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Lista de abreviaturas

FEVE - fragao de ejecdo do ventriculo esquerdo
FMI - fraqueza muscular inspiratéria

FPM - fraqueza de preensao manual

IC — insuficiéncia cardiaca

ICC - insuficiéncia cardiaca cronica

Pl,ax — pressao inspiratéria maxima



Resumo

A fraqueza muscular inspiratéria pode estar presente em 30 a 50 % dos pacientes
ambulatoriais com insuficiéncia cardiaca cronica, com implica¢gdes na qualidade de vida
e prognostico. Entretanto, ndo estd claro quais caracteristicas clinicas e
comportamentais que estariam associadas a essa disfun¢@o. Além disso, como ndo estdao
claros os mecanismos moleculares que conduzem a disfun¢do do diafragma. Parametros
contréteis incluindo forca de contracio maxima, forca passiva e cinética de pontes
cruzadas podem estar alterados em pacientes com IC, e podem estar associados a FMI.
Esta tese investigou, primeiramente, determinantes da FMI em comparagdo com a
fraqueza muscular periférica (preensao manual), em pacientes com ICC. Neste estudo
foram avaliadas varidveis clinicas, antropométricas e comportamentais destes pacientes.
Os resultados demonstraram que apenas aproximadamente 50 % da FMI pode ser
explicada pelas varidveis analisadas. Além disso, as varidveis associadas a fraqueza de
preensdo manual ndo sdo diferentes das encontradas em sujeitos sauddveis (gé€nero e
idade). Entretanto, a forca inspiratéria maxima pode estar associada com marcadores de
capacidade funcional do paciente. Em seguida, foram investigadas propriedades
contréteis, ativas e passivas de miofibrilas de musculo cardiaco e diafragma, em um
novo modelo animal de camundongos com insuficiéncia cardiaca desenvolvida por
knockout para arginilacdo cardiaco-especifica. Resultados do musculo cardiaco
demonstram compatibilidade com a disfun¢do contratil encontrada em humanos com
insuficiéncia cardiaca congestiva, tais como redu¢do da contracdo maxima, reducdo da
forca passiva e reducdo da cinética de relaxamento. Entretanto, nos resultados do
miusculo diafragma, encontramos aumento da for¢a de contracdo méixima, o que pode
sugerir uma mudanca adaptativa compensatdria associada ao aumento do trabalho
inspiratdrio associado a insuficiéncia cardiaca cronica. Em conclusdo, menos de 50 %
da variancia da forca muscular inspiratéria pode ser explicada por varidveis clinicas e
comportamentais de pacientes com insuficiéncia cardiaca cronica. Em um modelo
animal de insuficiéncia cardiaca que resulta em diminuicdo da contratilidade de
cardiomiofibrilas, observa-se aumento da contratilidade das miofibrilas do diafragma,
sugerindo que a fraqueza muscular inspiratéria associada a insuficiéncia cardiaca
crOnica nao seja secunddria a disfuncdo contratil da musculatura inspiratoria.

Palavras-chave: insuficiéncia cardiaca; fraqueza muscular; biofisica muscular.



Abstract

The inspiratory muscle weakness may be present in 30-50% of outpatients with chronic
heart failure, with implications for the quality of life and prognosis. However, it is
unclear what clinical and behavioral characteristics that would be associated with this
dysfunction. Moreover, as are unclear the molecular mechanisms leading to dysfunction
of the diaphragm. Contractile parameters including contraction force maximum passive
force and kinetics of cross-bridges can be altered in patients with HF, and may be
associated with the IMF. This thesis investigated, firstly, the determinants of IMF in
comparison to peripheral muscle weakness (handgrip) in patients with CHF. We
evaluated clinical, anthropometric and behavioral disorders in these patients. The results
showed that only about 50% of IMW can be explained by the variables. Furthermore,
the variables associated with weakness of grip are not different from those found in
healthy subjects (gender and age). However, maximum inspiratory force may be
associated with markers of patient's functional capacity. Next, we investigated the
contractile properties, assets and liabilities of myofibrils of cardiac muscle and
diaphragm in an animal model of mice with heart failure developed by knockout
arginilacdo cardiac-specific. Results show compatibility with the cardiac muscle
contractile dysfunction found in human with congestive heart failure, such as reduction
of maximum contraction, reduction and reduction of the passive force relaxation
kinetics. However, the results of the diaphragm, we found increased maximum force of
contraction, which may suggest a compensatory adaptive changes associated with
increased inspiratory work associated with chronic heart failure. In conclusion, less than
50% of the variance in inspiratory muscle strength can be explained by behavioral and
clinical variables of patients with chronic heart failure. In an animal model of heart
failure that results in decreased contractility cardiomyofibrils, there was an increase in
contractility of the diaphragm myofibrils, suggesting that inspiratory muscle weakness
associated with chronic heart failure is not secondary to contractile dysfunction of the
respiratory muscles.

Key words: heart failure; muscle weakness; muscle biophysics.



1. INTRODUCAO

A fraqueza muscular é um desfecho muito comum associado a diferentes
condigdes clinicas. A redugdo da forca muscular esquelética estd diretamente associada
a perda de independéncia, quedas, comprometimento das atividades da vida diaria e, até
mesmo, a mortalidade (Witham et al. 2006; Izawa et al 2009).

Dentre as manifesta¢des clinicas decorrentes do comprometimento muscular, a
fraqueza muscular inspiratéria (FMI) tem ganho atencdo especial (Chiappa et al.2008;
Winkelman et al. 2009; Ribeiro et al 2009; Meyer et al. 2001). A FMI é encontrada em
aproximadamente 30% dos pacientes ambulatoriais com insuficiéncia cardiaca (Chiappa
et al.2008; Winkelman et al. 2009), e é resultado da redug¢do da for¢ca dos musculos
inspiratdrios, principalmente do diafragma. Essa caracteristica tem sido associada a
sintomas como: dispnéia, percepcdo de fadiga cronica e intolerancia ao exercicio
(Chiappa et al.2008; Winkelman et al. 2009; Wong et al. 2011; Stassijns et al. 1996).

Alguns mecanismos que conduzem a perda de forca muscular esquelética foram
sugeridos na literatura. Alguns estudos apontam a atrofia, a mudanca para tipos de fibra
I (Howell et al. 1995) e a perda de proteinas contrateis, como actina e titina (van Hees et
al.2007; van Hees et al.2008; van Hees et al. 2010). Entretanto, o mecanismo que
conduz especificamente a FMI ainda ndo estd bem elucidado.

Portanto, esta tese apresenta, primeiramente, uma breve revisao de literatura que
tenta estabelecer a relacdo entre fraqueza muscular inspiratdria, fraqueza muscular
periférica e propriedades contrateis envolvidas na disfun¢do muscular na insuficiéncia
cardiaca. Em seguida, no estudo 1, apresenta uma anélise transversal dos determinantes
da fraqueza muscular inspiratéria e fraqueza de preensdo manual em pacientes com

insuficiéncia cardiaca cronica, onde foram analisadas varidveis clinicas, antropométricas



e comportamentais destes pacientes. Nos dois estudos seguintes, apresenta andlises das
propriedades contrateis de musculo cardiaco e diafragma, de um novo modelo animal
com insuficiéncia cardiaca em camundongos a partir de knockout para arginilacdao

cardiomidcito especifico.



2. REVISAO DE LITERATURA

A Insuficiéncia Cardiaca (IC) é o desfecho final de varias doencas que
acometem o coragdo, e € considerada um problema epidémico em progressdao (BOCCHI
et al., 2009). E descrita com uma sindrome clinica complexa de cardter sistémico,
definida como disfuncdo cardiaca que ocasiona inadequado suprimento sangiiineo para
atender as necessidades metabdlicas tissulares, na presenca de retorno venoso normal,
ou fazé-lo somente com elevadas pressdes de enchimento. Essa sindrome € o produto
final de um processo, ndo sé resultante de lesdo miocédrdica e sobrecarga hemodinadmica,
mas também de ativagdo neuroumoral cronica e processos inflamatérios sistémicos
(Nobre & Serrano Jr, 2005). A reducdo do débito cardiaco é uma das manifestacdes
hemodinamicas mais comuns da IC, que leva a perfusdo tecidual inapropriada, que se
manifesta primeiramente durante o exercicio e, com a progressdo da doenca, reduz o

débito cardiaco também em repouso (Bocchi et al., 2009).

A IC pode ser resultado de disfuncao sistélica, diastélica ou ambas. A fragao de
ejecao do ventriculo esquerdo (FEVE) € o indice mais utilizado para avaliar a fun¢ao
sistolica, e valores menores que 45-50% indicam disfuncdo, segundo as diretrizes
européias (Dickstein et al., 2010). A disfuncdo diastdlica caracterizada pela fungao
sistOlica preservada, mas presenca de disfungdo diastélica, que é definida pelo

enchimento/relaxamento anormal (Bocchi et al. 2009).

A classificacdo da IC pode ser baseada em sintomas, proposta pela New York
Heart Association (NYHA), desde a auséncia de sintomas (classe I) até sintomas em

repouso (classe IV). Os sintomas mais comuns da doenca sdo dispnéia em esforcos e
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fadiga cronica, o que limita drasticamente a capacidade funcional e autonomia do

paciente (BOCCHI et al., 2009).

2.1. Intolerdncia ao exercicio e adaptacées musculares na Insuficiéncia Cardiaca
Cronica

Além da resposta anormal do débito cardiaco ao exercicio, tem sido amplamente
sugerido que fatores periféricos, localizados principalmente no musculo esquelético, sao
os principais determinantes da baixa tolerancia ao esforco nestes individuos. Dentre
eles: atrofia, mudanca na distribui¢do entre os tipos de fibras musculares, alteracdes na
relac@o entre os capilares sanguineos e o musculo esquelético, que limitam a difusdo de
oxigénio do sangue para o tecido muscular e principalmente alteracdes intrinsecas do
metabolismo muscular, que desencadeiam acidose e fadiga muscular precoce no
exercicio (Drexler, 1992; Wong et al. 2011).

A redugdo do fluxo sanguineo muscular também € considerada, por alguns
autores, um mecanismo fundamental na génese da intolerancia ao exercicio na IC
(Kubota et al. 1997; Richardson et al. 2003; Sullivan & Coob 1991). Chiba et al.,
(2007) demonstraram que pacientes com IC apresentam redu¢do do fluxo sanguineo
muscular em resposta ao exercicio e a diversos estimulos vasodilatadores.
Classicamente, pacientes com IC apresentam diversas anormalidades na circulagcao
periférica, advindas, entre outros, da importante ativacdo do sistema nervoso autonomo
simpdtico (SNS) e também redugdo do fluxo sanguineo muscular em repouso (Drexler
et al, 1992). Acredita-se que o baixo aporte de oxigénio e a 0 excessivo aumento da
resposta vasoconstritora, de forma cronica, sejam capazes de induzir a adaptacdes na
musculatura esquelética periférica, e inclusive nos musculos respiratérios. Drexler et al.
(1992) investigando as alteracdes na musculatura esquelética periférica de pacientes

com ICC, encontraram uma reducdo de aproximadamente 20% da densidade
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mitocondrial e densidade de superficie, além de reducdo na densidade capilar e uma
maior transformacdo das fibras musculares para fibras tipo de IIb, em relacdo a

controles saudaveis.

Algumas evidéncias ainda sugerem que as adapta¢des musculares em membros
inferiores podem ser diferentes de membros superiores (ex. antebraco). Um estudo
encontrou redu¢do no desempenho de endurance no musculo do quadriceps femoral,
mas ndo no adutor do polegar (Buller et al. 1991) quando usado protocolos de contracao
voluntdria mdxima e estimulagdo elétrica. Para estes achados o grupo especulou que a
massa envolvida no exercicio pode ser determinante no comprometimento muscular,
portanto, pequenos grupamentos musculares ndo apresentariam comprometimento como

os de grande grupamento muscular (ex. membros inferiores).

Entretanto, estudos sobre biofisica muscular para identificacdo das propriedades
contrateis comprometidas na insuficiéncia cardiaca ainda sao incomuns. Munkvik et al.
(2011) avaliaram a forca isométrica e isotonica em musculo esquelético periférico
intacto de ratos com IC. O ponto chave deste estudo foi demonstrar que as contracdes
isométricas maximas sao capazes de subestimar o comprometimento muscular, pois as
contragdes nao permitem acessar o mecanismo de contracdo muscular no seu estado
original (um ciclo ap6s o outro) e mascaram indices de fadiga. Os resultados indicam
que os musculos dos ratos com IC foram menos afetados pela fadiga, em contracdes
isotOnicas seqiienciais, do que os musculos de ratos sham, achados que nao corroboram
com as evidéncias de que os musculos periféricos sofrem adaptagcdes de transformacgao
para fibras IIb (a qual seria menos resistente a fadiga), o que evidencia que o assunto

ainda € controverso.
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Okada et al. (2008) fizeram bidpsia no vasto lateral de pacientes com
insuficiéncia cardiaca cronica, apds medidas de for¢ca de extensdo de joelho e
ergoespirometria. Apesar dos pacientes apresentarem reducdo na capacidade de
exercicio e na forca de membros inferiores, avaliagdes in vitro de moléculas isoladas
demonstraram que ndo existe alteracdo funcional nos filamentos finos (actina) ou
filamentos grossos (miosina). Portanto, o comprometimento funcional no musculo in
vivo deve ser atribuido a outros fatores, que nido os de fun¢do molecular. Entretanto,
esses resultados ndo avaliam o processo de contracdo muscular com a interacao de todas
as proteinas contrateis, a forca passiva e a contribuicao da titina no ciclo de contragdo

muscular ndo foram avaliadas, o que ndo reproduz o processo fisioldgico completo.

2.2. Fraqueza muscular inspiratoria

A fraqueza muscular inspiratéria (FMI) pode ser avaliada a partir da pressao
inspiratéria maxima (Ply,x). A Pl € mensurada a partir da pressdo estatica gerada na
boca, durante esforcos maximos de inspiragcdo. Embora dependa do esfor¢o do paciente,
essa medida tem se mostrado confidvel (McConnell & Copestake, 1999). Para fins
clinicos, essa medida € bastante usada para acessar forca global dos musculos
inspiratdrios, apesar de refletir, em maior magnitude, a forca do musculo diafragma.
Para determinacdo da fraqueza muscular inspiratéria € utilizado o ponto de corte
arbitrdrio de 70% da pressdo inspiratéria mdxima predita para idade e sexo. Portanto,
pacientes que apresentam a Ply,x abaixo desse critério sdao classificados como

portadores dessa fraqueza (D’allago et al. 2006; Ribeiro et al. 2009).

13



Em estudos do nosso laboratdrio, temos observado uma associacdo positiva entre
a preseng¢a da FMI com capacidade de exercicio reduzida (D’allago et al. 2006; Chiappa
et al. 2008; Winkelman et al. 2009). Recentemente, demonstramos em nosso laboratério
que baixos indices de forca muscular inspiratéria correlacionam-se diretamente com
baixo consumo de oxigénio de pico no exercicio, em pacientes com IC, e uma
diminui¢do do fluxo sangiiineo dos musculos periféricos para os musculos inspiratérios
mais acentuada, em relacdo aos pacientes sem fraqueza (Chiappa et al. 2008). Este fato
pode ser justificado pelo excessivo aumento da resposta vasoconstritora, mediado pela
ativacdo simpdatica quando aumentado a demanda dos musculos inspiratérios,
mecanismo que pode ser responsadvel pela fadiga precoce dos musculos periféricos e que

distingue os pacientes com FMI dos pacientes sem essa fraqueza.

A associagdo entre Pl,x € progndstico na ICC estd bem descrita na literatura. A
Plax j4 se mostrou um forte preditor de risco de morte em pacientes com IC congestiva
(Meyer et al. 2001) e nao perdeu seu valor progndstico mesmo na era do beta-
bloqueadores (Frankenstein et al. 2009). Além disso, se associa positivamente com
classe funcional (NYHA) e percepcdo de dispnéia (Ribeiro et al. 2009). Associa-se
inversamente com resposta quimiorreflexa (Callegaro et al. 2010) e tem moderada
correlagdo com consumo de oxigénio de pico (VO, de pico) (r = 0,32 — 0,59) (Ribeiro et

al.2009).

Sabe-se que a FMI € reversivel. Estudos que desenvolveram treinamento na
musculatura inspiratéria de paciente com ICC obtiveram resultados positivos. Dall*Ago
et al. (2006), prescreveram um treinamento muscular inspiratério (TMI) de 12 semanas
para pacientes com fraqueza muscular inspiratdria, versos grupo placebo. Os resultados
demonstraram melhora da Pln. em 115%, aumento de 17% no VO, pic,, além de

melhora na qualidade de vida, melhora do teste de caminhada de 6 minutos.
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Winkelmann et al. (2009) randomizaram pacientes para dois grupos de interven¢cdo com
exercicio, um deles recebeu somente prescricdo de exercicio aerdbico, e o outro
exercicio aerébico adicionado ao TMI. Os resultados desse estudo demonstraram que
existe um ganho adicional quando o TMI € prescrito com treinamento aerébico em
relagdo ao VO, pico (21% x 41%, respectivamente). Chiappa et al. (2008) realizaram uma
medida de espessura do diafragma, a qual serviu como medida adicional de disfuncdo
do diafragma. Os resultados mostraram que, mesmo com somente 4 semanas de TMI, o
diafragma responde com aumento significativo de espessura (59 + 8 antes e 103 + 16
apos treinamento), e, além disso, o delta de espessura se associou significativamente
com o delta na Pl (r=0,88). Essa evidéncia suporta a teoria de que a FMI € reversivel,

ndo sé na restituicao da for¢ca, mas também na atrofia do diafragma.

Entretanto, as adaptacdes musculares no musculo diafragma, decorrentes da
insuficiéncia cardiaca, parecem ser diferentes das adaptacdes ocorridas na musculatura
esquelética periférica. Sabe-se que as fibras musculares tipo I e tipo Ila apresentam uma
capacidade oxidativa maior em relacdo as fibras IIb. Tikunov et al. (1996) encontraram
um aumento da proporcdo de fibras tipo I e Ila em diafragma de pacientes com IC
cronica quando comparados com controle, indicando que existe uma adaptagdo
muscular para aumentar a capacidade oxidativa desse musculo, que é comprovadamente
comprometida na musculatura periférica (Drexler, et al. 1992; Filusch, et al. 2011;

Stassijns et al. 1996).

De uma forma geral, a origem do declinio da for¢a do musculo diafragma
permanece controversa. Pode estar relacionado com mecanismos adaptativos da
fisiopatologia da doenga, como a diminuicdo de fibras tipo IIb; pode ser apenas uma

conseqii€éncia da atrofia causada pela redu¢do do aporte de oxigénio para periferia, bem
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como simplesmente desuso, pelo baixo nivel de atividade fisica apresentado por esses

pacientes, ou ainda, uma associagao destes multiplos fatores.

2.3. Misculo estriado e propriedades contrateis

O miusculo estriado esquelético é uma estrutura complexa e altamente
organizada. Regulado pelo sistema nervoso central, € composto de estruturas cilindricas
chamadas fibras musculares que se contraem homogeneamente. Cada fibra muscular
também ¢é composta de estruturas cilindricas, denominadas miofibrilas, que sdo
compostas de sarcomeros, estruturas organizadas em blocos longitudinais (Rassier,
2010). O sarcomero ¢ a menor unidade funcional do misculo estriado,
predominantemente composto de 3 diferentes moléculas: actina, miosina e titina. O

processo contrdtil se desenvolve principalmente pela interacio dindmica destas

moléculas que desempenham fungdes distintas.

A actina é o componente protéico do filamento fino mais abundante, além dela,
existem mais duas importantes proteinas a troponina e a tropomiosina. A troponina € a
proteina que se liga ao célcio e provoca o desvio da posi¢do da tropomiosina para que
libere o sitio ativo da actina, no qual a miosina se ligard, causando o que se chama de
estado de ligagdo forte, o qual da inicio a contracdo na miofibrila. Ja foram identificadas
6 isoformas dessa proteina, dentre elas a actina alfa 1, encontrada no musculo

esquelético.

A miosina é o componente molecular do filamento grosso, considerada uma
enzima mecanoquimica, pois converte a energia quimica (ATP) em mecanica

(encurtando o sarcomero). A estrutura dessa molécula se constitui de uma cabeca, um
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pescoco e uma cauda. A cabeca € onde se encontra o sitio de ligacdo para o ATP e com
a actina; o pescoco que regula a atividade da cabeca por reagdo com outra proteina
reguladora, a calmodulina; e a cauda que contém os sitios de ligacdo que vao determinar
se essa proteina se liga a membrana plasmdtica ou a outras caudas para formagdo do
filamento grosso. Esse filamento de miosina € constituido por duas cadeias pesadas de
miosina e dois pares de cadeias leves de miosina. Sdo as cadeias pesadas de miosina que
carregam o sitio ativos do ATP e, por isso, determinantes pela taxa de consumo
energético na contracdo miofibrilar. Essas cadeias apresentam duas isoformas, a alfa
conhecida como miosina de cadeia pesada rdpida (o« MHC) que consome mais energia
proveniente do ATP e desenvolve for¢a mais rapidamente; e a beta conhecida como
miosina de cadeia pesada lenta ( MHC), isoforma mais econdmica e que desenvolve

forca mais lentamente (Hamdani et al., 2008).

A contragdo a nivel miofibrilar se d4 a partir da interacdo destas moléculas. O
processo de contracdo se inicia com o impulso nervoso que atinge o reticulo
sarcoplasmatico e o cdlcio € liberado. Em seguida, o cdlcio se liga a troponina, que
resulta em uma mudanga de posi¢do da tropomiosina, afastando-a dos sitios ativos da
actina e permitindo que essa se ligue a miosina, em um “estado de ligacao forte”. A
contragcdo acontece em multiplos ciclos desde que haja energia e cdlcio livre disponivel
para se ligar a troponina. Quando a atividade nervosa cessa, o calcio retorna ao reticulo
sarcoplasmatico, o que faz a tropomiosina ‘“‘cobrir” novamente os sitios ativos e
provocar o relaxamento miofibrilar, nesse momento se estabelece um “estado de ligacao
fraco” entra a molécula de actina e a de miosina que se mantém até um novo estimulo

de contraciao (Power & Howley, 2000).

A terceira proteina contratil envolvida diretamente na contracdo muscular € a

titina. A titina é conhecida como a proteina responsavel pela elasticidade do sarcomero,
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no modelo dos filamentos deslizantes da contracdo muscular. E a maior proteina
encontrada nos mamiferos. No musculo humano é a maior proteina muscular em
tamanho (massa mol 2700 - 4200 k Da, dependendo da isoforma) e em quantidade (8 —
10% do conteddo muscular). E responsével pela expansio entre o disco Z e a linha M
no sarcomero, e pela rigidez passiva do miusculo. Além disso, a titina promove a
sustentacdo, mantém a constituicdo muscular e exerce papel fundamental no
desenvolvimento de forca durante a contracdo muscular, além de ser um importante

sensor mecanico (Figura A).

A titina trabalha como uma mola bidirecional que regula o comprimento do
sarcomero e desempenha ajustes adequados na tensdo passiva enquanto 0 movimento

varia (Granzier & Labeit 2002; Wang, 1996; Ferreira, 2010).

Essa proteina é codificada por apenas um gene, localizado no cromossomo 2. A
modulacdo da elasticidade/rigidez do segmento se da através das diferentes isoformas
expressadas no musculo esquelético (N2A), e no musculo cardiaco (N2B e N2AB)
(Ferreira et al., 2010; Granzier & Labeit, 2002). A rigidez tende a se transformar ao
longo da vida, adultos expressam isoformas mais responsivas ao Ca" e isso torna o
segmento mais rigido (Ottenheijm & Granzier, 2010). Os mecanismos que regulam a
expressdo génica das isoformas da titina ainda sdo desconhecidos, sabe-se que cada

patologia regula essas especificidades fenotipicas musculares de forma diferente.

b

Figura A. Esquema ilustrativo de sarcomero muscular. Linha preta central representa a linha M que se localiza no
centro da banda A. Ligados a ele os filamentos grossos. Nas extremidades as linhas pretas representam a linha Z que
estdo no centro da banda I. Ligados a ele os filamentos finos e em diagonal (mais finos) os filamentos de titina.
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Essa proteina é codificada por apenas um gene, localizado no cromossomo 2. A
modulagdo da elasticidade/rigidez do segmento se dd através das diferentes isoformas
expressadas no musculo esquelético (N2A), e no musculo cardiaco (N2B e N2AB)
(Ferreira et al., 2010; Granzier & Labeit, 2002). A rigidez tende a se transformar ao
longo da vida, adultos expressam isoformas mais responsivas ao Ca’ e isso torna o
segmento mais rigido (Ottenheijm & Granzier, 2010). Os mecanismos que regulam a
expressdao génica das isoformas da titina ainda sdo desconhecidos, sabe-se que cada

patologia regula essas especificidades fenotipicas musculares de forma diferente.

2.3.1. Modelo das pontes cruzadas: teoria e delineamentos experimentais

A contragdo muscular € diretamente associada a Teoria das Pontes Cruzadas,
originada por Huxley em 1957 e aceita pela comunidade cientifica até os dias de hoje. A
teoria das pontes cruzadas propde que o encurtamento e a forca produzidos em um
musculo ocorrem como resultado da interacdo de duas proteinas contrateis: actina e
miosina. A miosina tem uma protrusdo (ponte-cruzada) que ciclicamente se acopla a
actina e a move na dire¢dao do centro do sarcomero. Apesar de uma teoria simplificada,
a propriedades basicas do modelo das pontes-cruzadas tem se mantido ao longo das

descobertas na area.

O modelo das pontes cruzadas pode ser descrita em dois estados, quando as
pontes cruzadas estdo ligadas ou separadas da actina. No modelo original proposto por
Huxley (1957), duas taxas constantes foram usados para descrever a transi¢do entre os
dois estados: f, a taxa de pontes cruzadas ligadas a actina, e g , a taxa de pontes
cruzadas separadas da actina (Huxley, 1957). O modelo assume que (i) cada ponte
cruzada tem um componente eldstico; (ii) a probabilidade das pontes cruzadas se

ligarem a actina, que resulta em forca do componente eldstico, ¢ moderada; e (iii)
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quando as pontes cruzadas aumentam a tensdo, a probabilidade de separar da actina €

baixa. A equacdo que explica o nimero de pontes cruzadas € dada por:

f
f+g

n(oo) =

Portanto, o nimero de pontes cruzadas ligadas a actina (n) num dado momento
(em equilibrio ou steady-state) serd regulada pela probabilidade de ligagdo e separagcao

entre as cabecgas de miosina e a actina (Huxley, 1957).
2.3.2. Estudos experimentais que avaliam a cinética das pontes cruzadas

Avaliar o modelo de pontes cruzadas e as constantes cinéticas, incluindo as
constantes de ligacdo e dissociagdo, ciclo de pontes cruzadas e a geracdo de forca pelo
musculo, ¢ complexo. Uma das metodologias que tem sido utilizada com sucesso na
drea da biofisica muscular envolve estudos delineados para avaliar as taxas de
desenvolvimento e redesenvolvimento de forca e relaxamento ativados por célcio, em
amostras musculares, sejam elas em fibras permeabilizadas (van Hees et al. 2007) ou

feixes de miofibrilas (Kurosaka et al. 2012).

2.3.3. Desenvolvimento e redesenvolvimento de forca

A taxa de desenvolvimento de for¢a sobre ativacdo muscular provém informacao
sobre os efeitos da regulacdo de Ca®* e taxas correspondente da formacdo e ciclo das
pontes cruzadas. Desde que a ponte cruzada inicie, no estado separado da actina, a taxa
de desenvolvimento de for¢a fornece informacdo sobre o quanto rdpido as pontes
cruzadas se ligam a actina ciclicamente até que a forc¢a estabilize. Naturalmente, sobre
estas circunstincias a cinética das pontes cruzadas ndo sdo separadas do efeito da

regulacdo do Ca®* no filamento fino, o qual é importante para entender a regulacdo
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muscular, mas representa uma limitacdo se o objetivo da investigacdo for entender a
cinética das pontes cruzadas. Para superar essa limitacdo, um protocolo mecanico foi
desenvolvido para estudar a taxa de redesenvolvimento de forca (Brenner and
Eisenberg, 1986). Sob ativacdo mdéxima, fibras musculares foram submetidas ao
encurtamento induzido mecanicamente seguido de um rdpido alongamento ao
comprimento de sarcomero original. Tem sido estimado que esse procedimento
separada de 80-90% das pontes cruzadas durante do encurtamento, e o
redesenvolvimento de forca pode assumir ativagdo em constante [Ca®™*] — sem
interferéncia dos processos regulatério do Ca™. ApO6s o encurtamento e realongamento,
com a maioria das pontes cruzadas em estado separado da actina, as remanescentes
estardo ligadas em estado de ligacdo fraca a actina. Como resultado, a cinética de
redesenvolvimento (K;,) descreve a rapida religacdo das pontes cruzadas e subsequente
transi¢do para um estado forte de ligacdo. Portanto, os efeitos da regulacdo do Ca**ea
cinética das pontes cruzadas podem ser examinados sem a preocupacdo dos efeitos
advindos do comprimento de sarcomero (o comprimento € o mesmo antes e depois do
encurtamento), sobreposi¢cdo dos filamentos, e regulacdo de Ca® (Brenner 1988;

Brenner et al. 1998).

Usando esse protocolo, a taxa de desenvolvimento de forca inicial sob ativacao
muscular, redesenvolvimento de forca apds o procedimento de encurtamento e
realongamento e o relaxamento sdo aproximados com fungdes mono ou bi-exponenciais
(Araujo & Walker 1994; Brenner 1988; Brenner & Eisenberg 1986; Fitzsimons et al.
1998; Gordon et al. 2000; Millar & Homsher 1990; Palmer & Kentish 1998; Stehle et
al. 2009; Wolff et al. 1995). Usando as constantes de tempo destas equacdes, € possivel

determinar as taxas constantes que governam esses fendmenos, como a seguir:

F(t)=A(l-e ™ )+B
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Onde F € a for¢a (em funcdo do tempo), ¢ € tempo, k € a taxa constante exponencial e

A e B sdo constantes.

Durante o desenvolvimento inicial de forga, a ligacdo do Ca™ a troponina-C
inicia um deslocamento da posicao da tropomiosina, o qual permite as pontes cruzadas
se ligarem ao filamento de actina, os quais sdo descritos pela constante cinética K.
Durante o redesenvolvimento de forca, o Ca® j4 esta presente e o deslocamento da
tropomiosina se presume que ji tenha acontecido, portanto, de acordo com o modelo
“steric” para regulacdo muscular o valor de K, é estimado para ser maior que K,,. A
regulacdo por Ca®* ocorre répido suficiente para que ndo ocorra efeito de “rate-limiting”
nos valores de K, ou K, (Bell et al. 2006; Solzin et al. 2007; Stehle et al. 2009). Na
ativacdo maxima estdvel de Ca2+, a taxa méxima do turnover de pontes cruzadas é dada
por: f+ g. A taxa constante para uma equacdo mono-exponencial descreve o nimero de
pontes cruzadas na

— f _ ,—(f+e)t
n(t)——f+g(1 e i)

com marcada similaridade com o modelo original de pontes cruzadas.

2.3.4. Relaxamento Muscular

A cinética do relaxamento muscular tem sido usada para avaliar a separacao das
pontes cruzadas da actina, que pode ser descrita de forma bifdsica com um componente
lento linear (K;;,) € componente rdpido exponencial (K,.;) (Poggesi et al. 2005; Stehle et
al. 2002a; Stehle et al. 2002b; Tesi et al. 2002b). O componente exponencial €
tipicamente caracterizado por uma equacao mono-exponencial com a taxa constante

Krel-
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Em geral, o relaxamento muscular acontece principalmente pelo desligamento
das pontes cruzadas, com pequeno atraso no inicio do deslizamento dos filamentos para
trés (deslizando na direcdo oposta da ativacdo) (Stehle et al. 2002a) (Piroddi et al. 2007;
Poggesi et al. 2005; Tesi et al. 2002b). Com a diminui¢do da concentragio do Ca**
durante o relaxamento, as pontes cruzadas de miosina se separardo em uma taxa g com
diminui¢do da probabilidade de reconectar (Brenner 1988; Stehle et al. 2009). De fato,
vérios estudos sugerem que Kj;, = g (Poggesi et al. 2005; Stehle et al. 2002a; Tesi et al.
2002a); a fase linear do relaxamento esta diretamente associada com a desconexao das
pontes cruzadas. Como o nimero de pontes cruzadas desconectadas aumenta, as pontes
cruzadas remanescentes conectadas a actina estariam sujeitas a maior tensdo e seria
mais provavel para separar (Stehle et al. 2009; Tesi et al. 2002b). Como o relaxamento
continua e a tensdo aumenta para as pontes cruzadas, estas estardo mais propensas a
sofrer uma inversdo do “power-stroke”, envolvendo a captacdao de Pi e descolamento
posterior (Lipscomb et al 1999;. Shirakawa et al 2000;. Simnett et al 1998; Stehle et al,
2002a; Tesi et al. 2002a). Concomitantemente, a liberagdo de tensdo também promove
maior separagdo ponte cruzada, esse processo facilitaria a ligagdo de ATP para a
miosina e desprendimento de actina (Stehle et al, 2002a; Stehle et al 2009; Tesi et al,

2002a.).

2.4. Propriedades contrateis do misculo estriado cardiaco e diafragma

Nos dltimos anos, diferentes estudos tém sido conduzidos a fim de evidenciar os
mecanismos regulatérios das propriedades contréteis. Estudos realizados em musculo
cardiaco de humanos com doenga cardiaca isquémica demonstraram modificacdo na
isoforma da titina, como resultado de remodelamento muscular. Neagoe et al. (2002)
demonstraram um aumento da expressao da isoforma mais complacente da titina

(N2BA), a qual seria em resposta ao aumento da rigidez das paredes do ventriculo
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esquerdo, causado pelo aumento de coldgeno e desmina, em pacientes com diagndstico
de doenca isquémica nao recente. Entende-se essa alteracdao da expressdo das isoformas
como um mecanismo compensatorio celular, o que pode indicar que a titina ndo
participa do mecanismo de rigidez do ventriculo esquerdo nestes pacientes, pois o

mesmo nao foi evidenciado em coracdes normais.

Estudos realizados com fibras isoladas de diafragmas de ratos com IC
demonstraram a diminui¢do da tensdo gerada no musculo em aproximadamente 35%,
entretanto quando avaliado o musculo séleo essa diferenca ndo se confirmou. Os autores
atribuiram essa redugdo da forca a reducdo de 25% no contetddo de titina diafragmatica,
apesar do tamanho dessa proteina ndo ter sofrido modifica¢des (van Hees et al., 2010).
O mesmo grupo conduziu experimentos em fibras isoladas do diafragma de pacientes
com IC congestiva e encontraram um decréscimo na for¢a isométrica maxima e
subméxima, além do decréscimo da poténcia méxima de aproximadamente 35% em
relacdo aos ratos controle e a redu¢do da méaxima velocidade de encurtamento.
Entretanto, o sarcolema dos ratos demonstrou-se intacto, demonstrando que a disfungdo

muscular ndo esta relacionada a esta membrana.

Lange et al. (2005) investigaram o desuso no musculo diafragma e encontraram
uma remodelagcdo adaptativa, com decréscimo de conteido de titina e diminui¢do da
sensibilidade ao Ca+, resultado da expansdo do espago interfilamentos que afeta o
acoplamento da miosina no filamento fino. Por conseqiiéncia, ocorre diminuicdo da
sintese protéica pela diminuicdo de carga no filamento grosso. Além disso, os autores
sugerem que deformacdes da banda M durante o alongamento ou contracio muscular
podem estar envolvidas na sinalizacdo do dominio da protein kinase, que pode ser

modulada por estas mudangas conformacionais.
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4. JUSTIFICATIVA

A associacdo entre fraqueza muscular inspiratéria (FMI) e progndstico na IC
estd descrita na literatura. Entretanto, ndo estd claro quais caracteristicas clinicas e
comportamentais que estariam associadas a essa disfuncdo, o que permitiria intervir
diretamente nos determinantes da FMI, caracteristica que estd presente em 30 - 50% dos
pacientes ambulatoriais na IC. Além disso, ndo se sabe o quanto a FMI reflete a
possivel disfuncdo do diafragma. Parametros contréteis incluindo forca de contracio
maéxima, forca passiva e cinética de pontes cruzadas podem estar alterados em pacientes

com IC, e podem estar associados a FMI.

Para tanto, esta tese investigou primeiramente determinantes da fraqueza
muscular inspiratéria em comparagdo com a fraqueza periférica, aferida através de
preensdo manual, em pacientes com insuficiéncia cardiaca cronica. Neste estudo foram
utilizadas varidveis clinicas, antropométricas e comportamentais destes pacientes. Os
resultados demonstraram que apenas aproximadamente 50 % da FMI pode ser explicada
por estas varidveis. Estes resultados nos motivaram a direcionar os préximos estudos
desta tese a investigacdo de mecanismos intracelulares envolvidos na geracao de forga.
Para tanto, foram investigadas propriedades contrateis, ativas e passivas de miofibrilas
de musculo cardiaco e diafragma, em um novo modelo animal de camundongos com
insuficiéncia cardiaca desenvolvida por knockout para arginilagdo especifica para
cardiomidcito. A utilizacio de experimentos com miofibrilas isoladas destes
camundongos permitiu a andlise da menor unidade contratil do musculo estriado que
ainda mantém a estrutura tri-dimensional com todas as proteinas contrateis intactas,

permitindo a avaliacdo direta dos da cinética das pontes cruzadas usando-se como
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indicadores a taxa de desenvolvimento de forca, taxa de redesenvolvimento de forca e

relaxamento, como explicado anteriormente nesta tese.
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5. OBJETIVOS

5.1. Gerais

Estudo 1: Avaliar a relag@o entre varidveis clinicas, antropométricas e comportamentais,
pressdo inspiratéria mdxima e forca de preensdo manual em pacientes ambulatoriais
com insuficiéncia cardiaca cronica.

Estudo 2: Avaliar as propriedades contriteis miofibrilares do musculo cardiaco de
camundongos com insuficiéncia cardiaca desenvolvida a partir de um modelo de
knockout para arginilzacdo cardiomiocito-especifico.

Estudo 3: Avaliar as propriedades contrateis miofibrilares do diafragma de
camundongos com insuficiéncia cardiaca desenvolvida a partir de um modelo de

knockout para arginilzac@o cardiomiocito-especifico.

5.2. ESPECIFICOS

Estudo 1:

a) Avaliar a prevaléncia da fraqueza muscular inspiratéria e seus determinantes clinicos
e comportamentais, em pacientes ambulatoriais com insuficiéncia cardiaca cronica;

b) Avaliar a prevaléncia da fraqueza de preensao manual e seus determinantes clinicos e
comportamentais, em pacientes ambulatoriais com insufici€ncia cardiaca cronica;

¢) Comparar os determinantes da fraqueza muscular inspiratéria com os determinantes
da fraqueza de preensao manual.

Estudo 2:

a) Avaliar as seguintes propriedades contrateis miofibrilares de musculo cardiaco de
camundongos com insuficiéncia cardiaca e comparar com camundongos controle
saudaveis.

(i) forca méxima, em diferentes comprimentos de sarcomero, normalizada pela seccao

transversal;
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(i) taxa de desenvolvimento e redesenvolvimento de forga;

(i11)) taxa de relaxamento;

(iv) forca passiva, em diferentes comprimentos de sarcomero, normalizada pela sec¢dao
transversal.

Estudo 3:

a) Avaliar as seguintes propriedades contriteis miofibrilares do musculo diafragma de
camundongos com insuficiéncia cardiaca e comparar com camundongos controle
saudaveis.

(i) forca méxima, em diferentes comprimentos de sarcomero, normalizada pela seccdo
transversal;

(i) taxa de desenvolvimento e redesenvolvimento de forga;

(ii1)) taxa de relaxamento;

(iv) forca passiva, em diferentes comprimentos de sarcomero, normalizada pela sec¢dao

transversal.

32



ARTIGO 1

Determinants of handgrip and inspiratory

muscle strength in chronic heart failure
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musculos inspiratorios na insuficiéncia cardiaca

cronica
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Abstract

Background: In patients with chronic heart failure, respiratory and peripheral muscle weakness is
common and is associated with the severity of disease as well as prognosis. However, the determinants of
these muscle dysfunctions are not clear. To better understand determinants and correlates of these
conditions, we conducted a cross-sectional study in an ambulatory sample of patients with chronic heart
failure. Methods and Results: Fifty one patients underwent evaluation of maximal inspiratory muscle
pressure (Pl,,), handgrip strength, anthropometric measures, functional capacity, self-reported physical
activity, objectively-measured physical activity, depression scale, quality of life, and clinical evaluations.
The prevalence of handgrip weakness was higher (78%) than inspiratory muscle weakness (41%). In
univariate analysis, variables that correlated with handgrip strength were: gender, functional capacity
(NYHA), six minute walk test (6 MWT), peak oxygen uptake (VOspeax), Plyax, and emotional score from
the Minnesota Living with Heart Failure Questionnaire (MLHF). In univariate analysis, variables that
correlated with Pl were: years of schooling, NYHA, handgrip, and emotional score from MLHF. In
multivariate analysis, age, gender, and Pl,, were independent predictors for handgrip strength. In
multivariate analysis, physical score of MLHF, schooling and handgrip strength were independent
predictors for PI,,,. The multivariable models predicted poorly handgrip strength (r* = 0.45, p < 0.01) and
Pl (> = 0.40, p < 0.01). Conclusions: We found different correlates for peripheral and inspiratory
muscle weakness. Since only about 40-45 % of handgrip and inspiratory muscle strength variance can be
accounted for by the variables here evaluated, future studies should be conducted to identify other
determinants in this patient population.

Key words: heart failure; muscle weakness; respiratory muscles; muscle strength; physical activity

elucidated. The muscular condition
seems to be independent of central

Introduction

Patients with chronic heart failure hemodynamics, as previously

(CHF) may have some impairment in
the performance of everyday tasks.
Dyspnea and chronic fatigue are
symptoms that limit effort on daily life
activities and regular physical activity
(PA). This disability may be influenced
by peripheral and inspiratory muscle
weaknesses, which are common in this
patient population'*”. In CHF patients,
the underlying mechanisms that lead to
this process have only been partially

demonstrated4, and improvements in
hemodynamic parameters do not
necessarily reverse muscular
impairment. Moreover, physical
training improves this muscle condition
without any changes in central
hemodynamic function™®.

A previous study demonstrated that
handgrip strength is more impaired than
inspiratory strength in CHF’. On the
other hand, inspiratory muscle strength,
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accessed by maximal inspiratory
pressure (Plyax), did not correlate with
quadriceps strengthg. However, it is
still  not clear what determines
respiratory and peripheral skeletal
muscle strength in CHF. This muscle
weakness has been associated with
cachexia and sarcopenia® or may be a
consequence of age, disuse or a
sedentary life style”'™'". Since physical
training improves inspiratory and
peripheral muscle weakness™®'%,  the
reduced physical activity during daily
living has been suggested as one of the
determinants of muscle weakness in
CHF. To better understand determinants
and correlates of inspiratory and
peripheral  muscle  strength, we
conducted a cross-sectional study in an
ambulatory sample of patients with
CHF.

Methods

Protocol. Eligible patients were
recruited from the Heart Failure Clinic
of the Hospital de Clinicas Porto
Alegre. They were initially evaluated by
medical history, physical examination,
inspiratory muscle and handgrip
strength. After that they were invited to
visit the hospital two times more to
perform cardiopulmonary test and
accelerometer measurements.

Patients. Inclusion criteria were stable
chronic heart failure due to systolic
dysfunction (left ventricular ejection
fraction < 45%) or with preserved
systolic  function (left ventricular
ejection fraction > 45%)". Exclusion
criteria were history of pulmonary
disease, current smoking, angina, recent
surgery or infarction (<6 months),
orthopaedic or neurological impairment,
or cancer chemotherapy. The protocol

was approved by ethical committee the
institution and all patients assigned an
informed consent form.

Clinical characteristics. Age, left
ventricular  ejection  fraction (by
echocardiography), and heart failure
etiology were obtained from hospital
records. Additional information was
obtained with semi-structured
questionnaire  about  socioeconomic
status and use of medication. Body
mass index (BMI) was calculated using
the formula weight (kg) / height2 (m).
Inspiratory muscle strength. Pl,,,x was
measured as previously described, using
a pressure transducer (MVD-550, V 11
Microhard System, Globalmed, Porto
Alegre, Brazil)'*. Inspiratory muscle
weakness was defined as a Pl,,x of less
than 70 % of predicted"'”. The best of 6
tests was chosen to represent Pl,.
Handgrip strength. Handgrip was
used as general muscle strength. To
measured and calculate weakness, we
used a hydraulic hand dinamometer -
Jamar® (Sammons Preston,
Bolingbrook, 1L, USA). Maximal force
of 3 tests with both hands was
evaluated. The strength index was a
mean of best try of dominant hand and
cut-point of weakness (32.2 Kgf'®) was
age and gender predicted”.
Cardiopulmonary exercise testing.
Patients underwent symptom-limited
testing on a treadmill (IMBRAMED,
Brazil) using a ramp protocol, until
exhaustion, as previously described'®. In
short, breath-by-breath gas exchange
was continuously analyzed (Metalyzer
3B, Cortex, Leipzig, Germany). Peak

oxygen uptake (VOZ peak) Was defined
as the highest value achieved during the
test for 20s. Heart rate and a 12-lead
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electrocardiogram were also
continuously recorded.

Submaximal functional capacity.
Functional capacity was assessed using
the 6 min walk test (6MWT)". The
patients were instructed to cover the
greatest distance possible at a self
determined walking speed, in a 20 m
corridor during the 6 minutes.

Quality of life. A specific scale of
quality of live was assessed with
Minessota Living with Heart Failure
Questionnaire validated for Portuguese,
during an individual interview, which
physical and emotional
dimensions’.

Self-reported physical activity. The
habitual physical activity was assessed
with International Physical Activity
Questionnaire (IPAQ). PA level was
calculated as the sum of 7 days self
report and analysed as different

measure

domains of physical activity: overall
PA, leisure time PA and walking PA.
When necessary, a dichotomized
variable was created following the
American College of Sports Medicine
recommendation of > 150 minutes
expended in physical activity per
week™.

Accelerometry-measured physical
activity.  Physical  activity = was
objectively measured with the Tri-axial
Research Tracker Accelerometer
(TriTrac®, Monrovia, California, USA),
with epocs of 1 minute. Patients used
the accelerometer during 4 consecutive
days, 2 weekdays and 2 weekend days,
and the counts were converted to 7
days” to classify the subjects in:
sedentary 0 to 99 counts; light activities
100 to 1952 counts; and moderate to
vigorous activities > 1952 counts =*. We
used total counts/day, minutes spent in

light and moderate-to-vigorous physical
activity as direct physical activity
variables.

Statistics. Statistical analysis was
performed with SPSS version 18.0
(Chicago, IL, USA). Based on a
previous study’” and a handgrip
weakness prevalence of 70 %, a sample
size 47 patients was required for a
power of 90 % and an alpha of 0.05. A
posteriori, power calculation were
performeded and results confirmed the
power. Descriptive data are presented as
mean + SD. For univariate analysis, the
Pearson correlation coefficient was used
as a measure of association and all
variables that presented p < 0.2 were
included in the multivariable analysis.
Age and gender are known to be
physiological determinates of
inspiratory and handgrip strength,
therefore they were included in all
regression models Stepwise multiple
regression analysis. All data were
entered as continuous variables. A two
sided value of p < 0.05 indicated
statistical significance.

Results

Fifty one patients were included in the
study. Baseline characteristics of
patients with CHF are given in Table 1.
Patients were mostly men, overweight
(47%), with predominantly hypertensive
or ischemic etiology, and with systolic
dysfunction. Patients were receiving
guideline-recommended  medications
and had mild to moderate impairment in
functional capacity. The prevalence of
handgrip weakness was almost twofold
(78 %) that of inspiratory muscle
weakness (41 %). Nineteen percent of
the patients had both muscle
weaknesses and 16 % had no weakness.
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Table 1. Baseline characteristics from heart failure patients.

Characteristics N (%)

or mean (SD)
Age (years) 58 +8
Gender (M/F) 43/8 (84.3/15.7)
Body mass index (kg/m?) 28.1 +4.3
Years of schooling 7+4

Etiology of heart failure (n [%])

Ischemic 11 (22)
Hypertensive 11 (22)
Other 29 (56)
Medications
ACE inhibitors or ARA II 48 (94)
Diuretics 48 (94)
B blockers 48 (94)
Digoxine 31 (61)
Aldosterone Antagonist 18 (36)
Vasodilators 16 (31)
Anticoagulants 16 (31)
Antiplatelets 17 (33)
Antiarrhythmics 12)
NYHA functional class (n [%])
I 11 (22)
I 26 (51)
1 14 (27)
Left ventricular ejection fraction
Systolic dysfunction 30£8
Preserved systolic function (%) 51 +£4 (23.5%)
Six min walk test (m) 457 + 81

Cardiopulmonary exercise test

VO, peak (ml/kg.min) 19.1£52

Vg / VCO, slope 39+ 17

RER ek 1.07 £0.12

HR%predicted 8517
Pl (cmH50) 87.1+37.6
PI,.x (% predicted) (n [%]) 82 (35.0)
Inspiratory muscle weakness (n [%]) 21 (41.0)
Handgrip (N) 349 £102
Handgrip weakness (n [%]) 40 (78.4)
Accelerometry

Accelerometry (counts/day) 155,926 + 64,526

Accelerometry (min of light PA) 1,295 +397

Accelerometry (min MV PA) 24 £30
Self-report Physical Activity

IPAQ total (min) 547.6 £539

IPAQ leisure (min) 59+994

IPAQ walking (min) 183.5 £ 188.1
Quality of life (score) 254 +19.0

Physical dimension score 11.8+9.8

Emotional dimension score 3.8+43

ACE - angiotensin converting enzyme; ARA - angiotensin receptor antagonist; NYHA — New York Heart
Association; VO, — oxygen uptake; VE — minute ventilation; VCO, — carbon dioxide output ; PI,, — maximal
inspiratory pressure; IPAQ — Physical Activity Questionnaire.
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Figure 1 — Scatter plot for maximal inspiratory pressure, expressed as percentage of predicted (Pl % predicted)

and handgrip strength, expressed as percentage of predicted. IMW = inspiratory muscle weakness; HGW = handgrip

weakness.

Table 2: Determination coefficients for candidate variables for handgrip and inspiratory muscle strength

models.

Handgrip r p Maximal inspiratory pressure r p
Gender -0.57 <0.001 Gender -0.21 0.14
Age -0.23 0.11 Age -0.08 0.57
Body mass index -0.04 0.80 Body mass index -0.05 0.75
Schooling 0.24 0.10 Schooling 0.44 0.001
Medication (N) -0.14 0.33 Medication (N) 0.16 0.27
NYHA functional class -0.28 0.045 NYHA functional class -0.26 0.065
LV ejection fraction (%) -0.07 0.70 LV ejection fraction (%) 0.17 0.30
6 min walk test (m) 0.41 0.004 6 min walk test (m) 0.42 0.003
VO, peak (ml/kg.min) 0.44 0.002 VO, peak (ml/kg.min) 0.21 0.16
VE / VCO;, slope -0.05 0.74 VE / VCO;, slope -0.05 0.75
PI .« 0.39 0.005 Handgrip 0.39 0.005
Flexibility (cm) 0.21 0.15 Flexibility (cm) 0.27 0.06
Total counts 0.01 0.94 Total counts -0.17 0.27
Moderate to vigorous PA -0.06 0.69 Moderate to vigorous PA -0.18 0.24
Light PA 0.07 0.63 Light PA 0.10 0.52
Total PA (IPAQ) 0.14 0.34 Total PA (IPAQ) 0.05 0.75
PA leisure time (IPAQ) 0.18 0.21 PA leisure time (IPAQ) 0.20 0.17
Minessota physical score -0.22 0.12 Minessota physical score -0.24 0.13
Minessota emotional score -0.37 0.008 Minessota emotional score -0.32 0.02

NYHA- New York Heart Association; LV — left ventricular; VO, — oxygen uptake; VE — minute ventilation; VCO, -
carbon dioxide output; PI,,,, — maximal inspiratory pressure; PA- physical activity.

Table 2 shows the univariate analysis
for candidate variables for handgrip and
inspiratory strength regression models.
The correlation between handgrip and
inspiratory  muscle  strength  was
moderate (r=0.39, p=0.005). Figure 1
shows a scatter plot to handgrip strength
and Pl,,x for age and gender predicted.
Four different groups in accordance
with weaknesses profile. The initial

analysis showed that Pl;,x and handgrip
strength were not correlated to physical
activity behaviour variables, such as
self-report  total physical activity
(IPAQ), leisure time physical activity
(IPAQ), light physical activity
(accelerometer), moderate-to-vigorous
physical  activity  (accelerometer),
neither to VE/VO, slope or left
ventricular ejection fraction.
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Table 3: Multivariate analysis for PIL,,,, and handgrip test (stepwise regression).

Handgrip B P Plax B P

Gender -0.402  0.002 Schooling 0.290 0.016
Age -0.255 0.028 MPS -0.354 0.004
Plinax 0.398 0.002 Handgrip 0.298  0.017
Model (R?) 0.45 Model (R 0.40

MPS — Minessota living with heart failure -

Table 3 shows the results of entering
those significant correlates of Pl and
handgrip strength into a stepwise
multivariable regression analysis. Age,
gender, and Pl,,x were independent
predictors for handgrip strength. When
we analyse the same variables without
patients with preserved left ventricular
ejection fraction, the model was the
same for handgrip strength, but not to
Plyax. Schooling and handgrip were
replaced for 6MWT, but kept the same
explanation. So the model has just 2
independent predictors and both are
associated with physical function (self-
report — MPS; and direct measured -
6MWT). To adjust for multicollinearity,
we choose the best parameter that
represents physical function in each
regression. From handgrip strength
model we excluded 6 MWT, and from
Pl.x model we excluded VO, peak
because both  represent
function parameters.
Discussion
In our contemporary sample of patients
with CHF with systolic dysfunction as
well as with preserved systolic function,
handgrip strength and inspiratory
muscle strength presented a moderate
association (r = 0.39, p = 0.005). In
accordance with previous studies7,
handgrip weakness was more prevalent
than inspiratory muscle weakness in
these CHF patients. However, only 19

physical

physical score;

% of our patients had both handgrip and
inspiratory weakness, compatible with
some level of generalized weakness.
Moreover, contrary to our working
hypothesis, there was no association
between measures of self-reported or
accelerometer measured PA  with
inspiratory  or  peripheral
strength. Indeed, stepwise multiple
regression analysis showed that only
age, gender and Pl are associated
with handgrip strength. On the other
hand, schooling and perception of
physical function scores on MLHF were
the only independent predictors of
Pl.x. Altogether, these findings suggest
that only a small part of inspiratory and
peripheral muscle strength  is
determined by the variables evaluated in
the present study.

muscle

Determinants of handgrip strength.
The results from the stepwise analysis,
which indicate that only age and gender
independent predictors of handgrip
strength, are in accordance with the
results for healthy peoplelS. Indeed, a
meta-analysis about reference values for
adult  handgrip  strength  clearly
demonstrates that this characteristic is
gender and age specific'’. Moreover, a
recent study found a significant
correlation between handgrip strength
and both age and gender, respectively”*.
On the other hand, in that sample of 229
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healthy individuals, they found a
weaker correlation with BMI (r=0.29,
p<0.0001), indicating that BMI is not
the best predictor for handgrip strength,
which is also in accordance with our
findings**. Lean body mass has been
related with nutritional status, handgrip
strength, and lower NT-proBNP levels
in heart failure patients™.

The mechanisms underlying
peripheral muscle weakness in heart
failure are still controversial®®?’%,
Peripheral weakness may be associated
with very low physical activity level,
which may induce atrophy. Izawa et
a129, who measured PA in CHF using
pedometers, showed that VO, peak is
closely related to PA, and that, to have 4
METs of maximal exercise capacity,
patients have to perform at least 4,397
steps/day of PA. Our patients had well
preserved functional capacity, with a
mean VO2 peak of 5.5 METs, and,
despite this, expended only a mean of
24 min per week on MV PA, indicating
low levels of PA. On the other hand,
Toth et al.” found reduced VOpeq and
knee extensor isometric torque in CHF
when compared to healthy controls, but
no difference in PA. In our sample,
neither VO2 peak nor PA were
correlated to handgrip strength and 18
% of patients reported to attend the
recommendation to perform at least 150
min/week of PA on leisure time (IPAQ)
and only 10 % attended to the
recommendation for MTVPA
(accelerometer measured — data not
showed). When compared to the 30 %
of healthy individuals who attend to this
recommendation“, this underscores the
low level of PA activity of our patients.
In agreement with our findings, Miller
et al.”® showed that peripheral muscle

weakness of CHF patients was still
prevalent, even after controlling for PA
and atrophy mechanisms, suggesting
that CHF patients have some intrinsic
loss of strength.

Determinants of inspiratory muscle
strength. Pl,,x regression showed
schooling, physical score of MLHF, and
handgrip strength as independent
predictors. In a previous study with
older individuals, respiratory muscle
strength was effective to identify who
are at increased risk of cardiovascular
morbidity and mortality”. Pl,..x is also
an independent predictor of mortality in
heart failure patients, even in the beta-
blocker era’”’. When we analyzed only
the patients with systolic dysfunction,
the results changed and self-report and
objectively measured physical function
point out as the main determinants to
Plmax-

Comparing the self-reported PA and
the accellerometry-measured PA, our
patients seem to overestimate activities
of daily life, and this may have an
impact on exercise intolerance. It could
be a barrier to PA, and less habitual PA
drives to augmented muscle impairment
or it could be a cause to symptoms
(reversal causality). To explore this
relationship, we  performed an
additional analysis using cross-tabs for
physical activity and inspiratory muscle
weakness. The results showed that 95%
of patients that have inspiratory muscle
weakness did not reach  the
recommendation for PA on leisure time
(>150min/week; p=0.043). But even
considering  this, one interesting
observation of the present study is that
objectively measure of PA was no
correlated peripheral or inspiratory
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muscle strength. In agreement with our
findings, some studies have shown that
atrophy due to disuse cannot explain the
decrease strength by itself, and cellular
adaptations are more pronounced in
heart failure than restricted to bed
subjects®®*,
Experimental studies have shown that
the diaphragm from CHF patients
presents more slow fiber type and
peripheral muscle adapts with increased
fast fiber types, when compared to
healthy subjects®***®. But is still not
clear if skeletal muscle adaptations are
primary  (specific  myopathy), or
secondary to a reduction in blood flow
and abnormalities of vasomotor tone. In
general, studies have shown a decreased
fiber cross-sectional area, which could
explain the impairment in muscle
function. Despite this evidences, other
studies have found preserved muscle
fatigue®, myofibrillar properties® and
contractile protein function37, which
point out the disagreement in literature.
These evidences may support the
idea that CHF patients have different
mechanisms that drive them to
generalized muscle weakness. A
previous study from our laboratory
showed that adding inspiratory muscle
training to aerobic training can
additionally improve outcomes like
Plinax, VOopeak and reduce VE/VO, slope
and periodic breathings, suggesting that
different physiological ~mechanisms
may be involved in inspiratory and
peripheral muscle training. Moreover,
our multiple regression analyses showed
that both models explained almost the
same variance for handgrip strength
(45%) and Plpx (40%) but the
independent predictors were different.
This is consistent with the literature that

showed different adaptations on
diaphragm muscle and skeletal muscle
in this population®’.

Limitations. Some limitations of our
study should be pointed out. One of the
main limitations is the relative small
sample size, so some of correlations
may be underpowered and a larger
sample size could have allowed
subgroup analysis. We included patients
with systolic dysfunction as well as with
preserved systolic function to represent
a wider presentation of CHF, however
predictors for Pl changed after
diastolic dysfunction exclusion,
suggesting that future studies should
perform separated analyses for these
patients. To evaluate peripheral and
inspiratory muscle strength, we used
simple volitional tests, such as handgrip
and Ply.,. Despite their known
limitations as measures of muscle
weakness, they are easy to use in
clinical practice, they have known cut-
points and also have prognostic
implications. And finally, since we have
a well-controlled and optimized
medication sample in our outpatient
clinic our results may not apply to
patient with more advanced CHF.
However, our sample is representative
of a contemporary cohort of patients
with CHF followed in a specialized
clinic.

Clinical implications. Our findings
may have clinical implications. The lack
of association between measures of PA
and muscle weakness suggests that the
simple recommendation to increase PA
activity may not improve muscle
strength, and that formal training
programs, including peripheral strength
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training and inspiratory muscle training
should be offered to these patients5’40.

Conclusion

We found different correlates for
peripheral and inspiratory muscle
weakness in a contemporary cohort of
patient with CHF due to systolic
dysfunction and with preserved systolic
dysfunction. Since only about 40-45 %
of handgrip and inspiratory muscle
strength variance can be accounted for
by the variables here evaluated, future
studies should be conducted to identify
other determinants in this patient

population.
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Abstract

Protein arginylation is a cellular process catalyzed by arginyl-tRNA-protein transferase (Atel).
Mice with the a-MHC Atel knockout (Atel CKO) present late life lethality as well as defects in
cardiovascular development, including myofibril disorganization, which developcongestive
heart failure. In this study, we compared passive forces and contractile properties, at sarcomere
lengths (SL) between 1.8 and 2.6um, of myofibrils isolated from the myocardium muscle from
Atel CKO with those from wild-type (WT) mice. The maximal isometric forces were lower in
Atel CKO myofibrils (102.2 £ 11.0 nN/um2) than in WT myofibrils (151.3 £ 11.7 nN/pmz),
which was accompanied by a downwards shift in the passive force-SL curve, suggesting that
Atel CKO myofibrils are weaker and less stiff. The rate of force development (K, was similar
between groups (Atel CKO: 3.1 + 0.4 sec', WT: 3.3 = 0.5 sec’). The rate of force
redevelopment (K, following a shortening-stretch protocol was also similar between groups
(Atel CKO: 4.7 +2.2 sec’, WT: 6.6 + 0.8 sec’"), which suggests that changes in force are not
associated with cross-bridge kinetics and thin filament activation. The rates of relaxation upon
muscle deactivation (K. was similar among groups at most SL investigated, although there
was a tendency for Atel CKO myofibrils to become slower when measurements were made at
short SL. Overall, these results demonstrate that arginylation affects contractile proteins and
passive structures within sarcomeres, suggesting that it is an important mechanism associated
with force regulation in cardiac myofibrils.

Key words: Atel CKO, sarcomere, myosin, titin, heart, cardiomyopathy

Introduction 1 CKO mouse) that induces dilated
Protein arginylation is a post-translational cardiomyopathy and leading to late

cellular process catalyzed by arginyl-tRNA-
protein transferase (Atel)', responsible for
transferring arginine (Arg) from tRNA into
proteins™**.  Argilynation is important for
many aspects of cell and cardiovascular
development’. Atel knockout mice (Atel
CKO) have been successfully developed in
recent years, resulting in high embryonic
lethality = and  severe  defects in
development and
angiogenesis®.  Recently, we developed a

cardiovascular

mouse with deletion of Atel in
differentiated cardiac myocytes with alpha
myosin heavy chain promoter (a-MHC Ate

postnatal lethality, with characteristics that
are reminiscent of age-related heart failure
in humans’. Therefore, the specific
involvement of cardiomyocites in these
animals may result in an appropriate model
to investigate cardiomyopathy and heart
failure.

While most studies investigating
cardiac muscle mechanics have been
conducted with whole muscle®, myocytes or
muscle strips from the heart”'’, these
preparations contain complex extracellular
structures, and thousands of sarcomeres
arranged in series and in parallel, making
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interpretation of contractile properties at the
molecular level limited. Furthermore, the
formation of activation gradients in
cardiomyocytes due to Ca** diffusion may
provide confounding results''. We have
overcome these limitations by using
isolated cardiac myofibrils, which have a
small diameter (<2 um) and therefore short
diffusion distance for activation of the
contractile apparatus. We have used a
newly developed system with the capability
to measure forces with a high signal-noise
ratio'” together with a perfusion switching
technique'>'* that allows fast solution
exchange in the experimental milieu, while
measuring real-time images of sarcomeres
during the experiments. We havepreviously
investigated the active and passive force
development in o-MHC Ate 1 CKO
mousein different sarcomere lengths, which
allowed us to construct a force-sarcomere
length relation for these preparations — the
cellular basis of the Frank-Starling law of
the heart”. Analysis of cardiac myocytes
isolated from o-MHC Ate 1 CKO
mouserevealed a general impairment in
myofibril active and passive strength, heart
integrity, myofibril development, and
disorganization,  including
collapse and disintegration of the
intercalated disks among myofibrils,
findings that worsen with age'’.
Anticipating that o-MHC Ate 1
CKO mousewould present smaller levels of
active force, we aimed to understand the
molecular mechanisms of myofibrils
weakness. A smaller active force
production could solely result from fewer
myosin cross-bridges attached to actin
during activation, due to disorganization of
sarcomeres, but it could also affect the rate
constants of myosin cross-bridges shifting
from weakly bound to strongly bound
states. Thus, in the present report, using

sarcomere

new experiments, we extend our previous
observations'® to evaluated the rates of force
development (K,.), redevelopment (Kj)
following a shortening-stretch protocol, and

relaxation (K,) during and after activation,
parameters that provide information on
myosin cross bridges kinetics.

Methods

Generation of oMHC-Atel mice. A
mouse model with cardiomyocyte specific
Atel CKO was created using a previously
developed ‘Atel-floxed” mouse line'®",
which was crossed with cMHC-Cre micelg,
in which Cre-recombinase is expressed
under cardiomyocyte-specific o-myosin
heavy chain promoter, that activates upon
differentiation, resulting in Atel deletion in
the heart muscle (o« MHC Ate 1 CKO
mice). To confirm the effectiveness and
specificity of the Cre-transgene expression,
we crossed aMHC-Cre mice to the R26R
Rosa reporter mouse strain, in which LacZ
expression occurs following Cre-mediated
excision of a repressor element and thus is
confined specifically to the Cre-expressing
tissues. X-gal staining of o-MHC-Cre
embryos at E10.5 showed specific Cre
expression in the embryonic heart. Details
of generation of the a-MHC Ate 1 CKO
mice have been previously presented'
(Anexo?2).

Animals. Six female mice with heart-
specific deletion of arginyl-tRNA-protein
transferase (a-MHC Ate 1 CKO mice) and
6 age- and gender-matched wild type mice
(WT) were used in this study. The animals
were >1 year old (mean= 461+40 days).
Mice were euthanized and dissected to
assess the chest cavity for hearts extraction.
Electron microscopy. Muscle samples of
the hearts were prepared for -electron
microscopy standard
procedures in our laboratory'. Briefly,
hearts were washed in PBS and fixed in
2.5% glutaraldehyde and 2%
paraformaldehyde in a buffer containing 0.1
M sodium cacodylate (pH 7.4) at 4°C,
followed by two washes and post-fixation

according  to

in 2% osmium tetroxide. For staining, fixed
hearts were washed twice for 10 minutes
each in the same buffer, once for 10
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minutes in distilled water, incubated 1 hour
at room temperature in a 2% aqueous
solution of uranyl acetate. Stained hearts
were then dehydrated by incubation for 10
minutes in 50%, 70%, 80%, 90% and 100%
ethanol, followed by two 5-minute
incubations in propylene oxide (PO),
overnight incubation in 1:1 PO:Epon
(Poly/Bed 812, Polysciences), and then 1
day in 100% Epon. Epon-embedded hearts
were kept for 2 days at 60°C for Epon
polymerization, after which they were
sectioned, stained with 1% uranyl acetate in
50% methanol and with a 2% (w/v) solution
of bismuth subnitrite at 1:50 dilution.
Finally, the hearts were overlaid onto
Formvar-coated  grids for  electron
microscopy.

Experiment preparations for analysis of
mechanical properties of the heart.
Small sections of myocardium were
extracted from WT and CKO hearts and
were tied to wood sticks, gently cleaned in
rigor solution (50mM Tris pH 7.0, 100
mMNaCl, 2 mMKCl, 2 mM MgCl,, and 10
mM EGTA), and stored in rigor/glycerol
solution (1:1 v/v) at -20°C. On the day of
experiments, small pieces of the sample
were homogenized in rigor solution
(homogenizer VWR AHS250, Canada)
following standard procedures® which
resulted in a solution containing small
bundles of myofibrils. The myofibrils were
transferred to an experimental chamber,
which was kept at a constant temperature of
10°C during the experiments. Small
bundles of 3-12 myofibrils were chosen for
mechanical testing based on striation
pattern and number of sarcomeres in series
(between 10 and 30). The myofibrils were
glued between an atomic force cantilever
(AFC, model ATEC-CONTPt,
Nanosensors, USA; mean stiffness = 0.2
N/m) and a stiff glass microneedle (stiffness
>2000nNeum™) and lifted off the glass slide
by ~Ipm using micromanipulators
(Narishige NT-88-V3, Japan). The stiff
microneedle was connected to a motor arm,

allowing for computer-controlled length
changes in the myofibrils during the
experiments. The attached myofibril was
centered in the microscope optical field
under low magnification (10X-20X).
Imaging of the myofibrils was achieved
with a CCD camera (Go-3, QImaging,
USA; pixel size: 3.2um X 3.2um; final
resolution 0.035um) under high
magnification provided by a phase contrast
lens (Nikon plan-fluor, 60X, NA 0.70), and
increased 1.5X by an internal microscope
function. The contrast between the dark
bands of myosin (A-bands) and the light
bands of actin (I-bands) provided a dark-
light intensity pattern representing the
striation ~ pattern produced by the
sarcomeres, which allowed precise
measurements of sarcomere length during
the experiments.

Myofibrils were activated/
deactivated by quickly changing the
solution  surrounding the myofibrils
(relaxing, pCa®* 9.0 and activating, pCa**
4.5) using a multi-channel perfusion system
(VC-6M, Harvard Apparatus, USA)
attached to a double-barreled pipette, as
previously described'?. The pipette was
placed close to the myofibrils (~100um),
and the solutions were continuously
dragged from the chamber through a back
channel by using a peristaltic pump (Instech
P720, Harvard Apparatus, USA); the flow
rate achieved with this system was
~5ulesec’. When surrounded by the
activating  solution (pCa® 4.5), the
myofibrils contracted and produced force,
which caused deflection of the AFC. The
deflection was detected and recorded using
an optical system that allows for high time-
resolution measurements of mechanical
properties of myofibrils'>. Since the
stiffness of the AFC (K) is known and the
amount of cantilever  displacement
produced by the contraction (Ad) is tracked
during the experiments, the force (F) could
be calculated as F = K » Ad.
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Measurements of active and passive
myofibril forces. Once myofibrils were
attached to the AFC and micro-needles,
they were passively adjusted to average
sarcomere lengths of 1.8 pum, 2.0 um,
2.2um, 24pm or 2.6um (random order)
before activation to test the length
dependence of active force production. The
solution surrounding the myofibrils was
exchanged from pCa®* 9.0 to pCa™ 4.5,
which caused activation and force
development. Once the myofibrils were
fully activated and maximal force was
obtained, the myofibrils underwent a
shortening-stretching protocol (amplitude
30% SL; 360u/sec); interval between length
changes: 5ms) during which the force
declined and rapidly re-- developed to attain
a new steady-state level. Myofibrils were
excluded if the control isometric force
decreased by >20% of maximal force
production during the course of the
experiments. After myofibrils were tested
in all SL, the myofibrils were tested for
passive forces. = The myofibrils were
stretched  passively (pCa* 9.0) in
consecutive steps of 0.2um/sarcomere at a
speed of 10um/sec, starting from a SL of
1.8um up to a SL of 2.6um.

Data analysis.The maximal force produced
by the myofibrils was calculated after the
initial force development stabilization and
after force redevelopment following the
shortening-stretch protocol. Forces were
averaged for a period of 2 sec to avoid
potential artifacts interfering with measured
values. The passive forces produced by
myofibrils during the step protocol were
calculated after the stretches, when the
force was stabilized in every SL. All forces
were normalized by the myofibril cross
sectional area (CSA) and number of the
myofibrils, assuming circular geometry.

For each contraction, we analyzed
the rate of force development (K,), the rate
of redevelopment (K,,) after the shortening-
stretch protocol, and the rate of exponential
relaxation following myofibril deactivation

(K1). For determination of K, and K, we
fitted the force curve with a two-
exponential equation (a*(1-exp(-k*t)-exp(-
I*t))+b). For determination of K, we fitted
the data with a single-exponential equation
(a*exp(-k*(t-c))+b). For both equations, F
is force, t is time, K; and K, are rate
constants for force development, a is the
amplitude of the exponential(s), and b is the
initial force value.

Statistics. The variables with normal
distribution were presented as mean =+
standard error. Those variables without
normal distribution were expressed as
geometric mean and confidence intervals
and transformed to Logjo. The
comparisons between two groups were
performed using ANOVA-two way for
repeated measures. Multiple comparisons
were performed using the Bonferroni
correction. A p<0.05 was accepted for all
comparisons.

Results

Figure 1 shows electron microscopy
pictures taken from heart muscles dissected
from WT and CKO mice. There were
visible defects in myofibril formation in the
CKO mice: significant miss-alignments
between myofibrils and large sarcomere
pattern disorganization are seen in these
pictures. In the CKO hearts, some of
sarcomeres are split, and there is extra
space between parallel myofibrils, not seen
in WT hearts. Most importantly, the A-band
and the M-lines are not clearly defined,
suggesting that there is significant
displacement of some of the thick filaments
from the center of sarcomere. Although titin
filaments are not visible in this picture,
displacements of thick filaments form the
center of the sarcomere are common when
titin is dislodged from Z-lines, or when titin
has weakened due to an increased
compliance.
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Figure 1 - electron microscopy pictures taken from heart muscles dissected from wild type (WT) and knockout mice
(CKO). The arrows indicate A-band and the M-lines in WT but not in CKO, and an example of split and

misalignment area.

Active and passive forces. Figure 2A
shows a representative example of fittings
for force trace curves obtained with
myofibrils isolated from WT and Atel
CKO muscles and contractions produced
during a typical experiment.  During
activation of the myofibrils, force increased
rapidly and reached a steady-state level.
Note that the force traces present a very
clear pattern and high signal : noise ratio,
which allows us to compare small changes
in force development, not always possible
with cardiomyocite experiments. In this
example, the force produced by the Atel
CKO myofibril was 48% smaller than the
force produced by the WT myofibril, a
pattern that was consistent across
experiments. This difference was confirmed
statistically when all forces are compared in
the two groups (irrespective of sarcomere
length). The WT myofibrils produced 132 +
10.8 nN/um® while the Atel CKO

myofibrils produced 89.129.04 nN/um’ of
force during full activation.

The decrease in force that was
observed in Atel CKO myofibrils was not
influenced by sarcomere length (p=0.057) —
the force was smaller in Ate 1 CKO
myofibrils in all lengths investigated
(p<0.001). Figure 2B shows contractions
produced by different myofibrils than those
depicted in Figure 2A, in sarcomere lengths
of 2.2um and 2.4um. Atel CKO myofibrils
presented reduction in force in both cases.
Note that increasing in the initial sarcomere
length previous to activating the myofibrils
lead to an increase in the passive forces in
both myofibrils, albeit by different
magnitudes — the passive force was smaller
in Atel CKO myofibrils. These results
were confirmed statistically for all
myofibrils investigated in this study at
increasing sarcomere length (Figure 3A).

49



200 -

Force (nN/umz)
= I
(=] (=}

%3
S
L

Time (sec)

100

Force (nN/umz)
=

Time (sec)

Time (sec)

Figure 2- Panel A - typical data for CKO and WT maximal contraction. Red lines represent the kinetic adjustments
for force development (Kact), force redevelopment (Ktr) and relaxation (Krel). Panel B — two different sarcomere
length (2.2 and 2.4) for WT and CKO (dotted trace) mice representing the force-length relationship. Panel C - Step
protocol induced to consecutive passive stretches (pCa2+ 9.0) in different SL for Atel o-MHC mouse (CKO) dotted

trace, and wild type (WT) continuous trace.

Figure 2C shows a representative
example of the step protocol induced to the
As expected, each stretch imposed to the
myofibrils lead to an increase in passive
force*"**. Myofibrils isolated from Atel
CKO muscles produced smaller increases in
passive forces during the stretch protocol
(p=0.007), a result that was confirmed in all
experiments (Figure 3B) (p<0.001 for SL),
and but not showed a interaction effect,
suggesting that Atel CKO myofibrils are
more compliant than WT myofibrils.

Rates of development, redevelopment,
and relaxation. After maximal activation
was obtained, the myofibrils were rapidly
shortened and re-stretched back to the
initial length, a common protocol used for
the investigation of force redevelopment
under full activation”>*. In Figures 2A and

myofibrils at the end of the experiment, i.e.
consecutive passive stretches (pCa®* 9.0).
2B, it is clear that force decreases
significantly as result of the shortening-
stretching protocol, and immediately after it
re-develops to attain a new steady-state
force level that is similar to the level it was
before the imposed length changes. The
fast decrease in force during shortening is
assumedly associated with a forcibly
breakage of myosin-actin interactions, after
which myosin cross-bridges will re-attach
to actin and redevelop force (as depicted in
Figure 2A). When the myofibrils are
surrounded by the relaxing solution (pCa**
9.0), they rapidly relax.
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Figure 3 — Panel A: Absolut active force per CSA in different SL. There was difference between groups (p<0.001)
but not SL.Panel B: Passive force per CSA in different SL, difference between groups (p=0.007) and SL (p<0.001).

The values for K, and K, were
influenced by sarcomere length (p <0.01
and p=0.043, respectively) (Figures 4A,
4C). The K, following a shortening-stretch
protocol was also similar between groups
and not influenced by SL, and when
analyzed all together were similar (Atel
CKO: 4.7 + 2.2 sec”, WT: 6.6 + 0.8 sec’
"(Figure 4B). These results suggest that,
while Atel CKO myofibrils are weaker
than WT myofibrils, such decrease in force
is not associated with cross-bridge kinetics
and thin filament activation.

Discussion

The main findings of this study were that:
(i) myofibrils isolated from Ate 1CKO mice
presented a decreased active and passive
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force in several sarcomere lengths; and that
(i1) this decrease in active force was not
followed by changes in the rate of force
development (K,.) and redevelopment (Ky,)
after a shortening-stretch protocol. The rate
of relaxation (K,;) was not changed in the
Ate 1 CKO myofibrils either; although
there was a tendency for a slower relaxation
in shorter SL. Altogether, these findings
suggest that the cardiac Ate 1 CKO
myofibrils force impairment does not affect
cross-bridge kinetics.

In previous studies using a
complete Atel mouse CKO - instead of a
conditional deletion as done in the current
study - it was observed that arginylation is
essential for cardiac morphogenesis and

embryogenesis®"”.
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Figure 4 - Panel A: Kinetic for force development (K, in different SL. There was difference between 2.0 pm and
2.2 um to 2.6 um. Panel B: Kinetic for force redevelopment (K,,) in different SL. Panel C: Kinetic for relaxation
(K, in different SL. The difference is between 1.8um and 2.0 um.
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These studies suggested that several
properties of the heart were affected by lack
of argynilation, but the deletion of Atel was
not specific to the heart. Subsequently, we
used a highly specific, conditional deletion
of Atel in the heart in which Atel deletion
was driven by a-myosin heavy chain
promoter (Ate 1 CKO mice)lo. The lack of
argynilation in these hearts affected
important proteins, including myosin heavy
chains, titin N2B, tropomyosin-o 1 and
cardiac troponin T2 '°. The CKO mice had
higher mortality when compared to WT at 3
months, and their hearts were enlarged at 12
months. Cardiac contractility defects and
dilated cardiomyopathy were observed,
accompanied by defects in cardiac
myofibril organization. Figure 1 shows that
the hearts used in the current study also
showed defects accompanied by large
structural abnormalities in myofibrils. The
myofibrils were disorganized, and filaments
seem to be randomly oriented in several
sections of the sarcomeres.

Of special interest in our previous
study was the fact that many myofibril
proteins were arginylated on specific sites,
including MHC and titin'. These proteins
have well defined roles in establishing
contractility, and sarcomeric structure and
integrity. They are intrinsically associated
with active and passive force generation.
Consistently, in the present study, we
observed that myofibrils isolated from «
Ate 1 CKO1 mouse produced less active
and passive force than WT in a range of
sarcomere lengths covering the entire force-
length relation for cardiac muscle (Figure
3), which lead us to investigate further the
causes of force deficit. The lower active
force production observed in our study
could be a consequence of alterations in
sarcomere structure and organization of
filaments, resulting either in fewer myosin
cross-bridges attached to actin during
activation due to structural disorganization
or slower transitions from “weak to strong-
binding” cross-bridge molecular states.

This could also be reflected in changes in
the rate constants of force development
(Kue), re-development (K;) and relaxation
(Ke). Since K, and K were clearly not
affected in the myofibrils isolated from the
Atel CKO mice, our results suggest that
most of the changes we observed in active
and passive forces are associated with
disorganization  of  the
Therefore, cross-bridge kinetics could

sarcomeres.

possibly not be so affected.

Changes in passive forces are likely
associated with changes in titin content
and/or its isoforms, as it has been observed

. 30,22,25
diseases™ .

in different heart
Interestingly, titin becomes stiffer with
some conditions that affect the muscular
system, as in spasticity”® or hypertension®’,
but it becomes more compliant in others,
such as in dilated cardiomyopathy’, chronic
pulmonary disease™, and mechanically
ventilated diaphragms™. In the case of the
myofibrils from the Ate 1 CKO mice, the
myofibrils were more compliant than in
WT, as shown by a downward shift in the
passive force-sarcomere length relationship
(Figure 3B). These changes in may improve
diastolic filling by lowering overall
myocardial stiffness®®', and thus they may
have a significant impact in the heart.
Indeed, the findings of reduced myofibril
stiffness in our model are consistent with
the results of Nagueh et al*’, who evaluated
muscle strips from patients with dilated
cadiomyopathy and found improved
diastolic function.

Overall, our results confirm our
previous findings that arginylation affects
contractile proteins and passive structures
within sarcomeres, suggesting that it is an
important mechanism associated with force
regulation in cardiac myofibrils’'. These
abnormalities were not accompanied by
changes in the rate of force development
(Kit) and redevelopment (K) after a
shortening-stretch protocol, suggesting that
the cardiac Ate 1 CKO myofibrils force
impairment does not affect cross-bridge
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kinetics. Moreover, our findings are in
agreement with previous studies in human
dilated cardiomyopathy™, suggesting that
a-MHC Atel knockout mouse may be a
reliable animal model for the study of CHF.
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Abstract

Background: A mouse model with cardiomyocyte specific to arginyl-tRNA-protein transferase a-MHC
knockout mice (a-MHC AtelCKO), which presents dilated cardiomyopathy, and reduced heart
contractile force, develops chronic heart failure (CHF). In humans, CHF may be accompanied of
inspiratory muscle weakness but is not clear yet if this condition comes from impaired contractile
properties of diaphragm. To test the hypothesis o-MHC Ate]l CKO mice CHF is associated with abnormal
contractile properties of the diaphragm, we used a newly developed system to work with isolated
diaphragm myofibrils. Diaphragms from 6 a-MHC Ate 1 CKO mice and 6 age-matched wild type (WT)
mice were used in our experiments. Myofibrils bundles were attached to an atomic force cantilever
system, which was used for force measurements during activation/deactivation cycles. Active and passive
forces at sarcomere lengths (SL) between 2.2 and 3.0 pm were measured. The maximal isometric forces
were higher in a-MHC Atel CKO myofibrils (208.7 + 30.7 nN/um?) than in WT myofibrils (122.8 +
19.9nN/um?). There were no differences between the passive forces. The rate of force development (K,
was similar between groups (o-MHC Atel CKO: 3.54 + 0.37 sec”’, WT: 2.78 + 0.29 sec). The rates of
relaxation upon muscle deactivation (K,) were different between groups (Atel CKO: 6.11 + 0.41 sec’!,
WT: 4.63 +0.41 sec™), suggesting a delay on relaxation in o-MHC Atel CKO myofibrils. Contrary to our
working hypothesis, these results imply that diaphragm myofibrils from Ate 1 CKO mice produce an
increased force. While the mechanisms need investigation, they suggest a potential compensatory
mechanism by which the diaphragm works under loading conditions in a-MHC Atel CKO
cardiomyopathy.

Heart failure; diaphragm; myofibrils; sarcomere, myosin, Ate 1 CKO.

Introduction

Chronic heart failure (CHF) is
frequently associated with skeletal
muscle involvement, including
peripheral and inspiratory muscles'.
Inspiratory muscle weakness (IMW)
may be present in more than 30 % of
patients in specialized heart failure
clinics, and has important impact in
functional capacity, quality of life, and
prognosis”. The mechanisms
responsible for IMW have not been
fully elucidated. On one hand, van
Hees et al.” observed that single fibers
isolated from the diaphragm in rats with
CHF presented a reduction in force and
myosin heavy chain (MHC). On the

other hand, a study using whole, intact
diaphragm muscle failed to observe a
reduction in tolerance to fatigue in
CHF".

We have recently developed a mouse
model with cardiomyocyte-specific to
arginyl-tRNA-protein transferase
knockout. The mice had a highly
specific, conditional deletion of Atel
driven by oa-myosin heavy chain
promoter (a-MHC-Afe/CKO), which
leads to cardiomyophathy and CHF’.
Isolated myofibrils of these mice
present marked abnormal contractile
proteins and passive structures within
sarcomeres (Ribeiro et al. unpublished
data). The advantage of using these
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CKO mice is that, unlikely other
experimental models, cardiomyophathy
is caused by specific deletion of Atel in
the heart, which inhibits protein
arginylation catalyzed by Atel, but has
no direct effects on skeletal muscles’.
Therefore, this model may be
particularly suited for the evaluation of
the involvement of inspiratory muscles
in cardiomyopathy.

In the present study, the use of
myofibrils allows the investigation of
the smallest contractile unit of the
diaphragm — the sarcomeres — and thus
confounding effects from other cellular
and  extracellular  sources (e.g.
excitation-contraction coupling, action
potential conduction, muscle
membrane) are avoided. To test the
hypothesis that diaphragm contractile
properties are affected in the mouse
model with a-MHC AtelCKO which
leads to CHF, we conducted the present
study.

Methods

Six mice with heart-specific deletion of
arginyl-tRNA-protein transferase (Ate
1) and six age-matched wild type mice
(WT) were used in this study. The
animals were older than 1 year (mean=
461+40 days) which corresponds to
elderly in humans. Mice were euthanized
and dissected to assess the chest cavity for
diaphragm extraction. Our previous study
showed that those animals presented
higher mortality than WT, higher heart
to body weight ratio, and accumulation
of effusion in the thoracic and
abdominal cavity, compatible with
congestive heart failure’.

Experiments and preparation for
analysis of mechanical properties were
conducted as earlier described’.
Shortly, after diaphragm muscles

extraction, from WT and Atel CKO
mice, they were stored in rigor solution.
On the day of the experiments, small
pieces of the samples  were
homogenized  following standard
procedures6, which resulted in a
solution containing small bundles of
myofibrils.

The myofibrils were transferred
to the experimental setup. Small
bundles of 4 to 15 myofibrils were
chosen for mechanical testing, based on
striation pattern and number of
sarcomeres in series (between 10 and
30). Using micromanipulators,
myofibrils were attached between
atomic force cantilevers (AFC) and a
glass needle. A computer-controlled
system for activation/deactivation of the
myofibrils was used (relaxing pCa®* 9.0,
activating pCal2+ 4.5). Length changes
during the experiments were induced
with a piezo motor. Under high
magnification the contrast between the
dark bands of myosin (A-bands) and the
light bands of actin (I-bands) provided a
dark-light intensity pattern, representing
the striation pattern produced by the
sarcomeres, which allowed
measurements of sarcomere length
during the experiments. The cantilever
deflection was detected and recorded
using a newly developed optical system
that allows for high time-resolution
measurements of mechanical properties
of myofibrils.  Since we had the
stiffness of the AFC (K) and the amount
of cantilever displacement produced by
the contraction (Ad), the force (F) could
be calculated as F = K » Ad.
Measurements of active and passive
myofibril forces. Once the myofibrils
were attached to the AFC and
microneedles, they were adjusted to
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average sarcomere lengths (SL) of 2.2
pm, 2.4 um, 2.6 um, 2.8 um or 3.0 pm,
in random order, to test the length
dependence of active force production.
The solution surrounding the myofibrils
was chaged from pCa** 9.0 to pCa™
4.5, which caused activation and force
development. Once the myofibrils were
fully activated and maximal force was
obtained, they underwent a shortening-
stretching protocol (amplitude 30% SL;
speed 10 upm/sec; interval between
length changes 5 ms) during which the
force declined and rapidly re-developed
to reach a new steady state. This
protocol was performed to access if the
myofibrils were not damaged during the
experiments. If they were, the force
would not recover to similar levels after
a quick stretch. On the other hand, a
single stretch (i.e. without a preceding
shortening) would change the length of
the myofibril during the contraction.
After the myofibrils were tested for
active force at all SLs, they were tested
for passive forces; the myofibrils were
stretched passively (pCal2+ 9.0) in
consecutive steps of 0.2 um/sarcomere
at a speed of 10 pm/sec starting from a
SL of 1.8 um to a SL of 3.0um.

Data analysis. The maximal force
produced by the diaphragm myofibrils
was calculated after force development
stabilization and after force
redevelopment following the
shortening-stretch protocol. This
maneuver was used in order to test the
myofibrils health. Forces were averaged
for a period of 2s to avoid potential
effects of artifact interfering with
measured values. The passive forces
produced by myofibrils during the step
protocol were calculated after the
stretches, when the force was stabilized

in every new SL. All forces were
normalized by the myofibril cross
sectional area (CSA) and the number of
the myofibrils, assuming circular
geometry (average CSA = 1.5pm2). For
each contraction, we analyzed the rate
of force development (K,.) with a two-
exponential equation (a*(1-exp(-k*t)-
exp(-1*t))+b). For the rate of
exponential relaxation following
myofibril deactivation (K.), we fitted
the data with a single-exponential
equation (a*exp(-k*(t-c))+b). For both
equations, F is force, ¢ is time, K; and
K> are rate constants for force
development, a is the amplitude of the
exponential(s), and b is the initial force
value. Myofibril contractions were
excluded from analysis if control forces
during the experiment decreased by
>20% of maximal force production.
Statistics. The variables with normal
distribution were presented as mean =+
standard error. Those variables without
normal distribution were expressed as
geometric mean and confidence intervals
and transformed to Logjo. The
comparisons between two groups were
performed using ANOVA-two way for
repeated measures. Multiple comparisons
were performed using the Bonferroni
correction. An analysis of outliers
excluded data from further analyses
when there were signs of myofibril
damage. A significance of p<0.05 was
adopted.

Results

Active and passive forces. Figure 1
shows contractions produced during a
typical experiment conducted with
myofibrils isolated from a diaphragm
WT and CKO. During activation, force
increased rapidly (K,) and reached a
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Figure 1. Typical data for o« MHC Atel knockout (CKO) and wild type (WT) myofibrils maximal contraction. Red
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Figure 2. Panel A — Forces per cross sectional area at different sarcomere lengths for wild type (WT) and a« MHC
Atel knockout myofibrils (CKO). * All SL are different from 3.0. Panel B — Passive force for different sarcomere
lengths for WT and KO myofibrils. * There is difference within all SL.

steady-state level. The maximal force
produced by the Atel CKO was higher
than the force produced by WT
myofibril and, in this example, it was
more than double higher than the
control force.

Figure 2 — panel A shows that a-
MHC Atel CKO myofibrils produced
173.8 +23.9 nN/ um? of force while the
WT myofibrils produced 85.1 + 17
nN/um?® of force during full activation.
When compared to repeated measures
there was a difference between groups

(p=0.01) and for SL (<0.001), but no
interaction. All SL were different from
3.0 um SL. Figure2 - panel B shows
the results of the step protocol with
consecutive passive stretches (pCa’*
9.0). Each stretch resulted in an
increase in passive forces (WT and
CKO p=0.001 for SL). Myofibrils
isolated from Atel CKO muscles
produced an increase in force that was
similar to WT myofibrils.

Rates of development and relaxation.
As shown in panel A of Figure 3, the
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MHC Atel knockout (CKO) myofibrils. Panel B — Rate of relaxation (Krel) for different sarcomere lengths for WT
and CKO myofibrils. There is difference between 2.2 and 2.4 SL.

values for K, were similar between the
two groups (Atel CKO: 3.54 + 0.37 sec’
! WT: 2.78 + 0.29 sec’'; p=0.25), and
were not changed by length (p=0.24).
In panel B of Figure 3, when groups
were compared, K, was faster in the
AtelCKO then WT group (p=0.035),
and influenced by sarcomere length
(p=0.036, difference between 2.2 X 2.4
SL).
Discussion

The main purpose of this study
was to assess mechanical properties of
diaphragm contraction in a-MHC Ate 1
CKO mice, an animal model for human
cardiomyopathys. Contrary to our
working hypothesis, our results showed
an increase in active force production in
the myofibrils from a-MHC Ate 1 CKO
mice, while we failed to detect any
differences in passive forces. These
results indicate that this
cardiomyophathy does not alter the
contractile properties of the diaphragm.
If anything, it is associated with
increased contractile force.

Although the increase in the
force of the diaphragm in a-MHC Ate 1

CKO myofibrils was unexpected, there
is controversy in the literature regarding
the effects of cardiomyophathy on
skeletal muscle, and specifically the
diaphragm. Tikunov et al.” investigated
protein content in diaphragm isolated
from humans with CHF and showed
that the force of fibers containing
predominantly MHC 1 was increased
while the force in fibers containing
predominantly MHC IIB was decreased.
A subsequent study using single muscle
fibers isolated from rats with CHF
(caused by a ligation of the Ileft
coronary artery), showed that the force
normalized per MHC content was not
changed®. In fact, the force produced
by fibers with a predominance of MHC
I and MHC Ila was slightly increased in
rats with CHF.

A maintenance (or increase) in
diaphragm force in CHF is also in
accordance with studies investigating
other types of skeletal muscles®?. In a
comprehensive study that analysed the
vastus lateralis muscle from CHF
patients and controls matched for age
and physical activity level, there was
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reduced force in MHC 1 fibers, but no
differences in MHC IIA fibers'’. These
results suggest that, although there may
be selective myosin depletion in skeletal
muscles because of diseases, the force
per contractile unit does not necessarily
change, as also shown in cancer'' and
acute quadriplegic myopathy'2.

Our results do not allow us to
understand the mechanisms by which
the force in the diaphragms from o-
MHC Ate 1 CKO myofibrils was
increased. However, it is tempting to
speculate that increased respiratory
work in CHF may lead to a
compensatory  adaptation in  the
diaphragm4. Since the K, was not
altered in these myofibrils, the
mechanisms for such compensation are
not likely associated with changes in
kinetics of myosin cross-bridges
transiting between weakly bound and
strongly bound states. Furthermore, the
lack of differences in K, suggests that
the myofibrils were similar on their
MHC distribution, i.e. a predominance
of fast or slow MHC would have
changed K. alccordingly13 . The
difference between groups in K, may
be influenced by the higher number of
cross-bridges on maximal contraction in
o-MHC Ate 1 CKO'"™. Although our
results suggest that MHC isoforms were
not  significantly  different, this
possibility needs to be tested in the
future. However, analysis of MHC
isoforms in isolated myofibrils is
currently unfeasible.

If the a-MHC Atel CKO mice
cardiomyopathy model has similarities
with the presentation of chronic heart
failure in humans, the findings of the
present study, of a higher contractile
function of the diaphragm, are in

disagreement  with  the  clinical
presentation of inspiratory muscle
weakness frequently found in CHF'.
Patients with CHF present reduced
inspiratory muscle strength and reduced
inspiratory muscle endurance, as
demonstrated by volitional tests'™ '°.
We have previously shown that
inspiratory muscle training improves
inspiratory  muscle  strength  and
endurance in this population, and the
changes in inspiratory muscles strength
correlate  with hypertrophy of the
diaphragm"®. Therefore, the findings of
the present study, of increased force
generated by myofibrils, suggest that an
adaptation in molecular mechanisms of
force production per myofibril may
compensate  reduced number  of
myofibrils per fiber. MacFarlane et al'’
stimulated diaphragm fibers from
habbits with heart failure using
electrical and calcium stimulation. They
showed augmented force generation in
low frequencies, while high frequencies
reduced force generation. Together with
our data, these findings are consistent
with  the  hypothesis inspiratory
weakness in CHF may be secondary to
calcium regulation or motorneuron
activation, instead of  myofibril
contractility.

In conclusion, contrary to our
working hypothesis, we found that the
myofibrils from o-MHC AtelCKO
mice have higher active force and no
impairment  on  passive  force.
Regardless of the mechanism by which
cardiomyopathy is associated with an
increase in the diaphragm strength it
may represent an important and
necessary mechanism to maintain
normal  respiratory
cardiomyopathy.

function in
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6. CONCLUSOES:

I. Menos de 50 % da variancia da for¢ca muscular inspiratéria e da musculatura
esquelética periférica pode ser explicada por varidveis clinicas e comportamentais de
pacientes com insuficiéncia cardiaca cronica.

II. A varidncia da for¢ca muscular inspiratéria, em pacientes com disfuncdo sistdlica,
pode ser explicada em 50% pela capacidade funcional dos pacientes.

III.  Os achados biofisicos em musculo cardiaco de camundongos com knockout
cardio-especifico para arginilagdo sao coerente com encontrados em humanos com
insuficiéncia cardiaca.

IV. O aumento da contratilidade das miofibrilas do diafragma, no modelo de
insuficiéncia cardiaca por knockout cardio-especifico para arginilacdo, sugere que a
fraqueza muscular inspiratéria ndo € secundaria a disfuncdo contritil da musculatura
inspiratoria.

V. Por fim, os mecanismos que levam a fraqueza muscular inspiratéria ainda nao se
encontram totalmente elucidados. Estudos em humanos envolvendo mecanismos
neurais e de atrofia devem ser conduzidos para maior compreensao dos mecanismos
envolvidos nessa disfuncao.
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Anexo 1:

8. DETALHAMENTO METODOLOGICO DOS ESTUDOS 2 E 3.

Devido a complexidade metodoldgica do estudo, neste capitulo apresentaremos
a metodologia detalhada referente aos estudos 2 e 3, realizados sob orientagao do Prof
Dr. Dilson Rassier, no Muscle Physiology and Biophysics Laboratory, do Department

of Kinesiology and Physical Education na McGill University.

8.1. Animais:

Para estes estudos foram usados camundongos knockout para arginilacdo. A
arginilacdo pds-translacional € um mecanismo molecular ndo explorado que € critico
para o desenvolvimento cardiaco (Saha e Kashina, 2011). Camundongos ‘“knockout”
para arginilagdo apresentam a letalidade embridnica e problemas cardiacos que sdo
similares aos que ocorrem em humanos. Resultados preliminares demonstraram que a
ablagdo da arginilacio no inicio do desenvolvimento resulta em defeitos ventriculares e
do septo atrial, comumente observados em doencas congénitas humanas, incluindo a
altamente destrutiva sindrome de DiGeorge. Estudos em desenvolvimento mostram que
a deplecdo especifica de arginyltransferase (Atel) na diferenciacio dos midcitos
promove miocardiopatia dilatada e, por conseqii€ncia, insuficiéncia cardiaca congestiva
em camundongos, levando a letalidade pos-natal tardia com sintomas de insuficiéncia

cardiaca relacionada ao envelhecimento (Kurosaka, et al. dados ndo publicados - Anexo

I).
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8.2. Geracao do camundongo knockout cMHC-Atel.

Um modelo de camundongo para knockout da arginil transferase (Atel)
cardiomidcito especifico foi desenvolvido usando uma linhagem prévia de ‘Arel-floxed’
(Leu et al., 2009; Kurosaka et al., 2010), o qual foi cruzado com aMHC-Cre mice
(Agah et al., 1997), o qual a Cre recombinase € expressa na forma do promotor de
amiosina de cadeia pesada que € ativada por diferenciacdo, resultando na delecdo da
Atel no musculo cardiaco (camundongo aMHC-Afel ). Detalhes da geracdo do
camundongo Ate 1 KO podem ser encontradas em Kurosaka et al. (2012 - Anexo 1). Os
tecidos cardiacos e diafragméticos foram extraidos e cedidos pela pesquisadora Dra.

Anna Kashina da Pennsylvania University.

8.3. Amostras de tecido cardiaco e diafragmatico:

As amostra de musculos cardiacos e diafragmas dos camundongos foram recebidas
e armazenadas em solu¢@o Rigor/glicerol 1:1 (v/v) a -20°C por 2 semanas (tabela 1). No
dia do experimento, uma porcio foi dissecada em pequenas pecas de 2mm’ e
homogeneizada em uma nova solucdo rigor utilizando um homogeinizador (VWR
AHS250, Canada), a 24000 rpm/s; repetido por 3 vezes. A solu¢do homogeneizada

contém pequenos feixes de miofibrilas, a qual pode ser usada em vérios experimentos.
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Rigor pCa2+ 9,0 pCa2+ 4,5
NaCl 132 - -
KCl 5 - 52,3
Glucose 7 - -
MgCl,-6H,0 1 - 54
(CH3CO0);Mg-4H,0 | - 2,5 -
THAM 4 - i
EGTA 5 5 7
CaCl, - - 7
Imidazole - - 20,56
Creatine Phostphate - - 18,82
MOPS - 20 -
ATP - 10 6,17
Kprop - 170 -

Tabela 1. Solucdo (em mM) usada para os experimentos. O pH para toda solucdo serd
ajustado para pH 7.0 antes de cada experimento adicionando KOH ou HCI diretamente
nas solucdes. Todas as solugdes continham inibidores de proteinas (Roche Complete
protease inhibitors, Roche Diagnostics), o qual inibe a acdo da quimiotripsina,

thermolisina, papaina, pronase e tripsina.

8.4. Protocolo Experimental
Aproximadamente 200 uL do homogeneizado foi adicionado ao experimento em
banho com temperatura controlada (~10°C) contendo solugdo com pCa** 9,0. O banho

foi ajustado em um microscopio invertido (Nikon TE-2000U), e foi mantido em
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temperatura constante. O excesso de miofibrilas foi lavado com solu¢do de relaxamento
(baixa concentragdo de Ca’"). Um feixe de miofibrilas (3-6 miofibrilas por feixe) foi
selecionado, baseado na qualidade e consisténcia do padrdao de estriamento. Usando
micromanipuladores, as miofibrilas suspensas acima do fundo do banho foram fixadas
em uma agulha rigida de vidro e um transdutor de forca atdmica. A agulha de vidro tem
rigidez maior que 2000 nN/um. Os transdutores de for¢a (modelo: ATEC-CONTPt)
foram adquiridos da Nanosensors™ *(USA) com uma rigidez média de 0,2 N/m,

variando de 0,02 a 0,75N/m.

Antes do uso, cada transdutor foi calibrado contra uma agulha de rigidez
conhecida. Os transdutores foram colocados em contato com uma agulha rigida, a qual
foi movida uma pequena distancia (~2 um) causando uma deflec¢do de ambos, a alca e

a agulha. Baseado na defleccdo a rigidez pode ser calculada:

L Kb,
© " Ad

(=

onde k, e k. sdo a rigidez da agulha e da alca, respectivamente, Ad,, é o deslocamento da

ponta da agulha, e Ad, € o deslocamento da ponta da alca.

As miofibrilas foram fixadas na agulha rigida e na al¢a usando um adesivo (Dow
Corning adhesive 3145 RTV - MIL-A-46146). A agulha posicionada em um brago
piezo-acionado foi controlado por protocolos de rdpido encurtamento e alongamento
computadorizados. A adicdo de solucdes foi realizada usando uma seqiiéncia de pipetas,
posicionadas em um sistema de perfusdo de multicanais (VC-6M, Harvard Apparatus,
USA). Nesse sistema, a solucdo de ativacdo é acionada por um lado de uma pipeta

dupla, enquanto a solucdo de relaxamento € acionada pelo outro lado. Para evitar a

mistura entre solugdes, uma bomba peristdltica (Instech P720, Harvard Apparatus,
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USA) estard continuamente removendo as solucdes por um orificio oposto a ponta da

pipeta dupla.

A forga e o encurtamento produzidos pela miofibrilas causam deflec¢des na alca
proporcionais a sua rigidez e a forca gerada pela miofibrilas. Variacdes no angulo da
defleccdo da luz do laser incidente na al¢a sdo registradas num detector de quatro
quadrantes e usadas para determinar o deslocamento da al¢a e das forgcas produzidas
pelas ativagdes das miofibrilas. Os valores das forcas foram normalizados pela édrea

transversal tedrica estimada das amostras (~1,5pm2).

O comprimento médio do sarcomero das miofibrilas suspensas foi medido antes
do experimento, e ajustes passivos do comprimento foram realizados para obter o
comprimento inicial do sarcomero de acordo com o experimento. As medidas de
comprimento e as gravagdes das contragdes foram realizadas sob magnificacao de 90X
(Nikon Plan Fluor 60X, N.A. 0.70), com adicional magnificacao interna de 1,5X usando
uma camera CCD (Go-3, QImaging, USA; pixel size: 3,2 um X 3,2 um). Com o feixe
de miofibrilas suspenso aproximadamente 50 pm acima do fundo da camara, é realizada
uma contragdo seguida por um rapido encurtamento e alongamento, finalizando com
relaxamento da amostra. O ciclo encurtamento-alongamento € realizado para medidas
da taxa de forca redesenvolvida (rate of force redevelopment -k;), a qual fornece uma
indicacdo de transicao entre as pontes cruzadas conectadas a actina, de um estado prévio
ao “power-stroke” a um estado de producdo de forca. O encurtamento e o alongamento
tiveram magnitudes semelhantes, com magnitude de 20% a 30% da medida do
comprimento inicial das miofibrilas. Os intervalos de ativacdo, encurtamento —
realongamento, e relaxamento foram de aproximadamente 30 segundos. Este
procedimento serd repetido 5 vezes em cada amostra quando possivel, para avaliacao da

propriedades dependentes dos diferentes comprimentos de sarcomero. As amostras nao
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foram submetidas a ativagOes repetidas quando apresentaram dano significativo na

ativacao prévia.

8.5. Analise dos dados experimentais
As forgas transientes inicialmente desenvolvidas e redesenvolvidas foram ajustadas

em uma equagao exponencial simples:
F=a(l-e“)+b ...(1)

onde F € forca, t € tempo, ¢ e d sdo taxas constantes para desenvolvimento de forga, a é
a amplitude do desenvolvimento de forca exponencial na Eq. (1), b € o valor de forca
inicial. Ajustando as forcas transientes para equacdes exponenciais nos permite
determinar as taxas constantes para desenvolvimento e redesenvolvimento (kscr and k;,,
respectivamente). Forgas transientes para fase relaxamento foram ajustadas a equacgao a

seguir que inclui funcdes linear e exponencial:
F=(a+c)e "V +b .. (2

onde F € forga, ¢ e d sdo taxas constantes de declinio de forga, ¢ é tempo, e b € a forca

de equilibrio ap6s relaxamento.
Referencias
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Kurosaka et al., “Arginylation regulates myofibrils to maintain heart function and
prevent dilated cardiomyopathy” Supplemental Online Information.

CKO

E10.5, X-gal

Supplemental Figure 1. aMHC-Ate1 (CKO) fetus with lac Z reporter to
confirm that aMHC promoter-driven Afe1 deletion was specific to the heart at

E10.5 (E10.5, X-gal).
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CKO

E13.5, H&E

Supplemental Figure 2. Cross sections of mouse embryonic chest
cavities at E13.5 stained with H &E. Wild type (WT) and CKO hearts have

normal morphology, while Ate1” (KO) hearts shows severe defects.

82



~ 0.8

s

2 0.6

o

o

£ 04 -

©

O

T 0.2 -

0 _

WT CKO WT CKO
3-4 months 7-9 months

Supplemental Figure 3. Heart/Body ratio of mice at the ages of 3-4
months (p=0.40; WT: n=4; CKO: n=5) and 7-9 months (p=0.04; WT: n=4; CKO:

n=>5). Error bars represent SEM.

* represents significant difference (p<0.05) between columns.
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12 months: 2500 x 12 months: 15000 x 12 months: 15000 x 3 months: 15000 x 3 months: 15000 x

Supplemental Figure 4. Defective ultrastructures in CKO
cardiomyocytes. (a) Cardiomyocytes appeared to be ‘floating’ in the
extracellular matrix, rather than firmly connected to each other at 12 months
(2500 x). (b) Miofibril structures were destroyed at 12 months (15000 x). (c)
Sarcomere was broken (splitted) at 12 months (15000 x). (d) Destroyed

sarcomeres at 3months (15000 x). (e) Diffused Z-bands at 3 months (15000 x).
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Supplemental Figure 5. Myofibrils (a) Coomassie blue staining of
proteins in supernatants and myofibril pellets during the process of isolation of
myofibrils. (b) Western blotting for actin in supernatants and myofibril pellets
during the process of isolation of myofibrils. S1: supernatant after
homogenization. S2: supernatant after Triton X-100 treatment. S3: supernatant
after 1st wash. S4: supernatant after 2nd wash. S5: supernatant after 3rd wash.

-: blank. P: pellet containing myofibrils.
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Supplemental Figure 6. (a) Alternating localization of cardiac troponin
T2 (Tnnt2) and a-actinin 2 (Actn2) in cardiac myofibrils. Left panel; localization
of Tnnt2; center panel: localization of Actn2; right panel: merged pictures
(Merged); top row: Tnnt2 appears as single bands in WT mice; 2nd row: Tnnt2
appears as single bands in CKO mice; 3row: Tnnt2 appears as double bands in
WT mice; bottom row: Tnnt2 appears as double bands in CKO mice. (b)
Localization of titin (titin) and a-actinin 2 (Actn2) in cardiac myofibrils. Ttn (left
panel) and Actn2 (center panel) are co-localized (Right panel) in both WT (top
panel) and CKO (bottom panel). (c) Localization of myosin light chain 3 (Myl3)

in WT (top panel) and CKO (bottom panel) mice.
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Supplemental Figure 7. Myofibril force measurements similar to those shown in Fig. 4
of the main text using younger (5-6 months old) mice. (a) Typical force measurements
performed with two myofibril samples isolated from aged WT (black) and CKO (red) hearts. In
both cases, myofibrils were activated at an initial SL of 2.2um and after full activation the force
was maintained stable until the myofibrils were relaxed. Note that the absolute force is
significantly decreased in the mutant heart. (b) Consecutive stretches performed with non-
activated myofibrils isolated from control (black) and mutant (red) hearts. Stretches were started
at 1.8um and were performed at magnitudes of 0.2um at a speed of 10um/Isec. Mean (*
S.E.M.) values for (c) total active forces and (d) passive forces for myofibrils tested during these
experiments. Multiple myofibrils from 4 age-matched control and aMHC-Ate/ mice at 415 and
485 days old (2 pairs at each age) were analyzed.
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