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Resumo

Fatores ambientais e genéticos do hospedeiro interagem para controlar a
microbiota intestinal, que pode ter um papel no desenvolvimento da obesidade e
da resisténcia a insulina. Camundongos deficientes em TLR2, sob condicdes livres
de microorganismos, estdo protegidos da resisténcia a insulina induzida por dieta.
Inibicdo aguda do TLR2 (4 dias de tratamento) com oligonucleotideo antisense em
camundongos alimentados com dieta hiperlipidica leva a um aumento da
sensibilidade e da sinalizacdo da insulina em tecido adiposo e muscular. E
possivel que a presenca da microbiota intestinal possa reverter o fenétipo de um
animal, induzindo resisténcia a insulina em um animal geneticamente determinado
a ter aumento da sensibilidade a insulina, tal como o camundongo deficiente para
TLR2. No presente estudo, nds investigamos a influéncia da microbiota intestinal
nos parametros metabdlicos, tolerancia a glicose, sensibilidade e sinalizacdo da
insulina em camundongos deficientes para TLR2. A microbiota intestinal foi
investigada (por metagenOmica), as caracteristicas metabdlicas e a sinalizagéo da
insulina em camundongos deficientes para TLR2 em um biotério convencional. Os
resultados mostraram que a perda do TLR2 em camundongos de biotério
convencional resulta em fenétipo semelhante ao da sindrome metabdlica,
caracterizado por diferengas na microbiota intestinal, com um aumento de trés
vezes na proporcao de Firmicutes e um pequeno aumento na de Bacteroidetes,
em comparacdo com o0s controles. Essas alteracbes na microbiota foram
acompanhadas por um aumento na absorgdo de LPS, inflamacdo subclinica,
resisténcia a insulina, intolerancia a glicose e posterior obesidade. Essa sequéncia

de eventos foi reproduzida em camundongos do tipo selvagem por transplante de



microbiota intestinal e revertida pelo tratamento com antibiéticos. Em nivel
molecular, 0 mecanismo demonstrou-se unico, com ativacdo do TLR4, associado
com estresse de reticulo endoplasmatico e ativacdo da JNK, sem, porém, ativacéao
da via IKKB-IkB-NFkB. Nossos resultados também mostraram que, em
camundongos deficientes para TLR2, houve reducéo de células T regulatérias em
tecido adiposo visceral, sugerindo que essa regulacao pode contribuir para a
resisténcia a insulina nesses animais. Nesse sentido, nossos resultados enfatizam
o papel da microbiota na complexa rede de interacées moleculares e celulares que
ligam gendtipo e fendtipo, e suas potenciais implicagbes em alteragbes humanas

envolvendo obesidade, diabetes e outras doencas imunolédgicas.



Abstract

Environmental factors and host genetics interact to control the gut
microbiota, which may have a role in the development of obesity and insulin
resistance. TLR2 deficient mice, under germ-free conditions are protected from
diet-induced insulin resistance. Diet-induced obese mice, acutely treated with
TLR2 oligonucleotide antisense during 4 days showed increased insulin sensitivity
and signaling in muscle and white adipose tissue. It is possible that the presence of
gut microbiota could reverse the phenotype of an animal, inducing insulin
resistance in an animal genetically determined to have increased insulin sensitivity,
such as the TLR2 KO mice. In the present study, we investigated the influence of
gut microbiota on metabolic parameters, glucose tolerance, insulin sensitivity and
signaling of TLR2-deficient mice. We investigated the gut microbiota (by
metagenomics), the metabolic characteristics and insulin signaling in TLR2
knockout (KO) mice in a non-germ free-facility. Results showed that the loss of
TLR2 in conventionalized mice results in a phenotype reminiscent of metabolic
syndrome, characterized by differences in the gut microbiota, with a 3-fold increase
in Firmicutes and a slight increase in Bacteroidetes compared with controls. These
changes in gut microbiota were accompanied by an increase in LPS absorption,
subclinical inflammation, insulin resistance, glucose intolerance and, later, obesity.
In addition, this sequence of events was reproduced in WT mice by microbiota
transplantation and was also reversed by antibiotics. At molecular level the
mechanism was unique with activation of TLR4, associated with ER stress and
JNK activation, but no activation of the IKKB-IkB-NFkB pathway. Our data also

showed that in TLR2 KO mice there was a reduction in regulatory T cell in visceral
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fat suggesting that this modulation may also contribute to the insulin resistance of
these animals. Our results emphasize the role of microbiota in the complex
network of molecular and cellular interactions that link genotype to phenotype and
have potential implications for common human disorders involving obesity,

diabetes and even other immunological disorders.
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[Introducao]



Introducao geral

A obesidade € reconhecida hoje como um dos mais importantes
problemas de saude publica em todo o mundo (1). Diversos estudos
epidemiolégicos e clinicos tém confirmado a contribuicdo da obesidade para o
desenvolvimento e/ou avancgo de diversas doencas, como hipertensao arterial e
diabetes mellitus (2), além do aumento da mortalidade por complicacdes
cardiovasculares.

A epidemia recente de obesidade e diabetes mellitus do tipo 2 (DM2)
nos ultimos 20 anos estimulou pesquisadores a investigarem os mecanismos
responsaveis pelo desenvolvimento dessas doencas. A visdo geral é a de que
a obesidade e o DM2 tém uma causa genética e que sao fortemente
influenciados pelo ambiente (3-7).

A sinalizacao insulinica € desencadeada pela ligacdo da insulina ao
receptor na membrana plasmatica da célula. O receptor de insulina é um
complexo heterodimérico que consiste de duas subunidades a, extracelulares e
com capacidade de se ligar a insulina, e duas subunidades B, intra-celulares e
com atividade de tirosina-quinase. A ligacao da insulina as subunidades a leva
a transfosforilagao das B, ativando sua capacidade tirosina-quinase (8, 9).

Até agora, mais de 10 substratos para o receptor de insulina foram
identificados, sendo quatro deles estruturalmente relacionados, chamados de
proteinas-substrato do receptor de insulina (IRS) (10-14). Cada proteina-
substrato contém um dominio de homologia “pleckstrin”, um dominio de ligacao
de proteina tirosina e numerosos residuos de tirosina que sofrem fosforilacao
pelo receptor de tirosina quinase. As proteinas IRS variam no que tange a

distribuicdo em tecidos e localizacao subcelular (15-18). Uma vez fosforilados,
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esses substratos agem como moléculas-ancoradoras para proteinas que
contém dominios de homologia com Src — como é o caso da fosfatidil-inositol-
3-quinase (Pl 3-quinase) —, as quais, dessa maneira, tornam-se ativadas ou se
associam a outras moléculas de sinalizagao, ligando uma complexa cascata de
eventos. A fosforilagdo das proteinas IRSs cria sitios de ligacao para a Pl 3-
quinase, promovendo sua ativagao. Atualmente, a Pl 3-quinase é a Unica
molécula intracelular inequivocamente considerada essencial para o transporte
de glicose (19). As proteinas-alvo conhecidas dessa enzima sao quinase
serina-treonina (Akt) e as isoformas atipicas da proteina quinase C (PKC) (g e
A). A Akt € uma serina-quinase também envolvida na mobilizagdo do
transportador de glicose GLUT4 para a superficie celular e transporte de
glicose (20).

Estudos nos ultimos dez anos mostraram que a inflamacao subclinica
tem um importante papel no mecanismo molecular da resisténcia a insulina na
obesidade e no DM2 (21-25), particularmente através das vias da quinase c-
Jun N-terminal (JNK) e da quinase inibitéria de kB (IKK) (22). A ativacao
dessas vias estimula a fosforilagcao inibitéria de residuos de serina do IRS-1
(26), reduzindo tanto a fosforilagdo em tirosina dos IRS-1 em resposta a
insulina quanto a capacidade do IRS-1 de associar-se ao receptor de insulina
e, por esse meio, inibe a sinalizagao e a acao da insulina (26-28).

A sobrevivéncia de organismos multicelulares depende de sua
capacidade de combater infeccdes e curar danos, bem como depende da
capacidade de estocar energia para momentos de baixa disponibilidade de
nutrientes ou de necessidade de altas quantidades de energia. Assim, pode-se

dizer que os sistemas metabdlico e imunolégico estao entre os requerimentos
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basicos do reino animal; muitos sistemas nutricionais e patégeno-sensiveis séo
altamente conservados em organismos como C. elegans e Drosophila até os
mamiferos. Nao € surpresa, por conseguinte, que as vias metabdlicas e
imunolégicas sejam extremamente inter-relacionadas. Muitos hormdnios,
citocinas, proteinas sinalizadoras, fatores de transcricao e lipidios bioativos tém
funcbes tanto metabdlicas quanto imunol6gicas. Por utilizarem a mesma
maquinaria, observa-se um controle mutuo desses dois sistemas. Por exemplo,
uma resposta inflamatéria normal da-se sobre o suporte metabdlico,
demandando uma redistribuicdo energética, particularmente uma mobilizacao
lipidica, que desempenha importante funcdo no combate a infeccao durante a
fase de resposta aguda (29). A resposta inflamatéria basica, portanto, favorece
o estado catabdlico e suprime as vias anabdlicas, tais como as vias
conservadas da sinalizagao da insulina.

Recentemente, demonstrou-se que a ativacao das vias JNK e IKK pode
ser integrada na resisténcia a insulina através de receptores de membrana,
como os receptores similes a Toll (do inglés, Toll-like receptors) (TLRs) (30).

A ativacdo do TLR4 foi implicada na inflamagdo e na resisténcia a
insulina induzidas por acidos graxos saturados (30-34). O lipopolissacarideo
(LPS), um potente ligante do TLR4, induz a inflamagéo pelas vias JNK/AP1 e
IKK/Fator de Necrose Tumoral kB (NFkB) em diversos tipos celulares (35-37).
Recentemente, Shi e colegas (32) demonstraram uma atenuacao da ativagcao
da via NFkB e da resisténcia a insulina induzidas por lipidios em tecido adiposo
de camundongos nocaute para TLR4. Varios outros estudos confirmaram que a
deficiéncia de TLR4 protege os animais da inflamacao induzida pela obesidade

e da resisténcia a insulina (30, 33, 38). Além disso, foi demonstrado também
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que camundongos deficientes em TLR4 ficam protegidos do ganho de peso e
reduz-se a infiltracado de macr6fagos em tecido adiposo (39). Em contraste, as
citocinas inflamatérias IL-6 e TNF-a mostraram-se aumentadas nesse tecido,
sugerindo que vias pro-inflamatérias independentes do TLR4 podem existir.

Como o TLR4, a expressao do TLR2 estd aumentada no tecido adiposo
de individuos obesos e diabéticos (36, 40). Acidos graxos saturados sinalizam
através do TLR2 para a ativacdo das vias IKKB/NFkB e JNK/AP-1 em miotubos
e células epiteliais, respectivamente (41, 42). Observou-se maior associacao
de TLR2 com sua proteina adaptadora, MyD88, quanto maior a concentracao
de palmitato. A inativacéo (por anticorpo monoclonal antagonista do TLR2) e a
diminuicdo da expressdo de TLR2 nos miotubos (por siRNA) bloqueiam a
producado de IL-6 e restauram a fosforilacdo induzida por insulina da Akt na
presenca de palmitato. Assim, em culturas de células, ha evidéncias
convincentes de que o TLR2, induzido por acidos graxos saturados, promove
resisténcia a insulina (41). Uma abordagem mais detalhada sobre a descricao
dos TLRs sera realizada em seguida, na pagina 18.

Nos ultimos cinco anos, a literatura tem sugerido outros mecanismos
para o desenvolvimento da obesidade e do DM2, os quais se encontram entre
os fatores genéticos e os ambientais — trata-se da microbiota intestinal (36, 43-
47). Dessa maneira, faz-se evidente que fatores genéticos e ambientais
interagem para controlar a microbiota intestinal, que pode ter um papel no
desenvolvimento dessas doencas (48).

Praticamente todos os organismos multicelulares vivem em intima
associacdo com microorganismos que 0s circundam, € seres humanos nao

constituem excecdo. O corpo humano é habitado por um vasto numero de
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bactérias, archaea, virus e eucariotos unicelulares. O conjunto de
microorganismos que vivem em coexisténcia harmoniosa com seus
hospedeiros é referido como microbiota, microflora ou flora normal (49, 50).
Estima-se que a microbiota humana contenha aproximadamente 10'* células
bacterianas, um nimero dez vezes maior do que o numero de células humanas
presentes (51, 52), e que o cblon contenha 70% dos microorganismos de todo
o corpo (49, 52).

A maior parte da microbiota intestinal € composta por bactérias
anaerdbicas estritas, que dominam as anaerdbicas facultativas e as aerébicas
por duas ou trés ordens de magnitude (51, 53, 54). Embora haja mais de 50
filos bacterianos descritos até o momento (55), o trato gastrintestinal humano é
dominado por dois filos: Bacteroidetes e Firmicutes, enquanto Proteobacteria,
Verrucomicrobia, Actinobacteria, Fusobacteria e Cyanobacteria estao
presentes em menores proporgoes (56).

Estudos metagendmicos demonstraram que a proporcao de Firmicutes é
maior em animais e humanos obesos, em comparacdo com 0s controles
magros, € que isso se correlaciona com aumento do numero de genes que
codificam enzimas que lisam polissacarideos da dieta que nado seriam
digeriveis de outra maneira, com mais produtos de fermentacado e com menos
calorias remanescentes nas fezes de individuos obesos (57, 58). Outro
mecanismo pelo qual a microbiota pode contribuir para alteracoes metabdlicas
é desencadeando inflamagdao sistémica (59).

Muitos estudos mostraram que o gendtipo do hospedeiro pode
influenciar na composicdo de sua microbiota intestinal. Por exemplo,

proporcdes de grupos bacterianos majoritarios no intestino murino encontram-
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se alteradas em camundongos geneticamente obesos, comparados com seus
controles magros (60). Outras investigagdes mostraram que a dieta pode afetar
a composicao da microbiota intestinal. O consumo de uma dieta rica em
lipidios, que induz o ganho de peso, € capaz de alterar de forma significativa a
composicdo da microbiota no trato gastrintestinal murino (61). Manipulactes
dietéticas que limitam o ganho de peso foram também capazes de reverter os
efeitos da obesidade induzida por dieta na microbiota.

O sistema imunoldgico coevolui com a microbiota durante a vida pés-
natal, o que permite que o hospedeiro e a microbiota coexistam em um
relacionamento de beneficio mutuo (62, 63). A importancia da microbiota
intestinal no desenvolvimento tanto do sistema imune de mucosa intestinal
quanto do sistémico pode ser prontamente observada em estudos com
camundongos livres de microorganismos. Estes animais apresentam um
nuamero anormal de diversos tipos celulares e produtos de células imunes, bem
como deficiéncias em estruturas linféides locais ou sistémicas. Bacgos e
linfonodos de camundongos livres de microorganismos s&o parcamente
formados. Esses animais possuem também hipoplasia de placas de Payer (64)
e uma reducao do numero de foliculos linféides maduros (65). O seu numero
de células produtoras de IgA é reduzido, bem como os niveis de
imunoglobulinas secretadas (tanto IgA quanto IgG) (64). Eles também exibem
irregularidades nos niveis e nos perfis de citocinas (66) e prejuizo na geracao
da tolerancia oral (67).

Demonstrou-se que uma complexa comunidade microbiana contendo
uma significativa proporcao de Bacteroidetes é requerida para a diferenciagao

de células pré-inflamatérias Th17 (68). De maneira interessante, a colonizacao
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de camundongos livres de microorganismos com flora de Schaedler alterada foi
insuficiente para promover a diferenciacao de células Th17, apesar do fato de a
flora de Schaedler alterada conter um numero de bactérias do filo
Bacteroidetes (69). Esses achados ressaltam a complexidade de interacdes
entre hospedeiro, microbiota e comunidades da microbiota, indicando que a
cooperacao entre membros da microbiota pode ser requerida para promover o
desenvolvimento normal do hospedeiro.

Por outro lado, o trato gastrintestinal precisa coexistir com o denso
revestimento de bactérias sem induzir uma ativagdo imune excessiva e
prejudicial. A prevencdo dessa resposta pode ser alcancada tanto pela
separacao fisica entre bactérias e células hospedeiras, por modificacdes de
antigenos quanto pela modulacdo de respostas imunes na direcao da
tolerancia imunolégica (70). Células imunes residentes do trato gastrintestinal
normalmente possuem um fenoétipo distinto das células de iguais linhagens
encontradas sistemicamente. Por exemplo, células dendriticas encontradas na
mucosa intestinal induzem preferencialmente a diferenciacdo de células T em
Th2 (71) e T regulatérias (72), promovendo o estado tolerogénico no trato
gastrintestinal.

Normalmente, o epitélio intestinal age como uma barreira continua para
evitar a translocacdo do LPS, componente da parede de bactérias gram-
negativas, embora alguns eventos enddgenos ou exdgenos possam alterar
essa funcdo protetora. Entre os elementos que promovem o aumento da
permeabilidade intestinal (“leaky gut’), e, por conseguinte, o aumento dos
niveis plasmaticos de LPS, estdo o consumo de alcool (73-76), o estresse por

imobilizagdo (77, 78) e a radiacdo (79). Além disso, outros estudos tém
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mostrado que a modulacdo da microbiota intestinal a partir da administracao de
dieta hiperlipidica aumenta fortemente a permeabilidade intestinal, reduzindo-
se a expressao de genes que codificam duas proteinas de juncao celular, a
zonnula-occludens (ZO)-1 e a ocludina, o que é comprovado com o tratamento
com antibidticos, que restauram a integridade epitelial intestinal (44).

O sistema imune inato, particularmente, mostrou-se como um importante
regulador da microbiota intestinal. O reconhecimento de padrées moleculares
associados a microorganismos pelo sistema imune inato é realizado por
receptores especificos, notavelmente pela familia dos TLRs (80, 81).

Os TLRs sao receptores de membrana do tipo | evolutivamente
conservados, e seus homodlogos sao encontrados em plantas e animais. O
dominio extracelular dos TLRs € rico em repeticées de leucina, enquanto o
dominio citoplasmatico mostra grande homologia com os receptores de
interleucina, sendo, assim, referido como dominio Toll/IL-1R (TIR). O gene Toll
foi inicialmente identificado como um gene essencial ao desenvolvimento
dorso-ventral do embrido de Drosophila. Posteriormente, a sinalizagdo do Toll
foi relacionada com respostas imunes contra infecgdes fungicas (82). Essa
descoberta levou a identificacdo de homélogos do Toll em mamiferos,
sugerindo que os TLRs participassem também da imunidade inata nesses
animais. Assim, observou-se que os TLRs eram essenciais ao reconhecimento
de microorganismos.

Estudos recentes mostram que os TLRs, ativados em tecidos afetados
da maioria das desordens inflamatérias, podem mediar a conexao entre
sistema imunologico e metabolismo corpdéreo (80). Demonstrou-se que o TLR4,

sensor para LPS de bactérias gram-negativas, esta envolvido na expressao de
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citocinas pré-inflamatérias em macréfagos, adipdcitos e figado (36, 83). Nosso
grupo e outros mostraram que camundongos geneticamente deficientes para
TLR4 ou com uma mutacdo inativadora para esse receptor apresentam
protecdo contra resisténcia a insulina induzida por obesidade (30, 32). De
modo semelhante, camundongos geneticamente deficientes para TLR2 estao
protegidos da resisténcia a insulina induzida por dieta hiperlipidica (84, 85).
Estudos de nosso laboratério mostraram também que inibicdo aguda da
expressao de TLR2, pelo uso de oligonucleotideo antisense para TLR2 durante
quatro dias, também protege camundongos da resisténcia a insulina,
melhorando a sinalizagdo da insulina em musculo e tecido adiposo, quando os
animais sao submetidos a dieta hiperlipidica (86).

Vale destacar que o TLR2 foi descrito como também envolvido na
sinalizacao por LPS (87), além do TLR4. Evidéncias sugerem que o TLR2
humano interage com CD14 para formar um complexo com o receptor de LPS.
Além disso, descreve-se que existe uma cooperacao na sinalizagao de TLR4 e
TLR2. Essa cooperacao € evidenciada quando se injeta LPS em camundongos
KO para TLR2. Apds o primeiro bolus de LPS, os camundongos KO para TLR2
mostram um sinal robusto para genes que codificam proteinas do sistema
imune inato no cérebro. Porém, uma segunda infusdo de LPS falha no
desencadeamento da expressao de TNF-a em camundongos KO para TLR2.
Esses resultados indicam que o TLR2 estd envolvido na segunda onda de
expressdo de TNF-a apds estimulo com LPS, e que ha uma elegante
cooperacao entre TLR2 e TLR4 (88).

Por outro lado, camundongos geneticamente deficientes em TLR5

apresentam hiperfagia e desenvolvem caracteristicas marcantes de sindrome
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metabdlica, incluindo hiperlipidemia, hipertensdo, resisténcia a insulina e
aumento da adiposidade (89), sendo essas doengas conseqiéncia de
alteracdes na microbiota intestinal. E importante ressaltar que os estudos com
camundongos geneticamente deficientes para TLR4 e TLR5 foram realizados
sem a existéncia de condigdes livres de microorganismos (30, 32, 89),
sugerindo que a microbiota tem uma importante influéncia no fendtipo dos
camundongos deficientes para TLR5, induzindo obesidade e resisténcia a
insulina; entretanto, em camundongos deficientes para TLR4, a microbiota nao
parece ter a mesma importancia nesses fenémenos, dado que os
camundongos ficam protegidos da resisténcia a insulina induzida por dieta,
independente de o biotério ser ou nao livre de microorganismos (30, 32).
Juntos, esses achados sugerem que a interacdo do sistema immune
inato com a microbiota intestinal pode determinar a sensibilidade a insulina de
um animal, e que os TLRs podem ter papéis diferentes nesse processo. O
primeiro estudo desta dissertacdo mostra que o TLR2 é relevante na conexao
entre metabolismo e imunidade inata, dado que sua inibicdo aguda com
oligonucleotideo antisense levou a um aumento da sensibilidade e sinalizagao
da insulina em musculo e tecido adiposo de camundongos alimentados com
dieta hiperlipidica. Em outros estudos com camundongos deficientes para
TLR2, observa-se também aumento da sensibilidade e sinalizacdo da insulina.
Porém, como na maioria deles a microbiota nao foi investigada, ndo é possivel
predizer a influéncia da mesma na protecdo ou no desenvolvimento da
resisténcia & insulina nesses camundongos. E possivel que a presenca de uma
microbiota intestinal diferente possa reverter completamente o fenétipo de um

animal, induzindo a resisténcia a insulina em um animal geneticamente
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determinado a ter maior sensibilidade a insulina, como os deficientes, também
chamados de nocaute (KO), para TLR2. Assim, o objetivo do presente estudo
foi investigar a influéncia da microbiota intestinal em parametros metabdlicos,
tolerancia a glicose, sensibilidade e sinalizacdao da insulina em camundongos

deficientes para TLR2.
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Objetivos

Inhibition of toll-like receptor 2 expression improves insulin

sensitivity and signaling in muscle and white adipose tissue of mice fed a

high-fat diet

Os objetivos do presente trabalho consistiram em:

- Investigar a expressao do receptor TLR2 em musculo e tecido adiposo
epididimal de camundongos alimentados com dieta hiperlipidica;

- Estudar o efeito da inibicdo do receptor TLR2 em camundongos

alimentados com dieta hiperlipidica através do uso de oligonucleotideo

antisense para TLR2.
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[Objetivos 2]



Objetivos

Gut Microbiota Is a Key Modulator of Insulin Resistance in TLR 2

Knockout Mice

Os objetivos do presente trabalho consistiram em:

- Caracterizar a microbiota intestinal do camundongo KO para TLR2 de
nosso biotério;

- Investigar a influéncia da composicdo da microbiota intestinal dos
camundongos KO para TLR2 nos parametros metabdlicos, tolerancia a glicose,

sensibilidade e sinalizag&o da insulina.
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Inhibition of toll-like receptor 2 expression improves insulin
sensitivity and signaling in muscle and white adipose tissue of

mice fed a high-fat diet
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Abstract

The aims of the present study were to investigate the expression
of toll-like receptor 2 (TLR 2) in muscle and white adipose tissue
(WAT) of diet-induced obesity (DIO) mice, and also the effects
of its inhibition, with the use of TLR 2 antisense oligonucleotide
(ASON), on insulin sensitivity and signaling. The expression of
TLR2 was increased in muscle and WAT of DIO mice,
compared with those that received standard chow. Inhibition of
TLR2 in DIO mice, by TLR2 ASON, improved insulin
sensitivity and signaling in muscle and WAT. In addition, data

show that the inhibition of TLR2 expression prevents the
activation of IKBKB, MAPKS, and serine phosphorylation of
IRS1 in DIO mice, suggesting that TLR 2 is a key modulator of
the crosstalk between inflammatory and metabolic pathways.
We, therefore, suggest that a selective interference with TLR2
presents an attractive opportunity for the treatment of insulin
resistance in obesity and type 2 diabetes.

Journal of Endocrinology (2008) 199, 399-406

Introduction

Obesity is associated with insulin resistance and a state of
abnormal inflammatory response (Kadowaki ef al. 2003, Bray
2004, Tsukumo et al. 2007). There is convincing evidence
that the activation of the MAPKS, IKK, and NOS2 (Perreault
& Marette 2001, Yuan ef al. 2001, Hirosumi et al. 2002, Lee
et al. 2003, Carvalho-Filho et al. 2005) pathways is related to
the reduction in insulin sensitivity, but it has only recently
been shown that these pathways may be integrated to cause
insulin resistance by the activation of membrane receptors,
such as toll-like receptors (TLRs; Aderem & Ulevitch 2000,
Shi et al. 2006, Tsukumo et al. 2007).

There are at least 11 members of the TLR family in
humans and 13 in mice (Takeda & Akira 2004). TLRs play a
crucial role in the recognition of invading pathogens and the
activation of subsequent immune responses against them.
Individual TLRs recognize distinct pathogen-associated
molecular patterns. The TLR family harbors an extracellular
leucine-rich repeat domain, as well as a cytoplasmic domain
that is homologous to that of the interleukin-1 receptor
(IL1R1). Upon stimulation, TLR recruits IL1R 1-associated
protein kinases via adaptor MYDS88, and finally induces the
activation of nuclear factor-kB and mitogen-activated protein
kinases, as well as the expression of inflammatory cytokines
(Aderem & Ulevitch 2000, Heldwein & Fenton 2002,

Journal of Endocrinology (2008) 199, 399-406
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Akira & Sato 2003). Preliminary studies have indicated that
loss-of~function mutation and knockout in TLR4 prevents
insulin resistance induced by obesity or free fatty acids,
suggesting an important role of TLR4 in the interface of
innate immune system and energetic metabolism (Shi ef al.
2006, Song et al. 2006, Kim et al. 2007, Nguyen et al. 2007,
Poggi et al. 2007, Poulain-Godefroy & Froguel 2007,
Tsukumo et al. 2007).

A recent study showed that palmitate treatment of
differentiated C2C12 myotubes resulted in a time-dependent
inhibition of insulin-activated signal transduction, through
TLR2 activation (Senn 2006). However, the role of TLR2 in
insulin resistance induced by a high-fat diet in animals has not
yet been investigated.

The aims of the present study were to investigate the
expression of TLR2 in muscle and white adipose tissue
(WAT) of diet-induced obesity (DIO) mice, and also the
effects of its inhibition, by the use of TLR2 antisense
oligonucleotide (ASON), on insulin sensitivity and signaling.

Research design and Methods

Materials

Male Swiss mice were provided by the State University of
Campinas Central Breeding Center (Campinas, Sio Paulo,

DOI: 10.1677/JOE-08-0354
Online version via http://www.endocrinology-journals.org
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Brazil). Human recombinant insulin was obtained from Eli
Lilly. Routine reagents were purchased from Sigma
Chemical, unless specified elsewhere.

Animals

All experiments were approved by the Ethics Committee at the
State University of Campinas. Six-week-old Swiss mice were
divided into two groups with similar body weights (20£2 g)
and assigned to receive standard rodent chow and water
ad libitum or a high-fat diet (DIO), consisting of 55% calories
from fat, 29% from carbohydrate, and 16% from protein. Mice
had free access to the diets for 2 months. Body weight was
measured weekly. The insulin tolerance test was performed on
these mice after 8 weeks on the diets, as described previously
(Perreault & Marette 2001, Carvalho-Filho et al. 2005). Serum
insulin was determined by RIA (Scott ef al. 1981).

TLR2 expression in gastrocnemius muscle of DIO mice

After a period of 2 months, TLR2 expression in muscle and
WAT was analyzed. Abdominal cavities of anesthetized mice
were opened and fragments of gastrocnemius muscle and WAT
were excised and immediately homogenized in solubilization
buffer at 4 °C. Later, the samples were submitted to the direct
immunoblotting process, using TLR2 antibodies (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA, USA).

TLR2 antisense (ASON) treatment of mice

After the period of 2 months, the mice that received DIO were
divided into two groups, similar to those who received standard
rodent chow: one group received an i.p. injection of 4-0 nmol
TLR2 ASON (5'-GAG CTC GTA GCA TCC TCT-3'), and
another received, by the same means, 4-0 nmol TLR2
nonsense (NSON; 5-GCT CTA TGA CTC CCA G-3"),
for 4 days up to 2 h before killing.

Insulin tolerance test (ITT)

Immediately before the first day of TLR2 ASON treatment,
mice were submitted to an I'TT, and again at 4 days after TLR2
ASON treatment. Insulin (1-5 U/kg) was administered by i.p.
injection and blood samples were collected at 0, 5, 10, 15, 20, 25,
and 30 min to determine serum glucose. The constant rate for
glucose disappearance (Kj) was calculated using the formula
0693/t 5. Glucose t;,, was calculated from the slope of the
least-squares analysis of plasma glucose concentrations during
the linear decay phase (Bonora ef al. 1989).

Insulin signaling

After the fourth day of TLR2 ASON treatment, mice were
anaesthetized by i.p. injection of sodium thiopental and were
used 10—15 min later, i.e., as soon as anesthesia was assured by
the loss of pedal and corneal reflexes. Five minutes after the

Journal of Endocrinology (2008) 199, 399-406
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insulin injection (1-5U/kg i.p.), muscle and WAT were
removed, minced coarsely, and homogenized immediately in
extraction buffer, as described elsewhere (Thirone et al. 2004).
Protein extracts obtained from the tissue were used for
immunoblotting to analyze the insulin signaling.

Immunoprecipitation and immunoblotting

Abdominal cavities of anesthetized mice were opened and
fragments of gastrocnemius muscle and WAT were excised and
immediately homogenized in solubilization buffer at 4 °C (1%
Triton X-100, 100 mmol/1 Tris-HCI (pH 7-4), 100 mmol/]
sodium pyrophosphate,
10 mmol/l1 EDTA, 10 mmol/l sodium orthovanadate,
2-:0 mmol/] phenylmethylsulphonyl fluoride, and 0-1 mg
aprotinin/ml) with a Polytron PTA 20S generator (model PT
10/35; Brinkmann Instruments, Westbury, N'Y, USA), operated
at a maximum speed of 30 s. Insoluble material was removed by
centrifugation for 40 min at 11 000 r.p.m. in a 70.Ti rotor
(Beckman, Fullerton, CA, USA) at 4 °C. The protein
concentration of the supernatants was determined by the
Bradford dye binding method (Bradford 1976). Aliquots of the
resulting supernatants containing 1-0 mg total protein were used
for immunoprecipitation with antibodies against TLR2 at 4 °C
overnight, followed by SDS-PAGE, transferred to nitrocellulose
membranes, and blotted with MYD88 antibodies.

In direct immunoblotting experiments, 150 pg protein
extracts, obtained from gastrocnemius muscle were separated
by SDS-PAGE, transferred to nitrocellulose membranes, and
blotted with anti-TLR, anti-phospho [Ser-307] IRS1, anti-
phospho [Tyr-941] IRS1, anti-NFKBIB, anti-phospho-AKT,
anti-phospho-IKKa/B, anti-phospho-MAPKS, and anti-B-
actin (Santa Cruz Biotechnology).

100 mmol/l sodium fluoride,

In both immunoprecipitation and immunoblotting experi-
ments, proteins were denaturated by boiling in Laemmli
buffer (Laemmli 1970). For immunoblotting, the sample
buffer contained 100 mM dithiothreitol (DTT), whereas for
immunoprecipitation, 50 mM DTT was used. Specific bands
were labeled with a chemioluminescence kit (Sigma) and
visualization was performed by exposure of the membranes to
X-ray films. Band intensities were quantified by digital
densitometry (UN-SCAN-IT gel 6-1; Silk Scientific Inc.,
Orem, UT, USA) of the developed autoradiographs.

Homeostasis model assessment

The degree of insulin resistance and B-cell function were
estimated by the homeostasis model assessment of insulin
resistance (HOMA-IR), as described by Matthews et al. (1985).
HOMA-IR was calculated by the formula: fasting plasma
glucose (mmol/1) X fasting plasma insulin (mU/1)/22-5.

Statistical analysis

Data are expressed as meansts.E.M., and the number of
independent experiments is indicated. For statistical analysis,

www.endocrinology-journals.org
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the groups were compared using a two-way ANOVA with the
Bonferroni test for post hoc comparisons. The level of
significance adopted was P<<0-05.

Results

Animal characteristics and effect of TLR2 ASON

The infusion of TLR2 ASON for 4 days did not change the
plasma glucose or the serum insulin levels in control animals
(fed standard rodent chow; Fig. 1A and B). As expected, plasma
glucose and serum insulin levels were higher in DIO mice, and
when these animals were treated with TLR2 ASON, there was
a decrease in serum insulin levels (Fig. 1B). The glucose
disappearance rate during the ITT was lower in DIO mice,
reinforcing the suggestion that these animals presented insulin
resistance. The administration of TLR2 NSON to controls
mice had no effect on insulin sensitivity, as measured by the
ITT. In DIO mice treated with TLR2 ASON, there was an
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Figure 1 Plasma glucose and serum insulin levels. Bars represent
mean +s.e.m. from six to eight mice. (A) Plasma glucose levels are
higher in DIO mice compared with those fed on standard chow.
However, there is no significant difference between TLR2 NSON
and TLR2 ASON treatments. (B) Serum insulin levels are increased
in DIO mice treated with TLR2 ASON mice. (C) Insulin sensitivity
obtained from an ITT. (D) HOMA-IR, calculated by the formula:
fasting plasma glucose (mmol/l) X fasting plasma insulin
(mU/1)/22-5. *P<0-05 between NSON TLR2-treated control mice
and NSON TLR2-treated DIO mice. **P<0-05 between NSON
TLR2-treated control mice and TLR2 ASON-treated DIO mice.
#P<0-05 between TLR2 ASON- and TLR2 NSON-treated DIO
mice. ITT, insulin tolerance test; HOMA-IR, homeostasis model
assessment-insulin resistance.
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increase in glucose disappearance rate, compared with those
without TLR2 ASON treatment, suggesting that inactivating
TLR2 improves insulin sensitivity in these mice (Fig. 1C). This
improvement is also suggested by the HOMA-IR, which is
increased in DIO mice and significantly decreased in those
treated with TLR2 ASON (Fig. 1D).

Effect of TLR2 ASON on TLR2 expression and downstream
signaling in gastrocnemius muscle

Administration of TLR2 ASON for 4 days reduced TLR2
expression by 50-60% in the muscle of mice fed on standard
chow. An increased expression of TLR2 was seen in the
gastrocnemius muscle of mice that received DIO, compared
with those that received standard rodent chow (Fig. 2A).
Obese animals treated with TLR2 ASON showed a marked
decrease in TLR2 expression in the muscle, indicating that
the oligonucleotide was efficient for its purpose (Fig. 2A).

In order to investigate TLR2 activation, the extracts from
gastrocnemius muscle were submitted to immunoprecipi-
tation using anti-TLR2 antibody, and then to immuno-
blotting using anti-MYDS88 antibody, since the MYD88
protein binds to TLR2 when its ligand is recognized (Tohno
et al. 2007). There was a significant decrease in TLR2/
MYDSS interaction in control mice treated with TLR2
ASON. The co-immunoprecipitation of TLR2/MYD88 was
observed to increase in the muscle of DIO mice compared
with control mice, but when those obese mice were treated
with TLR2 ASON, the co-immunoprecipitation of TLR2/
MYD88 decreased in the muscle (Fig. 2B). These data suggest
that TLR2 activation is increased in the muscle of DIO mice
and decreased in those treated with TLR2 ASON.

Downstream from TLR2 activation, activation of the
IKK/NFKBIB/NF-«kB pathway occurs. The activation of
IKK was investigated by the detection of its phosphorylation
onserine 181. Mice fed on standard chow did not demonstrate
a significant difference in IKK phosphorylation when treated
with TLR2 NSON or ASON. As expected, the muscle of
DIO mice presented an increased phosphorylation of IKK,
while the DIO mice treated with TLR2 ASON demonstrated
a decreased phosphorylation of this protein. Total IKBKB
protein expression was the same in all samples (Fig. 2C).

IKK activation was also monitored using NFKBIB protein
abundance. In mice fed on standard chow, no statistically
significant differences were seen between the treatment with
TLR2 NSON or TLR2 ASON. Our results showed a
reduction in NFKBIB protein expression in the muscle of
DIO mice, suggesting that there is an activation of IKK.
However, after TLR2 ASON treatment, there is a complete
recovery of NFKBIB expression in this tissue. Equal protein
loading in the gels was confirmed by reblotting the
membranes with an anti-B-actin antibody (Fig. 2D).

MAPKS activation was determined by monitoring its
phosphorylation (Thr183 and Tyr185). In mice fed a standard
chow, the activation of MAPKS8 was the same in both
treatments, with TLR2 NSON and with TLR2 ASON. In a

Journal of Endocrinology (2008) 199, 399-406

36

401



402

A M CARICILLI and others TLR2 and insulin resistance

manner similar to IKK, MAPKS8 phosphorylation was
increased in the muscle of mice on a DIO, but decreased in
those treated with TLR2 ASON. Total MAPKS8 protein
expression was the same in all samples (Fig. 2E).

Effect of TLR2 ASON on insulin signaling in gastrocnemius
muscle

In mice fed on standard chow, treatment with TLR2 ASON
did not change insulin-induced IRS1 tyrosine phosphory-
lation compared with TLR2 NSON-treated mice. Insulin-
induced IRS1 tyrosine phosphorylation was reduced in the
muscle of DIO mice, and treatment with TLR2 ASON
partially reversed this alteration. Total IRS1 protein
expression was the same in all samples (Fig. 3A). Insulin-
induced AKT phosphorylation was also reduced in the
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muscle of DIO mice. However, when these mice were treated
with TLR2 ASON, there was an improvement in insulin-
induced AKT phosphorylation. Total AKT protein
expression was the same in all samples. Equal protein loading
in the gels was confirmed by reblotting the membranes with
an anti-B-actin antibody (Fig. 3B).

It is known that the activation of IKK and MAPKS can
induce insulin resistance, at least in part, through phosphory-
lation of IRS1 at Ser®” (Hirosumi ef al. 2002). Mice fed a
standard chow did not show any difference in the
phosphorylation of IRS1 at Ser’”” when treated with
TLR2 ASON. In DIO mice, there was an increase in the
phosphorylation of IRS1 at Ser®” in gastrocnemius muscle,
and the treatment with TLR2 ASON partially reversed this
alteration (Fig. 3C).

Effect of TLR2 ASON on TLR2 expression and downstream
signaling in WAT

As seen in gastrocnemius muscle, administration of TLR2
ASON for 4 days reduced TLR 2 expression by 50-60% in the
WAT of mice fed on standard chow. An increased expression
of TLR2 was seen in the WAT of mice that received DIO,
compared with those that received standard rodent chow.
Obese animals treated with TLR2 ASON showed, as
expected, a decreased expression of TLR2 in WAT (Fig. 4A).

We also investigated the co-immunoprecipitation of
TLR2/MYDS88 in WAT and there was a significant decrease
in TLR2/MYDS88 interaction in control mice treated with
TLR2 ASON. In DIO mice, when the samples were
immunoprecipitated with TLR2 and blotted with MYD8S,
there was an increase in the band intensity compared with
control mice. But when these mice were treated with TLR2
ASON, the co-immunoprecipitation of TLR2/MYD88 was
decreased in WAT (Fig. 4B).

Figure 2 Effect of TLR2 ASON on TLR2 expression and downstream
signaling in gastrocnemius muscle. Total muscle lysates were
separated by western blotting and immunoblotted with the
respective antibodies described in the Methods section (n=6 mice
per group). Each bar represents the mean +s.e.m. of three
experiments. Representative blots are shown. (A) Effects of TLR2
ASON treatment on TLR2 expression in the muscle of DIO mice.
Equal protein loading in the gels was confirmed by reblotting the
membranes with an anti-B-actin antibody. (B) Co-immunoprecipi-
tation of TLR2/MYD88. (C) IKK activation detected by its
phosphorylation on serine 181. To determine the protein levels of
IKBKB, the membranes were stripped and reprobed with anti-
IKBKB. (D) IKK activation detected by an indirect method, the
expression of NFKBIB. Equal protein loading in the gels was
confirmed by reblotting the membranes with an anti-B-actin
antibody. (E) MAPK8 activation determined by monitoring its
phosphorylation (Thr183 and Tyr185). To determine the protein
levels of MAPK8, the membranes were stripped and reprobed with
anti-MAPK8. *P<0-05 between NSON TLR2-treated control mice
and NSON TLR2-treated DIO mice. **P<0-05 between NSON
TLR2 and ASON TLR2 control mice. #P<0-05 between TLR2
ASON- and TLR2 NSON-treated DIO mice.
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Mice fed a standard chow did not show a significant
difference when treated with TLR2 NSON or ASON with
regard to phosphorylation of IKK. As expected, WAT of DIO
mice presented an increased phosphorylation of IKK, while
DIO mice treated with TLR2 ASON had a decreased
phosphorylation of this protein. Total IKBKB protein
expression was the same in all samples (Fig. 4C). Related to
NFKBIB protein expression, in mice fed on standard chow;,
no statistically significant differences were seen between the
treatment with TLR2 NSON or TLR2 ASON. Our results
showed a reduction in NFKBIB protein expression in the
WAT of DIO mice, suggesting that there is an activation of
IKK. However, after TLR2 ASON treatment, there was a
complete recovery of NFKBIB expression in this tissue. Equal
protein loading in the gels was confirmed by reblotting the
membranes with an anti-B-actin antibody (Fig. 4D).

As seen in muscle, in mice fed on standard chow, the
phosphorylation of MAPKS did not change with TLR2
ASON treatment. On the other hand, MAPKS8 phosphory-
lation was increased in the WAT of DIO mice, but decreased
in those treated with TLR2 ASON. Total MAPKS protein
expression was the same in all samples (Fig. 4E).

Effect of the inhibition of TLR2 on insulin signaling in WAT

In mice fed on standard chow, treatment with TLR2 ASON did
not change insulin-induced IRS1 tyrosine phosphorylation.
Insulin-induced IR S1 tyrosine phosphorylation was reduced in
the WAT of DIO mice, and treatment with TLR2 ASON
partially reversed this alteration. Total IRS1 protein expression
was the same in all samples (Fig. 5A). Insulin-induced AKT
phosphorylation was also reduced in the WAT of DIO mice.
However, when these mice were treated with TLR2 ASON,
there was an improvement in insulin-induced AKT phosphory-
lation. Total AKT protein expression was the same in all samples.
Equal protein loading in the gels was confirmed by reblotting the
membranes with an anti-B-actin antibody (Fig. 5B).

The phosphorylation of IRS1 at Ser’”” in the WAT of mice
fed a standard chow and treated with TLR2 ASON did not
differ from that in TLR2 NSON-treated mice. As expected in

Figure 3 Effect of the inhibition of TLR2 on insulin sensitivity in
gastrocnemius muscle. Total muscle lysates were separated by
western blotting and immunoblotted with the respective antibodies
described in the Methods section (n=6 mice per group). Each bar
represents the means.e.m. of three experiments. Representative
blots are shown. (A) Insulin-induced phosphorylation of IRS1
(Tyr941). To determine the protein levels of IRS1, the membranes
were stripped and reprobed with anti-IRS1. (B) Insulin-induced
serine phosphorylation of AKT. To determine the protein levels of
AKT, the membranes were stripped and reprobed with anti-AKT.
Equal protein loading in the gels was confirmed by reblotting the
membranes with an anti-B-actin antibody. (C) Ser**” phosphory-
lation of IRS1. Equal protein loading in the gels was confirmed by
reblotting the membranes with an anti-B-actin antibody. *P<0-05
between NSON TLR2-treated control mice and NSON TLR2-
treated DIO mice. #P<0-05 between TLR2 ASON- and TLR2
NSON-treated DIO mice.
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the WAT of DIO mice, there was an increase in the
phosphorylation of IRS1 at Ser’”’, and the treatment with

TLR2 ASON partially reversed this alteration (Fig. 5C).

Discussion

The consumption of a high-fat diet is one of the major causes of
obesity and insulin resistance. However, the molecular
mechanism by which DIO leads to insulin resistance and a
state of abnormal inflammatory response are not completely
understood (Kadowaki et al. 2003, Barreiro et al. 2004, Bray
2004, Araujo et al. 2005, Prada et al. 2005, Tsukumo et al. 2007).
Our data showed an increased expression of TLR2 in the muscle
and WAT of DIO mice, and treatment with TLR2 ASON
improves the insulin resistance of these mice, suggesting that
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TLR2 is an important modulator in the crosstalk between
inflammation and metabolic pathway in DIO. However, in mice
fed on standard chow, the inhibition of TLR 2 did not cause an
improvement in insulin sensitivity. This is probably due to the
fact that TLR 2 has a role in insulin resistance in obesity, but does
not have a central role in the control of insulin sensitivity and
signaling in physiological conditions.

A recent study showed that palmitate treatment of
differentiated C2C12 myotubes results in a time-dependent
inhibition of insulin-activated signal transduction, specifically
tyrosine phosphorylation of the insulin receptor and the
phosphorylation of AKT. Palmitate also induced the
production of significant amounts of IL6 and the phos-
phorylation of p38 and MAPKS. Additionally, palmitate
induced a rapid activation of TLR2 signal transduction in a
time-dependent manner. Treatment of cells with a mono-
clonal antagonist antibody anti-TLR2 blocked the sub-
sequent induction of IL6 production and restored the
insulin-induced AKT phosphorylation (Senn 2006). There-
fore, cell culture data provide convincing evidence that fatty
acids leads to insulin resistance at least in part through TLR2.

Our data show that, in the muscle and WAT of DIO mice,
there is an increase in TLR2 expression, a modulation that
might have a role in insulin resistance in these animals. Upon
stimulation, TLR recruits IL1R 1-associated protein kinases
via adaptor protein MYD88 and finally induces the activation
of nuclear factor-kB and mitogen-activated protein kinases, as
well as the expression of inflammatory cytokines (Aderem &
Ulevitch 2000, Heldwein & Fenton 2002, Akira & Sato
2003). Our data demonstrate that, in the muscle and WAT
from DIO mice, MYDS88 associates with the TLR2,
activating downstream kinases such as IKK, weakening
insulin signal transduction, and reducing the glucose
disappearance rate. The reduced insulin sensitivity of DIO
mice, as demonstrated by reduced glucose disappearance rate,
high insulin levels, and higher HOMA-IR, was improved
when these mice were treated with TLR2 ASON.

Figure 4 Effect of TLR2 ASON on TLR2 expression and downstream
signaling in WAT. Total white adipose tissue lysates were separated
by western blotting and immunoblotted with the respective
antibodies described in the Methods section (n=6 mice per group).
Each bar represents the mean +s.e.m. of three experiments.
Representative blots are shown. (A) Effects of TLR2 ASON treatment
on TLR2 expression in the WAT of DIO mice. Equal protein loading
in the gels was confirmed by reblotting the membranes with an anti-
B-actin antibody. (B) Co-immunoprecipitation of TLR2/MYD88.
(O) IKK activation detected by its phosphorylation on serine 181.
To determine the protein levels of IKBKB, the membranes were
stripped and reprobed with anti-IKBKB. (D) IKK activation detected
by an indirect method, the expression of NFKBIB. Equal protein
loading in the gels was confirmed by reblotting the membranes with
an anti-B-actin antibody. (E) MAPK8 activation determined by
monitoring its phosphorylation (Thr183 and Tyr185). To determine
the protein levels of MAPK8, the membranes were stripped and
reprobed with anti-MAPK8. *P<0-05 between NSON TLR2-treated
control mice and NSON TLR2-treated DIO mice. **P<0-05
between NSON TLR2 and ASON TLR2 control mice. #P<0-05
between TLR2 ASON- and TLR2 NSON-treated DIO mice.
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The blunted insulin-stimulated IRS1 tyrosine (941)
IB: IRST pTyro41 phosphorylation and phosphorylation of AKT in the muscle

A . . . .
_ of DIO mice was restored in the DIO mice treated with

. TLR2 ASON, providing a biochemical correlate for

100 | I ' . increased in vivo insulin sensitivity. Serine phosphorylation

90 1 - of IRS1 has been proposed as a general mechanism of

£ 7 functional inhibition of the IRS1 protein, and Ser’”
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Ser is reported to be a phosphoacceptor of MAPKS and

IKK (Aguirre et al. 2002, Gao et al. 2002) and, as previously

IRS1 _ described (Yuan et al. 2001, Hirosumi et al. 2002), our results
also show that both kinases are activated the in tissues of DIO

B OAKT controls. It is well known that the activation of TLR 2 induces a
P

B complex signaling pathway that activates IKK and MAPKS

o — - e T (Takeda et al. 2003). Our data, demonstrating that the

. inhibition of TLR2 expression rescues the tissues from the

100 = ' activation of IKK and MAPKS and from the insulin resistance,
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S inflammatory and metabolic pathways. However, the fact that

% 0 the activation of IKK leads to the insulin resistance is not
< 50 uniformly observed (Polkinghorne et al. 2008).

407 In the past 2 years, different studies showed that TLR 4 has

22: ’_T_‘ an important role in obesity-induced insulin resistance, and

104 . that mice with a loss-of-function mutation or knockout for

0 B TLR4 are protected from diet-induced insulin resistance
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Froguel 2007, Tsukumo et al. 2007). Our data show that

" TLR2 may also have a role in the interface of subclinical
B Ack _ inflammation and insulin resistance in DIO mice.
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In summary, our data, showing that the inhibition of TLR 2
expression rescues the cells from the activation of IKK and

1B: IRS1 pSer307 MAPKS and insulin resistance in the DIO mice, indicate that
c P — - p— TLR2 is a key modulator in the crosstalk between
'—*h_;;‘
100 Figure 5 Effect of the inhibition of TLR2 on insulin sensitivity in
o P WAT. Total white adipose tissue lysates were separated by western
T 80 blotting and immunoblotted with the respective antibodies
> 70+ described in the Methods section (n=6 mice per group). Each bar
© . .
£ 60 represents the meanzs.e.m. of three experiments. Representative
< 50 blots are shown. (A) Insulin-induced phosphorylation of IRS1
40 (Tyr941). To determine the protein levels of IRS1, the membranes
30 were stripped and reprobed with anti-IRS1. (B) Insulin-induced
20 serine phosphorylation of AKT. To determine the protein levels of
10 AKT, the membranes were stripped and reprobed with anti-AKT.
0~ Equal protein loading in the gels was confirmed by reblotting the
NSON ASON  NSON  ASON membranes with an anti-B-actin antibody. (C) Ser**” phosphory-

lation of IRS1. Equal protein loading in the gels was confirmed by
reblotting the membranes with an anti-B-actin antibody. *P<0-05

Act _ between control mice and DIO mice. #P<0-05 between TLR2
B-Actin ASON- and TLR2 NSON-treated DIO mice.
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inflammatory and metabolic pathways. We, therefore, suggest
that a selective interference with TLR2 presents an attractive
opportunity for the treatment of obesity, insulin resistance,
and type 2 diabetes.
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Abstract

Environmental factors and host genetics interact to control the gut microbiota, which may have a role in the development
of obesity and insulin resistance. TLR2-deficient mice, under germ-free conditions, are protected from diet-induced insulin
resistance. It is possible that the presence of gut microbiota could reverse the phenotype of an animal, inducing insulin
resistance in an animal genetically determined to have increased insulin sensitivity, such as the TLR2 KO mice. In the present
study, we investigated the influence of gut microbiota on metabolic parameters, glucose tolerance, insulin sensitivity, and
signaling of TLR2-deficient mice. We investigated the gut microbiota (by metagenomics), the metabolic characteristics, and
insulin signaling in TLR2 knockout (KO) mice in a non-germ free facility. Results showed that the loss of TLR2 in
conventionalized mice results in a phenotype reminiscent of metabolic syndrome, characterized by differences in the gut
microbiota, with a 3-fold increase in Firmicutes and a slight increase in Bacteroidetes compared with controls. These
changes in gut microbiota were accompanied by an increase in LPS absorption, subclinical inflammation, insulin resistance,
glucose intolerance, and later, obesity. In addition, this sequence of events was reproduced in WT mice by microbiota
transplantation and was also reversed by antibiotics. At the molecular level the mechanism was unique, with activation of
TLR4 associated with ER stress and JNK activation, but no activation of the IKKB-IkB-NF«kB pathway. Our data also showed
that in TLR2 KO mice there was a reduction in regulatory T cell in visceral fat, suggesting that this modulation may also
contribute to the insulin resistance of these animals. Our results emphasize the role of microbiota in the complex network of
molecular and cellular interactions that link genotype to phenotype and have potential implications for common human
disorders involving obesity, diabetes, and even other immunological disorders.
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Introduction

The recent epidemics of obesity and type 2 diabetes mellitus
(T2DM) in the past 20 years have stimulated researchers to
investigate the mechanisms that are responsible for the develop-
ment of these diseases. The general view is that obesity and T2DM
have a genetic background and are strongly influenced by the
environment and that insulin resistance is an early alteration in
these diseases [1-5]. In addition, studies over the past 10 years
have also shown that subclinical inflammation has an important
role in the molecular mechanism of insulin resistance in obesity
and T2DM [6-10]. During the past five years, an increasing body
of literature has suggested other components of the mechanisms of
these diseases that lie between the genetic and the environment
factors, where the gut microbiota are now considered to make an
important contribution to these mechanisms [11-16]. Then, it is

@ PLoS Biology | www.plosbiology.org

now clear that environmental factors and host genetics interact to
control the gut microbiota, which may have a role in the
development of obesity and insulin resistance [17].

Metagenomic studies demonstrated that the proportion of
Firmicutes is higher in obese animals and in humans, compared
with lean controls, and this correlates with a higher number of genes
encoding enzymes that break down otherwise indigestible dietary
polysaccharides, with more fermentation end products and fewer
calories remaining in the faeces of obese individuals [18,19].
Another mechanism by which the microbiome may contribute to
metabolic disorders is by triggering systemic inflammation [20]. The
immune system coevolves with the microbiota during postnatal life,
which allows the host and microbiota to coexist in a mutually
beneficial relationship [21,22]. In particular, the innate immune
system has emerged as a key regulator of the gut microbiota. Innate
immune recognition of microbe-associated molecular patterns is
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Author Summary

An intricate interaction between genetic and environmen-
tal factors influences the development of obesity and
diabetes. Previous studies have shown that mice lacking
an important receptor of the innate immune system, Toll-
like Receptor 2 (TLR2), are protected from insulin
resistance. Given that the innate immune system has
emerged as a key regulator of the gut microbiota, we
undertook to investigate in this study whether the gut
microbiota have a role in modulating the response to
insulin. By rearing these TLR2 mutant mice in conventional
facilities (as opposed to “germ-free” conditions) we figured
that they would develop an altered gut microbiota. In
contrast to previous studies, our results show that these
TLR2 mutant mice now develop a diseased phenotype
reminiscent of metabolic syndrome, including weight gain,
and end up with gut microbiota similar to that found in
obese mice and humans. These mice could be rescued by
treatment with broad-spectrum antibiotics, which deci-
mated the microbiota. Conversely, transplantation of the
gut microbiota from these mice to wild-type mice induced
weight gain and the metabolic syndrome phenotype. Our
results indicate that the gut microbiota per se can subvert
a genetically predetermined condition previously de-
scribed as being protective towards obesity and insulin
resistance into a phenotype associated with weight gain
and its complications, such as glucose intolerance and
diabetes.

executed by families of pattern-recognition molecules with a special
role for Toll-like receptors (TLRs) [23,24]. Recent findings indicate
that TLRs, which are up-regulated in the affected tissue of most
inflammatory disorders, can mediate crosstalk between the immune
systems and whole body metabolism [23]. It has been demonstrated
that TLR4, a sensor for lipopolysaccharides on Gram-negative
bacteria, is involved in the induction of proinflammatory cytokine
expression in macrophages, adipocytes, and liver [13,25]. We and
others have demonstrated that TLR4 genetically deficient mice or
mice with an inactivating mutation for this receptor are substantially
protected from obesity-induced insulin resistance [26,27]. Similarly,
TLR2 genetically deficient mice are protected from high-fat-
induced insulin resistance [28,29]. On the other hand, TLR5-
deficient mice exhibit hyperphagia and develop hallmark features of
metabolic syndrome, including hyperlipidemia, hypertension,
insulin resistance, and increased adiposity [30], and these alterations
are the consequence of alterations in the gut microbiota. It is
important to emphasize that the studies that investigated TLR4-
and TLR5-deficient mice were performed without germ-free
conditions [26,27,30], suggesting that the microbiota have an
important influence on TLR5-deficient mice phenotype, inducing
obesity and insulin resistance; however, in the TLR4-deficient mice,
the microbiota do not have a role in these phenomena because these
animals are protected from diet-induced insulin resistance,
independently of germ-free conditions [26,27]. Taken together,
these findings suggest that the interaction of the innate immune
system with gut microbiota may determine the insulin sensitivity of
an animal and that TLRs may have different roles in this process.
Since in most studies with TLR2-deficient mice the microbiota were
not investigated, we cannot predict the influence of microbiota in
the protection or in the development of insulin resistance in these
mice. It is possible that the presence of a diverse gut microbiota
could completely reverse the phenotype of an animal, inducing
insulin resistance in an animal genetically determined to have
increased insulin sensitivity, such as the TLR2 KO mice. The aim of
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the present study was to investigate the influence of gut microbiota
in metabolic parameters, glucose tolerance, insulin sensitivity, and
signaling of TLR2-deficient mice.

Results

Animal Characteristics

TLR2 KO mice did not present any difference in weight gain,
compared with their controls up until 12 wk. However, after 12 wk,
TLR2 KO mice were heavier than their controls (p<<0.05;
Figure 1A). No significant differences were observed with regard
to food intake between the groups after either 8 or 16 wk (Figure 1B).
The food intake was also normalized for body weight and no
difference was observed between groups at 8 wk old
(WT'=0.22%0.035 g/g animal/day; TLR2 KO =0.21£0.021 g/
g animal/day). However, after 16 wk, TLR2 KO mice presented
increased epididymal fat weight (Figure 1C). After 12 wk, the
amount of adipose tissue is visually increased in TLR2 KO mice
(Figure 1D). It is interesting that TLR2 KO mice at 8 wk old had
decreased glucose tolerance compared to their controls (p<<0.05;
Figure 1E), but no difference was observed in fasting serum insulin
between the groups (Figure 1F). We next submitted these animals to
a hyperinsulinemic euglycemic clamp to investigate insulin
sensitivity; results showed that TLR2 KO mice presented a
significant decrease in the rate of glucose uptake under high insulin
stimulus (50% of control, p<<0.03; Figure 1G), indicating a clear
situation of insulin resistance.

We next analyzed the oxygen consumption from both groups
and observed that TLR2 KO mice presented decreased oxygen
consumption (Figure 1H), suggesting decreased energy expendi-
ture when compared with their controls. However, the respiratory
exchange ratio, approximately 0.85, was similar between the
groups (Figure 1I). As the oxygen consumption was decreased in
TLR2 KO mice, we evaluated a marker of thermogenesis in the
brown adipose tissue of both groups. The expression of the
thermogenesis-inducing protein, UCPI, was significantly de-
creased in TLR2 KO mice (Figure 1]J), suggesting reduced energy
expenditure in these animals, in accordance with the reduced
oxygen consumption observed.

In order to characterize the gut microbiota of TLR2 KO mice,
we pyrosequenced the 16S ribosomal RNA (rRNA) from the stools
of these animals. TLR2 KO mice presented a different gut
microbiota, compared with their controls. The major difference
concerns the proportion of Firmicutes, which was approximately
47.92% in TLR2 KO mice, while the controls presented a
proportion of 13.95%. Moreover, TLR2 KO mice presented
47.92% Bacteroidetes and 1.04% Proteobacteria, while their
controls presented approximately 42.63% and 39.53%, respec-
tively (Figure 2A,B). TLR2 KO mice presented other differences
in regards to classes and families and these results are presented in
the Supporting Information section (Figures S1 and S2).

However, it is important to notice that we have observed
different proportions of these phyla between TLR2 KO mice and
their controls in different ages of mice. From 4-wk-old to 1-y-old
mice, we observed increased proportion of Firmicutes in TLR2
KO mice compared with the controls. We have also observed a
tendency of decreasing the proportion of Bacteroidetes progres-
sively as TLR2 KO mice get older (Figures S3, S4, S5).

Molecular Mechanisms of Insulin Resistance in TLR2 KO
Mice

Next, we determined the serum concentration of IL-6 and TNF-
o in both groups of animals and observed that TLR2 KO mice
presented reduced levels of these cytokines compared with their
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Figure 1. Metabolic parameters of TLR2 knockout (TLR2 /") and WT mice during 16 wk. (A) Weight gain after 16 wk. (B) Food intake after
8 and 16 wk. (C) Epididymal fat pad weight after 8 and 16 wk. (D) WT and TLR2—/— mice after 20 wk. (E) Glucose tolerance test. (F) Serum insulin
concentration. (G) Glucose uptake obtained from euglycaemic hyperinsunaemic clamp. (H) Oxygen consumption and (I) respiratory exchange rate. (J)
UCP-1 expression in the brown adipose tissue. Equal protein loading in the gel was confirmed by reblotting the membrane with an anti-p-actin
antibody (J, lower panel). All evaluations were made with mice on standard chow. Data are presented as means = S.E.M from six to eight mice per
group from experiments that were repeated at least three times. *p<<0.05 between TLR2—/— mice and their controls.
doi:10.1371/journal.pbio.1001212.g001
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All evaluations were made with mice on standard chow.
doi:10.1371/journal.pbio.1001212.g002

controls (Figure 3A,B). We also investigated the serum concentra-
tions of leptin, adiponectin, and LPS. No significant difference was
observed between the groups with regard to leptin and adiponectin
(Figure 3C,D). On the other hand, LPS serum concentration was
increased in TLR2 KO mice (Figure 3E).

As TLR2 KO mice presented increased serum LPS levels, and
this alteration was previously described in an animal model of
obesity in which there was a reduced proportion of Bifidobacterium
[31], we investigated the proportion of this group of bacteria. We
observed that TLR2 KO mice presented a decrease in
Bifidobacterium proportion compared with WT (Figure 3F).

@ PLoS Biology | www.plosbiology.org

In order to unravel the mechanism by which the insulin
resistance occurs in the TLR2 KO mice, we studied important
pathways involved in this phenomenon: phosphorylation of JNK,
activation of ER stress, serine phosphorylation of the insulin
receptor substrate (IRS)-1, and expression of IkB-o, which is
involved in the inhibition of the IKK/NFkB pathway activation.

TLR2 KO mice presented increased phosphorylation of JNK in
muscle, liver, and adipose tissue compared with controls
(Figure 4A-C). Since the activation of ER stress leads to the
phosphorylation of JNK, the increased phosphorylation of this
protein in TLR2 KO mice could be due to this event. In fact, the
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Figure 3. Measurements of cytokines, adipokines, and LPS. Serum concentration of IL-6 (A), TNF-a (B), adiponectin (C), leptin (D), and LPS (E).
Proportion of Bifidobacterium was obtained by 16S rRNA analysis of stools (F). Data are presented as means = S.E.M from six to eight mice per group
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on standard chow.
doi:10.1371/journal.pbio.1001212.g003

phosphorylation of PERK was increased in the liver and adipose
tissue of the KO mice, suggesting increased ER stress activation at
least in these two tissues (Figure 4D-F).

Next, we studied the inhibitory serine phosphorylation of IRS-1 in
muscle, liver, and adipose tissue of TLR2 KO mice and observed that
this phosphorylation was increased, compared with the controls,
suggesting impairment of insulin signaling (Figure 4G-I). Since
increased serum concentration of LPS, a TLR4 ligand, was observed
in TLR2 KO mice, we investigated the activation of TLR4 in the
muscle, liver, and adipose tissue of these mice. An increased activation
of this receptor was observed in all tissues studied (Figure 4J-L),

@ PLoS Biology | www.plosbiology.org

suggesting that, in the absence of TLR2, a compensatory action may
lead to increased activation of TLR4, which may also contribute to the
development of insulin resistance in TLR2 KO mice.

Then, we studied the activation of IKK/NFkB pathway,
indirectly, by the expression of IkB-o.. Curiously, the expression
of IkB-o was increased in the muscle, liver, and white adipose
tissue of TLR2 KO mice, compared with controls, suggesting a
decreased activation of IKK/NFkB pathway (Figure 4M-O). In
order to confirm this result, we studied the activation of NFkB and
observed that this was decreased in all tissues studied from TLR2
KO mice (Figure 4P-R).
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Figure 4. Evaluation of pathways involved in the impairment of insulin signaling. Phosphorylation of JNK in muscle (A), liver (B), and white
adipose tissue (WAT) (C). Phosphorylation of PERK in muscle (D), liver (E), and WAT (F). Serine 307 phosphorylation of IRS-1 from muscle (G), liver (H),
and WAT (1). Activation of TLR4 (studied by the immunoprecipitation of MyD88 and blotting with TLR4) in muscle (J), liver (K), and WAT (L). JNK, PERK,
and IRS-1 protein expression in muscle, liver, and white adipose tissue (A-I, lower panels). Expression of IkB-a in muscle (M), liver (N), and WAT (O).
Equal protein loading in the gel was confirmed by reblotting the membrane with an anti-B-actin antibody (M-O, lower panels). NFkB activation in
muscle (P), liver (Q), and WAT (R). All evaluations were made with mice on standard chow. Data are presented as means * S.E.M from six to eight
mice per group from experiments that were repeated at least three times. * p<<0.05 between TLR2—/— mice and their controls.
doi:10.1371/journal.pbio.1001212.g004

PGC-1a (Figure S6G-I) were similar between controls and TLR2
KO mice in the three tissues investigated.

As an increased phosphorylation of JNK was observed in TLR2
KO mice, we prevented the activation of this protein with a

The insulin-induced tyrosine phosphorylation of the insulin
receptor (IR) (Figure S6A—C) and of the insulin receptor substrate
(IRS)-1 (Figure 5A-C), as well as the insulin-induced serine
phosphorylation of AKT, was decreased in the muscle, liver, and

adipose tissue of TLR2 KO mice (Figure 5D-F), compared with
their controls, suggesting reduced insulin signaling in these tissues.

Other proteins that are important in the modulation of insulin
action were also investigated. Our data showed that the
phosphorylation of AMPK (Figure S6D—F) and the expression of

pharmacological inhibitor, SP600125, by treating mice with daily
i.p. injections for 5 d. Subsequently, we observed an increased
glucose uptake in these animals, suggesting that the activation of
JNK is indeed relevant to the development of insulin resistance
(Figure 6A). We also observed increased insulin-induced serine
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Figure 5. TLR2 knockout (TLR2—/—) mice present decreased insulin signaling. Tyrosine 941 phosphorylation of the insulin receptor
substrate (IRS)-1 in muscle (A), liver (B), and WAT (C). Serine phosphorylation of AKT in muscle (D), liver (E), and WAT (F). IRS-1 and AKT protein
expression in muscle, liver, and white adipose tissue (A-F, lower panels). Equal protein loading in the gel was confirmed by reblotting the membrane
with an anti-B-actin antibody (lower panels). All evaluations were made with mice on standard chow. Data are presented as means = S.E.M from six
to eight mice per group from experiments that were repeated at least three times. *p<<0.05 between WT with and without insulin stimulus; ** p<<0.05
between TLR2—/— mice and their controls with insulin stimulus.

doi:10.1371/journal.pbio.1001212.g005
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Figure 6. Insulin sensitivity and signaling after treatment with selective inhibitors. Glucose uptake obtained by the euglycaemic
hyperinsulinaemic clamp from TLR2—/— mice treated or not with the drugs: SP600125 (SP), JNK inhibitor; 4-phenil butyric acid (PBA), endoplasmic
reticulum stress inhibitor; TLR4 antisense oligonucleotide (ASO); (A) TAK-242, inhibitor of TLR4. (B) Serine phosphorylation of AKT after the treatment
with SP600125 and PBA. (C) Serine phosphorylation of AKT after the treatment with TLR4 ASO and TAK-242. (D) Phosphorylation of JNK after the
treatment with the drugs mentioned. Fasted TLR2 knockout mice and WT mice were gavaged by LPS (1.08, 1078 g) diluted in water (100 pL) or without
LPS. (E) Blood was collected from the cava vein 60 min after gavage and serum LPS was determined. (F) Zonula occludens (ZO)-1 expression in the ileum.
(G) Frequency of CD4+Foxp3+ regulatory T cells in WT mice. (H) Frequency of CD4+Foxp3+ regulatory T cells in TLR2—/— mice. All evaluations were
made with mice on standard chow. Data are presented as means * S.E.M from six to eight mice per group from experiments that were repeated at least
three times. * p<<0.05 between WT mice with or without insulin stimulus; ** p<<0.05 between WT and TLR2—/— mice with insulin stimulus ; $ p<0.05
between TLR2—/— mice with insulin stimulus, treated or not with SP; # p<<0.05 between TLR2—/— mice with insulin stimulus, treated or not with PBA; §
p<<0.05 between TLR2—/— mice with insulin stimulus, treated or not with ASO; & p<<0.05 between TLR2—/— mice with insulin stimulus, treated or not
with TAK-242; * p<0.05 between WT mice with or without LPS stimulus; ° p<<0.05 between WT and TLR2—/— mice with LPS stimulus.

doi:10.1371/journal.pbio.1001212.g006

phosphorylation of AKT in the liver (Figure 6B), muscle, and
white adipose tissue (unpublished data) of TLR2 KO mice after
this treatment, suggesting increased insulin signaling, as well,
associated with a reduction in JNK phosphorylation in the liver of
TLR2 KO mice (Figure 6D).

An increased activation of ER stress leads to the activation of
JNK [32,33]. Therefore, we studied whether preventing the
activation of this phenomenon could improve the insulin sensitivity
and signaling. For this purpose, we treated mice with a
pharmacological inhibitor of ER stress, 4-phenyl butyric acid
(PBA), using ip. daily injections for 10 d. This treatment was
found to lead to an increased glucose uptake in TLR2 KO mice
(Figure 6A) and increased insulin-induced serine phosphorylation
of AKT in the liver (Figure 6B), muscle, and white adipose tissue
(unpublished data), suggesting an improvement in the insulin
signaling as well. After this treatment, we also investigated the
phosphorylation of JNK and observed a reduction in the liver
(Figure 6D) of TLR2 KO mice. Results suggest that both the
activation of ER stress and the activation of JNK are important
contributors to the development of the phenotype observed in
TLR2 KO mice.

Since TLR4 was more activated in the tissues of TLR2 KO
mice, possibly constituting one of the mechanisms responsible for
the development of insulin resistance, we inhibited its expression
using a TLR4 antisense oligonucleotide (ASO; with two daily 1.p.
injections) for 5 d. After TLR4 ASO treatment, TLR2 KO mice
were found to present a significantly increased glucose uptake
during the euglycemic hyperinsulinemic clamp compared with
their controls (Figure 6A). The insulin signaling was also increased,
with increased insulin-induced serine phosphorylation of AKT in
the liver (Figure 6C), muscle, and white adipose tissue (unpub-
lished data) of TLR2 KO mice. After this treatment, decreased
phosphorylation of JNK was observed in the liver (Figure 6D) of
TLR2 KO mice.

Using another method to inhibit TLR4 signaling, a pharma-
cological inhibitor of TLR4, TAK-242, was administered daily by
gavage during 5 d and confirmed the results seen with the TLR4
ASO treatment. The insulin sensitivity was increased in TLR2
KO-treated animals (Figure 6A), and the insulin-induced serine
phosphorylation of AK'T was also increased in the liver (Figure 6C)
of these animals, suggesting an improvement in insulin signaling.
The phosphorylation of JNK was decreased in the liver (Figure 6D)
of TLR2 KO treated mice.

As the serum LPS levels were increased in TLR2 KO mice, and
the changes in microbiota may not account for this increase, we
tested whether the LPS absorption was also increased in these
animals. For this purpose, we administered LPS orally to TLR2
KO mice and wild type mice and determined the circulating LPS
levels 1 h later. We observed that all animals presented increased
serum LPS concentration after the LPS administration. However,
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TLR2 KO mice presented a higher increase in serum LPS
concentration after the treatment, compared with the wild type
mice (Figure 6E). As this result suggested that TLR2 KO mice
presented increased gut permeability, we investigated the expres-
sion of an important tight-junction protein of the ileum of these
mice, zonula occludens (ZO)-1, and observed that it was indeed
decreased, compared with the control mice (Figure 6F). Reduction
of ZO-1 expression in TLR2 KO mice was also observed in other
parts of the small intestine and in the colon (unpublished data).

Previous data showed that TLR2 KO mice have a decreased
number of regulatory T cells in the circulation compared with
control mice [34]. This can have a role in the modulation of
intestinal barrier and also in insulin resistance. We next
investigated the frequency of Foxp3+ CD4+ T regulatory cells in
mesenteric adipose tissue. We observed that the frequency of these
cells was decreased in TLR2 KO mice (Figure 6H), compared
with the wild type mice (Figure 6G).

Treatment of TLR2 KO Mice with Antibiotics Changes the
Composition of Their Gut Microbiota and Improves
Insulin Sensitivity

As the gut microbiota from TLR2 KO mice was shown to differ
from that of controls, we treated both groups with a mixture of
antibiotics (ampicillin, neomycin, and metronidazole) in their
drinking water for 20 d. Moreover, we characterized the gut
microbiota of TLR2 KO mice using culture-based microbial
analysis of cecal contents after the antibiotics treatment and the
results showed that aerobic bacteria were almost suppressed, while
anaerobic bacteria decreased its abundance to 40% compared to
the control group (Figure S7A).

After the treatment with the mixture of antibiotics, we also
observed changes in the relative abundance of three phyla of
bacteria. The abundance of Bacteroidetes was reduced from
47.92% to 19.78% and Firmicutes abundance decreased from
47.92% to 11.76% in the TLR2 KO mice, while Proteobacteria
abundance increased from 1.04% to 67.38% in these mice (Figure
S7B,C). TLR2 KO treated mice presented other differences in
regards to classes and families and these results are presented in
the Supporting Information section (Figures S8 and S9). When
TLR2 KO mice were treated with metronidazole, neomycin, and
ampicillin individually, and not as an antibiotics mixture, we
observed that ampicillin was the most effective one to exterminate
more bacteria diversity. When treated with metronidazole, TLR2
KO mice presented 46.51% of Proteobacteria, 10.69% of
Firmicutes, and 42.32% of Bacteroidetes. When treated with
neomycin, TLR2 KO mice presented 44.18% of Firmicutes and
55.81% of Bacteroidetes. When treated with ampicillin, almost
100% of the sequenced bacteria left corresponded to Proteobac-
teria (Figure SI0A-C). Since the treatment with ampicillin or
metronidazole normalized glucose tolerance in TLR2 KO mice,

December 2011 | Volume 9 | Issue 12 | €1001212



A B
8 weeks-old @ 8 weeks-old
= 0.015 ] 0.015
ax b=
5D =5
= £ 0.010, 2'S 0.010,
E> 25
2o w3
T 5 0.005, = 8 0.005
85 gz
Q =
2= 0.000 ° 4 & $'g 0.000 o
§ PP A P R A
A RS & g
D E
8 weeks-old 8 weeks-old
500
S 400 . %..,40_ -
a S E
E £ 300- §E307
w E oD *
S 5200 - & 5,201
o ﬁ SE
= E 100 & =104
g
-; 0
(@] x ¥ » 3
&S s & R o g
& e &R
G IB: pAKT
£ 100- #
g 80 _ ek
2 60 -
©
% 40 -
z 20 -
0 =
Insulin - + Z + +
WT WT TLR2" TLR2"
AB AB
AKT — —m— — — — o e ——
B-actin - — — —_—
8 weeks-old
| IB: ZO-1
2100] 1
‘E 80
=
> 60
£ 40
£ 20| i
< 9
X X
S & o
& R
B-actin
8 weeks-old

TLR2, Gut Microbiota, and Insulin Resistance

c - WT o TLR2"
+WT +AB +=TLR2"+ AB
400 8 weeks-old
300
| *
gZDO
100
0| , . .
0 50 100 150
Time (min)
F
IB: UCP1
w 100+ =
= 80 4
> 60
£ 40
£ 20 *
k= ]
0 |
¥ 2
Qé 3?9 & x"v.
& g
,\\/
Bractin e e———
8 weeks-old
H IB: pJNK
@ 100+ =
‘E 80
=3
> 60
L a0
£ 20
< - N ** ok
0 B T
WT WT TLR2" TLR2"
AB AB
JNK ———
practin | ——
8 weeks-old

Figure 7. Alterations in the metabolic parameters and in insulin signaling and sensitivity after treatment with antibiotics. (A)
Epididymal fat pad weight. (B) Visceral adipose tissue weight. (C) Glucose tolerance test. (D) Oxygen consumption. (E) Glucose uptake obtained by the
euglycaemic hyperinsulinaemic clamp. (F) UCP-1 expression in the brown adipose tissue. (G) Serine phosphorylation of AKT after the treatment with
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AB. (H) Phosphorylation of JNK after the treatment with AB. (I) Zonula occludens (ZO)-1 expression in the ileum. Equal protein loading in the gel was
confirmed by reblotting the membrane with an anti-f-actin antibody (lower panels). Data are presented as means = S.E.M from six to eight mice per
group, from experiments that were repeated at least three times. All evaluations were made with mice on standard chow. # p<0.05 between WT
mice with or without insulin stimulus; * p<<0.05 between WT and TLR2—/— mice with insulin stimulus; ** p<<0.05 between TLR2—/— and TLR2—/—

treated with AB, with insulin stimulus.
doi:10.1371/journal.pbio.1001212.g007

and neomycin only mildly improved glucose tolerance in these
mice (unpublished data), we can speculate that the changes in
microbiota induced by ampicillin or metronidazole are more
relevant than the changes induced by neomycin, although no
specific genera of bacteria can be implicated in this response.
However, in accordance with previous data on obese mice, the
decrease in the proportion of the phylum Firmicutes, as observed
in the groups that received ampicillin or metronidazole, correlates
with the improvement in glucose tolerance.

TLR2 KO mice presented decreased epididymal fat pad and
visceral adipose tissue weight after the treatment with antibiotics
compared with non-treated TLR2 KO, while no difference was
observed in the treated and non-treated control animals
(Figure 7A,B). TLR2 KO mice also presented increased glucose
tolerance (Figure 7C) and increased oxygen consumption
(Figure 7D) after the treatment compared with non-treated
TLR2 KO mice, but no significant difference was observed
between treated and non-treated control mice. With regard to
insulin sensitivity and signaling, we observed an improvement in
insulin-induced glucose uptake, using the euglycemic hyperinsu-
linemic clamp, in TLR2 KO mice after antibiotics treatment
(Figure 7E), with no difference in the treated and non-treated
control mice. After the treatment, we also observed an increase in
the UCP-1 expression in the brown adipose tissue of TLR2 KO
mice, supporting the increased oxygen consumption observed in
this condition (Figure 7F). We also observed an increased insulin-
induced serine phosphorylation of AK'T in the liver (Figure 7G),
muscle, and white adipose tissue (unpublished data) of TLR2 KO
mice after the treatment. Moreover, there was a decreased
phosphorylation of JNK in the liver (Figure 7H), muscle, and white
adipose tissue (unpublished data) of the knockout mice after the
treatment. The antibiotics treatment also led to an increased
expression of ZO-1 in TLR2 KO mice, with no difference in the
treated and non-treated control mice (Figure 7I). These data
suggest that, in TLR2 KO mice, the reduction in their gut
microbiota associated with qualitative changes in composition,
induced by antibiotics, was able to reverse the insulin resistance of
these animals.

Effect of Microbiota Transplantation from TLR2 KO Mice

to Control Mice on Weight Gain and Insulin Sensitivity
In order to investigate whether the gut microbiota was
responsible for triggering all the alterations seen in TLR2 KO
mice, we transplanted the cecal microbiota from TKR2 KO mice
and from WT mice in 4-wk-old-Bacillus-associated W'T mice,
which contain few species of the genus Bacillus, without any other
genera, as obtained by 16S rRNA pyrosequencing, in the
following proportion: Bacillus simplex (0.68%), Bacillus sp (1.1%),
Bacillus sp Kaza-34 (6.28%), and uncultured Bacillus (91.96%).
There was a non-significant increase in the epididymal adipose
tissue fat pad weight, in the total body weight gain, in the fasting
blood glucose, and in the oxygen consumption in Bacillus-
associated ~ mice  transplanted  with ~ WT  microbiota
(Figure 8A,C,D,G). However, in Bacillus-associated mice trans-
planted with TLR2 KO microbiota, we observed a marked
increase in the epididymal fat pad and visceral adipose tissue
weight (Figure 8A,B); in the body weight gain (Figure 8C), with a
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trend towards increased fasting blood glucose (Figure 8D), as well
as a decrease in the glucose tolerance (Figure 8E,I); in the oxygen
consumption (Figure 8G); and in the insulin sensitivity, obtained
by euglycemic hyperinsulinemic clamp, compared with those
transplanted with WT' microbiota (Figure 8H) 8 wk after the
transplantation (p<<0.05). Bacillus-associated mice transplanted
with WT microbiota also presented decreased insulin sensitivity
compared with the non-transplanted mice (p<<0.03). Bacillus-
associated WT mice transplanted with TLR2 KO or with WT
microbiota also showed decreased expression of UCP-1 in the
brown adipose tissue compared with the non-transplanted mice.
Bacillus-associated mice transplanted with TLR2 KO microbiota
showed marked decrease in UCP-1 expression compared with
those transplanted with W'T microbiota (Figure 8I). Moreover,
these animals had decreased insulin signaling, as seen by the
reduction in serine phosphorylation of AK'T in liver, compared to
mice transplanted with WT microbiota (Figure 8]). In the mice
transplanted with TLR2 KO microbiota, there was increased
phosphorylation of JNK in liver (Figure 8K), muscle, and white
adipose tissue (unpublished data) compared with the mice
transplanted with WT microbiota. The experiments described
above had also been performed in few germ-free mice, but with
very similar results (unpublished data).

Eight weeks after the transplantation, the expression of ZO-1
was evaluated in the 12-wk-old mice. We observed that it was
decreased in mice transplanted with TLR2 KO microbiota
compared to those transplanted with WT microbiota (Figure 8L).
The same data were observed in other parts of the small intestine
and in the colon (unpublished data).

We also investigated the frequency of CD4+Foxp3+ regulatory
T cells in these animals and observed that they were decreased in
mesenteric adipose tissue in mice transplanted with TLR2 KO
microbiota (Figure 80) compared with the mice transplanted with
WT microbiota (Figure 8N) and non-transplanted Bacillus-
associated mice (Figure 8M).

In summary, as expected, the transplantation of a wild-type
microbiota in Bacillus-associated mice resulted in a moderate
increase in adipose visceral fat and in a mild decrease in glucose
tolerance. However, the effect of the transplantation of TLR2 KO
microbiota in Bacillus-associated mice induced marked changes,
and clearly indicates deleterious effects of this TLR2 KO
microbiota on body weight and glucose metabolism.

Effect of High-Fat Diet (HFD) on Weight Gain and Insulin
Sensitivity in TLR2 KO Mice

Next, we investigated the effect of high-fat diet (HFD) on
metabolic parameters of TLR2 KO mice. The results showed that
at 8 wk old TLR2 KO mice on a HFD presented increased body
weight (Figure 9A), similar food intake (WT'=7.3 g per day,
TLR2 KO =6.1 g per day; WI'=0.25%0.055 g/g animal/day;
TLR2 KO =0.19%0.046 g/g animal/day) (Figure 9B), increased
epididymal fat weight (Figure 9C), reduced glucose tolerance
(Figure 9D), increased fasting serum insulin (Figure 9E), and
reduced glucose uptake (Figure 9F) compared to the controls. The
oxygen consumption of both groups was compared and TLR2
KO mice were seen to present decreased oxygen consumption
(Figure 9G), suggesting decreased energy expenditure compared to
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Figure 8. WT mice reproduce TLR2 knockout (TLR2—/—) mice after cecal microbiota transplantation. (A) Epididymal fat pad weight. (B)
Visceral adipose tissue weight. (C) Weight gain of transplanted mice. (D) Serum glucose. (E) Glucose tolerance test. (F) Incremental area under curva
(IAUC) obtained from the glucose tolerance test. (G) Oxygen consumption. (H) Glucose uptake obtained by the euglycaemic hyperinsulinaemic
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clamp. (I) UCP-1 expression in the brown adipose tissue. (J) Serine phosphorylation of AKT after the treatment with AB. (K) Phosphorylation of JNK
after the treatment with AB. AKT and JNK protein expression in the liver of transplanted mice (J, K, lower panels). (L) Zonula occludens (ZO)-1
expression in the ileum. (M) Frequency of CD4+Foxp3+ regulatory T cells in Bacillus-associated mice. (N) Frequency of CD4+Foxp3+ regulatory T cells
in Bacillus-associated mice transplanted with WT microbiota. (O) Frequency of CD4+Foxp3+ regulatory T cells in Bacillus-associated mice transplanted
with TLR2—/— microbiota. Equal protein loading in the gel was confirmed by reblotting the membrane with an anti-B-actin antibody (lower panels).
Data are presented as means = S.E.M from six to eight mice per group from experiments that were repeated at least three times. All evaluations were
made with mice on standard chow. * p<<0.05 between Bacillus-associated mice transplanted with TLR2—/— microbiota (MA+TLR2—/—) and those
transplanted with WT microbiota (MA+WT); ** p<<0.05 between Bacillus-associated mice transplanted with WT microbiota (MA+WT) and Bacillus-
associated mice (MA); # p<0.05 between Bacillus-associated mice with or without insulin stimulus.

doi:10.1371/journal.pbio.1001212.g008

the controls. However, the respiratory exchange ratio was similar
in both groups, being around 0.75 (Figure 9H). In accordance with
the reduced oxygen consumption observed, the expression of
UCP1 was significantly decreased in TLR2 KO mice (Figure 9I).
Similarly, insulin signaling was reduced in TLR2 KO mice fed on
the HFD. The insulin-induced serine phosphorylation of AK'T was
reduced in the muscle, liver, and white adipose tissue of TLR2 KO
mice, compared with controls (Figure 10A-C). Moreover, the
phosphorylation of JNK was increased in all tissues studied of the
TLR2 KO mice (Figure 10D-F), while the expression of IxB-o
was increased (Figure 10G-I), suggesting that the IKK/NFkB
pathway is decreased in TLR2 KO mice on a HFD, as observed
for mice on a standard chow. These results suggest that the
metabolic phenotype of the TLR2 KO mice characterized by
insulin resistance is aggravated by HFD, which leads to the
development of diabetes, as demonstrated by fasting blood glucose
and glucose tolerance tests.

Discussion

It is now considered that environmental factors and host
genetics interact to control the acquisition and stability of gut
microbiota. In turn, environment, host genetics, and microbiota
interact to maintain the homeostasis of gut, weight control, and
insulin sensitivity [17]. Clearly, the modification of one or more of
these three components may trigger the development of insulin
resistance and obesity. The results of the present study
demonstrated that TLR2 KO mice in conventionalized conditions
in our breeding center have insulin resistance and glucose
intolerance associated with alterations in the composition of the
gut microbiota, which displayed an increase in the relative
abundance of Firmicutes and Bacteroidetes and decreased relative
abundance of Proteobacteria, compared to their controls. The
insulin resistance of TLR2 KO mice was accompanied by a down-
modulation of insulin-induced insulin signaling in the liver,
muscle, and adipose tissue, associated with an increase in
endoplasmic reticulum stress. These metabolic alterations were
characterized in 8-wk-old TLR2 KO mice, when they had similar
body weights to the control animals. As demonstrated in other
animal models [35,36], this insulin resistance precedes the
development of obesity, and an augmentation in body weight
compared to controls is observed after the 12th wk of age.

However, previous studies [28,37] have reported that TLR2
KO mice present decreased body weight and adiposity, are
protected against insulin resistance, and gain less weight on a HFD
than control mice and are also protected against related
comorbidities [38,39]. We believe that the main difference
between these studies and our study may be related to gut
microbiota. It should be taken into consideration that although the
animals have the same genetic deficiency they were bred in
different rooms and fed with food from different sources, which
can certainly have a role in the establishment and maintenance of
gut microbiota. Although in most of the previous studies the gut
microbiota was not investigated, we can suggest that TLR2

@ PLoS Biology | www.plosbiology.org

deficiency associated with different environmental conditions can
induce different phenotypes, probably induced by different
microbiotas. Kellermayer et al. have shown that the proportion
of Firmicutes found in TLR2 KO mice was lower than in WT,
while the proportion of Bacteroidetes was increased [40]. In our
study, we show that TLR2 KO mice present the opposite, with
increased proportion of Firmicutes and decreased proportion of
Bacteroidetes, compared with the WT. This way, it is possible that
in the other published studies the proportions of this phyla might
be different, compared with the proportions we have found, which
might influence differently the phenotype observed. These results
reinforce the importance of environment and of the innate
immune system as key regulators of gut microbiota and suggest
that a genetic condition, which by itself can prevent insulin
resistance in some conditions, can also overcome the protective
effect on insulin resistance in other environmental conditions
inducing more weight gain, probably due to differences in the
microbiota. In addition, these findings may help explain
differences in the metabolic behavior of the same animal, when
analyzed in distinct environments, and can contribute to
explaining differences in metabolic behavior between animals
with the same background or with the same genetic alteration.
The mechanisms by which the TLR2 KO mice presented
mnsulin resistance and, later, obesity were also investigated. The gut
microbiota of the TLR2 KO animal have some similarities to
those found in obese animals and humans, with an increase in
Firmicutes [41,42]. This type of microbiota is usually associated
with an increased capacity for energy harvesting from the diet
[19]. This might contribute to explaining the obesity observed, but
does not explain why these animals are clearly insulin resistant
many weeks before they start to gain more weight than their
controls. In addition, it was demonstrated that germ-free (that gain
less weight on HFD) and conventionalized mice have similar
energy contents in their feces, suggesting that other mechanisms
may have an important role in gut microbiota-induced insulin
resistance and obesity [43]. Additionally some studies suggest that
the gut microbiota can contribute to obesity by inducing a
reduction in fat oxidation and an increase in fat storage [43],
associated with a relative reduction in the expression of PGC1
alpha and in AMPK phosphorylation. This mechanism is less
probable in our animal model, because the RQ) of TLR2 KO mice
was identical to that of control mice, showing that they were
oxidizing fat in the same proportion of controls, and also the tissue
levels of PGClalpha and also the phosphorylation of AMPK were
similar in liver and muscle of controls and TLR2 KO mice.
Another possible mechanism that could induce insulin resis-
tance in obesity is the increased level of LPS, which is observed in
HFD mice [11,44]. Notably, although TLR2 KO mice were fed
on standard rodent chow, they presented higher circulating levels
of LPS. Since the microbiota of these mice had a predominance of
Firmicutes, which are gram-positive, and do not have LPS in the
outer membrane, the increase of LPS circulating levels is certainly
not the consequence of a microbiota that produces more LPS.
However, the microbiota observed in obesity and also in TLR2
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Figure 9. Metabolic parameters of TLR2 KO (TLR2—/—) mice fed a high-fat diet. (A) Weight gain after 10 wk of high-fat diet (HFD). (B) Food
intake. (C) Epididymal fat pad weight. (D) Glucose tolerance test. (E) Serum insulin concentration. (F) Glucose uptake obtained from the euglycaemic
hyperinsulinaemic clamp. (G) Oxygen consumption and (H) respiratory exchange rate. (I) UCP-1 expression in the brown adipose tissue. Data are
presented as means = S.E.M from six to eight mice per group from experiments that were repeated at least three times. All evaluations were made
with mice on standard chow. * p<<0.05 between TLR2—/— mice and their controls.

doi:10.1371/journal.pbio.1001212.g009
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Figure 10. Insulin signaling is impaired in TLR2 knockout (TLR2—/—) mice fed on a high-fat diet. Phosphorylation of AKT in muscle (A),
liver (B), and white adipose tissue (WAT) (C). AKT protein expression in muscle, liver, and WAT (A-C, lower panels). Phosphorylation of JNK in muscle
(D), liver (E), and WAT (F). JNK protein expression in muscle, liver, and WAT (D-F, lower panels). IxB-o. expression in muscle (G), liver (H), and WAT (I).
Equal protein loading in the gel was confirmed by reblotting the membrane with an anti-B-actin antibody (lower panels). All evaluations were made
with mice on standard chow. Data are presented as means * S.E.M from six to eight mice per group from experiments that were repeated at least
three times. * p<<0.05 between TLR2—/— mice and their controls, with insulin stimulus; ** p<<0.05 between WT with and without insulin stimulus.

doi:10.1371/journal.pbio.1001212.g010

KO mice may increase gut permeability and LPS absorption [45—
47]. Importantly, as observed in obese animals, which present a
significant reduction in Bifidobacteria [48,49], in the microbiota of
lean TLR2 KO mice this genera was reduced compared with the
controls. In this regard, the supplementation of Bifidobacteria has
been linked to an improvement in the gut barrier function and to
reduced levels of LPS [31,50,51]. In order to prove that the
increased circulating LPS levels of TLR2 KO mice were related to
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gut permeability, we administered LPS orally to these mice and
observed that, in addition to higher basal LPS levels, these animals
also showed a higher peak of LPS 1 h after oral gavage of this
lipopolysaccharide.

Previous data showed that TLR2 regulates tight junction (T]J)-
associated intestinal epithelial barrier integrity and that TLR2
deficiency predisposes to alterations of TJ-modulated barrier
function leading to perpetuation of mucosal inflammation [52,53].
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In this regard, our data also demonstrated that, in TLR2 KO
mice, there is a reduction in ZO-1 in the small intestine and in the
colon, reinforcing that there are alterations in epithelial integrity
and gut permeability in these mice. Taken together, these results
suggest that the interactions between the predisposition of TLR2
KO mice to alterations in barrier function and the microbiota may
have an important role in the increased circulating LPS levels
observed in these mice.

In accordance with alterations in gut permeability, Kellermayer
et al. recently investigated the epigenomic and metagenomic
consequences of 7/r2 deficiency in the colonic mucosa of mice in
order to understand the biological pathways that shape the
interface between the gut microbiota and the mammalian host.
The results showed epigenomic and transcriptomic modifications
associated with alterations in mucosal microbial composition and
the abundance of many bacterial species were found to differ
between WT and TLR2 KO animals. The expression of genes
involved in the immune system was modified in the colonic
mucosa of TLR2 KO mice, which correlated with DNA
methylation changes. This pioneer study demonstrates that
significant microbiota shifts associate with epithelial epigenetic
changes influenced by the host genome [54].

In order to confirm that gut microbiota was inducing insulin
resistance in TLR2 KO mice, we treated these mice with
antibiotics for 15 d and showed that this treatment dramatically
reduced the gut microbiota and also changed its composition. In
parallel, there was an improvement in insulin action, characterized
by an increased glucose infusion rate during the glucose clamp,
and also an improvement in insulin signaling in the liver, muscle,
and adipose tissue. In the TLR2 KO mice treated with antibiotics,
we also observed a marked reduction in LPS levels. When we
performed gut microbiota transplantation of TLR2 KO mice to
Bacillus-associated WT mice, which are colonized only by the
genus Bacillus and are capable of receiving a different microbiota
from other mice, the complex composition of the transferred
organism was preserved. The transplanted TLR2 KO mice
microbiota conferred more weight gain, glucose intolerance, and
reduced insulin sensitivity and signaling, associated with increased
LPS circulating levels. These data reinforce the hypothesis that the
TLR2 KO mice microbiota are able to induce changes in the gut
permeability, in turn increasing serum LPS levels, associated with
insulin resistance.

The increase in LPS may induce insulin resistance by
counteracting insulin signaling, as previously demonstrated
[11,55,56]. However, the insulin resistance observed in TLR2
KO mice has unique characteristics. There was activation of
TLR4 in the liver, muscle, and adipose tissue, associated with ER
stress and JNK activation, but no activation of the IKKB-IkB-
NIkB pathway. It was previously described that there is
cooperation between TLR4 and TLR2 signaling. This coopera-
tion is evident when LPS is injected in TLR2 KO mice. After the
first bolus of LPS, TLR2 KO mice show a robust signal for genes
encoding innate immune proteins in the brain. However, the
second LPS infusion failed to trigger TNFalpha in TLR2 KO
mice. These results indicate that TLR2 is involved in the second
wave of TNFalpha expression after LPS and that there is an
elegant cooperation between TLR2 and TLR4 [57]. Our results
extended these data by showing that the chronic elevation in LPS
levels in TLR2 KO mice was not able to increase IKK/IkB/NF-
kB pathway and TNFalpha and IL-6 production, but induced an
increase in JNK activation in liver, muscle, and adipose tissue of
these mice. These data suggest that chronic activation of TLR4 by
low doses of LPS is sufficient to increase JNK activation, but the
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activation of IKK/IkB/NF-kB pathway may also depend on the
cooperation between TLR2 and TLR4.

The absence of activation of the NFxB pathway and the
reduced levels of TNFa and IL-6 make the insulin resistance of
TLR2 KO mice different from that observed in DIO mice or in
ob/ob mice. We can, thus, suggest that the increase in LPS
circulating levels caused activation of TLR4, induced ER stress
and JNK activation accompanied by increased IRS-1 serine 307
phosphorylation in the liver, muscle, and adipose tissue, leading to
a reduction in insulin sensitivity and signaling and conferring the
phenotype observed in the TLR2 KO mice. Phosphorylation of
IRS-1 on serine residues interferes with the subsequent insulin-
stimulated tyrosine phosphorylation of IRS-1 by IR [58] and IRS-
1 can also mediate inhibition of the insulin receptor tyrosine kinase
activity [55], and also with downstream signaling as Akt
phosphorylation. This insulin signaling pathway is crucial for the
metabolic effects of insulin on glucose metabolism [59]. The
pharmacological or genetic blockage of TLR4, of ER stress, or of
JNK improved action and signaling of insulin in TLR2 KO mice,
confirming that this sequence of events has an important role in
the insulin resistance of these animals.

Regulatory T cells, a small subset of T lymphocytes, are thought
to be one of the body’s most important defenses against
inappropriate immune responses [60,61] and can influence the
activities of cells of the innate immune system [62-64]. Previous
data showed that regulatory T cells were highly enriched in the
abdominal fat of control mice and reduced at this site in animal
models of obesity. This reduction in obesity of regulatory T cells
influenced the inflammatory state of adipose tissue and certainly
contributes to insulin resistance. Our data showing that in TLR2
KO mice there is a reduction in regulatory T cell in visceral
adipose tissue may suggest that this modulation may also
contribute to the insulin resistance observed in these animals.

The development of obesity and insulin resistance in humans is
thought to be promoted by a HFD. Feeding TLR2 KO mice with
a HFD for 8 wk caused a marked increase in body weight and in
fasting plasma glucose, with levels of over 400 mg/dl at 2 h during
the glucose tolerance test, demonstrating that these animals
developed not only a more severe form of insulin resistance but
also diabetes. The alterations in insulin signaling in tissues also
showed a marked down-regulation, in parallel with a higher
activation of JNK compared to their controls on HFD.
Interestingly, the absence of activation of the IKKB-IxB-NFxB
pathway, described in TLR2 KO mice on standard rodent chow,
was also observed when these mice were on HFD. These results
demonstrate that the insulin resistance, and later the increase in
body weight observed in TLR2 KO mice, is exacerbated by HFD.

A recent report demonstrated that genetically deficient TLRS
mice exhibit hyperphagia, hyperlipidemia, insulin resistance, and
increased adiposity [30]. These metabolic alterations correlated
with changes in the composition of the gut microbiota. Our model,
although showing similar features, presented different aspects that
may suggest that different mechanisms may be operating in TLR5
or TLR2 KO mice. First, TLR2 KO mice did not present
hyperphagia, and the difference in body weight starts only when
these animals are 16 wk old. In the TLR5 KO mice, the insulin
resistance is not dependent on TLR4, but in TLR2 KO mice there
is an increase in circulating LPS and activation of TLR4. It is
possible that these differences not only represent differences in
genetic defects but also differences in gut microbiota between these
mice.

In conclusion, we may suggest that the loss of TLR2 in
conventionalized mice results in a reminiscent phenotype of
metabolic syndrome, characterized by a clear difference in the gut
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microbiota, which induces insulin resistance, subclinical inflam-
mation associated with ER stress, glucose intolerance, and later
obesity, which is reproduced in WT by microbiota transplantation
and can be reversed using antibiotics. Our results emphasize the
role of microbiota in the complex network of molecular and
cellular interactions that bridge genotype to phenotype and have
potential implications for a wide array of common human
disorders involving obesity, diabetes, and even other immunolog-
ical disorders.

Materials and Methods

Materials

Human recombinant insulin was from Eli Lilly (Indianapolis,
Indiana, USA). Reagents for SDS-PAGE and immunoblotting
were from Bio-Rad. HEPES, phenylmethylsulfonyl fluoride,
aprotinin, dithiothreitol, Triton X-100, Tween 20, glycerol, and
bovine serum albumin (fraction V) were from Sigma. Protein A-
Sepharose 6MB was from GE Healthcare, and nitrocellulose
paper (BA85, 0.2 um) was from Amersham Biosciences. The
reagents for the chemiluminescence labeling of proteins in blots
were from Amersham Biosciences. Sense and antisense oligonu-
cleotides specific for TLR4 (sense, 5'-C TGA AAA AGC ATT
CCC ACC T-3' and antisense, 5'-A GGT GGG AAT GCT TTT
TCA G-3') were produced by Invitrogen Corp. (Carlsbad, CA).
Antibodies against B-actin (mouse monoclonal, sc-8432), TLR4
(rabbit polyclonal, sc-30002), phospho [Ser307]-IRS-1 (rabbit
polyclonal, sc-33956), phospho [Tyr941] (goat polyclonal, sc-
17199), IRS-1 (rabbit polyclonal, sc-559), phospho [Ser 473]-AKT
(rabbit polyclonal, sc-33437), AKT1 (goat polyclonal, sc-1618),
phospho [Thr 981]-PERK (rabbit polyclonal, sc-32577), PERK
(goat polyclonal, sc-9477), phospho-JNK (mouse monoclonal, sc-
6254), JNK1 (mouse monoclonal, sc-1648), phospho[Tyr1162/
1163]-Insulin  Receptor (rabbit polyclonal, sc-25103), Insulin
Receptor B (goat polyclonal, sc-31369), UCP1 (goat polyclonal
sc-6529), and MyD88 (goat polyclonal, sc-8197) were from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA). Antibody against ZO-
1 was from Abcam (AB96594) (Cambridge, MA). Antibodies
against phospho [Thr172]-AMPKa (rabbit polyclonal, #2531),
AMPKo (rabbit polyclonal, #2532), and IxB-o (rabbit polyclonal,
#9242) were from Cell Signaling Technology (Beverly, Massa-
chusetts, USA).

Mice

TLR2-deficient mice, also called TLR2 knockout (KO) mice,
were obtained by Dr. Akira [65] and were kindly provided by Dr.
Ricardo Gazzinelli [66] and maintained on a C57BL/6] genetic
background. Studies were carried out using male TLR2 KO mice
that were age matched with C57BL/6] and obtained from the
University of Campinas Breeding Center. C57BL/6] and the
TLR2 KO mice have the same origin and have been raised in the
same institution (UNICAMP) and in the same room, at University
of Campinas Breeding Center. The C57BL/6] strain was
generated by backcrossing mice carrying the TLR2 KO mutation
10 times to C57BL/6]J inbred mice [67]. TLR2-deficient mice are
viable and fertile. The control and the knockout mice used for the
experiments were littermates, obtained from a heterozygote X
heterozygote cross, from the same mother, from the same cage, in
order to have standard conditions for all animals. The investiga-
tion was approved by the ethics committee and followed the
university guidelines for the use of animals in experimental studies,
and experiments conform to the Guide for the Care and Use of
Laboratory Animals, published by the U.S. National Institutes of
Health (NIH publication no. 85-23 revised 1996). The animals
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were maintained on 12 h/12 h artificial light-dark cycles and
housed in individual cages. Mice were randomly divided into two
groups: control, fed on standard rodent chow (3.948 kcal/ Kg ",
and HFD, fed on a rich-fat chow (5.358 keal/Kg™") ad libitum for
16 wk. The mice were bred under specific pathogen-free
conditions at the Central Breeding Center of the University of
Campinas.

Serum Analysis

Mice were fasted for 5 h, at which time blood was collected by
the retrobulbar intraorbital capillary plexus. Hemolysis-free serum
was generated by the centrifugation of blood using serum
separator tubes (Becton Dickinson, Franklin Lakes, New Jersey).
Serum insulin, cytokines, leptin, and adiponectin were analyzed by
ELISA kits purchased from Linco Research Inc (St. Charles,
Missouri).

Determination of NF-kB Activation

NF-xB p50 activation was determined in nuclear extracts from
muscle and adipose tissue by ELISA (89858; Pierce Biotechnol-
ogy), according to the recommendations of the manufacturer.

LPS Serum Determination

Serum LPS concentration was determined using a kit based on
a Limulus amebocyte extract (LAL kit endpoint-QCL1000;
Cambrex BioScience, Walkersville, Maryland), where samples
were diluted 1/40 to 1/100 and heated for 10 min at 70°C.
Internal control of recovery calculation was included in the
assessment.

Glucose Tolerance Test

After 6 h fasting, mice were anesthetized by an 1.p. injection of
sodium amobarbital (15 mg/kg body weight), and the experiments
were initiated after the loss of corneal and pedal reflexes. After
collection of an unchallenged sample (time 0), a solution of 20%
glucose (2.0 g/kg body weight) was administered into the
peritoneal cavity. Blood samples were collected from the tail at
30, 60, 90, and 120 min for determination of glucose and insulin
concentrations [68].

Euglycaemic-Hyperinsulinaemic Clamp

After a 6-h fast, a prime continuous (3.0 mU-kg™'-min™")
infusion of regular insulin was administered in the groups of mice
for 2 h from time 0, to raise plasma insulin and maintain it at a
steady-state plateau (90-120 min). A variable glucose infusion
(10%) was started 5 min after the beginning of the experiment and
was corrected, if necessary, to maintain euglycaemia between 5
and 6.1 mmol/1 [69]. Blood samples for determination of plasma
glucose were obtained at 5-min intervals throughout the study.

1

Oxygen Consumption/Carbon Dioxide Production and
Respiratory Exchange Ratio Determination

Oxygen consumption/carbon dioxide production and respira-
tory exchange ratio (RER) were measured in fed animals through
an indirect open circuit calorimeter (Oxymax Deluxe System;
Columbus Instruments, Columbus, Ohio), as described previously

[70].

Measurement of Food Intake

Standard chow or HFD was given and food intake was
determined by measuring the difference between the weight of
chow given and the weight of chow at the end of a 24-h period.
This procedure was performed during 5 d, with 8-wk-old mice,
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using metabolic cages for a single mouse (Tecniplast, Italy),
obtaining an average of food intake per cage per day. This average
was also normalized for body weight.

4-Phenyl Butyric Acid (PBA) Treatment

PBA is a chemical chaperone and evidence suggests that it
relieves endoplasmic reticulum stress [71]. For acclimation, mice
received 100 pl phosphate buffered saline (PBS) twice daily (8 a.m.
and 6 p.m.), by gavage, for 3 d. Following the acclimation period,
PBA was administered twice daily in two divided doses (500 mg/
kg at 8 a.m. and at 6 p.m., total 1 g/kg/day) by gavage for 10 d.
Control groups received the same volume of vehicle instead of
PBA at the same treatment points [33].

SP600125 Treatment

SP600125, a potent and selective inhibitor of JNK, was
dissolved in a 7% (in PBS) Solutol HS-15 solution and
administered intraperitoneally (30 mg/kg/day) for 5 d [72].

TLR4 Inhibition

In order to inhibit the expression of TLR4, two methods were
used: pharmacological inhibition, using 2.4 mg/kg/day ethyl(6R)-
6-[N-(2-chloro-4-fluorophenyl)sulfamoyl]cyclohex-1-ene-1-car-
boxylate (TAK-242) (synthesized at the Chemistry Institute of the
University of Campinas) [73], administered daily by gavage during
5 d, and 4 nmol TLR2 antisense oligonucleotide (ASO) inhibition,
composed by 5'-AGGTGGGAATGCTTTTTCAG-3" (sense)
and 5 -CTGAAAAAGCATTCCCACCT-3' (antisense), adminis-
tered by two daily ip. injections during 5 d, produced by
Invitrogen Corp. (Carlsbad, California, USA).

LPS Absorption Test

An LPS tolerance test was performed as follows: Fasted mice
were gavaged with LPS (300 pg/kg) diluted in water (100 puL) or
with water (100 pL). Blood was collected from the cava vein
60 min after gavage. Plasma was separated and frozen [11].

Intracellular Cytokine Analysis and Foxp3 Staining

The cells were obtained from the adipose tissue and analyzed by
flow cytometry. For the determination of the frequency of putative
regulatory T cells, the adipose tissue mononuclear cells were
stained for the surface marker CD4 (Percp) and after for
intracellular transcription factor Foxp3 using APC anti-mouse/
rat Foxp3 staining (eBioscience, San Diego, California). The cells
were acquired in the FACS Calibur Flow cytometer (BD) and
analyzed with FlowJo software.

Antibiotics Treatment

Four-week-old WT and TLR2 KO mice were placed on broad
spectrum antibiotics (1.0 g/L ampicillin, 1.0 g/L metronidazole,
and 0.5 g/L neomycin) in drinking water for 20 d. During this
period mice were monitored for food intake and stool microbiota
sequencing.

Culture-Based Microbial Analysis of Cecal Contents

Total aerobic and anaerobic bacteria were enumerated in
selective media and incubation conditions according to Schumann
et al. [74]. In brief, cecal samples were diluted in Ringer medium,
and total aerobic and anaerobic bacteria were investigated by
plating onto nonselective media: T'SS medium (Biomerieux, Lyon,
France) for 24 to 48 h at 37°C in aerobic and anaerobic
conditions. Bacterial numbers were expressed as colony forming
units (CFU)/mg cecal content [75].
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Metagenome Profile

Faeces samples were collected in metabolic cages with separated
waste collectors, frozen in liquid nitrogen, and kept at —80°C until
use. DNA was then extracted using the QIAamp DNA Stool Mini
Kit (Qiagen, Hilden, Germany) and quantified. Libraries were
synthesized from 500 ng of total DNA following the Rapid Library
Preparation Kit (Roche Applied Science, Mannheim, Germany)
instructions. These libraries were analyzed in a Bioanalyzer with a
High Sensitive DNA Kit (Agilent Technologies Inc., Santa Clara,
California, USA), and equimolar pools were made, titrated, and
submitted to large volume PCR, following the manufacturer’s
instructions (Roche Applied Science, Mannheim, Germany).
Subsequently, samples were sequenced in GS FLX Titanium,
using a GS FLX Titanium PicoTiterPlate Kit combined with a GS
FLX Titanium Sequencing Kit XLR70 (Roche Applied Science,
Mannheim, Germany). The data obtained from the sequencing
were submitted to the MG-RAST server and compared by
phylum prevalence among groups [76].

Microbiota Transplantation

Cecal contents were pooled from 3 TLR2 KO mice and age-
and gender-matched WT littermates. Cecal extracts were
suspended in PBS (2.5 ml per cecum) and were administered
(0.1 ml per mouse) immediately to sterilely packed, 4-wk-old,
Bacillus-associated, WT mice that were obtained from the Central
Breeding Center of the State University of Campinas. Trans-
planted mice were maintained in sterile cages and monitored for
body weight [30].

Tissue Extraction, Immunoprecipitation, and
Immunoblotting

Mice were anesthetized by intraperitoneal injection of sodium
thiopental and used 10-15 min later—i.e., as soon as anesthesia
was assured by the loss of pedal and corneal reflexes. In some
experiments, 3 or 5 min after insulin injection (3.8 units/kg,
intraperitoneally), liver or muscle and white adipose tissue were
removed, respectively, and homogenized immediately in extrac-
tion buffer at 4°C (1% Triton X-100, 100 mm Tris-HCI (pH 7.4),
100 mM sodium pyrophosphate, 100 mm sodium fluoride, 10 mMm
EDTA, 10 mm sodium orthovanadate, 2.0 mm phenylmethylsul-
fonyl fluoride, and 0.1 mg of aprotinin/ml) with a Polytron PTA
20 S generator (model PT 10/35; Brinkmann Instruments).
Insoluble material was removed by centrifugation for 30 min at
9,000 xg in a 70 Ti rotor (Beckman, Fullerton, California) at 4°C.
The protein concentrations of the supernatants were determined
by the Bradford dye binding method. Aliquots of the resulting
supernatants containing 1.0 mg of total protein were used for
immunoprecipitation with antibodies against MyD88 overnight at
4°C, followed by SDS-PAGE, transfer to nitrocellulose mem-
branes, and blotting with anti-TLR4. In direct immunoblot
experiments, 0.2 mg of protein extracts were separated by SDS-
PAGE, transferred to nitrocellulose membranes, and blotted with
anti-UCP1, anti-phospho-JNK, anti-IxBo, anti-phospho-PERK,
anti-phospho-AKT, anti-phospho [Ser307]-IRS-1, anti-phospho
[Tyr941]-IRS-1 (Tyr), anti-phospho-IR, anti-ZO-1, anti-PGC-1a,
anti-phospho [Thr171]-AMPK, and anti-IkB-a.. The homogeneity
of gel loading was always evaluated by blotting the membranes
with antibodies against B-actin, IRS-1, AKT, IR, JNK, PERK,
and AMPK as appropriate.

Statistical Analysis

Specific protein bands present on the blots were quantified by
densitometry. Mean *= S.E. values obtained from densitometric
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scans and from the other experiments were compared utilizing
Student’s ¢ test for paired samples or by repeat-measure analysis of
variance (one-way or two-way analysis of variance) followed by
post hoc analysis of significance (Bonferroni test) when appropri-
ate. When analyzing non-linear parameters, we used Mann-
Whitney test. A p<<0.05 was accepted as statistically significant.

Supporting Information

Figure S1 Taxonomical characterization of WT gut microbiota.
Untreated W'T stools were analyzed via 16S rRNA analysis.
(TTF)

Figure 82 'TLR2 KO mice exhibit taxonomical alterations in
gut microbiota. TLR2 knockout (TLR2—/—) mice stools were
analyzed via 16S rRNA analysis.

(TIF)

Figure S3 Bacterial phyla distribution in 4-wk-old-W'T (A) or —
TLR2—/— mice (B). These analyses were obtained by 16S rRNA
sequencing.

(TIF)

Figure S4 Bacterial phyla distribution in 16-wk-old-WT (A) or —
TLR2—/— mice (B). These analyses were obtained by 165 rRNA
sequencing.

(TIF)

Figure S5 Bacterial phyla distribution in 1-y-old-WT (E) or —
TLR2—/— mice (F). These analyses were obtained by 16S rRNA
sequencing.

(TIF)

Figure S6 Phosphorylation of the insulin receptor in muscle (A),
liver (B), and white adipose tissue (WAT) (C). Tyrosine 172
phosphorylation of AMPK in muscle (D), liver (E), and WAT (F).
PGC-1a expression in muscle (G), liver (H), and WAT (I). Insulin
receptor and AMPK protein expression in muscle, liver, and WAT
(lower panels). Equal protein loading in the gel was confirmed by
reblotting the membrane with an anti-B-actin antibody (lower
panels). Data are presented from six to eight mice per group, from
experiments that were repeated at least three times. All evaluations
were made with mice on standard chow. * $p<<0.05 between WT
mice with or without insulin stimulus; ** p<<0.05 between WT and
TLR2—/— mice with insulin stimulus.

(TIF)

Figure 87 Cecal samples of TLR2 knockout (TLR2—/—) mice
were cultured in aerobic and anaerobic environments with or
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exhibit taxonomical alterations in gut microbiota after the
treatment with a mixture of AB (C), compared with controls,
without antibiotics treatment (B). Mice stools were analyzed via
16S rRNA analysis. Data are presented from six to eight mice per
group, from experiments that were repeated at least three times.
All evaluations were made with mice on standard chow. * p<<0.05
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(TTF)
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Figure 89 Taxonomical characterization of TLR2—/— gut
microbiota after the treatment with a mixture of antibiotics (AB)
(0.5 g/kg neomycin, 1 g/kg metronidazole, and 1.0 g/kg ampi-
cillin. TLR2—/— + AB stools were analyzed via 16S rRNA
analysis.

(T1TE)

Figure S10 'Taxonomical alteration obtained from the treatment
with antibiotics individually (0.5 g/kg neomycin, 1 g/kg metroni-
dazole, and 1.0 g/kg ampicillin). TLR2—/— mice treated only
with metronidazole (A). TLR2—/— mice treated only with
neomycin (B). TLR2—/— mice treated only with ampicillin (C).

(TTF)
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Bacteria WT

Proteobacteria 39.53%

Gammaproteobacteria 38.75%

— Vibrionales 0.77%

|— Vibrionaceae 0.77%

Firmicutes 13.95%

Bacili 5.42%
Paenibacillaceae 5.42%

Lactobacillales 3.87%

—— Leuconostocaceae 2.32%

—— Enterococcaceae 1.55%

Clostridia 7.75%
Clostridiales 7.75%
—— Clostridiaceae 2.32%

—— Lachnospiraceae 3.87%

L—— Ruminoccocaceae 1.55%

L Erysipelotrichi 0.77%
Erysipelotrichales 0.77%
Erysipelotrichaceae 0.77%

Verrucomicrobia 3.10%

L

Verrucomicrobiae 3.10%

|— Verrucomicrobiales 3.10%
Verrucomicrobiaceae 3.10%

Bacteroidetes 42.63%

Bacteroidia 42.63%

|— Bacteroidales 42.63%

Bacteroidaceae 3.87%

Actinobacteria 0.77%

Actinobacteria 0.77%

|— Bifidobacteriales 0.77%

Bifidobacteriaceae 0.77%
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TLR2"

Bacteria

Proteobacteria 1.04%

Firmicutes 47.91%

Clostridia 47.91%
Clostridiales 47.91%

—— Clostridiaceae 1.04%

—— Lachnospiraceae 37.5%

L—— Ruminoccocaceae 9.37%

Verrucomicrobia 1.04%

[

Verrucomicrobiae 1.04%

I— Verrucomicrobiales 1.04%

Verrucomicrobiaceae 1.04%

Bacteroidetes 47.91%

Bacteroidia 47.91%

I— Bacteroidales 47.91%

Bacteroidaceae 10.41%

Tenericutes 2.08%

Mollicutes 2.08%

I— Anaeroplasmatales 2.08%

Anaeroplasmataceae 2.08%
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4-week-old mice
WT

Firmicutes
Deferribacteres

Proteobacteria

Tenericutes
Unclassified Bacteria

Bacteroidetes/Chlorobi group

TLR2"

Firmicutes

Fusobacteria

Fibrobacteres/Acidobacteria . .
Proteobacteria

Tenericutes
Unclassified Bacteria

Bacteroidetes/Chlorobi group
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16-week-old mice
WT

Fibrobacteres/Acidobacteria

Firmicutes

Proteobacteria

Tenericutes

Bacteroidetes/Chlorobi group

TLR2"

Firmicutes

- Tenericutes
- Unclassified Bacteria

Bacteroidetes/Chlorobi group
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1-year-old mice
WT

Firmicutes

Proteobacteria
Tenericutes
other
Actinobacteria

Bacteroidetes/Chlorobi group

TLR2"

Firmicutes

Proteobacteria
Tenericutes

Bacteroidetes/Chlorobi group
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Cfulg cecal content

AB - + - +

Aerobic Anaerobic
bacteria bacteria

TLR2"

Bacteria

Firmicutes

Proteobacteria
Tenericutes
Chlamydiae/Verrucomicrobia

Bacteroidetes/Chlorobi group

TLR2'+AB

Bacteria

Proteobacteria

Actinobacteria

Bacteroidetes/Chlorobi group

Firmicutes
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WT+AB

Bacteria

Proteobacteria 78.21%

Gammaproteobacteria 72.77%

\— Enterobacteriales 72.77%

I— Enterobateriaceae 72.77%

Betaproteobacteria 3.46%
I— Burkholderiales 3.46%

I— Alcaligenaceae 3.46%
Firmicutes 15.84%

Bacilli 6.93%
Bacillales 3.96%

Bacillales 3.96%

\— Paenibacillaceae 3.96%

Lactobacillales 2.97%

—— Lactobacillaceae 2.97%

—— Enterococcaceae 0.99%

Clostridia 8.91%
Clostridiales 8.91%
—— Clostridiaceae 2.32%

—— Lachnospiraceae 3.96%

L—— Ruminoccocaceae 4.45%

Bacteroidetes 5.94%

Bacteroidia 5.94%

I— Bacteroidales 5.94%

Bacteroidaceae 0.99%
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TLR2'+AB

Bacteria

Proteobacteria 67.37%

Gammaproteobacteria 63.10%

Betaproteobacteria 4.27%

—— Burkoholderiales 4.27%

—— Alcaligenaceae 4.27%
Firmicutes 11.76%

Bacili 5.34%
Paenibacillaceae 2.67%

Lactobacillales 2.67%

—— Lactobacillaceae 0.53%

—— Enterococcaceae 0.53%

Clostridia 6.41%
Clostridiales 6.41%

—— Lachnospiraceae 4.81%

L—— Ruminoccocaceae 1.60%

Bacteroidetes 19.78%

Bacteroidia 19.78%

I— Bacteroidales 19.78%

Bacteroidaceae 2.67%

Actinobacteria 1.06%

Actinobacteria 1.06%
I— Actinomycetales 1.06%

——— Cellulomonadaceae 0.53%

L—— Corynebacterium 0.53%
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Metronidazole

Neomycin

Proteobacteria

Firmicutes

Actinobacteria
Firmicutes

Bacteroidetes/Chlorobi group

Cc Ampicillin

Proteobacteria
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Discussao geral

Atualmente, considera-se que os fatores ambientais e a genética do
hospedeiro interagem para controlar a aquisigéo e a estabilidade da microbiota
intestinal. Por outro lado, ambiente, genética do hospedeiro e microbiota
interagem para manter a homeostase do trato gastrintestinal, controle de peso
e sensibilidade a insulina (17). Logicamente, a modificacdo de um ou mais
desses trés componentes pode levar ao desenvolvimento da resisténcia a
insulina e obesidade. Os resultados do presente estudo demonstraram que os
camundongos KO para TLR2 em biotérios convencionais de nosso centro de
criagao possuem resisténcia a insulina e intolerancia a glicose associadas com
alteracdes na composicao da microbiota intestinal, que mostrou aumento da
abundancia relativa de Firmicutes e Bacteroidetes, bem como uma reducao da
abundancia relativa de Proteobacteria, em comparacdo com os controles. A
resisténcia a insulina dos KO para TLR2 foi acompanhada de uma reducao da
modulagdo da sinalizacdo da insulina no figado, musculo e tecido adiposo,
associada com aumento do estresse de reticulo endoplasmatico. Essas
alteragdes metabolicas foram caracterizadas em camundongos KO para TLR2
com oito semanas de idade, quando eles possuiam pesos corporeos
semelhantes aos dos controles. Como demonstrado em outros modelos
animais (90, 91), a resisténcia a insulina precede o desenvolvimento da
obesidade, sendo que o aumento do peso corpéreo dos KO, em comparacao
com os controles, é observado apos a vigésima semana de idade.

No entanto, estudos anteriores (84, 92) mostraram que camundongos
KO para TLR2 apresentam reducao do peso corpéreo e da adiposidade, estao

protegidos da resisténcia a insulina, ganham menos peso do que os controles
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quando alimentados com dieta hiperlipidica e estdo protegidos de outras
comorbidades relacionadas (93, 94). Acreditamos que a diferenga principal
entre esses estudos e 0 nosso esteja relacionada com a microbiota intestinal.
Deve-se levar em consideracao que, embora esses animais tenham a mesma
deficiéncia genética, eles foram criados em diferentes locais e alimentados com
dieta de diferentes fontes, o que certamente tem um papel no estabelecimento
e manutenc¢ao da microbiota intestinal.

Da mesma maneira, quando o TLR2 tem sua expresséo inibida de forma
aguda, observa-se melhora na sensibilidade e sinalizagao da insulina (41, 86).
O estudo de J.J. Senn (41) mostrou que a inibicao desse receptor com uso de
anticorpo  monoclonal em miotubos tratados com palmitato bloqueou a
producao de IL-6 e restaurou a fosforilacdo da AKT, reduzindo a resisténcia a
insulina induzida por acido graxo saturado através da ativacdo do TLR2. Nosso
estudo, que realizou inibicao aguda do TLR2 in vivo, por meio de utilizacdo de
oligonucleotideo antisense para TLR2, também foi capaz de reverter a
resisténcia a insulina induzida por dieta hiperlipidica em musculo e tecido
adiposo de camundongos, reduzindo a ativacdo de vias como IKK e JNK, e
reduzindo a fosforilagdo inibitéria em serina 307 do IRS-1. Esse tratamento
aumentou também a sensibilidade a insulina, como averiguado pelo teste de
tolerancia a insulina (86). Essa inibicao, por ser aguda, de apenas quatro dias,
provavelmente nao foi capaz de gerar adaptacdo do organismo, como, por
exemplo, por meio de ativacdes compensatorias, nem alteracées na microbiota
intestinal, de modo que o fendtipo gerado € de melhora da sensibilidade e

sinalizacao da insulina.
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Os mecanismos pelos quais os camundongos KO para TLR2
apresentaram resisténcia a insulina e posterior obesidade também foram
investigados. A microbiota intestinal do animal KO para TLR2 possuia alguma
semelhangas com a encontrada em animais e humanos obesos, com aumento
na proporgado de Firmicutes (60, 95). Esse tipo de microbiota € normalmente
associado com um aumento da capacidade de extracdo de energia da dieta
(58). Isso pode contribuir para explicar a obesidade observada, mas nao
explica por que esses animais sao mais resistentes a insulina muitas semanas
antes de eles comecarem a ganhar mais peso do que os controles. Além disso,
demonstrou-se que camundongos livres de microorganismos (que ganham
menos peso corporeo em dieta hiperlipidica) e os mantidos em biotérios
convencionais possuem conteldos energéticos semelhantes em suas fezes,
sugerindo que outros mecanismos podem ter importante papel na resisténcia a
insulina e na obesidade induzidas por alteragées na microbiota intestinal (96).

Apesar de na maioria dos estudos anteriores a microbiota intestinal nao
ter sido investigada, podemos sugerir que a deficiéncia de TLR2 associada
com ambientes diferentes pode induzir fenétipos distintos, provavelmente
induzidos por microbiotas diversas. Kellermayer at al. mostraram que a
proporcao de Firmicutes encontrada em camundongos KO para TLR2 foi
menor do que no tipo selvagem (WT, do inglés wild type), enquanto a
proporcao de Bacteroidetes foi maior (97). Em nosso estudo, mostramos que
os camundongos KO para TLR2 apresentaram o oposto, com maior propor¢cao
de Firmicutes e menor proporcdo de Bacteroidetes, em comparagcao com os
WT. Dessa maneira, é possivel que, em outros estudos publicados, as

proporcoes de filos sejam diferentes, comparando com as proporcoes
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encontradas em nosso estudo, o que pode influenciar diferentemente no
fenotipo observado. Esses resultados reforcam a importancia do ambiente e do
sistema imune inato como reguladores chaves da microbiota intestinal e
sugerem que a condicdo genética, que pode, por si mesma, prevenir a
resisténcia a insulina em algumas condi¢des, pode também subjugar o efeito
protetor contra a resisténcia a insulina em outras condigdes ambientais,
induzindo mais ganho de peso, provavelmente devido a diferencas no
comportamento metabdlico de um mesmo animal, quando analisado em
diferentes ambientes, o que contribui para explicar diferengcas no
comportamento metabdlico entre animais com o mesmo gendtipo ou com a
mesma alteracao genética.

Alguns estudos sugerem ainda que a microbiota intestinal pode
contribuir para a obesidade ao induzir a reducao da oxidacao de gordura e o
aumento do estoque lipidico (96), associados com uma relativa reducao da
expressdo de PGC1-a e da fosforilacdo da AMPK. Esse mecanismo € menos
provavel em nosso modelo animal, dado que o quociente respiratério dos
camundongos KO para TLR2 foi idéntico ao dos controles, mostrando que eles
oxidam lipidios na mesma proporcao dos controles, e que os niveis teciduais
de PGC1-a e de fosforilagcdo de AMPK mostraram-se semelhantes em figado e
musculo de controles e de KO para TLR2.

Outro mecanismo possivel que pode induzir a resisténcia a insulina na
obesidade é o aumento dos niveis de LPS, o que é observado em
camundongos alimentados com dieta hiperlipidica (98, 99). Notavelmente,
embora os camundongos KO para TLR2 tenham sido alimentados com racao

padrdo, eles apresentaram niveis circulantes de LPS aumentados. Como a
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microbiota desses camundongos tinha uma maior predominancia de
Firmicutes, que sao bactérias gram-positivas, e ndo possuem LPS em sua
membrana externa, o aumento dos niveis circulantes de LPS n&o seria
consequiéncia de uma microbiota que produz mais LPS. Nao obstante, a
microbiota observada em obesos e também em camundongos KO para TLR2
pode aumentar a permeabilidade intestinal e a absor¢cao de LPS (100-102). De
forma importante, como observado em camundongos obesos, que apresentam
uma significativa reducdo da proporcdo de Bifidobacteria (103, 104), na
microbiota de camundongos KO para TLR2 magros, esse género estava
reduzido comparado com os controles. Nesse sentido, a suplementacdo com
Bifidobacteria tem sido associada a melhora da fungdo da barreira intestinal e
aos niveis reduzidos de LPS (105-107). A fim de provar que o aumento dos
niveis circulantes de LPS nos camundongos KO para TLR2 estava relacionado
ao aumento da permeabilidade intestinal, administramos LPS oralmente a
esses camundongos e observamos que, além dos niveis basais aumentados
de LPS, esses animais também apresentaram aumento do pico de LPS uma
hora ap6s a gavagem com LPS.

Resultados anteriores mostraram que o TLR2 regula a integridade de
juncdes intercelulares da barreira epitelial do intestino e que a deficiéncia desse
receptor predispde alteragbées na fungao de barreira, levando a perpetuacao da
inflamacdo mucosa (108, 109). Nesse sentido, nossos estudos também
demonstraram que, em camundongos KO para TLR2, ha uma reducao da
expressdo de ZO-1 em intestino delgado e coélon, reforcando que existem
alteragcbes na integridade epitelial e na permeabilidade intestinal desses

camundongos. Juntos, esses resultados sugerem que as interagdes entre a
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predisposicao dos KO para TLR2 a terem alteracées na barreira intestinal com
a microbiota intestinal podem ter importante papel no aumento dos niveis
circulantes de LPS.

De acordo com as alteragdes na permeabilidade intestinal, Kellermayer
et. al investigaram recentemente as conseqliéncias epigenémicas e
metagenOmicas da deficiéncia do TIr2 na mucosa do célon de camundongos, a
fim de compreenderem as vias bioldgicas que modelam a interface entre
microbiota intestinal e hospedeiro mamifero. Os resultados mostraram
modificagdes epigenéticas e transcriptbmicas associadas com alteracées na
composicao microbiana da mucosa e que a abundancia de muitas espécies
bacterianas foram diferentes entre WT e KO para TLR2. A expressao de genes
envolvidos no sistema imune foi alterada na mucosa do c6lon de camundongos
KO para TLR2, o que se correlaciona com mudancas de metilacdo do DNA.
Esse estudo pioneiro demonstra que alteracdes significativas da microbiota
associam-se com mudancas epigenéticas influenciadas pelo genoma do
hospedeiro (110).

A fim de se confirmar que a microbiota intestinal estava induzindo a
resisténcia a insulina em camundongos KO para TLR2, tratamos esses animais
com antibidticos por 15 dias e mostramos que esse tratamento reduziu
dramaticamente a microbiota intestinal, alterando também sua composicao. Em
paralelo, houve uma melhora na acdao da insulina, caracterizada por um
aumento na taxa de infusdo de glicose durante o clamp glicémico, bem como
uma melhora na sinalizacdo da insulina em figado, musculo e tecido adiposo.
Em camundongos KO para TLR2 tratados com antibidticos, observamos

também uma grande reducao dos niveis de LPS. Ao realizarmos o transplante
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de microbiota de KO para TLR2 para camundongos WT associados com
Bacillus, que sao colonizados apenas pelo género Bacillus e sao capazes de
receberem microbiota distinta de outro camundongo, a composi¢cdo complexa
do organismo doador do transplante foi preservada. A microbiota proveniente
de camundongos KO para TLR2 transplantada conferiu maior ganho de peso,
intoleréncia a glicose, sinalizagdo e sensibilidade a insulina reduzidas, com
aumento dos niveis circulantes de LPS. Esses resultados reforcam a hipétese
de que a microbiota de camundongos KO para TLR2 é capaz de induzir
alteragbes na permeabilidade intestinal, aumentando os niveis séricos de LPS,
associados a resisténcia a insulina.

O aumento dos niveis de LPS pode induzir a resisténcia a insulina por
contrarregulacao da sinalizacdo da insulina, como demonstrado anteriormente
(26, 31, 98). Entretanto, a resisténcia a insulina observada em camundongos
KO para TLR2 tem caracteristicas singulares. Observou-se aumento da
ativacdo do TLR4 em figado, musculo e tecido adiposo, associado com
estresse de reticulo endoplasmatico e ativacdo da JNK, sem, porém, ativacao
da via IKKB-IkB-NFkB. Foi previamente descrito que existe uma cooperacao na
sinalizacao de TLR4 e TLR2. Essa cooperacao é evidenciada quando se injeta
LPS em camundongos KO para TLR2. Apdés o primeiro bolus de LPS, os
camundongos KO para TLR2 mostram um sinal robusto para genes que
codificam para proteinas do sistema imune inato no cérebro. Porém, uma
segunda infusdo de LPS falha no desencadeamento da expressdo de TNF-a
em camundongos KO para TLR2. Esses resultados indicam que o TLR2 esta
envolvido na segunda onda de expressao de TNF-a apdés estimulo com LPS, e

que ha uma elegante cooperacao entre TLR2 e TLR4 (88). Nossos resultados
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estendem esses achados ao mostrarem que uma elevacao crénica dos niveis
de LPS em camundongos KO para TLR2 nao foi capaz de aumentar a ativagao
da via IKK/IkB/NF-kB, bem como a producao de TNF-a e de IL-6, mas induziu
aumento da ativacdo da JNK em figado, musculo e tecido adiposo desses
camundongos. Esses resultados sugerem que uma ativagao crénica de TLR4
por baixas doses de LPS é suficiente para aumentar a ativacao da JNK, mas a
ativacdo da via IKK/IkB/NF-kB pode também depender de uma cooperacao
entre TLR2 e TLR4.

A auséncia da ativagao da via NFkB e os niveis reduzidos de TNFa e de
IL-6 fazem da resisténcia a insulina dos camundongos KO para TLR2 diferente
daquela observada em camundongos com obesidade induzida por dieta ou em
animais ob/ob. Sugerimos, portanto, que o aumento de niveis circulantes de
LPS foi responsavel pela ativacdo do TLR4, pela indugdo do estresse de
reticulo endoplasmatico e pela ativagdao da JNK, acompanhados pelo aumento
da fosforilacdo em serina 307 do IRS-1 no figado, musculo e tecido adiposo,
levando a uma reducédo da sensibilidade e sinalizag&o da insulina, conferindo o
feno6tipo observado nos camundongos KO para TLR2. Fosforilacdo do IRS-1
em residuos de serina interfere na subseqlente fosforilagdo em tirosina
estimulada por insulina do IRS-1 pelo IR (111), e 0 IRS-1 pode também mediar
a inibicao da atividade tirosina quinase do receptor de insulina (26), bem como
a sinalizacao subsequente, como a fosforilagcdo da AKT. A via de sinalizacao
da insulina é crucial para os efeitos da insulina no metabolismo da glicose
(112). O bloqueio farmacoldgico ou genético do TLR4, do estresse de reticulo

endoplasmatico ou da JNK melhora a acdo e a sinalizagdo da insulina em
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camundongos KO para TLR2, confirmando que essa seqliéncia de eventos tem
um importante papel para a resisténcia a insulina desses animais.

Células T regulatérias, um pequeno conjunto de linfécitos T, sao
reconhecidas como uma das mais importantes defesas do corpo contra
respostas imunes inapropriadas (113, 114) e podem influenciar as atividades
de células do sistema imune inato (115-117). Estudos anteriores mostraram
que células T regulatérias encontram-se bastante aumentadas em tecido
adiposo abdominal de camundongos controles, e reduzidas nesse tecido de
modelos de obesidade. Essa reducdo de células T regulatérias quando da
obesidade influencia o estado inflamatério do tecido adiposo e certamente
contribui para a resisténcia a insulina. Nossos achados, mostrando que, nos
camundongos KO para TLR2, ha uma reducao das células T regulatérias no
tecido adiposo visceral, sugerem que essa modulagdo pode contribuir para a
resisténcia a insulina observada nesses animais.

Tem sido estabelecido que o desenvolvimento da obesidade e da
resisténcia a insulina em humanos é promovido pela dieta hiperlipidica (DH).
Ao alimentarmos camundongos KO para TLR2 com dieta hiperlipidica por 8
semanas, houve um pronunciado ganho de peso e aumento da glicemia de
jejum, com niveis acima de 400mg/dL duas horas apds iniciado o teste de
tolerdncia a glicose, demonstrando que esses animais desenvolvem nao
apenas uma forma mais severa de resisténcia a insulina, mas também
diabetes. As alteragbes na sinalizagdo da insulina em tecidos também
mostraram um prejuizo, em paralelo com um aumento da ativacao da JNK em
comparagao com controles alimentados com DH. De forma interessante, a

auséncia da ativagdo da via IKKB-IkB-NFkB, descrita para camundongos KO
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para TLR2 alimentados com ragao padrao, foi observada nesses camundongos
em DH. Esses resultados demonstram que a resisténcia a insulina e posterior
aumento do peso corporeo observado em KO para TLR2 é exacerbado com a
DH.

Um estudo recente demonstrou que camundongos deficientes em TLR5
exibem hiperfagia, hiperlipidemia, resisténcia a insulina e aumento da
adiposidade (89). Essas alteragbes metabdlicas correlacionam-se com
mudangas na composicdo da microbiota intestinal. Nosso modelo, embora
mostre caracteristicas semelhantes, apresentou aspectos que sugerem
mecanismos operantes diferentes aos dos camundongos deficientes para TLR5
ou TLR2. Primeiramente, os camundongos KO para TLR2 deste estudo nao
apresentaram hiperfagia, e as diferencas de peso corporeo iniciam-se apenas
guando esses animais tém dezesseis semanas de idade. Em camundongos KO
para TLR5, a resisténcia a insulina nao depende de TLR4, enquanto que, em
KO para TLR2, hd um aumento dos niveis circulantes de LPS e de ativacao do
TLR4. E possivel que essas diferencas ndo apenas representem alteragdes
genéticas, mas também diferengas nas microbiota intestinal entre esses
camundongos.

Em suma, n6és podemos sugerir que a perda do TLR2 em camundongos
de biotérios convencionais resulta em um fenotipo semelhante ao observado na
sindrome metabdlica, caracterizado por uma alteragdo da microbiota intestinal,
que induz a resisténcia a insulina, a inflamagao subclinica associada ao
estresse de reticulo endoplasmatico, a intolerancia a glicose e posterior
obesidade, o que é reproduzido em camundongos WT por transplante de

microbiota e pode ser revertido com a utilizacdo de antibiticos. Nossos

85



resultados enfatizam o papel da microbiota na complexa rede de interagdes
moleculares e celulares que ligam gendtipo e fendtipo e tém potenciais
implicagbes para um grande numero de doengcas humanas envolvendo

obesidade, diabetes ou alteragdes imunolégicas.
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Conclusao geral
E possivel que a microbiota dos camundongos deficientes para TLR2
sejam um dos mecanismos responsaveis por induzir o estado de

resisténcia a insulina;

A ativacdo do estresse de reticulo endoplasmatico e do TLR4 séao
mecanismos importantes para a inducado da resisténcia a insulina em

camundongos deficientes para TLR2;

A microbiota intestinal mostra-se como tendo um papel de conexao entre

gendtipo e fendtipo e no desencadeamento de desordens como

obesidade e diabetes
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License

THE WORK (AS DEFINED BELOW) IS PROVIDED UNDER THE TERMS OF THIS CREATIVE
COMMONS PUBLIC LICENSE ("CCPL" OR "LICENSE"). THE WORK IS PROTECTED BY
COPYRIGHT AND/OR OTHER APPLICABLE LAW. ANY USE OF THE WORK OTHER THAN AS
AUTHORIZED UNDER THIS LICENSE OR COPYRIGHT LAW IS PROHIBITED.

BY EXERCISING ANY RIGHTS TO THE WORK PROVIDED HERE, YOU ACCEPT AND AGREE TO
BE BOUND BY THE TERMS OF THIS LICENSE. THE LICENSOR GRANTS YOU THE RIGHTS
CONTAINED HERE IN CONSIDERATION OF YOUR ACCEPTANCE OF SUCH TERMS AND
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a. "Collective Work" means a work, such as a periodical issue, anthology or
encyclopedia, in which the Work in its entirety in unmodified form, along with a
number of other contributions, constituting separate and independent works in
themselves, are assembled into a collective whole. A work that constitutes a
Collective Work will not be considered a Derivative Work (as defined below) for
the purposes of this License.

b. "Derivative Work" means a work based upon the Work or upon the Work and
other pre-existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version, sound recording, art
reproduction, abridgment, condensation, or any other form in which the Work
may be recast, transformed, or adapted, except that a work that constitutes a
Collective Work will not be considered a Derivative Work for the purpose of this
License. For the avoidance of doubt, where the Work is a musical composition or
sound recording, the synchronization of the Work in timed-relation with a moving
image ("synching") will be considered a Derivative Work for the purpose of this
License.

c. "Licensor" means the individual or entity that offers the Work under the terms
of this License.

d. "Original Author" means the individual or entity who created the Work.

e. "Work" means the copyrightable work of authorship offered under the terms of
this License.

f. "You" means an individual or entity exercising rights under this License who has
not previously violated the terms of this License with respect to the Work, or
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who has received express permission from the Licensor to exercise rights under
this License despite a previous violation.

2. Fair Use Rights. Nothing in this license is intended to reduce, limit, or restrict any rights
arising from fair use, first sale or other limitations on the exclusive rights of the copyright
owner under copyright law or other applicable laws.

3. License Grant. Subject to the terms and conditions of this License, Licensor hereby grants
You a worldwide, royalty-free, non-exclusive, perpetual (for the duration of the applicable
copyright) license to exercise the rights in the Work as stated below:

a. to reproduce the Work, to incorporate the Work into one or more Collective
Works, and to reproduce the Work as incorporated in the Collective Works;

b. to create and reproduce Derivative Works;

c. to distribute copies or phonorecords of, display publicly, perform publicly, and
perform publicly by means of a digital audio transmission the Work including as
incorporated in Collective Works;

d. to distribute copies or phonorecords of, display publicly, perform publicly, and
perform publicly by means of a digital audio transmission Derivative Works.

e. For the avoidance of doubt, where the work is a musical composition:

i. Performance Royalties Under Blanket Licenses. Licensor
waives the exclusive right to collect, whether individually or via a
performance rights society (e.g. ASCAP, BMI, SESAC), royalties
for the public performance or public digital performance (e.g.
webcast) of the Work.

ii. Mechanical Rights and Statutory Royalties. Licensor waives
the exclusive right to collect, whether individually or via a music
rights agency or designated agent (e.g. Harry Fox Agency),
royalties for any phonorecord You create from the Work ("cover
version") and distribute, subject to the compulsory license created
by 17 USC Section 115 of the US Copyright Act (or the equivalent
in other jurisdictions).

f. Webcasting Rights and Statutory Royalties. For the avoidance of doubt,
where the Work is a sound recording, Licensor waives the exclusive right to
collect, whether individually or via a performance-rights society (e.g.
SoundExchange), royalties for the public digital performance (e.g. webcast) of
the Work, subject to the compulsory license created by 17 USC Section 114 of
the US Copyright Act (or the equivalent in other jurisdictions).

The above rights may be exercised in all media and formats whether now known or hereafter
devised. The above rights include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats. All rights not expressly granted
by Licensor are hereby reserved.

4. Restrictions.The license granted in Section 3 above is expressly made subject to and
limited by the following restrictions:

a. You may distribute, publicly display, publicly perform, or publicly digitally
perform the Work only under the terms of this License, and You must include a
copy of, or the Uniform Resource Identifier for, this License with every copy or
phonorecord of the Work You distribute, publicly display, publicly perform, or
publicly digitally perform. You may not offer or impose any terms on the Work
that alter or restrict the terms of this License or the recipients' exercise of the
rights granted hereunder. You may not sublicense the Work. You must keep
intact all notices that refer to this License and to the disclaimer of warranties.
You may not distribute, publicly display, publicly perform, or publicly digitally
perform the Work with any technological measures that control access or use of
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the Work in a manner inconsistent with the terms of this License Agreement. The
above applies to the Work as incorporated in a Collective Work, but this does
not require the Collective Work apart from the Work itself to be made subject to
the terms of this License. If You create a Collective Work, upon notice from any
Licensor You must, to the extent practicable, remove from the Collective Work
any credit as required by clause 4(b), as requested. If You create a Derivative
Work, upon notice from any Licensor You must, to the extent practicable,
remove from the Derivative Work any credit as required by clause 4(b), as
requested.

b. If you distribute, publicly display, publicly perform, or publicly digitally perform
the Work or any Derivative Works or Collective Works, You must keep intact all
copyright notices for the Work and provide, reasonable to the medium or means
You are utilizing: (i) the name of the Original Author (or pseudonym, if
applicable) if supplied, and/or (ii) if the Original Author and/or Licensor
designate another party or parties (e.g. a sponsor institute, publishing entity,
journal) for attribution in Licensor's copyright notice, terms of service or by
other reasonable means, the name of such party or parties; the title of the Work
if supplied; to the extent reasonably practicable, the Uniform Resource
Identifier, if any, that Licensor specifies to be associated with the Work, unless
such URI does not refer to the copyright notice or licensing information for the
Work; and in the case of a Derivative Work, a credit identifying the use of the
Work in the Derivative Work (e.g., "French translation of the Work by Original
Author," or "Screenplay based on original Work by Original Author"). Such credit
may be implemented in any reasonable manner; provided, however, that in the
case of a Derivative Work or Collective Work, at a minimum such credit will
appear where any other comparable authorship credit appears and in a manner
at least as prominent as such other comparable authorship credit.

5. Representations, Warranties and Disclaimer

UNLESS OTHERWISE MUTUALLY AGREED TO BY THE PARTIES IN WRITING, LICENSOR OFFERS
THE WORK AS-IS AND MAKES NO REPRESENTATIONS OR WARRANTIES OF ANY KIND
CONCERNING THE WORK, EXPRESS, IMPLIED, STATUTORY OR OTHERWISE, INCLUDING,
WITHOUT LIMITATION, WARRANTIES OF TITLE, MERCHANTIBILITY, FITNESS FOR A
PARTICULAR PURPOSE, NONINFRINGEMENT, OR THE ABSENCE OF LATENT OR OTHER
DEFECTS, ACCURACY, OR THE PRESENCE OF ABSENCE OF ERRORS, WHETHER OR NOT
DISCOVERABLE. SOME JURISDICTIONS DO NOT ALLOW THE EXCLUSION OF IMPLIED
WARRANTIES, SO SUCH EXCLUSION MAY NOT APPLY TO YOU.

6. Limitation on Liability. EXCEPT TO THE EXTENT REQUIRED BY APPLICABLE LAW, IN NO
EVENT WILL LICENSOR BE LIABLE TO YOU ON ANY LEGAL THEORY FOR ANY SPECIAL,
INCIDENTAL, CONSEQUENTIAL, PUNITIVE OR EXEMPLARY DAMAGES ARISING OUT OF THIS
LICENSE OR THE USE OF THE WORK, EVEN IF LICENSOR HAS BEEN ADVISED OF THE
POSSIBILITY OF SUCH DAMAGES.

7. Termination

a. This License and the rights granted hereunder will terminate automatically upon
any breach by You of the terms of this License. Individuals or entities who have
received Derivative Works or Collective Works from You under this License,
however, will not have their licenses terminated provided such individuals or
entities remain in full compliance with those licenses. Sections 1, 2, 5, 6, 7, and
8 will survive any termination of this License.

b. Subject to the above terms and conditions, the license granted here is perpetual
(for the duration of the applicable copyright in the Work). Notwithstanding the
above, Licensor reserves the right to release the Work under different license
terms or to stop distributing the Work at any time; provided, however that any
such election will not serve to withdraw this License (or any other license that
has been, or is required to be, granted under the terms of this License), and this
License will continue in full force and effect unless terminated as stated above.
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8. Miscellaneous

a. Each time You distribute or publicly digitally perform the Work or a Collective
Work, the Licensor offers to the recipient a license to the Work on the same
terms and conditions as the license granted to You under this License.

b. Each time You distribute or publicly digitally perform a Derivative Work, Licensor
offers to the recipient a license to the original Work on the same terms and
conditions as the license granted to You under this License.

c. If any provision of this License is invalid or unenforceable under applicable law,
it shall not affect the validity or enforceability of the remainder of the terms of
this License, and without further action by the parties to this agreement, such
provision shall be reformed to the minimum extent necessary to make such
provision valid and enforceable.

d. No term or provision of this License shall be deemed waived and no breach
consented to unless such waiver or consent shall be in writing and signed by the
party to be charged with such waiver or consent.

e. This License constitutes the entire agreement between the parties with respect to
the Work licensed here. There are no understandings, agreements or
representations with respect to the Work not specified here. Licensor shall not be
bound by any additional provisions that may appear in any communication from
You. This License may not be modified without the mutual written agreement of
the Licensor and You.

Creative Commons is not a party to this License, and makes no warranty whatsoever in
connection with the Work. Creative Commons will not be liable to You or any party on any
legal theory for any damages whatsoever, including without limitation any general, special,
incidental or consequential damages arising in connection to this license. Notwithstanding
the foregoing two (2) sentences, if Creative Commons has expressly identified itself as the
Licensor hereunder, it shall have all rights and obligations of Licensor.

Except for the limited purpose of indicating to the public that the Work is licensed under the
CCPL, neither party will use the trademark "Creative Commons" or any related trademark
or logo of Creative Commons without the prior written consent of Creative Commons. Any
permitted use will be in compliance with Creative Commons' then-current trademark usage
guidelines, as may be published on its website or otherwise made available upon request
from time to time.

Creative Commons may be contacted at http://creativecommons.org/.

« Back to Commons Deed
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ANEXO III
Artigo publicado:

“Modulation of Hypothalamic PTP1B in TNF-alpha-induced insulin and leptin
resistance”, de autoria de Picardi PK, Caricilli AM, de Abreu LL, Carvalheira JB,
Velloso LA, Saad MJ., FEBS Lett. 2010 Jul 16;584(14):3179-84. Epub 2010 Jun 2.

Artigos submetidos:

“Topical Insulin Accelerates Wound Healing in Diabetes by Enhancing AKT and ERK
Pathway: A Double-Blind Placebo-Controlled Clinical Trial” a revista PLoS ONE,
revisado e ressubmetido. Autores: Lima MH, Caricilli AM, de Abreu LL, Araijo EP,
Pelegrinelli F, Thirone ACP, Tsukumo DM, Moraes MA, Carvalheira JB, Velloso LA,
Saad MJA.

“Tub has a Key Role in Insulin and Leptin Signaling/Action in vivo in
Hypothalamic Nuclei, submetido ao Diabetes”. Autores: Patricia O. Prada, Paula G.F.
Quaresma, Andrea M. Caricilli,
Andressa C. Santos, Dioze Guadagnini, Joseane Morari, Lais Weissmann,
Eduardo R. Ropelle, Jose Barreto C. Carvalheira, Licio A. Velloso and
Mario J. Saad

“Effect of Treatment with Fenofibrate and Insulin on Cutaneous Wound Healing in
Streptozotocin-Diabetic Rats”, submetido a0 Wound Repair and Regeneration. Autores:
de Abreu LL, Caricilli AM, Picardi PK, Razolli D, Amaral MEC, Esquisatto MAM,
Aratijo EP, Velloso LA, Saad MJA, Lima MHM

“Targeted Disruption of Inducible Nitric Oxide Synthase Protects Against Aging-
Linked S-Nitrosylation and Insulin Resistance in Muscle”, submetido ao Aging Cell.
Autores: Ropelle E, Pauli JR, Cintra D, da Silva A, de Souza CT, Guadagnini D,
Carvalho B, Hirabara S, Caricilli AM, Carvalho-Filho MA, Velloso LA, Saad MJA,
Carvalheira JB.

“Inhibition of hypothalamic inflammation reverts diet-induced insulin resistance in the
liver”, submetido ao Diabetes. Autores: Marciane Milanski, Ana P. Arruda, Andressa
Coope, Leticia M. Ignacio-Souza, Erika A. Roman, Carla Nuiies, Talita Romanatto,
Livia B. Pascoal, Andrea M. Caricilli, Marcio A. Torsoni, Patricia O. Prada, Mario J.
Saad, Licio A. Velloso.

Artigo em vias de submissao
“Topiramate improves insulin and leptin signaling in hypothalamus and reduces obesity”
a ser submetido ao Endocrinology. Autores: Caricilli AM, Penteado E, Mittestainer F, de

Abreu LL, Quaresma P, Santos A, Guadagnini D, Razolli D, Velloso LA, Saad MJA,
Prada PO.
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