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RESUMO

Ratos submetidos ao estresse por choque nas patas apresentam aumento na
concentracdo sérica de corticosterona e de glicose. Adipdcitos isolados destes animais
apresentam aumento da lipdlise basal, supersensibilidade a isoprenalina e a adrenalina e
subsensibilidade a noradrenalina e ao BRL37344. O objetivo deste trabalho foi verificar
quais fatores estariam promovendo as alteragdes de sensibilidade as catecolaminas em
tecido adiposo epididimal de ratos submetidos a trés sessdes de choque nas patas. Para isso,
realizamos 1.v.GTT, verificando as concentracdes plasmdticas de glicose e de insulina,
analisamos a sensibilidade das células adiposas a insulina e das ilhotas pancreaticas
1soladas a glicose, além de quantificar os estoques hepatico e muscular de glicogénio.
Também realizamos ensaios de Western blotting para quantificar os subtipos de receptores
B-adrenérgicos e os receptores de glicocorticéides em tecido adiposo epididimal.
Considerando que ratos submetidos ao estresse por choque nas patas perdem peso,
verificamos se essa alteracdo seria causada pelo aumento da lipdlise, diminuicdo da
ingestdo alimentar ou por ambos. Assim, observamos o comportamento alimentar desses
animais e a concentracdo sérica de leptina. Nossos resultados mostram que no i.v. GTT
houve aumento da drea sob a curva da glicose, bem como hiperglicemia e hiperinsulinemia
de jejum em ratos estressados. Estes também apresentaram deplecdo dos estoques de
glicogénio do musculo séleo e diminuicdo da sensibilidade das células adiposas a insulina,

sem alteracdo da sensibilidade das ilhotas pancredticas a glicose.
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Em tecido adiposo epididimal de ratos ocorreu aumento do subtipo [, e
diminui¢do dos subtipos B; e B3 de adrenoceptores e dos receptores de glicocorticéides.
Ratos submetidos ao estresse por choque nas patas apresentaram menor ingestdao alimentar
e, em jejum, aumento na concentragdo sérica de leptina. Concluimos que as alteragdes de
sensibilidade as catecolaminas, observadas anteriormente no tecido adiposo de ratos,
refletem as modificagcdbes na quantidade total de receptores [-adrenérgicos e de
glicocorticéides. Além disso, estes animais apresentam alteragdes metabdlicas, envolvendo
diminuicdo da sensibilidade a insulina e anorexia, o que credencia este modelo
experimental para o estudo de algumas desordens metabdlicas, servindo como modelo de

estudo para algumas patologias desencadeadas pelo estresse.
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ABSTRACT

Rats submitted to foot shock stress show increasing plasma corticosterone and
glucose levels. In adipocytes isolated from epididymal adipose tissue from stressed rats
occur increasing on the basal lipolysis, on the sensitivity to isoprenaline and to epinephrine,
and decresaing on the sensitivity to norepinephrine and to BRLL37344. Thus, the aim of this
thesis was to verify the factors involved on the catecholamines sensitivity modifications in
isolated adipocytes from stressed rats. We realized i.v. GTT, verifying the glucose and
insulin plasma levels, the insulin secretion by isolated pancreatic islets, the insulin
sensitivity of white adipocytes, the glycogen stores in the liver and soleus muscle of rats.
To verify if the alterations on sensitivity of adipose cells we submitted to epididimal
adipose tissue to western blotting analysis to quantify p-adrenergic protein (-AR)
receptors. Considering that plasma corticosterone is increasing in stressed rats and this
hormone may be modulate B-ARs, we also quantified glucocorticoid receptors (GR). Rats
submitted to this stress protocol loss weight, we avaible if this effect was result of
decreasing on food intake or of increasing on lipolysis, or both. Thus, we observed the
ingestive behavior and leptin serum levels in these rats. Our results show that the area under
the glucose time course curve was greater in foot shock stressed rats than in control rats, as
well as hyperinsulinemia and hyperglicemia at fast. The foot shock stress also promoted
depletion on glycogen content of soleus muscle and decrease on sensitivity to insulin in
adipocytes, without to modify the sensitivity to glucose by pancreatic islet. In epididimal

adipose tissue, foot shock stress caused a decrease in GR, ;-AR and 3-AR protein levels,

but increased [3,-AR. In rats submitted to foot shock stress occurred decrease on the
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ingestive behavior and increase, at fast, on the leptin serum levels. Thus, the foot shock
stress triggers off decrease on the ingestive behavior, increase on glucose, insulin and leptin
plasma or serum levels, increase on the basal lipolysis, depletion on glycogen stores and
decrease on the sensitivity to insulin by adipocytes. Moreover, the results obtained in
western blotting analysis confirm and support previous functional studies. Thus, three daily
foot shock sessions determine important alterations that may cause metabolic disorders,
may therefore provide an useful short-term model of stress-induced disturbances, like

insulin subsensitivity and anorexia.
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I. INTRODUCAO

I.1. A Teoria do Estresse

Homeostasis foi o termo criado por Walter Cannon para descrever processos
corporais coordenados com o objetivo de atingir um ponto ideal de equilibrio (CANNON,
1929; 1939). Sua pesquisa foi pioneira em documentar a funcdo secretora da adrenal em
resposta rapida do organismo frente a uma ameaga a homeostasia (CANNON & DE LA
PAZ, 1911; CANNON, 1914; CANNON & LISSAK, 1914). Defendendo que a glandula
adrenal e o sistema nervoso simpdtico (SNS) funcionariam como uma unidade, em 1939,
aquele autor propds formalmente que a adrenalina ndo somente seria o principio ativo da
glandula adrenal como também o neurotransmissor do sistema nervoso simpético
(CANNON & LISSAK, 1914). Entretanto, em 1946, Von Euler corretamente identificou a
noradrenalina como o neurotransmissor do SNS (VON EULER, 1946). Ainda de acordo
com Cannon, a rdpida ativagdo do sistema homeostitico - especialmente do “sistema
simpatoadrenal”’- em situacdes de emergéncia poderia preservar o ambiente interno, através
de ajustes compensatorios e antecipatérios, aumentando a probabilidade de sobrevivéncia
(GAUTHIER et al. 1972; JULIEN et al., 1990).

Porém, foi Hans Selye quem introduziu e popularizou o estresse com um conceito
cientifico. O inicio da elaborac@o de sua “teoria do estresse” foi marcado pela publicacao
na revista Nature, em 1936, que descrevia a triade patolégica (hipertrofia da adrenal,
ulceracdo gastrointestinal e involugdo do tim)é)\g desencadeada por exposicdo a diversos
fatores aversivos ao organismo, posteriormente denominados agentes estressores (SELYE,
1936). Selye definiu o estresse como a resposta ndo-especifica do organismo, enfatizando
que a triade patoldgica poderia ser desencadeada pela exposi¢do a qualquer estressor,
externo ou interno, que ativaria o eixo hipotdlamo-hipéfise-adrenal (HHA), e atribuiu a este
eixo a fun¢do de efetor chave do estresse.

Selye também introduziu o termo “Sindrome Geral de Adaptacdo”, que se
desenvolveria em trés estdgios sucessivos. O primeiro estdgio configura a “reacdo de
alarme”, e representa a resposta inicial do organismo frente a qualquer ameaca. Este
ocorreria quando o organismo ndo estivesse adaptado ao estimulo recebido. Em seguida,
sendo mantido o estimulo, ocorreria a fase de resisténcia, caracterizada pela ativacdo de
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mecanismos adaptativos. Nao ocorrendo adaptacado, desenvolver-se-ia o estdgio de exaustao
onde o organismo estaria susceptivel a disturbios patolégicos (SELYE, 1936; VAN DE
KAR et al., 1991).

Inicialmente, a Sindrome Geral de Adaptacado foi descrita como uma reacdo geral
e inespecifica (SELYE, 1936). A continuidade dos estudos sobre a resposta de estresse
evidenciou seu cardter especifico (MASON, 1968a; MASON, 1968b; KRULICH et al.,
1974; HENNESSY et al., 1979; HERD, 1991) e a influéncia de estressores ambientais
(MARPLES, 1972), do sexo (LESCOAT et al., 1970; ANISHCHENKO & GUDKOVA,
1992; PARE & REDEI, 1993), da idade (RIEGLE, 1973) e, principalmente, da percepgio
individual do agente estressor, o que depende das experiéncias vividas anteriormente e da
novidade ou previsibilidade do estimulo (GRIFFIN, 1989; VOGEL & JENSH, 1998). No
entanto, a resposta do SNS estaria ocorrendo ndo s6 em situagdes de ameaca, mas também
em atividades ndo emergenciais do cotidiano, como mudar de postura (LAKE et al.,1976),
falar em publico (GERRA et al., 2001), fazer uma refeicao (PATEL et al., 2002).

Embora todo o sistema nervoso central (SNC) esteja envolvido na manutencao da
homeostasia e participe na organizacdo da reacdo de estresse, algumas dreas apresentam
funcdes especificas nesses mecanismos regulatrios. Os estimulos estressantes podem
ativar o SNC através das vias somatossensoriais ou viscero-sensoriais. Os sinais
somatossensoriais sdo detectados por receptores nociceptivos, mecanicos, térmicos ou
especificos (como os visuais, os auditivos, os de paladar, e os de equilibrio) e conduzidos
pelos nervos espinais e craniais. Os sinais viscerais sdo conduzidos ao SNC via transmissao
nervosa ou humoral. O processamento dos sinais envolvidos na reacao de estresse pode ser
classificado em duas categorias de circuitos: curtos e longos. Os circuitos curtos sao
também denominados resposta espinal do estresse, correspondendo aos reflexos espinais,
enquanto que os circuitos longos sdo conhecidos como resposta supra-espinal do estresse.
Estes envolvem centros superiores do SNC, tais como o hipotdlamo, o sistema limbico e o
cortex cerebral. Cada um deles estd conectado com o tronco encefdlico e com os centros
espino e viscero-sensoriais, € também interagem uns com Os outros, uma Vez que a
manutencdo da homeostasia requer coordenacdo precisa das respostas autondmicas,

neuroenddcrinas e comportamentais (revisado por TSIGOS & CHROUSQOS, 2002).



Atualmente acredita-se que o sistema efetor do estresse também envolve duas vias
principais: neuronal e neuroenddcrina. As respostas neuronais sdo efetuadas através de
fibras motoras e autondmicas. A ativagdo do sistema nervoso autonomo (SNA) determina
uma resposta rapida, controlando as fun¢des cardiovascular, respiratoria, gastrointestinal,
renal, enddcrina e outras (TSIGOS & CHROUSOS, 1994). Os neurdnios simpaticos pré-
ganglionares percorrem todo o corddo espinal do qual se projetam nas regides toricica e
lombar. Os ganglios simpéticos estdo localizados proximos ao corddo espinal e destes,
neurdnios pods-ganglionares inervam varios tecidos, liberando noradrenalina e outros
neurotransmissores. A medula da adrenal pode ser considerada como um ganglio simpatico
especializado, pois embora nao seja constituida por nenhum neurdnio pds-ganglionar, esta
glandula recebe inervacdo simpdtica pré-ganglionar e, como resposta, libera hormonios,
principalmente adrenalina, na corrente sanguinea.

A via neuroenddcrina do sistema efetor do estresse inicia-se nos centros nervosos
moduladores (hipotdlamo, sistema limbico e cértex cerebral). Estes ndo emitem eferéncias
diretas para a periferia, mas exercem suas agdes através de modulacdo de neurOnios
motores € autondmicos nas conexdes do tronco encefdlico. O hipotdlamo tem como via
eferente o sistema neurohumoral hipotdlamo-hipdfise. A ativacdo hipotalamica durante o
estresse ocorre através da estimulagdo de neuronios do nucleo paraventricular (PVN). Estes
neurdnios, que sintetizam o hormodnio liberador de corticotrofina (CRH) e a vasopressina
(SAWCHENKO & SWANSON, 1982; PALKOVITS, 1989; PALKOVITS, 1992),
representam a origem de uma via final comum para a regulacdo da liberacdo, pela
adenohipdfise, do hormdnio adenocorticotréfico (ACTH). O ACTH circulante € o principal
regulador da secrecdo de glicocorticoides pelo cortex da adrenal, sendo estes os efetores
finais da ativacdo do eixo hipotdlamo-hip6fise-adrenal (HPA).

As catecolaminas podem causar elevacdo adicional nas concentracdes de
glicocorticéides, através de adrenoceptores localizados no hipotdlamo, os quais estimulam a
liberacdo de hormonio liberador da corticotrofina (CRH). Este ultimo causa elevagdo das
concentracdes plasmaticas ndao apenas de ACTH (NOMURA et al., 1981; AL-DAMLUIJI,
1988), como também de catecolaminas (BROWN & FISHER, 1984; 1985).

Na reacdo de estresse, os glicocorticoides operam juntamente com as



catecolaminas (AXELROD & REISINE, 1984). Se o controle corticosterdide é insuficiente,
a reacdo de estresse € mais intensa (HEIM et al., 2000). Alternativamente, se a adaptagdo
ao estresse falha, a concentracdo de corticosterdides circulantes permanece elevada
(SELYE, 1952). Este excesso tem conseqiiéncias catabdlicas, levando a quebra de fungdes
vitais (SAPOLSKY et al., 2000).

Além desses, outros eixos neuroenddcrinos também podem ser alterados, como os
relacionados ao hormonio do crescimento (KRULICH et al., 1974; LUGER et al., 1988), ao
hormonio luteinizante (KRULICH et al., 1974; EUKER et al., 1975), ao hormonio foliculo-
estimulante (KRULICH et al., 1974), a prolactina (EUKER et al., 1975; KANT et al., 1983)
e a tireotrofina (MILLS, 1985).

Podemos considerar que os sistema homeostiticos operam através de mais de um
efetor, sempre incluindo regulagdo através de feedback negativo. A redundancia de efetores
com o envolvimento de fatores neuroenddcrinos, psicolégicos e comportamentais propicia
maior controle das varidveis monitoradas e aumenta a probabilidade da adaptacdo as
mudancas especificas da homeostasia, favorecendo sistemas com multiplos efetores no
processo de selecao natural (GOLDSTEIN, 2003).

Porém, os niveis de atividade fisiol6gica necessdrios para restabelecer ou manter a
homeostasia diferem; e essa diferenciacdo depende das condi¢des em que o organismo se
encontra. Sterling & Eyer (1988) denominaram “alostasia” os niveis de atividade requerida
para “manter a estabilidade durante uma mudanga”, ou seja, para adaptar. Aos efeitos da
ativacdo de efetores alostdticos, ou seja, dos fatores envolvidos na adaptagdo por um
periodo intermitente ou continuo prolongado, McEwen (1998) denominou ‘“carga
alostdtica”. Estes conceitos propostos mais recentemente ampliam a teoria homeostética
inicial e podem ajudar a compreender as conseqiiéncias do estresse agudo ou cronico sobre
0S 0rganismos.

Diante desses novos conceitos, o estresse pode ser redefinido como a reagao que é
desencadeada quando as expectativas, geneticamente programadas, estabelecidas pelo
aprendizado prévio ou deduzidas pelas circunstincias, ndo correspondem as percepgoes

reais ou antecipadas do ambiente externo ou interno. Esta discrepancia entre o
que € esperado ou programado e o que € observado ou sentido desencadeia respostas

compensatdrias que constituem a reacao de estresse.



L.2. Mecanismo de Acdo dos Hormoénios do Estresse

1.2.1. Catecolaminas e os adrenoceptores (ARs)

As catecolaminas liberadas exercem sua acdo interagindo com sitios especificos
de ligacdo, os adrenoceptores, que foram identificados (AHLQUIST, 1948) e classificados
em adrenoceptores o, o, (LANGER, 1974), B; e B, (LANDS et al. 1967a,1967b), e B3
(KOBILKA et al., 1987; FRIELLE et al., 1987; EMORINE et al., 1987; 1989). Kaumann e
colaboradores sugeriram a existéncia, em tecido cardiaco, de um novo subtipo de
adrenoceptor, o [4. Este, uma vez estimulado, teria a capacidade de mediar a
cardioestimulacio em vdrias espécies (KAUMANN, 1989; KAUMANN, 1997,
KAUMANN & MOLENAAR, 1997). Entretanto, a existéncia deste subtipo de
adrenoceptor ndo foi comprovada e, atualmente acredita-se que este corresponde a uma
isoforma do subtipo B; (LOWE et al., 1999, 2002; KAUMANN et al., 2001).

Cada um dos trés subtipos de [-adrenoceptores, Pi, P> e P3, apresentam
especificidades estruturais e funcionais, apesar da natureza protéica comum (BOWEN,
1992). Essas diferengas sdo dependentes do tecido onde se encontram e do estado funcional
organico (TAOUIS et al., 1987; MAURIEGE et al., 1987; TAOUIS et al., 1989; ARNER et
al., 1990; ARNER, 1992; LANGIN et al., 1991; LIEFDE et al., 1992; GALITZKY et al.,
1990; GALITZKY et al., 1993; LAFONTAN & BERLAN, 1993). Todos os trés subtipos
de B-adrenoceptores agem estimulando a adenilil ciclase e, conseqiientemente, aumentando
a concentracdo intracelular de AMPc (BENOVIC et al., 1988). A interacdo entre os
adrenoceptores e a adenilil ciclase é mediada, na maioria dos casos, por uma proteina G
estimulatéria - Gy (GILMAN, 1987). No entanto, os adrenoceptores 3, podem se acoplar
também a proteina G; (ABRAMSON et al., 1988; XIAO & LAKATA, 1995). Este
acoplamento entre o adrenoceptor 3, e G; € favorecido pela fosforilagdo do receptor por
proteinas quinases dependentes de AMPc (PKA) (DAAKA et al., 1997). A proteina G;,
neste caso, ativaria proteinas kinases com atividade mitogénica (MAPK). Classicamente, a

proteina G; desencadeia inibi¢ao na atividade da adenilil ciclase. E o que acontece,



por exemplo, quando ocorre ativagdo o-adrenérgica, determinando diminui¢do no estado
de ativacdo das proteinas quinases dependentes de AMPc (PKA) (LANGIN et al., 1996).

A acdo das catecolaminas em adipdcitos isolados do tecido adiposo branco
relacionadas a lipdlise ou lipogénese é mediada por quatro subtipos de adrenoceptores
(HOLLENGA & ZAAGSMAN, 1989; LANGIN et al., 1991; CARPENE et al., 1994;
LAFONTAN & BERLAN, 1993), sendo que a importancia funcional desses receptores
varia de acordo com a espécie, o sexo e a idade do animal, bem como a natureza do
deposito de gordura (LAFONTAN & BERLAN, 1993).

A sensibilidade as catecolaminas pode variar em algumas situagdes fisioldgicas,
como nas diferentes fases ciclo estral de ratas (VANDERLEI et al., 1996), ou patoldgicas,
como na faléncia cardiaca (KOCH et al., 2000).

Em adipdcitos isolados de ratos submetidos a estresse observa-se alteragdes de
sensibilidade as catecolaminas, com aumento da sensibilidade a adrenalina e a isoprenalina,
e diminui¢do da sensibilidade a noradrenalina e ao BRL37344 (FARIAS-SILVA et al.,
1999). Esses resultados sugerem aumento da resposta mediada pelo subtipo B, de
adrenoceptor e diminuicdo da resposta mediada pelo subtipo ; Como o subtipo B3 de
adrenoceptor é mais resistente a desensibilizacdo e considerando a ndo especificidade do
agonista BRL37344, ndo podiamos afirmar se a diminui¢do da resposta a este farmaco,
considerado agonista do subtipo ;3 de adrenoceptores, era de fato em funcdo de
desensibilizacdo deste receptor ou decorria de sua interagdo com subtipo B; - AR.

Para elucidar esta questdo e para verificar os mecanismos envolvidos nas
alteracdes de sensibilidade as catecolaminas em adipdcitos de ratos submetidos a estresse
por choques nas patas, um dos objetivos foi quantificar, através da técnica de western
blotting, os adrenoceptores [, B2 e 3 em tecido adiposo epididimal de ratos submetidos ao

mesmo protocolo de estresse.



1.2.2. Glicocorticdides e seus receptores

Os glicocorticdides exercem seus efeitos através de receptores citoplasmaticos
especificos. (PRATT, 1990; SMITH & TOFT, 1993). Os complexos formados pela
interacdo glicocorticéide-receptor formam homodimeros, os quais translocam-se para o
nucleo, onde interagem com elementos de resposta aos glicocorticéides (GRE) situados no
DNA. Esta interagdo pode resultar em ativacdo de genes sensiveis a estes hormonios
(PRATT, 1990). Os receptores ativados também podem interagir com outros fatores
reguladores da transcri¢do génica, como c-jun/c-fos e NF-xB, promovendo a transcrigdo de
diversos genes envolvidos na ativagdo e no crescimento de determinados tipos celulares
(SCHEINMAN et al., 1995). Além disso, os glicocorticdides alteram a estabilidade de
RNA mensageiros e, portanto, a traducdo de vdrias proteinas responsivas aos
glicocorticoides. (FEVE et al., 1992).

Sapolsky e colaboradores (2000) classificam as acdes dos glicocorticides em
duas categorias: modulatérias (que alteram as respostas do organismo ao estressor) e
preparatdrias (que alteram as respostas do organismo frente a exposi¢ao subseqiiente ao
estressor ou levam a adaptacdo frente a exposi¢do cronica). As agdes modulatdrias dos
glicocorticoides podem ainda ser classificadas em: permissivas, supressivas ou
estimulatérias. As acdes modulatérias permissivas sdo aquelas exercidas pelos
glicocorticéides presentes antes do estressor e iniciam os mecanismos de defesa da reagcao
de alarme. As acoOes preparatdrias dos glicocorticéides ndo afetam a resposta imediata ao
estressor, mas modulam as respostas do organismo a estressores subseqiientes. O aumento
na concentracdo plasmadtica de glicocorticéides, induzido pelo estressor, desencadeia acoes
modulatérias supressivas ou estimulatdrias. Essas respostas se iniciam uma hora ou mais
apoOs a exposi¢do ao estressor, € funcionam como um freio sobre os mecanismos de defesa
ativados pelo estresse, protegendo o organismo de um colapso (ag¢des supressivas). Ou
aumentam os efeitos da primeira onda de resposta hormonal ao estresse, atuando de
maneira oposta as acdes supressivas (acdes estimulatorias).

Considerando a importante fun¢do dos glicocorticéides sobre o metabolismo da
célula adiposa e sobre a regulacdo da expressdo dos ARs, também foi objetivo deste
trabalho quantificar, através da técnica de western blotting, receptores de glicocorticéides

em tecido adiposo epididimal de ratos submetidos a estresse por choque nas patas.



1.3. Alteracoes Metabélicas do Estresse

Dentre as respostas compensatérias que fazem parte da sindrome geral da
adaptacdo estdo as alteracdes metabdlicas. A fim de que o organismo tenha o aporte
energético necessario para a reagdo de “luta ou fuga”, os hormdnios liberados durante a
reacdo de estresse agem sobre os tecidos de reserva como o adiposo, o muscular € o
hepatico, modificando o metabolismo de lipidios e de carboidratos, nos quais exercem
efeitos opostos aos da insulina (PITTNER et al., 1985a, 1985b; BRINDLEY et al., 1988;
LAFONTAN, 2001; RADZIUK & PYE, 2001).

As catecolaminas enddgenas, principalmente a adrenalina, estimulam a
glicogendlise e a gliconeogénese hepaticas (HIMMS-HAGEN, 1967; EXTON et al., 1972;
HUE et al., 1978; YOREK et al., 1980; KNEER & LARDY, 1983; PILKIS et al., 1988;
WATT et al., 2001) disponibilizando glicose para o cérebro em questdo de segundos
(BRYAN, 1990). Como as catecolaminas nio atravessam a barreira hemato-encefalica, este
efeito da ativacdo simpética é imediato, embora indireto, como conseqiiéncia do aumento
do tonus cardiovascular, que resulta em aumento do fluxo sangiiineo cerebral.

Os glicocorticoides influenciam o metabolismo de carboidratos por meio de sua
acdo permissiva aos efeitos glicogenoliticos e gliconeogénicos das catecolaminas e do
glucagon (EXTON et al., 1972). Como resultado destes efeitos ocorre aumento da glicemia
(VERAGQO et al., 2001; RETANA-MARQUEZ et al., 2003), gragas a regulacdo de diversas
enzimas, principalmente da fosfoenolpiruvato quinase (PEPCK), que catalisa a conversao
do oxalacetato a fosfoenolpiruvato, e da glicose-6-fosfatase (G-6-Pase), que converte
glicose-6-fosfato em glicose (PILKS & GRANNER, 1992). Essa regulacio ocorre tanto na
transcricdo como na estabilidade do RNAm da PEPCK (CRONIGER et al., 1998). Por
outro lado, os glicocorticéides podem causar um efeito compensatorio no metabolismo de
carboidratos durante a resposta de estresse, favorecendo a sintese de glicogénio. Esse efeito
seria decorrente da ativacdo na sintese de glicogénio sintase e da desfosforilagdo da forma
inativa desta enzima, tornando-a ativa (VON HOLT & FIESTER, 1964; STALMANS &
LALOUX, 1979; BOLLEN & STALMANS, 1992).



Os glicocorticéides também regulam a glicemia por meio da diminuicdo da
captacdo de glicose, dependente de insulina, e da utilizacdo de glicose pelos tecidos
periféricos. Em adipdcitos e fibroblastos, o efeito imediato dos glicocorticéides é a
translocagcdo dos transportadores de glicose da membrana plasmdtica para o interior da
célula (CARTER & OKAMOTO, 1987; HORNER et al., 1987). Além disso,
glicocorticoides também diminuem os niveis de RNAm do transportador de glicose
(GARVEY et al., 1989). De acordo com Saad e colaboradores (1993), ocorrem
modificagdes tanto na interacdo com 0s receptores como nas vias de sinaliza¢ao da insulina
em midcitos e hepatdcitos de ratos que receberam injecdo de glicocorticéides. Macho e
colaboradores (1999) observaram que, em musculo de animais submetidos a estresse por
restricdo de movimentos, ocorreu diminui¢do da ligagdo da insulina ao seu receptor, mesmo
nao havendo aumento na concentragdo plasmdtica de insulina. Os autores sugeriram que
este processo estaria relacionado a outros fatores regulatdrios, incluindo a elevacdo da
concentracao plasmatica de glicocorticoides.

Em tecido pancredtico, as catecolaminas interagem predominantemente com
adrenoceptores o, os quais estimulam a liberacao de glucagon enquanto inibem a liberacao
de insulina pelas ilhotas de Langerhans (PORTE JR., 1969; PORTE JR. & ROBERTSON,
1973). A interacdo de catecolaminas com os adrenoceptores [} estimula a liberagdo de
insulina pelas células pancredticas (YOSHIDA, 1992; ATEF et al., 1996).

Em tecido adiposo branco de ratos, as catecolaminas e o glucagon estimulam a
atividade lipolitica, causando liberagdo de dcidos graxos livres e de glicerol para o plasma
As respostas as catecolaminas, neste tecido, mediadas pela ativacdo de adrenoceptores P,
B> e B3, promovem a estimulagdo da lipdlise, decorrente do aumento nos niveis de AMPc,
ativacdo de proteina-kinase-dependente de AMPc (PKA) e fosforilacdo da lipase-
hormoénio-sensivel (HSL) (SLAVIN et al., 1994; LAFONTAN et al., 1995; 2001; 2002). Os
glicocorticéides desempenham papel permissivo na manutencdo da resposta lipolitica as
catecolaminas, na medida em que, in vitro, os glicocorticéides aumentam a atividade da
HSL (FAIN & GARCIJA-SAINZ, 1983; SLAVIN et al., 1994).

Aumentos da concentrac@o plasmaética de acidos graxos livres e de glicerol foram
observados em cdes e em humanos apds infusio endovenosa de catecolaminas

(CONNOLLY et al., 1991). Galitzky et al. (1993) observaram a elevacdo de acidos graxos
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livres em plasma de cdes, durante a infusdo de noradrenalina, adrenalina, isoproterenol,
BRL37344 e outros agonistas beta-adrenérgicos. Darimont et al. (1996) demonstraram in
situ, maior liberacdo de glicerol pelo tecido adiposo de ratos, apds infusdo de isoproterenol.
Verago et al. (2001) demonstraram in vivo que as concentragdes plasmadticas de
corticosterona em ratos aumentaram significativamente apds cada sessao de choque nas
patas; as de glicerol ndo se alteraram; as de triacilglicer6is aumentaram apenas apds a 1°
sessdo, e as concentracOes plasmaticas de glicose aumentaram apos as 2% e 3* sessdes de
choque nas patas.

O figado € o principal 6rgdo captador de glicerol plasmatico (LIN, 1977),
utilizando-o como substrato para a gliconeogénese e para a sintese de triacilglicerois
(PITTNER et al., 1985a e 1985b; BRINDLEY et al., 1988; NEWGARD et al., 2000).

A sintese hepdtica de triacilglicerdis a partir de dcidos graxos e de glicerol pode
ser modulada pelas catecolaminas, pelo glucagon e pelos préprios dcidos graxos,
principalmente através da estimulacdo da atividade enzimatica da fosfatidil fosfohidrolase
(PAULETTO et al., 1991; PITTNER et al., 1985a ¢ 1985b; BRINDLEY et al., 1988). Em
hepatdcitos, tanto a sintese, quanto a atividade desta enzima, sdo estimuladas por
glicocorticéides (KNOX et al., 1979; PITTNER et al., 1985a e 1985 b; BRINDLEY et al.,
1988).

Os triacilglicer6is, em células hepdticas, podem ser incorporados em lipoproteinas
de muito baixa densidade (VLDL) e liberados para o plasma sangiiineo (PITTNER et al.,
1985a e 1985 b; BRINDLEY et al., 1988). A velocidade desta liberacdo é dependente do
fluxo sangiiineo no leito vascular hepdtico, e este também pode ser influenciado pela agcao
adrenérgica sobre os vasos (GARDEMANN et al.,, 1991; YAMAUCHI et al.,, 1998).
Dexametasona estimula a secrecdo de VLDL em hepatdcitos de ratos mantidos em cultura
(MANGIAPANE & BRINDLEY, 1986).

A concentragdo plasmatica de triacilgliceréis também € dependente da velocidade
de captacdo, mediada pela atividade da lipoproteina lipase em tecido adiposo, muscular e
cardiaco. Varios hormonios influenciam a atividade da lipoproteina lipase, incluindo a
insulina, as catecolaminas e os glicocorticoides. Estes hormdnios podem estimular ou inibir
sua atividade, de acordo com o tecido em que agem (ASHBY & ROBINSON, 1980;
HULSMANN & DUBELAAR, 1986; DESHAIES et al., 1993; MORA-RODRIGUEZ &

COYLE, 2000).
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Em situacdes em que ocorre elevacdo da concentracdo plasmatica de
catecolaminas e de glicocorticoides, como ocorre durante o estresse, espera-se um aumento
do turnover dos elementos lipidicos do metabolismo, que pode ser acompanhado ou ndo da
elevacdo de suas concentragdes plasmadticas.

Considerando as a¢gdes dos hormdnios do estresse sobre o metabolismo, também
foi objetivo deste trabalho avaliar a tolerancia a glicose através do i.v. GTT, a sensibilidade
dos adipdcitos isolados a insulina, a sensibilidade das ilhotas pancredticas isoladas a
glicose, a concentracdo de insulina e os estoques de glicogénio hepatico e muscular em

ratos submetidos a trés sessdes de choque nas patas.

L.4. Comportamento Alimentar de Ratos Submetidos ao Estresse

No6s observamos que ratos submetidos ao estresse por choque nas patas
apresentam diminui¢do no peso corporal (FARIAS-SILVA et al., 1999). No entanto, nio
sabiamos se esta perda de massa corpdrea total seria resultado de aumento da lipdlise basal,
diminui¢do da ingestdo alimentar, ou ambos.

A ingestdo alimentar fornece ao organismo o aporte caldrico necessdrio,
juntamente com micronutrientes (vitaminas e sais minerais) € macronutrientes
(carboidratos, gorduras e proteinas), para realizar as funcdes organicas. O comportamento
alimentar trata-se de um comportamento complexo com vdrios niveis de controle
(HALFORD & BLUNDELL, 2000; SCHWARTZ et al., 2000; WOODS et al., 2000),
dentre os quais se destaca o controle hipotalamico.

A funcdo do hipotdlamo na regulacdo do apetite e no balango energético foi
estabelecida através de lesdes do hipotdlamo lateral, que desencadeavam afagia profunda e
perda de peso, e do hipotdlamo ventromedial, que resultavam em hiperfagia e obesidade
(OOMURA, 1980; revisado por BERNARDIS & BELLINGER, 1996). Baseando-se nestas
observacdes, Stellar (1954) propds a “teoria do centro duplo”, preconizando que a atividade
do hipotdlamo lateral, denominado “centro da fome”, seria controlada por vias inibitorias
do hipotdlamo ventromedial, “centro da saciedade”. Embora esta simples e elegante teoria
tenha sofrido muitas mudangas no decorrer de mais de 50 anos, incluindo a incorporacao de

diversos e importantes nicleos hipotaldmicos (nicleo paraventricular,
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nucleo arqueado,

nucleo dorsomedial, nicleo supraquiasmdtico), bem como as alcas de feedback
negativo, foi somente nos ultimos 10 anos que ocorreram avangos significativos na
elucidacao das vias envolvidas e nos sinais bioldgicos chaves (KALRA et al., 1999; BECK,
2000; MERCER & SPEAKMAN, 2001). Estes trabalhos, além de identificar muitos
neuropeptideos orexigenos e anorexigenos, também forneceram suporte a hipdtese de que
circuitos neuronais distintos operam localmente, no hipotdlamo, na regulacdo da ingestdao
alimentar e na homeostasia energética (revisado por RODGERS et al., 2002). A Tabela 1

apresenta uma lista destes neuropeptideos.

Tabela 1. Neuropeptideos orexigenos e anorexigenos (Adaptado de INUI, 1999; KALRA
et al., 1999; AHIMA & OSEI, 2001;).

Peptideos orexigenos Peptideos anorexigenos
T ingestdo alimentar) (i ingestdo alimentar)
o AgRP e o -MSH

e Opidides enddgenos e CCK

e Galanina e CART

e Grelina e CRH

e GHRH e GLP-1

e MCH e Melanocortina

e NPY e Neurotensina

e Orexina A e TRH

e Urocortina

Os neuropeptideos hipotalamicos sdo os principais candidatos a efetores da
sinalizacdo de feedback negativo da adiposidade, que € representada pela leptina. Esta, que
¢ produto do gene ob (ZHANG et al., 1994), € o principal indicador da adiposidade para o
cérebro, informando o tamanho dos estoques de tecido adiposo branco (FRIEDMAN &
HALAAS, 1998). Assim, este hormodnio influencia a circuitaria hipotalamica envolvida na
regulacdo do apetite, exercendo atividade inibitéria (KALRA et al., 1999; SCHWARTZ et

al., 2000; BLUNDELL et al., 2001). Esta inibicdo ocorre através de aumento e
12



diminui¢cdo da expressdo génica de peptideos anorexigenos e orexigenos, respectivamente
(KALRA et al., 1999).

Outra regidao hipotalamica envolvida no balango energético € o nucleo arqueado,
onde ha neurdnios envolvidos na sintese e liberacdo de neuropeptideos orexigenos, como o
neuropeptideo Y (NPY), e anorexigenos, como o a-MSH. Essa regido possui receptores
para a leptina e para a insulina, as quais inibem a expressdo génica de NPY, e estimulam a
de pro-opio-melanocortina (POMC) (BENOIT et al., 2002; SCHWARTZ et al., 1997).

Tanto a insulina como a leptina sdo secretadas para a corrente sangiiinea em
proporg¢des diretas aos estoques de gordura corporal e ambas interagem com neur6nios alvo
no nucleo arqueado. Insulina e leptina ativam neur6nios POMC, e estes liberam o-MSH
que, por sua vez, ativa neurdnios envolvidos na diminui¢do da ingestdo alimentar € no
aumento do gasto energético. Contrariamente, a insulina e a leptina diminuem a sintese e
liberacao de NPY e AgRP, ocorrendo redug@o da concentracdo destes neurotransmissores,
que sdo etimulantes da ingestdo alimentar (revisado por NISWENDER & SCHWARTZ,
2003). Além dos efeitos no SNC, a leptina também exerce efeito em estruturas periféricas,

como mostra a Tabela 2:

Tabela 2. Efeitos da leptina em diferentes 6rgdos e tecidos.

Orgio/ Tecido Efeito Mecanismo
Cérebro J ingestdo alimentar 4 NPY, { AgRP, T POMC
T gasto energético ?
TSNS ?
J HPA J liberagdo de CRH
Figado T gliconeogénese T PEPCK
Pancreas { insulina + PDE
Musculo T capatacio de glicose T GLUT4

T metabolismo de lipideos ?

Adipécitos J sintese de 4cidos graxos ?

Adaptado de Sandoval & Davis, 2003.
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Embora a leptina possa interferir na modulagdo da atividade do eixo hipotdlamo-
hipofise-adrenal e do sistema nervoso simpdtico, durante o estresse, pode ocorrer
sinalizacdo de oposicao na regulacdo de sua expressao pelos hormonios do estresse. O eixo
hipotdlamo-hipdfise-adrenal, através dos glicocorticdides, estimula a secrecao de leptina,
enquanto que o sistema nervoso simpatico, através da interacdo das catecolaminas com os
subtipos B3 de adrenoceptores, inibe a sua sintese e liberacao. Este efeito paradoxal pode
ajudar a compreender por que a concentracdo de leptina varia conforme o tipo, a
intensidade e a duracdo do estresse. Observa-se que quanto mais prolongado for o estresse
ou quanto maior for a sua intensidade, menor a concentragdo de leptina (revisado por
SANDOVAL & DAVIS, 2003).

Entretanto, o efeito do eixo hipotdlamo-hipé6fise-adrenal e do sistema nervoso
simpdtico sobre o metabolismo energético enao depende apenas da interacdo com a leptina,
mas pode ser exercido diretamente. O sistema nervoso simpdtico promove aumento do
gasto energético, aumentando o metabolismo basal (SAAD et al., 1991; TOUBRO et al.,
1996). O hormoénio liberador de corticotrofina (CRH), como anteriormente citado, € um
neuropeptideo anorexigeno. Os glicocorticéides, além de todas as funcdes citadas, também
desempenham acdo modulatéria sobre o comportamento alimentar, sendo considerado
orexigeno (DALLMAN et al., 1993).

A ativacdo do eixo hipotalamo-hipoéfise-adrenal e do sistema nervoso simpdtico
promove aumento da glicemia, e a glicose € outro sinalizador do aporte energético do
organismo. Além dos receptores de leptina e de insulina, alguns neurdnios localizados no
tronco encefélico e no hipotdlamo (OOMURA et al., 1969; YETTETFI et al. 1997) sao
sensiveis a glicose (LEVIN et al., 1999). Assim, pequenas alteragcdes da glicemia podem ser
percebidas por essas células, que emitem uma resposta sinérgica com outras células
responsivas a diferentes sinalizadores (como insulina, corticosterona, glucagon) e

convergem aos centros integradores, como o hipotdlamo.
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L.5. A Contribuicdo do Laboratorio de Estudos do Estresse (LABEEST)
para a Compreensdo dos Mecanismos Celulares e Moleculares Envolvidos na Reacdo de
Estresse

A equipe do LABEEST investiga os mecanismos enddcrinos, cardiovasculares e
metabodlicos envolvidos na reacdo de estresse. Os estressores empregados sao a natagdo € o
choque nas patas.

Em atrio direito de ratos submetidos a natagcdo, os autores observaram que ocorria
aumento de sensibilidade a isoprenalina e a adrenalina. Estas variacdes de sensibilidade as
catecolaminas eram devidas a inibicdo da captagdo extra-neuronal e alteracdo
conformacional dos adrenoceptores [B; € ndo eram observadas se os animais fossem
previamente adrenalectomizados ou tratados com metirapona, um inibidor da sintese de
glicocorticéides (SPADARI et al., 1988; SPADARI & DE MORAES, 1988).
Posteriormente, Marcondes et al. (1996) demonstraram que ratas submetidas a0 mesmo
protocolo experimental apresentavam alteracdes semelhantes aos machos, quando
sacrificadas em diestro, mas, se sacrificadas no estro, as alteracdes de sensibilidade nao
eram observadas. Estes resultados chamaram a atencdo para a influéncia dos hormonios
sexuais nas alteragdes de sensibilidade induzidas por estresse em datrio direito de ratos
(RODRIGUES et al., 1995).

Utilizando o outro modelo de estresse, o choque nas patas, Marcondes et al.
(1996) verificaram que atrio direito de ratas, sacrificadas durante o diestro, ocorria
subsensibilidade a noradrenalina. Vanderlei et al. (1996) ampliaram estes achados ao
verificarem que parte desta subsensibilidade era devido ao aumento da recaptagdo neuronal
da noradrenalina. Estes autores observaram também que no tecido subsensivel a
noradrenalina ocorria aumento de sensibilidade a adrenalina e a isoprenalina. Estes
resultados mostram que, assim como verificado em datrio direito de ratos machos

(BASSANI & DE MORAES, 1988), o protocolo de estresse utilizado induziu uma

populagdo heterogé€nea de receptores [31/B,-adrenérgicos, no tecido atrial de ratas
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sacrificadas no diestro. Posteriormente, Spadari-Bratfisch e colaboradores (1999)
demonstraram que 4trios direitos de ratas sacrificadas durante o diestro responderam as
concentragdes nanomolares de TA2005 (agonista seletivo para adrenoceptores [3,), sendo
esta resposta abolida pelo ICI118551 (antagonista de adrenoceptores 3;). Estes resultados
permitiram confirmar a participagdo do receptor adrenérgico 3, na resposta cronotrépica.
Recentemente, Santos (2002) e Santos et al. (2002) demonstraram que, em atrio direito de
ratos machos e de fémeas sacrificadas no diestro, submetidos ao estresse por choque nas
patas, onde observou-se aumento de sensibilidade a agonistas nao-seletivos e seletivos de
receptores [3,, ocorre aumento na expressao desta proteina. Assim, estes resultados sugerem
que a supersensibilidade aos diferentes agonistas j4 mencionados pode ser conseqiiéncia de
aumento da expressdo do subtipo B, de adrenoceptores, mas que a subsensibilidade a
noradrenalina, demonstrada em experimentos farmacoldgicos, deve-se, provavelmente, a
alteragcdes na sinalizac@o intracelular deste receptor e/ou nos processos de recaptacdo e de
metaboliza¢do dos agonistas, ja que nao ocorreu modificacdo na expressao do subtipo [3;.
Além disso, estes autores mostraram que as formas cldssica e atipica dos sitio do subtipo 3;
de receptor adrenérgico sdo independentemente reguladas em tecido atrial direito de ratas,
sendo que a afinidade do sitio atipico por antagonistas dependente da fase do ciclo estral
(SANTOS & SPADARI-BRATFISCH, 2001; SANTOS et al., 2003).

Aumento da sensibilidade da resposta mediada pelo subtipo [, de receptor
adrenérgico também foi encontrado em étrio direito de cobaias submetidas ao estresse por
choque nas patas (SOUZA, 2001).

Em estudos realizados por Moura (2002), avaliando a resposta inotrépica em atrio
esquerdo de ratos submetidos ao estresse por choque nas patas, foi verificado que a
populacdo de adrenoceptores neste tecido, assim como em atrio direito, € heterogénea. O
mento da sensibilidade da resposta inotrépica positiva é mediado pelo subtipo [, de
adrenoceptores, e parece ser similar aquele descrito em 4trio direito de ratas sacrificadas no
diestro e de ratos. Em étrio esquerdo de ratos submetidos ao estresse por choque nas patas,
o subtipo B3 de adrenoceptores parecem mediar uma resposta inotropica negativa, que nao
foi observada em étrio direito.

O estresse por choque nas patas eleva em duas vezes a concentragdo sérica de
corticosterona de ratos e ratas sacrificadas em diestro. Porém, nao hé alteracdo na expressao
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das proteinas dos receptores de glicocorticéides em atrios direitos destes mesmos animais,
comparados com ratos controle (SANTOS, 2002; SANTOS & SAPADARI-BRATFISCH,
2003).

Com o prosseguimento dos trabalhos, e a compreensio de que o estresse
determina alteracdes de sensibilidade adrenérgica em tecido cardiaco, as quais estdo
relacionadas com a resposta hormonal ao agente estressor, surgiu interesse em avaliar se
alteragdes semelhantes ocorreriam em outros tecidos que, reconhecidamente, sejam alvos
para acdo das catecolaminas.

Neste sentido, nds demonstramos que as alteracdes de sensibilidade da resposta
adrenérgica causadas por estresse ocorrem também em adipdcitos epididimais isolados de
ratos submetidos a trés sessdes de choque nas patas. Nestas células adiposas ocorreu
supersensibilidade ao isoproterenol e a adrenalina e subsensibilidade a noradrenalina e ao
BRL37344 (FARIAS-SILVA et al., 1999). A resposta analisada foi a liberacdo de glicerol,
a qual foi tomada como indice da lipélise que ocorre em resposta as catecolaminas.

Estes resultados conferiram importincia fisiolégica considerdvel ao fendmeno
descrito neste modelo experimental, pois sugerem que as alteragdes de sensibilidade
adrenérgica, induzidas por estresse, ndo se restringem ao tecido cardiaco, mas que se
manifestam também em outros tecidos, e que as alteragdes cardiovasculares dele
decorrentes podem ser acompanhadas de alteragdes enddcrinas e metabodlicas, com
repercussao sistémica.

Entretanto, restava demonstrar se as alteracdes de sensibilidade observadas in
vitro poderiam também ser observadas in vivo. Verago et al. (2001) utilizaram ratos
machos, alimentados e conscientes, apos terem sido submetidos a trés sessoOes didrias de
estresse por choque nas patas, para estudar o efeito deste protocolo experimental sobre as
concentracdes plasmadticas de corticosterona, glicose, glicerol e triacilglicerdis. Aqueles
autores mostraram que as concentracdes plasmdticas de corticosterona aumentaram
significativamente apds cada sessdo; as de glicerol ndo se alteraram; as de triacilglicerdis
aumentaram apenas apos a 1* sessdo, e as concentracdoes plasmdticas de glicose

aumentaram apos as 2° e 3* sessdes de choques nas patas.

A auséncia de alteracdes na concentracdo plasmatica de glicerol, apesar dos

17



niveis elevados de corticosterona e, provavelmente, de catecolaminas
enddgenas, que se segue ao estresse, foi curiosa, pois, aceita-se que nestas condi¢cdes, a
lipSlise estd aumentada e que, como conseqiiéncia, a liberacdo de glicerol estaria elevada.
Assim, estes dados sugerem que poderia haver um aumento do turnover de glicerol em
ratos submetidos a estresse. Por outro lado, como as concentragdes de triacilglicer6is
aumentaram apods a 1? sessdo e as de glicose, apds as 2* e 3% sessOes, poder-se-ia sugerir que
apos a 17 sessdo de choques, o glicerol liberado estaria sendo utilizado para a sintese de
triacilglicerdis pelas células hepaticas, mas que, com a repeticio de estresse, a fungdo
hepatica poderia estar sendo redirecionada para a liberacao de glicose.

Recentemente, Sampaio-Barros et al. (2003) utilizando ratos submetidos a
diferentes protocolos de estresse por natacao, demonstrou que a intensidade e a duracio do
agente estressor podem modular a utilizagdo dos substratos energéticos, mas que a
mobilizacdo pode ser semelhante.

Concluindo, os trabalhos desenvolvidos no LABEEST mostraram que o estresse
promove: alteracOes cardiovasculares e metabolicas, dependentes tipo e da intensidade do
agente estressor. No caso e fémeas, a sensibilidade as catecolaminas em resposta ao
estresse pode sofrer modifica¢des decorrentes da fase do ciclo estral.

Estas conclusdes deram origem a novas perguntas, algumas das quais

pretendemos responder nesta tese. Sdo elas:

- o estresse por choque nas patas altera a sensibilidade a insulina em
adipdcitos epididimais isolados de ratos?

- a diminuicdo de peso corporal dos animais submetidos a estresse,
previamente relatada, estd associada a alteracOes nas concentragdes
plasméticas de leptina e de insulina?

- A quantidade de receptores [-adrenérgicos e de glicocorticides em tecido
adiposo epididimal de ratos submetidos a estresse por choque nas patas esté

modificada?

18



II. OBJETIVOS

Considerando que o choque nas patas promove alteracdes fisiolégicas que t€ém
repercussdes enddcrinas e metabdlicas possiveis de serem demonstradas in vivo e in
vitro, o objetivo deste trabalho foi o de analisar os aspectos hormonais, moleculares e
comportamentais envolvidos nessas modificacoes desencadeadas pelo estresse. Para
isso, foram nossos objetivos especificos:

a) analisar se o estresse por choque nas patas altera a sensibilidade a insulina;

b) verificar se a diminuicdo de peso corporal dos animais submetidos a

estresse, previamente relatada, estd associada a alteragdes na concentracao
plasmadtica de leptina e de insulina;

¢) quantificar, através da técnica de “western blotting”, os receptores [3-

adrenérgicos e de glicocorticdides em tecido adiposo epididimal de ratos

submetidos a estresse por choque nas patas;
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III. RESULTADOS

Os resultados obtidos foram organizados em manuscritos. Destes, 01 foi
publicado, outro foi submetido a publicacdo e um terceiro estd sendo preparado para
submissao a periddico especializado. Esta publicacido e os manuscritos sdo apresentados na

forma de capitulos.
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II1.1. Capitulo 1
Trabalho apresentado no XVI Latinamerican Congress of Pharmacology, realizado
em Aguas de Lindéia, Sao Paulo, de 13 a 17 de setembro de 2000 e publicado no
“Canadian Journal of Physiology and Pharmacology” volume 80 (8):783-789, 2002.

Subsensitivity to insulin in adipocytes from rats submitted to foot

shock stress

Elisangela Farias-Silva, Marilia M. Sampaio-Barros, Maria
E. C. Amaral, Everardo M. Carneiro, Antonio C. Boschero, Dora M.

Grassi-Kassisse and Regina C. Spadari-Bratfisch

Departamento de Fisiologia e Biofisica, Instituto de
Biologia, Universidade Estadual de Campinas (UNICAMP),

Campinas, SP, Brasil.

Runing Title: Stress-induced insulin subsensitivity
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Abstract

We examined the effect of three daily foot shock stress sessions on glucose
homeostasis, insulin secretion by isolated pancreatic islets, insulin sensitivity of white
adipocytes, and glycogen stores in the liver and soleus muscle of rats. Stressed rats had
plasma glucose (128.3 + 22.9 mg/dl) and insulin (1.09 £ 0.33 ng/ml) levels higher than the
controls (glucose: 73.8 = 3.5 mg/dl; insulin: 0.53 £+ 0.11 ng/ml, p<0.05, ANOVA plus
Fischer test; p< 0.05). After a glucose overload, the plasma glucose but not insulin levels
remained higher (area under the curve 8.19 + 1.03 vs 4.84 + 1.33 g/dl 30 min and 102.7 +
12.2 vs 93.2 £ 16.1 ng/ml 30 min, respectively). Although the area under the insulin curve
was higher in stressed (72.8 £ 9.8 ng/ml) compared to control rats (34.9 + 6.9 ng/ml) in the
initial 10 minutes after glucose overload. The insulin release stimulated by glucose in
pancreatic islets was not modified after stress. Adipocytes basal lipolysis was higher
(stressed: 1.03 £+ 0.14; control: 0.69 + 0.11 pmol of glycerol in 60 min/100 mg of total
lipids) but maximal lipolysis stimulated by norepinephrine was not different (stressed: 1.82
+ 0.35; control: 1.46 = 0.09 umol of glycerol in 60 min/100 mg of total lipids) after stress.
Insulin dose-dependently inhibited the lipolytic response to norepinephrine by up to 35% in
adipocytes from control rats but had no effect on adipocytes from stressed rats. The liver
glycogen content was unaltered by stress, but was lower in soleus muscle from stressed
compared with control rats (0.45 = 0.04 vs 0.35 = 0.04 mg/100 mg of wet tissue). These
results suggest that rats submitted to foot shock stress develop hyperglycemia along with
hyperinsulinemia as a consequence of insulin subsensitivity in adipose tissue, with no
alteration in the pancreatic sensitivity to glucose. Foot shock stress may therefore provide
an useful short-term model of insulin subsensitivity.

Key words: glucose tolerance test — white adipocytes — lipolysis— pancreatic islets

insulin release - soleus muscle - liver glycogen
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Introduction

It is well established that hyperglycemia and glucose intolerance may occur
under conditions of severe stress, such as trauma, burn, operation, or myocardial infarction
in patients with prior history of diabetes (Yamada et al. 1993). It is also known that the
regulation of glucose and lipid metabolism is under the influence of the sympathetic
nervous system, cytokines (Nonogaki 2000), and increased plasmatic levels of
corticosterone and glucagon acting synergistically with the catecholamines to increase
glycemia during stress (Yamada et al. 1993). However, the precise relationship between
stress-induced increments in circulating metabolic hormone levels and the sensitivity of
tissues to these mediators during repeated or prolonged stress has not yet been elucidated.

In rats submitted to three daily sessions of foot shock stress the plasma
corticosterone levels increased significantly after each stress session and triacylglycerol
levels increased after the first session, whereas plasma glucose levels increased after the
second and third sessions. The increases in plasma glucose and corticosterone levels were
more pronounced after the third session than after the first and second ones, suggesting that
insulin resistance might be induced by foot shock stress (Verago et al. 2001).

During stress, white adipose tissue lipolysis is greatly stimulated together with an
increase in reesterification to remove the excess of free fatty acids released (Wolfe et al.
1990, Coppack et al. 1994). An increase in serum free fatty acid levels is linked to poor
glycemic control (Boden 1996) and insulin resistance in fructose feeding rats and rats fed
high fat diets (Storlien et al. 1991). Although genetic influence undoubtedly is a strong
factor in the predisposition to insulin resistance, life-style factors such as diet (Storlien et al.
1993) and stress (Kai et al. 2000) also play a significant role in the development of the
symptoms at least in susceptible subjects.

Lipolysis in white adipose tissue is controlled mainly by catecholamines and
insulin. Rat adipose tissue has predominantly [; and Ps-adrenoceptors, but also [>—
adrenoceptors, which mediate the lipolytic response to catecholamines (Langin et al. 1991),
while insulin is the major endogenous lipogenic hormone (Lafontan and Langin 1995). We

have previously reported altered sensitivity to catecholamines in tissues isolated from rats
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submitted to three daily sessions of foot shock stress (Vanderlei et al. 1996,
Spadari-Bratfisch et al. 1999, Farias-Silva et al. 1999). Epididymal fat cells isolated from
rats submitted to this stress model are subsensitive to noradrenaline and BRL37344, and
supersensitive to isoprenaline. ICI118551, a [,-adrenoceptor antagonist, abolished the
supersensitivity to isoprenaline, but metoprolol did not alter the subsensitivity to
noradrenaline or BRL37344 (Farias-Silva et al. 1999). These findings indicate that the
response mediated by the f,-adrenoceptor subtype increased whereas the 3;-adrenoceptor-
mediated response desensitized in adipocytes from stressed rats. The sensitivity to insulin
had not yet been investigated.

In this work we examined the effects of three daily foot shock sessions on rat
glucose homeostasis, insulin secretion by isolated pancreatic islets, white adipocyte insulin
sensitivity and liver and soleus muscle glycogen stores, in order to assess whether these
animals were developing insulin resistance. If confirmed this could be a useful model for

the study of the early mechanisms of stress triggering insulin resistance.

Materials and methods

Animals

Male Wistar rats weighing 250 to 350 g at the beginning of the experiments were
used. The animals were housed in individual cages (30 cm x 18 cm x 20 cm) in a
temperature-controlled room (22°C), on a 12 h light/dark cycle with lights on at 6:30 a.m.
The rats remained in the animal care facilities for at least one week before entering the
experimental protocol. During this period, they were handled for 15 min on five successive
days. Standard laboratory chow and tap water were available ad [libitum. During the
experiments, the animals were cared for in accordance with the principles for the use of
animals in research and education, as laid down in the Statement of Principles adopted by
the FASEB Board. The experimental protocols were also approved by the Institutional

Committee for Ethics in Animal Experimentation (certificate number 0555-1).
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Blood vessel catheterization

The rats were anesthetized with xylazine (50 mg/kg, 1.m.) and ketamine (0.01
mg/kg, i.m.), and after this the left carotid artery and vein were catheterized with PE20
tubing (siliconized and filled with 5 mM sodium citrate) connected to PES0 tubing (25 cm
long, filled with 0.9% NaCl) which was exteriorized in the dorsal interscapular region
where the canulas were fixed to the animal’s skin (Popovic and Popovic 1960). This
method allowed the collection of blood samples from unanesthetized, undisturbed freely

moving rats.

Stress procedure

Each rat underwent three daily sessions of unsignaled, inescapable foot shocks as
previously described (Farias-Silva et al. 1999). The animals were placed in a Plexiglas
chamber (26 cm x 21 cm x 26 cm) provided with a grid floor made of stainless-steel rods
(0.3 cm in diameter and spaced 1.0 cm apart). During the 30 min sessions, which occurred
between 7:30 a.m. and 11:00 a. m., the foot shocks were delivered by a constant current
source controlled by a microprocessor-based instrument constructed at the university’s
Biomedical Engineering Center (UNICAMP). The current intensity was 1.0 mA with a
duration of 1.0 s at random intervals of 5-25 s (mean interval of 15 s). The rats were

returned to their cages at the end of each foot shock session.

Glucose tolerance test (GTT)

The jugular vein and carotid artery of rats were catheterized 24 h before the first
foot shock session, as above described. An intravenous glucose tolerance test (ivGTT) was
done in 8-12 h fasted rats, and immediately after the third foot shock session (stressed
group) or after remaining in the foot shock cage without receiving foot shocks (control
group). Using the catheter implanted in the left jugular vein, the rats received one injection
of 1.5 g of glucose. kg™ of body weight, in a final volume of 800 ul. Blood samples (100

ul each) were obtained from the catheterized artery at -5, 3, 5, 10, 15, and 30 min after
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glucose injection for the determination of insulin and glucose plasma levels.
Plasma glucose and insulin levels were compared during the glucose tolerance test by
estimating the total areas under the curves (glycemia vs time and insulinemia vs time) by

using the trapezoidal method (Matthews et al. 1990).

Hepatic and muscular glycogen content

Samples of liver and soleus muscle were obtained to determine the glycogen
content according to Lo et al. (1970) with minor modifications. Following collection, the
tissues were frozen in liquid nitrogen and then stored at -80°C. The liver and muscle
samples were weighed and immersed in a 30% KOH saturated with Na,SO,. Ninety-five
percent ethanol was added to precipitate the glycogen from the alkaline digestion. The
samples were centrifuged and supernatants were carefully aspirated. The pellets were
dissolved in a mixture of distilled water, phenol (5%) and concentrated H,SO4. The
absorbance was red in a Beckman DU®-640 spectrophotometer (Fullerton, CA, USA) and

the results were expressed in mg of glycogen/100 mg wet weight of tissue.

Adipocyte preparation and lipolysis measurements

Lipolytic activity was analyzed in isolated fat cells obtained from epididymal
white adipose tissue according to the method of Rodbell (1964), with minor modifications.
Krebs Ringer bicarbonate buffer (KRBA) containing bovine serum albumin (3%), glucose
(6 mM) and HEPES (10 mM), adjusted to pH 7.4 with 1 M NaOH, was used. After
collagenase treatment (1 mg/ml), isolated fat cells were filtered through a nylon mesh,
washed three times and the packed cells were brought to a 10% dilution with KRBA buffer
(Farias-Silva et al., 1999). This cell concentration represents by around 80,000 cells/ vial.
The cells were incubated in plastic vials with gentle shaking in a water bath at 37°C,
containing 100 pM norepinephrine, in the presence of insulin (1 - 500 pU/ml).
Pharmacological agents at suitable dilutions were added to the cell suspension just before
the beginning of the assay to obtain a final volume of 1 ml. After a 60 min incubation, the

tubes were transferred to an ice bath, and 200 pl aliquots of the infranatant medium were
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taken for enzymatic determination of glycerol (Wieland 1957), which was used as
an index of fat cell lipolysis. The total lipid content was evaluated gravimetrically after

extraction (Dole and Meinertz 1960).

Determination of insulin secretion by isolated pancreatic islets

Groups of four islets isolated by collagenase digestion of the pancreas were
incubated for 30 min at 37°C in Krebs-bicarbonate buffer containing 5.6 mmol glucose/L
and equilibrated with 95% O,/ 5% CO,, pH 7.4. The solution was then replaced with fresh
Krebs-bicarbonate buffer and the islets were incubated a further hour in medium containing
increasing concentrations of glucose (2.8, 5.6, 8.3, 11.1, 16.7 and 22.2 mmol glucose/L).
The incubation medium contained (in mmol/L): NaCl 115, KCI 5, NaHCO; 24, CaCl, 2.56,
MgCl, 1, and BSA 0.3% (w/v) (Boschero et al. 1995). The insulin released after the 1 h
incubation was measured by RIA, as previously described (Scott et al. 1981), using rat
insulin as the standard. The amount of insulin (ng/ 60 min) released per islet in the presence
of 5.6 mmol glucose/L was considered as the basal insulin release; the maximal insulin
release was considered to be obtained when increasing doses of glucose did not increase
insulin release; the glucose ECsy value was the concentration of glucose inducing an insulin

release which was 50% of the maximum.

Analytical determinations

All blood samples were collected into plastic vials in an ice-water bath and
immediately centrifuged at 50 g for 10 min at 4°C. Aliquots of plasma were removed and
stored at -20°C until assayed for plasma insulin and glucose levels. Plasma glucose was
measured by the glucose oxidase method (commercial kit, Laborlab S/A, Brazil). Plasma

insulin was determined by radioimmunoassay (Boschero et al. 1995).
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Drugs and chemicals

ATP, bovine serum albumin (fraction V), glycerol phosphate dehydrogenase type
I from rabbit muscle, glycerol kinase from Candida micoderma, NAD, (-)-norepinephrine
and sodium citrate were from Sigma Chemical Company (St. Louis, MO, USA). Xylazine
was from Bayer S.A (Brazil) and ketamine was from Konig S.A. (Argentina). Collagenase
was from Boehringer Mannheim (Indianapolis, IN). Antiserum against insulin was kindly
provided by Dr Leclercq-Meyer (Faculty of Medicine, Brussels Free University, Brussels,

Belgium). The rat insulin standard was from Novo-Nordisk (Copenhagen, Denmark).

Statistical analysis

The results were expressed as the mean £ SEM. ANOVA plus Fisher’s test or
Student’s 7 test were used to compare data obtained from adipocytes and the pancreatic islet
assays, as well as the individual values from the GTT in stressed and control rats. The area
under the curve was determined by the trapezoidal method (Mattews wt al. 1990) and used
to compare data obtained in the GTT by using Student's 7 test. The glycogen levels in liver
or soleus muscle from stressed and control rats were compared using Student’s z-test.

Differences were considered significant for p<0.05.
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Results

The plasma glucose levels of 12 h fasting foot shock stressed rats were
significantly higher than control rats (128.3 = 22.9 mg/dl vs 73.8 £ 3.5 mg/dl, p< 0.05,
Student's t-test). During the ivGTT, the glucose levels increased immediately after glucose
injection (control, 287.5 * 38.1; stressed, 466.5 £+ 88.2 mg/dl, p< 0.05, Student's 7-test) and
remained higher in stressed than in control rats until 30 min after this procedure (control:
78.7 £ 24.0 mg/dl; stressed: 157.2 £ 36.4 mg/dl, p< 0.05, Student's t-test). The area under
the glucose time course curve (Figure 1) was greater in foot shock stressed rats (8.19 + 1.03
g/d1.30 min) than in control rats (4.84 + 1.33 g/dl.30 min, p< 0.05, Student's ¢ test). Plasma
insulin levels were also higher in stressed than in control rats immediately before (1.09 *
0.33 ng/ml vs 0.53 £+ 0.11 ng/ml, p<0.05, ANOVA plus Fischer test), and 3 min (5.59 *
0.80 ng/ml vs 4.19 £ 0.64 ng/ml, p<0.05, ANOVA plus Fischer test), 5 min (8.01 = 1.78
ng/ml vs 4.12 £ 1.04 ng/ml, p<0.05, ANOVA plus Fischer test), and 10 min after glucose
administration (4.86 = 0.54 ng/ml vs. 3.70 £ 0.79 ng/ ml, p<0.05, ANOVA plus Fischer
test). The area under the insulin time course curve was greater in stressed (72.8 £ 9.8
ng/ml.10 min) than in control rats (34.9 £ 6.9 ng/ml.10 min; p<0.05, Student's #-test; Figure
1) in the initial ten minutes. However, if we consider all the 30 minutes period, there was
no difference between control (102.7 £ 6.9 ng/ml.30 min) and stressed rats (93.2 = 6.9
ng/ml.30 min).

Table 1 shows the insulin secretion from isolated islets in response to increasing
concentrations of glucose. The insulin secretion in response to 5.6 mmol glucose/L. was
higher in pancreatic islets from stressed rats (1.18  0.24 ng/islet.60 min) than from control
rats (0.58 = 0.07 ng/islet.60 min). However, insulin release in response to 8.3, 11.1, 16.7
and 22.2 mmol glucose/L was not different between the two groups (Figure 2).

Basal glycerol release by adipocytes from control and stressed rats were 0.69 +
0.11 and 1.03 £ 0.14 pmol of glycerol in 60 min/100 mg total lipids, respectively (p<0.05,
Student's #-test). The maximal glycerol release in response to norepinephrine was 1.46 +

0.09 and 1.82 + 0.35 pumol of glycerol in 60 min/100 mg total lipids in adipocytes from
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control and stressed rats, respectively. The inhibition exerted by 1, 5, 10, 50, 100
and 500 pU of insulin/ml on the in vitro lipolytic response stimulated by 100 uM
norepinephrine was 15%, 14%, 24%, 28%, 28% and 37%, respectively, in adipocytes from
control rats; in adipocytes from stressed rats, insulin caused no inhibition of this response
(p<0.05, Student’s r-test, Figure 3).

The glycogen content of liver from stressed rats (4.75 = 0.21 mg/ 100 mg of wet
tissue) was not different from the controls (4.54 £ 0.26 mg/ 100 mg of wet tissue), but the
soleus muscle from stressed rats had less glycogen than control (0.35 £ 0.04 vs 0.45 £ 0.04

mg/ 100 mg of wet tissue, p<0.05, Student’s r-test).
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Table 1. Insulin release stimulated by 5.6 mmol glucose/L (basal) and 16.2
mmol glucose/L (maximal secretion), and the glucose ECsj in pancreatic islets

1solated from control and stressed rats.

control stress
basal insulin release 0.58 £ 0.07 1.18 + 0.24*
maximal insulin release 17.72 £ 1.99 21.29 £ 3.04
ECso (mM) 12.10 £ 0.53 12.20 £ 0.44

Values are means + SEM (n=3, in duplicate) and are expressed in

ng/islet. * p<0.05 (ANOVA plus Fisher’s test).

Table 2. Basal and maximal lipolysis induced by norepinephrine (100 uM) in the

absence and presence of 500 of insulin pU/ml.

lipolysis control stress

basal 0.69 +0.11° 1.03 +0.14°
norepinephrine 1.46 +0.09¢ 1.82 +£0.35°
norepinephrine + insulin 1.11 £0.05" 1.66 +0.25°

Values are means + SEM (n=4, in duplicate) and are expressed in pmol of
glycerol released in 60 min/100 mg of total lipids. Different letters indicate
groups which are significantly different from each other, p<0.05 (ANOVA plus

Fisher’s test).
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Figure 1: Glucose tolerance test (ivGTT) and plasma insulin levels before and after an i.v.
injection of a glucose solution in control and foot shock stressed rats. Blood was collected
from the catheterized carotid artery of conscious, fasted (12 h) control (n=5) and stressed
(n=5) rats. *p<0.05 compared to the corresponding controls (ANOV A plus Fisher test). The
area under the curves for glucose and insulin were significantly different between control

and stressed rats (Student's #-test). The arrow indicates the time of glucose injection.
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Figure 2: Concentration-response curves to glucose in pancreatic islets isolated from
control and foot shock stressed rats sacrificed after the third foot shock session. Each point
represents the mean £ SEM of three independent assays. The insulin secretion was

expressed as ng of insulin released by islet in 60 minutes, as stated in Table 1.
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Figure 3: Antilipolytic action of insulin on the glycerol release stimulated by 100
uM norepinephrine in adipocytes isolated from control and foot shock stressed rats. Each
point represents the mean = SEM of four independent assays done in duplicate. The values
for 100% are shown in Table 2. * p< 0.05 compared to the control at the same insulin

concentration (Student’s 7-test).
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Discussion

Stress response is characterized by an increase in plasma catecholamines and
corticosterone levels (De Boer et al. 1990, Van Der Kar et al. 1991, Konarska et al. 1990).
Because its plasma levels increase in parallel with the stressor intensity, corticosterone is an
useful indicator of stress (De Boer et al. 1990, Van Der Kar et al. 1991, Verago et al. 2001).
We have previously shown that plasma corticosterone levels progressively increased after
the first, second and third foot shock sessions and that the increase in plasma glucose levels
after the first foot shock session was not significant, but the glycemia was significantly
enhanced by repetition of the stressful stimulus, suggesting a sensitization of this response
(Verago et al. 2001). An increase in plasma glucose levels is the main stimulus for insulin
secretion by pancreatic islets. Accordingly, our present results have shown that
hyperglycemia was followed by hyperinsulinemia in foot shock stressed rats (Figure 1).
These results differ from those referred by Yamada et al. (1993) for rats submitted to
immobilization, in which a decrease in plasma insulin levels was observed along with
hyperglycemia. As shown here, stressed rats had higher plasma glucose levels than control
rats, and these levels remained higher during the 30 min after glucose overload, thus
indicating an altered response to insulin. Indeed, the basal plasma insulin levels were higher
in stressed than in control rats and remained higher until 10 min after the glucose overload.
Despite this, the static secretion of insulin by pancreatic islets stimulated by increasing
concentrations of glucose was not modified after stress.

Catecholamines, glucocorticoids (Yamada et al. 1993) and growth hormone
inhibit glucose uptake by peripheral tissue cells, thereby conserving glucose for
erythrocytes and neurons. Thus, the hyperglycemia resistant to hyperinsulinemia observed
in foot shock stressed rats could be predominantly a consequence of the high levels of these
stress hormones rather than a true insulin resistance. Alternatively, this resistance could be
due to a decreased sensitivity to insulin in peripheral tissues, since the sensitivity of
pancreatic tissue to glucose was altered only at the the lowest concentration of glucose
used.

Several hormones, including catecholamines, glucagon, ACTH, and TSH
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stimulate lipolysis, whereas insulin (Stralsfors et al. 1984, Londos et al. 1985,
Smith et al. 1991, Langin et al. 1996) and adenosine (Olah and Stiles 1992) are endogenous
inhibitors of lipolysis in mammalian white adipose tissue. Our results indicate that insulin
reduces the lipolytic response of control adipocytes to norepinephrine by 37%, in
agreement with a previous report (Faintrenie and Géloén 1996). In contrast, in adipocytes
from stressed rats, insulin was unable to inhibit the response to norepinephrine.

Tissues response to the regulatory action of insulin depends on its binding to
specific receptors and on post-receptor intracellular processes. Glucocorticoids and
catecholamines may alter insulin binding to its receptors (Olesfsky et al. 1975, Fantus et al.
1981), with a negative correlation between plasma corticosterone levels and insulin binding
capacity in adipocytes (Macho and Fichova 1992). Changes in insulin binding or in the
insulin signaling pathway at a post-receptor level have been reported for muscle and liver
of rats treated with dexamethasone and for rats that had been immobilized (Saad et al.
1993, Macho et al. 1999). In addition, stress-induced high plasma corticosterone levels
contribute to the altered sensitivity to catecholamines in cardiac tissue from stressed rats
(Nourani et al. 1992). Thus, in the present model of stress, high plasma levels of glucose,
insulin and corticosterone were associated with an impaired sensitivity of tissues to
catecholamines (Farias-Silva et al. 1999; Spadari-Bratfisch et al. 1999) and to insulin,
leading to insulin subsensitivity, which might lead to insulin resistance.

In support of this hypothesis, the glycogen content of soleus muscle, but not liver,
was reduced in stressed rats. Skeletal muscle is a major target tissue of insulin (De Fronzo
et al. 1981) since glucose has little or no effect in muscle and adipose tissue in the absence
of insulin which stimulates glucose uptake. Whereas glucose is the main regulator of the
hepatic glycogen synthase, the key enzyme in glycogen synthesis (Glinsmann et al. 1970,
Kruszynska et al. 1986), insulin has only a marginal effect on this protein (Nakamura et al.
1984). Moreover, insulin inhibits glycogen phosphorylase activity only in the liver (Witters
and Avruch 1978, Ciudad et al. 1979, Nuttall et al. 1983, Yki-Jarvinen et al. 1987, Damsbo
et al. 1991, Kelley et al 1992).

The combination of high plasma glucose and insulin levels, seen in foot shock
stressed rats supposedly increases glucose uptake and stimulates liver and muscle glycogen

synthesis. Our results showed that the liver of stressed rats apparently responded normally

36



to high plasma glucose and insulin levels since the glycogen content of this organ was not
altered after stress. In contrast, the glycogen content of soleus muscle from stressed rats
was lower than in the controls, suggesting that this muscle is resistant to high plasma
insulin and glucose levels. Soleus muscle has predominantly type I or slow-twitch red
fibers which show high sensitivity to insulin (Armstrong and Phelps 1984, Bonen et al.
1981). Moreover, the biological effects of catecholamines on the skeletal muscle are
mediated by P,-adrenoceptors (Roberts and Summers 1998) which elevate tissue cyclic
AMP levels through the activation of adenylate cyclase (Yang and McElligott 1989). The
proteins phosphorylated as a result of cyclic AMP accumulation and protein kinase A
activation include glycogenolytic enzymes (Yang and McElligott 1989). In right atria
(Spadari-Bratfisch et al. 1999) and isolated epididymal adipocytes (Farias-Silva et al. 1999)
from foot shock stressed rats, the response mediated by the [,-adrenoceptor subtype is
increased. Thus, the depletion of soleus muscle glycogen in the presence of hyperglycemia
seen in foot shock stressed rats may represent the sum of insulin subsensitivity and
supersensitivity to adrenaline mediated by [,-adrenoceptors. Nevertheless, it must be
considered that foot shock stress which is induced by pulsatile electrical current on the floor
of the cage may cause inevitable twitching and contraction of the soleus muscle which
consumes glycogen independently of glycemia, insulinemia or stress hormones plasma
concentration. Therefore, in order to confirm the hypothesis of insulin resistance in muscle
tissues from foot shock stressed rats; this issue must be additionally investigated. The
experiments on glucose uptake by peripheral tissues of stressed rats are to be done in our
laboratory.

In conclusion, our results show that hyperglycemia and hyperinsulinemia occur in
rats submitted to three daily foot shock sessions, and that isolated white adipocytes and
soleus muscle are resistant to the effects of insulin, although the pancreatic islet response to
glucose remains unaltered. Together, these results suggest that foot shock stress could be an
useful model for studying insulin resistance, induced by environmental factors. If
confirmed, this model of insulin resistance can be produced in a short time compared with
other insulin resistance models in which long term treatments are needed (Saad et al. 1993,
Storlien et al. 1993, Verma et al. 1999), and it is not associated with obesity as it occurs in

Otsuba Long-Evans Tokushima (OLEF) rats.
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II1.1.1 Anexo 1

Efeito do Estresse sobre a Concentracao Plasmatica de Lactato

A reacdo de estresse desencadeada pela exposicao de ratos Wistar machos a uma
sessdo didria de choque nas patas durante trés dias determina aumento na concentracao
plasmética de glicose e de insulina. Além disso, adipdcitos isolados do tecido adiposo
epididimal desses animais apresentam diminui¢do de sensibilidade a insulina (FARIAS-
SILVA et al., 2002), a noradrenalina e ao BRL 37,344, com aumento da sensibilidade a
isoprenalina e a adrenalina (FARIAS-SILVA et al, 1999). A supersensibilidade a
isoprenalina e a adrenalina estd associada a “up-regulation” dos adrenoceptores 3, enquanto
a subsensibilidade a noradrenalina a ao BRL 37,344 estd relacionada a diminui¢do dos
adrenoceptores 3; e B3 (FARIAS-SILVA et al., 2003).

Além de serem responsdveis pela lipdlise, adipdcitos também captam glicose,
convertendo-a em lactato, o qual € liberado na circulagdo e utilizado pelo figado no
processo de neoglicogénese (CONSOLI et al., 1989; FAINTRENIE & GELOEN, 1996b).

Experimentos realizados em ratos € humanos evidenciaram a importancia da
conversdao de glicose em lactato pelos adipdcitos, cuja magnitude depende do estado
metabdlico (CRANDALL et al., 1983; TRACKER et al., 1987; NEWBY et al., 1990;
DIGIROLAMO et al., 1992). No estado de jejum, quando o organismo requer energia para
os processos vitais, 60-70% da gliconeogénese hepdtica utiliza lactato como substrato
(NEWBY et al., 1988). De acordo com PORTER e colaboradores (2002), o TNFa, que
também € sintetizado e liberado pelo tecido adiposo, aumenta a producao de lactato a partir
de glicose. Porém nao estdo esclarecidos os mecanismos envolvidos na associacdo entre
TNFa e producao de lactato.

Em quadros de resisténcia a insulina observa-se elevacdo na concentracio
plasmaética de lactato (DeFRONZO, 1987; CONSOLI et al., 1992;VETTOR et al., 1997;
CHOI et al., 2002).

Como descrito anteriormente, ratos submetidos ao estresse por choque nas patas
apresentam hiperglicemia, hiperinsulinemia, e diminuicdo da sensibilidade a insulina
(VERAGO et al., 2001; FARIAS-SILVA et al.,, 2002). Considerando essas alteracdes
metabdlicas, avaliamos também a concentracdo plasmatica de lactato de ratos submetidos a

trés sessdes de choque nas patas.
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Objetivo
Avaliar o efeito do estresse por choque nas patas sobre a concentragao plasmatica

de lactato.

Materiais e Métodos

Animais

Ratos Wistar (Rattus norvergicus) machos, com trés meses de idade (250-350g),
fornecidos pelo Centro de Bioterismo da UNICAMP (CEMIB), mantidos em gaiolas
coletivas acondicionadas em sala climatizada (22 + 2°C), com ciclo claro-escuro de 12
em 12 horas, recebendo agua e racdo a vontade. Os protocolos experimentais foram

aprovados pelo Comité de Etica em Experimentacdo Animal (COBEA -n.° 055-1).

Estresse por choque nas patas

Os animais receberam choque nas patas ao serem colocados em uma caixa de
acrilico (21X21X26 cm), cujo piso € constituido de 16 bastdes de latdo de 0,3 cm de
diametro, espacados em 1,5 cm, centro a centro. Os bastdes apresentam pulsos de
corrente continua de 1,0 mA, cuja fonte de corrente é acoplada a um ‘““scrambler”. Cada
rato recebeu choques de duragdo de 1,0 segundo, em intervalos médios de 15 segundos
(varidveis entre 5 e 25 segundos). Um disparador programdvel, controlado por um
programa desenvolvido no Centro de Engenharia Biomédica da UNICAMP, determinou
aleatoriamente os intervalos entre os choques. Os animais foram submetidos a uma

sessdo didria de 30 minutos de choques nas patas, em trés dias consecutivos.

Determinacdo da Concentracdo Sangiiinea de Lactato

Para a determinacio da concentragdo sangiiinea de lactato, extraimos, com capilar
heparinizado, amostras de sangue da veia caudal de ratos controle e de ratos submetidos a
estresse, imediatamente apds a ultima sessdo de choque nas patas. A concentragdo
sangiiinea de lactato foi determinada em fitas BM-Lactate (Roche, referéncia 1 543 890),

submetidas a leitura em lactimetro Accusport® (Boehringer-Mannheim, Alemanha).
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Resultados e Discussao

Nossos resultados mostraram que a concentracdo plasmadtica de lactato em ratos
submetidos a estresse por choque nas patas é cerca de duas vezes maior que de ratos
controle (Figura 1). De acordo com Barre e colaboradores (1985; 1986), patologias
humanas relacionadas a insulina tais como diabetes tipo II, estdo associadas com o aumento
na concentracao sangiiinea de lactato no estado de jejum.

A evidéncia de que o lactato seja produzido em pequenas quantidades pelos
musculos em repouso (YKI-JARVINEN et al., 1990) sugere que o tecido adiposo
desempenhe papel importante na produgdo de precursores neoglicogénicos nesta situagao.
Dessa forma, pode haver aumento na produgdo hepética de glicose em decorréncia de maior
disponibilidade do lactato, como substrato neoglicogénico, causando hiperglicemia. O
aumento da glicemia estimula a secrecdao de insulina, podendo levar a insulinemia
associada a diminui¢do da sensibilidade a insulina (FEDERSPIL et al., 1980; KAHN &
PESSIN, 2002). Assim, o aumento na concentracdo plasmdtica de lactato em animais
submetidos a estresse pode ser conseqiiéncia ou causa de diminui¢do da sensibilidade a
insulina, pois hd correlacdo positiva entre aumento da concentragcdo de lactato e diminuig¢ao
da sensibilidade a insulina (DeFRONZO, 1987). De fato, a infusdo de lactato por um
periodo prolongado, causa resisténcia a insulina em tecido muscular (VETTOR et al.,
1997).

Choi e colaboradores (2002) demonstraram que, em cdes conscientes, a elevacao
da concentracdo plasmatica de lactato suprimiu a glicélise estimulada pela insulina, antes
que ocorresse diminui¢do da captacdo de glicose. Estes autores preconizam que uma
deficiéncia metabdlica precede e causa resisténcia a insulina em musculo esquelético,
sugerindo que o lactato pode induzir resisténcia a insulina pela supressio do fluxo
glicolitico. Dados anteriores da literatura podem validar esta hipétese. Em 1980, Pearce &
Connett observaram, em musculo séleo isolado e incubado com 8mM de lactato,
diminui¢do da oxidagdo da glicose estimulada pela insulina. Clark e colaboradores (1987)
verificaram a mesma resposta em musculos epitrocleares, notificando relacdo inversa entre

a taxa de glicdlise e o aumento da oxidagao de lactato.
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A diminuicdo da glicdlise pelo lactato parece envolver inibicdo das enzimas 6-
fosfofrutoquinase (PFK-1) e piruvato desidrogenase (PDH), limitantes da glicdlise. Este
efeito € similar ao efeito desencadeado pelos 4cidos graxos (KIM et al., 1996). Em musculo
cardiaco, o lactato promove aumento da concentracdo de citrato (inibidor da PFK-1),
diminui¢@o da concentracdo de frutose-2, 6-bifosfato (estimulador da PFK-1), e aumento da
relacio NADH/NAD, podendo inibir a PDH (DEPRE et al.,, 1993; 1998). Ristow e
colaboradores (1997; 1999) demonstraram que deficiéncia da PFK-1 determina resiténcia a

insulina, fortalecendo a hipétese de Choi et al. (2002).

Em adipdcitos isolados de ratos submetidos a estresse por choque nas patas,
observamos diminuicdo da sensibilidade a insulina. Esses animais apresentam aumento da
concentragdo plasmatica de glicose, de insulina e de lactato. Estes resultados nos levam a
concluir que o modelo de estresse por nds utilizado pode desencadear o quadro de
resisténcia a insulina. Adicionalmente, parece haver diminui¢do da associac¢ao entre IRS-1
e PI3K nos tecidos adiposo e muscular isolados de ratos submetidos ao estresse por choque
nas patas. No entanto, estes resultados sdo preliminares e investigagdes complementares

serdo realizadas.
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Figura 1. Concentragdo plasmatica de lactato (mmol/ L) de ratos controle e de ratos
submetidos a trés sessOes de estresse por choque nas patas (n=4). * diferenca

estatisticamente significativa em relacao ao controle (p < 0,05, teste t de Student).
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II1.2. Capitulo 2

Trabalho apresentado, sob a forma de pdster, no “Eighth Symposium on
Catecholamines and Other Neurotransmitters in Stress”, realizado no Smolenice Castle -
Republica da Eslovaquia, de 28 de junho a 3 de julho de 2003, com o resumo publicado no
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Abstract

Adipocytes isolated from epididymal adipose tissue of foot shock stressed rats are
supersensitive to isoprenaline and subsensitive to norepinephrine. These alterations are
probably mediated by a stress-induced increase in plasma corticosterone levels. The
purpose of this work was to investigate whether foot shock stress modifies the expression
of glucocorticoid (GR) and B-adrenergic protein (B-AR) receptors in epididymal adipose
tissue from rats submitted to one daily foot shock session on three consecutive days. This
stress protocol caused a decrease in GR, ;-AR and B3;-AR protein levels, but increased [3,-
AR. These results confirm and support previous functional studies. The alterations in
proteins expression may be modulated by the high corticosterone levels that also down-
regulate the glucocorticoid receptor.

Key words: white adipose tissue, stress, [-adrenoceptor, corticosterone,

glucocorticoid receptor
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Introduction

The lypolitic response to catecholamines in rat white adipocytes is essentially
dependent on B;-AR and B3;-AR, especially the B3-AR subtype. In contrast, the (,-AR
represents a very small proportion of the B-AR population so that under physiological
conditions this subtype is probably not implicated in the stimulation of lipolysis'. However,
adipocytes from foot shock stressed rats are supersensitive to isoprenaline (ISO) and
epinephrine (EPI), and subsensitive to norepinephrine (NE) and BRL37344% ICI118,551, a
selective B,-AR antagonist, has no effect on the response to ISO in adipocytes from control
rats, but abolishes the supersensitivity to isoprenaline in adipocytes from stressed rats.
Similar results have been obtained for cardiac tissue isolated from rats exposed to the same
stressor agent™™.

Alterations in glucocorticoid receptor (GR) expression have been described in
many tissues from rats subjected to different stress protocols that increases plasma
corticosterone levels’. In this study, we examined the impact of foot shock stress on B;-, B2-

, B3-AR and GR protein levels in epididymal adipose tissue from control and stressed rats.

Material and methods

Male Wistar rats (Rattus norvergicus, 250-350 g) were housed and cared for in
accordance with the experimental protocols that were approved by the Committee for
Ethics in Animal Experimentation (CEAE - certificate number 0555-1) of the Institute of
Biology, UNICAMP. The stress protocol has been described elsewhere and consisted of

one daily foot shock session applied on three consecutive daysz.

Tissue preparation

The rats were sacrificed by a blow to the back of the head and exsanguinated
immediately after the last stress session. Epididymal white adipose tissue was dissected out
and stored at -70°C until used. The tissues were homogenized in a solubilization buffer of
the following composition: 100 mM Trisma base, 10 mM EDTA, 10 mM sodium
pyrophosphate, 100 mM sodium fluoride, 10 mM sodium orthovanadate, 10% sodium
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dodecil sulphate (SDS), in a boiled water bath, using an Ultra Turrax® homogenizer (Ika
Works Inc., Wilmington, NC, USA) operate at maximum speed for 30 s. The samples were
maintained in a boiling water bath for 10 min and then centrifuged for 40 min at 13000g
and 4°C. The protein content was measured with a standard micro BCA reagent (Pierce, IL,
USA). The samples were treated according to Laemmli® and heated in a boiled water bath
for 5 min. For the analysis, aliquots of each sample (50 pug and 100 pg of protein, for the
GR and B-AR blots, respectively) were resolved by electrophoresis in 10% SDS-
polyacrylamide gels, electrotransferred to nitrocellulose membranes, and incubated
overnight at 4°C with polyclonal antibodies against GR, f;, B.- or B3-AR (Santa Cruz
Biotechnology, Inc., CA, USA). The bands recognized using GR antibody were visualized
by ECL chemiluminescence substrate solution (Amersham Biosciences, Buckinghamshire,
UK) and then exposed to Amersham X-ray film. To detect the B-AR subtypes, the blots
were incubated with 2 pCi of ['*I]-protein A (30 uCi/g) in 10 ml of blocking buffer for 1 h
at room temperature. The membranes were then stored in contact with preflashed Kodak X-
ray film at -70 °C for 20 days. The optical density of the GR (~ 95 kDa) or B-AR (~ 47
kDa) bands on the X-ray film was analyzed using Gel-Pro Software (Media Cybernetics,
Silver Spring, Maryland, USA).

Statistical analysis
The differences in receptor expression between groups were assessed using Student’s z-test

for unpaired samples. Differences were considered significant at p < 0.05.
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Results

In epididymal adipose tissue from stressed rats there was a decrease of

approximately 70% and 12% in the B;-AR and B,-AR protein levels, respectively. In
contrast, the level of 3,-AR protein increased by 27% in adipocytes from stressed compared

to control rats (p<0.05). The levels of GR decreased 94% in adipocytes from rats subjected

to foot shock stress compared to control animals (Figure 1).
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Figure 1 — Representative Western blots of 3;-AR (A), B2-AR (B), B3-AR (C) and GR (D)
in epididymal adipose tissue from control (co) and stressed (st) rats. In stressed rats, tissue
was collected immediately after the third foot shock session. The plots represent the

percentile of the control optical density (mean = SEM of 4 experiments).
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Discussion

In this study, we examined the effect of stress on GR and 3-AR expression in rat
epididymal adipose tissue. The white adipose tissue consist of 2-3% of proteins, 5-30%
water and 60-80% lipids. Thus to perform western blot, in adipose tissue, especially for 3-
AR, we used a protocol designed to concentrate the samples in order to obtain enough
protein by using a specific buffer, increasing the centrifugation time, and prolonging the
lenght of exposure to the X-ray film, as described in Material and Methods. With those
methodological adaptations, the western blots were obtained that are shown in Figure 1. -
AR levels increased after three foot shock sessions whereas those of 3;-AR and B3;-AR
decreased.

Adipocytes® and cardiac tissue®* obtained from foot shock stressed rats show
supersensitivity to ISO, EPI and TA2005 that is abolished by the [, AR antagonist
ICI118,551. The supersensitivity to non-selective 3-AR agonists or selective agonists for
B2-AR is also abolished by treating the rats with RU38484, a compound that blocks the
glucocorticoid receptor, before exposure to stress’. Glucocorticoids are known to stimulate
B>-AR in white adipose tissue while inhibiting the expression of B;-AR and B3-AR™’. In
agreement with these results, the rate of transcription of 3,-AR is increased in response to
B-agonist stimulation of the receptor at the cell surface. This positive autoregulation of the
Bo-AR gene occurs through receptor-mediated stimulation of adenylyl cyclase, with
consequent activation of cAMP responsive element binding (CREB) and stimulation of 3,-
AR gene transcription'’. Cardiac tissue is also subsensitive to NE** whereas the adipocytes
are subsensitive to NE and BRL37344% which agrees with the present results showing a
decrease in 3;-AR and 33-AR protein levels.

Our results also showed a reduction in GR protein levels in adipose tissue from
stressed rats compared to control rats. Glucocorticoids can modulate their own receptor“’12
since changes in GR levels have been reported in tissues from rats subjected to a long-term
elevation or reduction in the circulating levels of corticosterone'® Adrenalectomy increases
the number of cytosolic GR and the percentage of GR translocated to the nucleus'.

However, large doses of glucocorticoids reduce the cytosolic GR levels'.
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Rats submitted to the foot shock stress protocol used here present a 50% increase
on plasma corticostrone levels'.

Concluding, the present results confirm our previous data and suggest that there is
a compensatory mechanism involved in the regulation B-AR and GR expression that is
dependent on the levels of glucocorticoids. Variations in receptor expression can modify
the control of lipolysis in response to stress. Considering that the adipocytes isolated from
stressed rats are also subsensitive to the antilipolytic effect of insulin'’, those results confer
physiological importance to this mechanism on the control of adipocytes metabolism under

stress.
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Abstract

Stress has been shown to reduce food intake. However, the interplay between
glucocorticoids, insulin and leptin controlling food intake is still controversial. The
selective B3 adrenergic agonist BRL 37,344 produces a dose-dependent reduction on food
intake when administered in the third ventricle and peripherally. In the present work, we
investigated the feeding behavior, insulin and leptin plasma concentration in fed, fasted and
fast-refeed Wistar rats submitted to foot-shock stress in the absence or in the presence of
peripherally administered BRL 37,344. In fed rats, serum leptin levels were not altered by
stress whereas insulin levels were increased. After an overnight fasting serum levels of
leptin and insulin were lower than those of control fed rats. Stress determined an increase in
serum levels of leptin and insulin in fasted rats. Refeeding did not alter leptin levels but
increased insulin levels above those seen in fed control rats. Refeeding plus stress caused
an additional increase in insulin as well as increased leptin levels. Treatment of control rats
with BRL37,344 did not alter serum leptin levels but reduced insulin levels although had no
effect on food intake. Feeding behavior was not significantly modified by 30 nmol/ml of
BRL 37,344 in control rats. In stressed rats, BRL 37,344 reduced food intake, serum leptin
and insulin levels. We conclude that the effect of stress on serum leptin levels depends on
the nutritional state (fed vs. fasted) whereas insulin is more affected by feeding than by
stress. BRLL37,344, a Bs-adrenoceptor agonist administered peripherally to control rats did
not alter the leptin levels or feeding behavior but caused a decrease in serum insulin levels.
Stressed rats are more sensitive to the effect of BRL37,344 on serum leptin levels and
feeding behavior. The low food intake observed in stressed rats is not mediated by leptin. If
changes in metabolites such as glucose or free fatty acids are associated to the stress-

induced hypophagia remains to be determined.

Key Words: stress; leptin; food intake; insulin; B3-adrenoceptor agonist
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Introduction

It has been described that the chronic exposure to stressors of a certain severity
causes anorexia (Krahn et al.,, 1990), decreases food intake, reduces body weight and
induces adrenal hypertrophy (Giralt et al., 1987; Krahn et al., 1990; Hotta et al., 1991;
Marti et al., 1994; Farias-Silva et al., 1999). Rats submitted to three foot-shock sessions
showed a reduction on body weight and an increase on basal lipolysis (Farias-Silva et al.,
1999). Weight loss and food intake decreasing in rats exposed to stress is well established,
with this specific feeding effect being modulated by the intensity, duration, frequency or
time of the day that it is applied (Marti et al., 1994; Valles et al., 2000). The mechanisms
responsible for this decrease in food intake have not been elucidated and it seems to be
complex.

The hormonal and neuroendocrine systems that regulate energy balance include
leptin and insulin. Leptin is related to the abundance of body fat, thereby coupling feeding
behavior, metabolism and endocrine physiology to the nutritional state (Frithbeck et al.,
1998). Insulin and leptin represent “‘adiposity signals” (Porte and Woods, 1981; Friihbeck
et al., 1998) that decrease the expression of hypothalamic NPY, which triggers feeding
behavior (Baskin et al., 1999).

The regulation of the energy balance is also under control of catecholamines
interacting with the Ps-adrenergic receptor subtype (Lowell and Flier, 1995; Giacobino,
1995; Lowell et al., 1996). These receptors are expressed in brown and white adipose cells
(BAT and WAT, respectively) where they are coupled to cAMP generation (Giacobino,
1995). Agonists selective for the [3-adrenergic receptor stimulate energy expenditure,
activate BAT function, and promote lipolysis in WAT (Arch et al., 1984; Holloway et al.,
1992; Bloom et al., 1992). Variations in the sequence of the human [33-adrenergic receptor
gene are associated with decreased energy expenditure, abdominal obesity, and insulin
resistance (Arner, 1995; Clement et al., 1995; Waltson et al., 1995). It has also been
observed that treatment of rodents with [3-adrenergic agonists produces a dose-dependent
reduction on food intake (Himms-Hagen et al., 1994; Tsujii and Bray, 1992, 1998) despite
reducing leptin levels (Mantzoros et al., 1996). Activation of 3-adrenoceptors is associated

to the decrease of leptin expression and circulating levels (Li et al., 1997).
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Adipocytes isolated from rats submitted to foot-shock stress are supersensitive to
the lipolytic effect of epinephrine and isoprenaline (Farias-Silva et al., 1999) due to an
increase on [3;-adrenoceptors expression (Farias-Silva et al., 2003). Moreover, adipocytes
are subsensitive to norepinephrine and to BRLL37,344, due to a decreased expression on [3;-
and [3s-adrenoceptors, respectively (Farias-Silva et al., 2003). Adipocytes from foot-shock
stressed rats are also subsensitive to the anti-lipolytic effect of insulin (Farias-Silva et al.,
2002). Additionaly, rats submitted to foot-shock stress presents high plasma levels of
corticosterone, glucose and insulin (Verago et al., 2001; Farias-Silva et al., 2002)

In the present work, we measured the serum levels of leptin and insulin in foot-
shock stressed rats. The effect of BRL37,344 on serum leptin and insulin levels as well as
feeding behavior were also investigated in feed, fasted and fast-refeed rats submitted to

stress.
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Material and Methods

Animals

Male Wistar rats (Rattus norvergicus) weighing 250 to 350 g at the beginning of
the experiments were used. The animals were housed in individual cages (30 x 18 x 20 cm)
in a temperature-controlled room (22°C), on a 12 h light/dark cycle with lights on at 6:30
a.m. Standard laboratory chow and tap water were available ad libitum. During the
experiments, the animals were cared for in accordance with the principles for the use of
animals in research and education, as laid down in the Statement of Principles, adopted by
the FASEB Board. The experimental protocols were approved by the Institutional
Committee for Ethics in Animal Experimentation (COBEA, certificate number 0555-1).

Stress procedure

Each rat underwent onedaily session of unsignaled, inescapable foot shocks in
three consecutive days. The animals were placed into a Plexiglas chamber (26 x 21 x 26
cm) provided with a grid floor made of stainless-steel rods (0.3 cm in diameter and spaced
1.0 cm apart). During the 30 min sessions, which occurred between 7:30 a.m. and 11:00 a.
m., the foot shocks were delivered by a constant current source controlled by a
microprocessor-based instrument constructed at the University’s Biomedical Engineering
Center. The current intensity was 1.0 mA with duration of 1.0 s at random intervals of 5-25
s (mean interval of 15 s). The rats were returned to their cages at the end of each foot shock

session.

Experimental protocols

Fed control and stressed rats:

Daily food intake was measured in fed control (CO) and stressed (ST) rats during
the three days that rats were submitted to foot shock sessions. After the last session, the
animals were sacrificed by a blow to the head and bleeding. Blood samples were collected

for serum leptin and insulin measurement.
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Fast control and stressed rats:

Before the last foot shock session, the rats were fasted (F) overnight but had free
access to water. In the next morning, stressed rats were submitted to the last foot shock
session. Control rats were fasted in the night before sacrifice. Control (FCO) and stressed
(FST) fasted rats were sacrificed by a blow to the head and blood samples were collected

for serum leptin and insulin levels assays.

Fast-refeed control and stressed rats:

Control and stressed rats were fasted overnight as above described. In the
following morning fasted-stressed rats were submitted to the last foot shock session. After
that, control and stressed rats received an intraperitoneal injection (0.1 ml/ 100g of body
weight) of saline (0.9%) or BRL 37,344 (30 nmol/ml) (Tsujii and Bray, 1998). Following
injections, rats returned to their individual cages and were provided with chow (fast-refeed,
FR-rats). Food intake was measured after 30 min, 1 h, 2 h, 3 h, 4 h, 5 h and 6 h. Animals
were distributed in groups as following: fast-refeed control treated with saline (FRCO-
SAL) or BRL 37,344 (FRCO-BRL); and fast-refeed stressed treated with saline (FRST-
SAL) or BRL 37,344 (FRST-BRL). After the sixth hour, rats were sacrificed and blood

collected for serum leptin and insulin measurement.

Serum Leptin
Serum leptin levels were assayed in duplicated, using Mouse Leptin ELISA kit

(Crystal Chem Inc., Chicago, IL, USA).

Serum Insulin
Serum insulin levels were assayed in duplicated, using radioimmunoassay as

previously described (Farias-Silva et al, 2002).

Statistical Analysis
The results were expressed as means =+ SEM. Data of food intake, serum leptin
and serum insulin levels were compared by Student’s t test or ANOVA plus Tukey’s test.

Differences were considered significant at p<0.05.
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Results

Rats submitted to three foot-shock sessions reduced body weigh and food intake
(Figure 1), confirming previously reported data (Farias-Silva et al, 1999). Leptin serum
levels were not different between control and stressed rats (Table 1; Figure 1B), but insulin
serum levels were higher in stressed than control rats (Table 1, Figure 1C).

After an overnight fasting, control rats show a decrease in the serum leptin and
insulin levels (Table 1), but in stressed rats the leptin and the insulin levels were similar to
those of fed control rats and higher than fast control rats (Table 1; Figure 2). Therefore,
stress cancelled the decrease in the serum leptin and insulin levels induced by fasting.
Moreover, the stress-induced increase in serum insulin levels was preserved in fasted rats.

Figure 3 shows in the panel A the food intake 30 min, 1, 2, 3, 4, 5, and 6 h after
the third foot-shock session, when rats were allowed free access to food, after an overnight
fasting. Control rats received the same treatment but were not submitted to foot-shock
stress. Some rats received 30 nmol BRLL37344 before the refeeding period.

Refeeding did not alter the serum leptin levels in control rats but in stressed rats
induced a decrease to levels similar to those seen in control rats. BRL37,344 administered
before the refeeding period did not alter the serum leptin levels of control rats but induced
an additional decrease in the serum leptin levels of stressed rats (Figure 3B). Serum insulin
levels were higher after stress in fed (Figure 1) and fasted rats (Figure 2). Refeeding
increased the serum insulin levels in both control and stressed rats with the levels higher in
stressed than control rats. BRL37,344 lowered insulin levels in both control and stressed
rats at similar levels (Figure 3C).

There was no difference in the total food intake measured during the 6 hours
period by foot-shock stressed rats compared to control (FRCO-SAL: 9.2 + 0.5 g vs. FRST-
SAL: 8.3 £ 0.6 g, p>0.05). BRL 37,344 (30 nmol) induced no change in control rats food
intake (9.0 £ 0.6 g; Figure 3A). However, BRL37,344 administered to stressed rats caused

a significant decrease in the food intake (7.0 £ 0.5 g; Figure 3A).

63



Tablel. Serum leptin and insulin levels of fed, fast and fast-refeed control and stressed rats.

Leptin (ng/ml) Insulin (ng/ml)
CcO ST CO ST
Fed 243+051*  286+0.50* 1.16+£0.07° 2.99+0.63°
) () ) ()
Fast 0.98+0.16°  3.01£040°  0.53+0.10" 1.16+0.29"
(8) 3) (8) 3)
Fast-refeed saline 1.14 £ 0.32° 1.20+0.21° 1.57+0.13¢  2.51+043°
9) ©) 9) )
Fast-refeed BRL 37344 0.92+0.16> 043+0.10°  0.62+0.12" 0.89+0.19*"
(7) (6) (7) (6)

Values are means = SEM . Different letters indicates that groups are significantly different

from each other (ANOVA plus Tukey test).
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Figure 1. Body weight, daily food intake, serum leptin and insulin levels of control (CO)

and foot shock stressed (ST) rats. Data are expressed as means + SEM of 8 experiments for

each group. * significantly different from control (p<0.05, Student’s t test).
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Discussion

The results presented here showed that in fed stressed rats the leptin levels are
similar to control, but insulin levels are higher in stressed than control fed rats, confirming
previously reported data (Farias-Silva et al, 2002). Present data also confirmed that stressed
rats loose by around 4,5 % body weight and reduced total daily food intake by 30 %
(Farias-Silva et al, 1999).

After an overnight fasting, non-stressed rats had serum leptin and insulin levels
lower than fed rats. Reduced serum leptin levels during short-term periods of fasting or
energy intake restriction independently of modest changes of the body fat content have
been previously reported (Boden et al., 1996; Weigle et al., 1997; Keim et al., 1998; Dubuc
et al., 1998). Insulin is considered to be a potent regulator of leptin, because plasma insulin
concentration decreases during fast and increase after refeeding in parallel with plasma
leptin levels (Trayhurn et al., 1995). However, in fasted stressed rats the serum leptin levels
were similar to those of fed non-stressed rats whereas insulin levels were higher than those
of fasted non-stressed rats but lower than those of fed rats. Glucocorticoids have been
shown to stimulate the ob gene expression and leptin secretion in vivo in humans or rats as
well as in vitro in primary culture cells (Sinha et al., 1996; Considine et al., 1997).
Nevertheless, insulin completely blocks the glucocorticoid-stimulated increase in leptin
release and ob mRNA in isolated human subcutaneous adipocytes (Considine et al., 1997,
Reul et al., 1997). This would explain why the serum levels of leptin are lower in stressed
rats after the refeeding period whilst serum insulin levels are high. Low levels of leptin
have been previously reported in rats submitted to repeated restraint stress (Harris et al.,
2002). The data presented here show that in vivo, in stressed rats, the combined effect of
high plasma levels of glucocorticoids, insulin and catecholamines (Verago et al., 2001;
Farias-Silva et al. 2002) on serum leptin levels remain controversial.

It is known that the sympathetic nervous system acts specifically through [s-
adrenoceptors to regulate leptin levels during stress (Sandoval and Davis, 2003) and that

Bs;-adrenergic agonists inhibit the leptin secretion (Li et al., 1997). Tsujii and Bray (1998)
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showed that BRL 37,344 promoted a dose-dependent decrease on food intake in female
Zucker obese and lean rats, and that this agonist acts central and peripherally. The results
presented here show that there was no alteration in the leptin levels or food intake of male
Wistar control rats in a six hours period following intra-peritoneal administration of 30
nmol BRL37,344, the same dose used by Tsujii and Bray (1998). This difference in the
results might be caused by the rat strain or gender, with male Wistar rats being less
sensitive to the effect of BRL37,344 on food intake than female Zucker rats. Differences on
the effect of BRL37,344 were found to vary with the diet and strain of mice (Collins et al.,
1997) and with rats nutritional state (Tsujii and Bray, 1998).

At the end of the refeeding period, control rats treated or not with BRL37,344
showed no alteration in the serum leptin levels. However, refeeding decreased the serum
leptin levels in stressed rats. This effect was potentiated by the rats treatment with
BRL37,344.

The stress reaction is characterized by high plasma levels of catecholamines
(Axelrod and Reisine, 1984) and glucocorticoids (Axelrod and Reisine, 1984; Verago et al.,
2001). We have already shown that plasma corticosterone levels are high after the foot
shock session (Verago et al., 2001). In this case, stressed rats which received BRLL37,344,
were exposed to higher stimulation of the [s-adrenoceptors, which effect might be
additionally potentiated by corticosterone, causing lower plasma leptin levels.

Tsujii and Bray (1998) suggest that there are several possible locations were [33-
adrenoceptors suppress food intake. Himms-Hagen (1995) has recently proposed that the
initiation and inhibition of food intake might be related to the effects of s;-adrenoceptor
agonists on brown adipose tissue, which is richly supplied with Bs-adrenoceptors because
damage to this tissue in transgenic animals leads to weight gain and susceptibility to
obesity induced by high fat-diet (Hamann et al., 1996). s;-adrenoceptors have also been
identified in the fundus of the stomach, in the longitudinal and circular smooth muscle of
both colon and ileum, an in the colonic submucosa (Pelleymounter et al., 1995; Tsujii and
Bray, 1998). Afferent signals from the gut to the brain are an important part of the satiety
system (Bloom et al., 1992; Clement et al., 1995). Stimulation of Bs-adrenoceptors in the

gut is involved in gastric acid secretion (Valles et al., 2000) and may be involved in
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modulating food intake (Tsujii and Bray, 1998). Our data do not allow to identify in which
of these locations BRL37,344 was effective lowering food intake in stressed rats, but they

show that the effect is not mediated by increase in the serum leptin levels.

One alternative possibility would be the plasma levels of metabolites. The plasma
levels of glucose are high after the third foot-shock stress session whereas triacylglycerol
was higher after the first foot-shock session but are similar to control levels after the second
and the third sessions (Verago et al., 2001). Modifying fatty acid oxidation is known to
affect food intake (Scharrer and Langhans, 1986). The serum levels of free fatty acids were
not evaluated in this stress model. However, adipocytes isolated from foot-shock stressed
rats show increased basal lipolysis as well as supersensitivity to adrenaline (Farias-Silva et
al., 1999), both factors that would contribute to increased free fatty acids availability.

We conclude that the effect of stress on serum leptin levels depends on the
nutritional state (fed vs. fasted) whereas insulin is more affected by feeding than by stress.
BRL37,344, a Bs-adrenoceptor agonist, administered peripherally to control rats, did not
alter the leptin levels or feeding behavior but caused a decrease in serum insulin levels.
Stressed rats are more sensitive to the effect of BRL37,344 on serum leptin levels and
feeding behavior. The low food intake observed in stressed rats is not mediated by leptin. If
changes in metabolites such as glucose or free fatty acids are associated to the stress-

induced hypophagia remains to be determined.
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IV. CONCLUSOES

N6s concluimos que ratos submetidos a estresse por choques nas patas
apresentam:

1. alteracdo no perfil glicémico e insulinémico durante o teste de tolerancia a
glicose que sugerem o desenvolvimento de resisténcia a insulina. Esta foi demonstrada em
adipdcitos mas ndo no tecido hepdtico ou em miusculos esqueléticos. Neste modelo
experimental, a tolerancia a insulina ndo estd associada a alteragdes na resposta das ilhotas
de Langerhans a glicose;

2. em adipdcitos do tecido adiposo epididimal, subsensibilidade a noradrenalina e
ao BRL 37344 associada a “down-regulation” dos adrenoceptores 3; e 33, respectivamente;
supersensibilidade a isoprenalina e a adrenalina, associada a “up-regulation” dos
adrenoceptores 3. Nas células adiposas ocorre também “down-regulation” dos receptores
de glicocorticoide.

3. aumento da concentracdo plasmaética de lactato.

4. diminui¢do da ingesta alimentar, que ndo estd associada a alteracdo na
concentracdo plasmatica de leptina, mas é acompanhada de aumento da concentragdo

plasmidtica de insulina. O estresse ndo altera a secrecdo de leptina em ratos alimentados.

Em resumo, podemos dizer que ratos submetidos a estresse por choque nas patas
apresentam importantes modificagdes funcionais, moleculares e comportamentais, afetando
varidveis metabdlicas que podem garantir a adaptacdo do organismo ou determinar instalagdo
de doencas. Esse modelo de estresse pode ser utilizado para o estudo de fatores
desencadeadores de quadros patoldgicos associados ao estresse, tais como resisténcia a insulina

€ anorexia.
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