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RESUMO

A proteina MKP-3 (MAPK phosphatase-3) possui capacidade de associar-se
fisicamente e desfosforilar a FoxO1 no figado, resultando em aumento da
gliconeogénese e hiperglicemia na condi¢do de obesidade e diabetes. Por outro lado, o
exercicio fisico € uma das estratégias ndo farmacolégicas mais utilizadas para a
melhora do perfil glicémico em pacientes diabéticos, no entanto, suas a¢des no tecido
hepatico sdo pouco conhecidas. Assim, o objetivo deste trabalho foi investigar os efeitos
do treinamento fisico sobre a expressao proteica da MKP-3, bem como sua interagéo
com a FoxO1 em figado de animais obesos. Ademais, tem como objetivo avaliar o
mecanismo pelo qual o exercicio fisico € capaz de inibir a proteina MKP-3 em tecido
hepatico. Foram utilizados camundongos Swiss machos que receberam por 16
semanas uma dieta padrdo ou rica em gordura. Os animais foram distribuidos
aleatoriamente em seis grupos: controle (C), obeso sedentario (OB), obeso exercitado
(EXE), obeso tratado com oligonucleotideo antisense MKP-3 (OB-ASO), obeso tratado
com sense MKP-3 (OB-sense) e obeso submetido ao treinamento fisico e ao tratamento
com antisense MKP-3 concomitantemente (OB-EXE-ASO). O protocolo de treinamento
fisico consistiu de natacao com sessdes de 60 minutos, 5 vezes por semana, com carga
equivalente a 5% da massa corporal total do animal. O tratamento com antisense foi
realizado através de injegbes duas vezes ao dia, com um volume total de 2.0 pl por
dose (4.0 nmol/ul) por 5 dias. Ao final do experimento foram realizados os testes de
tolerancia ao piruvato (TTP) e teste de tolerancia a insulina (TTI). Além disso, foram
avaliados parametros fisioldgicos (ingestdo caldrica, massa corporal, glicemia e
insulinemia de jejum) e a andlise molecular das proteinas (MKP-3, FoxO1, PGC1a,
HNF-4o, PEPCK, G6Pase e ERK) através das técnicas de imunoblot e
imunoprecipitagdo. Utilizou-se a técnica de imunohistoquimica para analise da co-
localizagdo da MKP-3 no figado dos animais. Os resultados obtidos demonstraram que
o treinamento fisico diminuiu expressao proteica de MKP-3 e a associacdo FoxO1/MKP-
3 no figado dos animais obesos. Além disso, camundongos obesos treinados
apresentaram maiores niveis de FoxO1 fosforilada e diminuicdo da expressao das
proteinas PGC-1a e HNF-4a no figado se comparado aos animais obesos nao
submetidos ao treinamento fisico. Verificam-se também menores niveis das enzimas
gliconeogénicas PEPCK e G6Pase nos animais obesos treinados se comparado aos
seus pares sedentarios. Estes resultados a nivel molecular foram acompanhados por
alteracoes fisiologicas incluindo aumento da sensibilidade a insulina no figado, menor
producdo hepatica de glicose e reducao da hiperglicemia nos camundongos obesos,
independentemente da redugdo da massa corporal total. Ademais, ndo foram
encontrados efeitos aditivos sobre os parametros fisiolégicos e moleculares com o
tratamento de oligonucleotideo antisense MKP-3 e treinamento fisico realizado
concomitantemente nos animais obesos. Por fim, os efeitos supressivos do treinamento
fisico sobre a proteina MKP-3 parecem estar relacionados, no minimo em parte, a
diminuicdo na fosforilagdo das ERKs no figado de camundongos obesos.

Palavras chaves: Obesidade, diabetes, producao hepatica de glicose, exercicio fisico e
MKP-3.
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ABSTRACT

The protein MKP-3 (MAPK phosphatase-3) has the ability to physically associate with
and dephosphorylate the FoxO1 in the liver, resulting in increased gluconeogenesis and
hyperglycemia in the condition of obesity and diabetes. On the other hand, exercise is
one of the most used non-pharmacological strategies for improving glycemic control in
diabetic patients; however, their actions in liver tissue are poorly explored. The objective
of this study was to investigate the effects of exercise on the expression of MKP-3 and
its interaction with FoxO1 in the liver of obese animals. Furthermore, aimed at evaluating
the mechanism by which physical exercise is able to inhibit protein MKP-3 in the liver.
We used male Swiss mice that received a standard diet or high fat for 16 weeks. The
animals were randomly divided into six groups: control (C), sedentary obese (OB),
obese exercised (EXE), obese treated with MKP-3 antisense oligonucleotide (ASO-OB),
obese treated with sense MKP-3 (OB- sense) and obese subjected to physical training
and treatment with antisense MKP-3 concomitantly (OB-EXE-ASO). The protocol
consisted of swimming exercise training with sessions of 60 minutes, five times per
week with a load equivalent to 5% of the total body mass of the animal. Treatment with
antisense was performed by injection twice daily, with a total volume of 2.0 ul per dose
(4.0 nmol / microl) for 5 days. At the end of the experiment were performed to pyruvate
tolerance tests (PTT) and insulin tolerance test (ITT). Furthermore, physiological
parameters were evaluated (caloric intake, body weight, blood glucose and fasting
insulin) and molecular analysis of proteins (MKP-3, FoxO1, PGC1a, HNF-4a PEPECK,
G6Pase and ERK) by immunoblotting and immunoprecipitation techniques. The
immunohistochemistry technique was utilized to evaluate the co-localization of MKP-3 in
the liver of the animals. The results showed that physical training decreased the protein
expression of MKP-3 and association FoxO1/MKP-3. Further, trained obese mice had
higher levels of phosphorylated FoxO1 and decreased PGC-1a and HNF-4a. There was
also a decrease in the protein levels of PEPCK and G6Pase in the liver of mice
exercised compared to sedentary obese mice. These results at molecular level were
accompanied by physiological changes including increased insulin sensitivity in the liver,
reduced hepatic glucose production and reduce hyperglycemia in obese mice,
regardless of reducing total body mass. In addition, there were no additive effects of
treatment with antisense oligonucleotide MKP-3 and physical training performed
concurrently in obese animals. Finally, the suppressive effects of physical training on
MKP-3 protein appear to be related at least in part, the decrease in phosphorylation of
ERKs in the livers of obese mice.

Keywords: Obesity, diabetes, hepatic glucose production, physical exercise and MKP-
3.
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1- INTRODUCAO




1. INTRODUCAO

O diabetes mellitus tipo 2 (DM tipo 2) € a forma mais frequente da doenca
(aproximadamente 90% dos casos), com um marcante aumento em sociedades
industrializadas (1). As mudancas no estilo de vida, com progressivo e acentuado
consumo de alimentos hipercaléricos e inatividade fisica pela sociedade moderna,
permite prever um prognéstico de aumento das taxas de prevaléncia de DM tipo 2. Este
aumento exacerbado de DM tipo 2, acompanha a crescente aceleracao do numero de
individuos obesos do planeta, num fenbmeno chamado “diabesidade’.
Aproximadamente 197 milhdes de pessoas em todo o mundo apresentam intolerancia a
glicose (estagio pré-diabetes), O diagnéstico para o futuro préximo é de aumento, e a
incidéncia deve ser de 420 milhdes até 2025. Este aumento pronunciado da incidéncia
de diabete atinge criancas e adolescentes, onerando ainda mais os gastos com a saude
publica (1).

Dentre as alteragcbes marcadamente conhecidas que acompanham a resisténcia
a insulina tém-se a producédo excessiva de glicose pelo tecido hepatico e a diminuigao
na captacao desta hexose nos tecidos periféricos (musculo e tecido adiposo) levando
ao estado de hiperglicemia. Sem duvida entender os processos moleculares que
provocam a resisténcia a insulina em tecidos como o figado torna-se fundamental a
prevencao do desenvolvimento do diabetes.

O figado é um 6rgao de extrema importancia para o metabolismo do organismo.
Sendo que exerce papel fundamental na producao de glicose do organismo através da
inducado de gliconeogénese a partir de compostos aglicanos (nao-carboidratos) como
lactato, glicerol, aminoacidos (alanina) durante o jejum prolongado (2). Nesse processo,
a insulina é considerada o horménio mais importante para a supressao da sintese de
nova glicose. No estado alimentado (pds-prandial), por exemplo, o nivel de insulina
aumenta e reprime a gliconeogénese hepatica pela inibicdo da transcricdo de genes
gliconeogénicos (3). Este efeito da insulina é dependente das proteinas fosfatidilinositol-
3-quinase (PI3q) e da serina treonina quinase Akt (também conhecida com proteina B)
(4-6). A proteina Akt tem sido considerada uma mediadora relevante na supressao da

expressdao génica da fosfoenolpiruvato carboxiquinase (PEPCK) e da glicose-6-
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fosfatase (G6Pase) em resposta ao sinal molecular da insulina (5, 6). Isto revela que a
auséncia ou ineficacia na acado deste horménio provoca no figado disturbios na
producéo de glicose.

Em resposta a sinalizagdo da insulina a proteina Akt sera ativada, provocando
dentre os efeitos biol6gicos a fosforilacdo em serina do residuo 256 da FoxOf1
(Forkhead boX-containing gene, O subfamily). Esta fosforilacdo leva a extrusao nuclear
da Foxo1 e inativagcao (7, 8). Reconhecidamente, FoxO1 atua como fator de transcricao
em diversos tipos celulares. Especificamente no figado, a FoxO1 se liga aos genes
promotores de PEPCK e G6Pase aumentando a transcricdo génica destas enzimas.
Estas duas enzimas sado responsaveis pelo controle da primeira e ultima etapa da
sintese de glicose no figado, respectivamente. Assim sendo, a inativagdo (aumento da
fosforilacdo) da FoxO1 é a principal rota pela qual a insulina reprime a gliconeogénese
hepéatica. No entanto, os mecanismos moleculares responsaveis pelo controle da
FoxO1 em hepatdcitos permanecem ainda ndo totalmente elucidados.

A FoxO1 é responsavel pelo aumento da transcricao da proteina PGC1a (PPARYy
coativador 1a), que codifica um importante amplificador para gliconeogenese hepatica
(8). Por sua vez, a PGC1a ativa a expressdo de genes gliconeogénicos através da
interacdo direta com FoxO1 e HNF4a (Hepatocyte Nuclear Factor 4)(8, 9). A
interrupcéo da interacdo entre PGC1a e FoxO1 pela insulina reprime a gliconeogénese
mediada pela PGC1a (8). Desse modo, FoxO1 pode ser considerada uma proteina
distal chave na via molecular da insulina durante a sintese de nova glicose pelo figado.
Contrariamente, a desfosforilacdo da FoxO1 e sua ativagao nuclear induz hiperglicemia.

A luz desses achados, pesquisadores identificaram que a proteina MKP-3 (MAPK
fosfatase-3) exerce efeito antagdnico ao da insulina na supressao da transcricdo da
enzima PEPCK em cultura de células hepaticas (10). E mais recentemente, foi
demonstrado que a MKP-3 regula o processo de gliconeogénese através do seu efeito
sobre a FoxO1 (11). A MKP-3 possui capacidade de se associar fisicamente e
desfosforilar a FoxO1, aumentando assim sua translocagéao para o nucleo celular e sua
capacidade transcricional para genes envolvidos na gliconeogénese (11). Esse

mecanismo de resisténcia a insulina revela novas possibilidades terapéuticas e de
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entendimento da desregulacdao do metabolismo de glicose na condicao de resisténcia a
insulina.

A MKP-3 tem funcgéo especifica de inativar proteinas da familia da MAPK
denominadas ERKs (quinases regulada por sinais extracelulares), sendo que esta
interacdo entre as proteinas se da fisicamente (12, 13). No entanto, a interacao entre
ERKs e MKP-3 é reciproca e por sua vez, ERK causa a ativagdo da MKP-3. Tal
consideracao é reforcada por estudo prévio que mostrou que na presenca de ERK2 a
atividade da MKP-3 intracelular foi 40 vezes maior (12, 13). Além do mais, € observado
um aumento na expressao de ERKs e MKP-3 no estado de obesidade e inflamagao que
€ acompanhado por resisténcia a insulina e consequente aumento na gliconeogénese
(11).

Por outro lado, é reconhecida que a pratica de exercicio fisico € capaz de
melhorar a acdo da insulina com efeitos observados sobre proteinas importantes a via
de sinalizacao da insulina como a PI3-q e a Akt (14-16). Estudos prévios realizados em
nosso laboratério e por outros pesquisadores demonstraram uma melhora na cascata
de sinalizacdo da insulina e menor producdo hepatica de glicose em resposta ao
exercicio fisico (14-17). Entretanto, a respeito dos efeitos do exercicio fisico sobre a
expressao da MKP-3 no figado e regulacédo do metabolismo da glicose permanece sem
ser elucidado, indicando a necessidade de mais estudos sobre o assunto.

FISIOLOGIA MOLECULAR DA REGULACAO DA GLICONEOGENESE HEPATICA

A Akt é uma serina treonina quinase que possui trés isoformas (Akt1, Akt2 e
Akt3) expressas em diferentes tecidos periféricos (figado, musculo, adiposo, entre
outros) (18-20). Animais deficientes de Akt (nocaute da Akt) demonstraram
caracteristicas de diabete severa, tais como hipertrofia das células beta, aumento na
producdo hepatica de glicose, diminuida homeostase da glicose e exacerbada
hiperglicemia (20, 21).

As proteinas FoxO s&o substratos da Akt in vivo. Este fator de transcricao é
fosforilado pela Akt em dois residuos de serina (Ser256 e Ser319) e um residuo de
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treonina (Thr24). A fosforilacdo desses trés sitios da FoxO resulta em sua extrusao
nuclear e sua consequente inativagao (22-24). Técnicas como o Gel Shift mostrou que a
FoxO1 se liga a sequéncia responsiva a insulina no promotor da G6Pase e da PEPCK
(25) e a superexpressao da FoxO1 marcadamente aumenta a expressao endégena da
G6Pase no figado. Além disso, em camundongos nocautes, observou-se que a FoxO1
controla a homeostase da glicose e a gliconeogénese hepética através da via da
insulina (25).

Outro componente transcricional, que possui papel relevante na gliconeogénese
é a proteina PGC-1a (8). Ela é ativada fisiologicamente no figado durante o estado de
jejum, pela acdo do glucagon e glicocorticéides. E encontrada em niveis elevados em
diversos modelos experimentais de diabetes ou de deficiéncia na sinalizagdo da insulina
(8).

Sabe-se que a expressdo de PGC-1a em niveis fisiol6gicos € quem inicia todo o
programa gliconeogénico, por interagir com a Foxol e aumentar sua agao
transcricional, promovendo maior expressdo das enzimas gliconeogénicas PEPCK e
G6Pase (8). Entretanto, na presenga de insulina, a ativacdo da Akt regula a agéo
transcricional da PGC-1a. Apds a ativagdo, a Akt promove a fosforilagdo da Foxo1,
provocando sua extrusdo nuclear, e interrompe a interacao Foxo1/PGC-1a. Inativando
esta interacdo, a Akt diminui a producdo hepéatica de glicose, reduzindo a
gliconeogénese, pois sozinha, a PGC-1a ndo consegue ativar os genes promotores da
expressdo das enzimas PEPCK e G6Pase (8). Niveis reduzidos de PGC-1a podem
também reduzir a expressdo de HNF4a e a transcricio de PEPCK e G6Pase.
Sabidamente, HNF4a é outro componente nuclear com participacdo importante na
gliconeogénese.

Estudos revelam que este fator de transcricdo tem papel importante tanto na
gliconeogénese quanto na glicélise em condicao de jejum e alimentado (26). Na
auséncia de insulina, FoxO1 esta localizado no nucleo, simultaneamente, FoxO1 e
HNF4a sinergicamente ativam o gene promotor da G6Pase, presumidamente via PGC-
1a, favorecendo a gliconeogénese. Opostamente, em reposta ao sinal da insulina,

FoxO1 é fosforilada e excluida do nucleo, resultando na dissociagdo do HNF4a. Em
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resposta a esta dissociacdo HNF4a, pode entdo, ativar o gene promotor da
glicoquinase (GK) (26). Rhee e colaboradores demostraram que a presenca de HNF-4a
€ absolutamente requerida pelo PGC-1a para inducdo da expressdo dos genes da
PEPCK e G6pase (27). Desse modo, proteinas de efeito inibitério sobre a via de
sinalizacao Akt/FoxO1 no figado podem provocar aumento significativo na producao de

nova glicose e a hiperglicemia.

PAPEL DA MKP-3 NA RESISTENCIA HEPATICA A INSULINA E HIPERGLICEMIA

A proteina MKP-3 exerce papel relevante na génese da hiperglicemia através de
sua acao negativa sobre a FoxO1 e aumento na gliconeogénese hepatica (11). A
FoxO1 é capaz de aumentar a transcricdo da proteina PGC1(], a qual robustamente
ativa a expressao de genes gliconeogénicos (PEPCK e G6Pase) através de uma
interacdo direta com a FoxO1 e HNF4a (27, 28). A interrupcdo da interagdo entre
PGC1a e FoxO1 pela insulina suprime a gliconeogénese mediada por PGC1a (28). Em
contrapartida, a MKP-3 tem efeito antagbnico a insulina em suprimir a transcricdo de
PEPCK. Wu e colaboradores verificaram que animais obesos induzidos por dieta rica
em gordura tiveram aumento significativo nos niveis proteicos de MKP-3 e de glicose
sanguinea, sugerindo uma relacao entre a expressdo de MKP-3 e desregulacdo no
metabolismo glicidico (11).

No estado de jejum, a superexpressao de MKP-3 em animais magros aumentou
consideravelmente os niveis de glicose e insulina sanguinea e induziu aumento da
expressao de G6Pase (11). Na mesma diregéo, a superexpressao de MKP-3 em cultura
de células hepaticas também induziu aumento na expressao de genes gliconeogénicos
e elevacao da producéo hepatica de glicose (11). Tais resultados sao indicativos de que
a elevacao da MKP-3 pode contribuir para a génese da resisténcia a insulina e
hiperglicemia.

Corroborando com esses achados, foi observado em modelos animais de
obesidade tanto induzidos por dieta rica em gordura ou geneticamente modificados

(ob/ob), que o nocaute da proteina MKP-3 resulta em diminuigcéo significativa nos niveis
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de glicose no sangue tanto na condicao de jejum quanto pos-prandial (11). Ademais, os
niveis de insulina e de expressdao da PEPCK também foram menores nos animais
nocautes para MKP-3 (11).

Portanto, a gliconeogénese promovida pela MKP-3 na condigdo de obesidade e
resisténcia a insulina é mediada no minimo em parte pela sua atividade fosfatase
conduzindo a desfosforilacdo em Ser 256 da FoxO1. A diminuicdo da fosforilacdo de
FoxO1 e da sua interacdo com PGC1a pela MKP-3 acaba inibindo a acao da insulina
em fosforilar e provocar a extrusdo da FoxO1 do nucleo (Figura 1). Como
consequéncia, observa-se no estado de obesidade e resisténcia a insulina um aumento
das enzimas chaves da gliconeogénese e da produgcdo hepatica de glicose.
Drasticamente, a manutencéao deste estado de resisténcia a insulina pode favorecer o

desenvolvimento de DM tipo 2 em longo prazo.
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producdo hepdtica de glicose

.

Figura 1. Modelo ilustrativo da agdo negativa da MKP-3 em induzir gliconeogénese. O
aumento na expressdao da MKP-3 na condicdo de obesidade e resisténcia a insulina
diminui a fosforilagdo da FoxO1 em serina 256, que subsequentemente promove a
translocacao da FoxO1 do espaco citoplasmatico para o ndcleo. FoxO1 ativa no ndcleo
aumenta a transcricdo de PGC1a e também a interacdo com PGC1a para iniciar o
programa de gliconeogénese hepatica.




EXERCICIO FiSICO E RESISTENCIA A INSULINA

A atividade fisica é considerada uma importante opcado de tratamento nao
farmacolégico da obesidade, resisténcia a insulina e distarbios metabdlicos associados,
como hipertensao, dislipidemias, hiperglicemia, e outros, com melhoras que podem
ocorrer independente da redugédo de peso ou composigao corporal (15, 16, 29)

O mecanismo molecular pelo qual o exercicio aumenta a captacao de glicose e
reduz a hiperglicemia mediada pela insulina pode ser parcialmente explicado pelo
aumento da expressao e atividade de proteinas chaves na regulacdo do metabolismo
da glicose no musculo esquelético e figado (15, 16, 29). Além disso, 0 exercicio fisico
parece atenuar a atividade de proteinas inflamatérias com efeito negativo na via de
sinalizagéo da insulina (15, 16, 29, 30). A melhora da sensibilidade a insulina promovida
pelo exercicio fisico pode ser alcancada tanto por exercicios aerdbios quanto por
aqueles de predominancia anaerobia e resultados favoraveis tem sido encontrado tanto
apdés uma unica sessdo como também apds um programa de treinamento,
demonstrando que existe tanto um efeito agudo quanto crénico da atividade fisica sobre
a sensibilidade a insulina (15, 16, 29-31). No entanto, ndo existe um consenso ainda se
os efeitos do treinamento fisico sobre a sensibilidade a insulina s&o decorrentes da
ultima sessao e desaparecem rapidamente, levantando a hipétese de que este efeito é
meramente agudo (32).

Tais consideracdes sugerem a necessidade de mais estudos direcionados em
investigar os efeitos pos-exercicio fisico dentro de programas de treinamento. Além
disso, a grande maioria dos estudos investigou os efeitos do exercicio fisico em tecido
muscular esquelético e pouco se sabe sobre as agdes moleculares do treinamento
fisico sobre a resisténcia a insulina hepatica. E como visto previamente, o figado exerce
papel chave no metabolismo da glicose, sendo a insulina o horménio chave no
processo de gliconeogénese.

De acordo com a literatura cientifica, parece que a relagdo entre a via de
sinalizacao da insulina e o controle das principais enzimas gliconeogénicas tem seu elo
na Akt e no fator de transcricdo FoxO1 (11, 15, 33). Poucos estudos avaliaram o efeito
do exercicio fisico sobre esta importante via de controle da producdo hepatica de
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glicose. Recentemente, descrevemos que agudamente, o exercicio fisico é capaz de
reduzir significativamente a interacdo FoxO1/PGC-1a no figado de ratos obesos, em
paralelo, observamos aumento da fosforilagdo da FoxO1 estimulada por insulina (34),
indicando que o exercicio modula a atividade da FoxO1 neste tecido, contudo, o
mecanismo molecular para este fenbmeno, permanece desconhecido. Nesse contexto,
€ possivel que o exercicio fisico tenha papel relevante sobre a expressdo da MKP-3,
marcadamente alterada na condicdo de inflamacao e obesidade induzida por dieta rica
em gordura, com possivel repercussao no controle da producado hepatica de glicose.
Tais resultados, se confirmados proverdao o entendimento de novos mecanismos
moleculares acerca dos beneficios da pratica de atividade fisica regular para individuos
obesos e diabéticos tipo 2.




2- OBJETIVOS
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OBJETIVOS

GERAL

Estudar os efeitos do treinamento fisico sobre a expressao da proteina MKP-3,
bem como sua associacdo com o fator de transcricdo FoxO1 em tecido hepatico de

camundongos obesos e diabéticos.

ESPECIFICOS

O trabalho teve como objetivos especificos avaliar os efeitos do treinamento
fisico em animais obesos sobre 0s seguintes parametros:
a) Massa corporal, ingestao alimentar, glicemia, insulinemia, sensibilidade a insulina
e tolerancia ao piruvato.

b Expressao e fosforilagdo da proteina FoxO1 no figado.

(¢]

Expresséo da proteina MKP-3 no figado.

o

)
)
) Expressao das proteinas PGC1a e HNF4a no figado.
)

)

A associacao das proteinas FoxO1/MKP-3 no figado.
A expressao das proteinas PEPCK e G6Pase no figado.

—h
N

9) A expressao e fosforilagdo da proteina ERK no figado
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ABSTRACT

Insulin plays an important role in the control of hepatic glucose production. Insulin resistant
states are commonly associated with excessive hepatic glucose production, which contributes to
both fasting hyperglycemia and exaggerated postprandial hyperglycemia. In this regard,
increased activity of phosphatases may contribute to the dysregulation of gluconeogenesis. MKP-
3 (mitogen-activated protein phosphatase-3) is a key protein involved in the control of
gluconeogenesis. MKP-3-mediated dephosphorylation activates FoxO1 (a member of forkhead
family of transcription factors) and subsequently promotes its nuclear translocation and binding
to the promoters of gluconeogenic genes such as phosphoenolpyruvate carboxykinase (PEPCK)
and glucose-6-phosphatase (G6Pase). In this study, we investigated the effects of exercise on the
expression of MKP-3 and its interaction with FoxO1 in the livers of obese animals. We found
that physical exercise decreased the expression of MKP-3 and FoxO1/MKP-3 association in the
liver. Further, exercised obese mice had lower levels of FoxO1 in the nucleus and decreased
levels of gluconeogenic enzymes (PEPCK and G6Pase). We also observed reduced levels of
PGC-1a and HNF4a in the livers of exercised mice when compared to non-exercised obese
mice. These molecular results were accompanied by physiological changes, including increased
insulin sensitivity in the liver, reduced hepatic glucose production and reduced hyperglycemia,
which were not caused by reductions in total body mass. In addition, there were no additive
effects of an antisense oligonucleotide targeting MKP-3 and physical exercise performed
concomitantly. Finally, the suppressive effects of exercise on MKP-3 protein levels appear to be

related, at least in part, to reduced phosphorylation of ERK in the livers of obese mice.
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INTRODUCTION

The liver is a key organ in the maintenance of systemic glucose homeostasis in mammals.
The liver can produce glucose by breaking down glycogen (glycogenolysis) and by de novo
synthesis of glucose from noncarbohydrate precursors such as pyruvate, glycerol, lactate and
alanine (gluconeogenesis) (Pilkis & Granner 1992). The rate of gluconeogenesis is controlled
principally by the activities of certain unidirectional enzymes, such as phosphoenolpyruvate
carboxykinase (PEPCK), fructose-1,6-bisphosphatase (F1,6BP) and glucose-6-phosphatase
(G6Pase) (Liao et al, 1998; Schmoll et al, 2000). The genes encoding these proteins are
powerfully controlled at the transcriptional level by key hormones, particularly insulin, glucagon,
epinephrine and glucocorticoids. In the fed state, the hormone insulin is considered to be the most
important factor regulating the suppression of gluconeogenesis and hepatic glucose production

(Sutherland et al, 1995; Schmoll et al, 2000; Vidal-Puig & O'Rahilly 2001).

The molecular action of insulin is initiated upon ligand binding to the insulin receptor,
which autophosphorylates and activates phosphatidylinositol 3-kinase (PI3K), mediating the
activation of Akt (Sutherland et al, 1995; Liao et al, 1998; Schmoll et al, 2000). Upon activation,
Akt phosphorylates a member of the forkhead transcription factor family (FoxO1), which is
expressed abundantly in the liver and acts as a major target for insulin signaling (Sutherland et al,
1995; Liao et al, 1998; Schmoll et al, 2000; Vidal-Puig & O'Rahilly 2001). FoxO1 acts as a
transcription factor in various cell types. In the liver, FoxO1 binds to the promoters of the
PEPCK and G6Pase genes and increases the transcription of these enzymes (Puigserver et al,

2003a).

FoxOl is known to increase the transcription of PPARy coactivator-1 a (PGC-1a), which
encodes an important amplifier for hepatic gluconeogenesis (Puigserver et al, 2003a). Indeed,
PGC-1 can powerfully stimulate the expression of key genes in the gluconeogenic pathway in the
liver. This strongly suggests that regulation of the transcriptional coactivator PGC-1 is of central
importance in the control of gluconeogenesis by insulin and other hormones. PGC-1a robustly
activates gluconeogenic gene expression through direct interactions with FoxO1 and hepatocyte
nuclear factor 4o (HNF4a) (Puigserver et al, 2003a; Rhee et al, 2003). Disruption of the

interaction between PGC-1a and FoxO1 by insulin represses PGC-1o—mediated gluconeogenesis
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(Daitoku et al, 2003). Previous studies also indicate that HNF4o and FoxOl1, which are
transcription factors that regulate gluconeogenic gene expression (Puigserver & Spiegelman

2003b; Rhee et al, 2003), are both critical targets of PGC-1a coactivation.

This finely tuned metabolic process can be regulated by phosphatases. In particular,
MKP-3 (mitogen-activated protein phosphatase-3) appears to be key for the proper control of
gluconeogenesis. The expression of MKP-3 is markedly elevated in the livers of obese mice, and
knocking down MKP-3 expression in the livers of either lean or obese mice decreases fasting
blood glucose levels (Wu et al, 2010). MKP-3’s ability to promote hepatic glucose output is
mediated at least partially through its ability to physically associate with and dephosphorylate
FoxO1. MKP-3-mediated dephosphorylation activates FoxO1 and subsequently promotes its
nuclear translocation and binding to the promoters of gluconeogenic genes, such as PEPCK and
G6Pase (Wu et al, 2010). These results demonstrate that MKP-3 is an important regulator of
hepatic gluconeogenesis and may contribute to the inappropriate activation of gluconeogenesis

that occurs in type 2 diabetes.

MKP-3 is a cytoplasmic phosphatase that is highly specific for dephosphorylation of
ERK1/2 (extracellular signal-regulated kinases) and plays a critical role in attenuating ERK1/2-
mediated mitogenesis (Camps et al, 1998; Fjeld et al, 2000; Feng et al, 2012). MKP-3-deficient
mice display enhanced basal ERK1/2 phosphorylation and increased myocyte proliferation
(Maillet et al, 2008). Interestingly, the MEK/ERK pathway itself also plays a role in down
regulating MKP-3 expression, forming a negative feedback loop between the kinases and the

phosphatase (Marchetti et al, 2005; Jurek et al, 2009).

Regular exercise is known to improve insulin’s actions and has significant effects on
insulin signaling pathways and hepatic glucose production (De Souza et al, 2010; da Luz et al,
2011; Marinho et al, 2012). However, the effects of exercise on the expression of MKP-3 and its
regulation of glucose metabolism remain unknown. Thus, the aim of this study was to investigate
the effects of physical exercise on the expression of MKP-3 protein as well as its association with
the transcription factor FoxOl in the livers of obese mice. In addition, we investigated the effect

of exercise on the phosphorylation of ERK in the livers of obese mice.
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MATERIALS AND METHODS

Experimental animals

The experimental procedures involving mice were performed in accordance the principles
and procedures described by the National Institutes of Health Guidelines for the Care and Use of
Experimental Animals and were approved by the University of Campinas Ethical Committee (ID
2011/2599-1). Male Swiss mice (15-20 g) from the University of Campinas Breeding Center
were used. The mice were always housed in individual cages and subjected to a standard light—
dark cycle (6:00 a.m.—6:00 p.m./6:00 p.m.—6:00 a.m.), and the room temperature was maintained
at stable levels (23 + 2°C). After random selection, animals were fed a standard rodent chow
(3.948 kcal.kg‘l) or a high-fat diet (HFD) (5.358 kcal.kg'l) ad libitum for 16 weeks. The
composition of the high-fat diet has been previously described (Pauli et al, 2008).

First, after the induction of obesity, the effectiveness of an antisense oligonucleotide
targeting MKP-3 was assessed (Figure 1B); the animals were then divided into six experimental
groups: mice fed standard rodent chow (Lean), high fat diet-induced obesity mice (DIO), DIO
mice treated with the MKP-3 antisense oligonucleotide (DIO-ASO), DIO mice treated with the
MKP-3 sense oligonucleotide (DIO-sense), DIO mice subjected to physical exercise (DIO-EXE)
and DIO mice subjected to physical exercise and treated with the MKP-3 antisense
oligonucleotide concomitantly (DIO-EXE-ASO). Data obtained from DIO-sense mice (treated
with a sense oligonucleotide control) were excluded from the results because they did not show

appreciable differences from DIO mice.

The antisense oligonucleotide treatment

The sense and antisense (ASO) phosphorthioate oligonucleotides specific for MKP-3
(sense, 5'-TCA GGA GCT GGA TGG C-3' and antisense, 5'-ATG ATG TTC GTG GTG TAA
AGT T-3’) were selected from three unrelated pairs of oligonucleotides on the basis of their
ability to block MKP-3 protein expression, as evaluated by immunoblotting total protein extracts

of liver using specific anti-MKP-3 antibodies (as shown in Figure 3B). The antisense
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oligonucleotide sequences were submitted to BLAST analyses (www.ncbi.nlm.nih.gov) and were
found to match only the mouse MKP-3 coding sequence. DIO and/or EXE were housed in
individual cages and treated with the sense oligonucleotide (MKP-3-Sense) or the MKP-3
antisense oligonucleotide (MKP-3-ASO). The sense and antisense MKP-3 oligonucleotides were
diluted in TE buffer (10 mm Tris-HCI], 1 mm EDTA), and treatment was achieved by twice daily
(08:00 h/18:00 h) i.p. injections, with 2.0 uL/dose (1.0 nM/uL), for 5 d (see Figure 1). The sense
and antisense phosphorthioate oligonucleotides specific for MKP-3 were produced by Invitrogen
Corp. (Carlsbad, CA). In some experiments, to evaluate the efficiency of the oligonucleotides,
different doses were employed, as described in the results section (dose-response experiment —
figure 3B). In the experiment involving the DIO-EXE-ASO mice, the treatment with antisense
oligonucleotide MKP-3 was performed simultaneously with the last five sessions of exercise (see

figure 1).

sesksk Figure 1 k*kk

Physical exercise protocol

Mice were adapted to swimming for 10 min each day for 3 d to reduce water-induced
stress. The exercise sessions were performed during the light cycle and consisted of 60-min
swimming sessions, 5 days/week for 8 weeks (8-16 weeks of the experiment), in an apparatus
adapted for mice (60 cm-depth x 45 cm-diameter cylindrical tank) containing warm water (31—
32°C). The volume of exercise was gradually increased until the mice swam for 60 min wearing
caudal dumbbells weighing 5% of their body weight, which was achieved after the eighth day of
exercise (see figure 2). This exercise protocol was used previously in other studies in our
laboratory (Oliveira et al, 2011; Marinho et al, 2012). The experimental analyses were

performed 36 hours after the last exercise session.

ks Figure D Kk
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Determination of cumulative energy intake

The food intake of the animals (Lean, DIO, DIO-EXE, DIO-ASO and DIO-EXE-ASO)
was evaluated every week. Thereafter, 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 the
chow at the end of a 24-h period. The cumulative energy intake over the 8 weeks of the

experimental period was determined and expressed in kcal.

Insulin tolerance test (ITT) and pyruvate tolerance test (PTT)

Thirty-six hours after the last session exercise, the mice were submitted to an insulin
tolerance test (ITT; 1.5 U/kg body weight of insulin). Before testing, all animals were fasted for 6
hours. Briefly, 1.5 IU/kg of human recombinant insulin (Humulin R) from Eli Lilly (Indianapolis,
IN) was injected intraperitoneally (i.p.), and blood samples were collected at 0, 5, 10, 15, 20, 25,
and 30 min from the tail for blood glucose determination using a glucose meter (Advantage,
Boehringer Mannheim, Germany).The rate constant for blood glucose disappearance (kITT) was
calculated using the formula 0.693/biological half-life (t1/2). The blood glucose t1/2 was
calculated from the slope of the last square analysis of the plasma glucose concentration during

the linear phase of decline (Bonora et al. 1989).

The pyruvate tolerance test (PTT) was performed to estimate gluconeogenesis as follows.
Mice were starved for 16 h and then injected 1.p. with pyruvate (2 g/kg) dissolved in saline.
Blood glucose levels were determined in the tail blood every 30 min for 2 h using a glucose

meter (Advantage, Boehringer Mannheim, Germany).

Fasting glucose and serum insulin quantification

The blood glucose level was determined by a colorimetric method using a glucose meter
(Advantage, Boehringer Mannheim, Germany). The zero time values in the insulin tolerance test
were used as the fasting glucose values. Blood was collected from the cava vein. Plasma was

separated by centrifugation (1,100 g) for 15 min at 4°C and stored at -80°C until assay. A
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radioimmunoassay (RIA) was employed to measure serum insulin, as previously described (Scott

etal. 1981).

Protein analysis by immunoprecipitation and immunoblotting

Prior to molecular analysis experiments, the animals were fasted for 6 hours. For liver
collection, the abdominal cavity was opened, the portal vein was exposed, and 0.2 mL of normal
saline with or without insulin (10 mol/L) was injected. After the insulin injection, hepatic tissue
fragments were extracted and homogenized immediately in extraction buffer (1% Triton-X 100,
100 mM Tris, pH 7.4, containing 100 mM sodium pyrophosphate, 100 mM sodium fluoride, 10
mM EDTA, 10 mM sodium vanadate, 2 mM PMSF and 0.1 mg of aprotinin/mL) at 4°C with a
Polytron (MR 2100, Kinematica, Switzerland). The extracts were centrifuged at 11,000 rpm at
4°C (5804R, Eppendorf AG, Hamburg, Germany) for 40 min to remove insoluble material, and
the supernatants were used for protein quantification, according to the Bradford method

(Bradford, 1976). Equal amounts of protein were used for immunoprecipitation.

The immunocomplex was precipitated with protein A-Sepharose 6 MB (Pharmacia;
Uppsala, Sweden) and then washed three times with 50 mM Tris (pH 7.4) containing 2 mM
sodium vanadate and 0.1% Triton X-100. After this procedure, proteins were denatured by
boiling in Laemmli sample buffer containing 100 mM DTT, run on SDS-PAGE, transferred to

nitrocellulose membranes and blotted with specific antibodies.

Antibodies used for immunoblotting and immunoprecipitation were anti-PEPCK (P-16)
(sc-28477, goat polyclonal), anti-G6pase (G-20) (sc-33839, goat polyclonal), anti-PGC-
la (H-300) (sc-13067, rabbit polyclonal), anti-HNF-4a (C-19) (sc-6556, goat polyclonal)), anti-
MKP-3 (F-12) (sc-377070, mouse monoclonal), anti-phospho-ERK1/2 (sc-16982, goat
polyclonal), anti-f-actin (N-21) (sc-130656, rabbit polyclonal) (Santa Cruz Biotechnology Inc.,
CA, USA), anti-phospho-Foxol (Ser256) (#9461, rabbit polyclonal) and anti-Foxol (#2880,
rabbit monoclonal) (Cell Signaling Technology, MA, USA). Chemiluminescence detection was
performed with horseradish peroxidase-conjugated secondary antibodies (Thermo Scientific,

Rockford, IL, USA). Visualization of protein bands was performed by exposure of membranes to
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RX-films. The original membrane was stripped and reblotted with B-actin as a loading control.
Band intensities were quantified by optical densitometry (Scion Image software, Scion Corp,

Frederick, MD).

Nuclear extraction

To characterize the expression and subcellular localization of FoxOl, a subcellular
fractionation protocol was employed, as described previously (Prada et al, 2006). Liver
fragments from mice of all groups (except DIO-sense) were minced and homogenized in 2
volumes of STE buffer (0.32 M sucrose, 20 mM Tris-HCL (pH 7.4), 2 mM EDTA, 1 mM DTT,
100 mM sodium orthovanadate, | mM PMSF and 0.1 mg aprotinin mL™") at 4°C with a Polytron
homogenizer. The homogenates were centrifuged (1000 g, 25 min, 4°C) and suspended in Triton
buffer (1% Triton X-100, 20 mM Tris-HCL (pH 7.4), 150 mM NaCl, 200 mM EDTA, 10 mM
sodium orthovanadate, 1 mM PMSF, 100 mM NaF, 100 mM sodium pyrophosphate and 0.1 mg
aprotinin mL™), kept on ice for 30 min, and centrifuged (15,000 g, 30 min, 4°C) to obtain the
nuclear fraction. The samples (1 mg) were used for immunoprecipitation with FoxO1 anti-body
and Protein A-Sepharose 6MB (GE Healthcare, Little Chalfont, UK). After the addition of
Laemmli buffer with 100 mM DTT, samples were heated in a boiling water bath for 5 min, and
aliquots (100 pg of protein) were subjected to SDS-PAGE and Western blotting with anti-IRS-2;

alternatively, anti-histone antibodies were used to demonstrate the efficiency of the method.

Immunohistochemistry

Livers obtained from six mice were examined to determine the expression and tissue
distribution of the MKP-3 protein. Hydrated 4-um sections of paraformaldehyde-fixed, paraffin-
embedded tissue were transferred and coated with poly-L-lysine and fixed in methanol for 10
min. The sections were washed twice in 0.01 M phosphate buffered saline (PBS), pH 7.4 and
incubated in PBS with 1% bovine serum albumin (BSA, w/v) for 30 min to block nonspecific
background. Upon BSA removal, the sections were treated with primary antibody anti MKP-3
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA) at a 1:100 dilution in PBS/BSA overnight at
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4°C. After washing in PBS, slides were covered with a 1:200 dilution of FITC-conjugated
secondary donkey anti-rabbit IgG (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) in PBS for
120 min. The sections were subsequently washed in PBS and incubated for 10 min with DAPI
(Vector Laboratories, Burlingame, Calif., USA), prepared according to the manufacturer’s
instructions. Analysis and documentation of results were performed using a Leica FW 4500 B

microscope.

Statistical analysis

All numeric results are expressed as the means + SEM of the indicated number of
experiments. The results of blots are presented as direct comparisons of bands (according to the
area and intensity) in autoradiographs and were quantified by optical densitometry. Statistical
analysis was performed using the ANOVA test with the Bonferroni posttest. Significance was

established at the p < 0.05 level.

RESULTS

Changes in the protein levels of MKP-3 in response to varying doses of an antisense

oligonucleotide

MKP-3 levels in the livers of obese mice (DIO) were significantly increased (Figure 3A)
when compared with lean mice. Treatment of DIO mice for 5 days with an antisense
oligonucleotide to MKP-3 produced a dose-dependent inhibition of MKP-3 expression in liver
(Figure 3B). Based on the dose-response experiment, we selected a twice daily dose of 2.0 nM
for use in the remainder of the experiments. This dose induced a reduction of 91 + 4% in MKP-3

expression after five days.

ks Figure 3 cksksk
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Effects of physical exercise on physiological parameters

In our analysis of physiological parameters, we observed that the DIO group showed
higher cumulative energy intake in eight weeks, total body mass, epididymal fat, fasting glucose
and fasting insulin levels as compared to the lean group (Figure 4A-E, respectively). The
exercised mice showed a slight reduction in total body weight and epididymal fat mass, but there
was no significant difference when they were compared with the DIO mice (Figure 4B and C,
respectively). However, when compared with DIO mice, exercised mice (DIO-EXE) had lower
blood glucose levels (Figure 4D) and fasting insulin (Figure 4E). Food intake was observed to
increase in exercised animals at the beginning of the physical exercise protocol (first three
weeks); after this period, food intake was normalized (data not shown). However, in the analysis
of cumulative food intake in eight weeks, the DIO-EXE group was found to consume similar

amounts of energy compared to the DIO group (Figure 4A).

We next examined glucose reduction during an ITT. The DIO mice presented smaller
glucose reductions compared to the lean mice, as expected (Fig. 4F). However, swimming
exercise partially restored the insulin sensitivity; their insulin sensitivity values were higher than
those of the DIO mice and lower than those of lean mice. The group treated with the antisense
oligonucleotide to MKP-3 (DIO-ASO) had physiological parameters similar to those found in the
exercised group (Figure 4A-F).

Additionally, we evaluated the combined effect of exercise with MKP-3 antisense
oligonucleotide treatment on these physiological parameters. There were no additive effects of
physical exercise and concomitant treatment with the MKP-3 antisense oligonucleotide (DIO-

EXE-ASO) in mice (Figure 4A-F).

ok Figure 4 *4*
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Exercise reduces MKP-3 protein levels and disrupts the association between MKP-3 and

Fox0Ol1

Thirty-six hours after the last session of physical exercise, the MKP-3 protein levels and
the association between the MKP-3 and FoxOl1 proteins were assessed. MKP-3 protein levels in
the livers of exercised mice (DIO-EXE) were significantly decreased when compared with those
in the DIO mice. Treatment of DIO mice with an antisense oligonucleotide to MKP-3 produced a

decrease in MKP-3 protein levels similar to that seen in lean animals (Figure SA).

Increases in the association of FoxO1 and MKP-3 were found in DIO mice compared with
the lean group (Figure 5B). Interestingly, exercise decreased the association between the FoxOl1
and MKP-3 proteins. Treatment with the antisense oligonucleotide targeting MKP-3 (DIO-ASO)
significantly reduced the association of FoxO1 with MKP-3 compared with that observed in the
DIO mice, with values similar to those in the lean group (Figure 5B, upper panel). The FoxO1

protein levels did not differ between groups (Figure 5B, lower panel).

In addition, the mice were injected (i.v.) with insulin, and liver tissue samples were taken
to estimate FoxO1l phosphorylation and nuclear FoxO1 content (Figure 5C-D, respectively).
Phosphorylation of FoxO1 induced by insulin was reduced in the livers of obese mice (DIO)
compared to the lean group (Lean). Swimming exercise significantly increased pFoxOl in the
liver compared to that in DIO mice. Treatment with antisense oligonucleotide targeting MKP-3
increased insulin-induced phosphorylation of Foxol to levels similar to those seen in the lean
mice (Figure 5C, upper panel). The protein levels of Foxol showed no difference between the

groups (Figure 5C, lower panel).

The results for FoxO1 protein levels in the nucleus of the liver cells are presented in
Figure 5D. DIO mice had a higher amount of insulin-induced FoxO1 nuclear translocation than
lean mice. Exercise partially reversed this effect. In response to treatment with the antisense
oligonucleotide to MKP-3 (DIO-ASO), there was a significant reduction in the nuclear content of
insulin-induced FoxO1 in hepatocytes compared to that in the DIO and DIO-EXE groups. There
was no additive effect in the group of animals treated with ASO and exercised concomitantly

(Figure 5A-D).
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Exercise reduces the levels of PGC-1a, HNF-4a and gluconeogenic enzymes

In this study, we also evaluated the effect of exercise on the levels of proteins involved in
the transcription of gluconeogenic genes. Obese animals had increased PGC-1a protein levels in
their livers compared to lean animals. Exercise reduced the hepatic expression of PGC-1a
compared with that observed in DIO animals. The decrease found in the content of PGC-1a in
the liver of the DIO-EXE group was only partial; the levels were higher than those in the lean

group. A similar effect was observed in the DIO-ASO group (Figure 6A).

The obese mice had a significant increase in HNF-4a protein levels when compared to the
control group. Exercise reduced the content of HNF-4o compared to that observed in sedentary
obese animals. The HNF-4a levels seen in exercised animals were higher than those in the lean
group. The animals in the DIO-ASO group showed no change in the expression of HNF-4a., and

the values were similar to those obtained in obese mice (DIO) (Figure 6B).

We analyzed the expression of gluconeogenic enzymes in the hepatic tissue and observed
that in obese mice (DIO), the expression of PEPCK and G6Pase was significantly increased when
compared with the lean mice (Figure 6C and D, respectively). PEPCK and G6pase levels in the
livers of DIO-EXE mice were reduced compared to those observed in DIO mice. The levels of
G6Pase and PEPCK in the livers of the group treated with the antisense oligonucleotide to MKP-
3 were similar to those observed in the DIO-EXE group (Figure 6C and D, respectively). There
was no additive effect in the group of animals treated with ASO and exercised concomitantly

(Figure 6C-D).

Finally, to evaluate liver glucose production, mice received an intraperitoneal injection of
sodium pyruvate, and their blood glucose levels were measured ((Figure 6E). As shown in
Figures 6E and 6F, the glycemic curve and the area under the curve (AUC) were greater in the
DIO mice than in the other groups. Additionally, the pyruvate tolerance test showed that DIO

mice had a pronounced increase in blood glucose until 90 minutes after injection and that after
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this point, there was a slight decline in blood glucose (Figure 6E). However, the glucose curves
for DIO-EXE, DIO-ASO and DIO-EXE-ASO mice were similar, showing an increase in glucose

levels until 60 minutes after injection and then a decline in values until the end of the test.

ik Figure 6 %

Effects of exercise on phosphorylation of ERK1/2

In this study, we determined the effect of exercise on the phosphorylation of ERK1/2 in
the livers of obese mice. The DIO mice had increased phosphorylation of ERK1/2 compared to
the lean group. There was a significant reduction in the phosphorylation of ERK1/2 in the EXE
group 36 hours after the last exercise session compared to that observed in DIO mice (Figure 7A-
B). These results were accompanied by reduced levels of MKP-3 in the livers of exercised mice

(Figure 7B).

Next, we performed immunohistochemical analyses to evaluate the localization of MKP-3
in obese mice (Figure. 7C-E). Immunohistochemistry with an MKP-3-specific antibody revealed
that obesity increased the MKP-3 content and that exercise was able to decrease the MKP-3

protein levels (Figure 7E).

ks Figure ] okEE
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DISCUSSION

Insulin resistance plays a central role in metabolic control because defects in intracellular
insulin signaling in the liver impair adequate suppression of gluconeogenesis, leading to
increased glucose in both the fed and fasting states. Inactivation of FoxOl is the major
mechanism by which insulin represses gluconeogenesis. However, MKP-3-mediated
dephosphorylation of FoxOl at Ser256 promotes its nuclear translocation and subsequent
recruitment to the promoters of key gluconeogenic genes (Wu et al, 2010; Jiao et al, 2012). Here,
we have shown that expression of MKP-3 is markedly increased in the livers of diet-induced
obese mice. However, our data demonstrated that exercise was sufficient to reduce the protein
levels of MKP-3 in the liver. In parallel, we observed that exercised mice showed reductions in
MKP-3’s interaction with FoxOl1, improving the action of insulin in liver and suppressing
gluconeogenesis. We also determined that exercise reduces hepatic MKP-3 protein levels, at least
in part through ERK1/2. These data are important because inhibition of hepatic gluconeogenesis
is a potential target therapy to combat diabetic hyperglycemia, and most currently used anti-
diabetes therapies have little to no effect on MKP-3 activity. Thus, our study provides substantial
evidence that exercise can help restore insulin signaling in the liver and, therefore, aid in
counteracting the disturbance of glucose homeostasis induced by obesity, including changes in

hepatic MKP-3 protein levels.

MKP-3 is a dual-specificity phosphatase that plays an important role in glucose
metabolism (Jiao et al 2012). The expression of this protein is elevated in both genetically
(ob/ob) and diet-induced obese mice (Wu et al, 2010). Previous studies indicate that MKP-3 most
likely increases transcription of gluconeogenic gene expression through activation of FoxO1 (Xu
et al, 2005; Wu et al, 2010; Jiao et al, 2012). Interestingly, reduction of MKP-3 expression in
experimental obesity models alleviated hyperglycemia (Wu et al, 2010). Therefore, elevation of
hepatic MKP-3 expression in the insulin-resistant state may contribute to the inappropriate
activation of gluconeogenesis in type 2 diabetes. In vitro experiments and immunoblot analyses
have demonstrated that MKP-3 dephosphorylates FoxO1, preventing its phosphorylation and
translocation from the nucleus to the cytoplasm after stimulation with insulin ( Wu et al, 2010).
Moreover, overexpression of MKP-3 resulted in insulin resistance and increased hepatic glucose

production (Wu et al, 2010). Conversely, in the same study, the authors demonstrated that lean
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mice with reduced hepatic MKP-3 expression had significantly decreased gluconeogenic capacity

in response to a challenge with a gluconeogenic precursor (pyruvate).

Reduction of MKP-3 expression in the livers of obese mice (MKP-3 knockdown in DIO
mice) decreased blood glucose levels in both fed and fasted states without affecting body weight
(Wu et al, 2010). Plasma insulin levels were lower in DIO mice with reduced hepatic MKP-3
expression. Additionally, DIO mice with reduced hepatic MKP-3 expression had an impaired
response to a pyruvate challenge (Wu et al, 2010). Corroborating these genetic strategies, our data
demonstrated that swimming exercise was sufficient to reduce MKP-3 protein levels and the
FoxO1/MKP-3 interaction in the hepatic tissue of obese rodents. It is important to note that
exercise reduced MKP-3 protein levels and partially restored the insulin action without changing
the body weight or adiposity. The favorable effects of exercise on insulin signaling pathways
have also been demonstrated in previous studies (Ropelle et al, 2009; De Souza et al, 2010; da
Luz et al, 2011, Oliveira et al, 2011; Marinho et al, 2012; de Moura et al, 2013); however, the
molecular mechanisms responsible for the improvement in insulin sensitivity in response to
exercise are not yet fully known. Here, we demonstrated for the first time that exercise can

restore insulin signaling in liver by reducing hepatic activity of MKP-3.

To explore the molecular mechanism underlying the suppression of gluconeogenesis by
physical exercise, we also examined the protein levels of PGC-la, a key gluconeogenic
transcription coactivator in the liver. Under normal, ad libitum-fed conditions, the expression of
PGC-1a is relatively low in the liver compared with other tissues that rely on aerobic metabolism
for ATP production (Puigserver & Spiegelman 2003b). Conversely, the expression of PGC-1a
and hepatic glucose output are both elevated in several models of diabetes and insulin signaling
deficiency (De Souza et al, 2010). Systemic glucose tolerance and insulin sensitivity have been
characterized in PGC-1a-deficient mice; indeed, liver-specific overexpression and knockdown
strategies indicate that PGC-1a, when activated, drives hepatic glucose production (Yoon et al,
2001; Lin et al, 2003). Additionally, FoxO1 acts as a transcription factor in various cell types; in
the liver, specifically, it is responsible for increased transcription of PGC-1a, which is an

important amplifier of hepatic gluconeogenesis (Puigserver & Spiegelman 2003b).
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In an elegant study, Wu and colleagues showed that PGC-loo mRNA levels were
markedly increased by MKP-3 overexpression, and this induction was prevented when cells were
transduced with a PGC-1a shRNA adenovirus (Wu et al, 2010). Moreover, the increases in
PEPCK and G6pase mRNA levels induced by MKP-3 overexpression were completely abolished
when PGC-1a was knocked down. In addition, PGC-1a knockdown completely abolished the
MKP-3-induced increase in glucose output in rat primary hepatocytes. These results indicate that
MKP-3-induced gluconeogenesis requires PGC-1a. Previously, we demonstrated that exercise
improves insulin signaling and reduces PGC-1la protein levels in the livers of obese mice
(Ropelle et al, 2009; Marinho et al, 2012). In the present study, we demonstrated that
PGCla protein levels decrease in livers of obese mice subjected to an physical exercise protocol

or to treatment with an antisense oligonucleotide targeting MKP-3.

Decreases in the levels of PGC-la in the liver can also reduce the expression of
HNF4o and transcription of PEPCK and G6Pase. A study showed that the HNF-4o has an
important role in regulating gluconeogenesis and glycolysis in response to fasting and feeding
(Hirota et al, 2008). 1t is currently recognized that FoxOl1 plays a key role in switching between
glycolysis and gluconeogenesis, and HNF-4q is an indispensable component of this switching
mechanism. Here, we demonstrated that protein levels of HNF-4a in the liver were increased
significantly in DIO mice compared to lean mice. It was observed that the exercised mice but not
obese rodents treated with an antisense oligonucleotide to MKP-3 demonstrated a significant
reduction in the levels of HNF-4a compared to DIO mice. In this regard, it is known that HNF-
4a is required for proper control of the expression of many genes, especially expressed in the
liver (e.g., FoxO1, C/EBP, PPAR alpha, LRX, COUP), and is associated with a number of
critical metabolic pathways (e.g., glycolysis, gluconeogenesis, ureagenesis, fatty acid
metabolism, bile acid synthesis, apolipoproteins and hepatocyte differentiation) (Gonzales et al,
2008). Exercise induces changes in these metabolic processes that may partially explain the
reduction in the levels of HNF4a found in the exercised animals. HNF4qo also regulates the
constitutive expression of target genes encoding enzymes, transporters and even other nuclear
receptors, and accounts for, in large part, the liver-specific expression of these genes (Gonzales et
al, 2008). Additionally, it should be noted that many other HNF4a target genes are not co-

activated by PGC-1a (Rhee et al, 2003; Hirota et al, 2008). The mechanism underlying this
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specificity is not known, but it may be due to the presence of other specific sequences near the

HNF4a binding site.

In addition to HNF4a, PGC-1a also regulates a number of other transcription factors such
as FoxOl1, GR (glucocorticoid receptor), PPARa and PPARY (peroxisome proliferator-activated
receptors) in liver and other tissues and is thus a critical component of other important metabolic
consequences of the fasting response including fatty acid B-oxidation and ketogenesis. However,
unlike gluconeogenesis, these processes do not depend on HNF-4a (Rhee et al, 2003). Rhee and
colleagues demonstrated in an interesting study that the presence of HNF-4a is absolutely
required by PGC-1a to induce PEPCK and G6Pase gene expression (Rhee et al, 2003). The
results obtained in our study show that obese animals had significant increases in the protein level
of PGC-1a and HNF4a and that this was accompanied by increases in PEPCK and G6Pase levels
in the liver. These results are consistent with other studies that examined mice with severe insulin
resistance (Lima et al, 2009; Wu et al, 2010). In the same vein, Heled and colleagues showed that
exercise enhances hepatic insulin signaling and inhibits the activity of PEPCK in animals prone
to diabetes (Psammomys obesus, also known as desert rats) (Heled et al, 2004). According to
these data, the present study showed that there was a decrease in gluconeogenesis in exercised
mice compared with DIO mice during the pyruvate tolerance test (PTT). In light of these
findings, it seems evident that exercise plays an important role in inhibiting gluconeogenesis in

obese rodents and has effects on FoxO1, PGC-1a and HNF4a in the liver.

Furthermore, our findings suggest that the reduction in the expression of MKP-3 may be
related to the effect of exercise in suppressing the activity of ERK. Both ERK-1 and ERK-2 are
part of the MAPK subfamily. Activation of the MAPK signaling pathway is a known mechanism
that may induce insulin resistance through increases in IRS-1 serine®’ phosphorylation. A
previous study by our research group showed that obese mice have increased phosphorylation of
ERK1/2, which may contribute to the induction of insulin resistance in peripheral tissues
(Oliveira et al, 2001). MKP-3 specifically inactivates ERK, and in turn, ERK causes the
activation of MKP-3. It has been observed that the interaction between ERK and MKP-3 occurs
physically, allowing a reciprocal cross-regulation of the activity of these proteins (Fjeld et al,

2000). In our study, we observed that the levels of ERK phosphorylation were higher in obese
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mice compared to those in lean mice. Interestingly, exercise significantly reduced the
phosphorylation of ERK, and this was accompanied by reduced expression of MKP-3 (as shown
by immunoblot and immunohistochemical analyses) and reduced association between FoxO1 and
MKP-3. Conversely, other studies in the literature have observed that MAPK activity increases
during exhaustive acute exercise (Ryder et al, 2000; Chambers et al, 2009), but the exercise
protocol and type of tissue evaluated may explain these differences; furthermore, the exercise-
induced increase in MAPK phosphorylation rapidly decreases upon the cessation of exercise and
is completely restored to resting levels at 60 min after exercise (Widegren et al, 1998). Oliveira
and colleagues also found a significant decrease in the ERK protein levels in the liver of obese
Wistar rats with a swimming exercise protocol equivalent to that used in the present study
(Oliveira et al, 2011). The decline in ERK phosphorylation was observed 24 and 36 hours after

the last exercise training session.

In conclusion, the results of this study demonstrated that physical exercise markedly
decreased both MKP-3 protein levels and the association between FoxO1l and MKP-3 in the
livers of obese mice. In addition, exercised obese mice had higher levels of phosphorylated
FoxO1 and lower levels of PGC-1a and HNF-4a proteins, with consequent reductions in the
expression of gluconeogenic enzymes (PEPCK and G6Pase). These findings were accompanied
by physiological changes, including increased sensitivity to insulin and reduced hepatic glucose
production and hyperglycemia, in obese mice. Additive effects were not observed in the group
that received treatment with the antisense oligonucleotide to MKP-3 and was subjected to
physical exercise. Finally, the suppressive effects of exercise on MKP-3 protein appear to be

related, at least in part, to decreased phosphorylation of ERK in the livers of obese mice.
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FIGURES AND LEGENDS

Figure 1. Schematic of treatment with the antisense oligonucleotide targeting MKP-3.

Figure 2. Schematic of the physical exercise program.

Figure 3. MKP-3 protein levels in the livers of obese mice treated with various doses of the
antisense oligonucleotide targeting MKP-3. Representative blots show (A) Hepatic MKP-3
protein levels in lean and diet-obesity mice (DIO, n=5). (B) MKP-3 inhibition assay was assessed
in a dose-response experiment with sense and antisense oligonucleotides to MKP-3 (n=5). Data
were expressed as the means + S.E.M. of five mice. * p<0.05 vs. the lean group (chow) and #

p<0.05 vs. the obese group (DIO).

Figure 4. Physiological parameters of the lean mice (Lean), obese mice (DIO), exercised obese
mice (DIO-EXE), obese mice treated with the antisense oligonucleotide targeting MKP-3 (DIO-
ASO) and obese mice exercised and treated with the antisense oligonucleotide targeting MKP-3
concomitantly (DIO-EXE-ASO). (A) Cumulative caloric intake (n=8); (B) Body mass (n=8); (C)
Epididymal fat (n=8); (D) Fasting glucose (n=8); (E) Fasting insulin (n=8); (F) Insulin tolerance
test (ITT) (n=8). Bars represent the means + S.E.M. of eight mice. * p<0.05 vs. the lean group
(chow) and # p<0.05 vs. the obese group (DIO).

Figure 5. Protein levels of FoxO1l and FoxO1/MKP-3 association in the livers of lean mice
(Lean), obese mice (DIO), obese exercised mice (DIO-EXE), obese mice treated with the
antisense oligonucleotide to MKP-3 (DIO-ASO) and obese mice exercised and treated with the
antisense oligonucleotide to MKP-3 concomitantly (DIO-EXE-ASO). (A) Liver samples were

immunoblotted (IB) with an anti-MKP-3 antibody and an anti-B-actin antibody (n=5, upper and
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lower panels, respectively); (B) immunoprecipitation (IP) and immunoblot (IB) assays were
performed to evaluate the FoxO1/MKP-3 association and FoxOl protein levels in hepatic
samples from various groups of mice (n=5, upper and lower panels, respectively); (C) Liver
samples were immunoblotted (IB) with anti-phospho-FoxO1 and anti-FoxO1 antibodies (n=5,
upper and lower panels, respectively); (D) Nuclear extraction assay was performed to evaluate
FoxO1 protein levels in hepatic samples from various groups of animals (n=5). Data were
expressed as the means + S.E.M. of five mice. * p<0.05 vs. the lean group (chow) and * p<0.05

vs. the obese group (DIO).

Figure 6. Physical exercise reduces the levels of PGC-1a, HNF-4a and gluconeogenic enzymes
in the liver of obese mice. Proteins levels of PGC-1a, HNF-4a, PEPCK and G6Pase in hepatic
tissues from lean mice (Lean), obese mice (DIO), obese exercised mice (DIO-EXE), obese mice
treated with antisense to MKP-3 (DIO-ASO) and exercised obese mice treated with antisense to
MKP-3 (DIO-EXE-ASO) were evaluate by immunoblot (IB). (A) Samples of livers were
immunoblotted (IB) with antibodies to PGC-1a and B-actin (n=5, Fig. 4A, upper and lower
panels, respectively). (B) Liver samples were immunoblotted (IB) with antibodies to HNF-4a
and B-actin (n=5, Fig. 4B, upper and lower panels, respectively). (C) Liver samples were
immunoblotted (IB) with antibodies to PEPCK and B-actin (n=5, Fig. 4C, upper and lower
panels, respectively). (D) Liver samples were immunoblotted (IB) with antibodies to G6Pase and
B-actin (n=5, Fig. 4D, upper and lower panels, respectively). (E) Blood glucose levels during the
pyruvate tolerance test and (F) area under curve (AUC) (PTT, n=8). Data were expressed as the
means + S.E.M. of five or eight mice. * p<0.05 vs. the lean group (chow) and ¥ p<0.05 vs. the
obese group (DIO).

Figure 7. Exercise reduces hepatic ERK phosphorylation and MKP-3 protein levels in obese
mice. (A) Liver samples were immunoblotted (IB) with antibodies to pERK and B-actin (n=5,
Fig. S5A, upper and lower panels, respectively). (B) Liver samples were immunoblotted (IB) with

antibodies anti-to MKP-3 and B-actin (n=5, Fig. 5B, upper and lower panels, respectively). (C-E)
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Confocal microscopy was performed to evaluate the localization of MKP-3 (green) in the livers
of lean mice (C), obese mice (D) and exercised mice (E), with 200x magnification (scale bar, 20
um). Yellow arrows indicate MKP-3-positive cells. Data were expressed as the means + S.E.M.

of five mice. * p<0.05 vs. the lean group (chow) and * p<0.05 vs. the obese group (DIO).

Figure 1.
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Figure 3.
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Figure 5.
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DISCUSSAO

Em pacientes com diabetes tipo 2 a taxa de gliconeogénese hepéatica é
consideravelmente aumentada comparada com a de individuos saudaveis, contribuindo
significativamente com a elevacao da glicemia de jejum (35). A resisténcia a insulina
tem papel central neste descontrole metabdlico, uma vez que defeitos no sinal
intracelular da insulina no figado impede a adequada supressao sobre a via da
gliconeogénese, conduzindo a elevagao da glicose tanto apds as refei¢cdes (estado pos-
prandial) quanto no estado de jejum. Nesse processo as proteinas FoxO1, PGCla e
HNF4q participam efetivamente da regulacdo da gliconeogénese, sendo alvo de
diversos estudos (36).

O prejuizo na acdo da insulina estd associado a producao de
biomoléculas, provenientes do tecido adiposo hipertrofiado (obesidade), responsaveis
pelo efeito negativo sobre as proteinas da via de sinalizagéo da insulina (16, 29). Dentre
0s mecanismos moleculares envolvidos destaca-se a participacao da proteina MKP-3,
que é capaz de desfosforilar a FoxO1 permitindo sua permanéncia no nucleo do
hepatécito e a transcricao de genes gliconeogénicos, induzindo hiperglicemia (11).
Nesse contexto, desde que se reconhece que o exercicio fisico é capaz de favorecer a
homeostase da glicose através de inumeros mecanismos, incluindo a reducdo da
producédo hepatica de glicose (14-16), o presente trabalho teve como objetivo avaliar o
efeito do treinamento fisico sobre a expressao de MKP-3 e das proteinas envolvidas na
transcricdo de enzimas gliconeogénicas (PEPCK e G6pase) como a FoxO1, PGCla e
HNF-4a. Além disso, foram feitos experimentos adicionais com oligonucleotideo
antisense MKP-3 para avaliar a relevancia da proteina MKP-3 sobre o mecanismo de
gliconeogénese.

Camundongos nocautes do receptor de insulina no figado, denominado de
camundongos LIRKO (liver-specific insulin receptor knockout) efetivamente mostraram
que a auséncia do receptor causa severa resisténcia a insulina, intolerancia a glicose e
incapacidade da insulina em suprimir a produgdo hepatica de glicose (37, 38).
Corroborando com essa ideia, estudos realizados nas ultimas décadas tem confirmado
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que a presenca da insulina é fundamental para a expressdao génica de enzimas
envolvidas com a gliconeogénese, como a PEPCK e G6Pase (15, 30, 34). Prejuizo na
propagacgao do sinal da insulina em células hepaticas no estado de obesidade € capaz
de aumentar a producao hepética de glicose e subsequentemente causar alteracao de
inicio na glicemia poés-prandial e tardiamente na glicemia de jejum (11, 14-16). Tal
tentativa de analogia e interpretacdo pode ser reforcada por estudos que mostraram
que baixos niveis de Akt e FoxO1 fosforiladas foram encontrados no figado de
camundongos obesos e hiperglicémicos (11, 39).

De acordo com esses resultados foi observado em nosso estudo que a
oferta de uma dieta hiperlipidica reduziu a fosforilacdo de FoxO1, contribuindo para a
hiperglicemia de jejum dos animais. Ao contrario, o treinamento fisico aumentou a
fosforilacdo de FoxO1, reduzindo os niveis de glicose de jejum e melhorando a
sensibilidade a insulina avaliada pelo teste de tolerdncia a insulina (TTI),
independentemente da reducao da massa corporal total. Tais resultados positivos sobre
a via da sinalizagdo da insulina mediada por exercicio fisico no tecido hepatico foi
observado em estudos prévios em nosso laboratério e de outros pesquisadores (14-17);
entretanto, os mecanismos responsaveis pelo aumento da sensibilidade a insulina
mediada pelo exercicio ainda nao sao totalmente conhecidos.

Recentemente, um grupo de pesquisadores demonstrou que a proteina
MKP-3 regula negativamente a atividade da FoxO1 (11). A MKP-3 inibe a interagéo
entre a Akt e a FoxO1 nos hepatécitos de roedores, o que é acompanhado por aumento
na ativacao de enzimas gliconeogénicas PEPCK e G6Pase (11). Tanto experimentos
com células in vitro como andlises por imunoblot demonstraram que a MKP-3 é capaz
de desfosforilar a FoxO1 impedindo sua fosforilagcdo e extrusdo do nudcleo para o
citoplasma apéds estimulo com insulina (11). Além disso, a superexpressdao de MKP-3
resultou em resisténcia a insulina e produgéo hepéatica de glicose aumentada (11). Em
nosso estudo, observou-se que animais obesos induzidos por dieta hiperlipidica tiveram
aumento na expressao proteica de MKP-3 no figado se comparado ao grupo controle. O
tratamento com oligonucleotideo antisense MKP-3 reduziu a expressdao de MKP-3 e isto
foi acompanhado por melhora na homeostase da glicose. Ja o exercicio fisico foi capaz
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de reduzir parcialmente a expressdo de MKP-3 no figado e promover melhoras na
homeostase da glicose semelhantes aos animais tratados com o antisense MKP-3,
sugerindo que os efeitos do exercicio fisico podem envolver outras proteinas
responsaveis pela gliconeogénese, incluindo PGC1a e HNF-4a.

Em condicdo normal e de estado alimentado a expresséo de PGC10] é
relativamente baixa no figado comparado com outros tecidos que dependem do
metabolismo aerdbio para producdao de ATP (8). De maneira oposta, na condicao de
obesidade ha o aumento na expressao de PGC1a e na producao hepética de glicose
(15). Estudos que fizeram a inibicado ou a ativagdo de PGC1a efetivamente
demonstraram que esta proteina exerce importante papel sobre o processo de
gliconeogénese (40, 41). Em nosso estudo, a expressao de FoxO1 e de PGC1a foi
reduzida nos animais tratados com oligonucleotideo antisense MKP-3. Sabidamente
FoxO1 atua como fator de transcricao em diversos tipos celulares e especificamente no
figado € responsavel pelo aumento da transcricdo da proteina PGC1a, que como
previamente apresentado se constitui num importante amplificador para gliconeogénese
hepatica (8). Uma vez obtido através do tratamento com oligonucleotideo antisense
MKP-3 uma reducao significativa da expressao da proteina MKP-3 e, por conseguinte
de FoxO1 no nucleo do hepatdcito, parece coerente a reducdo mais acentuada da
expressdao de PGC1lanos animais OB-ASO se comparado ao grupo de animais
exercitados (EXE).

A proteina HNF-40 também tem papel importante no controle da
gliconeogénese. Estudo prévio mostrou que o efeito supressivo da insulina na
gliconeogénese depende das proteinas HNF-4a e FoxO1 no figado (26). De fato, em
modelos de resisténcia a insulina o conteudo proteico de ambos HNF-4a e FoxO1 estao
aumentados, inclusive em resposta ao estimulo com insulina (26). Tem sido sugerido
que o HNF-4a interfere no metabolismo da glicose no figado pelo controle transcricional
tanto da enzima glicoquinase (GK) quanto da G6Pase (26), responsaveis por
catalisarem o primeiro e o ultimo passo limitante da glicélise e gliconeogénese.

A interacado simultaneamente entre FoxO1 e HNF-4a leva a uma ativacao

dos genes gliconeogénicos e inibicdo dos genes glicoliticos. Portanto, FoxO1 reprime a
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transcricao potencial por HNF-4a. do gene da GK e o sinergismo entre as duas
proteinas aumentam a transcricdo do gene da G6Pase (26). No presente trabalho, a
expressao proteica do HNF-4a no figado aumentou significativamente nos animais
obesos em relacdo aos animais controles. Observou-se que o grupo exercitado teve
uma redugéo significativa do HNF-4o em relagdo ao grupo obeso sedentario e obeso
tratado com antisense MKP-3.

Ademais é reconhecido que FoxO1 exerce papel chave na transigédo entre
a glicolise e a gliconeogénese, sendo a proteina HNF-4o um componente indispensavel
deste processo. Na auséncia de insulina, FoxO1 se localiza no nucleo e
simultaneamente FoxO1 e HNF-4a. sinergicamente ativam o gene promotor da G6pase,
presumidamente via PGC1ia para favorecer a gliconeogénese. Ao contrario, na
presenca de insulina FoxO1 é fosforilada e excluida do nudcleo resultando em
dissociacdo do HNF-4a. Nessa situacao, HNF-4a pode ativar o gene promotor da GK e
favorecer a via glicolitica (26).

Segundo estudos anteriores PGC1a pode aumentar a transcricdo dos
genes da PEPCK e G6Pase mediado pelo HNF-4a (8). Como visto em nosso estudo o
treinamento fisico foi capaz de reduzir parcialmente a expressao de FoxO1, PGCla e
HNF-4a. no figado dos animais obesos. Observou-se ainda que exercicio fisico e
tratamento com oligonucleotideo antisense MKP-3 concomitantemente néo teve efeitos
aditivos sobre a expressado das enzimas PEPCK e G6pase, bem como, na produgéao
hepatica de glicose avaliada através do teste de tolerancia ao piruvato. Tal explicacao
pode estar associada ao fato do antisense para MKP-3 utilizado ndo modular
significativamente a expressdo de HNF-4a e o efeito do treinamento fisico sobre esta
proteina ter sido apenas parcial. Rhee e colaboradores demostraram que a PGCla é
capaz de promover a inducdo de diversos genes relacionados a beta-oxidacédo e
cetogénese no figado, mas para estes processos acontecerem, diferentemente da
gliconeogénese, nao ha dependéncia do HNF-4a. (27).

Ainda em relagao a esta questao, é conhecido que o HNF-4a é requerido

para o controle da expressdao de muitos genes, especialmente no figado associado com
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um numero de rotas metabdlicas esséncias ao organismo. HNF4a tem efeito sobre
genes alvos que codificam enzimas, transportadores e receptores nucleares, sobretudo,
com agdes sobre a expressdo de genes no figado. Além do mais, HNF4a pode ser
regulado por diversos ligantes enddgenos e exégenos. Sendo que, muitos destes
processos sao influenciados pelo exercicio fisico, explicando no minimo em parte, a
reducdo da expressao proteica do HNF4a no figado observado nos animais obesos
exercitados (26, 27).

Na analise das enzimas gliconeogénicas, observou-se que 0s animais
obesos sedentarios tiveram aumento significativo dos niveis proteicos de PEPCK e
G6Pase no figado. Estes resultados estdo de acordo com outros estudos que
analisaram camundongos com severa resisténcia a insulina (10, 42). Apesar de nao ter
sido avaliada a produgédo hepatica de glicose diretamente no presente estudo, em
investigacdes anteriores, nosso grupo e também outros pesquisadores mostraram que
a reducédo da expressao de PGC-1a usando diferentes abordagens diminui a produgao
hepatica de glicose (mensurada por meio de procedimento de clamp hiperinsulinémico-
euglicémico), considerado padrao ouro neste tipo de anadlise (8, 15, 40, 43). A reducao
da expressao de genes gliconeogénicos observados nos animais obesos exercitados no
presente estudo estd de acordo com os resultados encontrados por Heled e
colaboradores, os quais mostraram que o exercicio fisico melhora a sinalizacao da
insulina no figado e inibe a atividade da PEPCK em animais propensos ao diabetes
Psammomys obesus (também conhecidos como ratos do deserto) (17).

De acordo com estes dados, o presente estudo mostrou que ocorreu um
decréscimo na gliconeogénese induzida por piruvato nos camundongos obesos
exercitados quando comparados com 0s obesos sedentarios no teste de tolerancia ao
piruvato (TTP). E que os resultados obtidos no TTP nao diferiram entre os grupos de
animais obesos exercitados, obesos tratados com antisense MKP-3 e obesos
exercitados e tratados com antisense MKP-3 concomitantemente.

A luz desses achados parece evidente que o exercicio fisico tem papel
importante em inibir a gliconeogénese em animais obesos e diabéticos. E preciso

reforgar que este estudo € pioneiro em demonstrar que o exercicio fisico é capaz de
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diminuir a expressdo da proteina MKP-3 e consequentemente reduzir a producao
hepética de glicose de camundongos obesos induzidos por dieta hiperlipidica. Além do
mais, nossos achados sugerem que a reducao na expressdao da MKP-3 pode estar
relacionada ao efeito do exercicio em suprimir a atividade da ERK.

A MAPK ou MAP quinase (proteina quinase ativada por mitégeno) € uma
subfamilia de proteinas-quinase especificas de serina/treonina que respondem a
estimulos extracelulares (mitdbgenos) e regulam varias atividades celulares, como
expressdo génica, mitose, diferenciacdo, sobrevivéncia celular e apoptose (morte
celular) (44). A ativacdo da via de sinalizagdo da MAPK é um mecanismo conhecido
que pode induzir resisténcia a insulina através da fosforilagdo em serina 307 do
substrato do receptor de insulina. Estudos prévios realizados por nosso grupo de
pesquisa mostrou que animais obesos tém aumento na fosforilagdo das proteinas
ERK1/2 e isso pode contribuir com a inducdo de resisténcia a insulina em tecidos
periféricos (29). Tanto ERK-1 quanto ERK-2 fazem parte da subfamilia das MAPK. A
MKP-3 tem funcéo especifica de inativar ERK e, por sua vez, ERK causa a ativacédo de
MKP-3. Foi observado em experimentos prévios que a interacao entre ERK e MKP-3
ocorre fisicamente, permitindo uma regulacao cruzada e reciproca da atividade destas
proteinas.

Em nosso estudo, observou-se que os niveis de fosforilacdo da ERK foram
maiores nos animais obesos se comparado aos animais controles. Em contrapartida, o
exercicio fisico reduziu significativamente a fosforilagdo da ERK e isso foi acompanhado
por reducdo da expressdao da MKP-3 e associacdo FoxO1/MKP-3 no figado dos
camundongos obesos. Diferentemente, estudos prévios na literatura tem observado
aumento na atividade da MAPK durante exercicio agudo exaustivo (45, 46), sendo que
o protocolo de exercicio pode ter contribuido para tais diferencas. Além disso, estudo
prévio mostrou que o aumento da fosforilacdo da MAPK induzida pelo exercicio
diminuiu rapidamente ao seu término e completamente retornou aos niveis de repouso
apdés 60 minutos da sessdo de esforco (47). Oliveira e colaboradores verificaram
reducao significativa na expressdo de ERK no figado de ratos Wistar obesos com um
protocolo de exercicio de natacado equivalente ao utilizado no presente estudo (29). O
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declinio na fosforilacdo de ERK foi observado 24 e 36 horas ap0s a ultima sesséo de
treinamento fisico que teve duragao de oito semanas.

Entretanto, as proteinas ERKs parecem nao serem as unicas reguladoras
da MKP-3. A proteina quinase CK2 (formalmente conhecida como caseina quinase 2),
tem sido indicada como uma quinase de papel crucial no crescimento e proliferacao
celular. Em adicéao, diversos achados suportam o papel da CK2 na sobrevivéncia celular
(44). Estudo prévio demonstrou direta interagcdo de CK2 com MKP3 (44), sendo que a
subunidade o da CK2 parece influenciar ndo somente a fosforilacdo, mas também, a
atividade enzimatica da MKP-3. A interacao entre CK2 e MKP-3 ocorre fisicamente no
citosol da célula induzindo o aumento da fosforilacdo da MKP-3 (44). Esta interacao de
CK2 é potencializada na presenga de ERK-2 que aumenta a atividade fosfatase da
MKP-3 (44). Em nosso estudo, ndo avaliamos a expressao da proteina CK2 que pode
sofrer modulagédo tanto da dieta hiperlipidica quanto do exercicio fisico e com isso
influenciar na atividade fosfatase da MKP-3.

Tais resultados mostram que o treinamento fisico tem efeito inibitrio
sobre ERK que sabidamente tem efeito em estimular a atividade da MKP-3 e com isso
prejudicar a fosforilagdo de FoxO1 no figado, resultando em gliconeogénese acentuada
e hiperglicemia.
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CONCLUSAO

Em concluséo, os resultados deste estudo demonstraram que o treinamento
fisico induziu marcadamente uma diminuicdo da expressédo da proteica MKP-3 e da
associacao entre FoxO1 e MKP-3 em figado de camundongos obesos induzidos por
dieta hiperlipidica. Em Adig¢édo, observa-se nos animais exercitados reducdo nos niveis
proteicos de PGC-1a e HNF-4a, que foi acompanhado por niveis diminuidos das
enzimas gliconeogénicas PEPCK e G6Pase no figado. Estes resultados a nivel
molecular foram acompanhados por alteracdes fisiolégicas incluindo aumento da
sensibilidade a insulina, menor producdo hepatica de glicose e redugdo da
hiperglicemia nos camundongos obesos, independentemente da redugdo da massa
corporal total. Nao foram encontrados feitos aditivos nos parametros fisioldgicos e
moleculares investigados nos animais obesos através do tratamento com
oligonucleotideo antisense MKP-3 e treinamento fisico concomitante. Por fim, os efeitos
supressivos do treinamento fisico sobre a proteina MKP-3 parecem estar relacionados,
no minimo em parte, a diminuicao na fosforilacao das ERKs no figado de camundongos
obesos.
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Certificamos que o projeto "Efeitos do exercicio fisico sobre a
associacdo MKP-3/FoxO1 em tecido hepatico de camundongos obesos e
diabéticos" (protocolo n® 2699-1), sob a responsabilidade de Prof. Dr. Eduardo
Rochete Ropelle / Luciana Santos Souza Pauli, estd de acordo com os
Principios Eticos na Experimentagio Animal adotados pela Sociedade
Brasileira de Ciéncia em Animais de Laboratorio (SBCAL) e com a legislacdo
vigente, LEl N°* 11.794, DE 8 DE OUTUBRO DE 2008, que estabelece
procedimentos para o uso cientifico de animais, e o DECRETO N° 6.899, DE 15
DE JULHO DE 2009.

O projeto foi aprovado pela Comissdc de Etica no Uso de Animais da
Universidade Estadual de Campinas - CEUA/UNICAMP - em 13 de fevereiro de
2012,

Camp_i'na__s, 13 de fevereiro de 2012.
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