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Resumo

O estresse ¢ considerado um fator de risco para o desenvolvimento de doencas
cardiovasculares e modelos animais tém sido utilizados para a compreensdo dos
mecanismos fisiopatoldgicos envolvidos nesta associacdo. Em estudo anterior do nosso
grupo de pesquisa, a aplicacdo do protocolo de estresse cronico moderado e imprevisivel
(ECMI) em ratos induziu aumento da sensibilidade ao efeito vasoconstritor da fenilefrina,
em anéis adrticos com endotélio intacto, sendo este efeito cancelado pela inibicdo da sintese
de 6xido nitrico. Estes achados sugeriam que os efeitos vasculares do ECMI estariam
relacionados a diminui¢do na producdo de 6xido nitrico (ON). Aumento na inativacio de
ON, por exemplo por radicais livres, também poderiam estar relacionados as alteracdes
induzidas pelo ECMI. O objetivo deste estudo foi avaliar em ratos adultos machos, o efeito
do ECMI sobre a evolucdo temporal da pressdo arterial e sobre a producio de 6xido nitrico
e anion superdxido na aorta tordcica isolada. Os animais foram aleatoriamente divididos em
dois grupos experimentais: Controle e Estresse (n = 15/grupo). A avaliacdo da pressdo
arterial foi realizada uma vez por semana, por pletismografia de cauda. Quinze dias apds o
final do protocolo de ECMI os animais foram eutanasiados por decapitacdo. O sangue foi
coletado para posterior dosagem de corticosterona e catecolaminas, por ELISA e
cromatografia liquida respectivamente. A aorta tordcica foi isolada para obtencao dos anéis
adrticos e realizacdo de curva-concentragdo-efeito a acetilcolina, e para determinacdo da
producdo de ON e anion superéxido pelos métodos do 4,5 diacetato de diaminufluoresceina
(DAF-2) e da hidroetidina, respectivamente. A pressdo arterial sistlica e diastdlica dos
animais estressados nas semanas 4, 5 e 6 foi maior em relagdo aos valores determinados no
grupo controle. Quinze dias apés o ECMI, ratos estressados apresentaram menor peso
corporal, aumento dos niveis de corticosterona, adrenalina e noradrenalina em relagdo ao
grupo controle. O efeito vasodilatador da acetilcolina foi significativamente menor na aorta
tordcica dos animais submetidos ao ECMI em relacdo ao grupo controle. Aortas isoladas de
ratos estressados apresentaram significativa reducdo na concentragdo de 6xido nitrico e
aumento na concentracdo de anion superéxido, em relacdo ao tecido isolado de animais
controle. Estes resultados confirmam que o ECMI induz disfuncdo endotelial na aorta

tordcica de ratos e que este efeito estd associado a reducdo na biodisponibilidade de ON.

Palavra Chave: Estresse, Disfuncao endotelial e Hipertensao.
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Abstract

Stress is considered a risk factor to cardiovascular diseases and animal protocols
have been used in studies about physiopathologic mechanisms involved in this association.
In a previous study, we observed increased sensitivity to the vasoconstrictor effect of
phenylephrine in aortic rings with intact endothelium from rats submitted to the protocol of
chronic moderate and unpredictable stress (CMUS). This effect was canceled by the
inhibition of nitric oxide synthesis in vitro. These findings suggested that vascular effects
of CMS could be related to decrease in the bioavailability of nitric oxide (NO). The
objective of this study was to evaluate, in adult male rats, the effect of CMS on the time
course of arterial blood pressure, and on the production of nitric oxide and superoxide
anion in isolated thoracic aorta. The animals were randomly divided into two experimental
groups: Control and Stress (n = 15/grupo). The blood pressure determination was done
once a week by the tail plethysmography. Fifteen days after the end of the CMS protocol
the animals were killed by decapitation. Blood was collected for posterior corticosterone
and catecholamines determination by ELISA and liquid chromatography respectively. The
thoracic aorta was isolated to obtain a concentration effect curve to acetylcholine and to
determine the production of NO and superoxide anion by diaminufluoresceina 4.5 diacetate
(DAF-2) and hidroetidina methods respectively. Systolic and diastolic blood of stressed
animals at weeks 4, 5 and 6 was significantly higher compared to values determined in the
control group. Fifteen days after the end of CMUS, stressed rats showed increased levels of
corticosterone, adrenaline and noradrenaline in relation to the control groups. The
vasodilator effect of acetylcholine was significantly lower in the thoracic aorta of rats
subjected to CMUS in the control group. Sections of aorta isolated from stressed rats
showed significant reduction in nitric oxide concentration and increase in the concentration
of superoxide anion in comparison to control animals. These results confirm that the
CMUS induced endothelial dysfunction in rat thoracic aorta, and this effect is associated
with decreased bioavailability of NO.

Keyword: Stress, Endothelial dysfunction and Hypertension.
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1- Introducao

Estilo de vida das sociedades industrializadas caracterizado por aumento da ingestdo
de alimentos caldricos, do sedentarismo e de situagdes estressoras negativas do dia a dia
esta relacionado a ocorréncia de distdrbios alimentares, sindrome metabdlica, ansiedade,
depressao e doengas cardiovasculares (Lopes, 2004; Kuo et al., 2008, Kyrou e Tsigos,
2008). Além de favorecer a ocorréncia de hipertensao arterial (Bedi ef al., 2000; Grippo e
Johnson, 2009), arritmias cardiacas (Carpeggiani e Skinner, 1991) e fibrilacdo ventricular
(Matta et al., 1976), o estresse tem sido apontado para depressdo e hipertensdo arterial
como o principal fator de risco para a ocorréncia de aterosclerose, em 40% dos casos, nos
quais ndo sdo identificados outros fatores causais conhecidos (Black e Garbutt, 2002).

Além disso, fatores estressores podem levar ao desenvolvimento de depressdo, a qual,
por sua vez, também tem sido apontada como um fator de risco para a morbidade e
mortalidade relacionada a doencas cardiacas (Van der Kooy et al., 2007). Entre 20 e 50%
de pacientes mortos por enfarto do miocardio sofreram de depressdo anteriormente (Grippo
e Johnson 2009). Porém a relacdo entre depressdo e doencas cardiovasculares € bidirecional
ja que a presenca de doengas cardiacas parece aumentar a probabilidade de ocorréncia de
estados depressivos (Grippo e Johnson, 2002), sendo que a prevaléncia de depressdo pode
aumentar de 2 a 9%, na populacdo em geral, para 45% em pacientes acometidos por enfarto
(Associagdo Americana de Psiquiatria, 2000).

O sistema cardiovascular participa ativamente do processo adaptativo na reagcdo de
estresse, seja por um aumento da frequéncia cardiaca, da contratilidade, do débito cardiaco
ou da pressdo arterial (Krantz e Manuck, 1984). O termo estresse foi empregado por Hans
Selye, um pesquisador que estudava os efeitos de extratos de plantas. Ele observou o
desenvolvimento de ulceras gastrointestinais, atrofia do sistema imune e aumento das
glandulas adrenais em ratos. Para sua surpresa, os ratos do grupo controle, que haviam
recebido injecdo de solugdo salina, apresentaram alteracdes semelhantes — Selye concluiu
que tais alteragdes estavam relacionadas a aplicacdo das repetidas injegoes. Obteve-se 0s
mesmos resultados expondo os animais ao frio, patégenos, toxinas e ruido (Selye, 1936;
Sapolsky, 1990). Hoje, podemos definir o estresse como a resposta do organismo frente a

estimulos aversivos, sejam eles fisicos, quimicos ou psicoldgicos.



Devido aos estimulos estressores resultarem em respostas hormonais generalizadas
e ndo especificas, atingindo diferentes sistemas organicos, Selye as denominou de
Sindrome Geral da Adaptacdo, a qual € composta de trés fases: Alarme ou excitacao,
resisténcia e exaustdo. A fase de alarme/excitacido ocorre quando o organismo reconhece o
estimulo como estressante, ativando o Sistema Nervoso Simpdtico (SNS) e o sistema
adrenocortical, resultando em maior liberacdo de catecolaminas e glicocorticoides,
respectivamente. Quando o estimulo estressor € mantido, a capacidade de rea¢do diminui e
o organismo desenvolve mecanismos adaptativos durante a fase seguinte, denominada fase
de resisténcia. Nao ocorrendo esta adaptacdo desenvolve-se a fase de exaustdo, na qual o
organismo torna-se suscetivel a alguns distirbios cardiovasculares, gastrointestinais e/ou
imunolégicos (Selye, 1936, Tanno e Marcondes, 2002; McEwen, 2006).

O estresse cronico caracteriza-se pela ativagdo prolongada do SNS e do eixo
hipotdlamo-hipéfise-adrenal (HHA) e promove alteracdes que favorecem a ocorréncia da
sindrome metabdlica, caracterizada por obesidade, dislipidemia, intolerdncia a glicose,
diabetes tipo II e resisténcia a insulina (Bjorntorp, 1997; Epel et al., 1999; Grundy et al.,
2004; Neves et al., 2009 e 2012) e o desenvolvimento de doencas cardiovasculares (Grippo
et al. 2009).

Doencgas cardiovasculares podem ter inicio com a disfun¢do do endotélio associada
a alteracdes fisioldgicas e/ou histoldgicas. A disfunc¢do endotelial é considerada um passo
inicial do processo aterogénico e € também referida como piora no relaxamento dependente
do endotélio, causado por menor biodisponibilidade de 6xido nitrico (NO) (Carvalho et al.,
2006; Hsueh et al., 2004) O termo disfun¢do endotelial frequentemente € utilizado para se
referir & piora no mecanismo de vasodilatacdo dependente do endotélio, apesar do endotélio
produzir tanto substancias vasodilatadores quanto vasoconstritores. Em 1980, Furchgott e
Zawadski estabeleceram o papel do endotélio na modulagdo da atividade contratil vascular,
através da producido e liberacdo de um fator relaxante, posteriormente identificado como
oxido nitrico (ON) (Palmer et al., 1987, Moncada et al., 1991). O ON é um radical livre
produzido pela oxidacdo da L-arginina em L-citrulina, através da enzima 6xido nitrico
sintase endotelial (ONS-e) (Stamler et al., 1992). A L-citrulina por sua vez liga-se a
guanilato ciclase. Uma vez ativado, estimula a conversao de GTP em GMP ciclico (GMPc),

sendo este o mediador final que promove a acdo de relaxar a musculatura lisa, por diminuir



os niveis de fon calcio (Ca+2) intracelular, provocando o relaxamento da musculatura e a
consequente vasodilatagcdo. Além da acdo vasodilatadora, o ON inibe a adesdo e a
agregacdo plaquetdrias (Kimlay et al., 2001), reduz a aderéncia de leucdcitos no endotélio
vascular, suprime a proliferacdo do musculo liso vascular (Gimbrone, 1995) e inibe a
producdo do fator tecidual (Yang e Loscalzo, 2000), que € um determinante critico na
geracdo do trombo. Portanto, a disfun¢do endotelial favorece o desenvolvimento de
hipertensdo arterial, trombose, infarto agudo do miocérdio, acidente vascular cerebral e
aterosclerose.

Por questdes éticas e limitacOes dos estudos clinicos e epidemioldgicos, a
experimentacio animal € muito ttil para o estudo dos mecanismos fisioldgicos relacionados
as alteragdes desencadeadas pelo estresse. Apesar de estar bem estabelecido que roedores
adaptam-se a aplicacdo repetida de estimulos estressores, esta adaptagdo nio ocorre no
protocolo de estresse cronico moderado e imprevisivel (ECMI). Neste protocolo, a
exposicdo a diferentes estressores alternadamente induz elevagdo mantida dos niveis de
corticosterona em ratos (Moreau et al., 1993; Willner, 2005), observada até 15 dias apds a
aplicacdo do estimulo estressor (Neves et al., 2009). Assim, devido a auséncia de adaptacao
aos estressores, 0 ECMI € validado como um modelo experimental de estresse cronico.

Estudo anterior de nosso grupo de pesquisa mostrou que o estresse cronico
moderado e imprevisivel (ECMI) promoveu aumento significativo na espessura do
endotélio e da camada média vascular em aorta tordcica isolada de ratos, além de ter
induzido supersensibilidade a fenilefrina em anéis adrticos com endotélio intacto. Como
este efeito ndo foi observado em anéis sem endotélio e em anéis com endotélio tratados
com inibidor da sintese de oxido nitrico, os autores propuseram que a supersensibilidade a
fenilefrina poderia estar relacionada a redu¢ao do ON endotelial (Neves et al., 2009). Como
esta interpretacdo foi feita de forma indireta, havia a necessidade de avaliacdo da producao
de ON na aorta tordcica para comprovagao da hipétese levantada. Além disso, é importante
avaliar se as alteragdes observadas in vitro na aorta tordcica poderiam estar relacionadas a

alguma alterac@o da pressao arterial.



2- Proposicao
Estudar os mecanismos envolvidos nas alteracdes vasculares induzidas pelo
estresse cronico moderado e imprevisivel, e analisar o impacto destas alteragdes sobre a

pressao arterial em ratos, avaliando:

- aconcentragdo plasmatica de corticosterona e catecolaminas;

- aresposta vasodilatadora a acetilcolina in vitro, em anéis da aorta toréacica isolada;

- as concentragdes de 6xido nitrico e de espécies reativas de oxigénio (EROx) em aorta
tordcica isolada;

- aevolucdo da pressdo arterial durante todo o protocolo experimental.



3- Metodologia

3.1 Delineamento Experimental

Foram utilizados 30 ratos machos Sprague-Dawley, SPF (“Specific Patogen Free”),
com 2 meses de idade no inicio do experimento, fornecidos pelo Centro Multidisciplinar
para Investigacdo Biolégica na Area da Ciéncia em Animais de Laboratério — UNICAMP
(CEMIB), e mantidos no biotério de experimentacao do Laboratério de Estresse, localizado
no Departamento de Ciéncias Fisiolégicas da FOP/ UNICAMP. Os animais foram alojados
em gaiolas individuais e em sala climatizada (22 + 2°C), com ciclo claro/escuro de 12/12
horas (luzes acendendo as 6:00h). Todos os procedimentos foram aprovados pelo Comité
de Etica em Experimentacio Animal do Instituto de Biologia da Universidade Estadual de
Campinas (Protocolo CEEA n°900-1), de acordo com as normas do Colégio Brasileiro de
Experimentacio Animal. Os animais foram alimentados com dieta AIN93M em pé -
formulada para a manutencdo de roedores adultos - (Reeves et al., 1993), contendo 3.6
Kcal/g (14.1% Kcal de proteinas, 75.9% Kcal de carboidratos, 10% kcal de gorduras). Esta
dieta foi sintetizada pela empresa HN&C Nutriexperimental.

Os animais foram divididos aleatoriamente em 2 grupos experimentais: Controle e
Estresse. Apds uma semana de adaptac@o no biotério de experimentagdo, os animais foram
analisados durante 7 semanas. No grupo submetido ao estresse, as aplicagdes dos estimulos
estressores foram realizadas nas semanas 3, 4 e 5 do periodo experimental. Nas 1%, 2%, 6 e
7* semanas, os animais foram submetidos somente aos procedimentos relacionados a
limpeza, alimentacdo e determinagcdo da pressdo arterial. Os animais do grupo controle
foram submetidos apenas aos procedimentos de pressdo arterial, limpeza e alimentagdo
durante todo periodo experimental.

Os ratos foram eutanasiados, por decapitacio, 15 dias apés o término da aplicacdo
do ECMI, no inicio da 8* semana. O sangue foi coletado para posterior dosagem de

corticosterona e catecolaminas. A aorta tordcica foi isolada para andlises funcionais.



3.2 Protocolo de Estresse

Nas 3%, 4* e 5% semanas do periodo experimental, os animais do grupo estresse foram
submetidos ao protocolo de ECMI, conforme estudo anterior (Neves et al., 2009 e 2012). O
protocolo de ECMI consiste na aplicagdo de diferentes estimulos estressores ao longo de 7
dias, repetindo-se os procedimentos por 3 semanas consecutivas, conforme estd detalhado

na tabela 1.

Tabela 1. Protocolo de estresse cronico moderado e imprevisivel.

Manha Tarde
Segunda-Feira 8:00 — 9:00h: Imobilizacdo 13:00 — 14:00h: Imobilizagdo.
18:00h: Iluminagao continua durante a
noite.

Terca-Feira 8:00 — 9:00h: Imobilizag¢ao 14:00 — 15:00h: Imobilizagdo, seguida de
privacdo de dgua e comida durante 18
horas.

Quarta-Feira  8:00 — 10:00h: Acesso restrito a 13:00 — 14:00h: Imobilizagdo, seguida de
comida durante duas horas. privacdo de dgua durante 18 horas.

Quinta-Feira  8:00 — 10:00h: Exposicao a garrafas 14:00 — 15:00h: Imobilizacdo

de dgua vazias. 18:00h: Pernoite em gaiolas com maravalha

11:00 — 12:00h: Imobilizac¢do tmida.
Sexta-Feira 8:00 — 9:00h: Imobilizagao 18:00h: Ciclo Claro/Escuro invertido (até
08:00h da segunda-feira seguinte).
Sabado Ciclo Claro/Escuro invertido Ciclo Claro/Escuro invertido
Domingo Ciclo Claro/Escuro invertido Ciclo Claro/Escuro invertido

Durante a aplicacdo do ECMI, a imobilizag¢do dos animais foi realizada em garrafas

pet de 600 mL, limitando totalmente a movimentac¢do, conforme ilustra a Fig 1.

Figura 1. Imobilizacido dos animais com garrafas pet.
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3.3. Avaliacao da Pressao Arterial

A pressdo arterial e a frequéncia cardiaca foram determinadas semanalmente, nas
sextas-feiras as 14:00h, ao longo de todo o periodo experimental, por meio da conexdo de
um pletismdgrafo a cauda dos animais (Krege et al., 1995), utilizando o equipamento
Visitech Systems Physiological Research Instruments (BP-2000 Blood Pressure Analysis
System — Fig 2), em sala com isolamento acustico para diminuir fontes de ruido que

pudessem interferir nessa avaliacao.

Figura 2. Avaliacdo da pressdo arterial pela conexdo de um pletismégrafo a cauda dos

animais.

3.4. Coleta de Amostras.

Quinze dias apds o término da aplicacio do ECMI os animais foram eutanasiados
por decapitacdo. O sangue foi coletado em tubos com anticoagulante para centrifugacio
(1000G) e obtencao do plasma. As amostras de plasma foram armazenadas em freezer a —
20°C para posteriores dosagens de corticosterona e catecolaminas. Imediatamente apds a
coleta do sangue o térax do animal foi aberto e a aorta tordcica foi isolada e retirada, para
as andlises funcionais e quantitativas. O terco superior da aorta foi limpo e embebido em
solu¢do de Triangle Biomedical Sciences e rapidamente congelado em gelo seco para as
andlises quantitativas de 6xido nitrico e anion superdxido. Do terco médio da aorta, foram

retirados anéis (3-5 mm) para as andlises funcionais (curva concentragao-efeito a ACh).
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3.5. Dosagem de Corticosterona
A concentracdo plasmdtica de corticosterona foi determinada pelo ensaio imuno-
enzimatico ELISA (Enzyme-Linked Immunosorbent Assay), através do uso de kit

comercial Assay Designs® - Ann Arbor, MI, USA.

3.6. Dosagem de Catecolaminas

Para dosagem de catecolaminas, foi utilizado o método HPLC (High-performance
liquid chromatography). O plasma foi submetido a purificacdo conforme descrito por Di
Marco et al., (2003). O sobrenadante foi filtrado (0,22 Mm) e injetado em coluna de fase
reversa. As catecolaminas foram separadas, usando um par 16nico acoplado com detec¢ao
eletroquimica (0,5 V). A separacao isocratica foi obtida usando uma coluna Spheri-5 ODS
5 um. O sistema de HPLC consta de uma bomba (modelo LC- 10 ADVP- Shimadzu),
detector eletroquimico (modelo L-ECD- 6"- Shimadzu), injetor automatico (SIL- 20AC-
Shimadzu), coluna Sum, (4,6x 250 mm), pré-coluna RP 18, 7um (15x3,2mm). As aminas
biogénicas foram separadas por eluicdo isocritica, fluxo de 0,8 mL /minuto durante
aproximadamente 25 minutos, sendo que a fase mdvel foi composta de fosfato de sédio
0,02M (Merck), citrato de sédio 0,02M (Merck), EDTA 0,12 mM (Merck), heptano
sulfénico 566mg/L (Sigma) e metanol (Licrosolv) 10% e ajustado o pH para 2,53 com
acido perclorico a 50 % (Merck). A concentragdo de monoamina foi expressa em pg/mL.
Os célculos foram feitos a partir da seguinte férmula:

Pg A/mL= PsA/PsDHBA x quantidade do padrdo x fator de dilui¢cdo

PstA/PstDHBA

Onde: Ps= area do pico da amina na amostra; A=amina; PsDHBA= 4rea do pico do
DHBA (dihidroxibenzilamina) na amostra; PstA= drea do pico da amina no padrdo; e
PstDHBA= drea do pico de DHBA no padrao. DHBA ¢ o padrao interno de extracdo, usado

para o calculo de recuperacdo nos tempos de retencao esperados.



3.7. Curvas Concentracao-Efeito (CCE) a Acetilcolina em Fragmento de Aorta
Toracica Isoladas

Do terco medial da aorta, foi retirado 1 anel de cada animal. Os anéis (3 a 5 mm)
foram montados sob 2g de tensdo inicial, em cAmara para 6rgdo isolado, contendo 20mL de
solucdo de Krebs-Henseleit, com a seguinte composi¢do [mM]: NaCl 115,0; KCI 4,7;
CaCl,.2H,O 2,5; KH,PO4 1,2; MgS04.7H,0 2,5; NaHCO; 25,0; glicose 11,0; &cido
ascorbico 0,11. Este dltimo foi adicionado para diminuir a oxida¢do das catecolaminas,
durante a obten¢do das CCE. O liquido de incubagao foi borbulhado continuamente com
95% de O, e 5% de CO, e a temperatura foi mantida a 36,5 = 0,1°C, com auxilio de uma
bomba de perfusdo (Moura e Marcondes, 2001; Cunha et al., 2005).

Antes de adicionar qualquer droga, os anéis adrticos permaneceram no banho para
equilibrio por 60 min e a solucdo de Krebs foi trocada a cada 15 min (Moura e Marcondes,
2001). Apds o equilibrio, a presenca do endotélio foi comprovada fisiologicamente pela
inducdo do relaxamento com adi¢do de acetilcolina (10°M) no anel pré-contraido com
fenilefrina (FE) 107"M. Considerou-se que o endotélio estava presente nos anéis que
apresentaram 100% de relaxamento. Os anéis que apresentaram relaxamento inferior a
100%, em resposta a ACh, foram descartados. Apds este teste, o anel foi lavado e mantido
para nova estabilizacdo por um periodo de 45 min, com troca de Krebs a cada 15 min
(Moura e Marcondes, 2001; Cunha et al., 2005).

ApOs estabilizacdo e confirmacio da integridade do endotélio, o anel foi contraido
com FE 10°M. E ao atingir uma resposta em platd a FE, uma curva concentragdo-efeito
cumulativa a ACh foi obtida (3 x 10°® — 10'6M) (Feng et al., 2008; Sun et al., 2008). O
tempo de observacdo da resposta de cada anel da aorta tordcica foi de 5 minutos, para cada
concentracdo adicionada na cuba. O efeito maximo foi determinado quando trés
concentragcdes sucessivas e crescentes do agonista ndo alteravam a resposta obtida. O
relaxamento induzido pela ACh foi expresso em porcentagem da pré-contragdo produzida
pela fenilefrina.

As CCE foram analisadas por regressio ndo linear, usando-se o programa

GraphPAD prism (San Diego, CA, USA — licenca G3-A 14920-830).



3.8. Determinaciio da Produciio de Oxido Nitrico (ON) em Anéis Aorticos in vitro — Método
do 4,5 Diacetato de Diaminufluoresceina (DAF-2)

Do ter¢o superior da aorta tordcica, foi coletado 1 anel aértico ( £ 1cm) de cada animal, o
qual foi limpo e embebido em pequenas formas de plastico contendo Triangle Biomedical
Sciences (TBS) e rapidamente congelado em gelo seco. Para conservar as amostras, elas
foram mantidas no freezer -80°C até o momento da dosagem. As amostras foram
transportadas ao Laboratério de Farmacologia do Instituto de Ciéncias Biomédicas (ICB/USP)
sobre refrigeracdo para a respectiva dosagem. Dos blocos de TBS, contendo as amostras, foram
obtidos cortes transversais (7 pum) no criostato a -25°C e colocados em laminas de vidro
contendo poli-L-lisina para fixacdo da amostra. De cada amostra (bloco) que corresponde a
1 animal, foram obtidos trés cortes e colocados em uma unica lamina. Para determinar a
producdo de ON utilizou-se o marcador fluorescente sensivel que reage com ON, o 4,5
diacetato de diaminofluoresceina (DAF-2). As 1aminas (contendo as amostras) foram secas
na plataforma aquecida e depois as amostras foram hidratados a 37°C com tampao fosfato
0,1 M, que contém 0,45 uM CaCl, e 100 pM L-arginina (PB+Ca**, pH 7,4) por 10 minutos.
Apos este processo a solucdo foi retirada e foram adicionados nos 3 cortes 100uL de
PBKhM,wmbumcmwobwﬂﬁnmmmUmddsmmmamdmmdmumwanHMuMde
acetilcolina (estimulado). Passados 30 minutos, esta solugcdo foi retirada e os cortes foram
incubados com PB+Ca®" contendo 0,1 uM DAF-2, em ambiente escuro. Os cortes
estimulados receberam 100 pM de acetilcolina e o basal 100puL de PB+Ca**. Apés 1 hora
de incubacdo, as imagens digitais foram capturadas em microscopio (Nikon E1000)
equipado com epifluorescéncia (excitacdo de 485nm; emissdo de 538nm); objetiva de 20x.
As imagens foram analisadas em software (KS-300) pelo qual foi avaliada a densidade
Optica média de fluorescéncia observada no endotélio. Os resultados foram expressos como
aumento de producdo ON em relacdo a produgdo basal de ON. As avaliagdes foram
realizadas em trés campos de cada corte (Akamine et al., 2006a e 2006b, Franco et al.,

2009).
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3.9. Analise quantitativa de Espécies Reativas de Oxigénio (EROx).

Para a medida da geracdo de anion superdxido foram utilizados os mesmos blocos
de TBS contendo o ter¢o superior da aorta utilizados para a metodologia do ON. A
avaliacdo foi determinada pela hidroetidina, substancia permedvel a membrana celular, que
na presenga de superdxido € transformada no composto fluorescente brometo de etidio. Os
cortes transversais de aorta toracica (7 mm) foram obtidos em criostato a -25°C, coletados
em laminas de vidro contendo poli-L-lisina e incubados com hidroetidina 2x10° M (30
min, 37° C) em tamp@o fosfato (0,1M). Apés o periodo de incubagdo, as imagens digitais
foram coletadas em microscopio (Nikon E1000) equipado com epifluorescéncia e as
imagens foram analisadas em software (KS-300) pela avaliacdo da densidade 6ptica média
de fluorescéncia. Essa razdo de fluorescéncia foi avaliada em trés campos de cada corte e
foram usadas seis aortas de diferentes animais de cada grupo experimental (Akamine et al.,

2006a e 2006b, Franco et al.,2009).

3.10. Analises Estatisticas

Para andlise dos dados obtidos ao final do experimento, foi utilizado o Teste ¢ de
Student para comparagdo dos grupos controle e estresse.

Para a andlise dos dados obtidos semanalmente referentes a pressdo arterial foi
utilizada Andlise de Variancia para medidas repetidas — Modelo Misto, seguidos do Teste
de Tukey-Kramer para comparacao multipla das médias.

Valores de p menores do que 0,05 foram indicativos de significancia estatistica. Os

resultados foram apresentados como médias * erros-padriao das médias.
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4- Resultados

No inicio do experimento os animais dos grupos controle e estresse nao
apresentaram diferenca no peso corporal (Fig. 3; p > 0,05). O peso corporal final,
determinado 15 dias ap6s o fim do ECMLI, foi significativamente maior em relagdo ao peso
inicial, tanto em ratos controle quanto aos que foram submetidos a estresse (Fig. 3; p <
0,05). Porém, animais submetidos ao ECMI apresentaram menor peso corporal final

quando comparados ao grupo controle (Fig. 3; p < 0,05).
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Figura 3. Peso inicial e final de ratos dos grupos controle e estresse. * Diferenca em
relagdo ao peso inicial do mesmo grupo. # Diferenga em relacdo ao peso final do grupo
controle (p < 0,05). N = 15/grupo (p<0,05; ANOV A bifatorial + Tukey).

Quinze dias apds a aplicacdo do ECMI, animais submetidos a estresse apresentaram
aumento nas concentragdes plasmaticas de corticosterona, noradrenalina e adrenalina, em

relacdo aos animais do grupo controle (Fig. 4; p < 0,05).
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Figura 4. Concentracdo plasmdtica de corticosterona (A), noradrenalina (B) e adrenalina
(C) de ratos dos grupos controle e estresse. N = 10/grupo. *Diferenca significativa em
relac@o ao grupo controle (p<0,05; teste ¢ de Student).
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As curvas concentragdo-efeito obtidas in vitro na aorta tordcica mostraram que o
ECMI reduziu para 61% a resposta vasodilatadora a ACh em relagdo ao grupo controle, no
qual foi observado 96% de relaxamento induzido pela ACh (Fig. 5; p < 0,05). Nao houve
diferenga significativa, entre os grupos controle e estresse, na sensibilidade da aorta
tordcica a ACh, determinada pela concentracdo de ACh que induziu 50% da resposta

mdxima: controle (3,8 +/- 0,62 x 10°M) e estresse (9,3 +/- 0,63 x 10°°M).
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Figura 5. Curvas concentracido-efeito a ACh obtida de anéis pré-contraidos com
fenilefrina. Os anéis foram obtidos da aorta tordcica isolada, de ratos controle (N = 6) e de
ratos submetidos a estresse cronico moderado e imprevisivel (N = 5). A resposta estd
expressa em porcentagem de pré-contracdo induzida pela fenilefrina. *Diferenca
significativa em relacdo ao grupo controle, no valor da resposta maxima (p < 0,05; teste ¢
de Student).

Na aorta tordcica de animais submetidos ao protocolo de ECMI, observou-se
reducdo da produgdo endotelial de 6xido nitrico, em reposta a ACh, quando comparada a

producdo observada no tecido isolado de ratos controle (Fig. 6; p<0,05).
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Figura 6. (A) Imagens digitais coletadas de anéis adrticos estimulados com acetilcolina do
grupo controle e estresse. (B) Porcentagem de producdo de 6xido nitrico endotelial (ON),
determinada a partir da avaliacdo da densidade 6ptica média de fluorescéncia, em anéis
aorticos isolados de ratos dos grupos controle e estresse (n = 6 animais/grupo). *Diferenca
significativa em relagc@o ao grupo controle (p < 0,05; teste ¢ de Student).

Aortas tordcicas isoladas de animais submetidos ao ECMI apresentaram aumento na

producdo de espécies reativas de oxigénio (EROx) em relagdo ao grupo controle (Fig. 7;
p<0,05).
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Fig. 7. (A) Imagens digitais das sec¢Oes transversais de anéis adrticos, tratados com
hidroetidina dos grupos controle e estresse. (B) Resultados expressos pela marcacdo
quantitativa de espécies reativas de oxigénio (EROx) em aorta tordcica dos grupos controle
e estresse (n = 6 animais/grupo). *Diferenca significativa em relacdo ao grupo controle (p <
0,05; teste t de Student).
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Os animais estressados apresentaram aumento da pressao arterial média e diastélica
nas semanas 3, 4, 5 e 6 do periodo experimental, quando comparados aos animais controle
(Fig. 8A e 8C; p<0,05). A pressdo arterial sistolica dos animais submetidos ao estresse foi
significativamente maior em relacdo ao grupo controle, nas semanas 4, 5 e 6 do periodo

experimental (Fig. 8B; p<0,05), sem diferenca na frequéncia cardiaca (Fig 8D; p < 0,05).
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Fig. 8. Pressdo arterial média (A), sistélica (B), diastdlica (C) e freqiiéncia cardiaca (D) dos
grupos controle e estresse, determinada por pletismografia de cauda, ao final de cada
semana do periodo experimental. * Diferenca significativa em relagdo ao grupo controle (p
< 0,05; Anova para medidas repetidas). N= 12/grupo.
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5- Discussao

Neste estudo, observamos que o ECMI causou disfun¢do endotelial em ratos
Sprague-Dawley, associada a reducdo da biodisponilidade de 6xido nitrico na aorta tordcica
e elevacdo da pressao arterial.

A significativa elevacdo da concentracdo plasmdtica de catecolaminas e de
corticosterona, observada em animais submetidos ao ECMI, comprovou a efetividade do
protocolo experimental de estresse utilizado, bem como a auséncia de adaptacdo a este
protocolo, e estd de acordo com os estudos de Moreau et al., (1993) e Willner, (2005). E,
conforme previamente demonstrado por nosso grupo de pesquisa (Neves et al., 2009 e
2012), os niveis aumentados dos hormonios do estresse, observados 15 dias apds a
aplicacdo dos estimulos estressores, confirma que o protocolo de ECMI utilizado permite a
andlise dos efeitos do estresse cronico a longo prazo.

O menor ganho de peso corporal dos animais estressados, em relacdo ao grupo
controle, também confirma a efetividade do protocolo de estresse cronico. As
catecolaminas e os glicocorticoides, além de promoverem aumento do cronotropismo e
inotropismo cardiaco (Roy et al., 1998; Tanno e Marcondes, 2002; Luecken et al., 2005),
também desempenham um papel fundamental na mobilizacdo de substratos energéticos
para o sistema nervoso central (SNC) e tecido muscular em situacdo de estresse. Estes
hormonios estimulam a glicogenolise, lipdlise e protedlise (Chrousos, 1998; Ottenweller,
2000). Desta forma, o menor ganho de peso observado no grupo submetido ao ECMI pode
estar relacionado aos efeitos catabdlicos das catecolaminas e glicocorticéides.

Com relagdo aos efeitos vasculares do ECMI, Neves et al., (2009) observaram que o
mesmo protocolo utilizado no presente estudo havia induzido supersensibilidade a
fenilefrina na aorta toracica, com endotélio intacto, isolada de animais estressados em
relacdo ao grupo controle. Como ndo havia sido observada alteracdo em anéis sem
endotélio ou em anéis pré-tratados com o inibidor da sintese de 6xido nitrico, os autores
sugeriram que a supersensibilidade a fenilefrina poderia estar relacionada a menor
biodisponibilidade de 6xido nitrico. No presente estudo, a menor resposta vasodilatadora a
acetilcolina, associada a menor producdo de 6xido nitrico na aorta tordcica isolada de
animais estressados, em comparagdo ao grupo controle, confirmam que o ECMI induz

disfunc¢do endotelial e reduz a biodisponibilidade de 6xido nitrico na aorta toréacica de ratos.
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Outros estudos demonstraram que os efeitos vasculares sao dependentes de
caracteristicas genéticas dos animais. Bernatova e Csizma-Diova (2006) evidenciaram que
o0 estresse cronico por superpopulagdo reduziu o relaxamento vascular induzido por ACh na
artéria femoral e diminuiu a atividade da 6xido nitrico sintase na aorta, em ratos adultos
pré-hipertensos, filhos de maes normotensas. Porém nao houve alteracdo na atividade da
o0xido nitrico sintase na aorta de ratos Wistar normotensos submetidos ao estresse por
superpopulacdo (Bernatova et al., 2007).

Na literatura estdo descritos vdrios mecanismos envolvidos na reduc¢do da
biodisponibilidade de 6xido nitrico: diminui¢io da atividade ou expressdo da enzima 6xido
nitrico sintase endotelial (Wilcox et al.,1997); alteracdes na sinalizacdo celular de modo
que a 6xido nitrico sintase endotelial ndo seja apropriadamente ativada (Shimokawa et al.,
1991); degradagdo acelerada da oxido nitrico sintase endotelial; auséncia de substrato L-
arginina; aumento da producdo de espécies reativas de oxigénio (EROXx), as quais reagem
em alta velocidade com o 6xido nitrico, inativando — o (Zanchi et al., 2000).

Dentre as moléculas que exploram a quimica oxidante do superéxido, a hidroetidina é
a que tem sido amplamente utilizada como marcador da producdo de anion radical
superdxido, principalmente pela facil observacdo em microscopia de fluorescéncia em
células e tecidos (Bindokas et al., 1996; Miller et al., 1998). No presente estudo, o uso
desta metodologia evidenciou que o ECMI aumentou significativamente a produgdo de
EROx, caracterizando um quadro de estresse oxidativo vascular.

O desequilibrio oxidativo ocorre quando existe uma maior producdo de EROx ou
uma menor atividade dos mecanismos antioxidantes. Neste caso instala-se o chamado
estresse oxidativo, que estd envolvido em diversas condi¢des patoldgicas destacando a
hipertrofia das células vasculares, hipertensdo arterial, aterosclerose e eventos
tromboembdlicos (Touyz e Schiffrin, 2004; Nascimento et al., 2005). Este resultado estd de
acordo com o aumento da camada média da aorta tordcica e indice aterogénico, também
induzido pelo ECMI, observado em estudo anterior (Neves et al., 2009).

Outro trabalho desenvolvido por nosso grupo de pesquisa mostrou que o ECMI
aumentou significativamente a atividade tecidual da enzima conversora de angiotensina
(ECA) na aorta tordcica, a atividade da renina e ECA circulantes e as concentragdes

plasmaticas de angiotensina II (Sanches, 2012). Considerando que, no tecido vascular, a
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angiotensina II estimula a produgdo de espécies reativas de oxigénio, o que diminui a
biodisponibilidade de 6xido nitrico, resultando em injiria do vaso (Hsueh et al., 2004), o
aumento de EROx observado no presente estudo, poderia estar relacionado ao aumento da
atividade do sistema renina angiotensina induzido pelo ECMI. Estudos estdo em andamento
para avaliar esta hipétese.

A alteracdo da atividade da enzima 6xido nitrico sintase endotelial também poderia
estar relacionada a menor biodisponibilidade de 6xido nitrico, induzida pelo ECMI. A
oxido nitrico sintase endotelial € um citocromo p450 redutase que requer o cofator BHy
ligado ao seu grupo heme para transferir elétrons a L-arginina e formar citrulina e 6xido
nitrico. Portanto, a reducdo ou auséncia de BH4 ou de L-arginina pode reduzir a producio
de 6xido nitrico endotelial (Pou et al., 1992).

A reducgdo ou auséncia de BHy também estd relacionada ao aumento da produgio
endotelial de anion radical superdxido (O27) e peréxido de hidrogénio (H,O,). Esse
fenomeno tem sido referido como desacoplamento da 6xido nirico sintase endotelial
(Wattanapitayakul e Bauer, 2001; Wassmann et al., 2004) e se refere a situacdo em que a
transferéncia de elétrons da 6xido nirico sintase endotelial ndo se completa de modo
adequado. Estes elétrons que “vazam” durante a atividade enzimatica sao captados pelo
oxigénio molecular que €, por exceléncia, o aceptor de elétrons em organismos aerdbicos
gerando o radical superéxido (O, + elétrons — O,7) e per6xido de hidrogénio (Harrison
1997; Vasquez-Virar et al., 1998).

De acordo com Mitchell et al., (2003 e 2004), os glicocorticdides em excesso podem
promover a reducdo da expressio de RNAm para a producdo de guanosina trifosfato
ciclohidrolase 1, uma enzima fundamental para a sintese do cofator BH4. Portanto, ndo é
possivel descartar a hipdtese de que a elevacdo mantida da corticosterona plasmatica,
observada em resposta ao ECMI, poderia reduzir a producdo do cofator BH4, diminuindo a
atividade da enzima 6xido nitrico sintase, favorecendo a producdo de radicais livres na
aorta torécica de ratos.

Outro fator que poderia estar envolvido na disfun¢do endotelial observada no presente
estudo € a insulina. Neves et al., (2012) observaram que o mesmo protocolo de ECMI
utilizado no presente estudo promoveu aumento do indice HOMA (Homeostasis Model

Assessment) (Sondergaard et al., 2006), e da drea sob a curva no teste de tolerancia a
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glicose de ratos estressados em relacdo ao grupo controle, mostrando que o ECMI induziu
resisténcia a insulina.

A associacdo entre disfunc¢do endotelial e resisténcia a insulina foi demonstrada por
diferentes autores. A suplementacio com BH,; melhorou a resposta vascular endotélio-
dependente a acetilcolina na aorta de ratos resistentes a insulina (Meininger et al., 2000) e
restabeleceu a vasodilatagdo endotélio-dependente (Akamine ef al., 2006a). Ratos
resistentes a insulina tratados com insulina, por quatro semanas, apresentaram aumento de
BH, na aorta (Shinozaki er al., 1999). A adi¢do de insulina em culturas de células
endoteliais aumentou os niveis intra e extracelulares de BH,4 (Ishii ef al., 2001). Akamine et
al., (2006a) observaram que a reducdo na produgdo de 6xido nitrico foi parcialmente
corrigida pelo tratamento com insulina. Com base nestas evidéncias, futuros estudos
deverdo ser desenvolvidos para investigar a relacdo entre resisténcia a insulina e as
alteracoes vasculares induzidas pelo ECML

No presente estudo também avaliamos o impacto das alteracdes vasculares induzidas
pelo ECMI, observadas in vitro, sobre a pressao arterial. O ECMI aumentou a pressdo
arterial média, sistolica e diastlica nas semanas 4, 5 e 6, sem alteracio na frequéncia
cardiaca. E na semana 3 do periodo experimental, também observamos aumento da pressao
arterial média e diastdlica. Estes dados estdo de acordo com Grippo et al., (2002) que
relataram que o estresse cronico induziu o aumento na pressao arterial em ratos.

Como o aumento da pressdo arterial sistdlica e diastolica, observado a partir da
terceira semana do periodo experimental, ndo foi acompanhado de alteracio da frequéncia
cardiaca, é possivel concluir que os efeitos pressoéricos do ECMI estdo relacionados ao
aumento da resisténcia periférica total, e ndo a estimulacdo simpdtica do cronotropismo
cardiaco.

No estudo de Ramos et al. (2006), ratos Wistar foram tratados com N-nitro-L-
arginina-metil-ester (L-NAME), um potente inibidor da sintese de 6xido nitrico. Este
tratamento causou um aumento na pressao arterial sistlica, média e diastdlica em relagao
aos animais controle. Assim como os animais tratados com L-NAME, os ratos submetidos
ao ECMI também tiveram aumento da pressdo arterial. Em condicdes fisioldgicas, o
relaxamento vascular ocorre quando receptores de membrana das células endoteliais sdo

ativados por alguns estimulos, a saber: acetilcolina, bradicinina, adenosina difosfato,
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serotonina ou quando hd um aumento do atrito exercido das células sanguineas sobre a
camada endotelial (shear-stress/ forca de cisalhamento), levando a ativacdo da enzima
oxido nitrico sintase endotelial presente nestas células e a consequente produgdo de 6xido
nitrico (Busconi e Michel, 1993). O shear stress induz aumento da producdo de 6xido
nitrico pela maior expressdo do gene da 6xido nitrico sintase nas células endoteliais através
de ativacdo da via tirosina cinase (Grahan e Rusch, 2004; Higashi e Yoshizumi; 2004).
Considerando estas informagdes, podemos sugerir que a menor biodisponibilidade de 6xido
nitrico induzida pelo ECMI poderia levar a aumento da resisténcia periférica e da pressao
arterial.

Os resultados obtidos no presente estudo sugerem alguns mecanismos que
possivelmente estdo contribuindo para a ocorréncia da disfuncio endotelial e aumento da
pressdo arterial induzida pelo ECMI. Todavia, além da menor biodisponibilidade de 6xido
nitrico, outras substancias vasoativas derivadas do endotélio também podem estar alteradas,
tais como o fator hiperpolarizante derivado do endotélio (EDHF), prostaciclina, endotelina-
1 e tromboxano A2 (Mombouli e Vanhoute, 1999; Carvalho et al., 2006), os quais devem
ser investigados. As hipdteses propostas da participacdo de uma possivel reducdo do
cofator BH4, da resisténcia a insulina e do aumento da atividade do sistema renina -
angiotensina na disfuncdo endotelial e aumento da pressdo arterial induzidos pelo ECMI
deverdo ser investigadas em estudos futuros para melhor compreensdo dos mecanismos

envolvidos nos efeitos cardiovasculares do estresse cronico.
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6- Conclusoes

O ECMI causou disfun¢ao endotelial em ratos e este efeito estd associado a redugao
da biodisponibilidade de 6xido nitrico e aumento de radicais livres na aorta toricica, e

aumento da pressdo arterial.
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ANEXO 2

ARTIGO PUBLICADO

Este artigo compreende parte dos dados obtidos nesta dissertacao de mestrado (curvas concentracao
efeito a acetilcolina em aorta toracica de ratos submetidos ao ECMI). Os demais resultados
apresentados nesta dissertacdo fardo parte de outro artigo cientifico, em conjunto com outros

resultados experimentais obtidos pelo grupo de pesquisa.
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Abstract

The aim of this study was to evaluate vascular and metabolic effects of chronic mild unpredictable stress (CMS) and
hypercaloric diet (HD) without carbohydrate supplementation in rats. Male Sprague-Dawley rats were randomly assigned to
four groups: Control, HD, CMS, and HD plus CMS. CMS consisted of the application of different stressors for 3 weeks. The
rats were killed 15 days after CMS exposure. The HD group presented higher plasma lipid concentrations, without changes in
fasting glucose concentration, glucose tolerance test, and vascular function and morphology, in comparison with the control
group. Stressed rats presented higher fasting blood concentration of insulin, higher homeostasis model assessment index
values and area under the curve in an oral glucose tolerance test, in comparison with non-stressed rats. CMS increased the
plasma concentrations of corticosterone and lipids, and the atherogenic index values, without change in high-density
lipoprotein level. CMS increased intima-media thickness and induced endothelium-dependent supersensitivity to
phenylephrine, and lowered the relaxation response to acetylcholine in the thoracic aorta isolated from rats fed with control
or HD, in comparison with non-stressed groups. CMS effects were independent of diet. In non-stressed rats, the HD induced
dyslipidemia, but did not change glucose metabolism, vascular function, or morphology. The data from this study indicate
that CMS promotes a set of events which together can contribute to impair function of the thoracic aorta.

Keywords: Aorta, endothelium, insulin resistance, nitric oxide, lipids, stress

Introduction atherosclerosis than would be expected on the basis of
amodest elevation of serum lipids (Kaplan et al. 1983).

As exposure to chronic stress also correlates with an
increasing incidence of visceral obesity, insulin
resistance, hypertension, and atherosclerosis, stress
has been recognized as a risk factor for cardiovascular
and metabolic diseases (Kyrou and Tsigos 2007;
Shively et al. 2009). However, in response Lo siress,
some people lose weight while others gain weight

In Western societies, regular consumption of hyper-
caloric diets (HDs) and obesity are often associated
with the occurrence of metabolic and cardiovascular
diseases. Atherogenic dyslipidemia is a major under-
lying cause for the development of atherosclerosis
(Sheril et al. 2009). However, a high-fat, high-sugar
diet alone cannot account for the current epidemic of

obesity (Ludwigh 2003) and coronary heart disease
(Gu et al. 2009). Moreover, despite the association
between atherosclerosis and increase in serum lipid
concentration, many individuals develop severe ather-
osclerotic lesions while they have low serum lipid
concentration, and others develop far more severe

and the mechanisms involved in the reladonships
among chronic stress, visceral obesity, dyslipidemia,
and cardiovascular diseases have not yet been
completely clarified.

Animal experimentation is a useful tool to
complement clinical research and epidemiological

Correspondence: E. K. Marcondes, Departamento de Ciéncias Fisiologicas, Faculdade de Odontologia de Piracicaba, Universidade Estadual
de Campinas, Avenue Limeira, 901-Vila Areifo, 13414-903 Piracicaba, SP, Brazil. Tel/Fax: 55 19 2106 5380/2106 5212. E-mail:

fklein(@fop.unicamp.br
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data. Rodents generally adapt to repeated application
of stressors; however, this does not occur if the
presentation of stimuli is unpredictable, as it is in
chronic mild unpredictable stress (CMS). (Moreau
et al. 1994; Moreau 1997). In a previous study (Neves
et al. 2009), it was observed that CMS induced
proatherogenic changes in rats and that this effect
seems to be related to a decrease in the bioavailability
of endothelial nitric oxide (NO) induced by stress.
Here, we tested the hypothesis that CMS would
adversely alter vascular function independently of
high-fat diet.

Since insulin resistance and dyslipidemia are
involved in atherogenesis and endothelium dysfunc-
tion, the aim of the present study was to evaluate
the effects of CMS and high-fat HD on the reactivity
of thoracic aorta to phenylephrine and acetylcholine,
morphology of the thoracic aorta, blood lipid
concentrations, and glucose metabolism.

Materials and methods
Animals and experimental design

Seventy-two male Sprague-Dawley rats (60 days old;
290340 g) were randomly assigned to four groups:
Control, HD, CMS, and HD plus CMS
(HD + CMS). Rats were housed one per cage at
22 = 2°C with lights on from 06:00 to 18:00 h, and
received filtered water ad libinom. All procedures were
approved by the UNICAMP Committee on Animal
Research Ethics (Protocol number 900-1) and were in
accordance with the guidelines of the National
Council of Control of Animal Experimentation
(CONCEA).

For 7 weeks, the control and CMS groups were fed
a control diet based on AIN-93M, formulated for the
maintenance of adult rodents (Reeves et al. 1993),
containing 3.6 kcal/g (14.1% kcal protein, 75.9% kcal
carbohydrate, 10.0% kcal fat). The HD and
HD + CMS groups received a modified high-fat but
not high-sugar HD, based on a purified moderately
high fat (PMHF) diet (Lauterio et al. 1994) contain-
ing 4.41 kcal/lg (16.8% kcal protein, 51.4% kcal
carbohydrate, 31.8% kcal fat). In this study, all the
butterfat (52 g) and corn o0il (118 g) in the PMHF diet
were replaced by coconut fat (44.2 g) and soybean oil
(118 ¢g), respectively. The soybean oil was used to
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replace corn oil because it was also used in the control
diet, and because the literature has postulated that it
may contribute to promoting insulin resistance in
rodents (Bueno et al. 2008). The coconut fat replaced
butterfat to increase the amount of saturated fatty
acids (SFA). Coconut fat is a highly saturated fat
(containing >76 g SFA/100g fat), rich mainly in
lauric, myristic and palmitc acids, which have been
shown to be capable of promoting dyslipidemia in rats
(Kamgang et al. 2005; Silva et al. 2006).

Stress protocol

The CMS protocol used in this study is based on the
model described by Moreau (1997) and modified
according to Neves et al. (2009). It consisted of the
applicatnon of different stressors for 7 days per week
for a period of three consecutive weeks (from the 3rd
to 5th week) as described in Table 1. In this CMS
model, a different stressor is presented every day and it
does not allow the rodents to adapt to the stressors.
The absence of adaptation was confirmed in a pilot
study carried out in our laboratory; plasma corticos-
terone determinations showed that 1 and 15 days after
the end of CMS, stressed rats had higher corticoster-
one concentrations (32.6 = 2.4; 21.2 £ 0.9ng/mL,
respectively) in comparison with non-stressed rats
(2.4 £ 0.4ng/mL.). As the aim of this study was to
evaluate long-term effects of CMS, the metabolic and
vascular evaluations were carried out 10 or 15 days
after CMS. Control rats were subjected only to the
procedures related to their normal care.

Oral glucose tolerance test and homeostasts model
assessment (HOMA index)

Ten days after stress, the rats were fasted for 6 h prior
to the collection of tail blood in heparin-coated tubes
for subsequent determination of fasting glucose and
insulin concentrations. Bertween 13:00 and 14:00 h,
the rats were anaesthetized with Halothane, the tail
was cut and blood samples were collected to
determine the glucose and insulin fasting concen-
trations. Immediately afterwards, an oral glucose load
(2g/kg) solution was administered by oral gavage.
Additional blood samples were collected without
additional anesthesia at 30-, 60-, 90-, and 120-min

Chronic mild unpredictable stress procedure.

Afternoon

Table L.
Morning
Monday 08:00h, 1 h immobilization
Tuesday 08:00h, 1 h immobilization
Wednesday 08:00 h, access to food restricted for 2h
Thursday 08:00h, exposure to empty water bottle
for 2h; 11:00h, 1 h immobilization
Friday 08:00h, 1 h immobilization

13:00h, 1h immobilization; 18:00 h, overnight illumination

14:00h, 1h immobilization followed by water and food deprivation for 18h
13:00h, 1 h immobilization followed by water deprivation for 18h

14:00h, 1h immobilization; 15:00h, wet bedding for 17h

18:00h, reversed light/dark cycle throughout the weekend
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tume intervals. The blood collected for all analysis was
obtained from the same site as the first bleeding,
which was halted by applying a tourniquet. In each rat,
only one tail cut was made. Plasma fasting insulin
concentration was measured with a commercially
available kit (LINCO Research®, St Charles, MO,
USA) with a sensitivity of 3.4 pmol/L. Blood glucose
was measured using the Prestige LX® glucosimeter.
The homeostasis model assessment (HOMA) index
was used to assess insulin resistance and it was
calculated by the formula: [fasting plasma glucose
(mmol/L) X fasting plasma insulin (pU/mL)]/22.5
(Sendergaard et al. 2006).

Analytic methods and tissue collection

All the rats were killed by decapitation 15 days after
the end of stress, without previous anesthesia to avoid
anesthetic-induced increase in plasma corticosterone
concentrations (Vahl et al. 2005). Trunk blood was
collected in heparin-coated tubes, and the plasma
was used to determine corticosterone and lipids by
enzymatic colorimetric assays. The thoracic aorta was
isolated. Three depots of visceral white adipose tissue,
which have been associated with insulin resistance and
cardiovascular diseases, were carefully removed and
weighed. The above-mentoned depots were the
epididymal far pad (around the testis and ductus
deferens), retroperitoneal (located on the border
between the spine and the posterior abdominal wall)
and perirenal fat pad (along the posterior wall from the
kidney to the hip region) (Cinti 2005; Tran and Kahn
2010). The ratio of total fat pad weight to final body
weight was calculated (Levin et al. 2000).

Corticosterone was assayed using the Corticoster-
one Enzyme Immunoassay Kit (Assay Designs®,
Ann Arbor, MI, USA), with sensitivity of
0.027 ng/mL., the intra- and inter-assay coefficients
of variation being 7.7 and 9.7%, respectvely. Total
cholesterol (T'C) was assayed using a commercially
available kit (Laborlab®, Guarulhos, SP, Brazil), with
sensitivity of 0.03 mmol/L; the intra- and inter-assay
coefficients of variation were 3 and 2.7 %, respectively.
Triglycerides (TGL) were also assayed using
the Laborlab® kit, with sensitivity of 0.02 mmol/L.
High-density lipoprotein (HDL) was determined
using the Laborlab® kit, with sensitivity of
0.01 mmol/L.. The Friedewald’s formula: low-density
lipoprotein (LDL) = TC — HDL — (TGL X 0.2)
was used to determine the plasma LDL concen-
trations (Friedewald et al. 1972). The atherogenic
index (AI) was determined using the formula: Al =
TC — HDL/TC (Kamgang et al. 2005).

Concentration-effect curves

The middle porton of thoracic aorta was excised free
of fatty and connective tissue and then cut into two
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3-mm-long to 5-mm-long rings. One ring was
manipulated carefully to avoid damaging the endo-
thelium, and the intmal surface of the second ring was
scraped gently with a scalpel blade to remove the
endothelial layer. The rings were suspended ina 20 mLL
organ bath containing Krebs—Henseleit solution.
(Moura and Marcondes 2001). The aortic rings were
connected to an isometric force transducer model
7004 (Ugo Basile, Varese, Italy), which was in turn
connected to an Ugo Basile 2-channel Gemini
recorder model 7070 (Ugo Basile) for registration of
contractile responses. Concentraton-effect curves
(CEC) were obtained for aortic rings with and without
endothelium to determine whether there were changes
in the contractile activity of the thoracic aorta and
whether the change was endothelium dependent, or
was mediated directly by changes in the vascular
smooth muscle (Cunha et al. 2005; Neves etal. 2009).

After 60min of stabilization, the intactness of the
endothelium was assessed by determining the vasodi-
lating response to acetylcholine (1 pM) in rings pre-
contracted with phenylephrine (0.1 wM). Only aortic
rings that presented 100% relaxation by acetylcholine
were considered to have an intact endothelium.
The effectiveness of mechanical removal of the
endothelium was confirmed by the complete absence
of response to acetylcholine. The aortic rings
were rinsed and allowed to re-equilibrate for 60 min.
One cumulatve CEC for phenylephrine (0.1nM-
0.1 mM) was obtained in each ring and the maximum
response was evidenced when an increase in agonist
concentration did not produce any additional
response (Cunha et al. 2005; Neves et al. 2009).
Changes in thoracic aorta sensitivity to phenylephrine
were evaluated by determining the concentration
that produced 50% of the maximum response and
were expressed as the mean negative logarithm (pD»).

To evaluate the role of NO in modulating the
thoracic aorta sensitivity to phenylephrine, aortic rings
with intact endothelium, obtained from other rats
subjected to the same treatments, were isolated as
described above and were incubated with the NO
synthesis inhibitor, N®-nitro-L-arginine methyl ester
(L-NAME) (10 n.M) for 40 min. A CEC for phenyl-
¢phrine was obtained in the presence of L-NAME.

A CEC for acetylcholine was obtained in endo-
thelium-intact thoracic aorta rings isolated from other
rats subjected to the same treatments. In these
experiments, the aortic rings with intact endothelium
were pre-contracted with phenylephrine (1 pM). After
stabilizing the contractile response to phenylephrine,
acetylcholine (0.1nM-0.1mM) was cumulatively
added into the bath medium to induce relaxation.
The relaxation responses were expressed as percen-
tages of the response to phenylephrine (1 pM).

The stock solutions of phenylephrine and acetyl-
choline (Sigma Chcmical®, St Louis, MO, USA) were
dissolved in 2% ascorbic acid and stored at — 10°C for



1 week. The dilutions for the CECs were prepared
immediately before use and later discarded. For the
Krebs—Henseleit solution, standard salts (Merk®,
Darmstadt, Germany) were prepared in deionized
water. The quality of the water was assessed weekly by
measuring its conductivity and pH.

Morphometric study

To evaluate whether the functional changes in the
aorta observed in the CEC were associated with
morphological alterations, the inferior third of the
thoracic aorta beginning 5 mm above the diaphragm
muscle was placed in Karnovsky’s fixative (Karnovsky
1965). In a previous analysis, we observed that the
supersensitivity to phenylephrine observed in CEC
obtained in the middle portion of thoracic aorta was
also observed in its inferior third. Therefore, in order
to decrease the number of rats used in the
experiments, the morphometric study was carried
out in the inferior third of the aorta isolated from the
same rats from which aortas were used for obtaining
the CEC to phenylephrine in the presence of
L-NAME. The aorta fragments were washed in 1%
osmium tetroxide in 0.1 M phosphate buffer, pH 7.3,
for 2h at room temperature and dehydrated with 50,
60, 70, 90, and 100% acetone. The fragments were
embedded in Araldite-502 resin (Luft 1961), and
polymerized for 48 h at 60°C.

Semi-thin (1 wm) transverse sections of the aorta
were cut on a SORVALL® Porter-Blum MT2-B
ultramicrotome with a glass knife, and collected at
10 pm intervals. The sections were stained with 0.5%
toluidine blue in 1% sodium borate for 50 s followed
by 1% basic fuchsin for 30s. Five sections of each
aorta in five rats per group were obtained, totaling 25
sections in each studied group for analysis by light
MICroscopy.

The measurements of total intima-media thickness
(IMT) were made using a photomicroscope (Carl
Zeiss, Oberkochen, West Germany) connected to a
millimeter eyepiece (Ernest leitz, Wetzlar, Germany,
12.5X), and using a millimeter ruler (Carl Zeiss
5 4+ 100/100 mm) for calibration. To calculate the
IMT, 24 measurements were made in each section,
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using a 25X objective lens and 1.6X optovar,
considering the IMT limits to be between the luminal
surface and external elastic lamina. The IMT results
are shown in micrometers (Neves et al. 2009).

Staristical analysis

Statistically significant differences were determined
by two-way analysis of variance (ANOVA) followed by
the Tukey test for multiple comparisons of means
(p < 0.05). Stress and diet were considered the main
factors, and their interaction was also analyzed. Values
are presented as means = SE of the means (SEM).

Results

Two-way ANOVA carried out on plasma corticoster-
one concentration evidenced a significant main effect
of stress [F(1,44) = 60.14, p =0.000, Table II],
without significant effect of diet (p = 0.883) or
interaction (p = 0.634). Stressed rats showed a higher
plasma corticosterone concentration in comparison
with non-stressed groups (Table II). There were no
significant differences in initdal body weight
(p > 0.05, Table II) among the four groups. However,
15 days after CMS, there was a significant main effect
of stress [F(1,44)=5.106, p= 0.029], and diet
[F(1,44) = 30.198, p = 0.000] on final body weight,
without significant interaction (p = 0.306, Table II).
In the FP/BW; ratio, a significant stress/diet inter-
action [F(1,44) = 18.174, p = 0.000, Table II] was
observed. The groups fed with a HD (HD and
HD + CMS) presented a higher FP/BW; value when
compared with the groups treated with the control diet
(p=0.000, Tukey’s test, Table II). However, con-
sidering the effect of stress, stressed rats treated with a
HD (HD + CMS) showed a higher FP/BWy when
compared with non-stressed rats treated with the same
diet (HD) (p = 0.000 with Tukey’s test, Table I1]),
without difference between stressed (CMS) and non-
stressed (control) rats fed the control diet (p = 0.392
with Tukey’s test, Table II).

Two-way ANOVA carried out on TGL
values evidenced significant effects of stress
[F(1,44) = 10.102, p = 0.003, Figure 1], and diet

Table II. Plasma concentrations of corticosterone and body weight of control and stressed rats, fed with control, or HD.

Variable Control CMS HD HD + CMS
Corticosterone, ng/mlL. 2.02 = 0.41 19.42 * 2.86% 3.34 + 0.66 18.72 + 3.02F
Inital body weight, g 319.1 £ 2.1 324.3 * 3.0 319.9 *+ 3.6 324425
Final body weight, g 4375 2.4 426.0 = 1.6* 453.1 + 4,5% 4488 + 4.5
FP/BW¢ 0.0303 + 0.0012 0.0269 *+ 0.0013 0.0372 + 0.0024* 0.0472 + 0.0014"

Control, non-stressed rats fed with control diet; CMS, chronic mild unpredictable stress; HD, hypercaloric diet; HD 4+ CMS, hypercaloric
diet + chronic mild unpredictable stress. FP/BW; = ratio of total (epididymal + retroperitoneal + perirenal) fat pad weight to final
body weight. N = 12 animals/group. *Significant difference vs. control ( p < 0.05; two-way ANOVA + Tukey). TSignificant vs. HD (p < 0.05;
two-way ANOVA + Tukey). ;Signiﬁcm:\tvs. CMS (p < 0.05; two-way ANOVA + Tukey). 1Signi:ﬁcam vs. control, HD and CMS (p < 0.05;
two-way ANOVA + Tukey). Values are mean + SEM.
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Figure 1. Effects of stress on plasma lipid concentrations of TGL,

TC, HDL, and LDL in control rats, stressed rats subjected to CMS,
non-stressed rats fed with HD, and rats fed with HD and subjected
to CMS (HD + CMS), 15 days after the end of stress protocol
(n = 12 rats per group). The Al for each of the four studied groups is
presented on the right axis of graph (n = 12 rats per group). Data are
mean + SEM. *Significant difference vs. control (p < 0.05; two-
way ANOVA + Tukey). TSignificant vs. HD (p < 0.05; two-way
ANOVA + Tukey). !Significant vs. CMS (p < 0.05; two-way
ANOVA + Tukey).

[F(1,44) = 7.251, p=0.010], without significant
interaction (p= 0.236). Significant main effects of
stress [F(1.44)=10.01, »=0.003], and diet
[F(1.44) = 9.86, p= 0.003, Figure 1] were also
observed for TC plasma concentration, without
significant effects for plasma concentration of HDL
(p=>=0.05). With regard to LDL, there was a
significant main effect of stress [F(1.44) =

881,
p=0.019, Figure 777,
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Figure 2.

p = 0.005, Figure 1], but no interaction (p = 0.222).
Similarly, for the Al, there was a significant effect of
stress [F(1,44) = 10.782, p = 0.002, Figure 1], and
diet [F(1,44) = 16.746, p = 0.000, Figure 1], without
interaction ( p = 0.526). Therefore, statistical analysis
showed that the groups fed with a HD (HD and
HD + CMS) presented higher plasma TGL concen-
trations, T'C and LDL as well as higher Al values in
comparison with the groups treated with the control
diet (control and CMS). As regards the effects of
stress, CMS increased the plasma concentrations of
these lipids both in rats fed with the control and HD,
and this effect was more pronounced in the
HD + CMS group.

Figure 2 displays the mean fasting plasma glucose
(Panel A) and msulin (Panel B) concentrations, area
under the oral glucose tolerance test (OGTT) curve
(AUC) (Panel C), and HOMA index (Panel D) of
the four experimental groups. There was no signifi-
cant difference in fasting glucose among the
groups (p = 0.05), but two-way ANOVA revealed
a significant main effect of stress on fasting
insulin  [F(1,36) = 7.572, p=0.009], AUC
[F(1,28) = 38.065, p = 0.000], and on the HOMA
index [F(1,36) = 9.169, p = 0.005], without signifi-
cant effect of diet or interaction (p > 0.05). These
results showed that CMS increased the fasting insulin
concentraton, AUC and HOMA indices, but not the
fasting glucose concentration in rats fed with the
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Fasting plasma glucose (# = 10 rats/group), fasting plasma insulin (# = 10 rats/group) concentrations, area under the OGTT

curve (AUC) (7-9 ratg/group), and HOMA index (10 rats per group) carried out in control rats, stressed rats subjected to CMS, non-stressed
rats fed with HD, and rats fed with HD and subjected to CMS (HD + CMS), 10 days after the end of stress protocol. Darta are presented as
mean + SEM. *Significant difference vs. control (p < 0.05; two-way ANOVA + Tukey). TSigﬂiﬁcantvs‘ HD (p < 0.05; two-way ANOVA +

Tukey).
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Table III. Dry weight of aorta rings and maximum contractile response (MR) to phenylephrine in endothelium-intact, endothelium-
denuded thoracic aortic rings and in the presence of L-NAME, isolated from control and stressed rats, fed with control or HD.
Groups Dry weight (mg) MR (mg/100 mg tssue) pD2
Control Endothelium-intact 106.80 + 5.45 11.03 = 1.98 6.82 = 0.00
Endothelium-denuded 98.76 * 6.77 1045 * 2.12 7.63 = 0.11
L-NAME 102.10 = 2.54 10.98 = 2.45 7.66 * 0.09%
CMS Endothelium-intact 98.05 * 3.43 12.09 = 1.66 7.45 = 0.26%
Endothelium-denuded 103.40 = 3.43 1034 = 1.54 7.47 = 0.11
L-NAME 97.80 * 3.14 11.34 + 1.67 7.50 = 0.12
HD Endothelium-intact 101.02 = 4.45 9.89 + 0.87 6.76 = 0.11
Endothelium-denuded 98.40 = 5.13 1034+ 1.78 7.23 £ 0.10
L-NAME 102.00 = 8.44 10.65 = 1.54 7.34 + 0.11%
HD + CMS Endothelium-intact 99.45 + 242 11.34 = 1.34 7.32 + 0.06
Endothelium-denuded 97.56 * 5.61 12.34 = 1.67 7.36 = 0.11
L-NAME 101.40 * 3.66 11.35 = 0.98 7.40 = 0.09

Control, non-stressed rats fed with control diet; CMS, chronic mild unpredictable stress; HD, hypercaloric diet; HD + CMS, hypercaloric

diet 4 chronic mild unpredicrable stress. N = 5 rats/group. pD»

negative logarithm of the molar concentration of agonist producing 50%

of the maximum response. L-NAME = N%-nitro-L-arginine methyl ester. Data are presented as mean + SEM. *Significant difference vs.
control (p < 0.05; two-way ANOVA + Tukey). TSignificantvs. HD (p < 0.05; two-way ANOVA + Tukey). *Significant vs. the CEC obtained
in the endothelium-intact aortic ring in the same group (p < 0.05; two-way ANOVA + Tukey).

control or HD, in comparison with the non-stressed
groups (control and HD) (Figure 2). The HD did not
change these parameters (Figure 2).

As the treatments did not modify the maximum
response to phenylephrine and dry weight of
aortic rings among the groups (p = 0.05; Table III),
the CEC were expressed as percentages of maximum
response (Figure 3). Considering pD, values of
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Figure 3.

phenylephrine of endothelium-intact rings (Table
III), two-way ANOVA revealed a significant main
effect of stress [F(1,16) = 37.923, p = 0.000], with-
out significant effect of diet or interaction (p > 0.05).
Therefore, stress induced supersensitivity to
phenylephrine in the thoracic aorta with a 3.7-fold
shift to the left in endothelium-intact aortic rings of
the CMS group when compared with the control
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CEC for phenylephrine in endothelium-intact (A), endothelium-denuded (B), and in the presence of L-NAME in the

endothelium-intact (C), and CEC to acewylcholine (ID) obtained in the thoracic aorta isolated from control rats, stressed rats subjected to
CMS, non-stressed rats fed with HD, and rats fed with HD and subjected to CMS (HD + CMS), obtained 15 days after stress protocol
(N = 5-6 rats/group). Data are presented as mean = SEM. *Significant difference vs. control (p < 0.05). fSigni.ﬁcant vs. HD (p < 0.05).
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group (Figure 3A), and a 3.2-fold shift to the left of
the HD 4+ CMS group when compared with HD
group (Figure 3A). Among the groups, there was no
difference in CEC obtained in aortic rings without
endothehum (p > 0.05; Figure 3B; Table III) or in
CEC obtained in the presence of L-NAME (p > 0.05;
Figure 3C; Table III). In the aorta isolated from the
control and HD groups, pD, values for phenylephrine
obtained in the presence of L-NAME were higher in
comparison with those pD; values obtained in the
endothelium-intact aortic rings of the same
group. However, L-NAME did not change pDs for
phenylephrine in the aorta from the CMS and
HD 4+ CMS groups when compared with the endo-
thelium-intact aorta ("Table III). Considering the CEC
to acetylcholine, two-way ANOVA revealed a signifi-
cant main effect of stress [F(1,19)= 8.522,
p=0.009] in the maximal acetylcholine-induced
relaxation, with no effect of diet or interaction
(p>0.05). Aortic rings isolated from stressed
rats presented a markedly impaired maximal acetyl-
choline-induced relaxation, when compared with
non-stressed groups (Control = 95.97 £ 8.22; CMS
=61.27 £ 6.14; HD =094.21 * 6.14; HD + CMS
= 82.00 = 7.29%) (p < 0.05, Figure 3D).

When considering aortic morphology, there was a
significant main effect of stress on the aorta IMT
[F(1,16) = 39.217, p= 0.000], without significant
effect of diet or interaction (p > 0.05). CMS
and HD + CMS groups presented greater aorta
IMT in comparison with the control and HD
groups, respectively (Control =91.3 = 0.7 pm;
CMS =969*1.1pm; HD=90.6* 1.2 pm;
HD 4+ CMS =97.7 = 1.0 pm, p < 0.05).

Discussion

This study showed that CMS induced insulin
resistance, high concentration of lipids in the
circulation, impaired the function and morphology
of the thoracic aorta from the stressed groups, fed with
control or high-fat but not high-sugar HD. The data
indicate that CMS seems to be the determinant factor
for these effects, since dyslipidemia induced by the
high-fat HD alone was not sufficient to induce
functional or morphological changes in the thoracic
aorta.

As reported in other studies (Willner 1997; Marin
et al. 2007), the high plasma corticosterone concen-
trations and lower final body weight observed after
the end of the stress protocol in stressed rats in
comparison with non-stressed rats, confirm the
efficacy of the CMS protocol and support the absence
of adaptaton to stressors. The aim of this study was to
analyze long-term effects of CMS. According to
Moreau et al. (1994), CMS promotes a state of
anhedonia in rats, which can last for up to 20 days
after stress. Hence, the purpose of waiting 15 days

after the end of CMS was to analyze the level of
cortcosterone within this 20-day period of anhedonia.
The sustained increase in the plasma corticosterone
concentration 15 days after the end of stress confirms
that CMS is an effective protocol to study the delayed
effects of chronic stress in rats.

The higher values observed for final body weight,
FP/BW¢, and dyslipidemia with regard to the HD
versus control diet indicate the effectiveness of HD
treatment to disrupt the control of body weight. These
effects observed in the HD and HD + CMS when
compared with the control and CMS groups could be
related to the high-fat content in the HD. The oleic
acid present in soybean oil, and coconut fat in the
presence of sucrose (Bueno et al. 2008) can readily be
converted into acetate and then into cholesterol. The
SFA contained in coconut fat, mainly lauric, myristic,
and palmidc acids (Mendis et al. 2001), and n
soybean oil (palmitic) (Bueno et al. 2008), could
increase the production of TGL and cholesterol by
the liver, and could also decrease LDL catabolism
by repressing its receptors (Kamgang et al. 2005). In
addition, when associated with oleic acid, palmitic
acid (Black 2002) could increase the biosynthesis of
chylomicrons (rich in TGL) (Silva et al. 2006).

Unlike the effects of a HD on lipids, in the present
study, there were no differences in fasung plasma
glucose and insulin concentrations between non-
stressed rats fed with hypercaloric and control diets.
Moreover, the HD alone did not induce insulin
resistance. Although HD intake can be associated with
hyperglycemia and insulin resistance, different
authors have shown that these effects are often
controversial, and seem to be dependent on a high
supply of fat associated with high-sugar content.
While a sucrose-rich diet impaired glucose homeosta-
sis and induced insulin resistance before the increase
in adiposity was detected (Soria etal. 2001), a dietrich
in coconut oil and cholesterol without a significant
increase in sugar content induced an increase in blood
lipids accompanied by hypoglycemia and lower
concentrations of serum insulin in rats (Zulet et al.
1999). In healthy women, replacing 4% of the energy
in the form of palmitic or lauric acid by mono-
unsaturated fatty acids had only minor effects on
serum lipids and lipoproteins and caused no changes
in glucose metabolism (Schwab et al. 1995). It has
also been reported that the area under the curve
during the intravenous glucose tolerance test was
significantly lower, or did not change, after healthy
women were treated with a diet enriched with
monounsaturated fatty acid or SFA, respectvely
(Uusitupa et al. 1994). Therefore, the fact that the
carbohydrate supply was not increased in the HD used
in the present study could explain the absence of
differences in glucose metabolism between the HD
and control groups.
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The duration of treaument also influences the
metabolic effects of HDs. While the treatment of
rats with a high-fat diet rich in saturated and
unsaturated fatty acids for a period of 24 weeks
increased the blood concentration of insulin and
glucose, no differences were observed after 4 or 12
weeks of treatment in comparison with the
group treated with low-fat diet (Song et al. 2006).
Therefore, the results of the present study confirm
that the effect of a HD on glucose metabolism is
dependent on the association between high-fat and
high-sucrose content, since all the rats in the
present study were subjected to the same period
of treatment and the HD had a higher lipid content
but not a higher carbohydrate content in comparison
with the control diet.

When considering the metabolic effects of chronic
stress, in the present study, it was observed that CMS
increased the blood lipid concentration, and the
association between the HD and CMS potentiated
the dyslipidemia as well as the increase in FP/BW;¢
observed in the HD + CMS group in comparison
with the control and HD groups. This effect could be
related to a possible stress-induced desensitization or
down-regulation of adrenoceptors in the fat cells
(Black 2003), leading to lower catecholamine-induced
lipolysis and increased adiposity in this group.

Another hypothesis is that the interaction between
HD and CMS could have an additive effect on CMS-
induced insulin resistance. In the present study, while
the HD alone did not change glucose metabolism,
CMS increased the fasung insulin concentrations,
HOMA index wvalues, and OGTT responses in
stressed animals when compared with non-stressed
rats. Therefore, the high TGL and TC concentrations
in the circulation of the stressed groups may be a
consequence of the insulin resistance promoted by the
stress hormones. Under chronic stress conditions,
corticosteroids may cause msulin resistance (Black
2002; Kyrou and Tsigos 2009), which facilitates TGL
synthesis in the liver and may delay the clearance of
lipoproteins, also resulting in hypercholesterolemia
(Brindley et al. 1993). Moreover, the glucocorticoids
may decrease the binding and degradation of LDL by
liver cells (Brindley et al. 1993; Black 2002).

The metabolic effects of CMS observed in the
present study are in agreement with the evidence that
chronic stress interacts with dietary habits to
determine the occurrence of metabolic diseases. In
the chronic psychosocial stress model, it has been
observed that subordination is associated with
increased weight gain and dominance is associated
with lower weight gain or weight loss in mice fed on a
standard diet. However, opposite effects were
observed in mice fed on a high-fat diet (Bartolomucci
et al. 2009). It has been proposed that when chronic
stress to which animals and humans cannot easily
adapt s combined with high-fat high-sugar diets, it
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stimulates the sympathetic nerves to upregulate the
expression of neuropeptide Y, which is an adrenergic
co-transmitter and stress mediator. Stress and a HD
also increase the glucocortcoid concentration in
visceral fat, which in turn upregulates the expression
of neuropeptide Y and its receptor Y2R, resulting in
fat growth, hyperinsulinemia and hyperlipidemia
(Kuo et al. 2008). In the present study, although
there was a cumulative effect of HD plus CMS on the
elevation of blood lipid concentration, it seems that
this effect did not influence the increase in fasting
insulin or lead to insulin resistance. This could be
explained by the duration of treatment because in
the present study the rats were treated for a period of
7 weeks.

Since dyslipidemia and insulin resistance are also
associated with vascular diseases and high risk of
atherogenesis, the function and morphology of the
thoracic aorta were also evaluated in the present study.
The use of adrenergic agonists, which are not
substrates of the catecholamine uptake systems, are a
tool for the study of the mechanisms involved in
alterations of wvascular reactivity. In experiments
carried out in vitro, comparison among the responses
of endothelium-intact and endothelium-denuded
aortic rings, and CEC obtained in the presence and
in the absence of inhibitors of NO synthesis, are used
as pharmacological tools to investigate the role of the
endothelium and NO, respectively, in the modulation
of vascular activity. In additon, CEC to acetylcholine
may provide a direct evaluation of NO involvement in
vascular physiology. In the present study, CMS
induced supersensitivity to phenylephrine n aortic
rings with endothelium, and this effect was indepen-
dent of diet. The absence of difference in the CEC
obtained in the endothelium-denuded aortic rings
among the groups indicates that CMS-induced
supersensitivity to phenylephrine was endothelium
dependent. The absence of difference between
groups, In aortic rings incubated with L-NAME,
which is an NO synthesis inhibitor, indicates that
endothelial NO synthase (eNOS) seems to be
inhibited in vivo, by some other factor not related to
the addition of I-NAME in the incubation bath
(Neves et al. 2009). This effect seems to stem from the
exposure to CMS. The lower relaxation response to
acetylcholine observed in the thoracic aorta isolated
from stressed groups in comparison with control and
HD groups indicates that CMS decreased NO
bioavailability.

Considering that dyslipidemia induced by HD in
non-stressed rats did not change the sensitivity to
phenylephrine or acetylcholine in the thoracic aorta, it
seems that the increase in corticosterone levels and
insulin resistance induced by CMS could be the main
factors involved in the vascular changes observed in
the present study. Glucocorticoids reduce the
expression of guanosine triphosphate cyclohydrolase
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1 mRNA, which is necessary for the synthesis of the
cofactor tetrahydrobiopterin, essential for stabilizing
eNOS (Mitchell et al. 2004). Insulin stimulates
endothelium-derived NO production (Muniyappa
et al. 2008) and during insulin resistance, there is a
decrease in endothelial eNOS activation and an
increase in NO destruction by the reactive oxygen
species. These effects result in diminished vasodilata-
tion (Whaley-Connell and Sowers 2009) and
increased endothelin-mediated wvasoconstriction
(Muniyappa and Quon 2007), and could also be
involved in the effects of CMS.

Other authors have shown that the vascular effects
of other stress protocols are dependent on the genetic
background of the animals. Bernatova and Csizma-
diova (2006) showed that chronic crowding stress
significantly reduced NO synthase actvity in the
aorta, and acetylcholine-induced relaxation of the
femoral artery in borderline hypertensive adult rats
with normotensive mothers. Bernatova et al. (2007a)
did not observe change in the activity of NO synthase
in the aorta of Wistar normotensive rats subjected to
crowding stress. In addition, Bernatova et al. (2007b)
showed that crowding stress increased the acetyl-
choline-induced relaxation in the femoral and
mesenteric arteries from normotensive Wistar-Kyoto
rats. While borderline hypertensive rats (BHR)
subjected to crowding stress showed a reduction in
NO synthase activity, suggesting a reduction in NO
production, when compared with the control BHR, no
changes were observed in Wistar normotensive rats
(Okruhlicova et al. 2008). Cordellini et al. (2006)
studied the effect of acute and chronic stress by
immobilization in Wistar and spontaneous hyperten-
sive rats (SHR). These authors showed that the
vascular adaptive response to stress involves hyper-
actvity of the endothelial NO system in normotensive
rats. However, mm the SHR strain, this adapuve
response is impaired, independently of the hyperten-
sive state.

In addition to the influence of genetic background,
the differences observed between crowding and the
vascular effects of CMS could also be related to stress
intensity. Since crowding is a mild stress protocol with
predictable stressors, and seems to be capable of
eliciting adaptive mechanisms to prevent cardiovas-
cular dysfunctions in normotensive rats, the repeated
and unpredictable characteristics of the stressors used
in the CMS protocol prevent the rodents from
adapting, and seem to impair endothelial function.
This hypothesis is supported by the high plasma
corticosterone concentrations observed in stressed
rats in the present study, and the absence of significant
difference in plasma corticosterone between rats
subjected to chronic crowding stress and control rats
(Bernatova et al. 2007a).

Diminished NO availability could also be related
to the increased aorta IMT in stressed groups

(Okruhlicova et al. 2008). Morphological evaluation
of IMT in the caroud artery is considered a marker of
target organ damage in human hypertension (Sierra
and de la Sierra 2008), and experimental studies
(Razuvaev et al. 2008). Considering that decreased
NO bioavailability may lead to the loss of mitogenic
quiescence of wvascular smooth muscle cells and
consequent vessel wall hypertrophy (Costa and
Assreuy 2005), the results of this study suggest that
the aortic hypertrophy could be the result of the
possible lack of NO elicited by the higher plasma
corticosterone concentrations and insulin resistance
induced by CMS.

Therefore, the proatherogenic and prohypertensive
functional and morphological changes observed in the
thoracic aorta from stressed rats are in agreement with
the high AI values observed in both the CMS and
HD + CMS groups. However, in spite of the increase
in the Al value, non-stressed rats fed with the HD diet
did not develop any alteration in the thoracic aorta.
Another hypothesis to explain the absence of diet-
induced deleterious vascular effects is that dyslipide-
mia has to be associated with high concentration of
stress hormones or insulin resistance to be capable of
generating vascular damages in rats. Further studies
are needed to evaluate these hypotheses. These results
indicate that rats, although resistant to the athero-
sclerosis induced only by diet (Moghadasian 2002),
may present proatherogenic effects induced by CMS
via insulin resistance.

In conclusion, the present study showed that the
CMS protocol appears to be an appropriate model for
the investigation of the cardiovascular and metabolic
effects of stress. Investigation into the vascular damage
associated with dyslipidemia induced by stress but not
associated with dyslipidemia induced by the con-
sumption of a high-fat, but not high-sugar, HD could
help to clarity why some people present high
cholesterol concentrations in the circulation in the
absence of cardiovascular disease, while chronically
stressed individuals could suffer heart attacks, for
example. The association between glucocorticoids,
insulin resistance, and dyslipidemia in rats may be one
of the keys of association between chronic stress and
cardiovascular diseases, and may be investigated in the
CMS protocol providing insights for future clinical
studies of the relationship between chronic stress and
atherosclerosis.
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