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RESUMO

O diabetes mellitus, bem como suas complicacdes, tem se tornado um dos maiores
problemas de saude publica dos paises Ocidentais. Estima-se que existam
aproximadamente 200 milhdes de pacientes diabéticos no mundo, e que a incidéncia da
doenga vai aumentar ndo somente no Ocidente, mas também em paises emergentes, por
causa das mudangas relacionadas aos habitos alimentares. Sendo assim, a previsao ¢ de que
nos proximos anos, o diabetes se torne a causa mais importante de morbidade e mortalidade
relacionada as doencas cardiovasculares. Buscando alcancar maior entendimento a respeito
das complica¢des decorrentes do diabetes mellitus, apresentamos nos Capitulos 1 e 2 os
resultados de estudos in vivo utilizando diferentes modelos animais. No Capitulo 1, foi
mostrado que o consumo de frutose causa disfungdo renal em camundongos, estando o grau
de disfung¢do positivamente correlacionado tanto com a variabilidade pressdo arterial, como
com o componente low frequency da mesma, importantes preditores de lesdes em Orgaos-
alvo. No Capitulo 2, utilizamos o modelo de ratos espontaneamente hipertensos (SHR)
tratados com a substancia diabetogénica estreptozotocina (STZ) para estudar os efeitos do
treinamento fisico sobre as alteragdes metabdlicas e cardiovasculares presentes na
associacdo hipertensdo-diabetes. Neste estudo, mostramos que a ocorréncia simultanea
destas doencas promove efeitos deletérios sobre a fun¢do cardiovascular, e que o
treinamento fisico moderado atenua a progressdo de tais alteragdes, aumentando
significativamente o indice de sobrevida de animais hipertensos-diabéticos. Sabe-se que as
respostas benéficas sobre a hipertensdo e o diabetes, induzidas pelo treinamento fisico,
estdo relacionadas a fatores hemodinamicos, neurais ¢ humorais, incluindo alteracoes
dindmicas em sistemas que produzem e secretam substincias vasoativas, como o Sistema
Renina Angiotensina (SRA). Como o SRA desempenha importante papel na regulacdo da
pressdo arterial e no equilibrio hidro-eletrolitico, tanto em condigdes fisioldgicas como em
condicdes patologicas, existe especial interesse no monitoramento de componentes deste
sistema como marcadores de doencas cardiovasculares. Sendo assim, no Capitulo 3

apresentamos os resultados referentes a padronizacdo de uma metodologia rapida, sensivel
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e precisa, alternativa aos ensaios ja existentes. Este novo ensaio foi utilizado para
quantificagdo da atividade proteolitica da enzima conversora de angiotensina 2 (ECA2),
importante componente do SRA. Com a utilizagao da espectrofotometria de massa (MS) foi
possivel monitorar de maneira eficaz a atividade enzimatica da ECA2 recombinante e renal
de camundongos controle. E finalmente, no Capitulo 4, utilizando o mesmo ensaio citado
anteriormente, mostramos que em condi¢des fisiologicas, as enzimas ECA2 e
endopeptidase 24.11 (NEP) cerebrais parecem exercer papel predominante sobre a enzima
conversora de angiotensina 1 (ECA1) na metabolizacdo das angiotensinas, contribuindo de
maneira significativa para a formagao de angiotensina (1-7), principal metabolito produzido
em extratos hipotalamicos de camundongos. Com base nos resultados apresentados nesta
tese, concluimos que a utilizacdo de modelos animais e de novas tecnologias, bem como a
padronizag@o de ensaios alternativos, sdo essenciais para a compreensao da fisiopatologia e

medidas de prevengao e tratamento do diabetes e hipertensao.

Palavras-chave: sistema renina angiotensina, pressao arterial, exercicio, proteinuria.
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ABSTRACT

The diabetes mellitus, as well as its complications, has becoming the major health
problem of Western Countries. It is estimated that 200 million people are diabetic in the
world, and that the prevalence of the disease will increase not only in the West, but also in
emerging countries, because of the changes on diet. Therefore, it is believed that in the next
few years, diabetes will become the most important cause of morbidity and mortality
related with cardiovascular disease. With the aim to understand the complications of
diabetes mellitus, we present in Chapter 1 and 2 the results from in vivo studies using
different animal models. In Chapter 1, it was shown that fructose diet induces renal
dysfunction in mice, which is positively correlated with both variability and low frequency
component of blood pressure, important predictors of end organ damage. In chapter 2, the
model of spontaneous hypertensive rats (SHR) treated with streptozotocin (STZ) was used
to study the effects of exercise training on metabolic and cardiovascular alterations induced
by hypertension and diabetes. In this study, it was shown that the concomitant occurrence
of the diseases causes deleterious effects on cardiovascular function, and moderate exercise
training attenuates the progression of complications, increasing the survival in SHR-STZ
model. It is known the benefic effects of exercise training on hypertension and diabetes are
induced by hemodynamic, neural and humoral factors, including adaptations of some
systems that produce and secret vasoactive substances, like Renin Angiotensin System
(RAS). The RAS has an important role on blood pressure regulation and hydroelectrolytic
balance, under physiological and pathological conditions, and because of this there is
special interest on monitoring its components as markers for cardiovascular diseases.
Therefore, in Chapter 3, we presented a rapid, sensitive, and precise assay, as an alternative
method to the existing assays to quantify the proteolitic activity of angiotensin converting
enzyme 2 (ACE2), an important component of RAS. Using mass spectrometry (MS) it was
possible to monitor in a precise manner the activity of recombinant and renal ACE2 in
mice. And finally in Chapter 4, using the same MS assay, it was shown that under

physiological conditions, brain ACE2 and neutral endopeptidase 24.11 activities seem to be
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predominant over angiotensin converting enzyme 1 (ACEl) on the metabolism of
angiotensins, contributing to the generation of angiotensin (1-7), the main peptide present
in mice hypothalamic extracts. Based on the results, we conclude that the use of animal
models and new technologies are essential for the comprehension of physiopathology of
hypertension and diabetes and also for the study of therapeutic interventions to prevent and

treat the diseases.

Key-words: renin angiotensin-system, blood pressure, exercise, proteinuria.
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INTRODUCAO

O estilo de vida sedentério ¢ um dos mais importantes fatores de risco cardiovascular
nas sociedades modernas. Segundo o National Center for Chronic Disease Prevention and
Health Promotion, mais de 60% dos adultos americanos sdo sedentérios (CDC, 1999a). No
Brasil, pesquisas do Instituto Brasileiro de Geografia e Estatistica (IBGE) mostram que a
prevaléncia do sedentarismo ¢ de 80% (IBGE, 1998) e em grandes centros como na cidade
de Sdo Paulo, 68% dos individuos adultos sdo sedentarios (Mello et al., 1998). As
conseqliéncias diretas do sedentarismo incluem indices elevados de morbidade e
mortalidade, que podem acometer criancas, adultos e idosos, obesos ou nio (Wei et al.,
1999; Wei et al., 2000; Blair & Wei, 2000; Ribeiro et al., 2003).

Além do sedentarismo, sabe-se que a ingestdo calorica inadequada contribui para o
desenvolvimento de diversas doencas. De acordo com dados da literatura, observa-se que
nas ultimas duas décadas houve um aumento no consumo total de carboidratos (energia),
principalmente de dietas ricas em frutose (Elliot et al., 2002; Bray et al., 2004), fendmeno
decorrente da crescente ingestdo de refrigerantes, cereais, guloseimas, condimentos e
sobremesas industrializadas (Elliot et al., 2002). De acordo com Basciano et al. (2005), este
habito também exerce impacto negativo sobre a saude, podendo desencadear o
desenvolvimento de resisténcia a insulina, diabetes mellitus, obesidade, hipertensao arterial
e anormalidades lipidicas.

Dados oficiais de 6rgdos publicos na area da satde, pesquisas basicas, estudos
clinicos e epidemioldgicos mostram que a associacdo entre sedentarismo e excesso de peso
também exerce efeito devastador sobre a satide, sendo responsavel por pelo menos 300.000
mortes prematuras (Allison et al., 1999), morbidade substancial, e por gastos superiores a
90 bilhdes de dolares por ano em tratamento de pacientes, somente nos Estados Unidos da
América (EUA) (Colditz, 1999). Porém, apesar de seu impacto negativo sobre a saude ser
semelhante aquele causado pelo tabagismo, a inatividade fisica e o excesso de peso ndo tém

recebido a mesma atencdo em programas oficiais de promocao da satde (Shephard, 2002).



Dentre as doencas desencadeadas pelo estilo de vida inadequado da sociedade
moderna, o diabetes mellitus tipo 2 pode ser considerado uma das mais alarmantes,
afetando aproximadamente 5% da populacdo ocidental (CDC, 1999b). Juntamente com a
doenga, surge o risco de complicagdes que incluem cegueira, neuropatia, nefropatia,
insuficiéncia renal e doengas cardiovasculares (Group, 1993). Por este motivo, este ¢ um
tema que merece atenc¢do especial. Entretanto, nota-se que as investigagdes experimentais
acerca do diabetes tipo 2 ainda sao menos freqiientes do que aquelas sobre os mecanismos
envolvidos na fisiopatologia do diabetes tipo 1. Em parte, isto decorre da escassez de
modelos experimentais satisfatorios a serem utilizados nas pesquisas (Noonan & Banks,
2000). Os ratos Zucker geneticamente obesos, por exemplo, sdo um modelo de
manifestagdo espontanea de diabetes mellitus tipo 2 (Zucker & Zucker, 1961). Entretanto,
observa-se uma grande variagcdo interanimal referente ao grau de obesidade e disfuncao
renal apresentadas (Fiske et al., 1986), além do alto custo. Outros exemplos de mutagdes
genéticas para o estudo da doenga incluem os camundongos diabéticos db/db (Lee et al.,
1996) e os camundongos obesos ob/ob (MacDougald et al., 1995), mas que também
apresentam custo elevado.

Uma alternativa a utilizagao destes animais ¢ o emprego de manipulagdes dietéticas
que induzam alteracdes metabolicas e mimetizem os sintomas tipicos da doenca a ser
estudada. A dieta rica em frutose ¢ um dos modelos utilizados em estudos sobre
intolerancia a glicose, resisténcia a insulina e diabetes mellitus tipo 2. Ratos alimentados
com frutose desenvolvem hipertensao arterial moderada e intolerancia a glicose, associada
a concentragdes sangliineas elevadas de insulina, glicose, colesterol e triglicerideos (Dai &
McNeill, 1995; Katovich et al., 2001; Kamide er al., 2002; Hsieh, 2005). Em
camundongos, apesar de existirem poucos estudos, evidéncias mostram que a dieta altera o
metabolismo da glicose e as concentragdes plasmaticas de lipideos (Nagata et al., 2004;
Farah et al., 2006).

Com relacdo a associagcdo entre diabetes e alteracdes cardiovasculares, estudos
clinicos e populacionais tém mostrado que a hipertensdo arterial ¢ mais prevalente em

diabéticos tipo 1 e tipo 2 do que na populagdo nao-diabética (Fuller, 1985; Frohlich, 1993).



Além disso, observa-se que dentre as complicagdes cardiacas apresentadas por pacientes
hipertensos-diabéticos estdo a fibrose do miocardio, lise de miocitos, deposi¢ao de tecido
conectivo intersticial, alteracdes ultraestruturais (Factor et al., 1981; Factor et al., 1984),
depressdo da contratilidade cardiaca (Rodgers 1986; Rodrigues & McNeill, 1986), e
conseqiiente disfuncao sistolica e diastolica (Venco et al., 1987; Grossman et al., 1992).
Todas estas alteracdes manifestam-se de forma mais severa em hipertensos-diabéticos do
que naqueles que apresentam hipertensdo isoladamente, ressaltando a gravidade da
associacdo entre as duas doencas. Além disto, j& foi demonstrado que estes pacientes
apresentam indices mais elevados de mortalidade do que individuos diabéticos ou
hipertensos (Rossing et al., 1996).

A maioria das alteracdes metabolicas e cardiovasculares, que acometem pacientes
hipertensos-diabéticos, podem ser reproduzidas em modelos experimentais que combinam
a hipertensdo e o diabetes tipo 1. Um dos modelos mais utilizados ¢ o de ratos
espontaneamente hipertensos (SHR), tratados com a substincia diabetogénica
estreptozotocina (STZ). O tratamento de ratos adulto-jovens com STZ produz um estado
diabético caracterizado pela perda de peso, polidipsia, politria, glicostria, polifagia,
hipoinsulinemia e hiperglicemia (Ganda et al., 1976). O local de a¢ao da STZ sdo as células
beta pancredticas, sendo que a droga entra nestas células com o auxilio do transportador de
glicose denominado GLUT-2. Uma vez no interior das células beta, a STZ causa alquilagao
do DNA e ativacio da ribosilagio-poli-ADP, levando & deplecio de NAD" e¢ ATP. A
defosforilagdo acentuada do ATP, apds a administracdo de STZ, fornece um substrato para
a acdo da xantina oxidase, resultando na formacdo de radicais superdxido. Além disto, a
administracao de STZ induz a liberacao de quantidades toxicas de 6xido nitrico que inibem
a atividade da aconitase e participam também do dano ao DNA. As agdes conjuntas da STZ
resultam entdo em destruicao das células beta pancreaticas, levando conseqiientemente a
hipoinsulinemia e hiperglicemia (Szkudelski, 2001). Este modelo, além de permitir
investigar os mecanismos fisiopatoldgicos da associacao diabetes-hipertensdo, também
pode ser utilizado para o estudo do efeito de diferentes abordagens no tratamento destas

doencas.



Desde a ultima década, vem sendo cada vez mais freqiiente o emprego de medidas
alternativas para o tratamento de doengas degenerativas, como o diabetes e a hipertensao.
Dentre elas, podemos citar a restrigao dietética e a perda de peso. Além disto, as constantes
evidéncias a respeito dos beneficios cardiovasculares, metabodlicos e autondomicos
decorrentes da pratica regular de exercicio fisico agudo e cronico, tém levado a indicagao
do treinamento fisico como conduta ndo-farmacolégica importante na prevengdao € no
tratamento destas doencas. J& no século XVIII a utilidade terapéutica do exercicio foi
reconhecida para o tratamento do diabetes mellitus tipo 2 (Rollo, 1798), e também na
edicdo de 1935 do The Treatment of Diabetes Mellitus, exercicios didrios foram
recomendados para o tratamento da doenga (Joslin et al., 1935). Atualmente o exercicio
fisico regular, juntamente com a insulinoterapia e o planejamento alimentar, também tem
sido considerado uma das principais abordagens no tratamento do diabetes mellitus (De
Angelis et al., 2006), ja que o exercicio aumenta a captacdo de glicose pelos tecidos,
diminuindo a hiperglicemia. Assim, a pratica de exercicio fisico regular tem como objetivo
aproximar as condi¢cdes metabolicas do individuo diabético de um estado fisiologico
normal, prevenindo ou retardando as complicagdes cronicas inerentes ao curso temporal da
doenca. Efeitos benéficos adicionais do exercicio no tratamento do diabetes incluem
reducdo da hiperlipidemia (Stefanick et al., 1998), da hipertensdo (De Angelis et al., 2006;
Gaesser, 2007) e dos fatores de risco cardiaco (Sherman et al., 1999).

Com relagdo a hipertensdo arterial, ¢ vasta a literatura que mostra que o exercicio
aerobio, realizado regularmente, promove importantes adaptagdes cardiovasculares,
resultando em redugdo significativa da pressao arterial tanto em humanos como em animais
de experimentacao (Gordon et al., 1997; Wallberg-Henriksson et al., 1998; Rondon &
Brum, 2003; Libonati & Gaughan, 2006). Apesar de existir um niimero bem menor de
informacodes a respeito dos efeitos do treinamento fisico na associagdao entre hipertensao
arterial e diabetes mellitus, estudos sugerem que o exercicio também exerce efeitos
positivos sobre os sintomas decorrentes da manifestagdo concomitante das duas doencgas

(Stewart 2002; Neuhouser ef al., 2002; Stewart 2004).



As respostas adaptativas benéficas sobre a hipertensao arterial e o diabetes,
induzidas pela pratica regular de exercicios moderados, parecem estar relacionadas a
fatores hemodinamicos, neurais ¢ humorais, incluindo normalizagdo do tonus simpatico
(Hagberg et al., 1989; Veras-Silva et al., 1997; De Angelis et al., 2000), melhora da
sensibilidade dos pressoceptores (Harthmann et al., 2006; Brum et al., 2000; O’Suillivan &
Bell, 2000) e alteragcdes dinamicas em sistemas que produzem e secretam substancias
vasoativas, como o Sistema Renina Angiotensina (SRA) (Kinugawa et al. 1997; Hayashi et
al., 2000; Maeda et al., 2000).

Hé muito tempo foi determinado o importante papel que o SRA desempenha nao s6
na regulagdo da pressdo arterial como também na manutencdo do equilibrio hidro-
eletrolitico, sendo entdao considerado um importante regulador das fun¢des cardiovascular e
renal, tanto em condi¢des fisioldgicas como em condi¢des patologicas (revisdo - de
Gasparo et al., 2000). O rapido avango das técnicas de biologia molecular permitiu que os
componentes deste sistema fossem clonados e seqilienciados, possibilitando a determinacao
da distribuicao tecidual dos mesmos. Por este motivo, diferentemente da visdo endocrina
classica, hoje se fala em SRA teciduais (Irigoyen et al., 2003), que expressam todos ou
quase todos os componentes do sistema. Exemplos de tecidos onde o SRA estd presente
incluem o pancreas, coragdo, figado, pulmdes, tecido adiposo, rim e cérebro (Stock et al.,
1995; Ye & Duggan, 2000; Imai et al., 2005). Além disto, estes estudos trouxeram novos
conhecimentos a respeito do funcionamento do SRA, sugerindo a existéncia de um sistema
muito mais complexo e dindmico do que suposto anteriormente.

Em 2000, um novo componente do SRA, a enzima conversora de angiotensina 2
(ECA2), homologa a enzima conversora de angiotensina 1 (ECA1), foi clonada em
diferentes tecidos, por dois grupos independentes (Tipnis et al., 2000; Donoghue et al.,
2000). A verificacdo da habilidade da ECA2 em inativar o potente vasoconstritor
angiotensina II, e gerar o metabdlito cardioprotetor angiotensina (1-7), evidenciou o
importante papel desta esta enzima na homeostase cardiovascular (Vickers et al., 2002;
Guy et al., 2003; Ferrario et al., 2005). Além disto, estudos sobre as alteragdes cardiacas

maléficas observadas em camundongos knock-out para o gene da ECA2 mostraram a



importancia da enzima no controle da funcdo cardiovascular (Huang et al., 2001;
Crackower et al., 2002).

Sabe-se que tdo importante quanto a determinacdo da expressdo de novos
componentes envolvidos no controle da funcdo cardiovascular, como a ECA2, ¢ a
quantificagdo de sua atividade proteolitica, uma vez que nem sempre a enzima que se
expressa estd ativa. Sendo assim, por meio da determinagdo da atividade enzimatica, ¢
possivel correlacionar expressao e funcdo, evitando interpretagdes inadequadas e
possibilitando o avango na compreensdo dos mecanismos fisiopatologicos envolvidos nas
manifestagdes fenotipicas da doenga. Neste sentido, a disponibilidade de metodologias
seletivas, sensiveis e rapidas ¢ extremamente importante.

A maior parte do entendimento sobre o SRA foi obtido a partir de estudos
farmacoldgicos classicos. Entretanto, o desenvolvimento de novas tecnologias vem
possibilitando o entendimento deste sistema peptidico com maior especificidade e
facilidade. O método cléssico para mensuragdo da atividade tissular da ECA2 ¢ baseado no
uso de substratos peptidicos fluorogénicos (Guy et al., 2003; Vickers et al., 2002; Rice et
al., 2004; Huentelman et al., 2004) especialmente delineados para este fim ou ndo, cuja
cinética pode nao corresponder aquela dos substratos naturais. Outro método atualmente
disponivel, que apresenta alta precisdo, mas ¢ tempo-dispendioso, ¢ a utilizacdo de
precursores peptideos radiomarcados seguida da aplicagdo da cromatografia liquida de alta
performance (HPLC) para separagdo e analise dos produtos peptidicos (Ferrario et al.,
2005). Logo, o desenvolvimento de métodos que possibilitem alcangar maior conhecimento
a respeito do funcionamento do SRA também ¢ de fundamental importancia para o estudo
da relagdo entre diabetes, doengas cardiovasculares ¢ altera¢des renais.

Com base nas consideragdes apresentadas, o objetivo deste estudo foi avaliar, em
diferentes modelos animais, a influéncia do diabetes melitus e hipertensao sobre o sistema
renal e cardiovascular, o efeito do treinamento fisico sobre o curso temporal da associacio
entre diabetes e hipertensdao, bem como apresentar um método alternativo para avaliagao da

atividade proteolitica da ECA2.



Para tanto, esta tese sera apresentada na forma de quatro capitulos, que

correspondem aos artigos redigidos durante o desenvolvimento deste estudo.



CAPITULO 1

Cunha TS, Farah V, Paulini J, Pazzine M, Elased KM, Marcondes FK, Irigoyen MC, De
Angelis K, Mirkin LD, Morris M. Relationship between renal and cardiovascular changes

in a murine model of glucose intolerance. Regulatory Peptides. 2007; 139(1-3):1-4.

Neste capitulo, descrevemos as alteragdes renais que ocorrem quando camundongos
sdo alimentados com dieta rica em frutose e correlacionamos o grau de proteintria,
importante marcador de lesdo renal, com as alteragdes cardiovasculares presentes no
modelo.
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ABSTRACT

Nutrition is an important variable which may affect the risk for renal disease. We
previously showed that a high fructose diet in mice produced hypertension and sympathetic
activation. The purpose of this study was to determine if a fructose diet altered renal
function. A high fructose diet for 12 weeks impaired glucose tolerance, but caused no
change in body weight, blood glucose or plasma insulin. Impairment in renal function was
documented by the almost two fold increase in urinary protein excretion (Control: 6.6+0.6
vs. Fructose: 15.0£0.7 mmol protein/mmol creatinine; p<0.05) which was also
accompanied by increases in urinary volume. The diet produced little change in renal
histology, kidney weight or kidney weight/body weight ratio. Urinary excretion of
angiotensin [I/creatinine (Control: 78.9£16.6 vs. Fructose: 80.5£14.2 pg/mmol) and renal
angiotensin converting enzyme activity (Control: 9.2+1.6 vs. Fructose: 7.6+1.0 ACE units)
were not different between groups. There was a positive correlation between mean arterial
pressure (r=0.7, p=0.01), blood pressure variability (BPV) (r=0.7, p=0.02), low frequency
BPV component (r=0.677, p=0.03) and urinary protein excretion. Results show that
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consumption of a high fructose diet in mice had deleterious effects on renal function, which

were correlated with cardiovascular changes.

INTRODUCTION

Metabolic syndrome is a multi-factorial disorder, with symptoms clustering on
abnormalities that include obesity, hypertension, dyslipidemia, glucose intolerance and
insulin resistance [1]. Metabolic syndrome is also referred to as “Diabesity” [2],
highlighting the incidence of diabetes in combination with obesity as a result of changes in
human behavior. With the disease, there comes an increased risk of long term
complications, including cardiovascular disease and nephropathy [3].

With regard to diabetes-induced renal dysfunction, approximately 30% of new cases
of end-stage renal failure are attributable to the disease [4]. One of the consequences of
renal damage is the development of arterial hypertension [5], emphasizing the important
role of kidney in blood pressure regulation. However, it is difficult to discern whether
hypertension is a consequence of renal disease or a determinant for renal damage.
Certainly, it is well established that hypertension plays a negative prognostic role in the
development and progression of diabetic nephropathy [6] and that the association between
these two chronic diseases increases the risks of complications [3].

Nutrition is an important variable which may alter the risk for renal disease and
hypertension-induced kidney damage. Experimental and epidemiological studies have
demonstrated that consumption of fructose may lead to insulin resistance, obesity,
hypertension and lipid abnormalities [7,8]. Thus, we conducted studies to determine the
effect of high fructose diet on renal function. We monitored urinary excretion of protein
and angiotensin II (Ang II) and evaluated renal histology, as indicators of kidney

dysfunction and compared these endpoints to the cardiovascular changes.

11



MATERIAL AND METHODS

General Procedures - C57BL male mice were assigned to either a standard or high
fructose diet (67% carbohydrate - 98% of which is fructose). Carotid arterial telemetric
catheters were inserted as described elsewhere [22]. Wright State University’s Laboratory
Animal Care and Use Committee approved all experiments.

Renal Function - At week 12, mice were housed in metabolic cages, and after 4
days of adaptation, 24 hr urine volume was measured. Total protein (BioRad Protein Assay
Reagent, BioRad Labs, Hercules, CA), Ang II (ALPCO Diagnostics, Windham, NH), and
creatinine (Quidel Corporation, San Diego, CA) were assayed using urine aliquots.

Glucose Tolerance Test (GTT) and Insulin Measurement - GTT was performed at
week 12, using an i.p. injection of glucose (1.5 g/Kg), and after decapitation, plasma was
obtained for insulin measurement, as previously described [22].

Renal ACEI measurements - Renal ACEI activity was determined (BUHLMANN
ACE Colorimetric Assay, ALPCO Diagnostics, Windham, NH, USA), and results
expressed as ACE1 units (enzyme amount required to release 1 uM of hippuric acid, per
min and per liter of tissue extract).

Histological Analysis - After conclusion of physiological measurements, mice were
euthanized; kidneys were fixed in formalin, embedded in paraffin, and 3 pm sections were
stained with hematoxylin-eosin, PAS-hematoxylin, PAS-methenamine-silver or Gomori
trichrome. Tissues were evaluated using light microscopic methods.

Statistical Analysis - Results are expressed as meanstSEM. The data were
compared using unpaired Student’s t-test. Pearson correlation was used to study the
association between variables. Differences were considered statistically significant when

p<0.05.
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RESULTS

Metabolic responses - Body weights were not different between the groups
(Control: 31.7+0.7 vs. Fructose: 30.8+1.0 g). Non-fasting blood glucose levels (Control:
150£1.5 vs. Fructose: 1524+1.5 mg/dL) and plasma insulin (Control: 0.99+0.2 vs. Fructose:
0.75+0.40 ng/mL) were not different between control and fructose groups. However, high
fructose produced impairment in glucose tolerance, evidenced by the increase on the area
under the glucose curve (Control: 2354+22.9 vs. Fructose: 330+21.3 mg/dL/min; p<0.05).

Renal function - Urinary volume (Control: 1.59+0.14 vs. Fructose: 2.68+0.34
mL/24h) and protein excretion (Control: 6.6+0.6 vs. Fructose: 15.0+0.7 mmol/mmol
creatinine) were significantly increased in fructose-fed mice. Urinary Ang II levels
(Control: 78.9+£16.6 vs. Fructose: 80.5+14.2 pg/mmoL creatinine), kidney weight (Control:
212.348.2 vs. Fructose: 215.2£8.9 mg), kidney weight/body weight ratio (Control: 6.7+0.2
vs. Fructose: 7£0.3 mg/g) and renal ACEL1 activity (Control: 9.2+1.6 vs. Fructose: 7.6£1.0
ACEI] units) were similar between the groups.

Histological evaluation revealed no evidence for extensive renal damage even in the
face of proteinuria. PAS stained sections from fructose-fed animals showed that there was

negative mild to intense vacuolation of proximal convoluted tubular epithelium (Figure 1).

Figure 1 - Representative renal sections from control (A) and fructose-fed (B) mice show
intense negative vacuolation in proximal tubular epithelium in fructose kidney (B).
(Hematoxylin-eosin 40 X original magnification).
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Correlation between renal and cardiovascular function - To evaluate the
relationship between renal and cardiovascular function, we determined the correlation
between mean arterial pressure (MAP), blood pressure variability (BPV) and low frequency
(LF) spectral domain and the urinary protein/creatinine ratio (Figure 2). There was a
significant positive relationship for all parameters: MAP (r=0.7, p=0.01; Figure 2A); BPV
(r=0.7, p=0.02; Figure 2B) and LF (r=0.7, p=0.03; Figure 2C).
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DISCUSSION

Previous studies from our laboratory showed that a high fructose diet in mice led to
nocturnal hypertension and increased sympathetic activity [8]. We extended these findings
to show that fructose feeding also led to renal dysfunction with a positive correlation
between the cardiovascular and renal changes.

Increased urinary protein excretion is a well-established predictor of renal disease
[9]. Our results suggested impairment in renal function as seen by the increase in urinary
protein excretion. However, there were only minor renal histological changes, indicating
that the damage process was at the initial stage. This is probably related to the time on the
diet and the fact that blood pressure was only mildly elevated [8]. Another study using mice
also showed a small increase in protein excretion in animals fed a high fat, high
carbohydrate diet [10]. In db/db mice there was a more than 3 fold increase in urinary
albumin excretion [11] and results were similar in insulin deficient diabetes induced by
streptozotocin [12].

It has been suggested that overactivity of the polyol pathway is involved in the renal
damage induced by high fructose diet in rats [13]. It may also contribute to the
development of renal impairment observed in our mouse model. Renal dysfunction
produced by fructose loading could also be related to increased non-enzymatic
fructosylation of plasma proteins, since there is evidence that fructose is more reactive than
glucose in protein glycation [14].

Another component of the renal changes associated with fructose loading may be
related to the renin angiotensin system (RAS). The RAS is a regulator of renal function and
its overactivation has been implicated in changes at both the renal glomerular and tubular
interstitial levels [15]. Recent studies have proved that blockade of the system with ACE1
inhibitors and Ang receptor blockers retards the progression of diabetic nephropathy [16],
suggesting that Ang II is one of the RAS components involved on the development of
kidney disease. We also conducted studies in Ang ATla deficient mice and found that

diabetes associated hypertension was absent, suggesting a causative role for Ang input [17].
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To address the participation of local RAS in the development of kidney dysfunction
associated with high fructose diet, Ang II levels were measured in urine and ACE1 activity
was measured in kidney. There were no differences in either component of the RAS. The
lack of change in urinary Ang II occurred in the face of higher plasma Ang II levels, as
previously reported [8]. This indicates that there may be changes in peptide metabolism,
resulting in greater peptide degradation and perhaps greater intrarenal levels of Ang II.
There is no information on the vasodilator ACE2 side of the equation. However, it is
possible that Ang (1-7) levels are reduced in the fructose model and that the balance favors
Ang II. In fact, it has been reported that kidneys from streptozotocin diabetic rats show
reduced protein expression of ACE2 [18].

Our previous study demonstrated that mice fed a high fructose diet develop
hypertension and increases in BPV [8]. These alterations could contribute to renal
dysfunction, and because of this we correlated cardiovascular parameters (blood pressure,
BPV and low frequency domain of BPV) with protein excretion. Results showed a positive
correlation for these parameters. Since it has been established that the low frequency
oscillations of BPV are related to sympathetic modulation of the circulation [19], these
results suggest not only that increase in blood pressure can lead to organ damage, but also
that overactivation of sympathetic nervous system is involved on the development and/or
progression of kidney disease.

The mere fact that sympathetic activity contributes to high blood pressure means
that it may also contribute to kidney damage [20]. The condition may be worse in fructose
fed mice which have both increased sympathetic and Ang II. Ang II facilitates sympathetic
transmission in the heart and kidney [21]. Another indication that the sympathetic nervous
system is involved in the development of renal disease, is that the inhibition of sympathetic
action attenuates the progression of renal disease [22]. Moreover, renoprotection by ACE1
inhibitors and Ang receptor blockers has been proved without doubt [23].

Although it is well known that the blood pressure is an important determinant of
organ damage, this is not the unique determinant. The spontaneous variation of blood

pressure over time is positively related to the severity of organ damage [24]. The positive
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correlation between BPV and protein excretion found in the present work is in accordance
with the literature, and shows that this cardiovascular alteration induced by high fructose
consumption is also a predictor of renal disease.

In conclusion, our data show that consumption of a high fructose diet in mice
produced impairment of renal function that is positively correlated with cardiovascular
changes, induced by overactivation of the renin angiotensin and sympathetic nervous

systems.
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CAPITULO 2

Cunha TS, De Angelis KLD, Rosa KT, Irigoyen MC, Marcondes FK. O treinamento fisico
aerobio de baixa intensidade melhora a funcao cardiaca e a taxa de sobrevivéncia de ratos

hipertensos-diabéticos.

O artigo apresentado neste capitulo encontra-se em fase de redagdo e deverd ser
submetido para a publicacdo no periédico Hypertension, apds as sugestdes da banca
examinadora. Como a tese serd disponibilizada na Biblioteca da Faculdade de Odontologia
de Piracicaba, optamos por apresentar o artigo redigido em portugués, para facilitar a sua

consulta por estudantes e possiveis leitores em fase inicial em atividades de pesquisa.
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INTRODUCAO

Estudos clinicos e epidemiologicos tém mostrado que a hipertensao arterial ¢ mais
prevalente entre individuos diabéticos do que na populagdo nao-diabética, da mesma idade
e sexo (Fuller, 1985; Jonhston et al., 1992; Frohlich, 1993). De forma semelhante, observa-
se que aproximadamente 50% dos individuos diabéticos ha mais de 30 anos desenvolvem
hipertensdo arterial (Chukwuma, 1992). Um aspecto importante, decorrente da
manifestagdo simultdnea da hipertensao e diabetes, ¢ o efeito sinergista prejudicial que as
duas doengas exercem sobre o sistema cardiovascular (Rossing et al., 1996; Alderman et
al., 1999). Considerando-se a alta prevaléncia da manifestacdo destas duas doengas, bem
como as conseqiiéncias maléficas da condi¢do, tem-se observado crescente interesse pelas
pesquisas nesta area, envolvendo tanto seres humanos como modelos experimentais.

A doenca hipertensiva pode ser mimetizada por modelos animais, sendo que os
ratos espontaneamente hipertensos (SHR) (Okamoto & Aoki, 1963) sdo atualmente os mais
utilizados em pesquisas cientificas. O diabetes mellitus pode ser induzido em ratos por
meio da administragao de aloxona ou de estreptozotocina (STZ) (Rerup 1970; Ganda et al.,
1976). O modelo experimental da associagdo hipertensdao-diabetes (SHR-STZ), além de ser
facilmente reproduzivel, ¢ adequado para ser utilizado em investigagdes farmacolodgicas e
bioquimicas, possibilitando o avango na compreensdo sobre a fisiopatologia destas
doencas.

As complicagdes do sistema cardiovascular, decorrentes principalmente de
alteragdes estruturais e funcionais do musculo cardiaco (Factor et al., 1981; Factor et al.,
1984; Rodgers 1986; Rodrigues & McNeill, 1986; Venco et al., 1987; Grossman et al.,
1992), representam a maior causa de mortalidade e morbidade entre os pacientes
hipertensos-diabéticos (Rossing et al., 1996; Alderman et al., 1999). Além disto, sabe-se
que estas alteragdes manifestam-se de forma mais severa em hipertensos-diabéticos do que
naqueles que apresentam a doenca isoladamente, ressaltando a gravidade do quadro.

Os beneficios cardiovasculares, metabolicos e autonomicos, decorrentes do exercicio
fisico, tém levado muitos investigadores a indicar o treinamento fisico como uma conduta

nado-farmacolédgica importante no tratamento de diversas patologias como o diabetes, a
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hipertensao arterial e a insuficiéncia cardiaca (Wallberg-Henriksson et al., 1998; Tipton et
al., 1991, Jennings et al., 1986). Além das respostas agudas observadas durante a realiza¢ao
do exercicio fisico, diversos estudos verificaram adaptagdes do sistema cardiovascular em
resposta a pratica regular de atividade fisica. Estas alteragdes podem envolver bradicardia
de repouso em ratos jovens (Negrao et al., 1992) ou velhos (De Angelis et al., 1997) e em
humanos (Buttrick & Scheuer, 1987), hipertrofia cardiaca (Natali, 2004) e modifica¢do da
resisténcia vascular sistémica (Noma et al., 1987; Overton et al., 1988; Collins & DiCarlo,
1997).

Apesar de diversas organizagdes mundiais ligadas a area da satde também
recomendarem a pratica de exercicio fisico como tratamento para o diabetes mellitus, a
maior parte dos estudos relacionados aos efeitos do treinamento sobre a doenca buscaram
investigar os efeitos desta conduta ndo-farmacoldgica sobre o controle glicémico, e nao
sobre alteragdes cardiovasculares. E vasta a literatura que mostra que o exercicio aerdbio,
realizado regularmente, promove importantes adaptagdes cardiovasculares em individuos
hipertensos nao-diabéticos, resultando em reducdo significativa da pressao arterial tanto em
seres humanos como em animais de experimentacdo (Wallberg-Henriksson et al., 1998;
Gordon et al., 1997; Rondon & Brum, 2003; Libonati & Gaughan, 2006). Entretanto, até o
momento, pouco se sabe a respeito dos efeitos que o treinamento fisico exerce sobre a
pressao arterial ou sobre a estrutura e fungdo do miocardio, quando hipertensao e diabetes
mellitus manifestam-se simultaneamente.

Sendo assim, no presente estudo utilizamos o modelo SHR-STZ para avaliar trés
hipoteses: (1) os efeitos deletérios decorrentes da associagcdo entre hipertensdo-diabetes
tornam-se mais intensos durante a evolugdo simultanea destas doencas; (2) o treinamento
fisico aeroébio moderado melhora o controle autondmico do sistema cardiovascular, bem
como a estrutura e fungcdo do musculo cardiaco, de animais hipertensos-diabéticos e (3) as
adaptagdes hemodinamicas e morfofuncionais, induzidas pelo treinamento fisico, estariam

associadas a reducao da taxa de mortalidade de animais hipertensos-diabéticos.
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MATERIAL E METODOS

Animais - Foram utilizados ratos SHR machos (200-220 g antes da inducdo do
diabetes mellitus) fornecidos pelo Biotério da Universidade Federal de Sao Paulo. Os
animais foram mantidos no Biotério do Instituto do Coragdo de Sao Paulo - InCor /
FMUSP, alojados em gaiolas coletivas, contendo no maximo quatro animais em cada uma,
em sala climatizada (22 = 2°C) com ciclo claro/escuro de 12/12 h invertido (luzes
acendendo as 6:00 h). Receberam, durante todo o periodo, dgua e racao para ratos padrao
ad libitum. Todos os procedimentos foram aprovados pela Comissdo Cientifica ¢ de Etica
do Instituto do Coragdo, HC - Sao Paulo, SP (protocolo 1034/02 — Anexo).

Indugdo do diabetes — No terceiro més de idade, o diabetes experimental foi
induzido em todos os animais (n=40). Para a realizagdo do procedimento, os animais foram
mantidos em jejum por 12 horas. Em seguida, foram anestesiados superficialmente por
meio de inalagdo de halotano e o diabetes foi induzido por meio da administragao
endovenosa da substancia diabetogénica estreptozotocina (STZ, 50 mg/Kg, ev, Sigma
Chemical Company, St. Louis, MO, EUA) via veia caudal (Rerup, 1970). A
estreptozotocina foi dissolvida em tampao citrato (0,01M, pH 4,5) e injetada cerca de 5
minutos apos a diluicao.

Delineamento experimental — Quinze dias ap6s a administracdo da STZ, os animais
sobreviventes (n=30) foram submetidos a avaliacao da glicemia de jejum para confirmagao
da eficacia da inducdo do diabetes. Todos os animais apresentaram glicemia de jejum
superior a 250 mg/dL. Em seguida, foram submetidos a registro do peso corporal, teste de
esforco em esteira ergométrica e ecodopplercardiograma para avaliagdes basais (15 dias
ap6s a inducao do diabetes). Em seguida, os animais foram aleatoriamente divididos em
dois grupos experimentais (n=15/grupo):

Grupo I — Hipertenso diabético sedentario (SHR-STZ sedentério): estes animais foram
submetidos aos procedimentos relativos a rotina didria do biotério de experimentacao,
durante a duragdo do protocolo experimental (10 semanas). Além disto, durante este

periodo, eram diariamente transportados a sala de treinamento e suas gaiolas posicionadas
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ao lado da esteira ergométrica no modo operante com objetivo de serem submetidos ao
mesmo estresse sonoro que o grupo treinado;

Grupo II — Hipertenso diabético treinado (SHR-STZ treinado): estes animais foram
submetidos a treinamento fisico aerdbio, 1 hora por dia, 5 vezes por semana, por 10
semanas consecutivas em esteira ergométrica (Imbramed TK-01), conforme protocolo de
Tancrede et al. (1982).

Ao final do periodo de treinamento (10 semanas) ou do periodo correspondente para
o grupo SHR-STZ sedentario (75 dias ap6s a inducdo do diabetes), todos os animais foram
submetidos a novas avaliagdes, de acordo com as metodologias descritas nos topicos
seguintes.

Determinacdo da glicemia de jejum - Os animais foram mantidos em jejum por 4
horas e foi coletada uma gota de sangue via veia caudal. A concentra¢do de glicose foi
determinada nesta aliquota sangiliinea por um monitor digital (Accu-Check Advantage
Blood Glucose Monitor, Roche Diagnostic Corporation, Indianapolis, IN).

Avaliacdo da capacidade fisica mdxima e protocolo de treinamento aerobio — Para
que os animais se desloquem na esteira ergométrica, ¢ necessario realizar um periodo de
adaptacdo, uma semana antes das avaliagdes basais € novamente uma semana antes do fim
do periodo experimental (0,3 Km/h; 10 minutos/dia). Apds o periodo de adaptagdo, os
animais foram submetidos ao teste de esfor¢o em esteira ergométrica no inicio (15 dias
apods a indugdo do diabetes), na quinta semana de treinamento e ao final (75 dias apds a
indugdo do diabetes) do periodo experimental, conforme descrito por Brooks & White
(1978) e Rodrigues et al. (2006). O objetivo da realizacdo do teste de esfor¢o em diferentes
tempos do protocolo experimental foi ajustar a intensidade do treinamento, permitindo
assim que os animais fossem expostos a sobrecargas crescentes de exercicio fisico ao longo
das 10 semanas de treinamento. Resumidamente, o teste de esfor¢o consistiu em um
protocolo de exercicio aerdbio escalonado, com incrementos de velocidade de 0,3 Km/h, a
cada 3 minutos, até que os animais atingissem a exaustdo (permanéncia maior do que 50%
do tempo na porc¢do distal da raia de corrida). Com base nos resultados, foi possivel

determinar a capacidade fisica dos animais e também prescrever o treinamento fisico do
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grupo treinado. O treinamento fisico foi desenvolvido em esteira ergométrica, com
intensidade baixa-moderada (= 50% a 70% da velocidade maxima atingida no teste de
esforco), 1 hora por dia, 5 vezes por semana, por 10 semanas consecutivas.

Avaliacdo da morfologia e funcdo cardiaca - Para avaliacdo da fungdo cardiaca
foram realizadas medidas ecodopplercardiograficas no inicio (15 dias apds a induc¢do do
diabetes) e ao final (75 dias ap6s a indugdo do diabetes) do periodo experimental, de acordo
com as recomendagdes do Comité de Padronizacao do Modo M da Sociedade Americana
de Ecocardiografia. Os exames transtoracicos foram realizados por um tnico observador
previamente calibrado, que desconhecia a que tratamento havia sido submetido cada
animal. Em cada exame foram coletadas cinco medidas consecutivas por variavel e
calculada a média das mesmas.

Para realizacdo dos exames (SEQUOIA 512, ACUSON Corporation, Mountain
View, CA), os animais foram anestesiados com ketamina (Ketalar, 50mg/Kg, i.p., Parke-
Davis) e cloridrato de xilazina (Rompum, 12mg/Kg, i.p., Bayer), e o transdutor (10-14
MHz) foi posicionado no hemitorax direito do animal. Para otimizacao da resolucdo e
penetracdo do feixe ultra-sonografico no animal, as imagens foram feitas a uma freqiiéncia
de 13 MHz utilizando-se gel de transmissdo para ultra-som de viscosidade média/alta
(General Imaging Gel, ATL, Reedsville, USA). A partir da visualizagdo do ventriculo
esquerdo (corte transversal), ao nivel dos musculos papilares, foi realizado o modo M e
obtidas as medidas das seguintes variaveis: didmetro diastdlico (DDVE) e sistolico (DSVE)
do ventriculo esquerdo, espessura do septo interventricular (SIV) e da parede posterior do
ventriculo esquerdo (PP) em didstole. Apos a realizagdo das medidas foi calculada a massa
do ventriculo esquerdo (LVM = [(DDVE+SIV+PP)’-(DDVE)*]x1,047, onde 1,047
(mg/mm’) corresponde & densidade do miocardio. Além da massa do ventriculo esquerdo,
foi calculada a fracdo de encurtamento do ventriculo esquerdo (AD% = [(DDVE-
DSVE)/DDVE]x100).

As analises do Doppler foram realizadas por meio do estudo dos fluxos transmitral
(picos E e A, relagdo E/A e tempo de desaceleracdo de E, importantes indices da funcao

diastolica). Estas andlises geram um indice que complementa o estudo da fung¢do cardiaca:
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velocidade de encurtamento circunferencial (VCF) = ({[volume diastolico do VE] —
[volume sistolico do VE] / [volume diastolico do VE]}® — [tempo de ejecio]).

Avaliacdo hemodindmica — No dia seguinte a ultima sessdo de treinamento, os
animais foram anestesiados com ketamina (Ketalar, 50mg/Kg, i.p., Parke-Davis) e
cloridrato de xilazina (Rompum, 12mg/Kg, i.p., Bayer). Dois catéteres, contendo 0,06 mL
de solugdo salina heparinizada, foram implantados na artéria carétida e veia jugular (PE-10,
tubo de polietileno; Clay Adams, Parsippany, New Jersey, USA) para registro direto da
pressdo arterial sistolica (PAS), pressao arterial diastdlica (PAD), pressao arterial média
(PAM), freqiiéncia cardiaca (FC) e administracdo de compostos vasoativos. Vinte e quatro
horas ap6s a implantagdo das canulas, os animais foram submetidos aos procedimentos para
avaliagdo hemodinamica. Durante a realizacao dos registros, os animais estavam acordados
e movimentavam-se livremente pela gaiola individual. A cénula foi conectada a um
transdutor eletromagnético (P23 Db, Gould-Statham, Oxnard, CA, EUA) e os sinais de
pressao arterial basal foram gravados durante um periodo de 30 minutos. A FC e a pressao
arterial foram analisadas batimento a batimento no programa AT/CODAS, numa freqiiéncia
de amostragem de 1000 Hz por canal, com o objetivo de quantificar as mudangas
relacionadas aos dois parametros. A FC foi determinada a partir do intervalo entre dois
picos sistolicos. Para avaliacdo da sensibilidade do barorreflexo, doses crescentes e
consecutivas de fenilefrina (0,25-32 pg/kg, e.v.; Sigma Chemical Company, St. Louis, MO,
EUA) e de nitroprussiato de sodio (0,05 to 1,6 pg/kg, e.v.; Sigma Chemical Company, St.
Louis, MO, EUA) foram administradas, obtendo-se variagdes pressoricas de 10 a 40
mmHg. A sensibilidade do barorreflexo foi determinada por meio do indice que
correlaciona as alteragcdes de FC com as alteragdes de PA, permitindo uma analise isolada
do padrdo de bradicardia e taquicardia reflexas. O indice foi expresso como bpm/mmHg,
como descrito anteriormente (Farah et al., 1999; De Angelis et al., 2004).

Concentragdo cardiaca de glicogénio — No dia seguinte ao término das analises
hemodinamicas (96 horas apds a ultima sessdo de treinamento), os animais foram mortos
por decapitacdo e amostras do musculo cardiaco (200 mg) foram cuidadosamente isoladas e

pesadas para a determinagdo da concentragao de glicogénio pelo método do fenol sulfurico
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(Lo et al, 1970; Cunha et al., 2005). As amostras foram digeridas em KOH 30% (1 mL)
durante 15 minutos em banho fervente. O glicogénio foi precipitado pela adi¢cdo de Na,SO4
saturado (100 pL) e etanol absoluto (3,5 mL) e centrifugacdo a 2500 rpm durante 15
minutos. Apds a extracdo do glicogénio e descarte do sobrenadante, o precipitado foi
suspenso em agua deionizada (5 mL). Desta solucao, foi retirada uma aliquota (200 uL) a
qual foram adicionados 800 uL de 4agua deionizada e 2,5 mL de &cido sulfurico
concentrado. A mistura foi mantida em fervura por 15 minutos. Simultaneamente foi
preparada uma curva padrao de glicose (0,01 a 0,06 mg/mL) que foi lida junto com as
amostras, em duplicata, em espectrofotometro a 490nm. As concentragdes de glicogénio
foram apresentadas em mg/100 mg de tecido timido.

Mortalidade - Para delineamento das curvas de sobrevivéncia livre de eventos, os
animais foram acompanhados desde o inicio do protocolo experimental (15 dias apds a
inducdo do diabetes) at¢ a data da morte ou final do protocolo. As mortes foram
computadas semanalmente, as curvas estimadas pelo método de Kaplan-Meier (Bland &
Altman, 1998).

Andlise estatistica - Todos os resultados foram expressos como média
acompanhada do erro padrao. Para comparagdes entre os animais SHR-STZ 15 dias e os
grupos SHR-STZ 75 dias sedentério e treinado, foi utilizada Analise de Variancia, seguida
do teste de Bonferroni para comparagdes multiplas. Para andlise dos parametros obtidos
somente no final do periodo experimental, foi utilizado o teste t de Student nao pareado,
comparando os grupos SHR-STZ sedentario e treinado. As curvas de mortalidade foram
analisadas pelo teste log-rank qui quadrado. Valores de p menores do que 0,05 foram

indicativos de significancia estatistica.
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RESULTADOS

Peso corporal, glicemia e capacidade fisica aerébia — Na tabela 1, observa-se que 15 dias
apo6s a indugdo do diabetes, todos os animais apresentaram valores de glicemia proximo a
350 mg/dL, caracterizando hiperglicemia, em relacdo aos valores considerados normais
para ratos de laboratério (100-120 mg/dL). A hiperglicemia acentuou-se significativamente
no grupo SHR-STZ 75 dias sedentéario (Tabela 1, p<0,05), efeito ndo observado no grupo
SHR-STZ 75 dias treinado, que apresentou hiperglicemia semelhante aquela observada 15
dias apds a inducdo do diabetes (Tabela 1). Os dados da Tabela 1 também mostram que 75
dias ap6s a inducdo do diabetes, animais hipertensos sedentarios (SHR-STZ sedentario) e
treinados (SHR-STZ treinado) apresentaram redugdo significativa do peso corporal, em
relagdo aos valores observados 15 dias apds a indug¢do de diabetes. De acordo com a
resposta ao teste de esforco em esteira ergométrica, foi possivel observar que, o grupo
SHR-STZ 75 dias sedentdrio apresentou reducao da velocidade maxima atingida em
rela¢do ao inicio do periodo experimental. Por outro lado, o treinamento fisico aumentou a
velocidade maxima atingida dos animais SHR-STZ 75 dias treinado, ndo s6 em relagdo ao
inicio do periodo experimental, mas também em relagdo ao grupo SHR-STZ 75 dias

sedentario.

Tabela 1 — Peso corporal, glicemia e capacidade fisica dos animais hipertensos-diabéticos
15 dias apés a inducdo do diabetes (controle) e dos animais hipertensos-diabéticos
sedentarios (SHR-STZ sedentério) e treinados (SHR-STZ treinado) 75 dias apds a indugao
do diabetes.

Grupos Peso Corporal Glicemia Teste de esforgo
(9] (mg/dL) (Km/h)
SHR-STZ 15 dias 203 +£5° 352+9° 1,2+ 0,04
SHR-STZ 75 dias sedentério 165 + 6° 455+ 16" 0,9 +0,04°
SHR-STZ 75 dias treinado 178 + 4° 390 + 30° 2,1 0,08

Valores apresentados como média + erro padrdo da média. Letras diferentes indicam diferenga
estatistica (p<0,05; ANOVA + Bonferroni).
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Avaliacdo hemodinamica — De acordo com os parametros cardiovasculares avaliados ao
final do protocolo experimental e apresentados na tabela 2, observamos que o treinamento
fisico promoveu redugdo significativa da PAS, PAD e PAM de animais hipertensos-
diabéticos (p<0,05). Além disto, o treinamento fisico induziu redugdo significativa da FC

de animais hipertensos-diabéticos (Tabela 2, p<0,05).

Tabela 2 — Valores basais de pressdo arterial e freqiiéncia cardiaca dos animais
hipertensos-diabéticos sedentarios (SHR-STZ sedentério) e treinados (SHR-STZ treinado)
75 dias apo6s a inducao do diabetes.

Grupos PAS PAD PAM FC
(mmHg) (mmHg) (mmHg) (bpm)

SHR-STZ 75 dias sedentario 142 + 6° 110 + 6* 125+ 52 286 +23?

SHR-STZ 75 dias treinado 113 +6° 91 +5° 103 +5° 231 +3°

Valores apresentados como média + erro padrdo da média. Letras diferentes indicam diferenga
estatistica (p<0,05; teste t de Student ndo pareado).

Na Figura 1, estdo apresentadas as respostas bradicardica e taquicardica reflexas,
desencadeadas pela administracdo de doses crescentes de fenilefrina e nitroprussiato de
sodio, respectivamente. Em ambos os grupos, a infusdo de fenilefrina promoveu aumento
da pressdo arterial e resposta reflexa de queda da freqii€ncia cardiaca (bradicardia reflexa),
e de maneira inversa, o nitroprussiato de sédio promoveu queda da pressdo arterial e
aumento reflexo da freqiiéncia cardiaca (taquicardia reflexa). Além disto, observa-se que no
grupo treinado, tanto o indice de bradicardia como o de taquicardia foram

significativamente maiores do que no grupo sedentério (p<0,05).
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Resposta taquicardica
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Figura 1 — Resposta barorreflexa bradicardica e taquicardica dos animais hipertensos-
diabéticos sedentarios (SHR-STZ sedentario) e treinados (SHR-STZ treinado) 75 dias apos
a inducdo do diabetes. Valores apresentados como média *+ erro padrio da média. Letras
diferentes indicam diferenca estatistica (p<0,05; teste t de Student nao pareado).
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Morfologia e funcdo cardiaca - Na Figura 2 estdo apresentados parametros
morfoldgicos do musculo cardiaco, obtidos por meio do ecodopplercardiograma. Observou-
se que 75 dias ap6s do indugdo do diabetes, animais sedentarios apresentaram hipertrofia
ventricular esquerda (relagdo massa ventriculo esquerdo - MVE/peso corporal - PC), em
comparagao aos valores iniciais, obtidos 15 dias apds a indugdo do diabetes (Figura 2A). O
treinamento fisico diminuiu o grau de hipertrofia; entretanto esta reduc¢do ndo foi suficiente
para tornar o indice semelhante aquele observado no periodo inicial (Figura 2A; p<0,05).

Com o objetivo de investigar as alteragdes morfologicas associadas a hipertrofia, foi
calculada a espessura relativa da parede do ventriculo esquerdo (ERP). Observou-se que 75
dias apos a indugdo do diabetes, ndo houve diferenca entre a ERP do grupo SHR-STZ 75
dias sedentério e aquela observada no periodo inicial. Por outro lado, a ERP do grupo SHR-
STZ 75 dias treinado foi maior do que a do periodo inicial e do que a do grupo sedentario

(Figura 2B; p<0,05).
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Figuras 2A e 2B — Indice de hipertrofia do ventriculo esquerdo (massa do ventriculo
esquerdo (MVE) / peso corporal (PC)) e Espessura relativa da parede do ventriculo
esquerdo (ERP) dos animais hipertensos-diabéticos 15 dias apds a inducdo do diabetes e
dos animais hipertensos-diabéticos sedentarios (SHR-STZ sedentério) e treinados (SHR-
STZ treinado) 75 dias ap6s a inducdo do diabetes. Letras diferentes indicam diferenga
estatistica (p<0,05; ANOVA + Bonferroni).

Além da analise morfoldgica, foram avaliadas as funcdes sistolica, diastolica e
global do musculo cardiaco. Com relacdo a funcdo sistolica, ndo houve diferenga nos
valores de débito cardiaco entre 15 e 75 dias apds indugdo do diabetes, ou entre ratos
sedentarios e treinados (Figura 3A). Entretanto, animais SHR-STZ 75 dias sedentarios e

treinados apresentaram reducgdo significativa da fracdo de ejecdo do ventriculo esquerdo
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(FEVE) em comparagao ao grupo SHR-STZ 15 dias, e o treinamento fisico aerdbio atenuou

este efeito no grupo SHR-STZ 75 dias treinado (Figura 3B; p<0,05).
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Figuras 3A e 3B — D¢ébito cardiaco (DC) e fracdo de ejecdo do ventriculo esquerdo
(FEVE) dos animais hipertensos-diabéticos 15 dias ap6s a inducdo do diabetes (controle) e
dos animais hipertensos-diabéticos sedentarios (SHR-STZ sedentario) e treinados (SHR-
STZ treinado) 75 dias apds a inducao do diabetes. Letras diferentes indicam diferenca
estatistica (p<0,05; ANOVA + Bonferroni).

Dois outros indices de fungao sistolica também foram analisados neste trabalho. De
acordo com a Figura 4A, observa-se que a velocidade de encurtamento circunferencial do
musculo cardiaco ndo foi estatisticamente diferente entre os grupos (p>0,05). Entretanto,
houve alteragdo na fracdo de encurtamento do ventriculo esquerdo (FenVE - Figura 4B).
Animais SHR-STZ 75 dias sedentarios e treinados apresentaram redugdo da FenVE, em
relagdo aos valores iniciais, € o treinamento fisico aerdbio atenuou esta redugdo (Figura

4B).
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Figuras 4A e 4B — Velocidade de encurtamento circunferencial (VEC) e fracdo de
encurtamento do ventriculo esquerdo dos animais hipertensos-diabéticos 15 dias apos a
inducdo do diabetes (controle) e dos animais hipertensos-diabéticos sedentarios (SHR-STZ
sedentario) e treinados (SHR-STZ treinado) 75 dias apds a inducdo do diabetes. Letras
diferentes indicam diferenca estatistica (p<<0,05; ANOVA + Bonferroni).
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A velocidade maxima do Pico E (enchimento ventricular rapido) e do Pico A
(contragdo atrial) foram calculadas para avaliacdo da funcdo diastélica. Nao foi observada
nenhuma alteragdo significativa com relacdo a velocidade maxima do Pico E entre os
grupos (Figura 5A, p>0,05). Entretanto, a velocidade méxima do Pico A foi
significativamente maior nos grupos SHR-STZ 75 dias sedentario e treinado, quando
comparada aos valores iniciais, sendo este efeito significativamente menor no grupo

treinado quando comparado ao sedentario (Figura 5B, p<0,05).
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Figuras 5A e 5B — Velocidade maxima do Pico E (Pico E) e Velocidade maxima do Pico A
(Pico A) dos animais hipertensos-diabéticos 15 dias apos a inducdo do diabetes (controle) e
dos animais hipertensos-diabéticos sedentdrios (SHR-STZ sedentario) e treinados (SHR-
STZ treinado) 75 dias ap6s a inducdo do diabetes. Letras diferentes indicam diferenga
estatistica (p<0,05; ANOVA + Bonferroni).

A relagdo entre as velocidades maximas dos picos E e A foi significativamente
menor nos grupos SHR-STZ 75 dias sedentario e treinado, em comparagdo ao periodo
inicial (Figura 6A, p<0,05), sem diferenga entre animais sedentérios e treinados, ao final do
periodo experimental (Figura 6A, p>0,05). O tempo de desaceleragdo do pico E (Desac E)

foi significativamente menor no grupo SHR-STZ 75 dias sedentario comparado ao periodo

inicial e também aos animais treinados (Figura 6B, p<0,05).
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Figuras 6A e 6B — Relagao entre as velocidades maximas dos picos E e A (relagao E/A) e
tempo de desaceleragdao do pico E (Desac E) dos animais hipertensos-diabéticos 15 dias
apds a inducdo do diabetes (controle) e dos animais hipertensos-diabéticos sedentérios
(SHR-STZ sedentario) e treinados (SHR-STZ treinado) 75 dias apos a inducao do diabetes.
Letras diferentes indicam diferencga estatistica (p<<0,05; ANOVA + Bonferroni).
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Além de avaliar o efeito do treinamento sobre a morfologia e fungdo cardiaca,
analisamos a influéncia do exercicio fisico sobre a concentragao de glicogénio neste tecido.
De acordo com a Figura 7, observa-se que o treinamento fisico aerébio promoveu aumento
significativo da concentragdo tecidual de glicogénio no musculo cardiaco de ratos

hipertensos-diabéticos (Figura 7, p<0,05).
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Figura 7 — Concentracdo tecidual de glicogénio em tecido cardiaco dos animais
hipertensos-diabéticos sedentarios (SHR-STZ sedentério) e treinados (SHR-STZ treinado)
75 dias ap6s a inducdo do diabetes. Letras diferentes indicam diferenca estatistica (p<0,05;
ANOVA + teste t de Student nao pareado).
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Mortalidade — De acordo com a curva de sobrevivéncia de Kaplan-Meier, observa-

se que o treinamento fisico aerdbio aumentou significativamente a sobrevida de animais

hipertensos-diabéticos (qui-quadrado=5,0; p=0,026).
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Figura 8 - Curva de sobrevivéncia livre de eventos (Kaplan-Meier) dos animais
hipertensos-diabéticos sedentarios (SHR-STZ sedentario) e treinados (SHR-STZ treinado).
Mortes computadas semanalmente e curvas analisadas pelo teste log-rank qui-quadrado

(p<0,05).
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DISCUSSAO

Os resultados obtidos mostram que a associag¢do entre diabetes e hipertensdo induz
efeitos deletérios sobre o metabolismo e parametros cardiovasculares de ratos, que se
intensificam durante o curso temporal de evolugdo destas doencas. Além disto, foi pela
primeira vez demonstrado que o treinamento fisico moderado nao s6 induziu melhora dos
pardmetros metabdlicos gerais e hemodinamicos, como também atenuou a progressao das
alteragdes morfologicas e funcionais do musculo cardiaco, aumentando significativamente
o indice de sobrevida dos animais hipertensos-diabéticos.

Para o estudo das alteragdes metabolicas e cardiovasculares induzidas pela
associacdo hipertensdo-diabetes, bem como sobre os efeitos do treinamento fisico sobre as
mesmas, utilizamos o modelo de ratos SHR-STZ. Neste estudo, foi observado que 15 dias
apos a administragdo de STZ, todos os animais apresentaram concentracdo sangiiinea
elevada de glicose, confirmando a eficicia da indu¢do e o desenvolvimento do diabetes
experimental. Cabe ressaltar que apesar da hiperglicemia apresentada, os animais ndo
receberam tratamento a base de insulina, pois este ndo se faz necessario para sobrevivéncia
dos mesmos durante as primeiras 10-12 semanas pds-inducdo. Além da alteracdo na
concentragdo sanguinea de glicose, todos os animais apresentaram perda de peso, um dos
sintomas tipicos do diabetes mellitus tipo I, o que foi acompanhado de politria,
desidratagdo, diarréia, e perda pronunciada de gordura abdominal (dados nao
apresentados), resultados semelhantes aos presentes na literatura (Tonlimson et al., 1992).

Sabe-se que a atividade fisica regular ¢ recomendada no tratamento de pacientes
com diabetes mellitus e hipertensdo arterial sistémica, em razdo de seus varios efeitos
benéficos sobre o risco cardiovascular, controle metabdlico e prevengdo das complicagdes
cronicas decorrentes destas doengas (De Angelis et al., 2006; Libonati & Gaughan, 2006;
Gaesser, 2007). No presente estudo, foi observado que animais SHR-STZ treinados
apresentaram menores concentracdes circulantes de glicose do que animais sedentarios.
Sabe-se que durante o exercicio fisico o transporte de glicose na célula muscular aumenta,

bem como a sensibilidade a acdo da insulina (Holloszy, 2005; Jessen & Goodyear, 2005).

37



Muitos fatores determinam a maior taxa de captacdo de glicose durante e apos o exercicio,
mas sem davida, o aumento do aporte sangiiineo ¢ um importante fator regulador,
permitindo disponibilizagdo deste substrato para a musculatura. Acreditamos que o
treinamento fisico aerdbio ao qual os animais foram submetidos tenha estimulado a
translocagdo de proteinas transportadoras de glicose (GLUTs) para a superficie da
membrana celular, aumentando a captacdo de glicose e diminuindo conseqiientemente 0s
niveis circulantes do substrato (Roy & Marette, 1996).

Ja foi demonstrado que a pratica de exercicio fisico regular reduz a incidéncia e
gravidade da hipertensdo entre individuos diabéticos (De Angelis et al., 2006; Gaesser,
2007), reduzindo também os fatores de risco cardiaco (Sherman et al., 1999). No presente
estudo, os resultados mostram que o treinamento fisico promoveu reducao da PAS, PAD,
PAM e da FC de animais hipertensos-diabéticos. Além disto, promoveu melhora da
sensibilidade do barorreflexo tanto para respostas taquicardicas, como para respostas
bradicardicas, evidenciando assim o efeito benéfico do treinamento fisico moderado sobre
esta condicao. Estes resultados sdo semelhantes aqueles observados em modelos animais de
manifestagdo isolada da hipertensdo ou diabetes. Ratos SHR apresentam bradicardia e
atenuacao da hipertensdo em resposta ao TF (Gava et al., 1995; Véras-Silva et al., 1997),
sendo que a redugdo dos niveis pressoricos esta relacionada a normalizacdo do exacerbado
tonus simpatico para o coracao (Véras-Silva et al., 1997). Além disto, estudos recentes de
nosso laboratério demonstraram que o treinamento fisico também melhorou as respostas
taquicardica e bradicardica desencadeadas pelos pressoreceptores em animais diabéticos
por STZ (Harthmann et al., 2006). Em ratos SHR, Silva et al. (1997) verificaram melhora
da sensibilidade reflexa para a bradicardia e taquicardia apos o treinamento fisico. Apesar
dos mecanismos responsaveis pela redu¢do da PA nao terem sido investigados no presente
estudo, sabe-se que estes podem estar relacionados ao aumento do tonus vagal, redugdo do
tonus simpatico ou a mudangas relacionadas a freqiiéncia cardiaca intrinseca. Outro fator
que poderia estar contribuindo para a reducao da PA seria a bradicardia observada no grupo
treinado, reduzindo o débito cardiaco. Entretanto, analisando o débito cardiaco de repouso

destes animais, determinado por meio do ecodopplercardiograma, descartamos
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momentaneamente esta hipotese, uma vez que nao houve diferenga significativa entre os
grupos experimentais.

Inicialmente, acreditava-se que a doenga cardiovascular, associada ao diabetes ¢ a
hipertensao, estava relacionada a alta incidéncia de aterosclerose, afetando grandes artérias
e capilares. Entretanto, recentemente, estudos experimentais demonstraram que o
desenvolvimento de cardiomiopatias decorrentes destas doengas pode ser o fator causal do
aumento das taxas de morbidade e mortalidade associado a elas (Robert, 2001). As
cardiomiopatias associadas a hipertensdo e ao diabetes dividem certas semelhangas,
especialmente no que diz respeito a disfuncao diastolica (Ren et al., 1999), e podem ser
estudadas e analisadas por meio de varias técnicas invasivas € ndo-invasivas.

Apesar dos animais hipertensos-diabéticos representarem um  modelo
potencialmente util para o estudo da func¢do cardiovascular quando da associag¢do entre as
duas doencas, ainda ndo havia sido estudada a funcao cardiaca de forma detalhada, neste
modelo experimental, utilizando-se o ecodopplercadiograma. O uso deste método
possibilita o estudo da funcao cardiovascular in vivo, evitando a manutengao do coragdo em
condicdes consideradas ndo-fisioldgicas, como ocorre por exemplo, em estudos envolvendo
orgdos isolados em que a glicose ¢ utilizada como Unico substrato energético para a
contracdo muscular (Hoit et al., 1999). Além disto, como se trata de um método nao-
invasivo, € possivel a realizacdo de medidas repetidas ao longo do periodo de tratamento,
possibilitando ndo somente o monitoramento da progressdo da disfuncdo cardiaca em
diversos modelos experimentais, mas também a analise da eficidcia das intervengdes
terapéuticas sobre a evolugdo das mesmas.

De acordo com os resultados do presente estudo, observa-se que os efeitos
deletérios promovidos sobre a funcdo cardiaca acentuaram-se no curso temporal de
evolugdo do diabetes e da hipertensdo. A analise morfolégica do ventriculo esquerdo
mostra que os animais SHR-STZ sedentdrios e treinados apresentaram hipertrofia
decorrente da evolu¢ao do quadro hipertensao-diabetes. Entretanto, de acordo Ganau et al.
(1992), para compreensdao do padrio de hipertrofia que se desenvolve, ¢ necessaria a

analise conjunta de dois fatores: indice massa do ventriculo esquerdo / peso corporal e
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espessura relativa da parede do ventriculo esquerdo. Neste sentido, observa-se que animais
SHR-STZ 75 dias sedentarios apresentaram hipertrofia ventricular esquerda, sem alteracdo
da espessura relativa da parede, o que aponta para o desenvolvimento de hipertrofia
excéntrica. Estes resultados sdo similares aos obtidos por Van Zwieten et al. (1996), que
analisaram a morfologia do musculo cardiaco histologicamente, e aos obtidos por Wold et
al. (2001) que estudaram o grau de hipertrofia do ventriculo esquerdo em cultura de células
isoladas de animais hipertensos-diabéticos.

Por outro lado, observamos que animais SHR-STZ 75 dias treinados apresentaram
aumento do indice massa do ventriculo esquerdo / peso corporal e da espessura relativa da
parede do ventriculo esquerdo, em comparacdo com animais sedentarios e também com
relagdo ao periodo inicial. Isto sugere que o treinamento fisico esteja promovendo
remodelamento concéntrico ventricular, adaptagdo que favoreceria o trabalho de
bombeamento sangiiineo. Um dos possiveis mecanismos envolvidos nesta resposta ¢ a
alteracdo no controle autondmico da fun¢do cardiaca, promovida pelo treinamento fisico,
contribuindo assim para melhora do desempenho do 6rgdo. Sabe-se que o treinamento
fisico modula o exacerbado tonus simpatico para o coracdo, como demonstrado em animais
SHR submetidos ao treinamento fisico aerobio (Véras-Silva et al., 1997), e a estimulagao
nervosa simpatica desempenha importante papel nas fases iniciais de desenvolvimento ha
hipertrofia ventricular esquerda (Lee et al., 1987).

Os efeitos benéficos decorrentes do treinamento fisico também foram evidenciados
pela da melhora de parametros relacionados tanto a fungao sistélica quanto diastolica. Com
relacdo a fungdo sistolica, observa-se que apesar do débito cardiaco ndo ter sido alterado, a
fracdo de ejecao do ventriculo esquerdo foi negativamente afetada pelo tempo de evolucao
do diabetes em animais SHR-STZ sedentarios e treinados. Por outro lado, o treinamento
fisico desencadeou melhora deste indice. O estudo de Wold et al. (2001) mostrou que, em
cultura de células isoladas, os midcitos de animais SHR-STZ apresentam menor resposta de
encurtamento frente ao incremento da freqii€ncia de estimulagdo, fator que pode contribuir

para a diminui¢do na fracdo de eje¢do do ventriculo esquerdo. Além disto, os autores nao
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observaram alteragdes frente ao incremento das concentragdes extracelulares de calcio,
demonstrando que os animais parecem nao desenvolver desensibilizacdo ao ion.

De acordo com o estudo de DeBlieux et al. (1993), o exercicio fisico melhora a
contratilidade cardiaca, fator diretamente relacionado a fracdo de eje¢do. Ao analisarmos a
velocidade de encurtamento circunferencial, indice relacionado a funcao sistolica, observa-
se que nem o curso temporal de evolucdo da hipertensdo e diabetes, nem o treinamento
fisico o influenciaram. Entretanto, a fragdo de encurtamento do ventriculo esquerdo
diminuiu em fun¢do da evolugdo das doengas, tanto no grupo SHR-STZ sedentario, quanto
no grupo treinado, em relacdo ao periodo inicial de andlise. Um dos fatores que poderia
estar contribuindo para a piora do indice em ambos 0s grupos seria alteragdo na expressao
génica e nas proteinas contrateis do musculo cardiaco, que possuem um papel importante
no desenvolvimento da cardiomiopatia hipertrofica (Wold et al., 2001). Sendo assim, o
exercicio mostrou ser capaz de reduzir os efeitos deletérios desencadeados sobre este
parametro.

As cardiomiopatias decorrentes tanto da hipertensao quanto do diabetes dividem
algumas semelhancgas especialmente relacionadas a disfuncao diastolica que se manifestam
principalmente por meio do aumento da duragao do potencial de acao e taxa reduzida de
relaxamento ventricular (Broderick et al., 1994), em todo o musculo cardiaco, nos
musculos papilares € em miocitos ventriculares isolados (Ren et al., 1998), com
proeminente deterioragdo ao longo do tempo (Ren er al, 1999). No presente estudo
demonstramos que animais SHR-STZ desenvolveram nao somente alteragdes relacionadas
a funcao sistélica mas também outras relacionadas a fungdo diastolica.

A velocidade méxima dos picos E e A sdo usadas como indices de avaliagdao da
fungdo diastolica, e apesar da dificuldade em isolar, com precisdo, estes pardmetros em
modelos animais, neste estudo foi possivel a identificagdo dos picos por meio da
diminui¢ao da freqiiéncia cardiaca dos animais, obtida apds administracdo do anestésico.
Os dados do presente trabalho mostram que a velocidade méaxima do pico E nao foi
alterada em nenhum dos grupos experimentais. Entretanto, observa-se um aumento na

velocidade maxima do pico A, bem como diminui¢do da relagdo E/A, nos grupos SHR-STZ
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sedentario e treinado, quando comparados ao periodo inicial. Também houve diminuicao
no tempo de desaceleracio do pico E nos grupos SHR-STZ sedentirio e treinado,
evidenciando a disfuncao diastolica. A interpretagdo conjunta destes dados mostra que a
associacdo entre hipertensdo e diabetes ocasionou mudanga no padrdo de enchimento do
ventriculo esquerdo, favorecendo a fase de contragdo atrial para promover o enchimento
ventricular. Estas s3o alteragdes comumente encontradas em pacientes hipertensos e
diabéticos, e acredita-se que tais anormalidades possam estar relacionadas ao seguinte
fator. Devido a exposicdo do atrio esquerdo a uma possivel pods-carga, causada por
alteragdao na complacéncia do ventriculo esquerdo (alteracdo comprovada pelo aumento do
tempo de desaceleracdo do pico E), houve um aumento nas dimensdes do atrio esquerdo,
contribuindo para o aumento da participacdo atrial no enchimento ventricular esquerdo,
como demonstrado por Hiramatsu et al. (1992) no diabetes mellitus. Além disto, o fato de
termos observado diminui¢do no tempo de desaceleragdao do pico E sugere que o ventriculo
esquerdo de animais diabéticos SHR-STZ apresente maior rigidez do que o dos animais
controle.

Algumas limitagdes relacionadas as analises ecodopplercardiograficas devem ser
mencionadas. Sabe-se que a maioria dos anestésicos promovem depressdao dos sistemas
cardiovascular e respiratorio, e justamente gracas a diminui¢do da freqiiéncia cardiaca dos
animais, ¢ que foi possivel a identificacdo e analise dos picos E e A no presente estudo.
Além disto, a combinagdo entre ketamina e xilazina produz hipotermia, além de exercer
efeitos inotropicos negativos sobre o musculo cardiaco. Apesar do cuidado com a utilizagao
de doses minimas de anestésicos para realizagdo dos exames, sabe-se que as andlises foram
feitas sob condigdes consideradas nao-fisioldgicas, o que pode ter influenciado os
resultados apresentados. Porém considerando que as mesmas doses de anestésicos foram
utilizadas no tempo inicial e final, em animais sedentarios e treinados, as diferencas
observadas parecem estar mais relacionadas ao efeito da evolugdo temporal da hipertensao-
diabetes diabetes e ao treinamento fisico aerdbio, do que aos procedimentos experimentais

mencionados acima.
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Evidéncias sugerem que a cardiomiopatia associada ao diabetes pode também estar
relacionada a altera¢des no metabolismo energético do musculo cardiaco (Rodrigues et al.,
1995; Stanley et al., 1997; Scheuermann-Freestone et al., 2003). A deficiéncia cronica na
secrecdo de insulina ocasiona redu¢do marcante da capacidade de utilizagdo de glicose,
fazendo com que o coracgdo utilize somente acidos graxos para gerar energia (Lopaschik &
Spafford, 1989; Belke et al., 2000). Esta alteracdo pode prejudicar a funcdo cardiaca, por
promover o acimulo acentuado de intermediarios lipidicos € por aumentar a utilizagdo de
oxigénio do musculo cardiaco. Sendo assim, quantificamos as concentragdes teciduais de
glicogénio do musculo cardiaco de animais hipertensos-diabéticos, com o objetivo de
avaliar o efeito que o treinamento fisico estava exercendo sobre este parametro. De acordo
com os resultados obtidos, observamos que animais hipertensos-diabéticos treinados
apresentam concentragao tecidual de glicogénio aproximadamente duas vezes maior do que
a dos animais sedentarios. Esta adaptacao indica o desenvolvimento de supercompensacao
do glicogénio no musculo cardiaco de animais treinados, sugerindo que este também seja
um dos fatores responsaveis pela melhora da fungdo cardiaca dos animais. Adaptagdo
semelhante foi observada por nosso grupo em musculo esquelético de ratos Wistar
submetidos a treinamento fisico de alta intensidade (Cunha et al., 2005).

Analisando da analise das curvas de sobrevivéncia livre de eventos, delineadas tanto
para o grupo SHR-STZ sedentario quanto para o grupo treinado, observamos que o
treinamento fisico promove aumento significativo da taxa de sobrevivéncia dos animais
hipertensos-diabéticos. Acreditamos que esta adaptacdo seja resultante da somatéria dos
efeitos produzidos pelo treinamento fisico sobre diversos parametros, como mostrado neste
estudo: reducao da pressdo arterial, melhora da sensibilidade do barorreflexo e das
alteracdes morfofuncionais induzidas pelo treinamento fisico.

Sendo assim, os resultados do presente estudo sugerem que as alteragdes
relacionadas ao controle da pressdo arterial, bem como as alteracdes morfofuncionais do
musculo cardiaco sejam, em parte, responsaveis pelos elevados indices de mortalidade,
observados em pacientes hipertensos-diabéticos. Além disto, sugerem que os mecanismos

pelos quais o treinamento fisico apresenta eficacia terapéutica no tratamento da
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manifestagdo concomitante das duas doengas, parecem incluir efeitos sobre o musculo
cardiaco e o reflexo baroceptor, sendo capaz de reduzir significativamente o indice de

mortalidade destes pacientes.
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CAPITULO 3

Elased KM, Cunha TS, Gurley SB, Coffman TM, Morris M. New mass spectrometric assay
for angiotensin-converting enzyme 2 activity. Hypertension. 2006; 47(5):1010-1017.

Neste capitulo, serdo apresentados os dados referentes a padronizagdo de um novo
ensaio para a determinacdo da atividade proteolitica da ECA2, utilizando a espectrometria
de massa.

A autorizagdo eletronica para inclusdo do artigo na tese (pagina 51) foi gentilmente
cedida pela editora Lippincott Williams & Wilkins, que detém os direitos autorais sobre o

material, em favor da American Heart Association.
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ABSTRACT

A novel assay was developed for evaluation of mouse angiotensin converting enzyme 2
(ACE2) and recombinant human ACE2 (rACE2) activity. Using surface-enhanced laser
desorption/ionization time of flight mass spectrometry (SELDI-TOF-MS) with
ProteinChip® Array technology, ACE1 and localized tissue ACE2 activity could be
measured using natural peptide substrates. Plasma from C57BL/6 mice, kidney from
wildtype and ACE2 knockout mice and rACE2, were used for assay validation. Plasma or
tissue extracts were incubated with angiotensin I (Ang I, 1296, m/z) or angiotensin II (Ang
I1, 1045, m/z). Reaction mixtures were spotted onto the ProteinChips® WCX2 and peptides
detected using SELDI-TOF-MS. Peak height or area under curve for the substrates, Ang I
and Ang II, and the generated peptides, Ang 1-7 and Ang 1-9, were monitored. The ACE2
inhibitor, MLN 4760 (0.01- 100 umol/L), failed to inhibit plasma ACEI activity. However,
in nmol/L concentrations MLN 4760 significantly inhibited rACE2 activity (ICso = 3
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nmol/L). Ang II was preferably cleaved by rACE2 (Km =5 umol/L) while Ang I was not a
good substrate for rACE2. Unlike ACE]1, there was no detectable ACE2 activity in plasma.
Assay specificity was validated in a model of ACE2 gene deletion. In kidney extract from
ACE?2 deficient mice, there was no generation of Ang (1-7) from Ang II. However, Ang (1-
7) was produced when Ang I was used as a substrate. In conclusion, we developed a
specific and sensitive assay for ACE2 activity which used the natural endogenous peptide
substrate, Ang II. This approach allows for the rapid screening for ACE2 which has
applications in drug testing, high throughput enzymatic assays and identification of novel
substrates/inhibitors of the RAS.

Key Words: SELDI-TOF-Mass Spectrometry, angiotensin, angiotensin 1-7, renin

angiotensin system, mice.

INTRODUCTION

The renin angiotensin system (RAS) is a key regulator of cardiovascular and renal
function, both under physiological and pathological conditions . It consists of a cascade of
enzymatic reactions and in the classical system, the processing scheme begins with the
conversion of angiotensinogen (AGT) to angiotensin I (Ang I) via renin (EC 3.4.23.15) 2,
This step is followed by the action of angiotensin converting enzyme (ACE1, EC 3.4.15.1),
a peptidyl dipeptidase which belongs to the gluzincin family of metalloproteases *. ACEL
cleaves the C-terminal dipeptide (L-histidyl-L-Leucine) of Ang I, generating the
physiologically active vasoconstrictor peptide, angiotensin II (Ang II). Ang II is the key
mediator of the RAS and its biological actions are produced through the selective binding
of this peptide to two different types of receptors, AT1 and AT2 '. In addition to the
initially described circulating RAS, the components are also expressed locally in brain,
kidney, pancreas, adipocytes and other organs *°.

New findings suggest that the RAS is a far more complex and dynamic system than
suggested by previous research. In 2000, a homologue of ACE1, known as angiotensin
converting enzyme 2 (ACE2), was cloned by two independent groups " °. This newly

discovered member of the RAS is an 805 amino acid protein that shares around 42%
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sequence identity to the N-and C-domains of somatic ACE1 ’. Unlike ACE1, ACE2
functions predominantly as a carboxypeptidase with a substrate preference for hydrolysis
between proline and a hydrophobic or basic C-terminal residue °. Recombinant expressed
ACE2 was first reported to cleave a single amino acid from Ang I to generate Ang (1-9) *°,
which is then converted by ACE1 to the potent vasodilator peptide, Ang (1-7). Subsequent
to this initial characterization, it was found that ACE2 has a preference for Ang II as a
substrate, which it rapidly hydrolyses to Ang (1-7) " °. Thus, in vitro biochemical data
suggest that ACE2 negatively regulate Ang II production and function, not only because it
decreases local production of Ang II, but also because the cardiovascular effects of its

1.1 In addition, there is evidence that other

product, Ang (1-7), oppose those of Ang II
non-ACE enzyme systems may be active in tissue, adding to the local production of Ang II
and Ang (1-7) > ",

Initially, ACE2 appeared to be more limited in its tissue distribution than ACEI,
with significant levels detected only in heart, kidney and testis " . However, a recent study
detected ACE2 expression in a variety of other tissues '*. The exact in vivo role of ACE2
remains to be determined, but it is clearly multifunctional. Studies of gene deletion mice
and of the effects of heart failure on ACE1 and ACE2 expression, suggest that ACE2 is
involved in the control of cardiovascular function '> !¢ 17> 18 Moreover, ACE2 has been
identified as a functional receptor for the coronavirus which causes the severe acute
respiratory syndrome (SARS) °. Recently Santos et al *° identified the orphan G protein-
coupled receptor mas as an Ang (1-7) receptor.

One issue, which is important for the investigation of the ACE2 system and its
pathophysiological role, is the availability of selective, sensitive and rapid assays. This is
critical in view of accumulating evidence of ACE2’s role both in cardiovascular
homeostasis and as a cellular receptor for the SARS virus '°. A classical method for
measurement of ACE2 tissue activity is based on the use of fluorogenic peptide substrates >
%2122 Another method which is accurate, but time consuming, is the use of radiolabeled

peptide precursors followed by HPLC separation of the peptide products **.
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Our recent studies have focused on the development of new proteolytic assay
technologies. Using endogenous peptide substrates with SELDI-TOF mass spectrometric
(MS) measurements, we were able to show that ACE1 (conversion of Ang I to Ang II) or
renin (conversion of tetradecapeptide to Ang I) activity could be measured in small sample
volumes (less than 1 uL plasma) **. Studies of physiological conditions revealed that there
were increases in plasma ACEI activity in diabetic mice and plasma renin activity in the
Ang ATla gene deletion model. The key issue behind the methodology is the ability to

2526 This means that it can be

distinguish and quantify small molecular weight peptides
applied to peptide sequencing as well quantification of enzymatic reactions. This is
different from spectroscopic assays in which the index of activity is the change in color or
fluorescence with no information regarding the identity of the specific peptides formed in
the proteolytic reactions >/,

The objective of the present study was to develop a sensitive and specific assay for
ACE2 activity. The method was based on our previous work which established MS as a
useful tool for measuring proteolytic enzyme activity, specifically as related to the RAS **.
The approach uses the natural endogenous substrates for ACE2, Ang I and Ang II, which
are proteolytically cleaved to yield Ang (1-9) and Ang (1-7), respectively. It is anticipated

that this MS-enzyme assay will have applications in drug screening, antagonist

development and clinical investigations.

MATERIALS AND METHODS

Recombinant Human ACE2 was purchased from R& D System (Minneapolis, MN,
USA). Ang I and Ang I were obtained from Bachem Bioscience Inc. (King of Prussia, PA,
USA). Bestatin was obtained from ALPCO Diagnostics (Windham, NH, USA). SELDI-
TOF-MS ProteinChip® and the calibration standard molecules were purchased from
Ciphergen Biosystems, Inc (Fremont, CA, USA). ACE2 inhibitor MLN 4760 was a gift
from Dr. Natalie Dales (Millennium Pharmaceuticals, Cambridge, MA, USA).
Trifluoroacetic acid (TFA) was purchased from Pierce Biotechnology, Inc (Rockford, IL,
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USA). Phenylmethanesulfonyl fluoride (PMSF), a-hydroxy-4-cinnamic acid (CHACA),
captopril, EDTA and 1,10 phenanthroline were purchased from Sigma Aldrich Co (St.
Louis, MO, USA). Organic solvents were HPLC grade.

Animals and Plasma Samples - C57BL/6 male mice were purchased from a
commercial source (Harlan Inc, Indianapolis, IN). Male mice with targeted disruption of
the ACE2 gene (Ace2 ") and their littermate controls (Ace2 ™) were generated in the
laboratory of Dr. Thomas Coffman '®. ACE2 deficient mice (Ace2 ™) showed no gross
abnormalities, were capable of efficient reproduction and showed normal cardiac function
'8 Animals were housed at 22°C under a 12-hr light/12-hr dark cycle with ad libitum
access to water and standard mouse chow. For the collection of blood samples, mice were
decapitated and trunk blood was collected in ice-chilled, heparinized tubes. Plasma was
immediately separated and stored frozen at - 80°C. Tissues were removed and immediately
frozen in liquid nitrogen and stored at - 80°C. All experimental protocols were approved by
the WSU Animal Care and Use Committee.

ACEIl and ACE 2 activity were measured in plasma and kidney extracts. The
SELDI-TOF-MS method takes advantage of the ability to precisely quantify the peptide
products of the ACEl and ACE2 reactions, Ang II, Ang (1-9) and Ang (1-7). The
methodology for tissue measurements is similar to that previously described **. The tissues
are homogenized on ice in 1:9 (w/v) of Tris HCI (50 mmol/L, pH 7.4) containing 2 mmol/L
PMSF. The homogenate is centrifuged at 9,000 x g for 10 min to remove cellular debris.
Total protein content is determined in the supernatant using the Bradford protein assay with
BSA as a standard (BioRad Protein Assay Reagent, BioRad Labs, Hercules, CA). The
tissue extract is adjusted with Tris HCI (50 mmol/L, pH 7.4) to a concentration of 1 pg total
protein/uL. The components of the reaction mixture are the following: 25 uL MES buffer
(50 mmol/L, pH 6.75); 2 mmol/L PMSF; 10 pmol/L bestatin, source of ACE (kidney
extract, 0.5-2.5 pg protein in 0.5-2.5 pL, r ACE2 or plasma) and Ang I or Ang II (10
umol/L). The incubations time was from 30 to 120 min at 37° C. The contribution of
endogenous angiotensinogen and Ang peptides in the reaction was negligible since excess

amounts of Ang I and Ang II were used.
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SELDI-TOF-MS - Weak cation exchange (WCX2) ProteinChips® were used for the
retention and analysis of substrate and peptide enzyme products. WXC2 ProteinChip®
spots were first outlined with a hydrophobic mark (pap-pen; RPI Corp, Mt. Prospect, IL,
USA) and air dried. The Chip surface was activated with 1 uLL 0.01 N HCl and washed with
deionized water (5 uL, 3X). After the incubation period, 1uL of the reaction mixture was
spotted onto ProteinChip® WCX2 and analyzed as previously described*.

Statistics - Values of peptide spectra relative intensity or AUC were expressed as
means + SEM. Nonparametric Mann Whitney U test was used for comparison between

groups. Differences were considered to be statistically significant at the p<0.05.

RESULTS

Measurement of rACE2 Activity - An example of the SELDI-TOF-MS profile for
peptides retained on ProteinChip® WCX2 during rACE2 proteolytic assays is shown in
Figure 1. The chromatographs show the substrates and peptide products formed after 30
min incubation of Ang I or Ang II (10 umol/L) with rACE2 (2 and 10 ng). rACE2 (10 ng)
converted Ang I (1296.5 m/z) to Ang (1-9) (1183.45 m/z), by cleavage of the C-terminal
leucine (Figure 1A, 1B). The Ang (1-9) peak was almost undetectable when using the
lower concentration of rACE2 (2 ng, Figure 1A). The conversion from Ang I to Ang (1-9)
was minimal, indicating that Ang I was not a good substrate for rACE2. Incubation of Ang
IT with rACE2 (2 ng) resulted in production of peptides with m/z that matched Ang (1-7)
(898.8) (Figure 1C and 1D). Ang II was a good substrate for rACE2 as seen by the
formation of Ang (1-7) and by complete conversion of Ang II to Ang (1-7) when a higher
concentration of rACE2 (10 ng) was used (Figure 1D).
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Figure 1: SELDI-TOF-MS analysis of recombinant ACE2 (rACE2) activity. rACE2 (2
and10 ng) was incubated with Ang I (10 pmol/L) or Ang II (10 pmol/L) in 25 pL. MES
buffer (pH, 6.75) for 30 min. Substrate and generated peptides were monitored and
expressed as peptide peak % intensity. A: Ang I + rACE2 (2 ng); B: Ang I + rACE2 (10
ng); C: Ang I + rACE2 (2 ng), D: Ang Il + rACE2 (10 ng).

58



Recombinant ACE2 activity was evaluated in the presence of the metallic chelators
(EDTA and 1,10 phenanthroline) and the specific ACE2 inhibitor, MLN 4760. Like ACE1,
ACE2 activity was blocked by the chelating agents (data not shown). Figure 2 shows the
dose related inhibitory effect of MLN 4760 on rACE2 activity (2 ng). Ang II (10 pmol/L)
was incubated with rACE2 (2 ng) in the absence and presence of various concentrations of
MLN 4760 (3 - 300 nmol/L) (Figure 2B-E). The low dose (3 nmol/L) significantly
inhibited rACE2 activity (Figure 2C) and the highest dose (300nmol/L) produced > 95%
inhibition of rACE2activity (Figure 2E). A test of 0.3 nmol/L MLN 4760 also showed
inhibition of almost 20% (data not shown). The results show the specificity of the reaction,
indicating that peptide cleavage was not produced by nonspecific degradation of Ang II,

but rather via the zinc metalloproteases ACE2 "*,
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Figure 2: Inhibition of rACE2 activity with a selectizve ACE?2 inhibitor, MLN 4760. rACE2
(2ng) was incubated with Ang II (10 pmol/L) in 25 pL. MES buffer (pH, 6.75) for 30 min in
the absence and presence of variable concentrations of MLN-4760. SELDI-TOF-MS
analysis of substrate and generated Ang (1-7) was monitored. A: control Ang II; B: Ang II
+ rACE2; C: Ang Il + rACE2 + MLN 4760 (3 nmol/L). D: Ang II + rACE2 + MLN 4760
(30 nmol/L). E: Ang I + rACE2 + MLN 4760 (300 nmol/L).
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The reproducibility of the SELDI-TOF-MS assay for rACE2 activity was quantified
using variable concentration of Ang II as substrate (0.5-50 pmol/L). The peptide was added
to 25 uL of MES buffer containing rACE2 (2 ng/uL) and generated Ang (1-7) was
monitored and expressed as AUC (data not shown). There was a good correlation between
the concentrations of Ang II substrate and the quantity of generated Ang (1-7) (R* = 0.95).
For assay evaluation, we determined the relationship between disappearance of substrate,
Ang 11, generation of product, Ang (1-7), and enzyme concentration (R* = 0.97 and 0.98
respectively) (Figure 3a). When the ratio of the peptide peaks (Ang 1-7/Ang II) was used as
the experimental index, there was a linear relationship between Ang 1-7/Ang II ratio and
rACE2 concentration (Figure 3b, R? = 0.99). The data verifies the utility and the
reproducibility of the method and demonstrates that the peptide ratio provides a better
index of activity. Similarly, when different amounts of kidney extracts were added to a
standard amount of Ang II there was a linear relationship between kidney protein content
and generated Ang (1-7) (R? = 0.96). The data demonstrates that SELDI-TOF-MS may be
used as a biochemical for enzyme assay and for quantitative evaluation of peptide levels in
the reaction mixture.

To further validate the MS enzyme assay, the kinetics of rACE2 activity was
studied by constructing a Lineweaver-Burk plot (1/substrate versus 1/velovity) (data not
shown). Calculated Michaelis constant (K,,) for rACE2 using Ang II as a substrate was
found to be 5.1 pmol/L, which is in agreement with published data using another assay

system >
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Figure 3: (A) Relationship between rACE2 concentration and formation of Ang (1-7) and
disappearance of Ang II. Ang II (10 pmol/L) was mixed with variable concentrations of
rACE2 (0.05-2 ng) and incubated for 2h. Substrate and generated peptides were monitored
and expressed as peptide peak AUC. (B) Linear relationship between rACE2
concentrations and ratio of Ang 1-7/Ang II. Ang II (10 pmol/L) was mixed with variable
concentrations of rACE2 (0.05-2 ng) and incubated for 2h. Substrate and generated
peptides were monitored and expressed as peptide peak AUC.
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Measurement of ACE2 Activity in plasma and kidney - Further characterization
studies were conducted using the specific ACE2 antagonist, MLN 4760 ** with
measurement of ACE1 and ACE2 activity in plasma and kidney extracts. Figure 4 shows
the results of an experiment in which normal mouse plasma (source of ACEl) was
incubated with Ang I (10 pmol/L) for 2 hr. Ang I was processed by ACE1 to yield Ang II
(1046, m/z), a reaction which was blocked by the ACE1 inhibitor, captopril (data not
shown). There was no evidence for the production of Ang (1-7) (898.8) and ACEI activity
was not affected by preincubation with MLN 4760 (0.01 and 100 pmol/L) (Figure 4C &
4D). The composite data suggests that ACE2 is not active in plasma. To exclude the
possibility that endogenous ACE2 inhibitors might be present in plasma and influence the
enzyme reaction, rACE2 activity (2 ng) was measured in the presence of mouse plasma
(0.5-2.5 pL). Plasma had no effect on rACE2 activity (data not shown), suggesting that

circulating ACE2 inhibitors are not present.
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Figure 4: Evaluation of plasma ACE1 and ACE2 activity. Ang I (10 umol/L) was added to
a 25 uLL MES buffer containing 0.5 pL. mouse plasma and 2 mmol/L PMSF in the absence
and presence of MLN 4760. Substrate and generated peptides were monitored and
expressed as peak % intensity. The conditions are the following: A: control Ang I; B: Ang |
+ plasma; C: Ang I + plasma + MLN 4760 (0.01 pmol/L). D: Ang I + plasma + MLN 4760
(100 pumol/L).
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ACE2 deficient (Ace2 ™) and wildtype ACE2 (Ace2 ™) mice were used for further
characterization and validation of the ACE2 assay. Kidney extract was used as a source of
ACE2. Figure 5 shows the results of a representative experiment in which kidney extract
from wildtype ACE2 (Ace2 ) and ACE2 deficient (Ace2 ™) mice were incubated with
Ang II (10 pmol/L). In the wildtype (Ace2 ™), Ang II was metabolized to Ang 1-7 (899,
m/z), providing direct evidence of renal ACE2 activity as expected (Figure 5B). In contrast,
Ang 1-7 (899, m/z) was not formed in kidney extracts from ACE2 deficient (Ace2 / ) mice

(Figure 5C), providing physiological evidence for an absence of ACE2.
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Figure 5: Kidney ACE2 activity in ACE2 deficient and wildtype ACE2 mice. Tissue
extract (1 pg protein) was incubated with Ang II (10 umol/L) for 2 hrs. Substrate and
generated peptides Ang (1-7) were analyzed with SELDI-TOF-MS and expressed as
peptide peak % intensity. A: control Ang II, B: Ang II + wildtype ACE2 , C: Ang I +
ACE2 deficient.
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Figure 6 compares Ang (1-7) generation in renal extracts from ACE2 deficient
(Ace2 ™) and wildtype (Ace2 ™) mice using Ang II or Ang I as substrates. For quantitative
evaluation, the ratio of peptide peaks (Ang 1-7/Ang II) and (Ang 1-7/Ang I) was used as
the experimental index. As expected there was marked decrease in the ratio of Ang 1-7/Ang
IT in ACE2 deficient mice compared to the wildtype (p<0.001, Figure 6). However, when
Ang I was used as the substrate, there was no difference in the ratio of Ang 1-7/Ang |
between the groups indicating other enzyme systems apart from ACE2 may be involved in

generation of Ang (1-7) from Ang I.
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Figure 6: Kidney ACE2 activity in wildtype ACE2 and ACE2 deficient mice. Tissue
extract was incubated with Ang I (10 pumol/L) or Ang II (10 pumol/L) for 2 hrs. Each
reaction mixture was assayed in duplicates. Substrates and generated peptide Ang (1-7)
AUC were analyzed with SELDI-TOF-MS and expressed as ratio of formed Ang (1-7) to
each substrate. Values are means + SE. * P<0.01, compared to wildtype ACE2 mice, n=5.
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DISCUSSION

The RAS is a major target for cardiovascular drugs. Since this system is essentially
a peptide enzymatic cascade, characterization of current and prospective drugs requires
data on peptide targets. The traditional view that Ang II is the major product of the RAS
has been questioned with the recent discovery of a novel carboxypeptidase, ACE2 " * and
growing evidence for a physiological role for its peptide product, Ang (1-7) '* %. Like
ACE], the substrate affinity of ACE2 is not confined to the RAS. ACE2 efficiently cleaves
apelin-13, dynorphin A (1-13) and des-Arg’ bradykinin > °. However, the ability of ACE2
to inactivate the vasoconstrictor Ang II and generate the putative cardioprotective

S %% 23 Further

metabolite, Ang (1-7), implicates ACE2 as a potential regulator of the RA
clarification of the role of ACE2 in disease states will be assisted by the development of
sensitive and rapid methods for measurement of ACE2 activity. There is also need for
miniaturized, reliable assays because of increasing use of mice as experimental models and
the volume requirements of classical enzyme methods.

The introduction of two ionization techniques, electrospray ionization mass

? and matrix-assisted laser/desoption/ionization ** ' in the late 1980s

spectrometry 2
provided major advances in analytical techniques in biomedical research. MS is a powerful
tool with the potential to replace fluorometric, radioactive and photometric monitoring of
certain enzyme assays °>. The method makes it possible to plot appearances and
disappearance of products, reactants, and even intermediates over short reaction times ** *°.
It has the advantage of specificity, speed and reproducibility. We chose to develop a MS
based assay system because of the ability to utilize endogenous peptides as substrates and
the capacity for direct analysis of the enzymatic peptide products. New approaches for MS
quantification have been developed ** and include the use of relative intensity of peak
height and ratio of products to substrate *>. We used both peak height intensity and area
under the curve as parameters for quantification of substrate and enzyme products. One

restriction of MALDI-TOF-MS for quantitative analysis is possible interference of the

matrix with peptides in the mass range between 0 to 500 (m/z). However, this is not
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applicable in the present study since the Ang peptides analyzed have mass greater than 700
m/z.

A recent modification of MS methodology is the ProteinChip technology
(Ciphergen Biosystems, Inc. Fremont, CA) which facilitates protein/peptide profiling of
complex biological mixtures > *. It provides tool for determination of biomarkers of

25, 36

physiological/pathological states . Recently we used this emerging technology for

evaluation of ACEI and renin activity in mice, using plasma sample sizes of less than 1 pl
243738 The method does not require fluorogenic substrates, radioactivity or laborious
purifications steps. The objective of the present study was to determine if this technology
could be extended to the measurement of ACE2 activity.

To initiate the project, we took advantage of the availability of recombinant human
ACE2 in order to establish and optimize a MS-based assay for ACE2. A unique
characteristic of this assay methodology is the ability to use the endogenous peptide
substrates, Ang [ and Ang II. Our results showed that ACE2 activity could be measured
using a MS assay similar to that developed for ACE1 **. We demonstrated that ACE2
preferentially hydrolyses Ang II over Ang I and that the assay was specific, sensitive and
showed linearity of reaction. It is difficult to directly compare this new MS-enzyme method

3,09, 21,22
7 2“2 However, we measured

with traditional assays which use fluorogenic substrates
the Km for the ACE2 reaction and compared it with traditional methods. rACE2 was
incubated with different concentrations of Ang II with measurement of peptide hydrolysis
products (formation of Ang (1-7)) followed by construction of a Lineweaver-Burk plot
(1/substrate vs 1/velocity). Results showed a linear reaction with a regression coefficient of
0.97 and a calculated K, of 5 pmol/L. This experimental K, value for Ang II in the ACE2
reaction was similar to that reported *'. In other studies which used natural peptides as
substrates, peptide hydrolysis products were separated using reverse phase HPLC and
measured with UV detection. The peaks corresponding to the peptide products were
integrated to calculate product formation and compared with standard curves®'. This type of

method is time consuming and subject to problems because of the requirement of multiple

steps. The MS-enzyme method described here is relatively simple, rapid (could be
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completed in one hr) and does not require desalting or further purification steps. This more
direct approach takes advantage of MALDI-TOF-MS which allows for real time detection
of m/z. Another advantage is that the matrix is tolerant of buffers and salts, which makes
MALDI-TOF-MS suited for direct analysis of complex samples such as enzymatic digests
without further purification. In addition, ProteinChip® Arrays are preferable over other
MALDI -TOF-MS methods because they allow for a simple washing step which removes
unbound peptides, residual salts and detergents that are present in crude biological extracts
or buffers. These substances can interfere with MS analysis and reduce assay sensitivity >

Results show that the enzymatic reactions produce the predicted Ang peptides with
inhibition by specific inhibitors. For example, initial studies of ACE1l revealed that
incubation of Ang I with plasma resulted in the formation of Ang II with a linear
relationship between substrate depletion and product formation # 1In the present study,
ACE]1 activity was measured in plasma using Ang I as a substrate with no evidence of
production of Ang (1-7). There is a report of a secreted form of human ACE2 (shACE2) in
culture media from transfected endothelial cells and cardiomyocytes *° and in plasma of
neonatal rats injected with lenti-vector encoding shACE2 *° . We re-addressed the idea of
the presence of circulating ACE2 using the new assay technology. When plasma from
normal mice was incubated with Ang II, Ang (1-7) could not be detected. This suggests that
there is ACE2 activity is not present in normal plasma, but does not rule out the possibility
that ACE2 may be active in the circulation under pathological states.

To physiologically validate the method, we used a new genetic mouse model which
lacks the ACE2 enzyme '*. Renal ACE2 activity was measured in wildtype ACE2 (Ace2 ™)
and ACE2 deficient (Ace2 / ¥) mice using Ang II as the substrate. There was a marked
decrease in formation of Ang (1-7) in kidney extracts from ACE2 deficient mice. The
results verify the assay specificity and confirm the absence of renal ACE2 activity in ACE2
deficient (Ace2 '/y) mice, consistent with the characterized model '7 '®, Interesting results
were obtained when Ang I was used as the enzyme substrate. If ACE2 is critical in the
metabolism of Ang I, one would predict similar results with the Ang substrates. However,

Ang (1-7) generation was not different in the knockout and wildtype strains. This is likely

69



explained by Ang I’s reaction with other proteolytic enzymes such as the neutral
endopeptidase, neprilysin (E.C. 3.4.24.11) which also generates Ang (1-7) .

One of the issues of concern with the classical enzyme assays is their reliance on
fluorogenic, artificial substrates. For examples, one ACE2 assay employs Mca-
YVADAPK(Dnp)-OH which was originally developed to measure caspase-1 activity ***'.
The current method of choice for ACE2 measurement uses the fluorogenic peptide
substrates, Mca-Y VADAPK(Dnp) and Mca-APK(Dnp) *** 2! %, In this assay, the substrate
peptide contains a fluorescent 7-methoxycoumarin group (Mca) which is quenched by
energy transfer to a 2, 4-dinitrophenyl group (Dnp). It can be used to measure ACE2
activity as well as activity of other peptidases. It is based on cleavage of an amide bond
between the fluorescent and quencher groups, resulting in an increase in fluorescence.
However, there is no information as to whether this substrate is selective for ACE2 over
ACEIL. In fact, in one study, captopril (ACE1 inhibitor) was included in the ACE2 assay
system®® with no explanation as to its purpose™. Furthermore, in a recent study using this
fluorogenic substrate, there was a discrepancy between ACE2 activity and protein content
(western blot and immunohistochemistry) *2 The reason could be due to the use of
polyclonal antibodies or the use of the fluorogenic substrate for measuring enzyme activity.
Using the MS approach described in this paper, it is possible to determine if a given
substrate can act as a substrate for more than one enzyme and determine the site(s) of
proteolytic cleavage.

Use of artificial synthetic substrates can also generate conflicting data and an
example is provided by the effect of NaCl on ACEI * and ACE2 * ? activity . When the
synthetic substrate, Mca-APK (Dnp), is used there is either inhibition® or activation of
ACE2 by NaCl 3% However, when the natural substrate, Ang 11, is used, NaCl inhibits
ACE?2 activity *. These studies highlight the problems with the use of artificial substrates to
study enzyme activity and suggest that that observed differences in the activation of ACE1
and ACE2 cannot be directly attributed to differences in the enzymes, because other

conditions, such as substrates, or ionic conditions, could affect the outcome of the study.
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In conclusion, our results document the development of a novel MS-enzyme assay
for monitoring tissue ACE2 activity. Results document the absence of a circulating from of
ACE2, the specificity of the method and the alterations associated with specific gene
deletion. SELDI-TOF-MS provides a viable alternative to existing analytical techniques
with the advantage of the use of endogenous synthetic substrates and the ability to directly
measure enzymatic peptide products. The method may be useful as a tool for monitoring
disease states, a screening mechanism for drug development and a prototype for other MS-
enzyme assays. The method provides a rapid, sensitive and reproducible alternative to

existing analytical techniques for detection for RAS enzymatic activities.

PERSPECTIVE

The focus in the present study was on the development of a MS based enzyme assay
for ACE2 using endogenous peptide substrates. Evaluation of enzyme activity by SELDI-
TOF-MS is specific where substrates and products are unambiguously identified by their
mass to charge ratio (m/z) and quantified as peptide peak intensity or AUC. The technology
has been successfully used to monitor rACE2 and kidney ACE2 activity and calculated
kinetic parameters were shown to parallel those obtained by conventional techniques. Mass
spectrometric data give more confidence about the identity of the reaction products than
other enzyme assays and therefore avoids false positive results. The short time, small
sample size and minimal handling requirements along with potential for high throughput
represent further significant advantage in the application of the method in drug
development of potential ACE2 inhibitors. The method could also be applied to studies of
the functional role of ACE2 and screening for circulating ACE2 under pathological

conditions.
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CAPITULO 4

Elased KM, Cunha TS, Marcondes FK, Morris M. Predominant role of angiotensin
converting enzyme-2 (ACE2) in mouse brain. The Journal of Biological Chemistry —

submetido em 22.03.2007.

Neste capitulo, apresentaremos os dados referentes a aplicacdo do SELDI-TOF-MS
no estudo do papel da ECAI, ECA2 e NEP cerebrais sobre a metabolizagdao das
angiotensinas.

O comprovante de submissao eletronica do artigo encontra-se na pagina 77.
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SUMMARY

Angiotensin (Ang) converting enzyme 2 (ACE2) is a newly discovered metalloprotease
enzyme which metabolizes Ang II to the vasodilator peptide, Ang (1-7). Neprilysin (NEP)
is another enzyme involved in generation of Ang (1-7) from Ang I. Experiments were
performed to study the functionality of ACE2 in brain using novel mass spectrometric (MS)
proteolytic assays. We compared ACE1 and ACE2 activity in brain, plasma and kidney
from C57BL/6 and NEP gene deletion mice (NEP -/-) and their littermate controls (NEP

+/+). Plasma or tissue extracts were incubated with either Ang I or Ang II (1296 or 1045
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m/z, respectively) and generated peptides were monitored and detected using SELDI-TOF-
MS. ACE2 activity, measured as the generation of Ang (1-7) from Ang II, was detected in
kidney and brain, but not plasma. Brain ACE2 activity was highest in hypothalamus as
compared to other brain regions. ACE2 activity was inhibited by the specific ACE2
inhibitor, DX600 (10 uM, 99% inhibition), but not by the ACE1 inhibitor, captopril (10
puM). Both MS and conventional colorimetric assays showed high ACE1 activity in plasma
and kidney with low to undetectable levels in brain. In hypothalamic extracts from NEP-/-
mice, generation of Ang (1-7) from Ang I was significantly decreased, suggesting a role for
NEP in Ang metabolism. With Ang II as the substrate, there was no difference between
NEP (-/-) and wild type controls, indicating that other enzymes, apart from NEP, contribute
to generation of brain Ang (1-7). Results show: 1) evidence for a predominance of ACE2
over ACEI activity in brain; 2) lack of detectable ACE2 activity in plasma; 3) evidence for
a predominant role of NEP in metabolism of Ang I in hypothalamus and 4) utility of MS
for studying ACE1/ACE2 and neprilysin enzyme activity using natural Ang peptide
substrates.

Key Words: angiotensin (1-7), angiotensin II, ACE1, ACE2, neprilysin, renin angiotensin

system, angiotensin metabolism

INTRODUCTION

The importance of the systemic renin-angiotensin system (RAS) and the pivotal role
of angiotensin II (Ang II) in the pathogenesis of hypertension and other cardiovascular
diseases is widely acknowledged (1;2). However, the traditional view that Ang II is the key
product of the RAS has been questioned with discovery of angiotensin converting enzyme
2 (ACE2) (3;4), as well as growing evidence for a physiological role for Ang (1-7) (5-7).

ACE2 catalyses the conversion Ang II to Ang (1-7) (4;8;9). Ang (1-7) is a peptide
with vasodilator and anti-proliferative properties which has gained attention because of
cumulative evidence showing that it antagonizes many of the cardiovascular actions of Ang

IT (10). Apart from ACE2, Ang (1-7) can be generated directly via cleavage of the Pro’-

79



Pro® bond in the C-terminal domain of Ang I (11), by at least three enzymes, which include
neprilysin (EC 3.4.24.11), prolyl-endopeptidase (EC 3.4.21.26) and thimet endopeptidase
(EC 3.4.24.15) (12-14). With less efficiency, ACE2 also converts Ang I to Ang (1-9) (3;9),
a peptide whose physiological effects are not fully understood. Besides its physiological
role as a peptidase, ACE2 has been demonstrated to be a functional receptor for the
coronavirus that causes severe acute respiratory syndrome (SARS) (15;16).

In addition to the systemic RAS, there is evidence for a local RAS system in a
variety of tissues, such as pancreas, heart, liver, lungs, adipose tissue and brain (reviews)
(17-19). Using molecular biological, biochemical, immunochemical and genetic
approaches, results have shown that the peptide precursor and enzymes required for the
formation and degradation of the biologically active forms of Ang, as well as Ang
receptors, are present in brain (20-22). However, despite the multitude of studies on the
brain RAS, there is little information on regulation of enzymatic activity. The focus has
instead been on localization of enzymes, peptides and receptors and their mRNAs (20;23-
25). There is evidence for ACEIl activity in areas lacking a blood brain barrier, for
example, the subfornical organ and pineal gland (26;27). Even so, levels are extremely low
with activity expressed as pmole/mg protein.

Similar to ACE1, ACE2 is present in a wide variety of cells and tissues with high
concentrations in cardio-renal tissues but limited expression in the central nervous system
(CNS) (28;29). Gallagher et al. (5) reported that Ang II down regulates ACE2 mRNA in
astrocytic cultures, resulting in lower levels of Ang (1-7). However, activity of Ang (1-7)
generating enzymes was not measured in this study and there is evidence for a dissociation
between gene expression and enzyme activity for components of the RAS (28).

There is much information to show that the brain RAS is critical in regulation of
blood pressure, water balance and endocrine secretion (30;31). Nevertheless, there are
questions as to exact means by which the central RAS functions, particularly as to the
relationship between ACE1 and ACE2 in the regulation of brain Ang peptide metabolism.
To close this knowledge gap, we developed a program to examine the regulation of ACE1

and ACE2 activity in brain. We took advantage of newly developed mass spectrometric
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(MS) methods for measuring Ang proteolytic processing (32;33). The methods are sensitive
and specific and offer advantages over traditional assays since they provide data on peptide
precursors and precise proteolytic products (32;33). The goal was to study Ang peptide
metabolism in the central nervous system (CNS) in order to determine the functional

importance of ACE2.

EXPERIMENTAL PROCEDURES

Reagents-Ang 1 (1296.7, m/z) and Ang 11 (1046.3, m/z) were obtained from Bachem
Bioscience, Inc. (King of Prussia, PA, USA). Bestatin was obtained from ALPCO
Diagnostics (Windham, NH, USA). Trifluoroacetic acid (TFA) was purchased from Pierce
Biotechnology, Inc (Rockford, IL, USA). Phenylmethanesulfonyl fluoride (PMSF), [1-
hydroxy-4-cinnamic acid (CHACA), captopril and EDTA were purchased from Sigma
Aldrich Co (St. Louis, MO, USA). ACE2 inhibitor DX600 was purchased from Phoenix
Pharmaceuticals, Inc (Belmont, CA, USA). SELDI-TOF-MS ProteinChip® and the
calibration standards were purchased from Ciphergen Biosystems, Inc (Fremont, CA,
USA). Organic solvents were HPLC grade.

Animals - C57BL/6 male mice were purchased from Harlan, Inc. (Indianapolis, IN).
Tissues from NEP gene deletion mice (NEP -/-) and their littermate controls (NEP +/+)
were obtained from Dr. Bao Lu (Harvard Medical School, Boston, MA) (34). Animals were
housed at 22°C under a 12-hr light/12-hr dark cycle with ad libitum access to water and
standard mouse chow. All experimental protocols were approved by the WSU Animal Care
and Use Committee.

Tissue and plasma samples - Mice were decapitated and trunk blood was collected
in ice-chilled heparinized tubes. Plasma was immediately separated and stored frozen at -
80°C. Brain and kidney were quickly removed, frozen in liquid nitrogen and stored at -
80°C. Kidney, hypothalamus, cortex, brainstem, pituitary and hippocampus were carefully
dissected and homogenized on ice in 1:9 (w/v) of Tris HCI (50 mM, pH 7.4) containing 2

mM PMSF. The homogenate was centrifuged at 9,000 x g for 10 min to remove cellular
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debris. Total protein content was determined in the supernatant using the Bradford protein
assay with BSA as a standard (BioRad Protein Assay Reagent, BioRad Labs, Hercules,
CA).

SELDI-TOF-MS ACEIl and ACE2 Assays — ACEl and ACE2 activities were
measured in plasma and tissue extracts, as previously described (32;33). Tissue extracts (1-
2 ug protein) or plasma (0.5 pL) were added to 50 uL MES buffer (50 mM, pH 6.5),
containing PMSF (2 mM) and bestatin (20 puM). Samples were spiked with 5uM of Ang I
or Ang II and incubated at 37°C. After incubation, the reaction mixture (1pL, 40-80 ng
protein) was spotted onto weak cation exchange (WCX2) ProteinChip®, and enzymatic
reactions were terminated by addition of 1 pL of freshly prepared saturated matrix (o-
cyano-4-hydroxycinnamic acid in 50% acetonitrile (v/v), containing 0.1% TFA). Generated
peptides, Ang IT and Ang (1-7), were directly read in a ProteinChip® reader system, PBS II
(Ciphergen Biosystems). MS analysis was performed with proprietary software (version
3.1, Ciphergen Biosystems), which integrates area under the peak. lonized peptides were
detected and their molecular masses determined according to time of flight (TOF).

Colorimetric ACEI Assay — ACEI activity was also measured with a colorimetric
assay (ALPCO Diagnostics, Windham, NH, USA), using the synthetic substrate, N-
hippuryl-L-histidyl-L-leucine, in the presence and absence of the ACE1 inhibitor, captopril
(10 uM). Briefly, tissue extracts (320 ug protein) or plasma (40uL) were incubated with
substrate and released hippuric acid was colorimetrically measured at 382 nm. Results were
expressed as ACE1 units, defined as the amount of enzyme required to release 1 uM of
hippuric acid/min/1 of tissue extract or plasma. Samples were measured in duplicate.

Statistics - Values of peptide spectra relative intensity or AUC were expressed as
means £ SEM. Student’s t-test was used for comparison between groups. Differences were

considered to be statistically significant at p<0.05.

RESULTS
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ACE?2 activity - The first goal was to determine whether ACE2 activity is present in
brain from normal mice. An example of a typical SELDI-TOF-MS peptide
chromatographic profile for an ACE2 assay in plasma (1A), renal (1B) and hypothalamic
(1C) tissue is shown in Figure 1. The two MS peaks observed in Figures 1B and 1C are the
assay substrate Ang II (5 uM, 1045, m/z) and the peptide product, Ang (1-7) (899, m/z),
providing evidence for ACE2 like activity in kidney and brain with no detectable activity in

plasma. Incubation of Ang II with heat inactivated brain tissue failed to generate Ang (1-7)

(data not shown).
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Figure 1: Generation of Ang (1-7), from Anéﬂ/ 1l in plasma (A), kidney (B)and brain (C)
from C57BL/6 mice. Plasma (0.5 pL), kidney or hypothalamic extract (1 pug total protein)
was incubated with 25 pL. MES buffer, containing Ang II (5 pumol/L), PMSF (2 mM),
bestatin (20 uM) and ZPP (10 uM), for 2 hours at 37°C.. Substrate and generated peptides
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were monitored in 1 pLreaction mixture using SELDI-TOF-MS and expressed as peak %
intensity. The conditions are the following: A: Ang II + plasma; B: Ang II + Kidney; C:
Ang II + Brain.

Based on this finding, we screened for ACE2 activity in specific brain areas (Table

1). ACE2 activity levels were highest in hypothalamus (1.35+ 0.22) followed by cortex
(0.69+0.05), hippocampus (0.53+0.18), pituitary (0.27+0.16) and brainstem (0.06+0.02).

Table 1: Measurement of ACE2 activity in hypothalamus, cortex, hippocampus, pituitary
and brainstem from C57BL/6 mice, using SELDI-TOF-MS. Ang II (5 pmol/L) was
incubated with tissue extract (1 pg total protein) for 2 hours. Buffer and protease cocktail
mixture is described in figure 1. Ang Il and generated Angl-7 were monitored in 1 pL
reaction mixture using SELDI-TOF-MS. ACE2 activity was expressed as ratio between
Ang (1-7)/Ang II. Values are mean + SE. (n=5).

Brain region Ratio Ang (1-7) / Ang 11
Hypothalamus 1.35+£0.22
Cortex 0.69 £0.05
Hippocampus 0.53+£0.18
Pituitary 0.27+£0.16
Brainstem 0.06 £ 0.02

The linearity of the SELDI-TOF-MS ACE2 assay is shown in Figure 2 in which
varying protein concentrations of hypothalamic extract (20 to 80 ng) were used. The
substrate (Ang II) and product (Ang 1-7) were measured and activity expressed as the ratio

between Ang (1-7)/Ang II. There was a linear relationship between hypothalamic protein

and ACE2 activity (R* = 0.92).
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Figure 2: Relationship between protein concentration and Ang (1-7) formation. Ang II (5
umol/L) in 25 pL. MES buffer was mixed with variable concentrations of hypothalamic
extract (0.25-2.0 ug total protein) from C57BL/6 mice and incubated for 2 hours at 37°C .
Ang II and generated Angl-7 were monitored in 1 pL reaction mixture using SELDI-TOF-
MS. ACE2 activity was expressed as ratio between Ang (1-7)/Ang II.

To evaluate specificity of the brain ACE2 assay, we determined the effect of the
specific ACE2 inhibitor, DX600 (35) and the metallic chelator, EDTA. Figure 3 shows the
dose related inhibitory effect of DX600 on hypothalamic ACE2 activity. Ang II (5 uM) in
25 uL MES buffer was incubated with hypothalamic extract (40ng/uL total protein) in the
absence and presence of DX600 (1 and 10 uM) (Figure 3B-3D). The low dose (1 uM)
inhibited hypothalamic ACE2 activity by 92% (Figure 3C) and the higher dose (10 uM)
produced more than 99% inhibition (Figure 3D). EDTA (10 mM) completely blocked the
reaction, while captopril had no effect on ACE2 activity (data not shown). The generation
of Ang (1-7) was not inhibited Z-PP, selective inhibitor of prolyl-endopeptidase. Results
document the specificity of the reaction, indicating that the peptide cleavage was not
produced by nonspecific degradation of Ang II, but rather via the zinc metalloprotease,

ACE2 (3;4).
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Figure 3: Inhibition of hypothalamic ACE2 #efivity with a selective ACE2 inhibitor,
DX600. Ang II (5 uM) was incubated with hypothalamic extract (1 ug total protein) from
C57BL/6 mice for 2 hours in the absence and presence of variable concentrations of
DX600. Substrate and generated Ang (1-7) were monitored in 1 puL reaction mixture using
SELDI-TOF-MS and expressed as peak % intensity. The conditions are the following: A:
control Ang II; B: Ang II + Hypothalamus; C: Ang II + Hypothalamus + DX600 (1 uM);
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D: Ang II + Hypothalamus + DX600 (10 uM).
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Ang I as a peptide substrate in plasma and brain - Plasma and hypothalamic extract
from C57BL/6 mice were incubated with Ang I (5 uM). Figure 4 represents a typical
chromatograph for sequential processing of Ang peptides. Figure 4A shows the MS peak
for the Ang I substrate in the absence of added plasma or hypothalamic extract. As
expected in the presence of plasma, Ang I (1294.64, m/z) was processed by ACEI to yield
Ang 11 (1044.42, m/z)(Figure 4B). In addition there was no evidence for production of Ang
1-7 (Figure 4B). A different peptide profile was observed when Ang I (1294.8, m/z) was
incubated with hypothalamic extract (Figure 4C). Ang II (1044.7, m/z) was almost
undetectable, suggesting that ACE1 activity is low in brain. Moreover, the chromatograph
showed that in hypothalamus Ang (1-7) is the primary Ang peptide product generated
when Ang I is the substrate, indicating ACE2 activity (Figure 4C). The absence of
detectable Ang (1-9) (1183, m/z) suggests that Ang I is not a good substrate for ACE2, as

previously demonstrated with recombinant human ACE2 (33).
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Figure 4: Enzymatic processing of Ang I and Ang II. Plasma (0.5 pL) and hypothalamus
extract (1 pg total protein) from C57BL/6 mice were incubated with Ang I (5 uM) for 2
hours. SELDI-TOF-MS analysis of substrate and generated Ang (1-7) was monitored in 1
uL reaction mixture and expressed as peak % intensity. The conditions are the following:
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A: control Ang I; B: Ang I + Plasma; C: Ang I + Hypothalamus.

88



ACE?2 activity in neprilysin deficient mice - In order to determine whether other Ang
(1-7) generating enzymes affect ACE2 activity, NEP (-/-) mice were tested. Since
conversion of Ang I to Ang (1-7) was not inhibited by DX600, the idea emerged that NEP
might take part in Ang metabolism. Indeed, data suggests that NEP is one of the enzymes
involved in generation of Ang (1-7) (12;36). We took advantage of the availability of NEP
deficient mice (NEP -/-) to analyze the contribution of this enzyme in the generation of Ang
(1-7) in brain. Figure 5 compares Ang (1-7) generation in hypothalamic extracts from NEP
-/- and wild type NEP +/+ mice using Ang II or Ang I as the substrate. For quantitative
evaluation, the ratio of peptide peaks (Ang 1-7/Ang II) and (Ang 1-7/Ang I) was used as
the experimental index. When Ang II was used as the substrate, there was no difference in
the ratio of Ang 1-7/Ang II between the groups. However, as expected there was marked
decrease in the ratio of Ang 1-7/Ang II in NEP -/- mice compared to NEP +/+ (p<0.05,
Figure 5). Taken together, these results indicate that neprilysin plays a role in generation of

Ang (1-7) in mouse brain, depending on the available substrate.
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Figure 5: Role of neprilysin in the generation of Ang (1-7) from Ang I and Ang II, in
hypothalamus extract from NEP-/- and wild type NEP +/+ mice. Tissue extract was
incubated with Ang I (5 uM) or Ang II (5 uM) for 2 hours at 37°C. Each reaction mixture
was assayed in duplicates. Substrates and generated peptide Ang (1-7) peak were analyzed
in 1 pL reaction mixture using SELDI-TOF-MS and expressed as ratio of formed Ang (1-7)
to each substrate. Values are mean + SE. *P<(0.05 vs wild type NEP +/4+ mice (n=5).
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Brain ACEI activity measured using SELDI-TOF-MS and colorimetric assays - As
mentioned previously, using the SELDI-TOF-MS assay, there was little evidence for the
formation of Ang II from Ang I in hypothalamic extracts. This suggests that ACE1 activity
in mouse brain is low to undetectable. To confirm these results, we compared ACE1
activity in plasma, kidney and hypothalamus using SELDI-TOF-MS (32;33) and the classic
colorimetric ACE1 assay (37). Plasma (0.5uL) and kidney or hypothalamic extracts (1 pg
protein) were incubated with Ang I (5 uM). Ang I and generated Ang II and the ratio were
quantified using SELDI-TOF-MS. As shown in Figure 6A, hypothalamic ACE1 activity
was almost undetectable as compared to kidney and plasma (p<0.001). Captopril (10 uM)
inhibited the generation of Ang II in all samples (Figure 6A, p<0.05), indicating that this
peptide was generated by the action of ACEl. The experiment was repeated using the
conventional colorimetric assay. Plasma (20 pl), kidney or hypothalamic extract (160 pg
protein) were incubated with the synthetic substrate, N-hippuryl-L-histidyl-L-leucine. The
released hippuric acid was colorimetrically quantified and results expressed as ACE units.
Figure 6B shows that ACE1 activity in hypothalamus was below the detection limit of the
assay and was not significantly altered by captopril (10 uM). As expected, ACEI activity
was detected in kidney extracts and plasma and was significantly inhibited by captopril (10
uM) (p<0.001, Figure 6B). The protein concentrations required for the colorimetric assay
were much greater (more than a 150 fold) than that needed for the MS assay, further
verifying the utility of the new method.
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Figure 6: Comparison of brain ACE1 activity using SELDI-TOF-MS and colorimetric
assay. (A) SELDI-TOF-MS: Plasma (0.5uL), kidney or hypothalamic extract (1 pg total
protein) from C57BL/6 mice were incubated with Ang I (5 uM) for 2 hours, in the absence
and presence of captopril (10 uM). Substrate and generated Ang Il AUC were monitored
and expressed as ratio of Ang Il / Ang I. Values are mean + SE. #P<0.001 vs control kidney
and control plasma; *P<0.001 vs control (n=5). (B) Colorimetric assay: Plasma (20 pL),
kidney or hypothalamic extract (160 ug total protein) from C57BL/6 mice were incubated
in the presence of the synthetic substrate N-hippuryl-L-histidyl-L-leucine. The released
hippuric acid was colorimetrically quantified, and results expressed as ACE units. Values
are mean £ SE. #P<0.001 vs control kidney and control plasma; *P<0.001 vs control)
(n=5).
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DISCUSSION

The RAS is an attractive target for medications designed for management of
cardiovascular dysfunction. Since this system is essentially a complex of bioactive peptides
with a regulatory enzymatic cascade, characterization of current and prospective drugs
requires data on peptide processing and a sensitive assay of the regulatory enzymes. There
is much clinical interest in measurement of renin and ACE activity as biomarkers for
disease states, such as, hypertension, diabetes, heart failure and renal dysfunction. The
traditional view that Ang II is the key product of the RAS has been challenged with the
recent discovery of a new carboxypeptidase, ACE2, and growing evidence for a
physiological role of its peptide product, Ang ( 1-7) (38). Like ACE1, the substrate affinity
of ACE2 is not confined to the RAS, for example it also efficiently degrades des-Arg’
bradykinin (8;9). However, it is the ability of ACE2 to inactivate the vasoconstrictor, Ang
II, and generate the putative cardioprotective metabolite, Ang (1-7), that implicates ACE2
as a important participant in cardiovascular homeostasis (8;9;38).

Recently we used SELDI-TOF-MS to develop sensitive and specific assays for
ACEI, ACE2 and renin activities in tissue and plasma (33;39). The proteolytic Ang peptide
products are identified by m/z and quantified by peak intensity and AUC. Results show that
the enzymatic reactions produce the predicted Ang peptides with inhibition by specific
inhibitors. For example, Ang I incubation with plasma resulted in the formation of Ang II
with a linear relationship between substrate depletion and product formation. There was
also a correlation between incubation time and product formation. In the present study we
exploited the sensitivity and selectivity of SELDI-TOF-MS to screen for localized ACE1
and ACE2 and other possible enzymes such as NEP which generate Ang (1-7) from Ang I
and Ang II in brain. The assay system allows for relative comparison of multiple
proteolyticl enzymes contributing to Ang peptide processing in brain. Plasma and kidney
were used as known sources for ACEl and ACE2, respectively, and provided data to
compare with brain. The goal was to address the ability of brain tissue to metabolize Ang |

and Ang II and to directly evaluate the contributions of ACE1/ACE2 activity. Proteolytic
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enzyme activities were measured directly rather than using other indices of the RAS such
as receptor binding or mRNA levels.

The current, widely used method for measurement of ACE2 activity employs
synthetic, fluorogenic peptide substrates (9;40-42). The substrate peptide contains a
fluorescent 7-methoxycoumarin group which is quenched by energy transfer to a 2, 4-
dinitrophenyl group. For example the fluorogenic peptide substrate, Mca-Y-V-A-D-A-P-K
(Dnp)-OH is used to measure activity of ACE2 or any other peptidase that is capable of
cleaving an amide bond between the fluorescent group and the quencher group. Examples
of other enzymes that would be active in this assay are ACE1 (43), caspase -1 and
interleukin converting enzyme (44). More recent studies have employed a different
fluorogenic substrate, Mca-A-P-K (Dnp)-OH, which is more specific for ACE2 (8;9;45). It
is also possible to use radioactive Ang peptides (‘*’I-Ang I and '**I-Ang II) for the study of
Ang metabolism and as a screen for ACE2 activity in kidney (46;47) and heart (38). While
this approach is reliable and accurate, it is time consuming and requires the use of
radioactivity and chromatographic separation of substrate and peptide products. The
advantage of the new MS-based method is the ability to utilize endogenous peptide
substrates for ACE1 and ACE2 without the need of synthetic, artificial fluorogenic or
radoactive substrates.

There is a considerable data to support the presence and a physiological role for
brain Ang (1-7) (36), which binds to a non-Ang I/Ang II type receptor originally identified
as the Mas oncogene(48). However, the role of brain ACE2 in the generation of this
peptide is not well understood. The original study described ACE2 in heart, kidney and
testis, but failed to demonstrate its presence in brain (3). Subsequent studies using QRT-
PCR (29) and immunohistochemistry (49) revealed that ACE2 is localized in brain and
astrocytes (5). However, in this emerging field there are few studies which address the
activity of ACE2 in brain. Thus, our first goal was to determine whether ACE?2 is active in
mouse brain and to evaluate whether it is genetically regulated.

Results demonstrate significant levels of ACE2 activity in brain as seen by marked

conversion of Ang II to Ang (1-7) in brain extracts. Other supportive data show that
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reaction was inhibited by DX 600, but not by captopril. Present data also show differential
activity for ACE2 in brain regions with highest activity in hypothalamus. This is consistent
with an early study (50) which showed robust immunochemical staining for Ang (1-7) in
the hypothalamus. Furthermore, the substrate of preference was Ang II with little
interaction with Ang I. It is interesting to note that there was no evidence for ACE1 activity
in brain even though it was easily detected in kidney and plasma. This was seen using
either the MS proteolytic or the conventional colorimetric assay. Indeed, most other
investigations have relied on the use of immunochemical methods (51) or receptor binding
assays (51-53) to support the idea of an active brain ACEI1 system. A recent study reports
that brain ACEIl activity is low, in agreement with our findings. ACE1 activity was
measured in serum and brain of perindopril-treated mice (54). The study showed more than
90 % inhibition of serum ACE1 with only a slight inhibition of brain ACEI even though
perindopril is brain permeable (54). Low brain ACE1 activity noticed under normal
conditions does not rule out that activity could be enhanced during pathophysiological
situations. Our present enzyme activity data agrees with early autoradiographic binding
studies which revealed low levels of ACE1 throughout the mouse hypothalamus (55)

An important conclusion of our study is that brain ACE2 is predominant over ACEI
under normal physiological situations. This is an unexpected finding since Ang II and its
receptors are present and active in the brain, review (56). Injection of Ang II peripherally or
centrally activates brain systems, with effects blocked by Ang ATI blockers (57).
However, this does not provide information on the endogenous state. It would be
interesting to determine whether the ratio between brain ACE1/ ACE2 activity is altered in
animals or humans with cardiovascular dysfunction. Indeed, a recent study using db/db and
streptozotocin diabetic mice showed an alteration in ACE1 and ACE2 activity compared to
non-diabetic controls (43). Studies using adenovirus mediated inference small hairpin RNA
for ATla (Ad-ATla-shRNA) injected directly into the brainstem also documented
interactions between Ang ATIa and ACE2 (58).

The endopeptidase neprilysin (NEP) cleaves the vasodilator atrial natriuretic factor

and a number of RAS peptides and contributes to the formation of Ang (1-7) (12;59). In
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an effort to understand the mechanisms that implicate brain NEP and RAS in the generation
of Ang 1-7 in brain tissue, experiments were performed using NEP deficient mice. Our data
showed that Ang (1-7) forming activity from Ang I was significantly reduced in the
hypothalamus obtained from NEP (-/-) mice. However, Ang (1-7) forming activity from
Ang II was not altered in these mice. This supports the idea that brain ACE2 has a distinct
role in inactivating Ang II. Our data showed that conversion of Ang I to Ang (1-7) was not
inhibited by DX600, which suggested that NEP might be involved in Ang metabolism.
Indeed, data suggests that NEP is one of the enzymes involved in generation of Ang (1-7)
(12;36). This data also indirectly indicates a lack of secondary role of ACE1 in the brain. If
there was an abundant supply of functional ACE1, there would be sequential production of
Ang IT and Ang (1-7).

Measurement of circulating forms of ACE2 has proved problematic. In normal
plasma, we found no evidence of ACE2 activity. A recent clinical trial showed that plasma
ACE2 was only detectable in <10 % of individuals, a total study population of 500 (45).
While there is evidence showing Ang 1-7 in plasma and urine which is physiologically
regulated, the source of the peptide is not certain (47;60). In rats, ACE2 was measured in
plasma and found to be increased after coronary artery ligation (61). It was surprising that
the increase in plasma ACE2 activity was not associated with an increase in plasma Ang
(1-7), but rather with an increase in Ang (1-9) (61). This would suggest that ACE2
preferentially cleaves Ang I rather than Ang II. This observation does not agree with our
data or previous studies which demonstrate that Ang II is efficiently cleaved by ACE2,
almost 400 fold more active with Ang II as substrate as compared to Ang I (9). We also
found no evidence for ACE2-dependent formation of Ang (1-9) from Ang I (data not
shown). Therefore, an important criterion for in vivo ACE2 activity would be detection of
increased Ang (1-7). Evidence that this reaction was mediated by ACE2 was shown by the
inhibition with MLN 4760 and metal chelators. The generation of Ang (1-7) in the brain
was not inhibited by Z-PP, selective inhibitor of prolyl-endopeptidase, which is capable of

generating Ang (1-7). It is interesting to note that there was no evidence for the formation
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of other Ang peptides, Ang 1-7 and Ang 1-9, which indicates a lack of ACE2 in plasma as
would be predicted.

In conclusion, using a SELDI-TOF MS assay approach with endogenous Ang
peptide substrates, we documented a predominant role of ACE2 in processing of Ang II in
brain as well as | evidence that ACE2 is a critical element of the RAS. This suggests an
interesting scenario in which Ang (1-7), rather than Ang II, may be the dominant brain
peptide. Furthermore, a balance between ACEl and ACE2 may be important in
cardiovascular health and new treatment strategies may be envisioned which specifically

target this system.
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CONSIDERACOES GERAIS

O diabetes mellitus, bem como suas complicacdes, tem se tornado um dos maiores
problemas de saude publica dos paises Ocidentais. Estima-se que existam
aproximadamente 200 milhdes de pacientes diabéticos no mundo, e acredita-se que nos
proximos anos a prevaléncia da doenca vai aumentar ndo somente no Ocidente, devido a
epidemia de sobrepeso e obesidade, mas também em paises emergentes, por causa das
mudangas com relacdo aos habitos alimentares. Sendo assim, a previsao ¢ de que nos
proximos anos, o diabetes se torne a causa mais importante de morbidade e mortalidade
relacionada as doencas cardiovasculares (Nitenberg, 2007).

Apesar do incrivel progresso das pesquisas basicas e aplicadas na area da satde,
nossa capacidade para tratar as doencas cardiovasculares seguem limitadas. Em outras
palavras, podemos sim tratar muitos sintomas, mas devido a limitacdo na compreensdo da
etiologia primaria responsavel pela manifestacio e desenvolvimento do processo
patolégico, as causas desencadeantes seguem parcialmente obscuras. Até muito
recentemente, os enfoques que eram utilizados para estudar as enfermidades eram baseados
em ferramentas farmacoldgicas e bioquimicas in vitro. Hoje em dia, tem sido cada vez
maior o namero de estudos in vivo dedicados a compreensdo dos mecanismos relacionados
ao aparecimento de complicac¢des cardiovasculares decorrentes do diabetes e hipertensao.
Entretanto, uma série de perguntas ainda permanece sem respostas. Buscando alcangar um
maior entendimento a respeito das complicagdes decorrentes do diabetes mellitus e
alteracdes cardiovasculares, apresentamos nos Capitulos 1 e 2 os resultados de estudos in
vivo utilizando diferentes modelos animais.

No Capitulo 1 desta tese, foi mostrado pela primeira vez que o alto consumo de
frutose, causa disfun¢do renal significativa em camundongos, evidenciada por aumento da
excregdo protéica urinaria e alteragdes renais histologicas discretas. Além disto, mostramos
que o grau de disfuncdo renal esta positivamente correlacionado tanto com a variabilidade
da pressdo arterial, como com o componente low frequency (LF) da mesma, importantes

preditores de lesdes em oOrgdos-alvo, em pacientes hipertensos (Parati et al., 1987; Mancia
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et al., 1994) e em ratos SHR (Su & Miao, 2001; Wang et al., 2005). Os dados obtidos em
nosso estudo complementam aqueles obtidos por Farah et al. (2006), onde foi mostrado que
a dieta rica em frutose causa hipertensdo arterial noturna, associada a ativagdo simpatica,
hiperatividade do SRA e intolerdncia a glicose, sem entretanto causar hiperglicemia e
hiperinsulinemia. Estes achados ressaltam a importancia dos dois estudos na caracterizagao
do modelo, que parece mimetizar a fase precoce do estado diabético em humanos. Além
disto, evidenciam que as disfung¢des cardiovasculares e renais, induzidas pela dieta, estao
presentes mesmo quando ndo existem alteragdes metabolicas acentuadas (Farah et al,
2006). Apesar de ndo ser possivel concluir se a hipertensdo arterial neste modelo foi o
determinante da lesdo renal, ou se foi secunddria a doenga renal intrinseca, sabe-se que a
hipertensao desempenha um progndstico negativo sobre o desenvolvimento da disfungao
renal, e vice-versa, em varios modelos experimentais (Yoshida K et al., 1994; Yoshida K et
al.,2001; Yoshida K et al., 2002).

E vasta a literatura que mostra que o exercicio aerébio, realizado regularmente,
promove importantes adaptacdes autondmicas e hemodindmicas, resultando em reducao
significativa da pressdo arterial (Brum et al., 2000; Rondon & Brum, 2003). Por outro lado,
poucos estudos avaliaram os efeitos do treinamento fisico na associagdo entre hipertensao
arterial e diabetes mellitus. Lehmann er al. (1997) demonstraram que pacientes com
diabetes mellitus tipo 1 e pressdo arterial limitrofe, submetidos a um programa de
exercicios aerdbios por 3 meses, apresentaram aumento do VO, maximo, reducdo da
pressao arterial e da freqiiéncia cardiaca, com melhora do perfil lipidico,
independentemente da melhora glicémica. Sendo assim, no Capitulo 2, utilizamos o modelo
SHR-STZ para estudar os efeitos do treinamento fisico sobre as alteragdes metabolicas e
cardiacas presentes na associagao hipertensao-diabetes.

Nossos dados mostraram que o treinamento fisico moderado nao sé induziu melhora
dos parametros metabdlicos gerais ¢ hemodindmicos dos animais, como também atenuou a
progressao das alteracdes morfologicas e funcionais do musculo cardiaco, aumentando a
concentragdo tecidual de substrato energético. Mostramos também que o treinamento fisico

aumentou significativamente o indice de sobrevida dos animais, fator provavelmente
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relacionado a melhora do perfil metabolico e da fungdo cardiovascular, evidenciado pela
reducdo dos niveis pressoricos, melhora da sensibilidade do barorreflexo e das fungdes
sistolica e diastélica. Nao descartamos entretanto, que as adaptacdes benéficas também
sejam decorrentes da melhora do perfil oxidativo e de mudangas relacionadas a expressao e
atividade de componentes do SRA (dados ndo mostrados). Embora a eficicia do
treinamento fisico sobre a associagdo entre diabetes e hipertensdo tenha sido evidenciada
neste estudo, sabe-se que nem todos os pacientes sdao responsivos ao mesmo (Rondon &
Brum, 2003). Sendo assim, a adog¢do do treinamento fisico como tratamento unico € ndo-
farmacologico de pacientes diabéticos e/ou hipertensos sempre dependera da
responsividade, disponibilidade e aderéncia do paciente a terapia adotada, bem como do
grau de disfuncao apresentado.

Os resultados apresentados nos dois primeiros capitulos desta tese mostram a
importancia da utilizagdo de modelos experimentais para a compreensao das complicagdes
decorrentes do diabetes e da hipertensdo. Modelos como estes, além de possibilitarem
maior controle sobre as variaveis que interferem na manifestacdo destas doengas,
reproduzem sintomas e complicagdes em um periodo de tempo relativamente curto,
comparado a evolucdo em humanos. Além disso, nos permitem a realizacdo de analises
que, por questdes éticas, obviamente ndo poderiam ser utilizadas em estudos envolvendo
humanos, ja que ¢ inadmissivel manter um paciente sem tratamento quando opgoes
terapéuticas estdo disponiveis.

Mas o desafio ¢ ainda maior, e sabe-se que para compreender os mecanismos
envolvidos na manifestacio de algumas doencas, ¢ necessaria a utilizacdo de outros
recursos técnicos disponiveis. Um deles ¢ a utilizacdo de ferramentas que permitam a
avaliacdo, de maneira rapida, simples e precisa, de componentes envolvidos no processo
fisiopatologico. Sendo assim, no Capitulo 3 apresentamos os resultados referentes a
padroniza¢do de uma metodologia alternativa para a detecgdo e quantificacdo da atividade
enzimatica da ECA2, importante enzima envolvida no controle cardiovascular. Para tanto,
lancamos mao da tecnologia denominada surface-enhanced laser desorption/ionization

time of flight (SELDI-TOF) mass spectrometry (MS), e utilizando ensaios proteoliticos
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miniaturizados, determinamos a atividade da enzima. Esta técnica ¢ particularmente util
para a quantificacdo de peptideos de baixo peso molecular, apesar de ainda ndo estar sendo
aplicada em grande escala para a mensuracdo de atividade enzimatica. Neste estudo
(Capitulo 3), foram utilizados substratos endogenos (angiotensina I e angiotensina II) que
quando clivados pela enzima ECA2, liberam angiotensina (1-9) e angiotensina (1-7),
respectivamente. Os substratos e produtos foram identificados pelas razdes massa/carga
(m/z), quantificados como intensidade do pico ou area sob a curva, ¢ a atividade enzimatica
expressa pela razdo produto/substrato. Utilizando esta metodologia, foi possivel monitorar
com sucesso a atividade da ECA2 recombinante ¢ da ECA2 renal, mostrando que a técnica
apresenta também alta reprodutibilidade. Por outro lado, a atividade da ECA2 ndo foi
detectada no plasma. Além disto, apresentamos neste estudo os resultados de dois
importantes recursos para validagdo do método: 1) Mostramos que valor de K,, (Michaelis
constant), obtido pelo estudo da cinética da ECA2 recombinante utilizando o SELDI-TOF-
MS, foi semelhante aqueles obtidos utilizando outras técnicas e, 2) Mostramos também que
a atividade proteolitica da ECA2 foi inibida por agentes quelantes, como o acido
etilenodiaminotetracético (EDTA), e também por inibidores especificos, como o MLN-
4760, enfatizando a especificidade da reacgao.

Sabe-se que apds a padronizagdo e validagdo de novos ensaios como o apresentado
no Capitulo 3, ¢ essencial que seja mostrada a aplicabilidade do mesmo em diferentes
condigdes experimentais. Sendo assim, utilizamos o novo método para ajudar-nos na
compreensdo do papel da ECA1, ECA2 e da endopeptidase 24.11 (NEP) cerebrais no
metabolismo das angiotensinas (Capitulo 4), em camundongos controle. Optamos pelo
estudo do SRA cerebral, que desempenha papel critico na regulacdo da pressao arterial,
controle hidrico e de secre¢do endocrina (Wright & Harding et al., 1992; Lazartigues et al.,
2002), e cuja atividade, em situagdes patologicas como no diabetes e hipertensiao, o
funcionamento deste sistema pode estar alterado (Pereira et al., 2001; Wichi et al., 2005;
Gaudio et al., 2005; Jandeleit-Dahm & Cooper, 2006; Cooper et al., 2006).

No presente estudo (Capitulo 4) mostramos que, semelhante ao que ja havia sido

observado por Ferrario et al. (1992) em tecido cerebral de caes e ratos, a angiotensina (1-7)
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¢ o principal peptideo formando em extratos hipotalamicos de camundongos controle. A
novidade foi que, ndo s6 a NEP, mas também a ECA2 contribui para a sintese de
angiotensina (1-7), clivando eficientemente, angiotensina [ e angiotensina II,
respectivamente. Mais surpreendente, os resultados do presente estudo mostraram que em
situagoes fisioldgicas, a ECA2 exerce papel predominante sobre a ECA1, metabolizando de
maneira rapida e eficaz o peptideo vasoconstritor, angiotensina II, que se forma. Este foi
um achado inesperado, uma vez que diversos estudos mostram que tanto a angiotensina II
quanto os receptores para o peptideo estdo presentes no cérebro, e parecem ser gerados
localmente (Lippoldt et al., 1995; Morimoto & Sigmund, 2002). Os resultados in vitro
obtidos no presente estudo apresentam limitagdes com relag@o a sua aplicabilidade in vivo.
Entretanto, sugerem que o balango existente entre ECA1, ECA2 e NEP para a formacao das
angiotensinas no hipotalamo, importante centro regulador da pressao arterial, pode ser um
fator essencial na manutengcdo das fungdes fisiologicas do sistema cardiovascular,
apontando a angiotensina (1-7) como o principal peptideo vasoativo neste tecido.

O préximo passo sera a utilizagdo do novo método na monitorizagdo do SRA, em
estados patoldgicos, ja que existe grande interesse clinico na mensuracdo da atividade dos
componentes do SRA como marcadores de doengas, como a hipertensdo, o diabetes,
insuficiéncia cardiaca e disfungdo renal. O pequeno volume de amostra necessario para o
ensaio, a rapidez no processamento das amostras e a precisdao na identificagdo dos
peptideos de interesse permitirdo o acompanhamento da dinamica do SRA durante o curso
temporal de evolucao destas afecgdes, evitando resultados falso-positivos. Além disto, com
a utilizacdo desta nova tecnologia, serd possivel avaliar e comparar o efeito de diferentes
abordagens, farmacoldgicas ou nao, sobre o SRA, bem como testar inibidores e
antagonistas potenciais para a enzima ECA2, auxiliando-nos na compreensdo do
funcionamento deste complexo sistema. E assim como os ensaios para a avaliagdo da
atividade da renina e da ECAl serviram de protdtipo para a padronizacdo desta
metodologia, esperamos que a metodologia apresentada contribua para o desenvolvimento

de outros ensaios enzimaticos utilizando a espectrofotometria de massa.
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Entretanto, ¢ importante ressaltar que existem duas importantes restrigdes com
relacdo a utilizacdo do método. A primeira diz respeito a possivel interferéncia entre a
matriz e os peptideos de interesse, na escala entre 0 e 500 (m/z), o que nao se aplica ao
presente estudo, pois os peptideos analisados possuem massa maior do que 500 (m/z). A
segunda estd relacionada ao alto custo para aquisicio do equipamento e material
necessarios para a realizagdo das analises. No momento, este fator limita significativamente
a utilizagdo do ensaio no Brasil, tendo em vista que poucos sdo 0s centros que possuem o
equipamento.

Com base nos estudos apresentados, concluimos que a utilizagdo de modelos
animais ¢ essencial para a compreensdao da fisiopatologia, medidas terapéuticas e
desenvolvimento de novas tecnologias para a prevengao e tratamento do diabetes e
hipertensdo arterial. Sabemos que alguns grupos ainda sdo resistentes ao uso de animais em
estudos cientificos, alegando, dentre diversos outros pontos, que as alteragdes e respostas
observadas em modelos experimentais ndo se aplicam diretamente ao homem. Entretanto,
diante da grande homologia roedor-homem e da possibilidade de isolamento de variaveis,
dados como os apresentados nesta tese, direta e indiretamente, adicionardo novos
conhecimentos na busca por medidas eficazes para a prevencdo e tratamento destas
doengas. Porém devido a complexidade de alguns temas, nem sempre é assim tdo evidente
a justificativa para a utilizacdo de modelos animais, nem tampouco a aplicabilidade dos
resultados obtidos na experimentag¢do animal. Como estes sao fatores que podem limitar o
desenvolvimento técnico-cientifico do pais, ja que as decisdes em Politica de
Desenvolvimento Cientifico e Tecnoldgico nem sempre, ou na maioria das vezes, sdo
tomadas por pessoas com conhecimento técnico, ¢ muito importante que, desde o0 momento
do delineamento experimental, estejam claras para o pesquisador quais sdo as perguntas
que se pretende responder. Desta forma, por mais complexo que seja o trabalho
desenvolvido, o estudante ndo terd dificuldade em mostrar como seus achados poderdo
contribuir para a compreensdo dos mecanismos relacionados ao bem-estar humano e

animal, justificando assim a importancia cientifica da sua pesquisa.
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CONCLUSAO

1. O alto consumo de frutose causa disfuncao renal significativa em camundongos, que se
mostrou positivamente correlacionada com as alteragdes cardiovasculares induzidas pela

dieta;

2. A associagdo entre diabetes e hipertensdo promove efeitos deletérios sobre a funcao
cardiovascular e o treinamento fisico moderado atenua a progressdo destas alteragoes,

aumentando significativamente o indice de sobrevida de animais hipertensos diabéticos;

3. Por meio da utilizagdo da espectrofotometria de massa foi possivel padronizar um ensaio
alternativo, rapido, sensivel e preciso para determinagdo da atividade proteolitica da ECA2

tecidual em camundongos;

4. Em condigdes fisiologicas, as enzimas ECA2 e NEP parecem exercer papel
predominante sobre a ECAl na metabolizagdo das angiotensinas no hipotdlamo de
camundongos controle, contribuindo de maneira significativa para a formagdo de

angiotensina (1-7).
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ANEXO

o
I- sesPrTa a3 cliniges

DIRETORIA CLINICA
Comissdo de éﬁca para Andlise de Projetos de Pesquisa

APROVACAC

A Comissdo de Etica para Andlise de
Projetos de Pesquisa - CAPPesq da Diretoria Clinica do Hospital das
Clinicas e da Faculdade de Medicina da Universidade de Sido Paulo, em
sessio de 27.11.03, APROVOU documentos abaixo mencionados
referentes ao Protocolo de Pesquisa n® 1034/02, intitulado: “Efeitos
do treinamento fisico nas alteragdes hemodindmicas do diabetes
experimental: papel do débito cardiaco, fluxe sanguineo regional e
reflexos cardiovasculares” apresentado pela COMISSAO CIENTIFICA
E DE ETICA DO INSTITUTO DO CORACAO.
- Inclusdo da aluna de pés-graduagdo Tatiana de Sousa da Cunha.
- Inclusdo da Dra. Fernanda Consolim-Cclombo como orientadora
- Extensdo do estude com o titulo: Efeito do treinamento fisico sobre
as alteracdes cardiacas induzidas pelo diabetes experimental em

ratos espontaneamente hipertensos: papel de estresse oxidativo.
Pesquisador(a) Responsdvel: Profa. Dra. Maria Claudia Irigoyen

Pesquisador(a) Executante: Sra. Angela D' Avila Harthmann

CAPPesq, 27 de Novembro de 2003.

i
L Ak
PROF, DR. EUCLIDES AYRES DE CASTILHO

Presidente da Comissdo de Etica para Andlise
de Projetos de Pesquisa
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