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RESUMO

PENITENTE, Arlete Rita, D.Sc., Universidade Federal de Vicosa, marco de
2012. Efeitos da restricao protéica experimental sobre a morfologia do
miocardio e as propriedades mecanicas dos miocitos cardiacos isolados
em ratos Fisher apés o desmame. Orientador: Clévis Andrade Neves.
Coorientadores: Anténio José Natali e Deoclécio Alves Chianca Jr.

Alteragdes na nutricdo em fases precoces da vida resultam no desenvolvimento
de adaptacdes que podem modificar permanentemente a estrutura de um
6rgao ou tecido. Embora a funcao cardiaca esteja alterada em animais com
restricdo protéica, ainda ha informacdes limitadas sobre a mecanica, morfologia
e ultraestrutura dos cardiomidcitos, que levam a alteracéo da funcao cardiaca.
O presente estudo investigou a relacao entre a restricao protéica severa pos-
desmame e as alteracbes morfolégicas, moleculares e ultra-estruturais dos
cardiomidcitos ventriculares, além de suas propriedades mecanicas, dos sparks
de calcio e da atuacao do sistema [-adrenérgico, em ratos machos Fischer, a
partir do desmame. Os animais foram divididos aleatoriamente em grupo
controle (GC, n= 36) e grupo com restricado de proteinas (GRP, n=36). Apds o
desmame (28 dias ap6s o nascimento), animais do GC e GRP receberam
dietas isocal6ricas contendo 15% e 6% de proteina, respectivamente, por 35
dias. Em seguida, os animais foram pesados, sacrificados e tiveram o0s
coracbes removidos para a analise histolégica, morfométrica, estereolégica e
ultraestrutural; ou isolados por dispersdo enzimatica para andlise das
propriedades mecéanicas. Os resultados encontrados demonstraram que a
restricdo protéica causou uma drastica reducao no peso corporal, do coracao e
do ventriculo esquerdo dos animais do GRP. Essas alteragdes foram
acompanhadas com uma diminuicdo no comprimento, largura e area dos
cardiomidcitos, além de um aumento da quantidade de colageno no GRP em
relacdo ao GC de 38%. Porém em relagdo ao numero de células o GRP
apresentou o mesmo numero de células do GC. As analises ultra-estruturais
permitiram a observacdo de miofibrilas menos desenvolvidas, maior proporcéao
de mitocdndrias e reticulo sarcoplasméatico menos organizado no GRP.
Midcitos ventriculares do GRP também apresentaram alteracbes nas
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propriedades contrateis, tanto em condicdes basais quanto apés estimulacao B-
adrenérgica. Além disso, o GRP apresentou menor expressao protéica de
SERCA2a e menor transiente de calcio em relacdo ao GC, provocando
prejuizos na mecanica celular. De acordo com esses resultados, foi possivel
concluir que a restricao protéica severa altera ndo apenas a morfologia do

coracao, mas também aspectos bioquimicos e funcionais.



ABSTRACT

PENITENTE, Arlete Rita, D.Sc., Federal Univesity of Vigosa, March, 2012.
Effect of experimental protein restriction on the morphology of myocardial
and the mechanical properties of cardiac myocytes isolated from Fisher
rats after weaning. Adviser: Clévis Andrade Neves. Co-advisers: Antonio José
Natali and Deoclécio Alves Chianca Jr.

Nutrition deficits early in life result in adaptive changes which can permanently
modify the structure of an organ or tissue. Despite the fact that cardiac function
seem to be altered in rats fed low protein diet, available information about
mechanics, morphology and ultrastructure of cardiomyocytes in this model is
still limited. The present study investigated the relation between severe protein
restriction post weaning and morphological, molecular and ultrastructural
changes in ventricular cardiomyocytes in addition to the mechanics, intracellular
calcium sparks and B-adrenergic system action on these cells. Animals were
randomly divided in control (CG, n=36) and protein restriction (PRG, n=36)
groups. After weaning (28 days), the rats were fed either control (15% casein)
or low protein (6% casein) isocaloric diets for 35 days. Following this period,
rats were euthanized and hearts were removed for histological, morphometric,
estereological and ultrastructural analysis or processed in order to isolated
cardiomyocytes by enzymatic dispersion to perform mechanic test. Results
showed that protein restriction ended up in body weight, heart weight and left
ventricular reduction compared to same aged control rats. These changes were
accompanied by individual cardiomyocytes length, diameter and area reduction.
It was also noticed 38% increase in collagen deposition in the matrix of PRG
compared to CG rats. The number of cardiomyocytes was similar in both
groups. Ultrastructural analyses revealed less developed myofibrils and higher
proportion of less organized mitochondria and sarcoplasmic reticulum in the
cells of PRG. Myocytes of PRG also showed changes in the contractile
properties both in baseline and after p-adrenergic stimulation conditions. In
addition, cells from PRG exhibited lower expression of SERCA2a protein and
smaller calcium transient compared to CG which seems to impair the cell
mechanics. Based on these findings, we conclude that severe protein
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restriction after weaning may modify not only morphological but also
biochemical and functional aspects of the heart.
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1. Introducao Geral

1.1. Desnutricao

A desnutri¢do, definida na literatura como uma deficiéncia de nutrientes
essenciais a sobrevivéncia e manutencdo das funcbes vitais, pode estar
relacionada a ingestdo inadequada de nutrientes (proteinas, carboidratos,
gorduras, sais minerais e vitaminas); consequéncia, geralmente, de uma dieta
restrita, determinando desequilibrio entre a necessidade corpérea e a ingestao
de nutrientes (Sawaya et al, 2003). A desnutricdo é considerada uma condicao
patoldégica e ainda um sério problema de saude publica, afetando um numero
substancial de criangas, em diferentes partes do mundo, 0 que tem originado
expressivo numero de estudos na tentativa de elucidar suas consequéncias no
adulto (WHO, 2010).

Dependendo do periodo de exposicao e do grau de desnutricdo, severas
consequéncias podem ocorrer durante o desenvolvimento do organismo e
também na vida adulta, predispondo ao desenvolvimento de doengas crénico-
degenerativas como hipertensdo, diabetes e doencas cardiacas (Barker et al,
1993; Okoromah et al, 2011). Entretanto, a inter-relagcdo entre os efeitos da
desnutricdo sobre os diversos 6rgdos e sistemas, com destaque para o
coracéao, ainda nao é totalmente esclarecida.

Todas as células do organismo, em maior ou menor intensidade, sofrem
alteracées provocadas pela deficiéncia de qualquer um dos nutrientes
indispensaveis a sobrevivéncia. Assim, esta caréncia nutricional influencia no

grau de comprometimento e no funcionamento dos érgaos, decorrentes do



periodo de exposicao do individuo, bem como a severidade desta restricdo.
Com efeito, na vida fetal os dérgaos passam por periodos criticos de
desenvolvimento que coincidem com periodos de rapida divisao celular. A
caréncia de nutrientes em periodos criticos de desenvolvimento, mesmo que
por pouco tempo, pode reduzir o numero de células em alguns o6rgaos,
modificando seu metabolismo e / ou estrutura, afetando seu desenvolvimento e
funcdo (Gluckman & Hanson, 2004; Lim et al, 2010). Portanto, devido a suas
diversas repercussdes ao organismo e alta prevaléncia, a desnutricdo é muito
estudada. Em humanos as avaliagdes epidemiologicas se sobrepdem e 0 uso
de modelos animais tem permitido cada vez mais esclarecimentos para que
este problema possa ser desvendado.

A desnutricdo experimental pode ser induzida por alteracdo dos
componentes da dieta ou por reducao da quantidade da mesma. Ela pode
ocorrer em varias fases do desenvolvimento e causar danos variaveis
dependendo da fase de desenvolvimento envolvida. A desnutricdo intra-uterina,
por exemplo, induzida por alteragdo na dieta das fémeas gravidas, envolve
fases de crescimento rapido e pode causar danos irreversiveis em Varios
sistemas fetais, incluindo o cardiovascular (Barker et al.; 1993). Varias linhas
de pesquisa adotam a hipdtese de que a desnutricdo intra-uterina leva a uma
programacao fetal, o que predispde ao desenvolvimento de doencas crénico-
degenerativas. Hipertensdo, doencgas coronarianas, diabetes tipo |l e doencas
renais sdo algumas das desordens relacionadas ao baixo peso ao nascer
(Barker e cols., 1993; Phillips e cols., 1994; Hoppe et al., 2007). Durante a
amamentacdao a desnutricdo pode ser induzida restringindo a quantidade de

proteina dietética das fémeas (Pedrosa & Moraes-Santos, 1987) ou



aumentando o tamanho da ninhada, provocando competicéo pelo leite materno
(Belmar, 1996). Outros protocolos induzem a desnutricdo em animais
reduzindo em 50 % todos os componentes da dieta, ou seja, proteinas e
calorias (restricdo alimentar de 50%) (Cicogna et al., 1999). O modelo de
desnutricdo proposto neste trabalho foi baseado na reducdo do conteudo
proteico da dieta oferecida ao grupo desnutrido de 15% para 6%, 0 que
representa uma reducdo de 68% da proteina dietética (caseina). Esta
metodologia assemelha-se aos meétodos utilizados em outros trabalhos da
literatura (Agarwal e cols., 1981; Benabe e cols., 1998). O rato é o animal mais
utilizado nestes estudos por apresentar caracteristicas como: facil manuseio,
metabolismo acelerado e se adequar as diferentes metodologias de
desnutricdo. Esta Ultima caracteristica possui relevancia especial porque permite
investigacées experimentais rapidas, principalmente de disturbios promovidos
apenas tardiamente pela desnutricdo no individuo adulto.

Ratos submetidos a diferentes niveis de desnutricdo, inclusive proteica,
evidenciaram em seus Orgaos, alteracbes anatdbmicas e histoldgicas,
compativeis com a adaptacdo que o0 organismo promove para se ajustar as
condigdes nutricionais adversas (Benabe & Martinez-Maldonado, 1998;
Christian & Stewart, 2010). Nesse contexto, varias pesquisas apontam que a
desnutricdo promove alteracdes de ambito corpéreo geral, porém, o impacto da
mesma nao se processa de igual maneira nos varios érgaos e tecidos do
organismo. Tal fato acontece devido a uma condicdo especial que assinala
certa seletividade (Freitas et al, 1994), privilegiando 6rgaos indispensaveis a
sobrevivéncia em relagdo a outros (Hanson et al., 2002; Gluckman & Hanson,

2004).



Outro fator a ser considerado sédo as grandes implicacoes econémicas e
sociais que advém dos efeitos da desnutrigio a médio e longo prazo,
principalmente porque as maiores taxas de desnutricdo ocorrem em paises em
desenvolvimento, que ndo podem financiar o tratamento de doencas crénico-
degenerativas. Nesse contexto, ndo ha duvidas da necessidade de estudos
relacionados as alteracdes fisioldgicas que a desnutricdo pode causar ao

organismo.

1.2. Alteracoes morfolégicas do coracao associadas a desnutricao
proteica

O adequado funcionamento do coracdo e, portanto, do sistema
cardiovascular depende diretamente da forma, da funcdo do musculo e da
célula cardiaca. Assim, modificagdes na estrutura desse 6rgdo podem acarretar
falhas, comprometendo outros sistemas e, dessa forma, o0 organismo
(Christian, 2010). O comprometimento muscular afetado pela desnutricdo é
uma forma de adaptacédo a reducdo de nutrientes para suprir a célula, uma vez
que os tecidos musculares sao fontes imediatas de aminoacidos. Ocorre
também enfraquecimento progressivo do miocéardio, diminuicdo da demanda
circulatéria, conduzindo a uma situagdo de risco e sobrevida (Drott &
Lundholm, 1992; Gruber, 2012).

Evidéncias comprovam que restricdo proteica materna pode levar a
reducdo no numero de cardiomidcitos na prole, um importante fator de risco
para desordens cardiovasculares na vida adulta (Lim et al, 2010). Ratos cujas
maes foram submetidas a restricido proteica moderada (9% de caseina)

apresentaram diminuicao no tamanho do coracgéo, devido a redugcao do numero



de cardiomiécitos (Corstius et al., 2005). Esses autores sugerem que tais
variagdes ocasionadas pela desnutricdo, podem comprometer a funcao
cardiaca, levando a patologias cardiovasculares como hipertensdo e
insuficiéncia cardiaca.

Alteracdes morfolégicas e disfuncdo sistblica miocardica foram
observadas em animais submetidos a restricao alimentar. Cicogna et al. (1999),
utiizando um modelo diferente de desnutricdo, reduzindo todos os
componentes da dieta (restricdo alimentar de 50%), e trabalhando com
preparacées de musculo papilar isolado, observaram aumento de colageno
intersticial no miocardio cardiaco, acarretando danos ao sistema circulatério.
Cicogna (2000), trabalhando com este mesmo modelo experimental (restricéao
alimentar de 50%), observou perda de peso corporal desproporcional, com
perda de peso maior no grupo experimental. Porém esse autor também
observou um aumento do peso relativo (relagdo peso ventriculo/peso corpo) do
ventriculo esquerdo nos animais do grupo experimental. Em outro estudo
realizado em ratos jovens desnutridos desde o nascimento (Fioretto et al,
2001), os autores perceberam perda de peso cardiaco, corpéreo e da massa
ventricular, indicando que o coracédo foi afetado pelos efeitos adversos da
desnutricdo em relagdo ao peso e massa, verificando também que o ventriculo
esquerdo apresentou uma remodelagcdo excéntrica, determinada pela
desproporcional reducdo da massa em relacdo ao volume. Outro autor
(Vandewoude, 2008), verificaram modificagcées no miocardio em relacdo a
microvascularizagdo e mecanismo de adaptacdo dos midcitos desnutridos.
Kothari (1992), estudando a massa e funcéo ventricular esquerda de criancas

entre 1 e 5 anos de idade, saudaveis e desnutridas, verificou que a massa



ventricular esquerda foi menor nas criangas desnutridas do que nos controles,
porém, a relacdo massa ventricular esquerda / peso corpéreo mostrou-se
significativamente aumentada nas criancas desnutridas, sugerindo uma
relativa preservacado cardiaca nesse grupo, em relacdo a diminuicdo do peso
corporal.

Em 2002, Cunha, analisando fragmentos do ventriculo esquerdo em
humanos adultos desnutridos e nutridos, verificou uma menor espessura dos
cardiomiécitos nos desnutridos, com hipotrofia miofibrilar, decorrente da
reducdo da sintese dos componentes das miofibrilas. Outros autores
observaram alteracbes focais em muitas fibras musculares, tais como a
desorganizagdo e a perda das miofibrilas causando disfungdo miocardica
(Pinotti et al., 2010).

Dessa maneira, existe uma dependéncia direta entre as condicoes
morfofuncionais das células constituintes dos tecidos cardiacos, seu
desempenho e funcionamento normal. Nesse contexto, € de exirema
importancia, a realizacdo de pesquisa sobre parametros morfolégicos e
funcionais do tecido e da célula cardiaca, podendo contribuir para a elucidacao
do comportamento morfofuncional desse 6rgao, fundamental nas funcdes
vitais. Esses estudos seriam uma importante contribuicao para a compreensao
dos efeitos deletérios causados pela restricdo proteica no coracdo e seu

impacto sobre as doengas cardiovasculares.

1.3. Alteracdes da homeostasia do Ca** no coracdo associadas a

desnutricao



O fon calcio (Ca®**) desempenha papel fundamental na regulagio e
sinalizacdo da funcdo celular para a manutencdo da homeostase. E
fundamental nos processos de secrecdo e liberacdo de neurotransmissores,
divisdo celular, regulacdo dos processos de transcricdo genética, proliferacao
celular e apoptose (morte celular programada) (Berridge et al., 2000). No
miécito cardiaco, especialmente, o fon Ca?* é fundamental desde a geracéo e
modulacdo da atividade elétrica do potencial de acédo (PA), até a regulacdo e
controle do processo de contragdo (Bers, 2001; Bers, 2002). E evidente que um
dos principais mecanismos reguladores da contratilidade e relaxamento
cardiaco é o transito de célcio (Ca®**) intracelular (Opie, 1998; Bers, 2001).

O processo de contragdo cardiaca inicia-se com a abertura dos canais
lentos de Ca®* do sarcolema (canais do tipo L), com conseqiiente entrada de
Ca?* extracelular. Fabiato (1983) descreveu que a liberagdo de Ca?* de reticulo
sarcoplasmatico (RS) é induzida pela ligacdo de Ca** aos canais de liberacédo
denominados receptores de rianodina (RyRs). E o aumento da concentracédo
de célcio intracelular [Ca®*], no citosol (figura 1) que permite a ligacdo desse
ion a troponina C (TnC), possibilitando a interacdo actina-miosina. A
intensidade da contracdo depende da quantidade e da sensibilidade dos
miofilamentos ao Ca?". Em condicdes fisioldgicas, a ativagcdo elétrica ou

excitacdo desencadeia a contracdo; e o aumento de [Ca**]

é o fator que acopla
os dois fen6menos: excitagdo/contracdo. O conjunto desses processos €
denominado acoplamento excitagdo-contracdo. Quando a concentracao

intracelular de Ca®* comega a diminuir, principalmente pela recaptura de célcio

pela da bomba de Ca?* do RS (SERCA2a), inicia-se o relaxamento. A atividade



da SERCA2a é o processo mais importante na re-captagdo do Ca** nos
cardiomidcitos.

Outras proteinas, como o trocador Na‘*/ Ca?* e a bomba de Ca?** do
sarcolema, atuam como reguladores do fluxo de Ca?* no miocardio. Dessa
maneira, o ciclo do transito de Ca®" intracelular ¢ modulado pela atividade de
diferentes canais. Canais do tipo L, que regulam a contracédo e a atividade da
SERCA2a, regula também o relaxamento miocardico (Opie, 1998; Bers, 2001;

2002) (figura 1).
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Figura 1: Representacdo esquematica dos principais mecanismos envolvidos no
processo de acoplamento excitagdo-contragdo (E-C) no midcito cardiaco de
mamiferos. No cardiomiécito normal o potencial de acdo (PA), despolariza o
sarcolema, iniciando o acoplamento E-C, que resulta na contracdo e relaxamento do
miocardio. O acoplamento E-C compreende os processos envolvidos na ativacao das
proteinas contrateis pelos ions calcio e a sua subseqiente remogédo para que o
relaxamento muscular acontega. O PA ativa canais de calcio voltagem dependentes
(canais tipo L) e permitem a passagem de pequenas quantidades de calcio
extracelular para o citosol. Este célcio, ativa receptores rianodinicos (RyRs) e a
liberacdo rédpida de grande quantidade de ions calcio, presentes no reticulo
sarcoplasmatico (RS), para o citosol. O aumento da concentragdo de célcio interage
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com a troponina C, o que resulta no encurtamento do sarcomero, e consequente,
contracao muscular. O relaxamento ocorre consecutivo a remogao do calcio citosélico
através da atividade da bomba de célcio pelo RS, SERCA2a, pela troca Na*/Ca®* e
pela bomba de calcio do sarcolema que retiram, respectivamente, 92%, 7% e 1% do
célcio liberado durante a despolarizacao celular. RS — reticulo sarcoplasmatico; NCX -
mecanismo de troca sodio-calcio; ATP - ATPase de Ca; ICa - corrente de Ca por meio
de canais tipo L; RyRs — receptores de rianodina; PLB — fosfolambam; ATP — trifosfato
de adenosina (modificado de Bers, 2002).

Em relacdo a estimulacdo beta-adrenérgica, suas principais
consequéncias em nivel celular sdo o aumento da forga de contracdo (efeito
inotrépico positivo) e o0 aumento da taxa de relaxamento (efeito lusitrépico
positivo). A via beta-adrenérgica compreende 0s processos envolvidos na
interacdo das catecolaminas com os receptores (B1 e B2 especificos)
presentes na membrana do cardiomiécito (sarcolema). Apds a conversao do
estimulo extracelular (em resposta intracelular), ocorre uma cascata de
eventos, com alteracdes bioquimicas e moleculares para acontecer a contracao
e relaxamento dos cardiomiécitos (Opie, 2001).

Este processo ocorre quando um agonista beta-adrenérgico (o
isoproterenol, por exemplo), interage com os receptores beta. Esta ligacao
desencadeia alteracdes das proteinas G do sarcolema, levando a ativacao da
adenil-ciclase e formagdo da adenosina 3'5' monofosfato (AMP-ciclico). O
aumento do AMPc ativa a proteinaquinase-A (PKA) do citosol da célula. A PKA
estimula o metabolismo dos cardiomidcitos e fosforila as proteinas dos canais
tipo L do sarcolema, permitindo uma maior entrada de Ca®** para o citosol,
durante a despolarizacao celular. O aumento do influxo de calcio induz ainda a
liberacado de maior quantidade desse ion dos estoques do RS para o citosol,

resultando no aumento tanto da atividade ATPasica da miosina, quanto da



velocidade e forca de contracdo (Opie et al., 1998; 2001). A proteina de
membrana do RS fosfolambam, inibe a atividade da SERCA2a, dificultando a
recaptacdo do calcio para o RS. A ativacao da PKA tem o papel de fosforilar a
proteina de membrana fosfolambam e inibir sua funcdo. Como consequéncia,
ocorre aceleracdo da contracédo e do relaxamento miocardico. Dessa maneira,
a estimulagcao da via beta-adrenérgica aumenta a forga de contragéo e acelera
a contracao e o relaxamento miocéardico (Strang et al., 1994). Alguns autores
relatam que a participacdo desses transportadores e receptores € dependente
da espécie (Bassani et al., 1994), da fase de desenvolvimento pré e pds-natal
(Bassani & Bassani, 2002) e pode estar alterada em certas condi¢cdes
fisiopatoldgicas (Pogwizd et al., 1999). Na literatura, poucos estudos, até o
presente momento, avaliaram a relacdo entre fungcdo mecanica cardiaca,
morfologia celular, liberagdo espontanea de calcio intracelular do RS e restricao
proteica ap6s amamentacao. Acredita-se que além das alteracdes morfoldgicas
do miocardio evidenciadas pela desnutricdo proteica também ocorrem
modificagées nas propriedades mecanicas intrinsecas dos midcitos cardiacos,
podendo este ser um fator adicional na disfungcdo da mecanica do coracao.
Além disso, ainda é pouco conhecido quais as propriedades mecanicas dos
cardiomiocitos sdo modificadas durante a restricAo proteica que podem
interferir no funcionamento cardiaco. Elucidar esses mecanismos funcionais e
moleculares pode ajudar a compreender de forma mais ampla o impacto da
desnutricdo sobre o musculo estriado cardiaco, além de definir o quanto as
alteracées nesses componentes sdo capazes de contribuir para a disfungéao

cardiaca.
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2.0. Objetivo geral:

Investigar os efeitos da desnutricdo proteica sobre os aspectos
morfofuncionais, propriedades mecénicas de midcitos ventriculares isolados e

perfil molecular das proteinas responsaveis pelo transiente de Ca** intracelular.

Objetivos Especificos:

* Investigar a influéncia da restricdo proteica experimental sobre a
morfologia do miocardio em ratos Fisher;

* Investigar a influéncia da restricdo proteica experimental sobre as
propriedades mecénicas de cardiomidcitos isolados do ventriculo
esquerdo em ratos Ficher;

* Investigar influéncia da restricdo proteica experimental sobre a
participacdo do calcio e do sistema B-abrenérgico em cardiomiécitos
do ventriculo esquerdo em ratos Fisher.

* Investigar influéncia da restricao proteica experimental sobre o transiente
e sparks de calcio em cardiomiocitos do ventriculo esquerdo em ratos
Fisher.

* Investigar a influéncia da restricdo proteica experimental sobre o perfil
molecular das proteinas de membrana SERCA2a em cardiomidcitos

isolados do ventriculo esquerdo em ratos Fisher.
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4.1. Paper 1 - Nutrition research submitted

Protein restriction after weaning modifies the calcium transient and
induces single left ventricular cardiomyocytes contractile dysfunction in

rats

Abstract

Protein restriction (PR) is associated with cardiovascular diseases. The
purpose of this study was to investigate the effects of a short-term PR after
weaning on single ventricular cardiomyocytes contractile function. Twenty-eight
day old male Fischer rats were randomly divided into control group (CG, n = 16)
and protein-restricted group (PRG, n = 16). After weaning, CG and PRG
animals received isocaloric diets containing 15% and 6% protein, respectively,
for 35 days. Then, biometrical parameters were analyzed and single left
ventricular (LV) cardiomyocytes were isolated for the measurements of
contractile function and calcium transient, both at a pacing frequency of 3Hz at
room temperature. PRG animals had lower body weight (BW), LV weight, but
increased LV weight to BW ratio than CG animals. PRG animals exhibited
reduced cardiomyocyte length, width, volume and sarcomere length compared
to CG animals. Cardiomyocytes from PRG animals showed lower amplitude of
shortening, slower time to peak of shortening and longer time to half relaxation
than those from CG. Cardiomyocytes from PRG animals also presented lower
peak of calcium transient and longer calcium transient decay time as compared

to CG. Taken together, the results indicated that short-term PR after weaning
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induces contractile dysfunctions in single LV cardiomyocytes of rats which is

probably associated with pathological changes in the cell calcium transient.

Keywords: Malnutrition, cardiomyocytes, cell contractility, calcium transient,

morphology.

17



1. Introduction

Malnutrition based on reduced protein intake leads to changes in
cardiovascular homeostasis [1-3]. Studies from our laboratory have shown that
animals submitted to a model of short-term protein restriction (PR) (i.e.
reduction of 60% in the dietary protein for 35 days) after weaning are
characterized mainly by increased levels of baseline mean blood pressure,
sympathetic efferent activity directed to the heart and heart rate [4-6]. Different
models of malnutrition such as protein-calorie or food restriction applied to rats
have been shown to depress left ventricular (LV) mechanical function [7-11],
despite some results in contrast [8,12]. The main mechanical changes observed
when using isolated heart or papillary muscle preparations are reduced
contractility and prolonged time courses of contraction and relaxation [8,11,13].

Nevertheless, up to date there are no data in the literature showing these
deleterious LV mechanical functional changes in response to PR at the cellular
level. Thus, the aim of this study was to test the effects of a short-term PR after
weaning on single LV cardiomyocyte contractile function. We hypothesized that
short-term PR after weaning promotes LV cardiomyocytes dysfunction in rat

heart.

2. Methods and materials
2.1. Experimental Protocol

Twenty-eight day old male Fischer rats provided by the animal facilities of the
Federal Unversity of Ouro Preto (UFOP), Brazil, were divided according to the
diet received: control group (CG = 12) and protein-restricted group (PRG = 12).

After weaning, CG animals were fed with standard rodent chow (AIN-93 - 15%
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protein) and the PRG animals received a diet containing 6% protein (casein) for
35 days [5]. The diets were isocaloric (422 kcal/100 g of diet) and the salts and
vitamins were at similar concentrations in both diets (Table 1). The animals
were maintained in a controlled temperature room (22°C) with 12-hour light/dark
cycles and had water ad libitum. The experimental protocols were approved by

the institutional ethics committee (UFOP protocol 30/2009).

Table 1
Chemical composition of the diets (g/100g of chow)
CG PRG

Protein (casein) 15 6
Corn starch 68 77
Soybean oil 10 10
Salts mix 5 5
Vitamin mix 1 1
Fiber (cellulose) 1 1
Total caloric values 422 Kcal 422 Kcal

Control Group (CG) — Protein (Casein) 15%;
Protein Restriction Group (PRG) - Protein (Casein) 6%.

2.2. Biometric analysis

Thirty-five days after the protein restriction the animals from each group
were weighed and euthanized under anesthesia. The left ventricles were
dissected and weighed separately. The relative LV weight was calculated by

dividing the left ventricular weight (LVW) by body weight (BW) [5].
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2.3. Cardiomyocytes isolation

After euthanasia, the heart was quickly removed and LV cardiomyocytes
were isolated as described by Novaes et al. [14]. Briefly, the heart was
cannulated through the aorta in a Langendorff system and perfused with
isolation solution (composition [mM]: 130 Na*, 5.4 K*, 1.4 Mg**, 140 CI', 0.75
Ca?*, 5.0 Hepes, 10 glucose, 20 taurine and 10 creatine, pH= 7.3 at room
temperature). Then, the heart was perfused with calcium-free solution
containing 0.1 mM ethylene glycol-bis (beta-aminoethyl ether)-N, N, N’ N-
tetraacetic acid (EGTA) for 5 min. The heart was then perfused with a solution
containing 1.0 mg.ml™ of type 2 collagenase (Worthington, USA) and 100.0 mM
CaCl, for 25 min. The solutions were oxygenated (100% O, White Martins, SP,
Brazil) and maintained at 35 °C. After perfusion, the left ventricle was dissected
and placed in a glass recipient with an enzyme solution containing collagenase
(5.0 ml) and bovine serum albumin (10%). The recipient was shaken
moderately for 5 min at 37 °C, after which the solution was centrifuged. The
supernatant was removed and cardiomyocytes were resuspended in isolation
solution, stored in a refrigerator (5 °C) and used in a period up to 4 h after
isolation. Only calcium-tolerant, quiescent, rod-shaped cardiomyocytes showing

clear cross striations were studied.

2.4. Cell contractile function

Cardiomyocytes contractile function was measured using an edge motion
detection system (lonoptix, Milton, MA, USA) mounted on an inverted
microscope (Nikon Eclipse TS100%, Tokyo, Japan), as previously described

[14]. Briefly, myocytes were placed in an experimental chamber with the base
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glass and bathed in buffer with the following composition (in mM): 136.9 NaCl;
5.4 KCI; 0.37 NaH2PQOy4; 0.57 MgCl,, 5.0 Hepes; 5.6 glucose and 1.8 CaCly
(pH= 7.4 at room temperature). Cardiomyocytes were field stimulated at a
frequency of 3.0 Hz (10 volts, 5 min duration) using a pair of steel electrodes
(Myopacer, lonoptix, MA, USA). Cardiomyocytes were visualized on a personal
computer monitor with a NTSC camera (MyoCam, lonoptix, MA, USA) attached
to the microscope using an image detection program (lonwizard, lonoptix, MA,
USA). This image was used to measure cell shortening (our index of
contractility) in response to electrical stimulation using a video motion edge
detector (lonWizard; lonOptix, MA, USA). All parameters were evaluated using
customized software developed in the MatLab® platform. Cell shortening from
stimulation (expressed as a percentage of resting cell length), time to peak of
shortening and time to half relaxation were measured and calculated as

previously described [14].

2.5. Cell dimensions

Cardiomyocytes were placed in an experimental chamber as mentioned
above and were visualized on a personal computer monitor with a NTSC
camera (Myocam, lonoptix, MA, USA) attached to the microscope using an
image detection program (lonwizard, lonoptix, MA, USA). These resting cell
images were used to measure the cell length and width. The cell volume was
calculated using the formula: Volume (pL) = length (mm) x width (mm) x (7.59 x
10-3 pL/mm?) [15]. Using a Fast Fourier Transformation function of the same
system of image analysis the cardiomyocytes sarcomere length was also

measured.
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2.6. Cell calcium transient

Cardiomyocytes were loaded with fluo-4 AM solution 10umol/L (Molecular
Probes, Eugene, OR, USA) for 30 minutes at room temperature. Then,
cardiomyocytes were washed with a normal tyrode solution to remove excess
dye [16]. Next, cardiomyocytes were stimulated through a pair of platinum
electrodes with a voltage pulse of 0.2 ms, at 3 Hz [17]. The confocal scanning
system LSM 510® Meta (Zeiss, Jena, Germany) with an immersion objective
(x63) was used to obtain fluorescence images. Fluo-4 was excited at 488 nm
(argon laser) and emission intensity was measured at 510 nm. Images of
cardiomyocytes were scanned with a line of 512 pixels, randomly positioned
along a longitudinal axis of the cell, with caution to avoid passing by the
nucleus. The cells were scanned every 1.54 ms, and the sequences of scans
were transmitted in series to create two-dimensional images on the x-axis with a
temporal sequence. Digital images processing was performed using custom
routines written in IDL (Research Systems, Boulder, CO, USA). Ca?* levels are
presented as AF/Fo, where Fy is the minimum fluorescence intensity measured
between contractions at 3 Hz on the diastolic phase of the transient, and AF

equals (F-Fo).

2.7. Statistics

Data are presented as mean and standard error of mean (mean + SEM). The
normal distribution of data was verified by using the Kolmogorov-Smirnov test.
Biometric and cell contractile function data were compared using the unpaired
Student's t test. Morphometric data were compared using the Mann-Whitney

test. A value of p <0.05 was considered statistically significant.
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3. Results
3.1. Biometric parameters
Protein restriction decreased body weight (BW), left ventricular weight (LVW)

and increased the LVW to BW ratio (Figure 1).

A B C
250- 1.5 8
-~ *
2200 = 5 6
c - 1.0 o
21504 £ E
$ S 2 4
100 . 2 " @
% >05' ~
0 J > 2
0 . 0.0 . 0 7
CG PRG CG PRG CG PRG

Figure 1. Biometric parameters. CG, control group. PRG, protein-restricted group. LV,
left ventricle. LV/BW, left ventricle weight to body weight ratio. Data are means + SEM

of 12 animals in each group. *p <0.05.

3.2. Cell dimensions and contractile function

The protein restriction reduced significantly all cell dimensions analyzed
(Table 2). There was significant reduction in shortening amplitude (Figure 2A),
prolongation of the time to peak of shortening (Figure 2B) and of the time to

half relaxation (Figure 2C) in LV myocytes from PRG animals compared to

those from CG.
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Figure 2. Contractile function of single left ventricular myocytes. CG, control group.
PRG, protein-restricted group. Amplitude of shortening is expressed as percentage of
resting cell length (% r.c.l.). Data are means + SEM of 95 cells from PRG and from CG.
“p <0.05.

Table 2 Morphological properties of single left ventricular mocytes

CG PRG % PRG / GC
Length (um) 130.62 + 2.35 99.69 +1.70* 24%
Width (um) 24.12+0.35 15.37 £ 0.06* 36%
Sarcomere length
(um) 1.84 £ 0.02 1.6 +0.13* 14%
Volume (pl) 23.58 £ 0.98 11.54 + 0.59* 51%

Data are expressed as mean + SEM of 80 cardiomyocytes per group. *p<0.05. CG,
control group. PRG, protein-restricted group.

3.3. Cell calcium transient

Figure 3 shows typical representative line-scan images recorded from field-
stimulated CG (A) and PRG (B) isolated cardiomyocytes loaded with the Ca®*
indicator fluo-4 AM. Protein restriction after weaning decreased significantly the
peak of the calcium transient in single left ventricular myocytes (Figure 3. C)
and increased significantly the calcium transient decay time (Figure 3. D) as

compared to CG.
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Figure 3. Calcium transients of single left ventricular myocytes. CG, control group.
PRG, protein-restricted group. A and B, representative line-scan images recorded from
field stimulated CG and PRG cardiomyocytes, respectively, loaded with the Ca**
indicator fluo-4 AM (5uM). Ca** signal is shown as fluorescence ratio (F/Fo), with the
fluorescence intensity (F) normalized to the minimal intensity measured between 3-Hz
contractions at diastolic phase (F,). C, peak of Ca®* transients. D, time to 50% of Ca**
fluorescence decay. CG, control group. PRG, protein-restricted group. Data are means

+ SEM of 34 cells from CG and 24 cells from PRG. *p <0.05.

4. Discussion

In this study we demonstrated for the first time that PR induced contractile
dysfunctions in single LV cardiomyocytes in rats. Animals submitted to PR after
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weaning showed a marked depression in the amplitude of cell shortening and
prolongation of cell shortening and relaxation times. In addition, such
dysfunctions were accompanied by a reduction in the peak of the calcium
transient and by a prolonged calcium transient decay time.

Our model of PR induced inotropic and chronotropic effects on LV
cardiomyocytes. Such phenomena is directly affected by intracellular Ca**
handling which is regulated by the sodium-calcium exchanger (NCX), L-type
Ca** channel, sarcoplasmic reticulum (SR), ryanodine receptor channel (RyR2),
SR Ca*-ATPase pump (SERCA2a), phospholamban (PLB), and myofilament
Ca?* affinity [18]. Although we did not measure Ca?* regulatory protein content
or activity, the reduced cell shortening in PRG might be due to adaptations of
such cellular structures. Indeed, food restriction has been shown to diminish the
protein content of L-type Ca®" channels [19] and ryanodine receptors (RyR2)
[20] and RyR2 activity [21] in the left ventricle of rats. Such adaptations would
decrease and slow the intracellular Ca®* availability and thus reduce the cell
contraction force and velocity. In fact, the results of the present study
demonstrated that our model of short-term PR decreased the peak of LV
cardiomyocyte calcium transients.

The time courses of cell contraction and relaxation were prolonged in PRG
rats. Such adaptations were accompanied by a slower calcium transient decay
time. SERCAZ2a and PLB are responsible for the higher rate of cytosolic Ca**
reuptake in rats (92%) [18]. Thus, a down-regulation in the expression or
function of SERCA2a and PLB can be directly linked to the prolonged relaxation
time of cell contraction and calcium transient decay time, as evidenced here in

protein restricted rats. Although food restriction did not change the levels of left
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ventricle SERCA2a and PLB mRNAs in rats [20], it decreased the SR Ca?
uptake activity in the rat myocardium [22]. In addition, there are evidences that
food restriction reduces the rate of dissociation of Ca* from troponin-C [21-23].

The prolonged cell shortening time courses observed in response to PR may
also be due to the changes in the myosin isozyme distribution. In rats, V1
isomyosin shows high ATPase and contractile activity compared with V3
isomyosin [24]. There are evidences that short-term food restriction induces a
shift in the myosin isozyme distribution toward the slow V3 isoform [7,25].

In the present study short-term PR reduced the animal BW and LVW, but the
LVW to BW ratio increased. These results have been shown previously in this
model [4-6] and food restricted rats [8,10,11,20]. At the cellular level, PR
reduced the LV myocyte length, width, volume and sarcomere length. These
changes reflect the reduced LVW in PRG rats and confirm the remodeling
process that occurs in the myocardium in response to PR.

Altogether our data on cellular mechanical dysfunctions in response to PR
are consistent with those observed in whole heart and in multicellular
preparations which shows reduced contractility and prolonged time courses of
contraction and relaxation in undernourished rats. In summary, short-term PR
after weaning induces contractile dysfunctions in single LV cardiomyocytes of
rats which is probably associated with pathological changes in the cell calcium

transient.
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4.2. Paper 2

Severe protein restriction after weaning reduces the expression of
SERCA2a and modifies the basal and -adrenergic contractility in murine

ventricular cardiomyocytes

Abstract

It has been reported that protein restriction (PR) is able to impair cardiac
structure and function. However, the mechanisms responsible for the cardiac
dysfunction in PR remain poorly understood. The aim of this study was to
evaluate the effects of severe protein restriction after weaning on the
expression of SERCA2a and basal and B-adrenergic contractility in murine
ventricular cardiomyocytes. After breastfeeding (28 days) male Fisher rats were
randomly divided into two groups: a control group (CG, n =20) and protein-
restricted group (PRG, n =20). The animals in the PRG and CG received
isocaloric diets for 35 days containing 15% and 6% protein, respectively. The
animals were then weighed, before being euthanised so that the hearts could
be removed for analysis. The myocytes of the left ventricle (LV) were
processed for the analysis of contractility, Ca®* sparks and the expression of the
membrane protein SERCA2a. The animals of the PRG showed a significant
reduction in body, heart and left ventricle masses. Cardiomyocytes from the
PRG presented with reduced amplitudes of shortening and a maximum velocity
of contraction and relaxation at a baseline,as well as after -

adrenergic stimulation compared to the CG. Lower levels of SERCA2a
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expression and a higher frequency and lower amplitude of Ca®** sparks during
cell diastole were observed in the cardiomyocytes from PRG. Severe protein
restriction after weaning induces morphological and functional changes to the
heart and ventricular cardiomyocytes. The pathological changes of
cardiomyocyte mechanics suggest the potential involvement of the $-adrenergic
system, which is possibly associated with changes in SERCA2a expression and

disturbances in Ca®* intracellular kinetics.

Keywords: isolated cardiac myocytes, left ventricle, cardiac dysfunction,

calcium sparks, -adrenergic system.
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1. Introduction

There is evidence that malnutrition in early life stages is associated with
cardiac dysfunction (De Tomaazi et al., 2009). Despite the extensive literature on
the impact of malnutrition on the digestive, endocrine, and musculoskeletal
systems (Okoromah et al., 2011; Gruber et al, 2012), little is known about the
effects of severe protein restriction (PR) on the function of the cardiovascular
system (Penitente et al., 2007; Martins et al., 2011). Even more scarce is
information regarding the cardiac molecular and cellular adaptations that are
induced by protein restriction, which can potentially modify the contractile
performance of cardiomyocytes and the whole heart (Cicogna, 2001).

Previous studies indicated that a 50% food restriction is able to induce
cardiac dysfunction that manifests as pathological changes in cardiac
contraction and relaxation, which are associated with a decreased sensitivity to
calcium (Sugizaki et al., 2009; Gut et al., 2003). However, it was not possible to
determine how much each of the individual diet components contributed to or
was a determinant of cardiac dysfunction. Moreover, the mechanical behaviour
of isolated cardiomyocytes under conditions of protein restriction remained an
issue that is still not well resolved. To the best of our knowledge, up to the
present date no studies have investigated the basic characteristics of cell
contractility, autonomic sensitivity, intracellular calcium kinetics and the
expression of calcium regulatory proteins in cardiomyocytes in response to
severe protein restriction.

Considering that the understanding of the influence of malnutrition on

heart dysfunction is essential for the design of rational intervention strategies,
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the present study was designed to investigate the Ca®* sparks, the expression
of SERCA2a and the involvement of the B-adrenergic system in cardiomyocyte
mechanical dysfunction induced by severe protein restriction after weaning in

rats.

2. Material and Methods

2.1. Animals

Twenty-eight day old male Fischer rats provided by the animal facilities of
the Federal Unversity of Ouro Preto (UFOP), Brazil, were divided according to
the diet received: control group (CG, n = 20) and protein-restricted group (PRG,
n = 20). After weaning, CG animals were fed with standard rodent chow (AIN-93
- 15% protein) and the PRG animals received a diet containing 6% protein
(casein) for 35 days (Penitente et al., 2007). The diets were isocaloric
(422kcal/100g of diet) and the salts and vitamins were at similar concentrations
in both diets (Table 1). The animals were maintained in a room with a controlled
temperature (22 + 2°C) and humidity (60-70%) with 12-hour light/dark cycles
and water ad libitum. The experimental protocols were approved by the

institutional ethics committee (UFOP protocol 95/2011).

Table 1
Chemical composition of the diets (g/100g of chow)
CG PRG
Protein (casein) 15 6
Corn starch 68 77
Soybean oil 10 10
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Salts mix 5 5

Vitamin mix 1 1
Fiber (cellulose) 1 1
Total caloric values 422 Kcal 422 Kcal

Control Group (CG) — Protein (Casein) 15%;
Protein Restriction Group (PRG) - Protein (Casein) 6%.

2.2. Biometry

Thirty-five days after protein restriction the animals from each group were
weighed and euthanised under anaesthesia. The left ventricles (LV) were
dissected and weighed separately. The relative heart and LV weight was

calculated by dividing the heart mass and LV mass by the tibia length (TL).

2.3. Cardiomyocyte isolation

After euthanasia, the hearts were quickly removed and LV
cardiomyocytes were isolated as described by Novaes et al. (2011). Briefly,
each heart was cannulated through the aorta in a Langendorff system and
perfused with isolation solution (composition [mM]: 130 Na*, 5.4 K*, 1.4 Mg*,
140 CI', 0.75 Ca?*, 5 Hepes, 10 glucose, 20 taurine and 10 creatine, pH = 7.3 at
room temperature). Each heart was then perfused with a calcium-free solution
containing 0.1mM ethylene glycol-bis (beta-aminoethyl ether)-N, N, N, N-tetra-
acetic acid (EGTA) for 5 min. The hearts were then perfused with a solution
containing 1.0mg.ml™" of type 2 collagenase (Worthington, USA) and 100mM
CaCl, for 25 min. The solutions were oxygenated (100% O,, White Martins, SP,
Brazil) and maintained at 35°C. After perfusion, the left ventricle was dissected
and placed in a glass receptacle with an enzyme solution containing

collagenase (5ml) and bovine serum albumin (10%). The receptacle was
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shaken moderately for 5 min at 37°C, after which the solution was centrifuged.
The supernatant was removed and the cardiomyocytes were resuspended in an
isolation solution, stored in a refrigerator (5°C) and used up to 4h after isolation.
Only calcium-tolerant, quiescent, rod-shaped cardiomyocytes showing clear

cross striations were studied.

2.4. Contractile analysis

Cardiomyocyte contractile function was measured using an edge motion
detection system (lonoptix, Milton, MA, USA) mounted on an inverted
microscope (Nikon Eclipse TS100°, Tokyo, Japan), as previously described
[Novaes et al., 2011]. Briefly, myocytes were placed in an experimental
chamber with the base glass and bathed in buffer with the following composition
(in mM): 136.9 NaCl; 5.4 KCI; 0.37 NaH,PO4; 0.57 MgCly; 5 Hepes; 5.6
glucose; and 1.8 CaCl, (pH = 7.4 at room temperature). Cardiomyocytes were
field stimulated at a frequency of 3Hz (10 volts, 5 min duration) using a pair of
steel electrodes (Myopacer, lonoptix, MA, USA). Cardiomyocytes were
visualised on a personal computer monitor with an NTSC camera (MyoCam,
lonoptix, MA, USA) attached to the microscope using an image detection
program (lonwizard, lonoptix, MA, USA). This image was used to measure cell
shortening (our index of contractility) in response to electrical stimulation using
a video motion edge detector (lonWizard; lonOptix, MA, USA). All parameters
were evaluated using customised software developed using the MatLab®
platform. Cell shortening from stimulation time (expressed as a percentage of
resting cell length) to the peak of shortening and time to half relaxation were

measured and calculated as previously described.
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2.5. B-adrenergic stimulation

The contractile response of cardiomyocytes to B-adrenergic stimulation
was assessed using the non-selective agonist isoproterenol (ISO, 1, 2 and
3mM) at a stimulation rate of 1Hz. After recording the baseline cell shortening,
ISO was infused in the experimental chamber through an automatic pipette. The
cells were electrically stimulated after 5 min of infusion when cell shortening
was recorded (Novaes et al. 2011). This procedure was repeated for each ISO

concentration in different myocytes.

2.6. Ca** sparks analysis

Cardiomyocytes were incubated with the fluorescent probe fluo-
4:00 (10umol/L, Molecular Probes, Eugene, OR, USA) at room temperature for
20 minutes. The cells were washed with Tyrode's solution to remove the excess
probe (Lauton-Santos et al., 2007). Ca®* sparks were analysed using a confocal
microscope (LSM 510 Meta Zeiss, Jena, Germany) with a 63x oil immersion
objective lens and an argon laser at 488nm. The cell images were digitised at
512 pixels and the axis of the cell scan was positioned lengthwise, being careful
not to intercept regions of nuclei. Cardiomyocytes were scanned at 1.54ms and
the sequence of scans was obtained in a series to create two-dimensional
images. Digital image processing was performed using custom routines written
in IDL (Research Systems, Boulder, CO, USA). The Ca?* sparks amplitudes are
represented as AF/FO, where AF is the variation in fluorescence intensity

compared to the minimal fluorescence (FO) measured at each Ca** sparks.

2.7. SERCA2a analysis
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After isolation, cardiomyocytes were homogenised in lysis buffer (100mM
NaCl, 50mM Tris-base, 5mM EDTA-2Na, 50mM Na4P,07.10H,O, 1mM MgCl,
1% Nonidet P40, 0.3% Triton x-100, and 0.5% sodium deoxycholate; pH = 8),
containing protease inhibitors (200mM PMSF, 15.7mg/mL benzamidine, and
10uM pepstatin) and phosphatase inhibitors (20mM NaF, and 1mM Na3VO4)
and then centrifuged at 80009 (4°C).
Total proteins were quantified using the Bradford method (Bradford, 1976).
30mg of protein was diluted in buffer (5X-2M Tris, pH = 6.8; 20% Glycerol, 30%
SDS, 25% mercaptoethanol, 0.1% Bromophenol Blue) for separation by SDS-
PAGE using a standard molecular weight (BIO-RAD). After separation in the
gel, proteins were transferred to a PVDF membrane (Millipore, Billerica, MA,
USA) with a pore size of 0.45um. The quality of the transfer was monitored by
staining the membrane with solution of Ponceau (0.2%). The membranes were
washed with TBS-Tween (0.05% Tween) and placed in blocking solution for 1
hour. They were then incubated at 4°C with primary specific antibodies: anti-
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) [1:6000], (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), anti-SERCA2a [1:1000], washed with
TBS containing 0.2% Tween20 (TBST) for 5 minutes (three times) and then
incubated for 2 hours with secondary antibody conjugated to peroxidase (HRP)
(1:5000, anti-goat IgG-HRP and anti-rabbit IgG-HRP (Sigma, St. Louis, MO,
USA). The protein bands were detected by a chemiluminescence reaction (kit
ECL plus, Amersham Biosciences Limited, Little Chalfont, Buckinghamshire,
England, UK). The intensity of bands was evaluated by densitometric analysis
using the ImageQuant™ software (Amersham Biosciences Limited). Protein

levels were normalised by the GAPDH expression level.
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2.8. Statistical analysis

Data are expressed as mean and the standard error of the mean (mean
+ SEM). The normal distribution of data was verified using the Kolmogorov-
Smirnov test. Biometric and cell contractile function data were compared using

the Student's t test. A p value <0.05 was considered statistically significant.

3.0. Results

3.1. Biometry

The biometric parameters of both groups investigated are shown in Table
2. In the PRG, there was a significant decrease in the body, heart and LV
masses compared to the CG. In addition, animals in the PRG represented a
significant increase in the relationship of heart mass/tibia length and LV

mass/tibia length compared to the CG.

Table 2. Biometric parameters of Fisher rats

CG PRG
Body mass (g) 228.00 + 3.31 70.00
Heart mass (Q) 1.06 £0.03 0.45%0.01*
LV Mass (g) 0.98 £0.08 0.42+0.01*
Heart mass / TL 0.31 £0.05 0.16 £0.02*

LV Mass /TL (mg/cm) 0.28+0.06 0.15+0.02*
CG, control group; PRG, protein restriction group; VE, left

ventricle; TL, tibia length. Data are expressed as mean *
SEM. *Denotes statistical difference compared to CG
(p<0.001).

3.2. Contractile analysis
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Figure 1 shows the basal cellular contractile parameters in both of the
groups investigated. The animals in the PRG showed a significant reduction in
cardiomyocyte contraction amplitudes, and the maximal velocity of contraction

and relaxation compared to the CG.

Figure 1. The contractile function of left ventricular cardiomyocytes from Fisher rats.
CG, control group; PRG, protein restriction group. The number of cells analysed per
group was: CG = 110, PRG = 95. Amplitude of shortening is expressed as a % of
resting cell length (% r.c.l.). Data expressed as mean + SEM. * Statistical difference

compared with to CG (p <0.001).

3.3. B-adrenergic stimulation

Figure 2 shows the response of cardiomyocytes to B-adrenergic stimulation.
Cardiomyocytes from PRG animals showed an attenuation of contractile
response at all concentrations of ISO (1, 2 and 3mM) compared to the CG. In a
condition of protein restriction, cardiomyocytes showed a significant reduction in

contraction amplitude and a prolongation of relaxation compared to CG animals.
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Figure 2. Contractile response to [-adrenergic stimulation in left ventricular
cardiomyocytes from Fisher rats. CG, control group; PRG, protein restriction group.
The number of cells analysed per group (CG = 60, PRG = 55). Amplitude of shortening
is expressed as a % of resting cell length (% r.c.l.). Data expressed as mean + SEM. *

Statistical difference compared to CG (p <0.001).

3.4. Ca** Sparks

The results of spontaneous Ca?* sparks in quiescent cardiomyocytes
during diastole are shown in Figure 3. The Ca®*" sparks amplitude was
significantly lower in the PRG compared to the CG (0.26 + 0.001 vs. 0.32 +
0.001ms, respectively). On the contrary, the Ca®" sparks frequency was
significantly higher in the PRG compared to the CG (9.54 £ 0.25 vs. 7.82 £ 0.35

sparks x 100 m™ x s, respectively).
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Figure 3. Ca®*Sparks in left ventricular cardiomyocytes from Fisher
rats. CG, control group; PRG, protein restriction group; AF, variation in
fluorescence intensity compared to the minimal fluorescence (Fy).
The number of cells analysed per group (CG= 91, PRG= 78). Data
expressed as mean + SEM. *Statistical difference comparedto CG

(p<0.001).

3.5. SERCA2a expression
The measurement of SERCA2a expression is illustrated in Figure 4. PRG

animals showed a lower SERCA2a expression compared to GC.

CG PRG

GAPDH | WD G cum qum swe o o o

SERCAZ2a levels

0.0 .
CG PRG

Figure 4. Western blot analysis of SERCA2a protein expression in left
ventricular cardiomyocytes from Fisher rats. CG, control group; PRG,
protein restriction group. Data expressed as mean + SEM. * Statistical

difference compared to CG (p <0.001).

4. Discussion

The results of this study indicated that severe protein restriction after

weaning induced morphological and functional changes in the heart. There was
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a marked reduction in the absolute and relative biometric variables. It has been
shown that nutritional deficiency, even if transitory, could modify the metabolism
and structure of various organs, affecting their development and function
(Cicogna et al., 2001; Sugizaki et al., 2005, 2009; Lim et al., 2010; Okoromah et
al., 2011). It is likely that the anatomical changes observed in the hearts of the
PRG are adaptations of the body to adjust to adverse nutritional conditions and
survive (Langley-Evans, 2006; Lim et al., 2010).

The animals of the PRG showed marked contractile dysfunction in basal
conditions and after B-adrenergic stimulation. Although the response to B-
adrenergic stimulation was dose-dependent for both groups, PRG animals
presented an attenuation of all contractile parameters that were analysed. In a
previous study, a 50% dietary restriction was sufficient to induce pathological
changes in response to B-adrenergic stimulation in a preparation of isolated
papillary muscle (Carrol et al., 1997). In this study, there was a marked
reduction in muscle contractility in response to stimuli of increasing intensity,
suggesting a lower reserve function in malnourished rats. It has been suggested
that malnutrition may alter the adrenergic response due to attenuation of the
phosphorylation of proteins related to the control of intracellular Ca?*, impairing
the mechanical cardiac performance in murine models (Li et al., 1997; Sugizaki
et al., 2005). Moreover, there is evidence that these changes may be
associated with a decreased number of B-adrenergic receptors or alterations of
intracellular signal transduction pathways dependent on the adrenergic
activation of G protein (Gut et al., 2003).

In addition to contractile dysfunction, a reduced expression of the

SERCA2a was observed in cardiomyocytes from the PRG. This finding is
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consistent with the potential inhibition of calcium uptake by the sarcoplasmic
reticulum during relaxation of cardiomyocytes. The principal component

2], transient control is the Ca?* ATP-dependent

associated with the [Ca
transporter of the sarcoplasmic reticulum (SERCA2a). This transporter is
responsible for the higher rate of re-uptake of cytosolic Ca?* (90%) (Bers et al.,
2001) and its expression, structure and/or function are often impaired in heart
diseases with different aetiologies, such as diabetes mellitus, hypertension, and
autoimmune cardiopathies (Bers et al., 2003; Novaes et al., 2011). Pathological
changes of SERCAZ2a resulted in a lower re-uptake of cytosolic Ca®* into the
sarcoplasmic reticulum, and an increased cytosolic Ca?* concentration,
impairing cell relaxation (Bers et al., 2003; Leopoldo et al., 2011). Thus, it is not
unrealistic to assume that the lower activity of SERCA2a induced by protein
restriction applied in the experimental model investigated may be related to
attenuation of cardiomyocyte relaxation. This explains, in part, the prolongation
of relaxation time observed in the PRG ccardiomyocytes, which is possibly
related to the elevation of cytosolic Ca®* that is dependent on the lower
reuptake of the cytosolic Ca?* to the sarcoplasmic reticulum by SERCA2a.

The frequency and amplitude of basal spontaneous pulses of Ca?* from
the sarcoplasmic reticulum (Ca®*" sparks) are important indicators of the
functional state of the ryanodine channels (RyR2) (Bers et al., 2001). A smaller
amplitude and higher frequency of Ca®** sparks was evidenced in the PRG
compared to the CG. These results indicate that protein restriction after
weaning can modify the function of RyR2. Other researchers, working with
different animal models of cardiac dysfunction, also found similar results to

those found in this study (Bers et al., 2003; Vizotto et al., 2007).
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The abnormal activity of RyR2 has been shown in different types of
heart disease (George, 2008). A common feature in most models of
experimental heart failure is the decline of the Ca®* content of the sarcoplasmic
reticulum. This change can be caused by changes in the function of SERCAZ2a,
the Na*/Ca?* transporter of the sarcolemma (NCX) and RyR2 (George, 2008).
However, detailed analysis of these molecular transporters requires additional
studies to define its role in cardiac dysfunction in conditions of protein
restriction. Bers et al. (1998) observed that the spontaneous release of Ca®*
from the sarcoplasmic reticulum depends mainly on the concentration of
cytosolic Ca?* and Ca®**-loading of the sarcoplasmic reticulum. Thus, the
reduction of Ca®* mobilisation can act as a trigger point of spontaneous activity,
conducing to increase the spontaneous release of Ca®" during diastole.
Furthermore, increased Ca®* sparks observed in cases of cardiac dysfunction
have been related to a change of the control exercised by the protein
FKBP12.6 on Ca*" channel release from the sarcoplasmic reticulum (Marks,
2001, Marks et al. 2002). Although the role of FKBP12.6 in the stabilisation of
the Ca®* channel from the sarcoplasmic reticulum was recognised, little is
known about the role of this regulatory protein in the pathogenesis of heart
failure (Marx et al., 2000), which indicates the need for further investigations.

The results indicated that severe protein restriction after weaning is able
to induce morphological and functional changes in the heart and ventricular
cardiomyocytes. The pathological changes of cardiomyocyte mechanics
suggest a potential involvement of the B-adrenergic pathway that participates in
the modulation of cellular contractility, which is possibly associated with

changes in SERCA2a expression and disturbances in the Ca?* intracellular
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kinetics. Although these findings suggest new aspects of the pathophysiology of
heart disease associated with malnutrition, the involvement of Ca®* transport
proteins and the activation of signalling pathways that regulate the Ca*
intracellular kinetics under conditions of protein restriction remains poorly

understood and requires further study.
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4.3. Paper 3

Protein malnutrition after weaning induces left ventricular

morphofunctional remodeling in Fischer rat

Abstract

We investigated the relationship  between alow protein  diet,
morphological, ultrastructural and functional myocardial changes in male
Fischer rats, after breastfeeding. The animals were divided into control group
(CG) and protein-restricted group (PRG). After weaning, animals were weighed
PRG and CG and were isocaloric diets containing 15% and 6% protein,
respectively, for 35 days. Then the animals were weighed and sacrificed. The
hearts were removed and processed for histological, morphometric,
stereological and ultrastructural. Cardiomyocytes eight animals from each group
were processed for analysis of mechanical properties. The results
demonstrated that the restriction protein (PR) caused a reduction in body
weight, heart and left ventricular PRG. These changes were accompanied by
decreases in length, width and area of cardiomyocytes, in addition to
the increased amount of interstitial collagenin PRG. The ultrastructural
analysis allowed to observe less-developed myofibrils and an apparent increase
in the proportion of mitochondria. In addition, ventricular myocytes PRG also
showed changes in contractile  responses: increasing the  amplitude
of contraction, decreasing the time of cardiac contraction and relaxation in

the heart of high concentrations of extracellular calcium [Ca®*]e =1.8mM to
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[Ca®]e =5.0 mM. According to these results, we concluded that protein
deficiency affects myocardial performance, and this damage could be attributed
to the contractile the contractile, change in morphology and ultrastructure of

cardiomyocytes.

Keywords: Ultrastructure, morphology, cardiac dysfunction, cardiomyopathy.
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1. introduction

Several studies have associated protein restriction (PR) with an
increased incidence of cardiovascular disease (Barker et al., 1989, Lim et al.,
2010). Previous studies indicated that intrauterine malnutrition causes a
pathological reorganization of the histoarchitecture in vital organs such as
lungs, kidneys and heart; aspect directly associated to the permanent reduction
of the functional units of these organs (Corstius et al, 2005; Lipsett et al., 2006,
Zimanyi et al., 2006, Gruber et al., 2012).

It has been systematically shown that mechanical and hemodynamics
dysfunctions observed in cardiac diseases with different etiologies are directly
associated with pathological changes in cell structure and function (Leopold et
al, 2011). Currently, little is known about the influence of protein restriction (PR)
on the cardiac remodeling in the cellular and subcellular level (ultrastructural)
(Zucoloto & Rossi, 1982; Pinotti et al., 2010). However, there are strong
indications that the pathogenesis of cardiovascular disorders such as poor
control of heart rate and blood pressure (Penitent et al., 2007, Martins et al.,
2011) and the reduction of the cardiac contraction strength, recognized present
in RP, presents a metabolic and cellular basis (Christian & Stewart, 2010; Lima-
Leopoldo et al., 2011).

Admittedly, the cardiac development represented by cellular hyperplasia is
maintained during the first 2 weeks in the postnatal period in rats (Li et al.,
1996). After this period, the cardiomyocytes are no longer proliferate and only
the growth becomes viable (Li et al., 1996). It was previously demonstrated that

the PR is capable of reducing the number of heart cells only during the cell
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hyperplasia (Corstius et al., 2005). However, there is limited information about
the potential for malnutrition impairs the cardiac myocytes development after
cessation of cell proliferation phase.

Thus, the objective of this study was to investigate the influence of severe
protein restriction after weaning on the morphology and ultrastructure of the left
ventricle, and the contractile function of isolated cardiac myocytes from Fisher

rats.

2. Material and methods

2.1. Animals

Twenty-eight day old male Fischer rats provided by the animal facilities of
the Federal Unversity of Ouro Preto (UFOP), Brazil, were divided according to
the diet received: control group (CG, n = 16) and protein-restricted group (PRG,
n = 16). After weaning, CG animals were fed with standard rodent chow (AIN-93
- 15% protein) and the PRG animals received a diet containing 6% protein
(casein) for 35 days (Penitente et al.,, 2007). The diets were isocaloric (422
kcal/100 g of diet) and the salts and vitamins were at similar concentrations in
both diets (Table 1). The animals were maintained in a controlled temperature
room (22 £ 2 °C) and humidity (60-70%) with 12-hour light/dark cycles and had
water ad libitum. The experimental protocols were approved by the Ethics

Committee of the Federal University of Vicosa (UFV protocol 95/2011).

Table 1. Chemical composition of the diets (g/100g of chow)
Nutrients CG PRG
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Protein (casein) 15 6

Corn starch 68 77
Soybean oil 10 10
Salts mix 5 5
Vitamin mix 1 1
Fiber (cellulose) 1 1
Total caloric values 422 Kcal 422 Kcal

GC, control group; GRP, protein restriction group.

2.2. Biometric and morphometric analysis

After the experimental protocol, eight animals from each group were
weighed and sacrificed. The hearts were removed and weighed. The left
ventricles (LV) were dissected, weighed separately and the volume was
determined by the method of Scherle (Scherle, 1970). The LV were placed in
histological fixative for 48 h (10% formaldehyde in 0.1 M phosphate buffer, pH
7.2). The ventricles were dehydrated in ethanol, clarified in xylene and
embedded in paraffin. The blocks were cut into 4 um thick sections, stained with
hematoxylin and eosin (H&E), Masson's trichrome, Sirius red (Sirius Red F3B,
Mobay Chemical Co., New Jersey, USA) and mounted on slides. The
histological sections stained with H&E were visualized and images captured
using a light microscope (Olympus BX-60, Tokyo, Japan) connected to a digital
camera (Olympus Q-Color-3, Tokyo, Japan). Through digital images were
calculated the length and width of cardiomyocytes in 150 fields for each group.
Were investigated fifty cells per animal with a 40x objective lens.

The histological sections stained with Sirius Red were observed under
polarized light (Axioscépio, Zeiss, Tokyo, Japan) and used to determine the

proportion of collagen present in the extracellular matrix. For this analysis was
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used the software Image-Pro Plus 4.5 (Media Cybernetcs, Silver Spring, MD,
USA) based on the properties of birefringence of the collagen fibrils under
polarized light. Ten fields were investigated by histological animal with 20x

objective lens.

2.3. Stereological analysis

Fragments of the LV were obtained by the orientador method to define
isotropic and uniform random sections (IUR) required for stereological analysis
(Novaes et al., 2012). The stereological analysis was performed on sections
stained with Masson’s trichrome (figure 1). Were investigated 10 microscopic
fields per animal obtained randomly with a 40x objective lens (Olympus BX-60,
Tokyo, Japan). The volume of cardiomyocytes (V [imc], mm®) and blood vessels
(V [vessels], mm?), total length of cardiomyocytes (L [imc], km) and blood
vessels (L [vessels], km) in the LV were estimated according to the
methodology described by Brlel et al. (2005).

The number of cardiomyocytes (IMC) in a three-dimensional space was
estimated using the physical disector method (Novaes et al., 2012). The
disector consists of two parallel planes delimited by a test area (AT = 2670 pm?)
and separated by a known distance (h = 3 pym). The numerical density of
cardiomyocytes (Nv [imc] imc / mm?®) was determined from 10 disector pairs for
each animal, defined as Nv [imc] = QTimc] / h x AT, where QTimc] represents
the number of cardiomyocyte nuclei counted in the test area on the disector
reference plane (look up" plan") (Novaes et al., 2012). The total number of
cardiomyocytes in the LV was estimated as the product Nv [imc] / LV volume.

According to the protocol described by Eisele et al., (2008) the tissue retraction
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of the left ventricle was 19%. Thus, the stereological results were corrected
using this index. All stereological analysis was performed in software Image-Pro

Plus ® 4.5 software (Media Cybernetics, Silver Spring, MD, USA).

Figure 1 Representative photomicrographs of the physical disector method. The
disector is constructed by the union of two reference planes delimited by a two-
dimensional test area (TA) separated by 3 um in distance (h). (bar = 25 micron,
Masson’s trichrome).

2.4. Cardiomyocytes isolation

After euthanasia, the hearts from 8 animals in each group were quickly
removed and LV cardiomyocytes were isolated as described by Novaes et al.,
(2011). Briefly, the heart was cannulated through the aorta in a Langendorff
system and perfused with isolation solution (composition [mM]: 130 Na*, 5.4
K*, 1.4 Mg?*, 140 CI', 0.75 Ca?**, 5.0 Hepes, 10 glucose, 20 taurine and 10
creatine, pH= 7.3 at room temperature). Then, the heart was perfused with

calcium-free solution containing 0.1 mM ethylene glycol-bis (beta-aminoethyl
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ether)-N, N, N’ N'-tetraacetic acid (EGTA) for 5 min. The heart was then
perfused with a solution containing 1.0 mg.ml-1 of type 2 collagenase
(Worthington, USA) and 100.0 mM CaCl, for 25 min. The solutions were
oxygenated (100% O., White Martins, SP, Brazil) and maintained at 35 °C. After
perfusion, the left ventricle was dissected and placed in a glass recipient with an
enzyme solution containing collagenase (5.0 ml) and bovine serum albumin
(10%). The recipient was shaken moderately for 5 min at 37 °C, after which the
solution was centrifuged. The supernatant was removed and cardiomyocytes
were resuspended in isolation solution, stored in a refrigerator (5 °C) and used
in a period up to 4h after isolation. Only calcium-tolerant, quiescent, rod-shaped

cardiomyocytes showing clear cross striations were studied.

2.5. Cell contractility

Cardiomyocytes contractile function was measured using an edge motion
detection system (lonoptix, Milton, MA, USA) mounted on an inverted
microscope (Nikon Eclipse TS100°, Tokyo, Japan), as previously described
[Novaes et al., 2011]. Briefly, myocytes were placed in an experimental
chamber with the base glass and bathed in buffer with the following composition
(in mM): 136.9 NaCl; 5.4 KCI; 0.37 NaH,PQOg4; 0.57 MgCl,, 5.0 Hepes; 5.6
glucose and 1.8 CaCl, (pH= 7.4 at room temperature). Cardiomyocytes were
field stimulated at a frequency of 3.0 Hz (10 volts, 5 min duration) using a pair of
steel electrodes (Myopacer, lonoptix, MA, USA). Cardiomyocytes were
visualized on a personal computer monitor with a NTSC camera (MyoCam,
lonoptix, MA, USA) attached to the microscope using an image detection

program (lonwizard, lonoptix, MA, USA). This image was used to measure cell

56



shortening (our index of contractility) in response to electrical stimulation using
a video motion edge detector (lonWizard; lonOptix, MA, USA). All parameters
were evaluated using customized software developed in the MatLab® platform.
Cell shortening from stimulation (expressed as a percentage of resting cell
length), time to peak of shortening and time to half relaxation were measured

and calculated as previously described (Novaes et al., 2011).

2.6. Transmission electron microscopy

Fragments of the left ventricle (1 mm?) were transferred to fixative solution
(2.5% glutaraldehyde in sodium cacodylate buffer 0.1 M [pH 7.2]). After washing
with buffer, the samples were post-fixed with 1% osmium tetroxide, in the same
buffer for 2 h. Dehydration was performed in a graded series of ethanol,
followed by incorporation in LR-White resin (London Resin Company Ltd,
England). After inclusion, ultrathin sections were obtained and stained with
uranyl acetate 2% lead citrate and 0.2% in 1M sodium hydroxide and observed
in transmission electron microscope Zeiss EM 109 (Jena, Germany) in the

Nucleus Microscopy and Microanalysis of the Federal University of Vigosa.

2.7. Statistical analysis

Data are expressed as mean and standard error of mean (mean + SEM).
The normal distribution of data was verified by using the Kolmogorov-Smirnov
test. Biometric and cell contractile function data were compared using the
Student's t test. Morphometric data were compared using the Mann-Whitney U

test. A p value <0.05 was considered statistically significant.
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3.0. Results

3.1. Effect of protein restriction on weight gain

At the beginning of the experiment (end of lactation), CG animals (n = 8)
and PRG animals (n = 8) showed no differences in body weight (70.32 + 0.15 g
and 71.22 + 0.09 g), respectively. Over the 35 day of standard diet CG animals
showed body weight between 185 and 226 g with an average weight gain of
159.4 g. After 35 days, PRG animals presented weight between 67 g and 90,
with an average weight gain of 0.7 g. In the second week of diet there was no
difference in body weight among the groups, remaining until the end of the

experimental protocol (Figure 2).

Figure 2. Effect of protein restriction on body weight of Fischer rats. The control group
(CG, open circle) received standard diet (15% protein) and the protein restriction group
(PRG, closed circle) received a diet with low protein (6% protein). (A) Changes in body
weight over 35 days of diet after weaning. (B) Body weight at the end of the
experimental protocol. Data are expressed as mean + SEM. * Statistical difference

compared to CG (p <0.005).
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3.2. Morphological characteristics of cardiomyocytes

The morphological characteristics of cardiomyocytes are shown in table 2
and Figure 3. Histomorphometric analysis indicated reduction of the length,
width and cell area in cardiomyocytes from PRG. Furthermore, the
cardiomyocytes of animals in this group also showed increased length / width

ratio compared to the CG.

Table 2. Morphological parameters of left ventricular

cardiomyocytes in the experimental groups.

GC GRP
Length (um) 99,71 £1,70 30,01 +2,35*
Width (um) 24,10 £ 0,35 15,32 + 0,06*
Length / Width (um) 5,40 £ 0,03 6,48 £ 0,02*
Area (um?) 1157,01 £10,15 633,70 £ 15,89*

Data are expressed as mean + SEM. 80 cells were analyzed for 8
animals per group. The control group (CG) received standard diet (15%
protein) and protein restriction group (PRG) received diet with low
protein (6%). * Statistically different compared to CG (p <0.001).

Figure 3. Morphological characteristics of cardiomyocytes
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Figure 3. Representative photomicrographs of the left ventricle (LV) of Fisher rats
observed under light microscopy. (A) control group (n = 6) received standard diet (15%
protein) and (B) protein restriction group (n = 6) received diet with low protein (6%
protein). Arrows indicate blood vessels and arrowheads indicate cardiomyocyte nuclei.
In B note the higher density histological cardiomyocyte nuclei in the myocardium of the

malnourished animals. (stain H &E; bar = 40 um).

3.3. Stereology parameters
There were no significant differences between groups for all relative and

absolute parameters estimated in the stereological analysis (Table 3).

Table 3. Stereological parameters of the left ventricular myocardium in the

experimental groups.

Parameter CG PRG
V [VE] (mm3) 273,31 + 18,62 103,84 + 7,03*
V[cmy] (mm3) 225,10 + 11,28 66,31 + 4,26*
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V[int] (mm?) 56,49 + 1,86 37,54 + 2,30*

V[vasos] (mm?®) 35,05+ 4,17 14,34 +1,57*
L[cmy] (km) 6,01 £ 0,32 1,63 £0,12*
L[vasos] (km) 5,02 + 0,32 1,62 +0,12*
N[cmy] x106 76,49 + 8,22 71,52 +3,10

Data are expressed as mean = SEM. V, volume, LV, left ventricle; cmy,

cardiomyocytes. The control group (CG) received standard diet (15% protein)

*

and protein restriction group (PRG) received diet with low protein (6%).

Statistically different compared to CG (p <0.001).

3.4. Colagen content

The distribution of collagen in the left ventricle extracellular matrix it was
modified by the low protein diet (Figure 4). The PRG animals showed marked
increase in collagen collagen content. For these animals, the percentage area
occupied by collagen in relation to other components of the left ventricle was

3.45% while in the control group was only 2.5%.
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Figure 4. Representative photomicrographs of longitudinal section of the left ventricular
myocardium of Fischer rats on polarization microscopy. Animals in the control group
(CG) received standard diet (15% protein) and the protein restriction group (PRG)
received a diet with low protein (6%). Observe a greater distribution of collagen fibers
(arrows) in the myocardium of animals subjected to low protein diet (B) compared with
controls (A). (Sirius red staining, bar = 60 um).

3.5. Ultrastructural changes in ventricular cardiomyocytes

Reduction in myofibrils thickness and increased mitochondria density
appear to be most obvious ultrastructural changes caused by low protein diet
after weaning (Figure 5). Apparently, the membrane system of the sarcoplasmic

reticulum and T tubules are less organized in PRG (Fig. 4A and B).

Figure 5. Transmission electron micrographs of left ventricular cardiomyocytes from

Fisher rat. (A and C) control group (CG) received standard diet (15% protein) and (B
and D) the protein restriction group (PRG) received diet with low protein (6%). The
arrows indicate the membrane system of the sarcoplasmic reticulum and T tubule less
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organized in PRG. Note the reduced thickness of myofibrils and higher mitochondrial
proportion of PRG. Mf = myofibrils mitochondria M = N = core. (A, B and D bar = 0.5
pm and C = 1.0 um).

3.6. Contractile response in different extracellular calcium concentrations

The effects of elevated extracellular calcium concentrations ([Ca®*]e) on
the cardiomyocytes function are summarized and illustrated in Figure 6. The
increase in [Ca**], of 1.8 to 5.0 mM caused greater time of cell contraction and
relaxation in CG animals than PRG animals. No differences were observed

between groups for any of the parameters in [Ca®*]e = 0.6 mM.

Figure 6. Cardiomyocyte ventricular contractile function in Fischer rats. The control
group (CG) received standard diet (15% protein) and the protein restriction group
(PRG) received diet with low protein (6%). Graphic (A) corresponds to the amplitude of

shortening (% r.c.l); Graphic (B) corresponds to the time to peak of contraction (ms)
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and the graph (C) corresponds to the relaxation time (ms). Data expressed as mean +

SEM. * Statistical difference compared with the control group (p <0.005).

4. Discussion
The results of this study showed that severe protein malnutrition (PR)
after weaning for 35 days causes a drastic reduction in body weight of
approximately 66% compared with the control group (CG). The reduction in
body weight, and low birth weight is regarded as a primary indicator of
malnutrition (Lucas, 1998). It has been showed that protein restriction in early
stages of life can affect both the process of cell proliferation, the size of organs
and the weight of rats. There is an impairment in body development through
depletion of muscle mass and decreased body weight as an adaptive response
of the organism to nutritional insult to adjust and survive to the adverse
nutritional conditions (Barker et al., 1993, Christian et al., 2010). The lack of
weight gain shows that low dietary protein content probably not provide protein
for the formation and growth of the organs. In parallel, low birth weight has been
associated with various pathological conditions. Law and Shiell (1996) reported
an association between low birth weight and increased blood pressure in
childhood and adulthood. Moreover, low birth weight also has been associated
with increased prevalence of hypertension (Barker et al., 1990) coronary heart
disease (Barker et al., 1993), type Il diabetes (Phillips et al., 1994) and renal
disease (Hoy et al ., 1999).
The morphometric analyzes showed reduction in the length, width and
area of cardiomyocytes of the left ventricle (LV) in PRG compared with CG.
However, the length / width ratio was increased in cell from PRG. All the

stereological parameters analyzed also showed reduction: low volume occupied
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by cardiomyocytes, reduced volume of blood vessels, shorter overall length of
cardiomyocytes and blood vessels, the lower number density of
cardiomyocytes, but the same number of these cells in the left ventricle of the
PRG compared to CG. According Winick and Noble (1965), rat growth bodies is
divided into three periods: hyperplasic, hypertrophic and hyperplasic (cell
proliferation occurs in a lesser rate, with concomitant increase in cell volume)
and hypertrophic. In the present study, protein restriction was imposed during
hypertrophy, and was sufficient to prevent the cardiomyocytes growth. Rats
whose mothers were submitted to moderate protein restriction (9% casein)
showed a reduction in heart size due to cardiomyocyte hypoplasia of the
papillary muscle, impairing cardiac function and leading to cardiovascular
diseases as hypertension and heart failure in adult life (Corstius et al., 2005).
Our results corroborates the Winick and Noble (1965) findings, and in this
phase that the low protein diet has been imposed, no formation of new
cardiomyocytes in PRG only occurs a variation in their size.

Morphometric analysis further indicated the increased amounts of
interstitial collagen in the myocardium of PRG animals. Similarly, Fioretto et al.
(2011), using a different model of malnutrition in rats (50% dietary restriction)
and working with isolated papillary muscle preparations demonstrated that the
animals showed a reduction in cardiomyocytes diameter and volume in addition
of increased amounts of interstitial collagen (Cicogna et al., 1999). This new
organization of collagen fibers can influence the myocardium mechanical
efficiency since part of the force used to pump blood is diverted to correct the
abnormal organization of collagen (Diniz et al., 2011). Vandewoude et al. (1995)

observed that in cardiac tissue of rats exposed to a diet with protein-calorie
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restriction, there is a significant reduction in the diffusion distance of metabolites
of the left ventricle, improving the cellular energy supply and offering a
metabolic protection to malnourished myocytes. Such tissue changes are the
result of quantitative and qualitative changes in the cellular and subcellular
composition. This important fact contributes to the idea of preservation of
ventricular function, despite the morphological changes (Vandewoude et al.,
1995).

The presence of myofibrils less developed, the greater proportion of
mitochondria and sarcoplasmic reticulum less organized in ventricular
cardiomyocytes of PRG animals, corroborate the results described by
Vandewoude (1995). This author found that hypertrophy and myofibrillar
disorganization resulting from the reduction in the synthesis of myofibrils
components in rats exposed to protein-caloric malnutrition. The greatest
proportion of mitochondria in the present study may indicate an attempt to
maintain cell homeostasis. Similar observations were made by Sugizaki et al.,
(2005) using a different model of malnutrition (food restricted to 50%), working
with isolated papillary muscle preparations, showed ultrastructural changes in
muscle fibers such as absence or disorganization of myofilaments and the Z
line, polymorphic mitochondria with disorganized cristae and a large amount of
interstitial collagen fibers in malnourished rats. In this context, this study
supports the hypothesis that the higher mitochondrial density in ventricular
cardiomyocytes of animals subjected to PR could be associated with an
increase in energy production to offset or minimize the deficiency in the cell
mechanics induced by myofibrillar dysfunction (Lu et al ., 2007, Johnson et al.,

2009). Although changes in the production, transfer and use of energy are
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considered important markers of abnormalities of the heart muscle function, this
relationship is still unclear and requires further studies (Sharov et al., 1994,
Klebanov et al., 1997, Ventura-Clapier et al., 2002).

In the present study the elevation of extracellular calcium concentration
[Ca?'] stimulated a lower response in the indexes of myocardial function in
relation to the time of cardiac contraction and relaxation in PRG. The results of
[Ca?*] variation suggested that PR promotes dysfunction of the Ca** regulatory
channels. This event may be related to alterations in Na* / Ca®** (NCX), L-type
channels of the sarcolemma, sarcoplasmic reticulum (SR) and myofilament
sensitivity to Ca®* (Opie et al, 2004). The elevation of [Ca®'] levels changes the
phases of contraction and relaxation due to the increased concentration of Ca*
available in the cytosol, since this directly interferes in the functioning of L-type
and NCX channels of the SR (Opie et al, 2004). The lowest response to the
increase of [Ca®*Jof 1.8 to 5.0 mM in the PRG may be related to a reduction in
Ca?* influx through L-type channels and/or changes of the SR function. These
results are consistent with previous studies that observed cardiac dysfunction
and depressed response to elevation of [Ca®*] in myocytes (Relling et al., 2006)
and papillary muscles (Ren et al., 2000) of rats with cardiac dysfunction.
Furthermore, the highest relaxation time with an increase in [Ca®*]e and may be
related, in part, to reduced protein expression of SERCA2a in PRG animals,
resulting in lower uptake of calcium by the SR during cardiac relaxation,
impairing Ca®* homeostasis (Leopold et al., 2011). The hypothesis that the
mechanism for contraction / excitation coupling may be involved at the time of

cardiac contraction and relaxation is supported by other studies using different
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model of malnutrition in rats (50% reduction in feed) in a preparation of isolated
papillary muscle (Kaye et al., 2008; Leopold et al., 2011).

In this study it was observed that the PR conduces to a
morphofunctional rearrangement of the left ventricle. Although this presents a
reorganization characteristic predominantly pathological, it is considered that
part of the changes found represents an adaptive mechanism in the quest for
survival under conditions of severe protein restriction (Okoshi et al., 2011).
Considering the PR as a risk factor related to the pathogenesis of
cardiomyopathies, additional studies are needed to identify what biochemical

and molecular mechanisms affected by RP can lead to cardiac remodeling.
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5. Conclusoes

Os animais submetidos a dieta hipoproteica (GRP) apresentaram
diminuicdo do peso corporal, peso do coracdo e do ventriculo esquerdo em
relacdo ao grupo controle, demonstrando que a dieta composta por 6% de
proteina, foi eficiente para promover a desnutricdo no modelo experimental.

Em nivel celular, o GRP apresentou diminuicao de todos os parametros
celulares: morfolégicos, estereolégicos e alteracbes na ultra-estrutura do
cardiomidcito.

Os resultados confirmam a hipétese de que dieta hipoproteica é capaz
de afetar a histoarquitetura dos cardiomiécitos ventriculares, contribuindo para
alteragao da funcao contratil e influenciando de forma negativa na mecanica do
miocardio.

A reducdo na contratilidade e maior tempo para contracdo e
relaxamento dos cardiomiécitos isolados, tanto em condi¢cdes basais, quanto
apds estimulacdo B-adrenérgica sdo as principais disfungdes mecanicas
provocadas pela restricdo protéica severa.

As disfuncbes mecénicas supracitadas estdo associadas as alteracdes

no transito de célcio intracelular e menor expressao da SERCA2a.
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Use of Fluorescence in a Modified Disector Method to Estimate the
Number of Myocytes in Cardiac Tissue

Rémulo Dias Novaes', Arlete Rita Penitente’!, André Talvani?, Anténio José Natali', Clévis Andrade Neves', Izabel
Regina Santos Costa Maldonado’
Universidade Federal de Vicosa, Vicosa'; Universidade Federal de Ouro Perto, Ouro Preto?, MG, Brazil

Abstract
Background: Conventional disector methods currently require considerable financial, technical and operational costs to
estimate the number of cells, including cardyomyocytes, in a 3D area.

Objective: To use fluorescence microscopy in a modified disector method to determine the number of myocytes in
cardiac tissue in normal and pathological conditions.

Methods: The study employed four-month-old male Wistar rats with weight of 366.25 + 88.21g randomized in control
(CG, n=38) and infected (IG, n=8) groups. IG animals were inoculated with T. cruzi Y strain (300,000 trypomastigotes/50g
wt). After eight weeks, the animals were weighted and euthanized. The left ventricles (LV) were removed for stereological
analysis of numerical density of cardiomyocytes (Nv[c]) and total number of these cells in the LV (N[c]). These parameters
were estimated using a fluorescent disector (FD) and compared with the conventional optical (OD) and physical (PD)
disector methods.

Results: In both disector methods, IG animals presented significant decrease of Nv[c] and N[c] compared to CG animals
(P< 0.05). There was no significant difference in these variables despite the disector method applied in CG and 1G
animals (P> 0.05). A strong correlation, equal or above 96%, was obtained between FD, OD and PD.

Conclusion: The FD method seems to be equally reliable to determine Nv[c] and N[c] in normal and pathological
conditions and presents some advantages compared to conventional disector methods: reduction of histological
slices and images in the stereological analysis, reduction of time to analyze the images, construction of FD in simple
microscopes using the epifluorescence mode, distinction of disector planes in lower magnifications. (Arq Bras Cardiol.
2011; [online].ahead print, PP.0-0)

Keywords: Cell separation; flow cytometry; myocytes, cardiac.

Introduction

Over the past years a great effort was made to develop a
reliable and reproducible method to estimate the number
of particles in organs and tissues, but until 1984, all these
methods had intrinsic biases'. In 1984, Sterio described
several modifications in the approaches used to estimate the
quantity of objects in three-dimensional space and introduced
the disector method*. Most authors currently consider the
disector method unbiased and the well-established theoretical
background makes the method largely acceptable>”.

both methods have reduced the bias of particle quantity
estimation, they still required the acquisition of a large number
of histological images and a great deal of time to perform the
counts. Particularly, the optical disector also requires a light
microscope of high cost adapted with axis-Z mobile stage'".
Moreover, the physical disector is extremely laborious because
it requires serial histological sections and images with a perfect
alignment in the different parallel sections®'.

Considering that the aim of the sampling design for
stereology is to obtain the maximal amount of quantitative
structural information at a given total cost, time or effort, the
purpose of this study was to use fluorescence microscopy
in a modified disector method to determine the number
of myocytes in cardiac tissue in normal and pathological
conditions. Thus, a murine model of T. cruzi infection that
recognizably conduces to disruption of cardiac myocytes

The disector may be obtained through two different
methods based on the same theoretical principles and basic
requirements to estimate the number of particles. These
methods are the optical and physical disector*®'°. Although
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and modifies the number of these cells in the myocardium
was used.” We hypothesized that the proposed method
would reduce the operational cost observed in conventional
methods, while maintaining the accuracy of cell quantity
measurements.
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Methods

Animals and experimental groups

Four-month-old male Wistar rats with initial weight of
366.25 = 88.21 g were provided with rodent chow and
water ad libitum and maintained in animal facilities in a
controlled environment (temperature at 22 + 3 °C, humidity
at 60 - 70 % and 12 hour light/dark inverted cycles). Sample
sizes were determined considering the probability p = 1/2 to
occur increase or decrease of the variables of interest. Thus,
considering the significance level a = 0.05, the minimal
significant number of animals used in the statistical analysis
was: p = (1/2)=°"; therefore, if n = 5, p = (1/2)°or p =
0.03; then, p < 0.05."° Due to the intrinsic variability of the
parasitism in target organs and the mortality associated with
T. cruzi infection, a correction factor of 50% was incorporated
into the initial calculation, determining samples of 8 animals,
randomly allocated into control (CG, n = 8) and infected (IG,
n = 8) groups.

Infection

IG animals were inoculated intraperitoneally with T. cruzi
Y strain (300,000 trypomastigotes/50g body weight in T mL of
infected mice blood. Infection was confirmed four days post-
inoculation by the presence of trypomastigotes in peripheral
blood collected from the rat’s tail as described by Brener'.
All experimental procedures were conducted in accordance
with the Brazilian College of Animal Experimentation and
approved by the Animal Research Ethics Commission of the
Veterinary Department of the Universidade Federal de Vigosa,
Brazil (protocol number 30/2009).

Biometrical analysis

Eight weeks after inoculation, the animals were euthanized
under anesthesia and the hearts were removed. The left
ventricles (LV) were dissected and weighed separately. LV
volume was obtained by the submersion method, where the
liquid displacement from the organ volume is weighed. As
the specific gravity (o) of isotonic saline is 1.0048, the volume
is obtained by: volume= weight/c, or simply volume (10°
mm?) = weight (g)"*. LV weight and volume was determined
including the interventricular septum.

Tissue processing and determination of histological areas

The atria and ventricles were put into histological fixative
for 48 hours (freshly prepared 10% w/v formaldehyde in 0.1
M phosphate buffer pH 7.2)'¢'7. LV fragments were obtained
through the orientator method to define isotropic and uniform
random sections (IUR) required in the stereological study?.
These fragments were dehydrated in ethanol, cleared in xylol
and waxed. Blocks were cut into 3 um sections and stained
by hematoxylin-eosin (H&E) or 4’,6-diamidino-2-phenylindole
at 0.2% (DAPI)'®.

The representative number of disectors used in the
stereological analysis for each animal was determined
considering the stabilization of the coefficient of variation (CV)
of number of myocytes nuclei in ascending random samples

of disectors (5, 10, 15, 20 and 25). Then, the arithmetical
mean and the respective CV for each sample size were
calculated. When the increase of disector numbers resulted
in no significant difference of CV between 3 consecutive
samples, the smallest sample size was considered as the
minimal representative size'. Using this method, the variation
of number of myocytes nuclei was stabilized from the sample
of 10 disectors.

Optical and physical disector methods

Sections stained with H&E were mounted on histology
slides using Entelan® mounting medium (Merk, Darmstadt,
Germany) and the images were captured using a light
microscope (Olympus BX-60®, Tokyo, Japan) connected
to a digital camera (Olympus QColor-3®, Tokyo, Japan).
Observation was made with a 100x planachromatic
oil immersion objective (NA= 1.25) to clearly identify
cardiomyocyte (cmy) nuclei boundaries'®'”.

The number of cardiomyocyte nuclei (cmyn) in a
3-dimensional probe was estimated using the optical (OD)
and physical (PD) disector methods®. The disector consists of
2 parallel planes aimed at sampling ““top points”” of particles
in between. Sampling volume was created with 2 parallel
sections separated by 3 um (h) and 2 reference planes both
containing a test frame (A,). In both disector methods, a pair of
photomicrographs separated by h distance is used to form the
two reference planes. In the OD, the parallel photomicrographs
are obtained in the same histological area adjusting the focal
plane (h = 3 um) using the micrometrical screw. In the PD, two
serial sections are obtained in the microtome (h = 3 um) and
the same histological area is photographed in both sections,
supplying two photomicrographs physically separated.

Fluorescent disector method

In the fluorescent disector method (FD), sections stained
with DAPI were mounted on histology slides using 50% sucrose
solution in distillated water (w/v). Images were captured in an
epifluorescence mode of the same microscope using a HBO
100 mercury lamp and a filter for dye excitation at 365 nm and
a light emission at 460 nm. Observation was made with the
same 100X planachromatic lens previously described. In this
method, using the 3 um (h) sections, the two reference planes
required to delimitate the disector are obtained in a unique
image and pairs of photomicrographs are not required as in
the conventional methods. Furthermore, the cmyn present
over the thickness of the section may be observed inside or
outside the focal plane. To avoid repeat cells count, sections
were obtained in semi-series, using 1 in every 20 sections.
The FD was additionally obtained with a 40 objective lens
only to demonstrate the possibility of applying the method
using smaller magnifications.

Estimation of numerical density and total number of
cardiomyocytes

The numerical density of cmyn (Nv(c], cmyn per mm?) was
determined from 10 random disector pairs for each animal,
defined as Nvicl= Qlcmyn]/ hXA,; where Q represents the
number of profiles of cmyn counted in the test area on the
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disector reference section (“look-up”” plane).>'” In the FD, the O
value in the Nv/c] formula was multiplied by a correction factor
of 0.5 to avoid overestimation of measures. The total number
of cmyn in the LV (N[c]) was estimated as the product of Nv/[c]
/ LV volume. The counts were performed in an A= 2670 um?.
All stereological analyses were performed using the software
Image Pro-Plus 4.5 (Media Cybernetics, Silver Spring, USA).

Statistical analysis

All analyses were performed using the statistical platform
GraphPad Prism (version 5.01, GraphPad Software, San
Diego, CA). Data are expressed as mean and standard
deviation (mean = S.D.). The normality of data distribution
was verified using the Kolmogorov-Smirnov test. Based on
this test, weight and volume data were compared using the
t-test. The Mann-Whitney U test was used to compare the
stereological data between the groups. The disector methods
were compared using the Kruskal-Wallis test and correlated
using the Spearman’s method. Statistical significance was
established at o = 0.05.

Results

There was no statistical difference in body mass (CG,
502.17 + 57.76 g vs. IG, 494.69 = 87.90 g; p > 0.05) and
left ventricle volume (CG, 456.47 + 26.18 mm? vs. IG, 487.69
+ 34.89 mm’; p > 0.05) between the groups.

The histopathological analysis of the LV showed a marked
diffuse inflammatory infiltrate in IG. Moreover, this group had
a disorganization of histological structure with an increased
interstitial area and a larger distance between the ventricular
myocytes. These cells also showed an increased cross-sectional
area and some these presented a narrowing of cytoplasm
region induced by a large amount of T. cruzi amastigote
forms (Fig. 1).

The conventional OD is represented in fig. 2. In this
method, the disector was obtained in the same microscopic
image adjusting the Z axis of the microscope to create
an optical separation of 3 um between the images. In
the physical method (image not shown), the disector was
obtained using the microscopic images of two different
serial histological sections physically separated at the same
distance as in the OD (3 um).

The proposed disector method, named fluorescent
disector (FD), is represented in fig. 3. In this method, the
disector was obtained in the same microscopic image
through the differential fluorescence emission by the
cmyn. While in the OD and PD 160 photomicrographs (80
disector pairs) were required in the stereological analysis, in
FD, half of the microscopic images (80 individual disectors)
was used.

In the FD, a correction factor of 50% was incorporated
into the formula used to determine Nv[c] in OD and PD.

Representative photomicrographs of left ventricle of control (A and B) and infected (C and D) groups. The infected animals were inoculated intraperitoneally
with T. cruzi'Y strain (300,000 trypomastigotes/50 g body weight). (A) Myocardial longitudinal section showing a well-organized structure (magnification 400x, bar= 15um,
H&E stain). In B, we see a myocardial cross-section showing reduced interstitial space and a close relation between the myocytes (magnification 1000, bar = 15um,
H&E stain). (C) Longitudinal section showing a diffuse inflammatory infiltrate and a disorganization of myocardium structure (magnification 400%, bar = 15um, H&E stain).
D panel shows diffuse inflammatory infiltrate with evident increase of interstitial space and myocyte diameter. This panel shows a large number of amastigote forms of T

cruzi in the myocyte cytoplasm (magnification 1000, bar = 15um, H&E stain).
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Representative photomicrographs of the two disector focal planes separated by 3 um of distance (h). Disector is the union of a reference plane with an
unbiased counting frame of area (AT) and a look-up plane at distance h apart. Cardiomyocyte nuclei (cmyn) are counted or sampled because 1) they are hit by the
reference plane, 2) their transects are captured by the counting frame in there, and 3) they are not hit by the “look-down” plane and in the forbidden edge of AT (thick
edge). (A) There are two cmyn in the frame of the “look-up” plane (numbered) and only the cmyn 2 should be counted. In this plane, we also observe the shadow of the
other cmyn (1) and a fusiform fibroblast nuclei (*) that are not counted because they violate at least 1 of the 3 preceding requirements. (B) The cmyn 1 is in the focus
of the “look-down” plane and the cmyn 2 is a shadow outside the focus. If h and AT are known, the disector volume is determined. Dividing the number of nuclei by this
volume, a direct estimate of Nv[c] is obtained (magnification 1000x, bar= 15um, H&E stain).

Representative photomicrograph of the fluorescent disector method obtained using 100x (A) and 40x (B) objective lens. In this method, two different
focal planes are formed in the same microscopic image through the differential fluorescence emission by the cardiomyocyte nuclei (cmyn). Superficial cmyn (look-
up plane) appears in the focal plane with more brightness, and cmyn in deep planes (look-down plane) is observed outside the focal plane with low brightness.
The unions of these reference planes at distance h apart with an unbiased counting frame of area (A,) constitute a Fluorescent disector (FD). (A) The cmyn 1,
2 and 3 in the “look-up” plane may be counted and the nuclei 4 and 5 are in the look-down plane and should not be counted. Fibroblast nuclei are indicated
by asterisk (magnification 1000%, bar= 15um, 6-diamidino-2-phenylindole stain). (B) There are four cmyn into the frame in the “look-up” plane (1, 2, 3 and 4)
that may be counted. The cmyn 5, 6 are observed in the look-down plane and the nucleus 7 hit on forbidden edge of A, Therefore, these should not be counted
because they violate the counting requirements (magnification 400x, bar= 15um, 6-diamidino-2-phenylindole stain). The same principles for cmyn count described
for the conventional disector are used in this method.
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Numerical density and absolute number of cardiomyocytes in the left ventricular myocardium of control and infected rats

oD PD FD
Nv[c] / mm?
Control 17,5424.64 + 6,135.36 18,3977.32 £ 9,162.78 17,2429.44 + 8,123.37
Infected 90,771.41 + 3,314.30* 95,352.20 + 3,144.13* 91,141.127 + 3,741.09*
N[c] x 10¢
Control 7,948.51 £ 471.45 8,302.75 £ 519.98 8,017.90 + 474.789
Infected 4,665.58 + 318.99* 5,042.18 + 371.44* 4,969.99 + 354.77*

Data are expressed as mean + S.D; OD - Optical disector; PD - Physical disector; FD - Fluorescent disector; Nv[c] - numerical density of cardiomyocytes; N[c] - absolute
number of cardiomyocytes. All values were obtained using a 100x objective lens (magnification 1000x)* denoting a statistical difference compared to CG (p < 0.01),
Mann-Whitney U test. There are no statistical differences between the disector methods, Kruskal-Wallis test.

Correlations between the results of numerical density and absolute number of left ventricular myocytes obtained using different

disector methods in control and infected rats

Nv[c] / mm? N[c]

Correlation (r) p value Correlation (r) p value
Control
OD x PD 0.98 <0.0001 0.98 <0.0001
ODxFD 0.96 <0.0001 0.97 <0.0001
PD x FD 0.96 <0.0001 0.96 <0.0001
Infected
OD x PD 0.99 <0.0001 0.99 <0.0001
ODx FD 0.97 <0.0001 0.98 <0.0001
PD x FD 0.97 <0.0001 0.97 <0.0001

OD - Optical disector; PD - Physical disector; FD -* Fluorescent disector; Nv[c] - numerical density of cardiomyocytes; NJc] - absolute number of cardiomyocytes. The
results relate to the data obtained using a 100x objective lens (magnification 1000x). Correlations were tested using the Spearman’s method.

Thus, the formula used to estimate Nv[c] in the FD was
Nvlc]= Qlcmyn] x 0.5/hXA; where the constant 0.5 was
established to avoid overestimation of cmyn count in FD.

The results of Nv[c] and N[c] obtained using the different
disector methods are showed in table 1. In both disector
methods, the infected animals presented significant
decrease of both variables compared to control animals.
There was no significant difference in the values of these
variables despite the disector methods used.

Table 2 shows the result of correlation analysis of Nv[c]
and N[c] obtained using the different disector methods. A
strong, direct and significant correlation was obtained in
all correlations between both methods.

Discussion

For many years, the morphological studies of biological
tissues were based on ambiguous histopathological
descriptions. The symbols used to indicate the increase or
decrease of a variable is the best way to express the data
in a semi-quantitative context®. As these morphological
approaches were further refined, a two-dimension (2D)
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quantitative system was incorporated into the histological
and pathological analysis to describe the morphometrical
characteristics of organs and tissues'2'2?2. These refinements
introduced significant advances in histo-quantitative
studies. However, the estimation of microscopic parameters
in a three-dimension (3D) space remained as an issue still
not well resolved, and the conventional morphometric
methods presented intrinsic biases that reduced the
reliability of morphological measurements?323.

Considering the intrinsic bias of several morphometrical
measurements, calculations of probability statistics and
geometry applied in geology and other soil sciences were
adapted to the study of biological materials'?, forming the
basis of current stereology®. The development of stereology
is an important evolution in histo-quantitative methods,
allowing the development of more accurate and reliable
morphological data®'%2¢.

Estimation of quantity of objects in biological tissue has
been a crucial issue in morphological studies and diagnostic
pathology, constituting the more refined measures in
stereology®”. The development of disector methods by
Sterio in 1984 led to a creative and relatively simple way
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to estimate the number of particles in an organ or tissue*.
However, the disector method still requires a series of
technical requirements that increase the time and cost
of data acquisition®*®'°. The need to obtain and analyze
a large number of microscopic images is a common
limitation of both OD and PD methods, especially when
several groups and tissue samples are studied at once.
Moreover, the costs for acquiring or adapting a microscope
with controlled Z axis contribute to limit the application
of OD". On other hand, obtaining a PD is extremely
laborious because it involves the quality of the microtomy,
appropriate processing of serial sections and technical
ability to determine a perfect alignment of these sections®.
Furthermore, minimal alignment error can lead to a bias
in the cell count characterized by an overestimation or
underestimation of stereological outcomes. Thus, these
conventional disector methods still require considerable
financial, technical and operational costs to estimate the
quantity of particles in a 3D area'".

This study proposes an alternative method to estimate
the quantity of myocytes in the cardiac tissue using
fluorescence microscopy in a modified disector method.
The construction of a FD was based on similar requirements
as used for particle counts described in the conventional
disector methods. However, an adaptation of the formula
to determine N[c] was required in FD. The introduction of
a correction factor was necessary to reduce overestimation
of measurements. In conventional methods, particle
count results exclude those which hit the forbidden plane
(generally look-down plane), contributing to reduce the
measurement bias?”?®. As in the FD, the presence or
absence of the same particle cannot be observed in both
disector planes, as it occurs in OD and PD. The calculation
of probability determines a 0.5 correction factor to the
Nlc] formula, considering 50% of chances of a particle be
observed or not in both planes.

The application of the FD using the proposed method
provided similar results of Nv[c] and N[c] compared to the
other disector methods, without any significant differences
between the methods. Both methods presented sufficient
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Summary

The aim of this study was to investigate the effects of Trypanosoma cruzi (T. cruzi)
infection on myocardial morphology, single cardiomyocyte contractile function and
exercise tolerance in rats. Adult Wistar rats were randomized into control (n = 14)
and infected (17 = 14) groups. Infected animals were inoculated with T. cruzi Y strain
(300,000 trypomastigotes/50 g body weight). After 9 weeks, the animals were sub-
jected to a treadmill running protocol. Then, the right atrium (RA) and left ventricle
(LV) were removed for morphological and cell contractile evaluation. The infected
animals exhibited a significant reduction in distance travelled, total time to fatigue
and workload. In addition, these animals had hypertrophy, increased myocardial cel-
lularity, and an increase in the proportion of collagen and blood vessels. RA and LV
myocytes from infected animals showed marked contractile dysfunction under basal
conditions and a reduced contractile response to B-adrenergic stimulation. The work-
load of infected animals was correlated closely with the amplitude of cell shortening
of RA and LV myocytes. T. cruzi infection influenced the myocardial morphology
and the mechanical properties of RA and LV single myocytes negatively and reduced
exercise tolerance. Single cardiomyocyte contractile dysfunction could constitute an
additional mechanism of cardiac impairment and reduced exercise tolerance in this
infection.

Keywords
cellular contractility, Chagas’ cardiomyopathy, myocytes, physical capacity

Chagas’ disease is an underappreciated illness caused by
the intracellular protozoan parasite Trypanosoma cruzi
(T. cruzi) that is an important health problem in 18 develop-
ing countries in South and Central America (Biolo et al.
20105 Rassi et al. 2010). Its main clinical manifestations are
cardiac and/or digestive disturbances, with a prevalence of
about 12-14 million cases worldwide, and it has been
considered a major cause of cardiac infectious disease in
endemic countries (WHO 2005). Chronic Chagasic cardio-
myopathy is the main cause of death and occurs in approxi-
mately 30% of infected subjects (Marin-Neto et al. 2007,
Rassi et al. 2010). The clinical course of Chagas’ disease
shows great variability, and the mechanisms responsible for

the development of this potentially lethal cardiomyopathy
are not understood (Biolo et al. 2010; Rassi et al. 2010).
Cardiac denervation, interstitial mononuclear infiltrate,
myocyte and vascular degenerative changes, fibrosis and
hypertrophy characterize the main pathologic features of
chronic Chagasic cardiomyopathy (Marin-Neto et al. 2007;
Biolo et al. 2010; Rassi et al. 2010). These morphological
changes coexist and are associated with abnormalities of the
electrical and contractile cardiac activities characterized
mainly by conduction defects, frequent and complex ventric-
ular arrhythmias and systolic ventricular dysfunction
(Marin-Neto et al. 2007; Biolo et al. 2010). In addition, the
chronotropic incompetence caused by changes in the sympa-
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thetic and parasympathetic tonus induced by an immune-
mediated process has been recognized as one of the mecha-
nisms capable of interfering with the capacity of the heart to
increase heart rate in response to different stimuli, including
physical exercise (Colucci et al. 1989; Talvani et al. 2006;
Sousa et al. 2009).

Few studies have evaluated exercise performance and the
factors affecting functional capacity and exercise tolerance in
patients with Chagas’ disease. Moreover, it is not known
whether T. cruzi infection can also lead to changes in exercise
tolerance in experimental animal models. The reduction of
exercise tolerance in individuals with Chagas’ disease is mul-
tifactorial and is involved with pathological changes in sev-
eral organs and tissues, such as peripheral nervous system,
skeletal and cardiac muscles (Meiler et al. 1987; Montes de
Oca et al. 2004). Moreover, previous studies indicated that
atrial and ventricular mechanical and electrical abnormalities
may have an important role in exercise intolerance in Cha-
gas’ disease (Gallo et al. 1975; Mady et al. 2000; Lima et al.
2010). However, several aspects of the cellular and molecular
basis of these changes remain to be clarified.

Recently, our group showed for the first time changes in
the cellular mechanics of cardiac myocytes isolated from the
atrium and ventricle of C57BL/6 mice infected with T. cruzi
(Roman-Campos et al. 2009). We observed decreased myo-
cyte contraction amplitude and a prolonged contraction and
relaxation time course in the very beginning of the parasit-
ism that remained until the chronic phase of the disease.
Data from our laboratory also showed that in normal rats,
exercise performance is significantly influenced by the elec-
tromechanical characteristics of cardiomyocytes (Primola-
Gomes et al. 2009). In this study, cardiomyocytes isolated
from rats with high running capacity had greater calcium
(Ca®*) transients, amplitude of cell contraction, maximum
velocity of contraction and relaxation compared with rats of
the same progeny with standard running capacity.

The aim of this study was to investigate the effects of
T. cruzi infection on myocardial morphology, single cardio-
myocyte contractile function and exercise tolerance in rats.
We hypothesized that T. cruzi infection can lead to changes
in cardiac morphology, and to single cardiomyocyte contrac-
tile dysfunction and can also influence exercise tolerance in
rats.

Materials and methods

Animals and infection

Four-month-old male Wistar rats with an initial weight of
366.25 + 31.17 g were given rodent chow and water ad libi-
tum and maintained in animal facilities with a controlled
temperature of 22 °C and 12-h light/dark inverted cycles.
Animals were randomly divided into control (CG = 14) and
infected (IG = 14) groups. Animals from the IG were inocu-
lated intraperitoneally with T. cruzi Y strain (300,000
trypomastigotes/50 g body weight, about 21,00000 trypo-
mastigotes) (Martinelli ez al. 2006) contained in 700 pl of

infected blood from mouse diluted in saline solution 0.9%
(Brener 1962). Infection was confirmed 4 days postinocula-
tion by the presence of trypomastigotes in peripheral blood
collected from the rat’s tail, and the level of parasitacmia
was recorded daily after inoculation as described by Brener
(1962). Mortality was investigated during the experiment.
All experimental procedures were conducted in accordance
with the Brazilian College of Animal Experimentation and
approved by the Animal Research Ethics Commission of the
Veterinary Department at the Federal University of Vigosa,
Brazil (protocol 30/2009).

Measurement of exercise tolerance

Nine weeks after inoculation, all animals were evaluated for
exercise tolerance using a treadmill incremental running pro-
tocol adapted from Koch and Britton (2001). Briefly, the rats
were familiarized with the motor-driven treadmill (Insight
Instruments®, Ribeirdo Preto, Brazil) by running at a speed
of 10 m/min at 5% inclination for 5 min/day for seven con-
secutive days. Two days after familiarization, the exercise
trial was performed on three consecutive days at a constant
slope of 5% with the starting speed at 10 m/min. Treadmill
velocity was increased by 1 m/min every 2 min, and each rat
ran until fatigue. Fatigue was defined as the point at which
the animals were no longer able to keep pace with the tread-
mill. Travelled distance (m), time until fatigue and workload
were used as indexes of exercise tolerance (Lacerda et al.
2006). Workload (W; kg) was calculated using the equation
W =body mass (kg)x TTF (total time to fatigue)
(min) x treadmill speed (m/min) X sine 0 (treadmill inclina-
tion), where TTF is time until fatigue (Brooks et al. 1984).
Because of variability in the performance data, the mean of
the indices of running performance was calculated for the
three trials for each rat and analysed.

Heart biometry and myocardial stereology

Forty-eight hours after the exercise test, five animals from
each group were sacrificed, and the hearts were removed
and weighed. The atria and ventricles were dissected,
weighed separately and the right atrium (RA) and left ventri-
cle (LV) isolated. Hypertrophy was determined by measuring
RA and LV volume using the submersion method described
by Scherle (1970).

The atria and ventricles were fixed for 48 h (in freshly pre-
pared 10% w/v formaldehyde in 0.1 M phosphate buffer,
pH 7.2). The fragments of the RA and LV were obtained
through the Orthrip method for stereological study (Manda-
rim-de-Lacerda 2003). These fragments were dehydrated in
ethanol, cleared in xylol and embedded in paraffin. Blocks
were cut into 4-um sections and stained by Masson’s trichro-
me or haematoxylin—eosin (H&E) and mounted on histology
slides. The slides were visualized and the images captured
using a light microscope (Olympus BX-60%; Olympus,
Toquio, Japan) connected to a digital camera (Olympus
QColor-3%; Olympus, Toquio, Japan). Sixty fields from each

© 2011 The Authors. International Journal of Experimental Pathology © 2011 International Journal of Experimental Pathology, 92, 299-307



Masson’s trichromic (objective x20) and H&E (objective
x40) stain were randomly chosen, and a total of
4.37 x 10° pm® and 1.41 x 10° pm? of myocardium area,
respectively, were analysed. Sections stained with Masson’s
trichromic were used for myocardial stereological analysis.
For this analysis, a test system of 72 points was used in a
standard test area of 73 x 10° um? (Mandarim-de-Lacerda
2003). All the stereological analyses were performed accord-
ing to Bezerra et al. (2008).

The stereological parameter of volume density (Vv) was
estimated by point counting for cardiomyocytes [cmy], colla-
gen [col] and intramyocardial blood vessels [ibvs] according
to the formula Vv [structure] = Pp [structure]/Pt, where Pp
is the number of points that hit the structure and Pt is the
total number of test points. The amount of intramyocardial
vascularization was defined as the ratio of Vv [ibvs]/Vv
[cmy]. The mean cross-sectional area of cardiomyocytes was
estimated according to the following relationship: A [cmy] =
Vv [emy]/2.0a [cmyn]; Oa [cmyn] = N [cmy]/At, where
Qa [cmyn] is the number of cardiomyocyte nuclei profiles in
the analysed area (At). Overestimation of the measurements
was avoided by the exclusion of nuclei profiles incident on
two edges of the At.

Myocardial histopathology

For each group, 25 sections of 8 um thickness stained with
Sirius red and Fast green were used to quantify collagen and
total protein in cardiac tissue using a spectrophotometric
method previously described (Lopez-De Leon & Rojkind
19835).

The inflammatory process was evaluated by the correla-
tion index between the number of cells observed in the myo-
cardium from CG and IG animals (Caldas ez al. 2008). All
morphological analyses were performed using the software
IMAGE PRO-PLUS 4.5® (Media Cybernetics, Silver Spring,
MD, USA).

Cardiomyocytes isolation

Nine animals from each group were used in this set of experi-
ments. At the time of sacrifice, the heart was removed rapidly
and extraneous tissue dissected away. The heart was flushed
immediately with modified HEPES (4-2-hydroxyethyl-1-
piperazineethanesulfonic acid)-Tyrode’s solution of the fol-
lowing composition (mM): 130 NaCl, 5.4 KCI, 1.4 MgCl,,
0.4 NaH,PO4, 0.75 CaCl,, 5 HEPES, 10 glucose, 20 taurine
and 10 creatine (pH 7.4) and then blotted and weighed
before being mounted onto a Langendorff perfusion appara-
tus for the isolation of myocytes using a collagenase—protease
dispersion technique as described previously (Natali et al.
2002). Briefly, the heart was perfused for 10-15 min with a
solution containing 1 mg/ml collagenase type II (Worthing-
ton Biochemical Co.; Worthington, OH, USA). The digested
heart was removed from the cannula, and the RA and LV
were separated and cut into small pieces. Ventricular and
atrial cardiomyocyte cells were isolated mechanically (5 min
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at 37 °C), and single cells were separated from the non-dis-
persed tissue by filtration. The resulting cell suspension was
centrifuged at 30 g for 45 s, resuspended in HEPES-Tyrode’s
and stored at 4 °C until analysis. Only calcium-tolerant, qui-
escent, rod-shaped cardiomyocytes showing clear cross-stria-
tions were studied. The isolated cardiac myocytes were used
within 4 h after isolation.

Measurements of cell contractility

Cellular contractile function was evaluated as described by
Natali er al. (2002). Isolated cells were placed in a chamber
with a glass coverslip base mounted on the stage of an
inverted phase-contrast video microscope (Eclipse-TS100%;
Nikon, Téquio, Japan). The chamber was perfused with Ty-
rode’s solution (in mM): 140 NaCl, 5.4 KCI, 1 MgCl,, 1.8
CaCl,, 10 HEPES and 10 glucose (pH 7.4) at room temper-
ature (approximately 28 °C). Myocytes were stimulated via
platinum bath electrodes with voltage pulses of a duration
of 5 ms and an intensity of 20 V at the stimulation fre-
quency of 3 Hz. Cells were visualized on a PC monitor with
a NTSC camera (Myo-Cam CCD100V®; Ionoptix, Milton,
MA, USA) in partial scanning mode. This image was used to
measure cell shortening (index of contractile function) in
response to electrical stimulation using a video motion edge
detection system (Ionoptix). The cell image was sampled at
240 Hz, and cell shortening was calculated from the output
of the edge detector using an IonWizard A/D converter (Ion-
optix). Eight to 16 consecutive contractions were averaged,
and cell shortening (expressed as a percentage of resting cell
length), time to peak shortening and time to half relaxation
were calculated (Roman-Campos et al. 2009).

B-Adrenergic stimulation

The contractile response of isolated cardiomyocytes to B-
adrenergic stimulation was assessed using the non-selective
agonist isoproterenol (ISO, 1, 2 and 3 mM) at a stimulation
rate of 1 Hz. After recording the baseline cell shortening,
ISO was infused in the experimental chamber through an
automatic pipette. The cells were electrically stimulated after
5 min of infusion when cell shortening was recorded (Pra-
hash et al. 2000). This procedure was repeated for each ISO
concentration in different myocytes. Cell contractile function
was analysed, and the variation (A) from the baseline to the
larger stimulus (ISO, 3 mM) was used as an index of
B-adrenergic sensitivity.

Statistics

Data are presented as mean and standard error of the mean
(mean = SEM). The normal distribution of the data was ver-
ified using the Kolmogorov-Smirnov test. Parameters of
exercise tolerance, biometric and cell contractile function
data were compared using the Student’s #-test. Stereological
data and karyometric parameters were compared using the
Mann-Whitney U test. The relationship between cell con-
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tractile function and exercise workload was assessed by lin-
ear regression. A probability of P < 0.05 was considered sta-
tistically significant.

Results

Parasitaemia and mortality

The presence of parasites in the bloodstream of IG animals
began on the fourth day, disappearing completely on the
eighth day. The peak parasitaemia occurred on the sixth day
after inoculation. The same analysis was performed to CG
animals and demonstrates the absence of circulating para-
sites (Figure 1). No animals died during the experiment in
both groups.

Exercise tolerance

Infection with T. cruzi impaired the exercise tolerance of IG
animals resulting in significantly reduced distance travelled,
total time to fatigue and workload compared to CG animals
(Figure 2).

Heart biometry and myocardial stereology

There was no significant difference in body weight between
the CG and the IG (Table 1). Infected group animals pre-
sented a higher heart and ventricular weight compared to
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Figure 1 Parasitemia curve in Wistar rats inoculated with
Trypanosoma cruzi Y strain (300,000 trypomastigotes/S0 g
body weight). Data of 14 animals are expressed as mean = SEM.
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Table 1 Biometric parameters of control and infected rats

Control Infected
Body mass (g) 509.76 + 16.48 497.90 = 17.31
Heart mass (g) 2.01 = 0.06 2.17 = 0.41*
AT mass (g) 0.59 = 0.05 0.59 = 0.08
VE mass (g) 1.42 = 0.05 1.58 = 0.04*
RA volume (mm?) 140.83 = 3.79 143.91 = 4.52
LV volume (mm?) 447.15 £ 9.21 496.08 = 7.95*

AT, atrium; VE, ventricle; RA, right atrium; LV, left ventricle.

Data of five animals from each group were collected 9 weeks after
inoculation and are expressed as mean = SEM. Animals of the
infected group were inoculated intraperitoneally with Trypanosoma
cruzi Y strain (300,000 trypomastigotes/50 g body weight).
*Denotes statistical difference from Control (P < 0.001).

CG animals, whereas the AT weight did not differ between
the groups. Left ventricle volume was significantly higher in
IG animals as compared to CG animals.

Infected group animals exhibited a higher LV cardiomyo-
cyte cross-sectional area and volumetric density of blood
vessels (Vv [ibvs]) and collagen (Vv [col]) compared to CG
animals. According to the spectrophotometric analysis, the
amount of collagen in the LV of the IG animals was also
significantly higher compared to CG animals. In addition,
IG animals showed a higher index of myocardial vasculari-
zation in both RA and LV as compared to CG, demon-
strated by the increased Vv [ibvs]-to-Vv [cmy] ratio
(Table 2).

Myocardial histopathology

The intensities of the fibrosis and the interstitial inflamma-
tory infiltrate in the LV of IG and CG animals were signifi-
cantly different (Figure 3). The histopathology of the
myocardium showed an occurrence of inflammatory infil-
trate with a predominance of mononuclear cells and the
presence of mast cells in IG animals, which characterizes the
chronic inflammatory processes (Figure 3c). Intracellular
amastigote forms of T. cruzi were identified after the infec-
tion persisted for 9 weeks (Figure 3f). The LV of IG animals
presented a higher collagen content (Figure 3h), and the
myocardial cellularity was significantly more intense in IG
animals (3422 = 732.60 cells in 1.4 x 10° um?) compared to
CG animals (2217 = 520.19 cells in 1.4 x 10° pm?). The RA

20

W (kgm)
s

(4]

Infected Control Infected

Figure 2 Exercise tolerance of control and infected rats. Infected animals were inoculated intraperitoneally with Trypanosoma cruzi
Y strain (300,000 trypomastigotes/50 g body weight). TTF, total time to fatigue; W, workload. Data of 14 animals from each group
were collected 9 weeks after inoculation and are expressed as mean + SEM. *Denotes statistical difference from the Control

(P < 0.001).
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Table 2 Quantitative parameters of the myocardium from control and infected rats

Right atrium

Left ventricle

Infected

Control Infected

Control
A [cmy] (um?) 101.94 = 14.09
Vv [emy] (%) 72.04 = 1.87
Vv [ibvs] (%) 11.11 = 0.92
Vv [ibvs]/Vv [cmy] 15.66 = 2.17
Vv [col] (%) 16.81 = 2.09
Collagen (pug/mg protein) 19.02 = 3.85

105.24 = 16.69

376.11 = 39.98 414.85 = 42.74*

72.18 = 2.64 72.82 = 3.02 67.11 = 2.96%
13.29 = 1.43* 15.83 = 1.15 18.91 = 1.58*
18.85 = 2.68" 22.31 = 3.52 29.82 = 4.59*
14.68 = 2.96 11.25 + 1.40 14.03 = 1.56*
18.52 = 3.27 20.33 = 2.83 27.51 = 3.39*

A, cross-sectional area of cardiomyocytes; Vv, volumetric density; cmy, cardiomyocytes; ibvs, intramyocardial blood vessels; col, collagen.
Data of five animals from each group were collected 9 weeks after inoculation and are expressed as mean = SEM. Infected animals were inoc-
ulated intraperitoneally with Trypanosoma cruzi Y strain (300,000 trypomastigotes/50 g body weight).

*Denotes statistical difference from Control (P < 0.001) for the same segment.

"Denotes statistical difference from Control (P < 0.01) for the same segment.

(@) (d) (9)

(b) (e) (h)

() ()

Figure 3 Representative photomicrographs of the left ventricle
from control (a, d and g) and infected (b, c, e, f and h) rats.
The infected animals were inoculated intraperitoneally with
Trypanosoma cruzi Y strain (300,000 trypomastigotes/50 g
body weight). Nine weeks after inoculation, five animals from
each group were euthanized and heart fragments were collected
for morphological analysis. (a) A myocardial cross-section
showing a well-organized structure (H&E staining, bar = 30
pm). In panel b cardiac myocytes with increased diameters and
focal inflammatory infiltrate are observed (H&E staining, bar =
30 pum). Mast cells were also observed in the infected myocar-
dium (¢, bar = 12 pm). Differences in myocardial cellularity
between the control (d) and infected (e) groups are also shown
(H&E staining, bar = 30 pum). Intracellular amastigotes of

T. cruzi can be seen in panel f (H&E staining, bar = 10 um).
(g) A longitudinal section of myocardium showing blood vessels
and thin collagen bundles between muscle fibers (Masson
trichrome staining, bar = 20 um). In panel h thick bundles of
collagen with pericellular and perivascular distribution are
shown (Masson trichrome staining, bar = 20 pum).

of IG animals showed no significant differences either in col-
lagen content or in myocardial cellularity compared to CG
animals (data not shown).
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Figure 4 Cell shortening in myocytes isolated from the right
atrium and left ventricle from control and infected rats. For
each cardiac segment were analyzed 81 = 18 cardiomyocytes.
Infected animals were inoculated intraperitoneally with Trypan-
osoma cruzi Y strain (300,000 trypomastigotes/50 g body
weigh). Data of nine animals from each group were collected

9 weeks after inoculation and are expressed as mean = SEM.
Amplitude of shortening is expressed as a % of resting cell
length (% r.c.l.). *Denotes statistical difference from the Con-
trol in the same segment (P < 0.001).

Cell contractility and f-adrenergic stimulation

Right atrium myocytes from the IG had a significant reduc-
tion in the amplitude of shortening and an increase in time
to half relaxation compared to the CG (Figure 4, upper
panel). The time to peak shortening did not differ between
the groups. Left ventricular myocytes from IG animals
exhibited a significant reduction in amplitude of shortening
and an increase in the time to peak shortening and the time
to half relaxation as compared to CG animals (Figure 4,
lower panel).

The RA and LV myocytes response to ISO is shown in
Figure 5. Myocytes from IG animals exhibited an impaired
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Figure 5 Cardiomyocyte response to B-adrenergic stimulation.
Cell shortening, time to peak and time to half relaxation of
shortening in myocytes from the right atrium (upper panel) and
left ventricle (lower panel) of control (closed circles) and
infected (open circles) rats plotted vs. concentration (0-3 mmol)
of isoproterenol. For each cardiac segment were analyzed

74 = 8 cardiomyocytes. The infected animals were inoculated
intraperitoneally with Trypanosoma cruzi Y strain (300,000
trypomastigotes/50 g body weight). Data of nine animals from
each group were collected 9 weeks after inoculation and are
expressed as mean = SEM for the numbers of myocytes indi-
cated from nine animals per group. Shortening is expressed as a
% of resting cell length (% r.c.l.). *Denotes statistical difference
from the Control in the same segment (P < 0.001).
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Figure 6 Correlation between cell shortening and workload.
Myocytes from right atrium (open circle) and left ventricle (LV,
closed square) stimulated at 3 Hz without isoproterenol in
infected (a) and control rats (b). Right atrium and LV myocytes
stimulated at 1 Hz in the presence of 3 mmol of isoproterenol
in infected (c) and control group (d). The mean of cell shorten-
ing per animal was plotted against the workload of each animal
per group. Data used in the correlation were collected from nine
animals in each group 9 weeks after inoculation. Shortening
expressed as % of resting cell length (% r.c.l.). W, workload.
The infected animals were inoculated intraperitoneally with
Trypanosoma cruzi Y strain (300,000 trypomastigotes/50 g
body weight). All correlations presented statistical significance
(P < 0.05).

cell contractile response to B-adrenergic stimulation com-
pared to CG animals, with significant differences observed
mainly with 2 and 3 mmol concentrations of ISO. Myocytes
from the IG presented significantly less variation of shorten-
ing than those from the CG in both cardiac segments for
amplitude (RA, 5.44 + 2.13 vs. 8.87 = 2.05% respectively;
LV, 6.36 = 1.72 wvs. 10.32 = 2.17% respectively), time to
peak shortening (RA, —144.65 = 18.26 vs. —206.56 = 23.19
ms respectively; LV, —153.93 = 11,53 vs. —183.46 = 14.07
ms respectively) and time to half relaxation (RA,
—132.51 = 23.89 vs. —200.05 = 19.37 ms respectively; LV,
—98.45 + 29.15 vs. —220.65 = 24.71 ms respectively).

The linear regression analysis showed a moderate and
significant correlation between the amplitude of cell shorten-
ing in basal and ISO-stimulated conditions and the workload
of IG and CG animals in the exercise tolerance protocol
(Figure 6).

Discussion

Our results confirmed our hypothesis that T. cruzi infection
is able to impair myocardium morphology and single cardio-
myocyte contractile function and influence negatively the
exercise tolerance in the murine model investigated.

Infected animals had LV hypertrophy that was evidenced
by the presence of cellular hypertrophy and an increased
amount of collagen in the myocardium. The abnormal pat-
tern of accumulation and organization of collagen during
the progression of the disease has been previously described
in Chagas’ disease-induced pathological cardiac hypertrophy
(Higuchi et al. 1999; Marin-Neto et al. 2007; Rassi et al.
2010). This new organization of collagen fibres may
decrease the myocardial mechanical efficiency to the extent
that part of the force used for pumping blood is diverted to
correct the geometric distortion determined by the abnormal
organization of collagen and muscle bundles (Mady et al.
1999). Moreover, there is evidence that the progressive accu-
mulation of collagen reduces the myocardium compliance
and the efficiency of the regulatory mechanism of cellular
and muscular contraction force based on the length—tension
relationship (Kitzman et al. 1991; Higuchi ef al. 1999).

The volumetric density of the blood vessels and the blood
vessel-to-cardiomyocyte volumetric density ratio did not
indicate a reduction in the myocardial vascularization of
infected animals. However, these findings do not exclude the
possibility of vascular dysfunction of vasomotor origin and
an inadequate balance in the blood flow distribution. For
example, our stereological data indicated the occurrence of
microvascular dilatation that may have resulted from altered
blood flow induced by diffuse fibrosis and vascular derange-
ment. The presence of inflammatory infiltrate and mast cells
9 weeks after infection with T. cruzi favour this hypothesis
because the continuous production of cytokines and oxidant
components by these cells in a chronic inflammatory process
may be conducive to vascular dysfunction. Indeed, mecha-
nisms such as endothelial dysfunction, persistence of T. cruzi
antigens and release of nitric oxide associated with the
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chronic inflammatory process have been implicated in vascu-
lar dilatation and dysfunction of Chagas’ disease (Higuchi
et al. 1999; Marin-Neto ef al. 2007). The presence of vascu-
lar damage is not unusual in T. cruzi infection, and the
reduction in myocardial vascularization has been considered
as an important component involved in the deterioration of
cardiac function (Higuchi et al. 1999; Marin-Neto et al.
2007) and exercise tolerance (Meiler et al. 1987). Previous
studies have shown that myocardial hypoperfusion signifi-
cantly limits the exercise tolerance because of the occurrence
of abnormal heart rhythm with the onset of arrhythmias and
cardiac pump dysfunction (Verani et al. 1981; Meiler et al.
1987).

Our data showed contractile dysfunction of RA and LV
myocytes (i.e. reduced cell shortening amplitude and
increased time to peak shortening and time to half relaxa-
tion) in T. cruzi -infected rats. Mechanisms such as downre-
gulation of ion channels that modulate Ca** flux and cell
contraction and relaxation have been implicated in the path-
ogenesis of cardiomyocyte mechanical dysfunction observed
in heart disease of different aetiologies (Wisloff et al. 2002;
Kemi & Wisloff 2010). In myocardial infarction, diabetic
cardiomyopathy and autoimmune myocarditis, the reduced
expression and/or inhibition of the sodium and calcium
exchanger of the sarcolemma (NCX), the ryanodine channel
(RyR2), phospholamban (PLB) and the calcium ATPase of
the sarcoplasmic reticulum (SERCA-2) have been reported
to be important in chronotropic, inotropic and lusitropic
cardiomyocyte dysfunction (Wisloff ef al. 2002; Afanasyeva
et al. 2004; Kemi & Wisloff 2010). However, whether these
molecular changes are promoted by T. cruzi infection war-
rants further investigation.

Previous studies have demonstrated a positive relationship
between improved cardiomyocyte mechanical properties and
parameters of exercise performance, such as higher maximal
oxygen consumption (Wisloff et al. 2002; Kemi & Wisloff
2010) and intrinsic aerobic exercise capacity in healthy rats
(Primola-Gomes et al. 2009). There is evidence that in ani-
mals without disease (Kemi et al. 2004; Kemi & Wisloff
2010) and in animal models of cardiovascular disease, the
improvement in mechanical properties of cardiomyocytes
because of chronic physical exercise programmes occurs in
association with an increased density and sensitivity of Ca**
ion channels of the sarcolemma and sarcoplasmic reticulum.
An important finding is that these contractile and molecular
adaptations of cardiomyocytes in response to physical exer-
cise are accompanied by simultaneous improvement in phys-
ical performance (Wisloff et al. 2002; Kemi & Wisloff
2010). It is believed that the results of high physical fitness
are because of better provision and use of oxygen in exer-
cised tissues and that part of this adaptation is because of
the high capacity of cells and the myocardium to produce
greater cardiac output (Kemi & Wisloff 2010). In this con-
text, it is not unrealistic to assume that conditions that
impair cellular contractility and, consequently, myocardial
function have the potential to reduce physical capacity and
exercise tolerance. The reduction in physical capacity in
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individuals with Chagas’ disease has been linked to distur-
bances in cardiac mechanics and haemodynamics (Gallo
et al. 1975; Lima et al. 2010). Indeed, in the present study,
the amplitude of cell shortening in RA and LV myocytes
correlated closely with workload in control and infected ani-
mals. This correlation was observed in the absence and in
the presence of B-adrenergic stimulation. Thus, this finding
indicates that the level of cell shortening was an important
component impaired by T. cruzi infection that contributed
to the reduction in exercise tolerance. However, it is well
recognized that the determination of exercise tolerance is
multifactorial. Thus, as T. cruzi is able to parasitize and
damage structures such as peripheral nerves and skeletal
muscles, equally important elements in determining the exer-
cise tolerance (Meiler et al. 1987; Montes de Oca et al.
2004), we cannot attribute the results exclusively to cardiac
and cellular changes. In this context, the weak correlation
between single cardiomyocyte contractile parameters and
workload indicates that other organs and tissues should be
investigated to improve the knowledge about the patho-
physiological mechanism related to exercise intolerance in
Chagas’ disease.

We also observed that in association with reduced basal
myocyte contractility, T. cruzi -infected animals shared
reduced sensitivity to B-adrenergic stimulation. The inotropic
and lusitropic responses to ISO were dose dependent in both
IG and CG animals; however, all of the contractile parame-
ters examined showed lower amplitude of variation in ani-
mals from the IG. In clinical and experimental studies on
Chagas’ disease, physical and pharmacological cardiac tests
have shown reduced ability of the myocardium to respond
to stimuli of progressive intensity, suggesting a lower cellular
functional reserve (Gallo et al. 1975; Talvani et al. 2006;
Sousa et al. 2009; Lima et al. 2010). In this disease, changes
in electrical and mechanical cardiac function have been more
pronounced in conditions of cardiac stress, as occurs during
exercise, and the reduction in cardiac responsiveness to
B-adrenergic stimulation has been considered to be an
important factor involved in reducing exercise tolerance
(Gallo et al. 1975; Colucci et al. 1989). Data exist to sup-
port the role of the immune system in pathological remodel-
ling of cardiomyocyte contractility (Sterin-Borda et al. 1999;
Chakraborti ef al. 2000; Afanasyeva et al. 2004), including
Chagas’ disease (Roman-Campos et al. 2009). It has been
demonstrated that in humans and experimental animals with
Chagas’ disease, anti-B-adrenoreceptor antibodies produced
during infection by T. cruzi can inhibit the signalling path-
way triggered by these receptors (Sterin-Borda et al. 1999;
Chakraborti et al. 2000). Under normal conditions, B-adren-
ergic pathways lead to the phosphorylation and inhibition of
PLB, which reduces its activity on SERCA-2 and improves
inotropic, lusitropic and chronotropic activity of cardiomyo-
cytes (Afanasyeva et al. 2004). However, direct allosteric
inhibition of B-adrenoreceptors by autoantibodies or desensi-
tization mediated by upregulation of B-adrenergic receptor
kinase may
because this receptor is the main signalling pathway that

impair cardiomyocyte contractile function
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regulates cellular mechanics through adjustments in Ca®*
kinetics. Furthermore, inhibition of B signalling reduces the
phosphorylation and activation of RyR2 and Ca** entry into
the cell via the L-type current mediated by the Ca?*-induced
Ca**-release mechanism (Afanasyeva et al. 2004).

In summary, we showed that experimental T. cruzi infec-
tion negatively influenced myocardial morphology, the
mechanical properties of single RA and LV myocytes and
exercise tolerance in rats. The results of the cell mechanics
associated with B-adrenergic stimulation support the hypoth-
esis that single cardiomyocyte contractile dysfunction could
constitute an additional mechanism of cardiac impairment
and reduced exercise tolerance in animals infected with
T. cruzi. The experimental model presented here can be use-
ful for future studies investigating, in addition to the cardiac
muscle, the participation of other tissues in exercise intoler-
ance. However, little is known about the influence of the
parasite in the signalling pathways through which it acts to
modulate the single cardiomyocyte mechanics: thus, further
studies are needed in this area.
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Lavorato, Natdlia Pereira do Santos, Luiz Henrique Marchesi Bozi, Arlete Rita Penitente, Daniel Luciano Falkoski,
Felipe Gomes Berfort, Antonio Jose Natali

Universidade Federal de Vigosa, Vigosa, MG - Brasil

Resumo
Fundamento: O diabete experimental promove disfuncao contratil em cardiomiécitos, mas os efeitos do treinamento
em natacao nesta disfuncao nao sao conhecidos.

Objetivo: Testar os efeitos de um programa de treino em natacao (PTN) sobre a disfuncao contratil de cardiomiécitos
de ratos com diabete experimental.

Métodos: Ratos Wistar (idade: 30 dias; peso corporal médio: 84,19 g) com diabete induzida por estreptozotocina (60 mg/
kg de peso corporal; glicemia > 300 mg/dl) foram alocados em diabéticos sedentarios (DS, n = 10) e diabéticos exercitados
(DE, n = 13). Animais da mesma idade e peso serviram de controles sedentarios (CS, n = 10) e controles exercitados (CE,
n = 06). Os animais DE e CE foram submetidos a um PTN (05 dias/semana, 90 min/dia), por 08 semanas. Os miécitos do
ventriculo esquerdo (VE) foram isolados e estimulados eletricamente a 3,0 Hz em temperatura ambiente (~ 25° C).

Resultados: O diabete reduziu a funcao contratil nos cardiomiécitos dos animais em relacdo aos controles (i.e., menor
amplitude de contracao, maior tempo de contracgao e relaxamento). O PTN atenuou a reducao na amplitude de contracao
(CS, 11 % 0,2% vs DE, 11,6 £+ 0,2%), o tempo para o pico de contragao (CS, 319 * 5,8 ms vs DE, 333 + 4,8 ms) e 0
tempo para 50% de relaxamento (CS, 619 * 22,2 ms vs DE, 698 + 18,6 ms) dos cardiomidcitos dos animais diabéticos.
O diabete reduziu as dimensoes dos cardiomiécitos, porém, o PTN minimizou a reducao da largura e volume celular,
sem alterar o comprimento.

Conclusao: O programa de treino em natacao atenuou a disfuncao contratil dos miécitos do VE de ratos com diabete
experimental. (Arq Bras Cardiol. 2011; [online].ahead print, PP.0-0)

Palavras-chave: Natacao, esforco fisico, midcitos cardiacos, ratos, diabete melito.

Abstract

Background: Experimental diabetes promotes contractile dysfunction in cardiomyocytes, but the effects of swimming in this disorder are not known.
Objective: To test the effects of a swimming training program (STP) on cardiomyocyte contractile dysfunction in rats with experimental diabetes.

Methods: Wistar rats (age: 30 days; mean body weight: 84.19 g) with diabetes induced by streptozotocin (60 mg/kg body weight; glucose >
300 mg/dl) were divided into sedentary diabetic rats (SD, n = 10) and exercised diabetic rats (ED, n = 13). Animals of same age and weight
served as sedentary controls (SC, n = 10) and exercised controls (EC, n = 06). Animals and ED and EC underwent a STP (05 days/week, 90 min/
day) for 08 weeks. Left ventricular (LV) myocytes were isolated and electrically stimulated at 3.0 Hz at room temperature (~ 25° C).

Results: Diabetes reduced contractile function in cardiomyocytes of animals compared to controls (i.e., lower amplitude of contraction, longer
duration of contraction and relaxation). The STP attenuated the reduced amplitude of contraction (SC, 11 = 0.2% vs ED, 11.6 * 0.2%), time
to peak contraction (SC, 319 + 5.8 ms vs ED, 333 = 4.8 ms) and time to 50.0% of relaxation (SC, 619 + 22.2 ms vs ED 698 = 18.6 ms) of
cardiomyocytes of diabetic rats. Diabetes reduced the size of cardiomyocytes, however, the STP minimized the reduction of cell volume and
width, without changing length.

Conclusion: The swimming training program attenuated the contractile dysfunction of the LV myocytes of rats with experimental diabetes. (Arq
Bras Cardiol. 2011; [online].ahead print, PRO-0)

Keywords: Swimming; physical exertion; myocytes, cardiac; rats; diabetes mellitus.
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Introducao

O diabete melito do tipo 1 é um fator de risco para
eventos cardiovasculares, incluindo o desenvolvimento da
cardiomiopatia diabética. A incapacidade em manter a
homeostase da glicose no miocardio compromete a estrutura
e a fungao cardiaca em humanos e em animais com diabete
experimental. Em nivel celular, foi demonstrado que o
diabete prejudica a funcao contratil dos cardiomiécitos,
principalmente por provocar alteragoes estruturais e funcionais
na regulagao do calcio (Ca**) intracelular®”.

O exercicio fisico regular tem sido usado como um agente
efetivo de protegao cardiaca para diabéticos, uma vez que as
anormalidades estruturais e funcionais do coracao diabético
respondem favoravelmente ao exercicio®'. Por exemplo, em
animais diabéticos, o exercicio cronico atenuou alteragdes na
fungao ventricular esquerda, tais como redugao nos volumes
sistolico, diastélico final e de ejecao, no débito cardiaco e na
fracado de encurtamento”"12,

Em nivel celular, entretanto, poucos estudos sobre os efeitos
do exercicio crénico na funcao contratil de cardiomidcitos
de animais diabéticos foram realizados e, além de usarem
exclusivamente a corrida em esteira, apresentaram resultados
controversos. Por exemplo, programas de corrida continua em
esteira com intensidade leve (09 m/min, 0% de inclinacao,
30 min/dia) ou moderada (18 m/min, 0% de inclinagdo) nao
afetaram a contracdo dos cardiomidcitos de ratos'. Outro
programa de corrida continua com intensidade alta (18 m/min,
5% de inclinagao, 60 min/dia) provocou adaptagdes negativas,
pois prolongou o tempo de contracao celular e nao alterou
a amplitude de contragdo dos cardiomidcitos de ratos'.
Entretanto, programas de corrida em esteira com intensidade
mais alta (20-25 m/min, 5% de inclinagdo, 60 min/dia) foram
capazes de restaurar a fungao contratil dos cardiomidcitos de
ratos e camundongos”'>. Portanto, até o momento, os efeitos
do exercicio continuo com duragao superior a 60 minutos
diarios, especificamente a natagdo, sobre a fungdo contrdtil
de cardiomidcitos de ratos diabéticos nao sao conhecidos.

Assim, este estudo tem como objetivo testar se um
programa de natacdo, com duracao diaria de 90 minutos,
altera a funcdo contratil de cardiomiécitos isolados do
ventriculo esquerdo de ratos com diabete experimental.

Métodos

Animais de experimentacao e tratamentos

Ratos Wistar (idade 30 dias; peso corporal médio de 84,19
g) foram divididos em 04 grupos: Controle sedentério (CS, n =
10); Controle exercitado (CE, n = 10); Diabético sedentario
(DS, n = 20); e Diabético exercitado (DE, n = 20) e foram
mantidos em ambiente com temperatura média de 22° C e
regime de luminosidade invertido de 12/12 horas claro/escuro
com agua e ragao comercial ad libitum.

Foram seguidas as normas estabelecidas no Guide
for the Care and Use of Laboratory Animals (Institute of
Laboratory Animal Resources, National Academy of Sciences,
Washington, D.C., 1996) e respeitados os Principios
Eticos na Experimentagdo Animal do Colégio Brasileiro de

Experimentagdo Animal (COBEA). O estudo foi aprovado
pela Comissao de Etica da Universidade Federal de Vigosa
(processo n2 03/2009).

Inducao do diabete

Apbs jejum de 12 horas, os animais dos grupos DE e DS
receberam uma injegao intraperitoneal (60 mg/kg de peso
corporal) de estreptozotocina (STZ, Sigma, St. Louis, EUA),
diluida em 1,0 ml de tampao citrato de sédio (0,1 M, pH
4,5). Os animais dos grupos CS e CE receberam a mesma dose
de tampao citrato de sédio (0,1 M, pH 4,5) sem STZ. Sete
dias apds a aplicagdo de STZ e jejum de 12 horas, a glicose
sanguinea de repouso foi aferida (One touch ultra - Johnson
& Johnson, México). Animais com niveis de glicose sanguinea
de jejum superior a 300 mg/dl foram considerados diabéticos
(DS, n = 10; DE, n = 13). A glicose sanguinea de jejum e o
peso corporal foram monitorados semanalmente durante o
periodo experimental.

Programa de treino em natacao

Apbs 45 dias de hiperglicemia, os animais do grupo DE
e CE foram submetidos a um programa de treinamento em
natacao (adaptado de Medeiros e cols.'), por 8 semanas. Na
primeira semana, 0s animais exercitaram-se na agua, sem
sobrecarga, durante 10-50 min, sendo a duracdo aumentada
em 10 min/dia. Na segunda semana, os animais exercitaram
com uma carga de 1% de seu peso corporal e a duragao do
exercicio foi aumentada em 10 min/dia até atingir 90 min de
natagao ininterruptos. A partir da terceira semana, a carga foi
aumentada semanalmente (0,5% do peso corporal) até atingir
4% do peso corporal na 82 semana. Durante as sessoes de
natagao, os animais dos grupos DS e CN eram colocados em
uma caixa de polipropileno com agua aquecida (28-30° C) e
profundidade de 10 cm.

Quatro animais do grupo CE morreram por afogamento.

Isolamento dos cardiomiocitos

Ap6s eutandsia, o coragao foi removido e os midcitos do
ventriculo esquerdo foram isolados conforme descrito por
Natali e cols.””. Resumidamente, o coracdo foi canulado via
artéria aorta em um sistema Langendorff e perfundido com
solugao de isolamento [composigao (mM): 130 Na*; 5,4
K*; 1,4 Mg*; 140 CI; 0,75 Ca**; 5,0 Hepes; 10 glicose; 20
taurina; e 10 creatina; pH = 7,3 em temperatura ambiente].
Em seguida, o coragdo foi perfundido com solugao livre de
cdlcio contendo 0,17 mM de ethylene glycol-bis (5-aminoethyl
ether)-N, N, N’, N'-tetraacetic acid (EGTA), por um perfodo de
4-6 min. Na sequéncia, o coragao foi perfundido com solugao
contendo 1,0 mg.ml"' de colagenase tipo 2 (Worthington,
EUA) e 100,0 mM de CaCl, por 20 a 25 min. As solugdes
utilizadas foram oxigenadas (O, 100% - White Martins, Brasil)
e mantidas em temperatura de 35° C. Apés perfusoes, os
ventriculos foram separados dos atrios e pesados. Em seguida,
o ventriculo esquerdo foi colocado em frasco contendo 5,0
ml da solugdo enzimdtica (colagenase) e albumina sérica
bovina (10%). O frasco foi agitado moderadamente durante
05 min, em banho-maria a 37° C, ap6s o qual o tecido foi
retirado do frasco e o restante foi centrifugado (3.000 rpm)
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por 30 s. O sobrenadante foi removido e os cardiomiécitos
foram suspendidos na solugao de isolamento e armazenados
em refrigerador (5° C) até serem utilizados.

Funcao contratil dos cardiomiocitos

As contragoes celulares foram medidas através da técnica
de alteragdo do comprimento dos cardiomidcitos usando-se
o sistema de deteccao de bordas (lonoptix, Milton, MA-EUA)
montado num microscépio invertido (Nikon Eclipse - TS100,
Japao), conforme descrito previamente'®. Resumidamente, os
midcitos foram acomodados em uma cdmara experimental
com a base de vidro e banhados por solugdo tampéao com a
seguinte composicao (em mM): 136,9 NaCl; 5,4 KCI; 0,37
NaH,PO,; 0,57 MgCl,; 5,0 Hepes = 5; 5,6 Clicose e 1,0
CaCl, (pH = 7,4 em temperatura ambiente). Os midcitos
foram visualizados em um monitor através de uma camera
(Myocam, lonoptix, frequéncia de 240 Hz) acoplada ao
microscépio utilizando-se um programa de deteccao de
imagens (lonwizard, lonoptix). Os cardiomidcitos foram
estimulados externamente na frequéncia de 3,0 Hz (10
Volts, duragao de 5 min) utilizando-se um par de eletrodos
de aco e um estimulador elétrico de campo (Myopacer,
lonoptix). Os movimentos das bordas longitudinais dos
midcitos foram capturados pelo sistema de detecgao de bordas
(lonwizard, lonoptix) e armazenados para analise posterior.
Foram utilizados para as medidas de contragdo somente os
cardiomiécitos que estavam em boas condigdes, com as
bordas e as estriacoes sarcoméricas bem definidas, relaxados
em repouso, sem apresentar contragdes voluntdrias. As
contragdes foram analisadas conforme descrito previamente'.

Dimensoes dos cardiomiocitos

O comprimento e a largura dos midcitos foram medidos
usando-se um sistema de captagao de imagens, a partir das
imagens dos cardiomidcitos visualizados horizontalmente no
monitor de um microcomputador, conforme descrito'”. O
comprimento celular foi determinado medindo-se a imagem
da célula gerada no monitor, desde a borda direita até a borda
esquerda, no ponto médio da largura do cardiomiécito. A
largura celular foi determinada medindo-se a imagem gerada
no monitor, desde a borda superior até a borda inferior, no
ponto médio do comprimento dos cardiomiécitos. O volume

celular foi calculado usando-se a férmula: [Volume (pL) =
comprimento (mm) x largura (mm) x (7,59 x 103 pL/mm?)],
conforme Satoh e cols.?°.

Analise estatistica

Para a comparagao das médias das varidveis analisadas
entre os 04 grupos (fatores exercicio e diabete, dois grupos
cada), utilizou-se a anélise de variancia de duas entradas
(ANOVA two-way) e post hoc de Tukey para as comparagoes
mdltiplas. Essa andlise foi feita através do software Sigma
Stat, versao 3,0. Adotou-se o nivel de significancia de até
5% (p < 0,05).

Resultados

Antes da aplicacdo de STZ, ndo houve diferenga estatistica
da glicose sanguinea entre os grupos experimentais (Tabela
1). Quarenta e cinco dias apés a aplicagao de STZ (inicio do
exercicio) e ao final do experimento, os animais diabéticos
apresentaram glicose sanguinea superior a dos animais
controle. Os niveis de glicose sanguinea nao foram alterados
pelo exercicio, tanto nos animais diabéticos (DE vs DS) quanto
nos controle (CE vs CS). Nao houve interacao entre os fatores
exercicio e diabete (ANOVA two-way, p > 0,05) para esta ou
para as demais variaveis analisadas.

Os pesos corporais iniciais ndao foram diferentes entre
os quatro grupos (Tabela 1). Quarenta e cinco dias apds
a aplicagao de STZ, os animais dos grupos DS e DE
apresentaram pesos corporais inferiores aos controles CS e
CE. O mesmo ocorreu ao final do experimento. Da mesma
forma, o programa de natacao nao alterou esses parametros
nos animais tanto do grupo DE, quando comparados a DS,
quanto nos CE comparados a CS.

Os animais DS apresentaram menores pesos ventriculares (p
< 0,05) que 0s CS (Tabela 1). O programa de natagao nao alterou
o peso ventricular dos animais diabéticos (DS vs DE). Entretanto,
nos animais controles, o peso ventricular foi maior nos animais
CE que nos CS. O peso dos ventriculos relativo ao peso corporal,
indice de hipertrofia ventricular, foi maior no grupo DS que no
CS. Entre os animais diabéticos, os DE apresentaram peso relativo
dos ventriculos maior que os DS. Entre os controles, os animais
CE exibiram maior peso relativo dos ventriculos que os CS.

Pesos corporais e dos ventriculos e niveis de glicose sanguinea dos ratos controles e diabéticos

CS (n=10) CE (n = 06) DS (n = 10) DE (n = 13)
PC inicial (g) 8351+19 8272+18 87,80 2,0 8271+18
PC apés 45 dias (g) 353,93+ 11,3 35212+11,3° 193,72+ 11,9 186,91+ 10,7
PC final (g) 44350 +18,1° 41081257 198,82+ 18,1 204,25+ 18,1
GS inicial (mg/d) 824+42 84,0+4,2 89,045 93,040
GS apos 45 dias (mg/dl) 87,8+113 762+11,3 5251 +113' 520,1 +11,9'
GS final (mg/dl) 8834321 86,8+455 4758 32,11 483,732
PV (mg) 1.590,00 + 0,08’ 1.930,00 + 0,11° 1.120,00 + 0,08 1.330,00 + 0,08
PVIPC final (mglg) 359+0,4 472406 598+04" 7,97 £04%

Dados em média + EPM. n - nimero de animais; CS - controles sedentarios; CE - controles exercitados; DS - diabéticos sedentarios; DE - diabéticos exercitados; GS
- glicose sanguinea; PC - peso corporal; PV - peso dos ventriculos; - diferente de DS e DE; '- diferente de CS e CE; *- diferente de CS; * diferente de DS (p <0, 05).
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De forma independente, o diabete reduziu o comprimento
dos cardiomiécitos nos animais sedentarios (DS vs CS) e
treinados (DE vs CE; Tabela 2). Todavia, o programa de natacao
nao alterou o comprimento dos cardiomiécitos nos animais
diabéticos (DE vs DS) e nos nao diabéticos (CS vs CE). O
diabete reduziu a largura dos midcitos nos animais sedentarios
(DS vs C9) e treinados (DE vs CE). Todavia, o programa de
natagdo aumentou a largura dos cardiomidcitos nos animais
diabéticos (DE vs DS). Isso ndo ocorreu nos animais controles
(CE vs CS). Houve reducao do volume celular no grupo DS
comparado ao grupo CS. O programa de natagao aumentou
o volume celular nos animais diabéticos (DE vs DS), mas nao
nos animais controles (CE vs CS). Observa-se que a razao
comprimento/largura dos cardiomiécitos nao foi afetada pelo
diabete ou pelo programa de natagdo.

A andlise da funcao contratil dos cardiomidcitos mostrou
que a amplitude de contragao celular foi reduzida pelo
diabete (CS, 11,0 = 0,2% vs DS, 10,2 = 0,2%, p < 0, 001)
(Figura 1 A). O programa de natagao aumentou a amplitude
de contracao dos cardiomidcitos em tais animais (DS, 10,2
+ 0,2% vs DE, 11,6 = 0,2%, p < 0,001). Entre os animais
controles, o programa de natagdo aumentou a amplitude de
contragao (CS, 11,0 = 0,2%vs CE, 12,4 = 0,2%, p < 0, 001).

Os cardiomidécitos dos animais do grupo DS apresentaram
tempo para o pico de contragdo mais longo do que os do
grupo CS (361 = 5,7 msvs 319,0 £ 5,8 ms, respectivamente,
p < 0,001) (Figura 1 B). O programa de natagao reduziu o
tempo para o pico de contragdo nos animais diabéticos (DS,
361 = 5,7 msvs DE, 333,0 = 4,8 ms, p < 0,001). O mesmo
foi efeito observado nos cardiomiécitos dos animais controles
(CE, 289,0 = 6,8 msvs CS, 319,0 = 5,8 ms, p < 0,001).

Para 50% do relaxamento, o tempo foi maior nos
cardiomiécitos dos animais diabéticos sedentarios do
que nos controles sedentarios (DS, 756 + 22,1 ms vs CS,
619,0 £ 22,2 ms, p < 0,001) (Figura 1 C). O programa de
natacao reduziu o tempo para 50% do relaxamento nos
cardiomidécitos desses animais (DS, 756 = 22,1 msvs DE, 698
+ 18,6 ms, p = 0,044). O mesmo ocorreu nos cardiomiécitos
dos animais controles (CE, 516,0 = 26,1 msvs CS, 619,0 +
22,2 ms, p = 0,003).

Discussao

Nossos dados demonstram que a disfuncao contrétil
dos cardiomidcitos, provocada pelo diabete, foi atenuada
pelo programa de treino em natagdo com duracao de 90
minutos. Além disso, houve aumento da largura e do volume

dos cardiomidcitos, sem alterar o comprimento celular, em
resposta ao exercicio cronico.

A redugao na amplitude de contracao observada aqui
reflete alteragdes importantes no miocardio de ratos diabéticos
in vivo, tais como reducdo na fracao de encurtamento,
no didmetro diastélico final, no didmetro sistélico final do
ventriculo esquerdo e no débito cardiaco”'. Apesar de
nao termos testado os mecanismos, sabe-se que a reducao
da sensibilidade dos miofilamentos contrateis ao Ca**
e a reducgao da concentragao intracelular de Ca?* estdo
envolvidos?'. Entretanto, cardiomidécitos de ratos Goto-
Kakizaki apresentaram aumento da amplitude de contracao
associada a redugdo do transiente de Ca**. Isto sugere que a
sensibilidade dos miofilamentos ao Ca?* estava aumentada, o
que poderia ser um mecanismo compensatério para preservar
a funcao mecanica do coragdo no diabete??. Ha evidéncias de
que a concentragdo intracelular de Ca?* apresenta-se reduzida
em cardiomidcitos de animais com diabete experimental®.
Isto ocorre em funcdo do aumento da atividade do trocador
de sédio e calcio (NCX) e da diminuigdo da recaptacao de
Ca?* pelo reticulo sarcoplasmético (RS), via célcio ATPase
do RS (SERCA2)" e da reducéo da liberagao de Ca?* do RS,
via receptores de rianodina (RyR2)*. Além disso, é possivel
que a redugao da densidade de tidbulos transversos dos
cardiomiécitos de animais diabéticos possa alterar o espaco
entre os canais de cdlcio tipo L e os RyR2, o que reduz a
eficiéncia do acoplamento excitagao-contragao’.

Em contrapartida, o exercicio cronico empregado aumentou
a amplitude de contragdo nos animais diabéticos e controles.
Para os animais diabéticos, tal fato indica que o exercicio
promoveu adaptagdes positivas nos cardiomidcitos que
contribuem para atenuar algumas anormalidades mecanicas do
miocardio diabético observadas in vivo” "2, Alguns mecanismos
tém sido propostos como responsdveis pelo aumento da
amplitude de contragao dos cardiomidcitos de ratos diabéticos
em resposta ao exercicio cronico: ha evidéncias que o exercicio
fisico crénico pode normalizar o funcionamento do NCX e do
célcio calmodulina quinase Il (CaMKII), reduzir o vazamento de
Ca?* do RS e aumentar o contetido de Ca?* do RS"'.

O diabete experimental prolongou o tempo necessario para
o pico de contragao celular. Isso indica que cardiomiécitos de
animais diabéticos contraiam mais lentamente do que os de
seus controles. Essa alteragdo tem implicagdes negativas na
funcao cardiaca desses animais. A velocidade de contracao
dos cardiomidcitos é controlada pelas proteinas reguladoras
da movimentagao de Ca** intracelular e pela taxa de hidrélise
de ATP que, por sua vez, regula a taxa de formagao de pontes

Dimensdes dos cardiomidcitos dos ratos controles e diabéticos

CS (n = 190) CE (n = 149) DS (n = 256) DE (n = 253)
Comprimento (pum) 157,32 £ 1,60 159,77 +1,80" 150,49 + 1,50 151,29 + 1,50
Largura (pum) 22,38 0,41 22,97 £ 0,447 19,48 £0,4 20,74 0,4
Volume (pL) 26,73 0,55 27,65 +0,657 22,1905 24,00 0,5
Comprimento/largura 7,48+0,19 7,25+0,19 7,51+0,15 7,91+0,15

Valores em média + EPM. n - nimero de cardiomiécitos; CS - controles sedentarios; CE - controles exercitados; DS - diabéticos sedentarios; DE - diabéticos exercitados;

* - diferente de DS; ' - diferente de DS e DE (p < 0,05).
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(% c.c.i.)
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Fig. 1 - Funcéo contratil de cardiomidcitos de ratos controle e diabéticos. A - amplitude de contracdo; B - tempo para o pico de contragdo; C - tempo para 50% de
relaxamento; CS - controles sedentarios (106 células); CE - controles exercitados (78 células); DS - diabéticos sedentarios (109 células); DE - diabéticos exercitados
(153 células). Os dados sdo média + EPM*, diferente de CS**, diferente de DS (p < 0,05).

cruzadas®'. Cardiomiécitos de animais diabéticos apresentam
redugdo na expressao de proteinas regulatérias, tais como
CaMKIl, NCX, RyR2, SERCA2 e fosfolambana (PLB)>7%2*
%, 0 que pode retardar a disponibilidade de Ca** para a
contragao celular.

Entretanto, o programa de natacao reduziu o tempo para
o pico de contragdo nos animais diabéticos. As adaptagoes
ao exercicio regular, que aceleram a disponibilidade de Ca?*
no citosol e aumentam a taxa de hidrélise de ATP, contribuem
para tal redugao. A velocidade de disponibilidade de Ca** no
citosol é regulada principalmente pela velocidade de saida de
Ca?* do RS, via RyR2?'. H4 evidéncias de que o exercicio fisico
regular aumenta a expressao e/ou a atividade dos RyR2 e a
sensibilidade dos RyR2 e dos miofilamentos contrateis ao Ca**
em animais diabéticos’. Além disso, o exercicio fisico é capaz
de aumentar a densidade e a responsividade dos receptores
betadrenérgicos em ratos diabéticos'?, o que pode afetar a
velocidade de contracao celular.

Demonstramos também que o diabete experimental
prolongou o tempo de relaxamento celular. O relaxamento dos
cardiomiécitos depende da remogao do Ca** do citosol para o

RS (via SERCA2, PLB), para o meio extracelular (via NCX, Ca**
ATPase do sarcolema) e para a mitocondria (via transporte de
Ca’* mitocondrial)?'. A expressao e a funcao dessas estruturas
celulares estao diminuidas nos cardiomiécitos de animais
diabéticos'>*?%. Tal fato diminui a velocidade com que o Ca**
é removido do citosol. Essas alteragdes estao associadas ainda
a depressao da proteina quinase A (PKA) e CaMKII, proteinas
estas responsaveis pela fosforilagao da PLB. Além disso, a ndo
fosforilagao de PLB por CaMKII diminui a afinidade de SERCA2
por Ca** e inibe a recaptagao de Ca** pelo RS, o que contribui
para tornar mais lento o relaxamento celular®. Tais achados
em nivel celular sao compativeis com as disfungoes diastélicas
observadas em coracoes diabéticos in vivo”'".

O programa de natagdo aplicado, por sua vez, reduziu
o tempo de relaxamento dos cardiomidcitos dos animais
diabéticos. Esse efeito tem sido atribuido a capacidade do
exercicio regular de aumentar a velocidade de remogéao
de Ca?* do citosol via aumento da expressao de SERCA2
e PLB”'°, normalizagdo da expressdo e funcao dos NCX,
reducdo na fosforilacio de CaMKIl e restauracdo da
densidade de tabulos transversos'®.
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O programa de natagao aplicado nao alterou a glicemia
de jejum dos animais controles e diabéticos em repouso.
Nos animais diabéticos, a STZ induz a apoptose das células
B-pancreaticas®, o que inibe a secregao de insulina. E possivel
também que tenha havido um aumento na secrecao de
glucagon em tais animais®® e sua agao contrarregulatéria tenha
auxiliado na manutencao da hiperglicemia. Nossos resultados
sao coerentes com os de outros estudos” '3 apesar destes
terem utilizado protocolos de exercicio diferentes (i.e., esteira
rolante). Por outro lado, alguns estudos demonstraram que o
exercicio foi capaz de melhorar o metabolismo de glicose em
ratos diabéticos***3. Provavelmente, a falta de consenso entre
os resultados desses estudos é devida ao uso de diferentes
procedimentos metodolégicos.

Os animais diabéticos apresentaram politria e polidipsia
caracteristicas do diabete, mas, apesar de alimentarem-se
normalmente, sem restricao alimentar [ex., consumo semanal
de ragdo (diabéticos: 199,47 = 3,55 g vs controles: 194,36
+ 4,4 g)], movimentarem-se livremente dentro da caixa de
alojamento (grupo DS) e exercitarem-se (grupo DE), nado
ganharam tanto peso quanto os controles nao diabéticos. Os
menores pesos corporais e ventriculares dos animais diabéticos
indicam que eles tiveram o crescimento prejudicado. Em
ratos com diabete induzida por STZ, além da secregao de
insulina, a secregao de hormonios, tais como o horménio de
crescimento, o glucagon, o polipeptideo pancreético e, por
consequéncia, o fator de crescimento similar a insulina, sdo
alteradas e afetam o crescimento®*3®. Sabe-se também que
o diabete induz o aumento da utilizagdo de acidos graxos e
acelera o catabolismo proteico®”.

Ainda assim, o programa de natagao aplicado nao foi capaz
de alterar significativamente o peso corporal dos animais
diabéticos ou ndo diabéticos, mas aumentou o peso absoluto
dos ventriculos nos animais ndo diabéticos. Entretanto, mais
importante, tanto o diabete quanto o programa de natagao
aumentaram o peso relativo dos ventriculos nos animais
diabéticos e o programa de natagdo aumentou este parametro
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