses to lipopolysaccharide (LPS) in
diabetic animal models, including interleukin-12 expression [5],
upregulation of cyclooxygenase-II, leading to increased prostaglan-
din-E; [6] and TNF-«x production [7].

* Corresponding author. Fax: +55 51 3308 5535/5540.
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1 scholarship recipient, CNPg-Brazil.
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The gram-positive bacterium Staphylococcus aureus is a major
pathogen in both community-acquired and nosocomial infections [8].
LPS, the main gram-negative bacterial antigen, is described to
accelerate atherosclerosis in rabbits [9], and Kozarov et al. [10]
reported the detection of bacterial DNA in atheromatous plaques,
including gram-positive bacteria like Streptococcus sp. and Staphylo-
coccus sp. Lipoteichoic acid (LTA) is one of the main constituents of
gram-positive bacteria cell wall and are described to modulate
immune functions mainly through toll-like receptor 2 activation
[11,12]. This antigen is described to be involved in S. aureus-induced
nitric oxide {(NO) production, shock and multiple organ failure [13,14].
Recently, LTA was described as the major antigen involved in gram-
positive stimulated tumor necrosis factor o (TNF-a) production by
macrophages [15].

Several studies has addressed the modulation of macrophages
response to lipopolysaccharide and gram-negative bacterial infections
by increased glucose concentration, however, the effects of glucose on
gram-positive antigen activation of macrophages were unknown. In this
work we studied the glucose modulation of RAW 264.7 macrophages
activation by the gram-positive bacterial antigen LTA, investigating nitric
oxide and TNF-& production, as well as MMP 9 secretion.

2. Materials and methods
2.1, RAW 264.7 macrophages culture

RAW 264.7 macrophages were obtained from UFR] Cell Bank, Rio de Janeiro, Brazil.
Cells were maintained in RPMI 1640 medium, pH 74, supplemented with 10% heat-
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Fig. 1. High glucose increases lipoteichoic acid stimulated nitric oxide production in RAW
264.7 macrophages. RAW 264.7 maaophages were incubated with normal or increased
glucose concentrations (plus 150 or 300 mg/dl} for 48 h. In the last 24 h, the incubation
medium was changed and, when indicated, LTA (1 pg/ml) was added. At the end of the
incubation, nitrite accumulation in the incubation medium was measured by the Griess
method. Results are shown as mean +SEM (n=4). * p<0.05 vs control, # p<0.05 vs control
and LTA, § p<0.05 vs control, LTA and LTA+glucose 150 mg/dl; ANOVA with the Student-
Newman-Keuls multiple comparisons test.

inactivated fetal bovine serum, 100 mg/l gentamycin and 250 U/l fungizone at 37 °C and
5% COy. Semi-confluent cells were scrapped and plated to 24 well plates (0.4 10° cells)
at a density of 0.8x 10° cells/ml in RPMI 1640 supplemented with 10% heat-inactivated
fetal bovine serum. After 24 h, RAW 264.7 macrophages were washed with saline and
incubated for 24 h with serum free RPMI 1640 supplemented or not with 150 or
300 mg/dl p-glucose (350 mg/dl, ~ 19 mmol/l, or 500 mg/dl, -27 mmol/l, total p-glucose
concentration). The macrophages were maintained an additional period of 24 h with or
without LTA (1 pg/ml) in normal or p-glucose supplemented RPMI 1640 medium.
Normal RPMI 1640 medium contains 200 mg/dl p-glucose (~11 mmol{l}.

22. Zymography

Gelatin zymography was performed using sodium dodecyl sulfate polyacrylamide
gels (SDS-PAGE, 6%) copolymerized with gelatin type B [Sigma—0.3%). Equal amounts of
RAW 264.7 macrophages incubation medium were diluted in Laemmli buffer
(62.5 mmol{l Tris-HCl, 10% glycerol, 3% sodium dodecyl sulfate, ¢.001% bromophenol
blue, without p-mercaptoethanol) and subjected to electrophoresis. After this, gels
were washed twice for 30 min in 2.5% Triton X-10C at room temperature and were
incubated for 8 h in incubation buffer (50 mmol/l Tris-HCL, 5 mmol/l CaCl2, 150 mmolf
I NaCl, 1% Triton X-100, pH 7.4} at 37 °C. The resulting gels were stained with Coomassie
Blue R 250 (Bio-Rad), using a mixture of ethanol-acetic acid—water (0.1% Comassie Blue
R 250, 12.5% ethanol, 7.5% acetic acid } for 1 h, and were destained with methanol-acetic
acid-water (45% methanol, 10% acetic acid). Areas of enzymatic activity appeared as
clear bands over the dark background. Zymographic activity was quantified by
densitometric analysis, employing the software Image] (National Institute of Health,
Bethesda, MD), and all results were standardized in relation to control.

2.3. Other lab assays

Cytokine secretion was measured using mouse TNF-ce BD OptEIA™ ELISA kit (BD
Biosciences), according to manufacturer's directions. Nitric oxide production was
assayed by quantification of the stable end product of nitric oxide oxidation—nitrite
(NO3}. Briefly, the incubation medium of RAW 264.7 macrophages was collected and
was reacted 1:1 with Griess reagent (1:1 0.1% naphthyl-ethylenediamine and 1%
sulfanilamide in 5% phosphoric acid) for 15 min. Nitrite content was measured by
absorbance at 540 nm. Nitrite concentration in the samples was calculated using a
standard curve prepared with NaNOs. All the results were standardized with respect to
protein content, determined as described by Lowry et al. [16].

3. Statistical analysis
Results are expressed as means +SEM. Differences between means

were analyzed by ANOVA with the Student-Newman-Keuls multiple
comparisons test. Statistical significance was defined as p<0.05.

4. Results and discussion

NO is a highly reactive nitrogen radical implicated in multiple
biological processes. NO is synthesized from r-arginine by nitric oxide
synthases. Three nitric oxide synthases are described: the neuronal and
endothelial isoforms that are constitutive and calcium-dependent, and
the inducible isoform, which is calcium-independent. In stimulated
immune cells, the inducible nitric oxide synthase (INOS) accounts for
increased NO production, which is involved in the regulation of immune
response and microbicide action [17]. Moreover, the production of large
amounts of NO by iNOS has been implicated in the genesis of septic and
cytokine-induced circulatory shock [18]. Glucose enhanced LTA stimu-
lated NO production in RAW 264.7 macrophages in a dose dependent
way (Fig. 1). Disequilibrium in NO production has been implicated in
altered vascular homeostasis, contributing to the development of
atherosclerosis [19].

Matrix metalloproteinases {MMPs) are a family of zinc dependent
endopeptidases that are involved in the turnover and degradation of
extracellular matrix, participating in vascular wall thickening and
atherome plaque rupture [4]. These endopeptidases participates in the
migration and infiltration of immune cells, additionally, they regulate
inflammation and immunity by acting on pro-inflammatory cytokines
and chemokines, altering the circulatory concentration of these
mediators [20]. The MMP 2 and MMP 9, also known as gelatinases A
and B, respectively, constitutes a specific group of metalloproteinases,
presenting a gelatin binding domain, involved in the ligation to
denaturated collagen. Increased levels of matrix metalloproteinases
were described in lipopolysaccharide-induced endotoxemia in mice,
suggesting that they contribute to tecidual degradation and multiple
organs failure [21]. These enzymes are also involved in endotoxemia
associated vascular dysfunction [22]. It was reported that S. aureus
peptidoglycan (PEG) increased MMP 2 and 9 levels in plasma and organ
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Fig. 2. High glucose increases lipoteichoic acid stimulated MMP 8 secretion in RAW 264.7.
RAW 264.7 macrophages were incubated with normal or increased glucose concentrations
(plus 150 or 300 mg/dl) for 48 h. In the last 24 h, the incubation medium was changed and,
when indicated, LTA (1 ng/ml) was added. (A) Representative zymography of RAW 264.7
macrophages incubation medium. (B) Densitometric quantification of MMP 9 activity.
Results are shown as mean# SEM (n=3). * p<0.05 vs control # p<0.05 vs control and LTA;
ANOVA with the Student-Newman-Keuls multiple comparisons test.
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Fig. 3. High glucose increases lipoteichoic acid stimulated tumor necrosis factor-alpha
secretion by RAW 264.7 macrophages. RAW 264.7 macrophages were incubated with
normal or increased glucose concentration (300 mg/dl) for 48 h. In the last 24 h, the
incubation medium was changed and, when indicated, LTA (1 yg/ml) was added. At the
end of the incubation, TNF-cx secretion to the culture medium was evaluated by ELISA.
Results are shown as mean+SEM (n=3). * p<0.05 vs control, # p<0.05 vs control and
LTA; ANOVA with the Student-Newman-Keuls multiple comparisons test.

homogenates from rat [23]. Moreover, S. aureus PEG enhanced MMP 9
secretion by human neutrophils [24]. LTA increased MMP & secretion.
High glucose concentration augmented LTA stimulated MIMP 9 secretion
in RAW 264.7 macrophages (Fig. 2).

TNF-e¢ 1s a pleiotropic cytokine involved in the regulation of diverse
physiological and pathological responses. TNF-a¢ is known to be
important in inducing the acute-phase response to bacterial infections,
leading to physiological changes that support the attack against
infecting organism, limit tissue damage, and activate repair processes.
However, increased levels of TNF-o are associated with damaging effects
of sepsis and cachexia [25]. In chronic inflammatory conditions, like type
2 diabetes, TNF-&x promotes atherosclerotic lipids changes and favors
insulin resistance development [26]. The effect of ITA on TNF-o
production was increased by high glucose concentration, resulting in
augmented cytokine secretion by RAW 264.7 macrophages to the
incubation medium (Fig. 3).

A sustained high glucose level could cause both acute and chronic
effects, with the later probably related to advanced glycation end
products [27].In a previous work, we reported that defective response to
LPS by murine macrophages in alloxan induced diabetes is related to
increased glucose concentration and reduced peroxisome proliferator-
activated receptor gamma (PPARY) [28]. Additionally, Sartippour et al.
[29] showed that PPARs expression is regulated in macrophages by
increased glucose, leading to reduced PPARy expression. PPARYy is
described to Inhibit inflammatory transcriptional factors, like NF-kB and
AP-1 [30], and these transcariptional factors are described to participate
in INOS, MMP 9 and TNF-o expression. This suggests a possible
mechanism of high glucose modulation of LTA mediated macrophages
activation, in which reduced PPARY expression/activity, due to high
glucose concentration, results in exacerbated inflammatory mediators
production, mediated by reduced inhibition of inflammatory transcrip-
tional factors, NF-KB and AP-1.

Staphylococcus aureus (S. aureus) is described in atheromatous
plaques [10], however, Lehr et al. [9] reported that S. aureus infections
have no effect on arterial wall thickening. In despite of this, our results
showed that high glucose increase macrophages activation by LTA from
S. aureus, which could contribute to others atherosclerotic risk
parameters, like atherome plaque instability. An increased occurrence

of long-term bacterial infections is common in diabetic patients, being a
major complication in these individuals [31]. For this reason, exacer-
bated macrophage activation could contribute to chronic inflammation
present in type 2 diabetes.
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Discussao

Os antigenos peptideoglicano e &cido lipoteic@edyactéria gram-positiva
Staphylococcus aurepprovocam a ativacdo dos macrofagos RAW 264. deeciada
pela producéo de diferentes mediadores inflamadfa@ura 6). Tanto o PEG como o
LTA aumentam a secrecdo de TMFeitocina pro-inflamatoria importante na resposta
imune, entretanto, o LTA apresenta um efeito maigynciado. Isto esta de acordo
com o descrito por Seo et al. (2008), que demanstyze o LTA é o principal antigeno
envolvido na producdo de TNF-em macréfagos expostos a bactérias gram-positivas.
Estes autores destacam que outros componentesctiidm gram-positivas atuam
sinergisticamente com o LTA para estimular a pr@dude TNFa, no entanto nao
identificam quais. Nossos resultados indicam qu®E{G pode contribuir para a
producdo de TNFr estimulada por bactérias gram-positivas em magosfa

Nos macréfagos RAW 264.7 o LTA estimulou a expresda iNOS,
aumentando a producdo de NO, enquanto o PEG nésempou efeito na producéo de
NO. Isto esta de acordo com o descrito por De Kigtpad. (1995) e Kengatharan et al.
(1998) que mostraram que o PEG atua sinergisticameam o LTA para estimular a
producdo de NO, mas ndo apresenta efeito quando ativador dos macréfagos. A
producdo de NO estimulada por LTA em macréfagos R284.7 € descrita como
dependente das proteinas cinases A e C, p38, xigowase Il e NF-kB (KUO et al.,
2003; CHANG et al., 2006). O tratamento dos magasacom LTA levou a um rapido
aumento da producdo de ROS, aparentemente dependenNADPH oxidase. A
producdo de ROS em resposta ao LTA ja havia siderii@ em ceélulas dendriticas
(CHOI et al., 2008) e mondcitos (LEVY et al., 1998)inibicdo da producdo de ROS
por um antioxidante, o trolox, analogo soluvel di#é&amina E, acarretou numa

diminuicdo da producdo de NO estimulada por LTAs meacrofagos RAW 264.7.
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Hsiao et al. (2004) haviam descrito que o tratamei¢ macréfagos com um
antioxidante inibe a fosforilacdo de JNK e a atiaade NF-kB estimuladas por LTA,
acarretando numa menor producdo de NO e expressadN@S, entretanto, ndo
investigaram a producdo de ROS nestas célulasmAssissos resultados sugerem que
a producéo de ROS estimulada por LTA participaigiaigacao envolvida na expressao
de iINOS e producédo de NO nos macréfagos. A proddeadROS esta envolvida na
expressado e secrecao de Télfestimulada por LPS em macrofagos (KIMURA et al.,
2008), entretanto a inibicdo da producdo de ROSamiiesentou qualquer efeito na
secrecdo de TNE-estimulada por LTA, sugerindo mecanismos difeiente producao
desta citocina pro-inflamatoria em resposta a antig de bactérias gram-negativas ou
gram-positivas. Isto poderia ajudar a explicar fest@s diversos obtidos nas terapias
baseadas na neutralizacdo de T&Faas infeccbes por bactérias gram-negativas e
gram-positivas (LORENTE e MARSHALL, 2005).

O LTA e o PEG aumentaram a expressdo e secrecaddMi@ 9 nos
macrofagos RAW 264.7. O PEG ja era descrito aumdnt&dIMP 2 e 9 no plasma e
orgaos de ratos (WANG et al., 2004), além de auanemtexpressao de MMP 9 em
neutrofilos humanos (WANG et al., 2005), entretantefeito do LTA sobre a MMP 9
nao havia sido investigado. O efeito do LTA sobresexrecdo de MMP 9 nos
macréfagos RAW 264.7 € mediado pela ativacao de,ERKendente de MEK. Estes
resultados indicam que o aumento da secrecdo dalopeetteinases estimulada por
LTA e PEG em macréfagos pode contribuir na patog€mie infeccbes p@. aureus
Niveis elevados de metaloproteinases estdo assesciad dano tecidual, faléncia
multipla de orgaos e disfuncdo vascular presentasneodelos de endotoxemia

(PAGENSTECHER et al., 2000; LALU et al., 2006).
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Figura 6: Ativacdo dos macrdéfagos RAW 264.7 pelomtigenos deStaphylococcus aureus.

(A) O &cido lipoteicdico (LTA) aumenta a producd® espécies reativas de oxigénio (ROS),
oxido nitrico (NO), fator de necrose tumoral alfdfF-o) e metaloproteinase 9 (MMP-9). (B)
O peptiddeoglicano (PEG) aumenta a produgédo der fd®o necrose tumoral alfa e

metaloproteinase 9 (MMP-9).
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Receptores de adenosina

Os macrofagos RAW 264.7 expressam 0s receptoresdei@osina A2A,
A2B e A3. O tratamento dos macrofagos com os ambigeleS. aureud TA ou PEG
aumentou a expressao dos receptores A2A e A2Baetmque a expressao do receptor
A3 foi reduzida (Figura 7). Resultados similaresifo obtidos em macréfagos humanos
e de roedores tratados com LPS (MURPHREE et @5)2@videnciando uma resposta
comum na expressao de receptores de adenosina erfagas expostos a infecgdes

bacterianas.

LTA

ATP l:> ADP |:> AMPE> Adenosina |:> Inosina

—T] i@
<= A2A—-_____—-—-A2B

I

—_— |::> Degradaciio
— Ativagio

......... { TInibi¢do
Transporte

Figura 7: Modulacdo do metabolismo purinérgico e daexpressdo dos receptores de
adenosina, nos macréfagos RAW 264.7, pelos antigerde Staphylococcus aureus. O 4cido
lipoteicbico (LTA) e o peptideoglicano (PEG) aun@nta degradacdo de ATP, causando um
acumulo de adenosina. Além disso, estas moléculmerdam a expressdo dos receptores de

adenosina A2A e A2B, enquanto reduzem a expresséecdptor A3.
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O ATP e a adenosina possuem papeéis antagonicespasta imune, com o
ATP apresentando efeitos pro-inflamatérios e a esiea apresentando efeitos
antiinflamatérios (BOURS et al.,, 2006). A adenosimaseus receptores reduzem
diversos mediadores pro-inflamatérios em macréfagasondcitos tratados com LPS,
incluindo a producéo de ROS e NO, e a secrecid\fedTe interleucina 12 (HASKO
et al., 2007). Os macréfagos tratados com LTA e RBf@sentaram um aumento na
degradacdo de ATP extracelular, resultando no acime@ adenosina extracelular
(Figura 7). Por outro lado, a degradacao de adea@sitracelular ndo foi alterada. Com
isso, os macréfagos estimulados por antigenoS. dmireusapresentam uma situagéo
favoravel ao acumulo de adenosina extracelularadonao aumento da expressdo de
receptores A2A e A2B.

O bloqueio da acao dos receptores A2A e A2B, pdilghia de antagonistas
seletivos ou pelo silenciamento génico com o engprég RNA de interferéncia,
resultou numa resposta aumentada dos macréfagos Z68\W ao LTA (Figura 8). Isto
foi observado através do aumento da producdo de be@®, como da expressdo e
secrecdo de MMP 9 nos macrofagos tratados com BO#cionalmente, a adicdo de
adenosina deaminase exogena resultou em um aurdenfwoducdo de NO nos
macrofagos tratados com LTA. Ndo foram observadesos aditivos pelo bloqueio
farmacoldgico simultaneo dos receptores A2A e AQRjerindo que o mecanismo de
acao destes receptores possa ser comum. Os resegeoadenosina podem atuar como
homodimeros e heterodimeros (FREDHOLM et al., 2080, este pode ser um
possivel mecanismo de acao para os receptores ARZBena modulacéo da ativacao

de macrofagos.
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Figura 8: O bloqueio da acdo dos receptores de adesina aumenta a ativacdo dos
macrofagos RAW 264.7 pelo &cido lipoteicico dstaphylococcus aureus. O emprego de
antagonistas seletivos dos receptores de adenégAae A2B, bem como a inibicdo da
expressdo destes receptores pelo uso de RNA ddeidtecia, aumentam a producdo de
mediadores inflamatérios estimulada por acido é&mdtico (LTA): 6xido nitrico (NO) e

metaloproteinase 9 (MMP-9).

O tratamento dos macrofagos com um agonista natveebos receptores
de adenosina resultou numa resposta inflamatddisziga nos macréfagos estimulados
com os antigenos d&. aureud. TA e PEG (Figura 9). A ativacdo dos receptores de
adenosina resultou numa reducdo da secrecdo denTiNIS- macréfagos estimulados
por PEG. J& nos macréfagos estimulados com LTA,foidobservado efeito sobre a
secrecdo de TNE; mas a ativacdo dos receptores de adenosinaoesulima redugéo
da expressdo de iINOS, com a consequente redugamdiacdo de NO. O tratamento
com o agonista dos receptores de adenosina tamdmimiu a producdo de ROS e a
secrecdo de MMP 9 nos macrofagos estimulados coi. IJonsiderando que a
producdo de ROS parece estar envolvida no aumensintese de NO estimulada por
LTA, a inibicdo da producdo de ROS pelo agonista r@eeptores de adenosina pode
ser um dos mecanismos envolvidos na inibicdo desdnde NO pelos receptores de

adenosina.
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Figura 9: A estimulagéo dos receptores de adenosirthminui a ativagdo dos macrofagos
RAW 264.7 pelos antigenos d8taphylococcus aureus. O agonista ndo seletivo de receptores
de adenosina NECA inibe a producdo de mediadordsmiatorios estimulada por acido
lipoteic6ico (LTA) — [A] oxido nitrico (NO) e espis reativas de oxigénio (ROS), [B]
metaloproteinase 9 (MMP-9) — e por peptideoglicé?BG) — [C] fator de necrose tumoral alfa
(TNF-a).
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Estes resultados sugerem que a adenosina, atrav&sad nos receptores
A2A e A2B, possui um papel autocrino na modulacd@iivacdo dos macrofagos por
antigenos d&. aureusevitando a ativacdo exacerbada dos macrofaggsré-iL0). Um
papel semelhante foi proposto para o receptor ARB neacrofagos ativados por
interferony, nos quais este receptor participa da desativdgdanacrofagos (XAUS et
al., 1999). Adicionalmente, nossos resultados smgeyue a modulagédo farmacologica
dos receptores de adenosina modifica a resposaitioria de macréfagoss aureus
sugerindo um possivel papel terapéutico para esteptores. Entretanto, resultados
antagbnicos tém sido obtidos com a modulagéo falbgica do receptor A2A em
modelos de infec¢cbes bacterianas gram-negativad L(SWBN et al., 2004) ou
polimicrobiais (NEMETH et al., 2006), o qué podéaesissociado aos diferentes efeitos
deste receptor na modulacdo da resposta inflarmatdbactérias gram-negativas e

gram-positivas, como a modulacao da secrecéo dedlNF

ROS
TNF-o
MMP-9

+
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ATP DYDY
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......... { Inibigdio

Transporte

Figura 10: Papel autécrino da adenosina na modulagdda resposta inflamatéria de
macrofagos aStaphylococcus aureus. Os antigenos d8. aureusaumentam a concentracao
extracelular de adenosina e a expressao dos reegple adenosina A2A e A2B, os quais

regulam a producao dos mediadores inflamatorios.
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Glicose

Os macrofagos peritoniais de ratos diabéticos, zidids por injecbes de
aloxano, apresentaram producdes de NO e ROS redueid resposta ao tratamento
com LPS. Isto esta de acordo com o que havia sdoriio por Ptak et al. (1998), que
mostrou que 0os macrofagos peritoniais de ratoadost com aloxano possuiam uma
producdo reduzida de NO e citocinas em respostdR®. Adicionalmente, os
macrofagos peritoniais dos ratos diabéticos aptassen niveis reduzidos de expressao
de PPAR, além do aumento da atividade das desidrogendesslicas G6PD e MDH.
Concentragdes elevadas de glicose tém sido rebtasncom a modificacdo da resposta
ao LPS em macrofagos peritoniais de animais diadse(HILL et al., 1998; LO, 2005;
WEN et al.,, 2006; SHERRY et al., 2007), entretamtdratamento da linhagem de
macréfagos RAW 264.7 com concentracfes elevadaglidese alterou apenas a
producdo de ROS em resposta ao LPS, ndo apresefsiid sobre a produgcdo de NO
e sobre a atividade das desidrogenases. Resultanhtsoversos sobre o efeito da
glicose na producdo de NO em macrofagos estimulpdosPS tém sido publicados.
Enquanto Tseng et al. (1997) mostraram que coraugigs elevadas de glicose reduzem
a producdo de NO em macrofagos J774 estimulados Ldd® Chen et al. (2006)
descreveram que o tratamento agudo com glicose raange producdo de NO em
macrofagos estimulados por LPS. Assim, aparenteme# efeitos da glicose sao
dependentes da concentracdo e do tempo de tratanddéin dos efeitos agudos da
elevacdo da concentracdo da glicose, ndo poderdeseartados os efeitos cronicos
existentes nos animais diabético, como a glicaghmacromoléculas e a formacéo de
intermediarios reativos envolvidos na glicacdo (\MM$ARA, 2005), os quais nao foram

investigados no modelo de cultivo celular.
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Sartippour e Renier (2000) mostraram que concdiggElevadas de
glicose diminuem a expresséo de PRA&R macrofagos. Nos macrofagos RAW 264.7,
a inibicdo da atividade deste receptor nucleam psb de um antagonista, também
evitou a producdo de ROS, em resposta ao LPS. Eestiei$éados sugerem que a glicose
elevada, provocando a diminuicdo da expressao @dR¥Fpode estar envolvida na
reducdo da resposta ao LPS pelos macréfagos dssdibéticos. Isto é corroborado
pelo fato que o PPARé descrito como um inibidor de fatores de trag8ori
inflamatorios, como o NF-kB (SZANTO e ROSZER, 2QG# modo que a reducédo da
sua atividade acarretaria numa maior ativacaonrdtaria.

Concentracfes elevadas de glicose também alterararasposta dos
macrofagos RAW 264.7 ao tratamento com LTA Sleaureus A incubacdo dos
macrofagos com concentracdes elevadas de glicasensou a producdo de NO, bem
como a secrecdo de MMP 9 e THH¥Figura 11). CStaphylococcuaureusé descrito
em placas ateroscleréticas (KOZARQOV et al., 200®),entanto, Lehr et al. (2001)
mostraram que infeccbes cof. aureusndo apresentam efeitos no aumento da
espessura vascular. No entanto, nossos resultagesesn que 0 aumento da resposta
ao LTA, pelos macréfagos, pode contribuir para asifiatores de risco associados a
aterosclerose, como a instabilidade e ruptura daaphterosclerética. A producéo
aumentada de NO esta envolvida na perda da homseostacular, contribuindo para o
desenvolvimento da aterosclerose (ELAHI et al.,720@8lém disso, as MMPs estéo
diretamente envolvidas no aumento da espessuralaas no rompimento da placa
aterosclerdtica (NEWBY, 2005), assim como nivesvatlos de TN+ contribuem
para modificacbes associadas ao desenvolvimentesigéncia a insulina, bem como

para o acumulo lipidico presente na ateroscle@®®A et al., 2007).
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Infeccbes bacterianas recorrentes sdo comuns emenfesc diabéticos
(SMITHERMAN e PEACOCK, 1995). Ademais, o diabetgmt2 esta associado com
uma inflamacéo cronica, caracterizada por nivesrpéticos aumentados de citocinas
pro-inflamatodrias (PICKUP, 2004), aléem de os paegrdiabéticos tipo 2 possuirem
maior risco de desenvolver doencas cardiovascutaaesrosclerose (MAZZONE et al.,
2008). Os resultados apresentados indicam que edtwsefagudos de concentracoes
elevadas de glicose podem contribuir para divefsdsres relacionados com as

complicacbes associadas ao diabetes, uma vez tgranala resposta e funcdo dos

macrofagos.
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Figura 11: Concentracfes elevadas de glicose aumamt a resposta inflamatéria de
macréfagos a acido lipoteicdico deétaphylococcus aureus. Altas concentracdes de glicose
aumentam a producdo de oxido nitrico (NO), metakgimase 9 (MMP-9) e fator de necrose

tumoral alfa (TNFa) em macrofagos RAW 264.7 tratados com &cido lipoieo (LTA).
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Concluséo

Os resultados obtidos mostram que 0s receptoresad#nosina e
concentracdes elevadas de glicose alteram a raspufamatoria a antigenos de
Staphylococcus aureusOs receptores de adenosina modulam a ativacdo dos
macrofagos pelo LTA e pelo PEG, diminuindo a préduge mediadores pro-
inflamatorios, como NO, ROS, TNé&-<e MMP-9, atuando em um sistema autdcrino de
regulacdo da resposta inflamatéria. Assim, estespteres constituem possiveis alvos
de intervencgdes terapéuticas em infec¢des caugamtldsactérias gram-positivas. Ja a
glicose, quando em concentragfes elevadas, aungemtsposta inflamatéria dos
macréfagos ao LTA, o que pode estar envolvido emmplicacbes associadas ao
diabetes e a hiperglicemia, nas quais fatoresnmatérios estdo envolvidos, como a

aterosclerose e a inflamagao cronica.
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