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Resumo

A resisténcia a insulina estd presente na obesidade e na diabetes tipo 2, e estd associada a
hiperplasia das ilhotas pancredticas e hiperinsulinemia como resposta compensatdria,
entretanto, as forcas motrizes por trds desse mecanismo compensatério nao sdo totalmente
compreendidos. Dados anteriores sugeriram o envolvimento de um fator circulante
desconhecido que na resisténcia a insulina atua como um fator de crescimento das células
B. Neste contexto, procurando por candidatos a serem este fator circulante, percebemos que
o fator de crescimento de hepatdcitos (HGF) € um forte candidato a ser este elo entre a
resisténcia a insulina e o aumento da massa de ilhotas / hiperinsulinemia. Nossa abordagem
teve como objetivo mostrar uma possivel relacio de causa-efeito entre o aumento dos
niveis circulantes de HGF e a hiperplasia da ilhota / hiperinsulinemia compensatdria, assim
mostrando a for¢a da associagdo. Ainda, se esta associa¢do, apresenta ou ndo uma resposta
dose-dependente, temporalidade, consisténcia, plausibilidade e reversibilidade. Nesse
sentido, os nossos dados mostraram: a) uma correlacao forte e consistente entre 0o HGF e o
mecanismo de compensacdo em trés modelos animais de resisténcia a insulina; b) o HGF
aumenta a massa de célula B de uma forma dose-dependente; c¢) o bloqueio do HGF
interrompe os mecanismos de compensacao; d) o aumento nos niveis de HGF precede a
resposta compensatoria associada com a resisténcia a insulina, indicando que estes eventos
ocorrem em um modo sequencial. Além disso, o bloqueio do receptor de HGF (Met) piorou
a ja prejudicada sinalizacdo da insulina no figado de ratos obesos induzidos por dieta. Em
geral, os nossos dados indicam que o HGF € um fator de crescimento que desempenha um
papel fundamental no aumento da massa de ilhotas e hiperinsulinemia em ratos obesos
induzidos por dieta, e sugerem um efeito protetor da interacio HGF-Met na sinalizacio de

insulina no figado.



Abstract

Insulin resistance is present in obesity and in type 2 diabetes, and is associated with islet
cell hyperplasia and hyperinsulinemia but the driving forces behind this compensatory
mechanism are incompletely understood. Previous data have suggested the involvement of
an unknown circulating insulin resistance-related B-cell growth-factor. In this context,
looking for candidates to be a circulating factor, we realized that hepatocyte growth factor
(HGF) is a strong candidate as a link between insulin resistance and increased mass of
islets/hyperinsulinemia. Our approach aimed to show a possible cause-effect relationship
between increase in circulating HGF levels and compensatory islet
hyperplasia/hyperinsulinemia by showing the strength of the association, whether or not is
a dose-dependent response, the temporality, consistency, plausibility and reversibility of the
association. In this regard, our data showed: a) a strong and consistent correlation between
HGF and the compensatory mechanism in three animal models of insulin resistance; b)
HGEF increases B-cell mass in a dose-dependent manner; c) blocking HGF shuts down the
compensatory mechanisms; d) an increase in HGF levels seems to precede the
compensatory response associated with insulin resistance, indicating that these events occur
in a sequential mode. Additionally, blockages of HGF receptor (Met) worsen the impaired
insulin-induced insulin signaling in liver of diet-induced obesity rats. Overall, our data
indicate that HGF is a growth factor playing a key role in islet mass increase and
hyperinsulinemia in diet-induced obesity rats, and suggest a protective effect of the HGF-

Met axis on insulin signaling in the liver.



Introducao

Diversas doencas que apresentam alta prevaléncia na sociedade ocidental incluindo
obesidade, diabetes mellitus tipo 2, vérias endocrinopatias, hipertensdo e dislipidemias
estdo associadas com a resisténcia periférica a insulina (Reaven 1988; Martin, Warram et
al. 1992; Goldberg 2000). Em pacientes com resisténcia insulinica pode ocorrer um
aumento da massa de células B pancredticas, como resposta compensatdria. Essa resposta
causard um aumento da secre¢do de insulina e conseqiientemente a hiperinsulinemia,
muitas vezes observada na diabetes tipo 2 e outras situagdes de resisténcia insulinica (Kahn
1994; Bruning, Winnay et al. 1997; Prentki and Nolan 2006). Modelos de diabetes em
roedores, como os camundongos ob/ob e db/db e o rato fatty Zucker, e ainda humanos
hiperinsulin€micos com obesidade e/ou diabetes tipo 2 exibem de moderada a acentuada
hiperplasia das ilhotas (Gapp, Leiter et al. 1983; Tomita, Doull et al. 1992; Tokuyama,
Sturis et al. 1995; Pinar, Pinar et al. 2000). Alguns modelos de camundongos que
apresentam resisténcia insulinica, esses criados pela inativacdo do gene para o substrato do
receptor de insulina — 1 (IRS — 1) ou nocaute para heterozigotos duplos de receptor de
insulina (IR) e IRS — 1 exibem acentuada hiperplasia da ilhota (Araki, Lipes et al. 1994;
Bruning, Winnay et al. 1997; Kulkarni, Winnay et al. 1999). Os fatores que contribuem
para hiperplasia de células p em estado de resisténcia insulinica sido pouco estudados. E
conhecido que a glicose estimula a proliferacio de célula B, porém em nocautes para
heterozigotos duplos e IRS -1, e camundongos ob/ob e db/db € observado que a
hiperplasia/hipertrofia da ilhota se manifesta antes de se detectar a hiperglicemia (Edvell
and Lindstrom 1999). Portanto, a resposta hiperpldsica na maioria dos casos ndo apresenta

uma relacdo com o nivel de hiperglicemia, sugerindo que fatores independentes de glicose
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podem contribuir para a proliferacdo das células beta (Figura 1) (Flier, Kulkarni et al.

2001).
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Figura 1. Esquema demonstra que para proteger o individuo do desenvolvimento da diabetes ocorre uma
resposta compensatéria realizada pelo pancreas (aumento massa de célula f e da capacidade secretdria).
Entretanto, esta resposta precede o desenvolvimento da hiperglicemia, levando a crer na existéncia de um
fator circulante que cumpriria este papel de elo entre a resisténcia a insulina e a resposta compensatéria do

pancreas.

Com base em outras situagdes de resisténcia hormonal e em algas enddcrinas de
retroalimentacdo, € importante examinar a hipdtese que a resisténcia insulinica induz o
crescimento de células B pancreéticas por meio de um fator “mitogénico”™ circulante que ¢
independente de glicose (Flier, Kulkarni et al. 2001). Dentre os possiveis candidatos a fator
circulante que na resisténcia a insulina induz crescimento das células [ pancreaticas
merecem mengdo o hormoénio de crescimento, o IGF-I (fator do crescimento do tipo
insulina I), a prolactina, o lactogénio placentario e a leptina. O hormonio de crescimento e o

IGF-I tornam-se fracos candidatos porque estdo normais ou reduzidos em camundongos
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nocautes para IRS-1 e ob/ob. O lactogénio placentdrio e a prolactina sdo candidatos
inadequados, visto que as situagOes de resisténcia a insulina ocorrem indistintamente em
camundongos fémeas e machos. A leptina que também € sugerida como promotora do
crescimento de células [, apresenta-se deficiente em camundongos ob/ob, e
significantemente reduzida em camundongos heterozigotos duplos de receptor de insulina
(IR) e IRS — 1 (Flier, Kulkarni et al. 2001). Assim, estes dados citados acima excluem esses
fatores como principais candidatos.

A procura de um fator circulante que na resisténcia insulinica fosse capaz de induzir
aumento da massa de células B deve ter como etapa essencial a determinagcdo do(s)
tecido(s) fonte(s) desse(s) fator(es).

A comunicagdo metabdlica entre 6rgaos e tecidos é essencial para manutencao da
glicose circulante e homeostasia energética (Imai, Katagiri et al. 2008). O
comprometimento da sinalizacdo de insulina no figado (Michael, Kulkarni et al. 2000;
Okada, Liew et al. 2007), mas ndo no misculo (Bruning, Michael et al. 1998) ou tecido
adiposo (Bluher, Michael et al. 2002), induz hiperplasia das ilhotas e hiperinsulinemia.
Ainda, em estudo no qual se utilizaram camundongos nocaute especifico para o receptor IR
no figado (LIRKO), foi observado que este animal apresenta hiperinsulinemia sem
desenvolver diabetes, isto, causado pelo acentuado aumento na massa de células beta
(Okada, Liew et al. 2007). Neste contexto, sugere-se que o figado exerce um importante
papel na regulacdo do crescimento das ilhotas (Imai, Katagiri et al. 2008). Em nosso
laboratorio, Prada e cols. (2005) procurando investigar a instalacdo da resisténcia a insulina
em tecidos de ratos tratados com dieta cafeteria, demonstraram que as alteracdes da

sinalizacdo de insulina no musculo e hipotdlamo sdo mais precoces e ndo sio suficientes
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para induzir hiperinsulinemia compensatéria. Entretanto, quando a resisténcia insulinica se
instala no figado paralelamente ocorre a hiperinsulinemia compensatdria.

No figado, a resisténcia insulinica é manifestada pela diminui¢dao da capacidade da
insulina ativar sua via de sinalizacdo (Saad, Araki et al. 1992; Biddinger, Hernandez-Ono et
al. 2008). Em nivel molecular, a insulina inicia sua atividade biolégica ao ligar-se a seu
receptor localizado na membrana plasmética das células, que pertence a subfamilia de
receptores tirosina quinase, possuindo duas subunidades o e duas B (Patti and Kahn 1998).
Esse receptor possui a capacidade de se auto-fosforilar em residuos de tirosina (Pessin and
Saltiel 2000). A partir dessa ativacdo do receptor, proteinas da familia dos substratos do
receptor de insulina (IRS) sdo fosforiladas em residuos de tirosina (Sesti, Federici et al.
2001), ativando uma cascata de sinalizagdo, como a via da PI3K (fosfatidilinositol-3-
quinase) e a via da MAPK (Saltiel and Kahn 2001).

A PI3K é uma enzima constituida por uma subunidade catalitica, a p110, e por uma
subunidade regulatéria, a p85, que possuem 2 dominios SH2, e interagem com as proteinas
IRS. Estas sao fosforiladas formando o PIP3, que recruta as proteinas serina quinases que
possuem o dominio PH: PDK-1, Akt e PKC (Vanhaesebroeck and Alessi 2000). Akt é uma
serina/treonina quinase constituida de dois dominios, sendo um dominio PH (pleckstrin
homology) que se liga a fosfatidilinositol (3, 4,5) P3 fosfato (PIP3) e um dominio catalitico

. . 308
contendo um residuo de treonina (Tre

), o qual sua fosforilacao € necessdria para ativacao
de Akt. Proximo ao dominio catalitico existe uma terminag¢do c-terminal contendo um
segundo sitio regulado por fosforilagdao (Ser*™). Esses dois sitios de fosforilagdo sao
necessarios para a completa atividade da Akt (Elghazi, Balcazar et al. 2006). A ativagdo da

via PI3K/Akt resulta na fosforilagdo de muitos substratos que controlam varias cascatas de

sinais bioldgicos, tais como: o transporte de glicose mediado por insulina no tecido adiposo
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e muscular, a sintese de proteina e de glicogénio, a lipogénese (Girard, Perdereau et al.
1994; Elghazi, Balcazar et al. 2006), proliferacdo, crescimento celular, diferenciacdo e
sobrevivéncia (Woodgett 2005).

A via da MAPK também € ativada por insulina, por ambas as associacdes de SHC
com o receptor de insulina e de Grb2 com o receptor e com moléculas de IRS, levando a
ativacdo de ERK. Essa proteina ativada pode translocar-se para o nicleo e iniciar um
programa transcricional que leva a proliferacdo e/ou diferenciacdo celulares (Boulton, Nye
et al. 1991).

Recentemente, Imai e cols. (2008) investigando mecanismos responsaveis pela
hiperinsulinemia compensatdria em animais com resisténcia a insulina demonstraram que a
ativacdo da proteina MAPK/ERK quinase, exclusivamente no figado, era capaz de induzir
controle neuronal que possibilitava a inducdo da proliferacio de células B através da
sinalizacdo neuronal mediada por sinais metabdlicos, mas nao isoladamente. Esta evidéncia
indica que mecanismos neuronais sao responsdveis, em parte, por essa hiperinsulinemia
compensatéria, mas hd ainda fator(es) circulante(s) que contribuem para essa regulacdo
fisiopatoldgica (Flier, Kulkarni et al. 2001). Assim, com o objetivo de identificar o possivel
fator circulante envolvido na reposta compensatéria das ilhotas a resisténcia insulinica, é
importante estudar proteinas que apresentam supraregulacdo ou ativagdo, principalmente no
figado, em situagcdes de resisténcia a insulina.

Nesse sentido o fator de crescimento do hepatocito (HGF) apresenta-se como um
possivel candidato, por apresentar pelo menos trés caracteristicas, que o tornam elo
fisiopatologico entre resisténcia a insulina e hiperplasia de ilhotas/hiperinsulinemia:

a) O HGF ¢ predominantemente produzido pelo figado (Nakamura, Sakai et al. 2011);

b) E regulado pela via da MAPK/ERK (Motoki, Sugiura et al. 2008);
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¢) Tanto in vitro quanto in vivo o HGF estimula a secrecdo de insulina e o aumento da
massa da ilhota (Otonkoski, Beattie et al. 1994; Otonkoski, Cirulli et al. 1996; Garcia-
Ocana, Takane et al. 2000; Dai, Huh et al. 2005; Mellado-Gil, Rosa et al. 2011);

d) Os niveis deste fator estdo elevados na situacdo de resisténcia insulinica mais comum,
que ¢é a obesidade (Hiratsuka, Adachi et al. 2005; Vistoropsky, Trofimov et al. 2008).

Essas trés caracteristicas serdo descritos mais detalhadamente abaixo.

Biologia do HGF e de seu receptor (c-Met)

O HGF € uma proteina derivada do mesénquima e originalmente identificada como
um fator circulante envolvido na regeneracdo do figado depois de uma lesdo hepética ou
hepatectomia (Nakamura, Nishizawa et al. 1989; Garcia-Ocana, Takane et al. 2000).
Atualmente € reconhecido que HGF também exibe atividades mitogénicas, morfogénicas e
motogénicas em uma ampla variedade de 6rgdos, incluindo o figado, rins, cérebro e ilhotas
pancredticas (Fiaschi-Taesch, Berman et al. 2008).

O I6cus do gene do HGF localiza-se no cromossomo 7q21.1, onde um gene
composto de 18 exons e 17 introns abrange aproximadamente 70 Kb (Seki, Hagiya et al.
1991). A tradug@o de um unico transcrito de 6 Kb resulta em um pré-pro-polipeptideo de
728 aminodacidos (Stella and Comoglio 1999). No figado, o HGF ¢€ sintetizado e secretado
na forma de um precursor inativo de cadeia simples (proHGF, 92 kDa). O proHGF €
ativado por uma unica clivagem proteolitica entre Arg494 e Val'®, assim convertendo para
forma heterodimerica ativa (HGF maduro ou o HGF propriamente dito), constituida de uma
cadeia pesada (cadeia a, 62 kDa) e uma cadeia leve (cadeia B, 32-36 kDa) ligadas por meio

de uma ponte dissulfeto (Naka, Ishii et al. 1992; Miyazawa, Shimomura et al. 1994).
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Quatro proteases tém sido descritas capazes de ativar HGF in vitro, incluindo o fator de
coagulacdo Xlla, a uroquinase, o ativador de plasminogénio e o ativador de HGF. Entre
essas proteases citadas, o ativador de HGF (34 kDa) cliva proHGF em HGF maduro mais
eficientemente (Shimomura, Miyazawa et al. 1995). O ativador de HGF ¢ sintetizado
principalmente no figado e em menor intensidade, no tecido gastrointestinal (Itoh,
Hamasuna et al. 2000; Yanagida, Kaibori et al. 2006). Essa protease estd presente no
plasma como um precursor inativo (ativador proHGF, 96 kDa). O ativador proHGF ¢é
convertido para uma forma ativa (ativador de HGF, 34 kDa) por trombina e pelo préprio
ativador de HGF (Shimomura, Kondo et al. 1993). Esses dados sugerem que o ativador de
HGF apresenta um importante papel na regulacio da atividade de HGF. Além disso,
recentemente foi isolado um inibidor do ativador de HGF (HAI — 1), o qual atuaria como
inibidor fisiolégico do ativador do HGF na superficie celular (Hayashi, Nishioka et al.
2007). Entretanto, seu papel precisa ser melhor elucidado.

A forma madura de HGF € necessdria para suas atividades bioldgicas, como a
mitogénese, que é mediada através da ligagdo do HGF com o seu receptor (c-Met), sendo
este um receptor com atividade tirosina quinase transmembrana codificado pelo
protooncogene c-met (p190™°") (Roccisana, Reddy et al. 2005). O receptor c-Met é um
polipeptideo transmembrana dimérico, constituido de uma cadeia o exposta na superficie
celular e a cadeia  integrada 2 membrana plasmadtica. A cadeia a (50kDa) ¢ altamente
glicosilada e apresenta uma ligag¢do dissulfidica com a cadeia § (145 kDa), essa que contém
o dominio quinase, o sitio de autofosforilacao de tirosina e o sitio de ligacdo multifuncional
que apresenta uma cadeia especifica de aminodcidos localizados na parte carboxi-terminal

da proteina (Hartmann, Naldini et al. 1992).
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A ligagdo do HGF ocorre na presenca de ATP e fons Mg**, dessa forma induzindo a
dimeriza¢do do receptor e a transfosforilacdo do dominio catalitico. Isso resulta numa forte
ativacdo da atividade enzimdtica do receptor c-Met, principalmente por uma mudanca
conformacional do receptor que permite a ligacdo e fosforilacdo de diferentes transdutores
intracelulares ao sitio multifuncional. Esses transdutores sdo proteinas, tais como: a
subunidade de PI3K (p85), Ras Gap, PLC-y, tirosinas quinases relacionadas com Src, Grb-
2, Gab-1 e IRS-1 (Figura 2) (Stella and Comoglio 1999; Rosario and Birchmeier 2003;
Roccisana, Reddy et al. 2005).

HGF

c-MET

t Proliferacdo/diferenciacdo

' Sobrevivéncia

:
d \ t Fung&o no citoesqueleto
PI3K
~ AKT/PKB
N e——

Figura 2. O HGF liga-se ao seu receptor especifico c-Met que autofosforila-se em residuos de tirosina, desta

forma levando a ativacdo de vias metabdlicas chaves, tais como: PI3K/Akt e MAPK.

O HGF amplifica o sinal da insulina

Estudos demonstram, que assim como para o receptor de insulina (IR), o c-Met é
um heterodimero consistindo de uma subunidade o e uma 3, mantidas juntas por ligagdes
dissulfeto. Nesse sentido, o c-Met, € o receptor mais semelhante ao IR em termos da

estrutura geral do receptor e da sequéncia do dominio quinase em comparacdo com
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qualquer outro membro da subclasse de receptores com atividade tirosina quinase (De
Meyts 2004).

Recentemente, Fafalios e colaboradores (2011) demonstraram que a ativagdo de c-
Met no figado induz a formacdo de um complexo c-Met-IR, o qual aumenta o recrutamento
de substratos do receptor de insulina, o IRS-1 e principalmente o IRS-2, e assim amplifica o
sinal. Ainda, foi demonstrado nesse estudo que a ativacdo desse complexo melhora o
metabolismo hepatico de glicose, através do aumento da captacdo de glicose e diminui¢ao

da producdo hepitica de glicose e de sua liberagao (Figura 3) (Fafalios, Ma et al. 2011).

HGF HGF Insulina Insulina

Hepatocito

Slnallzagao da Insulina l Slnallzagao da Insulina

Sinalizagao da Insulina

Figura 3. Modelo proposto para o crosstalk entre o c-Met e o receptor de insulina (IR). Esquema demonstra o

papel do HGF em amplificar a sinaliza¢@o da insulina.
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HGF estimula a hiperplasia das ilhotas e a secrecao de insulina

Dor e cols. (2004) (Dor, Brown et al. 2004), usando métodos de rastreamento
celular em pancreas de camundongos, determinaram que apesar de baixa, a proliferacio de
células B desempenha um papel central na manuten¢do da massa deste tipo celular. Dentre
os reguladores da proliferacdo celular merecem destaque os complexos ciclinas tipo D e as
cinases dependentes de ciclinas 4 e 6 (Cdk-4/D e Cdk-6/D, respectivamente).
Camundongos nocaute para Cdk-4/D apresentaram hipoplasia de células B pancredticas,
levando a diabetes e cetoacidose (Rane, Dubus et al. 1999). J4, a superexpressdo das
proteinas Cdk-4 e ciclina D em ilhotas de camundongos, ratos € humanos resultaram no
aumento da proliferacdo de células B (Cozar-Castellano, Weinstock et al. 2006). Assim,
agindo juntas as Cdk-4/D e Cdk-6/D estimulam a progressao do ciclo celular. Entretanto,
duas familias de proteinas apresentam modulacdo negativa sobre o complexo Cdk-4/-
6/ciclinas D: s@o as cinases inibitorias (INKs) e proteinas inibitérias de ciclinas (CIPs) ou
proteinas inibitdrias de cinases (KIPs). Portanto, as proteinas INKs/CIPs/KIPs apresentam
papel fundamental sob controle da progressio do ciclo celular. Ainda, é de grande
importancia a regulacio de outros fatores presentes no ciclo celular de células B, tais como,
o PDX-1 e o MafA. O PDX-1 (pancreatic and duodenal homeobox-1) € um fator de
transcricdo pancredtica que apresenta um papel crucial na formagcdo do pancreas,
diferenciag¢@o de célula B e manutengdo da funcio da célula f madura. O MafA € um fator
de transcricdo especifico para célula 3, recentemente isolado, que age como um potente
ativador da transcri¢do do gene para insulina (Kaneto, Miyatsuka et al. 2008).

Virias descobertas apontam para importancia da sinaliza¢do da insulina no controle
da massa de células . Camundongos nocaute para o substrato do receptor do substrato de

insulina 2 (IRS-2) apresentaram reducdo na massa de células B (Withers, Gutierrez et al.
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1998). J4, os niveis de mRNA do IR e de IRS-2 estdo diminuidos em ilhotas de pacientes
com resisténcia insulinica (Gunton, Kulkarni et al. 2005). Em camundongos nocaute
especifico para IR na célula B (BIRKO) foi observado que os mesmos s3o incapazes de
promover hiperplasia compensatoria de células B (Okada, Liew et al. 2007). Ainda, a
ativacdo da via da Akt (Elghazi, Balcazar et al. 2006) e da via da MAPK (Beith, Alejandro
et al. 2008) sdo essenciais no controle da proliferacdo de células . Desta forma hd um
grande interesse em identificar os reguladores enddgenos dos fatores que controlam a
expansao da massa de célula 3 bem como aumento na secrecao de insulina.

Otonkoski e cols. (1994), investigaram em culturas de células B diversos fatores de
crescimento possuidores de atividades morfogénicas e mitogénicas, € observaram pela
primeira vez a atividade insulinotrépica do HGF. Hayek e cols. (1995) (Hayek, Beattie et
al. 1995), concluiram que a partir da adicdo de HGF ao meio de cultura é possivel induzir a
proliferacao de células B in vitro, assim fortalecendo os resultados obtidos por Otonkoski e
cols. (1994). Ainda, foi observado que RNAm que codificam HGF e receptor c-Met, sdo
altamente expressos em células B durante a morfogénese do pancreas e mantém-se a niveis
reduzidos durante a puberdade e a vida adulta (Otonkoski, Cirulli et al. 1996). Esses
estudos despertaram o interesse de pesquisar o papel do HGF como potencial candidato a
estimulador de hiperplasia de células 8, com posterior hiperinsulinemia.

Garcia-Ocafia e cols. (2000) estudaram o papel da HGF em ilhotas in vivo, e
desenvolveram um camundongo transgénico com superexpressao do HGF nas ilhotas
pancredticas. Eles concluiram que a superexpressdao de HGF nas ilhotas in vivo resulta em
proliferacdo de células B, aumento do nimero de ilhotas, na massa de células B e na
producdo de insulina. A combinacdo desses efeitos resultou num animal que apresentava

hipoglicemia moderada e hiperinsulinemia. Em 2005, dois estudos que utilizaram um
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modelo de camundongo nocaute para o receptor c-Met em células  pancredticas, inibindo
o papel fisiolégico do HGF para tal tecido, apresentaram resultados que ndao foram
similares (Dai, Huh et al. 2005; Roccisana, Reddy et al. 2005). Roccisana e cols. (2005)
demonstraram que os animais nocaute especifico para o receptor c-Met em células 3
apresentavam redugdo na secrecdo de insulina e também diminuic¢do da tolerdncia a glicose
acompanhada de reducdo da expressio de GLUT-2 em células B. Também, foi observada
auséncia de alteracdes na massa absoluta e proliferacdo das células 3, bem como na
morfologia das ilhotas. Entretanto, Dai e cols. (2005) demonstraram que o tamanho da
ilhota nesse modelo animal mostrou-se diminuido. Tais resultados contraditérios reforcam
a idéia de que a sinalizacdo e o papel fisiolégico da HGF, bem como os mecanismos
moleculares envolvidos, necessitam serem melhores estudados nas ilhotas.

Recentemente, um estudo demonstrou um novo papel fisiol6gico para o HGF, este
relacionado ao desenvolvimento das células B no processo gestacional. Foi demonstrado
que a sinalizacdo do HGF/c-Met ¢ essencial para adaptacdo das células B durante a
gravidez. Portanto, a falta ou atenuacdo desta sinalizagdo leva ao desenvolvimento do

diabetes gestacional (Demirci, Ernst et al. 2012).

Via PI3K/AKT e sua relacao com o HGF

Andlises iniciais do mecanismo de sinalizac¢do intracelular do HGF correlacionado
com o efeito mitogénico em células B indicam que a ativacdo da via PI3-quinase-Akt
representa um importante papel nesse efeito (Gahr, Merger et al. 2002). Em células B, a

insulina e o IGF-I ativam a Akt, também, a glicose pode ativar diretamente a sinalizagdo de
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Akt depois de uma estimulacdo prolongada, porém esse mecanismo nio estd claramente
definido (Dickson and Rhodes 2004).

Em camundongos transgénicos com reducdo na atividade de Akt em células B foi
observado diminui¢cdo na secrecio de insulina e nenhuma alteragdo na massa das células 3
(Bernal-Mizrachi, Fatrai et al. 2004). Além disso, encontrou-se reducdo da captacdo de
glicose estimulada por insulina quando se utilizou camundongo nocaute para o gene da Akt
(Cho, Mu et al. 2001). Entretanto, quando a atividade da Akt foi superexpressa em células 3
de camundongo transgénico obteve-se aumento da massa de células B através do aumento
do tamanho e proliferacdo das células B (Bernal-Mizrachi, Wen et al. 2001). Também, foi
observada nos niveis de glicose sanguinea e o desenvolvimento de hiperinsulinemia
(Fiaschi-Taesch, Stewart et al. 2007). Esses estudos indicam que a ativagdo de Akt pode

resultar em proliferacdo de células f in vivo e hiperinsulinemia.

Papel do HGF na sobrevivéncia das células f

Virios estudos tem demonstrado o papel do HGF na sobrevivéncia das células beta.
Primeiramente, foi demonstrado que o HGF seria um fator de pro-sobrevivéncia a
estreptozotocina (agente reconhecido como diabetogénico e citotoxico) (Garcia-Ocana,
Takane et al. 2000; Dai, Li et al. 2003; Garcia-Ocana, Takane et al. 2003). Ainda, o HGF
apresenta atividade anti-apoptdtica em situacOes de hipoxia e escassez de nutrientes
presentes nas primeiras horas de transplante de ilhotas (Nakano, Yasunami et al. 2000;
Garcia-Ocana, Vasavada et al. 2001; Garcia-Ocana, Takane et al. 2003; Lopez-Talavera,
Garcia-Ocana et al. 2004; Fiaschi-Taesch, Berman et al. 2008). Além disso, também foi

demonstrado in vitro que o HGF protege células de insulinoma de ratos contra o acido
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graxo livre (palmitato), este conhecido por induzir apoptose (Santangelo, Matarrese et al.
2007). Recentemente, o eixo HGF/c-Met foi caracterizado como essencial na sobrevivéncia
das células beta através da atenuagdo da ativagao do NF-kB (fator nuclear kappa B). Assim,
foi sugerido que a falta da ativacdo do eixo HGF/c-Met aumenta a morte de células beta

pancredtica e acelera o desenvolvimento do diabetes (Mellado-Gil, Rosa et al. 2011).

O HGF na obesidade

A obesidade estd associada com diversas alteracdes metabdlicas, tais como: a
hiperinsulinemia e a resisténcia insulinica (Selig 2006). A resisténcia insulinica do tecido
adiposo pode estar envolvida na resisténcia insulinica em geral e nas alteracdes hepaticas
(Shiota, Umeki et al. 1995; Marchesini, Bugianesi et al. 2003). O tecido adiposo branco
pode estar associado com essas complica¢des por meio da secrecdo de diferentes peptideos
bioativos e proteinas, conhecidos como adipocitocinas (Trayhurn and Beattie 2001). Esse
tecido é fonte de hormonios, citocinas, proteinas de fase aguda e fatores de crescimento,
esse ultimo que inclui o fator de crescimento epididimal, fator de crescimento endotelial
vascular, fator de crescimento de transformagdo, fator de crescimento de nervo, e também o
fator de crescimento do hepatdcito (HGF) (Bertola, Bonnafous et al. 2007). De fato, o HGF
€ expresso e secretado por adipdcitos 3T3-L1 de camundongos (Rahimi, Saulnier et al.
1994) e tecido adiposo humano (Fain, Madan et al. 2004; Bell, Ward et al. 2006; Rittig,
Dolderer et al. 2012). Esse HGF sintetizado no tecido adiposo humano pode apresentar um
importante papel na dindmica da obesidade (Hiratsuka, Adachi et al. 2005; Tsukagawa,

Adachi et al. 2012). Entretanto, o papel biologico da HGF nao € totalmente entendido.
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Os niveis de HGF tém sido demonstrados estar correlacionado com medidas
antropométricas da obesidade, tais como: a circunferéncia abdominal, o indice de massa
corporal e a massa gorda corporal (Vistoropsky, Trofimov et al. 2008). Por outro lado a
perda de peso depois da interveng@o por gastroplastia tém sido associada com a reducao dos
niveis de HGF plasmdtico em pacientes obesos (Swierczynski, Korczynska et al. 2005;
Bell, Ward et al. 2006; Tsukagawa, Adachi et al. 2012). Em pacientes com sindrome
metabdlica observou-se uma significante associacdo entre o HGF e a insulina plasmatica,
sugerindo uma ligacdo fisiopatolégica entre eles (Hiratsuka, Adachi et al. 2005;

Tsukagawa, Adachi et al. 2012).
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Justificativa

Em resumo, o HGF preenche alguns critérios de bom candidato a fator circulante
que conecta a resisténcia a insulina ao aumento da massa de células beta, tais como: 1) o
HGF ¢ predominantemente produzido pelo figado, 2) tanto in vitro quanto in vivo o HGF
estimula a secrecdo de insulina e o aumento da massa da ilhota e 3) os niveis deste fator
estdo elevados na situacdo de resisténcia insulinica mais comum, que é a obesidade.

Entretanto, essa vincula¢ao ainda nao foi estabelecida.

Objetivos
O objetivo geral do presente estudo € estabelecer a vinculacao citada acima, através dos

seguintes objetivos especificos:

1- Investigar em situagdo de aumento endégeno do HGF (hepatectomia parcial em
ratos), a regulacdo da massa de células beta.

2- Investigar o efeito da infusdo de HGF recombinante in vivo na regulacdo da massa
de células beta.

3- Investigar em modelo animal de obesidade induzida por dieta cafeteria, a evolucio
temporal (1 — 8 semanas) dos niveis circulantes insulinémicos e de HGF, bem como
a massa de células beta.

4- Investigar em modelo animal de obesidade induzida por dieta cafeteria, o efeito de
um bloqueador do receptor de HGF (c-Met) na regulagdo da massa de células beta e

na sinalizacdo de HGF na ilhota.
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Capitulo

Em anexo, artigo cientifico produto do presente trabalho, este publicado no

periddico Endocrinology.
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Hepatocyte Growth Factor Plays a Key Role in Insulin
Resistance-Associated Compensatory Mechanisms

Tiago G. Araujo, Alexandre G. Oliveira, Bruno M. Carvalho, Dioze Guadagnini,
André O.P. Protzek, Jose B.C. Carvalheira, Antonio C. Boschero, and
Mario J.A. Saad

Department of Internal Medicine (T.G.A,, AG.0,, BM.C., D.G., J.B.C.C,, MJ.AS.) and Institute of
Biology (A.O.P.P., A.C.B.), State University of Campinas, Campinas, 13081-970 Sao Paulo, Brazil

Insulin resistance is present in obesity and in type 2 diabetes and is associated with islet cell
hyperplasia and hyperinsulinemia, but the driving forces behind this compensatory mechanism are
incompletely understood. Previous data have suggested the involvement of an unknown circu-
lating insulin resistance-related p-cell growth factor. In this context, looking for candidates to be
acirculating factor, we realized that hepatocyte growth factor (HGF) is a strong candidate as a link
between insulin resistance and increased mass of islets/hyperinsulinemia. Our approach aimed to
show a possible cause-effect relationship between increase in circulating HGF levels and compen-
satory islet hyperplasia’hyperinsulinemia by showing the strength of the association, whether or
not is a dose-dependent response, the temporality, consistency, plausibility, and reversibility of the
association. In this regard, our data showed: 1) a strong and consistent correlation between HGF
and the compensatory mechanism in three animal models of insulin resistance; 2) HGF increases
B-cell mass in a dose-dependent manner; 3) blocking HGF shuts down the compensatory mecha-
nisms; and 4) an increase in HGF levels seems to precede the compensatory response associated with
insulin resistance, indicating that these events occur in a sequential mode. Additionally, blockages
of HGF receptor (Met) worsen the impaired insulin-induced insulin signaling in liver of diet-induced
obesity rats. Overall, our data indicate that HGF is a growth factor playing a key role in islet mass
increase and hyperinsulinemia in diet-induced obesity rats and suggest that the HGF-Met axis may
have a role on insulin signaling in the liver. (Endocrinology 153: 5760-5769, 2012)

In this regard, some data have indicated (1, 2, 3, 6) that
this hypothetical circulating growth factor is produced by
the liver. In addition, it has been demonstrated that the
ERK pathway in the liver is involved in this compensatory

n individuals with insulin resistance, there is an increase
Iin pancreatic B-cell mass as a compensatory response
(1). This compensatory response of -cells is the first step
in developing diabetes by inducing hyperinsulinemia. In
fact, insulin-resistant animals and human subjects present
islet hyperplasia and/or hyperinsulinemia before the onset
of detectable hyperglycemia, suggesting the existence of as
yet unknown mechanisms enhancing compensatory ex-
pansion of B-cell mass in response to obesity-related in-
sulin resistance. Although some studies have indicated
that a neural component is involved in triggering this re-
sponse (2-4), others have also suggested the involvement

response (2). In this sense, considering candidates for a
circulating factor that could have such features, hepato-
cyte growth factor (HGF) presents a strong candidate,
having at least four characteristics that mark the patho-
physiological link berween insulin resistance and islet hy-
perplasia/hyperinsulinemia: 1) HGF is mainly produced
by the liver (7); 2) it is under regulation by the ERK path-

of anunknown circulating insulin resistance-related -cell
growth factor (1, 5).
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way (8); 3) HGF stimulates insulin secretion and increased
islet mass both in vitro and in vivo (9-13); and 4) levels of

Abbreviations: Akt™7, Protein kinase B serine 473; DIO, diet-induced obesity; DIO-30D,
DIO for 30 d; GTT, glucose tolerance test; HFD, high-fat diet; HGF, hepatocyte growth
factor; IRS, insulin receptor substrate; Met, HGF receptor; rHGF, recombinant HGF; TUNEL,
terminal deoxynucleotidyl transferase 2'-deoxyuridine, 5'-triphosphate nick end labeling.
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this factor are elevated in obesity associated-insulin resis-
tance (14, 15).

Taken together, HGF fulfills at least some of the criteria
of a good candidate for a circulating factor that connects
insulin resistance with increased B-cell mass. Therefore,
the aim of this study was to evaluate whether HGF is the
driving force behind this compensatory mechanism.

Research Design and Methods

Animal studies

Diet-induced obese (DIO) rats

First, male Wistar rats (9-wk-old; obtained from the State
University of Campinas Central Breeding Center) were housed
in grouped cages under a 12-h light, 12-h dark cycle in a
controlled environment (room temperature, 22 + 3 C; hu-
midity, 55 = 5%) and also were randomly assigned to two diet
groups: either standard rodent chow and water ad libitum or
a cafeteria diet, for 30 d [DIO for 30 d (DIO-30D)] or DIO-
60D. The cafeteria diet group received soft drinks ad libitum,
instead of water, alternated daily (Coca-Cola and Guarana
Antarctica), and were fed a pellet made of 37.5% standard
rodent chow, 25% peanuts, 25% chocolate,and 12.5% cook-
ies, offered together with palatable food items comprising
wafer, snacks, cakes, and biscuits, totaling 4.41 kcal/g of gross
energy (43.1% from carbohydrates, 12.1% from proteins,
and 46.9% from fats) as opposed to the 2.63 kcal/g of gross
energy of the standard chow diet Nuvilab CR-1 (Nuvital, Co-

o

Rat - Cafeteria diet

Insulin (ng/mL)
~N

P cell mass (mg)

=0.85, p<0.0001

Rat - Cafeteria diet
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lombo, Parana, Brazil) (5, 16). Second, beginning the sixth
week of the cafeteria and chow diet, the rats were treated with
a pharmacological inhibitor of HGF receptor (SU11274; Toc-
ris Bioscience, Bristol, UK) at a concentration of 0.5 mg/kg-d,
ip, for 16 d. On the other hand, for treatment of obese animals
with recombinant HGF (rHGF), it was administered to rats
from 6 wk after the start of the cafeteria diet. The protein was
injected into the tail vein at a dose of 0.5 pg/kg-d diluted in
saline for 16 d; the control received only saline. Six rats were
used per group (n = 6).

ob/ob and Swiss mice

Six-week-old Swiss and vb/ob mice were obtained from the
State University of Campinas Central Breeding Center. Animals
were housed in individual cages with free access to water and
rodent chow or high-fat diet (HFD) under a 12-h light, 12-h dark
cycle in a controlled environment (room temperature, 22 + 3 C;
humidity, 55 = 5%). The Swiss mice were fed with HFD (con-
sisted of 55% of calories derived from fat, 29% from carbohy-
drates, and 16% from protein) for 2 months, as previously de-
scribed (17, 18). The ob/ob mice were fed on a chow diet for 2
months.

Dose-response evaluation

To perform the dose-response evaluation of treatment with
purified recombinant active mouse HGF (rHGF) (Peprotech,
Inc., Rocky Hill, NJ}, Stwiss mice at 6 wk were treated for 5§ d with
rHGF at concentrations of 0.05, 0.5, or 5.0 pg/kg-d. Mice were
randomly distributed into four groups, each group having six
mice. The rHGF was injected into the tail vein and diluted in
saline (50 ul).

70% Partial hepatectomy (Higgins
procedure)

Additionally, to conduct a study of an-
other model that shows an increase of en-
dogenous HGF (19), we used the tech-
nique of partial hepatectomy 70%. Wistar
rats were anesthetized with ketamin 5%
(30 mg/kg) and xylazine 2% (30 mg/kg)
ip. Rats were divided into two groups (n =
6). Under strict sterile conditions, 70%

r=0.83, p<0.0001
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HGF (ng/mL)
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-
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6 8 10 (two thirds) partial hepatectomy was per-
formed according to the method of Hig-
gins and Anderson (20). In brief, the left
lateral and median hepatic lobes, consti-
tuting approximately 70% of the total
liver weight, were ligated and resected. In
sham-operated controls, the livers were
briefly removed from the peritoneal cavity
but not tied or excised.

During the surgery, animals were

r=0.75, p<0.0001 warmed by a halogen light (45 W, 127 V),

0 2 4 H 8 10 0 2 4
HGF (ng/mL)

HGF (ng/mL)

FIG. 1. Strong correlation between circulating HGF and insulin levels in three different
models of insulin resistanice. Correlation between fasting plasma HGF and insulin levels (A)
and between fasting plasma HGF levels and B-cell mass (B) in DIO (DIO-60D) rats. Correlation
between fasting plasma HGF and insulin levels in Swiss mice fed on HFD (C) and in ob/ob
mice (D). Correlations between parameters were tested by linear regression analysis.

and corporeal temperature was monitor-
ized by a rectal digital thermometer (YSI
Precision 4000A Thermometer; YSI Tem-
perature, Dayton, OH) and kept around
37 C. Animals were allowed to spontane-
ous ventilation with an oxygen-enriched
mixture (40%) during all the procedure

6 8 10
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(21). All animal studies were approved by the Animal Care
and Use Committee at the State University of Campinas and
are in accordance with the guidelines for the Care and Use of
Laboratory Animals.

Assays

Rats and mice were fasted overnight, and the blood samples
were withdrawn from the retrobulbar intraorbital capillary
plexus. The plasma was separated by centrifugation at 2500 x
g/5 min, in tubes containing EDTA (1 mg/ml, disodium salt).
Glucose was measured from whole venous blood with a glucose
monitor (glucometer; Bayer Diagnostics, New York, NY). Read-

Endocrinology, December 2012, 153(12):5760-5769

outs of fasting blood insulin, C-peptide, and HGF levels were de-
termined by ELISA [insulin and C-peptide were from Millipore
(Bedford, MA) and HGF was from Abcam, Inc. (Cambridge, MA)].
The glucose tolerance test (GTT) was performed as follows. After
a 6-h fasting, rats were anesthetized by an ip 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 bolus of 2.0 g/kg body weight
of glucose was administered into the peritoneal cavity. Blood sam-
ples were collected from the tail tip for determination of glucose and
insulin concentrations (17, 18, 22).

Stereologic estimation of p-cell
To study the morphometric parameters
of endocrine pancreas, six pancreases from
each group were excised and processed ac-
cording to a previous description (23). The
cellular distribution of insulin was analyzed
as described previously (23). B-Cell mass
o 00805 80 was determined by point-counting mor-
e phometry on each pancreas section immu-
nostained for insulin according to previous
descriptions (23). Each section was system-
atically scored with a grid of 100 points. The
' B-cell relative volume was calculated by di-
. | . viding the intercepts over B-cells by the in-
tercepts over the total pancreatic tissue; the
B-cell mass was then estimated by multiply-
wee  ing the B-cell relative volume by the total
pancreas weight. A minimum of 500 fields/

pancreas was counted.

Average B-cell proliferation was obtained
by counting total islet cell nuclei stained for
insulin and Ki-67, a well-established prolifer-
ation marker, using the image analysis soft-
ware Image] (http:/rsbweb.nih.gov/ij/). At
least 50 islets per group were sampled. The
B-cell proliferation was estimated by the per-
centage of Ki-67-positive cells from the total
of insulin-positive cells (24). On the other
hand, average B-cell death was obtained by
counting total islet Bcell nuclei stained for in-
sulin and terminal deoxynucleotidyl trans-
ferase 2'-deoxyuridine, 5'-triphosphate nick
end labeling (TUNEL), an in situ DNA end-
labeling method. The TUNEL staining was
done by a commercial apoptosis detection kit
{Roche Diagnostics, Indianapolis, IN), ac-
cording to the recommendartions of the man-
ufacturer. At least 50 islets per group were
sampled. Using the same software aforemen-
tioned, the B-cell death was estimated by the

FIG. 2. Effect of HGF on insulin resistance-associated compensatory mechanisms. A, g-Cell
mass and representative images of pancreatic islets stained for insulin, as well as the
percentage of Ki-67-positive cell in g-cells and representative images of islets stained for Ki-67
(B} from mice after receiving different concentrations of rHGF (0.05, 0.5, and 5.0 pg/kg-d) for
5 d. C, B-Cell mass determinations and their respective representative images, plus the
percentage of Ki-67-positive cell in B-cells and representative images of islets stained for Ki-67
(D} in control, DIO-30D, and DIO-60D rats. E, Temporal evolution of circulating HGF and
insulin levels in control and DIO-60D rats for 8 wk. Scale bars, 100 um (black) and 400 pm
(red). Data are presented as means =+ sem from six mice or six rats per group in experiments
that were repeated at least three times. *, P < 0.05 vs. control; #, P < 0.05 vs. dose 0.

percentage of TUNEL-positive cells from the
total of insulin-positive cells (25).

Islet isolation and culture of
pancreatic islets

Islets were isolated from rats after injec-
tion of collagenase through the pancreatic
duct, then selected with a micropipette un-
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Statistical analysis

The results of the experiments are dis-
played as mean * siM of a least three inde-
pendent experiments. The results of blots
are presented as direct comparisons of
bands or spots in autoradiographs, quanti-
fied by optical densitometry (UN SCAN IT
gel; Silk Scientific, Inc., Orem, UT). Multi-
ple comparisons were tested by one-way
ANOVA  followed by Tukey’s post hoc test,
with the significance level set at P < .05
using SPSS software (SPSS for Windows,
version 16.0; SPSS, Chicago, IL). Correla-
tions between parameters were tested by lin-
ear regression analysis using the GraphPad
Prism software program (GraphPad, San
Diego, CA).
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FIG. 3. DIO rats showed an increase in HGF protein content in the liver and adipose tissue.
A-D, Representative blots show HGF protein expression in liver and epididymal adipose tissue
of control (Ctl), DIO-30D, and DIO-60D rats. Data are presented as means = sem from six rats
per group in experiments that were repeated at least three times. *, P < 0.05 vs. control. IB,

Immunoblot.

der a microscope to exclude any contaminating tissues. The se-
lected 300- to 400-rat islets were first incubated in Krebs-Ringer
bicarbonate buffer equilibrated with 95% 0,-5% CO, (pH 7.4)
and afterward treated with rHGF for 15 and 30 min (Peprotech,
Inc.). Then, at least 300 clean islets from each experimental
group were transferred to an Eppendorf and homogenized (Ep-
pendorf, Hamburg, Germany), by sonication 15 sec, in 200 pl of
solubilization buffer. The samples (total islets extracts) were
treated with Laemmli buffer containing 100 mmol/liter dithio-
threitol, heated in a boiling water bath for 4 min, and subjected
to SDS-PAGE and immunoblotted, as previously described (26).

Tissue extraction and immunoblotting

Rats were anesthetized (anesthesia was ensured by the loss of
pedal and corneal reflexes). The abdominal cavity was opened,
the portal vein was exposed, and 0.1 ml of normal saline was
injected with or withourinsulin (10~ mol/liter). At 30 and 90 sec
after insulin injection, the liver and epididymal adipose tissue
were removed, minced coarsely, and homogenized immediately
in extraction buffer, as previously described (18). The whole-
tissue extracts were subjected to SDS-PAGE and immunoblot-
ted, as previously described (18, 22). All antibodies were from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA), with the ex-
ception of B-actin and antiphospho-Met, which were obtained
from Cell Signaling Technology (Beverly, MA).

Results

Increasing levels of HGF correlate
with increased islet
mass/hyperinsulinemia in DIO
animals

In DIO-60D rats, there is a strong
correlation between circulating HGF
levels and hyperinsulinemia and islet
mass increase, suggesting that an asso-
ciation exists between these events (Fig.
1, A and B). Investigating the nature of
thiscorrelation, we observed that in dif-
ferent models of insulin resistance
(three different animal models of obe-
sity), a strong and significant correlation between HGF
and insulin levels exists. The others models used were
Swiss mice on a HFD (Fig. 1C) and ob/ob mice (Fig. 1D).

HGF increases f3-cell mass in a dose-dependent
manner

Treating Swiss mice for 5 d with three different doses of
HGF revealed that a strong correlation exists between the
dose of infused HGF and islet cell hyperplasia and hyper-
insulinemia, indicating that the compensatory mechanism
responds to HGF in a dose-dependent manner (Fig. 2A). In
addition, this mechanism was confirmed by the marked
B-cell proliferation as judged by distribution of Ki-67-
positive nuclei (Fig. 2B).

The rise in HGF is an early event in the
compensatory response of insulin resistance and
also to hepatectomy

We observed that weekly analysis of islet mass, insulin,
and circulating HGF levels in DIO-60D rats revealed that
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FIG. 4. Partial-hepatectomized (70%) model shows a correlation between HGF levels and B-cell mass. A, Tempaoral evolution of fasting plasma
HGF levels in partial-hepatectomized (70%) and sham-cperated rats during 7 d of experiment. B, B-Cell mass and representative images of
pancreatic islets stained for insulin, besides the percentage of Ki-67-positive cell in p-cells and representative images of islets stained for Ki-67 (C)
from partial-hepatectomized (70%) and sham-operated rats at seventh day. D, Temporal evolution of fasting plasma insulin levels in partial-
hepatectomized (70%) and sham-operated rats during 7 d of experiment. Scale bars, 100 um (black) and 400 um (red). Data are presented as
means * sem from six rats per group in experiments that were repeated at least three times. *, P < 0.05 vs. sham operated.

incremental increases in islet mass, as well as B-cells pro-
liferation, and insulin levels followed an increase in HGF
levels (Fig. 2, C-E). Additionally, the DIO-60D rats
showed an increase in HGF protein content in the liver and
adipose tissue from the fourth week on with the diet (Fig.
3, A-D). These data indicate that a sequential mode oc-
curs, in which an increase in HGF levels seems to precede
the compensatory response associated to insulin
resistance.

Next, we investigated hepatectomized rats, which carry
higher levels of endogenous HGF, and observed the tem-
poral evolution of plasma HGF and insulin levels and
B-cell mass, as well as B-cell proliferation, for 7 d. In this
study, we noted that from the fourth day after partial hep-
atectomy (70% ), the HGF levels rise and remain high until
the seventh day of the experiment (Fig. 4A). This change
was followed by incremental changes in islet mass along
with augment on Ki-67-positive nuclei of B-cells at seventh
day (Fig. 4, B and C). Consequently, we also observed an
increase in plasma insulin level from the fifth day after the
surgery (Fig. 4D).

Pharmacologic inhibitor of HGF receptor blunts the
compensatory mechanism response associated
with insulin resistance

SU11274 is a pyrrole indolinone compound, which acts
as a HGF receptor (Met) kinase inhibitor thought to spe-
cifically block HGF-dependent Met activation. The Met
blockage has been associated with inhibition of down-
stream signaling and biological events typical to Met ac-
tivity. Indeed, this compound presented low ICs, values
for Met inhibition; thus, suggesting its high specificity
(27). In this regard, when we blocked the action of HGF
in DIO-60D rats by using SU11274 for 2 wk (d 45-60), a
reduction in islet mass was observed (Fig. SA). We further
hypothesized that a decrease in g-cell proliferation accom-
panied by increase in B-cell death would likely explain the
diminished B-cell mass in DIO-60D rats treated with
SU11274. In accordance, here, it was detected a decrease
in B-cell proliferation (accessed by Ki-67-stained p-cell).
Indeed, we stained pancreas section with TUNEL to detect
fragmented DNA and observed that islets from obese rats
treated with SU11274 showed increased levels of B-cell
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FIG. 5. Pharmacologic inhibitor of HGF receptor blunts the link between insulin resistance and increased mass of islets. A, Effects of the HGF
receptor pharmacological inhibitor (SU11274) on g-cell mass, accompanied by representative images of pancreatic islets stained for insulin from
DIO rats. B, Percentage of Ki-67-positive cell in p-cells and representative images of islets stained for Ki-67, in addition to (C) percentage of TUNEL-
positive cell in p-cells and representative images of islets stained for TUNEL in DIO-60D rats treated with SU11274. Scale bars, 100 pm (black) and
400 pm (red). All experiments were conducted in triplicate (six rats each), and results are expressed as mean * sem. *, P < 0.05 vs. DIO-60D. Ctl,

Control.

death (Fig. 5, B and C). Along with these results, an in-
cremental change on insulin levels was no longer observed,
suggesting that the compensatory mechanism was shut
down (Fig. 6A).

We also measured plasma C-peptide levels to investi-
gate de novo insulin production. In accordance with re-
duction in plasma insulin levels, obese animals treated
with SU11274 also showed a decrease in plasma C-peptide
concentrations, therefore demonstrating a reduction in de
novo synthesis of insulin in these animals (Fig. 6B). Ad-
ditionally, DIO-60D rats treated with SU11274 were
more glucose intolerant (Fig. 6C) than untreated DIO-
60D rats. This effect in the treated rats was also accom-

panied by a reduction in insulin levels during the GTT
(Fig. 6D).

The animals under a chow diet and treated with
SU11274 for the same time showed no change in fasting
insulin, glucose, or C-peptide levels or in glucose toler-
ance. It is important to mention that SU11274 did not
change the body weight of the rats on cafeteria or chow
diet (Fig. 6E), as well as fat mass (epididymal fat pad con-
tent) (data not shown).

HGF signaling in isolated B-cells and in liver
HGEF treatment of isolated B-cells from rats for 15 and
30 min resulted in increased levels of insulin receptor sub-
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more the already reduced insulin-in-
duced IR and AKT**"*”3 phosphory-
lation (Fig. 7B).

. Discussion

In most situations of insulin resistance,
B-cells compensate for the insulin resis-
tance with an increase in B-cell mass.

However, the driving forces behind this
compensatory mechanism are incom-
pletely understood. Although it has
been demonstrated that there is a neu-
ronal component in pancreatic B-cell
proliferation in obesity (2—-4), there is
also clear evidence that circulating
growth factors have a determinant role
in this pathophysiological mechanism
(1,28;,29);

It has been assumed that glucose, in-

7 8

dependent of other factors, can induce

30 45 80

an increase in islet mass, and it is known
that glucose stimulates B-cell replica-
tion (29). However, in most situations
of insulin resistance, the increase in islet
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FIG. 6. SU11274 treatment and metabolic parameters of obese and nonobese rats. Fasting
plasma insulin (A) and C-peptide levels (B) of obese rats treated with SU11274. The treatment
with SU11274 started in the sixth week of the cafeteria or chow diet and lasted until the
eighth week. All groups of animals received the respective diet throughout the treatment (i.e.
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+ 5U11274, DIO-60D, and DIO-60D + SU11274 groups in the eighth week of the
experiment. E, Temporal evolution of body weight from control, control + SU11274, DIO-
60D, and DIO-60D + SU11274 groups for 8 wk. All experiments were conducted in triplicate
(six rats each), and results are expressed as mean = sem. *, P < 0.05 vs. DIC-60D; #, P < 0.05

vs. control.

strate IRS-2 tyrosine phosphorylation, and also protein
kinase B serine 473 (AKT***"3) phosphorylation and ERK
phosphorylation (Fig. 7A). In liver, as previously de-
scribed (5, 17), insulin-induced TR and AKT**™”* phos-
phorylation were reduced in DIO-60D rats, but the infu-
sion of HGF together with insulin significantly induce IR
and AKT*™* phosphorylation. On the other side, the
blockage of HGF signaling was able to decrease even

mass precedes the increase in blood glu-
cose, and also, there is no correlation
between the blood glucose levels and
islet hyperplasia (1, 30), indicating that
othercirculating factors independent of
glucose likely contribute to the islet
growth. Among circulating growth fac-
tors, GH, IGF-I, prolactin, placental
lactogen, leptin, and HGF can induce
islet mass hyperplasia (1,9, 10, 31, 32).
Prolactin and placental lactogen are
candidates that can contribute to ex-
plain the compensatory response to in-
sulin resistance in pregnancy. Leptin
has also been suggested to promote
B-cell growth (33); butin genetic leptin-
deficient mouse, which also has insulin
resistance and isler hyperplasia, this
could not be a factor (34). Our data, in
accordance with previous data, showed that GH and IGF-I
are either normal or low in DIO mice or rats, indicating
that these growth factors are unlikely candidates (35, 36).
In the present study, we focus on HGF, as previously de-
scribed, on the basis that it is increased in the most prev-
alent situation of insulin resistance-obesity, it is produced
by the liver under the control of ERK (8), and it is able to
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HGF exerts its effects through Met,
which is the tyrosine kinase cell surface
receptor for HGF. It is important to
mention that this receptor is structur-
ally related to the insulin receptor,
which is also a tyrosine kinase. Very re-
cently, Fafalios et al. (37) demonstrated
that Met activation induces a Met-in-
sulin receptor complex that uses sub-
strates of the insulin receptor and am-
plifies the signal. It is well established
that the insulin signaling pathway has
an important role in islet cell hyperpla-
sia and increases in islet mass. Our data,
in accordance with very recent data ob-
tained in mice liver (37), showed that
HGEF treatment of isolated B-cells from
rats resulted in increased levels of IRS-2
tyrosine phosphorylation and also of
AKT*™73 and ERK phosphorylation.
This indicates that the correlation be-
tween HGF and B-cell mass increase
may involve these proteins from insulin
signaling pathways, which may repre-
sent the molecular mechanism by
which HGF induces the compensatory
response associated with insulin
resistance.

immunoprecipitation.

induce islet hyperplasia. Our approach aimed to show a
possible cause-effect relationship between increase in cir-
culating HGF levels and compensatory islet hyperplasia/
hyperinsulinemia by showing the strength of the associa-
tion, whether or not is a dose-dependent response, and the
temporality, consistency, plausibility, and reversibility of
the association.

Our data showed that in different models of insulin
resistance, a strong and significant correlation between
HGEF and islet hyperplasia/insulin levels exists, indicating
that this association is consistent. In addition, we observed
that an increase in HGF levels seemed to precede the com-
pensatory response associated with insulin resistance and
also after partial hepatectomy and that there was a clear
dose response for the effect of HGF on increased islet mass.

It is important to mention that in an animal model of
insulin resistance, we observed an increase in HGF protein
expression in liver and in adipose tissue, which are two
tissues very well characterized in insulin-resistant situa-
tions. We can then hypothesize that somehow insulin re-
sistance in these tissues might induce an increase in HGF,
which will contribute to trigger a compensatory response.

Taken together, these data suggest
the association between HGF and islet
hyperplasia may be a cause-effect phenomenon. This is
supported by the importance and consistency of the asso-
ciation, as well as by its dose responsiveness and its tem-
poral component. There is also a molecular mechanism
through the insulin signaling pathway that can contribute
to explaining this association, and equally important, by
blocking the Met receptor we can completely reverse islet
hyperplasia and in this way impair glucose tolerance, con-
firming the reversibility of the phenomenon. In addition,
several studies have demonstrated the antiapoptotic effect
of HGF (38-40), and our data suggest that such effect was
blunted by blockage of the Met receptor.

Another important point in our study is the demon-
stration that the compensatory effect of HGF is not only
related toislets. At least in liver, blocking Met impaired the
already reduced insulin-induced insulin signaling in DIO-
60D rats. These data strongly support the idea that HGF
signaling has a protective role in insulin resistance.

Overall, our data indicate that HGF is a growth factor
performing a key role in islet mass increase and hyperin-
sulinemia in DIO animals and suggest that the HGF-Met
axis has an important role on insulin signaling in the liver.
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Qur study provides additional evidence for a role of HGF
in insulin signaling in liver and may greatly contribute
toward a better understanding of insulin resistance mech-
anisms associated with obesity and type 2 diabetes
mellitus.
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Discussao

Na maioria das situagdes de resisténcia a insulina, as células B compensam a
resisténcia a insulina com um aumento da sua massa, no entanto, as forcas por traz deste
mecanismo de compensacdo ndo sdo completamente compreendidas. Embora tenha sido
demonstrado que ha um componente neuronal na proliferagdo de células f do pancreas na
obesidade (Lam, Schwartz et al. 2005; Uno, Katagiri et al. 2006; Imai, Katagiri et al. 2008),
também hd provas claras de que fatores circulantes de crescimento tem um papel
determinante neste mecanismo fisiopatoldgico (Bonner-Weir and Smith 1994; Mauvais-
Jarvis, Virkamaki et al. 2000; Flier, Kulkarni et al. 2001). Tem sido assumido que a glicose,
independente de outros fatores pode induzir um aumento da massa das ilhotas pancreaticas,
pois sabe-se que a mesma estimula a proliferacdo de células B (Bonner-Weir and Smith
1994). Entretanto, na maioria das situagdes de resisténcia a insulina o aumento da massa
das ilhotas precede o aumento da glicose no sangue, além disso, ndo foi demonstrada
nenhuma correlagdo entre os niveis de glicose no sangue e a hiperplasia das ilhotas
(Bruning, Winnay et al. 1997; Flier, Kulkarni et al. 2001), indicando que outros fatores
circulantes independentes da glicose provavelmente contribuem para o crescimento das
ilhotas. Entre os fatores circulantes de crescimento, podemos citar o hormoénio de
crescimento, o IGF-I, a prolactina, o lactogénio placentério, a leptina e o HGF, os quais
podem induzir um aumento da massa das ilhotas (Otonkoski, Beattie et al. 1994;
Otonkoski, Cirulli et al. 1996; Rhodes 2000; Flier, Kulkarni et al. 2001; Wu, Liu et al.
2011). O lactogénio placentdrio e a prolactina sdo candidatos que podem contribuir para
explicar a resposta compensatdria relacionada a resisténcia a insulina durante a gravidez. A

leptina também foi sugerida como promotora do crescimento de células  (Tanabe, Okuya
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et al. 1997), mas no animal geneticamente deficiente de leptina, que também tem a
resisténcia a insulina e hiperplasia das ilhotas, este ndo pode ser um fator (Zhang, Proenca
et al. 1994). Nossos dados estdo de acordo com dados anteriores que mostraram que o
hormodnio de crescimento e o IGF-I estdo normais ou baixos em ratos obesos induzidos por
dieta, o que indica que estes fatores de crescimento sdo candidatos pouco provaveis

(Cascieri, Slater et al. 1989; Pete, Fuller et al. 1999).

No presente estudo, nés focamos no HGF, como descrito anteriormente com base
em que o mesmo estd aumentado na situacdo de resisténcia a insulina mais comum, a
obesidade. Ainda, o HGF € produzido pelo figado sob o controle da Erk (Motoki, Sugiura
et al. 2008), e € capaz de induzir hiperplasia na ilhota. Nossa abordagem teve como
objetivo mostrar uma relacio de causa-efeito entre o possivel aumento dos niveis
circulantes de HGF e a hiperplasia compensatéria da ilhota/hiperinsulinemia, mostrando a
forca da associagdo, se a mesma € ou ndo é uma resposta dose-dependente, sua

temporalidade, e ainda a consisténcia, a plausibilidade, e a reversibilidade da associagao.

Nossos dados mostraram que em diferentes modelos de resisténcia a insulina, se
observa uma correlagdo forte e significante entre os niveis de HGF circulante e a
hiperplasia das ilhotas/niveis circulantes de insulina, indicando que esta associagdo €
consistente. Além disso, observou-se que o aumento nos niveis de HGF circulante parecia
preceder a resposta compensatdria associada com a resisténcia a insulina e também apoés a
hepatectomia parcial, e ainda que havia uma clara relacdo de dose-resposta do HGF sobre o
aumento na massa de ilhotas. E importante mencionar que, no modelo animal de resisténcia
a insulina, observou-se um aumento da expressao da proteina do HGF no figado e no tecido

adiposo, que s3o dois tecidos muito bem caracterizados em situacdes de resisténcia a
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insulina. Assim, podemos entdo a sugerir que a resisténcia a insulina de alguma forma
nestes tecidos pode induzir um aumento no HGF, o que de certa forma ird contribuir para

desencadear uma resposta compensatoria.

O HGF exerce os seus efeitos através de seu receptor (c-Met), este que é um
receptor tirosina quinase de superficie celular. E importante mencionar que este receptor
estd estruturalmente relacionado com o receptor de insulina, que € também uma tirosina
quinase. Recentemente, Fafalios et al. (Fafalios, Ma et al. 2011) demonstraram que a
ativacdo do c-Met induz a formag¢do de um complexo, receptores c-Met-insulina, o qual
utiliza substratos do receptor de insulina e amplifica a sinalizacio da mesma. Estd bem
estabelecido que a via de sinaliza¢do da insulina tem um papel importante na hiperplasia e
no aumento da massa das ilhotas. Nossos dados, de acordo com dados recentes, obtidos em
figado de ratos (Fafalios, Ma et al. 2011), demonstraram que o tratamento com o HGF em
ilhotas isoladas de ratos resultou em um aumento dos niveis de fosforilagdo em tirosina do
IRS-2, e também da fosforilacio da Akt*™”* e da Erk. Isto indica que a correlacio entre o
HGF e o aumento da massa de células B pode envolver estas proteinas de vias de
sinalizacdo da insulina, desta forma, representando o mecanismo molecular pelo qual o

HGF induz a resposta compensatoria associada com a resisténcia a insulina.

Em conjunto, estes dados sugerem que a associa¢cdo entre o HGF e a hiperplasia das
ilhotas pode ser um fendmeno de causa-efeito. Isto € suportado pela importincia e
consisténcia da associacdo, bem como pela sua capacidade de resposta a dose e a sua
temporalidade. H4 também um mecanismo molecular através da via de sinalizacdo da

insulina que pode contribuir para explicar esta associacio e, igualmente importante, o qual

através do bloqueio do receptor (c-Met) podemos reverter completamente a hiperplasia das
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ilhotas e, deste modo diminuir a tolerancia a glicose, o que confirma a reversibilidade do
fenomeno. Além disso, varios estudos tém demonstrado o efeito anti-apoptético do HGF
(Dai, Li et al. 2003; Garcia-Ocana, Takane et al. 2003; Santangelo, Matarrese et al. 2007), e
os nossos dados sugerem que este efeito foi anulado pelo bloqueio do receptor c-Met. Outro
ponto importante em nosso estudo € a demonstracao de que o efeito compensatério do HGF
ndo € apenas relacionado com ilhotas. Pelo menos, no figado de ratos obesos induzidos por
dieta, onde a sinalizacdo da insulina ja se encontra reduzida, ¢ observado que apds o
tratamento destes animais com o bloqueador do c-Met ocorre uma piora nesta sinalizagao.
Estes dados suportam a idéia de que a sinalizacdo do HGF tem um papel protetor na

resisténcia a insulina.
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Conclusao

No geral, os nossos dados indicam que o HGF é um fator de crescimento que
desempenha um papel chave no aumento da massa das ilhotas/hiperinsulinemia em animais
obesos induzidos por dieta, e também sugerem que o eixo HGF/c-Met tem um papel
importante na sinalizacdo da insulina no figado. Nosso estudo fornece evidéncias adicionais
para um papel do HGF na sinaliza¢do da insulina no figado, e também pode contribuir
significativamente para uma melhor compreensdo dos mecanismos de resisténcia a insulina

associada a obesidade e diabetes mellitus tipo 2.
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Figura 4. Modelo proposto para o papel do HGF como elo entre a resisténcia a insulina e a resposta

compensatéria das células beta.
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Abstract A simple, easy, and safe procedure aiming to
improve liver regeneration could be of great clinical benefit
in critical situations such as major hepatectomy, trauma, or
hemorrhage. Low-power laser irradiation (LPLI) has come
into a wide range of use in clinical practice by inducing
regeneration in healthy and injured tissues. However, the
effect of LPLI on the process of liver regeneration, especial-
ly those related to the molecular mechanisms, is not fully
understood. Thus, the aim of the present study was to
investigate the main molecular mechanisms involved in
liver regeneration of partially hepatectomized rats exposed
to LPLI, We used Wistar male rats, which had their remain-
ing liver irradiated or not with LPLI (wavelength of
632.8 nm and fluence of 65 mW/ecm?) for 15 min after a
70 % hepatectomy. We subsequently investigated hepato-
cyte growth factor (HGF), Met, Akt, and Erk 1/2 signaling
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pathways through protein expression and phosphorylation
analyses along with cell proliferation (proliferating cell nu-
clear antigen (PCNA) and Ki-67) using immunoblotting and
histological studies. Our results show that LPLI can improve
liver regeneration as shown by increased HGF protein ex-
pression and the phosphorylation levels of Met, Akt, and
Erk 1/2 accompanied by higher levels of the PCNA and Ki-
67 protein in the remnant livers. In summary, our results
suggest that LPLI may play a clinical role as a simple, fast,
and easy-to-perform strategy in order to enhance the liver
regenerative capacity of a small liver remnant after
hepatectomy.

Keywords Hepatectomy - Laser - Liverregeneration - HGF -
Met - Proliferation - Rats

Introduction

The capacity for the liver to regenerate has been long rec-
ognized and is related to a sequence of molecular and
cellular events that result in the induction of DNA synthesis,
cell cycle progression, mitosis, and cell division [1, 2].
Several strategies to accelerate these events have been tested
with controversial results [3-8]. A simple, easy, and safe
procedure aiming to prepare the liver to regenerate could be
of great clinical benefit in critical situations such as major
hepatectomy, trauma, or hemorrhage.

In the clinical setting, preparing the liver parenchyma for
regeneration during surgery is very interesting. Theoretical-
ly, it could lead to a better postoperative outcome in cases
with a small liver section remaining following liver resec-
tion or living-related liver transplantation. In the past,
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several strategies generically known as “pre/post-condition-
ing” were tested in order to stimulate liver regeneration
before massive resection and in situations when the liver
remnant may be too small [3, 4, 9].

Different techniques for conditioning the liver rem-
nant can be pharmacological or mechanical. Ischemic
preconditioning, intermittent clamping of the hilum,
and stutter clamping release are examples of mechanical
strategies, but their clinical effectiveness is still under
investigation [3-6]. Inhibitors of PPAR-gamma, n-acetyl
cysteine, and pentoxifiline are examples of pharmaco-
logical approaches that have also been used in the past
in order to improve liver capacity to respond to ische-
mic injury. However, these drugs may interfere in im-
portant homeostatic systems, such as coagulation, that
make their usage very restricted [7, 8]. There is some
evidence showing that low-power laser irradiation
(LPLI), especially red and near infrared light, may have
an important role towards inducing regeneration in
healthy and injured tissues [10, I1].

LPLI has come into a wide range of use in clinical
practice especially for presenting a very important phys-
iological effect: the induction of cell proliferation [10].
This biostimulatory effect has been shown in many cell
type studies in vitro, including keratinocytes [12], fibro-
blasts from different systems [13-15], human osteoblasts
[16], lymphocytes [17], mesenchymal stem cells, cardiac
stem cells [18], aortic smooth muscle cells [19], and
venous endothelial cells [20]. In particular, LPLI is well
known fo promote a stimulating effect on cell regener-
ation accompanied by a consequent improvement in
ischemic or mechanical problems in organs such as
skeletal muscle, heart, brain, and liver [11, 21-26].
Regarding the main molecular mechanisms involved in
the liver regeneration, it is well established that hepato-
cyte growth factor (HGF) is a mesenchymal-derived
pleiotropic cytokine that regulates cell proliferation,
anti-apoptosis, motility, morphogenesis, and anti-
inflammatory process in hepatic regeneration [27].
These multifaceted events occur via activation of its
receptor, a transmembrane tyrosine kinase called Met.
Activation of the Met receptor by HGF leads to auto-
phosphorylation on tyrosine residues, followed by the
phosphorylation of downstream signaling molecules, in-
cluding phosphatidylinositol 3-kinase (PI3K) and
mitogen-activated protein kinase (MAPK) pathway pro-
teins [27]. However, the effect of LPLI on the process
of liver regeneration, specifically related to the molecu-
lar mechanisms, is not yet fully understood. The aim of
the present study was to investigate the main molecular
mechanisms involved in liver regeneration of partially
hepatectomized rats (70 % hepatectomy) exposed to
LPLL
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Malterials and methods
Study subjects

All experimental protocols were approved by the Animal
Care and Use Committee at the State University of Campinas
(no. 1962-1) and were in accordance with the guidelines for
Care and Use of Laboratory Animals. Five-week-old male
Wistar rats weighing 200-250 g were obtained from the State
University of Campinas Central Breeding Center. The ani-
mals were maintained under a controlled room temperature
(23+2 °C) under a 12/12-h light and dark cycle and were fed
with standard laboratory chow and water ad libitum.

All animals were randomly assigned to three groups
which consisted of six rats each: group sham-operated con-
trols (sham); group PHx (submitted to partial hepatectomy
(70 %)); and group PHx + Laser (submitted to partial
hepatectomy (70 %) and laser therapy).

Seventy percent partial hepatectomy (Higgins procedure)

Animals were anesthetized with ketamine 5 % (30 mg/kg)
and xylazine 2 % (30 mg/kg) intraperitoneally. Under strict
sterile conditions, two thirds partial hepatectomy was per-
formed according to the method of Higgins and Anderson
[28]. Briefly, the left lateral and median hepatic lobes,
constituting approximately 70 % of the total liver weight,
were ligated and resected. In sham-operated controls that
were anesthetized as described above, the livers were briefly
removed from the peritoneal cavity, but were not tied or
excised.

During the surgery, animals were kept warm with a
halogen light (45 W, 127 V) and corporeal temperature
was monitored by a rectal digital thermometer (YSI Preci-
sion 4000A Thermometer) and maintained around 37 °C.
Animals were allowed spontaneous ventilation with an
oxygen-enriched mixture (40 %) during the entire proce-
dure. To improve the survival rate post-surgery, 20 % glu-
cose was added to the rat's drinking water [29].

Laser treatment

Before closing the surgical wound, the laser group was
treated by direct irradiation of the remmant liver with an
fluence of 65 mW/cm® for a period of 15 min at a distance
of 10 cm, with a He-Ne Laser model 3184H V1.0, wave-
length of 632.8 nm, and 3.30 mW (Hughes® Aircraft Com-
pany Electron Dynamics Division, Culver City, CA, USA).
The laser beam was optically expanded to match the entire
size of the remaining liver to guarantee uniform exposure.
Recordings from the thermocouple placed under the irradi-
ated area showed no elevation of temperature in the abdo-
men of the rats.
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Tissue extraction and immunoblotting

Forty-eight hours after the partial hepatectomy and laser ex-
posure, rats were anesthetized and used 10-15 min later, as
soon as anesthesia was assured by the loss of pedal and
corneal reflexes. The abdominal cavity was opened and any
remaining liver tissue was removed and homogenized imme-
diately in extraction buffer at 4 °C (1 % Triton X-100,
100 mM Tris-HCI (pH 7.4), 100 mM sodium pyrophosphate,
100 mM sodium fluoride, 10 mM EDTA, 10 mM sodium
orthovanadate, 2.0 mM phenylmethylsulfonyl 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 9,000xg in a 70
Ti rotor (Beckman, Fullerton, CA, USA) at 4 °C, The protein
concentrations of the supernatants were determined by the
Bradford dye-binding method [30-32]. In direct immunoblot
experiments, protein extracts were separated by SDS-PAGE,
transferred to nitrocellulose membranes, and blotted with anti-
HGFex, anti-phospho-Met, anti-phospho-Akt, anti-phospho-
Erk 1/2, and anti-PCNA. The homogeneity of gel loading
was evaluated by blotting the membranes with antibodies
against (-actin, Met, Akt, and Erk 1/2 as appropriate.

Immunohistochemistry and histology

To detect Ki-67, microwave postfixation was carried out by
a domestic microwave oven which was applied to slides
immersed in 0.01 mol/L citrate buffer, pH 6.0, in two 7-
min doses separated by a 2-min break. Sections were then
incubated at 4 °C ovemight with primary monoclonal mouse
antihuman Ki-67 clone MIB-1 from Dako (diluted 1:100).
The slides were then incubated with avidin-biotin complex
LSAB + Kit from DakoCytomation for 30 min followed by
the addition of diaminobenzidine tetrahydrochloride as a
substrate-chromogen solution. After hematoxylin counter-
staining and dehydration, the slides were mounted in Entel-
lan from Merck® [32, 33].

Outcome variables

The outcome variables in this study were changes in the expres-
sion levels (arbitrary units) of the proteins (HGF and PCNA), as
well as changes in the phosphorylation levels (arbitrary units) of
the proteins (Met, Akt, and Erk). These outcomes were obtained
by immunoblotting technique. Another outcome variable was
obtained by immunohistochemistry method, which consists of
the number of cells stained for Ki-67 per field analyzed.

Materials

Antibodies against (3-actin (mouse monoclonal, sc-8432),
HGF o (rabbit polyclonal sc-7949), phospho-Erk 1/2 (mouse

monoclonal, sc-7383), Erk 1/2 (mouse monoclonal, sc-93),
and PCNA (mouse monoclonal, sc-25280) were obtained
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA).
Antibodies against phospho (Tyr1234/1235)-Met (rabbit
monoclonal, #3077), Met (rabbit monoclonal, #8198), phos-
pho (Ser 473)-Akt (rabbit polyclonal, #9271S), and Akt
(rabbit polyclonal, #9272) were obtained from Cell Signal-
ing Technology (Beverly, MA, USA). Routine reagents
were purchased from Sigma Chemical Co. (St. Louis, MO,
USA) unless specified otherwise.

Statistical analysis

Data are displayed as mean + standard error of the mean
(SEM). The results of blots are presented as direct compar-
isons of bands or spots in autoradiographs and quantified by
optical densitometry (UN SCAN IT gel®, Silk Scientific
Inc., Orem, UT, USA). Multiple comparisons were tested
by one-way ANOVA, followed by Tukey's post hoc test,
with the significance level set at p<0.05 using SPSS sofi-
ware (SPSS for Windows, version 16.0, Chicago, IL, USA).

Results

Laser exposure improves the HGF/Met axis
in hepatectomized rats

In this paper, we realized to determine how the HGF ex-
pression behaves after laser exposure in hepatectomized
rats. As shown in Fig. la, the HGF protein expression in
the remnant liver of PHx group was increased when com-
pared to the sham group, and the PHx + Laser group
exhibited a more pronounced increase when compared with
the PHx group.

Since the phosphorylation at tyrosine residues of Met
receptor is a hallmark of its activation, we examined the
phosphorylation levels of Met. The results showed that
tyrosine phosphorylation levels of Met were higher in PHx
group compared to the sham group and that the laser expo-
sure induced a more pronounced increase in Met phosphor-
ylation (Fig. 1b). We did not observe differences in Met
expression amongst any study groups (Fig. b, lower panel).

Laser exposure enhanced Akt and Erk 1/2 signaling
along with higher PCNA expression in hepatectomized rats

The downstream pathways of Met mainly related to cell
proliferation and growth, such as PI3K/Akt and MAPK
pathway, were analyzed. Animals submitted to partial hep-
atectomy showed higher phosphorylation levels of Akt and
Erk 1/2 when compared to the sham group (Fig. 2a, b).We
also observed that the PHx + Laser group exhibited a
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Fig. 1 Representative blottings a
show HGF content (a) and Met

activation (b) in remaining

livers of partial hepatectomized

rats exposed or nonexposed to

the laser. Total protein

expression of Met (b). Western 2 a 1001
blots were quantified after % S =0
standardization with B-actin. g g

Data were representative of E 8 601
three independent experiments. '8 g 40
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significant increase in phosphorylation levels of Akt and
Erk 1/2 in comparison with the PHx group (Fig. 2a, b). No
changes in Akt and Erk 1/2 protein expression were ob-
served among groups (Fig. 2a, b—lower panels).

In order to strengthen the role of the HFG/Met axis in cell
proliferation, we considered PCNA protein expression. The
results showed that PCNA expression was increased in the
PHx group when compared to sham animals, and that the
laser treatment was able to induce an additional increase in
PCNA protein expression (Fig. 2¢).

Ki-67-positive cells are increased by laser treatment
in hepatectomized rats

After 48 h of laser exposure, remaining livers from
partially hepatectomized rats were also evaluated by Ki-
67 immunohistochemistry to contribute towards data on
hepatic regeneration. As expected, we observed a strong

a IB: p-Akt b
120 120
'§é 100 é 100
2. gl o
S g 82 g
'§.§ &E

g% - g2 ©
o 2 o ]
0 0

Sham PHx PHx+

Laser

e [ 10 £

Fig. 2 Representative blottings show Akt (a) and Erk 1/2 (b)
phosphorylation levels, as well as PCNA expression (c¢) in
remaining livers of partial hepatectomized rats exposed or non-
exposed to the laser. Total protein expression of Akt and Erk 1/2

@ Springer

increase in the number of positive Ki-67 staining cells
from the PHx group in comparison with the sham group
(Fig. 3). Indeed. when the partially hepatectomized rats
were submitted to laser exposure, the number of positive
Ki-67 staining cells was higher than those observed in
the PHx group (Fig. 3).

Discussion

Looking for an easy, safe, and intraoperative strategy in
order to improve post-hepatectomy liver regeneration, the
intraoperative application of LPLI on the remnant liver
parenchyma in animal model may be an interesting option.
Several studies have demonstrated that LPLI improves he-
patic regeneration post-hepatectomy [11, 23-26]. However,
the molecular mechanisms behind this effect are not well
understood. This paper helps to demonstrate the key

IB: p-Erk1/2 c IB: PCNA
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(a. b). B-actin was used as a normalization housekeeping pro-
tein. Data were representative of three independent experiments.
The values represent the mean + SEM (n=6), *p<0.05 vs. sham;
**p<(0.05 vs. PHx. IB, immunoblot
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Fig. 3 Representative microphotographs of Ki-67 immunopositive
staining hepatocytes on liver and remnant livers of sham, PHx, and
PHx + Laser rats. The graph indicates the number of Ki-67-positive

molecular pathways involved in the LPLI effect on liver
regeneration.

In the current study, we used a robust and traditional
model of liver regeneration in rodents called the “Higgins
procedure,” which consists of a two thirds partial hepatec-
tomy [28, 34]. This induces an intense and sustained hyper-
plasia of the remnant lobes, which reach the original size in
about 67 days [34]. Furthermore, justifying the approaches
chosen in this study, previous research shows that in the
model of the partial hepatectomy, the hepatocytes undergo a
well-orchestrated cell cycle. DNA synthesis begins 12-16 h
after hepatectomy and peaks at 24-48 h. The beginning of
mitosis occurs 6-8 h after the surgery, reaching its maxi-
mum 48 h later [35]. Based on this information, we studied
the remaining livers 48 h after partial hepatectomy surgery
and exposure to laser.

With regard to liver regeneration, HGF signaling is a
major mechanism that controls cell proliferation and regen-
eration [35, 36]. When HGF binds to its receptor (Met), this
receptor becomes phosphorylated on tyrosine residues,
which in turn stimulates the phosphorylation of downstream
signaling molecules, including PI3K and MAPK pathway
proteins [27]. The PI3K/Akt signaling pathway produces a
diversity of the biological effects of HGF, such as prolifer-
ation, anti-apoptosis, and migration [37, 38]. Similarly, the
Erk 1/2 signaling pathway is also related to mediating pro-
liferation, anti-apoptosis, and differentiation processes [39].
Our data show that after partial hepatectomy, the above-
mentioned pathways were most active. It was observed that

Total Liver

Fig. 4 Schematic
representation showing an
overview of the LPLI effect on
the remaining liver of partially
hepatectomized rats. LPLI can
improve liver regeneration as
evidenced by increasing HGF
protein expression and the
phosphorylation levels of

cells per field; five fields per section. Scale hars, 200 pm. The values
represent the mean + SEM (n=6). *p<0.05 vs. sham; **p<0.05 vs.
PHx

hepatectomized animals exhibited an increase in the expres-
sion of HGF followed by increases in phosphorylation lev-
els of Met and its downstream signaling molecules (Akt and
Erk 1/2).

Previous research has focused on the various mechanisms
related to the biological effects of LPLI. Studies have dem-
onstrated that the gene or protein expressions of several
growth factors, such as transforming growth factor-3, vas-
cular endothelial growth factor, platelet-derived growth fac-
tor, insulin-like growth factor 1, and others were increased
by LPLI [10]. Accompanied with increased expressions of
these growth factors, LPLI may induce improved cellular
proliferation and differentiation induced by LPLL Our data
have built upon this previous research and demonstrate that
HGF expression is increased in rat liver remnants exposed to
the laser.

Additionally, LPLI presented mitogenic effects through
the activation of specific receptors that are in the “right
energetic state” to accept the laser energy, leading to their
autophosphorylation and downstream effects [40]. LPLI
(632.8 nm) has been reported to induce the phosphorylation
of Met receptor and consequently activated downstream
signaling molecules [41]. Accordingly, our study demon-
strates that the remnant liver of rats exposed to the laser
showed an increased phosphorylation of Met accompanied
by an augmentation in Akt and Erk 1/2 phosphorylation. In
corroboration with our results, studies carried out in myo-
blasts demonstrated that Akt phosphorylation is augmented
when stimulated by LPLI, and when Wortmannin, a specific

THGE vy

LPUI (632.8 nm)
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inhibitor for the PI3K/Akt pathway was used, the LPLI-
induced cell proliferation was attenuated [42]. In addition,
another study performed in skeletal muscle cells demon-
strates that LPLI also has a role in the MAPK/Erk pathway
[41].

In order to confirm and emphasize our results, it is
important to consider previously established proliferating
markers. PCNA and Ki-67 fulfill this role well, but there
are significant differences in expression of these two pro-
teins. PCNA is evident from the M phase to GO and/or G1,
with a much longer half-life. On the other hand, Ki-67 is
expressed in mid-Gl, through S and G2, and reaches its
peak expression in M phase [43]. In our study, in
response to the signaling increased on aforementioned path-
ways (Met — Akt and Erk 1/2), the PCNA expression on the
remnant liver of partially hepatectomized rats was increased.
Indeed, when the remnant liver was exposed to the laser,
PCNA expression presented an additional augmentation. This
observation is in accordance with a previous study that also
shows the upregulation of PCNA following LPLI stimulation
in primary rat satellite cells [44]. In addition, the changes
related to improvement in hepatocytes proliferation were con-
sistent with our immunohistochemical study. In this study, we
observed a significant increase in the number of hepatocytes
stained with Ki-67 in remnant liver exposed to the laser. This
approach has reinforced the important effect of the laser in the
improvement of liver regeneration.

From a clinical perspective, it is well known that the
small liver remnant is an important problem in a liver
surgeon's daily practice that may lead to catastrophic post-
operative course. It is difficult to predict when the liver
remnant is big enough or too small to keep the patient alive
in the postoperative period. In this sense, important strate-
gies such as partial portal vein embolization have been
proposed in order to avoid this situation, since it improves
the volume of the liver remnant [3, 4, 6]. When portal blood
flow is redirected to only one half of the liver (the remnant
lobe), there is a substantial hyperplasia due to the presence
of hepatotropic elements (e.g., insulin) in portal blood [3, 4].
However, this portal embolization must be performed pre-
operatively and one should wait some weeks (4-5 weeks)
for a substantial improvement on the liver remnant. Nowa-
days, there are not any intraoperative alternative to improve
liver regenerative capacity when the surgeon realizes that
the liver remnant seems to be too small. This situation often
causes a tremendous distress on surgical team. Since it is not
possible to improve liver remnant size intraoperatively, an
alternative to activate regenerative molecular pathways may
be useful in order to avoid postoperative liver failure. To the
best of our knowledge, laser has never been used to improve
liver remnant regenerative potential. Since low potency laser
application is safe and easy to perform and the activation of
regenerative molecular pathways does not rely on the depth

@ Springer

of laser penetration, thus it is reasonable to propose the
utilization of laser during liver resection as a useful therapy
in clinical practice.

In conclusion, our results show that LPLI can improve
liver regeneration as evidenced by increasing HGF protein
expression and the phosphorylation levels of Met, Akt, and
Erk 1/2, along with higher levels of PCNA and Ki-67 in the
remnant liver of partially hepatectomized rats (Fig. 4). Fu-
ture research may help to show that LPLI may play a clinical
role as a simple, fast, and easy-to-perform strategy in order
to enhance liver regenerative capacity of a small liver rem-
nant after hepatectomy.

Acknowledgments This work was supported by grants from Funda-
¢io de Amparo & Pesquisa do Estado de Sdo Paulo and Conselho
Nacional de Pesquisa. The authors thank L. Janeri, J. Pinheiro, and P.
Latuf-Filho (Department of Internal Medicine, UNICAMP, Campinas,
Séo Paulo) for technical assistance.

Conflict of interest
article were reported.

No potential conflicts of interest relevant to this

References

. Koniaris LG, McKillop TH, Schwartz SI, Zimmers TA (2003)
Liver regeneration. I Am Coll Surg 197(4):634-659

2. Court FG, Wemyss-Holden SA, Dennison AR, Maddern GI (2002)
The mystery of liver regeneration. Br J Surg 89(9):1089-1095

3. Di Domenico 8. Santori G, Traverso N, Balbis E, Furfaro A, Grillo
F, Gentile R, Bocca B, Gelli M, Andorno E, Dahame A, Cottalasso
D, Valente U (2011) Early effects of portal flow modulation after
extended liver resection in rat. Dig Liver Dis 43(10):814-822

4. Yigitler C, Farges O, Kianmanesh R, Regimbeau JM, Abdalla EK,
Belghiti J (2003) The small remnant liver after major liver resec-
tion: how common and how relevant? Liver Transpl 9(9):S18-25

5. Teixeira AR, Molan NT, Kubrusly MS, Bellodi-Privato M. Coelho
AM, Leite KR, Machado MA, Bacchella T, Machado MC {2009)
Postconditioning ameliorates lipid peroxidation in liver ischemia-
reperfusion injury in rats. Acta Cirurgica Brasileira/Sociedade
Brasileira para Desenvolvimento Pesquisa em Cirurgia 24(1):52—
56

6. Seyama Y, Imamura H, Inagaki Y, Matsuyama Y, Tang W,
Makuuchi M, Kokudo N (2013) Intermittent clamping is superior
to ischemic preconditioning and its effect is more marked with
shorter clamping cycles in the rat liver. J Gastroenterol, in press

7. Teixeira AR, Molan NT, Bellodi-Privato M, Coelho AM, Leite
KR, Seguro AC, Bacchella T, Machado MC (2008) Rosiglitazone-
enriched diet did not protect liver ischemia-reperfusion injury in a
rat model. Acta Cirurgica Brasileira/Sociedade Brasileira para
Desenvolvimento Pesquisa em Cirurgia 23(4):378-383

8. Lee EI, Silva SM, Simoes Mde J, Montero EF (2012) Effect of N-
acetylcysteine in liver ischemia-reperfusion injury after 30 % hep-
atectomy in mice. Acta Cirurgica Brasileira/Sociedade Brasileira
para Desenvolvimento Pesquisa em Cirurgia 27(4):346-349

9. Wang KX, Hu SY, Jiang XS, Zhu M, Jin B, Zhang GY, Chen B

(2008) Protective effects of ischaemic postconditioning on warm/

cold 1schaemic reperfusion injury in rat liver: a comparative study

with ischaemic preconditioning. Chin Med J (Engl) 121(20):2004—

2009

394
395
396
397
398
399
400
401
402
403
404
405

406
407
408
409
410
411

412
413
414

418

417
418

420
421

423
424
425

430
431
432
433
434
435
436
437
438
439
440
441
442
443

445
446
447
448
449
450
451

62



Lasers Med Sci

20.

[}
—_

22.

23;

24,

26.

27

. Gao X, Xing D (2009) Molecular mechanisms of cell proliferation

induced by low power laser irradiation. J Biomed Seci 16:4

. Oron U, Maltz L, Tuby H, Sorin V, Czerniak A (2010) Enhanced

liver regeneration following acute hepatectomy by low-level laser
therapy. Photomed Laser Surg 28(5):675-678

. Grossman N, Schneid N, Reuveni H, Halevy S, Lubart R (1998)

780 nm low power diode laser irradiation stimulates proliferation
of keratinocyte cultures: mvolvement of reactive oxygen species.
Lasers Surg Med 22(4):212-218

. Kreisler M, Christoffers AB, Al-Haj H, Willershausen B, d'Hoedt

B (2002) Low level 809-nm diode laser-induced in vitro stimula-
tion of the proliferation of human gingival fibroblasts. Lasers Surg
Med 30(5):365-369

. Pereira AN, Eduardo Cde P, Matson E, Marques MM (2002) Effect

of low-power laser irradiation on cell growth and procollagen
synthesis of cultured fibroblasts. Lasers Surg Med 31(4):263-267

. Vinck EM, Cagnie BJ, Cornelissen MJ, Declercq HA, Cambier DC

(2003) Increased fibroblast proliferation induced by light emitting
diode and low power laser irradiation. Lasers Med Sci 18(2):95-99

. Stein A, Benayahu D, Maltz L, Oron U (2005) Low-level laser

irradiation promotes proliferation and differentiation of human
osteoblasts in vitro. Photomed Laser Surg 23(2):161-166

. Stadler I, Evans R, Kolb B, Naim JO, Narayan V, Buchner N,

Lanzafame RJ (2000) In vitro effects of low-level laser irradiation
at 660 nm on peripheral blood lymphocytes. Lasers Surg Med 27
(3):255-261

. Tuby H, Maltz L, Oron U (2007) Low-level laser irradiation

(LLLI) promotes proliferation of mesenchymal and cardiac stem
cells in culture. Lasers Surg Med 39(4):373-378

. Gavish L, Perez L, Gertz SD (2006) Low-level laser irradiation

modulates matrix metalloproteinase activity and gene expression
in porcine aortic smooth muscle cells. Lasers Surg Med 38(8):779—
786

Schindl A. Merwald H, Schindl L, Kaun C, Wojta J (2003) Dircct
stimulatory effect of low-intensity 670 nm laser irradiation on
human endothelial cell proliferation. Br J Dermatol 148(2):334—
336

. Oron U (2006) Photoengineering of tissue repair in skeletal and

cardiac muscles. Photomed Laser Surg 24(2):111-120

Oron A, Oron U, Chen J, Eilam A, Zhang C, Sadeh M, Lampl Y,
Streeter J, DeTaboada L, Chopp M (2006) Low-level laser therapy
applied transcranially to rats after induction of stroke significantly
reduces long-term neurological deficits. Stroke 37(10):2620-2624
Castro-e-Silva O Jr, Zucoloto S, Marcassa LG, Marcassa J,
Kurachi C, Melo CA, Ramalho FS, Ramalho LN, Bagnato VS
(2003) Spectral response for laser enhancement in hepatic regen-
cration for hepatectomized rats. Lasers Surg Med 32(1):50-53

de Castro E Silva O Jr, Zucoloto S, Menegazzo LA, Granato RG,
Marcassa LG, Bagnato VS (2001) Laser enhancement in hepatic
regeneration for partially hepatectomized rats. Lasers Surg Med 29
(1):73-77

25, Oliveira AF, Silva TC, Sankarankutty AK, Pacheco EG, Ferreira J,

Bagnato VS, Zucoloto S, Silva Ode C (2006) The effect of laser on
remanescent liver tissue after 90 % hepatectomy in rats. Acta
Cirurgica Brasileira/Sociedade Brasileira para Desenvolvimento
Pesquisa em Cirurgia 21(Suppl 1):29-32

Barbosa AJ, Santana AC, Castro ¢ Silva T, Kurachi C, Inada N,
Bagnato VS, Silva Ode C Jr (2011) Effect of laser on the remnant
liver after the first 24 hours following 70 % hepatectomy in rats. Acta
Cirurgica Brasileira’Sociedade Brasileira para Desenvolvimento
Pesquisa em Cirurgia 26(6):470-474

Xiao GH, Jeffers M, Bellacosa A, Mitsuuchi Y, Vande Woude GF,
Testa JR (2001) Anti-apoptotic signaling by hepatocyte growth
factor/Met via the phosphatidylinositol 3-kinase/Akt and

28.

29,

30.

<3 I

32

33.

34,

35,

36.

37.

38.

39,

40.

41.

42,

43,

mitogen-activated protein kinase pathways. Proc Natl Acad Sci U
S A 98(1):247-252

Higgins GM, Anderson RM (1931) Experimental pathology of the
liver I. Restoration of the liver of the white rat following surgical
removal. Arch Pathol 12(4):186-206

Emond J, Capron-Laudereau M, Meriggi F, Bernuau J, Reynes M,
Houssin D (1989) Extent of hepatectomy in the rat. Evaluation of
basal conditions and effect of therapy. Eur Surg Res 21(5):251-259
Caricilli AM, Picardi PK, de Abreu LL, Ueno M, Prada PO,
Ropelle ER, Hirabara SM, Castoldi A, Vieira P, Camara NO,
Curi R, Carvalheira JB, Saad MJ (2011) Gut microbiota is a key
modulator of insulin resistance in TLR 2 knockout mice. PLoS
Biol 9(12):¢1001212

Tobar N, Oliveira AG. Guadagnini D, Bagarolli RA, Rocha GZ,
Araujo TG, Santos-Silva JC, Zollner RL, Boechat LH, Carvalheira
JB, Prada PO, Saad MJ (2011) Diacerhein improves glucose tol-
erance and insulin sensitivity in mice on a high-fat diet.
Endocrinology 152(11):4080-4093

Araujo TG, Oliveira AG, Carvalho BM, Guadagnini D, Protzek
AQ, Carvalheira JB, Boschero AC, Saad MJ (2012) Hepatocyte
growth factor plays a key role in insulin resistance-associated
compensatory mechanisms. Endocrinology 153(12):5760-5769
Rocha GZ, Dias MM, Ropelle ER, Osorio-Costa F, Rossato FA,
Vercesi AE, Saad M, Carvalheira JB (2011) Metformin amplifies
chemotherapy-induced AMPK activation and antitumoral growth.
Clin Cancer Res 17(12):3993-4005

Martins PN, Theruvath TP, Neuhaus P (2008) Rodent models of
partial hepatectomies. Liver Int 28(1):3-11

Michalopoulos GK (1990) Liver regeneration: molecular mecha-
nisms of growth control. FASEB J 4(2):176-187

Michalopoulos GK (2010) Liver regeneration after partial hepa-
tectomy: critical analysis of mechanistic dilemmas. Am J Pathol
176(1):2-13

Okano J, Shiota G, Matsumoto K, Yasui 5, Kurimasa A, Hisatome
I, Steinberg P. Murawaki Y (2003) Hepatocyte growth factor exerts
a proliferative effect on oval cells through the PI3K/AKT signaling
pathway. Biochem Biophys Res Commun 309(2):298-304
Webster CR, Anwer MS (2001) Phosphoinositide 3-kinase, but not
mitogen-activated protein kinase, pathway is involved in hepato-
cyte growth factor-mediated protection against bile acid-induced
apoptosis in cultured rat hepatocytes. Hepatology 33(3):608-615
Nakagami H, Morishita R, Yamamoto K, Taniyama Y, Aoki M,
Matsumoto K, Nakamura T, Kaneda Y, Horiuchi M, Ogihara T
(2001) Mitogenic and antiapoptotic actions of hepatocyte growth
factor through ERK, STAT3, and AKT in endothelial cells.
Hypertension 37(2 Part 2):581-586

Karu T (1999) Primary and secondary mechanisms of action of
visible to near-IR radiation on cells. J Photochem Photobiol B 49
(1):1-17

Shefer G, Oron U, Irintchev A, Wemig A, Halevy O (2001)
Skeletal muscle cell activation by low-energy laser irradiation: a
ole for the MAPK/ERK pathway. J Cell Physiol 187(1):73-80
Shefer G, Barash I, Oron U, Halevy O (2003) Low-energy laser
irradiation enhances de novo protein synthesis via its effects on
translation-regulatory proteins in skeletal muscle myoblasts.
Biochim Biophys Acta 1593(2-3):131-139

Nguyen VN, Mirejovsky P, Mirejovsky T, Melinova L, Mandys V
(2000) Expression of cyclin D1, Ki-67 and PCNA in non-small
cell lung cancer; prognostic significance and comparison with p53
and bel-2, Acta Histochem 102(3):323-338

. Ben-Dov N, Shefer G, Irintchev A, Wemnig A, Oron U, Halevy O

(1999) Corrigendum to: ‘Low-energy laser irradiation affects sat-
ellite cell proliferation and differentiation in vitro’. Biochim
Biophys Acta 1450(1):108

@ Springer

516
517
518
519
520
521
522
523
524
525
526
527
528
529
330
531
532
533
H34
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
H55
556
557
558
559
560
561
H62
563
564
565
566
367
568
569
570
571
572
573
574
575
AT6
a7
578
579

63



64



